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wavelength of Q-band absorbance maxima (λmax = ca. 630 nm) to compare the shape of the
absorbance bands. The data were acquired by Luis Oquendo. ....................................... 203
Figure 4.3: (A) UV-vis spectra of 100 µM solutions of RuPcPA in ethanol and
dichloromethane. (B) UV-vis spectra of RuPcPA at different concentrations in
dichloromethane. The data were acquired by Luis Oquendo. ........................................ 204
Figure 4.4: (A) Representative plot of TE absorbance vs time for RuPcPA on Thin Film
Devices ITO. The black trace is the final absorbance after flushing with pure solvent. (B)
Representative plot of the Q band absorbance (TE polarization) vs time for RuPcPA on
ITO. Black marker indicates the final absorbance after flushing. The data were acquired by
Luis Oquendo. ................................................................................................................. 206
Figure 4.5: Absorbance spectra of RuPcPA in solution (ethanol) and TE polarized ATR
spectrum on ITO. Absorbance values are normalized to the wavelength of Q-band
absorbance maxima (λmax = ca. 630 nm) to compare the shape of the absorbance bands. A
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small red shift was observed for film compared to solution phase spectrum. The data were
acquired by Luis Oquendo. ............................................................................................. 208
Figure 4.6: Representative ATR spectra of RuPcPA on (A) CC ITO and (B) TFD ITO in
contact with ethanol acquired in TE and TM polarizations. The data were acquired by Luis
Oquendo. ......................................................................................................................... 210
Figure 4.7: Representative ATR spectra of Brilliant blue FCF dye (5 mM) in ethanol
acquired in TE and TM polarizations for (A) CC ITO and (B) TFD ITO. The TE/TM
absorbance ratio for CC ITO and TFD ITO is different due to the use of different internal
reflection angles for these measurements. The data were acquired by Luis Oquendo. .. 211
Figure 4.8: AFM images of (A) CC ITO and (B) TFD ITO. The surface roughness of CC
ITO and TFD ITO was ca. 3.0 nm and ca. 0.5 nm, respectively. Both images are 500 nm ×
500 nm scan size. Representative plot of cross section analyses of an arbitrarily selected
line from 0 to 500 nm in the X-axis direction for (C) CC ITO and (D) TFD ITO. The AFM
images were acquired by Amjorn Brynnel. .................................................................... 213
Figure 4.9: Illustration of a hypothetical surface feature with vectors showing lab Z-axis
(red arrow), local surface normal (blue arrow) and molecular axis (green arrow). The lab
Z-axis is defined as the perpendicular vector to the lab XY-plane. The local surface normal
is defined by the perpendicular vector to the line drawn between two vertical points
separated by the length (L). The angle θ is the angle between the lab Z axis and the
molecular axis. The average angle of θ is measured using ATR spectroscopy for a RuPcPA
monolayer on ITO in this study. The angle ϕ is the angle between the lab Z axis and the
local surface normal. ....................................................................................................... 215
Figure 4.10: (A) Local surface normal tilt angle distribution for CC ITO (red) and TFD
ITO (blue). (B) Theoretical estimate of tilt angle distribution of RuPcPA molecules (θ)
placed at 22⁰ with respect to local surface normal on TFD ITO (blue) and CC ITO (red).
The tilt angle distribution calculations were performed by Amjorn Brynnel and the author.
......................................................................................................................................... 217
Figure 4.11: Schematic representation of a RuPcPA molecule on a surface to estimate the
maximum tilt angle. ........................................................................................................ 220
Figure 4.12: (A) Representative plot of diffusion controlled CVs of RuPcPA, RuPcPO3Et2
and RuPcPy in CH2Cl2 (scan rate = 0.2 V/s). (B) Diffusion controlled CVs of RuPcs for
the experiments performed by restricting the potential to observe only first redox process
(scan rate = 0.1 V/s). Restriction of the potential to less than 0.6 V shows reversible CVs
for all RuPcs analyzed. ................................................................................................... 222
Figure 4.13: Representative cyclic voltammograms of RuPcPy (green), RuPcPO3Et2
(blue) and RuPcPA (red) that were incubated with ITO and then subjected to extensive
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rinsing with ethanol. The background electrolyte was 0.1 M TBAP in acetonitrile with a
scan rate of 100 mV/s. .................................................................................................... 225
Figure 4.14: (A) Cyclic voltammogram of surface confined RuPcPA on ITO with different
scan rates. Peak current increases by increasing the scan rate. The black line indicates the
potential for peak positions. The peak position is independent of scan rate. This indicates
that, the RuPcPA is reversible in the scan rate window studied. (B) The plot of oxidation
peak current versus scan rate. Black line is the linear fit for the experimental data. Linearity
indicates that the cyclic voltammogram agrees to the surface confined redox process.. 226
Figure 4.15: Representative potential dependent UV-vis ATR spectra of a RuPcPA film
on ITO are shown in (A) TE and (C) TM polarizations. Potential is applied relative to a
Ag/AgNO3 reference electrode. Bleaching of the macrocyclic transition at ca. 630 nm and
the evolution of a new peak at ca. 550 nm was observed for both TE and TM polarizations
with increasing positive potential. The red markers represent the normalized change in
absorbance of a RuPcPA monolayer film on ITO in (B) TE and (D) TM polarizations at
632 nm as a function of oxidation potential. The blue solid line is a sigmoidal fit for the
experimental data and the red dashed line is the differential of the normalized absorbance
sigmoidal fit. ................................................................................................................... 229
Figure 4.16: (A) Representative Nyquist plot of a surface confined RuPcPA at -0.2 V
(outside of the redox potential) and 0.3 V (at the redox potential). The frequency range is
100 kHz -1 Hz. The imaginary component decreases (blue trace) as the potential is
increased from -0.2 V to 0.3 V, indicating redox process at ITO/RuPcPA interface. (B)
Corresponding bode-phase and magnitude (|Z|) plots at -0.2 V and 0.3 V. .................... 231
Figure 4.17: (A) Representative plot of imaginary capacitance versus AC frequency for a
RuPcPA monolayer on ITO at DC potentials of 0.3 V (redox potential, red circle) and -0.1
V (outside of the redox potential, green square) vs. the Ag/AgNO3 non-aqueous electrode.
The AC voltage and the frequency used in EIS experiments were 10 mVRMS and 1 Hz - 100
kHz respectively. The difference between capacitance measured at 0.3 V and -0.1 V is
shown using blue diamonds (“Difference”). The peak obtained from the “Difference”
spectrum was used to estimate the heterogeneous electron transfer rate (ks,EIS). ............ 233
Figure 4.18: Representative plots of optically detected anodic sweep voltammograms
acquired in (A) TE polarization (B) TM polarization using following parameters: scan rate
= 10 mV/s, AC modulation voltage = 8 mVRMS and modulation frequency = 1 Hz. The red,
and blue traces are real and imaginary components of the reflectance signal and the black
trace is the Gaussian fit for the real components. The peak potential for both TE and TM
polarization occurs ca. 300 mV, and this DC potential was chosen for PM-ATR
experiments. .................................................................................................................... 235
Figure 4.19: Representative normalized complex plane plots of the electroreflectance
signal of a RuPcPA monolayer deposited on ITO taken in (A) TE and (B) TM polarization.
The DC potential and the amplitude of the sinusoidal voltage was 0.3 V vs Ag/AgNO3 and
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30-40 mVRMS respectively. The characteristic frequency (ω) at which real reflectance
becomes zero was used to obtain the heterogeneous electron transfer rate constant (ks,opt).
......................................................................................................................................... 237
Figure 4.20: XPS of RuPcPA modified ITO. The insets are the high resolution XPS scans
for the regions indicated by boxes. The red box and the blue box are the regions for N 1s
and C 1s / Ru 3d binding energy regions.62 No N 1s and Ru 3d peaks were found for
unmodified ITO, indicating that peaks observed for modified ITO are due to RuPcPA
molecules. The presence of these peaks also indicates that the molecule is stable at high
vacuum conditions. The XPS data were acquired by Kai-Lin Ou. ................................. 242
Figure 4.21: (A) Ultraviolet photoemission (UPS) spectra of (I) air plasma treated ITO,
(II) air plasma treated ITO followed by ethanol soak (control ITO) and (III) RuPcPAmodified ITO. The high kinetic energy edge, the full spectra and the low kinetic edge are
shown in left panel, middle panel and right panel respectively. The Fermi energy is shown
as the vertical dashed line in the full spectra (middle panel) assuming electronic equilibrium
between the sample and spectrometer. The energy axis in the UPS spectra is indicated
relative to the Fermi energy. (B) Energy level diagram obtained from by UPS values
showing estimates of IP and IP’ of RuPcPA on ITO. EA energies are estimated using IP
along with the optical bandgap (Eopt) calculated from the ATR spectrum (TE) shown in
Figure 4.5. The UPS data were acquired by Michael W. Liao. ...................................... 244
Figure 5.1: In a) we present the illuminated J-V response for
ITO/ZnO/P3HT:PCBM/PEDOT:PSS/Ag devices incorporating a 10% O2 ZnO ESL. “LP500-NS” and “LP-500-LS” responses were tested using a 500 nm long-pass (LP) filter to
remove the blue to UV portion of the AM1.5G spectrum, before and after UV soaking
respectively. “AM1.5G-LS” indicates the responses measured under full AM1.5G
illumination after UV light soaking (see main text). UV exposure reduces the s-shaped
distortion of the J-V response for this system. However, for devices with ZnO produced
under these conditions the s-shaped distortion returns immediately after removal of the UV
flux, as seen for the LP 500-LS response. We present a proposed hypothesis for the
observed J-V behavior in b), which is based on an energetically derived kinetic barrier at
the ZnO/acceptor LUMO interface. The J-V data were acquired by Gordon A. MacDonald.
......................................................................................................................................... 265
Figure 5.2: The theoretical J-V response, calculated from equation 5.1, is presented in a).
The following parameters; η = 2, Jph = 10 mA/cm2, RP = 5000 Ω∙cm2 and Jo = 8.25 x 10-5
mA∙cm-2, where held constant for all simulated responses. The values used for RS were 0,
5, and 25 Ω∙cm2.21 The equivalent circuit diagram is presented in the inset of a). In b) the
theoretical R-V plot is presented. The R-V response is dominated by RP in reverse bias, by
RS in far forward bias and by the diode response between these asymptotes. In c) we present
the R-V responses that correspond to the J-V curves in Figure 5.1 a. For the 10% O2 ZnO
based device a sigmoidal R-V response is only observed under AM1.5G-LS conditions.
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The theoretical calculations and experimental J-V experiments were performed by Gordon
A. MacDonald. ................................................................................................................ 267
Figure 5.3: The light depend linear-linear J-V, log-linear J-V and log-linear R-V responses
of a functioning OPV devices are shown in a)-c) respectively. The device architecture was
ITO/sp-ZnO/P3HT:PCBM/PEDOT:PSS/Ag. The sputter gas was 1% O2 in Ar. Devices
were tested under LP 500-LS illumination conditions (see main text). Regardless of the
illumination intensity the R-V curve remains approximately sigmoidal in shape and the
position of the RS asymptote in forward bias is approximately constant. The slope of the RV curve in the diode dominated region (see main text) and the position of the RP asymptote
are reduced with increasing light intensity. For comparison we show the light depend
linear-linear J-V, log-linear J-V and log-linear R-V responses of an OPV devices with a
severe s-kink in d)-f) respectively. This device had a 10% O2 ZnO ESL and was tested
under LP 500-NS illumination conditions (see main text). The J-V data were acquired by
Gordon A. MacDonald.................................................................................................... 269
Figure 5.4: The Dark-NS J-V response of P3HT:PCBM devices, as a function of the O2
percentage of the ZnO ESL sputtering gas, are presented in a). The Dark-NS R-V response
are shown in b). We observe a decreasing slope within the “diode-controlled” bias range
with increasing O2 percentage of the ZnO sputtering gas. The slope in this bias region is
related to the apparent η (see equation 5.1.) The value of RS does not impact the slope of
the diode response region. In c) we present the LP 500-NS illuminated J-V curves. We
observe that the s-shaped distortion is absent for the 0% O2 system and increases with
increasing O2 percentage of the ZnO sputtering gas. The corresponding R-V responses are
presented in d), and the approximate position of VOC is indicated therein. While the R-V
response of the 0% O2 based device is similar to the theoretical R-V curve presented in
Figure 5.2 b, we observe a shoulder in the 1% response (ca. 30 Ω∙cm2) and a very large
peak in the 10% response ca. (ca. 25000 Ω∙cm2) near Voc. The J-V data were acquired by
Gordon A. MacDonald.................................................................................................... 274
Figure 5.5: Natural log of the current vs. the voltage that correspond to P3HT:PCBM
devices with 0, 1, and 10% O2 sp-ZnO ESLs, before UV exposure (Dark-NS), in a), b) and
c) respectively. In each figure we present the ideal diode only best fit results to the linear
portion of each plot, i.e. the effects of the RP and RS are neglected to highlight the change
in the “diode-controlled” bias range. η and Jo are extracted from the inverse of the slope
and from the y-intercept respectively, the values of which are presented in the
corresponding figures. Fits to the full modified Shockley diode equation give nearly
identical results for η and Jo (not shown). The J-V experiments and diode fitting were
performed by Gordon A. MacDonald. ............................................................................ 275
Figure 5.6: The Nyquist plots for the 0, 1, and 10% devices, under Dark-NS illumination
conditions, are shown in a). Corresponding capacitance Bode plots are presented in b). DC
bias legend, top left, applies to all subfigures. A dotted line with a 45° angle is included in
a) to demonstrate the Warburg response at far forward bias for the 0% device. The space-
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charges, formed at far-forward bias for devices with high injection rates and charge
selectivity, is represented in the inset of b). This space charge leads to a negative
capacitance and appearance of the Warburg response (see text). Arrows in b) indicating the
change in the capacitance with increasing applied bias. The impedance data were acquired
by the author and Kai-Lin Ou. ........................................................................................ 278
Figure 5.7: The full range Nyquist plots for the 0, 1 and 10% devices are shown in a)-c)
for Dark-NS illumination conditions and d)-f) for LP 500-NS illumination conditions. DC
bias legend, top left, applies to all subfigures. For clarity an arrow has been added to each
plot indicating the change in the arc width with increasing applied bias. The impedance
data were acquired by the author and Kai-Lin Ou. ......................................................... 279
Figure 5.8: The Nyquist plots for full devices with 0, 1, and 10% ZnO ESLs, under LP
500-NS illumination conditions shown in a). Corresponding capacitance Bode plots are
presented in b). DC bias legend, top left, applies to all subfigures. A dotted line with a 45°
angle is included in a) to demonstrate the Warburg response at all biases for the 10%
device. The space-charges are formed in the 10 % device at all biases due to a slow charge
extraction rate at the selective contacts relative to the rate of photogeneration, as
represented in the inset in b). This space charge leads to a reduced voltage dependence of
the capacitance and appearance of the Warburg response. Arrows in b) indicating the
change in the capacitance with increasing applied bias. The impedance data were acquired
by the author and Kai-Lin Ou. ........................................................................................ 285
Figure 5.9: The equivalent circuit diagram used for impedance fits is presented in a). The
fitted RLF values for Dark-NS and LP 500-NS illumination conditions, as a function of
applied bias, in b) and c) respectively. The approximate position of VOC is indicated therein.
Fits for CPEHF and CPELF are presented in the Figure 5.10. We observe that the shape and
magnitude of RLF tracks well with the R-V responses of the devices presented in Figure 5.4
b and d. As the O2 % is increased we observe an increase in RLF near VOC, following the
trend that is observed in the device measurements. The RHF and RS values are typically
much lower than the values of RHF and there is no clear relationship between the ZnO
resistance and the R-V responses of completed devices. These results are consistent with a
barrier at the ZnO/active layer interface limiting the rate of charge transport in the power
harvesting region of the 1% and 10% devices. ............................................................... 289
Figure 5.10: The capacitance and the η values of the HF and LF arcs under Dark-NS and
LP 500-NS conditions, are presented in a) and b) respectively. Fits were not performed on
the HF arc when only one arc was clearly present in the Nyquist response, or when the LF
capacitance was negative (inductive behavior). The capacitance for HF and LF arcs are
calculated using the equation 5.3.56 ................................................................................ 291
Figure 5.11: In a) we present the full UPS spectra for bare 1% O2 ZnO, and with a series
of increasing C60 film thicknesses, normalized to the ZnO feature at ca. -11 eV. In b) we
present an expansion of the SECO region. We observe a total vacuum level shift of ca.400
meV with increasing C60 film thickness. In c) we present an enlargement of the HKE
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region, which can be used to calculate the valance band maximum and HOMO maximum
for ZnO and C60 respectively. Inset shows the ratio of the C60 HOMO maxima at ca. -2.5
eV divided by the intensity at ca. -7 eV, where the DOS of C60 is approximately zero.48
indicating approximately layer-by-layer growth for at least the first 4 nm of C60 growth.
UPS results for 1% O2 ZnO/C60 and 10% O2 ZnO/C60 can be found in the Figure 5.12.
The UPS data were acquired by Gordon A. MacDonald. ............................................... 295
Figure 5.12: UPS analysis was performed on the bare ZnO surfaces and as a function of
C60 thickness. C60 was chosen as a substitute for PC61BM as it shares similar structure and
electrical properties, but is vacuum depositable, which is allows for a much better control
of thickness and uniformity than can typically be obtained by solution processes. The top,
middle and bottom row show the UPS spectra for 0, 1 and 10% O2 ZnO respectively and
include the spectra for the bare surfaces and as a function of C60 thickness. The
representative UPS spectra shown above which include the full spectra, and regions
emphasizing the secondary electron cutoff (SECO) energy, and the ionization potential (IP)
in columns 1, 2 and 3 respectively. From this UPS data the vacuum levels and the
conduction band maximum (CBM) of ZnO and the HOMO of C60 could be determined as
a function of C60 thickness, were 1 nm of C60 is approximately equal to a single monolayer,
assuming layer by layer coverage. The UPS data were acquired by Gordon A. MacDonald.
......................................................................................................................................... 296
Figure 5.13: Using the UPS data presented in Figure 5.11, and Figure 5.12 in the
Supporting Information, and assuming a constant bang-gap energy of ZnO and C60, the
band structure of the ZnO/C60 interface is presented. Abbreviation descriptions are
provided at the end of this caption. The spot-to-spot variation gave standard deviation (σ)
values less than 50 meV, (n=3). The CB of ZnO was estimated assuming a band gap of 3.4
eV,45 and the LUMO of C60 assuming a band gap of 2.3 eV.49 Φext is small, relative to kT
(~26 meV), for 0% O2 prepared ZnO substrates, and grows with increasing O2 percentage
in the sputtering gas to ca. 6 and 7 fold larger than kT for 1 and 10% O2 ZnO systems
respectively. We hypothesize that an Φext at the ESL/PCBM interface the primary cause of
the s-shaped distortion of ZnO and TiO2 based OPV devices. VAC = Vacuum level; EA =
electron affinity; IP = ionization potential; Φ = work function; CB = conduction band; VB
= valance band; LUMO = lowest unoccupied molecular orbital; HOMO = highest
occupied molecular orbital; Φext = electron extraction barrier; BB = band bending. The
energetics from UPS were estimated by Gordon A. MacDonald. .................................. 298
Figure 5.14: The J-V and R-V responses of P3HT:PCBM devices built on 0, 1, and 10%
O2 ZnO under AM1.5G-LS illumination conditions are shown in a) and b) respectively.
All devices display responses similar to the theoretical J-V and R-V responses presented in
Figure 5.1, with relatively small increase in the apparent RS with increasing O2 percentage.
RS values (estimated at ca. 2V) are 2.3, 2.8 and 7.0 Ω∙cm2 respectively. In c) and d) we
present the present the J-V and R-V responses immediately following the removal of the
blue to UV portion of the solar spectrum using a 500 nm LP filter, i.e. LP 500-LS
illumination conditions . The J-V and R-V responses for the 0 and 1% O2 devices show
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little change. However, we see an immediate return of the s-shaped distortion of the J-V
response for the 10% O2 ZnO based devices with a peak in the R-V response of ca. 530
Ω∙cm2 near VOC. The dark J-V and R-V responses are shown in figures e and f respectively.
The J-V data were acquired by Gordon A. MacDonald.................................................. 303
Figure 5.15: Here we present the natural log of the current vs. the voltage that correspond
to P3HT:PCBM devices with 0, 1, and 10% O2 sp-ZnO ESLs, after UV exposure, in a), b)
and c) respectively. In each figure we present the ideal diode only best fit results to the
linear portion of each plot, i.e. the effects of the RP and RS are neglected to highlight the
change in the “diode-controlled” bias range. From the inverse of the slope we can extract
η, and from the y-intercept we can extract Jo, the values of which are presented in the
corresponding figures. The J-V experiments and diode fitting were performed by Gordon
A. MacDonald. ................................................................................................................ 306
Figure 5.16: Here we present a complete set of the impedance Nyquist responses of the
devices under investigation, as a function of illumination condition. The impedance data
were acquired by the author and Kai-Lin Ou.................................................................. 308
Figure 5.17: Here we present a complete set of the capacitance Bode responses of the
devices under investigation, as a function of illumination condition. The capacitance data
were acquired by the author and Kai-Lin Ou.................................................................. 309
Figure 5.18: The relative change in the CPD for 0, 1 and 10% O2 ZnO substrates as a
function of UV exposure (ca. 6 mW∙cm2), as measured by kelvin probe analysis. UV
illumination was provided by a 365 nm LED mounted below the ITO/ZnO sample, and
measurements were performed in ambient conditions. UV exposure leads to a large
negative shift in the CPD, which corresponds to a reduction in the Φ of the ZnO surface.
After the UV LED illumination is ceased we observe an increase in the Φ of all substrates.
Notably the 0% ZnO system shows the smallest increase in the Φ after UV illumination is
ceased, while the 10% ZnO system rapidly increases to a value that is comparable to the
initial value. In order to reduce impact of substrate heating and cooling during the
measurement, bare ITO was analyzed under identical conditions and the results were
subtracted from the raw results. The Kelvin Probe measurements were performed by
Gordon A. MacDonald.................................................................................................... 311
Figure 5.19: In a) and b) we present the lin-lin J-V response for devices with the structure
ITO/10% O2 ZnO/0% O2 ZnO/active layer and ITO/0% O2 ZnO/10% O2 ZnO/active layer
respectively. In c) and d) we present the corresponding log-lin J-V response. The lighting
conditions were Dark-NS, LP 500-LS and AM1.5G-LS. This data indicates that the
ZnO/active layer interface has a greater contribution to the UV dependence of these devices
than the ITO/ZnO interface. The J-V data were acquired by Gordon A. MacDonald. ... 313
Figure 6.1: Cross-section FE-SEM images of (a) sp-ZnO/ITO and (b) sg-ZnO/ITO with
polymer/small molecule or polymer only active layers above the ZnO interlayer. sp-ZnO
films are generally conformal with the ITO substrate, while sg-ZnO films, even after
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annealing, demonstrate considerable porosity and rough surfaces. (c) and (d) are the
hypothesized schematic views for polymer semiconductor active layer/ZnO/ITO
heterojunctions for sp-ZnO and sg-ZnO interlayers, respectively. Dense and uniform spZnO films easily separate P3HT:PCBM active layers from the underlying ITO contact,
minimizing leakage and dark injection pathways. More porous sg-ZnO interlayers allow
for penetration of the active layer components through sg-ZnO layers, lowering Rp and
compromising OPV performance. The FE-SEM images were acquired by Steven
Hernandez at the University Spectrscopy and Imaging Facilities. ................................. 330
Figure 6.2: 1 x 1 μm AFM images of (a) 40 nm sol-gel ZnO and (b) 30 nm sputtered ZnO
deposited on ITO. (c) and (d) show the cross-section height profile of (a) and (b),
respectively. The selected region is indicated with double arrow in the AFM images. The
AFM images were acquired by Wu Xin. ........................................................................ 331
Figure 6.3: Cyclic voltammograms of sg-ZnO/ITO, sp-ZnO/ITO and sg-ZnO/sp-ZnO/ITO
heterojunctions in contact with 0.1 M TBAPF6 in anhydrous acetonitrile. The inset shows
the similarity of the capacitive response of the sp-ZnO/ITO and sg-ZnO/sp-ZnO/ITO
samples, i.e. the sputtered ZnO film controls the capacitive response of even a more porous
ZnO deposited over the sp-ZnO film. For all measurements, 1000 mV/s scan rate was used.
The CVs were acquired by Kai-Lin Ou. ......................................................................... 335
Figure 6.4: The cyclic voltammograms of 0.5 mM TPD, Me2Fc, and Me10Fc (left to right)
using bare ITO (a) and one (1x, ca. 40 nm) (b), two (2x, ca. 80 nm) (c), and three (3x, ca.
120 nm) (d) spin-coating cycle sg-ZnO/ITO and (e) 30 nm sp-ZnO/ITO as working
electrode. For all measurements, 100mV/s scan rate was used. All the probe molecules with
redox potentials in the band gap of ZnO. This series of voltammograms show the charge
(hole) blocking abilities of different thickness sg-ZnO and sp-ZnO. The CVs were acquired
by Kai-Lin Ou. ................................................................................................................ 339
Figure 6.5: (a) The equivalent circuit (Randles model) for the impedance data fitting. CE
is the counter electrode; WE is the working electrode; Rs is series resistance; Rct is charge
transfer resistance; CPEdl is constant phase element for double layer capacitance; W is
Warburg diffusion element. The Nyquist plots of (b) bare ITO, (c) 1x sg-ZnO/ITO, (d) 2x
sg-ZnO/ITO, (e) 3x sg-ZnO /ITO, and (f) sp-ZnO/ITO using 0.5 mM TPD with 0.1 M
TBAPF6 supporting electrolyte in acetonitrile solution. The potential was set at 0.42 V vs.
Ag/Ag+. The experimental data is shown by circle (○) and the fit is shown as solid line (). In (b), (c), and (d), the appearance of semicircle indicates that small Rct is obtained and
TPD charge transfer with ITO is allowed or only partially blocked, while in (e) and (f),
impedance characteristics is dominated by their capacitive property (large –Z’’), indicating
large Rct is obtained and TPD charge transfer with ITO is almost completely blocked. 342
Figure 6.6: The cyclic voltammograms of P3HT (a) and P3HT:PCBM (BHJ) (b) films
deposited on bare ITO and one (1x, ca. 40 nm), two (2x, ca. 80 nm), and three (3x, ca. 120
nm) spin-coating sg-ZnO/ITO and 30 nm sp-ZnO/ITO. The (b) inlet shows the
magnification of trace oxidative current of 2x and 3x sg-ZnO/ITO and sp-ZnO/ITO. The
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applied potential is in a range of P3HT oxidation which is in the band gap of ZnO. These
measurements allow probing the P3HT oxidative current through its direct contact
underlying ITO substrate and the leakage pathway within ZnO films can be evaluated. For
all measurements, 100 mV/s scan rate was used. The CVs were acquired by Kai-Lin Ou.
......................................................................................................................................... 347
Figure 6.7: Dark J-V in log-linear scale in full-bias region (a) and linear J-V in reversebias region (b) for ITO/ZnO/P3HT:PCBM/PEDOT:PSS/Ag bulk heterojunction OPVs
using one (1x, ca. 40 nm), two (2x, ca. 80 nm) and three (3x, ca. 120 nm) spin-coating
cycle(s) of sg-ZnO and 30 nm sp-ZnO electron transport layer. The leakage current and
shunt resistance (Rp, summarized in Table 6.2) determined in the reverse bias show as
strong correlation with the hole blocking abilities in the electrochemical studies. The J-V
data were acquired by Kai-Lin Ou. ................................................................................. 351
Figure 6.8: Light J-V curves of inverted BHJ devices using sg-ZnO (1x, 2x, and 3x) and
sp-ZnO
as
electron
transport
interlayer.
Device
configuration:
ITO/
ZnO/P3HT:PCBM/PEDOT:PSS/Ag. The J-V data were acquired by Kai-Lin Ou. ....... 355
Figure 7.1: SEM images of a self-assembled sub-monolayer film of CdSe@CdS NRs on
ITO (top) and a LB film of CdSe@CdS NRs on ITO (bottom). The FE-SEM images were
acquired by Steven Hernandez at the University Spectrscopy and Imaging Facilities... 381
Figure 7.2: Schematic of an asymmetric CdSe NR decorated with a CoxOy NP (left). TEM
image of CdSe-CoxOy NRs recently synthesized by the Pyun group (right). The TEM
images were acquired by Nicholas G. Pavlopoulos. ....................................................... 383
Figure 7.3: Schematic of an asymmetric NR decorated with a CoxOy NP and a Pt NP (left).
TEM image of Pt-CdS-CoxOy “colloidal triads” recently synthesized by the Pyun group
(right). The TEM images were acquired by the Pyun Group at the University of Arizona.
......................................................................................................................................... 385
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ABSTRACT
Energetics, charge selectivity and interfacial charge transfer kinetics affect the
efficiency of solar electric energy conversion and solar photochemical formation of fuels.
The research described herein focuses on understanding and controlling the energetics,
charge selectivity, and interfacial charge transfer processes in organic photovoltaics, as
well as new generation semiconductor-semiconductor and metal-semiconductor
heterostructured nanorods (NRs) as photocatalysts. Waveguide and transmission based
spectroelectrochemistries, photoemission spectroscopies, and impedance spectroscopy
were used to characterize the frontier orbital energies, charge selectivity and interfacial
charge transfer kinetics in heterostructured NRs and organic photovoltaics.
CdSe NRs tipped with Au nanoparticles and CdSe seeded CdS NRs tipped with Pt
nanoparticles were used to study the effect of compositional asymmetry and catalytic sites
on band edge energies of NRs. We used UV photoemission spectroscopy (UPS) and
waveguide and transmission-based spectroelectrochemistry of NR monolayers/multilayers
on conductive substrates to estimate valence/conduction band energies. Potentialmodulated attenuated total reflectance (PM-ATR) spectroscopy was utilized to measure
the apparent heterogeneous rate constants of reversible electron injection into NR films on
indium tin oxide (ITO). We conclude from these measurements that metal tipping, which
is designed to enhance the photocatalytic activity of semiconductor NRs, altered band edge
energies and enhanced electronic coupling to conductive substrates, in ways that are
predicted to influence their efficiency as photoelectrocatalysts.
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Monolayers of functionalized phosphonic acid ruthenium phthalocyanines
(RuPcPA) tethered to ITO as a model organic photovoltaic donor/electrode interface were
studied to understand the aggregation and orientation dependent charge transfer kinetics
and energetics of these systems. The effect of surface roughness on the orientation of
RuPcPA was theoretically modeled and compared to the experimental results.
Electrochemical and spectroelectrochemical studies revealed the presence of only
monomeric species on ITO. Impedance spectroscopy (IS) and PM-ATR were used to
measure charge transfer rate constants. Further, frontier orbital energies of RuPcPA
modified ITO were measured using UPS, and the results indicated favorable energetics for
hole collection at the RuPcPA/ITO interface for OPV applications.
The effect of “UV-light soaking” on the performance of organic photovoltaic
devices employing metal oxide (MO) electron selective interlayers (ESL) was addressed
using sputtered zinc oxide (ZnO) ESL films. This study provides a coherent methodology
for differentiating between the proposed origins of the s-shaped current-voltage (J-V)
responses in the literature for organic photovoltaics using MO ESLs. We use IS and UPS
to demonstrate that the energetic barrier for charge extraction at the ZnO/active layer
interface leads to the observed s-shape response in OPVs using ZnO ESLs. Furthermore,
this study provides clear guidelines for minimizing the s-shaped J-V response and the effect
of UV light on the performances of OPV devices using ZnO ESLs.
We have developed solution electrochemical protocols to characterize nanometerscale porosity and electronic properties of both solution-deposited and sputtered ZnO thin
films used as interlayers for electron-harvesting contacts in inverted organic solar cells on

27
ITO substrates. These electrochemical experiments were performed in order to evaluate
the hole-blocking abilities of these ZnO ESLs as well as their effective “pinhole density,”
thus demonstrating a strong correlation to their OPV performances. These electrochemical
experiments can be used to characterize and optimize ESLs rapidly, before OPV device
fabrication.
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1. INTRODUCTION
1.1

Solar energy conversion
The world’s total energy consumption in 2013 was approximately 17 TW and this

number is expected to double by 2050.1 Approximately 90% of this energy is currently
supplied from carbon based fuels.1 Due to limited availability, geopolitical problems and
greenhouse gas emissions, carbon based energy sources are not preferred candidates for
the future energy supply. To face the future energy demand, cleaner, renewable,
environmentally friendly energy sources are required. Among the various available
renewable energy sources, solar energy is a promising candidate due to environmentally
friendliness and abundance. Therefore, a great deal of attention has been focused on the
development of solar energy conversion systems to create usable energy forms such as
electricity and chemical fuels.
1.1.1

Solar fuels
Solar energy is converted to solar fuels by natural photosynthesis (NPS), which is

the largest scale solar harvesting on the earth. Photosynthesis converts solar energy to
produce oxygen and carbohydrates from water and carbon dioxide in the presence of a
natural photocatalyst.2 This photocatalyst accelerates the solar fuel formation in the
presence of light. Solar fuels are long-lived and can be stored at high densities.3 The energy
stored by NPS is responsible for the energy we consume in terms of coal, petroleum and
natural gas. The efficiency of natural solar energy conversion into chemical energy under
optimum condition is ca. 7% and this process is challenging to replicate synthetically.2
Therefore, it is important to develop new materials which simplify the process to enable
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efficient production of fuels from sunlight. Artificial photosynthesis is conversion of light
into chemical energy using artificial photocatalysts. An artificial photocatalyst absorbs
light and creates necessary conditions to drive photocatalytic reactions. Several materials
have been investigated for use as artificial photocatalysts, notably organic molecules and
inorganic semiconductors.2 Inorganic semiconductors have excellent optoelectrical
properties, which make them attractive candidates for use as light-absorbing
photocatalysts. However, photo conversion efficiencies to produce chemical fuels using
bulk semiconductors are still unsatisfactory. Recent research focuses on developing novel
semiconductor nanomaterial photocatalysts to improve photocatalytic efficiency. The first
part of this chapter (Sections 1.2-1.4) focuses on semiconductor nanomaterials as
photocatalysts.
1.1.2

Photovoltaics
Photovoltaics (solar cells) are devices which convert solar energy to produce

electricity. Silicon based solar cells are commonly used photovoltaics due to their high
conversion efficiencies (ca. 24%).4 The biggest disadvantage of silicon based photovoltaics
stems from high production costs. Therefore, it is important to develop solar cells with
more cost-effective alternative materials. One of the more promising types of solar cell is
the organic photovoltaic (OPV) due to its low cost of production and ease of processing.
The world record efficiency for an OPV is reported to be 12% by Heliatek Corp.5 Although
there have been significant improvement in efficiencies for OPVs in recent years, an
efficiency of 12-20% is required to commercialize OPVs to compete with silicon solar
cells.6 Therefore, many research groups are focused on understanding and improving OPV
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performance. The second part of this chapter (Sections 1.5-1.7) is focused on OPVs,
particularly fundamental concepts thereof and certain critical interfaces of OPVs.
1.2

Photocatalysis with semiconductors
In 1972, splitting of water to produce hydrogen and oxygen by illuminating a TiO2

electrode in an electrochemical cell was demonstrated by Fujishima and Honda.7 This
discovery created a new path to produce solar fuels using semiconductors. The following
discussion in this chapter will be based on hydrogen and oxygen production as a solar fuel
derived from water - a process known as water splitting. Due to its transparency, water
requires irradiation with light less than 190 nm in wavelength in order to decompose.7 For
electrochemical splitting of water, a minimum potential difference of 1.23 V is necessary
between electrodes where the anodic and cathodic redox processes occur.7 This potential
difference is equivalent to light having a wavelength of 1000 nm.7 Therefore, if
electrochemical decomposition of water is to be carried out using light energy rather than
electrical power, the following process must occur during a photocatalysis using a
photocatalyst.
Figure 1.1 shows four main processes that occur using a semiconductor photocatalyst
to produce hydrogen and oxygen from water: (a) light absorption (b) excited state or
exciton dissociation and charge separation (c) charge transport to the surface of the
photocatalyst and (d) redox reactions to produce solar fuel. The efficiency of each step in
the above process controls the overall efficiency of solar fuel production.
The first step of the photocatalytic process is absorption of light to create excited
states or excitons. Upon absorption of light by a photocatalyst, electrons in the valence
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band will be excited to the conduction band, leaving a hole in the valence band. This excited
state is electronically neutral and produces a coulombically bound charge pair. A
photocatalyst should have a high absorption coefficient and also a broad absorption over a
large wavelength range to efficiently harvest solar energy in the solar spectrum. The
aforementioned properties of a photocatalyst will ensure high absorption efficiency (ηA)
leading to efficient exciton generation upon incident light. For water splitting, the
difference between the reduction potentials of the H+/H2 (hydrogen evolution reaction
(HER)) and O2/H2O (oxygen evolution reaction (OER)) redox couples sets the theoretical
limit for the band gap of a semiconductor photocatalyst. Therefore a semiconductor with a
band gap less than 1.23 eV cannot be used as a photocatalyst.
The next step of photocatalytic process is exciton dissociation and charge separation.
In this step, excitons dissociate to form free electrons and holes with an efficiency of ηCS.
Exciton separation is controlled by its binding energy, where binding energy should be low
for an efficient charge separation. The electrostatic force (F) between two charges (e)
separated by a distance R in a dielectric medium is given by
denotes the permittivity of free space and

=

⁄(4

), where

denotes the dielectric constant of the

medium. From the above equation, it is clear that the electrostatic force is high in a low
dielectric material. Therefore a high dielectric semiconductor will facilitate charge
separation by lowering the coulombic interaction between electrons and holes. The thermal
energy available at room temperature for exciton dissociation is 25 meV. A value of 10 or
higher for

will give a binding energy of 25 meV or lower, which
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Figure 1.1: Photocatalysis mechanism for water splitting reaction using a semiconductor
photocatalyst: (a) light absorption and exciton formation (b) excited state or exciton
dissociation and charge separation (c) charge transport and (d) redox reactions.
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facilitates exctiton dissociation at room temperature.8 In order to increase exciton
dissociation efficiency, an intrinsic driving force can be introduced within a semiconductor
structure which will be discussed in a later section of this chapter. Free carriers are then
formed after charge separation.
The next step of photocatalysis is the transport of holes and electrons to the catalytic
sites on the surface of a photocatalyst. In this step, electrons and holes diffuse freely to the
surface from the bulk of the semiconductor photocatalyst. The electron and hole diffusion
can be assessed by the diffusion coefficient, D, of the charge carrier. The Einstein equation,
⁄ ) , relates D to the mobility, , of the charges. This mobility, , is related to

=(

∗

the effective mass (
equation,

= ( ⁄

∗

) and the collision time ( ) of the charge carriers using the

). According to the above equations, if

∗

is lowered, it will

increase D and . Further, a semiconductor photocatalyst without defects will have a high
which will result in high delocalization of charges before it recombines.8 The effective
mass (

∗)

of charge carriers is required to be lower than 0.5

(where

is the electron

mass) in at least one crystallographic direction to achieve good charge mobility.8 Some
common semiconductors (Si, CdTe, GaAs) have an effective mass lower than 0.5

in at

least one crystallographic direction.8
The fourth and final step in the photocatalytic mechanism is the collection of these
charges by redox molecules to generate solar fuels. The charge collection efficiency (ηCC)
is defined as the ratio of the number of charges collected by the redox molecules to the
total free charge carriers before recombination. Not every free carrier generated in a
photocatalyst is collected to form solar fuel. The charge carrier recombination rate is on
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the time scale of 10-9 s, and interactions of charges with the adsorbed molecules on the
surface of a photocatalyst are on the order of 10-8 s and 10-3 s.9 Therefore, a fraction of the
formed charge carriers will recombine either in the bulk or at the surface of the
photocatalyst.
Figure 1.1 demonstrates that, for efficient charge transfer to redox molecules, the
conduction band of photocatalysis should be more negative than the redox potential of
H+/H2 (0 V vs. NHE), and the valence band should be more positive than the redox potential
of O2/H2O (1.23 V). Therefore, a minimum bandgap of 1.23 eV and proper alignment of
conduction and valence band levels with respect to reduction potentials of redox couples
are required for an efficient photocatalyst. Furthermore, for efficient photocatalysis, the
rate of electron and hole transfer from a semiconductor photocatalyst to redox molecules
should be higher than the recombination rate. These conditions are necessary to achieve a
net forward reaction.
1.2.1

Issues with bulk semiconductors as photocatalysts
Figure 1.2 shows bulk band energies of some common semiconductors and redox

potentials for HER and OER. Semiconductors such as CdS, ZnS, TiO2, SrTiO3, KTaO3 and
ZrO2 have proper energetic driving forces for the aforementioned water splitting reaction.
TiO2 was the very first material used for catalyzing the water splitting reaction using a
photoelectrochemical cell.7 TiO2 is an earth-abundant, stable, non-toxic and
photochemically stable material.10 The band gap of TiO2 is ca 3.0 eV and it has an optical
penetration depth of 250 nm at a wavelength of 308 nm.10,11 The hole diffusion length is
70 nm and 10 nm for anatase and rutile phases of TiO2, respectively.12,13 Although TiO2

35
has unique advantages, its large band gap limits the efficient capture of solar energy in the
solar spectrum. The large band gap of TiO2 limits absorption to ultra-violet light, which
accounts for less than 5% of the solar spectrum.10 Similar disadvantages are also inherent
to the use of SrTiO3, KTaO3 and ZrO2 as semiconductor photocatalysts.
CdSe has a suitable band energy edge for HER, whereas MoO2 has a suitable band
energy edge for OER. The energetic driving force required for the counter reactions (OER
for CdSe and HER for MoO2) in the above examples can possibly be achieved through size
quantization of semiconductors (discussed in Section 1.3.1), in which the energy the level
position and band gap can be tuned by changing the dimensions of semiconductors.
Although CdS possesses proper band energies to provide a favorable driving force
for water splitting reaction, it is practically inactive for OER due to photoelectrochemical
corrosion. During photoelectrochemical corrosion, the holes generated in the valence band
after photoexcitation are subsequently filled with the electrons from S2- in the CdS
photocatalyst to form S (CdS + 2h+ → Cd2+ + S), leading to photocatalyst degradation. This
photocorrosion can be minimized by introducing compositional asymmetry along with the
addition of co-catalysts for the semiconductor to provide efficient hole-harvesting from the
photocatalyst.14–17
The following section discusses the size quantization of semiconductors to form
nanostructures as well as the introduction of compositional asymmetry to form hybrid
heterostructured nanomaterials for the purpose of enhancing photocatalytic activity and
material stability.
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Figure 1.2: Common semiconductors and its bulk band energies relative to the normal
hydrogen reference electrode. Reproduced from ref18 with permission of the Royal Society
of Chemistry.
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1.2.2

Tuning of frontier orbital energies of semiconductors
Semiconductors exhibit quantum confinement effects when the particle radius is

decreased below its Bohr radius. In quantum confinement, the charge carrier movement is
confined to the physical size of a semiconductor which gives rise to discrete electronic
!"#$%& ) of

bands.19 For example, CdSe has a Bohr radius (

5.3 nm which can be calculated

as shown below.
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In this case, a CdSe nanoparticle (NP) can be modeled as a particle in a 1D-box, where the
particle is the exciton while the box is the CdSe nanocrystal. According to this model, the
band gap of the semiconductor nanocrystal increases with decreasing NP size (Figure
1.3A). Consequently, CdSe NPs show tunable optical properties when the radius is less
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than 53 56. Figure 1.3B shows absorbance spectra of CdSe NPs of various sizes, showing
discrete absorbance features indicating size quantization. A correlation between the optical
bandgap and the difference in the oxidation and reduction potentials was first shown by
Haram et al. for CdS quantum dots.20 As the size decreases, the oxidation and reduction
potential are expected to shift to more positive and negative values, respectively. Figure
1.4 shows a summary of conduction and valence band energies of CdSe, CdTe, PbS, and
PbSe semiconductor NPs obtained from various analytical techniques and theoretical
calculations.21 The summary clearly shows how conduction and valence band energies
change with the NP size. With decreasing NP size, the valence band and conduction band
energies shift away from and toward the vacuum level, respectively. The ability to tune the
band gap and energy level positions of semiconductor NPs with particle size provides a
unique advantage when it comes to obtaining the required energetic driving force for HER
and OER.
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Figure 1.3: (A) Band gap tuning by size quantization. (B) Absorbance spectra of CdSe NP
with systematic changes in the diameter of the NP. The CdSe NP absorbance data were
provided by Mario Malfavon, the Armstrong Group at the University of Arizona.
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Figure 1.4: Summary of the valence and conduction band-edge energies of (A) CdSe, (B)
CdTe, (C) PbS, and (D) PbSe quantum dots as a function of particle diameter. Reprinted
with permission from ref.21 Copyright 2011 American Chemical Society.
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1.2.3

Advantages of semiconductor NPs for photocatalysis
The photocatalytic performance of a NP semiconductor strongly depends on the

size of the material.22 The number of atoms exposed at the surface is higher for a NP
compared to that of a bulk planar semiconductor. This corresponds to a high surface areato-volume ratio for NPs which in turn increases the number of catalytic sites at the surface
for redox reactions.23,24 This unique advantage of having high surface activity for NPs
facilitates a high photocatalytic activity compared to that of its corresponding bulk
material. In addition, semiconductor NPs show high molar absorptivity which aids in
efficient harvesting of solar energy. Additionally, charge recombination is reduced in
nanostructured materials compared to thin film photoelectrodes, but surface recombination
may increase due to NP’s high surface area.24 Surface recombination in NPs can be
overcome by various surface passivation methods such as overcoating with high band gap
inorganic materials, modification with various organic-inorganic groups.10,24,25 (e.g.
coating a PbS NP with a CdS shell,26 treating macroscopic silicon surfaces with HF,27
modification of nanostructured hematite with a thin layer of Al2O3).28
1.2.4

Modifications of semiconductor nanomaterials to enhance photocatalysis

1.2.4.1 Changing dimensionality
The degree of charge carrier confinement in the nanomaterials is greatly influenced
by the spatial dimensionality of the materials.29 Depending on the geometry, the
nanomaterials can be classified as zero-dimensional (0D), one-dimensional (1D), twodimensional (2) and three-dimensional (3D) structures.
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NPs with 0D geometry (Figure 1.5a) are commonly used as photocatalysts. When
0D NPs are dispersed in a solvent, an enhanced absorbance path length is observed due to
scattering, thus aiding in photocatalysis. However, charge separation in NPs is not
favorable compared to that in a bulk semiconductor because charges in NPs are confined
to a small volume, thus leading to back reactions.30 Further, in a photoelectrochemical cell,
when NPs are assembled on an electrode, tunneling and hopping at the interparticle
boundary is the primary mechanism for charge transport to reach the electrode (Figure
1.5a). Due to this slow transport mechanism in NPs, the recombination and back reactions
will decrease the effective charge transport in the material.10,24 In addition, trapping and
detrapping of charges in NPs also slows down the overall charge transport in 0D NPs.31
One method for overcoming this slow charge transport is to use 1D nanostructures
in which charge can travel in the longitudinal direction as shown in Figure 1.5b. Charge
separation in 1D nanostructures is enhanced compared to that in 0D NPs due to increased
charge delocalization. 1D nanostructures show better photocatalytic activity and greater
charge mobility compared to their 0D counterparts.32 1D nanostructures can also trap and
scatter light which in turn increases the path length as shown in Figure 1.5b.33,34
2D nanomaterials are materials, such as freestanding nanosheets or planar films
supported on a substrate, (Figure 1.5c) that have unique advantages over 0D and 1D
nanomaterials.10,35 The enhanced surface area in 2D nanostructures provides high
photocatalytic area in a single crystalline material thereby increasing photocatalytic
efficiency. 2D nanostructures have the advantage of providing physical support for
composite materials and have good face-to-face charge transfer between layers.
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Figure 1.5: Schematic view and corresponding SEM images of nanomaterials with various
dimensionality (a) 0 D (b) 1 D (c) 2D (d) 3 D. Reproduced from ref10 with permission of
the Royal Society of Chemistry.
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Further, 2D nanostructures have the potential to deliver 4 electrons for OER due to their
large cross-section area.35,36 This is difficult to achieve in NPs because a 0D particle is
expected to absorb 4 photons on a fast time scale to deliver 4 electrons for water splitting
reactions.
3D nanostructures (Figure 1.5d) are composed of 0D, 1D and 2D nanostructures.
3D nanostructures can display waveguiding, light trapping and light scattering properties
that cannot be achieved in suspended materials. A considerable increase in path length can
also be achieved by coherent multiple scattering.37,38
1.2.4.2 Introduction

of

compositional

asymmetry

(semiconductor–semiconductor

heterojunctions)
Nanomaterial heterostructures are formed by joining two or more semiconductor
nanomaterials, and such heterostructures have shown enhanced photocatalytic efficiencies
relative to their single component counterparts.10,39–41 This enhancement is known to be
due to: (a) broadening of absorbance range, (b) enhanced charge separation, (c) lowering
the probability of charge recombination events, and (d) prevention of narrow band gap
semiconductor photocorrosion.10 Nanoscale heterostructures can be synthesized in
different morphologies such as (a) nanorods (NRs) (b) core-shells QDs (c) dumbbells (d)
tetrapods.42,43
In such materials, p-type and n-type semiconductor nanomaterials can be brought
in contact with one another to form nanoscale hetrostructures capable of facilitating OER
and HER reactions, respectively. Properly selected n-type semiconductors (e.g., CdSe,
TiO2) transport electrons and block holes while displaying proper conduction band energies
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to drive HER reaction,44–47 whereas p-type materials (e.g.,Co3O4, IrO2) transport holes and
block electrons, while displaying proper valence band energies to drive the OER
reaction.46–49
Figure 1.6 shows an energy level diagram for n-type and p-type semiconductors at
pre-contact and post-contact levels. Since there is a mismatch in the pre-contact Fermi
levels, upon contact, electronic equilibrium will be achieved by charge transfer from the ntype semiconductor to the p-type material. This charge transfer will result in a space charge
layer at the interface between the semiconductors.50,51
Upon photo excitation of the above p-n heterostructure, charge separation will be
facilitated by the electric field generated within the space charge layer. Luther et al. have
observed a built-in potential ca. 375-510 meV across CdS-PbS heterostructured NRs using
scanning Kelvin probe microscopy (SKPM).52 Furthermore they have shown, using
simulations, that the charges transferred during electronic equilibrium are distributed
homogeneously within each material which gives a sharp potential change at the interface
between CdS and PbS components.52 Zaniewski et al. have also shown the presence of ca.
100-920 mV built-in potential for Cu2S-CdS bi-component heterostructured NRs using
electrostatic force microscopy.53 Ternary composite materials have also been studied and
have been shown to also increase photocatalytic activity.54
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Figure 1.6: Schematic diagram of the energy levels of a p-n heterostucture at: (A) precontact and (B) after contact. The blue arrows at post-contact show the energetically
favored direction for the charge transfer upon photoexcitation.

47
1.2.4.3 Introduction of co-catalytic sites
Even if the energetic requirement of a semiconductor photocatalyst is satisfied, the
electrons and holes will recombine if there are no photocatalytically active sites available
at the surface of a photocatalyst. Due to this lack of available photoactive sites, most of the
photocatalysts investigated so far show poor efficencies.55–57 Although the minimum
energy required for water splitting is 1.23 V, further energy losses and kinetic requirements
require an overpotential of ca. 0.3-0.5 V to drive OER and HER.58–60 Therefore a
semiconductor photocatalyst can be decorated with co-catalysts in order to minimize the
overpotential required for the photocatalysis and also to provide active sites for catalytic
reactions.15,16
Co-catalysts play a role by extracting charge carriers from the semiconductor to the
surface in order to drive redox reactions. Two different co-catalysts are generally required
to drive OER and HER reactions separately. The oxidation of water is a 4 electron process
with slow kinetics for OER, limiting the efficiency of water splitting overall.10,61 Some
common OER co-catalysts are IrO2, RhO2,NiO, CoOx and MnOx.10,56 So far, IrO2 has been
found to be the best OER co-catalyst due its lowest over potential for water oxidation and
its strong photocatalytic activity.24 When IrO2 was incorporated onto a hematite
photoanode, a 200 mV shift was observed for the onset potential of water oxidation.62
Commonly, noble metals such as Pt, Au, Rh, Ru and Pd serve as HER co-catalysts.10,15,16
Metal co-catalysts can increase photocatalytic activity in multiple ways such as: (a)
enhanced charge separation due to Schottky barrier formation at metal-semiconductor
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interface, (b) plasmonic resonance enhancement of optical absorbance (e.g., Au, Ag) and
(c) functioning as co-catalysts.57
The Schottky barrier at the interface between a metal and a semiconductor can
enhance photocatalysis by promoting charge separation and also act as an electron trap,
lowering electron-hole recombination.50,63–65 Figure 1.7A shows the pre-contact energy
levels for a metal and an n-type semiconductor. Due to differences in work function
between the metal and n-type semiconductor, upon contact, charge will flow from the ntype semiconductor to the metal to achieve electronic equilibrium, resulting a constant
Fermi level throughout the hybrid material as shown in Figure 1.7B. Due to charge flow, a
depletion layer will be formed within the semiconductor, with band bending at the
interface. This results in formation of a Schottky barrier at the interface between the metal
and semiconductor, which promotes charge separation upon photoexcitation.57,63,64
Recent studies have focused on developing multicomponent systems made of II-VI
semiconductors such as CdS, CdSe and CdTe, which provide excellent control over size
and shape for making NRs.66 These materials have strong dipolar character which can be
used to modify their tips with metal and metal oxide co-catalysts.42,67 These systems have
shown enhanced photochemical stability and photocatalytic production of hydrogen.15
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Figure 1.7: Schematic diagram of the energy levels of a metal-semiconductor
heterostructure at: (A) pre-contact level and (B) post-contact level.
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1.3

Significance of knowing the band energies of heterostructured nanomaterials
It has been recognized that the frontier orbital energies of photocatalysts control (a)

light absorption, (b) charge separation, (c) charge migration, (d) recombination and (e)
most importantly the thermodynamic driving force for photocatalytic fuel production.
A heterostructured nanomaterial with p-n type semiconductors should have proper
band energies to maximize the driving force for a photoelectrochemical process. In general,
there are three possible energy level alignments that can exist for a heterostructured
nanomaterial composed of two semiconductors: type-II, quasi-type-II and type-I (Figure
1.8).68–70 In type-II alignment, the valence band and conduction band levels are offset in
such a way that upon photoexcitation, electrons and holes are confined to separate
semiconductor materials. In quasi-type-II energy level alignment, the energy offset
between the conduction bands of two semiconductor is zero, and therefore, upon
photoexcitation, electrons are delocalized in both semiconductors. The offset in the valence
band energies thermodynamically favors the hole to be confined in one of the
semiconductors. In type-I band alignment, the valence band and conduction band of a
semiconductor are bracketed by the valence band and conduction band of the adjacent
semiconductor material. Upon photoexcitation, both the electron and the hole are confined
to a single semiconductor component.
Type-II energy level alignment between n-type and p-type semiconductor
heterostructures is characteristic of a photocatalytic system in which the band energy offset
leads to charge separation and reduced charge recombination.71,72
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Figure 1.8: Possible energy level alignment between a two component semiconductor
heterostructure: Type-II, Quasi-Type-II and Type-I.
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For a type-II heterojunction, the maximum photovoltage (VOC) obtainable is given
by the energy offset EHOMO, SC1 – ELUMO, SC2. The energy offsets between EHOMO, SC2 –
EHOMO, SC1 and ELUMO, SC2 – ELUMO, SC1 control the charge transfer rates between those two
components (Figure 1.8A). The latter energy offsets compete with each other and also with
the offset which controls VOC. Therefore, it is important to understand and control the
conduction and valence band energies of a heterostructure nanomaterial with respect to the
redox potentials of molecules of interest to achieve maximum work possible from the
system.
The energy level alignment of a heterostructured nanomaterial depends on the proper
selection of semiconductors and their dimensions.21,73 For example, ZnSe/CdS NRs were
found to have a type-II energy level alignment73 whereas CdSe seeded CdS NR were shown
to have a quasi-type-II or a type-I energy level alignment, depending on the dimension of
the components.69,74,75 The individual band energies are expected to change in a
semiconductor nano-heterostructure, when two or more semiconductor nanomaterials are
brought together, due to electronic equilibrium as discussed in the previous section for a pn type heterostructure. Further, addition of a metal co-catalyst (e.g., Au, Pt) to a
semiconductor nanomaterial (e.g., CdSe, Cu2S) has been shown theoretically and
experimentally to alter the energetics of the overall system.76 It has been demonstrated that
the addition of a Cu2S shell onto an Au core alters the absorbance properties of Cu2S
relative to comparable Cu2S QDs and also changes the EVB position and the bandgap
significantly.76 Furthermore, it has been shown that electron withdrawal from Cu2S to Au
shifts the ECB and EVB away from the vacuum level. In addition, FePt-CdS hybrid NP
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photoluminescence studies also suggest the presence of interface charge transfer events
and quantum confinement effects.77
Steiner et al. used scanning tunneling spectroscopy (STS) to study the electronic
structure of single CdSe and Au-tipped CdSe NRs.78,79 Their work showed that Au-tipped
CdSe NRs are energetically complex materials. Figure 1.9 shows STM data taken at four
different positions along a single Au-CdSe NR.80 Measurements made near the center of
an Au-tipped NR showed tunneling spectra similar to that of an untipped rod.
Measurements made in the vicinity of the Au NP showed new energy levels which were
assigned to metal-semiconductor interface (MSI) states, and quantized states that are
typical for “charging” of Au NPs.6,43 The electronic coupling between Au NPs and CdSe
NRs was further confirmed using electrostatic force microscopy (EFM).81 Also relevant
are the reports by Costi et al.16,81 which indicate that multiple electrons can be injected into
a single Au-tipped NR. These data strongly suggest that the energy levels for EVB and ECB
change with Au tipping, which in turn can directly affect the photocatalytic efficiencies.
While these STS and EFM studies showed greater energetic heterogeneity in metal-tipped
versus untipped NRs, and provided value for the energy offset within the nanomaterial, no
reports of EVB and ECB measured with respect to vacuum for heterostructured NRs have
appeared in the literature.
Therefore, for the further development of multicomponent heterostructured
nanomaterials as efficient photocatalysts, it is important to quantitate and understand the
band energies and shifts in local vacuum levels measured in vacuum to the energetics
measured in electrolyte media where these heterostructures are intended for use.
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Figure 1.9: Scanning tunneling spectra collected along the Au-CdSe NR dumbbell.
Tunneling spectra collected at the vicinity of Au NP (1-3) shows subgap states attributed
to localized surface stated due to Au-CdSe contact and quantized charging of Au NPs.
Tunneling spectra collected away from the Au NP shows (4) shows spectra similar to that
of an untipped rod. Reprinted with permission from ref.78 Copyright 2005 by the American
Physical Society.
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1.4

Dissertation overview I
The first part of this dissertation (Chapter 2 and 3) focuses on investigation of the

effects of compositional asymmetry and the introduction of catalytic sites on energetics as
well as interfacial kinetics of charge transfer for semiconductor heterostructured NRs.
Although many reports on heterostructured semiconductor NRs synthesis exist, the
conduction and valence band energies of these NRs and interfacial charge transfer kinetics
across electrode/NR interfaces have not been quantitatively measured. In this dissertation,
frontier orbital energies and charge transfer kinetics of selected heterostructured NRs are
quantitatively measured to understand the effect of compositional asymmetry on frontier
orbital energies, which is critical information in evaluating the photocatalytic efficiencies
of these materials.
Chapter 2 focuses on CdSe NRs functionalized with Au NP tips, and characterization
of the impact of these metallic tips on both the conduction and valence band energies as
well as kinetics of heterogeneous charge transfer processes for sub-monolayer to multilayer
NR films using photoelectron spectroscopy and spectroelectrochemistry.
Chapter 3 focuses on the spectroelectrochemical characterization of Pt NP tipped
CdSe seeded CdS NRs (Pt-CdSe@CdS NRs), to investigate electronic coupling between
each inorganic component and the effect of Pt NPs on the frontier orbital energies for
CdSe@CdS NR films on indium-tin oxide (ITO).
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1.5

Organic photovoltaics
The photovoltaic effect with organic materials was first observed in 1958 by Kearns

and Calvin.82 In their work, they observed a maximum voltage of 200 mV for a system
made of magnesium phthalocyanine and air-oxidized tetramethyl p-phenylenediamine
films.82 Until 1970, OPVs were fabricated using only a single organic layer (active layer)
which resulted in poor efficiencies. In 1986, Tang reported the first two layer, thin film
OPVs having a power conversion efficiency of about 1% under simulated AM2
illumination.83 In his work, the OPV device was fabricated using copper phthalocyanine
and a perylene tetracarboxylic derivative sandwiched between ITO and Ag which served
as charge collecting electrodes.83 These types of OPVs are referred to as planar
heterojunctions (PHJ). Figure 1.10A shows the general architecture of a PHJ. A PHJ is
made of four layers: a hole collecting electrode, an electron collecting electrode, an electron
donor and an electron acceptor. Tang found that the interface between the two organic
materials used in the OPV architecture is highly important in governing the photovoltaic
properties of the device.83 In 1995, Yu et al. demonstrated an OPV architecture known as
the “bulk heterojunction” (BHJ) (Figure 1.10B), in which donor and acceptor domains in
the organic film were made from spin coating solution phase molecules to form a 3D
network structure, producing a PCE of ca 1.5 % at 20 mW•cm-2.84
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Figure 1.10: OPV architectures: (A) planar heterojunction (PHJ) (B) bulk heterojunction
(BHJ).
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1.5.1

OPV-power conversion mechanism
Figure 1.11 shows the photo conversion mechanism in OPVs. The electronic

process in an OPV is initiated by absorption (Figure 1.11A) of photons by the donor (and
acceptor) material, where an electron is excited from the highest occupied molecular orbital
(HOMO) of the donor to the lowest unoccupied molecular orbital (LUMO) of the donor,
leaving behind a hole at the HOMO. This excited state electron-hole pair is referred to as
an “exciton,” where the charges are coulombically bound by an energy (Eex) and are
electrically neural with a finite lifetime.85 Eex is smaller than the energy gap (EG) between
the HOMOD and LUMOD energy levels.85 The exciton binding energy is defined by the
energy gap EG-Eex which is ca. 0.1-0.2 eV for organic semiconductors.85 The efficiency of
absorption (ηA) is defined as the ratio between the total number of excitons generated to
the number of photons incident on the device. The value ηA depends on the absorption
coefficient and thickness of the active material. Generally, organic molecules have high
absorption coefficients over a broad wavelength range in the solar spectrum.84
In the second step of the OPV mechanism (Figure 1.12B), exciton diffusion within
the donor material to the donor-acceptor interface occurs, and this diffusion proceeds until
the electrons relax back to the ground state. Therefore in order for an exciton to reach the
donor/acceptor interface, the active layer thickness should be comparable to the diffusion
length L (D = (

)E/ ) of the exciton, where

and are the diffusion coefficient and the

lifetime of an exciton, respectively.86 Since excitons are electrically neutral, their motion
will not be affected by an electric field.86 Exciton diffusion occurs by Forster resonant
energy transfer (FRET) or Dexter energy transfer processes between an excited molecule
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Figure 1.11: Mechanism of photo conversion in OPVs. (A) Optical absorptions and
generation of excitons (excited state). (B) Diffusion of excitons towards donor acceptor
interface. (C) Exciton dissociation (hole-electron separation) and charge transfer. (D)
Charge transport and collection at the respective electrodes.
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and a ground state molecule (excitation acceptor).86,87 The exciton diffusion efficiency
(ηED) is usually less than 1 because of the various recombination process that can occur
within the donor materials.85
The third step in the OPV mechanism is exciton dissociation and charge transfer
(Figure 1.11C). Exciton dissociation occurs when an exciton encounters an internal electric
field, which may be present at the donor-acceptor interface.85 In order for exciton
dissociation to occur, Eex should be greater than the energy difference between the
ionization potential of the donor (IPD) and the electron affinity of the acceptor (EAA) (i.e.,
Eex>IPD-EAA).85 Upon charge transfer, electrons are transferred to the acceptor and holes
remain in the donor material. Charge transfer efficiency (ηCT) is defined as the ratio between
the number of free charge carriers generated to the number of excitons that reach the donoracceptor interface through diffusion.

The fourth and final step in the OPV mechanism is charge transport and charge
collection at the respective electrodes. The separated charges (free carriers) at the donoracceptor interface drift and diffuse towards the respective electrodes and finally are
collected at the electrodes. In order to facilitate efficient charge collection, the Fermi level
of the cathode should be less than ELUMO,A and the Fermi level of the anode should be
greater than EHOMO,D. Charge transport occurs via a hopping mechanism of charge carriers
from one molecule to another molecule in the organic layers.87 Charge collection efficiency
(ηCC) is defined as the ratio between the number of charges collected at the electrode to the
number of charge carries separated at the donor-acceptor interface. ηCC depends on (a) the
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mobility of the charges in the active layer, (b) the above discussed energetic driving force,
and (c) the rates of charge transfer at the electrode/organic material interface.86
The external quantum efficiency (ηEQE) of an OPV device is defined as the ratio of
the number of total charges collected from an OPV device to the number of incident
photons. The overall photo conversion efficiency or external quantum efficiency (ηEQE) of
an OPV depends on the efficiencies of each step described above:

GHIH = GJ × GHL × GMN × GMM

1.5.2

789 ,( 1.5

Current-voltage (J-V) response of photovoltaic devices
Figure 1.12 shows the current-voltage (J-V) behavior of a solar cell under dark

(dashed lines) and illuminated (solid lines) conditions. Under illumination, the current
measured at zero applied bias is called the short-circuit current (Jsc). At Voc, the harvested
photo generated current is balanced by the injected current from the contacts, giving a net
current of zero. The theoretical maximum limit of Voc is defined by the energy offset of
EHOMO,A-ELUMO,D. In the fourth quadrant of the J-V curve (i.e., the region between positive
applied bias and negative current density), the power generated (the product of current and
voltage) is negative, indicating that work is being done by the system. The point at which
the power output is maximum is called the maximum power point (MPP), Pmax=Vmax×Jmax.
The fill factor, FF, is defined as the ratio between the maximum power point and the
theoretical maximum power (Jsc×Voc).
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Figure 1.12: Representative current-voltage (J-V) characteristics of a solar cell under dark
and light conditions. VOC is open-circuit voltage, JSC is short-circuit current, PTH is the
theoretical power, Pmax is the maximum-power point.
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The power conversion efficiency ( GV%W ) of the device is defined as the ratio of ;OP! to
the incident power (;XY ).
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Figure 1.13 shows the equivalent circuit diagram for a solar cell. It has (1) a current
source (SVA is the photocurrent generated upon illumination), (2) a reverse saturation
current density (S , dark current at reverse bias), (3) a series resistance (
for any finite conductivity in the device (
resistance (

V ),

\

\ ), which accounts

= 0 ohms for an ideal device) and (4) a shunt

which is related to leakage currents that arise in the device due to pin holes

and recombination currents due to impurities (

V

is infinity for an ideal device).
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Figure 1.13: The equivalent circuit diagram for a photovoltaic device with following
circuit elements: a diode, a photocurrent source (Jph), a shunt resistance (Rp) and a series
resistance (Rs).
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The current-voltage characteristics of a solar cell can be obtained by solving the
equivalent circuit for which the following equation is obtained - known as the “modified
Shockley Equation”:

(Q − S
S = S% exp `
G

T)

− 1b +

Q−S
c

T

+ SVA

789 ,( 1.9

where η is the diode quality factor, k is the Boltzmann constant, T is the temperature in
Kelvin,

\

limits the forward bias current density, and

V

controls the dark current at

reverse bias (Figure 1.12 c).87
Solar cell characterization is generally performed by illuminating the device using
a simulated solar spectrum (AM 1.5 G) (Figure 1.14). AM 1.5 G has an intensity of 100
mWcm-2, which corresponds to the average intensity of sunlight incident at an angle of 48˚
with respect to the earth surface normal.87
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Figure 1.14: The spectral irradiance for an AM 1.5 G as defined by ASTM. The spectral
data were obtained from the ASTM website, courtesy of Jeremy L. Gantz, Ph.D., the
Armstrong group at The University of Arizona.
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1.6

Significance of interlayers in OPVs
Interlayers play an important role in improving the efficiency of OPVs. Interlayers

are usually added between the electrodes and the active layers in OPVs to (a) make the
collection electrodes (contacts) ohmic, (b) improve the electrical conductivity of the
contacts, (c) improve the wettability and compatibility of the contacts with the adjacent
non-polar organic layers, and (d) provide thermodynamic selectivity or kinetic selectivity
to preferentially collect electrons (or holes) at the contacts.88 Interlayers provide balanced
transport of electrons and holes in the active layers by suppressing charge build-up at the
interfaces. Otherwise, buildup of the space charge region could result in poor efficiencies
in the OPV.89,90 In an OPV, two types of interlayers are used: hole selective interlayers
(HSLs) and electron selective interlayers (ESLs). The HSL is added between the anode and
the active layer, while the ESL is added between the cathode and the active layer. Interlayer
materials studied thus far fall into the following categories: (a) low work function metals,
(b) metal oxides, (c) organic polymers, and (d) self-assembled monolayers.91
Understanding the chemical and physical composition of interlayers and their energetic
and electrical properties is crucial to develop more efficient OPV devices.88 In the next
section, we will focus on self-assembled monolayers and metal oxides as interlayer
materials.
1.6.1

Modification of the ITO/organic interface: Self-assembled monolayers (SAMs) as
interlayers in OPVs
The interface between the transparent conducting oxide (TCO) anode and the organic

layer influences the charge collection efficiency and thus affects the overall OPV device
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performance. The most widely used TCO in OPVs is ITO due to its desirable qualities such
as low electrical resistance, good transparency, ease of patterning, and low cost.92 Despite
these advantages, ITO has heterogeneous chemical and electrical surface properties which
lead to poor OPV performance.93,94 Further, the hydrophilic surface of ITO is poorly wetted
by the adjacent non-polar organic layers in OPVs. In addition, the low work function of
ITO leads to reduced hole collection between the ITO and the adjacent organic donor film,
thus increasing the overall series resistance.92
The aforementioned drawbacks of ITO have been addressed by performing various
surface modification procedures, such as: (a) treating with oxygen plasma or ozone
generated by UV light in air, (b) treating with acids and bases, (c) modifying with
transparent polymers, and (d) modifying with self-assembled monolayers (SAM).
Plasma and acid/base treatments increase the work function of ITO and improve
electrical conductivity, thus enhancing the performance of OPVs and organic light emitting
diodes

(OLED).95,96

Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)

(PEDOT/PSS) is a conducting polymer blend made of cationic PEDOT and anionic PSS,
which is used as a interlayer in OPVs and OLEDs. PEDOT/PSS is useful as an interlayer
due to its effective electron blocking ability, hole transport properties, solution
processability,

and

observed

improved

device

performances.97

Despite

these

improvements, these ITO modification methods have some drawbacks. For example, it has
been shown that plasma treatment introduces surface trap states at the ITO/organic
interface and an increased defect density, lowering the performance of OPV devices and
photodetectors.98,99 Further, the use of PEDOT/PSS corrodes ITO due to its acidic
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nature,91,100,101 and PEDOT/PSS shows three dimensional inhomogeneous electrical
properties which lead to lower device performance.102
An alternative method is the modification of ITO using a SAM, which can (a)
improve wettability to organic molecules, (b) stabilize the oxide against hydrolysis, (c)
tune the ITO work function, and (d) improve charge injection. SAM modification of ITO
can be achieved by using phosphonic acids, carboxylic acids or organosilanes as tethering
groups. In order to obtain a large open circuit voltage (Voc), the HOMO of the donor and

the work function of the anode material should match.91 Chemical modifications of ITO
with molecules with permanent dipole moments can change the work function depending
on the direction and strength of the dipole.100 SAMs with their dipole moment pointing
towards the electrode will increase the vacuum level outside the electrode. Since the Fermi
level of the system is constant, this change in vacuum level corresponds to an increase in
the work function of the modified electrode.92,100 Modifications of ITO with SAMs having
permanent dipole moments have been shown to increase Jsc and FF, thus increasing the
power conversion efficiencies of OPV devices.92 It has been shown that both the electrode
work function and the active layer morphology can be controlled by modification of ITO
with a silane-based SAM, which resulted in improvements in the OPV performance.103
Further, modification of ITO with electroactive molecules enhances electron transfer rates
to solution probe molecules and also improves the electroactive fraction of the ITO
surface.104 OPV and OLED performances have been improved by modifying the ITO
surface with electroactive molecules prior to the fabrication of the OPVs.105,106 This
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improvement has been attributed to the increase in electrical contact between the organic
layer and the ITO as well as the increase in the electroactive area.105,106
It has been shown that the charge injection/extraction rate and the charge transport
in electronic devices strongly depend on the molecular structural parameters of the SAM
such as orientation, aggregation and the nanoscale and mesoscale ordering.107–115 The
structural parameters of molecules can be controlled by tuning the nature of the electroactive
center, the anchoring group, and the spacer length (with conjugation) of the organic modifier.

The apparent heterogeneous charge transfer rate (ks,app) is exponentially dependent
on the distance (d) between the donor molecule and the electrode as shown in the following
equation.
\,PVV

∝ f>gh+

789 ,( 1.10

where h is the decay constant ranging from 0.8 to 1.5 Å-1 for saturated bridges and 0.2 to
0.6 Å-1 for unsaturated bridges.116 Several studies have examined the distance-dependent,
photoinduced charge transfer kinetics between the electroactive molecules and the
electrodes.113,117–119 These studies suggest that device performance is influenced by
tunneling distances. For example, the efficiency of a hole-only device as well as topemitting organic light-emitting diodes (TOLEDs) were studied as a function of the length
of a trifluoromethyl-terminated SAM. A decrease in charge injection with increasing chain
length was observed.120 Apart from tunneling distance, π-conjugation within the spacer has
also shown improved charge transfer processes due to the delocalization of electron density
though the conjugated system, thus enhancing the electronic coupling between the
electrode and the excited organic dye.114,121–123
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The molecular orientation and the degree of aggregation of the molecules in the SAM
have been shown to control the ionization energy of the organic molecules and the
electronic coupling with electrode surfaces, which in turn affects charge transfer
processes.115,124,125 The orientation and aggregation of SAMs can be controlled by changing
the structure of the organic modifier.110,115,125,126 It has been shown recently by our group
that zinc pthalocyanine molecules functionalized with phosphonic acid anchoring groups
(ZnPcPA) exist as monomers and aggregates with wide orientation distribution on ITO,
where high interfacial electron transfer rates were observed for aggregated molecules inplane with the ITO surface.115 Both higher electron injection and light harvesting ability
have been observed for aggregated selonoxanthylium dyes compared to their monomeric
species attached to TiO2 surfaces.110,111,126 This observation has been attributed to (a) the
favorable energetic driving force between the aggregated species and TiO2, (b) the
increased lifetime of excited states in the aggregated species, and (c) the migration of
excited electrons through the extended π-system of the aggregates to a position in TiO2 where
the electron transfer is more favorable.110,111,126

In summary, various factors affect the charge transfer kinetics of SAMs on TCOs,
including orientation and aggregation; however a systematic study of orientation and
aggregation dependent interfacial charge transfer processes for SAMs on ITO was not
performed in great detail. Recently, our group focused on understanding the charge transfer
kinetics as a function of orientation, aggregation and tunneling distance at the TCO/donor
interface using pthalocyanine as a model system. As mentioned in the previous paragraph,
the study on ZnPcPA deposited on ITO clearly shows that the presence of various
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subpopulations in the ZnPcPA SAM leads to kinetic dispersity of charge transfer processes.
However, for an efficient OPV device, fast charge transfer processes with narrow kinetic
dispersity at the ITO/donor interface is essential. In another recent study by our group,
improved charge injection rates with lower kinetic dispersity and enhanced OPV
performance have been observed for more in-plane zinc pthalocyanine molecules
functionalized with four phosphonic acid anchoring groups (ZnPcPA4).115,125 In Chapter 4,
we continued our understanding of orientation and aggregation dependent charge transfer
processes using a Pc SAM that forms more in-plane oriented monomers on ITO.
1.6.2

Transition metal oxide as interlayers in OPVs
Transition metal oxides are widely used as interlayers in BHJ because of the

chemical resistance to oxygen and moisture, optical transparency, and facile synthesis of
these materials.91 Metal oxides help to maximize VOC by forming ohmic contacts. In addition,
metal oxides avoid direct contact of active layers with the electrodes where high densities of
carrier traps or unfavorable interface dipoles can decrease charge collection efficiency.127

Figure 1.15 shows the energy level diagram for some common polymer donors, fullerene
acceptors, and some common metal oxides used as HSLs and ESLs. The selection of a metal
oxide as a HSL (or ESL) depends on its valence band (or conduction band) with respect to the
energetics of the adjacent active layer. P-type metal oxides such as V2O5, MoO3, NiO and
WO3 have been shown to serve as an effective HSL to replace PEDOT/PSS.128–132 The above
mentioned p-type metal oxides have valance band energies and work functions close to the
HOMOs of common polymer donor materials. N-type metal oxides such as ZnO133–135 and
TiO2136–138 are common candidates for ESLs with conduction band energies and work functions
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close to the LUMOs of common acceptor molecules. The large band gaps and resulting high
ionization energies of ZnO and TiO2 allow these materials to serve as excellent hole

blocking layers.127 In addition, these n-type metal oxides form ohmic contacts and also have
higher electron mobility than hole mobility.88,127 Metal oxide interlayers can be prepared
via various methods, such as (a) sol-gel, (b) sputtering from a target, and (c) atomic layer
deposition, which can produce various physical structures (e.g., nano-porous, conformal
growth etc.).139–141
Despite the above advantages of the metal oxides, OPV devices that use metal oxide
interlayers such as ZnO and TiO2 typically show very poor initial performance, with low
PCEs, fill factors and s-shaped distortions of the J-V curves.142–145 This low OPV
performance is more pronounced when the UV portion of the spectrum is not present
during device testing.143–145 The device performance has been shown to improve by
extended UV exposure where a reduction in Rs has been observed over time.142–145 A
detailed background for the cause of these s-shaped distortions observed in the J-V
characteristics is provided in Chapter 5. Further, the performance of OPVs can be affected
by any physical imperfections in the metal oxide selective interlayers, where these selective
interlayers are used to physically separate the organic active layer from the electrode.
Imperfection in a selective interlayer can lead to poor device performance, which can arise
due to different nucleation and film growth mechanisms in various preparation
methods.146–149 In Chapter 6, we provide further background and focus on the effect of ESL
imperfections on device performance.
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Figure 1.15: The energy level diagram of common photovoltaic polymer donors, fullerene
derivative acceptors and transition metal oxides. Reproduced from ref127 with permission
of the Royal Society of Chemistry.
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1.7

Dissertation overview II
The second part of my dissertation focuses on (a) an investigation of the effect of

orientation and aggregation of organic molecules on the energetics and the interfacial
charge transfer kinetics at the organic/TCO interface, (b) understanding the “s-shaped
distortion” of the J-V behavior in OPVs employing a MO as an ESL, and (c) understanding
the effect of physical imperfections in a MO as an ESL on the OPV performance.
Many reports on the effects of molecular structure on charge transfer processes at
the donor/TCO interface exist. Attempts have been made to study energetics and
orientation-dependent interfacial charge transfer kinetics for surface confined
chromophores on TCO.112,150–154 Although some success has been achieved, obtaining

structurally homogenous (monomers versus aggregates) surface confined chromophores
with a narrow orientation distribution is quite challenging. As previously mentioned in this
chapter, a study by our group demonstrates that ZnPcPA4 attached to ITO exhibits a narrow
orientation distribution with significantly less (but not completely eliminated) co-facial
aggregation.125 This can lead to some degree of kinetic dispersity. As a continuation of the
above study, we used a newly synthesized PA functionalized Pc molecule tethered to ITO
with structurally homogeneous and controlled orientation to study the kinetics of charge
transfer and energetics at the ITO/donor interface. In Chapter 4, we present the
characterization

of

monolayers

of

functionalized

phosphonic

acid

ruthenium

phthalocyanines (RuPcPA) tethered to ITO as a surface modifier. The effects of surface
roughness on the orientation of RuPcPA was theoretically modeled and correlated to the
measured mean tilt angles. The structurally homogeneous RuPcPA films were used to
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address the thermodynamics and kinetics of charge transfer at the ITO/RuPc interface using
electrochemical, spectroelectrochemical, and UPS studies.
There have been many reports that exist on the origin of the “s-shape distortion” in
J-V behavior of OPVs employing metal oxides as ESLs, however there is still considerable
disagreement in the literature about the cause of this s-shaped distortion. In Chapter 5, we
provide an approach to determine the cause of the “UV-light soaking” behavior of OPV
devices employing ZnO as an ESL, and clearly demonstrate an approach to eliminate this
effect. To clarify the cause of the s-shaped distortion, we have studied sputtered ZnO ESLs
as illustrative examples primarily using impedance spectroscopy and photoemission
spectroscopy. The UV-light soaking effect of OPV devices is correlated to the energetic
alignment at the interface between ZnO and the active layer.
In Chapter 6, we implemented electrochemical methods (cyclic voltammetry and
electrochemical impedance spectroscopy) to evaluate semi-quantitatively the physical
imperfections (i.e. pinholes) of ZnO films deposited on ITO. The pinhole density of ZnO
films (prepared from sol-gel precursors and by RF magnetron sputtering) were correlated
with their charge blocking ability. Further, the pinhole density and hole blocking ability of
ZnO films were directly correlated with their OPV device J-V behavior.
Finally, Chapter 7 provides a summary of my research findings and also guidelines
for future experiments to advance our understanding of the energetics and charge transfer
kinetics in semiconductor heterostructured nanomaterials and interfaces in OPVs.
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2. CHARACTERIZATION OF BAND EDGE ENERGETICS AND
RATES OF CHARGE INJECTION PROCESSES IN
HETEROSTRUCTURED NANORODS: PHOTOEMISSION
SPECTROSCOPY AND WAVEGUIDE
SPECTROELECTROCHEMISTRY OF Au-TIPPED CdSe NANOROD
MONOLAYERS
*An adapted version of this chapter is submitted to ACS Nano.

2.1

Introduction
Multi-component inorganic nanocomposite materials have generated considerable

recent interest among numerous research groups, since the combination of different
materials (e.g. metals and II-VI semiconductors) at the nanoscale creates heterojunctions
with energetic offsets that enhance their optical, electronic, magnetic and/or photo-catalytic
properties.1-8 These enhancements most often occur in lower symmetry material constructs,
e.g. nanorods (NRs) versus nanoparticles (NPs) or quantum dots, since internal potential
energy gradients can be developed that, for example, enhance efficiency of charge
separation and charge transport versus recombination.1,2,6,9-22 Understanding the energetic
impact of heterojunction formation in NR materials (e.g. shifts in valence band (EVB) and
conduction band (ECB) energies upon addition of metal or metal oxide tips) is, however, a
complex endeavor, requiring more than one complementary measurement science
approach.
Banin and coworkers demonstrated the first synthesis of heterostructured metalsemiconductor NRs by depositing metallic Au NPs onto the termini of cadmium selenide
(CdSe) NRs.5 Au NPs selectively deposit at the NR termini presumably because of their
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high surface free energy, and lowered coverage of passivating ligands. The electronic
coupling between these “Au tips” and CdSe NRs was subsequently confirmed using
conductive tip atomic force microscopy (CAFM), scanning tunneling spectroscopy (STS)
and electrostatic force microscopy (EFM), comparing the bare NRs23 with the Au-tipped
NRs.1,6 STS of the bare NRs, on highly ordered pyrolytic graphite substrates (HOPG),
showed clean energy gap regions, with band gap energies that were somewhat dependent
upon NR diameter (up to ca. 3-4 nm) and independent of rod length.23 Addition of the Au
tip at both ends of CdSe NRs produced “metal-semiconductor interface” (MSI) states
within the band gap that could be detected within 1-2 nm of the Au tip (on a ca. 15-40 nm
rod), suggesting an “interphase” region at the CdSe/Au heterojunction with unique
electronic properties.6 At the center of the NR, however, the band gap and the relative
valence band and conduction band energies appeared to be largely unchanged from those
of the bare NR, although estimates of EVB and ECB referenced to the vacuum scale were
not obtainable. Manna and coworkers subsequently showed with transmission electron
microscopy (TEM) that, even after extensive thermal annealing, Au tips at the terminus of
a CdSe NR appear to form an abrupt interface, with “epitaxial” registry of the Au crystals
tip with the nanocrystalline CdSe rod.24
In the design of efficient photocatalytic materials based on heterostructured
nanocrystals, in addition to spatial and energetic control of colloidal components,
controlling both the average and local energy levels of these materials with respect to the
catalytic reactions they are intended to accelerate remains a critical challenge.2,16,25-29
While the earlier STS and EFM studies showed significantly greater energetic
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heterogeneity in metal-tipped versus untipped NRs, significant measurement challenges
remain: a) defining EVB and ECB (and dispersion in these energies) with respect to vacuum
scale, and b) characterizing the shifts in local vacuum level expected to result from metal
modification of NRs.7,30-33 An additional challenge is relating the band energies of
heterostructured nanomaterials measured in vacuum to the energetics of these materials in
solution/electrolyte media where they are ultimately intended to function.
Our group previously reported on both UV photoemission (UPS) and
spectroelectrochemical characterization of CdSe nanoparticles (NPs) adsorbed or tethered
to metal (Au) or metal oxide (indium-tin oxide, ITO) surfaces, to estimate band edge
energies.34,35 EVB was estimated for monolayer-tethered, ligand-capped CdSe NPs
(diameter ≈ 6 nm) using He I UPS on clean Au substrates, after correcting for shifts in local
vacuum level which result from the strong interface dipoles characteristic of these
nanomaterials.35 This work built upon earlier reports by Colvin et al.,36 where EVB was
estimated for cadmium sulfide (CdS) NPs tethered to multiple surfaces and, using
synchrotron-based photoemission, as a function of NP diameter. Such studies must
account for the fact that the sampling depth of the photoemission signal is often less than
the diameter of the NP, i.e. they are quite sensitive to differences in surface chemistry that
may not impact the entire NP. Our group’s earlier UPS studies of CdSe NPs were also
complicated by substantial photoemission background from the Au substrate and from the
thiol tether, both between or under the NPs within the thin film, which makes estimation
of EVB from the high kinetic energy edge (HKE) of these spectra challenging. There have
been several related reports of EVB determination for various types of nanocrystals (NCs)

95
on a variety of contact surfaces, including oxides, where estimation of EVB in the HKE
region can be problematic.33 Other groups have shown, using both photoemission and
electrochemistry, that the structure of the NC or its capping ligands also affect band edge
energies, altering the already strongly dipolar nature of these materials.31,32,35,37-41 Jasieniak
et al.,32 for example, recently showed that changes in the structure of ligands on CdSe NPs
can produce ionization energy shifts of up to 0.35eV, and Boehme et al.31 showed that that
differences in the size of the supporting electrolyte cation or length of the capping ligand
can produce shifts of up to 0.5 eV in the conduction band of CdSe NPs. Such shifts may
significantly influence the efficiency of electron transfer at contacts or to dissolved redox
couples following photo-induced charge separation, altering the photocatalytic activity of
NC-based solar energy conversion devices (e.g. formation of H2 from protic solvents), and
also may affect open-circuit photopotentials in condensed phase photovoltaic (PV)
platforms.10,11,20,37,42
New approaches to extraction of the high kinetic energy UPS data, at EVB and in
the mid-gap region out to the Fermi energy, EF, as recently demonstrated for molecular
semiconductor films,43,44 now provide more confidence in values of EVB extracted from
UPS data of both NP and NR thin films. As will be shown below, for these studies of NR
materials, however, a new set of challenges emerges, since both the core and the tip of the
NR are simultaneously sampled in the UPS experiment (to depths less than the NR
diameter). Thus the photoemission response represents both the core of the NR and the
metal-tipped regions, simultaneously, and both the size of the NR and the size of the metal
tip can influence the photoemission response.
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Solution electrochemical methods have been used to estimate both EVB and ECB for
nanomaterials such as CdSe NPs, however multilayer films are typically required, and
distinguishing Faradaic currents associated with charge injection/extraction from
capacitive currents can be challenging. Significant variations of conduction and valence
band energies using these methods have been observed, which have been attributed to the
sensitivity of the electrochemistry of these semiconductor particles to surface defects and
ligand effects.35,45-47 Brutchey and coworkers used voltammetry of multilayer NP thin films
to estimate conduction band energies on carefully prepared and purified NPs, to rationalize
the effects of NP diameter and ligand type/size on the open-circuit photopotentials of PV
platforms created from composites of NPs and a polymer host.37 Spectroelectrochemical
techniques have emerged as a powerful alternative to traditional electrochemical methods
for characterization of the energetics of nanomaterials and small molecule or polymeric
semiconductors, in thin film formats.31,34,37,48 Monitoring changes in excitonic absorbance
features during charge injection into the NC assembly allows for estimation of ECB without
interference from non-Faradaic (background) currents arising from “charging” of double
layer regions and reorganization of counter charges around the electrochemically active
material.34 Guyot-Sionnest and coworkers initially demonstrated this approach for CdSe
NP multilayers using transmission spectroelectrochemistry.38,48,49
Our group recently demonstrated that attenuated total reflectance (ATR)
spectroelectrochemistry,50,51 can be used to estimate ECB of submonolayers of CdSe NPs
tethered to electroactive (ITO) waveguide surfaces, where the low surface coverages
ensure characterization of electron injection events into isolated NPs or small NP clusters.34
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At potentials sufficiently negative to inject electrons into the NP conduction band, the
excitonic absorbance band of CdSe is reversibly bleached. Correcting the electrode
potential to the vacuum scale provides for an in-situ estimate of ECB, which in combination
with the optically determined band gap, provides for an estimation of EVB.52
Spectroelectrochemical methods have not yet been applied to the characterization of
heterostructured NRs.
In this chapter, we report the first measurements of band edge energies, referenced
to the vacuum scale, for thin films of CdSe and Au-tipped CdSe NRs (Figure 2.1) using
complementary UPS and spectroelectrochemical techniques.
Synthesis of nanomaterials, TEM imaging and TGA were performed by the Pyun
Group (Nicholas G. Pavlopoulos) at the University of Arizona. FE-SEM images of
nanomaterials were acquired by Michael W. Liao and Lawrence J. Hill at the University of
Arizona. UPS measurements and the analysis in this chapter were performed by the
Armstrong group (Michael W. Liao) at the University of Arizona.
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Figure 2.1: (upper) Synthetic scheme for creation of symmetric and asymmetric Au-tipped
CdSe NRs used in this work; (lower) schematic views of (A) the pre-contact CdSe NR and
Au NP, (B) the symmetric Au2.6-CdSe NR and (C) the symmetric Au5.6-CdSe NR (where
the subscript on Au refers to the tip diameter in nm). The Au tips are drawn approximately
to scale versus the dimensions of the NRs.
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2.2
2.2.1

Experimental
Transmission electron microscopy (TEM)
TEM images were obtained on a Tecnai G2 Spirit transmission electron microscope

at 80 kV, using carbon-coated copper grids (Cu, square, 200 mesh) purchased from
Electron Microscopy Sciences. Image analysis was performed using ImageJ software
(Rasband, W.S., National Institutes of Health, http://rsb.info.nih.gov/ij/, 1997-2007).
2.2.2

Thermogravimetric analysis (TGA)
TGA analysis was carried out using a TGA Q50 (TA Instruments) instrument and

software from TA Instruments.
2.2.3

UV-Vis spectroscopy
UV-Vis spectra were obtained using a Model 440 UV-Vis Spectrophotometer (S.I.

Photonics).
2.2.4

Fluorescence spectroscopy
Fluorescence measurements were obtained using a FL3-11 Fluorolog®-3

Spectrofluorometer (Jobin Yvon-Spex Instruments SA).
2.2.5

Field-emission scanning electron microscopy (FE-SEM)
FE-SEM

micrographs

were

obtained

using

a

Hitachi

S-4800

Type

II/ThermoNORAN NSS EDS Field Emission Scanning Electron Microscope.
2.2.6

Sample preparation for X-ray photoelectron spectroscopy (XPS) and UPS
All photoemission (PES) experiments were performed on highly-ordered pyrolytic

graphite (HOPG) purchased from Bruker AFM Probes. On the day of the experiment, the
substrate was prepared by rinsing with toluene, drying with a N2 stream, and a fresh surface
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was exposed by exfoliation at least five times. Nanocrystal (NC) solutions were adjusted
to ca. 0.2 mg/mL before drop-casting directly onto the unmodified substrate and allowed
to dry in CHCl3 vapor to produce submonolayer coverages. The sample was then
introduced into the spectrometer, and the presence of the NC was verified by collecting Xray photoelectron spectra of the Cd 3d, Se 3d, and Au 4f orbital regions. Furthermore, FESEM of each interrogated sample was performed after each PES experiment to evaluate
coverage of NCs on the HOPG surface.
2.2.7

XPS
XPS was performed on NC films on HOPG using a Kratos Axis-Ultra spectrometer.

The samples were interrogated with a monochromatic Al Kα photon source (1486.6 eV,
300 W) at normal takeoff angle. All spectra were collected at a 0.1 eV step size, 500 ms
dwell time, and 20 eV pass energy. The samples were electrically coupled to the
spectrometer but no sample bias was applied. Samples were referenced to the primary C
1s peak at 284.5 eV, which is assigned to the HOPG substrate.
2.2.8

UPS
UPS was performed using a Kratos Axis-Ultra spectrometer equipped with a Specs

UVS-20 He(I) (21.2 eV) excitation source. The instrument analyzer was set to a pass
energy of 5 eV with 0.01 eV step size and 500 ms dwell time per step. Three different spots
were analyzed per sample, with signal averaged four times per spot. A 10.00 V bias was
applied between the sample stage and the detector to ensure that the lowest kinetic energy
electrons could be detected, by moving them to a higher absolute kinetic energy. The
chamber pressure during operation was ca. 1.1 x 10-7 torr. The Fermi energy of the
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spectrometer was determined by analyzing a freshly cleaved HOPG surface (work function
of 4.4 eV) heated to 270 °C for one hour under vacuum to desorb contaminants. The Fermi
energy was verified by analyzing freshly cleaved HOPG periodically.
2.2.9

Preparation of NR films on ITO and FE-SEM imaging
Soda lime glass coated with indium-tin oxide (ITO, ca. 100 nm thick) was

purchased from Thin Film Devices (total thickness of 1.1 mm) and Colorado Concept
Coatings, LLC (total thickness of 0.4 mm) with a sheet resistance of 15-20 Ω/sq. ITOcoated planar electrodes were cleaned by scrubbing with detergent (1% Triton X-100)
followed by sonicating in detergent, water (Barnstead nanopure, 18.3 MΩ•cm), and ethanol
for 15 minutes for each step. Cleaned ITO was stored in ethanol. Immediately before use,
ITO slides were dried under flowing nitrogen gas followed by room temperature air plasma
(Harrick PDC-3XG) cleaning for 15 minutes at medium RF level. After removing from the
air plasma cleaning chamber, cleaned ITO slides were placed in 10 mM 1,8octanediphosphonic acid (OdiPA) solution for 3 hours followed by rinsing with copious
amount of ethanol.
Initial attempts to adsorb NRs onto OdiPA-modified from NR solutions were
largely unsuccessful, therefore NR films were deposited by spin coating at 550 rpm for 20
seconds followed by 4000 rpm for 40 seconds. The concentrations used for spin-coating
were approximately 2 mg/ml for CdSe, 2.8 mg/ml for Au2.6-CdSe and 6 mg/ml for Au5.6CdSe NRs. These concentrations produced submonolayer to monolayer (ML) coverage for
CdSe and Au2.6-CdSe NRs, and 1-2 ML coverage for Au5.6-CdSe NRs. After spin coating,
the slides were either characterized without further treatment or they were soaked in

102
ethanol for 1 hour to remove unbound ligands. In some cases, one half of the cleaned ITO
slide was masked with tape and the unmasked half was spin-coated as described above,
after which the tape was removed. The uncoated half of the slide served as a blank for
ATR spectroscopy. FE-SEM images of spin-coated NRs on OdiPA-modified ITO were
taken. No difference was observed in images taken before and after the ethanol soaking
step.
2.2.10 Potential-controlled ATR spectroscopy
A detailed description of the custom-built visible ATR instrument has been
published.50,53 Briefly, the TE polarized output of a broadband source (xenon lamp) was
coupled into and out of the waveguide (the ITO-coated slide) using BK7 prisms. The
outcoupled light was directed into a monochromator (Newport MS260i) and detected using
a CCD (Andor iDus420A). ITO-coated slides from Thin Film Devices were used as
waveguides. The distance between the prisms defines the active length (3 cm) of the
waveguide, over which approximately 7-8 internal reflections occurred. For visible ATR
spectroscopy, an OdiPA-modified waveguide served as the blank. To perform ATR
spectroscopy under potential control, a conventional three-electrode arrangement was
added to the ATR flow cell. An ITO-coated slide was the working electrode (active area
= 0.8 cm2) and a Pt wire was used as the counter electrode. Spectra of NR films were
acquired after a potential step was applied to the ITO electrode and held for at least 5
seconds. In initial spectroelectrochemical experiments, either lithium perchlorate (LiClO4)
or tetrabutyl ammonium perchlorate (TBAP) dissolved in acetonitrile was used as the
background electrolyte. The relative change in absorbance observed in potential-controlled
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ATR experiments was found to be significantly greater when using LiClO4 versus TBAP.
All further experiments were therefore performed using 0.4 M LiClO4 in degassed
acetonitrile.
2.2.11 Potential-modulated attenuated total reflectance (PM-ATR) spectroscopy
A detailed description of PM-ATR spectroscopy can be found elsewhere.34,53-55
Briefly, experiments were performed with a spectroelectrochemical flow cell having a
conventional three-electrode system, as described above, where the ITO-coated waveguide
(active area= 0.8 cm2) is both the ATR element and the working electrode, a Pt wire is the
counter electrode, and Ag/AgNO3 is the pseudo-reference electrode. ITO-coated slides
from Colorado Concepts were used as waveguides. An EG&G Princeton Applied Research
Model 263A potentiostat/galvanostat and Model 1025 frequency response detector
operated with PowerSuite 2.00.5 software (Princeton Applied Research) were used for PMATR experiments as well as electrochemical impedance spectroscopy (EIS).
In PM-ATR, a sinusoidally modulated voltage (Eac) centered around a DC bias (Edc)
is applied to the working electrode. To select the Edc values for experiments on CdSe, Au2.6CdSe, and Au5.6-CdSe NR films, optically detected anodic sweep voltammetry was
performed using the following parameters: scan range of -0.45 V to -1.5 V vs. Ag/AgNO3,
scan rate of 10 mV/s, Eac value of 20-50 mVRMS, frequency of 1 Hz, λ = 680 nm. The Edc
values selected for PM-ATR experiments on CdSe, Au2.6-CdSe, and Au5.6-CdSe NRs were
(-1.0 to -1.2) V, (-1.1 to -1.25) V and -1 V vs. Ag/AgNO3, respectively. The choice was
based on observing an observable difference between the real and imaginary portions of
the electroreflectance signal, balanced by the need to maintain the potential sufficiently
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positive to prevent reduction of ITO. In PM-ATR experiments, the Eac value was (30-50)
mVRMS. Optical complex plane plots, were obtained by acquiring the real (Re(Rac)) and
imaginary (Im(Rac)) components of the optical signal (at 680 nm, TE polarization) by
varying the frequency of Eac from 0.1 Hz to 6300 Hz. The double layer capacitance
(Cjk ) and the solution resistance (R m ) were determined using EIS. The impedance
measurements were performed at -0.45 V vs. Ag/AgNO3. The high and low frequency
regions of Bode plots were used to obtain R m and Cjk , respectively.56
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2.3
2.3.1

Results and discussion
Synthesis of heterostructured nanorods
CdSe NRs and Au-tipped CdSe NRs were prepared for these studies using modified

literature methods (Figure 2.1). CdSe NPs (diameter (D) = 2.7 – 3.2 nm, see section 2.4.2)
were synthesized using previously reported methods,57,58 and used to seed the growth of
CdSe NRs (length (L) ≈ 40 nm; D ≈ 9-10 nm) based on a modified literature procedure for
CdSe NRs.57 In our hands, the use of a CdSe seed enabled more precise and reproducible
tuning of NR dimensions and uniformity, although the majority of reports on these
materials do not require the use of CdSe seeds. Deposition of Au NPs onto NRs was
conducted using modified methods of Banin et al.,5 with HAuCl4·3H2O as the gold
precursor, didodecyldimethyl ammonium bromide as a surfactant for the gold salt, and
dodecylamine as both the reducing agent and stabilizing ligand. This afforded a mixture
of CdSe NRs with one or two terminal Au NP tips (termed “matchstick” or dumbbell”
tipped NRs). Representative TEM images are shown in Figure 2.2.
The size of the Au NP tips was varied by control over the gold precursor and CdSe
NR concentrations, allowing for the deposition of tips with diameters ranging from 2-6 nm.
For the characterization studies described below, CdSe NRs were derivatized with two
sizes of Au tips, 2.6 nm and 5.6 nm, denoted as Au2.6-CdSe NRs and Au5.6-CdSe NRs,
respectively. For the smaller tips, a distribution weighted towards singly tipped structures
was observed (23.5 % untipped, 56.1 % singly tipped, and 20.4 % with two tips as
measured by TEM). For the larger tips, however, the distribution was more heavily
weighted to materials with two tips (0.0 % untipped, 9.8 % singly tipped, and 90.2 % with
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two tips as measured by TEM). Histograms of nanorod tipping distributions are presented
in Figure 2.3. Although the Au2.6-CdSe NRs and Au5.6-CdSe NRs tipping distributions
were different, the degree of Au metallization of CdSe NRs could be controllably varied,
enabling correlation with both UPS and spectroelectrochemical measurements as discussed
further below.
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Figure 2.2: TEM images of: (A, D) CdSe NRs (L = 40.1 ± 4.1 nm; D = 9.6 ± 1.2 nm); (B,
E) Au2.6-CdSe NRs; and (C, F) Au5.6-CdSe NRs exhibiting both matchstick and dumbbell
morphologies, with a small percentage of the Au NPs deposited along the NR axis as well
as at the tips. All scale bars are 100 nm. The TEM images were acquired by Nicholas G.
Pavlopoulos.
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Figure 2.3: The number of rods with a Au NP at one tip, two tips, and devoid of tips was
counted and is presented as a histogram for (A) Au2.6-CdSe NRs (n = 412) and for (B)
Au5.6-CdSe NRs (n = 234). The NR tipping distributions were calculated by Nicholas G.
Pavlopoulos.
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2.3.2

UV-Vis absorption and emission spectroscopy of dissolved NPs and NRs
The absorbance spectrum of CdSe NPs (Figure 2.4A) was used to estimate their

size (lowest energy excitonic band, λopq = 512 nm) based on the method of Peng et al.59
As expected, the luminescence emission peak (λopq = 527 nm) is red shifted from the
lowest energy band in the absorbance spectrum. The absorbance spectrum of CdSe NRs
(Figure 2.4B) shows broad absorbance in the visible region, with bands observed around
555 nm and 680 nm. The emission peak (λopq = 692 nm) is red shifted from the lowest
energy band in the absorbance spectrum. For Au2.6-CdSe NRs, and Au5.6-CdSe NRs
(Figure 2.4C, and Figure 2.4D respectively), broad absorption is observed in the visible
region similar to that observed for the unmodified CdSe NRs. However, the emission is
quenched by gold tipping, as observed previously,5 indicating coupling between metal and
semiconductor.
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Figure 2.4: Absorbance (red) and emission (blue) spectra for each of the synthesized
nanomaterials: (A) CdSe NPs (D = 2.5 nm); (B) CdSe NRs (L = 40.1 ± 4.1 nm; D = 9.6 ±
1.2 nm); (C) Au2.6-CdSe NRs; and (D) Au5.6-CdSe NRs. The excitation wavelength was
367 nm. The discontinuity near 460 nm in the absorbance spectra is due to a change in the
source lamp.
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2.3.3

TGA of NPs and NRs
The TGA profile for the CdSe NPs shows a slight but progressive loss in weight in

the temperature range from 100-400 oC, followed by onset of decomposition of the organic
passivating ligands at ca. 475 oC (Figure 2.5A). For the CdSe NRs, progressive loss in
weight in the range of 100-450 oC is observed, followed by onset of decomposition of the
passivating ligands at ca. 450 oC (Figure 2.5B). For the Au2.6-CdSe NRs, almost no loss
in weight to 200 oC, followed by the onset of decomposition of ligands and residual organic
content at ca. 250 oC (Figure 2.5C). For the Au5.6-CdSe NRs, progressive loss in weight in
the range of 100-400 oC is observed (Figure 2.5D). These results show that Au tipping of
CdSe NRs is likely accompanied by changes in the type of ligand as well as the ligand
coverage, as expected based on the synthetic schemes described above.
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Figure 2.5: Thermogravimetric analysis data for each of the synthesized materials: (A)
CdSe NPs (D = 2.6 nm), (B) CdSeNRs (L = 40.1 ± 4.1 nm and D = 9.6 ± 1.2 nm), (C)
Au2.6-CdSe NRs, and (D) Au5.6-CdSe NRs. The TGA data were acquired by Nicholas G.
Pavlopoulos.
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2.3.4

Photoemission spectroscopy of heterostructured nanorods

2.3.4.1 XPS of heterostructured nanorods
CdSe NR or NP films were deposited on freshly cleaved HOPG, as described in
experimental section, producing submonolayer to monolayer coverages. XPS was
performed on each sample to confirm NP or NR composition and stoichiometry (Se/Cd
ratio). Film morphology was assessed using FE-SEM (Figure 2.6). Low surface coverages
were used for these studies because the NR electronic and energetic properties are expected
to be more uniform relative to multilayer films.31,48,49
High resolution XPS data for the NC samples are shown in Figure 2.7. Spectra were
not corrected for binding energy, as the primary C 1s peak due to HOPG did not shift
appreciably, which indicates that any observed shifts in the Cd 3d, Au 4f, or Se 3d lines
can be ascribed to differences in NC structure rather than substrate effects. In Figure 2.7A,
the Cd 3d peaks are shown as the synthesis proceeds from CdSe NPs to CdSe NRs to Au2.6CdSe NRs to Au5.6-CdSe NRs, as well as for Au NPs. A symmetric shift, ca. 700 meV, of
both the Cd 3d 5/2 and 3/2 lines towards lower binding energy is observed upon the
transition from CdSe NPs to CdSe NRs. This shift may be due to the reduced surface-tovolume ratio of Cd atoms. The addition of the Au NPs produces a small shift back towards
higher binding energy as the tip gets larger, which appears to be consistent with the UPS
and electrochemistry results, discussed later in this chapter, that indicate electron transfer
from the CdSe NR to the Au NP. In Figure 2.7B, the substrate HOPG C 1s peak at 284.5
eV and the ligand C 1s peak at higher BE, 285.4 eV, are plotted. Since shifts in the HOPG
C 1s peak position were not observed, all observed shifts in other peaks can be ascribed to
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Figure 2.6: FE-SEM images of samples used to perform PES experiments. Each of the
four images is representative and indicates that drop cast samples were at or below
monolayer coverages. Samples are (A) CdSe NPs, (B) CdSe NRs, (C) Au2.6-CdSe NRs,
and (D) Au5.6-CdSe NRs. The FE-SEM images were acquired by Michael W. Liao.
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Figure 2.7: High resolution XPS spectra of (A) Cd 3d, (B) C 1s, (C) Au 4f, and (D) Se 3d
regions for the series of nanomaterials. In each of the subsets, (1) represents CdSe NPs, (2)
CdSe NRs, (3) Au2.6-CdSe NRs, (4) Au5.6-CdSe NRs, and (5) Au NPs. The dashed lines
are guides to indicate the center of the peaks. The XPS data were acquired by Michael W.
Liao.
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chemical and structural differences among the samples. The shift of the ligand C 1s peak
upon Au tip addition, to 285.2 eV, is therefore attributed to the ligand exchange that
accompanies the addition process. Changes in the intensity ratio of the C 1s peaks are due
to the NC surface coverage. For example, in the CdSe NP spectrum (red trace), the intensity
ratio of the ligand C 1s peak to the HOPG C 1s peak is greater than that of the CdSe NR
spectrum (yellow-green trace), which indicates greater ligand surface coverage on the NP.
The position of the Au 4f peaks, shown in Figure 2.7C, is unchanged between the Au2.6CdSe and Au5.6-CdSe NR. However, the BE of the Au 4f peaks is greater than those of the
tipped NR. This is consistent with the proposed electron transfer from Cd to Au upon
addition of the Au tip. Finally, the Se 3d peaks for these materials are shown in Figure
2.7D. From the CdSe NP to CdSe NR samples, there is a ca. 500 meV shift towards lower
binding energy, as was observed in the Cd 3d lines. Au tipping produces a 100-200 meV
shift to higher BE, which was also observed in the Cd 3d lines, and is attributed to
electronic coupling of the Au NP to the CdSe NR.
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2.3.4.2 UPS of heterostructured nanorods
UPS was used to estimate EVB for NR monolayers, to characterize low
concentrations of mid-gap states extending out to EF (introduced by Au tipping), and to
characterize variations in local vacuum level as Au tips were added to the NR. UPS data
for these NR films are shown in Figure 2.8, along with reference data for clean HOPG,
HOPG coated with a thin film of dodecylamine-capped Au NPs, and HOPG coated with a
thin film of CdSe NPs (2.5 nm diameter). The center panel of Figure 2.8A shows the full
photoemission spectra prior to data treatment. The far left and right panels show expanded
views of the low kinetic energy (LKE) and HKE regions, respectively. High sensitivity,
log scale presentation of these HKE regions is shown in Figure 2.8B. For these data we
plot the kinetic energy on the x-axis, and indicate the Fermi energy for the
spectrometer/samples (EF in this case = 31.8 eV), which includes an energy offset added
from an added voltage applied to the substrate, to accelerate photoelectrons to a higher
kinetic energy making their quantification easier.60-62 These kinetic energies are corrected
to a binding energy scale for creation of the band energy diagrams in Figure 2.9A.
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Figure 2.8: (A) He (I) photoemission spectra of: 1) freshly cleaved HOPG, 2) CdSe NPs,
3) CdSe NRs, 4) Au2.6-CdSe NRs, 5) Au5.6-CdSe NRs and 6) Au2.6 NPs, all deposited on
freshly cleaved HOPG. Background correction and satellite removal from these spectra and
other details of the data analysis procedures are shown in Figure 2.10; (B) The HKE region
of the spectra in (A), offset vertically for clarity, corrected for both secondary electron
scattering background and satellite photoemission, on a semi-log scale to accentuate
photoemission from states above EVB, out to EF, shown here as a dashed line at KE = 31.8
eV. Photoemission from the HOPG substrate is suppressed, and spectral features appear
at energies out to EF due to defects in the NP or NR, or the addition of Au NPs which are
believed to introduce MSI states (see text). The UPS data were acquired by Michael W.
Liao.
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Figure 2.9: Energetics for CdSe, Au2.6-CdSe, and Au5.6-CdSe NR films and reference
materials. (A) He I UPS data for NP and NR films on HOPG corrected for local vacuum
level shifts, provide estimates for changes in EVB as compositional changes are made to the
NR. EVB shifts closer to vacuum as Au tips are added to the NR. Other ionization features
are also noted, much deeper than EVB, as Au is added to the NR (see text). ECB values are
estimated from EVB and the optical band gap (blue arrows) for the NP or NR. The energetics
for NRs from UPS were estimated by Michael W. Liao. (B) The ECB for CdSe NR films is
estimated from the onset potentials for difference absorbance spectra, which arise as a
result of electron injection into the 1Σe level of the CdSe NR. The Au-tipped NRs show
two “bleaching” transitions: the first assigned to EIS (due to MSI states in the band gap
region with onsets at 4.6 and 4.7 eV for Au2.6-CdSe and Au5.6-CdSe NR films, respectively)
and the second assigned to ECB (at 4.0 and 3.8 eV for Au2.6-CdSe and Au5.6-CdSe NR films,
respectively). EVB energies are estimated from the optical band gap (blue arrows). As in
the UPS experiments, Au tipping moves ECB and EVB closer to vacuum.
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In contrast to previous experiments in which clean Au substrates were used to
support CdSe NP monolayers, tethered via dithiol linkers,35,63 or where CdSe NPs were
supported on ZnO substrates,33 HOPG substrates provide for much lower secondary
electron photoemission background in the critical HKE spectral regions, which is easily
suppressed when thin NR or NP films are added to the HOPG surface. The onset of
photoemission from the valence band of the NR or NP occurs in this region, along with
photoemission from mid-gap states, if present.64-66 The efficacy of HOPG as a substrate
for the determination of valence band photoemission features has been shown to provide
more accurate estimates of ionization onset energies for a variety of molecular systems,
with fewer concerns about background correction relative to metal substrates such as Au.6769

The HKE data in Figure 2.8B have been taken through a series of background
corrections to enhance the photoemission contribution from the NRs and NPs, since the
HKE onset for photoemission above baseline is required to achieve a reliable estimate of
EVB (see Michael W. Liao’s Ph.D. dissertation, University of Arizona, for an expanded
description of the background corrections). We first correct for He (I) satellite emissions
(β and γ) at +1.87 eV and +2.52 eV, relative to the He (I) primary emission (21.2 eV). We
then apply an integrated sigmoidal correction for the contribution to spectral background
from the scattering of secondary photoelectrons, as described by Li and coworkers, which
we find to be more significant for semiconductor nanomaterials than for organic
semiconductors.70 The final correction is a weighted linear subtraction of the remaining
background photoemission due to the HOPG substrate, which contributes to the
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photoemission tail that converges at the Fermi energy, and can be seen most clearly in the
log-linear representation of the photoemission spectra (see Michael W. Liao’s Ph.D.
dissertation, University of Arizona). The use of this approach to characterize band edge
dispersion, and the influence of metal and metal oxide tipping on defect densities in NPs
and NRs, and on density-of-state (DOS) distributions of these states, will be reported
elsewhere.
EVB levels for each NC assembly were next estimated from the difference in the
source energy and the energetic width of the photoemission spectrum: EVB = 21.2 eV –
[HKE – LKE], after confirming complete removal of satellite peaks and secondary electron
scattering background using semi-log display.60,61,71 This approach provides an EVB (Figure
2.9A) corrected for local vacuum level shifts.62 It can be seen that EVB for the CdSe NP
(2.5 nm diameter) is ca. 5.8 eV, close to recent reports for CdSe NPs of comparable
diameter and capping ligand.32 EVB for the untipped CdSe NR is comparable, while as Au
tips are added to the NR, EVB decreases by up to 0.4 eV relative to the untipped NR.
The semi-log HKE region is relatively featureless near EVB for the bare CdSe NR,
and new photoemission features (less than 10% of total photoemission intensity) grow in
above EVB as Au tips are added to the NR. These features have an energetic full width of
ca. 0.5 eV and are located at energies close to those predicted for MSI states from STS
studies of comparable Au-tipped CdSe NRs.1,6,72 Interestingly these states appear to
converge on the Au 6s states seen in the photoemission spectra for the Au NPs, just below
EF.
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ECB levels for CdSe NPs, CdSe, Au2.6-CdSe, and Au5.6-CdSe NR films were
estimated by adding the optical band gap, Eopt, to EVB. Eopt values were estimated from the
low energy onset of the lowest energy absorbance band (shown in Figure 2.4). For CdSe
NPs, Eopt = 2.31 eV which yielded ECB = -3.2 eV. For CdSe, Au2.6-CdSe, and Au5.6-CdSe
NRs, the respective Eopt values were 1.78 eV, 1.78 eV, and 1.75 eV. Since there was no
significant difference among these values and the EVB estimates have an associated error
of ± 0.1 eV, Eopt = 1.8 eV was used to estimate the ECB levels for NRs shown in Figure
2.9A.
Effective work functions, φ, which help to define the Fermi energy of the NR or
NP in equilibrium with the HOPG substrate, were estimated from φ = 21.2 eV – [EF –
LKE], where EF is the Fermi energy of the sample and spectrometer (dashed line, right side
of Figure 2.8B), which must be in electronic equilibrium with the nanomaterial film. The
addition of CdSe NPs or NRs decreases the φ, relative to the HOPG substrate, consistent
with addition of a strongly dipolar monolayer (positive end of the dipole pointed toward
vacuum) to the HOPG surface.62 For CdSe NP thin films there is a substantial vacuum
level shift (ca. 0.8 eV), whereas for the CdSe NR films the vacuum level shift relative to
clean HOPG is smaller, but still produces a lower φ (see Figure 2.9A). These data suggest
that the CdSe NPs and CdSe NRs are strongly n-type semiconductors as deposited on
HOPG, with EF within ca. 0.3 eV (or less) of the estimated ECB. The observation of a Fermi
energy this close to the estimated ECB suggests that, in the upper region of the NP and NR
films (the sampling depth is less than ca. 3 nm for 21.2 eV excitation), these materials are
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rich in electron-donating sites (defects) which is consistent with Se/Cd ratios that are below
stoichiometric values for both the NPs and NRs (see XPS results above).
Addition of Au tips results in an EF closer to the middle of the band gap region, as
expected if electron transfer from the CdSe NR to an intrinsically higher work function Au
tip takes place. However, the direction of charge flow as the Au tip equilibrates with the
NR is difficult to predict. As depicted in Figure 2.10, at an isolated Au/CdSe
heterojunction, an increase or decrease in local vacuum level might occur, depending upon
the pre-contact work function of the Au tip, which in these studies is not well understood.
Whereas for clean (bulk) Au, φ ≈ 5.1 eV (shown schematically in Figure 2.9A), recent
studies of work functions for Au NPs have shown that, for small particle diameters, the
effective work function can be substantially lower,
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which is consistent with our

measurement of φ = 3.6 eV for Au NP thin films (Figure 2.9A). If the work function of the
Au NP is lower than that of the bare CdSe NR (4.1 eV), then electron transfer from the Au
tip to the CdSe NR would occur upon equilibration. This case is consistent with the
measured shifts in EVB towards vacuum (Figure 2.9A) which indicate that Au tipping
increases the electron density in the NR. Furthermore, when considering the measured
changes in EVB and φ, it important to note that the Au tips are small with respect to the
overall length of the NR (see Figures 2.1 and 2.2), and photoemission must be dominated
by the upper surface of the CdSe core of the NR, well removed from the Au/CdSe
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Figure 2.10: (A) Schematic view of the Au tipping process and (B, C) local vacuum level
shifts, at the Au/CdSe heterojunction, if the Au tip pre-contact work function is higher (B)
or lower (C) relative to the work function of the untipped CdSe NR. The UPS and
spectroelectrochemical results show that EVB and ECB shift toward vacuum upon Au tipping
(Figure 2.9), which suggests that electron transfer occurs from a lower work function Au
NP into the CdSe NR.
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heterojunctions at one or both termini. Thus the measured change in φ, averaged over the
entire NR upper surface, is expected to be less than the local change at/near the Au/CdSe
heterojunctions.
We also considered whether the ligands (didodecylamine and didododecyldimethyl
ammonium bromide) introduced during Au tipping of CdSe NRs, which are different from
those used for CdSe NR synthesis, might be responsible for the measured changes in EVB.
A ligand exchange reaction was performed on CdSe NRs in conditions identical to the
process to produce 2.6 nm Au tips, except the Au(III)Cl precursor was absent. The
resulting local vacuum level was 0.6 eV lower than that of HOPG, and EVB was -5.8 eV;
i.e., the measured EVB and vacuum level shifts are within experimental error of the values
measured for CdSe NRs not subjected to ligand exchange.
2.3.5

Spectroelectrochemical characterization of heterostructured nanorods
Potential-controlled, visible ATR spectroscopy was performed using ITO-coated

glass as the planar waveguide and working electrode, to provide estimates of ECB for NR
films. Details of the instrumentation and procedures are given in the experimental section
and in previous publications.34,55 Bare ITO electrodes were first treated with 1,8octanediphosphonic acid (OdiPA), prior to spin coating of NR solutions, to ensure robust
tethering and sufficient coverage of NRs on these electrodes. NR-modified ITO substrates
were then soaked in ethanol for 1 hr before characterization experiments were performed.
This step presumably removes unbound ligands, may promote NR adhesion to the OdiPA
modifier, and improved the electrochemical response. Deposition conditions were
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identified that produced uniform low coverages (from near-monolayer for CdSe NRs and
Au2.6-CdSe NRs to 1-2 monolayers for Au5.6-CdSe NRs), as verified by FE-SEM (Figure
2.11).
ATR spectra of NR films immersed in 0.4 M LiClO4 in degassed acetonitrile were
acquired as a function of the potential applied to the ITO with respect to a Ag/AgNO3
pseudo-reference electrode. As potential was stepped to more negative values, progressive
bleaching of the NR absorbance bands was observed. For all three types of NRs, the
bleaching was largely reversible when the potential was returned to more positive values,
provided that potentials more negative than -1.20 V were not applied (where reduction of
the ITO electrode or photochemical bleaching of NRs may occur). These bleaching events
correlate with Faradaic (electron injection) processes that are detected without interference
from

background

charging

currents

inherent

in

conventional

electrochemical

measurements.31,48,74,75 For low surface coverages of NRs, optical probes of electron
injection are far superior to conventional electrochemical probes of these same processes.34
2.3.5.1 Spectroelectrochemistry of CdSe NRs
Figure 2.12 shows a typical open circuit ATR spectrum of CdSe NRs on OdiPAmodified ITO. A broad absorbance band is observed at λ ≈ 680 nm and a less intense band
at λ ≈ 555 nm. The spectral profile is similar to the absorbance spectrum of CdSe NRs
dissolved in toluene (in Figure 2.4), indicating that adsorption to OdiPA-modified ITO did
not significantly alter the NR electronic properties.
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Figure 2.11: Representative FE-SEM images of spin-coated films of (A) CdSe NRs, (B)
Au2.6-CdSe NRs and (C) Au5.6-CdSe NRs on ITO modified with 1,8-octanediphosphonic
acid. The FE-SEM images were acquired by Lawrence J. Hill.
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Figure 2.12: ATR spectrum of a CdSe NR film on OdiPA-modified ITO measured at open
circuit in TE polarization.
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Representative ATR difference spectra of CdSe NRs on ITO, referenced to the
spectrum measured at -0.45 V, are plotted in Figure 2.13A. At potentials more negative
than -0.75 V, a bleaching band appeared with λmax ≈ 680 nm. At potentials negative of ca.
-1.00 V, this band broadened to higher energies with λmax closer to 670 nm. A less intense
bleaching band with λmax ≈ 555 nm also appeared at potentials more negative than -0.75 V
and, similar to the lower energy band, it broadened at potentials negative of ca. -1.00 V.
The presence of more than one optical transition in each of these bands can be attributed
to compositional heterogeneity and/or energetic heterogeneity. The uniformity of the
untipped NRs in the images in Figure 2.2 suggests that energetic heterogeneity in otherwise
uniform NRs, i.e. charge injection to different quantum confined states, as first observed
by Guyot-Sionnest and coworkers for CdSe NCs,48 is the more likely explanation.
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Figure 2.13: (A) A representative set of potential-controlled ATR difference spectra of
CdSe NRs tethered to OdiPA-modified ITO. Spectra were acquired at intervals of 0.05 V
from -0.50 V to -1.55 V and normalized to the spectrum acquired at -0.45 V. The plotted
spectra cover the range of -0.70 V to -1.55 V. The black curve is the spectrum measured
when the potential was stepped back to -0.50 V. Bleaching of absorbance bands at ca. 680,
651, 555, and 534 nm was observed. The wavelength maxima were obtained by fitting the
difference spectra to a model composed of Gaussian bands (two bands at > -1.15 V; four
bands at ≤ -1.15 V; see example in Figure 2.14). (B, C) Difference absorbance
(normalized) plotted as a function of potential at 680 nm, 651 nm (B), and (C) 555 nm.
Solid lines are sigmoidal fits. The black dashed lines are extrapolations drawn to estimate
the onset potentials for these transitions. The red dashed curves are first derivative plots of
difference absorbance vs. potential at 680 nm and 555 nm.
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To determine the number of absorbance transitions and their respective spectral
profiles (peak wavelength, FWHM, and intensity), each difference spectrum in Figure
2.13A was fit with Gaussian components. Each difference spectrum was fit to model
composed of a variable number (up to 4) of Gaussian bands, from which the number of
absorbance bands was determined. An example of Gaussian fitting of difference spectrum
is shown in Figure 2.14. In the center panel of 2.14A, the difference spectrum at -1.20 V
over the range of 590-730 nm is plotted (red line) along with the fit composed of two
Gaussian components (dashed blue line) that corresponds to two optical transitions. Plots
of each component, labeled Band 0 and Band 1, are shown in the bottom panel. In the
center panel of 2.14B, the difference spectrum at -1.20 V over the range of 500-590 nm is
plotted (red line) along with the fit composed of two Gaussian components (dashed blue
line). Plots of each component, labeled Band 2 and Band 3, are shown in the bottom panel.
The above Gaussian fitting procedure was applied to all of the ATR difference spectra
shown in Figure 2.13A (and three additional trials – data not shown) to determine the
number of optical transitions present at each potential and their respective profiles (peak
wavelength, FWHM, and intensity). Above analysis showed that at potentials positive of
ca. -1.15 V, the difference absorbance band in the 590-730 nm region is composed of one
band with λmax ≈ 680 nm whereas at potentials negative of ca. -1.15 V, a second band with
λmax ≈ 651 nm is present. Likewise, the difference absorbance band in the 500-590 nm
region was fit with a single Gaussian component with λmax ≈ 555 nm
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Figure 2.14: Example of Gaussian peak fitting to the difference ATR spectrum a CdSe NR
film on OdiPA-modified ITO measured at an applied potential of -1.20 V and ratioed to
the spectrum measured at -0.45 V. (A) The 590-730 nm spectrum (red trace in the center
panel) can be fit using a sum of two Gaussian components (blue dashed trace in the center
panel). The background spectrum is also plotted in the middle panel (green trace). The
lower panel shows plots of each component obtained from the fit. The residuals from the
fitting procedure are plotted in the upper panel. (B) Plots of the corresponding data for the
500-590 nm spectrum which show the fit to two Gaussian components.
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at potentials > ca. -1.15 V; at potentials < ca. -1.15 V, a second, minor component appeared
with λmax ≈ 534 nm.
It is well known that when cadmium sulfide (CdS) NRs are grown from a CdSe
seed, the spectroscopic signature from the seed is observable and distinct from that of rod.57
Here a distinct bleaching feature assignable to the CdSe seed was not observed in the ATR
difference spectra of CdSe NRs. However this is not unexpected because: a) The seed and
rod are composed of the same material and during growth of the rod, the seed may have
been incorporated into the rod material such that it was no longer a structurally distinct
entity. b) The applied potential needed to reduce a 2.5 nm CdSe NP on ITO is expected to
be considerably negative of the potential range examined here.34
These absorbance features of CdSe NRs, assumed to arise from 1D excitons, are
assigned based on the work of Efros and coworkers.76 In Figures 2.13B and 2.13C, the
difference absorbance at the λmax for the three major bands is plotted, along with sigmoidal
fits to the data. The apparent onset potential for bleaching at each λmax was obtained by
extrapolating the slope of each sigmoidal curve to the asymptote corresponding to the
neutral CdSe NR film (dashed lines). The bands at 680 nm and 555 nm begin to bleach at
onset potentials of -0.77 ± 0.01 V and -0.80 ± 0.33 V (n=4), respectively, showing that
these transitions are correlated. We posit that bleaching of these bands is due to electron
injection into the 1Σe level of the CdSe NR conduction band. The onset potential for
bleaching of the 651 nm band occurs at ca. -0.93 ± 0.05 V, and is assigned to electron
injection into the 1Πe level of the CdSe NR conduction band. The difference between the
onset potentials for the 680 nm and 651 nm bleaching transitions, 0.16 V, is the 1Σe - 1Πe
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intraband energy;77 it corresponds well to the intraband energy of 0.15 eV between the 1Se
and 1Pe transitions, as reported by Boehme et al.31 for 8 nm diameter CdSe NPs as well as
results from photoluminescence studies by Norris and Bawendi.78
The mid-point potentials for bleaching of the 555 and 680 nm bands were obtained
by computing the first derivative of the sigmoidal fits to the bleaching data. Figure 2.13B
shows the plot for the 682 band; the dashed line assigns the mid-point potential for injection
into the 1Σe level which is -0.93 ± 0.06 V. The same mid-point potential, -0.92 ± 0.06 V,
was obtained for the 555 nm band (Figure 2.13C). The mid-point potential could not be
determined accurately for the 651 nm band because the bleaching was incomplete at -1.5
V.
To estimate the onset ECB for CdSe NR films, the onset reduction potential was
corrected to the vacuum scale using a value of -4.48 eV vs vacuum for the potential of the
normal hydrogen electrode (NHE).52 The mid-point potential of the ferrocene/ferricenium
(Fc/Fc+) redox couple used to calibrate the Ag/AgNO3 (0.01M) reference electrode was
0.07 V. The potential of Fc/Fc+ was taken to be 0.64 V vs NHE,79 and ECB was therefore
estimated from ECB = - (Ered + 5.05) eV, where Ered is the onset reduction potential vs
Ag/AgNO3, which was -0.77 V for the 680 nm bleaching band. This treatment yielded an
onset ECB of -4.28 ± 0.01 eV for the 1Σe level. The onset EVB, -6.06 eV, was estimated by
subtracting the optical band gap (Eopt = 1.78 eV). These band energies are plotted in Figure
2.9B.
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2.3.5.2 Spectroelectrochemistry of Au-tipped CdSe NRs
The spectroelectrochemical properties of Au-tipped CdSe NRs showed absorbance
changes versus potential over a broader potential range than for the untipped NRs. Changes
in absorbance of the Au2.6-CdSe NR films began as the potential was stepped negative of 0.35 V; the ATR difference spectra plotted in Figure 2.15A were therefore referenced to
the spectrum measured at 0.0 V. The spectra were fit with two Gaussian bands in the 600700 nm region, with λmax ≈ 682 nm and λmax ≈ 650 nm. Bleaching also was observed at
ca. 555 nm but the S/N of the spectra was too low to permit quantitative analysis.
In Figure 2.15B, the difference absorbance data at 681 nm and 650 nm show that
bleaching occurred over a wider potential range vs bare CdSe NRs, and the 681 nm plot
could not be fit to a single sigmoidal function; it contains two nearly linear regions which
is indicative of two distinct bleaching processes. Onset potentials for each region were
therefore estimated by extrapolation to the asymptote corresponding to the neutral NR film,
from which values of -0.48 ± 0.03 V and -1.06 ± 0.04 V (n=3) were obtained, denoted
respectively as Ered2 and Ered1. An onset potential of -1.32 ± 0.03 V (n=3) for 650 nm
bleaching curve, which is assigned to the 1Πe transition, was also estimated by
extrapolation to the asymptote corresponding to the neutral NR film. (Note: mid-point
potentials for these transitions were not determined because the absorbance changes were
incomplete at -1.5 V and/or the curves could not be fit to a single sigmoidal function. This
was true for all Au-tipped NR samples.) Two onset energies, denoted EIS and ECB, were
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Figure 2.15: (A) A representative set of potential-controlled ATR difference spectra of
Au2.6-CdSe NRs on OdiPA-modified ITO. Spectra were acquired at intervals of 0.05 V
over the range of 0.00 V to -1.55 V at intervals of 0.05 V and ratioed to the spectrum
acquired at 0.00 V. The plotted spectra cover the range of -0.50 V to -1.55 V. The black
curve is the spectrum measured when the potential was stepped back to 0.00 V. Bleaching
peaks were observed at ca. 682 and 650 nm. The wavelength maxima were obtained by
fitting the difference spectra to a model composed of Gaussian bands. (B) Difference
absorbance (normalized) as a function of potential at 682 and 650 nm and plotted from the
spectral data shown in (A). The solid red and blue lines are drawn to aid the eye in
connecting the data points. The black dashed lines are extrapolations drawn to estimate the
onset potentials for the transitions.
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estimated from Ered2 and Ered1 using the procedure described above, yielding values of 4.57 ± 0.03 eV and -3.99 ± 0.04 eV, respectively (Figure 2.9). ECB is assigned as the
conduction band edge (1Σe transition) and EIS is posited to result from electron injection
into MSI states (see below).1,6,72 Subtracting Eopt = 1.78 eV from ECB yielded -5.77 eV for
the onset EVB. These band energies are plotted in Figure 2.9B.
Control experiments were performed to determine if changes in ligand structure
and ligand coverage that may have occurred during the Au tipping reaction affected band
energies, as was discussed above for UPS experiments. A ligand exchange reaction was
performed on CdSe NRs which was identical to the process used to introduce 2.6 nm Au
tips, except the Au(III)Cl precursor was absent. Bleaching of the 680 nm band was fit to a
single sigmoidal function with an onset potential of -0.73 ± 0.01 V, consistent with the
results measured for CdSe NRs that were not subjected to ligand exchange. Therefore, the
observation of two distinct bleaching processes cannot be attributed to changes in the NR
as a result of ligand exchange.
ATR difference spectra showing the bleaching of the Au5.6-CdSe NR films as a
function of applied potential are presented in Figure 2.16A. The behavior was qualitatively
similar to that of the Au2.6-CdSe NR films, however, some important differences were
observed: a) The spectra in the 600-700 nm region were adequately fit with only one
Gaussian band with λmax ≈ 686 nm. Bleaching in the 550-560 nm region was too minor to
accurately quantitate. These differences are attributable to the bleaching depth and S/N of
these spectra, both of which were less than that of the CdSe and Au2.6-CdSe NR films. b)
The difference absorbance data at 686 nm, plotted in Figure 2.16B, show that bleaching
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occurred over a wider potential range compared to both CdSe and Au2.6-CdSe NR films.
Similar to the Au2.6-CdSe NR data, the curve contains two distinct regions indicative of
two bleaching processes. Onset potentials for each region were estimated as described
above, from which values of -0.39 ± 0.03 V and -1.25 ± 0.15 V (n=4) were obtained for
Ered2 and Ered1, respectively. In comparison to the Au2.6-CdSe NR results, the bleaching
process denoted by Ered2 accounted for a noticeably larger fraction of the total bleaching.
c) Two onset energies, EIS and ECB, were estimated using the procedure described above,
yielding values of -4.66 ± 0.03 eV and -3.80 ± 0.15 eV that are assigned to MSI states and
the conduction band edge (the 1Σe transition), respectively. Subtracting Eopt =1.75 eV from
ECB yielded -5.54 eV for the onset EVB level. These band energies are plotted in Figure
2.9B.
The assignment of the bleaching transitions shown in Figures 2.15 and 2.16 to
electron injection into MSI states (EIS) and the conduction band edge (ECB) are consistent
with the STS studies of Millo, Banin and coworkers.6,23 Measurements made near the
center of Au-tipped rods produced tunneling spectra with an energy gap of ca. 2 eV,
corresponding to the CdSe band gap region, flanked by numerous conduction and valence
band states. Measurements made in the vicinity of a Au tip revealed the presence of MSI
states within the energy gap, as well as single electron tunneling (SET) features
corresponding to the Coulomb staircase characteristic of Au NPs.6,80 Also relevant are the
reports by Costi et al.1,2 which indicate that multiple electrons can be injected into a single
Au-tipped NR. Unlike STS, the spectroelectrochemical experiments described herein
address ensembles of Au-tipped NRs. As the ITO electrode potential is scanned to more
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Figure 2.16: (A) A representative set of potential-controlled ATR difference spectra of
Au5.6-CdSe NRs on OdiPA-modified ITO. Spectra were acquired at over a potential range
of -0.05 V to -1.50 V at 0.05 V increments and ratioed to the spectrum acquired at 0.00 V.
The plotted spectra cover the range of -0.45 V to -1.55 V. The black curve is the spectrum
measured when the potential was stepped back to 0.00 V. Bleaching was observed with a
peak wavelength of 686 nm. (B) Difference absorbance (normalized) as a function of
potential at 686 nm and plotted from the spectral data shown in (A). The solid red line was
drawn to aid the eye in connecting the data points. The black dashed lines are extrapolations
drawn to estimate the onset potentials for two bleaching processes.
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negative potentials (closer to vacuum), electrons are injected into an ensemble of
electrochemically active states, including SET levels, MSI states, and CdSe conduction
band states. Injection into the SET and MSI levels will occur at less negative potentials
(which means that the Au NP tips are electrochemically coupled to the ITO surface),
followed by injection into the CdSe conduction band at more negative potentials.6
Since injection into the SET levels of the Au tip is unlikely to cause bleaching of
the NR absorbance, the SET features observed by STS are unlikely to be detectable by
spectroelectrochemistry. However if the MSI states are electronically coupled to the NR
conduction band (e.g., tunneling occurs between MSI states and the conduction band),6,80
then injection into the MSI states will contribute to bleaching of the lowest energy NR
absorbance. We therefore posit that bleaching transitions of Au-tipped NRs having an
onset near -4.6 eV are due to charge injection into MSI states.
Comparing Figures 2.15B and 2.16B, it appears that the energy distribution of MSI
states broadens as the size of the Au tip is increased from 2.6 nm to 5.6 nm, which is
indicated by comparing ECB - EIS for Au2.6-CdSe NRs (0.58 V) and Au5.6-CdSe NRs
(0.86 V). In addition, the EIS bleaching process accounts for a considerably larger fraction
of the total bleaching of Au5.6-CdSe NR absorbance relative to that of Au2.6-CdSe NR
absorbance. These observations suggest that the introduction of the 5.6 nm tip creates a
greater density of MSI states having a broader energy distribution.
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2.3.6

Comparison of UPS and spectroelectrochemical approaches for estimating
energetics of heterostructured nanorod
To our knowledge, the data presented in Figure 2.9 represent the first attempt to

correlate measurements of EVB, obtained from photoemission experiments, with
measurements of ECB obtained from electrochemical or spectroelectrochemical
measurements, for nanorod semiconductors. Both the UPS results and the
spectroelectrochemcial results show that for untipped. CdSe NRs, EVB = 5.9 - 6.1 eV and
ECB = 4.1 - 4.3 eV. Both approaches show that Au tipping of CdSe NRs produces
significant changes: a) EVB and ECB levels are shifted closer to vacuum, by about 0.3 eV
for Au2.6-CdSe NRs and about 0.4-0.6 eV for Au5.6-CdSe NRs. b) Mid-gap electron
injection processes (MSI states) are introduced, with spectroelectrochemically detected
onset energies (EIS) near -4.6 eV. Apparently complementary states above EVB are detected
in the photoemission experiments, and are also assigned as MSI states. Local vacuum level
shifts that might allow prediction of charge flow during electronic equilibration of the Au
tip with the NR are quite small, although the EVB and ECB shifts suggest that this process
involves electron transfer from a lower work function Au NP into the CdSe NR (see Figure
2.10).
The UPS and spectroelectrochemical determinations of EVB/ECB are in good
agreement despite significant differences between the physical basis of these methods and
their sampling geometries: a) Photoemission is detected from the uppermost 1-3 nm of the
NR film.35, 60-62 Since the NR diameter is ca. 9 nm, the measured EVB energies, and the
shifts in EF relative to EVB/ECB due to charge exchange between the Au tip and the CdSe
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NR, primarily reflect the properties of the upper third of the horizontally arranged NRs on
the HOPG substrate. In the waveguide ATR geometry, the entire NR film thickness is
optically interrogated because the penetration depth of the evanescent field81 is much
greater than the rod diameter. When the waveguide is used as a working electrode (i.e.,
spectroelectrochemistry), the electroactive portion of the film is optically interrogated; thus
the shifts in ECB and the introduction of MSI states below ECB due to Au tipping reflect
energetic changes in NRs that are electrochemically coupled to the ITO electrode. b) UPS
measurements are made in vacuum, whereas spectroelectrochemistry is performed in
relatively high concentrations of electrolytes, and both the solvent and the electrolyte may
significantly affect the measured ECB. For example, Boehme et al.31 recently showed that
that differences in the size of the supporting electrolyte cation can produce shifts in the
electrochemically determined ECB of CdSe NPs of up to 0.5 eV. c) UPS measurements are
corrected for local shifts in the vacuum level that can be attributed to a change in the local
dipole in the photoemission sampling region, averaged over the length of the NR.35,60-62
Spectroelectrochemical data are not corrected for local vacuum shifts; it is assumed that
the working and reference electrodes are at the same local vacuum level and that any local
dipolar fields are compensated in high ionic strength electrolyte environments. d) Previous
studies have indicated that Au tipping allows for accumulation of multiple negative charges
on a single NR,1,2 and the charge capacity per NR should increase as the size of the Au tip
increases. We hypothesize that as the potential of the ITO electrode is scanned negative
(toward vacuum), filling the lower energy SET and MSI levels in an Au-tipped NR,
Coulombic repulsion makes it thermodynamically less favorable for additional electron
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injection. A larger overpotential may therefore be required for injection into the conduction
band, which will be manifested as an apparent shift in ECB closer to vacuum. In summary,
although the trends in EVB/ECB values measured for a series of NRs using UPS and
spectrolectrochemistry are expected to be similar, the significant differences in these
approaches make it possible that the respective EVB/ECB values will differ systematically.
Band edge energies of semiconductor NCs, especially heterostructured nanomaterials,
should therefore be characterized utilizing more than one measurement approach.
2.3.7

PM-ATR characterization of heterostructured nanorod charge transfer kinetics
The electronic coupling of CdSe, Au2.6-CdSe, and Au5.6-CdSe NR films on ITO

was further evaluated by measuring dark electron injection/extraction rate constants using
potential-modulated ATR spectroscopy.34,82 PM-ATR is a waveguide-based form of
electroreflectance spectroscopy56,83 that can be used to measure reversible charge transfer
rates of electroactive films. The experiment is conducted by poising the working electrode
at a potential corresponding to the bleaching of a major absorbance feature and modulating
the applied potential across a broad frequency range. The reversible charge transfer rate
constant is obtained by measuring the real and imaginary components of the
electroreflectance as a function of modulation frequency. We have used this approach to
characterize injection/extraction rates for CdSe NCs tethered to ITO surfaces, and for
various molecular semiconductor small molecules and polymers.34,

55, 82, 84

Here the

experimental parameters were selected to probe reversible electron injection into 1Σe level
(680 nm) of NR films on ITO.
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Figure 2.17 shows representative complex plane plots of the electroreflectance
signal of CdSe, Au2.6-CdSe, and Au5.6-CdSe NRs on ITO. Complex plane plots were
subjected to a polynomial fit to determine the modulation frequency (ω) at which the real
reflectance was zero. Apparent heterogeneous electron transfer rate constants (ks,opt) were
calculated from ks,opt = 0.5ω2RsCdl, where Rs is the solution resistance and Cdl is the double
layer capacitance which were measured by electrochemical impedance spectroscopy.82,84
The ks,opt, Rs and Cdl values for the three types of NR films are listed in Table 2.1.
PM-ATR of Au-CdSe NRs was performed at potentials at which injection occurs
into the conduction band (i.e., at potentials where the SET levels and MSI states are largely
filled). The ks,opt for Au2.6-CdSe NRs is 6-fold greater than that of the untipped NRs. This
result suggests that the charge injection from ITO to CdSe preferentially occurs through
the Au tips, and provides additional support to the above discussion regarding Au-CdSe
electronic coupling. However the ks,opt for Au5.6-CdSe NRs was equivalent to that of the
untipped NRs. This is likely due to the higher surface coverage of Au5.6-CdSe NRs on ITO
relative to that of Au2.6-CdSe NRs on ITO (compare Figures. 2.11B and 2.11C). The higher
surface coverage may impede counter ion migration into the film upon charge injection,
and also could result in a higher degree of self-exchange of injected charges among NRs.
Furthermore, during the time required to perform the PM-ATR analysis, spontaneous
fusion of some Au5.6-CdSe NRs through Au tips was observed, producing oligomers, which
may have increased the degree of self-exchange in the film.
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Figure 2.17: Normalized complex plane plot of the electroreflectance signal of (A) CdSe
(B) Au2.6-CdSe and (C) Au5.6-CdSe NRs deposited on OdiPA-modified ITO. The real and
imaginary components of reflectance changes were monitored at 680 nm in TE polarization
as function of modulation frequency.
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Table 2.1: Values of ks,opt, Rs and Cdl for CdSe, Au2.6-CdSe, and Au5.6-CdSe NR films
deposited on OdiPA-modified ITO.
NR Film

Rs (Ω•cm2) a,b

Cdl (μF/cm2) a,b

ks,opt (s-1) a

CdSe

5.0 ± 2.1

19 ± 3

(2.5±0.8)×103

Au2.6-CdSe

5.7 ± 0.8

19 ± 4

(1.5±0.1)×104

Au5.6-CdSe

7.5 ± 1.7

15 ± 1

(2.6±1.4)×103

a

The mean and standard deviation were obtained from at least three trials.

b

Rs and Cdl were determined from impedance measurements.
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Finally we note that ks,opt for all three types of NR films are higher than the rate
constants of ca. 0.5×103 s-1 measured previously for 5.5 nm diameter CdSe NPs tethered
to ITO.34 There are several significant differences between the previous and present
studies, which makes it difficult to identify the origin of the different rates: a) Different
modifiers were used to tether the NC to ITO (diphosphonic acid here vs thiol-carboxylic
acid for the CdSe NPs). b) The electrolyte was LiClO4 in the present study versus TBAP
in the prior study. A recent paper by Boehme et al.31 showed that due to a smaller solvated
radius, Li+ ions more effectively compensate the charge injected into CdSe NPs. c) The
surface coverage of the CdSe NP films, about 15% of a monolayer, was lower than that of
the NR films examined here. The surface conductivity of ITO is spatially heterogeneous;
some areas are highly conductive while others are not.85,86 A lower surface coverage
decreases the probability of self-exchange among adsorbed NCs, and thus the lowers the
probability that a NC is in contact with an electrically active “hot spot” on the ITO surface.
2.4

Conclusions
The band edge energies of heterostructured NRs directly affect the efficiency of

these materials as catalysts for photoelectrochemical charge transfer reactions, e.g. the
formation of H2 from protic solvents; thus it is clear that ECB and EVB must be characterized
quantitatively as a function of NR structure and composition, ligand composition,
solvent/electrolyte system, etc. To our knowledge, the UPS and spectroelectrochemical
data described herein provide the first quantitative description of the effects of Au NP
addition to CdSe NRs on ECB and EVB, referenced to the vacuum scale. The results provide
considerable insight into the electronic structure of these heterostructured nanomaterials.
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UPS with improved background correction procedures provides better estimates of EVB
and local vacuum shifts as a function of NR composition and structure, and waveguide
spectroelectrochemistry provides the sensitivity required to measure ECB of submonolayer
NR films. For untipped CdSe NRs, both approaches show EVB = 6.0±0.1 eV and ECB =
4.2±0.1 eV. Upon Au tipping, shifts in the local vacuum level and in EVB toward vacuum
were observed by UPS, as well as the introduction of mid-gap states. The
spectroelectrochemical results show shifts in ECB upon Au tipping, similar to the UPS
results; they also reveal that MSI states are generated and indicate that their energy
distribution is dependent on the size of the Au NP. The increase in the charge transfer rate
constant upon addition of 2.6 nm Au tips to CdSe NRs provides evidence of enhanced
electronic coupling of these NRs to the underlying ITO electrode. The combination of UPS
and spectroelectrochemical methods is a powerful approach for studying of structureproperty relationships of heterostructured NRs, and can be applied to a wide variety of
other types of nanomaterial-based catalysts for photoelectrochemical reactions.
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3. CHARACTERIZATION OF ENERGETICS IN Pt-TIPPED CdSe
SEEDED CdS (Pt-CdSe@CdS) NANOROD THIN FILMS USING
SPECTROELECTROCHEMISTRY
3.1

Introduction
Semiconductor nanocrystals (NCs) with multiple inorganic heterostructured

components have been shown to be potential candidates for solar fuel production and
sensitizers in photovoltaic devices.1–4 Major advances in nanoscale control of composition
and structure of heterostructured metal tipped nanorods (NRs) have resulted in increased
interest in using them for both homogeneous and heterogeneous photocatalysis and
photoelectrochemical fuel formation.1–3 Semiconductor NCs and NRs can act as efficient
photocatalysts provided that photo-induced charge separation is efficient and that these
charges remain separated along internal potential energy gradients, without trapping and
recombination prior to harvesting at the NC/solution or NR/solution interface.1,2,5,6 For
example, Amirav et al. have reported the design of Pt-tipped, cadmium selenide (CdSe)
seeded, cadmium sulfide (CdS) NRs (Pt-CdSe@CdS NRs); they demonstrated that the
photocatalytic production of hydrogen strongly depends on dimensions of the NR
components.1
One of the key questions in the design of heterostructured NR materials is how to
understand and control the energetics of the interfacial region between a “seed” (e.g. CdSe)
and the bulk of the NR (e.g. CdS). Specifically it is of interest whether the heterojunction
is type-I (valence band energies/conduction band energies (EVB/ECB) of the seed are
bracketed by EVB/ECB of the rod material) or whether the heterojunction is type-II, where
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EVB/ECB levels are offset in a way that promotes photo-induced charge separation at the
CdSe/CdS interface (e.g. holes become localized on the CdSe seed, electrons are localized
on the CdS NR).7 Both energy offsets and the degree of electronic coupling control the
efficiency of this charge separation.1 Metal nanoparticle sites introduced at the tips of these
NR constructs (e.g. Au, Pt) to enhance catalytic properties2,3 are likely to perturb both EVB
and ECB in CdS and CdSe NRs.8,9 The effect of metal tipping on the energetics of the seed
material in a heterostructured NR, and whether type-I or type-II behavior is exhibited, have
been far less explored.
Characterizing these band edge energy offsets and the electronic coupling between
the components of these semiconductor heterostructures has been demonstrated by a
number of techniques.7,9,10 As an example, Steiner et al. used scanning tunneling
spectroscopy (STS) to measure the EVB/ECB offsets for single CdSe@CdS NRs, and
demonstrated the existence of type-I band alignment. EVB and ECB offsets were significant
(ca. 0.44 eV and ca. 0.30 eV respectively), the result being that the CdSe band edges lie
inside those of the CdS NR.7 Using multi-exciton spectroscopy, Sitt et al. subsequently
demonstrated the transition of CdSe@CdS NRs from type-I to quasi-type-II behavior as
the CdSe core size decreased (and CdSe band-gap energy (EBG) increased), and the rod
width increased (causing EBG for the CdS NR to decrease).11
Our group previously demonstrated energetic characterization of CdSe NPs on
electrode

surfaces

using

spectroelectrochemistry.12,13

ultra-violet
Other

photoelectron

groups

also

have

spectroscopy
used

(UPS)

and

photoemission

and

spectroelectrochemistry to estimate ECB of NCs.14–17 However, these studies focused on
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single component semiconductor NPs. In addition, UPS experiments probe energetics with
respect to local vacuum level but do not account for any perturbation in energetics in the
presence of solution/electrolyte medium. Further, for heterostructures, UPS may be limited
by energy resolution and hence it will be challenging to probe energy levels for each
component in a heterostructure nor can it provide direct evidence for whether the
heterostructure possess type-I or type-II alignment.
Electrochemistry (e.g. voltammetry) of NC or NR films is another method to
estimate energetics of these nanomaterials;18 however, large non-Faradaic background
currents are typically seen in these experiments, and obtaining band edge energies for ultrathin films where the Faradaic response is small can be challenging. Cyclic voltammetric
experiments of thicker NC films are typically used to estimate band edge energies but can
introduce more complexity by showing multiple reduction peaks for heterostructures, in
which case peak assignments can be challenging.19–21 For example, CdSe@CdS NRs can
show two reduction peaks if the CdSe and CdS components have different reduction
potentials or a single reduction peak if both entities have the same reduction potential.19
Thus, though it is possible to obtain reduction potentials using this technique, unambiguous
assignment of these reduction potentials to the respective components of the
heterostructure can be a problematic.
Spectroelectrochemistry is an excellent tool to estimate the energetics of NCs by
probing optical changes upon injection of charges to the conduction band energy levels of
the NCs.13,16,22 The major advantage of this technique is the elimination of non-Faradaic
background responses and the ability for absorbance changes associated with Faradaic
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processes to be selectively detected. Another unique advantage of this method is to
determine the energetics of multiple components, having different spectroscopic features,
within a heterostructure.
Guyot-Sionnest and coworkers initially used transmission spectroelectrochemistry
of multilayer films to estimate the ECB of CdSe NPs.17 We have also recently estimated ECB
for CdSe NPs13 and CdSe NRs (see Chapter 2) tethered to indium-tin oxide (ITO) surfaces.
In this study, when a potential greater than the NP/NR conduction band energy is applied,
reversible bleaching of the band edge absorbance of the CdSe NP/NR was observed. The
correction of onset potential for bleaching to the vacuum scale yields an estimate of ECB.
The EVB is estimated using ECB along with the optical band gap of the material (Eopt). Thus
far, these spectroelectrochemical methods have not been applied to heterostructure NCs
with multiple inorganic components to estimate band energetics or to study electronic
coupling between components.
In this chapter we continued our study to estimate band edge energies and to further
characterize the electronic coupling between the components in CdSe@CdS NRs and Pttipped CdSe@CdS NRs using spectroelectrochemistry. Nanomaterials used in this study
were synthesized by the Pyun Group (Nicholas G. Pavlopoulos and Nathaniel E. Richey)
at the University of Arizona. TEM imaging of NRs was performed by Nicholas G.
Pavlopoulos. With the emergence of new materials, the spectroelectrochemical protocol
described herein provides a valuable method for characterizing new and complex
nanomaterials.
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3.2
3.2.1

Experimental
Preparation of NR films for spectroelectrochemistry
Indium-tin oxide (ITO, ca. 100 nm thick) coated soda lime glass slides were

purchased from Colorado Concept Coatings, LLC (total thickness of 1.1 mm). ITO slides
were cleaned using a 3 step procedure. First, the ITO slides were scrubbed with detergent
(1% Triton X-100). They were then sonicated in (1) detergent (1% Triton X-100), (2) water
(Barnstead nanopure, 18.3 MΩ•cm), and finally in (3) ethanol for 15 minutes for each step.
The cleaned ITO slides were stored in ethanol. Prior to use, ITO slides were dried with a
stream of nitrogen gas and then treated with an air plasma (Harrick PDC-3XG) for 15 min
at medium RF level. Air plasma treated ITO slides were quickly placed in 10 mM 1,8octanediphosphonic acid (OdiPA) solution in ethanol for 3 hours. The ITO slides were then
rinsed with copious amounts of ethanol to remove any excess and physisorbed OdiPA,
followed by drying with a stream of nitrogen gas.
NRs were deposited onto the ITO slides by adding a few drops of concentrated NRs
in chloroform or toluene. A small area of the ITO slides was left uncoated for the electrical
contacts during spectroelectrochemical experiments. The solvent was allowed to evaporate
slowly and before complete evaporation occurred, the ITO slides were placed in 10 mM
OdiPA in ethanol for 30 minutes. The NR-coated ITO slides were then washed with
copious amounts of ethanol followed by drying with a stream of nitrogen gas. Slides
prepared using this procedure were immediately used in spectroelectrochemical
experiments.

162
3.2.2

Potential-controlled UV-Vis spectroscopy
Potential-controlled UV-Vis spectroscopy was carried out in transmission mode

using a conventional 3 electrode system controlled by a potentiostat (Model CHI 660c).
NR-coated ITO slides (area = 0.66 cm2), a Pt wire and a Ag/AgNO3 (0.01M in 0.4 M
LiClO4/CH3CN)) wire were the working electrode, the counter electrode and the pseudoreference electrode respectively. 0.4 M LiClO4 dissolved in CH3CN was used as the
background electrolyte solution. UV-Vis spectra were collected, using a UV-Vis
spectrophotometer (Agilent Technologies - Model 8453). The blank was obtained by
applying a potential of 0 V relative to the reference electrode. Difference spectra of NR
films were acquired by stepping the potential in 0.05 V or 0.10 V increments from 0 V to
-1.65 V vs the Ag/AgNO3 reference electrode. The working electrode was held at each
potential for least 5 seconds before collecting absorbance spectra at that potential. To
address NR stability and the reversibility of electron injection, another experiment was
performed by referencing the bleaching events to a new blank at 0 V after the first scan and
collecting difference spectra by switching the potential between -1.6 V and 0 V multiple
times.
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3.3
3.3.1

Results and discussion
Synthesis and UV-Vis absorbance characterization of heterostructured nanorods
For these studies, heterostructured CdSe@CdS NRs and Pt-tipped CdSe@CdS NRs

were prepared using modified literature methods in a three-step total synthesis.23–25 CdSe
spherical nanoparticles (NPs) were synthesized using established procedures (diameter (D)
= 2.7 nm), and were subsequently used to seed the growth of CdS NRs as has been
previously reported.23,25 By carefully controlling the ratio of CdSe seeds to CdS NR
precursors, NRs of uniform diameter and length (length (L) = 30±2 nm; D = 5±1 nm) were
prepared. These NRs were then functionalized with Pt NPs selectively at the termini (D =
2.1±0.4 nm) using modified methods of Mokari et al.,24 with Pt(acac)2 as the platinum
precursor. This resulted in a mixture of one and two sided Pt-CdSe@CdS NRs. Pt tipping
of the CdSe@CdS NRs gave both match stick (22%) and dumbbell type (78%) NR
structures as observed by TEM imaging (Figure 3.1).
Optical absorbance spectroscopy of CdSe@CdS NRs in solution was initially
conducted to map the key excitonic peaks arising from both the CdSe seed and the CdS
NR components. Clear identification of these peaks was required to determine ECB of each
component of the NR using spectroelectrochemical experiments. The UV-Vis absorption
spectrum of CdSe@CdS NRs was obtained using NRs dispersed in chloroform (Figure
3.2A). The significant increase in absorbance within the wavelength region denoted by
Region I (300 nm - 500 nm) in Figure 3.2A is due to the CdS component of the
heterostructure, and the wavelength region marked by Region II (500 nm - 650 nm) is due
to the electronic transitions of the CdSe seed.6,26 For the latter, weaker absorbance is
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Figure 3.1: TEM images of: (A) CdSe@CdS NRs and (B) Pt-CdSe@CdS NRs showing
both matchstick and dumbbell morphologies. The TEM images were acquired by Nicholas
G. Pavlopoulos.
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observed possibly due to the smaller core/shell volume ratio and smaller molar absorptivity
of the CdSe seed compared to the CdS shell.6,11,27
Assigning the electronic transitions corresponding to CdS in Region I of the
CdSe@CdS NR UV-Vis absorbance spectrum (Figure 3.2A) can be accomplished based
on previous literature studies.6,28–32 The peaks at ca. 350 nm, 385 nm, 430 nm and 470 nm
were assigned to the electronic transitions arising from quantum confinement of the CdS
NR in the radial direction.28–30 The absorbance feature at ca. 470 nm is attributed to the 1Σ
excitonic transition and the absorbance at ca. 430 nm is attributed to the 1Π excitonic
transition.6,31 The additional absorbance features at ca. 350 nm and ca. 385 nm can be
attributed to higher energy electronic transitions in the CdS portion of the NRs.31
Injection of electrons into the CdS conduction band during spectroelectrochemical
characterization can lead to bleaching of one or more of the above electronic transitions.
By monitoring absorbance changes at the above wavelengths upon electron injection into
the nanostructure, one can clearly estimate ECB of the CdS component in the CdSe@CdS
NR heterostructure, which will be addressed in detail in the following sections.
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Figure 3.2: (A) UV-Vis absorbance spectra of: (A) CdSe@CdS NRs and (B) PtCdSe@CdS NRs. Both spectra show four absorbance features for CdS shell at ca. 350 nm,
385 nm, 430 nm and 470 nm (Region I). CdSe seed peaks appear at ca. 507 nm and 570
nm (Region II). A broad absorbance band extending towards IR region is observed for PtCdSe@CdS NR spectrum which is due to Pt NP.
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Similar to Region I, the electronic transitions arising from the CdSe seed in Region
II of the CdSe@CdS NR UV-Vis absorbance spectrum (Figure 3.2A) can be mapped from
previous literature studies.32 The lowest energy absorption feature at ca. 570 nm results
from a transition from the valence band edge of the CdSe seed to the conduction band edge
of the CdSe seed.6 It is interesting to note that the lowest energy excitonic peak for the
CdSe seed in the NR is red shifted by ca. 40 nm with respect to bare CdSe NPs (2.7 nm)
(Figure 3.3). This observed red shift is consistent with the presumed delocalization of the
lowest energy excited state of the CdSe seed into the CdS shell.21-24 The absorbance feature
at ca. 507 nm has been attributed to a high energy excitonic transition of the CdSe seed.32
Optical absorbance spectroscopy of Pt-CdSe@CdS NRs in solution was also
conducted to map the key excitonic peaks arising from both the CdSe seed and the CdS
NR shell within the heterostructures. The UV-Vis absorption spectrum of Pt-CdSe@CdS
NRs was acquired using NRs dispersed in toluene (Figure 3.2B). Absorption features
corresponding to the CdSe seed, CdS shell, and Pt NPs were observed.

A broad

exponential absorption feature extending to the infrared (IR) region is observed, which
arises from the strong d-sp interband transition of Pt NPs.31,35 However, no noticeable
differences between the wavelength positions of the absorbance features of the CdSe seed
and the CdS shell of the Pt-CdSe@CdS NRs and those of the unmodified CdSe@CdS NRs
were observed. This indicates the effective band gaps of the electronic transitions of both
the CdSe and CdS entities in the Pt-CdSe@CdS NR are not affected by the introduction of
Pt NP tips. Consequently, the electronic transitions from the CdSe seed and CdS shell are
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Figure 3.3: UV-Vis absorbance spectrum of CdSe NPs (D = 2.7 nm) in chloroform.
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assigned exactly as described for CdSe@CdS NRs. The changes in absorbance at the
specific wavelengths mentioned above can be used to estimate the ECB of the CdSe seed
and the CdS NR separately in the Pt-CdSe@CdS NRs.
3.3.2

Spectroelectrochemistry of heterostructured nanorods
Spectroelectrochemistry of these NRs on ITO slides was performed using a

conventional three-electrode system in transmission mode to measure the onset potential
for electron injection, which gives an estimate of the ECB of the heterostructures in this
study. The EVB of CdS shell and CdSe seed can be estimated using the Eopt of individual
components along with respective estimated ECB from spectroelctrochemistry.
Spectroelectrochemical experiments were performed using ITO-coated glass as the
working electrode, onto which the NCs were deposited by drop casting. The absorbance
bleaching of NRs due to electron injection was found to be poor for the non-ODiPA soaked
samples compared to that of soaked samples. This suggests that the original long ligands
on the NRs presumably are replaced upon ODiPA soaking and provide better electronic
coupling with ITO. Difference spectra of NR films were obtained by applying a negative
potential to ITO with respect to the Ag/AgNO3 pseudo-reference electrode. LiClO4 (0.4
M)

in

degassed

acetonitrile

was

used

as

the

background

electrolyte

for

spectroelectrochemical measurements. The potential was stepped by 0.05 V or 0.10 V to
more negative values and bleaching of the excitonic peaks of the NCs was monitored. The
bleaching event correlates with the electron injection process in the absence of any nonfaradaic charging current, which is a major drawback in conventional electrochemical
measurements.

170
3.3.2.1 Spectroelectrochemistry of CdSe@CdS NRs
A representative set of difference spectra of CdSe@CdS NRs on ITO is shown in
Figure 3.4A. The spectrum acquired at 0 V served as a blank for the difference spectra
obtained at negative potentials. At potentials negative of ca. -1.00 V vs Ag/Ag+, bleaching
bands were clearly observed at ca. 470 nm, 430 nm, 385 nm, and 570 nm. We also observed
bleaching bands at ca. 350 nm and ca. 505 nm at more negative potentials, but due to a low
signal to noise ratio and background shift, the exact potential at which this bleaching starts
to appear was not possible to determine unambiguously. The presence of six bleaching
peaks exactly coincides with the absorbance features of both Region I and Region II in the
solution phase UV-Vis spectrum as shown in Figure 3.2A. Observation of bleaching events
for both the CdSe and CdS spectroscopic features provides clear evidence that the CdSe
and CdS are electronically coupled to one another. Direct injection of electrons into the
CdSe seed conduction band in the NR is not possible due to the surrounding CdS shell.
Therefore any bleaching event for CdSe excitonic features must occur after injection of
electrons into the conduction band of the CdS NR, unless there are band gap states in the
CdS NR which are electronically coupled to the CdSe conduction band.
Ca. 65 % and ca. 50 % of reversibility is observed at ca. 470 nm and ca. 570 nm,
respectively in the first scan upon returning to the initial potential of 0 V (Figure 3.4A).
The peaks at ca. 350 nm, 387 nm, 429 nm and 505 nm are slightly reversible (ca. 25 %).
However, it was seen that the fraction of NRs which are reversible, monitored at ca. 470
nm and ca. 570 nm, in the first scan remained ca. 100 - 90 % reversible for all consecutive
potential scans. To observe this effect clearly, another experiment was performed by
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Figure 3.4: (A) A representative set of potential-controlled difference spectra of
CdSe@CdS NRs on ITO. Spectra were acquired at intervals of 0.05 or 0.10 V over the
range of 0 V to -1.60 V and normalized to the spectrum acquired at 0 V, and finally stepping
back directly to the initial potential (0 V, black trace). For clarity, the difference spectra
are plotted from -0.80 V to -1.6 V. Background shifts were observed in the difference
spectra with decreasing potential and also when the potential was reversed to the initial
potential. These background shifts in the spectra are corrected by subtraction of a fitted
background, which is created by a straight line fit between two points at both sides of a
selected bleaching band where the amplitude of bleaching is ca. zero. This background
subtraction procedure is applied for each band individually. This background subtraction
procedure was applied for each difference spectrum. (B) Plot of difference in absorbance
(normalized) as a function of potential at ca. 470 nm (CdS, red) and ca. 570 nm (CdSe,
blue) for the first and the second potential scans. The black dashed lines are the
extrapolations drawn to estimate the onset potentials from the curves.
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referencing the bleaching events to a new blank at 0 V after the first scan and collecting
spectra by switching the potential between -1.6 V and 0 V multiple times. A representative
set of difference spectra is shown in Figure 3.5. It can be seen that all bleaching events
from both the CdSe seed and CdS NR for all subsequent potential steps were ca. 100%
reversible. The initial irreversible nature of CdS and CdSe reduction may be due to (1)
electrochemical degradation of the NR film, (2) irreversible filling of trap states that are
electronically coupled to the conduction band, (3) reduction of ITO at high negative
potentials and/or (4) inefficient counter ion charge balancing.
In order to estimate the onset potential for bleaching for the CdS shell and the CdSe
seed, a plot of the difference spectra versus applied potential at the lowest energy transition
λmax values of the CdS (λmax ≈ 470 nm) and CdSe (λmax ≈ 570 nm) components in the
CdSe@CdS NRs was prepared for the first and second scans (Figure 3.4B). Complete
bleaching of CdSe and CdS in the applied potential window could not be obtained due to
simultaneous reduction of ITO and NCs at highly negative potentials. This was evidenced
by the observation of large background shifts in the difference spectra at potentials less
than -1.60 V vs Ag/Ag+. In order to estimate the ECB values for the CdS shell and CdSe
seed, the apparent onset potentials for reduction of the CdSe@CdS NR film at ca. 470 nm
and ca. 570 nm were determined from the potential where the slope of the difference
absorbance curve and the asymptote of the neutral NR films intercept (Figure 3.4B).
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Figure 3.5: A representative set of potential-controlled difference spectra of CdSe@CdS
NRs on ITO after the first scan. Spectra were acquired by switching the potential between
-1.6 V and 0 V multiple times, and subsequently normalized to the spectrum acquired at 0
V.
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For the first scan, the bands at ca. 470 nm and ca. 570 nm begin to bleach at onset
potentials of -0.91 ± 0.10 V (n=4) and -0.90 ± 0.08 V (n=4) respectively. We predict that
the bleaching at ca. 470 nm and ca. 570 nm occurs due to electron injection into the 1Σe
level of the CdS NR conduction band and the 1Se level of the CdSe seed conduction band
respectively.28,32
During the second potential scan, the bands at ca. 470 nm and ca. 570 nm started to
bleach at a potential of ca. -1.40 V vs Ag/Ag+, which is ca. 0.40-0.50 V more negative than
the onset potential for the first scan. This observation may be explained by the reasons
discussed regarding the irreversibility in the first scan and contributes to the observation of
an apparent shift of the onset potential towards negative potential in the second scan. In
addition to the above possibilities, the negative charges that were already trapped in the
NR film during the first sweep can coulombically repel additional electron injection,
making it thermodynamically less favorable. This condition will require a larger
overpotential for electron injection into the conduction band of NRs. Due to the above
uncertain causes of apparent onset potential shift in the second scan, we only considered
the first scan in estimating ECB values, which will be discussed later in this section.
The similar onset reduction potentials for both the CdS shell and CdSe seed indicate
that the transitions involving two different components of the heterostructure are
electronically correlated. Further, the same onset potential for bleaching of the CdSe
features and CdS features indicates that the CdSe conduction band must be equal or less
(further from vacuum) than the CdS conduction band, as expected for type-I or quasi-typeII energy level alignment.
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In order to confirm whether the above NRs exhibit type-I or quasi-type-II energy
level alignment, the reversibility of the bleaching peaks arising from the CdSe seed and the
CdS shell is evaluated. For type-I alignment, the conduction band of the CdSe seed is
expected to be lower (further from vacuum) than that of the CdS NR conduction band and,
upon reversing the potential to more positive potential, reversible bleaching of the CdS
excitonic features and irreversible bleaching of the CdSe excitonic features are expected.
In the case of a quasi-type-II structure, where the CdSe seed conduction band is equal to
the CdS NR conduction band, reversible bleaching is expected for both of the components
upon reversing the potential to the initial potential.
For the CdSe@CdS NRs studied herein, similar onset potentials for the reduction
of both the CdSe seed and CdS NR, as well as reversibility of both the CdSe seed and CdS
NR bleaching peaks, suggest that the NRs have quasi-type-II alignment where the electron
is delocalized over the CdSe seed and CdS NR and the hole is expected to be confined in
the CdSe seed (considering the Eopt and resulting estimated EVB value). It should also be
noted that the above reversibility can also be seen if the kinetic energy of the confined
electron in the CdSe seed is comparable or larger than the energy difference between
conduction band levels (ΔECB) of the CdSe seed and CdS NR. A theoretical study has been
reported by Peng et al., where a clear distinction cannot be made between a type-I system
with small ΔECB and a type-II alignment for NCs.36
There are various literature examples which support the existence of type-I and
quasi-type-II alignment depending on the dimensions of components in the NRs using
different techniques.7,11 STS measurements by Steiner et al. on CdSe@CdS NRs (L = 40
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nm, DCdS = 6 nm, DCdSe= 4 nm) have indicated type-I alignment with a conduction band
offset of 0.30 eV.7 Further, Wu et al. have shown recently using transient absorbance
spectroscopy that CdSe@CdS NRs exhibit quasi-type-II alignment with three distinct types
of excitons spatially localized in the heterostructure.6 Additionally, Amit Sitt et al. clearly
demonstrated using multiexciton spectroscopy (MES) for NRs with different CdSe seed
sizes that a transition from type-I to quasi-type-II is observed for materials with a CdSe
seed diameter of 2.8 nm or smaller.11 This is because the lowest conduction band state
(LUMO) of the CdSe seed presumably moves closer to vacuum and eventually merges
with the LUMO of the CdS NR to form a CdSe/CdS mixed state where electrons can
delocalize in the entire structure to form a quasi-type-II structure.11 For our system, where
the CdSe core diameter is 2.7 nm, we see strong agreement with the above studies where
quasi-type-II alignment is observed. Thus, our study confirms the usefulness of
spectroelctrochemical characterization as a new method for determining the energetic
alignment in heterostructured NCs.
The estimated onset potentials, from the first scan, were corrected to the vacuum
scale to allow for comparison with reported literature values. A value of -4.48 eV vs
vacuum was used for the normal hydrogen electrode (NHE), and the Ag/AgNO3 (0.01M)
reference electrode was calibrated against the ferrocene/ferricenium (Fc/Fc+) redox couple.
The midpoint potential of the (Fc/Fc+) redox couple was found to be 0.07 V. The potential
of the Fc/Fc+ redox couple, taken from literature, is 0.64 V vs NHE.37 Therefore the ECB is
estimated using the following equation, ECB = - (Ered + 5.05) eV, where Ered is the onset
reduction potential vs the Ag/AgNO3 reference electrode. ECB values for the CdS shell and
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CdSe seed were estimated to be -4.14 ± 0.09 eV and -4.15 ± 0.07 eV. EVB was calculated
by subtracting the Eopt from ECB. Eopt values of the CdS shell and CdSe seed were obtained
from the respective onset wavelengths of the lowest energy excitonic absorbance bands in
the solution phase UV-Vis spectrum of CdSe@CdS NRs (Figure 3.2A). Using this method,
Eopt was estimated to be 2.54 eV and 2.08 eV for CdS shell and CdSe seed, respectively.
This yielded EVB values of -6.68 eV and -6.23 eV for the CdS shell and the CdS seed,
respectively.

The

band

energies

of

CdSe@CdS

NRs

estimated

from

spectroelectrochemistry are shown in Figure 3.6.
3.3.2.2 Spectroelectrochemistry of Pt-tipped CdSe@CdS NRs
Similar spectroelectrochemical experiments as those described above were performed
on Pt-CdSe@CdS NRs to estimate the ECB of the CdSe and CdS components within the
modified structure. A representative set of difference spectra of Pt-CdSe@CdS NRs on
ITO is shown in Figure 3.7A. The spectrum acquired at 0 V served as a blank for the
difference spectra obtained at negative potentials. Similar bleaching peaks as observed for
unmodified CdSe@CdS NRs were observed for Pt-CdSe@CdS NRs. A small blue shift in
the peak wavelengths (ca. 0 to 8 nm) was observed for Pt-CdSe@CdS NRs relative to
CdSe@CdS NRs, which is attributed to corrosion of the sample.
From multiple trials, on average the reversibility of the Pt-CdSe@CdS NRs is lower
than that observed for unmodified CdSe@CdS NRs (Figure 3.7A). Ca. 45 % and ca. 36 %
of reversibility is observed at ca. 466 nm and ca. 565 nm, respectively in the first scan upon
returning to the initial potential of 0 V (Figure 3.4A). In addition to the possibilities listed
above for CdSe@CdS NRs irreversibility, aggregation observed for Pt-CdSe@CdS NRs
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Figure 3.6: Band diagram showing estimates of ECB values for CdSe@CdS NR and PtCdSe@CdS NR films determined by spectroelectrochemistry. *The ECB value for a CdSe
NP (2.7 nm) was taken from ref.15 EVB values of CdS and CdSe are estimated from the
optical band gap. Reference data for the H+/H2, O2/H2O redox couples, at standard
conditions, and the Fermi level of bulk Pt are also shown.
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Figure 3.7: (A) A representative set of potential-controlled difference spectra of PtCdSe@CdS NRs on ITO. Spectra were acquired at intervals of 0.05 or 0.10 V over the
range of 0 V to -1.60 V and normalized to the spectrum acquired at 0 V, and finally stepping
back directly to the initial potential (0 V, black trace). For clarity, the difference spectra
are shown from -0.70 V to -1.60 V. A similar background correction procedure as
explained in Figure 3.4 was applied to each difference spectrum. (B) Representative plot
of difference in absorbance (normalized) versus potential at ca. 466 nm (red) and ca. 564
nm (blue) for the first and second potential scans. The black dashed lines are extrapolations
drawn to estimate the onset potentials from the curves.
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dispersed in toluene is also a possible explanation for irreversibility. In Pt-CdSe@CdS
NRs, for multiple potential step cycles, the fraction of CdSe seed which are reversible at
ca. 565 nm remained ca. 100 % reversible whereas the CdS reversibility monitored at ca.
466 nm varied from ca. 100 % to ca. 80 %, for multiple trials (Figure 3.8).
The graph of the difference in absorbance versus potential at ca. 466 nm and ca. 564
nm, corresponding to the CdS and CdSe lowest energy excitonic bleaching respectively,
for the first and second scans, is shown in Figure 4B. For the first scan, the onset potentials
for reduction of the CdSe shell and CdSe seed were found to be -0.78 ± 0.12 V (n=6) and
-0.84 ± 0.11 V (n=6) respectively, indicating overlapping of the CdS shell and CdSe seed
conductions bands.
During the second potential scan, the bleaching bands at ca. 466 nm and ca. 564
nm started to appear at ca. -1.35 V vs Ag/Ag+, which is ca. 0.50 V more negative than that
of the first sweep. This observation can be explained by the possibilities discussed for the
CdSe@CdS NRs. Again, due to the uncertain origins of the apparent shift towards negative
potential in the second sweep, we only considered the first sweep in estimating ECB values.
The observation of similar onset potentials as well as the reversible nature of
bleaching events for both the CdSe and CdS components of the modified structures
indicates the quasi-type-II alignment of the Pt-CdSe@CdS NRs.
From the first scan, ECB for the CdS shell and CdSe seed of the Pt-CdSe@CdS NRs
were estimated by the method described in the previous section, resulting in values of 4.28 ± 0.11 eV and -4.21 ± 0.11 eV respectively. Eopt values of the CdS shell and the CdSe
seed were obtained from the respective onset wavelength of the lowest energy excitonic
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Figure 3.8: A representative set of potential-controlled difference spectra of PtCdSe@CdS NRs on ITO after the first scan. Spectra were acquired by switching the
potential between -1.6 V and 0 V multiple times and subsequently normalized to the
spectrum acquired at 0 V.
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absorbance band in the solution phase UV-Vis spectrum of Pt-CdSe@CdS NRs (Figure
3.2B). Eopt values were estimated to be ca. 2.54 eV and ca. 2.08 eV for the CdS shell and
CdSe shell respectively. This yielded EVB of -6.82 eV and -6.28 eV for the CdS shell and
CdS seed respectively. The energy level diagram for Pt-CdSe@CdS NRs is plotted in
Figure 3.6.
3.3.3

An overview of the energetics of heterostructured nanorods as revealed by
spectroelectrochemistry
To the best of our knowledge, the band edge energies for CdSe@CdS NRs and Pt-

CdSe@CdS NRs have not been reported thus far and therefore comparison of band
energies obtained from this spectroelectrochemical study with literature values is not
possible. However, relative band edge energy estimates (∆ECB and ∆EVB) for
heterostructure CdSe@CdS NR have been reported previously, which will be discussed in
detail later in the section.7 Additionally, ECB/EVB values for single component CdS NPs as
well as CdSe NPs have been reported. These reports provide a construct for interpreting
the data shown in Figure 3.6, but it should be noted that a direct comparison cannot be
made due to different particle sizes, dielectric environments, ligand compositions, and the
effect of semiconductor and metal interfaces on band energies.9,15,16
For single component CdSe NPs, significant literature precedent exists for studying
their energetics using various techniques. An ECB value of ca. 2.6 eV was calculated for a
2.7 nm CdSe NP (corresponding to the size of the CdSe NP seed in our CdSe@CdS NR)
using the theoretical equation of Jasieniek et al.38 This ECB value is shown in the energy
level diagram (Figure 3.6), along with the corresponding EVB value calculated using Eopt
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for 2.7 nm CdSe NP (Figure 3.3). It is very interesting that a ca. 1.55 eV difference was
observed between the single component CdSe NP (2.7 nm) and the CdSe seed (2.7 nm)
located inside of the CdSe@CdS NR. This significant change in energy level indicates a
strong effect of different dielectric media (ligands vs CdS shell), effective particle size (as
observed by ca. 40 nm red shift of the lowest energy excitonic λmax in UV-Vis spectrum,
Figure 3.2A and 3.3), and possible electronic equilibration between the semiconductor
components.
Focusing on single component CdS NPs, for electrochemically grown 5 nm CdS
NPs on fluorine-doped tin oxide, an ECB estimate of ca. -1.0 V vs Ag/AgCl was measured
in aqueous media.39 This ECB corresponds to an energy of -3.68 eV assuming 0.20 V for
Ag/AgCl vs NHE. The ECB value of -4.14 eV that we measured for the CdS shell in
CdSe@CdS NRs is more negative than that reported for 5 nm CdS QDs, which agrees with
the expected effect of quantum confinement with increasing NC size.
Focusing on heterostructured systems, a more relevant comparison can be made to
the work of Steiner et al.7 They have shown that CdSe@CdS NRs exhibit unique tunneling
spectra for both of the inorganic components depending on the position of the measurement
along the length of the NR. When the STS measurements were made near one end of the
CdSe@CdS NR (far away from the CdSe seed), a tunneling spectrum was produced with
the energy gap corresponding to the band gap of the CdS NR. When measurements were
made directly above the CdSe seed, an energy gap corresponding to the CdSe seed was
exhibited. Similar to STS and also other relevant studies, the presence of separate inorganic
entities is also confirmed in this spectroelectrochemical study.6,32 Additionally, both
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methods allow for determination of the energy offset of ECB and EVB (∆EVB and ∆ECB) of
the CdSe@CdS heterostructure, which provides the intrinsic driving force for electron-hole
separation upon photoexcitation during photocatalysis.
From spectroelectrochemistry, a ∆ECB value of 0 eV is obtained corresponding to
the quasi-type-II alignment of the system, which allows direct determination of a ∆EVB
value of 0.46 eV from the differences in Eopt of the CdSe seed and CdS shell. This measured
ΔEVB for the NR shows that ca. 0.46 eV is present as the driving force for intrinsic charge
separation where the hole transfer occurs from the valence band of the CdS shell to the
conduction band of the CdSe seed. By the STS method, a ∆ECB value of 0.30 eV and a
∆EVB value of 0.44 eV were reported for type-I CdSe@CdS NRs (L = 40 nm, DCdS = 6 nm,
DCdSe= 4 nm) by Steiner et al.7 Although the ΔEVB values agree well, a direct comparison
cannot be made due to various factors such as (1) differences in dimensions of the NR
components (leading to different energy level alignments, i.e. type-I vs quasi-type-II), and
(2) spectroelectrochemical experiments probe the energetics of ensembles of NRs as
opposed to single NRs by STS. However the similar magnitude of the ΔEVB values
validates our spectroelectrochemically determined energies.
The unique advantage of spectroelectrochemistry is that it allows for determination
of the band energies of the photocatalyst with respect to vacuum, from which the energy
difference between the redox potentials of relevant catalytic species and the photocatalyst
components can be determined. This energy difference is the key factor governing the
thermodynamic driving force for photoelectrochemical charge transfer reactions, such as
water splitting to produce H2 and O2, using heterostructured NRs as photocatalysts. Figure
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5 shows reference data for the water splitting reaction of the H+/H2 (4.48 eV) and O2/H2O
(5.71 eV) redox couples, at standard conditions, relative to the vacuum scale. Using
spectroelectrochemically estimated values of ECB and EVB for CdSe@CdS NRs, and the
above reference values for the redox species, a thermodynamic driving force of 0.34 eV
for the hydrogen evolution reaction and a driving force of 0.52 eV for the oxygen evolution
reaction is estimated for the NRs studied herein, assuming same ECB values for NRs at
standard conditions.
Introduction of Pt NP tips onto CdSe@CdS NRs causes a measurable shift in ECB
away from vacuum (ca. 0.14 eV) for both the CdSe seed and the CdS shell compared to
that of unmodified rods. Spectroelectrochemistry measures the electronic structure of the
ensemble of NRs and this measurable shift in ECB can be due to various reasons, such as
different ligand composition, void size in the NR film, and electronic equilibration between
semiconductor and metal components.9,16,40 We assume that the ODiPA soaking step
introduces similar ligands for both the modified and unmodified NRs. Therefore, the effect
of the ligand composition can be assumed to be minimal. Further, Boehme et al. recently
showed that large void size in the NC film available for counterion balancing for injected
charges can move ECB farther from vacuum.16 However, for our system, void size is not
expected to be a major factor because only a slight increase in particle size (within the
measurement standard deviation) occurred upon Pt NP deposition. Therefore, the possible
explanation for the lowering of the ECB value may be due to (I) introduction of metalsemiconductor interface (MSI) states that are electronically coupled to the CdS shell or the
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CdSe seed conduction band and/or (II) electronic equilibration between the CdSe@CdS
NR with the high work function (φ) Pt NP (φ=6.35 eV for bulk Pt).9,40
Previously reported STS measurements and our spectroelectrochemical study in
Chapter 2 on Au-CdSe NRs show clear evidence for the presence of MSI states at the
Au/CdSe interface.9 Introduction of 2.6 nm or 5.6 nm Au NP tips onto CdSe NR (L=40.1
nm, D=9.6 nm) showed evidence for the creation of MSI states at lower energies (ca. 0.30.4 eV farther from vacuum) relative to the ECB of unmodified CdSe NRs. Here we
observed a smaller change in the bleaching potential of Pt-CdSe@CdS NRs compared to
the unmodified rods.
In addition, STS studies by Steiner et al.9 on Au-CdSe NRs show clear evidence for
single electron tunneling (SET) features, due to quantized charging of the Au NP, but this
effect was not observed for Pt NP. In this study, the Pt NP is physically connected to the
CdS shell only and not with the CdSe seed. Therefore it has been hypothesized that the
introduction of MSI states at the Pt/CdS interface is expected to predominantly affect CdS
bleaching. However, the presence of measurable/significant MSI states at the CdS/Pt
interface cannot be conclusively determined at this point due to the observation of shifts in
energetics for both the CdSe seed and CdS shell, as the similar ECB (quasi-type-II) can
electronically couple with any MSI states thereby affecting the electronic properties of both
the CdS shell and the CdSe seed bleaching upon injection of electrons.
Focusing on electronic equilibration as a possible explanation for the ECB shift, an
earlier report on Au-Cu2S core/shell structures shows evidence for electron transfer from
the Cu2S shell to the Au core (φ=5.1 eV for bulk Au), resulting in a lower reduction
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potential for the metal core/semiconductor shell structure compared to the un-metalized
particles.40 Since the work function of bulk Pt is higher than that of bulk Au, a charge
transfer event from CdSe or CdS is expected, which would result in a lower reduction
potential and a measureable ECB shift away from vacuum, as observed in this study.
However, our studies (Chapter 2) on Au-CdSe NRs using spectroelectrochemistry and UPS
show a shift in ECB to a higher reduction potential, which is proposed to be due to electron
transfer from the lower work function Au NPs (ca. 3.6 eV) to the CdSe NRs. Consequently,
future work will focus on spectroelectrochemical experiments along with UPS
measurements for Pt-CdSe@CdS NRs with systematic changes in CdSe seed size, NR
length, and Pt NP tip size to study the effects of the above parameters on energetics.
3.4

Conclusions
Band energies of heterostructured photocatalysts are the key to controlling the

efficiency of photocatalytic reactions. Therefore it is important to quantitatively estimate
the band edge energies of heterstructured nanomaterials as a function of controllable
parameters such as nanomaterial dimension, composition, and ligand structure in a
dielectric medium that closely resembles the application system. This study demonstrates
a facile method to clearly estimate the band energies of heterostructured nanomaterials and
the individual components thereof, focusing specifically on CdSe@CdS NRs and PtCdSe@CdS NRs. We show strong electronic coupling between CdS and CdSe components
in the single heterostructured NRs, and also show direct evidence for quasi-type-II
alignment. To the best of our knowledge, this study provides the first quantitative estimates
of ECB relative to vacuum for both components in a single NR which is challenging by
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other techniques such as UPS and STS. For CdSe@CdS NRs, ECB = -4.14 ± 0.09 eV and
ECB = -4.15 ± 0.07 eV were determined for the CdS shell and the CdSe seed respectively.
These values provide quantitative estimates for intrinsic charge separation and
thermodynamic driving force for photoelectrochemical charge transfer reactions. We also
show a measurable shift in ECB away from vacuum (ca. 0.14 eV) upon addition of Pt NP tips
to CdSe@CdS NRs. The spectroelectrochemical method described herein is a simple and
direct approach to study the electronic structure of heterostructured nanomaterials as
photocatalysts. This method allows one to understand the thermodynamic driving force for
photocatalytic reactions, which is critical for selective engineering of future semiconductor
photocatalysts.
3.5
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4. RUTHENIUM PHTHALOCYANINE MONOLAYERS ON ITO:
ORIENTATION, CHARGE TRANSFER KINETICS, AND FRONTIER
ORBITAL ENERGIES
4.1

Introduction
Organic photovoltaics (OPVs) are becoming one of the most promising renewable

energy sources for the future.1-3 As internal quantum efficiencies approach 100% and
record device efficiencies continue to advance, it is becoming important to understand
interfacial charge transfer events and recombination processes for further development of
efficient organic photovoltaics.4,5 Understanding the energetics and charge collection
kinetics at the transparent conducting oxide (TCO)/donor interface is one of the active areas
of interest for improvement of OPVs.6 According to Marcus theory, the electron transfer
(ET) kinetics depend on reorganization energies, free energy changes, and electronic
coupling between donor and acceptor states.7 Hence, modification of the TCO surface with
small molecules can be used to improve charge extraction both thermodynamically and
kinetically.8 At TCO/donor interface, the electronic coupling can be influenced by the
binding geometry and the distance between donor and TCO.9-12 To achieve better electronic
coupling, the redox active species should be in close proximity to the electrode surface for
fast charge transfer rates.
Indium tin oxide (ITO) is the most commonly used TCO for OPVs, but is limited by
its (a) physical incompatibility with adjacent donor materials, (b) electrical
heterogeneity,13, 14 and (c) poor energetic alignment with adjacent materials, which leads
to inefficient and non-selective extraction of charge carriers at this interface.14-17 The
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energy alignment between the Fermi level of ITO and the ionization potential of the donor
material controls the hole extraction rate in OPVs. Optimization of charge extraction rates
can be achieved by matching the work function of ITO and ionization potential of the
donor, and this can be done by modifying the surface with small molecules that have the
ability to tune the ITO work function.10, 18-22 Modification of the ITO/organic interface with
an electroactive molecular monolayer will potentially create a robust ohmic contact that
will influence the efficiency of hole injection into the ITO electrode.5, 18
Phthalocyanines (Pcs) have attracted the attention as functional donor
chromophores due to their broad absorption in the near IR, photoconductivity, and thermal
stability.23, 24 Recently, our group has reported investigations of charge transfer processes
between Pc molecules and ITO using phosphonic acid as the anchoring group to attach
chromophores to the oxide surface.6 Our group has demonstrated that zinc Pc
functionalized with a phosphonic acid (ZnPcPA) and attached to ITO exists as monomers
and aggregates with a broad molecular orientation distribution, and these exhibit a
distribution of charge transfer kinetics, with the fastest ET exhibited by the aggregated
ZnPcPA molecules that are largely in-plane with the ITO electrode.6
In this chapter we report a RuPc derivative with the capability of producing
predominantly monomeric species with in-plane orientation upon attachment to an ITO
surface. This system is thereby expected to minimize the kinetic dispersity of charge
transfer processes observed at an ITO/Pc interface.6 Attachment of RuPc to various
substrates has been achieved through ligand exchange with pre-modified surfaces.25-27
Further, direct attachment of RuPc to nanocrystalline TiO2 by the use of 4-pyridine
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carboxylic acid axial ligand has been extensively reported.28-34 In dye sensitized solar cells,
these types of molecules have produced an incident photon to current conversion efficiency
(ICPE) of over 60% in the near-IR region.32 Further RuPc molecules also have been utilized
in OPV platforms.35,36
In the current work, use of Ru as the central metal of the Pc macrocycle allows
pyridine-based axial ligands to be attached to the central metal, and these axial ligands
suppress the aggregation of the Pc macrocycle37 and provide a point of attachment for the
chromophores to the metal oxide surface32 that controls their orientation relative to the
surface. 4-Pyridine phosphonic acid as an axial ligand serves as the anchoring group to
tether the molecule to the ITO surface.38 The derivative presented here possesses bulky tbutyl groups at the periphery of the macrocycle to increase solubility in common organic
solvents.34 The closer distance to the TCO surface compared to previously studied systems
decreases the tunneling barrier to achieve high charge transfer kinetics.37 Herein, we report
spectroelectrochemical characterization of self-assembled monolayers, and detailed
orientation, spectroelectrochemical and photoelectron spectroscopy studies to extract
kinetic and thermodynamic information at the RuPc-PA/ITO interface.
Synthesis of RuPcs (Figure 4.1) and UV-Vis spectroscopic experiments were
performed by the McGrath Group (Luis Oquendo) at the University of Arizona. An equal
contribution to the theoretical and experimental orientation studies and in this chapter was
provided by Amjorn Brynnel and Luis Oquendo, respectively. The photoelectron
spectroscopic study in this chapter was performed by the Armstrong group (Michael W.
Liao and Kai-Lin Ou) at the University of Arizona.
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Figure 4.1: Chemical structure of RuPc molecules synthesized by the McGrath group.
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4.2
4.2.1

Experimental
ITO substrate cleaning procedure
Indium tin oxide (thickness = ca. 100 nm) coated soda-lime glass was purchased

from Colorado Concept Coating, LLC (total thickness of ca. 1.1 nm or ca. 0.4 mm) and
Thin Film Devices (total thickness of ca.1.1 nm). ITO-coated glass slides were cleaned
using following procedure: First ITO slides were scrubbed with detergent (1% Triton X100), followed by successive sonication in (1) detergent (1% Triton X-100) (2) water
(Barnstead nanopure, 18.3 MΩ•cm) and finally in (3) ethanol, for 15 minutes for each step.
The cleaned ITO slides were stored in ethanol. ITO slides were treated with low
temperature air plasma (Harrick PDC-3XG)) at medium RF level for 15 min prior to any
experiments.
4.2.2

Attenuated total reflectance ATR spectroscopy
A detailed description of a custom built attenuated total reflectance (ATR)

spectroscopy can be found elsewhere.6, 39 Briefly a collimated broadband source (xenon
lamp) was coupled into and out of the waveguide (the ITO-coated slide) using 2 BK7
prisms. The out coupled light from the waveguide was directed into a monochromator
(Newport MS260i) and detected using a CCD (Andor iDus420A). The two prisms were
placed 44.5 mm apart producing 10 reflections along the waveguide and the total internal
reflection angle at ITO/solution interface was measured to be 67-69⁰. The absorbance
measurements were acquired in both TE and TM polarization.
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4.2.3

AFM and modeling studies
In order to map the topography of the ITO surface, tapping mode AFM experiments

were performed using a Multimode SPM with a Nanoscope III controller. The AFM images
of ITO were flattened (2nd order) using Nanoscope software (5.31r1) before roughness
calculations and ASCII export of the images to perform any tilt angle calculations. The
ASCII export was performed in the units of nanometers to form a 512×512 matrix. The
surface normal angle distribution was calculated by following the method described by
Rowlen et al.40
4.2.4

Cyclic voltammetry
All cyclic voltammetry (CV) experiments described below were performed using a

conventional three electrode cell using Ag/AgNO3 (0.01 M TBAP in acetonitrile) pseudoreference electrode (BASi) and a Pt wire as the counter electrode. CV experiments were
performed using CH420A potentiostat (CH Instruments, Inc., Austin, TX).
For diffusion controlled experiments, 0.1 mM solutions of RuPcPy, RuPcPO3Et2,
or RuPcPA, in 0.5 M TBAP in CH2Cl2 were used. A Pt disk electrode (area= ca. 3.63 mm2)
was used as the working electrode. The reference electrode was calibrated against ferrocene
dissolved in 0.5 M TBAP in CH2Cl2. The midpoint potential of ferrocene found to be +0.16
V vs Ag/AgNO3 (0.01 M TBAP in acetonitrile) pseudo-reference electrode.
Electrochemistry of surface confined RuPcPA was performed using air plasma
treated ITO as the working electrode (area = 0.66 cm2 or 0.071 cm2). Self-assembled thin
films of RuPcPA were prepared on air plasma treated ITO by immersing them into a 100
µM solution in ethanol for 30 min followed by rinsing with copious amount of ethanol and
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drying with a nitrogen gas stream before any electrochemical analysis. All modified ITO
electrode experiments were done using a degassed solution of 0.1 M TBAP in acetonitrile
as the supporting electrolyte.
4.2.5

Potential controlled visible spectroscopy of RuPcPA molecules on ITO
Potential controlled ATR experiments were performed using an ATR flow cell

modified with a conventional 3 electrode system. A Ag/AgNO3 (0.01 M TBAP in
acetonitrile) and a Pt wire were used as the pseudo-reference electrode and the counter
electrode respectively. 0.1 M TBAP in acetonitrile was used as the supporting electrolyte.
First, the absorbance (in TE and TM polarization) of RuPcPA on ITO was measured at
open circuit potential. Then the absorbance (in TE and TM polarization) was measured by
stepping the potential at 50 mV intervals from -0.2 V to 0.6 V relative to the reference
electrode.
4.2.6

Electrochemical impedance spectroscopy (EIS)
EIS experiments on surface confined RuPcPA was performed using the same ATR

electrochemical flow cell described in Section 4.2.5. The ITO-coated slide (active area =
0.8 cm2), a Pt wire and a Ag/AgNO3 (0.01 M TBAP in acetonitrile) served as the working
electrode, the counter electrode and the pseudo-reference electrode respectively. A
degassed solution of acetonitrile containing 0.1 M TBAP as supporting electrolyte was
used. EIS experiments on surface confined RuPcPA were performed at DC potentials of 0.1 or -0.2 V (well removed from the oxidation potential) and +0.3 V (at redox potential).
A sinusoidal AC voltage of 10mVRMS in the frequency range of 1 Hz - 100 kHz was applied
in EIS experiments. EIS experiments were performed using EG&G Model 263A

200
potentiostat/galvanostat with a Model 1025 frequency response detector. Impedance data
were collected using PowerSuite 2.00.5 software (Princeton Applied Research).
4.2.7

Potential modulated attenuated total reflectance (PM-ATR) spectroscopy
A detailed description of PM-ATR spectroscopy can be found elsewhere.6,
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Briefly, experiments were performed with an ATR flow cell having a conventional threeelectrode system, as described in Section 4.2.5. ITO-coated slides from Colorado Concepts
Coating, LLC (total thickness = ca 0.4 mm) served as both the ATR element and the
working electrode (active area= 0.8 cm2). A Pt wire and a Ag/AgNO3 (0.01 M TBAP in
acetonitrile) were the counter electrode and the pseudo-reference electrode, respectively.
A degassed solution 0.1 M TBAP in acetonitrile was used the background electrolyte
solution.
PM-ATR experiments were performed by applying a sinusoidally modulated AC
voltage (Eac) centered around a DC potential (Edc) to the working electrode. The DC
potential for PM-ATR was obtained by performing optically detected anodic sweep
voltammetry using the following parameters: scan range of -0.2 V to 0.8 V vs. Ag/AgNO3,
scan rate of 10 mV/s, Eac value of 8 mVRMS, frequency of 1 Hz, λ = 632 nm. The DC
potential for PM-ATR was the potential that produced the largest difference between the
real reflectance (Re(Rac)) and the imaginary reflectance (Im(Rac)) was observed in anodic
sweep voltammetry. The largest difference was observed at ca. +0.3 V and this potential
was selected as Edc for PM-ATR experiments. In PM-ATR experiments, Eac of 30-40
mVRMS was applied around Edc and the real (Re(Rac)) and imaginary (Im(Rac)) components
of the reflectance signal (at 632 nm, TE and TM polarization) were measured by varying
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the AC frequency from 0.1 Hz to 3000 Hz. The double layer capacitance (Cjk ) and the
solution resistance (R m ) were determined using EIS. The impedance measurements were
performed either at +0.10 V or -0.20 V vs. Ag/AgNO3 (both potentials were well removed
from the oxidation potential of RuPcPA). R m and Cjk were obtained from the high and low
frequency regions of Bode plots, respectively. An EG&G Princeton Applied Research
Model 263A potentiostat/galvanostat and Model 1025 frequency response detector
controlled with PowerSuite 2.00.5 software (Princeton Applied Research) were used for
PM-ATR experiments as well as electrochemical impedance spectroscopy (EIS) described
above.
4.2.8

Photoelectron spectroscopy (XPS/UPS)
XPS and UPS studies were performed with a Kratos Axis Ultra X-ray photoelectron

spectrometer with a Al Kα excitation source (1486.6 eV) for XPS and He(I) excitation
source (21.2 eV) for UPS. Photoelectron spectroscopic experiments were performed on:
(a) Air plasma treated ITO, (b) Air plasma treated ITO soaked in ethanol for 30 min
(control sample), (c) Air plasma cleaned ITO with a self-assembled monolayer of RuPcPA.
Self-assembled thin films of RuPcPA were prepared on air plasma treated ITO by
immersing them into 100 µM RuPcPA in ethanol for 30 min followed by rinsing with
copious amount of ethanol and dried with a nitrogen gas stream before any photoelectron
spectroscopic experiments. A clean gold monolith was used to verify the Fermi energy of
the spectrometer periodically.
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4.3
4.3.1

Results and discussion
Electronic properties of the Pc complexes
The electronic properties of the Pc complexes (Figure 4.1) were investigated by

UV-Vis in CH2Cl2 solution (Figure 4.2). These complexes showed an intense Soret band
with an absorbance maximum at ca. 318 nm, which is a characteristic feature of RuPc
complexes.34,41 The Q-bands showed an absorbance maxima at ca. 630 nm, accompanied
by a high energy shoulder which can be attributed to a charge transfer band, as previously
reported for RuPc molecules with pyridine and polypyridine axial ligands.41 The Q-band
absorption of RuPcPA showed a slight broadening in CH2Cl2 compared to RuPcPy and
RuPcPO3Et2. Increasing the polarity of the solvent decreased the broadening of this peak
(100 µM RuPcPA dissolved in ethanol (Figure 4.3A)). We hypothesize that this may be
due to hydrogen bonding interaction between phosphonic acid of the RuPcPA molecule
and ethanol, thus preventing solution-phase aggregation of RuPcPA molecules through its
phosphonic acid groups. The absorbance ratio between the Soret and Q-band was
calculated in CH2Cl2 resulting a value of 0.50-0.55 which is independent in the
concentration range from 5-100 µM of these Pc complexes and this may be an indication
of the absence of any micelle formation in CH2Cl2 (Figure 4.3B). The molar extinction
coefficient for RuPcPA at 630 nm measured in CH2Cl2 was 60,000 M-1cm-1.
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Figure 4.2: Solution phase UV-vis absorbance spectra of RuPcPy, RuPcPO3Et2, and
RuPcPA in 100 µM solution of CH2Cl2. Absorbance values are normalized to the
wavelength of Q-band absorbance maxima (λmax = ca. 630 nm) to compare the shape of the
absorbance bands. The data were acquired by Luis Oquendo.
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Figure 4.3: (A) UV-vis spectra of 100 µM solutions of RuPcPA in ethanol and
dichloromethane. (B) UV-vis spectra of RuPcPA at different concentrations in
dichloromethane. The data were acquired by Luis Oquendo.
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4.3.2

Adsorption kinetics and spectroscopic characterization of RuPcPA adsorbed on the
ITO surface
Chemisorption of RuPcPA to ITO-coated waveguides was monitored using ATR

spectroscopy in TE polarization. The ATR flow cell was filled with 100 µM solution of
RuPcPA in ethanol and ATR absorbance spectra were collected as a function of time
(Figure 4.4A). The absorbance of RuPcPA at 632 nm (Figure 4.4B) plateaued after 20 min
indicating saturation of the ITO surface. The ATR flow cell was flushed with pure ethanol
to remove any physisorbed RuPcPA molecules and the RuPcPA solution above the ITO
slide. An absorbance spectrum collected after flushing the ATR cell showed substantial
absorbance, indicating the presence of chemically tethered molecules. Control experiments
were performed with RuPcPy and RuPcPO3Et2 molecules using the same experimental
conditions. We observed no detectable absorbance on ITO after flushing the ATR flow cell
with pure solvent. This indicates that the phosphonic acid functional group acts as an
anchoring group to chemically bind the Pc to the ITO surface and that negligible
physisorption of molecules occurs on ITO.6
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Figure 4.4: (A) Representative plot of TE absorbance vs time for RuPcPA on Thin Film
Devices ITO. The black trace is the final absorbance after flushing with pure solvent. (B)
Representative plot of the Q band absorbance (TE polarization) vs time for RuPcPA on
ITO. Black marker indicates the final absorbance after flushing. The data were acquired by
Luis Oquendo.
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In a comparison of the TE absorbance spectrum of RuPcPA on ITO and the solution
phase UV-Vis absorbance spectrum of RuPcPA in ethanol (Figure 4.5), the film
absorbance shows a small red shift compared to the solution phase absorbance. This
observation is consistent with our previous studies of modified ZnPcPA on ITO.6 The red
shift is attributed to the changes in frontier orbital energies of RuPcPA on ITO as reported
for adsorption of Pcs on TiO2.43 However, the film absorbance spectrum of RuPcPA on
ITO did not show any strong evidence for the presence of aggregated species which is in
contrast with our work involving ZnPcPA on ITO, where a broader Q-band absorbance
was accompanied by a blue-shifted band due to aggregate formation.6 Also, the intensity
of the peak at ca. 575 nm, after normalizing the absorbance to the wavelength of Q-band
absorbance maxima (λmax = ca. 630 nm), decreased for the adsorbed RuPcPA film
compared to the solution phase RuPcPA. This observation is similar to what we have
observed for solution phase absorbance spectra of RuPcPA by changing the polarity of
solvents as discussed in the previous section. As discussed earlier, we hypothesize that the
decrease in this peak intensity is possibly due to the difference in aggregation behavior in
the film environment and solution phase. In this case, the phosphonic acid binds to the ITO
surface presumably reducing the probability of hydrogen bonding interactions with
adjacent phosphonic acid functional group that possibly could exist in the solution
environment.
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Figure 4.5: Absorbance spectra of RuPcPA in solution (ethanol) and TE polarized ATR
spectrum on ITO. Absorbance values are normalized to the wavelength of Q-band
absorbance maxima (λmax = ca. 630 nm) to compare the shape of the absorbance bands. A
small red shift was observed for film compared to solution phase spectrum. The data were
acquired by Luis Oquendo.
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4.3.3

Molecular orientation studies
ITO-coated soda lime glass purchased from “Colorado Concepts Coating, LLC,”

denoted as CC ITO, was used in the rest of this study unless otherwise stated. The
molecular orientation of RuPcPA on ITO waveguide was determined from the dichroic
ratio (ρfilm=ATE,film/ATM,film) measured at 632 nm using polarized ATR spectroscopy as
described in previous publications (Figure 4.6A).44 To correct the difference in interfacial
electric field intensities in TE and TM polarizations, the method described by Mendes et
al. was used.44 Brilliant blue FCF dye, which forms an isotropic distribution of absorption
transition moments, was used as a reference sample to correct the electric field intensities.
Figure 4.7A shows the TE and TM polarized absorbance spectra of Brilliant blue FCF dye
in ethanol in contact with CC ITO. The absorbance band of Brilliant blue FCF dye is found
in the wavelength range of RuPcPA. The dye did not show any measurable absorbance
after flushing the ATR flow cell with pure solvent, indicating that no measurable
adsorption of Brilliant blue FCF dye occurs on the surface. Equation 4.1 was used to
calculate the mean tilt angle (θµ) between the ITO surface normal and the normal of the
RuPcPA molecular plane.44 It is assumed that the RuPcPA absorption dipole transition is
circularly polarized.
1
(1 + (- st ) =
(2v −
4

u&% O v
" ) + u&% O (v +

")

789 ,( 4.1

where, ρnorm is the normalized dichroic ratio (ρnorm = ρfilm / ρiso), N= refractive index of
waveguide material =1.4, nc = refractive index of the solvent (ethanol) = 1.36
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Figure 4.6: Representative ATR spectra of RuPcPA on (A) CC ITO and (B) TFD ITO in
contact with ethanol acquired in TE and TM polarizations. The data were acquired by Luis
Oquendo.
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Figure 4.7: Representative ATR spectra of Brilliant blue FCF dye (5 mM) in ethanol
acquired in TE and TM polarizations for (A) CC ITO and (B) TFD ITO. The TE/TM
absorbance ratio for CC ITO and TFD ITO is different due to the use of different internal
reflection angles for these measurements. The data were acquired by Luis Oquendo.
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The circularly polarized absorption dipole of Pc macrocycle defines the molecular
plane for RuPcPA molecule. The mean tilt angle (θ) between the molecular plane normal
of RuPcPA to the CC ITO substrate normal is 37⁰ ± 1⁰ (n = 3 trials). This measured mean
tilt angle is somewhat higher than expected since the RuPcPA was designed such that the
macrocycle would lie parallel to the ITO surface upon adsorption. The difference between
the expected and measured tilt angle may be due to (1) the surface roughness of the ITO,
(2) physical interaction or steric hindrance of RuPcPA with neighboring molecules, and/or
(3) different binding modes of phosphonic acid on ITO.38
To investigate the contribution of the ITO surface roughness to the tilt angle, we
repeated the ATR measurement with ITO produced by Thin Film Devices (TFD ITO),
which uses an ion-beam sputtering process to deposit the ITO, rather than RF-magnetron
sputtering. The two different sputtering processes result in crystallographically similar but
topographically and electrically distinct surfaces (see Ph.D. Dissertation by Gordon
MacDonald, University of Arizona, 2015). We investigated the RMS roughness of the two
ITO samples by AFM. The topographies and representative cross section analyses (Figure
4.8) show small grains with an RMS surface roughness of ca. 3 nm for CC ITO, but
relatively larger grain sizes and ca. 0.5 nm RMS roughness for TFD ITO. The tilt angle of
RuPcPA on the TFD ITO was estimated by following the same procedure described above
for CC ITO (Figure 4.6B and 4.7B); the experimental result was a mean tilt angle of 22⁰±1⁰.
The significant difference in the measured tilt angle between CC ITO and TFD ITO
indicates that the surface roughness may play a major role in the experimentally measured
mean tilt
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Figure 4.8: AFM images of (A) CC ITO and (B) TFD ITO. The surface roughness of CC
ITO and TFD ITO was ca. 3.0 nm and ca. 0.5 nm, respectively. Both images are 500 nm ×
500 nm scan size. Representative plot of cross section analyses of an arbitrarily selected
line from 0 to 500 nm in the X-axis direction for (C) CC ITO and (D) TFD ITO. The AFM
images were acquired by Amjorn Brynnel.
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angle for RuPcPA. Polarized ATR data provides only an average tilt angle of molecules on
the surface and does not provide any information about the width of the distribution of tilt
angles. A larger width of tilt angle distribution potentially leads to a distribution of
interfacial properties which may be disadvantageous for OPV device performance. From
the perspective of electron transfer rates at the ITO/donor interface, the presence of a wide
distribution of molecular tilt angles could possibly lead to a distribution of energetic and
effective tunneling distances which in turn lead to kinetic dispersity for hole collection.
4.3.4

Orientation distribution of RuPcPA
We further investigated the effect of surface roughness on orientation distribution

of RuPcPA with a theoretical study to obtain a theoretical tilt angle distribution given the
RMS surface roughness of the two types of ITO. Figure 4.9 illustrates a hypothetical
surface feature with vectors showing the lab Z-axis (or macroscopic normal/ITO surface
normal), local surface normal, and molecular axis. The lab Z-axis is defined as the
perpendicular vector to the lab XY-plane (ITO surface). The local surface normal can be
defined at any specific point on a surface, but for simplicity we calculated the effective
surface normal between known points as shown in Figure 4.9. The local surface normal is
defined by the perpendicular vector to the line drawn between two vertical points separated
by the length (L). The angle θ is the angle between the lab Z-axis and the molecular axis
and is the angle measured by ATR spectroscopy. The angle ϕ is the angle between the lab
Z axis and the local surface normal.
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Figure 4.9: Illustration of a hypothetical surface feature with vectors showing lab Z-axis
(red arrow), local surface normal (blue arrow) and molecular axis (green arrow). The lab
Z-axis is defined as the perpendicular vector to the lab XY-plane. The local surface normal
is defined by the perpendicular vector to the line drawn between two vertical points
separated by the length (L). The angle θ is the angle between the lab Z axis and the
molecular axis. The average angle of θ is measured using ATR spectroscopy for a RuPcPA
monolayer on ITO in this study. The angle ϕ is the angle between the lab Z axis and the
local surface normal.
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First we calculated the local surface normal tilt angle distribution of bare ITO with
respect to lab Z axis from the experimental AFM data described herein using the method
described by Rowlen et al.40 Briefly, AFM micrographs were collected with a scan size of
500 nm x 500 nm with 512×512 pixels, so that the resolution of the experiment is
approximately 1 nm. The surface gradient was calculated at all points on the surface. The
surface gradient of the ITO surface was found using following equation 4.2.
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Combining these two equations with the collected AFM data yields a 2D local surface
normal tilt angle distribution. Figure 4.10A shows the local surface normal tilt angle
distribution for CC ITO and TFD ITO. The shape of the plot agrees well with the previously
observed calculations on Si surface by Rowlen et al.40 While both CC ITO and TFD ITO
show distorted Gaussian distributions, the CC ITO had a broader distribution of surface
normal tilt angles than the TFD ITO, which is in agreement with the surface roughness
data. The most probable local surface normal tilt angle (ϕmp) was found to be 7⁰ for TFD
and 13⁰ for CC ITO. The average local surface normal tilt angle (ϕave) is 9⁰ for TFD and
21⁰ for CC ITO.
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Figure 4.10: (A) Local surface normal tilt angle distribution for CC ITO (red) and TFD
ITO (blue). (B) Theoretical estimate of tilt angle distribution of RuPcPA molecules (θ)
placed at 22⁰ with respect to local surface normal on TFD ITO (blue) and CC ITO (red).
The tilt angle distribution calculations were performed by Amjorn Brynnel and the author.
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We then modeled the molecular tilt angle distribution by randomly placing the
molecular vector on the ITO surface at an angle of 22⁰ with respect to the local surface
normal obtained from AFM data. An angle of 22⁰ was chosen from our ATR measurements
of RuPcPA molecules on TFD ITO, since we assume that the molecules have less
roughness effect on TFD ITO. The tilt angle (θ) distribution was then calculated for each
vector with respect to the lab normal which yielded a first set of θ values that we define as
frame 1. The final distribution of tilt angle θ was calculated by adding 10 frames, where
the azimuthal angle of the molecular vector is changed randomly, while keeping the
molecular angle with respect to surface normal constant at 22⁰ about the local surface
normal (over 360⁰).
Figure 4.10B shows the theoretical distribution of the tilt angle θ on CC ITO and
TFD ITO. It is clear that CC ITO has a higher θ distribution compared to TFD ITO. It has
been shown previously that SAMs can become relatively disordered when the roughness
of the surface is larger than the SAM chain length,45 and this is possibly true in the case of
RuPcPA on CC ITO. The most probable tilt angle (θmp) was found to be 23⁰ for TFD and
25⁰ for CC ITO. Average tilt angle (θave) of 23⁰ and 29⁰ was calculated for TFD and CC
ITO respectively. The trend observed from the theoretically obtained θave for CC ITO and
TFD ITO matches with that of the experimentally measured θave.
We believe that several factors can explain the difference between the theoretically
and experimentally determined values of θave: (1) a molecular tilt angle of 22⁰ with
reference to the local surface normal was used in the theoretical studies and this angle may
not be the true tilt angle; (2) the experimental roughness depends on the scan size during
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AFM imaging40 and the theoretical studies were performed using the experimental AFM
data obtained at a specific scan size; (3) we assumed that all sites are equally accessible for
molecules, i.e., the surface coverage of RuPcPA molecules and sites which are inaccessible
are not considered; and (4) the phosphonic acid binding mode is assumed to be the same at
all sites and chemical interactions between neighboring RuPcPA molecules are not
considered.
Furthermore, unlike the ZnPcPA molecule which has a long flexible linker which
allows the ZnPc moiety to independently orient itself to any θ angle between 0⁰ to 90⁰,6 the
RuPc moiety in RuPcPA cannot be tilted greater than a maximum allowed tilt angle (θmax)
of 34˚ due to its small, rigid linker and the t-butyl group in the periphery of Pc macrocycle
which is sterically hindered by the surface of ITO. The θmax for RuPcPA on a surface is
estimated as shown in the Figure 4.11, using the following parameters: (a) 1 nm for the
distance from ruthenium atom at the center of Pc macrocycle to the periphery of the
RuPcPA; (b) 6.8 Ȧ for the distance from ruthenium atom at the center of Pc macrocycle to
the phosphorous atom in the phosphonic acid; and (c) an angle of 90⁰ between the molecular
plane of the Pc and the nitrogen atoms of the pyridine-phosphonic acid). This suggest that
higher tilt angle distribution observed on CC ITO should originate from roughness.
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Figure 4.11: Schematic representation of a RuPcPA molecule on a surface to estimate the
maximum tilt angle.
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Apart from aforementioned practical issues, it is apparent that the tilt angle of
SAMs of molecules such as RuPcPA, as measured with spectroscopic techniques, is
influenced by substrate surface roughness. The above results also point to the importance
of knowing the roughness of a surface and its contribution to the orientation measured
using a spectroscopic technique of a linker-chromophore on a surface.
4.3.5

Electrochemical and spectroelectrochemical studies of RuPc derivatives
To study the electroactivity of the synthesized molecules, we performed diffusion

controlled cyclic voltammetry of RuPcPy, RuPcPO3Et2 and RuPcPA in CH2Cl2 solution
(ca. 100 μM) with 0.5 M TBAP as the background electrolyte and Pt as the working
electrode. Diffusion controlled CV of the aforementioned molecules and redox potentials
are reported in Figure 4.12 and Table 4.1, respectively. RuPcPy displayed successive one
electron oxidations of the Pc macrocycle (Equation 4.4 and 4.5) in the potential range of 0
V to +1.2 V vs Ag/AgNO3, as reported in the literature.46

[Ru } Pc

g

] → [Ru } Pc g ]} + eg

[Ru } Pc g ]} → [Ru } Pc ]

}

+ eg

789 ,( 4.4

789 ,( 4.5

RuPcPO3Et2 also undergoes two redox processes in the same potential window. The first
oxidation peak appears at +0.34 V and this redox process is reversible if the applied
potential does not exceed +0.60 V vs Ag/AgNO3. Scanning to more positive potentials
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Figure 4.12: (A) Representative plot of diffusion controlled CVs of RuPcPA, RuPcPO3Et2
and RuPcPy in CH2Cl2 (scan rate = 0.2 V/s). (B) Diffusion controlled CVs of RuPcs for
the experiments performed by restricting the potential to observe only first redox process
(scan rate = 0.1 V/s). Restriction of the potential to less than 0.6 V shows reversible CVs
for all RuPcs analyzed.
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Table 4.1: Redox potentials of of RuPcPy, RuPcPO3Et2 and RuPcPA from diffusion
controlled cyclic voltammograms.

Molecule

a

Potential (V vs Ag/AgNO3)a
1st Oxidation
2nd Oxidation
Midpoint

Peak

Midpoint

Peak

RuPcPy

+0.28

+0.32

+0.98

+1.02

RuPcPO3Et2
RuPcPA

+0.32
+0.28

+0.34
+0.32

N/A
+0.97

+1.04
+1.00

The potential of Ag/AgNO3 pseudo-reference electrode is +0.48 V vs. NHE.

224
produced a second quasi-reversible redox process at +1.04 V vs Ag/AgNO3, which
coincided with a decrease in the first redox peak on subsequent scans. This behavior was
also observed for RuPcPA molecules, which had first and second oxidation peak potentials
at +0.32 V and +1.00 V, respectively. The oxidation potentials of RuPcPA and RuPcPO3Et2
were similar to those of RuPcPy. This is contrary to our expectations, where the redox
potentials of RuPcPA and RuPcPO3Et2 were expected to be more positive than RuPcPy
due to their electron withdrawing axial ligand substituents.34
CV experiments for all three RuPc derivatives after deposition on ITO were
attempted to evaluate the redox activity of the molecules (Figure 4.13). Only RuPcPA
showed electrochemical activity, thus confirming that the phosphonic acid functional
group is indeed necessary for chemisorption of the RuPc to ITO. Furthermore, the current
density scales linearly with scan rate for the RuPcPA SAM (Figure 4.14B), which confirms
that the electrochemical process is surface confined. The midpoint potential of surface
confined RuPcPA was found to be ca. +0.30 V vs the Ag/AgNO3 reference electrode,
analogous to that measured from diffusion controlled CV.
The full width at half maximum of CV of RuPcPA is ca. 150 mV which is greater
than the Nernstian value (91 mV for one electron transfer), and this possibly indicates the
presence of heterogeneous local environment of RuPcPA on ITO.47-49 The peak separation
between the anodic and cathodic peaks in the voltammograms was observed to be less than
20 mV, independent of scan rates. (Figure 4.14A). This indicates a fast, electrochemically
reversible electron transfer process occurs in the range of the scan
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Figure 4.13: Representative cyclic voltammograms of RuPcPy (green), RuPcPO3Et2
(blue) and RuPcPA (red) that were incubated with ITO and then subjected to extensive
rinsing with ethanol. The background electrolyte was 0.1 M TBAP in acetonitrile with a
scan rate of 100 mV/s.
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Figure 4.14: (A) Cyclic voltammogram of surface confined RuPcPA on ITO with different
scan rates. Peak current increases by increasing the scan rate. The black line indicates the
potential for peak positions. The peak position is independent of scan rate. This indicates
that, the RuPcPA is reversible in the scan rate window studied. (B) The plot of oxidation
peak current versus scan rate. Black line is the linear fit for the experimental data. Linearity
indicates that the cyclic voltammogram agrees to the surface confined redox process.
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rates tested. The surface coverage was estimated by integrating the peak area under the CV
giving (3.1±0.4)×10-11 mol•cm-2 (n=5) which is ca 0.75 times of a monolayer coverage
assuming a molecular projected area of 4 nm2 for a Pc macrocycle coplanar to the ITO
surface.28 Our polarized ATR results on the RuPcPA, as well as other studies with similar
molecules,28, 50 show more in-plane orientation of Pc with the macrocycle coplanar to the
ITO surface and thus supporting the above assumption.
Rawling et al. have shown the formation of submonolayer coverage for RuPc
complexes with thioacetate axial ligands on Au surfaces and showed that the different
peripheral and axial ligand substituents on RuPcs had a great influence on the surface
coverage.28 Using scanning tunneling microscopy, they observe a lack of molecular
ordering for RuPc complexes on Au, which they attribute to the existence of four possible
positional isomers for a given RuPc molecule due to the four peripheral tertiary butyl
groups.28 Similar explanation can be provided for the observation of submonolayer
coverage for RuPcPA on ITO in this study.
The CV of RuPcPA adsorbed on ITO exhibits only one redox peak, in contrast to
our previous observations on ZnPcPA, which showed two electrochemically active
subpopulations - monomeric and aggregated chromophores.6 This indicates that for
RuPcPA, aggregation was minimized or completely eliminated due to the axial ligand.
While it is possible that the single peak could represent both aggregate and monomeric
RuPcPA, the ATR absorbance spectrum of RuPcPA on ITO did not show any evidence for
the presence of aggregated species.
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We collected the ATR spectra of adsorbed RuPcPA on ITO in TE polarization as a
function of applied potential (Figure 4.15A). The Fermi level of modified ITO was
decreased by applying a positive potential to the ITO-coated waveguide with respect to the
Ag/AgNO3 reference electrode. When the potential is raised from -0.2 V to +0.8 V, a
decrease in the absorbance of the Q-band was accompanied by an evolution of a new peak
at ca. 550 nm, which was also previously seen by Rawling et al. for RuPc complexes.34 A
similar result was observed when the experiment was performed using TM polarization
(Figure 4.15C). In Figure 4.15B and 4.15D, the change in absorbance at 632 nm is plotted
versus increasing positive potential with TE and TM polarized illumination, respectively.
The change in absorbance was fitted with a sigmoidal function and then the first derivative
of the fitted sigmoidal function was used to determine the midpoint potential of ca. 0.30 V
vs Ag/AgNO3 (Figure 4.15B and 4.15D). Both polarizations show similar midpoint
potentials for the oxidation process which is consistent with the surface confined CV data
and is assigned to macrocyclic oxidation of RuPcPA.34
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Figure 4.15: Representative potential dependent UV-vis ATR spectra of a RuPcPA film
on ITO are shown in (A) TE and (C) TM polarizations. Potential is applied relative to a
Ag/AgNO3 reference electrode. Bleaching of the macrocyclic transition at ca. 630 nm and
the evolution of a new peak at ca. 550 nm was observed for both TE and TM polarizations
with increasing positive potential. The red markers represent the normalized change in
absorbance of a RuPcPA monolayer film on ITO in (B) TE and (D) TM polarizations at
632 nm as a function of oxidation potential. The blue solid line is a sigmoidal fit for the
experimental data and the red dashed line is the differential of the normalized absorbance
sigmoidal fit.
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4.3.6

Charge transfer kinetics at RuPcPA/ITO interface
We evaluated the electron transfer kinetics of surface confined RuPcPA on ITO

using two complementary techniques, EIS and PM-ATR. EIS is performed by measuring
impedance at a fixed DC potential with a superimposed AC voltage of variable frequency.
Figure 4.16A shows the Nyquist plot of the RuPcPA film on ITO at a DC potential of -0.1
V vs Ag/AgNO3 using a 10 mV AC voltage in the frequency range of 1 Hz-100 kHz. This
DC potential is outside of the redox potential of RuPcPA molecule. The Nyquist plot shows
a vertical line indicating capacitive-like behavior as expected.51 The equivalent circuit at a
potential outside of redox potential is composed of a double layer capacitance (Cdl) and a
solution resistance (RS). The capacitive behavior is observed when the phase angle
approaches 90⁰ at low frequencies as shown in Figure 4.16B.
The EIS experiment was then performed at 0.3 V vs Ag/AgNO3, where the RuPcPA
is redox active, using the same 10 mV AC potential at 1 Hz – 100 kHz. A capacitive-like
behavior curve (straight line) was observed in the Nyquist plot (Figure 4.16A). At this
applied potential, a semicircle was expected in the high frequency region due to the charge
transfer process, which has a time constant and capacitive-like behavior at low frequency
due to double layer charging. Instead, the observation of capacitive-like behavior at this
redox potential is possibly due to a fast charge transfer rate (small charge transfer
resistance) and, thus, the semicircle is not the prominent feature. The magnitude of the
impedance at low frequency for the RuPcPA molecule measured at the redox potential is
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Figure 4.16: (A) Representative Nyquist plot of a surface confined RuPcPA at -0.2 V
(outside of the redox potential) and 0.3 V (at the redox potential). The frequency range is
100 kHz -1 Hz. The imaginary component decreases (blue trace) as the potential is
increased from -0.2 V to 0.3 V, indicating redox process at ITO/RuPcPA interface. (B)
Corresponding bode-phase and magnitude (|Z|) plots at -0.2 V and 0.3 V.
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smaller than that measured at the potential outside of the redox potential (see Figure 4.16B
for Bode plot) which indicates that impedance contribution is indeed due to redox
activity.51 A similar observation has been reported for ITO modified with PDI molecules.51
Since the surface confined species produced a Nyquist plot with straight lines
without semicircle features, unambiguously fitting the impedance data with an equivalent
circuit is challenging. To analyze the EIS data, we instead represented the data as a Bode
capacitance plot where the imaginary part of the capacitance is plotted against frequency
to calculate the charge transfer rate.52, 53 The imaginary capacitance is calculated from
Cim=-Im[(jωZ)-1] where Z is the complex impedance and ‡ is the frequency in rads-1.
In the Bode capacitance plot (Figure 4.17), a clear peak can be found at both the
DC potential outside of redox window (-0.1 V) and at the redox potential (+0.3 V). The
imaginary capacitance peak observed for the -0.1 V trace (green squares) is due to the time
constant of electrochemical cell. The imaginary capacitance peak measured for the +0.3 V
trace (red dots) is due to (1) the redox process and also (2) the time constant of the cell. To
remove the contribution of the time constant due to cell response, a linear subtraction of
the imaginary capacitance of -0.1 V from 0.3 V was performed to give a difference
spectrum. The peak position for the difference curve is similar to the peak position for the
redox potential. The rate constant was calculated using the equation ks,EIS= f0 where f0 is
the frequency of the peak of the difference curve in the Bode capacitance plot.53 The rate
constant obtained for RuPcPA on ITO, ks,EIS, is (4.0±0.5) × 103 s-1 (n=3). This result will
be discussed later in this section.
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Figure 4.17: (A) Representative plot of imaginary capacitance versus AC frequency for a
RuPcPA monolayer on ITO at DC potentials of 0.3 V (redox potential, red circle) and -0.1
V (outside of the redox potential, green square) vs. the Ag/AgNO3 non-aqueous electrode.
The AC voltage and the frequency used in EIS experiments were 10 mVRMS and 1 Hz - 100
kHz respectively. The difference between capacitance measured at 0.3 V and -0.1 V is
shown using blue diamonds (“Difference”). The peak obtained from the “Difference”
spectrum was used to estimate the heterogeneous electron transfer rate (ks,EIS).
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EIS can be used to measure the charge transfer rate of RuPcPA monolayer on ITO
but does not provide any information of orientation dependent charge transfer rates. An
objective of this work is to minimize kinetic dispersivity due to disorder in molecular
orientation. To evaluate orientation dependent charge transfer, PM-ATR with a polarized
light source was used. PM-ATR is a waveguide-based electroreflectance spectroscopic
technique that can be used to measure reversible charge injection/extraction rates of surface
confined electroactive molecules, with sensitivity to molecular orientation through the use
of TE and TM polarized light and by probing optical signals that are strictly Faradaic
responses.54, 55 This technique was used previously to measure the orientation dependent
charge transfer injection/extraction rates of different populations of ZnPcPA monolayers
tethered on ITO.6
The working principle of PM-ATR is described elsewhere.39 Briefly, the
experiment is performed by applying a DC potential to the working electrode with a
superimposed small sinusoidal AC potential. The DC potential is selected such that a large
change in the electroreflectance signal at a major absorbance feature is observed. The real
and imaginary part of the electroreflectance signal is measured as a function of AC
potential frequency. The heterogeneous electron transfer rate constants (ks,opt) is estimated
using characteristic frequency (ω) at which the real reflectance becomes zero.
The DC potential for PM-ATR was obtained by performing optically detected
anodic sweep voltammetry by applying a potential ramp (-0.2 V to 0.8 V vs Ag/AgNO3
non-aqueous) with a scan rate of 10 mV/s coupled with a AC voltage of 8 mV having a
frequency of 1 Hz. From the ER voltammograms (Figure 4.18), the largest difference
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Figure 4.18: Representative plots of optically detected anodic sweep voltammograms
acquired in (A) TE polarization (B) TM polarization using following parameters: scan rate
= 10 mV/s, AC modulation voltage = 8 mVRMS and modulation frequency = 1 Hz. The red,
and blue traces are real and imaginary components of the reflectance signal and the black
trace is the Gaussian fit for the real components. The peak potential for both TE and TM
polarization occurs ca. 300 mV, and this DC potential was chosen for PM-ATR
experiments.
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between real reflectance (Re(Rac)) and imaginary (Im(Rac)) was observed at ca +0.3 V (for
both TE and TM polarization) and this potential was selected for PM-ATR experiments.
In this study, the experimental parameters were selected to probe the first reversible
oxidation of RuPcPA macrocycle films on ITO: applied DC voltage of 0.30-0.32 V vs
Ag/AgNO3, AC voltage of 10-40 mVRMS, and frequency range of 0.1 Hz-4000 Hz. The
measurements were acquired in both TE and TM polarization.
By fitting complex plane plots of the normalized electro reflectance signal of
RuPcPA monolayers on ITO (Figure 4.19) with a polynomial function, the characteristic
frequency (ω) at which the real reflectance was zero was calculated. Apparent
heterogeneous electron transfer rate constants were estimated from ks,opt = 0.5ω2RsCdl. Rs
and Cdl were 5 ± 1 Ω•cm2 and 12 ± 1 μF/cm2, respectively. The estimated ks,opt for the
RuPcPA monolayer on ITO using PM-ATR in TE and TM polarizations are (2.2 ± 0.3) ×
103 s-1 (n=5) and (2.4 ± 0.6) × 103 s-1 (n=5) respectively.
The ks values obtained by EIS and PM-ATR are similar, indicating that the
techniques are complementary and increases the confidence in the measured values. The
slight discrepancy between the measured values of ks may be due to the assumption in the
PM-ATR measurement that all circuit elements corresponding to electrochemical
processes are ideal. In reality, these circuit elements are not ideal. For example, the double
layer capacitance exhibits a slight deviation from 90⁰ at low frequency as can be seen from
the Nyquist plot (Figure 4.16A).
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Figure 4.19: Representative normalized complex plane plots of the electroreflectance
signal of a RuPcPA monolayer deposited on ITO taken in (A) TE and (B) TM polarization.
The DC potential and the amplitude of the sinusoidal voltage was 0.3 V vs Ag/AgNO3 and
30-40 mVRMS respectively. The characteristic frequency (ω) at which real reflectance
becomes zero was used to obtain the heterogeneous electron transfer rate constant (ks,opt).
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We interpret the similar ks,opt values measured in both TE and TM polarization as
an indication of: (1) a narrow tilt angle distribution of the molecule on the surface and/or
(2) a small tunneling distance between the redox moiety and ITO. For RuPcPA, which is
assumed to have D4h symmetry, ks,opt measured for TE and TM polarization will depend
on the degree of alignment of the absorption transition dipoles with the electric field vectors
of TE and TM polarized light, respectively. For an electroactive film with broad
distribution of tilt angles, ks,opt measured at TE polarization will be predominantly due the
molecules with smaller tilt angles and ks,opt measured in TM polarization predominantly
will be due to the molecules with larger tilt angles. However, for a narrow tilt angle
distribution of the molecules, measurements in TE and TM polarization will provide
similar ks,opt values. It should be noted that the presence of small linkers is not expected to
change the effective tunneling distance significantly upon orientation changes. As
discussed in Section 4.3.4, the maximum possible tilt angle for RuPcPA is 34˚ and therefore
completely out-of-plane orientation is not possible for RuPcPA. These observations
support the observed fast charge transfer rates that are independent of orientation.
The charge transfer rate constant for RuPcPA is greater than that observed for
ZnPcPA, in which the redox center is separated from the ITO surface by a 10-carbon
methylene linker group.6 The ZnPcPA in-plane monomeric subpopulation showed ks,opt =
ca. 200 s-1 using PM-ATR which is an order of magnitude smaller than the ks,opt values
measured for RuPcPA. However, the ks,opt RuPcPA rate is still slightly higher than the ks,opt
for the aggregated ZnPcPA subpopulation oriented in plane with the ITO surface.6 The
tunneling distance for the monomeric ZnPcPA with a tilt angle of 33˚ is 8.3 Ȧ (see Hsiao-
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Chu Lin’s Ph.D. dissertation, University of Arizona) whereas for the RuPcPA is 6.8 Ȧ. The
heterogeneous rate constant has an exponential dependence on distance between the redox
moiety and the electrode according to the equation ks = k0exp(-βd), where β is the tunneling
decay constant, d is the distance between the participating species, and k0 is the
heterogeneous rate constant when d = 0. Thus, the smaller tunneling distance afforded by
the RuPcPA may explain the greater ks,opt. The results so far indicate that we have created
a system with structurally homogeneous Pc monolayer on ITO with the highest
electrochemically determined ks value reported so far.
4.3.7

Energy level alignment at ITO/RuPc interface
Energy level alignment at the ITO/RuPc interface was investigated using

electrochemistry and UPS to evaluate the thermodynamic feasibility for hole extraction
from subsequently deposited Pc layers. The first ionization potential (IP) is calculated from
the onset potential of the oxidation peak (+0.18 V vs Ag/AgNO3) of the RuPcPA SAM on
ITO. To correct this electrochemically determined onset potential to the vacuum scale, a
value of -4.48 eV vs. vacuum was used for the potential of the normal hydrogen electrode
(NHE).56 The Ag/AgNO3 (0.01M) reference electrode was calibrated against the ferrocene
redox couple (Fc/Fc+) and the midpoint potential was found to be +0.16 V vs Ag/AgNO3
(0.01M). The redox potential of the Fc/Fc+ redox couple is assumed to be +0.64 V vs
NHE57 and the IP was estimated from IP=-(Eox+4.96) eV, where Eox is the onset potential
of the oxidation peak vs Ag/AgNO3. This gives an IP for RuPcPA on air plasma treated
ITO of -5.14 eV. Since we could not obtain the second oxidation peak for the surface
confined RuPcPA molecules on ITO, to calculate both first and second ionization energy
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(IP and IP’), we used the onset potential of the oxidation peaks from diffusion controlled
CV. The onset potential of first and second oxidation obtained from diffusion controlled
CV were +0.18 V and +0.87 V vs Ag/AgNO3, respectively, which corresponds to IP and
IP’ of -5.14 eV and -5.83 eV respectively. These results are comparable to previously
reported IPs of RuPcs determined electrochemically.35,58,59 The summary of energies
estimated using electrochemistry is given in Table 4.2.
It has been shown previously that the chemisorption of organic modifiers onto ITO
changes the local vacuum level at the SAM/TCO interface due to a change of the surface
dipole induced by the intrinsic dipole of the modifier.42, 60 Electrochemistry measures the
IP in a dielectric medium and therefore does not account for any shifts in local vacuum
level due to interface dipoles, which may play an important role in OPV performance.42 To
measure the local vacuum level shifts, work function (φ), and IP, UPS experiments were
performed on (i) air plasma treated ITO, (ii) control ITO (air plasma treated ITO, soaked
in the deposition solvent (ethanol) in the absence of RuPcPA) and (iii) RuPcPA-modified
ITO. Prior to any UPS experiments, X-ray photoelectron spectroscopy (XPS) was
performed on each of the three substrates to evaluate the surface composition and also to
ensure that the RuPcPA molecules were stable on ITO while under high vacuum. XPS
spectra of the N 1s and Ru 3d regions of bare and RuPcPA modified ITO confirm the
stability of the RuPcPA, since the bare ITO did not have any features while RuPcPAmodified ITO shows peaks in those binding energy regimes (Figure 4.20).
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Table 4.2: The summary of energies obtained using electrochemistry and UPS. The
energetics from UPS were estimated by Michael W. Liao.

Parameter
Work function (eV)
Vacuum level shift (eV)
IP (eV)
IP’ (eV)

Air plasma
ITO
UPS
5.0
N/A
N/A
N/A

Control
ITO
UPS
4.7
0.3
N/A
N/A

RuPcPA
Electrochemistry

UPS

N/A
N/A
-5.14
-5.83

-4.0
1.1
-4.7
-6.2
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Figure 4.20: XPS of RuPcPA modified ITO. The insets are the high resolution XPS scans
for the regions indicated by boxes. The red box and the blue box are the regions for N 1s
and C 1s / Ru 3d binding energy regions.62 No N 1s and Ru 3d peaks were found for
unmodified ITO, indicating that peaks observed for modified ITO are due to RuPcPA
molecules. The presence of these peaks also indicates that the molecule is stable at high
vacuum conditions. The XPS data were acquired by Kai-Lin Ou.
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We present the UPS spectra of above three substrates in Figure 4.21A. The left
panel of Figure 4.21A shows the change to the secondary photoelectron energy cutoff, the
center panel shows the full spectra, and the right panel is an expanded view of the onset
energy of occupied density of states. The right panel of Figure 4.21A has been treated with
systematic background corrections to enhance the RuPcPA photoemission features by
reducing photoelectron contribution from the substrate and He(I) satellites emission. The
details of the correction protocol is reported by Li and coworkers61 (also see Michael Liao’s
Ph.D. dissertation, University of Arizona). A peak in the spectrum observed near the Fermi
level (ca. -1.4 eV) is due to photoemission from the highest occupied molecular orbital
(HOMO) of RuPcPA. Similar observations of HOMO features were reported earlier for
RuPc with bis(4-carboxypyridine) in the axial position, adsorbed on TiO2.59 A second
photoemission peak at ca. -3.2 eV is attributed to the HOMO-1 of the molecule. Despite
the RuPcPA being a monolayer on ITO, we are able to resolve a HOMO feature, as well
as the HOMO-1 features, although the HOMO-1 is not visible without the correction
protocol of the UPS data.
IPs and work functions were calculated as described previously63 and also as
described in Chapter 2. We constructed a vacuum level adjusted energy band diagram
extrapolated from the UPS measurements for RuPcPA modified ITO (Figure 4.21B). We
postulate that the IP values determined here are more accurate than previously reported
values due to the application of UPS correction procedure to remove background effects
and satellite emission in photoemission data.59,42 The EA values for RuPcPA films were
estimated by adding the optical band gap (Eopt) to the IP values. Eopt was estimated from

244

Figure 4.21: (A) Ultraviolet photoemission (UPS) spectra of (I) air plasma treated ITO,
(II) air plasma treated ITO followed by ethanol soak (control ITO) and (III) RuPcPAmodified ITO. The high kinetic energy edge, the full spectra and the low kinetic edge are
shown in left panel, middle panel and right panel respectively. The Fermi energy is shown
as the vertical dashed line in the full spectra (middle panel) assuming electronic equilibrium
between the sample and spectrometer. The energy axis in the UPS spectra is indicated
relative to the Fermi energy. (B) Energy level diagram obtained from by UPS values
showing estimates of IP and IP’ of RuPcPA on ITO. EA energies are estimated using IP
along with the optical bandgap (Eopt) calculated from the ATR spectrum (TE) shown in
Figure 4.5. The UPS data were acquired by Michael W. Liao.
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the low energy onset of the Q-band absorbance in the TE absorbance spectra of RuPcPA
on ITO (Figure 4.5A). The summary of energies estimated using UPS is given in Table
4.2.
The work function of the air plasma cleaned ITO was found to be 5.0 eV, which is
consistent with literature values.42 Shifts in the local vacuum level of ca. 0.3 eV and 1.1 eV
were observed for the control sample and RuPcPA film on ITO respectively. Soaking the
ITO in EtOH presumably passivates some of the high energy surface sites exposed by air
plasma treatment, and, thus, a vacuum level shift of ca. 0.3 eV (and accompanying a work
function reduction to 4.7 eV) is expected. After modification of ITO with a monolayer of
RuPcPA, the work function further decreased by ca. 0.8 eV relative to the control ITO.
This indicates a change in the local surface dipole at the ITO/RuPcPA interface, as
observed for similar systems.42 The IP and IP’ of the RuPcPA were found to be 4.7 eV and
6.2 eV, respectively. These values deviate from those obtained electrochemically by ca.
0.5 eV and 0.4 eV for IP and IP’, respectively. Differences in measured IP were observed
previously for ZnPcPA SAM on ITO42 and RuPcs on TiO259 which have been attributed to
the changes in local dipole at Pc/TCO interface, solvation effects, and changes in dielectric
between those two measurement techniques.
The energetic position of the HOMO of RuPcPA lies below the Fermi level of ITO
which suggests that favorable energetic alignment for hole extraction exists at the interface.
This in turn suggests that thermodynamically, charge transfer from subsequently deposited
Pc layers to RuPcPA-modified ITO may not be contact limited, assuming a proper energy
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level alignment of the subsequent layers of donor material. Our future work will focus on
collection efficiencies in full OPV devices employing RuPcPA modifiers.
4.4

Conclusions
In summary, we have characterized monolayers of new RuPc with an axial

phosphonic acid tethered to ITO. Orientation studies using ATR spectroscopy showed that
this molecule self-organizes largely in-plane with the ITO surface, with greater planarity
on smoother ITO. The effect of roughness of ITO on the RuPcPA molecular tilt angle
distribution was modeled and the results clearly correlate with the experimentally
determined tilt angles. Cyclic voltammetic and spectroelectrochemical studies showed the
presence of only monomeric RuPcPA on ITO. Charge transfer rate constants (ks) at the
ITO/RuPcPA interface were measured using EIS and PM-ATR with different polarizations
of light. The results indicate that only a narrow orientation distribution of redox species is
present at the modified surface. Ionization energy and vacuum level shifts of RuPcPA
modified ITO were measured using UPS and cyclic voltammetry and suggest that no
barrier for hole collection exists at the ITO/RuPcPA interface, making the RuPcPA a viable
surface modifier for OPVs.
4.5
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5. EXPLORING THE ORIGINS OF THE “S-SHAPED DISTORTION”
OF THE CURRENT-VOLTAGE RESPONSE OF INVERTED
CONFIGURATION ORGANIC SOLAR CELLS: ENERGETIC
ALIGNMENT BETWEEN THE ZnO INTERLAYERS AND ORGANIC
ACTIVE LAYERS AND THE EFFECT OF UV LIGHT EXPOSURE
5.1

Introduction
OPV devices offer a route to low cost solar energy conversion systems. Current

efficiencies and lifetimes of OPV systems are relatively low compared to their inorganic
counterparts, and hamper the widespread commercialization of these systems.1 This
technology, however, has seen a rapid increase in efficiencies in the last decade, with
certified PCEs for single junction solar cells now greater than 9%.2 The exciton diffusion
length in these systems is small (ca.10 nm) relative to the film thickness needed to absorb
a majority of the incident solar illumination.3 This limitation can be overcome through the
blending of the electron donating and electron acceptor materials, in so called bulkheterojunction (BHJ) OPV systems.4,5 This advancement greatly improves the PCE of
devices built with these materials, but requires that the charge-collecting electrodes can
selectively collect either electrons or holes, while blocking the opposing charge. This
ensures rectification, by minimize surface recombination of “local minority carriers” at the
contacts,6,7 i.e. holes at the electron selective layer (ESL) and electrons at the hole selective
interlayer (HSL), and maximizes the device PCE.8
Considerable advancements have also been made to improve the lifetime of OPV
systems as well. One important advancement in recent years has been the development of
inverted OPV structures. These structures increased the lifetime of OPV devices by
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eliminating the use of unstable low Φ metals, such as Ca/Al, as the top contact.9,10 This
structure requires the use of low Φ interlayer materials that have density-of-states (DOS)
near the energy level of the n-type organic semiconductor, but an absence of DOS near the
energy level of the p-type organic semiconductor. This allows for selective
collection/injection of electrons from/to the LUMO level of the n-type organic
semiconductor, while avoiding collection/injection of charges from the HOMO of the ptype organic semiconductor. Additionally, a band gap energy (EBG) greater than 3.1 eV is
desirable as this prevents absorption losses in the visible range.
ZnO and TiO2 both have EBG greater than 3.1 eV, and have been widely used as
ESLs for OPV systems.11–15 However, OPV devices that use these metal-oxide interlayers
typically show very poor initial performance, with low PCEs, fill factor (FF) values (often
less than 0.25), and an s-shaped distortions of the J-V curves.12–15 This is more pronounced
in cases were the UV portion of the solar spectrum is not present during device testing.13–
15

The PCE and FF of these devices increase, the s-shaped distortion of the J-V response

and the apparent RS values are reduced with extended UV exposure.12–15
It has been known since at least the late 1950’s that the conductivity of ZnO is
reduced in the presence of acceptor-type gaseous species, such as oxygen,16 and carbon
monoxide.17 Acceptor-type gaseous species are thought to accept electron density from the
ZnO lattice to form a chemical bond(s) to the surface, most likely at the cationic metal
sites. This depletes the electron charge carrier density (Ne) at the ZnO surface and increases
the resistance of the near surface region. This surface effect leads to an apparent increase
in the bulk resistance. Due to the rich chemistry of the ZnO surface, the conductivity of
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ZnO is affected by an extensive collection of chemical compounds.17 Similar conductivityadsorption effects have been observed on TiO2 systems,18,19 as well as with various other
MO semiconductor systems, such as tin oxide.17,20 Exposure of the ZnO to photons with
energy greater than the adsorption onset (~3.1 eV, λ ≈ 400 nm) leads to free electrons and
holes in the ZnO lattice. The photo-generated hole can then oxidatively break the chemical
bond between the ZnO surface and the chemisorbed species, increasing Ne and thus
restoring the conductivity of the ZnO material.16
Many researchers have attributed the improvement of the device performance of
OPVs with ZnO ESLs to a change in the ZnO conductivity as a function of UV-exposure.
This effect is expected to lower the overall RS of the device. However, numerical modeling
of the modified Shockley equation, such as the study performed by Servianties et al.,21
demonstrates that RS changes alone cannot lead to an s-shaped distortion of the illuminated
J-V curves. This is in agreement with the numeric photovoltaic modeling of Shockley and
Queisser, which indicated that 0.25 is the lower limit for FF values in photovoltaic systems
that are limited by high RS or low RP.22 These works demonstrate that RS alone cannot lead
to the s-shaped distortion that is observed in these systems prior to UV exposure, and
cannot describe the ultra-low FF values (less than 0.25) that are often observed on these
systems.12–14
On the other hand, s-shaped distortions and ultra-low FFs observed in OPV systems
have also been attributed to charge injection/extraction barriers, including energetic offsets
at the ESL/active layer interface,14 or the energetic offset at the ITO/ESL interface.13
Similar distortion of the J-V curve can be induced though the intentional insertion of
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tunneling barriers between the active-layer and a charge collecting electrodes. This has
been demonstrated both on inverted BHJ OPV systems,23 and non-inverted planerheterojunction systems.24,25
Kim et al. have demonstrated that the improvement in the conductivity of TiO2
ESLs as a function of UV exposure occurs concurrently with a reduction in Φ of TiO2.13
Changing the Φ the ESL is expected to change the energetic alignment of the ESL with the
adjacent materials. In this chapter we present findings that indicate the s-shaped distortion
of inverted OPV devices employing ESLs, and the improvement of the PCE following UV
light soaking is directly correlated with the magnitude of an extraction barrier (Φext) at the
ESL/active layer interface. While Φext between the active layer and the ESL has been
suggested in the past for inverted P3HT:PCBM systems,14 we present here the first report
in which the processing conditions of an metal oxide ESL has been utilized to
systematically vary the energetic barrier at a metal oxide/active layer interface, and which
demonstrates a comprehensive methodology for differentiating between energetic barriers
at the ITO/ZnO interface, as suggested by Kim et al,13 and energetic barriers at ZnO/active
layer, as suggested by Trost et al.,14 as the rate limiting step for current transport through
the device.
In this study we will demonstrate, i) the Φ of ZnO can be tuned via the O2 % of the
ZnO sputtering gas, ii) the energetic barrier at the ZnO/active layer interface increases with
increasing ZnO Φ, iii) the magnitude of the Φext at the ZnO/active layer interface
determines the severity of the s-shaped distortion of the J-V curve and iv) UV illumination
also reduces the Φ of ZnO films, thus reducing the Φext at the ZnO/active layer interface,
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vi) the resistance of the sputtered ZnO films does not determine the s-shaped distortion of
the device J-V curves, vii) the energetic alignment at the ITO/ZnO interface does not
determine the s-shaped distortion of the J-V curves. Finally we will show that the O2
percentage of the ZnO sputtering gas not only changes the initial Φext between the active
layer and the ESL, but also minimizes the UV sensitivity of ZnO based OPV devices. This
research offers clear guidelines for maximizing the PCE and FF of PV devices using ESLs,
and for minimizing the sensitivity of these systems to UV light-soaking effects.
While we have found that the Φext at the ZnO/active layer is the rate limiting step
for charge transport through this system, which leads to the distortion of the J-V response,
we acknowledge that this may not be the case for all TCO/ESL/active layer combinations.
However, we present a clear and complete approach for determining the rate limiting
mechanism for any PV system, which is critical for targeted approaches to optimizing PV
systems.
In Part I of this chapter we will demonstrate the effects UV light soaking has on
devices using sub-optimal ZnO layers. We will compare these results to numerically
modeled J-V curves to demonstrate that the effects that UV light exposure has on the J-V
responses of these devices cannot be explained via changes in the resistance of the ZnO
layers alone. In addition, we demonstrate a simple approach for determining when a
sufficiently high forward bias has been reached to accurately estimate RS from the slope of
the J-V response.
In Part II of this chapter we will demonstrate that we can tune the initial s-shaped
distortion of the J-V response by tuning the deposition conditions of the sp-ZnO layer from
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O2-rich to O2-poor. Using impedance spectroscopy of these devices we will demonstrate
that no significant barrier to charge transport was observed at the ITO/ZnO interface or
through the ZnO layer regardless of the ZnO deposition conditions. Using UPS results, we
will demonstrate that increasing the O2 percentage of the sputtering gas increases the Φ of
the ZnO layers. Through deposition of ultra-thin layers of C60 on the ZnO surface, we will
demonstrate that this increase in ZnO Φ leads to an energetic barrier for charge collection
at the ZnO/active layer interface and it is this barrier that leads to the ubiquitous s-shaped
distortion of the J-V curves.
In Part III of this chapter, we will demonstrate that UV exposure lowers the Φ of
the ZnO layers significantly. This leads to a drastic increase in the rate at which charges
can be extracted from the device, as observed via a complete removal of the s-shaped
distortion observed in J-V response for all devices studied. We will also demonstrate that
devices with the highest initial Φ ZnO ESL show a nearly instantaneous return of this
kinetic barrier following the removal of a UV photon flux. Finally we will demonstrate the
performance of devices built on “stacked” ZnO ESLs. For these stacked ESLs half of the
ZnO layer was deposited under O2-rich conditions and half under O2-poor conditions. A
large decrease in the J-V performance was observed for the ITO/O2-rich/O2-poor/active
layer devices, relative to ITO/O2-poor/O2-rich/active layer devices. This definitively
demonstrates that the s-shaped distortion of the J-V response is dominated by the
ZnO/active layer interface.
This research is a collaborative effort between the Saavedra and Armstrong groups
at the University of Arizona. I acknowledge the primary authorship of Gordon A.
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MacDonald, Ph.D., 2015 from the Armstrong group. My main contributions to this work
were the impedance measurements and the data analysis.
5.2
5.2.1

Experimental
ZnO fabrication
ZnO thin films were RF-sputtered from a ZnO ceramic target (99.999% pure, Kurt

J. Lesker) in a Kurt J. Lesker AXXIS DC/RF magnetron sputter deposition system, at a
background pressure of 4.6 mTorr. The O2 content sputter gas was varied between and 0%
to 10% O2 via. mass flow controlled mixing of pure argon and are with 10% O2 by volume.
The instrument applied a DC bias to maintain a forward deposition power of 100 W. ZnO
films were deposited on O2-plasma cleaned ITO substrates obtained from Colorado
Concepts LLC (90% indium, oxide 10% tin oxide, 2-3 nm RMS roughness, 10-15 Ω/sq)
ITO substrates were O2-plasma cleaned in a Harrick PDC-32G plasma cleaner in a 400
mTorr oxygen environment on medium power (10.5 W) for 10 min prior to loading into
the sputtering system. A base pressure of 1x10-6 Torr or lower was achieved prior to
flushing the system with the sputtering gas. ZnO film thickness was determined by AFM
analysis. Following ZnO deposition samples were removed from the sputter system into a
sealed container through the use of an Ar filled glovebag to avoid air exposure. Samples
were then transported to a N2-filled glovebox for device fabrication.
5.2.2

OPV device fabrication
Active layers were spincast from a 1:1 P3HT:PCBM solution with a 50 mg/ml total

w/v concentration in ortho-dichlorobenzene. Films were spuncast at 600 RPM for 1 minute
in the N2-glovebox. The active layer was then allowed to finish drying in a covered
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crystallization dish overnight in order to improve film morphology.54 The samples were
then annealed for 10 minutes at 110 °C in a N2-filled glovebox. The final film thickness
was ca. 200 nm. The top contact was fabricated from PEDOT:PSS (Clevios 4083) with
~1% (w/w) Triton-X (Sigma). The Triton-X improves the wettability of the aqueous
PEDOT:PSS on the active layer.55 This layer was spuncast at 4000 RPM for 1 min in air.
If the PEDOT:PSS film was not sufficiently uniform the PEDOT:PSS was rinsed off with
EtOH, N2-dried, and the process was repeated until the film appeared uniform. The samples
were then annealed at 120 °C in the N2-filled glovebox for 10 minutes. Finally 100 nm Ag
was deposited at a rate of ~0.2 Å/s for the first 20 nm and ~1.2 Å/s for the remaining
deposition time.
5.2.3

OPV testing
Current-voltage (J-V) measurements were performed in a N2-filled glovebox. A

current controlled, 300 W xenon arc lamp (Newport) was used as the light source.
Impinging light was filtered with an AM 1.5 filter (MellesGriot) to simulate the solar
spectrum, diffused to improve uniformity (40 degree diffuser, Newport), and passed
through a 0.1 OD neutral density filter. The power density at the device surface was
calibrated with a silicon diode (Newport, Model 818-SL with OD3 attenuator) to achieve
100 mW/cm2 for. For AM1.5G testing light source was used as described above. For UV
filtered device the OD 0.1 filter was replaced with a 500 nm long-pass filter (Newport) to
remove UV-500 nm radiation. The removal of the OD 0.1 filter increased the 500 nm – IR
power at the surface of the devices, but filters out 500 nm and shorter wavelengths. The
net effect leads to an output power of ~90 mW/cm2. The mismatch factor was estimated
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from the ratio of the JSC of optimized P3HT/PCBM OPVs under AM1.5G illumination
divided by the JSC of these same device tested when illuminated through the 500 nm longpass filter. J-V curves were measured with a Keithley 2400 source meter.
5.2.4

Impedance spectroscopy
Impedance Spectroscopy experiments were performed using a 1260 impedance

analyzer (Solartron Analytical). The data was collected using Solartron Material Research
and Test Software (SMaRT) Version 3.2.1. The OPV devices were loaded into a sealed
home-built test fixture in a N2 glovebox, to avoid air exposure during measurements. The
sealed test fixture with devices was taken out of the glove box to perform any impedance
experiments. The text fixture had a quartz window to allow illumination of the devices.
The impedance experiments were performed in dark and also different illumination
condition. A xenon arc lamp was used for illumination purpose and 500 nm LP filter was
used to remove any UV light to obtain no UV illumination conditions. The impedance
experiments were performed at a fixed DC bias, between -0.8 and 0.8 V. Superimposed on
the DC bias was a sinusoidal AC signal with frequency range varied between 1 MHz to 10
Hz. The AC amplitude used is 10 mV RMS. The impedance data was fitted with Scribner
Associates Z-VIEW software v3.3f using the equivalent circuit discussed in the Results
and Discussion.
5.2.5

Kelvin probe
Kelvin Probe measurements were performed on a KP technologies Kelvin Probe

under ambient air. UV exposure from the glass side of the ITO and ITO /ZnO samples was
accomplished using a UV LED (365 nm center emission, LED Engin, part number LZ4-
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40U600) placed below the samples. The estimated UV flux reaching the glass side of the
ITO substrate was ca. 6 mW∙cm-2.
5.2.6

Ultraviolet photoemission spectroscopy
UPS measurements were performed with a Kratos Axis Ultra X-ray photoelectron

spectrometer with a He(I) excitation source (21.2 eV). A -10 V bias was applied to the
sample to enhance the yield of low kinetic energy electrons. The Fermi level of the
spectrometer was determined through measurements of clean gold surfaces. C60 (triple
sublimed, Materials and Electrochemical Research Corp.) thin films were deposited by
physical vapor deposition in a high-vacuum deposition chamber attached to the
photoemission spectrometer. Background pressures were maintained at ca. 5 × 10-7 Torr
and at a deposition rate of 0.02-0.04 Å∙s-1. Thickness and deposition rates were monitored
with a quartz crystal oscillator.
5.3
5.3.1

Results and discussion
PART I: Effects of UV exposure on devices with sub-optimal ZnO ESLs

5.3.1.1 The effect of illumination conditions on 10% O2 devices
Based on the changes in the FF and PCE with UV exposure, we have found that
the UV sensitivity of ITO/ZnO/P3HT:PCBM/PEDOT:PSS/Ag devices increase as the ZnO
sputtering conditions are made increasingly O2 rich. Thus we will start by discussing the
devices built on sp-ZnO deposited in O2 rich (10% v/v O2/Ar) conditions, which were the
most O2 rich ZnO deposition conditions studied. This system will act as an illustrative
example of the changes in the J-V response that can be initiated via UV exposure.
Deposition took place using RF-magnetron sputtering of a ZnO ceramic target with sputter
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gas pressure of ca. 5 mT. Further deposition details can be found in the Experimental
Section. For brevity, ZnO produced in under the above conditions will heretofore be
referred “10% O2 ZnO” and the P3HT:PCBM device studied with a 10% O2 ZnO ESL will
be referred to as the “10% device”. A similar naming structure will be used for ZnO ESLs
that were made in 0 and 1% O2 deposition conditions. The J-V performance of a
representative OPV device, tested before and after UV light soaking, and under a variety
of illumination conditions will be discussed. For clarity, we will first define the lighting
conditions and light soaking conditions as follows; i) “Dark” No Illumination during
testing. ii) “LP 500” Illuminated response with UV and blue portion of AM1.5G spectrum
removed with a long-pass (LP) filter with a 500 nm center cut-off frequency. iii)
“AM1.5G” Illuminated response with simulated AM1.5G solar spectrum.
UV light soaking was accomplished via 15 minute exposure of the device to the
full simulated solar spectrum. For simplicity we will designate the non-UV light soaked
responses as “NS” and the UV light soaked samples as “LS.” For example, measurements
taken with AM1.5G exposure after UV light soaking will be designated “AM1.5G-LS.”
The purpose of the LP 500 nm filter used in this study is to remove photons with energy
greater than ca. 2.5 eV. Since the UV light soaking effects associated with ZnO films have
been correlated with the formation of holes in the ZnO VB,16 The LP 500 filter is used to
avoid electronic excitation from the ZnO valance band (VB) to the ZnO conduction band
(CB) (ca. 3.3-3.4 eV,) or to shallow donor states near the CB ca. 3.1 eV.26
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We show the J-V responses of a 10% device, under various lighting conditions, in
Figure 5.1 a. When tested under LP 500-NS conditions the 10% device showed a severe sshaped distortion of the J-V response and a very low PCE (0.07%) and FF (0.15). After
UV-light soaking (LP 500-LS) the s-shaped distortion is reduced but not eliminated for this
system. The PCE is increased to ca.0.32% and the FF is increased slightly to 0.17. Only
when tested under full AM1.5G illumination conditions, following UV-light soaking
(AM1.5G-LS), does this device produce a J-V response that does not have an s-shaped
distortion. Under these conditions the PCE is increased to 2.87% and the FF increased to
ca. 0.50. In this work we will demonstrate that the UV dependence of the device
performance is due to an energetic barrier at the ZnO/active layer interface which limits
the rate of charge collection/injection. This barrier is determined by the ZnO Φ, and is
sensitive to both the ZnO deposition conditions as well as to UV light exposure. The
proposed band diagram from this work, with an energetic barrier at the ZnO/active layer
interface, is schematically represented in Figure 5.1 b. In the next section we will
demonstrate that RS losses alone cannot account for the s-shaped distortion of these J-V
curves. This will be accomplished by comparing the experimental response of these curves
to the numerically computed J-V responses predicted by the modified Shockley diode
equation.

265

Figure 5.1: In a) we present the illuminated J-V response for
ITO/ZnO/P3HT:PCBM/PEDOT:PSS/Ag devices incorporating a 10% O2 ZnO ESL. “LP500-NS” and “LP-500-LS” responses were tested using a 500 nm long-pass (LP) filter to
remove the blue to UV portion of the AM1.5G spectrum, before and after UV soaking
respectively. “AM1.5G-LS” indicates the responses measured under full AM1.5G
illumination after UV light soaking (see main text). UV exposure reduces the s-shaped
distortion of the J-V response for this system. However, for devices with ZnO produced
under these conditions the s-shaped distortion returns immediately after removal of the UV
flux, as seen for the LP 500-LS response. We present a proposed hypothesis for the
observed J-V behavior in b), which is based on an energetically derived kinetic barrier at
the ZnO/acceptor LUMO interface. The J-V data were acquired by Gordon A. MacDonald.
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5.3.1.2 Comparison of 10% O2 ZnO based devices J-V response to theoretical diode
responses.
In order to clarify the cause of the s-shaped distortion in OPVs employing ESLs
prior to UV light soaking, we will briefly discuss the expected J-V response based on the
Modified Shockley Equation. The modified Shockley equation, Equation 5.1 below, is a
modification of the ideal diode equation.27,28 In addition to the J-V response of the diode,
this equation takes into account shunting current through the diode as well as series
resistance effects. The modified Shockley equation has been demonstrated to approximate
the J-V response of optimized planar and bulk heterojunction OPV systems.29–32
(Q − S
S = S% exp `
G

T)

− 1b +

Q−S
c

T

+ SVA

Equation 5.1

In the modified Shockley equation Jo is the reverse saturation current, η is the diode
quality factor, k is the Boltzmann constant, T is the temperature in kelvin, RS is the series
resistance, RP is the shunt resistance and Jph is the photo-generated current. The equivalent
circuit diagram that corresponds to Equation 5.1 can be found in the inset of Figure 5.2 a.
Jph is typically assumed to be voltage independent to a first approximation, however it has
been demonstrated that Jph typically does display some voltage dependence for OPV
systems, particularly near VOC.31
The theoretical illuminated J-V response for a P3HT:PCBM device, under 1 sun
illumination, has been calculated using Equation 5.1. For this calculation RS values of 0, 5
and 25 Ω∙cm2 were used, η was fixed at 2, Jph to 10 mA∙cm-2, and Jo to 8.25 x 10-5 mA∙cm-
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Figure 5.2: The theoretical J-V response, calculated from equation 5.1, is presented in a).
The following parameters; η = 2, Jph = 10 mA/cm2, RP = 5000 Ω∙cm2 and Jo = 8.25 x 10-5
mA∙cm-2, where held constant for all simulated responses. The values used for RS were 0,
5, and 25 Ω∙cm2.21 The equivalent circuit diagram is presented in the inset of a). In b) the
theoretical R-V plot is presented. The R-V response is dominated by RP in reverse bias, by
RS in far forward bias and by the diode response between these asymptotes. In c) we present
the R-V responses that correspond to the J-V curves in Figure 5.1 a. For the 10% O2 ZnO
based device a sigmoidal R-V response is only observed under AM1.5G-LS conditions.
The theoretical calculations and experimental J-V experiments were performed by Gordon
A. MacDonald.
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2

which gave a VOC of 600 mV for each simulated device.21 Unsurprisingly, the FF is

reduced with increasing RS from 0.71 to 0.65 and 0.42 respectively. However, the lower
bound for FF values is 0.25,

21,22

which is observed when the RS is sufficiently high to

result in a straight line between VOC and JSC. This occurs when RS is greater than ca. 50
Ω∙cm2 for P3HT:PCBM devices.21
The J-V response is dominated by RP in far reverse bias, by RS in far forward bias,
and by the diode parameters, Jo and η between these two extremes.31 This is more clearly
demonstrated in the differential resistance-voltage (R-V) response curves. The R-V curve
is calculated by plotting the inverse of the first derivative of J with respect to V. We present
the theoretical R-V responses, with RS = 5 and RS = 25 Ω∙cm2, in Figure 5.2 b. From the
theoretical R-V response curve we observe an asymptotic approach to RP at far reverse, and
an asymptotic approach to RS at far forward bias. The RP and RS asymptotes are delineated
with horizontal dashed lines in Figure 5.2 b. In the intermediate “diode-controlled” region
the resistance decreases monotonically with applied bias. As can be seen in this figure,
changing RS is not expected to change the slope of the diode-controlled region, nor the RP
asymptote position. Before continuing we note that, for experimental OPV results, both on
the inverted P3HT:PCBM devices in this work, as well non-inverted BHJ OPV systems
and planar heterojunction system OPV tested in our lab (not shown), we observe a
reduction in the apparent RP asymptote, as well as the slope of the diode controlled region
of the R-V curve with increasing light intensity. The examples of the light intensity
dependence of the R-V response curves of both optimal and sub optimal ITO/spZnO/P3HT:PCBM/PEDOT:PSS/Ag devices are shown in, Figure 5.3.
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Figure 5.3: The light depend linear-linear J-V, log-linear J-V and log-linear R-V responses
of a functioning OPV devices are shown in a)-c) respectively. The device architecture was
ITO/sp-ZnO/P3HT:PCBM/PEDOT:PSS/Ag. The sputter gas was 1% O2 in Ar. Devices
were tested under LP 500-LS illumination conditions (see main text). Regardless of the
illumination intensity the R-V curve remains approximately sigmoidal in shape and the
position of the RS asymptote in forward bias is approximately constant. The slope of the RV curve in the diode dominated region (see main text) and the position of the RP asymptote
are reduced with increasing light intensity. For comparison we show the light depend
linear-linear J-V, log-linear J-V and log-linear R-V responses of an OPV devices with a
severe s-kink in d)-f) respectively. This device had a 10% O2 ZnO ESL and was tested
under LP 500-NS illumination conditions (see main text). The J-V data were acquired by
Gordon A. MacDonald.
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The reduction in RP with increasing light intensity has been described previously
for BHJ systems, and has been explained as an increase in the probability of nonselective
collection at the selective contacts with increasing (photo-generated) charge carrier
density.31,32 The increased charge carrier density with photoexcitation may also contribute
to the reduction in the slope in the diode controlled region of the R-V plot, as a function of
light intensity, due to an increase in recombination rate with increasing charge carrier
density. Regardless, the sigmoidal shape of the R-V response and the position of the RS
asymptote is virtually unchanged as a function of illumination intensity for optimized
devices, i.e. 0% and 1% devices after UV light soaking.
In many reports the value of RS is estimated from the slope of the J-V curves in far
forward bias. These reports demonstrate a correlation between the slope of far forward bias
and the severity of the s-shaped distortion of poorly performing OPV devices. This
approach has the implicit assumption that the RS asymptote has been reached. These
assumptions are rarely verified. Since the theoretical R-V response clearly demonstrates
the bias regions in which the response is are dominated by the RS, Rp and diode parameters
Jo and η, calculating the R-V response of devices is a convenient way to test this
assumption. The R-V curves, corresponding to the J-V responses of the 10% device, are
shown in Figure 5.2 c. We note that the increase in the noise in the reverse bias for the
AM1.5G illumination condition is due to the slope, dI/dV, approaching the signal-to noise
floor for the current measurement under reverse bias conditions. Smoothing procedures
were used to minimize the noise in the R-V response in reverse bias for the figures presented
in this work.
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When we test the 10% device in the absence of UV, i.e. under LP 500-NS and LP
500-LS conditions we observe a peak in the R-V response near VOC. This peak in the R-V
response cannot be described by the equivalent circuit diagram presented in Figure 5.2 a.
No identifiable resistance peak is observed for the AM1.5G-LS illuminated condition, and
the R-V response shape approximates that of the theoretical R-V response show in Figure
5.2 b). Thus, UV exposure is not simply reducing the value of RS; instead UV exposure
must be involved in removing a rate-limiting step for charge transport through the OPV
system, as presented schematically in Figure 5.1 b.
We observe a nearly instantaneous and reversible change in the device performance
between AM1.5G-LS and LP 500-LS illumination conditions, but we do not observe a
rapid return of the device performance to the performance observed under LP 500-NS
illumination conditions. Thus, we conclude that a large portion of the improvement of the
ZnO/active layer interface, following UV exposure is lost within seconds of the removal
of UV illumination. However, part of this improvement is maintained for at least several
hours. We will demonstrate in this chapter that the rate limiting step for charge
extraction/injection is an energetic barrier for charge transport at the ZnO/active layer
interface, and the magnitude of this barrier is reduced via UV exposure. Such a barrier
cannot be described by the modified Shockley equation since the derivation of this equation
assumes that the that charge collection/injection is not rate limiting, i.e. contacts to the
active layer are ohmic. Previous research has clearly demonstrated that non-ohmic contacts
between the charge collecting electrodes can be directly correlated with the severity of sdistortions in planar-heterojunction OPV systems.24,25 Calculating the R-V responses also
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allows us to quantify the severity of the s-shaped distortion, i.e. the peak resistance was ca.
2.5 kΩ∙cm2 prior to UV soaking, was reduced to ca. 0.5 kΩ∙cm2 by light soaking, and no
identifiable peak near VOC is distinguishable in the R-V response when tested under full
AM1.5G illumination.
In the following sections we will demonstrate that the severity of the s-shaped
distortion (i.e. the R-V peak height) prior to UV light soaking, as well as the sensitivity of
these devices to UV exposure, can be tuned from severe to absent through control of the
O2 percentage of the sputtering gas during ZnO deposition. It is well know that deposition
of ZnO layers in O2-poor conditions leads to an increase in the n-type doping of these
films.33 Presumably this is due to an increase in the n-type crystallographic defects, such
as Zn interstitial sites. We note, however, that there is still considerable debate in the
literature about the relative importance of various ZnO defects in determining the intrinsic
n-type doping of ZnO samples. Theoretical predictions indicate that the increased n-type
conductivity with reduced O2 partial pressure may be due to a lower formation energy for
interstitial or substitutional doping of the ZnO lattice by hydrogen and/or other incidental
extrinsic dopants.34
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5.3.2

PART II: Tuning the s-shaped distortion of the J-V response via the ZnO deposition
conditions

5.3.2.1 The effect of O2% of ZnO sputtering gas on device performances prior to UV
exposure
In Figure 5.4 a we present the Dark-NS responses for inverted P3HT:PCBM
devices that incorporate 0, 1 and 10% O2 ZnO ESLs. We note that all linear-sweep J-V and
impedance measurements were taken on the same 0, 1, and 10% O2 ZnO based,
representative P3HT:PCBM devices throughout the entirety of this discussion. From
examination of the dark J-V response alone, it would appear that the main differences
between these devices is an increase in RS with increasing O2 % of the sputtering gas.
However, examination of the Dark-NS R-V responses, shown in Figure 5.4 b, indicates that
a change in resistance alone cannot account for these differences. As the O2 % of the ZnO
sputter gas is increased we observe a decrease in the slope of the diode-dominated region
of the R-V response.
In the diode dominated bias range of the J-V response, RS and RP can be neglected
and the value of η can be estimated from the slope of the ln(J) vs. V, as shown in the Figure
5.5. The reaction order for recombination is predicted to be equal to η in a functioning OPV
device and have a value between 1 and 2 depending on if the charge recombination is
dominated by unimolecular recombination (e.g. trap assisted), bimolecular recombination
(e.g. free electron and free hole recombination) or a combination of the two.35,36 This will
be the case if the device is sufficiently thick relative
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Figure 5.4: The Dark-NS J-V response of P3HT:PCBM devices, as a function of the O2
percentage of the ZnO ESL sputtering gas, are presented in a). The Dark-NS R-V response
are shown in b). We observe a decreasing slope within the “diode-controlled” bias range
with increasing O2 percentage of the ZnO sputtering gas. The slope in this bias region is
related to the apparent η (see equation 5.1.) The value of RS does not impact the slope of
the diode response region. In c) we present the LP 500-NS illuminated J-V curves. We
observe that the s-shaped distortion is absent for the 0% O2 system and increases with
increasing O2 percentage of the ZnO sputtering gas. The corresponding R-V responses are
presented in d), and the approximate position of VOC is indicated therein. While the R-V
response of the 0% O2 based device is similar to the theoretical R-V curve presented in
Figure 5.2 b, we observe a shoulder in the 1% response (ca. 30 Ω∙cm2) and a very large
peak in the 10% response ca. (ca. 25000 Ω∙cm2) near Voc. The J-V data were acquired by
Gordon A. MacDonald.
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Figure 5.5: Natural log of the current vs. the voltage that correspond to P3HT:PCBM
devices with 0, 1, and 10% O2 sp-ZnO ESLs, before UV exposure (Dark-NS), in a), b) and
c) respectively. In each figure we present the ideal diode only best fit results to the linear
portion of each plot, i.e. the effects of the RP and RS are neglected to highlight the change
in the “diode-controlled” bias range. η and Jo are extracted from the inverse of the slope
and from the y-intercept respectively, the values of which are presented in the
corresponding figures. Fits to the full modified Shockley diode equation give nearly
identical results for η and Jo (not shown). The J-V experiments and diode fitting were
performed by Gordon A. MacDonald.
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to the depletion widths that form at the charge collecting electrodes, and if the current
through the device is limited by recombination with in the active layer, i.e. the current is
bulk-limited as opposed to injection limited.36 We observe values of η of ca.1.8, 2.6, and
9.0 for devices built on 0, 1 and 10% O2 ZnO respectively. The apparent values of η for the
1% and 10% ZnO devices are far from the maximum value of η=2 predicted based on
charge recombination mechanisms. All devices presented here are approximately the same
thickness, thus thickness effects cannot explanation the high η values observed for the 1%
and 10% O2 devices. Thus the high values of η for the 1 and 10% O2 ZnO based devices
indicate a different mechanism, one that has a higher order voltage dependence than
bimolecular recombination, is the rate limiting step for charge transport through this device
at bias where RP and RS do not dominate the J-V response. Since thermionic emission has
a strong field dependence, thermionic emission of charges over an energetic barrier at an
interface is an example of a mechanism that could lead to such high apparent η values.
However, the J-V curve alone is not sufficient to identify what mechanism leads to the
change in the apparent η values, and can only identify that there is an increasing deviation
from the ideal diode response as the O2 percentage of the ZnO sputtering gas is increased.
In Figure 5.4 c we present the J-V response of these devices tested under LP 500NS lighting conditions. We do not observe an s-shaped distortion of the J-V response for
the 0% device. We do however observe a small s-shaped distortion of the 1% device J-V
response, and a strong s-shaped distortion of the 10% device J-V response. These results
indicate that lowering the O2 percentage present during ZnO deposition leads to similar
changes in the OPV response as are observed for increased UV light exposure, see Figure
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5.1 a. In Figure 5.4 d we present the LP 500-NS R-V responses. From this result we observe
a large peak for the 10% O2 ZnO based device, with peak resistance of ca. 25000 Ω∙cm2
near VOC. This is reduced to a shoulder for 1% ZnO based device (ca. 30 Ω∙cm2) and is
absent for the 0% O2 ZnO based device. We hypothesis that the peak in the R-V response
is due to a kinetically limiting barrier for charge extraction, due to poor energetic alignment
at the ZnO/active layer interface, and that this barrier increases with increasing O2
percentage of the ZnO sputtering gas. It has also been suggested that the energetic
alignment of the ITO/ESL interface may lead to the UV sensitivity of inverted OPVs using
ESLs. To investigate this possibility we turn to impedance spectroscopy, which allows us
to differentiate between electrical processes as long as they have a distinct time constant,
and estimate the resistive and capacitive contribution of each processes to the total response
of the device.
5.3.2.2 Impedance analysis of ITO/sp-ZnO/P3HT:PCBM/PEDOT:PSS/Ag devices prior
to UV exposure.
5.3.2.2.1 Dark-NS conditions
In Figure 5.6 a we present the Nyquist plots of the 0, 1 and 10% devices, as a
function of the applied bias, under Dark-NS conditions. The corresponding capacitance
Bode plots are shown in Figure 5.6 b. The scale of the Nyquist plots was chosen such that
information from both the high and low frequency features could be observed. Nyquist
plots of the entire frequency range analyzed (10 Hz-1MHz) are shown in, Figure 5.7. In
the Nyquist plots under Dark-NS conditions, we identified three discernable bias regions
in the Nyquist plots as explained below.
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Figure 5.6: The Nyquist plots for the 0, 1, and 10% devices, under Dark-NS illumination
conditions, are shown in a). Corresponding capacitance Bode plots are presented in b). DC
bias legend, top left, applies to all subfigures. A dotted line with a 45° angle is included in
a) to demonstrate the Warburg response at far forward bias for the 0% device. The spacecharges, formed at far-forward bias for devices with high injection rates and charge
selectivity, is represented in the inset of b). This space charge leads to a negative
capacitance and appearance of the Warburg response (see text). Arrows in b) indicating the
change in the capacitance with increasing applied bias. The impedance data were acquired
by the author and Kai-Lin Ou.
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Figure 5.7: The full range Nyquist plots for the 0, 1 and 10% devices are shown in a)-c)
for Dark-NS illumination conditions and d)-f) for LP 500-NS illumination conditions. DC
bias legend, top left, applies to all subfigures. For clarity an arrow has been added to each
plot indicating the change in the arc width with increasing applied bias. The impedance
data were acquired by the author and Kai-Lin Ou.
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(1)

-0.8 V to 0 V: For the 0% device, only one arc is clearly visible in the Nyquist plot

under reverse bias, and at 0V. For the 1 and the 10% devices a high frequency (HF) feature
(at low Z’) becomes visible at 0 V and -0.1V respectively. The large resistance of the low
frequency (LF) arc in reverse bias is due to the depletion of the active layer under these
conditions. This corresponds to an approach of the LF capacitance to the geometric
capacitance (ca. 8.8 nF∙cm-2) of the device, as shown by the horizontal dotted line in the
capacitance Bode plots. While the capacitance is the lowest at far reverse bias, the
resistance of this arc, i.e. width of arc, is largest at 0 V and decreases with further reverse
bias, see Figure 5.7. We attribute this to an increase in the shunt conductance at far reverse
bias.
As can be seen from the capacitance Bode plots for the 0, 1, and 10% devices,
Figure 5.6 b, the LF capacitance of the 10% device is greater at any given reverse bias, and
shows a greater voltage dependence in reverse bias than either the 0% or the 1% devices.
This indicates that a greater potential is required to deplete this device. This could be due
to either (i) a charge extraction barrier at one of the ZnO interfaces, or (ii) due to resistive
losses across the ZnO ESL reducing the internal voltage (Vint) across the device, relative to
the applied voltage (Vapp), according to Equation 5.2. We will demonstrate that this slow
extraction rate is due to the ZnO/active layer interface.
Q#&$ = QPVV − S
(2)

Equation 5.2

0.1 V to 0.5 V: Two clear features are observed in the Nyquist plot for all systems

in this bias range. These are the large LF arc and the smaller HF arc. This indicates two
predominate processes occur, and these processes occur on distinct time scales. The
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transition frequency between the LF and HF arcs are ca. 8 kHz, for the 0% device, ca. 20
kHz for the 1% device, and ca. 50 kHz for the 10% device, and remains constant in this
potential range. The LF arc can be modeled as parallel R-C circuit and this arc is widely
attributed to the impedance of the organic active layer, where R and C corresponds to
recombination resistance (Rrec) and chemical capacitance (Cμ) as described in the
literature.12,37 The chemical capacitance is attributed to the injection of excess charge
carrier into the active layer under forward bias, which leads to a clear rise in the LF
capacitance for all devices in this bias range, as shown in Figure 5.6 b. The assignment of
the low frequency resistance and capacitance to Rrec and Cμ has the implicit assumption
that the limiting step for charge transport is recombination of charges within the active
layer, i.e. assuming ohmic contacts. Since we have demonstrated that this is not the case
for the 1 and 10% devices prior to UV exposure, we will refer to these circuit components
be the more general terms, RLF and CPELF. For all devices under Dark-NS conditions we
observe a decrease in the RLF with increasing forward bias. This is consistent with an
increased recombination rate within the active layer when contacts are ohmic, or an
increase in the charge injection rate for non-ohmic contacts.
The HF arc has been attributed to the impedance of the ESL.12,37 We note however,
such

HF

arcs

have

been

observed

in

non-inverted

OPV

systems,

e.g.

ITO/PEDOT:PSS/P3HT:PCBM/LiF/Al, cells.38 Additionally diffusive-recombination
coupled processes are also observed in the high frequency regime.39 Thus, assigning the
origin of this arc is non-trivial. We will demonstrate that the resistance associated with the
process (or processes) that leads to the HF arc is significantly lower than the resistance of
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the active layer (LF arc) in the power harvesting quadrant for both optimal devices, i.e. 0%
device, and for poorly performing devices, i.e. the 10% device. Thus, the resistance
associated with the HF processes cannot account for the differences observed in the device
performance regardless of the electrical process(s) from which this response originates.
(3)

+0.6 V to +0.8 V: Two arcs are visible at 0.6 V in the Nyquist plots for all devices.

However, for the 0% device the HF Arc is partially comprised of a linear response with
45⁰ slope at and beyond 0.6 V, as indicated by the dotted line in Figure 5.6 a. A similar 45⁰
slope is observed at and above 0.7 V for the 1% device. This feature is not observed for the
10% device within the bias range studied.
A 45⁰ slope near the origin is a characteristic feature, known as a Warburg response,
and is observed for systems which exhibit a diffusion-limited current response.39 For OPV
systems this type of response has been associated with a coupled diffusion-recombination
processes, i.e. recombination currents within the device that are driven by chemical
potential gradients as opposed to an external field.39 The appearance of the Warburg
response for the 0 and 1% devices corresponds with a decrease in the low frequency
capacitive with increasing bias, as indicated in the capacitance Bode plots via a curved
arrow, as well as an increase in the high frequency capacitance. This feature is most
pronounced for the 0 % device.
We propose that, due to efficient charge injection and a high degree of charge
selectivity at the contacts, in far forward bias the concentration on holes at the ZnO/active
layer interface and electrons at the active layer/PEDOT:PSS interface increase. This results
in a space-charge of the “local minority charge-carrier” at each interface (holes at the ESL
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and electrons at the HSL), as indicated in the inset of Figure 5.6 b. When this happens the
“local minority carriers” begin to contribute appreciably to the capacitance at each
interface, lowering the measured capacitance. Additionally these space charge regions lead
to chemical potential gradients that oppose the applied electric field. Charges moving
toward the center of the device along these chemical potential gradients prior to
recombination lead to a diffusion dominated recombination current within the active layer.
Such diffusion-recombination coupled processes have been shown to result in a Warburg
response.39 At +0.8 V for the 0% device only one distorted semicircle is still clearly visible.
At this potential, 0% device exhibits a capacitance less than 0, or inductive behavior. This
was observed both in the capacitance Bode Plot, as well as an inductive loop in the Nyquist
plot as seen in Figure 5.6 a. This indicates that the “local minority” carriers (holes at the
ESL and electrons at the HSL) begins to produce the majority of the capacitive response at
the interfaces.
The reduction in the LF capacitance at biases greater than 0.6 V are smaller for the
1% device and is non-existent for the 10% device. This indicates that the rate of charge
injection at the ZnO/active layer in far forward bias is rapid relative to recombination
within the active layer for the 0% device, is less rapid for the 1% device and is relatively
slow for the 10% device.
There are four qualitative observations that the authors wish to emphasize: (i) For
all systems we observe a decrease in the LF arc resistance (width of arc in Nyquist plot)
with increasing forward bias. (ii) Based of the width of the HF arc, the resistance of the HF
arc is also reduced with forward bias for the 0 and 1% device, but remains relatively
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unchanged for the 10% device. (iii) The O2 percentage of the sputtering gas is affecting
both the injection rate and the extraction rate, as demonstrated by the voltage needed to
deplete the active layer, and by the voltage needed to observe the negative capacitance and
a Warburg responses. (iv) When a Warburg response is observed in conjunction with a
reducing capacitance in far forward bias, these are indicators of rapid charge injection at
the electrode/active layer interface and a high degree of charge selectivity at the charge
collecting electrodes.
5.3.2.2.2 LP500-NS conditions
Next we compared these devices under UV free illumination, i.e. under LP 500-NS
conditions. The Nyquist plots for devices under LP 500-NS illumination conditions are
presented in Figure 5.8 a. The corresponding capacitance Bode plots are shown in Figure
5.8 b. Under these conditions both the HF and the LF Arc of the 0% device shows decrease
relative to the Dark-NS conditions. Otherwise, the shape and voltage dependence of both
response did not show any major differences relative to the Dark-NS conditions. Under
Dark-NS conditions all devices showed a decrease in the LF arc resistance as the bias
increased from 0 V to 0.8 V. The 1% device, however, shows a change in the voltage
dependence of this arc under LP 500-NS illumination.
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Figure 5.8: The Nyquist plots for full devices with 0, 1, and 10% ZnO ESLs, under LP
500-NS illumination conditions shown in a). Corresponding capacitance Bode plots are
presented in b). DC bias legend, top left, applies to all subfigures. A dotted line with a 45°
angle is included in a) to demonstrate the Warburg response at all biases for the 10%
device. The space-charges are formed in the 10 % device at all biases due to a slow charge
extraction rate at the selective contacts relative to the rate of photogeneration, as
represented in the inset in b). This space charge leads to a reduced voltage dependence of
the capacitance and appearance of the Warburg response. Arrows in b) indicating the
change in the capacitance with increasing applied bias. The impedance data were acquired
by the author and Kai-Lin Ou.
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In the Nyquist response of the 1% device under these conditions, we observe a larger LF
arc, i.e. resistance, at 0.5 V and 0.6 V bias than we observe for the 0.4 V bias. This
correlates with the shoulder observed in the linear sweep R-V response of this device, as
seen in Figure 5.4 d. We also observe a ca. two fold increase in the 0 V LF capacitance, as
estimated at 1 kHz from the capacitance Bode plot, and an increase in the HF forward bias
capacitance, as observed in Figure 5.8 b. For the 10% device we did not observe any clear
HF arc, under LP 500-NS conditions, as were seen under Dark-NS conditions. For this
device we also see that the LF arc is larger at the biases 0.5 V, 0.6 V and 0.7 V bias than is
observed at a 0.4 V bias, again corresponding to the R-V peak observed in Figure 5.4 d for
this device under this illumination condition. Additionally we observe an increase of the 0
V LF capacitance, measured at 1 kHz, to from 34 nF∙cm-2 under Dark-NS conditions up to
ca 130 nF∙cm-2 under LP 500-NS illumination conditions, supporting the hypothesis that a
kinetic barrier to charge collection increases with the O2 % of the ZnO sputtering gas.
Interestingly, one of the major difference for the 10% device compared to the 0%
and 1% devices under LP 500-NS conditions is the presence of a straight line near the
origin that is nearly voltage independent. At all biases greater than ca. -0.4 V the HF
response is at a 45°, consistent with a Warburg responses. The slope is reduced to less than
45° with increasingly negative bias, possibly indicating a superimposition of the diffusionrecombination response and another HF process. Unlike the 0 and 1% devices in far
forward bias, the appearance of the Warburg response in this system is not accompanied
by a negative capacitance response, and the was only observed when excess carriers are
generated in the active layer upon illumination. This indicates that this response is due to
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a large space charge of “local majority carriers”, i.e. electrons at the ESL. This is consistent
with a slow extraction rate at this interface relative to the charge photogeneration rate, as
indicated in the inset of Figure 5.8 b.
Similar results have been reported previously for devices with “blocking contacts”
(e.g. CaO) where illuminated devices show a Warburg response near the origin, that is
independent of the applied bias.39 These authors attributed this observation to a large drop
of the applied potential across the CaO layer, which prevented the electric field inside the
active later from changing appreciably with increasing applied bias. The “blocking
contact” device in that study showed only a weak voltage dependence both in the dark and
when illuminated, within a potential range of -1 V to +1 V. Unlike their case, our 10%
device did show a significant increase in the capacitive response in forward bias under
Dark-NS conditions. Since this phenomenon is only observed for the 10% ZnO device
when under illumination, we can conclude that this contact is not intrinsically blocking, as
is the case for the CaO contact, but instead the extraction rate is slow relative to the
photogeneration rate. This leads to the space charge effects described above.
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5.3.2.2.3 Equivalent Circuit Modeling for Dark-NS and LP 500-NS
The equivalent circuit fitting was performed on the data shown in Figure 5.6 a and
5.8 a, for Dark-NS and LP 500-NS conditions respectively. Fits were performed using the
equivalent circuit shown in 5.9 a. We used the same equivalent circuit as used by Kuwabura
et al.,37 which is similar to the circuit employed by Ecker et al..12 In this circuit, RS’ in the
circuit is a contact resistance which is associated with voltage drops prior to the OPV active
layers that are not coupled to a capacitive response, i.e. processes that are strictly resistive
in the frequency range measured. We have chosen to differentiate the RS measured from JV device testing from RS’, as measured by impedance spectroscopy to minimize confusion.
RS’ leads includes effects due to voltage drops through the connecting wires and through
the charge collection electrodes. The LF arc is modeled as a parallel resistor and capacitor,
and will be referred to as RLF and CPELF respectively. The HF feature is modeled as parallel
resistor and capacitor and will be referred to as RHF and CPEHF. Fitting the data with CPE
circuit components rather than pure capacitor components resulted in an increased
goodness-of-fit particularly for the HF Arc. This approach has been implemented in several
publication.12,37,40–43 Fits of η for the LF arc fall in the range of 0.94-1, indicating a pure
capacitive response. For the HF arc we see a reduction in η under conditions where the
Warburg response is observed in the Nyquist response. This is a result of the η = 0.5
characteristic for CPE fits to Warburg response.
The low frequency resistance (RLF) which has been attributed solely to the active
layer resistance in many reports.12,37,39 Similarly, some authors have attributed the high
frequency arc solely to the ESL resistance.12,37,42 We wish to acknowledge that assigning
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Figure 5.9: The equivalent circuit diagram used for impedance fits is presented in a). The
fitted RLF values for Dark-NS and LP 500-NS illumination conditions, as a function of
applied bias, in b) and c) respectively. The approximate position of VOC is indicated therein.
Fits for CPEHF and CPELF are presented in the Figure 5.10. We observe that the shape and
magnitude of RLF tracks well with the R-V responses of the devices presented in Figure 5.4
b and d. As the O2 % is increased we observe an increase in RLF near VOC, following the
trend that is observed in the device measurements. The RHF and RS values are typically
much lower than the values of RHF and there is no clear relationship between the ZnO
resistance and the R-V responses of completed devices. These results are consistent with a
barrier at the ZnO/active layer interface limiting the rate of charge transport in the power
harvesting region of the 1% and 10% devices.
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this arc may be more nuanced. While this arc does appears to have a contribution from the
ZnO layer, it is uncertain the amount that can be assigned to the “bulk”
resistance/capacitance of the ZnO layer as opposed to the ITO/ZnO interface. We have
concluded, however, that the HF arc is unlikely to be related to the ZnO/active layer
interface. This is based on the following observation; if the LF and HF processes shared a
common interface it would be expected that the space-charge that leads to the negative
capacitive effects in the LF range would have a similar effect on the other side of the
interface. This was not observed. In addition, it is possible that the HSL may also contribute
to the response in this frequency range, since a HF arc has also been observed for noninverted devices that did not contain a UV sensitive ESLs.38 Additionally the Warburg
response, which itself does not lead to an arc, also responds at HF. Regardless of these
caveats, the most resistive process that responds in the HF range is expected to dominate
the Nyquist response. Thus, RHF sets the upper limit for the resistance of both the ZnO ESL
as well as the ITO/ZnO interfacial resistance.
In Figure 5.9 b and c we present the fitting results (RLF and RHF) from the Nyquist
data shown above, to the equivalent circuit diagram presented in Figure 5.9 a. The CPE fit
data are presented in the Figure 5.10. RS’ was not included in Figure 5.9, but was
consistently less than 5 Ω∙cm2 and showed a considerably lower resistance than either RLF
or RHF in the power harvesting bias range, 0 V to ca. 0.6 V. At some negative biases, due
to the presence of only one semicircle, we used one RC circuit with a series contact
resistance, i.e. the processes associated with the HF region only negligibly impacted the
impedance response when the active layer becomes highly depleted.
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Figure 5.10: The capacitance and the η values of the HF and LF arcs under Dark-NS and
LP 500-NS conditions, are presented in a) and b) respectively. Fits were not performed on
the HF arc when only one arc was clearly present in the Nyquist response, or when the LF
capacitance was negative (inductive behavior). The capacitance for HF and LF arcs are
calculated using the equation 5.3.56
E
(y% ∙ ) Œ‹
Equation 5.3
‰=
Yo and η are the parameters obtained for CPE after equivalent circuit fitting, and R is either
RHF or RLF.
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The fit RHF and RLF values for the 0, 1 and 10% devices, under Dark-NS conditions, are
plotted against the applied DC bias in Figure 5.9 b. We observe that RLF resistance is large
relative to RHF and RS’ (RS’ < 5 Ω∙cm2) and the RLF values in far forward bias increase with
increasing O2 percentage. This trend is consistent with the resistance values obtained from
the OPV device sweeps presented in Figure 5.4.
The impedance fits for RHF and RLF for the 0, 1 and 10% devices under LP 500-NS
conditions, are shown in Figure 5.9 c We observe a peak in the RLF-V near VOC that
increases with the O2% of the ZnO sputtering gas. This is very similar to the linear sweep
R-V response shown in Figure 5.4 d. Since RLF follows the same trends with applied bias
as the linear sweep responses shown in Figures 5.4 b and d, for all devices studied and
under both Dark-NS and LP 500-NS illumination conditions, we can conclude that the rate
limiting step must involve the active layer and/or the interface of the active layer with either
the ESL or the HSL.
We observe a reduction in the resistance of RHF-V with increasing O2 percentage of
the ZnO sputtering gas in the 0 V to 0.6 V bias region. Since RHF sets the upper limit for
the resistance of the ZnO interlayer as well as the ITO/ZnO interface, and this trend is
counter to the linear device sweep responses as a function of O2 percentage, this eliminates
the possibility that the ITO/ZnO interface, or charge transport through the ZnO layer itself
can be responsible for the s-shaped distortion observed in the OPV device sweeps.
Therefore the limiting component must either be charge transport at the ZnO/active layer
interface or charge transport through the active layer.
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It is unlikely that the O2 percentage of the ZnO sputtering gas greatly affect the
properties or 3D morphology of the P3HT:PCBM layer, and even less likely that UV light
soaking affects the properties of the active layer, thus we can conclude that changes in the
bulk of the active layer cannot be responsible for the changes in the device performance
observed in Figure 5.1 a and Figure 5.4. Since both UV light soaking and changes in the
O2 percentage of the sputtering gas lead to similar changes in the J-V response, we can
conclude that the change in the RLF is due differences in the energetic alignment of the ZnO
ESL with the n-type component of the active layer at the ZnO/active layer interface.
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5.3.2.3 Energetic alignment of ZnO with C60 as a function of deposition conditions.
In Figure 5.11 a we present the full UV-photoemission spectroscopy (UPS) spectra
for 1% O2 ZnO and as a function of C60 thickness, which was varied between 0-8 nm to
study the near interfacial energetic alignment of the ZnO/C60 interface. Spectra were
normalized to the ZnO feature at ca. -11 eV. C60 was chosen as it is a prototypical acceptor
molecule with properties that closely mimic the properties of PCBM.44 In addition, due to
the high symmetry of this molecule and the absence of functional groups, interpretation of
frontier energy alignment is not complicated by molecular orientation affects.45 For these
reasons, several authors have used C60 as a substitute for high performing acceptor
molecules, such as PCBM or ICBA, to gain insight into the electrical properties of these
molecules at interfaces.14,45,46
Figure 5.11 b and c show enlargements of the secondary electron cutoff (SECO)
and the high kinetic edge (HKE) respectively. From the SECO it is possible to calculate
the vacuum level of the system and from the HKE it is possible to calculate the position of
the ZnO valance band (VB) and the highest occupied molecular orbital (HOMO) of the C60
film.47 UPS results for 0% O2 ZnO/C60 and 10% O2 ZnO/C60 can be found in the Figure
5.12 (Note: UPS results for 1% O2 ZnO/C60 is also presented again for comparison
purposes). For proper interpretation on interfacial energetic alignments it is necessary to
determine the nucleation and growth mode of the system. If the overlayer growth is layerby-layer then the change in energetic alignment with increasing thickness can be assumed
to approximate the change in energetic alignment as a function of distance from the
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Figure 5.11: In a) we present the full UPS spectra for bare 1% O2 ZnO, and with a series
of increasing C60 film thicknesses, normalized to the ZnO feature at ca. -11 eV. In b) we
present an expansion of the SECO region. We observe a total vacuum level shift of ca.400
meV with increasing C60 film thickness. In c) we present an enlargement of the HKE
region, which can be used to calculate the valance band maximum and HOMO maximum
for ZnO and C60 respectively. Inset shows the ratio of the C60 HOMO maxima at ca. -2.5
eV divided by the intensity at ca. -7 eV, where the DOS of C60 is approximately zero.48
indicating approximately layer-by-layer growth for at least the first 4 nm of C60 growth.
UPS results for 1% O2 ZnO/C60 and 10% O2 ZnO/C60 can be found in the Figure 5.12.
The UPS data were acquired by Gordon A. MacDonald.
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Figure 5.12: UPS analysis was performed on the bare ZnO surfaces and as a function of
C60 thickness. C60 was chosen as a substitute for PC61BM as it shares similar structure and
electrical properties, but is vacuum depositable, which is allows for a much better control
of thickness and uniformity than can typically be obtained by solution processes. The top,
middle and bottom row show the UPS spectra for 0, 1 and 10% O2 ZnO respectively and
include the spectra for the bare surfaces and as a function of C60 thickness. The
representative UPS spectra shown above which include the full spectra, and regions
emphasizing the secondary electron cutoff (SECO) energy, and the ionization potential (IP)
in columns 1, 2 and 3 respectively. From this UPS data the vacuum levels and the
conduction band maximum (CBM) of ZnO and the HOMO of C60 could be determined as
a function of C60 thickness, were 1 nm of C60 is approximately equal to a single monolayer,
assuming layer by layer coverage. The UPS data were acquired by Gordon A. MacDonald.

297
substrate for thick films. This assumption would not be valid in cases where 3D island
growth is heavily favored.
For thin C60 overlayers on ZnO, the growth mechanism can be inferred directly
from the UPS spectra. The HOMO peak for C60 is at ca. 2.5 eV below the Fermi level, as
shown in Figure 5.11 c. Due to the wide band gap of ZnO and the n-type doping of ZnO,
there is little overlap from the HOMO of C60 and the CB of ZnO. Theoretical calculations
predict an absence of C60 DOS ca. 4.5 eV below the HOMO peak.48 Indeed we do observe
a sharp minimum at ca. 7 eV below the Fermi level for all UPS spectra with C60 thin films
on ZnO. Thus the intensity ratio of the maxima at -2.5 eV divided by the minimum at -7
eV approximates the ratio of the C60 photoemission divided by the photoemission response
of ZnO. This ratio is plotted against the C60 thickness in the inset of Figure 5.11 c. A high
degree of linearity is observed between 0 to 2 nm of C60, with only a slightly sub-linear
response out to 4 nm. While this observation does not guarantee layer-by-layer growth of
the C60 thin film, this observation suggests that the C60 growth is more likely to be layerby-layer or mixed growth as opposed to an island-growth model, as island growth would
be expected to result in a super-linear change in the C60/ZnO response ratio. This
observation simplifies the estimation of the band structure of these ZnO/C60 systems as a
function of distance from the ZnO substrate.
Using these UPS results, and assuming a band gap of 3.4 eV for ZnO,45 and 2.3 eV
for C60,49 we can approximate a band diagram to describe the energetic alignment of ZnO
and C60 at these interfaces. The estimated band diagrams for the 0, 1, and 10% O2 sp-ZnO
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Figure 5.13: Using the UPS data presented in Figure 5.11, and Figure 5.12 in the
Supporting Information, and assuming a constant bang-gap energy of ZnO and C60, the
band structure of the ZnO/C60 interface is presented. Abbreviation descriptions are
provided at the end of this caption. The spot-to-spot variation gave standard deviation (σ)
values less than 50 meV, (n=3). The CB of ZnO was estimated assuming a band gap of 3.4
eV,45 and the LUMO of C60 assuming a band gap of 2.3 eV.49 Φext is small, relative to kT
(~26 meV), for 0% O2 prepared ZnO substrates, and grows with increasing O2 percentage
in the sputtering gas to ca. 6 and 7 fold larger than kT for 1 and 10% O2 ZnO systems
respectively. We hypothesize that an Φext at the ESL/PCBM interface the primary cause of
the s-shaped distortion of ZnO and TiO2 based OPV devices. VAC = Vacuum level; EA =
electron affinity; IP = ionization potential; Φ = work function; CB = conduction band; VB
= valance band; LUMO = lowest unoccupied molecular orbital; HOMO = highest
occupied molecular orbital; Φext = electron extraction barrier; BB = band bending. The
energetics from UPS were estimated by Gordon A. MacDonald.
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ESLs in contact with thin layers of C60 are shown in Figure 5.13. We estimate the Φext at
the 0% ZnO/C60 interface to be near zero. This is consistent with the J-V response show in
Figure 5.4 c for 0% O2 ZnO based P3HT:PCBM device, which showed no s-shaped
distortion. When the O2 percentage is increased to 1% of the ZnO sputtering gas we see an
increase in Φext to ca. 150 meV or approximately 6 times greater than the thermal energy at
room temperature. For the 10% O2 ZnO system the energetic offset is increased to ca. 180
meV or approximately 7 times larger than the thermal energy at room temperature.
Assuming similar energetic alignment between the n-type component of the P3HT:PCBM
active layer and the ZnO surface in devices, the energetic barrier at this interface would be
expected to act as a voltage dependent kinetic barrier for charge transport that could lead
to non-ideal diode responses, as seen in Figure 5.4, for the 1 and 10% O2 ZnO based
devices. Since the flux of charges across such a barrier, at a given electric field, is expected
to exponentially increase with increasing barrier height it is not surprising that a difference
in barrier height of greater than 1 kT could lead to such drastic differences in the OPV
response between the 1% O2 and 10% O2 ZnO based OPV devices. It is somewhat
surprising however that an energetic barrier of 150 meV observed for the 1% O2 ZnO
system does not lead to an even larger distortion of the J-V curve. Further studies are
needed to understand if this disparity can be accounted for by the differences in the
environment of these two systems during testing, i.e. vacuum vs N2 glovebox, or to
differences in the composition at the interface for the ZnO/C60 vs ZnO/P3HT:PCBM
system. Interpretation of these results is further complicated by the considerable
heterogeneity of the local electrical properties of sp-ZnO thin films (see Gordon A.
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MacDonald’s Ph.D. dissertation, 2015, University of Arizona). This includes the Φ of these
ESLs, as revealed by scanning Kelvin probe microscopy (SKPM).
Additionally, reported values for the EBG of ZnO range from as low as 3.1 eV by
optical measurements,50 to as high as 3.9 eV by combination UPS/inverse photo-emission
spectroscopy (IPES).23 the former is likely an under estimation of the true band gap due to
optical excitation from the VB to shallow donor levels below the ZnO conduction band,26
and the latter likely and overestimation due to differences in the Fermi-level position of the
ZnO under IPES testing conditions (dark) as compared to UPS conditions, where the high
energy UV illumination ejects electrons from the VB of the ZnO. As discussed above the
UV light soaking effects associated with ZnO are coupled to the formation of holes in the
VB.16 As has been shown previously in the literature,51 and will be demonstrated in in this
chapter, the Φ of ZnO is highly sensitive to UV and near UV exposure.
Srikant and Clarke have estimated an optical band gap of for ZnO to be ca. 3.3
eV.52 The electronic band gap is equal to the optical bandgap plus the exciton binding
energy, ca. 60 meV,53 leading to EBG ≈ 3.36. If we instead use this value as our assumed
ZnO EBG instead of 3.4 eV we would instead see an injection barrier of ca. 40 meV from
0% O2 ZnO to C60, an Φext of ca. 110 meV for the 1% O2 ZnO/C60 system and a barrier of
greater than 140 meV for the 10% O2 ZnO/C60 system.
Clearly there are too many factors to assign the absolute value of energetic barrier
at the ZnO/C60 interface with a high degree of certainty. However, the larger apparent Φext
with increasing O2 percentage of the sputtering gas is highly reproducible and the estimated
energetic alignments of the ZnO/C60 interfaces as a function of O2 % of the ZnO sputtering
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gas are consistent with J-V device results and the results we obtained from impedance
spectroscopy. Additionally, we have demonstrated that the severity of the s-shaped
distortion of the OPV response of the P3HT:PCBM devices also increases with increasing
O2 percentage. Next we will go on to show the effects of UV exposure on these systems
and demonstrate that the improvement with UV exposure is predominantly due to a
reduction in the Φ of the ESL which leads to a reduction in the Φext at the ESL/active layer
interface.
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5.3.3

PART III: The effect of UV soaking and illumination conditions on 0, 1, and 10%
O2 ZnO substrates and OPV devices.

5.3.3.1 Effects of UV exposure on OPV device responses and ZnO Φ.
In Figure 5.14 a and b we present the J-V and R-V responses for the same 0, 1, and
10% ZnO based devices, under full AM1.5G illumination following 15 minutes of UV
soaking, i.e. AM1.5G-LS illumination conditions. Under AM1.5G-LS conditions we
observe J-V and R-V responses for all devices that are consistent with the theoretical J-V
and R-V responses presented in Figure 5.2 a and b. We conclude that the barrier at the
ZnO/active layer interface must be sufficiently reduced under these illumination conditions
that the ZnO/active layer interface is not kinetically limiting for any of the devices tested.
Since the R-V plots appear to be approaching an asymptote in far forward bias, it is possible
to estimate the RS directly from the R-V response. The RS values, estimated at a ca. 2 volt
bias, are 2.3, 2.8 and 7.0 Ω∙cm2, for the 0, 1 and 10% devices respectively, and the FF
values are 0.53, 0.54 and 0.50 respectively (Table 5.1).
When the UV portion of the AM1.5G spectrum is removed with a 500 nm LP filter,
i.e. LP 500-LS light conditions, we observe very little change in the J-V curves or R-V
curves of the 0 and 1% O2 ZnO based devices, as seen in Figures 5.14 c and d respectively.
Both the 0 and 1% devices show J-V and R-V responses that are very similar to the
theoretical responses presented in Figure 5.2 a and b. This indicates that the improvement
of the 1% device due to UV exposure persists after the UV flux is removed.
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Figure 5.14: The J-V and R-V responses of P3HT:PCBM devices built on 0, 1, and 10%
O2 ZnO under AM1.5G-LS illumination conditions are shown in a) and b) respectively.
All devices display responses similar to the theoretical J-V and R-V responses presented in
Figure 5.1, with relatively small increase in the apparent RS with increasing O2 percentage.
RS values (estimated at ca. 2V) are 2.3, 2.8 and 7.0 Ω∙cm2 respectively. In c) and d) we
present the present the J-V and R-V responses immediately following the removal of the
blue to UV portion of the solar spectrum using a 500 nm LP filter, i.e. LP 500-LS
illumination conditions . The J-V and R-V responses for the 0 and 1% O2 devices show
little change. However, we see an immediate return of the s-shaped distortion of the J-V
response for the 10% O2 ZnO based devices with a peak in the R-V response of ca. 530
Ω∙cm2 near VOC. The dark J-V and R-V responses are shown in figures e and f respectively.
The J-V data were acquired by Gordon A. MacDonald.
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Table 5.1: Summary of UV light soaked devices tested under full AM1.5G, and 500 nm
LP filtered illumination conditions. *The PCE of devices tested with the 500 nm LP filter
were multiplied by a 1.25 mismatch factor to account for the reduction in the photon flux
and the change in the spectrum profile of the of this illumination conditions relative to
AM1.5G illumination. The J-V analysis were performed by Gordon A. MacDonald.
O2
(%)

Illumination
Condition

VOC
(mV)

JSC
(mA/cm2)

FF
(arb.)

*PCE
(%)

R @ VOC
(mA∙cm2)

R @ 1.9V
(mA∙cm2)

0

AM1.5G-LS

579

-10.1

0.53

3.1

10.3

2.3

1

AM1.5G-LS

572

-10.5

0.54

3.2

10.3

2.8

10

AM1.5G-LS

580

-10

0.5

2.9

17.2

7

0

LP 500-LS

570

-8.3

55

3.2

11.3

2.3

1

LP 500-LS

569

-8.4

55

3.3

11.7

2.8

10

LP 500-LS

568

-2.6

17

0.3

546

87
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The 10% device, however, shows a nearly instantaneous return of the peak in the R-V
response, and related s-shaped distortion of the J-V response when the UV portion of the
solar spectrum is removed with a 500 nm LP filter. For this system the R-V peak was
reduced from ca. 2500 Ω∙cm2 to 500 Ω∙cm2 by UV light soaking, and removed completely
when tested under AM1.5G-LS conditions. From these results we can infer that the
energetic barrier is reduced by UV exposure, but rapidly returns once the UV flux is
removed. This indicates that requirement of UV light soaking for these devices can be
eliminated via minimizing the initial Φ ZnO ESL and that devices which require more UV
exposure to reach optimal performance are likely to return the most rapidly to non-optimal
performance when the UV flux is reduced or removed. While not explicitly studied here,
the poor energetic alignment of the 10% ZnO ESL with C60 may also be due in part to a
reduction in the concentration of shallow donor defects in the ZnO layer with increasing
O2 percentage of the sputtering gas. Shultz et al. have recently demonstrated that charge
transfer between shallow donor defects in ZnO films and C60 thin-films has important
implications of the energetic alignment of these semiconducting materials.45
Under Dark-LS conditions, Figure 5.14 d and e, the J-V and R-V responses of the
0% and 1% devices are very similar, while the 10% device shows a much lower slope in
the diode-controlled bias regime. The extracted ideality factors are 1.8, 1.7, 13 and the
diode fits are presented in the Figure 5.15. After UV exposure the values of η for the 0 and
the 1% O2 ZnO based devices fall within the expected range of 1-2 for functioning PV
platforms, i.e. for platforms where charge injection/extraction is not the rate limiting step
for charge transport through the system. The apparent η actually increases for the 10% O2
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Figure 5.15: Here we present the natural log of the current vs. the voltage that correspond
to P3HT:PCBM devices with 0, 1, and 10% O2 sp-ZnO ESLs, after UV exposure, in a), b)
and c) respectively. In each figure we present the ideal diode only best fit results to the
linear portion of each plot, i.e. the effects of the RP and RS are neglected to highlight the
change in the “diode-controlled” bias range. From the inverse of the slope we can extract
η, and from the y-intercept we can extract Jo, the values of which are presented in the
corresponding figures. The J-V experiments and diode fitting were performed by Gordon
A. MacDonald.
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device from ca. 9 to ca. 13. For all devices we observe an increase in the shunt current
following UV exposure. This apparent increase in the value of η may be due to the
difficulty in accurately determining η for systems where the forward bias current is similar
in magnitude to the shunt current. Despite this challenge we can determine that the apparent
value of η is >> 2 and indicates that this device remains contact limited under Dark-LS
conditions. To summarize, the 0 and the 1% devices are not contact limited after UV
exposure under any of the conditions presented here, but the 10% device is contact limited,
even after extended UV exposure, unless a sufficiently high UV flux is present during the
J-V testing.
Impedance spectroscopy was also performed on the devices following UV
exposure. In Figure 5.16 and 5.17, respectively, we present the Nyquist and capacitance
Bode plots for all illumination conditions studied. Similar to the J-V curve responses
discussed above, AM1.5G-LS illumination leads to impedance responses for the 1 and 10%
device that are more similar to the impedance response of the 0% device. UV exposure of
the 0% device, on the other hand, did not lead to any significant changes in the impedance
response. This is consistent with the observation that the 0% device already has nearly
optimal energetic alignment at the ZnO/active layer interface prior to UV exposure.
We note that there is an increase in the far forward bias capacitance, at frequencies
less than 1 kHz, for the 1 and 10% devices under AM1.5G-LS illumination conditions. For
the 10% device under these conditions we also observe an additional LF arc under these
conditions. Further investigation is needed to fully understand what leads to these
additional features. We hypothesize, however, that this feature may be related to a
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Figure 5.16: Here we present a complete set of the impedance Nyquist responses of the
devices under investigation, as a function of illumination condition. The impedance data
were acquired by the author and Kai-Lin Ou.
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Figure 5.17: Here we present a complete set of the capacitance Bode responses of the
devices under investigation, as a function of illumination condition. The capacitance data
were acquired by the author and Kai-Lin Ou.
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trapping/detrapping processes of photogenerated electrons within the ZnO layer. It is likely
an effect relating to the ZnO layer since it is only observed when above EBG, i.e. UV,
photons are present. Additionally, we suspect that this process occurs at unoccupied trap
states between the Fermi level and the CB. Since the 10% device shows the largest
energetic difference between the Fermi level and the CB, it would be expected to have the
most available energy states to participate in this process and/or the deepest unoccupied
trap states available. This may explain why this feature is largest for the 10% device and is
absent for the 0% device. To gain further insight into the effects of the illumination
conditions on the energetic Φext we turn to Kelvin probe studies to investigate the change
in the ZnO Φ as a function of time following UV exposure.
In Figure 5.18 we present the relative change of the contact potential difference
(ΔCPD) between the probe and the 0, 1 and 10% O2 ZnO substrates, as a function of UV
exposure in ambient conditions. A bare ITO substrate was used as reference to correct for
the thermally induced drift in the kelvin probe measurement due to the illumination of the
sample. As marked by an arrow in Figure 5.18, a decrease in the ΔCPD corresponds to a
reduction in the ZnO Φ. For all samples illumination with a 365 nm LED, with estimated
flux power of ca. 6mW∙cm2, leads to a decrease in the CPD of 350 mV. This corresponds
to a decreases in the Φ of the ZnO ESLs. The ZnO Φ remains constant under these
conditions until the UV illumination is ceased. Following UV cessation 0% ZnO shows the
smallest increase in the Φ, followed by 1% ZnO. However, the Φ of 10% ZnO rapidly
returns to its initial value. Since both UV exposure and reduction in the O2% of the ZnO
sputtering gas leads to a reduction in the ZnO Φ, it is likely that these effects lead to similar
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Figure 5.18: The relative change in the CPD for 0, 1 and 10% O2 ZnO substrates as a
function of UV exposure (ca. 6 mW∙cm2), as measured by kelvin probe analysis. UV
illumination was provided by a 365 nm LED mounted below the ITO/ZnO sample, and
measurements were performed in ambient conditions. UV exposure leads to a large
negative shift in the CPD, which corresponds to a reduction in the Φ of the ZnO surface.
After the UV LED illumination is ceased we observe an increase in the Φ of all substrates.
Notably the 0% ZnO system shows the smallest increase in the Φ after UV illumination is
ceased, while the 10% ZnO system rapidly increases to a value that is comparable to the
initial value. In order to reduce impact of substrate heating and cooling during the
measurement, bare ITO was analyzed under identical conditions and the results were
subtracted from the raw results. The Kelvin Probe measurements were performed by
Gordon A. MacDonald.
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changes in the Φext barrier at the ZnO/active layer. This is consistent with the observation
that no s-shaped distortion is observed under the highest UV flux conditions, i.e. AM1.5GLS, for any device. In addition we observed a rapid return of the s-shaped distortion in the
10% O2 device when the UV portion of the illumination is ceased, i.e. under LP 500-LS
illumination conditions. The 10% O2 ZnO ESL shows the most rapid increase in the surface
Φ following UV exposure. These results further confirm that the Φ of the ESL is the
primary factor in determining the J-V and R-V response curves in the power harvesting
region, and that the main effect of UV exposure in improving the PCE is the removal of an
energetic barrier at the ZnO/Active layer interface. To further confirm that the ZnO/active
layer interface is the interface that leads to the s-shaped distortion and UV sensitivity of
these devices we studied the effect of building “bilayer” ZnO ESLs where have of the ESL
was deposited under O2-rich conditions and the other half was deposited under O2 poor
conditions.
5.3.3.2 Effect of order of deposition.
To conclusively demonstrate that the ZnO/active layer interface is current limiting,
and not the ITO/ZnO interface, we studied the effects of building compound ESLs, in
which the ESL is deposited half in O2-rich (10% O2) and half in O2-poor (0% O2)
conditions. Since we know that the 10% ZnO leads to contact limited behavior in the
devices, while the 0% ZnO does not, we can use “stacked” ESL layers to definitively
demonstrate which ZnO interface leads to the contact limited response in the 10%
devices.14 In Figure 5.19 a and b we present the lin-lin and log-lin J-V response for the
ITO/10/0% O2 ZnO/active layer device under Dark-LS, LP 500-LS and AM1.5G-LS
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Figure 5.19: In a) and b) we present the lin-lin J-V response for devices with the structure
ITO/10% O2 ZnO/0% O2 ZnO/active layer and ITO/0% O2 ZnO/10% O2 ZnO/active layer
respectively. In c) and d) we present the corresponding log-lin J-V response. The lighting
conditions were Dark-NS, LP 500-LS and AM1.5G-LS. This data indicates that the
ZnO/active layer interface has a greater contribution to the UV dependence of these devices
than the ITO/ZnO interface. The J-V data were acquired by Gordon A. MacDonald.
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illumination conditions. In Figure 5.19 c and d we present the lin-lin and log-lin J-V
response for the ITO/0/10% O2 ZnO/active layer device under the same illumination
conditions. We observe a relatively small change in the apparent series (at ca. 2 V)
resistance of the ITO/10/0% O2 device, ca. 16, 9, and 3 Ω∙cm2 as we move from Dark-LS
to LP 500-LS to AM1.5G-LS illumination conditions, and we observe no s-shaped
distortion for this system. This indicates that the energetic alignment of the ITO/10% ZnO
does not lead to the contact limited device behavior of the 10% ZnO device. On the other
hand, we observe a large change in the apparent series (at ca. 2 V) resistance of the
ITO/0/10% O2 device, ca. 215, 90, and 6 Ω∙cm2 as we move from Dark-LS to LP 500-LS
to AM1.5G-LS illumination conditions. We also observe large changes in the forward bias
current and the shape of the J-V response which are dependent on the Illumination
conditions. This conclusively demonstrates that the energetic alignment at the 10%
ZnO/active layer interface determines the UV behavior for this system.
5.4

Conclusions
In this work we have demonstrated that the s-shaped distortion common to OPVs

that include common MO ESLs such as ZnO and TiO2 can be attributed to an energetic
barrier at the ZnO/active layer interface. We have demonstrated that the energetic barrier
at this interface increases with increasing ZnO Φ via UPS analysis of ZnO ESL layers and
C60 thin films deposited on these ESLs. In addition we have demonstrated that the
resistance of the ESL layer cannot lead to this s-shaped distortion, as is often indicated in
the literature. This was accomplished via comparison of the experimental J-V and R-V
responses to the theoretical responses predicted by the modified Shockley equation.
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Furthermore we have demonstrated that neither the resistance of the ESL layer, nor an
energetic or kinetic barrier at the ITO/ESL layer dominates the OPV response in the power
harvesting region via impedance analysis. These results instead corroborate the hypothesis
that he energetic barrier at the ZnO/Active layer limits the current and PCE of the devices
in the power harvesting region of the OPV response when an s-shaped distortion is present.
We have demonstrate that the Φ of ZnO is reduced as a function of UV exposure, and have
shown that the improvement in the OPV response as a function of UV exposure and as a
function of O2 percentage of the sputtering gas are both due to a reduction in the Φext with
decreasing ZnO Φ. We have demonstrated that the increased initial s-shaped distortion of
the J-V curves lead to both a lower PCE and a greater sensitivity of the device PCE on the
UV flux. Comparison of devices with “stacked” ZnO ESLs definitively demonstrates that
the energetic alignment of the ZnO/active layer is the interface that determines the presence
(or lack thereof) of the s-shaped distortion of the J-V responses. This work clearly
demonstrates an approach to differentiate between the most common proposed causes of
the J-V distortion, and demonstrates that removing the Φext at ESL/active layer interfaces
is critical to reducing the s-shaped distortion and UV sensitivity of devices with ESLs.
5.5
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6. CHARACTERIZATION OF ZnO INTERLAYERS FOR ORGANIC
SOLAR CELLS: CORRELATION OF ELECTROCHEMICAL,
INTERFACIAL AND DEVICE PROPERTIES
6.1

Introduction
Interlayer thin film materials are often introduced between active layer in organic

solar cells (OPVs) and top and bottom electrical contacts, to provide for efficient and
selective electron- or hole-harvesting.1–8 Inverted configuration OPVs typically use an
electron-harvesting interlayer, such as ZnO or TiO2, on a transparent conducting oxide
contact (e.g. indium-tin oxide, ITO), with an emphasis on interlayers which can be solution
processed from sol-gel or nanoparticle precursors.1,3,4,9–17 Metal oxides such as ZnO and
TiO2 are typically used as electron transport layers (ETLs), since their conduction band
energies are positioned close to the LUMO transport levels of electron acceptor
components in most OPVs, and can provide for good suppression of hole-harvesting and
interface recombination owing to their large bandgap energies.3–5,7,8 It is believed that the
properties required for a hole-blocking, electron harvesting interlayer film must include: i)
proper positioning of band edge energies to make electron harvesting possible and holeharvesting thermodynamically suppressed; ii) high electron motilities and appropriate
doping levels and dopant distribution which avoids series resistance effects and the
presence of electrostatic barriers to electron harvesting, e.g., aluminum-doped ZnO
(AZO);18–22 iii) minimization of physical pathways (pinholes, shunts) by which the donor
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component in the OPV active layer can come into direct contact with the underlying
electron harvesting contact.3,4,7,23 These properties are often interconnected and their
optimization can be extremely sensitive to processing conditions which control micro/nanostructure, near-surface chemical composition and electronic properties of the oxide
and further affect the employing OPV device performance.11,20,24
Vacuum processing of metal oxide films by chemical vapor deposition (CVD),
atomic layer deposition (ALD), or RF/DC sputtering (SP) can provide for fine control of
nucleation and growth of quite dense ZnO films.25–28 ZnO and TiO2 in interlayers for OPVs
are often formed by processing from solution precursors,11,12,24,29–34 deposition occurs via
dip/spin-coating precursor molecules and post-annealing to evaporate solvents and
decompose the precursor ligands.8,35–37 Ultimately it is desired to “print” these layers, or
slot-die coat them, at thicknesses that ensure good electrical performance in one deposition
cycle.38 Metal oxide nucleation, however, into larger and more heterogeneous nuclei than
seen in CVD, ALD or sputtering deposition, begins in the liquid phase, where interactions
between precursor molecules dominate over molecule-to-substrate interactions. “Island”
growth of the oxide films may dominates25 and a mesoporous structure with high surface
area can be obtained, typically relevant in TiO2-based dye-sensitized solar cells
(DSSCs),39–42 and more recently perovskite solar cells.43–47 Such solution-deposited films
may not be close packed, and not conformal to the underlying substrate, leading to high
pinhole densities for thinner films and a “compact” TiO2 layer is typically introduced in
between transparent conductive oxide (TCO) and mesoporous TiO2 layer in the DSSCs48–
52

and perovskite solar cells53–56 configurations. The pinhole density of films in a layer-
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structured PV device is often indirectly evaluated through the device shunt resistance, Rp,
which prevents evaluation of Rp from each component layer, and a direct comparison
between thin film pinhole density, for either hole- or electron-selective interlayers and
device electronic properties is challenging. Previous studies established the photoshunt (Rp
under illumination) as a consequence of interface defects.57 Measuring the photoshunt
requires a full device but still does not allow identifying at which interface the defect
occurs. Alternative methods are therefore required to characterize the quality of individual
interface layers.
In this chapter, we demonstrate easily implemented electrochemical methods (cyclic
voltammetry and impedance spectroscopy) to evaluate semi-quantitatively the physical
imperfections, i.e., pinholes for ZnO, processed from sol-gel precursors, and by RF
sputtering, which are then directly correlated with their device J-V behavior. Similar
approaches have been recently demonstrated by Bard and coworkers for characterization
of ALD TiO2 films.58 Cyclic voltammetry is used firstly for the evaluation of background
(capacitive) current responses for OPV-relevant ZnO interlayer thin films in contact with
non-aqueous electrolyte solutions, where the magnitude of the capacitive current correlates
with the active surface area of the oxide film. We also electrochemically detect electron
injection/extraction into near surface states, in the form of “chemical capacitance,59,60 at
applied potentials which are equivalent to, or above, the conduction band energy, ECB.
When small probe molecules are added to these solutions, whose redox potentials
span the equivalent bandgap energy of the ZnO film, faradaic currents, voltammetric peak
shapes, and impedance analysis, indicate the extent to which physical porosity in the oxide
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film is controlled. Similarly we show for the first time that we can spin pure poly(3hexylthiophene) (P3HT) or P3HT:PCBM blend films on these ZnO interlayers, and that
the extent of electrochemical oxidation of the poly(thiophene) appear to correlate with
pinhole density in the oxide film, i.e. the degree to which the polymer donor can penetrate
to the underlying ITO contact. With the presence of fullerene derivatives in the blends, the
P3HT oxidation through the pinhole pathways in the ZnO thin films was sufficiently
suppressed, suggesting a preferential phase segregation between P3HT donor (toward top)
and PCBM acceptor (toward ZnO) was formed. Finally we show that the degree of porosity
of these oxide films, as revealed by these electrochemical measurements, correlates well
the shunt resistance, Rp, extracted from dark J-V curves for full device platforms, and that
those interlayer films with the greatest physical integrity lead to the most efficient OPV
devices. We expect that this approach to evaluation of film properties, correlated with Rp
in PV platforms, will be applicable to the characterization of several other metal oxide
interlayer materials, e.g., NiOx, MoOx, WOx, and VOx, and are the type of protocols that
could be easily implemented with films created by roll-to-roll deposition processes.38,61,62
This research is a collaborative effort between the Armstrong and Saavedra groups
at the University of Arizona. I acknowledge the primary authorship of Kai-Lin Ou, Ph.D.,
2015, from the Armstrong group. My main contributions to this work were the impedance
measurements and the data analysis.
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6.2
6.2.1

Experimental
Synthesis of sg-ZnO solution
In ambient air, ethanolamine (0.223 ml, >99.9% Sigma-Aldrich) and 2-

methoxyethanol (3.0 ml, >99.5%, Aldrich) were loaded in a clean 20 ml vial. After minimal
mixing, zinc acetate dihydrate (0.826 g, ≥98%, Sigma-Aldrich) and 2-methoxyethanol (2.0
ml, >99.5%, Aldrich) were sequentially added into the resultant solution. The vial was then
sealed with a plastic lid and transferred onto a 60 oC hot plate with 800 rpm stirring. After
30 minute heating process, the zinc acetate dihydrate solid was totally dissolved and the
solution became transparent. The solution was filtered through a 0.45 μm syringe filter
prior to use.
6.2.2

The deposition of sg-ZnO and sp-ZnO on ITO substrates
(1) sg-ZnO: Pre-cut ITO substrates (ca. 15Ω/sq, Colorado Concept Coating, LLC)

were cleaned with micro-fiber cloth using Triton-X 100 detergent, and sonicated in TritonX 100 detergent, nanopure water, and pure ethanol, sequentially. Cleaned ITO substrates
were kept in pure ethanol for storage. ITO substrates were dried under a N2 stream before
use. The ITO were treated with 10.5 watts O2 plasma at ca. 400 mtorr for 10 minutes
(Harrick plasma, Model PDC-32G) before each deposition. The deposition of sg-ZnO film
onto ITO substrate was carried out through spin coating (3000 rpm, 1 minute). The
deposited film was seated in a petri-dish with lid on and transferred to a 280 oC heat oven
for 10 minutes thermal annealing. Multiple spin coating and annealing cycles (2, 3 times)
were performed to obtain thicker sg-ZnO films.
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(2) sp-ZnO: The pre-cleaned and plasma treated ITO (as discussed above) was
loaded into the sputtering chamber (Kurt J. Lesker, Model AXXIS), and pumped down to
a base pressure of ca. 1 x 10-6 torr. Sputtered films were formed via RF sputtering, where
the applied bias between anode and cathode is flipped at a radio frequency of ca. 10 MHz
to prevent charge build-up on the ZnO target (99.999%, Kurt J. Lesker). During sputtering
the magnetron power was operated at 100 W with the background pressure set to ca. 4.6 x
10-3 torr by adjusting the carrier gas flow rate. The carrier gas is composed of 99% argon
and 1% oxygen. The deposited 30 nm film thickness was controlled by the time length of
sputtering and calibrated with atomic force microscopy (AFM) through the height
difference at mask-covered regions versus uncovered regions.
6.2.3

Film characterization
(1) Film structure and morphology: cross-section images of ITO/sg-ZnO and

ITO/sp-ZnO films were obtained with field emission scanning electron microscopy (FESEM – Hitachi, Model 4800). The samples were coated with a few nanometers of sputtered
Pt to prevent charging during the analysis. The morphology of sg-ZnO and sp-ZnO
deposited on ITO was characterized via tapping mode AFM (Dimension 3100 - Veeco
instruments).
(2) Electrochemical studies: Cyclic voltammetry (CV) was used to evaluate the
pinhole density and hole blocking ability of ZnO and on ITO. All the electrochemical
measurements were conducted using a potentiostat (CHI 660c) and a standard threeelectrode electrochemical cell with ZnO/ITO as working electrode (area=0.671 cm2),
platinum gauze as counter electrode and Ag/Ag+ (BASi, 10 mM AgNO3 in 0.1M
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tetrabutylammonium hexafluorophosphate (TBAPF6) electrolyte) pseudo-reference
electrode. Probe molecules: N,N’-Bis(3-methylphenyl)-N,N’-diphenylbenzidine (TPD)
(99%,

Aldrich,

(recrystallized

before

used),

Ferrocene

(Fc)

(>98%,

Fluka),

Decamethylferrocene (Me10Fc) (97%, Sigma-Aldrich), and 1, 1’-DimthylFerrocene (98%,
Aldrich) were prepared to be 0.5 mM in 0.1 M (TBAPF6) (98%, Aldrich) in acetonitrile
(HPLC grade, EMD) was used as the supporting electrolyte.
Electrochemical impedance spectroscopy (EIS) was carried out using the same
electrochemical cell used for CV with AC potential modulation amplitudes of 10 mV and
a frequency range of 104 to 1Hz in 0.5 mM TPD in 0.1 M TBAPF6 acetonitrile solutions.
The DC potential applied for the EIS experiment was 0.42 V (mid-point potential of first
redox process of TPD) and -0.1 V (outside of redox window of TPD) vs. Ag/Ag+ non
aqueous reference electrode. The EIS data was fitted in the frequency range of 10 kHz to
1 Hz using Garmy Echem Analyst (Version 5.65) software.
The deposition of pure P3HT or P3HT:PCBM blends on ITO/ZnO substrates were
carried out in a N2 filled glovebox, P3HT (electronic grade, Rieke Metals) and
P3HT:PCBM (99.5%, Nano-C) solutions were prepared in 1,2-dichlorobenzene at 15
mg/mL and 36 mg/ml (1: 0.8 wt%), respectively. The solutions were stirred at 60 oC for at
least 3 hours before being used. The active layer film deposition was carried out by spin
coating on ZnO/ITO substrates (700 rpm, 1 minute). The deposited films were seated in a
petri-dish with the lid covered for overnight and then the samples were annealed at 100 oC
(P3HT:PCBM/ITO) and 150 oC (P3HT/ITO) for ten minutes.
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6.2.4

OPV device characterization
The same procedures for P3HT:PCBM BHJ layer deposition onto sg-ZnO/ITO and

sp-ZnO/ITO, as described above, were used. To complete the full BHJ device
configuration, PEDOT:PSS was deposited onto the OPV active layer. 1 wt% Triton X-100
surfactant was added into PEDOT:PSS solution to improve the PEDOT:PSS wettability to
the blend layer. The mixed PEDOT:PSS solution was spun on the blend layer in air at 4000
rpm for 1 minute and rinsed with ethanol, isopropyl alcohol for multiple cycles (generally,
4 to 5 cycles, it may change based on the environment humidity) until the PEDOT:PSS
layer completely wet the blend layer. The deposited samples were transferred into N2 filled
glovebox and annealed at 110 oC for 10 minutes. Ag (99.99%, Kurt J. Lesker) top electrode
with 100 nm film thickness was thermally evaporated on the substrates under < 10-6 torr.
A shadow mask was used during the Ag deposition to confine the cell area (0.125 cm2).
6.2.5

Device J-V characterization
The dark and light J-V measurements were carried out using a source meter

(Keithley, model 2400) and in-house software (National Instruments Labview 8.2) in a N2
filled glovebox (Mbraun Labmaster). The scan voltage was swept from -2 V to 2 V with
10 mV steps. A 300 W Xe arc lamp (Newport) was used as a light source, light was passed
through a neutral density filter (Thorlabs), an AM 1.5 filter (Melles Griot), and a 40o output
angle optical diffuser (Newport), subsequently before illuminating OPV devices. The
illuminating light intensity at the device plane was calibrated by a flat response thermopile
(Newport) and a calibrated silicon photodiode (Newport – Model 818-SL with OD3
Attenuator) to achieve 100 mW/cm2.
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6.3
6.3.1

Results and discussion
Film morphology and porosity
A structural comparison between sp-ZnO and sg-ZnO films on ITO is shown in

Figure 6.1 (a), (b) for cross-sectional FE-SEM images. Figure 6.1 (c), (d) show schematic
views of the hypothesized interaction of the polymer/small molecule active layers with the
ZnO/ITO contact. sp-ZnO films are generally conformal with the ITO substrate, and quite
compact, consistent with layered growth mechanisms for deposition,25 and are used here
as a standard against which sp-ZnO films are compared. These sg-ZnO films are typically
much rougher with significant apparent porosity when viewed in cross-section, consistent
with what is expected from island growth mechanisms.25 These observed structural and
morphology differences are consistent with their AFM-determined surface roughness root
mean square (RMS) value: ca. 7.3 nm (sg-ZnO) vs. ca. 2.5 nm (sp-ZnO)), as shown in
Figure 6.2. Previous studies of similar sol-gel derived oxide films suggest that the specific
surface areas of annealed films can be as high as 280-300 m2/g to accompany this higher
surface roughness.63,64
Figures 6.1 (c), (d) show proposed interactions between P3HT:PCBM blend active
layers and sp-ZnO versus sg-ZnO interlayers, emphasizing the role that pinholes in the sgZnO interlayers might play in providing pathways for hole-harvesting and injection at
exposed ITO/P3HT interfacial regions. As will be discussed below, the 40 nm sg-ZnO
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Figure 6.1: Cross-section FE-SEM images of (a) sp-ZnO/ITO and (b) sg-ZnO/ITO with
polymer/small molecule or polymer only active layers above the ZnO interlayer. sp-ZnO
films are generally conformal with the ITO substrate, while sg-ZnO films, even after
annealing, demonstrate considerable porosity and rough surfaces. (c) and (d) are the
hypothesized schematic views for polymer semiconductor active layer/ZnO/ITO
heterojunctions for sp-ZnO and sg-ZnO interlayers, respectively. Dense and uniform spZnO films easily separate P3HT:PCBM active layers from the underlying ITO contact,
minimizing leakage and dark injection pathways. More porous sg-ZnO interlayers allow
for penetration of the active layer components through sg-ZnO layers, lowering Rp and
compromising OPV performance. The FE-SEM images were acquired by Steven
Hernandez at the University Spectrscopy and Imaging Facilities.
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Figure 6.2: 1 x 1 μm AFM images of (a) 40 nm sol-gel ZnO and (b) 30 nm sputtered ZnO
deposited on ITO. (c) and (d) show the cross-section height profile of (a) and (b),
respectively. The selected region is indicated with double arrow in the AFM images. The
AFM images were acquired by Wu Xin.
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layer (a thickness typical for OPV relevant interlayers, spin-cast at 3000 rpm, one spincoating cycle), shows the least hole-blocking ability in the electrochemical data and leads
to the highest leakage currents (lowest Rp) in OPV devices.
6.3.2

Electrochemical characterization: double layer and chemical capacitance
We first consider ways to ascertain the degree to which inert non-aqueous

electrolytes interact with sg-ZnO and sp-ZnO films which can be used as an indirect
measure of “electroactive area” of porous oxide films, as measured by the displacement
currents arising in voltammetric characterization in the absence of redox probe molecules.
Cyclic voltammetry was used for CH3CN/0.1M TBAPF6 solutions, at a sweep rates of 1
V/s over potential ranges from +0.8 to -0.9 volts vs. Ag/Ag+, a range that was selected to
coincide with the energies of the band gap region of ZnO, and a negative potential limit
which corresponds to electron injection into ECB of ZnO,1 with the energy level of ECB for
ZnO equal to ca. -4.4 eV versus vacuum.1,7 These energies are estimated by converting the
reference electrode potential (versus a probe redox couple such as ferrocene/ferricenium)
to an absolute energy scale, assuming that the standard hydrogen electrode (SHE) has an
energy of ca. -4.5 eV versus vacuum.65
In the voltage region positive of ca. -0.4 volts (in the bandgap region below ECB for
ZnO) the current density can be described by: 66
, = =‰• Ž1 − exp •− Œ ‰ •‘
\ •

789 ,( 6.1

where = is sweep rate (volts/sec); ‰• (F/A) for a planar electrode would be described by
the double layer capacitance at the ITO/electrolyte interface (assuming penetration of
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electrolyte to that contact), t is time;
greatly exceed

\ ‰• ,

\

is solution resistance. For sampling times that

‰• is estimated from the steady state current.

As has been previously demonstrated for both TiO2 and ZnO thin films, and bulk
semiconductor electrodes, as applied bias is made more negative of -0.5 volts Ag/Ag+,
approaching potentials equivalent to ECB for ZnO, we expect to observe additional
background currents due to charge accumulation in “trap states” just below ECB.60 Such
currents have been described previously as “chemical capacitance” currents, which rise
exponentially with increasingly negative applied potential, as charge density and interfacial
capacitance increases. Bisquirt et al. have combined theoretical modelling with
experimental data acquired from cyclic voltammetry (CV) and impedance spectroscopy to
study, at a microscopic scale, the electrochemical responses of chemical capacitance in a
TiO2 layer.59,60,67–69 This charge trapping/detrapping of high surface area metal oxides is
dictated by any localized state present on an oxide surface. These can result from structural
disorder and the polycrystalline/amorphous nature of the oxide,70,71 and the presence of
defect sites with energy levels close to ECB, e.g., the shallow donor state from a metal
interstitial defect.72–74 The distribution of these trap states can be described by the following
equation:68,75
’(7) =

v“
%

exp {

7 − 7M
%

~

789 ,( 6.2

where NL is the electrode total volume density of traps; To is a temperature parameter to
describe the broadening of the exponential distribution; E - ECB is the energy of the trap
state with respect to the conduction band energy; kB is the Boltzmann constant.
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Figure 6.3 shows the cyclic voltammograms of sg-ZnO/ITO and sp-ZnO/ITO thin
films as shown in Figure 6.1. The sg-ZnO sample shows an exponential growth current
when the applied bias is negative of ca. -0.4 V vs. Ag/Ag+, while for the sp-ZnO sample,
the capacitive current is ca. 10 x lower than sg-ZnO at -0.8 V vs. Ag/Ag+. The difference
in the current magnitude can be attributed to the surface area difference between sg-ZnO
and sp-ZnO thin films, as has been suggested in many nanoporous TiO2 films.76–79
The accumulated charge density in the chemical capacitance region was calculated
to be 7.6 μC/cm2 for sg-ZnO (performing a linear background subtraction from 0.5 to -0.3
V vs. Ag/Ag+), and significantly smaller current and charge densities were found for spZnO films. It was also of interest to examine the capacitive current when the applied bias
is positive of 0 V vs. Ag/Ag+. In this potential region, the steady capacitive current has
been suggested to be mainly attributed to the ITO/electrolyte double-layer capacitance.60,80
From the steady-state current and using eq. (6.1), the double-layer capacitance was
determined to be 10 and 0.80 μF/cm2 for sg-ZnO and sp-ZnO films on ITO, respectively
(determined from the current difference at 0.3 V vs. Ag/Ag+ in forward and reverse sweep,
which approximates to 2 times the product of ‰• and sweep rate, 1 V/s). The magnitude of
double-layer capacitance reflects the degree of penetration of electrolyte to the ITO surface,
which can be a direct way to qualitatively evaluate the pinhole density of deposited ZnO
films. sp-ZnO forms a dense and conformal film with the underlying ITO substrate. As a
result, it is harder for electrolyte ions to penetrate the film and reach the ITO surface. The
sg-ZnO, instead, forms a porous, discontinuous film with the underlying ITO surface,
which in turn allows electrolyte ions to diffuse to the ITO substrate.
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Figure 6.3: Cyclic voltammograms of sg-ZnO/ITO, sp-ZnO/ITO and sg-ZnO/sp-ZnO/ITO
heterojunctions in contact with 0.1 M TBAPF6 in anhydrous acetonitrile. The inset shows
the similarity of the capacitive response of the sp-ZnO/ITO and sg-ZnO/sp-ZnO/ITO
samples, i.e. the sputtered ZnO film controls the capacitive response of even a more porous
ZnO deposited over the sp-ZnO film. For all measurements, 1000 mV/s scan rate was used.
The CVs were acquired by Kai-Lin Ou.
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In order to further confirm our explanations for the double-layer and chemical capacitance
difference between these two ZnO film types, we prepared a layered ZnO interlayer with
sp-ZnO (30 nm) deposited on an ITO substrate and an sg-ZnO film (40 nm) on top of the
sp-ZnO film (ITO/sp-ZnO/sg-ZnO), as depicted in Figure 6.3. From this layered sample,
we expect sp-ZnO with a low pinhole density would produce a small double-layer
capacitance, while sg-ZnO with high surface area would contribute to high exponential
current in chemical capacitance region negative of applied potentials representing ECB. The
voltammogram of ITO/sp-ZnO/sg-ZnO films are also shown in Figure 6.3. As expected,
layered ZnO films on ITO show the capacitive response of sp-ZnO, at potentials positive
of 0 volts, and the capacitive response of sg-ZnO at potentials negative of that bias. The
double-layer capacitance (positive of 0.3 volts) was ca. 0.79 μF/cm2 (comparable to 0.80
μF/cm2 in sp-ZnO, as shown in Figure 6.3 inlet), the chemical capacitance accumulated
charge density was determined to be 9.2 μC/cm2 (on the same order magnitude as 7.6
μC/cm2 in just sg-ZnO films. This suggests that a compact ZnO layer introduced in
between ITO and high pinhole density sg-ZnO layer may be quite beneficial to OPV device
performance, and it is notable that a similar strategy as has been used in the design of TiO2
photoanode configurations in both dye-sensitized solar cells, and more recently, perovskite
solar cells configurations.49,51–55
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6.3.3

Electrochemical characterization: charge blocking ability of ZnO films with probe
molecules
Studies of charge transfer of probe molecules through passive films on metal, or

metal oxide electrodes, typically using self-assembled monolayers (SAMs), insulting
polymers, and oxide films has been well characterizaed.58,81–84 The electrochemical
response of the passivated electrode, where the passivating layer has pinholes which allow
electrolyte penetration, is highly dependent on the distributions, sizes, and geometric
shapes of electroactive sites as well as the average distance between each electroactive
site.58,81–88 For passivated electrodes with equally spaced electroactive sites (pinholes),
modeling as a microelectrode array (MEA) configuration is often used to simulate their
voltammetric

and

chronoamperometric

behavior,58,85–88

where

electrochemical

characteristics are assumed to arise from with semi-infinite linear diffusion or steady-state
radial diffusion.81,83,86,87 Bard and coworkers for example, have studied the electrochemical
behavior of ALD TiO2-covered ITO and found the distribution of non-blocked ITO sites
through pinholes can be simulated as a typical MEA when less than 30 ALD cycles, i.e., a
ca. 2 nm TiO2 layer, is deposited on ITO. Sweep rate dependent voltammograms of probe
molecules show mass transfer behavior transitions from radial to linear diffusion with
increasing scan rate. To fully cover ITO surfaces without the presence of significant
pinholes, more than 100 ALD cycles, i.e., 4 nm, TiO2 layer was needed.58
Using sg-ZnO covered ITO working electrodes, we expect that mass transfer
characteristics will be complicated by the interconnected pinhole pathways in the sg-ZnO
film, extending from the ZnO/solution interface to the ITO surface (as suggested by Figure
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6.1) and linear diffusion based on the assumption of an individual cylindrical diffusion
channel, without overlap of adjacent “microelectrodes” in the MEA model may not be
entirely valid. We can, however, assume the MEA model holds to the extent that it allows
us to semi-quantitatively compare the degree of blocking of the ITO contact by the ZnO
layer.
High quality, pinhole-free ZnO films will act as passivating layers, provided the
redox potentials of the probe molecules are energetically within the band gap of ZnO, as
recently showed for several different probe molecules used to characterize CVD TiO2.89
The existence of pinholes, however, allows the electroactive species to diffuse to the ITO
surface and where faradaic events may occur.90
We first compared sg-ZnO with sp-ZnO in terms of their hole-blocking abilities
using voltammetry of the probe molecules: (decamethylferrocene (Me10Fc) and 1,1’dimethylferrocene

(Me2Fc))

and

N,N′-bis(3-methylphenyl)-N,N′-diphenylbenzidine

(TPD). All probe molecules have redox potentials within the band gap region of ZnO.89
We first studied the hole blocking ability of sg-ZnO as function of film thickness and found
a strong correlation between the pinhole density and the charge blocking ability.
The cyclic voltammograms of Me2Fc, Me10Fc and TPD using bare ITO and sgZnO/ITO deposited with one (1x, ca. 40 nm), two (2x, ca. 80 nm), and three (3x, ca. 120
nm) 3000 rpm spin-coating cycles, and a 30 nm sp-ZnO/ITO film are shown in Figure 6.4.
The voltammetric responses of 1x sg-ZnO film (Figure 6.4 (b)) are nearly identical to those
for bare ITO (Figure 6.4 (a)) with good voltammetric wave symmetry, indicating 40 nm
sg-ZnO layers do not block the charge transfer of these redox probes, so that diffusion
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Figure 6.4: The cyclic voltammograms of 0.5 mM TPD, Me2Fc, and Me10Fc (left to right)
using bare ITO (a) and one (1x, ca. 40 nm) (b), two (2x, ca. 80 nm) (c), and three (3x, ca.
120 nm) (d) spin-coating cycle sg-ZnO/ITO and (e) 30 nm sp-ZnO/ITO as working
electrode. For all measurements, 100mV/s scan rate was used. All the probe molecules with
redox potentials in the band gap of ZnO. This series of voltammograms show the charge
(hole) blocking abilities of different thickness sg-ZnO and sp-ZnO. The CVs were acquired
by Kai-Lin Ou.
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controlled voltammetric responses can occur at this sweep rates. Note that we also observed
one spin-coating sg-ZnO layer, using a different spin speed (2000 rpm) generates a ca. 70
nm film thickness, but its voltammetric response, however, was similar to that of 1x sgZnO/ITO and bare ITO, indicating that the pinhole size and density in films which were
the product of just one spin-coating cycle, is large enough for probe molecule to diffuse
freely. The charge blocking ability becomes independent of film thickness at the given scan
rate.
The improvement in the charge blocking ability can be seen as we increase the
number of spin-coating circles. The current magnitudes of the voltammograms for 2x sgZnO films (Figure 6.4 (c)) become lower for all redox couples. The elimination of pinholes
is further enhanced for 3x sg-ZnO/ITO sample, where charge transfer with all three redox
couples is almost completely eliminated (Figure 6.4(d)). Some secondary peaks were
found for the 2x sg-ZnO film (Figure 6.4 (c)) and slightly observed in the 3x sg-ZnO film
(Figure 6.4 (d)). The positions of these secondary peaks are close to, or in the range of, the
chemical capacitance region, which may be an indication of charge transfer through the
trap state below the CB. This charge transfer blocking effect can be further improved in
sp-ZnO thin films (Figure 6.4 (e), note that the current scale is fifty times smaller than the
other voltammograms). The dense structure of sp-ZnO films, with low pinhole density at
only 30 nm film thickness is significantly more charge blocking than any of the thicker sgZnO films (40, 80, and 120 nm).
Studying charge transfer at a blocked electrode using electrochemical impedance
spectroscopy (EIS) allows for the evaluation of the fractional coverage (1- θ) and the
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distribution of electroactive sites. In general, to determine the relative coverage of blocked
areas (θ), the impedance data were fit with the Randles model, as shown in Figure 6.5 (a),91
where θ is estimated from previously derived relationships which use the charge transfer
resistance (Rct) of blocked and unblocked electrodes:92–95
θ = 1- (

”&•–%"— •
/
"$

•–%"— •
)
"$

(3)

For our EIS studies the probe molecule, TPD, was chosen since its first redox
potential is ca. 1 eV positive from ECB of ZnO on the electrochemical scale, as shown in
Figure 6.5. Any faradaic events can be mainly attributed to molecule diffusion through
pinholes, with only minimal contributions from charge transfer through surface states near
ECB of ZnO.
Figure 6.5 (b), (c), (d), (e), and (f) show the Nyquist (Z’’ vs Z’) plots and the fitting
curves (using Randles model, as shown in Figure 6.5 (a)) of bare ITO, 1x, 2x, 3x sg-ZnO,
and 30 nm sp-ZnO/ITO analyzed using TPD as a probe molecule, respectively. The fitting
results for each component in the Randles model are summarized in Table 6.1.
In Figure 6.5(b) and 6.5(c), a nearly complete semicircle in the high frequency
region (104 to 102 Hz) and a linear region in the low frequency region (102 to 1 Hz) were
found. In the high frequency region, the impedance frequency response can be seen as the
contribution of a combined parallel Rct and double layer capacitance (Cdl) and when Rct is
small compared to capacitive reactance (χc) of Cdl, a distinct semicircle appears. In our
system, it means the charge transfer process is kinetically controlled at the ITO/electrolyte
interface, and the blocking effect from the ZnO film is minimal. In the low frequency
region, a linear characteristic means semi-infinite linear diffusion of the redox species is

342

Figure 6.5: (a) The equivalent circuit (Randles model) for the impedance data fitting. CE
is the counter electrode; WE is the working electrode; Rs is series resistance; Rct is charge
transfer resistance; CPEdl is constant phase element for double layer capacitance; W is
Warburg diffusion element. The Nyquist plots of (b) bare ITO, (c) 1x sg-ZnO/ITO, (d) 2x
sg-ZnO/ITO, (e) 3x sg-ZnO /ITO, and (f) sp-ZnO/ITO using 0.5 mM TPD with 0.1 M
TBAPF6 supporting electrolyte in acetonitrile solution. The potential was set at 0.42 V vs.
Ag/Ag+. The experimental data is shown by circle (○) and the fit is shown as solid line (). In (b), (c), and (d), the appearance of semicircle indicates that small Rct is obtained and
TPD charge transfer with ITO is allowed or only partially blocked, while in (e) and (f),
impedance characteristics is dominated by their capacitive property (large –Z’’), indicating
large Rct is obtained and TPD charge transfer with ITO is almost completely blocked.
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Table 6.1: The modelling impedance characteristics of the charge transfer between TPD
probe molecule with bare ITO and sg-ZnO layers and sp-ZnO covered ITO working
electrodes base on the Randles model, as shown in Figure 6.5 (a). aThe electrode active
XNR
˜&R 82
area was determined by the numerical ratio of "$
/ "$
. Average and standard
deviation of three samples were reported here.
Rs (Ω
cm2)

Rct (Ω cm2)

CPEDL
(μF cm-2)

CPEDL
(n)

ITO
1x sg-ZnO (ca. 40 nm)

79 ±6

202±83

6.46±1.35

0.93±0.03

Electrode active
area (1- θ)
w. r. t. ITOa (%)
1

79±6

290±84

6.39±0.43

0.96±0.01

70

2x sg-ZnO (ca. 80 nm)

79±2

1939±144

9.84±1.19

0.92±0.01

10

3x sg-ZnO (ca. 120nm)

87±4

67037±29883

8.78±1.04

0.93±0.01

0.3

sp ZnO (30 nm)

77±4

1219633±270102

0.64±0.03

0.97±0.01

0.02
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achieved, with a Warburg diffusion element (W) modeling this diffusion behavior.82,96,97
In Figure 6.5(d), (e) and (f), only a semicircle or a fraction of semicircle with no low
frequency linear region was observed. This observation indicates that the impedance
response is dominated by kinetically controlled charge transfer, without linear diffusion
mass transfer behavior over this frequency range, and as a result, an increase in Rct is
expected, as showed in Table 6.1. The Rct of 1x sg-ZnO (290 Ω cm2) is at the same scale
with slightly larger value than that of bare ITO (222 Ω cm2), meaning charge transfer of
TPD at 1x sg-ZnO/ITO is not significantly inhibited by the physical barrier of the 1x sgZnO top layer, because of the presence of high density pinhole in 1x sg-ZnO and the TPD
diffusion to unblocked ITO surface is facile, which shows a consistent trend with their
similar voltammetric responses (Figure 6.4 (a) and (b)). As the increase in sg-ZnO film
thickness, we observed greater than 10 times enhancement in Rct (2x sg-ZnO: 1939 Ω cm2;
3x sg-ZnO: 67037 Ω cm2) compared to bare ITO, also reflecting the better charge blocking
ability. While for thinner but denser sp-ZnO, Rct is the largest (1219633 Ω cm2), meaning
the TPD diffusion to ITO surface through sp-ZnO layer is the most forbidden compared to
sg-ZnO. These impedance data of sg-ZnO and sp-ZnO are consistent with their
voltammetric responses and based on these studies, we can conclude that the probe
molecule charge transfer mainly occurs at uncovered ITO area, not ZnO surface, which
also reveals no significant mid-gap states (to support kinetic/mass transfer control
electrochemical behavior) present in the sg-ZnO and sp-ZnO films.
Using Eq. 3, the electroactive area of each sample with respect to bare ITO
electrode (1- θ) was determined and also summarized in Table 6.1. The sg-ZnO and sp-
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ZnO charge transfer blocking ability can be, therefore, evaluated quantitatively: the
percentage of electroactive (uncovered) electrode area drops from 70 % (1x) to 10 % (2x)
to 0.3 % (3x) for sg-ZnO films as the increase in film thickness, as for sp-ZnO, the lowest
electroactive coverage is obtained (0.02%). Note that this electroactive area is for the
accessibility of mobile ion to underlying ITO, whereas in an actual device fabrication, the
conjugated polymer donors and fullerene based acceptors with bulkier molecular structures
should be different from mobile ions and possibly harder to access to ITO electrode during
the spin coating and solvent drying process, but surprisingly we still observed significant
leakage current density resulting from P3HT oxidation through directly contacting ITO,
although the insertion of sg-ZnO as a physical separation barrier, which will be further
discussed in the next section.
6.3.4

Electrochemical characterization: charge blocking ability of ZnO films with P3HT
layers
Ideal interlayer materials not only provide charge selectivity for its corresponding

electrode,1,3,89,98–101 but also physically separate active layers from the electrode. If any film
imperfections exist to allow the organic layer materials to contact the electrode then charge
recombination at electrode surface becomes enhanced,4,7,33,89,102–104 which in turn degrades
the organic solar cell J-V characteristics.
We deposited P3HT and blends of P3HT:PCBM onto ZnO surfaces on sg-ZnO/ITO
and sp-ZnO/ITO samples and evaluated the oxidation of P3HT using voltammetry in
contact with acetonitrile solutions, which are non-solvents for P3HT and commonly used
as a solvent for electrochemical synthesis of poly-thiophene films.105 The HOMO transport
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level of P3HT is near 5 eV vs. vacuum, with poor electronic coupling with ZnO energy
levels.1,7 If the density of mid gap states within the ZnO band gap is small, then the
electrochemical response should be dictated by P3HT charge transfer with the underlying
ITO contact through penetration of ZnO layers.
Cyclic voltammograms from the first scan of the spin-coated P3HT layer on sgZnO/ITO, sp-ZnO/ITO and bare ITO are shown in Figure 6.6 (a). The positions of
poly(thiophene) oxidation peaks generally reveal information about the polymer chain
molecular ordering (head to tail (HT) regioregularity) and conjugation chain length.106–108
poly(thiophene) with high HT regioregularity (and possibly long conjugation chain
lengths) tend to be oxidized at a negative potential, vice versa. In Figure 6.6 (a), we
observed the difference in the onset potential of oxidation of the P3HT film deposited on
sg-ZnO/ITO and on bare ITO. For bare ITO, the first oxidation peak locates at ca. 0.25 V
vs. Ag/Ag+, whereas for sg-ZnO/ITO, the first oxidation peak shifts positively and as the
increase in the sg-ZnO film thickness (spin-coating circle), the peak shifting becomes more
positive: ca. 0.37 V, 0.45 V, and 0.72 V for 1x, 2x, and 3x sp-ZnO, respectively. It is
unlikely that the observed trend results from the changes in the regioregularity and/or the
conjugation chain length of P3HT films. The ease of electrochemical oxidation of these
P3HT films more likely reflects the accessibility of electrolyte counter ion, i.e.,
hexafluorophosphate (PF6-) into the polymer film as it oxidizes, as the case seen in the
poly(vinylferrocence) thin films.109 As the sg-ZnO/ITO film thickness increases, and
pinhole density becomes smaller, ion diffusion and solution inclusion/expulsion which
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Figure 6.6: The cyclic voltammograms of P3HT (a) and P3HT:PCBM (BHJ) (b) films
deposited on bare ITO and one (1x, ca. 40 nm), two (2x, ca. 80 nm), and three (3x, ca. 120
nm) spin-coating sg-ZnO/ITO and 30 nm sp-ZnO/ITO. The (b) inlet shows the
magnification of trace oxidative current of 2x and 3x sg-ZnO/ITO and sp-ZnO/ITO. The
applied potential is in a range of P3HT oxidation which is in the band gap of ZnO. These
measurements allow probing the P3HT oxidative current through its direct contact
underlying ITO substrate and the leakage pathway within ZnO films can be evaluated. For
all measurements, 100 mV/s scan rate was used. The CVs were acquired by Kai-Lin Ou.

348
accompanies P3HT oxidation/reduction is restricted to the numbers of ion channels
approaching to the deep oxidized sites of P3HT. Note that the similar ions/electrolyte
movements in/out conductive polymer thin films have been found to change the film
structure irreversibly and cause dissolvation and delamination of the polymer film.109–111
We evaluated the physical contact between ITO and P3HT film from the reversed
cycle of the voltammogram (sweeping from 1.0 V to negative potentials). Although in
previous sections, we demonstrated the significant difference in the electroactive area of
sg-ZnO/ITO (70% to 0.3% for 1x to 3x sg-ZnO) by the impedance measurements, all the
reduction current (charge) densities of sg-ZnO/ITO are at similar scale as bare ITO, as
shown in Figure 6.6 (a). This may be explained by the high conductivity of P3HT film.
Our hypothesis is that the deposited P3HT films may have different degrees of contact area
with ITO through the pinholes in sg-ZnO films, the electrical conduction pathway
throughout the P3HT polymer network, however, allows high current to follow for samples
even with the small interfacial contact area, e.g., 3x sg-ZnO in our case. For the compact
sp-ZnO film with only 30 nm film thickness, we observed almost complete charge blocking
of P3HT oxidation, where faradaic P3HT characteristic oxidation peak cannot be found.
This trend is consistent with its superior charge blocking ability in CV (Figure 6.4 (e)) and
the lowest electroactive area in the impedance data (0.03% in Table 6.1).
The same electrochemical characterizations were extrapolated to the P3HT:PCBM
blends (BHJ) layer deposited on the bare ITO, sg-ZnO/ITO, and sp-ZnO/ITO, as shown in
Figure 6.6 (b). This sample structure of P3HT:PCBM/ZnO/ITO, is the half configuration
of a compete inverted BHJ architecture. In this way, we approached the hole-blocking
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ability of ZnO electrochemically in a device relevant platform. Using bare ITO, we
observed similar voltammogram of BHJ (Figure 6.6 (b)) with that of bare P3HT (Figure
6.6 (a)), meaning P3HT oxidation is still active in the BHJ/ITO and some portions of P3HT
in the blends contact ITO directly. The voltammograms become different when sgZnO/ITO and sp-ZnO/ITO were used. Using 1x sg-ZnO layer, the P3HT oxidation onset
shifts to ca. 0.65 V vs. Ag/Ag+ with the appearance of a large peak in the potential region
> +0.6 V, no significant oxidative current can be observed, significantly different from that
of bare P3HT top layer on 1x sg-ZnO (Figure 6.6 (a)). We speculate this observation is
consistent with the preferential phase-segregation of P3HT:PCBM in the inverted OPV
configuration.7,10,112,113 It has been proposed during P3HT:PCBM thin film spin coating
and drying process, the low surface energy P3HT donor component tends to segregate
toward top surface, while the PCBM acceptor is enriched at the bottom layer, close to
ETL/ITO side. This vertical separation is beneficial for the charge collection at electrode
in an inverted OPV device configuration. Such a hypothesized active-layer component
phase separation has been investigated and verified to a certain degree by AFM,113–115
TEM,113–116 XPS,114,115 X-ray scattering,117,118 etc. We demonstrated this vertical
composition in BHJ blends electrochemically. With PCBM enriched toward the ZnO/ITO
electrode as a barrier, the ion/solvent movement to the deep oxidized P3HT sites becomes
more physically/kinetically hindered. Similar trend can be seen in the BHJ voltammograms
using 2x and 3x sg-ZnO layers, both of which show almost complete charge blocking of
P3HT oxidation and are dramatically different from that of bare P3HT in 2x and 3x sgZnO layers. As for compact sp-ZnO, the complete charge blocking ability still maintains
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when the BHJ deposited on its top with the smallest trace amount of oxidative current
among the series of samples, as shown in Figure 6.6 (b) inset. Overall, these
electrochemical studies of active layer components on sg-ZnO and sp-ZnO verify our
initial hypothesis to a high level: the structural difference of ZnO induces differential
interfacial impacts on the deposition of BHJ, as illustrated in Figure 6.1 (c), and (d).
6.3.5

J-V characteristics of inverted BHJ device using ZnO films and correlation with
their charge blocking ability
The presence of pinholes in photon absorption layers and interlayers (window

layers) leads to an unwanted current leakage pathway to the electrodes and shorts
photovoltaic (PV) devices. The evaluation of any shorting route can be quantified by shunt
resistance (Rp) and has been applied widely into various types of PV devices.119–122 Rp
determines how much current passes through the circuit under reverse bias.102,103,123,124 Rp
is desired to be large, so that the leakage current from the circuit is small and the diode
(current) rectification in forward and reverse bias is enhanced.
We

determined

the

Rp

of

OPV

devices

with

the

ITO/ZnO/P3HT:PCBM/PEDOT:PSS/Ag architecture and correlated Rp with ZnO pinhole
density. One, two, and three spin-coating cycle(s) of sg-ZnO layers and 30 nm sp-ZnO
layer were chosen as electron-transport layer in these devices, as we already observed
electrochemically their vastly different charge blocking abilities. The dark J-V curves of
the OPV devices are shown in Figure 6.7. In the logJ-V current (Figure 6.7 (a)), we found
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Figure 6.7: Dark J-V in log-linear scale in full-bias region (a) and linear J-V in reversebias region (b) for ITO/ZnO/P3HT:PCBM/PEDOT:PSS/Ag bulk heterojunction OPVs
using one (1x, ca. 40 nm), two (2x, ca. 80 nm) and three (3x, ca. 120 nm) spin-coating
cycle(s) of sg-ZnO and 30 nm sp-ZnO electron transport layer. The leakage current and
shunt resistance (Rp, summarized in Table 6.2) determined in the reverse bias show as
strong correlation with the hole blocking abilities in the electrochemical studies. The J-V
data were acquired by Kai-Lin Ou.
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the devices with sg-ZnO layers have good dark rectification (around 18000x at ±1V), and
the device with sp-ZnO shows lower rectification (around 2600x at ±1V). The difference
in the rectification ratio suggests the two ZnO deposition methods produce different charge
transfer/recombination behavior in the devices,102,119,125–130 possibly due to charge injection
barrier and/or trap state effects. However, more investigations will be needed to classify
the root cause.
The impact of Rp on device J-V curve can be easily revealed in the negative bias
region. In this region, the current can be seen as the combination of reverse saturation
current (Jo) from the diode and any other leakage current passing through Rp. Jo is typically
on the order of 10-5 to 10-6 mA/cm2 or smaller99,131–133 and the leakage current in Rp
becomes dominated at far negative reverse bias, where the estimation of Rp can be done by
taking the inverse instantaneous slope.134
The J-V curve in linear scale in negative bias region is shown in Figure 6.7 (b) and
the determined Rp at different reverse biases is summarized in Table 6.2. In Figure 6.7 (b),
we show the leakage currents of the devices using sg-ZnO interlayers become lower as the
number of spin-coating steps (film thickness) increases, meaning that thicker sg-ZnO (three
spin-coating, 120 nm) blocks the leakage current more effectively than thinner sg-ZnO film
(40, 80 nm), which is consistent with the determined Rp values in Table 6.2: thicker film
have larger Rp, and vice versa. sp-ZnO interlayers with lower pinhole density (better charge
blocking ability) than sg-ZnO, and at only 30 nm film thickness, show comparable or better
leakage current blocking ability compared to the 120 nm sg-ZnO interlayers. Note that the
trend we observed here for Rp and leakage current of ZnO films shows a strong
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Table 6.2: Summary of shunt resistance (Rp) for ITO/ZnO/P3HT:PCBM/PEDOT:PSS/Ag
bulk heterojunction OPVs using various sg-ZnO layers and sp-ZnO. The determination of
Rp is taken the inverted slope of dark J-V curves at -1.8, -1.5, -1.2 and -1V. The device JV data analysis was done by Kai-Lin Ou.

-1.8 V
-1.5 V
-1.2 V
-1.0 V

1x sg-ZnO
(ca. 40 nm)
230K
400K
520K
720K

Rp (Ω/cm2)
2x sg-ZnO (ca. 3x sg-ZnO (ca.
80 nm)
120nm)
450K
830K
550K
900K
680K
1080K
790K
1200K

sp-ZnO
(30 nm)
400K
890K
1320K
1420K
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correlation with their electrochemical charge blocking abilities in both probe molecules
and solid state active layer thin films. For the light J-V characteristics, although larger Rp
is obtained for devices using thick sg-ZnO films the fill factor (FF) of devices using 2x
and 3x sg-ZnO is lower than that of devices using 1x sg-ZnO (as seen in Figure 6.8 and
Table 6.3.), which is likely due to an increase in the series resistance, Rs, from the thicker
sg-ZnO films, confirming the complexity of finding thicknesses and processing conditions
which yield low pinhole densities, but acceptable series resistances.
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Figure 6.8: Light J-V curves of inverted BHJ devices using sg-ZnO (1x, 2x, and 3x) and
sp-ZnO
as
electron
transport
interlayer.
Device
configuration:
ITO/
ZnO/P3HT:PCBM/PEDOT:PSS/Ag. The J-V data were acquired by Kai-Lin Ou.
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Table 6.3: Summary of light J-V characteristics for ITO/ZnO/P3HT:PCBM/PEDOT:PSS/
Ag bulk heterojunction OPVs using various sol-gel (sg) ZnO (1x, 2x, and 3x) and sputtered
(sp) ZnO layers. Average and standard deviation of five devices for each ZnO layer were
shown here. The device J-V data analysis was performed by Kai-Lin Ou.
Voc (V)

Jsc (mA/cm2)

F.F.

PCE (%)

1x sg-ZnO (ca. 40 nm)

0.626±0.002

8.80±0.08

0.55±0.01

3.02±0.07

2x sg-ZnO (ca. 80 nm)

0.632±0.002

7.83±0.34

0.51±0.02

2.55±0.24

3x sg-ZnO (ca. 120nm)

0.623±0.001

8.18±0.07

0.51±0.01

2.62±0.01

Sp-ZnO (30 nm)

0.626±0.001

9.32±0.07

0.53±0.01

3.10±0.01
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6.4

Conclusions
We have showed using simple electrochemical approaches, i.e., cyclic voltammetry

and impedance spectroscopy, to characterize OPV-relevant electron-transport metal oxide
interlayers: sg-ZnO and sp-ZnO films. These electrochemical methods provide for the
optimization of ZnO in terms of the pinhole density prior to fabrication of actual OPV
devices. We envision these electrochemical techniques can be applied for many kinds of
metal oxides on a flexible TCO substrate during the roll to roll process, especially for the
evaluation of pinhole density created from physical cracks/imperfections after multi-cycle
bending processes. Studying ZnO/ITO charge transfer with probe molecules and solid state
active layer thin films, we evaluated the ZnO pinhole density approaching to the underlying
ITO electrochemically, which shows a strong correlation with the leakage currents in the
full BHJ OPV device. Porous sg-ZnO interlayers with high pinhole density allows for ion
diffusion/poly(thiophene) penetration to ITO, and shows high leakage current in reverse
bias in the device J-V characteristics. Thinner, but denser sp-ZnO (compared to sg-ZnO)
shows lower pinhole density and effectively blocks the ion diffusion and polymer
penetration, resulting in low leakage current and large Rp in the BHJ OPV device.
6.5
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7. CONCLUSIONS AND FUTURE DIRECTIONS
7.1

Summary of results
The research described in this dissertation focuses on understanding and controlling

the energetics, charge selectivity, and interfacial charge transfer processes in organic
photovoltaics and heterostructured semiconductor nanorods (NRs). The research findings
in this dissertation will contribute to the advancement of more efficient organic
photovoltaic technology and to the development of new heterostructured semiconductor
nanomaterials as effective photocatalysts.
Chapter 2 presents the first quantitative description of the effects of adding Au
nanoparticles (NPs) to CdSe NRs (Au-CdSe NRs) on conduction band/valence band
energies (ECB/EVB), referenced to the vacuum scale. Spectroelectrochemistry and UV
photoelectron spectroscopies (UPS) were used to estimate ECB, EVB and local vacuum level
shifts of Au-CdSe NRs as a function of Au NP diameter. For untipped CdSe NRs (L = 40
nm, D = 9 nm), both approaches show EVB = 5.9–6.1 eV and ECB = 4.1–4.3 eV. UPS studies
show shifts in the local vacuum level, EVB toward vacuum, by 0.3 - 0.4 eV, and the
introduction of mid-gap states below ECB upon the addition of Au NPs (D = 2.6 nm or 5.6
nm) to CdSe NRs. Similar to the UPS results, spectroelectrochemical experiments show a
shift in ECB toward vacuum, by 0.3 - 0.5 eV, as well as the introduction of “metalsemiconductor interface” (MSI) states upon the addition of Au NPs to CdSe NRs.
Spectroelectrochemical results indicate that the energy distribution of MSI states depends
on the size of the Au NPs. Further, the degree of electronic coupling of CdSe NRs and AuCdSe NRs with ITO was evaluated using potential-modulated attenuated total reflectance
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(PM-ATR). Addition of Au NPs led to an enhancement in electronic coupling with ITO,
and a 6-fold increase in charge transfer rate was observed upon addition of 2.6 nm Au NPs
to CdSe NRs. These studies demonstrate that the introduction of catalytic sites to
semiconductor NRs affects the energetics which in turn are expected to effect the
photocatalytic efficiencies.
Chapter 3 provides the first quantitative description of the effects of Pt NPs on the
energetics of CdSe seeded CdS NRs (CdSe@CdS NR) using spectroelectrochemistry.
Results showed (a) the presence of a strong electronic coupling between CdSe and CdS
components and (b) quasi-type-II energy level alignment for the CdSe@CdS NRs NRs (L=
29.8 nm, D = 4.7 nm). For untipped CdSe@CdS NRs, spectroelctrochemistry shows ECB
= 4.1 eV for both the CdSe seed and the CdS shell. The addition of a Pt NP (D = 2.1 nm)
to CdSe@CdS NR resulted in measurable shifts in ECB away from the vacuum level, by
0.1 - 0.2 eV for both CdSe seed and CdS shell, compared to those of unmodified NRs. The
above energetic shift is expected to arise due to (1) electron transfer from CdSe@CdS NRs
to Pt NPs and/or (2) the introduction of MSI states, which induces a shift in ECB away from
the vacuum level. Quantitative estimates for the intrinsic charge separation and the
thermodynamic driving force for photoelectrochemical charge transfer reactions have also
been provided in this chapter. The spectroelectrochemical protocol described can be
applied to various heterogeneous nanomaterials to estimate frontier orbital energies,
allowing for the identification of the most promising materials for use as catalysts in
photoelectrochemical platforms.
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In Chapter 4, a new ruthenium phthalocyanine (RuPc) functionalized with a
phosphonic acid (PA) molecule (RuPcPA) was characterized for the purpose of studying
the energetics and kinetics of charge transfer at the TCO/donor interface. RuPcPA
molecules are tethered onto ITO surfaces via PA. Electrochemical and spectroelctrochemical

studies showed that RuPcPA exists as structurally homogeneous submonolayers composed
of monomeric forms on ITO. Using polarized ATR spectroscopy, the RuPcPA showed a

nearly in-plane orientation on ITO. The effects of surface roughness on the molecular tilt
angle were modeled, and the theoretical results were well-correlated with the experimental
results. A charge transfer rate of ca. 103 s-1 was measured using electrochemical impedance
spectroscopy and PM-ATR in different polarizations (TE and TM). Similar charge transfer
rates observed in TE and TM polarizations indicated that the molecule has a narrow tilt
angle distribution, leading to a narrow kinetic dispersity. The fast charge transfer rate
observed for RuPcPA on ITO is attributed to the smaller tunneling distance between the ITO
surface and the Pc macrocycle. The energetics at ITO/RuPcPA were studied using cyclic

voltammetry and UPS. The results show that there exists little or no barrier for hole
collection at the ITO/RuPcPA interface.
Chapter 5 presents a unique approach to determine the cause of “UV-light soaking”
behavior observed in OPVs employing metal oxide (MO) electron selective layers (ESLs)
and provides guidelines to eliminate this effect. There is considerable disagreement in the
literature regarding the cause of this “UV-light soaking” behavior. The “S-shaped
distortion” in J-V behavior and the effect of UV exposure were studied using
ITO/ZnO/P3HT:PCBM/PEDOT:PSS/Ag devices on which the ZnO ESL was prepared by
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sputtering ZnO as a function of partial pressure of oxygen in the sputtering gas. Theoretical
responses predicted by the modified Shockley equation as well as the resistance-voltage
(R-V) plots obtained from the J-V curves clearly showed that resistance of the ZnO does
not lead to the S-shaped distortion in J-V behavior. Impedance spectroscopy of OPV
devices showed that neither resistance of the ZnO ESL nor energetics/kinetic barrier at
ZnO/ITO interface is the reason for S-shaped distortion in the power harvesting region.
UPS results showed that the energetic barrier for electron collection increases at the
ESL/organic layer with increasing ZnO work function. Using Kelvin probe measurements,
the work function of ZnO decreases upon UV exposure, which in turn reduces the energetic
barrier for electron collection at the ESL/organic interface. This reduction in energetic
barrier leads to improvements in OPV performance. These results demonstrate that the
energetic barrier at ZnO/active layer is the main cause for the “S-shape distortion” in the
J-V behavior of OPV devices employing ZnO ESL.
In Chapter 6, a simple electrochemical characterization protocol to investigate the
physical imperfections (pinholes) for an ESL layer is described. This work demonstrates
that there is a strong correlation between the pinhole density determined by electrochemical
experiments and the dark/illuminated OPV performance. Sol-gel (sg) ZnO and sputtered
(sp) ZnO on ITO with selected probe molecules were used in cyclic voltammetry and
impedance spectroscopy to investigate the charge blocking ability and pin hole density of
ZnO. Probe molecules and poly(thiophene) polymer penetration into ZnO film was shown
to be high for porous sg-ZnO interlayers with a high pinhole density and high leakage
current (in reverse bias) as observed in J-V response for OPV devices. A thinner and denser
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sp-ZnO showed an effective blocking for probe molecules and polymer penetration into
ZnO as compared to sg-ZnO, this resulting in lower leakage current and large Rp in the JV responses of OPV devices. These electrochemical protocols can be extended to other
MO interlayers with proper selection of redox molecules to study the electron/hole
blocking ability of interlayers for photovoltaics.
In conclusion, from my Ph.D. research, we have demonstrated better understanding
of energetics and charge transfer kinetics in metal-semiconductor heterostructured NRs and
organic semiconductor-MO interfaces using unique measurement approaches, and this
study can have a great impact on the development of future PV technologies and
photocatalytic materials.
7.2

Future directions
Characterization of energetics and the degree of electronic coupling between the

components of a heterostructured NR are crucial in the development of efficient
photocatalysts. In Chapter 2 and 3, we used unique measurement approaches to understand
the energetics of metal NP tipped semiconductor NRs. It is important to continue this study
to gain further understanding of certain new observations detailed in Chapters 2 and 3. In
addition, this study should be extended to more complex heterostructured NRs with the
selective introduction of metal and metal oxide NPs as HER and OER co-catalysts,
respectively, which will introduce the compositional and energetic asymmetry needed for
efficient photocatalysis. The following sections discuss some important future directions
in order to enhance our understanding of semiconductor heterostructured NRs as
photocatalysts.
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7.2.1

Characterization of mechanism of electronic equilibration and MSI states in AuCdSe NRs
In Chapter 2, UPS studies on CdSe and Au-CdSe NRs showed evidence of

bidirectional electron transfer between Au NPs and CdSe NRs. The direction of the
electron transfer depends on the work function of the components in the pre-contact levels.
It has been shown that the work function of Au NPs is size-dependent.1 Therefore, the
direction of charge transfer may strongly depend on the size of the Au NP on the Au-CdSe
NR. Therefore, in order to investigate the uncertainty in the direction of charge flow, future
experiments should focus on energetics of heterostructures by systematically changing the
dimensions of CdSe NRs and Au NPs, which are expected to affect the energetics in a
controlled fashion. Both spectroelectrochemical and UPS experiments with similar
experimental protocols described in Chapter 2 should be carried out to measure band
energy edges and vacuum level shifts of the functionalized NRs.
Using spectroelectrochemistry, the presence of MSI states was observed upon the
addition of Au NPs to CdSe NRs. The data was interpreted under the assumption that there
was an electronic coupling present between the MSI states and the conduction band of
CdSe NRs, in which case charge injection into the MSI states bleaches the lowest energy
excitonic transition of the NR. In order to confirm our hypothesis, future experiments
should be focused on differential capacitance measurements and spectroelectrochemical
experiments on Au-CdSe NRs while varying CdSe NR dimensions, Au NP size and the
number of Au NPs per NR. The above variables are expected to change the density of MSI
states and the degree of electronic coupling between Au NP and CdSe NR. The presence
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of MSI states and single electron tunneling (SET) levels of Au NPs can be detected by
differential capacitance measurements in which the total charges injected into a NR film at
a given applied potential can be measured. If MSI states are not coupled with the excitonic
transitions, only charging currents will be observed during the differential capacitance
measurements and no excitonic bleaching will be monitored in spectroelectrochemistry at
the potential where charging is observed. The presence of SET levels in Au NPs has been
shown earlier to exhibit roughly evenly spaced current peaks in differential pulse
voltammetry.2 Similar quantized charging can be observed during differential capacitance
measurements if electrons are injected into the SET levels of Au-CdSe NRs at less negative
potential than ECB.
7.2.2

Investigation of energetics and mechanisms of electronic equilibration in PtCdSe@CdS NRs
As stated in Chapter 3, the addition of Pt NPs to CdSe@CdS NRs showed a smaller

shift in the energetics compared to those observed in Au-CdSe NRs. While the origin of
the shift in ECB away from vacuum conditions for Pt-CdSe@CdS is unclear, two possible
explanations have been proposed: (1) charge transfer from CdSe@CdS NRs to high work
function Pt and/or (2) introduction of MSI states that are electronically coupled to ECB.
In order to investigate the first possibility, the work function, EVB, and vacuum level
shifts for Pt NPs and Pt-CdSe@CdS NRs as a function of Pt NP size with fixed CdSe@CdS
NR dimensions, should be measured using UPS with similar experimental protocols as
described in Chapter 2. If the work function of the Pt NP is higher than that of bare
CdSe@CdS NR, then electron transfer during electronic equilibration occurs from the
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CdSe@CdS NR to a high work function Pt NP. This occurrence will lower the electron
density in CdSe@CdS NR and thus lead to a shift in EVB of CdSe@CdS NR away from
the vacuum level as well as a shift of EF towards the middle of the bandgap. An opposite
shift in the above parameters will be observed if the work function of the Pt NP is lower
than that of bare CdSe@CdS NR.
Focusing on the second possibility, since the ECB of the CdSe seed and of the CdS
NR are similar in the CdSe@CdS NRs studied in Chapter 3, any existing MSI states at the
CdS/Pt interface could affect the electronic transitions arising from both the CdSe seed and
the CdS NRs, if electronically coupled. This possibility prevents conclusive assignment of
the observed energetic shift upon addition of Pt NPs to CdSe@CdS NRs during
spectroelectrochemical measurements. Similar to Au-CdSe NRs, we hypothesize that the
introduction of MSI states at the Pt/CdS interface predominantly affects CdS bleaching
over CdSe bleaching. Therefore, to understand the effect of the addition of a Pt NP on a
CdSe@CdS NR, a type-I CdSe@CdS NR should be used, which will have different ECB
levels for CdSe and CdS NRs. As explained in the Section 7.2.1, differential capacitance
measurements and spectroelectrochemistry should be carried out on type-I Pt-CdSe@CdS
NRs as a function of Pt NP size to identify the presence of MSI states at the Pt/CdS
interface.
It is also interesting to note that Au-CdSe NRs showed significant changes in
energetics compared to unmodified NRs. However, much smaller shifts in energetics were
observed for Pt-CdSe@CdS NRs relative to unmodified NRs. This observation possibly
indicates that the degree of electronic coupling between CdSe@CdS NRs and the Pt NPs
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is smaller than that of Au NPs and CdSe NRs. Since our experiments were done with two
different types of NRs and metal NPs (4 independent variables), a clear conclusion could
not be drawn regarding the degree of electronic coupling between a given NR type with
different metal NPs. Therefore, UPS and spectroelectrochemistry should be performed on
Au NP tipped CdSe@CdS NRs and Pt NP tipped CdSe NRs to determine the degree of
electronic coupling between semiconductors and metal NPs. The future experimental
results can be compared with the results presented in Chapters 2 and 3, and this comparison
will allow us to gain further understanding of the strength of the electronic coupling
between semiconductor NRs with various metal HER co-catalysts.
7.2.3

Characterization of energetics as a function of NR coverage and orientation /
ordering
The lateral NR-NR interactions in a NR film can affect the energetics in addition

to the compositional asymmetry.3,4 During spectroelectrochemical and UPS measurements,
the energetics of NRs may have been affected by electronic interactions arising from
neighboring NRs. Therefore, it is important to measure shifts in ECB, EVB and vacuum
levels due to NR-NR interactions as a function of coverage and orientation/ordering of
NRs. This information is required to understand the energetic shifts induced due to the NRNR interaction versus the compositional asymmetry.
In order to investigate these NR-NR interactions, a precise control of surface
coverage and ordering must be achieved. Spin coating and self-assembled deposition
protocols provide a submonolayer coverage that allows for minimal effects from
neighboring NRs. However, achieving significant control in NR orientation/ordering is
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challenging. A high degree of control in surface coverage and orientation can be achieved
by depositing NRs using a Langmuir-Blodgett (LB) trough. Our preliminary data shows
that the self-assembled deposition gives random orientation of NRs whereas LB films of
CdSe@CdS NRs give a uniform ordering as shown in Figure 7.1. Therefore, the LB
deposition technique can be used to control the surface coverage as well as the orientation
of the NRs, thus providing a method to systematically study those effects on the energetics.
Furthermore, the effects of surface coverage and orientation/ordering should be evaluated
against several variables such as deposition method (Langmuir–Blodgett versus
Langmuir–Schaefer), type of capping ligand and NR component dimensions. After
achieving an optimized deposition protocol to control the surface coverage and ordering of
NRs on conducting substrates, the band energies can be measured using UPS and
spectroelectrochemical protocols as described in Chapter 2 and 3. It should be noted that
the high sensitivity of ATR spectroelectrochemistry can provide sufficient sensitivity to
characterize low surface coverages, thus allowing for characterization of NRs with
minimum interactions.3
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Figure 7.1: SEM images of a self-assembled sub-monolayer film of CdSe@CdS NRs on
ITO (top) and a LB film of CdSe@CdS NRs on ITO (bottom). The FE-SEM images were
acquired by Steven Hernandez at the University Spectrscopy and Imaging Facilities.
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7.2.4

Characterization of energetics and charge transfer processes of NR
heterostructures with oxygen evolution reaction (OER) co-catalysts
An efficient photocatalytic system would be composed of HER and OER co-

catalysts at opposite ends of a NR, facilitating multi-electron transfer processes. Chapter 2
and 3 are focused on the effects of adding HER co-catalysts to NRs on ECB/EVB. As the
next step, it is important to continue this study to understand the effects of introducing OER
co-catalysts to NRs on the energetics and charge transfer processes.
One such OER co-catalyst of interest for these systems is cobalt oxide (Co3O4).
Co3O4 is a p-type semiconductor that facilitates hole-transport, blocks electron transport
and favors OER.5,6 CoxOy is expected to quickly extract holes from the NRs upon
photoexcitation, thus preventing photocorrosion of the NRs. Furthermore, controlled
deposition of CoxOy NPs onto the tips of CdSe and CdS NRs has been demonstrated by
several groups.7,8 These heterostructured NRs can be used to investigate the effects due to
the addition of OER co-catalysts to NRs. Furthermore, this will allow for a comparison of
these future results to the results in Chapters 2 and 3 in which similar II-VI semiconductor
NRs were used. Figure 7.2 shows a schematic and TEM image of CoxOy-modified CdSe
NRs recently synthesized by the Pyun group. UPS and spectroelectrochemical
experiments, as explained in Chapters 2 and 3, should be carried out on these
heterostructured NRs by systematically changing the dimensions of the NR components in
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Figure 7.2: Schematic of an asymmetric CdSe NR decorated with a CoxOy NP (left). TEM
image of CdSe-CoxOy NRs recently synthesized by the Pyun group (right). The TEM
images were acquired by Nicholas G. Pavlopoulos.
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order to study the energetics and kinetics of charge transfer processes. Finally, in order to
investigate the simultaneous effects of adding both HER and OER catalysts to NRs on their
energetics and charge transfer kinetics, UPS and spectroelectrochemistry should be
performed on the proposed full construct composed of both Pt NP and CoxOy NP cocatalysts on a CdS NR (Figure 7.3). This systematic study will allow for the tracking of
energetic changes with each compositional modification step, thus allowing for the
development of more efficient photocatalysts.
7.2.5

Characterization of photoelectrochemical efficiencies of NR heterostructures
Photoelectrochemical efficiency is an important parameter in investigating the

feasibility of a photocatalyst. Since our main focus is the understanding of energetic
changes that arise from the compositional asymmetry of NR heterostructures, it is
important to relate the photoelectrochemical efficiencies of NRs to the energetics measured
from UPS and spectroelectrochemistry. Therefore, efficiencies of photoelectrochemical
processes of the heterostructured NRs, as discussed in this chapter, should be measured.
In photoelectrochemical experiments, the photocurrent is measured for a known
number of photons captured by the NR film on a conducting substrate. The details of this
experimental approach can be found elsewhere.9 The efficiencies for photoelectrochemical
oxidation and photoelectrochemical reduction processes can be studied separately for NRs
by using a sacrificial electron donor (e.g. tri-arylamines, hydroquinone) and a sacrificial
electron acceptor (e.g. methyl viologen), respectively. External and internal quantum
efficiencies for the photoelectronchemical processes can be calculated using the

385

Figure 7.3: Schematic of an asymmetric NR decorated with a CoxOy NP and a Pt NP (left).
TEM image of Pt-CdS-CoxOy “colloidal triads” recently synthesized by the Pyun group
(right). The TEM images were acquired by the Pyun Group at the University of Arizona.
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aforementioned approach, and these numbers should be evaluated to verify any correlation
with the ECB/EVB and charge transfer rates obtained from UPS and spectroelectrochemisty.
These studies will provide clear guidance in developing more efficient heterostructured
NRs as photocatalysts in the future.
7.3
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