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Figure S2.6. Representative SCS data for 20 nm CuPc deposited on OP-ITO. a) SCS map
of γ. b) The corresponding frequency distribution of γ from a). c) Corresponding SCS map
of μ. b) The corresponding frequency distribution of μ from c). .....................................143
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Figure 3.1 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. UV exposure reduces the s-shaped distortion of the JV 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. .......................................................................................166
Figure 3.2 The theoretical J-V response, calculated from equation 3.1, 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 3.1 a). For the 10% O2 ZnO
based device a sigmoidal R-V response is only observed under AM1.5G-LS
conditions. ........................................................................................................................173
Figure 3.3 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 3.1.) 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 3.2 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. ............................................177
Figure 3.4. 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. ..................................................183
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Figure 3.5 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. ..................................................187
Figure 3.6 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 RS, CPEHF RHF, and CPELF are presented in the Supporting Information, Figure
S3.4. We observe that the shape and magnitude of RLF tracks well with the R-V responses
of the devices presented in Figure 3.3 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. ............192
Figure 3.7 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 Supporting
Information Figure S3.5. ..................................................................................................195
Figure 3.8 Using the UPS data presented in Figure 3.7, and Figure S3.5 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. .............................................................199
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Figure 3.9 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 3.1, 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. .....................................................................................................................204
Figure 3.10 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. .......................................................................................207
Figure 3.11 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. .............................................................................................209
Figure S3.1 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). .............................................215
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Figure S3.2 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, 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. 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. Fits to the full modified Shockley diode
equation give nearly identical results for η and Jo (not shown) .......................................216
Figure S3.3 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. .......................217
Figure S3.4. 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 3.1.56 .................................................................................218
Figure S3.5 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. ...................................................................................219
Figure S3.6 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 (LP 500NS-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. 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.............................................................................................220
Figure S3.7 Here we present a complete set of the impedance Nyquist responses of the
devices under investigation, as a function of illumination condition. .............................221

23

Figure S3.8 Here we present a complete set of the capacitance Bode responses of the
devices under investigation, as a function of illumination condition. .............................222
Figure 4.1 Proposed relationship between the local crystallographic orientation of the ITO
surface and the ZnO nucleation and growth is shown in (A). In (B) we present the height
(left) and current (right) data collected via CAFM, for an IBS-ITO/sp-ZnO system. The zscale is 5 nm and 1 nA respectively. We will demonstrate that the local ITO crystal face
determines the local electrical properties of the ZnO ESL. As a consequence, the device
performance of is improved when the ZnO ESL is deposited on ITO substrates with smaller
ITO grains, as demonstrated in (C). In this work we will demonstrate that the difference in
performance for the devices demonstrated in (C) come as a direct result of the local
nucleation and growth demonstrated in (A).....................................................................236
Figure 4.2 The J-V curves for ITO/ZnO/P3HT:PCBM/PEDOT:PSS OPVs as a function of
illumination conditions are presented in a) and b) for IBS-ITO/ZnO and MS-ITO/ZnO
based devices respectively. The Dark-NS and Dark-LS J-V responses are presented
separately in the Supporting Information, Figure S4.3. Prior to UV-exposure (LP 500-NS)
the IBS-ITO/ZnO based device shows virtually no photocurrent response and an s-shaped
distortion of the J-V response. UV light soaking (LP 500-LS) and UV exposure during
testing (AM1.5G-LS) reduce the s-shaped distortion of the J-V response. The J-V responses
for MS-ITO/ZnO based devices are shown in b). The change in the J-V as a function of
illumination conditions follow the same trends as are observed for the IBS-ITO/ZnO
responses. The most notable differences are that the J-V curve s-shaped distortion is
considerably smaller for the MS-ITO/ZnO based devices, and the change in these responses
as a function of illumination is less drastic for this system than for the IBS-ITO/ZnO based
system. A summary of the OPV results are presented in Table 4.2.................................242
Figure 4.3 AFM Height images of IBS-ITO and MS-ITO are shown in a) and b)
respectively. The RMS roughness of IBS-ITO is considerably smaller than that of MSITO, with RMS roughness values typically less than 0.5 nm. MS-ITO has a typical RMS
roughness of ca. 3.5 nm as demonstrated in b). SEM images of the IBS-ITO and MS-ITO
are shown in c) and d) respectively. We observe that the low roughness of IBS-ITO is due
to a planer arrangement of the surface available ITO grains. In e) we present the ω-2θ scan
diffractograms for bare MS-ITO and IBS-ITO, normalized to the tallest diffraction peak.
Both forms of ITO are crystalline with similar ratios of the two most prominent
diffractions, the (222) and the (400) from the ITO bixbyite crystal lattice. For IBS-ITO we
see greater relative diffraction intensity of some of the higher index reflection planes, in
particular the (440) reflection. Based on literature precedent, the regions of the MS-ITO
with reduced height and higher lateral aspect ratio, as marked in b) and d) correspond to
MS-ITO grains with the (440) crystal orientation.35 ........................................................246
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Figure 4.4. SEM images of IBS-ITO/ZnO and MS-ITO/ZnO are shown in a) and b)
respectively. There is at least two distinct morphological regions on the IBS-ITO/ZnO
system. Outlined in red is a region with greater local texturing and a “pebble-like”
appearance, and outlined in white is a region with less distinct texturing. Corresponding
features can be observed on MS-ITO/ZnO, indicated by red and white arrows respectively,
but are harder to distinguish due to the higher roughness of the underlying substrate, and
the smaller dimensions of these regions. In c) the GIXRD diffractograms for IBS-ITO/ZnO
and MS-ITO/ZnO are shown, normalized to the (002) diffraction peak. The obtained
pattern is compared with the XRD pattern of ZnO (PDF #036-1451), with the relative
position and heights indicated by the black bars in this figure. The only clear difference
observed is the extra peaks observed at 36.1° on the MS-ITO/ZnO system, corresponding
to the ZnO (101). This additional peak may arise due to the higher roughness of this form
of ITO, see text for more information. .............................................................................250
Figure 4.5 The height, current, and a frequency distribution of the current vs surface area
collected by CAFM analysis. Measurements were taken with 1 V tip-to-sample applied
bias, are shown in a)-c) for IBS-ITO/ZnO before UV exposure and d)-f) for IBS-ITO/ZnO
following UV exposure. The morphology of IBS-ITO/ZnO, seen in a), remains relatively
smooth (RMS of ca. 0.6 nm) however the morphology is distinctly different than what we
observe for the bare IBS-ITO substrate with taller “plateau” features that can be tens to
hundreds of nm in diameter and that have with little to no discernable additional features,
and we see lower regions, also tens to hundreds of nanometers in diameter, with several
smaller features, giving the surface a more textured appearance. The highly electrically
resistive regions (low current) correspond with the higher plateau features can be as several
hundred nm in diameter. Figures c) and f) show the current distribution as a function of 2D
projected surface area. UV exposure decreases the percentage of the surface that is
electrically inactive (i.e. highly resistive). To demonstrate that heterogeneity presented
above is typical for the IBS-ITO/ZnO system we have included a 5 × 5 um CAFM image
in the Supporting Information section, Figure S4.7 a) and b) .........................................253
Figure 4.6 The height, current with 1 V tip-to-sample applied bias, and a frequency
distribution of the current vs surface area collected by CAFM analysis are shown in a)-c)
for MS-ITO/ZnO and before UV exposure. Results after UV exposure are shown in d)-f).
From figure a) and d) we see that the morphology of the MS-ITO/ZnO system is dominated
by the morphology of the underlying substrate. From current images b) we observe that
ZnO that deposited on MS-ITO shows considerable heterogeneity. However, we note that
the highly electrically resistive regions have a much smaller dimensions on MS-ITO/ZnO
systems, than we see on IBS-ZnO system (Figure 4.4 b). ...............................................257
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Figure 4.7 In figure a) we present the 3D projection of the IBS-ITO/ZnO surface height.
The overlaid color represents the relative contact potential difference (CPD).
Measurements were taken after ca. 40 minutes UV exposure (365 nm UV LED) under an
N2 environment. The CPD is directly related to local variations in the surface Φ, which
demonstrates that the lower regions correspond to regions of relatively low Φ, while the
higher regions correspond to regions of relatively high Φ. The CPD range presented above
is 180 mV, or ca. 7 kT. This indicates that the energetic alignment of this surface with an
overlying organic semiconductor can vary greatly as a function of lateral position. This
may lead to regions where the charge collection/injection is severely hampered relative to
nearby regions due to poor energetic alignment of ZnO/active layer at the interface.23 In b)
we present the SKPM CPD distribution of IBS-ITO/ZnO surfaces in the dark before UV
exposure, during UV exposure with a 365 nm UV LED light source and in the dark 40
minutes after UV exposure. UV exposure results in a large shift in the ZnO Φ that is
partially retained > 40 minutes after UV illumination is ceased. In c) we perform the same
experiment using 532 nm, sub-EBG photon energy, illumination and observe that sub-EBG
illumination does not lead to a sustained change in the ZnO Φ. .....................................261
Figure 4.8 Fast-scan AFM, in-situ etching of IBS-ITO/ZnO in a mildly acidic environment
(110 μL 0.05% NH4Cl aqueous drop) as a function of time. The approximate time since
acid addition is presented in the upper-right of each image and is in units of
minutes:seconds. The black arrow in b) indicates an etch pit of interest. This etch-pit, and
other pits, rapidly etch to the ITO substrate (wine red). After the ITO is reached etching is
primarily observed laterally away from the initial pits. Figure i) shows the surface after 12
min of etching. We observe that the etch-resistant regions present in i) can be observed as
the smoother taller regions in a). These regions show only minimal etching laterally and
vertically. An ex-situ FE-SEM of IBS-ITO/ZnO surface after 18 minutes of etching under
these conditions is shown in j). In these images the ZnO regions remaining after etching
appear brighter than the exposed ITO. The ITO grain boundaries are visible, and for clarity
are outlined with dotted white lines in the inset of j). The shape of the ZnO regions that
remain after etching closely follow the shape of the underlying ITO grains. This indicates
that some ITO grains promote etch-resistant ZnO films while other grains promote growth
of ZnO that is significantly less resistant to chemical etching. The partial etch of MSITO/ZnO, using the conditions outlined above, demonstrates that the etch-resistant ZnO
regions are smaller and more dispersed on MS-ITO. Examination of the morphology of the
visible ITO grains in k) indicate that the etch-resistant regions are primarily on the ITO
(440) oriented ITO grains/domains. For more information on this aspect see the main text
and Figure S4.8 in the Supporting Information. ..............................................................266
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Figure 4.9 A schematic representation of how nucleation and growth of the ZnO film
determines the local properties of sp-ZnO ESL’s, based on the Thornton growth model.
When the ZnO adatoms are deposited at low temp and pressure we propose that the
nucleation and growth will be either Zone 1 or Zone T type growth dependent upon the
substrate adatom interactions. In a) we show the nucleation processes that may lead to Zone
1 or Zone T type ZnO growth. Zone 1 growth results from strong adatom-substrate
interactions. In this regime both thermodynamically stable (c-axis vertical) and unstable
(c-axis non-vertical) nucleation sites develop. Zone T growth occurs when the adatomsurface interaction is weaker, leading to an increased probability that adatoms will reach
the thermodynamically favorable, c-axis vertical orientation. Figure b) is a side view
schematic of early ZnO growth. Initial islands of growth converge; due to the low substrate
temperature relative to the melting temp of ZnO, islands cannot undergo Oswald ripening.
Vertically aligned ZnO nucleation sites are known to have significantly faster growth rates.
In Zone T islands all grow at approximately the same rate since they are nearly all the same
orientation. Figure c), as growth continues in Zone 1, c-axis vertical grains overtake the
less favored islands, resulting in larger more crystalline ZnO grains than Zone T. This
tapering effect and increase in grain size leads to a less compact Zone 1 ZnO film with void
space between grains. This void space between grains leads to the greater etching rate in
these regions. This also increases the surface area that is exposed to the sputtering plasma,
which may lead to an increased defect density in these regions, consistent with the lower
Φ and higher conductivity observed for Zone 1 type regions. In figure d) we present the
FE-SEM results for sp-ZnO deposited of the Zn terminated (001) crystal face, which results
in Zone 1 type growth. Similar results we obtained on the (001̄ ) O terminated face.
However, Simultaneous deposition of sp-ZnO on the non-polar face resulted in a smooth
surface with few discernable features consistent with Zone T growth, confirming our
hypothesis that the local nucleation and growth is dependent upon the surface free energy
of the substrate. ................................................................................................................271
Figure 4.10 In a) and b) we present SEM images of IBS-ITO/TiO2(2nm)/ZnO and MSITO/TiO2(2nm)/ZnO respectively. The TiO2 layer was deposited under conditions that lead
to uniform amorous buffer layer on the ITO substrate. Deposition of ZnO on this TiO2
buffer layer leads to a uniform, Zone 1 type ZnO growth on both ITO substrates. The insets
in a) and b) show these systems after etching in a 0.05% w/w NH4Cl solution for 18
minutes. The scale bars refer to the main and inset images. Following etching we do not
observe large, etch-resistant Zone T type regions on either substrate, as were observed in
Figure 4.8 j) and k) for IBS-ITO/ZnO and MS-ITO/ZnO respectively. Figure c) and d)
show the CAFM current results with and without a TiO2 buffer layer for IBS-ITO/ZnO and
MS-ITO/ZnO systems respectively. By making a more uniform energetic surface for ZnO
growth this approach leads to ZnO thin films with reduced electrical heterogeneity. ....274
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Figure S4.1 In a) and b) we present the CAFM height and current data respectively for UV
light soaked IBS-ITO/ZnO at higher resolution than presented in Figure 4.4 in the main
text. The morphological features with greater relative height and reduced local roughness
correspond to low current responses and to the low contrast regions outlined in white in
Figure 4.2 a) of the main text. The regions of high electrical conductivity correspond to
regions with a slightly lesser relative height and a “bumpier” texture. These regions
correspond to the regions outlined in red in Figure 4.2 a) in the main text. These images,
with the addition of an outline to guide the eye to the regions of interest, can be found in
the main text, Figure 4.6. .................................................................................................282
Figure S4.2 This figure demonstrates that the Linear-linear and log-linear J-V response for
ITO/ZnO/P3HT:PCBM/MoO3/Ag devices are only minimally impacted by the ITO
substrate used when ZnO is deposited by solution processes. The J-V responses for IBSITO based devices are shown in a) and c). The MS-ITO based devices are shown in b) and
d). .....................................................................................................................................283
Figure S4.3 Dark J-Vs for IBS-ITO/ZnO and MS-ITO/ZnO based devices shown in a) and
b) respectively. Corresponding Log-Lin J-V curves for IBS-ITO/ZnO and MS-ITO/ZnO
based devices shown in b) and c) respectively. NS (square markers) refers to J-V testing
prior to UV light soaking. LS (Triangle markers) refers to J-V testing after UV light soaking
..........................................................................................................................................284
Figure S4.4 SEM images of MS-ITO demonstrating the small dimensions of ITO grains
and the presence domains of ITO grains with similar crystallographic alignment. Domain
sizes vary, but can be up to a few hundred nm in size. ....................................................285
Figure S4.5 Expanded SEM images of sp-ZnO/IBS-ITO and sp-ZnO/MS-ITO are shown
in a) and b) respectively. There is at least two distinct morphological regions on the IBSITO/ZnO system. Outlined in red is a region with greater local texturing and a “pebblelike” appearance, and outlined in white is a region with less distinct texturing.
Corresponding features can be observed on the MS-ITO/ZnO, indicated by red and white
arrows respectively, but are harder to distinguish due to the higher roughness of the
underlying substrate, the smaller dimensions of these regions and the smaller lateral
distance between regions of pebble-like appearance on this system. ..............................286
Figure S4.6 GIXRD (fixed low angle ω, scanned 2θ) diffractograms for MS-ITO/ZnO and
IBS-ITO/ZnO are shown, normalized to the (002) diffraction peak. IBS-ITO/ZnO is
virtually identical both a ca. 30 nm presented here, and at ca. 100 nm presented in the main
text. MS-ITO/ZnO shows several additional peaks, both ZnO wurtzite peaks with greater
tilt angles relative to the surface plane and the appearance of several peaks from the
underlying ITO substrate. The appearance of ITO peaks for only this system is due to the
decrease in surface sensitivity as a function of substrate roughness.[ref] The addition of
higher tilt angle ZnO reflections are likely due to ZnO crystals growing on MS-ITO grains
with crystal faces tilted relative to the surface plane. ......................................................287
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Figure S4.7 The height and current data from a 5 × 5 CAFM scan of IBS-ITO/ZnO, after
UV exposure is presented in a) and b) respectively. Electrically inactive and electrically
active regions extend several hundred nm on this system. The height and current data for a
5 × 5 CAFM scan of MS-ITO/ZnO is presented in c) and d) respectively. Electrically active
and inactive regions are considerably smaller on this system. ........................................288
Figure S4.8 Etching near the drop edge was more rapid than in the center of the drop,
likely due to convective flow during drop evaporation. In a) we present a bare region of
MS-ITO, after etching of MS-ITO/ZnO in a 0.05% NH4Cl aqueous drop. This region is
located near the edge of the aqueous drop. In b) show a region only of MS-ITO/ZnO where
the ZnO film has only been partially etched away, on the same sample located near the
center of the aqueous drop. In a) we outline domains (collections of similar ITO grains) of
rice-shaped ITO grains associated with (440) oriented ITO grains in white, and low lateral
aspect ratio ITO grains, which are outlined in red. From a comparison of a) and b) we see
that the rice-like ITO grains, outlined in white in a) are underrepresented in b), while
similar density of the smaller lateral aspect ratio ITO grains are seen in a) and b). Kamei et
al. have demonstrated that the rice-like morphology can be attributed to (440) oriented ITO
grains while the smaller lateral aspect ratio grains can be attributed to both the (222) and
(400) oriented ITO grains. Thus the domains of (440) oriented ITO grains are more likely
to produce the etch-resistant ZnO regions than the domains of (222) or (400) oriented ITO
grains.35 ............................................................................................................................289
Figure S4.9 ZnO was sputtered deposited to a thickness of ca. 30 nm onto three separate
low index ZnO single crystal faces to demonstrate the crucial role that substrate interactions
have on the nucleation and growth of ZnO thin-films. Figures a)-c) are SEM images which
show the surface structure for these sp-ZnO thin films deposited on the (0001) zinc rich
polar crystal face, (0001̄ ) oxygen rich polar crystal face and (101̄ 0) non-polar crystal faces
at 90k. Figures d)-f) show higher magnification images taken in the same surface area as
figures a)-c). SEM of the bare ZnO single crystals show virtually no discernable surface
structure on these length scales. However, ZnO thin-films grown on both polar crystal faces
show distinct polycrystalline, Zone 1 type texture. This texture is similar to the texture that
we have observed for ZnO on certain ITO grains (Figure 4.2 a) red outline) and corresponds
to the morphology for the higher conductance (Figure 4.6 and S4.6) and the more easily
etched regions of ITO/ZnO systems (Figure 4.8.) sp-ZnO thin-films grown on the nonpolar crystal face however shows a distinctly different morphology. SEM of these films
show very few distinguishable features, such as grain boundaries. This crystal texture is
more consistent with the Zone T growth that leads to the relatively high Φ, low conductivity
and etch-resistant regions in the ITO/ZnO systems. ........................................................290
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Figure 5.1 a) The crystallographic structure of MAPbI3.7 b) SEM image of MAPbI3 surface
deposited on a planar substrate. This image demonstrates the large (> 100 nm) grains with
distinct grain boundaries typical for MAPbI3 grown on planar substrates.12. c) A schematic
of the planar structure of perovskite PVs. TiO2 layer may be thin a compact (planar
structure shown here), or an additional mesoporous TiO2 superstructure may be employed
as well. The mesoporus TiO2 leads to a large TiO2/perovskite interface and may also
prevent the large crystallite formation shown in b). d) J-V response of optimized planar
MAPbI3 perovskite PV devices with and without the inclusion of Cl doping.10 Figure a)
adapted with permission from ref.7 Copyright 2013 American Chemical Society. Figure b)
adapted with permission from ref.12 Copyright 2014 American Chemical Society. Figure
d) from Ref.10 Reprinted with permission from AAAS. ..................................................307
Figure 5.2 A demonstrates the height, and B and C demonstrate the amplitude, and phase
response of MAPbI3 as measured via PFM. These results indicate that ferroelectric domains
are formed in MAPbI3 films used for perovskite PVs.12 No clear relationship can be drawn
between the measured topography and the ferroelectric response, however the ferroelectric
domains are similar to the MAPbI3 grain sizes shown in 5.1 C. The ferroelectric response
of this material is suspected to lead to the hysteresis of the J-V response of single crystalline
MAPbI3 (d7) as well as the hysteresis in the J-V response of completed perovskite devices
(e15). Figure (A)-(C) adapted with permission from ref.12 Copyright 2014 American
Chemical Society. Figure d) adapted with permission from ref.7 Copyright 2013 American
Chemical Society. Figure e) Reprinted with permission from ref.15 Copyright 2014
American Chemical Society. ...........................................................................................312
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ABSTRACT
This dissertation focuses on characterizing the nanoscale and surface averaged
electrical properties of transparent conducting oxide (TCO) electrodes such as indium tin
oxide (ITO) and transparent metal-oxide (MO) electron selective interlayers (ESLs), such
as zinc oxide (ZnO), the ability of these materials to rapidly extract photogenerated charges
from organic semiconductors (OSCs) used in organic photovoltaic (OPV) cells, and
evaluating their impact on the power conversion efficiency (PCE) of OPV devices. In
Chapter 1, we will introduce the fundamental principles regarding the need for low cost
power generation, the benefits of OPV technologies, as well as the key principles that
govern the operation of OPV devices and the key innovations that have advanced this
technology. In Chapter 2 of this dissertation, we demonstrate an innovative application of
conductive probe atomic force microscopy (CAFM) to map the nanoscale electrical
heterogeneity at the interface between an electrode, such as ITO, and an OSC such as the
p-type OSC copper phthalocyanine (CuPc).(MacDonald et al. (2012) ACS Nano, 6, p.
9623) In this work we collected arrays of J-V curves, using a CAFM probe as the top
contact of CuPc/ITO systems, to map the local J-V responses. By comparing J-V responses
to known models for charge transport, we were able to determine if the local rate-limitingstep for charge transport is through the OSC (ohmic) or the CuPc/ITO interface (nonohmic). These results strongly correlate with device PCE, as demonstrated through the
controlled addition of insulating alkylphosphonic acid self-assembled monolayers (SAMs)
at the ITO/CuPc interface. Subsequent chapters focus on the electrical property
characterization of RF-magnetron sputtered ZnO (sp-ZnO) ESL films on ITO substrates.
We have shown that the energetic alignment of ESLs and the organic semiconducting
(OSC) active materials plays a critical role in determining the PCE of OPV devices and the
appearance of, or lack thereof, UV light soaking sensitivity. For ZnO and fullerene
interfaces, we have shown that either minimizing the oxygen partial pressure during ZnO
deposition or exposure of ZnO to UV light minimizes the energetic offset at this interface
and maximizes device PCE. We have used a combination of device testing, device
modeling, and impedance spectroscopy to fully characterize the effects that energetic
alignment has on the charge carrier transport and charge carrier distribution within the OPV
device. This work can be found in Chapter 3 of this dissertation and is in preparation for
publication. We have also shown that the local properties of sp-ZnO films varies as a
function of the underlying ITO crystal face. We show that the local ITO crystal face
determines the local nucleation and growth of the sp-ZnO films. We demonstrate that this
effects the morphology, the chemical resistance to etching as well as the surface electrical
properties of the sp-ZnO films. This is likely due to differences in the surface mobility of
sputtered Zn and O atoms on these crystal faces during film nucleation. This affects the
nanoscale distribution of electrical and chemical properties. As a result we demonstrate
that the PCE, and UV sensitivity of the J-V response of OPVs using sp-ZnO ESLs are
strongly impacted by the distribution of ITO crystal faces at the surface of the substrate.
This work can be found in Chapter 4 of this dissertation and is in preparation for
publication. These studies have contributed to a detailed understanding of the role that
electrical heterogeneity, insulating barriers and energetic alignment at the MO/OSC
interface play in OPV PCE.
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CHAPTER 1

INTRODUCTION
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This dissertation focuses heavily on how nanoscale electrical heterogeneity of MO
materials, both TCOs and ESLs, and interfacial energetic alignment between these
materials and OSCs affects the electrical response of and PCE of completed OPV devices.
In this introduction we will first discuss the need for low-cost PV technology. We will then
discuss the basic parameters that are used to compare the current-to-voltage (J-V) responses
of PV devices. Next we will discuss the origins and some of the most critical advances in
OPV technologies. We will then talk about the specific processes in OPVs needed for
photon-to-electrical power conversion and the parasitic processes that lead to sub-optimal
performance. This will be followed by a brief introduction to the modeling of the OPV JV response, which assumes uniform and ohmic contacts, and a discussion of what is known
about the effects of non-ohmic and non-uniform electrical contacts. We will complete this
Introduction by summarizing the impacts that my research has had on understanding the
effects that non-uniform and/or non-ohmic contacts on the OPV device performance.

1.1 Photovoltaic introduction: the need for low-cost photovoltaics
Single crystalline silicon (mono-Si) solar cells currently dominate the commercial
photovoltaic (PV) market.1,2 Silicon has a high charge carrier mobility of ca.50-300 cm2∙V∙s . As a result, this material has large charge carrier diffusion length,3 which allows the

1 -1 3

material to be made optically thick, i.e., absorb nearly 100% of the incident photon flux
with energy greater than the band gap (EBG), with only minimal recombination losses. In
addition, this material has a nearly optimal EBG (~1.11 eV) to maximize the PCE based on
the photon flux from the solar spectrum that reaches the surface of the earth.4 The
processing and doping of this material has the benefit of over 60 years of research and
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development, and silicon is more abundant than any other material in the earth’s crust
except for oxygen, with silicon making up 28% of the earth’s crust by mass.5 As of 2014,
the efficiencies of these devices are approximately 26% for a single junction PV at one sun
solar intensity.6 Despite all of these considerable advantages, silicon photovoltaics (and all
competing PV technologies) continue to be far less cost-effective than the burning of fossil
fuels,7 particularly when costs associated with environmental and air-quality impacts are
not considered.
The leveled costs of silicon PV technology is hampered by the monetary and
energetic costs associated with preparing photovoltaic grade silicon, which requires a very
high level of purity.1 Certain impurities, even at sub part per billion levels, i.e., zirconium,
tungsten, molybdenum etc., can lead to a greater than 20% reduction in mono-silicon
efficiency.1 As a result, silicon purification significantly contributes to the high energy
costs (ca. 5000 MJ/m2) of photovoltaic grade silicon.1,2,8 In order to reach such a high level
of purity the so-called “Siemens process” is typically used. This process involves volatizing
silicon as silane (SiH4) or as a tetra-halogenated derivative, such as SiCl4. This is followed
by purifying the volatile compound by distillation and thermally decomposing the purified
gaseous species onto a Si seed crystal held at greater than 1100°C. These volatile silicon
derivatives also increase the potential negative environmental impacts of silicon
production.1,8 In addition the absorption coefficient of silicon is relatively weak near EBG
because silicon has an indirect band gap. As a result the maximum theoretical PCE of
standard geometry silicon devices shows a sharp decline below ca. 50 μm.9,10 Current
silicon PV technology uses ca. 180 μm thick silicon layers, and even with advanced light
trapping techniques ca. 20 μm thick films are required for comparable performance.10
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Organic photovoltaics, on the other hand, have the potential for a much lower
energetic and monetary cost of production,11–13. Due to the high absorption coefficients of
OSCs a significant portion of the incident light can be absorbed for films with thickness
that are well under 1 μm. The lower volume of material needed to produce OPV devices
contributes the low cost power generation potential of these devices.13 Since these materials
are van der Waal solids, as opposed to covalent networks, these materials can be solution
processed or vacuum deposited at significantly lower temperatures. This allows for the
printing of these materials on cheap flexible substrates, such as plastics13–17 or even paper18.
Using printable materials, OPVs can be produced much faster rate than mono-Si. Krebs et
al. have estimated the OPV production by screen printing to be in the range of 1000100,000 m2∙day-1 on a single production line, whereas the same area of silicon based PV,
produced in a state-the-art production plant, would take ca. 1 year.13 Additionally, OPV
materials appear far less sensitive to impurity levels. Nikiforov et al. have demonstrated
that residual palladium, from the reaction catalyst for the synthesis of Poly({4,8-bis[(2ethylhexyl)oxy]benzo[1,2-b:4,5-b′]dithiophene-2,6-diyl}{3-fluoro-2-[(2ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl}) (PTB7), can be present in PTB7:PC71
based OPVs up to ca. 0.5% by mass before a significant reduction in device performance
is observed.19
Despite the many recent advances in OPV technology the levelized cost of OPV
power production remains higher than other PV technologies and much higher than the
cost of power production based on the burning of fossil fuels.6,7,12 Additionally, the
operation lifetime remains far shorter those of inorganic PV technologies,12 and many
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challenges remain in improving the reproducibility, lifetime, and scalability of OPV
devices.
One major challenge that remains is the lack of a clear understanding of how the
physical and electrical properties of transparent electrodes affect the ability of these
electrodes to inject/extract charge from OSC materials.20,21 The energetic alignment of the
OSC with the charge collecting/injecting electrodes plays a critical role in the both the
PCE,22(MacDonald et al. in prep. for Advanced Energy Materials) and the operation
lifetime of OPV devices.23 Understanding the energetic alignment of these materials is
complicated by chemical reactions at the electrode/OSC interface. The intrinsically low
volume of material at interfaces presents a challenge to understanding interfacial
properties. To further complicate matters, many TCO materials undergo photo-assisted
chemical reactions at their surfaces when illuminated,24–28 and the electrical properties of
MO electrodes are known to be chemically, physically, and electrically heterogeneous.23,29–
33

Understanding what level of electrical heterogeneity can be tolerated in OPV systems is

still an open question, though one that this has recently been addressed theoretically in Dr.
Neal Armstrong’s group by Brian Zacher.29 Through experimental nanoscale and
macroscale electrical measurements, the work presented in this dissertation and
corresponding peer-reviewed publications, has significantly contributed to understanding
the effects of electrical heterogeneity on OPV performance.33(MacDonald et al. in prep.
for submission to ACS Nano.) However, before addressing the complexities of non-uniform
electrical contacts, we will start by describing the basic function of photovoltaic devices
assuming uniform and ohmic electrical contact between the electrodes and the active layer
components.
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1.2 Basic function of photovoltaic devices
1.2.1 Current-voltage response curves
A generic dark and illuminated J-V response is shown in Figure 1.1, and the pointsof-interest along the J-V response are indicated therein. These include the short circuit
current (JSC), which is the maximum current that can be produced by the cell without the
addition of an external electric field, the open circuit voltage (VOC), which is the maximum
potential that the cell can generate, as well as the maximum theoretical power (PTH), and
the power max point (PMAX). The point on the J-V curve where the product of J and V is
the most negative is the (PMAX) and is where the cell produces the maximum output power.
The ratio of PMAX and the input light intensity (Pphoto) gives the PCE of the device, see
Equation 1.1

𝑷𝑪𝑬 =

𝑷𝒎𝒂𝒙
× 𝟏𝟎𝟎%
𝑷𝒑𝒉𝒐𝒕𝒐

(1.1)

Since power is the product of current and voltage, and the maximum theoretical
power (PTH) that can be extracted from the device is the product of JSC and VOC as shown
in Equation 1.2.
𝑷𝑻𝑯 = 𝑱𝑺𝑪 × 𝑽𝑶𝑪

(1.2)

PTH sets an upper bound for power output from the device. The actual maximum
power (PMAX) obtained is less than PTH. The PMAX and PTH are related according to Equation
1.3.

𝑭𝑭 =

𝑷𝒎𝒂𝒙
𝑷𝑻𝑯

(1.3)
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Where FF is the fill factor of the J-V response. Combining equations 1.1-1.3 leads
to a relationship between the PCE, JSC, VOC and the FF as shown in Equation 1.4. Thus
maximizing the FF, VOC, and JSC is required to maximize the PCE of any PV device.

𝑷𝑪𝑬 =

𝑱𝑺𝑪 × 𝑽𝒐𝒄 × 𝑭𝑭
𝒙 𝟏𝟎𝟎%
𝑷𝒑𝒉𝒐𝒕𝒐

(1.4)

Having established the basic parameters of photovoltaic J-V response curves we
will now discuss the upper limits of PCEs theoretically possible, based on of the materials
chosen as the active layer of the device.
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Figure 1.1 A generic dark and illuminated J-V response. The location of VOC, JSC, PTH, and PMAX are
indicated.
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1.2.2 Estimating the upper limit for PV efficiency
The maximum PCE that can be converted from solar energy into usable electrical
energy is dependent upon the EBG of the material. In Figure 1.2 a), the standardized solar
intensity spectrum, AM1.5G, is shown. This represents the photon flux per unit area
(shown here divided into 1 nm wavelength increments) at the earth’s surface under a given
set of atmospheric conditions. AM1.5G is used as the standard illumination for PV testing
protocols.34
The EBG of a material is the energetic gap between the material’s valance band (VB)
maximum and the material’s conduction band (CB) minimum. When the material absorbs
a photo with energy greater than EBG it will excite an electron from an energy level at or
below the VB maximum up to a level at or above the CB minimum. The photogenerated
electron and hole will rapidly thermally relax to the CB minimum and VB maximum,
respectively. Any potential energy greater the EBG will be lost to heating the material. Thus
EBG determines the upper limit for the potential energy of photoexcited charges, i.e., the
VOC of the device. The maximum VOC obtainable for a given EBG is shown in Figure 1.2 b).
Due to a number of optical and entropic losses, the VOC is typically less than EBG by ca.
300 meV or more.35 We note that the optical and entropic losses to VOC mentioned above
were not included in the calculations used to generate Figure 1.2 b) and d). Parasitic
recombination, i.e., recombination through energy levels within the material band gap, can
lead to further reductions in the measured VOC relative to the estimate provided in Figure
1.2 b).35,36 Such “mid-gap states” may arise from extrinsic contaminates or due to structural
defects in the material. Minimizing non-radiative recombination is crucial for maximizing
device PCE.
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Additionally, only photons from the solar spectrum that have energy greater than
the EBG (the absorption onset) can be absorbed and converted into photogenerated charges.
A smaller EBG (“red-shifted” absorption onset) leads to a greater percentage of the photons
available to be absorbed and to generate free charge carriers. This leads to a higher
maximum short circuit current (JSC) as shown in Figure 1.2 c). If the EBG is large, then only
high energy photons can be absorbed which produces high potential energy charge-carriers
and a high VOC but a low Jsc. If EBG is small, then a low Voc but a high JSC will result. The
maximum PCE that can be harvested from a material based upon its EBG is shown in the
Figure 1.2 d) assuming a FF of 1, i.e., PMAX = PTH. A FF of 1 is not possible based on the
physics of charge recombination within the device. Additional spectra in Figure 1.2 d)
demonstrate the maximum conversion energy obtainable assuming a fill factor of (FF) 0.85
(blue) and 0.7 (black). Assuming a VOC of 600 mV and a JSC of 10 mA∙cm-2, 0.85 is
approximately the maximum FF value that can be obtained when the recombination in the
device is limited by only one charge carrier,4 i.e., the recombination reaction is first order
with respect to one of charge carriers and pseudo zero order with respect to the other. The
value of 0.7 is approximately the maximum FF value that can be obtained when the
recombination reaction is second order,37 i.e., when the reaction is first order in both
electrons and holes. The origin of, and upper limit for the FF will be discussed further in
Section 1.4. We note that the upper limit for the FF is also determined by the relative
magnitudes of JSC and VOC.
Figure 1.2 d) overestimates the true maximum achievable efficiencies by assuming
that VOC = EBG. For example the peak efficiency shown in Figure 1.2 d) is ca. 38% for the
0.85 FF case. However, VOC tends to be less than EBG by ca. 300 mV or more, as discussed
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above. This reduces the estimated maximum theoretical efficiency to ca. 33%, as predicted
by Shockley and Queisser.4 These losses in VOC include factors such as entropic losses
based on the absorption of predominantly collimated solar flux, followed by isotropic
radiative reemission when charges radiatively recombine. These effects are beyond the
scope of this introduction, however the author strongly encourages the interested reader to
read the review by Polman & Atwater which discusses the optical and entropic effects that
limit the maximum obtainable VOC.35
As can be seen from Equation 1.5 and Figure 1.2, it is necessary to maximize JSC,
VOC, and FF in order to maximize the efficiency of the any PV device. This dissertation
focuses on the ability to collect photogenerated charges at MO/active layer interfaces,
which has demonstrable implications for the measured VOC, JSC, FF, and ultimately overall
PCE. We will demonstrate that VOC is the least sensitive to charge-collection rates at this
interface, JSC is more sensitive, and the FF is by far the most sensitive to changes in the
charge collection rates at this interface. Having introduced some of the main concepts of
PV operation we will now provide a brief historical context for the advances that have been
made in OPV technologies, and discuss some of the current state of the art OPV
technologies.
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Figure 1.2 a) The AM1.5G solar spectrum. b) A comparison between the absorption cut-off and the
maximum theoretically obtainable VOC for a p-n type PV device (see text). The absorption cut-off of single
crystalline silicon is demonstrated by the vertical arrows. The absorption cut-off is inversely proportional to
the EBG, as shown by the horizontal arrows in this figure. The absorption cut-off (in nm) ≈ 1240/EBG (in eV).
Only photons with energy greater than the absorption cut-off can be absorbed to produce free charge carriers,
thus determining the maximum theoretically obtainable JSC, as shown in c). Based on the maximum
obtainable JSC and VOC, the maximum efficiency under AM1.5G illumination (with incident power ≈ 100
mW/cm2) is calculated and shown in the bottom panel. The black trace demonstrates the absolute maximum
obtainable if it were possible to obtain a FF = 1. d) A closer estimate of the maximum obtainable FF is ca.
0.7 and 0.85 for ideality factors of 2 and 1 respectively. Based on the AM1.5G solar spectrum the EBG of Si
places it at approximately the global maximum of theoretically achievable efficiencies.
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1.3 Brief history of organic photovoltaics
The photovoltaic effect, or photon-to-electrical energy conversion properties of
organic films were first reported in 1958 by Kearns and Calvin.38 In this report, the device
architecture was a bilayer donor-acceptor system composed of a magnesium
phthalocyanine pressed into a pellet and coated with a thin film of air oxidized pphenylenediamine. Electrical contact was achieved by pressing this structure between two
tin-oxide coated glass substrates, as seen in Figure 1.3 a). A VOC of ca. 200 mV was attained
in this study. However, illumination with a 500 W light source yielded an extracted power
in the range of only ca. 1 pW∙cm-2. Since p-phenylenediamine is known to polymerize
under oxidative conditions, this work represents not only the first report of a bilayer
electron donor/electron acceptor OPV system, but also represents the first incorporation of
a polymer OSC active layer in an OPV architecture.
However, bilayer OPV technologies saw virtually no subsequent research attention
until the late 1970’s, likely due to the extremely low PCE obtained at the time with these
bilayer structures. Research instead focused on OPVs in which a single organic layer was
sandwiched between two electrodes, one of which formed an ohmic contact with the
organic layer, while the other formed a Schottky barrier with the organic layer. The
Schottky interface in these devices formed the exciton splitting junction.39 Through the
1970s, the Schottky-type OPVs improved significantly. With a merocyanine derivative,
shown in Figure 1.3 b), Ghosh and Feng were able to bring the power conversion efficiency
up to an astounding (for the time and device type) PCE of 0.7%. Unfortunately this device,
like all Schottky type OPV’s, had an exciton dissociation efficiency that was strongly
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voltage dependent, which leads to poor FF values, and thus, limits the potential PCE
Schottky-type OPV devices.
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Figure 1.3 This figure represents a brief overview of some of the important milestones in OPV research. a)
The architecture of the first reported bilayer, donor-acceptor OPV device.38 The PCE was incredibly low for
this device. Subsequent research into OPVs focused on Schottky-type photodiodes at the contact between
organic layer and one of the two contacts,39 such as the device shown in b). This device, was not the first
organic Schottky-type diode, but up though the mid 1980’s produced one of the highest efficiencies for
devices of this architecture.40 The efficiency of Schottky-type organic photodiodes was limited by a poor fill
factor, due to a voltage dependence of the quantum efficiency.39 Tang demonstrated a far more successful
bilayer OPV device through the sequential deposition of CuPc and a perylene derivative, which act as an
electron donor and electron acceptor respectively.41–43 This device type showed a much greater FF and a PCE
of ca. 1%. This was an important development for OPV, however in this geometry the optimal thickness of
the active layer significantly less than the exciton diffusion length, For CuPc the exciton diffusion length is
~10-15 nm,44,45 leading to optimal CuPc thickness of ~20-30 nm. Because of this limitation the best
performance is obtained for bilayer OPVs that remain partially transparent, i.e., a significant portion of the
incident solar radiation passes through the active layer without being absorbed. In 1995 when Yu et al.
demonstrated that the solution processed polymer donor material and solution processable fullerene
derivative could be spin-cast from the same solution, due to differences in polarity the materials phase
segregate forming a 3D structure. Polymer systems tend to have exciton diffusion lengths that are ~10 nm,46
but under the right experimental conditions this structure can be tuned so that the size of the domains are
similar to the exciton diffusion length allowing for thicker active layers and a greater absorbance of the
photon flux.
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In patents filed in 1978 and 1979,42,43 and later in a peer-reviewed journal article,41
Tang demonstrated that a significantly higher PCE could be obtained for bilayer OPV
devices when the donor and acceptor layers were sufficiently thin, achieving JSC values
comparable to the Schottky-type OPVs. In his 1986 report, the optimized thickness were
30 nm for CuPc and 50 nm for a perylene derivative, as shown in Figure 1.3 c). Since these
layers were deposited as sequential thin films, OPVs of this structure are referred to as
planar-heterojunction (PHJ) OPVs. This report showed that the junction between the donor
and acceptor materials could efficiently disassociate the exciton into the respective free
electron and hole and as a result showed a greatly improved FF relative to the Schottkytype devices. This device type showed a nearly voltage exciton disassociation efficiency
and a PCE of ~1%. This was an important development for OPV technology. However, in
this geometry, the optimal thickness of the active layer is significantly less than the optical
penetration depth. For CuPc, the exciton diffusion length is 10-15 nm.45,47 As will be
described in more detail in the following section, excitons generated at any distance from
exciton splitting junction have a finite probability of reaching that interface. The exciton
diffusion length (LD) defines the average distance an exciton will travel, perpendicular to
the exciton splitting junction, before recombining. Thus excitons that are generated at a
distance (x) from the exciton splitting junction, where x = LD, will have a 50% chance of
reaching this interface. The probability increases (decreases) for excitons formed closer to
(farther from) the exciton splitting junction. Due to this limitation, the best performing PHJ
OPV devices are partially transparent and permit a significant portion of the incident solar
radiation to pass through the active layer without being absorbed.
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The next major development in OPV research occurred in 1993 when Kraabel et
al. demonstrated that solution processed polymer donor materials and solution processable
fullerene derivatives could be spin-cast from the same solution. Soon after, Yu et al.
demonstrated a solution processable OPV with a PCE of ca. 1.5% (at 20 mW∙cm-2
illumination intensity), the architecture of which is illustrated in Figure 1.3 d).48 Due to
differences in polarity, these materials phase segregate forming a 3D phase separated
structure.48,49 This architecture is referred to as a bulk-heterojunction (BHJ) OPV. Polymer
systems tend to have exciton diffusion lengths that are ~10 nm; for example, the exciton
diffusion length in P3HT is estimated to be only 8.5 nm.46 However, under the right
experimental conditions, BHJ active layers can be tuned so that the size of the donor or
acceptor domains are similar to the respective exciton diffusion lengths. This allows films
to be made much thicker and absorb a larger percentage of the incoming light while
maintaining a high exciton disassociation efficiency.
The basic BHJ-OPV architecture shown in Figure 1.3 d) has been improved upon
in three primary ways in the subsequent years. The first is an advancement in the solvent
engineering for the deposition of for polymer fullerene BHJ OPVs; for example Shaheen
et al. demonstrated that the efficiency of MDMO-PPV/PCBM devices can be increased by
a factor of three by changing the deposition solution from toluene to chlorobenzene.50 This
effect, and similar changes in performance due to the addition of solvent additives such as
1,8-diiodooctane,51 improves the performance of these devices by forcing a more favorable
3D phase segregation of the polymer donor and fullerene derivative in the active layer of
the film. A second crucial advancement in improving the efficiency of has been the
synthesis of low EBG polymers donors,52–55 and low EBG small molecular donor
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materials.56,57 As discussed in section 1.2.2, a EBG of ca. 1.1 eV (with a wide absorption
range) is needed to achieve the best balance between maximizing VOC and maximizing JSC.
The EBG of MEH-PPV, the material shown in Figure 1.3 d), and P3HT, a widely studied
donor polymer for OPV BHJ OPV studies, are 2.158 and 1.9 eV,59 respectively. The novel
low EBG polythiophene–benzothiadiazole copolymer, poly- [2,6-(4,4-bis-(2-ethylhexyl)4H-cyclopenta[2,1-b;3,4-b′]dithio- phene)-alt-4,7-(2,1,3-benzothiadiazole)] (PCPDTBT),
has EBG of ca. 1.46 eV, which is much closer to the optimal EBG for AM1.5G illumination,59
as shown in Figure 1.2 d). OPVs fabricated with similar low band-gap polymer and
molecular systems have demonstrated certified PCEs as high as 9%.55
The third advancement in the BHJ-OPV architecture was the addition of charge
selective interlayers between the active layer and electrodes, which act as “semipermeable
membranes” for charge collection.60 These layers have chemical properties that favor
collection of holes or electrons at their respective charge collecting electrodes.30 In
Chapters 3 and 4 of this dissertation will focus of the challenges and benefits of ZnO, a
highly technologically relevant ESL for OPV applications.
We will now discuss the principles that govern the operation of optimized, or
“ideal” OPV systems. Understanding the operation of an ideal system allows us to better
identify the effects of poor and/or heterogeneous contacts. That is to say, it is necessary to
be able to predict how a system should operate under optimized conditions in order to
determine if the systems is significantly limited by poor or heterogeneous electrical
contacts. This allows us to predict an upper limit for how much an OPV system can be
improved upon.
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1.4 “Ideal” OPV operation
PHJ OPV’s are comprised of at least four materials, the hole collecting electrode
(HCE), the electron collecting electrode (ECE), an electron donating OSC, and an electron
accepting OSC, as shown in Figure 1.4 a). BHJ OPVs typically require ESL and hole
selective interlayers (HSL) materials in order to minimize surface recombination losses at
the ECE and HCE.30,60 This is because the intermixed nature of the active layers in these
devices leads to direct contact between both electrodes with both OSCs. For simplicity, we
will discuss PHJ OPV systems in this section, where this complexity is avoided. However,
with the exception of the HSL and ESL, the basic operation of PHJ and BHJ OPVs are
identical.
When the individual materials of the OPV device come in electrical contact, the
Fermi level equilibrates across the device. This is accomplished when electrons flow from
materials with higher Fermi energies, i.e., materials in which the electrons are at higher
potential energy, to lower potential energy states in the adjacent materials. This Fermi level
alignment necessitates a vacuum level shift, as demonstrated in Figure 1.4 b). Choosing
electrodes with large differences in there Fermi energies, or work functions, leads to a built
in field across the active layer, as illustrated by the tilt in the donor and acceptor bands in
Figure 1.4 b). This “built-in” field (Vbi) aids in the drift of photogenerated charges toward
the respective charge collecting electrodes. While instructive, this model oversimplifies the
many challenges that exist in making electrical contact between electrodes and organic
materials, such as Fermi level pinning,61 band bending,61 insulating contamination,20,31
charge density redistribution,62 molecular geometric modifications of the OSC,62 interface
dipole formation,63 and interfacial electrical heterogeneity.29,31,33
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Figure 1.4 c)-h) depicts the processes required for photon-to-charge conversion.
For simplicity, the band diagram is shown assuming short-circuit conditions, and assuming
photon adsorption takes place in the electron donor material. First a photon is absorbed
(Figure 1.4 c)), followed by a rapid relaxation of the excited molecule to the lowest
potential energy excited state through both vibrational relaxation (thermalization) and
molecular geometric relaxation, creating a coulombically bound electron-hole pair know
as an exciton.36 For organic systems the bound electron-hole pair resides on the same
molecule and can be equivalently described as a molecule with an electron in a non-ground
state electronic configuration. Following photo-excitation, Figure 1.4 c), the exciton
(excited energy state) can be transferred in a random walk fashion from molecule to
molecule.36 This random walk energy transfer between nearby molecules can be described
by Föster resonant energy transfer in the case of singlet excited states and as the closely
related Dexter-type energy transfer for triplet excited states.36 This process is known as
exciton diffusion. This process will continue until the exciton either relaxes (which is a
radiative energy loss via fluorescence in the case of singlet excited states, or
phosphorescence in the case of triplet excited states) or reaches the e- donor/e- acceptor
interface where the exciton splits into free charge carriers. The acceptor material is chosen
such that the electron affinity (EA) is greater than the EA of the donor material; thus, it is
energetically favorable for the photoexcited e- donor material to reduce the e- acceptor
material as seen in e), leading the charge-transfer (CT) state shown in f). At this point, the
CT state can either relax to a neutral state by transferring an electron from the acceptor
material’s LUMO to the donor material’s HOMO (energy loss mechanism) or disassociate
into free charge carriers as shown in g). Due to the low dielectric constant of these
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materials, and the energy loss associated with molecular geometric relaxations, the exciton
binding energy measured for OSCs is in the range of a few hundred meV.36,44,64–66 This
columbic attraction between the electron and the hole is much larger than the thermal
energy at room temperature, ca. 26 meV, and thus it is expected that the e- and h+ should
remain tightly coulombically bound in the CT state.36,44 Despite the high binding energy
of the CT state, absorbed photon-to-electron conversion efficiencies approaching 100% in
several OPV systems have been demonstrated indicating that CT dissociation can be highly
efficient in optimized PV platforms, even though a theoretical understanding of this process
remains limited. Following CT state disassociation, the charges migrate through the active
layers via drift and diffusion and are collected at the opposite electrodes as shown in h).
Following the CT state, the free electrons and holes can be lost to recombination
processes, such as trap assisted recombination in the active layer or at the electrode surface.
Additionally, free electrons and holes that are in close proximity can recombine through
radiative bimolecular recombination. The rate of radiative recombination, i.e., band-toband relaxation, sets the upper limit for the obtainable VOC in any PV device.35 Nonradiative recombination processes, i.e., trap assisted recombination or recombination
through tail states, tend to occur at much faster time scales than radiative recombination.
Thus non radiative recombination results in a reduced VOC relative to the radiative
recombination limit. Minimizing non-radiative recombination is necessary for maximizing
the PCE of any PV device.35
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Figure 1.4 An idealized band diagram for isolated OPV relevant materials before and after electrical contact
are shown if a) and b) respectively. Upon making electrical contact the Fermi-level equilibrates across the
device leading to a built in electric field across the device at short circuit. This picture assumes a uniform and
low charge carrier density across the active layers. c)-h) Demonstrate the fundamental processes necessary
for solar energy conversion in OPV. This example is demonstrated under short circuit conditions and
assuming photoexcitation of the donor material. c) Photoexcitation in the donor material. d) Exciton diffusion
to through the donor material to the donor/acceptor interface. e) Charge transfer from the donor material to
the acceptor material to form the coulombically bound charge transfer (CT) state f). g) Disassociation of the
CT state into free charge carriers. h) Migration of charges under a combination of drift and diffusion towards
the charge collection electrodes followed by charge extraction at the electrode active layer interfaces.
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In Figure 1.5 we present a block diagram of the favorable processes, shaded gray,
that lead to photon-to-electrical power conversion. The unfavorable processes that reduce
the PV device performance are shown in white in Figure 1.5. As represented in this figure,
both the power generating and power loss mechanisms are a series of coupled chemical
reactions. The single and double arrows between boxes represents the relative reversibility
of each process. While most of the favorable processes are reversible, many of the power
loss mechanisms are non-reversible or, in the case of excited state relaxation, the strongly
product favored. Thus, maximizing PCE depends upon maximizing the rate of the
favorable processes and minimizing the rate of the non-favorable processes outlined in
Figure 1.5. This dissertation will focus on understanding and maximizing the charge
collection rate at the transparent MO electrode with the organic active layer. The following
section will discuss numerical modeling of the J-V response.
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Figure 1.5 The processes present in solar energy production are a series of linked chemical equations. This
block diagram shows the favorable processes that are needed to convert solar energy into electrical energy.
The favorable steps, shaded gray, must occur in the order shown above in order to successfully convert solar
energy into electrical energy, and many of these processes are reversible. Process that lead to power losses
are shown in white. As indicated by the reaction arrows in this figure most of these processes are not
reversible or are strongly product favored.
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1.5 Modeling “ideal” OPV operation with the Modified Shockley Equation
1.5.1 Solving the Modified Shockley Equation using a non-iterative approximation.
J-V curve testing of OPV devices represents one of the most fundamental
procedures for testing charge carriers within PV devices. The J-V response of optimized
OPVs approximates the J-V response of an inorganic p-n diodes, and as such, can be
modeled the modified Shockley equation,36 an extension of the ideal diode equation.67,68
The Ideal diode equation is shown in Equation 1.5.
(𝑉)
𝐽 = 𝐽𝑜 exp (
− 1) + 𝐽𝑝ℎ
𝜂𝑘𝑇

(1.5)

Where Jo is the reverse saturation current, or “dark” current. The ideality factor (η)
is related to the rate limiting step for charge transport in forward bias. We note that there
is some ambiguity as to the sign preceding Jph. In this dissertation we will choose Jo > 0,
and Jph ≤0. Using this convention the sign before Jph will always be (+). When the charge
through the device is limited by the rate that charges recombine in the device, i.e., not
contact limited, η is directly related to the overall order of the recombination reaction. For
example, if the rate for recombination is dependent upon the concentration of both holes
and electrons, the reaction order will be unity with respect to each charge carrier and the
overall reaction order will be 2. If, on the other hand, the recombination happens
predominantly in a region of the device where the concentration of one charge carrier is
much greater that the other, then the reaction would be first order with respect to the lower
concentration carrier and pseudo zero order with respect to the other, leading to an overall
reaction order of 1. We note that when η > 2, it cannot be described by charge
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recombination alone and indicates that some other process in the device is involved in the
rate-limiting step for charge transport through the system.
In addition to the J-V response of the diode, the modified Shockley equation,
Equation 1.6, takes into account voltage losses prior to the active layer due to serial
resistance, as well current due to leakage pathways through the device. The equivalent
circuit diagram that corresponds to this equation can be found in Figure 1.6 a). The
modified Shockley equation has been demonstrated to approximate the J-V response of
both PHJ and BHJ OPV systems.69–72
𝑉𝑖𝑛𝑡
𝑉𝑖𝑛𝑡
𝐽 = 𝐽𝑜 exp (
− 1) +
+ 𝐽𝑝ℎ
𝜂𝑘𝑇
𝑅𝑃

(1.6)

Where Vint is the internal voltage, i.e., the voltage drop across the active layers of
the device, and RP is the shunt resistance. The shunt resistance is related to current flow
that bypasses the active layer. That is to say current that is not limited by the diode, but is
instead limited by a leakage pathway. Such a pathway could be due to a section where the
metal top electrode comes into direct contact with the TCO, or through defect states within
the active layer with concentration greater that the percolation limit. Ideally RP should be
high to minimize shunt currents, which are detrimental to the device PCE. Due to the
voltage drop across RS, Vint is always less than the applied bias (V), and can be calculated
according to Equation 1.7.
𝑉𝑖𝑛𝑡 = 𝑉 − 𝐽𝑅𝑆

(1.7)

As can be seen from Equations 1.6 and 1.7, the magnitude of the voltage drop across
the diode depends both on the magnitude of the resistance and the current flowing through
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the device. Therefore, the effects of RS are most pronounced at far forward bias. The shunt
current is accounted for in Equation 1.6 with the term;
𝑉𝑖𝑛𝑡
𝑅𝑃
This term calculates the current through the device due to shunt pathways which is
most pronounced in far reverse bias, where the current due to the diode response is low.
Equations 1.5-1.7 were derived with the implicit assumption that the electrical contacts
between the charge collection electrodes and the active layer are uniform and pose no
kinetic barrier for charge collection, i.e., the contacts are ohmic. As we will demonstrate in
this dissertation this is often not the case for OPV systems.
Equations 1.5-1.7 are based on the solutions to the Poisson and Continuity
equations. These equations approximate the PV/LED J-V response of optimized inorganic
p-n junctions,4,67,68 inorganic p-i-n junctions,73 Schottky diodes,74 perovskite,75,76 and OPV
systems.37,77 The near universality of this equation for LED and PV systems is based on
the simple fact that this equation describes how electrons and holes in a device move in
response to an electric field where each terminal selectively injects or extracts one of the
charge carrier types. This leads to local accumulation or depletion of charges which
determines the rate of charge recombination.
As can be seen in Equation 1.6, the effects of the RS and RP are dependent upon the
current flowing through the device, and the current flowing through the device is in part
dependent upon the leakage current and RS voltage losses. For this reason this equation
typically cannot be solved explicitly and must be solved numerically through iterative
approximations. However, under certain instances this can be solved non-iteratively using
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basic spreadsheet software. First, we can calculate the dark ideal diode current response
(Jph = 0) at each point along a predetermined voltage set using Equation 1.5. In the absence
of RS effects, V=Vint. Thus, this calculation is a calculation of the Jdiode-Vint response, where
Jdiode refers to the J calculated from the ideal diode equation. Next, we can calculate the
applied voltage (V) needed to reach any given Vint by solving for V in Equation 1.6. This
results in Equation 1.8 below.
𝑉
(𝐽𝑑𝑖𝑜𝑑𝑒 − 𝐽𝑝ℎ + 𝑅𝑖𝑛𝑡 )
𝑃
𝑉 = 𝜂𝑘𝑇 ∙ 𝐿𝑛 (
+ 1) + 𝐽𝑑𝑖𝑜𝑑𝑒 ∙ 𝑅𝑆
𝐽𝑜

(1.8)

This equation still includes V on both sides of the equation, i.e., V and Vint, and
would still require iterative approximations. However, if we assume that shunt current does
not significantly affect the voltage drop across the series resistance, then Equation 1.8 can
be reduced to Equation 1.9.

𝑉 ≈ 𝜂𝑘𝑇 ∙ 𝐿𝑛 (

(𝐽𝑑𝑖𝑜𝑑𝑒 − 𝐽𝑝ℎ )
+ 1) + 𝐽𝑑𝑖𝑜𝑑𝑒 ∙ 𝑅𝑆
𝐽𝑜

(1.9)

In this equation Jdiode is a constant at a given Vint, calculated using Equation 1.5. In
this form, the equation can be solved without numerical approximation. The total current
density, Jtotal, can be calculated according to Equation 1.10.

𝐽𝑡𝑜𝑡𝑎𝑙 = 𝐽𝑑𝑖𝑜𝑑𝑒 + 𝐽𝑝ℎ +

𝑉𝑖𝑛𝑡
𝑅𝑃

(1.10)
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Plotting Jtotal from Equation 1.10 against V from Equation 1.9 is an approximate
solution to Equation 1.6 and does not require the use of iterative numerical approximations.

1.5.2 Testing the validity of the non-iterative approximation to the Modified Shockley
Equation
The above approximation assumes that shunting current does not significantly
contribute to the voltage drop across the RS. Here we demonstrate when this is, and when
this is not, a valid approximation. For this discussion we will restrict the acceptable error
in this calculation to be 1 mV in the range of ±1 V applied bias, or a relative error of 0.1%.
The leakage current is can be approximated as shown in Equation 1.11

𝐽𝑙𝑒𝑎𝑘 ≤

𝑉
𝑅𝑃

(1.11)

Since V ≥ Vint, Equation 1.11 sets the upper bound for Jleak and that the voltage loss
across RS (VLoss) due to JLeak, can be approximated according to Equation 1.12.
𝑉𝑙𝑜𝑠𝑠 ≤ 𝐽𝐿𝑒𝑎𝑘 ∙ 𝑅𝑆

(1.12)

Since RS only dominates the voltage loss at sufficiently far forward bias, Equation
1.12 sets an upper bound for Vloss across the full voltage range. Combining Equation 1.11
and Equation 1.12 gives Equation 1.13.

𝑉𝑙𝑜𝑠𝑠 ≤

𝑉𝑅𝑆
𝑅𝑃

(1.12)

Using the defined acceptable error limit to be 1 mV in the range of ±1 V gives us the
following;
0.001 𝑉 ≤

1 𝑉 𝑅𝑆
𝑅𝑃
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⇒

1
𝑅𝑆
≤
1000
𝑅𝑃

Thus this approximation is valid, at this level of acceptable error, as long as the RP
is 1000 times greater than RS. If instead, the acceptable error tolerance is chosen instead to
be 1% in the range of ±1 V then the RP must be at least 100 times as large as RS.

1.5.3 Theoretical effects of Jo, η, RP and RS on OPV performance
Having demonstrated a facile approach to approximate the theoretical J-V response
based upon the modified Shockley equation and having tested the assumptions used, we
now will demonstrate how the parameters Jo, η, RP, and RS affect the theoretical J-V
response. For all calculations, we choose JPH = 10 mA∙cm-2 which is the approximate
photocurrent generated in an optimized P3HT:PCBM BHJ OPV under AM1.5G
illumination conditions. In all instances, except in Figure 1.6 b), Jo will be held at 8. 25
x10-8 mA∙cm-2 and for all instance except for Figure 1.6 c) η will be held at a value of 2.
These diode parameters lead to a theoretical response that closely resembles the empirical
J-V response of optimized P3HT:PCBM devices.37
As discussed above, Jo is related to the “dark current” in the device and is affected
by processes such as the spontaneous injection of holes (electrons) at the ECE (HCE).78 As
shown in Figure 1.6 b), when all else is held constant, increasing Jo leads to a reduction in
VOC. In this example, we demonstrate that as Jo is increased from 2.5 x10-10 to 2.75 x10-8
to 8. 25 x10-8 mA∙cm-2, the value of the VOC drops from ca. 900 to 600 to 300 mV. For
physical systems, the upper limit of VOC is determined by the material set. However, for
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any given set of materials, an increase in the dark injection of charges will reduce the
obtainable VOC. This effect is due to the recombination losses between photogenerated
charges and the dark injected current.
As can be seen from Figure 1.6 c), an increase in the ideality factor, η, decreases
the value of the FF. For a device with a Jph of 10 mA∙cm-2 and a VOC of 600 mV, increasing
the value of η from 1 to 2 to 4 leads to a reduction in the FF from 0.82 to 0.72 to 0.58.
These reductions in FF, relative to η = 1, leads to a relative reduction in the PCE of ca.
12% and 30% respectively. As discussed in 1.5.1, under certain conditions η is related to
the reaction order of the reaction, and the upper limit for the order of the reaction is 2,
which is the case when the concentration of both the electron and the hole affect the rate
of recombination, i.e., bimolecular recombination. For OPV systems, values of η are often
greater than 2. This indicates that the rate limiting step for charge transport through the
device cannot be due to the recombination of charges, which are transported toward one
another via drift in an electric field. Values of η greater than 2 have been predicted for
organic films in which electrons and holes are highly depleted due to Fermi level alignment
with the HCE and ECE.79 For P3HT:PCBM BHJ OPV systems, this effect is typically
observed only for devices that are less than half the thickness of optimized devices, i.e.,
100 nm vs 200 nm. For these thin devices the depletion width formed during equilibration
of the active layer with each contact extends well beyond one half the active layers film
thickness.79 For devices that are sufficiently thick to equilibrate with the electrical contacts,
an η greater than 2 may be due to non-uniform and/or non-ohmic electrical contacts
between the OSC and the charge collecting electrodes,33 i.e., the rate limiting step for
charge flow through the device is limited by the rate that charges can be injected and
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extracted from the device. The effects that non-ohmic and non-uniform electrodes have on
the apparent η and on reducing the PCE of OPV devices are discussed in Chapter 2, 3 and
4 of this dissertation.
Next we will discuss the effects that shunt currents, due to low values of RP, have
on the J-V response of devices. This is illustrated in Figure 1.6 d). As RP is reduced from
50 to 1 to 0.5 kΩ∙cm2 we observe a reduction in the value of the FF from 0.72, to 0.69 to
0.66. These resistance values correspond to a leakage current at -1 V of -0.02, -1, and -2
mA∙cm-2 respectively. As the RP is further reduced the FF continues to be reduced until
reaching a FF value of 0.25. While the theoretical FF can remain relatively high with
shunting currents as large as -2 mA∙cm-2, it has been observed empirically in our lab that
devices with shunting currents greater than ca. 0.5 mA∙cm-2 at -1V tend to be highly
electrically unstable and often show reductions in the measured VOC, possibly due to an
increase in the Jo associated with reduced selectivity of the charge collecting/injecting
electrodes.
The effects of RS are illustrated in Figure 1.6 e). As the RS value is increased from
5 to 25 to 50 Ω∙cm2 we calculate a reduction in the FF from 0.65 to 0.42 to 0.28. Further
increases in RS leads to an asymptotic approach of the FF to 0.25.37 This lower bound for
the FF was predicted by Shockley in the seminal works describing the J-V response of pn junctions beginning in the late 1940s. 4,67,68 Even though this lower bound on the value
of the FF is well established, many authors continue to attribute FF values less than 0.25
to a high RS of the device.26,80 For a more detailed analysis of the factors that lead to FF
values less than 0.25, the reader is referred to Chapter 2, Chapter 4, and in particular to
Chapter 3 of this dissertation. For readers interested in the effects of RS on the efficiency
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and scalability of OPV systems the author strongly recommends the numerical modeling
work of Seriantes et al.2010.37
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Figure 1.6 a) equivalent circuit diagram that represents a working PV device. b) Calculated J-V responses as
a function of Jo, assuming η = 2, RS = 0 Ω∙cm2 and RP = 5000 Ω∙cm2. c) Calculated J-V responses as a function
of η, RS = 0 Ω∙cm2 and RP = 5000 Ω∙cm2. In this calculation Jo varied to ensure VOC = 600 mV. d) Calculated
J-V responses as a function of RP, assuming η = 2, RS = 0 Ω∙cm2 and Jo= 8.25 x 10-8. e) Calculated J-V
responses as a function of RS, assuming η = 2, RP = 5000 Ω∙cm2 and Jo= 8.25 x 10-8
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1.5.4 The effects of non-ideal electrical contact at the OSC/MO interface
The above discussion, like much of the literature on organic and inorganic PV and
LED systems, assumes an ohmic contact between the semiconducting materials and the
charge collecting electrodes.70,81–83 However, forming uniform and ohmic electrical
contacts between organic semiconductors and charge collecting electrodes is nontrivial.20,30,32,33,36,84 This is particularly the case for the interface between organic
semiconductors and TCOs, ESLs, and HSLs, due to the complex surface chemistry and
heterogeneous compositional and electrical properties typically observed in MO
films.21,31,32,85,86 In section 1.5.5 we will discuss the effects of non-ohmic electrical
contacts. Section 1.5.6 will discuss the effects of non-uniform electrical contact at the
active layer MO interface.

1.5.5 Ohmic vs. non-ohmic contacts
The process of charge injection is known to play a critical role in the performance
and lifetime of both OPV and OLED devices.20,87,88 Despite the importance, the physics of
charge injection/extraction between the charge collecting electrodes and OSCs remains
poorly understood.20,84 To better understand the interfacial properties at electrode/OSC
interfaces, hole only or electrode only devices are often studied. In these devices, only a
single OSC is sandwiched between two charge collecting electrodes, for example, between
a MO electrode on one side and a metal electrode on the other, as shown in the left side of
Figure 1.7 a). The top left figure represents a system where both the MO and metal
electrode make good electrical contact with the OSC. In Figure 1.7 b) we present an
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identical system, except with the addition of a charge injection/extraction barrier at the MO
OSC interface.
For the theoretical system shown in Figure 1.7 a) the charge transport rate at the
electrode/OSC interfaces are much greater than the rate that charges transport through the
OSC. In this case, the electrical contacts are “ohmic” and the rate limiting step for charge
transport is through the bulk of the OSC. Thus, this current is termed “bulk limited.”20 In
Figure 1.7 c) we show the Log(J) vs. Log(V) response expected for this system. At low
biases, the current (Johm) can be described by ohms law, Equation 1.13

𝐽𝑜ℎ𝑚 = 𝑒𝑁𝑜 𝜇

𝑉
𝐿

(1.13)

Where e is the elementary charge, No is the charge carrier density, μ is the mobility
of charges in the active layer, and L is the thickness of the OSC. At higher voltages, with
ohmic contacts, the charge transport mechanism transitions from ohmic charge transport
to space-charge limited currents. This occurs when the electric field between the contacts
is sufficient to lead to an accumulation of charges at one electrode interface and a depletion
of charges at the opposing interface, i.e., opposing space-charges regions at each interface.
At this point the current transitions to a space-charge-limited (SCL) current response,
which can be described by the Mott-Gurney law, Equation 1.14.20,33,89
9
𝑉2
𝐽𝑆𝐶𝐿 = ( ) 𝜀𝜀𝑜 𝜇 3
8
𝐿

(1.14)

Where ε is the relative dielectric constant, and εo is the vacuum permittivity. The
transition voltage (Vo) between the Johm and JSCL can be predicted by setting these equation
equal to one another and solving for V, as shown in Equation 1.15.
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8
𝐿2
𝑉𝑜 = ( ) 𝑒𝑁0
9
𝜀𝜀𝑜

(1.15)

Notice that the transition voltage does not depend on the mobility of the OSC, but
does depend on No, εεo, and L.20
Due to the somewhat confusing terminology, and often vague and/or incorrect
usage in the literature, the author wishes to clarify the following points before moving on
to the J-V response of systems with non-ohmic electrical contact at one or more
OSC/electrode interface.
(1)

In electron only and hole only OSC devices, ohmic contacts at the OSC/electrode

interfaces do not limit the rate charge carriers move through the system. That is to say that
the rate charges are transported through systems with ohmic contacts are limited only by
the rate that charges move through the OSC.
(2)

Both Johm and JSCL currents are “bulk limited” currents. This indicates that the

charge transport across the OSC/electrode interface must be sufficiently rapid (ohmic) to
reach either of these current regimes.
(3)

The magnitude Vo is determined by the doping of the OSC (No), L and εεo, but is

not determined by the magnitude of μ.
Now we return to the device with the injection/extraction barrier, Figure 1.7 b).
This device has a charge injection/extraction barrier at the MO/OSC interface. This leads
to a current that is limited injection/extraction. We will refer to current limited at the
OSC/electrode interface as injection limited currents (JINJ). This barrier could be due to a
tunneling barrier between the OSC and the MO.33,90,91 (See also Chapter 2 of this
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dissertation.) Alternatively, this barrier could be due to an energetic offset at the
OSC/electrode interface.20,84 (See also Chapter 3 of this dissertation.) Regardless of the
origin, when the current is injection/extraction limited, we see a reduced J-V response. That
is to say, at any given voltage the injection limited current will always be less than the bulk
limited current, as shown in Figure 1.7 c).20 This corresponds to a higher bias needed in
OLEDs to reach the same light intensity, and leads to a reduction in the FF for OPV
devices.33 (see chapter 2 and chapter 3 of this dissertation).
For bulk limited current responses, J is expected to be proportional to V (ohmic) or
V2 (SCL). However, for injection limited currents, such as charge injection over an
energetic barrier or tunneling through an insulating barrier, JINJ is exponentially dependent
upon voltage.33 Since exponential functions are faster growing than polynomial functions,
this indicates that nearly any electrical contact should behave as an ohmic contact assuming
it is experimentally feasible to reach sufficiently high applied bias. Thus, contacts are not
simply ohmic or non-ohmic; instead, there is a continuum intermediates between purely
ohmic and purely non-ohmic,84 where contacts that are “more ohmic” transition to ohmiclike responses at lower voltages than contacts that are less “ohmic.” Thus, measurements
taken to determine the quality of the electrical contacts at electrode/OSC interfaces should
be performed under similar electric field conditions as the electric field conditions that the
device will be subject to during operation.
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Figure 1.7 a) A hole (electron) only device with ohmic contacts. b) A similar device with a barrier for charge
injection/extraction at the MO/OSC interface. c) The theoretical Log(J) vs. Log(V) response for hole (or
electron only) devices with fast injection/extraction rates at both OSC/electrode interfaces ohmic contacts
and non-ohmic contacts. Subfigure c) was adapted with permission from ref.20 Copyright 2004 Wiley-VCH.
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1.5.6 Uniform vs. non-uniform electrodes
In addition to the challenges that are associated with making ohmic contacts
between MO and OSCs, there are challenges that are associated with the electrical property
heterogeneity of the underlying MO electrode. We will briefly describe the heterogeneous
properties of ITO as a demonstrative example. ITO is a widely used, commercially
available TCO. ITO is typically composed of 90-95% indium oxide (In2O3) that is heavily
doped with tin oxide (SnO), which accounts for the remaining 5-10% of the composition
by mass.
The band structure of pure In2O3 and ITO were estimated by Fan and Goodenough
in 1977 via x-ray photoemission spectroscopy (XPS) studies, coupled with literature results
on single crystal In2O3.92 The band diagrams they estimated in this work are shown in
Figure 1.8 a) and b). The band structure is based on of the optical measurements of single
crystal In2O3 performed by Rupprecht,93 the electrical measurements of single crystal In2O3
performed by Weiher,94 and the determination of oxidation states in non-stoichiometric
In2O3 and ITO films performed via XPS analysis performed by Fan and Goodenough.92 As
shown in a) and b) the EBG of In2O3 is ca. 3.5 eV and is not significantly reduced upon
doping with SnO. b) the n-doping of ITO is due to both oxygen vacancies in the In2O3
lattice, which act as two electron donors just below the CB, and Sn2+ substitution for In3+
which acts as a one electron donor with a final oxidation state of Sn+3. Combined, these
effects lead to a high transparency in the visible range and a low resistance of the films, as
low as ca. 10 Ω/□ while maintaining greater than 90% transmission across the visible
spectrum. While the through film conductivity of ITO is sufficient for most PV
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applications, ITO, and similar MO TCOs, can have a complex surface chemistry and show
considerable electrical heterogeneity.
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Figure 1.8 The band diagrams of In2O3 and ITO (SnO doped In2O3) are shown in a) and b). This figure is
reproduced with permission from the work of Fan and Goodenough.92 This figure is based on the optical
measurements of single crystal In2O3 performed by Rupprecht,93 the electrical measurements electrical
measurements of single crystal In2O3 performed be Weiher,94 and the determination of oxidation states in
non-stoichiometric In2O3 and ITO films performed via XPS analysis performed by Fan and Goodenough. 92
As shown in b) the n-doping of ITO is due to both oxygen vacancies in the In2O3 lattice, which act as two
electron donors just below the CB, and Sn2+ substitution for In3+ which acts as a 1 electron donor with a final
oxidation state of Sn+3. Reprinted with permission from ref.92 Copyright 1977 AIP Publishing LLC.
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To describe the heterogeneous surface chemical properties of ITO we can start by
examining the heterogeneous crystallographic properties of films ITO. To do this we
examine the high resolution transmission electron microscopy results of Nakao et al. take
on commercially available ITO electrodes.85 These results are shown in Figure 1.9. As can
be seen from this figure, there are several identifiable crystal faces observable including
the In2O3 crystal faces: (411), (422), (420), and (431). In addition these authors were able
to resolve lattice spacing consistent with the SnO (101) crystal face, and the 1/3(101)
crystal face of a tin-rich tin oxide crystallites. These results indicate that the In2O3 crystal
structure does not have a strong crystallographically preferred growth direction. In
addition, these data shows that SnO phase segregates out of the In2O3 lattice, resulting in
crystallites with nearly one to one Sn to O atomic ratios as well as crystallites that are
highly Sn rich. XPS studies by Fan and Goodenough indicated that the tin oxide crystallites
preferentially segregate to the ITO surface.92 The variety of In2O3 crystal faces at the
surface, the presence of tin oxide crystallites with variable degrees of oxidation states,
coupled with the high surface energy of metal oxide films, lead to a surface of the ITO
substrate that is highly chemically and, as a result, electrically heterogeneous.31
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Figure 1.9 Here we present the high resolution transmission electron microscopy results of Nakao et al. on
commercially available ITO electrodes.85 These results are shown in Figure 1.9. As can be seen from this
figure, there are several identifiable crystal faces observable including the In 2O3 crystal faces (411), (422),
(420), (431), the SnO (101) crystal face, and the 1/3(101) crystal face of a tin rich tin oxide crystal. A indicates
a highly Sn rich tin oxide crystallite. B indicates a twinning defect in an In 2O3 crystallite. Reprinted with
permission from ref.85 Copyright 2000 Elsevier.
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To reduce the insulating effects caused by surface chemical reactions, several
cleaning protocols have been developed to reduce the surface contamination of these films
thereby improving the charge collection rate between this TCO and adjacent materials. In
Figure 1.10 a)-f) we show the CAFM height and current results, adapted from Brumbach
et al.,31 for ITO surfaces that have been cleaned via detergent solvent cleaning, oxygen
plasma cleaning, and acid etching with HCl and the oxidizing agent FeCl3. These results
clearly demonstrate that the surface of ITO remains highly electrically heterogeneous even
following chemical etching of the surface.
As discussed in the previous section, the rate of charge transfer between the
electrode surface and the OSC must only be rapid relative to the rate that charges are
transported through the OSC. ITO has a μ of ca. 30 cm2∙V-1∙s-1 and a Ne of ca. 1020 cm-3.
CuPc, a prototypical donor molecule, on the other hand, has a mobility that is typically ca.
5 x 10-4 cm2∙V-1∙s-1 and Ne of ca. 107 to 1012 cm-3. While these are bulk properties of these
materials, they clearly highlight the greater conductance of ITO compared to typical OSC
molecules. Thus, when we consider the electrical heterogeneity at the acid etched ITO
surface, Figure 1.10 f), it is not clear if the regions of low conductivity will limit the rate
of charge transport through ITO/OSC systems. In addition, from the work of Brumbach et
al., it is clear that the electrical conductivity of the detergent solvent cleaned sample is far
lower that the electrical conductivity of the more aggressively cleaned ITO surfaces, but
from this data, we cannot be certain that the electrical conductivity of even this surface is
too low to support bulk limited current transport in adjacent OSC films or if it forms a
reasonably ohmic contact with the OSC in some regions (hot spots) and not in others. In
Chapter 2 of this dissertation, and in the corresponding peer-reviewed publication that this
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research generated,33 we have demonstrated a variant of CAFM that answers these very
questions. In addition, in Chapter 4 we address the crystallographic and electrical property
heterogeneity of ZnO ESL films, sputtered deposited on ITO substrates. We demonstrate
in this Chapter that the electrical heterogeneity of these ZnO ESLs is a direct result of the
crystallographic heterogeneity of ITO surfaces, and we show a clear and simple approach
to alleviate this problem.
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Figure 1.10. a)-f) we show the CAFM height and current results, adapted from Brumbach et al.,31 for ITO
surfaces that have been cleaned via detergent solvent cleaning, oxygen plasma cleaning, and acid etching
with HCl and the oxidizing agent FeCl3. Adapted with permission from ref.31 Copyright 2007 American
Chemical Society.
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1.6 Dissertation overview
My dissertation research focused on characterizing the surface-averaged electrical
properties, and the nanoscale heterogeneity therein, of TCO electrodes such as ITO, and
transparent metal-oxide ESLs, such as ZnO. I investigated how these properties affect the
ability of these materials to rapidly extract photogenerated charges from light-sensitive
OSCs used for OPV solar cells, and their impact on the PCE of OPV devices. The interface
between the OSC and these materials plays a critical role in determining the overall device
performance, since poor or electrically heterogeneous contact can lead to reduced charge
extraction rates and lower PCE values.
In ACS Nano, 2012, 6, pp.9623, we demonstrated an innovative application of
CAFM to map the nanoscale electrical heterogeneity at the interface between ITO, a
common TCO electrode, and the prototypical, p-type OSC CuPc. This work can be found
in Chapter 2 of this dissertation. This research provided insight into when and if the
electrical heterogeneity of ITO translates into heterogeneous electrical properties at the
ITO/CuPc interface and elucidated the consequences of the nanoscale heterogeneity of hole
collection efficiency with respect to the macroscale PCE of bilayer heterojunction OPV
devices.
In traditional CAFM measurements, the nanoscale current behavior is mapped with
a constant tip-sample bias, which is inadequate to understand the electrical contact at the
ITO/CuPc interface since variations in probe-sample contact area and OSC thickness lead
to variations in the magnitude of the measured current that is unrelated to local differences
in the quality of the OSC/electrode contact. To overcome this challenge, we collected and
analyzed matrices of individual J-V curves defining a 500 × 500 nm sample area of CuPc
thin films on ITO. To maximize resolution while minimizing collection time, J-V curves
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were spaced 20 nm apart, just under the 24 nm theoretical resolution limit determined by
the probe/OSC/ITO geometry. By comparing the J-V response to known models for charge
transport (e.g., space-charge-limited current), we were able to determine the local ratelimiting-step for charge transport i.e., through the OSC (ohmic) or the CuPc/ITO interface
(non-ohmic). Regions of non-ohmic charge-transport are attributed to energetic and/or
insulating barriers at the interface and lead to a local reduction in the charge collection rate,
and ultimately OPV PCE. A schematic representation of this approach is presented in
Figure 1.11 In order to elucidate the effect of insulating barrier layers on the charge transfer
rate between ITO and CuPc in a controllable manner, we studied the effect of selfassembled monolayers (SAMs) of unsaturated alkyl phosphonic acid modifiers of various
chain lengths on the surface of ITO between the ITO and CuPc. The average response of
our 2-dimensional J-V mapping protocol is closely correlated with the alkyl chain length
and the macroscopic PCE of OPV devices built on these contacts. Additionally, we
demonstrated that SAMs less than ca. eight carbons allow for sufficiently fast charge
transfer rates that CuPc devices employing these layers to for ohmic contact to the
underlying ITO substrate. Above this threshold, we observe a pronounced decrease in the
OPV performance and evidence of non-ohmic coupling between the ITO substrate and the
CuPc layer. Ultimately, this novel application of CAFM provides an approach to correlate
the effect of nanoscale electrical heterogeneity of TCO/OSC interfaces with macroscale
OPV PCE.
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Figure 1.11 Schematic representation of the experimental process used to collect and array of J-V curves via
CAFM and convert the extracted fit parameters into nanoscale property maps. The bias range for hole
extraction at the ITO/CuPc interface is indicated as the “OPV relevant bias range,” and the region associated
with hole injection at the ITO/CuPc interface is indicated as the “OLED relevant bias range.” Adapted with
permission from ref.33 Copyright 2012 American Chemical Society.
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Chapters 3 and 4 focus on ZnO ESLs for BHJ OPVs. In BHJ OPVs, the donor (ntype) and acceptor (p-type) OSCs are intimately mixed, allowing both materials to be in
contact with each electrode; therefore, a selective interlayer is necessary to preferentially
collect one type of charge carrier and block the opposing charge carrier at each electrode,
minimizing recombination losses and maximizing PCE. The relative positions of the ZnO
VB and CB are well-suited to collect electrons from the LUMO of n-type OSCs, such as
C60, and block holes from the HOMO of p-type OSCs; however, OPVs built on ZnO tend
to show very low PCE prior to UV light-soaking which manifests as an “s-shaped”
distortion in the J-V response. This distortion in the J-V response is widely attributed to a
UV-dependence of the ZnO resistivity. The UV light-soaking necessary to maximize the
PCE is highly dependent upon the ZnO ESL fabrication parameters. By comparing
experimental J-V responses with theoretical models, we demonstrated that the UVdependence of ZnO based OPV PCEs cannot be attributed to changes in the ZnO resistance.

Using ZnO deposited by RF-magnetron sputtering (sp-ZnO), we have shown that
the UV-dependence of ZnO based OPVs is dominated instead by a combination of (i) the
energetic alignment at the interface between ZnO and the n-type OSC and (ii) the electrical
heterogeneity of the ZnO thin film. We fabricated sp-ZnO thin films under oxygen rich and
oxygen poor conditions, which tunes the doping level, and thus the Fermi level, relative to
the CB energy position as determined by UV photoelectron spectroscopy (UPS) and the
EBG of these materials. As shown in Figure 1.12 a) and b), increasing the oxygen partial
pressure during sp-ZnO deposition increases the energetic offset between the ZnO CB and
the C60 LUMO at the interface to well above the thermal voltage at room temp (~26 meV).
The J-V response (tested in the absence of UV illumination) for ZnO devices (Figure 1.12
b) inset) transitions from an “s-shaped” J-V response with low PCE to typical diode
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responses as the oxygen partial pressure is reduced. Kelvin probe (KP) analysis indicates
that the work function of the ZnO layer can be lowered by hundreds of meV via UV
exposure. Together, the theoretical, energetic, and KP results indicate that OPV UV-light
soaking effects are more influenced by changes in the energetic alignment at the ZnO/OSC
interface than by changes in the ZnO resistivity. These results are in preparation for
submission to a peer-reviewed journal, and are discussed in Chapter 3 of this dissertation.
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Figure 1.12 Band structure of the sp-ZnO/C60 interface. The VB/HOMO, Fermi level, vacuum level (VAC)
and band bending (BB) within the OSC layer were determined by UPS as a function of C 60 thickness. The
CB/LUMO positions estimated based on optical gaps. The energetic alignment of sp-ZnO/C60 grown under
oxygen poor conditions (0:100% O2:Ar) and oxygen rich conditions (10:90% O2:Ar) are shown in a) and b)
respectively. The J-V response of ZnO based BHJ OPVs, tested in the absence of UV, and are shown in figure
b) inset. The PCE is inversely related to the extraction barrier (Φect.) between the ZnO CB and the C60 LUMO.
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In addition, we found that nanoscale electrical heterogeneity plays an important
role in regards to the UV sensitivity of ZnO based OPVs. Using a combination of scanning
Kelvin probe microscopy (SKPM), CAFM, and chemical etching studies, we found that
the local electrical conductivity and the work function of sp-ZnO is directly related to the
underlying ITO grain structure. We found that the local ITO crystal face determines the
nucleation of the sp-ZnO films. We found that the local electrical properties, the
morphology, and the etch resistance of these films to be determined by the nucleation of
the sp-ZnO in the early stages of film growth. Some ITO grains produce ZnO regions that
have a low work function, high conductivity, and etch resistance, while other grains lead
to the opposite trends. As the ITO grain size is increased, the electrical heterogeneity of
the ZnO layer and the “s-shaped” distortion of the J-V curves is increased. We found that
the electrical heterogeneity can be reduced by either UV light-soaking or by depositing a
2 nm amorphous titanium dioxide (TiO2) layer prior to ZnO deposition (Figure 1.13),
enabling methodologies for understanding and improving critical parameters related to the
crystal structure of the substrate (ITO) and ESL (ZnO) that have a profound effect on OPV
device performance. These results are in preparation for submission to a peer-reviewed
journal, and are discussed in Chapter 4 of this dissertation.
The common thread in my PhD research projects has been the use of surface science
techniques to characterize the critical parameters that affect the electrical contact between
metal oxide materials and OSCs, and in turn, the PCE of OPV devices. These nanoscale
characterization studies coupled with macroscale device characteristics provide guidance
towards understanding and, thus solving issues that have a profound effect on the
conversion of solar to electrical energy in OPV devices.

87

Figure 1.13 CAFM current images (1 volt bias) for ITO/ZnO under various conditions. The heterogeneity of
ITO/ZnO (center) can be reduced via UV-light soaking (left) or through the addition of a 2 nm TiO 2 buffer
layer between the ITO and ZnO (right.)
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CHAPTER 2
Electrical Property Heterogeneity at Transparent
Conductive Oxide/organic Semiconductor Interfaces:
Mapping Contact Ohmicity using Conducting-tip Atomic
Force Microscopy
Gordon A. MacDonald, P. Alexander Veneman, Diogenes Placencia, Neal R. Armstrong
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*The contents of this chapter is an expansion of the authors’ original work, adapted with
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2.1 Abstract
We demonstrate mapping of electrical properties of heterojunctions of a molecular
semiconductor (copper phthalocyanine, CuPc) and a transparent conducting oxide
(indium–tin oxide, ITO), on 20-500 nm length scales, using a conductive-probe atomic
force microscopy (C-AFM) technique, Scanning Current Spectroscopy (SCS). SCS maps
are generated for CuPc/ITO heterojunctions as a function of ITO activation procedures and
modification with variable chain length alkyl-phosphonic acids (PAs). We correlate
differences in small length scale electrical properties with the performance of organic
photovoltaic cells (OPVs) based on CuPc/C60 heterojunctions, built on these same ITO
substrates. SCS maps the “ohmicity” of ITO/CuPc heterojunctions, creating arrays of
spatially resolved current–voltage (J–V) curves. Each J–V curve is fit with modified Mott–
Gurney expressions, mapping a fitted exponent (γ), where deviations from γ = 2.0 suggest
non-ohmic behavior. ITO/CuPc/C60/BCP/Al OPVs built on non-activated ITO show
mainly non-ohmic SCS maps and dark J–V curves with increased series resistance (RS)
and, lowered fill-factors (FF) and diminished device performance, especially near the
open-circuit voltage (VOC). Nearly optimal behavior seen for OPVs built on oxygen-plasma
(OP) treated ITO contacts, which showed SCS maps comparable to heterojunctions of
CuPc on clean Au. For ITO electrodes modified with PAs there is a strong correlation
between PA chain length and the degree of ohmicity, and uniformity of electrical response
in ITO/CuPc heterojunctions. ITO electrodes modified with 6-8 carbon alkyl-PAs show
uniform and nearly ohmic SCS maps, coupled with acceptable CuPc/C60OPV performance.
ITO modified with C14 and C18 alkyl-PAs show dramatic decreases in FF, increases in
RS, and greatly enhanced recombination losses. Sub-micron to nanometer-scale mapping
of electrical contacts in OPVs should be useful across a broad range of materials for both
OPVs and organic light emitting diodes, and for contacts modified with both hole- and
electron-selective interlayers.
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2.2 Introduction
Significant improvements in performance have recently been demonstrated for
organic photovoltaic devices (OPVs) based on polymer and small molecule active layers,
as well as hybrid organic/inorganic active layers.1-8 Device efficiency can significantly
decrease in OPVs as device area increases, especially for electrodes where maintaining
homogeneity in electrical properties is challenging, e.g. in transparent conducting oxides
(TCOs) such as indium–tin oxide, modified zinc oxides, and for contacts based on
assemblies of metallic nanowires or grids.9-19 Device efficiency is also critically dependent
on top and bottom electrode configuration and the injection efficiency (ηinj) of the contact
electrodes, where ηinj is defined as the ratio of injected current over the theoretical
maximum.20-27 For non-ohmic contacts, ηinj is always less than unity, leading to a decrease
in current collection and a power loss for photovoltaic cells.21 Using ηinj as a figure of merit
for the “ohmicity” of electrical contact is complicated by two factors. First, one must
empirically determine the theoretical maximum current for a given system. Second, ηinj is
field dependent for injection limited systems.28 These limitations make using ηinj to
compare different systems challenging. In this report we offer a more general approach for
determination of the quality of electrical contact between electrodes and organic
semiconductors (OSCs), on sub-micron to nanometer length scales, comparing those
observations with the performance of simple planar heterojunction (PHJ) OPVs.
For both PHJ and bulk heterojunction (BHJ) device configurations the physical
models developed thus far to explain OPV operation have often assumed that the contacts
between both the top and bottom electrodes and the organic semiconducting materials
exhibit high and uniform injection efficiency over large electrode areas and do not play a
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significant role in determining the current–voltage (J–V) response of these devices.29-31
Recent studies, however, suggest that the electrical properties of the most common
transparent oxides used as hole-collection contacts, i.e. indium–tin oxide, can be
heterogeneous on 10-500 nm length scales.12,13,16,17,19 While there are a number of reasons
why ITO may not be the contact of choice in OPV platforms of the future, electrical
heterogeneity in any contact will play a significant role in OPV device efficiency and in
the ability to scale-up OPVs to practical energy conversion device areas, in a manner
similar to effects seen for heterogeneous contacts in inorganic solar cells.32,33 As such the
study of electrical heterogeneity in a contact like ITO is crucial for optimization of a variety
of energy conversion and molecular electronic platforms.
C-AFM techniques are well established for the characterization of the electrical
properties of molecular electronic materials, and their contacts, on nanometer length
scales.19,27,34-38 In addition to the nanoscale resolution afforded by C-AFM using metallic
tips as the top contact, the potential damage due to thermal deposition of a metallic top
contact, is avoided.39,40 Standard C-AFM maps, however, show only the measured current
at one tip–sample bias as a function of position along the surface plane. The measured
current is a function of the total tip–contact–sample resistance, and does not give
information about the mechanism for charge transport through the electrode/OSC/C-AFM
probe system. Additionally, these measurements are convoluted with topography of the
contact as the measured current is dependent upon probe–sample contact area. The tip–
sample contact can vary due to change in contact force, i.e. as the probe moves over a
topographic feature and the feedback mechanism must respond to restore the probe
deflection, or as the probe moves over steep features and the sample contacts the sidewalls
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of the probe tip, rather than the apex of the probe tip, and from probe-to-probe variation in
the tip radius of curvature.41 In addition, the measured current will be affected by the local
OSC thickness since the electric field (E) is determined both by the applied voltage and the
distance between the top and bottom electrode. Thus variations in OSC thickness, due to
crystallization for example, further obscure underlining current transport mechanism, i.e.
whether or not a uniform ohmic contact has been made to the OSC.
Several investigators have recently demonstrated that spatially resolved J–V arrays
can be used to map local variation in Schottky barrier height of ultra-thin metal films and
graphene layers on insulating substrates, in a technique termed Scanning Current
Spectroscopy (SCS).42-45 SCS can be used as an imaging technique, analogous to force–
volume and phase–volume imaging, where each pixel of the image is obtained by
measuring a current–voltage curve and then fitting the J–V curve to an appropriate model
and plotting the fitted parameter(s) as the image datum for that point.46-49 For organic
semiconductor thin films of device relevant thicknesses, i.e. films less than 100 nm in
thickness for PHJ systems and ca. 250 nm or less for BHJ systems, the J–V curves are
expected to be dominated by space-charge limited current (SCLC) at biases above a few
mV if the electrode/semiconductor contact is ohmic.21,35
As reviewed by Malliaras and coworkers, an ohmic contact is defined as a contact
in which the current is limited by charge transport through the organic semiconductor.21
This implies that the rate at which charge can be injected (extracted) is not the rate limiting
step in charge transport through the system. Under these conditions, and assuming infinite
planar electrodes and a non-field dependent charge mobility, charge transport will be
dictated by the Mott–Gurney (M–G) formalism, Equation 2.1:

102
9

𝑉2

𝐽 = 8 𝜀𝜀𝑜 𝜇 𝐿3

(2.1)

where J is the current density, V is the applied bias, εεo is the product of the dielectric
constant and vacuum permittivity, μ is the charge carrier mobility, and L is the thickness
of the organic semiconductor layer.21
Appropriate modifications to this relationship are required to account for the
electrode geometries in C-AFM experiments, however the quadratic dependence of the
current versus the voltage is retained.35 Embedded in this relationship is the recognition
that the mobility of the injected/harvested charge carrier is critical to determining whether,
and at what applied fields, space-charge limited currents will be achieved. The possible
field dependence of charge mobility in the organic semiconductor can also make the
distinction between ohmic and non-ohmic behavior more complex.50 When the electrical
properties of the contact are not uniform, and charge mobilities are low, the distribution of
“active” versus “blocked” regions on the contact becomes critical in determining contact
ohmicity. For an OPV under illumination this distribution of inactive sites on the contact
can control the device series resistance, and factors leading to reduced charge harvesting
efficiencies, fill factor and OPV efficiency.16,51 It is also possible that contact heterogeneity
can manifest as a distribution of trap states at the contact/organic interface, which can act
like “blocked” regions if the trap is energetically deep enough, and these sites may
influence surface recombination rates and OPV efficiency in a fashion that may be seen as
analogues to just the implementation of blocked sites on the electrode surface. 7,20,52-54
We present here a conducting-probe atomic force microscopic approach for the
characterization of the electrical heterogeneity of ITO/organic semiconductor interfaces on
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20-500 nm length scales. This methodology should be applicable to characterization of a
wide range of heterojunctions between organic semiconductors and contact and interlayer
materials relevant to thin film electronic technologies such as OPVs and OLEDs.12,13,17,55,56
To demonstrate our approach we characterize the interface between ITO and a prototypical
donor organic semiconductor, copper phthalocyanine (CuPc), creating the lower half of a
PHJ OPV.57 The dependence of CuPc/C60 OPV performance on ITO pretreatments has
been shown before, but not with sub-micron characterization of differences and distribution
of the ohmic regions on the contacts.57,58
The worst performing ITO electrodes are cleaned by a combination of detergents
and solvents (DSC-ITO), where previous C-AFM studies have shown that large fractions
of the geometric area are incapable of passing measurable current densities, except at
extremely high tip bias, confirmed by electrochemical studies of both solution and surfaceconfined redox probes.18,19 As a control we compare our results for CuPc/ITO
heterojunctions to CuPc/Au heterojunctions, where the high work function of clean Au (ca.
5.1 eV) provides for an ohmic contact to CuPc thin films with an ionization potential (IP)
of ca. 4.8 eV.22,59 Similar behavior is seen for ITO electrodes first activated by oxygen
plasma cleaning (OP-ITO) and by aggressive acid etching (AE-ITO).18,19 Changes in
electrical contact quality, and the heterogeneity of the electroactivity in these
heterojunctions are characterized as a function of ITO cleaning/activation procedure, which
complements our previous C-AFM studies of ITO surfaces,18,19 and as a function of small
molecule modification of the ITO surface with alkyl-phosphonic acids (PAs).60,61 The
electrical properties of this CuPc/ITO interface, and the heterogeneity therein, plays a
critical role in power conversion efficiency of CuPc/C60 heterojunction OPVs, as has been
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predicted by other recent studies of contacts and electrical property heterogeneity in both
small molecule and polymer OPVs.12,13,17,34,55,57,62,63
We first demonstrate that the J–V response for CuPc on clean, high work function
electrodes follows a non-field dependent M–G model at the biases examined, and is
homogeneous as measured by SCS mapping. We next show a deviation away from ideal
electrical behavior and an increase in heterogeneity, for ITO electrodes that are not
aggressively pretreated. The mapping of the non-idealities of these electrodes correlates
well with previous studies which show that large areas of this TCO surface can be
electroinactive,18,64 and with modeling studies from our group discussed elsewhere, which
demonstrate the role of these heterogeneities in the efficiency of charge harvesting in OPV
systems.16,17 We anticipate that these findings will extrapolate to most OPV electrical
contacts, and that SCS mapping can provide a measure of contact quality, on sub-micron
length scales that correlates well with actual macroscopic OPV performance.
Lastly, these SCS maps are altered when the ITO electrode is modified with alkyl
PA monolayers which act as a uniform variable thickness insulating barrier to charge
extraction (injection) between the electrode and the organic semiconductor, and change
both the chemical composition of the oxide surface and its effective work function.61,65-67
For alkyl chain lengths of 8 carbons or less the SCS electrical heterogeneity is reduced
versus DSC-ITO alone, and OPV performance is actually comparable to that seen on OPITO. As alkyl chain length is increased above eight carbons we observe a corresponding
deviation from the M–G formalism in our maps, i.e. the contact becomes more current
limiting, in a controlled fashion. Such modifications lead to a systematic decrease in FF
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for CuPc/C60 OPV device performance, leading ultimately to the kind of S-shaped J–V
behavior associated with poorly performing OPVs. 7,51
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2.3 Results and discussion
2.3.1 Current–voltage behavior in Au/CuPc heterojunctions
We first show the J–V behavior of 10, 20 25, 30, 40 and 100 nm CuPc thin films
on TS-Au substrates (Figure 2.1a).68,69 For these experiments the PtIr05 probe is at ground
and sample bias is swept positive or negative. At positive bias, holes are injected from the
ITO electrode into the CuPc layer, and extracted at the PtIr probe, (i.e. forward bias),70-72
while at negative bias, holes are injected from the conductive probe into the CuPc film and
extracted at the ITO electrode, a bias relevant to OPV operation. The J–V response for
these TS-Au/CuPc heterojunctions represent an average of at least 75 J–V curves over a
minimum of three distinct scan areas for each CuPc thickness.
As expected the macroscopic J–V response for TS-Au/CuPc heterojunctions is
uniformly ohmic, i.e. the J–V behavior follows the M–G formalism (Equation 2.1) for
space-charge limited current (SCLC) above a transition voltage.21 A clear transition from
an ohmic regime to SCLC, however, is not observed, which can be explained by two
observations. First, for planar electrode/OSC/electrode geometries the transition voltage
between the Ohm's Law regime and the SCLC regime is expected to be less than 10 mV
for most OSC films less than 100 nm thick.21 A similar transition voltage can be expected
for nano-scale J–V responses. Second, numerical modeling of C-AFM based J–V
measurements indicates that diffusion currents will have a significant contribution to the
J–V response within the first few hundred mV, and this transition is strongly thickness
dependent.35 Thus the absence of a sharp transition between the Ohm's Law regime and the
SCLC regime is expected for OSC thin films of OPV relevant thicknesses when
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characterized by C-AFM. In addition, the high work function of clean Au (5.1 eV),73 and
of the PtIr05 tip (≈5.2 eV),74 versus the ionization potential of CuPc (ca. 4.8 - 5.2eV),22,59,75
produces no significant barrier to hole injection from either the PtIr05 probe or the Au
contact, the J–V response is not rectifying and ohmic responses are expected in both bias
directions and SCLC behavior is anticipated to dominate the J–V response.21,50
The thickness (L) dependence of current in this system at a constant bias (-300mV),
is shown in Figure 2.1b, showing J ∝ L-1.25±0.05, in good agreement with the experimental
and modeled thickness dependence reported by Reid et al. (I ∝ L-1.4±1) for
ITO/PEDOT:PSS/OSC heterojunctions.35 Equation 2.1 typically applies to plane–plane
electrodes of infinite size, showing a thickness dependence of L-3. However, in these
experiments the probe-OSC contact diameter (Pd) is similar in magnitude to the thickness
of the OSC, were Pd ≈ 14 nm.35 As a result this system can neither be treated as having
infinite plane-plane electrodes, nor as point-plane electrode system, but instead as an
intermediate between these extremes. The electrode geometry-modified Mott–Gurney
relationship proposed by Reid et al., (Equation 2.2),35 appears appropriate to describe the
J–V properties of CuPc thin films using PtIr05 conductive probes, and is the response
expected for ohmic, uniform contacts:
𝑉2

𝐿

1.6±0.1

𝐽 = 8.2𝜀𝜀𝑜 𝜇 𝐿3 (7.8 ± 1) (𝑃 )
𝑑

(2.2)

The current densities, normalized to the expected tip/CuPc contact area, are in
excess of 100 A/cm2. Previous studies of small area diode structures, however, have
demonstrated that current densities in excess of 1000 A/cm2 are achievable without damage
to the organic layers.76,77 Issues arising due to occasional PtIr05 tip contamination, and
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remediation of those effects, are discussed further below. For a more detailed discussion
of the steps taken to assure that good electrical contact between the probe and the OCS the
reader is referred to the Supporting Information, Figure S2.1-S2.3, available at the end of
this chapter.
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Figure 2.1 - a) J–V responses for 10, 20 25, 30, 40 and 100 nm CuPc thin films on a template-stripped gold
substrate. These curves are an average of more than 75 J–V curves, obtained by taking 5x5 arrays with
~200nm spacing at three or more locations spaced millimeters to centimeters from one another. b) Absolute
current versus film thickness at a bias of -300 mV, indicating that the J–V response is not limited by current
injection (extraction) at either electrode for OPV relevant biases.

Table 2.1. Summary of OPV device results for ITO/CuPc/C60/BCP/Al solar cells as a function of ITO
pretreatment method. RS was estimated from the slope of the dark J–V response at far forward bias. Each
reported measurement is the average of at least 10 separate determinations, with a standard deviation of
typically less than 10%.
Φ (eV)

VOC (V)

FF

JSC (mA·cm-2)

RS (Ω · cm)

η (%)

DSC-ITO

4.2±0.1

0.28

0.34

4.9

0.8

0.48

AE-ITO

4.5±0.1

0.39

0.57

6.3

0.44

1.41

OP-ITO

5.2±0.1

0.42

0.61

6.8

0.33

1.7
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2.3.2 SCS mapping of TS-Au/CuPc heterojunctions, and ITO/CuPc heterojunctions
as a function of ITO pretreatment
Figure 2.2a shows estimated frontier orbital energy (transport) levels for the CuPc
HOMO and LUMO as well as the Fermi level for the PtIr05 AFM probe, and the Fermi
level for the bottom contacts under investigation. These include TS-Au, and ITO substrates
pretreated by different protocols.18,19 Figure 2.2b shows a schematic view of the SCS
experiment where we characterize the J–V response for Au/CuPc/PtIr05 and
ITO/CuPc/PtIr05 heterojunctions as a function of lateral displacement on a 500 x 500 nm2
length scale.
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Figure 2.2. a) Proposed band edge alignments for the ITO/CuPc/PtIr heterojunctions, assuming a
pretreatment dependent work function range for ITO of 4.2-5.2 eV, an IP/HOMO energy for CuPc of 4.8, a
LUMO of 3.2 eV, and a work function for the PtIr tip of 5.2 eV; 74 b) A schematic representation of the SCS
mapping experiment. J–V curves are collected from an array of spatially resolved points, with sampling
dimensions of 500 x 500 nm, and a point-to-point separation distance of 20 nm. From these individual J–V
curves we extract the apparent hole mobility and the apparent power dependence of the current–voltage
behavior. A power dependence that deviates from 2 indicates the presence of a non-ohmic contact between
the bottom electrode and the organic semiconductor.
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Mapping of contact ohmicity was carried out by precisely positioning the PtIr05
probe on the CuPc/contact, recording J–V responses in both bias directions at each point.
CuPc thicknesses of 20 nm were chosen for these mapping studies, which is near the
optimal thicknesses for planar heterojunction CuPc/C60 OPVs.30,57,59 Thinner and thicker
CuPc films (10-100 nm) were also examined, with SCS mapping responses similar to those
shown in Figure 2.3a. The PtIr05 probe makes contact with the CuPc surface with only ca.
12 nN of force, with about 6 nN due to an instrumentally applied load, and the remainder
due to tip–sample adhesive forces. This force was chosen to avoid damaging the thin film
and to minimize artifacts due to unknown contact area of the tip, and tip-induced
conductivity changes. Once the J–V response was collected, the probe was withdrawn and
moved a short distance (~20nm), to collect another J–V response. This process was
repeated to produce a 25 x 25 array of J–V curves over a 500 x 500 nm2 area. A spacing of
20 nm between J-V measurements was chosen as this is near the theoretical limit for the
resolution of this measurement for 20 nm thick CuPc films. Based on the numerical
modeling done by Reid et al. ~91% of the current for this thickness should come from an
area with a diameter of 24 nm and ~99% of the current should come from an area with a
diameter of 36 nm based upon a isotropic OSC of uniform thickness, where these values
correspond 2 and 3 σ for the 2D Gaussian distribution of the electric field at the OSC ITO
interface.
The J–V data at each point was analyzed for both bias directions, but we focus here
on the bias regime relevant to OPVs (hole injection from the PtIr05 tip, through the CuPc
layer with hole-collection at the ITO substrate). The J–V response at each position in the
array was fit to a simplified power law expression (Equation 2.3):
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𝐽 = 𝑃𝑉 𝛾

(2.3)

where P and γ represent a fitted prefactor (from Equation 2.3) and fitted exponent
respectively.
For ohmic contacts the current, controlled by the electrical properties of the organic
semiconductor, shows a J ∝ V2 dependence. Variations in the thicknesses of the organic
layer and the tip contact area are expected only to change the magnitude of current at a
given bias; we expect the fitted exponent γ to show little sensitivity to these variables, since
γ reflects the charge transfer mechanism regardless of absolute current. However, large
variations in the thickness could lead to cases where the magnitude of the current falls
outside of the detection window of the instrument in the bias range monitored, or allows
direct contact between the AFM probe and the bottom contact, often referred to as “shorts
through pinholes” in the film. Such variations would deteriorate one’s ability to obtain
meaningful γ-fit values. The CuPc thin films investigated here tended to form crystals of
~20-40 nm range, and with grain peak to grain boundary variation in height typically less
than 3 nm for the 20 nm thick films. Large variations in the current were occasionally
observed for CuPc films of 10-15 nm and often for films with thickness below 10 nm, both
with SCS and traditional C-AFM imaging. CuPc films with thickness of 20 nm and above
showed no indication of pinholes. This correlates with the observation that films below this
thickness perform sub-optimally in OPVs.57-59,64 For high resolution topography images of
ITO and ITO/CuPc systems the reader is referred to the Supporting Information, Figure
S2.5.

114

If the contact is non-ohmic the current response is determined solely by the
electrical properties of the ITO/CuPc heterojunction, through poor alignment of the critical
energy levels between the electrode and the organic semiconductor, or through the presence
of an insulating barrier at the ITO surface.22,23,27 In the former case the current would be
dictated by thermionic emission and in the latter the current would be dictated by tunneling.
In both these cases the J–V response is expected to show an exponential dependence, i.e. γ
≠ 2. For convenience, we therefore use the fitted power, γ, as a figure of merit, where γ ≈
2 suggests an ohmic contact at that point on the sample. Large deviations from γ = 2
indicate either an energetic mismatch at that point, or the presence of an insulating barrier
of sufficient thickness to make the ITO/CuPc heterojunction current limiting. We note here
that there is not a sharp distinction between bulk limited and injection limited currents,
rather these represent cases when the charge transfer rate at the electrode interface is much
greater than the transfer rate within the bulk (bulk limited) or much lower than the rate
through the bulk (injection limited). In cases where these rates are similar in magnitude the
current may be injection limited at low bias, bulk limited at high bias and have an
intermediate response between these states at moderate bias.50 We show below, however,
that an ITO electrode with a sufficiently blocking layer (an alkyl-phosphonic acid) leads to
an increasing deviation of γ away from 2, which correlates with an increasingly injection
limited contact.
There are clear differences in the SCS maps (Figure 2.3a) γ-fit distribution (Figure
2.3b) and J-V response (Figure 2.3c) for CuPc heterojunctions on TS-Au, OP- and AE-ITO
and on DSC-ITO (Figure 2.3 column i, ii, iii, and iv-vi respectively), where DSC-ITO
produces the most variable electrical response. Figure 2.3c shows a representative J-V for
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each electrode/CuPc system. The curve shape and magnitude are similar for CuPc on TSAu, OP-ITO, and AE-ITO. For CuPc on DSC-ITO there is a decrease in both hole injection
(positive bias) and extraction (negative bias) as well as a significant increase in
rectification. We postulate that the work function of the DSC-ITO alone is not the sole
cause for these changes, as we will demonstrate later in this communication through
alkylphosphonic acid modification of the ITO surface.
Yellow blocks in the SCS maps (Figure 2.3a) indicate a power law fit γ ≈ 2,
transitioning to red to represent γ as large as 2.5 and as small as 1.5 (value ranges of 2 ±
0.5 for the color code correspond with γ ± 2.5σ for CuPc on TS-Au). Figure 2.3b (i - vi)
shows frequency distributions of the fitted power law dependence (γ) for representative 25
by 25 arrays for various TS-Au/ITO/CuPc heterojunctions. Distributions in γ centered
around 2 for TS-Au/CuPc heterojunctions (i), and for OP-ITO/CuPc and AE-ITO/CuPc
heterojunctions (ii, iii), with a standard deviation of 0.2. This represents the kind of
deviation we expect for nominally ohmic TS-Au/CuPc heterojunctions.
We note that the typical grain size observed for the ITO substrates (Colorado
Concepts) used in these experiments is ~50-100 nm. The scan size in all SCS measurements
present in this communication are 500 x 500 nm. As a result the SCS maps presented Figure
2.3a ii)-vi) contain several ITO grains, ~25-50 grains per image, and a higher RMS
roughness (2-3 nm) than TS-Au (<1 nm). Despite the greater roughness and nanostructure
variation of ITO compared to TS-Au, We observe a narrower distribution of γ on OP-ITO
and AE-ITO than we observe for TS-Au (Figure 2.3b). From this we concluded that ITO
nanostructure, and variations in height in this range, are not a primary factor in determining
the quality of the SCS mapping at this time, although this could become a greater factor
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with further advances in this technique, or for systems with greater surface roughness than
what we observe here. High resolution topography images of ITO and ITO/CuPc systems
and information regarding the roughness of these systems can be found in Supporting
Information, Figure S2.5. During these control studies on Au/CuPc heterojunctions we
noted occasional broadening of the distribution in values for γ, skewing of the distribution
towards γ ≥ 2, an increase in the adhesive forces between the probe and sample, as observed
though force–distance curves, and a decrease in the coefficient of determination (R2) for
the fit of the experimental data to Equation 2.3. We attributed these changes to
contamination of the PtIr05 tip and noted that replacement of the tip at this point returned
the J–V responses and the power law fit distributions to that expected for Au/CuPc
heterojunctions. We therefore adopted these same cautionary measures in our exploration
of all ITO/CuPc heterojunctions. A detailed description of how these tip effects were
characterized and avoided and the criteria for acceptable J-V behavior are discussed in
Supporting Information, Figures S2.1-S2.3.
We observe γ ≈ 2 for 20 nm CuPc on OP-ITO and AE-ITO (Figures 2.3b, ii and
iii). As expected, aggressive pretreatments allow for good electrical contact between the
electrode and the CuPc thin film over 500 x 500 nm to millimeter length scales (spacing
between unique areas on the same sample). Furthermore, when we fit the J-V response to
equation 2.2 on these systems we observe an average μ of ca. 4 × 10-4 cm2∙V-1∙s-1, as shown
in Figure S2.6 in the Supporting Information. This is inurement with macroscale mobility
measurements on CuPc films deposited on room temperature substrates.78 The DSCITO/CuPc heterojunctions show significant deviations from γ = 2 for three different regions
selected to show the range in electrical responses (Figure 2.3a iv-vi). Color bar values
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greater than 2.5 in these SCS maps are coded cyan to indicate significant deviation (>2.5σ)
of γ away from the average values for TS-Au/CuPc heterojunctions, and color transitions
for larger deviations (γ = 6) are coded in blue. This type of electrical heterogeneity, for a
contact interfaced to a molecular semiconductor with relatively low charge mobility like
CuPc has been predicted to lead to much higher rates of recombination in the OPV,
increased resistance (especially near the maximum power point in the OPV), lowered FF,
and diminished OPV efficiency.16,17,51
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Figure 2.3. (a-c) Representative SCS data for 20 nm CuPc deposited on TS-Au, OP-ITO, AE-ITO are
presented in columns i)-iii) respectively. Columns iv)-vi) present SCS data for three distinct sample areas for
CuPc/DSC-ITO which show the typical variation observed between different samples and between different
areas on the same sample for CuPc/DSC-ITO systems. Row a) presents SCS maps, which demonstrate the
variation in γ for CuPc on TS-Au and ITO with various pretreatments. The datum value is represented by a
color code: yellow indicates a value near 2 and transitions to red as the fitted value approaches ± 2.5 σ from
2 relative to the model system CuPc/TS-Au. Green and cyan to blue indicate a deviation of greater than ±2.5
σ away from a power law of two and indicates a non-ohmic contact. Row b) shows the frequency distribution
of γ in the above plots. Row c) row shows a representative J–V curve taken from the above SCS mapping.

119

2.3.3 OPV device performance: CuPc/C60 heterojunctions
Figure 2.4 shows the averaged dark and illuminated J–V responses for CuPc/C60
planar heterojunctions built on OP-ITO, AE-ITO and DSC-ITO substrates; operating
parameters are summarized in Table 2.1 from a minimum of eleven devices for each ITO
pretreatment. VOC and JSC are nearly the same for OPVs on OP-ITO versus AE-ITO.61,79
For the devices built on DSC-ITO the most significant differences are an increased RS in
the dark, significantly lowered FF, and much lower VOC. It is notable that at large reverse
bias the photocurrent for all three device types is nearly identical, suggesting that high
internal fields in the OPV are sufficient to assure efficient charge harvesting even for
electrodes such as DSC-ITO, where large regions of the contact are “blocked.”12,13,16
The macroscopic behavior of photovoltaic devices can be understood in terms of
the SCS data. For both OP-ITO/CuPc and AE-ITO/CuPc heterojunctions we observe
electrically homogeneous and ohmic behavior within 500 x 500 nm sample areas, and
between sample areas spaced microns to millimeters apart. CuPc films deposited on DSCITO showed a much greater variation in J–V response and in the median and type of
distribution observed for values of γ. The dramatic increase in RS and reduction in FF and
photocurrent response near VOC, for CuPc/C60 OPVs on DSC-ITO is correlated with this
non-uniform and non-ohmic electrical behavior. Such relationships have been inferred in
the past, but without the accompanying SCS maps to verify this correlation.30,57,58,80
In a PHJ OPV operating near VOC, photo-created charges arising at the CuPc/C60
interface move toward the contacts principally via diffusion.31 In recent modeling studies
we defined a characteristic diffusion length for charge carriers in a PHJ OPV (δOPV) and
the average distance (d) separating individual electrically active sites at the contact surface.
δOPV is determined by both linear diffusion of charges from the D/A interface, and by the
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replenishment of these charges due to exciton dissociation and charge creation (under
constant illumination) at the CuPc/C60 interface:
𝛿𝑂𝑃𝑉 =

𝐷
̅
𝑉

(2.4)

For these OPVs we consider only D, the diffusion coefficient (cm2/sec), for a charge
in the CuPc layer, which is related to the hole mobility by the Einstein relation (ca. 2.9 x
10-4cm2·volt-1·sec-1, leading to D ≈ 7.5 x 10-6 cm2∙s-1). 𝑉̅ is the average velocity of a planar
charge front incident perpendicular to the plane of the electrode. For CuPc/C60 OPVs
operating near VOC at AM1.5G illumination and light intensities up to 5x that level, we
estimated 𝑉̅ up to ca. 35 cm·s-1, leading to δ as small as ca. 200 nm. When electrostatic
interactions between diffusing charge carriers in either the CuPc or C60 layers are
considered, values of δ as low as ca. 20 nm are predicted.16
When δOPV >> d no differences in charge collection efficiency are expected
compared to the ideal homogeneous electrode, however, when δOPV is near or below the
value for d, RS is increased and the (FF) is decreased as charge harvesting is inhibited, and
recombination probabilities near the contact or at the donor/acceptor interface in the OPV
are enhanced.12,13,16,17,51,80 For illustrative purposes we make the assumption that the areas
coded yellow to red in Figure 2.3 are “unblocked” while the areas coded cyan to blue are
“blocked,” i.e. injection limited. We acknowledge that this distinction can be somewhat
arbitrary, and discuss the limitations of these assumptions below.
For DSC-ITO we see the percentage of “electrically blocked areas” in our SCS
maps is highly variable. Some sample areas, such as DSC-1 in Figure 2.3a, show a
relatively low percentage of the surface to be electrically blocking. Areas such as DSC-2
show regions between tens and hundreds of nanometers that are highly blocked. Still other
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areas (DSC-3) show that the electrically blocking regions can be larger than 500 x 500 nm2.
We note that this range of results was repeatable over multiple experiments and multiple
ITO samples, and that the quality control measures described in Supporting Information
were implemented to minimize effects due to contamination of the AFM probe.
It is not surprising to see the poor CuPc/C60 OPV response for such ITO substrates
relative to the activated ITO substrates, and it is surprising in some respects that the
response is not worse. We have also noted, however, that once charges arrive at the
ITO/CuPc interface under diffusion control (as is expected for OPVs operating near
VOC),16,29,30 if they are not harvested at a blocked site, there are opportunities for lateral
diffusion near the contact, dependent upon their charge mobilities in that interfacial region,
and charges may still be efficiently harvested even with electrodes with high percentages
of blocked areas.16 For planar heterojunction OPVs based on donor layers such as
pentacene, which has a significantly higher hole mobility than CuPc, we have observed
that pentacene/C60 OPVs are much less sensitive to ITO activation conditions, and that
viable OPVs can be built even on DSC-ITO.79 Results of these studies, and comparisons
with responses for other dipolar donor layers, and for semiconducting polymer layers with
higher hole mobilities, will be communicated elsewhere.
While these modeling studies offer insight into the effect heterogeneity has on
device performance, these systems tend to assume either blocked or non-blocked electrical
behavior. In fact charge transfer at the electrode/OSC interface competes with the rates of
intermolecular charge transfer which control charge mobilities. Ohmic behavior is likely
when interfacial charge harvesting rates are much higher than the intermolecular charge
transfer rates, which control the charge mobility in the OSC. Non-ohmic behavior is likely
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when interfacial charge harvesting rates are much slower than charge transfer rates within
the OSC. As shown by Wang et al., there is rarely a sharp distinction between these
regimes, but rather a range of ohmic to non-ohmic injection-limited behavior in most
organic semiconductors.50 Our approach to the analysis of J–V behavior is intended to be
comparative, emphasizing the major differences between ohmic and injection limited
regions.
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Figure 2.4. a) and b) plots of light and dark J–V curves for ITO/CuPc/C60/BCP/Al OPVs as a function of
ITO pretreatment, in linear-linear and semilog formats respectively. DSC-ITO, with its high surface coverage
of blocked sites, produces a response under illumination which suggests significant recombination limitations
to the OPV response.16,51,54
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2.3.4 Phosphonic acid modification of ITO substrates
In the following section we discuss the use of alkyl-phosphonic acid modification
of the ITO surface as an alternative approach to decrease the efficiency of hole-harvesting
at the ITO/CuPc interface. Although we did not observe a strong correlation between
surface topography and SCS results for ITO cleaned by common pretreatments, literature
precedent indicates that nanoscale surface curvature can detrimentally affect monolayer
surface packing and increase defect densities.81-84 To minimize this effect we used ultrasmooth ITO (RMS roughness < 1 nm, Thin Film Devices) for all phosphonic-acid
modification experiments. This ITO maintains a high conductivity (~20 Ω/□) but is much
smoother than most commercially available ITO substrates. High resolution topography
images of ultra-smooth ITO and ITO/CuPc systems and information regarding the
roughness of these systems can be found in Supporting Information, Figure S2.5. The
alkyl-PA chain lengths explored varied from 6 to 18 carbons, making the contact
systematically more injection limiting as the alkyl chain length increased. PA modifiers
bind robustly to activated ITO surfaces, and terminal functional groups can introduce
dipolar character that can be used to tune the effective work function of the ITO
substrate.61,65 Using simple alkyl-PAs, the work function of ITO is lowered, relative to OPITO, and the thickness of the insulating layer is systematically increased as chain length is
increased. Alkyl-phosphonic acid modification of ITO, with chain lengths between 6 and
18 carbons, have been shown to produce substrates with work functions nearly the same as
DSC-ITO.61
Current flux through an insulating barrier is exponentially dependent on applied
bias, while current through an organic semiconductor has a quadratic bias dependence.85,86
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It has been shown that the tunneling efficiency through alkylthiol monolayers on gold have
an exponential dependence on the alkyl chain length.87 An asymptotic transition from
injection limited current responses to bulk limited current responses is expected as the bias
is increased. ITO/PA/CuPc heterojunctions based on short alkyl-PA groups were expected
to transition to bulk limited currents at lower voltages than ITO/PA/CuPc heterojunctions
based on longer alkyl-PA chains, demonstrating J–V responses closely resembling systems
with ohmic contacts.
Figure 2.5c shows that the J–V behavior of ITO-PA/CuPc heterojunctions is
rectifying in the same manner seen for DSC-ITO/CuPc heterojunctions and that the
ohmicity of the contact for ITO/PA/CuPc heterojunctions, varies monotonically with PA
alkyl chain length. Figure 2.5a shows representative surface plots of the γ power law fit for
ITO/PA/CuPc heterojunctions modified with PA alkyl chain lengths of 6, 8, 14, and 18
carbons, increasing from left to right. Figure 2.5b shows γ values, from the negative bias
regime, averaged over multiple areas, plotted against PA alkyl chain length. ITO/PA/CuPc
heterojunctions with C6- and C8-PAs show γ values close to those seen for Au/CuPc and
OP-ITO/CuPc heterojunctions, after accounting for the precision of the measurement.
Values for γ are 2.5±0.2 and 2.6±0.1 for C14- and C18-PAs respectively. Since we expect
an exponential dependence of the current relative to the voltage for charge transport
through an insulating barrier, the apparent γ value will depend on bias voltage window for
such non-ohmic contacts. In contrast, the response of ohmic contacts is bias-window
independent before electrical break down, thus comparisons of ITO electrodes modified
with variable chain length PAs should be viewed as semi-quantitative. This approach,
however, still allows the extraction of meaningful average values of γ for SCS mapping of
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the modified contact, and preserves the lateral resolution that is lost when J–V curves are
averaged without regard to spatial distribution of the measurements.
We note that ITO substrates modified with C6- or C8-PAs show largely
homogeneous and ohmic SCS maps. The C6-PA modified surface shows a similar response
to that seen for OP-ITO, both with γ ≈ 2; however the average current density at -1V is
approximately twice as large for CuPc on TS-Au than on C6-PA-ITO. This indicates that
C6-PA modification of the surface leads to a contact that is less ohmic to CuPc than TSAu, but is indistinguishable based on values of γ alone. As the chain length increases the
current density decreases even further and γ values increase. For C14-PA modified ITO
the separation between sites exhibiting γ values of 2 have increased to greater than 60 nm
in some areas. The fact that there are sites demonstrating nearly ohmic responses is likely
due to the intrinsic disorder in these self-assembled monolayers, as well as the experimental
error in the measurement.18,61,65 For C18-PA modified ITO less than ca. 1% of the ITO
geometric area exhibits ohmic behavior, suggesting significant deterioration in OPV
response for CuPc/C60 heterojunctions deposited on these modified substrates. For C18PA modified ITO we often observed distinct regions of lower ohmicity, as can be seen in
Figure 2.5 a) for the SCS mapping of CuPc on C18-PA modified ITO. It is possible that
regions like this are due to the formation of adlayers beyond the first monolayer, due to the
lower solubility of octadecylphosphonic acid in ethanol than that of the other PA modifiers.
Alternatively this could be due to regions where a denser, less defective monolayer is
achieved. With this system we are unable to distinguish between these possibilities as both
are expected to lead to height variations of less than 1 nm. However, after CuPc deposition
the RMS roughness increased to ~3 nm. This level of roughness does not allow for us to

127

differentiate between the above possibilities as both are expected to lead to height variation
of less than the peak to valley variation observed for ITO/CuPc alone. More information
about the topography of ITO/CuPc systems can be found in the Supporting Information,
Figure S2.5.
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Figure 2.5. Figure a) presents 500 x 500 nm surface plots showing the x–y distribution of power law fits for
20 nm CuPc on ITO modified with 6, 8, 14, and 18-carbon alkyl-phosphonic acid monolayers (negative bias).
b) depicts the fitted exponent (γ) in the power law dependence for all of the J–V curves used to make up the
maps above, showing the average value of the exponent and standard deviation for 20 nm of CuPc on gold,
and PA-modified modified ITO with alkyl chain lengths of 6, 8, 14, and 18 carbon chain lengths. c) Presents
the J–V responses for PA-ITO/CuPc heterojunctions averaged over full SCS mapping area presented in figure
a).
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2.3.5 CuPc/C60 OPVs on PA-ITO substrates
Figure 2.6 shows the J–V response for CuPc/C60 OPVs, under illumination,
deposited on PA-modified ITO using 6-, 8-, 14-, and 18-carbon alkyl-PAs. Dark J–V
curves have been omitted for clarity and can be found in Supporting Information, Figure
S2.4. Table 2.2 summarizes these results. Fill factors at or above 0.5 were measured for
devices built on C6 and C8 modified ITO. RS, estimated at far forward bias (ca. 3 volts),
for devices built on C6-PA-ITO and C8-PA-ITO were 0.4 and 0.5 Ω·cm2 respectively,
correlating with the nearly ohmic responses seen in our C-AFM and SCS mapping
experiments.
Devices built on C14-PA-ITO demonstrated a “kink” in the illuminated J–V
response corresponding to enhanced recombination near VOC, leading to a significantly
lower FF of 0.34±0.04 and decreased efficiency, even though the measured RS is similar to
that observed for devices built on C8-PA-ITO (Table 2.2). OPV performance for this
modified ITO substrate was comparable to that seen for CuPc/C60 heterojunctions on DSCITO. The electrical heterogeneity we have observed for DSC-ITO systems is much greater
than that observed for C14-PA-ITO. We speculate that the additional heterogeneity, as
observed in SCS mapping, may have a detrimental effect on device lifetime relative to the
C14 modified system since the current flux is expected to be concentrated in the areas with
better electrical contact, which may increase local joule heating in these areas, accelerating
degradation. CuPc/C60 OPVs on C18-PA-ITO demonstrated even more recombination
limited J–V behavior with saturation photocurrent observable only at far negative bias. For
these devices RS was nearly 2x that seen for the other devices. It has been shown that
tunneling efficiencies through alkylthiol monolayers decrease exponentially with
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increasing chain length,87 and it is not surprising to see such recombination limited
behavior for these significantly modified contacts.51,54
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Figure 2.6. Figure a) and figure b) present the linear-linear and log-linear, light J–V curves (see Supporting
Information, Figure S2.4, for dark JV curves) for ITO/CuPc/C60/BCP/Al OPVs as a function alkyl-PA
modification of ITO, respectively. For the C6- and C8-PA chain lengths the OPV response is not significantly
different from that seen for OP-ITO (Figure 2.4), while for C14 the OPV response is similar to that seen for
DSC-ITO. For C18 PA modification the J–V response is significantly compromised, as shown in Figure 2.5,
and the OPV response is clearly recombination limited. 51,54

Table 2.2. Summary of OPV device results for ITO/CuPc/C60/BCP/Al solar cells as a function of ITO surface
modification/pretreatment. RS was estimated from the slope at 2.95 V. Each reported measurement is the
average of at least 10 separate determinations, with a standard deviation of typically less than 10%.

C6
C8
C14
C18
DSC
Control

VOC (V)

JSC (mA · cm-2)

FF

0.52
0.47
0.48
0.37
0.41
0.49

-4.0
-3.9
-3.3
-0.8
-3.2
-3.6

0.53
0.49
0.34
0.10
0.33
0.54

RS (Ω ·
cm2)
0.38
0.52
0.5
0.9
0.5
1.0

η (%)
1.1
0.9
0.5
0.03
0.4
1.0

132

2.4 Conclusions
We have demonstrated a new and convenient approach to the mapping of electrical
activity of OPV relevant interfaces between organic semiconductors and ITO on submicron to nanometer length scales. This method is expected to extrapolate to a wide range
of contacts and interlayer materials for thin film PV technologies, beyond OPVs. By
careful acquisition of J–V responses with sub-100 nm lateral resolution we are able to
estimate the degree of ohmicity of each site, and estimate the average separation distance
between those sites as might be relevant for charge collection in a thin film PV. Activation
of the ITO surface with oxygen plasma and/or brief exposure to strong acids is well
established as a route to creating a more ohmic contact to organic semiconductors like
CuPc,18,19 and interestingly even chemical modification of the ITO surface with a short
chain PA, produces a more uniform and ohmic response, with good OPV efficiencies
relative to detergent/solvent cleaning alone. Presumably the PA modification step produces
a stable, low energy surface preventing the buildup of an additional contamination layer,
and the charge harvesting through this insulating layer is sufficiently efficient that device
performance is minimally impacted. CuPc/C60 PHJ OPVs present a significant challenge
to these substrates because the low hole mobility in CuPc films requires that ohmic regions
be spaced no farther apart than ca. 200 nm so that efficient harvesting of diffusing photogenerated charges occurs (operating at AM 1.5 illumination conditions, near VOC). For
organic semiconductor small molecule and polymer layers with much higher charge
mobilities the critical separation distance between ohmic sites is likely to be relaxed. As an
example nearly ideal OPV behavior has been observed for planar pentacene/C60
heterojunctions whether devices used DSC-ITO substrates, or a variety of ITO substrates
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modified with both alkyl- and benzyl-phosphonic acids.79 In work to be reported elsewhere
we also show that ITO contact ohmicity is even more important when the donor layer in
the OPV interacts strongly with the oxide surface, implying that charge transfer to ITO in
that case requires a specific molecular orientation over the active site on the oxide surface.
For polymer donor layers created from strongly dipolar sub-units, and/or where
interactions between the donor polymer and the contact alter the in-plane charge mobilities,
it is anticipated that electrical heterogeneity in the contact may play a key role in the overall
device efficiency.

2.5 Experimental
ITO films on glass for some of the SCS and OPV studies were obtained from
Colorado Concepts Coatings LLC, whereas ITO from Thin Film devices Inc. was used for
studies of ITO modification with PAs. All ITO samples were hand cut, then cleaned by
rinsing with water, then scrubbing with microfiber cloths (Peca Products Inc. ST-1) and
Triton X-100 detergent (Alfa-Aesar), followed by rinsing in water and sonication in dilute
Triton X-100 for 10 minutes. The samples were then rinsed three times and sonicated 10
minutes in Millipore water, followed by rinsing three times and sonication for 10 minutes
in absolute ethanol (Decon labs). These “DSC-ITO” samples were then blown dry with
compressed nitrogen prior to use. DSC-ITO samples that were subsequently oxygen
plasma treated in a Harrick PDC-32G plasma cleaner for 8.5 minutes on medium power
(10.5 watts) in a 300 mTorr oxygen enviroment are referred to as “OP-ITO.”18 ITO that
was acid etched by flooding the surface for ca. 10 seconds in a 0.2 M solution of FeCl3
(EMD Chemicals Inc.) in concentrated HCl (EMD Chemicals Inc.) is referred to as “AE-
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ITO.” The acid etching was immediately followed by copious rinsing in Millipore water
and blowing dry with nitrogen.
For phosphonic acid modification OP-ITO was immersed in a solution of 10 mM
phoshonic acid in ethanol, as discussed elsewhere.60,61 Substrates were soaked a minimum
of 12 hours followed by an anneal at 120°C for a minimum of 12 hours. Substrates were
then rinsed three times with absolute ethanol and sonicated for 10 min. in a 5% v/v solution
of triethyl amine/ethanol solution.60,61 Substratates were then rinsed three times in absolute
ethanol and dried in a nitrogen stream.
Copper phthalocyanine (Alfa Aesar), C60 fullerene (Materials and Electrochemical
Research Corp.) and bathocuproine (Sigma Aldrich) were purified by triple-sublimation
and then deposited by physical vapor deposition from Knudsen cell sources at a pressure
of ca. 5 x 10-7 Torr and a rate of ca. 1 Å·s-1. Film thickness was monitored by a quartz
crystal oscillator.59 Aluminum cathodes were deposited by physical vapor deposition from
alumina-coated tungsten boats (Kurt J. Lesker) at a rate of 0.7-1.5 Å·s-1. The device
structures were 20 nm CuPc/40 nm C60/10 nm BCP/100 nm Al. OPVs were tested in a
nitrogen glovebox, under illumination from a tungsten lamp. J–V curves were measured
with a Keithley 2400 source–meter.
Template-Stripped Gold (RMS roughness less than 1 nm detemined by AFM) was
fabricated by thermal evaporation of 100 nm of gold (Kurt J. Lesker) onto silicon substrates
(Silicon Quest International, item #707-005). Glass substrates were adhered to gold with
epoxy (Epoxy Technology, EPO-TEK 353ND4), followed by an overnight 120°C anneal
in an oven. A razor blade was run around the perimeter of the glass substrate prior to
removal from the silicon substrate. TS-Au substrates were oxygen plasma treated in a
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Harrick PDC-32G plasma cleaner for 8.5 minutes on medium power (10.5 watts) in a 300
mTorr oxygen environment immediatly prior to loading in vacuum chamber for CuPc
deposition.
C-AFM measurements were made using a Dimension 3100 AFM with a Nanoscope
IV controller and extended TUNA module from Veeco Instruments. Measurements were
performed both in ambient and in an argon purged drybox. SCS measurements for CuPc
films were qualitatively the same with and without an inert argon enviroment. Contact
mode images and electrical measurements were made using Veeco SCM-PIC platinum–
iridium alloy coated probes with 0.2 N/m nominal spring constant. Silver paint (Ted Pella
Leitsilber 200) was used to make electrical contact between the sample and the AFM’s
vacuum chuck. Next, a force curve was obtained and the sample engagement set-point
adjusted to provide a 32 nm cantilever deflection, corresponding to a tip–surface force of
~6.4 nN. The “Ramp Channel” was changed to “Sample Bias.” This allows the AFM
software to obtain current–voltage curves. For CuPc films on TS-Au, OP-ITO and AE-ITO
a voltage range of -2 to 2 volts with either 256 or 512 data points per curve was used, at a
rate of 0.5 Hz. DSC-ITO required a larger voltage sweep, -4 to 4 volts to obtain similar
currents. All phosphonic acid modified samples were characterized with a bias range of 2.5 to 2 volts. Once the proper current amplifier and scan settings were found, the “Scan
Array” function was used to obtain an array of current–voltage curves evenly spaced over
the area of interest. In this mode the Nanoscope 5.31R1 software lifts the tip off of the
surface before moving to a new position, protecting the tip and surface from damage. The
data for this work consisted of 25 x 25 point arrays, with a spacing of 20 nm. A Matlab
program imported the individual data files and sorted them into a cell array. Each individual
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current–voltage curve was fit to an appropriate equation (see descriptions below), and the
fitted parameters were stored in separate matrices. Data below 500 mV, in absolute
magnitude, was excluded from the curve fitting since the current due to lateral diffusion of
charge carriers contributes an increasing proportion of the total current as the applied bias
approaches zero.35
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2.6 Supporting information

Figure S2.1. Here we present our procedure for determining the electrical quality of our AFM probes. Proper
quality assurance protocols are critical in obtaining reproducible datasets. Force–Distance curve A) depicts
a curve that is typical for a fresh probe, and for probes that were deemed acceptable for SCS mapping. Zero
on the x-axis indicates the surface plane. Y-values indicate tip–sample forces relative to the instrument
operational set-point. The y-offset for positive x-values (where the tip–sample forces are approximately 0)
indicates the instrumental force set-point for J–V measurements (~6 nN,) the magnitude of which is indicated
by the double headed arrow. The minimum values of the curves indicate the adhesive forces between the
probe and the sample plus the instrument set-point force. Force–Distance curve B shows a large increase in
the tip–sample adhesive force.

Force curve analysis was used before and after each SCS analysis to assure quality
control. Figure S2.1 A) shows a Force–Distance curve that is typical for both a fresh probes
and for probes that do not show indications of tip degradation. For clarity only retraction
from the surface is plotted. When Force–Distance curves similar to curve A) were observed
both before and after SCS analysis, the SCS data was deemed reliable. Curve B) shows the
Force–Distance response for a probe that showed a significant increase in the probe–
sample adhesive force after SCS analysis. A large increase in the adhesive force generally
lead to greater variability in the J–V response, noisy J–V curves and occasionally damage
to the CuPc thin film as observed by contact mode imaging. When the tip–sample adhesive
forces increased to ~12 nN (~18 nN total force) or more, before or after SCS analysis, the
corresponding SCS data were disregarded as unreliable due to probe degradation. It should
be noted that for J–V analysis of P3HT:PCBM active layers, to be reported elsewhere,
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deterioration of the J–V response did not show a strong correlation with an increase in tipsample adhesion.

139

Figure S2.2. In addition to monitoring changes in the tip–sample adhesion, we also looked for changes in
the quality-of-fit parameter R2 for the fit of Equations 2.3 (see main text) to the experimental data. R 2 was
used to qualitatively determine the reliability of datasets. We show here fitted values for γ (Equation 2.3)
versus the coefficient of determination (R2) - R2 versus fitted γ-values for two SCS measurements on
CuPc/AE-ITO systems are shown here. Figure S2.2 a) is a typical result for SCS analysis of 20 nm CuPc on
AE-ITO, when the AFM probe met the Force–Distance quality control criteria described in Figure S2.1,
before and after SCS analysis. Figure S2.2 b) is taken from another dataset that was deemed unreliable. Here
we observe a decrease in the average R2 value, and increase in the fitted γ-values and an increase in the
variability of the extracted R2 values. Such responses were often, but not always, correlated with increases
in the tip–sample adhesive forces as seen in S2.1 b) and were determined to be due to contamination of the
AFM probe. The corresponding SCS data was deemed unreliable and disregarded.
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Figure S2.3. We show here a reproduction of Figure 2.3 from the main text, with the addition of row d),
added here to show the R2 vs. γ-values for each data set. These responses are typical for these systems when
proper quality control measures are taken to ensure the integrity of the results. Bias to the sample was started
positive and swept towards negative values with the probe held at ground. For samples where a high current
was observed at positive bias, i.e. CuPc on TS-Au, OP-ITO or AE-ITO, the current through the preamplifier
rapidly increased from 0 to several nA at the start of each sweep. This lead to a “ring down” in the J–V
behavior that degraded the quality of the fit somewhat relative to CuPc/DSC-ITO samples by adding an
additional noise source. This could be avoided by starting the sweep at zero volts. However, for the data
presented here we include data in which systematic changes in the J–V response are seen, i.e. changes in the
qualitative shape or degree of rectification as a function of successive measurements. As discussed above
this was indicative of probe contamination or degradation of the electrical properties of either the probe or
OSC. When this was observed the SCS data was disregarded.
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Figure S2.4. Light and dark J–V curves for ITO/CuPc/C60/BCP/Al OPVs as a function alkyl phosphonic acid
modification of ITO presented with both linear-linear a) and log-linear b) axes. The light only data was
shown in the main text, the dark J–V response is shown here for completeness.
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Figure S2.5 Figure a) and b) show tapping mode height images, and the corresponding frequency
distribution, for bare Colorado Concept ITO (CC-ITO) and CC-ITO coated with 20 nm of CuPc, respectively.
We note that the RMS roughness increases after CuPc deposition, 3.4 and 4.5 nm for a) and b) respectively.
However the underlying ITO structure remains visible after CuPc deposition. Figure c) and d) show tapping
mode height images, and the corresponding frequency distribution, for bare Thin Film Devices ITO (TFDITO) and TFD-ITO coated with 20 nm of CuPc respectively. Thin Film Devices ITO provides a much
smoother surface for phosphonic acid modifications with a RMS roughness of just 0.5 nm. The surface
topography for CuPc on TFD-ITO is almost entirely due to CuPc crystallization. RMS roughness increases
to 3.2 nm for CuPc on TFD-ITO. All histograms were normalized to the peak value for TF-ITO.
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Figure S2.6. Representative SCS data for 20 nm CuPc deposited on OP-ITO. a) SCS map of γ. b) The
corresponding frequency distribution of γ from a). c) Corresponding SCS map of μ. b) The corresponding
frequency distribution of μ from c).
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Exploring the Origins of the “S-Shaped Distortion” of the
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3.1 Abstract
In this work we demonstrate an approach to unambiguously determine the cause of
the ubiquitous “UV-light soaking” behavior of organic photovoltaic (OPV) devices
employing electron selective interlayers (ESLs), and clearly demonstrate an approach to
eliminate this detrimental effect. Inverted and non-inverted geometry OPV devices using
metal oxide (MO) ESLs, such as zinc oxide (ZnO) or titanium dioxide (TiO2), typically
require extended UV exposure or “UV light-soaking” in order to remove an “s-shaped”
distortion of the illuminated current-voltage (J-V) response curves, and to maximize the
solar power conversion efficiency (PCE) of these devices. There is considerable
disagreement in the literature about the cause of this s-shaped distortion. This distortion of
the J-V response has been widely attributed to the resistance contribution of the ESL to the
total device series resistance (RS). The resistance of ZnO can be reduced with above band
gap light exposure, i.e. UV illumination. Alternatively, it has also been attributed to an
energetic barrier at the ITO/ESL interface, or to an energetic barrier at the ESL/active layer
interface. To clarify the cause of the s-shaped distortion, we have studied ZnO ESL films
prepared by RF-magnetron sputtering from a ceramic ZnO target. We tune the electrical
properties of the sp-ZnO ESLs by depositing the films in oxygen rich (10% O2) to oxygen
poor (0% O2) conditions. It has previously been established that depositing sp-ZnO in
oxygen poor conditions increases the n-type doping of these films. We present this system
as an illustrative example, as this approach allows us to produce ZnO ESLs that lead to
drastic differences in UV sensitivity, when incorporated into P3HT:PCBM devices.
Devices built on ZnO deposited in O2-rich conditions have a very poor initial FF and PCE,
and a high sensitivity to UV exposure. Devices built on ZnO deposited in O2-poor
conditions, on the other hand, show much better initial FF and PCE values, as well as a
much weaker UV exposure dependence. We demonstrate, through comparison of the J-V
response curves of these devices to the established theoretical J-V response, that the
resistance of the ZnO ESL does not contribute to the s-shaped distortion of the J-V response
curves before or after UV light soaking. We use impedance spectroscopy to demonstrate
that the most resistive element, both for functioning and for sub-optimal devices, is not due
to the ZnO resistance, and is instead due to the ZnO/active layer interface, leading to a
kinetic barrier for charge extraction. Using UV-photoemission spectroscopy (UPS) studies
we demonstrate that deposition of ZnO in O2 poor conditions also reduces the work
function (Φ) of the sp-ZnO ESL. UPS studies of the ZnO/C60 model system indicate that
reducing the Φ of the ESL decreases the energetic barrier for electron extraction (Φext) at
the ZnO/active layer interface, and correlates well with the observed increase in s-shaped
distortion and UV sensitivity of the P3HT:PCBM devices with increasing O2-rich character
of the ZnO sputtering gas. Finally we created “stacked” ESLs, in which half of the ZnO
deposition was done under O2 rich conditions and the other half was done under O2 poor
conditions. By varying the order of deposition we were able to definitively demonstrate
that the Φext at the ZnO/active layer interface, as estimated by UPS, is the main contribution
to the s-shaped distortion of the J-V response for this system. For some OPV systems, it is
possible that the electron collecting electrode/ESL interface plays a more important role in
the UV light soaking effects than is observed for the system presented here. However, this
work clarifies the origin of the s-shaped response for devices employing MO ESLs, offers
a clear methodology for differentiating between the origins of the s-shaped J-V responses
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proposed in the literature, and offers clear guidelines for minimizing the s-shaped response
and UV sensitivity of devices employing ESLs.
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2.1 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 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
eliminating the use of unstable low Φ metals, such as Ca/Al, as the top contact.9,10 This
structure requires the use of a 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
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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
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
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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
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 The latter is discussed in Chapter 2 of this dissertation, section
2.3.5. The spatial distribution of electrical properties at the ESL/Active layer interface also
play

a

role

in

determining

the

severity

of

the

s-shaped

distortion

in

ITO/ZnO/P3HT:PCBM/PEDOT:PSS/Ag devices. This effect will be discussed in Chapter
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4 of this dissertation. In this chapter we will neglect the effects of electrical heterogeneity
to better study the impacts of changes in the surface averaged electrical properties on the
J-V responses of OPV devices.
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 paper 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,
vi) the resistance of the sputtered ZnO films does not determine the s-shaped distortion of
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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 discussion 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 discussion 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
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
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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 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.
3.3 Results and Discussion
3.3.1 PART I: Effects of UV exposure on devices with sub-optimal ZnO ESLs
3.3.1.1 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
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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
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 the ZnO VB,16 The LP 500 filter is used to
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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 We show the JV responses of a 10% device, under various lighting conditions, in Figure 3.1 a).
When tested under LP 500-NS conditions the 10% device showed a severe s-shaped
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 (AM1.5GLS), 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 3.1 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.
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Figure 3.1 In a) we present the illuminated J-V response for ITO/ZnO/P3HT:PCBM/PEDOT:PSS/Ag
devices incorporating a 10% O2 ZnO ESL. “LP-500-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.
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3.3.1.2 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. For a more in-depth discussion of the application of the
Modified Shockley Equation to PV devices in general, and OPV devices in particular, the
reader is referred to section 1.5.3 in the Introduction to this dissertation. The modified
Shockley equation, Equation 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
(𝑉 − 𝐽𝑅𝑆 )
𝑉 − 𝐽𝑅𝑆
𝐽 = 𝐽𝑜 exp (
− 1) +
+ 𝐽𝑝ℎ
𝜂𝑘𝑇
𝑅𝑃

(3.1)

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 3.1 can be found in the inset of Figure 3.2 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 3.1. For this calculation RS values of 0, 5
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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∙cm2

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 3.2 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 3.2 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. For examples of the light intensity
dependence of the R-V response curves of both optimal and sub optimal ITO/sp-
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ZnO/P3HT:PCBM/PEDOT:PSS/Ag devices the reader is referred to the Supporting
Information, Figure S3.1.
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 3.2 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-signalto noise floor for the current measurement under reverse bias conditions. Smoothing
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procedures were used to minimize the noise in the R-V response in reverse bias for the
figures presented in this work.
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 3.2 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
3.2 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 3.1 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 paper 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 s-
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distortions in planar-heterojunction OPV systems.24,25 See also section 2.3.5 of Chapter 2.
Calculating the R-V responses also 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
We will demonstrate that the O2 percentage of the sputtering gas affects the Φ of
the ZnO layer and in turn the frontier orbital energetic alignment of the ZnO with the ntype component of the active layer which can lead to the s-shaped distortion presented in
Figure 3.1 a). We will demonstrate that the s-shaped distortion is not caused by the
resistance of the ZnO layer or due to the energetic alignment of the ITO/ZnO interface,
both of which have been proposed in the literature.13,14 Finally we will demonstrate that,
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both the reduction in the s-shaped distortion as a function of UV-light soaking and as a
function of reducing the O2 percentage of the ZnO sputtering gas are a direct result of
reducing the Φ of the ZnO ESL, which minimizes the Φext at the ZnO/active layer interface.
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Figure 3.2 The theoretical J-V response, calculated from equation 3.1, 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 3.1 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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3.3.2 PART II: Tuning the s-shaped distortion of the J-V response via the ZnO
deposition conditions
3.3.2.1 The effect of O2% of ZnO sputtering gas on device performances prior to UV
exposure
In Figure 3.3 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 3.3 b), indicates
that a change in resistance alone cannot account for these differences. As the O 2 % 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
Supporting Information Figure S3.2. 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
to the depletion widths that form at the charge collecting electrodes, and if the current
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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 3.3 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
3.1 a). In Figure 3.3 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
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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.
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Figure 3.3 The Dark-NS J-V response of P3HT:PCBM devices, as a function of the O 2 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 3.1.) 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 3.2 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.
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3.3.2.2 Impedance analysis of ITO/sp-ZnO/P3HT:PCBM/PEDOT:PSS/Ag devices
prior to UV exposure.
3.3.2.2.1 Dark-NS conditions
In Figure 3.4 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 3.4 b). The scale of the Nyquist plots provided in the main
text 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 also
available in the Supporting Information, Figure S3.3. In the Nyquist plots under Dark-NS
conditions, we identified three discernable bias regions in the Nyquist plots as explained
below.
(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 S3.3. 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
3.4 b), the LF capacitance of the 10% device is greater at any given reverse bias, and shows
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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 3.2. We will demonstrate that this slow
extraction rate is due to the ZnO/active layer interface.
𝑉𝑖𝑛𝑡 = 𝑉𝑎𝑝𝑝 − 𝐽𝑅
(2)

(3.2)

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
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 3.4 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
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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
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 3.4 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
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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
and electrons at the HSL), as indicated in the inset of Figure 3.4 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 3.4 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
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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
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.
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Figure 3.4. 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-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.
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3.3.2.2.2 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 3.5 a). The corresponding capacitance Bode plots are shown in Figure
3.5 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. 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 3.3 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 3.5
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 3.3 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.
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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
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 3.5 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
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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.
Having described the impedance data qualitatively we, will now fit the Nyquist data
to an equivalent circuit model to extract information about the resistance of the processes
that govern the impedance response of these devices. In addition we will compare the
Nyquist fitted resistance results to the differential resistance (R-V) responses observed in
the linear voltage sweep responses shown in Figure 3.3.
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Figure 3.5 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.

188

3.3.2.2.3 Equivalent Circuit Modeling for Dark-NS and LP 500-NS
The equivalent circuit fitting was performed on the data shown in Figure 3.4 a) and
3.5 a), for Dark-NS and LP 500-NS conditions respectively. Fits were performed using the
equivalent circuit shown in 3.6 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 J-V 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. In the main text we will
focus on the observed trends for RHF and RLF. The CPE fit data can be found in the
Supporting Information Figure S3.4.
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
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frequency arc solely to the ESL resistance.12,37,42 We wish to acknowledge that assigning
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 3.6 b) and c) we present the fitting results from the Nyquist data shown
above, to the equivalent circuit diagram presented in 6 a). In the main text we focus only
on the fits of RLF and RHF. The CPE fit data are presented in the Supporting Information,
Figure S3.4. RS’ was not included in Figure 3.6, 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
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the HF region only negligibly impacted the impedance response when the active layer
becomes highly depleted.
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 3.6 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 3.3.
The impedance fits for RHF and RLF for the 0, 1 and 10% devices under LP 500-NS
conditions, are shown in Figure 3.6 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 3.3 d). Since RLF follows the same trends with applied bias
as the linear sweep responses shown in Figures 3.3 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 3.1 a) and Figure 3.3. 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.
In the next section we will characterize the effect of O2 percentage on the Φ of these
sp-ZnO films, and we will investigate the interfacial energetic alignment of ZnO with the
prototypical fullerene, C60, as a model system for understanding the energetic alignment of
ZnO with PCBM in the P3HT:PCBM active layer. We demonstrate that the energetic
barrier at the interface of ZnO and C60 is influenced by the O2 percentage of the sputtering
gas during ZnO deposition, and show that the energetic barrier can be varied from
approximately zero to several times larger than the thermal voltage (kT) at room
temperature as the O2 percentage of the ZnO sputtering gas is increased. We will show that
it is the energetic barrier at this interface leads to the s-shaped distortion of the J-V
response, as proposed in Figure 3.1 b).
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Figure 3.6 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 RS, CPEHF RHF, and CPELF are presented in the
Supporting Information, Figure S3.4. We observe that the shape and magnitude of RLF tracks well with the
R-V responses of the devices presented in Figure 3.3 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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3.3.4 Energetic alignment of ZnO with C60 as a function of deposition conditions.
In Figure 3.7 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 3.7 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 Supporting
Information, Figure S3.5. 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 layer-by-layer than 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 substrate for thick films. This assumption would not be valid in cases where 3D
island growth is heavily favored.
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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 3.7 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 3.7 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.
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Figure 3.7 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 Supporting Information Figure S3.5.
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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
ESLs in contact with thin layers of C60 are shown in Figure 3.8. 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 3.3 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 3.3, 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
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system. Interpretation of these results is further complicated by the considerable
heterogeneity of the local electrical properties of sp-ZnO thin films. This includes the Φ of
these ESLs, as revealed by scanning Kelvin probe microscopy (SKPM). We will
demonstrate this electrical heterogeneity, and discuss the impact of this electrical
heterogeneity in Chapter 4 of this dissertation.

Additionally, reported values for the EBG of ZnO range from as low as 3.1 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 later in
this chapter and in Chapter 4 of this dissertation, 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.
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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 Φ ext
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
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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Figure 3.8 Using the UPS data presented in Figure 3.7, and Figure S3.5 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.
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3.3.3 PART III: The effect of UV soaking and Illumination conditions on 0, 1, and
10% O2 ZnO substrates and OPV devices.
3.3.3.1 Effects of UV exposure on OPV device responses and ZnO Φ.
In Figure 3.9 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 3.2 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.
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 3.9 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 3.2 a) and b). This indicates that the improvement
of the 1% device due to UV exposure persists after the UV flux is removed.
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
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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 3.9 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 Supporting Information, Figure S3.6. After UV exposure the
values of η for the 0 and the 1% O2 ZnO based devices fall within the expected range of 12 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 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
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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 S3.7 and S3.8, 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
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
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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.
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Figure 3.9 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 3.1, 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.

Table 3.1 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
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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In Figure 3.10 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 3.10, 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
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
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was deposited under O2-rich conditions and the other half was deposited under O2 poor
conditions.
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Figure 3.10 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.
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3.3.3.2 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 3.11 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
illumination conditions. In Figure 3.11 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.
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Figure 3.11 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.
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3.4. 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.
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 Φ ext 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
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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.
3.5. Experimental
3.5.1 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/□)
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.

3.5.2 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 spincast 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 spincast 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.

3.5.3 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.

3.5.3 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.

3.5.4 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.

3.5.5 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.
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3.6 Supporting information
SI.3.3.1 PART I: Effects of UV exposure on devices with sub-optimal ZnO ESLs
SI.3.3.1 The effect of UV soaking and illumination conditions on 10% O2 ZnO based
devices

Figure S3.1 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/spZnO/P3HT:PCBM/PEDOT:PSS/Ag. The sputter gas was 1% O2 in Ar. Devices were tested under LP 500LS 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 R-V 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).
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SI.3.3.2 PART II: Tuning the s-shaped distortion of the J-V response via the ZnO
deposition conditions
SI.3.3.2.1 The effect of O2% of ZnO sputtering gas on device performances prior to
UV exposure

Figure S3.2 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, 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. 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. Fits to the full modified Shockley diode equation give nearly identical results for
η and Jo (not shown)Values of η between 1 and 2 can be rationalized as monomolecular recombination (e.g.
trap-assisted recombination), bimolecular recombination (e.g. recombination of one free electron per one free
hole), or come weighted average of these contributions. The increasing ideality factors for the 1 and 10%
cannot be rationalized via the recombination of electrons and holes and is instead consistent with the current
being dominated by kinetic barrier at one or more interfaces, leading to a strong field dependence, i.e. η >>2
. This is consistent with an energetic barrier for electron collection at the ZnO/active layer interface that
increases with increased O2 percentage. This energetic barrier argument is proposed and defended in the main
text. For all devices following UV exposure we see an increased shunt current, and for 0 and 1% we observe
a decrease in the ideality factor with UV light soaking, and both fall in the expected 1-2 range for
recombination limited processes. For the 10% we observe an increase in the apparent η following UV
exposure, but note that the increased shunt current for this device relative to the forward bias is expected to
reduce the accuracy of the η fit. Regardless of the exact value for the 10% device the value of η remains much
greater than 2 and indicates that the rate limiting step for charge transport through this device is unlikely to
be recombination within the active layer, i.e. this device remains contact limited in the absence of UV, even
after UV soaking.
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SI.3.3.2.2 Impedance analysis of ITO/sp-ZnO/P3HT:PCBM/PEDOT:PSS/Ag devices
prior to UV exposure.
SI.3.3.2.2.1 & SI.3.3.2.2.2 Dark-NS &LP500-NS conditions

Figure S3.3 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.
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SI.3.3.2.2.3

Equivalent

Circuit

Modeling

for

Dark-NS

and

LP

500-NS

Figure S3.4. 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 3.2.56
𝐶=

(𝑌𝑜 ∙ 𝑅)
𝑅

1⁄
𝜂

(3.2)

Yo and η are the parameters obtained for CPE after equivalent circuit fitting, and R is either R HF or RLF.
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SI.3.3.2.3 Energetic alignment of ZnO with C60 as a function of deposition conditions.

Figure S3.5 UPS analysis was performed on the bare ZnO surfaces and as a function of C 60 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.
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SI.3.3.3 PART 3: The effect of UV soaking and Illumination conditions on 0, 1, and
10% O2 ZnO substrates and OPV devices.
SI.3.3.3.1 Effects of UV exposure on OPV device responses and ZnO Φ. (J-V response
and Impedance results)

Figure S3.6 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 (LP 500-NS-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.
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.
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Figure S3.7 Here we present a complete set of the impedance Nyquist responses of the devices under
investigation, as a function of illumination condition.
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Figure S3.8 Here we present a complete set of the capacitance Bode responses of the devices under
investigation, as a function of illumination condition.
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4.1 Abstract
This chapter focuses on the relationship between the nucleation and growth of
sputter deposited zinc oxide (sp-ZnO) thin films, on the randomly distributed
crystallographic faces of commercially available indium tin oxide (ITO) electrodes, and
the effects that the local nucleation and growth have on the electrical properties and
electrical property heterogeneity of sp-ZnO films. ZnO is commonly used electron
selective interlayer (ESL) in a variety of photovoltaic applications (PV) including organic
photovoltaic (OPV) applications. We will demonstrate that the impact that the nanoscale
electrical heterogeneity of these ESLs have on macroscale performance and UV light
soaking sensitivity of devices with these layers. We deposited sp-ZnO on two
commercially available ITO substrates, both prepared by sputtering techniques, one of
which has ITO grains with lateral dimensions typically less than 30 nm along the shortest
axis and the other with ITO grains typically several 100 nm along the shortest bisecting
axis. For ITO/sp-ZnO/P3HT:PCBM/PEDOT:PSS/Ag OPV devices built on ITO with
larger grains, we observed a reduced performance and an increased UV sensitivity of the
device performance relative to devices built on ITO with smaller grains. For representative
devices the power conversion efficiency (PCE) changed by nearly two orders of magnitude,
as a function of UV exposure, when sp-ZnO was deposited on the ITO with the larger grain
size, from .03% to 2.85%. When deposited on the smaller grain ITO, the PCE values were
greater and less sensitive to UV exposure. On this ITO substrate the PCE changed by less
than a factor of seven with UV exposure, from 0.53% to 3.57%.We use a combination of
conductive probe atomic force microscopy (CAFM), and scanning Kelvin probe
microscopy (SKPM) to show i) that the spatial distribution of the crystallographic
properties of ITO directly determine the electrical property distribution of sp-ZnO films,
and ii) UV exposure both leads to more favorable average electrical properties of the spZnO thin films, as discussed in Chapter 3, and reduces the percentage of the surface area
that is effectively ‘electrically inactive.’ The heterogeneity of the electrical properties were
correlated with the heterogeneity of the local etching rate of sp-ZnO thin films in a mildly
acidic aqueous environment, which were imaged both in-situ using fast scan AFM and exsitu using scanning electron microscopy (SEM). Using heterogeneous etching studies and
literature precedent, we developed a local nucleation and growth model for sp-ZnO films
that explains the electrical and etching rate heterogeneity observed for these systems. In
addition, we determined that the ITO (440) crystal face, which is the third most common
crystal face at the surface for both of the ITO substrates studied, is the most likely to
promote the nucleation and growth of sp-ZnO that leads to poor electrical properties.
Furthermore, we demonstrate that a thin amorphous titanium oxide (TiO2) buffer layer can
be employed to promote uniform nucleation and growth of sp-ZnO ESLs and, as a result,
leads to a reduction in the electrical heterogeneity of these films.
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4.2 Introduction
OPVs have shown steadily increasing efficiencies over the last decade, and have
recently demonstrated certified PCEs of 9.2% for a single junction polymer cell.1 The
blending of donor and acceptor organic semiconductors (OSC) into bulk heterojunctions
(BHJ) active layer has shown to be an effective approach to overcome the limited exciton
diffusion length in OSC systems.2–4 In addition, the implementation of inverted
architectures, i.e. architectures where electrons are collected at a low work function (Φ)
transparent contact and holes are collected at a high Φ metal contact, have been shown to
greatly improve the stability of OPV devices by avoiding the use of unstable low Φ metals
such as calcium.5–8
In order to achieve maximum performance, inverted BHJ OPV systems require an
ESL material with a low Φ and a conduction band (CB) density of states (DOS) that aligns
well with the LUMO of typical n-type OSCs. This allows for rapid electron
injection/extraction between the ESL and the active layer.9 This material must not have
significant DOS near the HOMO of the p-type OSC, thus preventing injection/extraction
of holes at this terminal of the device,9 and should have a band gap energy (EBG) greater
than ca. 3.1 eV to avoid optical losses in the visible range. Both ZnO and TiO2 have
properties that meet this criteria and have been widely used as ESLs in OPV
technologies.5,10–17 However, the properties of these ESL films are highly sensitive to the
experimental conditions that are used to produce these films. In addition, OPVs employing
these material tend to suffer from initially low PCE and fill factor (FF) values, both of
which are significantly improved following UV exposure.13,14,17–20 There is considerable
disagreement in the literature as to the origins of the initial poor performance, and the
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increase in performance following UV exposure. Some researchers have attributed this
“UV light soaking” of the device performance to changes in the resistance of the ESL
layer.18,19
O2 can chemisorb onto ZnO the surface. The bond formation it between the
absorbed species and the surface acts as a deep electron trap, reducing the electron free
charge carrier density (Ne) of the film and increasing the resistance of the ZnO layer. The
resistance of ZnO or TiO2 can be reduced via. photo-assisted desorption of O2, which
effectively detraps electrons and restores the intrinsic Ne.21,22 The origin of the initially poor
performance has also been attributed to poor energetic alignment at the ITO/ESL
interface,20 as well as poor energetic alignment at the ESL/active layer, which may be
improved following UV light soaking.13,17,23 It is important to note that, while O2
adsorption/desorption effects are widely discussed in the literature, the conductivity of ZnO
is affected by the absorption/desorption of an extensive range of gaseous species.24,25 We
also note that, while the conductivity of ZnO is highly sensitive to these absorption and
desorption of surface species, similar effects are observed on a wide variety of metal oxide
systems.25–27 For integration of these materials into PV platforms, minimizing the
sensitivity of these layers to experimental conditions is required to maximize the
reproducibility of such films, particularly for large scale production. Removal of the UV
sensitivity is also necessary if UV protection layers are to be employed to increase the
lifetime of the organic layers.13,28
Complementary work performed on solution processed TiO2 ESLs layers has
demonstrated that the severity of the s-shaped distortion of the J-V response, and the UV
sensitivity of devices with these ESLs can be affected by several experimental factors
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including the annealing temperature used to fabricate the these ZnO and TiO2 ESLs,11,15 as
well as ZnO particle size for devices that use solution processed nanoparticle ZnO ESLs.14
We demonstrated in Chapter 3 that the energetic alignment of the ZnO ESL and the n-type
component plays a critical role in determining the s-shaped distortion and PCE of
ZnO/P3HT:PCBM systems. In this chapter, we will demonstrate that electrical
heterogeneity at the surface of the ESL can also play an important role in determining the
UV sensitivity of OPV devices.
In this Chapter we will demonstrate that the performance of devices with sp-ZnO
ESLs, and particularly the UV sensitivity of these devices, are strongly dependent upon the
TCO substrate on to which the ZnO is deposited. This is realized through the fabrication
of ZnO ESLs (30 nm) on two commercially available ITO substrates. One of these ITO
substrates was prepared by ion beam sputtering (IBS-ITO), and the other prepared by
magnetron sputtering (MS-ITO). We will demonstrate that the main difference, as it relates
to the properties of the subsequently deposited ZnO layer, is the spatial distribution of ITO
crystal faces available at the surface. The spatial distribution of ITO crystal faces directly
impacts the spatial distribution of physical and electrical properties of the sp-ZnO films on
polycrystalline ITO substrates. We propose a nucleation and growth model, consistent with
the Thompson growth model for sputtered material growth,29 that explains the
heterogeneity observed for these ITO/sp-ZnO films. Finally we demonstrate that the
electrical heterogeneity that is observed in these films can be eliminated through the use of
a thin amorphous buffer layer. This research sheds light on the effects of electrical
heterogeneity in OPV systems and offers guidance toward the optimization of a cost
effective scalable approach towards ZnO fabrication.
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4.3 Results and Discussion
4.3.1 Hypothesis and overview
In Figure 4.1 we present a concept figure to illustrate the relationship between the
distribution of ITO grains at the ITO surface, electrical property heterogeneity of sp-ZnO
films, and the effects that the electrical heterogeneity have on the performance of
P3HT:PCBM devices that use sp-ZnO ESLs. In Figure 4.1 (A) we present our hypothesized
relationship between the local ITO crystal face and the local crystallographic properties of
sp-ZnO films. In this paper we will demonstrate that certain ITO crystal faces, i.e. the (440)
crystal face, promote smooth, dense, and uniform sp-ZnO layers with strong preferential
nucleation and growth along the c-axis of the wurtzite crystal lattice. Other ITO crystal
faces, i.e. the ITO (222) and (400) crystal faces, promote rougher, less dense crystal
growth. We hypothesize that interaction between the ITO (440) crystal face and sputter
deposited adatoms is weak. This leads to a higher adatom mobility and an increased
likelihood that the adatoms will nucleate in the energetically favorable c-axis up
crystallographic orientation of the wurtzite crystal lattice. The interaction between the ITO
(222) and (400) crystal faces appear to result in a stronger ITO adatom interaction. This
leads to a reduction in the adatom mobility which results in a greater number of nucleation
sites with a distribution of c-axes orientations. Since the c-axes growth direction is
significantly faster than the other growth directions, it is expected that the vertically aligned
crystals will overtake the randomly oriented crystals in a process that is commonly referred
to as “survival of the fastest.”30 This allows the surviving grains to expand laterally, with
increasing thickness, resulting in a film with larger ZnO grains, void space between grains,
and a rougher surface topography.29,31
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In Figure 4.1 (B) we demonstrate the electrical heterogeneity of the sp-ZnO surface
on IBS-ITO, as demonstrated by conductive probe atomic force microscopy (CAFM). Both
the height (left) and the current (right) responses are shown, and the Z-scales are 5 nm and
1 nA respectively. The regions which are associated with growth on (440) crystal faces are
outlined in white. These regions result in ZnO films with a slightly reduced surface
roughness and very low conductivity. The regions associated with growth on the (222) and
(400) ITO crystal face show a slightly reduced average height, an increase in surface
roughness, and a higher conductivity. For more information on this result, and to compare
these images without the added white outlines, the reader is referred to Figure S4.1 in the
Supporting Information at the end of this chapter. We will demonstrate that the MSITO/ZnO samples also show electrical heterogeneity. However the smaller lateral
dimensions of the MS-ITO crystal grains result in a more uniformly dispersed distribution
of electrical properties for the MS-ITO/sp-ZnO system.
Figure 4.1 (C) demonstrates the effect of the ITO grain size on the device
performance ITO/sp-ZnO/P3HT:PCBM/PEDOT:PSS/Ag devices. The J-V responses
shown here were tested after UV exposure, but in the absence of UV during the J-V sweep.
As indicated in this figure when the sp-ZnO ESL is deposited on ITO with crystallographic
grains with large lateral dimensions (IBS-ITO) the device performance is typically worse
than when the sp-ZnO ESL is deposited on ITO with smaller lateral grains (MS-ITO). We
will demonstrate that this difference is a direct result of the electrical heterogeneity of these
systems, which results from differences in the nucleation and growth of these films as a
function of the exposed ITO crystal face. Further details on the performance characteristics
of these devices will be provided in the following section.
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Figure 4.1 Proposed relationship between the local crystallographic orientation of the ITO surface and the
ZnO nucleation and growth is shown in (A). In (B) we present the height (left) and current (right) data
collected via CAFM, for an IBS-ITO/sp-ZnO system. The z-scale is 5 nm and 1 nA respectively, and the tipto-sample bias was 1 V. We will demonstrate that the local ITO crystal face determines the local electrical
properties of the ZnO ESL. As a consequence, the device performance of is improved when the ZnO ESL is
deposited on ITO substrates with smaller ITO grains, as demonstrated in (C). In this work we will
demonstrate that the difference in performance for the devices demonstrated in (C) come as a direct result of
the local nucleation and growth demonstrated in (A).

237

4.3.2 OPV Performance as a function of ITO substrate.
To examine the effects of ITO grain-size on the device performance of inverted
P3HT:PCBM devices with sp-ZnO ESLs, we deposited sp-ZnO films on two commercially
available glass/ITO substrates. The IBS-ITO was purchased from Thin Film Devices LLC.
The MS-ITO was purchased from Colorado Concepts Coatings LLC. The bulk electrical
properties of these ITO substrates, summarized in Table 4.1, are comparable, and high
efficiency OPVs have been built on both MS-ITO10,26 and IBS-ITO,32 indicating that the
electrical properties of both types of ITO are sufficient for OPV applications. In or own lab
we see little difference in the performance of devices with solution processed ZnO ESLs
built on either type of ITO, see the Supporting Information Figure S4.2. The deposition of
sp-ZnO onto these ITO substrates was performed simultaneously onto adjacent substrates.
Thus, the only experimental variable in this comparison is the ITO substrate used.
In Figure 4.2 a) and b) we present the J-V responses of ITO/spZnO/P3HT:PCBM/PEDOT:PSS/Ag bulk heterojunction (BHJ) OPVs built on IBS-ITO
and MS-ITO substrates under a variety of illumination conditions. The OPV performance
parameters are shown in Table 4.2. For clarity, we will first define the illumination and
light soaking conditions as follows; i) “Dark” No Illumination during J-V testing. ii) “LP
500” Illuminated during J-V testing, with the 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
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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 the ZnO valance (VB),21 The LP 500 filter is
used to avoid electronic excitation from the ZnO VB to the ZnO CB (ca. 3.3-3.4 eV,) or to
shallow donor states near the CB ca. 3.1 eV.33
We will focus first on the illuminated OPV response of the IBS-ITO/ZnO based
OPV system. The J-V response of a representative device for this system can be seen in
Figure 4.2 a). When tested under LP 500-NS conditions we observe an s-shaped distortion
of the J-V curve, a JSC of only 0.2 mAcm-2, and a very low PCE and FF with values of
0.03% and 0.18 respectively. When tested under LP 500-LS conditions (i.e. after UV light
soaking) the current in far-forward bias and at short-circuit increased. However, the PCE
and FF remain low, with values of 0.13% and 0.18 respectively. Finally when tested under
AM1.5G-LS conditions the s-shaped distortion appears to be removed and the PCE and
FF is increased to 2.85% and 0.43 respectively. The difference observed in PCE and FF
between AM1.5G-LS and LP 500-LS was rapid and reversible. This indicates that a portion
of the improvement can be rapidly lost following the removal of the UV flux.
The J-V response of a representative MS-ITO/ZnO based device tested under LP
500-NS conditions is shown in Figure 4.2 b). Again we observe an s-shaped distortion of
the J-V response, however, the distortion is less severe, and the current in far-forward bias
and at short-circuit is larger when compared to the IBS-ITO/ZnO based system under the
same illumination conditions. The PCE and FF observed for this system under LP 500-NS
illumination conditions are 0.53% and 0.16 respectively. The slightly lower FF for the MS-
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ITO/ZnO device relative to the IBS-ITO/ZnO device under these conditions is a result of
the much higher JSC of this device, -4.5 mA∙cm-2, relative to the IBS-ITO/ZnO device.
When the MS-ITO/ZnO device is tested under LP 500-LS illumination conditions we see
that the s-shaped distortion of the J-V curve is nearly eliminated, and the PCE and FF are
increased to 2.34% and 0.37 respectively. When tested under full AM1.5G-LS conditions
we observe that the distortion of the J-V response appears completely removed, and the
PCE and FF are increased to 3.57% and 0.53 respectively. Under this illumination
condition the resistance measured at VOC (RVoc) differs by a factor of 2.5 between devices
built on these ITO substrates, see Table 4.2. When tested under LP 500-NS or LP 500-LS
conditions the RVoc differs by over an order of magnitude between these systems.
From this comparison we can conclude the following: i) devices built on MS-ITO
show higher PCE compared to devices built on IBS-ITO under identical illumination
conditions and ii) devices built on IBS-ITO show a greater relative change in PCE and FF
based on the illumination conditions than is observed for devices built on MS-ITO. Since
the difference in the sheet resistance is less than a factor of 2, the illumination condition
dependence of RVoc cannot be explained by a difference in the resistance of the ITO layers
themselves. Additionally, the resistance of the ITO layer and ZnO layers are expected to
contribute to the RS of the device, the lower limit for the FF based off of an increasing RS,
is 0.25.34 Thus, RS arguments cannot be used to explain the ultra-low FF for this and similar
devices.23 We hypothesize that the s-kink in the J-V response can be attributed to two main
factors: i) the distribution of sites that are electrically active sites on the ZnO surface ii) the
energetic alignment of the ZnO ESL with the active layer. The former is determined by the
properties of the underlying ITO substrate and the latter is determined by the processing
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conditions of the ZnO ESL, such as the oxidative or reductive nature of the background
gas during sputter deposition. Both i) and ii) are positively impacted via UV exposure.
While both i) and ii) are critical for understanding the performance of OPVs, this chapter
focuses on the former. A complete discussion of the energetic alignment of the ZnO/active
layer interface is discussed in Chapter 3 of this dissertation.
We will demonstrate in this discussion that the differences we see in device
performance and degree of UV light soaking effects observed in these systems can be
correlated with differences in the spatial distribution of the electrical properties of the ZnO
surface. We will go on to show that these differences result from a heterogeneous, and ITO
crystal face dependent, nucleation and growth of sp-ZnO films.
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Table 4.1 Electrical properties of chosen ITO substrates based on manufacture specifications.
ITO
Substrate

Sputter
Technique

Thickness
(nm)

Sheet
Resistance
(Ω∙□-1)

IBS-ITO

Ion Beam

145 ± 10

20 ± 2

MS-ITO

Magnetron

140 ± 20

12 ± 3
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Figure 4.2 The J-V curves for ITO/ZnO/P3HT:PCBM/PEDOT:PSS OPVs as a function of illumination
conditions are presented in a) and b) for IBS-ITO/ZnO and MS-ITO/ZnO based devices respectively. The
Dark-NS and Dark-LS J-V responses are presented separately in the Supporting Information, Figure S4.3.
Prior to UV-exposure (LP 500-NS) the IBS-ITO/ZnO based device shows virtually no photocurrent response
and an s-shaped distortion of the J-V response. UV light soaking (LP 500-LS) and UV exposure during
testing (AM1.5G-LS) reduce the s-shaped distortion of the J-V response. The J-V responses for MS-ITO/ZnO
based devices are shown in b). The change in the J-V as a function of illumination conditions follow the same
trends as are observed for the IBS-ITO/ZnO responses. The most notable differences are that the J-V curve
s-shaped distortion is considerably smaller for the MS-ITO/ZnO based devices, and the change in these
responses as a function of illumination is less drastic for this system than for the IBS-ITO/ZnO based system.
A summary of the OPV results are presented in Table 4.2.

Table 4.2 J-V characteristics for devices depicted in Figure 4.2 as a function of illumination conditions and
underlying ITO substrate. RS’ is the apparent series resistance, calculated in far forward bias (ca. 2 V).
Efficiencies for the LP 500 illuminated curves include a 1.25 solar mismatch factor to account for the reduced
illumination intensity and change in illumination profile.
ITO
Substrate

Illumination
Condition

VOC
(mV)

JSC
(mA/cm2)

FF
(arb.)

*PCE
(%)

RVOC
(Ω ∙cm2)

RS’
(Ω ∙cm2)

IBS-ITO

LP 500-NS

548

-0.2

0.18

0.03

7321.3

1720.2

IBS-ITO

LP 500-LS

576

-1.0

0.18

0.13

1245.7

128.9

IBS-ITO

AM1.5G-LS

586

-11.3

0.43

2.85

25.5

17.4

MS-ITO

LP 500-NS

582

-4.5

0.16

0.53

355.8

47.0

MS-ITO

LP 500-LS

575

-8.8

0.37

2.34

43.1

9.0

MS-ITO

AM1.5G-LS

584

-11.5

0.53

3.57

10.7

4.0
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4.3.3 Characterization of ITO Morphology and Crystallographic Properties
Having established that the performance of P3HT:PCBM devices are strongly
influenced by the ITO substrate onto which the sp-ZnO layer is deposited, we now
investigate the pertinent bulk and local properties of these ITO substrates, and we relate
these properties to the electrical properties of sp-ZnO films. The topography of these bare
ITO substrates were analyzed via AFM and SEM. The AFM results for bare IBS-ITO and
MS-ITO and are shown in Figure 4.3 a) and b) respectively and demonstrate that the bare
IBS-ITO substrate is much smoother than the MS-ITO substrate. The RMS roughness of
IBS-ITO is ca. 0.5 nm and the typical peak-to-valley distances observed in 1 × 1 μm scan
are typically less than 3 nm. The RMS roughness of MS-ITO is ca. 3.5 nm and the typical
peak-to-valley distances typical for 1 × 1 μm height images is ca. 20 nm.
In Figure 4.2 c) and d) we show an SEM image of the bare IBS-ITO and MS-ITO
substrates respectively. The IBS-ITO substrates have grains with lateral dimensions that
typically extending several hundred nm both along the longest and shortest bisecting axis.
The IBS-ITO grain edges meet in an interlocking rather than overlapping fashion,
contributing to the ultra-low RMS roughness of this substrate. While it is unclear if these
regions are actually individual crystals or a collection of small, highly similar, and compact
ITO crystals, the nucleation and growth of ZnO films is not determined by nanoscopic
differences within these regions; but instead by these regions as a whole. Thus this
distinction is not a prerequisite for understanding the effects that the properties of IBS-ITO
has on the properties of sp-ZnO films. The ITO dimensions of the MS-ITO grains are
considerably smaller, typically ~10-100 nm across the shortest and longest bisection axes,
with minimum bisecting diameters typically below 30 nm. These grains are often partially
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overlapped with nearest neighbor grains. We note that, while the grains themselves are on
the order of 30 nm, there are domains, or regions where the ITO grains all have similar
crystallographic properties, which can extend up to a few hundred nm. For more
information on the MS-ITO domains see Figure S4.4 in the supporting Information.
On the MS-ITO we observe regions with a lower relative height and a rice-shaped
grain appearance when viewed at the surface. A white arrow is used to indicate an example
of these regions in Figure 4.2 b) and d). The regions are consistent with ITO domains
(collection of grains with similar crystallographic properties) with a (440) orientation.
Using a combination of SEM and transmission electron spectroscopy Kamei et al.
demonstrated that under typical magnetron sputtering conditions, the ITO domains with
the lower relative height and rice-like appearance from the top view are (440) oriented ITO
grains. These authors also demonstrated that the taller regions with lateral aspect ratio of
~1 correspond to (222) and (400) oriented ITO grains.35 To the authors’ knowledge, there
is no clear morphology-crystal face relationship that can be exploited to indirectly
determine the ITO crystal face of IBS-ITO. Later in this discussion we will exploit the
crystal face/morphology relationship discussed here to determine which crystal faces lead
to poor vs. optimal electrical properties of the sp-ZnO films.
Figure 4.3 e) shows the intensity normalized ω-2θ XRD diffractograms for both
ITO substrates, in which we observe seven discernable diffraction peaks that match the
bixbyite crystal structure of ITO.35,36 Previous reports have demonstrated that ITO
deposited by both ion beam and magnetron sputtering exhibit the strongest preferential
texturing along three main axes, the (222), (400), and the (440) of the bixbyite crystal
lattice.35,36 While both ITO substrates show nearly identical peak-height ratios for the (222)
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and (400) relative reflection intensities, the MS-ITO peaks are slightly broadened relative
to the IBS-ITO peaks, and shifted to higher 2θ angles. The peak widths indicate that the
MS-ITO grains are ca. 30 nm while the IBS-ITO grains are ca. 40 nm based on the Scherer
relationship. This is consistent with MS-ITO substrate being more polycrystalline than the
IBS-ITO substrate. However, this approach only gives information about the grain size
normal to the surface plane; there is no information about the lateral dimensions of oriented
films.37 The main difference between the two diffractograms is the greater relative intensity
for some of the higher index reflections, particularly the (440) reflection, in the IBS-ITO
XRD diffractogram. While this is of little significance on its own, we will demonstrate that
this has implications for the nucleation, growth, and electrical properties of sp-ZnO films
deposited on these substrates as presented in the concept figure, Figure 4.1.

246

Figure 4.3 AFM Height images of IBS-ITO and MS-ITO are shown in a) and b) respectively. The RMS
roughness of IBS-ITO is considerably smaller than that of MS-ITO, with RMS roughness values typically
less than 0.5 nm. MS-ITO has a typical RMS roughness of ca. 3.5 nm as demonstrated in b). SEM images of
the IBS-ITO and MS-ITO are shown in c) and d) respectively. We observe that the low roughness of IBSITO is due to a planer arrangement of the surface available ITO grains. In e) we present the ω-2θ scan
diffractograms for bare MS-ITO and IBS-ITO, normalized to the tallest diffraction peak. Both forms of ITO
are crystalline with similar ratios of the two most prominent diffractions, the (222) and the (400) from the
ITO bixbyite crystal lattice. For IBS-ITO we see greater relative diffraction intensity of some of the higher
index reflection planes, in particular the (440) reflection. Based on literature precedent, the regions of the
MS-ITO with reduced height and higher lateral aspect ratio, as marked in b) and d) correspond to MS-ITO
grains with the (440) crystal orientation.35
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4.3.4 Characterization of ITO/ZnO Morphology and Crystallographic Properties
Next we characterized the morphological and average crystallographic properties
of sp-ZnO films on these ITO substrates. An SEM image of the IBS-ITO/ZnO system is
shown in Figure 4.4 a). There are two main morphological regions that we observe. The
first is a region with a “pebble-like” appearance. An example of this type of region is
outlined in red in Figure 4.4 a). The second region shows considerably lower contrast in
SEM imaging, indicating a relatively featureless surface with significantly less pronounced
morphological features. An example of this region type on the IBS-ITO/ZnO system is
outlined in white in Figure 4.4 a). The texturing within each of these region “types” indicate
that each distinct region is made includes tens to hundreds of individual ZnO grains, with
grain sizes on the order of 10-30 nm in diameter. Similar regions can be observed on the
MS-ITO/ZnO system, as indicated by red and white arrows in Figure 4.4 b). While the
regions identified in white and red outlines in Figure 4.4 a) are the most common observed
morphological features, there exist regions that exhibit intermediate morphological
properties, an example of which can be observed in the region directly above the feature
outlined in white. For ease of viewing, Figure 4.4 a) and b) are enlarged in the Supporting
Information, Figure S4.5.
We then performed grazing incidence x-ray diffraction (GIXRD) on the ITO/ZnO
samples which can be seen in Figure 4.4 c). In GIXRD, the incident angle (ω) is held
constant near or even below the critical angle, while the angle of the detector (2θ) is
scanned. This technique is used for thin films as the low incidence angle maximizes surface
sensitivity.37 The diffractograms shown in Figure 4.4 c) are for IBS-ITO/ZnO and MSITO/ZnO systems with a 100 nm thick ZnO layer taken with an incident angle of 0.287°.
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These ZnO films are thicker than the ca. 30 nm thick films that we use for OPV devices in
order to minimize the signal from the underlying substrate. For comparison, the black bars
in this figure show the relative peak height and positions for a randomly oriented ZnO
wurtzite lattice and are reproduced from the International Centre for Diffraction Data, PDF
#036-1451. We also performed GIXRD on device relevant ZnO thicknesses as well, which
can be found in the Supporting Information, Figure S4.6. On both substrates we observed
peaks at centered at ca. 34.3°, 47.5°, 62.7°, and 67.8° corresponding to the (002), the (102),
(103), and (112) diffractions of the ZnO wurtzite crystal lattice. The relative peak areas
and full-width-half-max (FWHM) peak widths are nearly identical on both substrates.
These peaks correspond to a c-axis tilt, relative to the substrate normal, of 0°, 17.32°,
11.75° and 8.86° respectively. The relative height of the (002) diffraction peak, along with
the absence of the (100), (110) and (200) peaks, indicate that the ZnO thin-films
preferentially grow with the c-axes of the wurtzite crystal normal to the ITO surface plane
in both cases. This c-axis oriented texture has been widely observed for ZnO produced by
magnetron sputtering.38–41 The additional peak found only on the MS-ITO/ZnO is the ZnO
wurtzite (101) reflection, with a c-axis tilt of 31.96°. Assuming primarily c-axis oriented
growth of the ZnO film relative to the local surface normal, this additional peak may result
from the roughness of the ITO substrate itself. Indeed, calculations of the local surface tilt,
based on AFM analysis, indicate that only ca. 0.3% of the IBS-ITO local surface tilt greater
than 25° relative to the surface normal. Conversely, ca. 30% of the MS-ITO surface has a
local surface tilt greater than 25°.42
Since the XRD analysis indicates the morphology of the ITO substrate does not
greatly affect the ZnO crystal texture, the differences observed in the OPV performance
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and UV sensitivity cannot be attributed to differences in the laterally averaged
crystallographic properties. However, while the average crystallographic properties of the
ZnO thin-films are highly similar, this does not indicate that the lateral distribution of
crystallographic properties is uniform across the surface of these systems.
In the following sections we will examine the relationship between the local
conductivity, the local surface work function (Φ) and the local morphology sp-ZnO films.
We also examine the effects of UV exposure on the distribution of electrical properties.
Later in this discussion we will demonstrate the relationship between the local ITO crystal
face and the ZnO morphology, and will propose a nucleation and growth model to describe
the dependence of the local ZnO properties on the underlying ITO grain.

250

Figure 4.4. SEM images of IBS-ITO/ZnO and MS-ITO/ZnO are shown in a) and b) respectively. There is at
least two distinct morphological regions on the IBS-ITO/ZnO system. Outlined in red is a region with greater
local texturing and a “pebble-like” appearance, and outlined in white is a region with less distinct texturing.
Corresponding features can be observed on MS-ITO/ZnO, indicated by red and white arrows respectively,
but are harder to distinguish due to the higher roughness of the underlying substrate, and the smaller
dimensions of these regions. In c) the GIXRD diffractograms for IBS-ITO/ZnO and MS-ITO/ZnO are shown,
normalized to the (002) diffraction peak. The obtained pattern is compared with the XRD pattern of ZnO
(PDF #036-1451), with the relative position and heights indicated by the black bars in this figure. The only
clear difference observed is the extra peaks observed at 36.1° on the MS-ITO/ZnO system, corresponding to
the ZnO (101). This additional peak may arise due to the higher roughness of this form of ITO, see text for
more information.
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4.3.5 Electrical Characterization of IBS-ITO/ZnO and MS-ITO/ZnO Surfaces
The CAFM measurements of IBS-ITO/ZnO system prior to UV exposure are
shown in Figure 4.5 a)-c). CAFM analysis was performed in an Ar-purged, custom AFM
glovebox, with a tip-to-sample bias of 1 V. The morphology of the IBS-ITO/ZnO system,
shown in Figure 4.5 a), is distinctly different than the morphology of the bare IBS-ITO
system, Figure 4.2 a). However, ZnO deposition results in only a slight increase in the RMS
roughness, from ca. 0.5 to 0.6 nm. The CAFM current image shown in Figure 4.5 b) for
IBS-ITO/ZnO indicates that the distance between electrically active regions can span
several hundreds of nm. The highly resistive, or “electrically inactive regions” are similar
in size to the distinct morphological regions shown in Figure 4.4 a) and are approximately
the same dimension as one to three IBS-ITO grains as seen in Figure 4.3 a) and c). The
electrically inactive region in the center of Figure 4.5 b ) is ca.700 × 250 nm along the long
and short bisecting axes respectively, and is not atypical for this system (see Supporting
Information Figure S4.7.) Histograms of the measured electrical current vs. the 2D
projected surface area are presented in Figure 4.4 c).
After analysis of an IBS-ITO/ZnO system in the dark, this system was exposed to
indirect UV irradiation with a Hg lamp, in-situ. Figure 4.5 d)-e) shows the CAFM data
collected after UV exposure for IBS-ITO/ZnO, system. The average current for this system
is increased over an order of magnitude with UV exposure. This increase in the
conductivity after UV exposure can be attributed to photo-activated desorption of
chemisorbed O2 (or related chemical species) from the ZnO surface by several
authors.21,24,25,43 Many authors have attributed the increase in device performance as a
function of UV light soaking to a reduction in in the resistance of the ESL layer. We have
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shown in Chapter 3 of this dissertation that changes in the resistance of the ZnO layer has
only a secondary effect on the device performance. The primary cause of the low PCE for
these systems is a kinetic barrier for charge collection at the ZnO active layer interface
which leads to the FF values less than 0.25. A change in the resistance of the ZnO layer
alone cannot explain the transition from a s-shaped J-V curve to a typical diode response
following UV light soaking.23,34,44 We have found instead that this same process affects the
ZnO Φ and as a result the energetic alignment of the ZnO/active layer interface.23,45 From
Figure 4.4 e) and f), it is clear that UV exposure not only increases the average current, but
also increased the effective electrically active surface area, as indicated by the lowered
percentage of the surface with a low current response. Our data indicates that the
distribution of electrically active sites may contribute to the s-shaped distortion of the J-V
response for OPVs built on these systems.
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Figure 4.5 The height, current, and a frequency distribution of the current vs surface area collected by CAFM
analysis. Measurements were taken with 1 V tip-to-sample applied bias, are shown in a)-c) for IBS-ITO/ZnO
before UV exposure and d)-f) for IBS-ITO/ZnO following UV exposure. The morphology of IBS-ITO/ZnO,
seen in a), remains relatively smooth (RMS of ca. 0.6 nm) however the morphology is distinctly different
than what we observe for the bare IBS-ITO substrate with taller “plateau” features that can be tens to hundreds
of nm in diameter and that have with little to no discernable additional features, and we see lower regions,
also tens to hundreds of nanometers in diameter, with several smaller features, giving the surface a more
textured appearance. The highly electrically resistive regions (low current) correspond with the higher plateau
features can be as several hundred nm in diameter. Figures c) and f) show the current distribution as a function
of 2D projected surface area. UV exposure decreases the percentage of the surface that is electrically inactive
(i.e. highly resistive). To demonstrate that heterogeneity presented above is typical for the IBS-ITO/ZnO
system we have included a 5 × 5 um CAFM image in the Supporting Information section, Figure S4.7 a) and
b)
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For comparison, CAFM measurements were also performed on the MS-ITO/ZnO
system prior to UV exposure, and are shown in Figure 4.6 a)-c). It is important to note that
the ZnO thin-films (ca. 30 nm) in Figure 4.5 and Figure 4.6 were deposited simultaneously
on adjacent ITO substrates, and the CAFM measurements were collected on the same day,
in an Ar-purged custom glovebox, using the same conductive probe with a tip-to-sample
bias of 1 V. These precautions were taken in order to minimize experimental differences
in the CAFM analysis of these systems. Comparison of these results to the IBS-ITO/ZnO
system, demonstrate that the electrical properties of ITO/ZnO systems are strongly
influenced by the type of ITO that these films are deposited on. Figure 4.6 a) shows the
height data for the MS-ITO/ZnO system. As a consequence of the roughness of MS-ITO,
shown in Figure 4.3 b), the morphology of the MS-ITO/ZnO system is dominated by the
underlying ITO, making a clear correlation between the local morphology and the current
response far more challenging. While the MS-ITO/ZnO system also displays considerable
electrical heterogeneity in the sampled regions, the distance between electrically active
sites is typically well below 100 nm. Histograms of the measured electrical current vs. 2D
projected surface area are presented in Figure 4.6 c). The average current response of the
whole area is approximately an order of magnitude greater for the MS-ITO/ZnO system
(2.19 nA) than for the IBS-ITO/ZnO system (0.20 nA). Figure 4.6 d)-e) shows the CAFM
data collected after UV exposure for MS-ITO/ZnO, again we see a decrease in the
percentage of the surface that is highly resistive, or “electrically inactive,” following UV
exposure. The average current increased by a factor of 4 for the MS-ITO/ZnO system as
compared to a factor of 8 for the IBS-ITO/ZnO system.

255

In order to discuss the increase in electrically active area as a function of ITO
substrate and UV illumination we choose a threshold of 250 pA at 1 V bias. Above this
bias we consider to be electrically active and below this threshold we consider electrically
inactive. Using this approach we estimate the electrically active area to be increased from
ca. 20% to 60% for IBS-ITO/ZnO and from ca. 70% to nearly 100 % on MS-ITO/ZnO
when these systems are exposed to UV illumination. While the absolute value estimated
for the effective electrically active area is wholly dependent on the arbitrarily chosen
threshold, the general observation that we observe a larger percentage of the surface as
electrically active on the MS-ITO/ZnO system relative to the IBS-ITO/ZnO system, and
that both systems show an increase in the area that is electrically active with UV exposure,
holds for any chosen threshold in the range from 0.1 to 10 nA. These observations are
preserved for larger scan sizes which are less sensitive to the local heterogeneity, such as
the example shown in Figure S4.7. This trend in active area also appears to be correlated
to the increase in PCE, tabulated in Table 4.2.
We acknowledge that UV light soaking also effects the energetic alignment of the
ZnO/active layer, as discussed in Chapter 3 of this dissertation. However, the large
difference in active area and device performance between IBS-ITO/ZnO and MS-ITO/ZnO
based OPVs indicates that the effective electrically active area and the distribution of
electrically inactive regions cannot be discounted in determining the OPV performance.
One may argue that both UV-light soaking and using MS-ITO/ZnO rather than IBSITO/ZnO leads to a higher current in the CAFM measurements, indicating that the
resistance of the ZnO is also influenced by these changes. While this is consistent with our
results, we reiterate that electrical resistance losses alone cannot lead to the large s-shaped
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distortions of J-V curves, i.e. J-V curves with FFs less than 0.25.23,34,44 These differences
are more consistent with recombination losses of photogenerated charges due to slow
charge collection. These results indicate that the UV light-soaking effects that are observed
for a variety of ESLs may be due in part to changes in electro-active surface area, and
clearly demonstrate the pitfalls of assuming uniform electrical properties a priori. Having
established a correlation between the nanoscale conductivity and the nanoscale
morphological features, we will now demonstrate that the regions of high electrical
conductivity also correlate with regions of low Φ.
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Figure 4.6 The height, current with 1 V tip-to-sample applied bias, and a frequency distribution of the current
vs surface area collected by CAFM analysis are shown in a)-c) for MS-ITO/ZnO and before UV exposure.
Results after UV exposure are shown in d)-f). From figure a) and d) we see that the morphology of the MSITO/ZnO system is dominated by the morphology of the underlying substrate. From current images b) we
observe that ZnO that deposited on MS-ITO shows considerable heterogeneity. However, we note that the
highly electrically resistive regions (black in above current images) have a much smaller dimensions on MSITO/ZnO systems, than we see on IBS-ZnO system (Figure 4.4 b). The inactive regions on the MS-ITO/ZnO
system tends have diameters much less than 100 nm, while the inactive regions on the TFD/ZnO can be as
several hundred nm in diameter. Figure c) shows the current distribution as a function of 2D projected surface
area. If we consider regions where the current is greater than 250 pA at an applied bias of 1 V we calculate
that ca. 70% of the non-light soaked MS-ITO/ZnO system would be electrically active, as compared to ca.
20% electrically active observed for IBS-ITO/ZnO prior to light soaking. CAFM analysis of MS-ITO/ZnO.
UV exposure significantly increased the average current for ZnO on this form of ITO as well. UV exposure
of MS-ITO/ZnO increases the electrically active area to nearly 100% of the surface area, based on this
threshold. A larger area CAFM scan size of the MS-ITO/ZnO system is available in the Supporting
Information, Figure S4.7 c) and d).
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Scanning Kelvin Probe Microscopy (SKPM) was performed, under an inert N2
environment, on the IBS-ITO/ZnO system. This technique measures the contact potential
difference (CPD) between the AFM probe and the sample surface, which is directly related
to the local work function (Φ) of the surface. The spatial resolution of this measurement is
typically ca. 25 nm and the energy resolution is typically 10-20 meV.46 Figure 4.7 a)
presents a 3D representation of the topography of this system, overlaid with the CPD data.
This image was obtained after UV light soaking. From this representation, it is clear that
the lower regions correspond to regions of relatively low Φ, which are desirable for
minimizing extraction barriers at the ZnO/active layer interface,23 while the higher regions
correspond to regions of relatively high Φ which are more likely to create an interfacial
barrier for electron collection.23 The CPD range presented in the figure is 180 mV which
indicates that the variation in Φ on this surface is ca. 7 times greater than kT at room
temperature (~26 meV).
Since the rougher regions of lesser relative height are both more conductive and
have a lower Φ, we can assign these regions to be the preferred sites for electron collection
with a high degree of certainty. In Figure 4.7 b) we demonstrate the light sensitivity of the
ZnO Φ. The initial Dark SKPM measurements showed a broad CPD distribution (i.e. a
broad Φ distribution) of ca. 300 mV FWHM. Illumination of ZnO with 365 nm UV LED
light source results in a shift in the CPD of ca. 900 mV, indicating a large reduction in the
ZnO Φ, and we see a factor of ca. 5 reduction in the peak width. The sample was stored in
the dark, under inert environment, for 40 minutes, in order to allow the Φ to stabilize and
the sample return to thermal equilibrium. Next the SKPM analysis was performed in the
same region in the dark. We observe that the Φ of ZnO measured in the dark was reduced
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by over 350 mV and this reduction is sustained during the acquisition time for this
measurement (~40 min.). For comparison we illuminated the same sample (on the same
day using the same probe) with high intensity visible light using a 532 nm laser. The results
before, during, and after 532 nm illumination are shown in Figure 4.7 c). The photon energy
at this wavelength (ca. 2.3 eV) is well below the band gap energy (EBG) of ZnO. Under
these conditions we observe a shift in the CPD of ca. 500 mV, also corresponding to a
reduction of the apparent Φ. However, even this high intensity sub EBG light does not result
in a sustained reduction in the ZnO Φ, indicating that the prolonged change in the surface
Φ requires band-to-band excitation. For ZnO photoinduced conductivity this has been
associated with photoinduced holes oxidizing chemisorbed species off of the ZnO
surface.21 The correlation in the conductivity reduction and Φ increasing time scale
following UV illumination termination indicate that this process is also responsible for the
Φ shift. This is consistent with the results Li et al. and of Kim et al. who have demonstrated
the reduction in the Φ of ZnO and TiO2, respectively, as a function of UV exposure.20,45
In Chapter 3 of this dissertation we discussed UV-photoelectron spectroscopy
studies which indicate that the energetic barrier between the ZnO conduction band and ntype organic semiconductors is minimized as the ZnO Φ is reduced.23 Combining these
results with the SKPM results presented here we propose that UV light soaking and
continuous UV illumination not only reduce the average energetic offset at the ZnO active
layer interface, but also reduce the percentage of the ZnO surface where the energetic
barrier is too large for efficient electron collection/injection. These results are
complimentary to the increase in electrically active area with UV light soaking
demonstrated via CAFM in Figures 4.5 and 4.6. We believe that the spatial distribution of
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the energetic properties plays an important role in the UV-light soaking behavior of these
devices, and helps to explain why the illuminated J-V characteristics of IBS-ITO/ZnO
based devices are more sensitive to UV exposure than MS-ITO/ZnO devices; specifically
because IBS-ITO/ZnO system has a more dispersed distribution of electrically active and
in-active sites. In the next section we will investigate the relationship between the local
electrical properties of sp-ZnO films and the local crystallographic properties of sp-ZnO
and the underlying ITO substrate through chemical etching studies.
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Figure 4.7 In figure a) we present the 3D projection of the IBS-ITO/ZnO surface height. The overlaid color
represents the relative contact potential difference (CPD). Measurements were taken after ca. 40 minutes UV
exposure (365 nm UV LED) under an N2 environment. The CPD is directly related to local variations in the
surface Φ, which demonstrates that the lower regions correspond to regions of relatively low Φ, while the
higher regions correspond to regions of relatively high Φ. The CPD range presented above is 180 mV, or ca.
7 kT. This indicates that the energetic alignment of this surface with an overlying organic semiconductor can
vary greatly as a function of lateral position. This may lead to regions where the charge collection/injection
is severely hampered relative to nearby regions due to poor energetic alignment of ZnO/active layer at the
interface.23 In b) we present the SKPM CPD distribution of IBS-ITO/ZnO surfaces in the dark before UV
exposure, during UV exposure with a 365 nm UV LED light source and in the dark 40 minutes after UV
exposure. UV exposure results in a large shift in the ZnO Φ that is partially retained > 40 minutes after UV
illumination is ceased. In c) we perform the same experiment using 532 nm, sub-EBG photon energy,
illumination and observe that sub-EBG illumination does not lead to a sustained change in the ZnO Φ.
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4.3.6 Heterogeneous chemical etching ITO/ZnO systems.
It is well established that the deposition conditions of sputter deposited films affect
both the crystallographic and the electrical properties, such as Ne and charge carrier
mobility,40,41 as well as the susceptibility of these films to chemical etching.38,39 To gain
further insight into the relationship between ITO and ZnO local properties we explored the
chemical etching of ZnO in mildly acidic aqueous conditions. Etching of ZnO thin-films
has been demonstrated under both acidic39 and basic47 aqueous conditions. The solubility
of Zn in aqueous media reaches a minima at a pH of ca. 9-10.48 We investigated the effect
of chemical etching, in-situ with fast-scan AFM and ex-situ with FE-SEM. The etching
solution used was 0.05% w/v ammonia chloride (NHCl3) in water. These solutions had pH
values of ca. 6.8. While this pH is not considerably lower than that of neutral H2O it buffers
the solution against rising pH values as H+ reacts with the ZnO surface, which would result
in a reduced etching rate. At this pH, the primary dissolution products of ZnO are Zn2+ and
water, as shown in Equation 4.1.48,49
+
2+
𝑍𝑛𝑂(𝑠) + 2𝐻(𝑎𝑞)
⇌ 𝑍𝑛(𝑎𝑞)
+ 𝐻2 𝑂(𝑙)

Equation 4.1
Figures 4.8 a)-i) show selected fast-scan AFM images of the IBS-ITO/ZnO system
collected at a rate of ca.8 seconds per frame. Initially, the ZnO surface is immersed in ca.
100 μL of deionized H2O, where minor etching can be observed (Figure 4.8 a). Then while
scanning, 10 μL of a 0.5% w/w NH4Cl solution was added, bringing the final concentration
to ca. 0.05% w/w NH4Cl.
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Figures 4.8 b) through h) depict the time lapse of the same region after the NH4Cl
was added. The color scale is set such that the ZnO thin-film is colored cyan to light red,
and the underlying ITO substrate is colored wine red. Within the first 34 seconds following
acid addition, Figure 4.8 b), several etch pits form in the rougher regions of the ZnO
substrate, with some already reaching the smooth underlying ITO substrate. One such pit
is identified by the black arrow in Figure 4.8 b). The etching of ZnO continues laterally in
these rougher regions until reaching the smoother ZnO regions. Figure 4.8 i) shows the
morphology after over 12 minutes of etching, where it can be observed that the lateral
dimensions of the taller, smoother regions in Figure 4.8 a) are only slightly reduced during
the duration of this experiment. The vertical etching of these regions were estimated to
have a rate of etching of ca. 0.6 nm/min. (8 nm in 12.4 min) compared to a rate of ca. 9-60
nm/min in the rougher regions. The variability in etching rate of the rough regions may be
due in part to initial etch-pit density from region-to-region. We note that the etching rate
slows during the reaction, likely due to and the accumulation of Zn2+ in solution, and to a
lesser extent, by the depletion of H+. Figure 4.8 i) shows the result after ca. 12 min of
etching in the NH4Cl solution, where it can be seen that the dimensions of both etched and
etch-resistant regions are significantly larger than the estimated ZnO grain size.
As mentioned earlier, the estimated lateral grain size of the ZnO crystals based on
SEM analysis, are ca. 10-30 nm, and are much smaller than the lateral dimensions of the
regions that show either rapid or slow chemical etching. The dimensions of these
chemically distinct regions coincide with the CAFM, SEM, and SKPM measurements
presented earlier, and are consistent with the hypothesis that the underlying ITO substrate
does play a critical role in the morphologic and crystallographic properties of vacuum-
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deposited ZnO thin films. Figure 4.8 j) shows an ex-situ SEM image of IBS-ITO/ZnO
surface after 18 minutes of etching in a 100 μL 0.05% aqueous NH4Cl drop. This
experiment was performed on the same IBS-ITO/ZnO sample presented in Figure 4.4 a).
In this image, the regions of ZnO remaining after etching appear brighter than the exposed
ITO.
We see that the edges of the remaining ZnO regions track with the grain boundaries
of the IBS-ITO substrate. This is consistent with the fast-scan AFM data which clearly
show that some ZnO domains can be fully dissolve while other domains show only minimal
etching. In comparison with Figure 4.3 a), we see that the more textured ZnO domains are
no longer present, leaving only the smoother domains. While intermediate ZnO domains
exist, such as the pitted ZnO domain in the center of Figure 4.8 j), these experiments largely
show that there exists a driving force for certain IBS-ITO grains to promote high texture,
high conductivity, low Φ ZnO domains, while others promote low texture, low
conductivity, and high Φ ZnO domains.
The post-etch SEM image for the MS-ITO/ZnO system is presented in Figure 4.7
k). Commensurate with the findings from Figure 4.3 b) and Figure 4.6, the ZnO regions
that remain after etching in are significantly smaller for the MS-ITO/ZnO system as
compared to the IBS-ITO/ZnO system. As discussed in Figure 4.3, the (440) oriented
grains of magnetron sputtered ITO, such as MS-ITO, have a lesser relative height and have
a more elongated “rice-like” grain appearance, whereas the (222) and (400) oriented grains
have a “pebble-like” appearance.35 Comparing the bare MS-ITO with the partially etched
MS-ITO/ZnO, Figure 4.7 k), we observe that the “rice-like” morphology of the (440)
oriented ITO grains are heavily underrepresented in the partially etched MS-ITO/ZnO
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sample, indicating that the (440) crystal face preferentially promotes the growth of etchresistant, high Φ, low conductivity regions. The same comparison cannot be made on the
IBS-ITO/ZnO system based on morphological features alone, due to the similar plate-like
appearance for all of the IBS-ITO grains. We do note however, that the IBS-ITO does
contain a higher percentage of (440) oriented grains, based on the XRD results presented
in Figure 4.2 e), and thus the higher proportion of this crystal face may also contribute to
the lower percentage of the IBS-ITO/ZnO system that is effectively electrically active.
Having thus far established that the underlying ITO substrate promotes the growth
of ZnO with distinct chemical, morphological, and electrical properties, we turn our
attention to proposing a growth mechanism that is consistent with established literature on
the growth of sputtered films, which explains these phenomena.
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Figure 4.8 Fast-scan AFM, in-situ etching of IBS-ITO/ZnO in a mildly acidic environment (110 μL 0.05%
NH4Cl aqueous drop) as a function of time. The approximate time since acid addition is presented in the
upper-right of each image and is in units of minutes:seconds. The black arrow in b) indicates an etch pit of
interest. This etch-pit, and other pits, rapidly etch to the ITO substrate (wine red). After the ITO is reached
etching is primarily observed laterally away from the initial pits. Figure i) shows the surface after 12 min of
etching. We observe that the etch-resistant regions present in i) can be observed as the smoother taller regions
in a). These regions show only minimal etching laterally and vertically. An ex-situ FE-SEM of IBS-ITO/ZnO
surface after 18 minutes of etching under these conditions is shown in j). In these images the ZnO regions
remaining after etching appear brighter than the exposed ITO. The ITO grain boundaries are visible, and for
clarity are outlined with dotted white lines in the inset of j). The shape of the ZnO regions that remain after
etching closely follow the shape of the underlying ITO grains. This indicates that some ITO grains promote
etch-resistant ZnO films while other grains promote growth of ZnO that is significantly less resistant to
chemical etching. The partial etch of MS-ITO/ZnO, using the conditions outlined above, demonstrates that
the etch-resistant ZnO regions are smaller and more dispersed on MS-ITO. Examination of the morphology
of the visible ITO grains in k) indicate that the etch-resistant regions are primarily on the ITO (440) oriented
ITO grains/domains. For more information on this aspect see the main text and Figure S4.8 in the Supporting
Information.
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4.3.7 Growth model of ZnO on ITO
A schematic representation of the proposed nucleation and growth of ZnO on ITO
crystal grains is presented in Figure 4.9. Van de Pol et al. have demonstrated that
morphological features of magnetron sputtered ZnO films can be described by the
Thornton Growth model

29,31

This model was developed to describe the nucleation and

growth of sputtered deposited films and suggests that adatom mobility on the substrate
determines the nucleation and growth pattern of the sputter deposited films. This can be
controlled in two manners. First, one can change the kinetic energy of the incoming atoms
by changing the deposition power, or by changing the pressure of the background fill gas.
The adatom mobility can also be controlled by changing the temperature of the underlying
substrate, or by choosing substrates which have stronger or weaker interactions with the
sputter deposited adatoms. Our sp-ZnO films were deposited onto room temperature
substrates with a background sputter gas pressure of ca. 5 mTorr. Based on previous studies
of sputter deposited ZnO films, these conditions should favor either Zone 1 or Zone T type
growth from the Thornton Growth model.31,39 Zone 1 type growth is promoted by lower
adatom mobility and results in films with high aspect ratio, vertically aligned grains with
distinct grain boundaries, a relatively rough texture, and can result in void space between
grains.29,31 Zone T, conversely is favored by higher adatom mobility and produces films
with narrower grains, less distinct grain boundaries, a more uniform, smooth morphology,
and compact grain packing. Higher adatom mobility allows for migration of adatoms to
areas on the substrate that facilitate the growth of the thermodynamically favorable, vertical
growth along the c-axis of wurtzite crystal lattice.
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Figure 4.9 a) is a top view cartoon of the first few atoms on surfaces that promote
Zone 1 growth (left) and Zone T growth (right) respectively. The red circles indicate
nucleation sites where the c-axis of the ZnO wurtzite crystal structure is not vertically
aligned; the blue circles indicate nucleation sites where the c-axis is vertically aligned. In
the case of ZnO, it has been shown that the Zn-rich polar face exhibits significantly faster
growth than either the O-rich or the non-polar face of the ZnO wurtzite crystal structure;50–
52

this Zn-rich face is presumed to grow at the thermodynamically favored nucleation sites.

Figure 4.9 b) shows the same substrate, from the side, and Figure 4.9 c) shows the result
of the film growth on these two substrates. In the Zone 1 case, the red nucleation sites,
which are not oriented with the c-axis perpendicular to the ITO surface plane, grow at a
slower rate and are thus overtaken by the adjacent grains, in a process revered to as
“survival of the fastest.”30 This leads to larger, asymmetric grains with distinct grain
boundaries and void space between some grains. In the Zone T case, however, the growth
at each nucleation site is comparable, and thus, more uniform and compact grains are
observed.
We propose that the two distinct ZnO domains arise from differences in adatom
mobility, based on the ITO crystal face they encounter. This is due to differences in the
free energy of different ITO crystal faces. The ITO grains with high surface energy crystal
faces restrict the mobility of adatoms, due to stronger surface-adatom interactions, and
promote the Zone 1 growth. This results in the highly textured, high conductivity, low Φ
domains. The lower surface energy ITO grains produce the smoother, low conductivity,
high Φ domains that are more etch resistant. The difference in conductivity and Φ may be
explained in part by the increased surface area exposed to the sputtering environment in
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the Zone 1 system, which may increases the n-type defect density. The void space between
grains, for regions with Zone 1 growth, leads to the greater etching rate in these regions
due to increased surface area of the ZnO crystallites to the aqueous environment.
To confirm the proposed growth model, we deposited sp-ZnO on ZnO single crystal
low index faces under equivalent conditions as were used to prepare the ITO/ZnO samples.
Since the ZnO polar faces are known to have a much higher surface free energy than the
ZnO non polar face,53 we posit that the adatom-substrate interaction will be stronger on the
ZnO polar faces than on the ZnO non-polar faces. Thus, we expect that Zone 1 type growth
will be more likely on the polar faces than on the nonpolar face. Indeed, in Figure 4.9 d)
we see that sp-ZnO deposited on the Zn-rich (001) crystal face produces a highly textured
film, indicative of Zone 1 type growth (left). Similar results were obtained on the (001̄ ) Orich single crystal face, as seen in the Supporting Information, Figure S4.9. Simultaneous
deposition of sp-ZnO on the non-polar ZnO single crystal face results in a smooth surface
with few discernable features. This morphology is consistent with Zone T growth. This
confirms our hypothesis that the local surface free energy of the substrate can and does
affect the local growth model of the ZnO under our deposition conditions, and is consistent
with the observed heterogeneity in electrical and etching susceptibility that we have
observed for ITO/sp-ZnO systems.
These results indicate that zone 1 type growth results in the most favorable
properties of the sp-ZnO films for our applications. Interestingly, this result is likely due
to differences in the defect density of these materials rather that due to a more optimized
crystal structure. The distinct grain boundaries and the void space between crystallites
likely act as scattering centers, reducing the charge carrier mobility within these films,
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particularly in the lateral directions. Additonally the increased surface area due to the
distinct grain boundaries and void space between crystals is expected to decrease the
stability of these layers to against O2 adsorption. We expect that ZnO layers that are
extrinsically doped, such as aluminum doped ZnO, may show superior electrical properties
and stability in the regions with Zone T type growth. Studies are currently underway to
investigate the effects that the ITO driven nucleation and growth of extrinsically doped,
sputtered deposited ZnO ESLs. Since we have identified the regions of Zone 1 type growth
to be preferential for the intrinsically doped ZnO films, we will demonstrate a simple
approach to reduce the electrical heterogeneity of these ZnO layers by promoting uniform
Zone 1 type growth via the introduction of a thin and amorphous TiO2 buffer layer.
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Figure 4.9 A schematic representation of how nucleation and growth of the ZnO film determines the local
properties of sp-ZnO ESL’s, based on the Thornton growth model. When the ZnO adatoms are deposited at
low temp and pressure we propose that the nucleation and growth will be either Zone 1 or Zone T type growth
dependent upon the substrate adatom interactions. In a) we show the nucleation processes that may lead to
Zone 1 or Zone T type ZnO growth. Zone 1 growth results from strong adatom-substrate interactions. In this
regime both thermodynamically stable (c-axis vertical) and unstable (c-axis non-vertical) nucleation sites
develop. Zone T growth occurs when the adatom-surface interaction is weaker, leading to an increased
probability that adatoms will reach the thermodynamically favorable, c-axis vertical orientation. Figure b) is
a side view schematic of early ZnO growth. Initial islands of growth converge; due to the low substrate
temperature relative to the melting temp of ZnO, islands cannot undergo Oswald ripening. Vertically aligned
ZnO nucleation sites are known to have significantly faster growth rates. In Zone T islands all grow at
approximately the same rate since they are nearly all the same orientation. Figure c), as growth continues in
Zone 1, c-axis vertical grains overtake the less favored islands, resulting in larger more crystalline ZnO grains
than Zone T. This tapering effect and increase in grain size leads to a less compact Zone 1 ZnO film with
void space between grains. This void space between grains leads to the greater etching rate in these regions.
This also increases the surface area that is exposed to the sputtering plasma, which may lead to an increased
defect density in these regions, consistent with the lower Φ and higher conductivity observed for Zone 1 type
regions. In figure d) we present the FE-SEM results for sp-ZnO deposited of the Zn terminated (001) crystal
face, which results in Zone 1 type growth. Similar results we obtained on the (001̄ ) O terminated face.
However, Simultaneous deposition of sp-ZnO on the non-polar face resulted in a smooth surface with few
discernable features consistent with Zone T growth, confirming our hypothesis that the local nucleation and
growth is dependent upon the surface free energy of the substrate. For more images of the sp-ZnO films on
the low index crystal faces of single crystal ZnO the reader is referred to the Supporting Information, Figure
S4.8.
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4.3.8 Effect of TiO2 Buffer layer on ZnO growth and electrical properties
We conclude our discussion with a method to mitigate the effects of the substrate
tinplating of sp-ZnO by homogenizing the IBS-ITO substrate with a thin layer of TiO2,
another commonly used ESL in OPV applications. TiO2 interlays have nearly identical
band gap and have Φ values in the same range as ZnO ESLs, and thus should not introduce
energetic or kinetic barriers once added.16 However, the appeal of TiO2 thin films lies in
the fact that it can be deposited conformally and does not have a strong preferential growth
axis.16
We deposited a 2 nm amorphous TiO2 buffer layer by a UV assisted chemical vapor
deposition (UV-CVD) method developed in our lab.16 In Figure 4.10 a) and b) we present
the FE-SEM images of IBS-ITO/TiO2(2nm)/ZnO and MS-ITO/TiO2(2nm)/ZnO
respectively. Deposition of ZnO on this TiO2 buffer layer leads to a uniform, Zone 1 type
ZnO growth on both ITO substrates. The insets in a) and b) show these systems after
etching in a 0.05% w/w NH4Cl solution for 18 minutes. Following etching, we do not
observe significant etch-resistant, Zone T type regions on either substrate, as were seen in
Figure 4.8 j) and k) for IBS-ITO/ZnO and MS-ITO/ZnO respectively, indicating that this
buffer layer does prevent the spatially heterogeneous nucleation and growth that was
observed for ZnO deposited on ITO. Figure 4.10 c) and d) shows the CAFM current results
with and without a TiO2 buffer layer for IBS-ITO/ZnO and MS-ITO/ZnO systems
respectively. Indicating that the nanoscale electrical properties are more uniform with the
addition of a thin buffer layer. No UV exposure was performed prior to these
measurements. Thus, we have demonstrated that the electrical heterogeneity of sputtered
ZnO films can be greatly reduced with the use of a thin amorphous interlayer. Investigation
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of self-assembled monolayer and highly doped amorphous metal oxide buffer layers to
tune the electrical properties and reduce the electrical heterogeneity of sp-ZnO thin-films
for PV applications.
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Figure 4.10 In a) and b) we present SEM images of IBS-ITO/TiO2(2nm)/ZnO and MS-ITO/TiO2(2nm)/ZnO
respectively. The TiO2 layer was deposited under conditions that lead to uniform amorous buffer layer on the
ITO substrate. Deposition of ZnO on this TiO2 buffer layer leads to a uniform, Zone 1 type ZnO growth on
both ITO substrates. The insets in a) and b) show these systems after etching in a 0.05% w/w NH 4Cl solution
for 18 minutes. The scale bars refer to the main and inset images. Following etching we do not observe large,
etch-resistant Zone T type regions on either substrate, as were observed in Figure 4.8 j) and k) for IBSITO/ZnO and MS-ITO/ZnO respectively. Figure c) and d) show the CAFM current results with and without
a TiO2 buffer layer for IBS-ITO/ZnO and MS-ITO/ZnO systems respectively. By making a more uniform
energetic surface for ZnO growth this approach leads to ZnO thin films with reduced electrical heterogeneity.

275

4.4 Conclusions
This work has demonstrated the relationship between the nucleation and growth of
sp-ZnO thin films and the underlying ITO crystal face and the effects that the local
nucleation and growth have on the electrical properties and electrical property
heterogeneity of sp-ZnO films. Due to the sensitivity of the ZnO nucleation and growth on
the ITO substrate, the nanoscale distribution of ITO crystal grains at the ITO surface
directly impact the macroscale device performance and UV light soaking sensitivity of
devices with these sp-ZnO ESLs. We find that larger ITO grain sizes leads to reduced
performance and increases UV sensitivity of devices. We used a combination CAFM, and
scanning Kelvin probe microscopy (SKPM) to show i) that the spatial distribution of the
crystallographic properties of ITO directly determine the electrical property distribution of
sp-ZnO films, and ii) the UV exposure both leads to more favorable average electrical
properties of these films, and reduces the percentage of the surface area that is effectively
‘electrically inactive.’ The heterogeneity observed in the electrical properties were
correlated with the heterogeneity observed in the etching of sp-ZnO thin films in an
aqueous environment, which were imaged both in-situ using fast scan AFM and ex-situ
using SEM. Using heterogeneous etching studies and literature precedent, we developed a
local nucleation and growth model for sp-ZnO films that explains the electrical and
chemical heterogeneity observed for these systems. We determined that the ITO (440)
crystal face, which is the third most common crystal face at the surface for both of the ITO
substrates studied, is the most likely to promote the nucleation and growth of sp-ZnO that
leads to poor electrical properties. Furthermore, we demonstrated that a thin amorphous
titanium oxide (TiO2) buffer layer can be employed to promote uniform nucleation and
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growth of sp-ZnO ESLs and, as a result, lead to a reduction in the electrical heterogeneity
of these films.
4.5 Experimental

4.5.1 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, to a
final thickness of ca.30 nm (or 100 nm for GIXRD analysis) at a background pressure of
4.6 mTorr and with a sputter gas composed of Ar and 0% to 1% O2 by volume. The
instrument applied a DC bias to maintain a forward deposition power of 100 W. For CAFM
studies a 0% O2 sputter fill gas was used to create ZnO films, as the highest currents and
highest image contrast was observed on these films while the spatial heterogeneity was
qualitatively the same for either sputter gas ratio. For OPV studies a 1% O2 sputter gas was
used for the devices in this study as the differences observed differences between MSITO/ZnO and IBS-ITO/ZnO based devices are qualitatively the same for either sputter gas
ratio, but the magnitude of the differences in OPV performance are accentuated at higher
O2 percentages of the sputtering gas composition. Films were deposited on O2-plasma
cleaned ITO substrates. ITO substrates were obtained from Colorado Concepts LLC (90%
indium, oxide 10% tin oxide, 2-3 nm RMS roughness, 10-15 Ω/□) (MS-ITO) and Thin
Film Devices Inc., 91% indium oxide and 9% tin oxide, RMS roughness ca. 0.5 nm, 1525 Ω/□)(IBS-ITO) 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
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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 or
to a custom Ar filled AFM glovebox for AFM analysis. Deposition on ZnO single crystals
was performed using the same procedures as above. ZnO single crystals were un-doped,
prepared by hydrothermally growth, and were provided by MTI corp.

4.5.3 SEM analysis

SEM micrographs were obtained with a Hitachi S-4800 FE-SEM operating with
acceleration voltages between 5 and 30 kV, depending on the conductivity of the sample,
and a tip current of 10 μA. Images were generated by collecting secondary electrons. No
metallic overcoating was applied to the samples since deposited metal particles are
typically of similar size to the ZnO crystals of interest. The ITO/ZnO samples were directly
secured to the sample stage with double-sided carbon tape. ZnO single crystal samples
were secured to aluminum stubs with double-sided carbon tape. Strips of conductive copper
tape were applied over the samples and onto the sample stage to create electrical contact
and reduce sample charging effects.

4.5.4 XRD Analysis
ITO samples were analyzed with a PANalytical X’Pert PRO MPD system with the
copper Kα (λ= 1.54Å) radiation source and an X’ray detector (X’celerator). The incident
beam optics included the divergent slit fixed to 2°, the anti-scattering slit 4°, the 0.04 solar
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slit, and the 15 mm MPD/ MRD mask. The experiments were conducted at the 50 KV and
40 mA target current. The goniometer (θ/2θ) axis was set at the 0.0084° step size

4.4.5 GIXRD Analysis

The crystalline structure of the ZnO films was determined using grazing incidence
X-ray diffraction (GIXRD), performed on a Rigaku Dmax 2000 instrument (using the Cu
Kα source, λ=1.54 Å, and a graphite monochromator operating at 40kV, 100 mA). The
grazing incidence angle was set to very low angle (0.287˚) to minimize the reflections of
the underlying ITO substrate.

4.4.6 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 spincast at 600 RPM for 1 minute
in the N2-glovebox. The active layer was then allowed to finish drying in a covered
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 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 spincast 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.
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4.5.7 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 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
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.

4.5.8 CAFM analysis

CAFM measurements were made using a Dimension 3100 AFM with a Nanoscope
IV controller and extended TUNA module from Bruker, formally Digital Instruments.
Measurements were performed in a custom-built, argon-purged glovebox. Contact mode
images and electrical measurements were made using NanoWorld CONTPt platinum–
iridium alloy coated probes with a 0.2 N/m nominal spring constant. Silver paint (Ted Pella
Leitsilber 200) was used to make electrical contact between the sample and the vacuum
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chuck of the AFM. Next, a force curve was obtained and the sample engagement set-point
adjusted to provide a 64 nm cantilever deflection, corresponding to a tip–surface force of
~12.8nN. Measurements were made with a probe-sample bias of 1 to 3 volts. Where noted
in the main text, CAFM measurements were taken with the same probe on the same day to
minimize systematic errors. CAFM measurements were made either the absence of light
or illuminated from the side at a low angle using a Hg pen lamp placed on the AFM stage.

4.5.9 SKPM Analysis
SKPM measurements were carried out on an MFP-3D-BIO-based (Asylum
Research) AFM mounted on an inverted optical microscope. Probes used were for these
measurements were 300 kHz Pt-coated cantilevers (BudgetSensor ElectriTap300). SKPM
was performed in a flow cell with active nitrogen flow, at a lift height of 50 nm. The
samples were bottom illuminated with either a 365 nm UV-LED a 405 nm LED or a 532
nm laser though the optics of the inverted microscope.
4.5.10 Fast Scan AFM Analysis
In-situ etching analysis was undertaken using a Dimention FastScan AFM. Images
were collected at a rate of ca. 8 seconds per frame. Initial images were collected in a 100
μL drop of deionized water. After the instrumental drift had stabilized 10 μL of aqueous
NH4Cl with a concentration of ca. 5% w/v, bringing the concentration of NH4Cl within
the drop to just under 0.5% w/v.
4.5.11 TiO2 Deposition
The CVD system used for the deposition of the TiO2 buffer layers has been
described previously.16 volatilization of the metal oxide precursor was accomplished
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through pumping the carrier gas through a bubbler in a glass reservoir. Titaniumtetraisopropoxide (TTIP) (99.999%, Sigma-Aldrich) was used as the TiO2 film precursor
and was loaded into the glass reservoir in a N2-filed glovebox. The ITO substrates were
treated with 10.5 watts O2 plasma at ca. 400 mTorr for 10 minutes (Harrick plasma, Model
PDC-32G) before each deposition. After mounting the substrate and the sealed precursor
reservoir, the CVD system was immediately pumped down to ca. 700 mTorr. For each
deposition, the furnace temperature was set to 180 °C (to prevent TTIP condensation), and
substrate temperature to 210 °C. The N2 carrier gas flow rate was set at 0.67 SCCM using
a mass flow control (Dakota Instruments, Model 6AGC1AL4-01NC). To deposit the 2 nm
TiO2 films, a deposition time 100 seconds was used. After deposition, the TiO2 samples
were cooled down to ca. 80 °C in vacuum and were then transferred to sputtering system
for ZnO deposition.
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4.6 Supporting information

Figure S4.1 In a) and b) we present the CAFM height and current data respectively for UV light soaked IBSITO/ZnO at higher resolution than presented in Figure 4.4 in the main text. The morphological features with
greater relative height and reduced local roughness correspond to low current responses and to the low
contrast regions outlined in white in Figure 4.2 a) of the main text. The regions of high electrical conductivity
correspond to regions with a slightly lesser relative height and a “bumpier” texture. These regions correspond
to the regions outlined in red in Figure 4.2 a) in the main text. These images, with the addition of an outline
to guide the eye to the regions of interest, can be found in the main text, Figure 4.6.
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Figure S4.2 This figure demonstrates that the Linear-linear and log-linear J-V response for
ITO/ZnO/P3HT:PCBM/MoO3/Ag devices are only minimally impacted by the ITO substrate used when
ZnO is deposited by solution processes. The J-V responses for IBS-ITO based devices are shown in a) and
c). The MS-ITO based devices are shown in b) and d).
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Figure S4.3 Dark J-Vs for IBS-ITO/ZnO and MS-ITO/ZnO based devices shown in a) and b) respectively.
Corresponding Log-Lin J-V curves for IBS-ITO/ZnO and MS-ITO/ZnO based devices shown in b) and c)
respectively. NS (square markers) refers to J-V testing prior to UV light soaking. LS (Triangle markers) refers
to J-V testing after UV light soaking

285

Figure S4.4 SEM images of MS-ITO demonstrating the small dimensions of ITO grains and the presence
domains of ITO grains with similar crystallographic alignment. Domain sizes vary, but can be up to a few
hundred nm in size.
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Figure S4.5 Expanded SEM images of sp-ZnO/IBS-ITO and sp-ZnO/MS-ITO are shown in a) and b)
respectively. There is at least two distinct morphological regions on the IBS-ITO/ZnO system. Outlined in
red is a region with greater local texturing and a “pebble-like” appearance, and outlined in white is a region
with less distinct texturing. Corresponding features can be observed on the MS-ITO/ZnO, indicated by red
and white arrows respectively, but are harder to distinguish due to the higher roughness of the underlying
substrate, the smaller dimensions of these regions and the smaller lateral distance between regions of pebblelike appearance on this system.
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Figure S4.6 GIXRD (fixed low angle ω, scanned 2θ) diffractograms for MS-ITO/ZnO and IBS-ITO/ZnO
are shown, normalized to the (002) diffraction peak. IBS-ITO/ZnO is virtually identical both a ca. 30 nm
presented here, and at ca. 100 nm presented in the main text. MS-ITO/ZnO shows several additional peaks,
both ZnO wurtzite peaks with greater tilt angles relative to the surface plane and the appearance of several
peaks from the underlying ITO substrate. The appearance of ITO peaks for only this system is due to the
decrease in surface sensitivity as a function of substrate roughness.[ref] The addition of higher tilt angle ZnO
reflections are likely due to ZnO crystals growing on MS-ITO grains with crystal faces tilted relative to the
surface plane. For more details on ITO crystal face tilts on MS-ITO the reader is referred to the main text
and to Ehamparam et al.42
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Figure S4.7 The height and current data from a 5 × 5 CAFM scan of IBS-ITO/ZnO, after UV exposure is
presented in a) and b) respectively. Electrically inactive and electrically active regions extend several hundred
nm on this system. The height and current data for a 5 × 5 CAFM scan of MS-ITO/ZnO is presented in c)
and d) respectively. Electrically active and inactive regions are considerably smaller on this system.
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Figure S4.8 Etching near the drop edge was more rapid than in the center of the drop, likely due to convective
flow during drop evaporation. In a) we present a bare region of MS-ITO, after etching of MS-ITO/ZnO in a
0.05% NH4Cl aqueous drop. This region is located near the edge of the aqueous drop. In b) show a region
only of MS-ITO/ZnO where the ZnO film has only been partially etched away, on the same sample located
near the center of the aqueous drop. In a) we outline domains (collections of similar ITO grains) of riceshaped ITO grains associated with (440) oriented ITO grains in white, and low lateral aspect ratio ITO grains,
which are outlined in red. From a comparison of a) and b) we see that the rice-like ITO grains, outlined in
white in a) are underrepresented in b), while similar density of the smaller lateral aspect ratio ITO grains are
seen in a) and b). Kamei et al. have demonstrated that the rice-like morphology can be attributed to (440)
oriented ITO grains while the smaller lateral aspect ratio grains can be attributed to both the (222) and (400)
oriented ITO grains. Thus the domains of (440) oriented ITO grains are more likely to produce the etchresistant ZnO regions than the domains of (222) or (400) oriented ITO grains. 35
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Figure S4.9 ZnO was sputtered deposited to a thickness of ca. 30 nm onto three separate low index ZnO
single crystal faces to demonstrate the crucial role that substrate interactions have on the nucleation and
growth of ZnO thin-films. Figures a)-c) are SEM images which show the surface structure for these sp-ZnO
thin films deposited on the (0001) zinc rich polar crystal face, (0001̄ ) oxygen rich polar crystal face and
(101̄ 0) non-polar crystal faces at 90k. Figures d)-f) show higher magnification images taken in the same
surface area as figures a)-c). SEM of the bare ZnO single crystals show virtually no discernable surface
structure on these length scales. However, ZnO thin-films grown on both polar crystal faces show distinct
polycrystalline, Zone 1 type texture. This texture is similar to the texture that we have observed for ZnO on
certain ITO grains (Figure 4.2 a) red outline) and corresponds to the morphology for the higher conductance
(Figure 4.6 and S4.6) and the more easily etched regions of ITO/ZnO systems (Figure 4.8.) sp-ZnO thinfilms grown on the non-polar crystal face however shows a distinctly different morphology. SEM of these
films show very few distinguishable features, such as grain boundaries. This crystal texture is more consistent
with the Zone T growth that leads to the relatively high Φ, low conductivity and etch-resistant regions in the
ITO/ZnO systems. See main text for more details.
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CHAPTER 5

CONCLUSIONS AND FUTURE DIRECTIONS
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5.1 Dissertation Conclusions
The fundamental aims of this research has been to understand the variables that
determine the PCE of OPV devices, starting with the properties, and nanoscale
heterogeneity, of the underlying MO which acts as a TCO electrode for charge collection,
e.g. ITO, as well as the ESL ZnO used between the TCO and the active layer in BHJ-OPV
systems. We have extensively studied how the surface electrical properties, and the
nanoscale heterogeneity, of these materials affect the interfacial properties between these
materials and adjacent layers in OPV devices. We correlated changes in these properties
with changes in the macroscale PCE of completed devices. By taking a bottom-up approach
we were able to address several questions relating to the performance of OPV devices that
have been largely ignored, or approached speculatively in the literature. In this chapter we
will present our conclusions from this research on OPV systems and we will discuss the
impacts that this line of research could have on the up and coming field of perovskite PV.
In Chapter 2 of this dissertation we have demonstrated a new and convenient
approach to the mapping of electrical activity of OPV relevant interfaces between organic
semiconductors and ITO on sub-micron to nanometer length scales. The most critical
aspect of this research is that it offers a clear and simple approach to determine if the
electrical contact between a semiconductor and another material is limiting the charge
collection/injection rate (non-ohmic) or if this contact possess no significant limitation to
the rates charges move through a system (ohmic), as well as determining the distribution
of ohmic and non-ohmic regions for non-uniform electrical contacts. Earlier work form
this group had demonstrated that the surface chemical and electrical properties of ITO, as
well as the heterogeneity of these properties, were highly sensitive to cleaning/activation
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procedures.1 These different pretreatment methods lead to large changes in the device
performance of CuPc/C60 devices built on these ITO substrates. However, since both the
average and the nanoscale distribution of electrical properties were impacted by these
cleaning/activation procedures, it was unclear what role the heterogeneity of the ITO
surface properties played in determining PCE of devices. By careful acquisition of J–V
responses with sub-100 nm lateral resolution we are able to estimate the degree of ohmicity
of each site, and estimate the average separation distance between electrically active sites
relevant for charge collection in a thin film PV device.2 This work also examined the effects
of self-assembled monolayer modifications of ITO surfaces. In this study we determined
that many of the most aggressive ITO cleaning/activation methods did in fact lead to
uniform and ohmic contacts at the interface of CuPc and ITO, and we determined the
modification of the surface with alkylphosphonic acid self-assembled monolayers with
chain lengths of 8 carbons or less also allowed for a sufficient rate of charge transport
across this interface to maintain an ohmic contact between the active layer and the
underlying ITO substrate. We note however, that the mobility of CuPc is relatively low
when compared to the mobility of other active layer materials, such as the emerging
inorganic-organic perovskite active layers. Since the requirement of an ohmic contact is
the ability to move charges across the interface at a rate greater than or equal to the rate
that charges are transported though the bulk of the material, it may be that forming an
ohmic contact between these new materials and adjacent layers is more challenging than
in the case of CuPc. This hypothesis could easily be tested by applying this method to
perovskite thin films. By developing a method that is based on the charge transport physics
of the active layer, we expect this method to be easily adaptable to investigating the quality
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and uniformity of electrical contact between a large number of TCO/active layer
combinations as well as the interface between adjacent semiconducting layers as long as
proper precautions are taken, to ensure that the probe/active layer interface is not contactlimited. The quality control methods needed are outlined in Chapter 2.
In Chapter 3 of this dissertation we investigated the ubiquitous s-shaped distortion
of J-V responses observed for devices with ESLs prior to UV exposure. This s-shaped
distortion is related to the poor initial, and UV dependent PCE of OPVs with these layers.
Considerable disagreement about the cause of this s-shaped distortion is evident in the
literature. Explanations for the change in the performance with UV exposure have included
changes in the resistance of the ZnO ESL, changes in the energetic alignment of the
ITO/ESL interface, and changes in the ESL/active layer interface. We have demonstrated
that the s-shaped distortion can be attributed to an energetic barrier at the ZnO/active layer
interface and have demonstrated that the neither the resistance of the ZnO layer nor the
energetic alignment of the ITO/ESL interface leads to the UV light soaking sensitivity of
devices built in our lab. To examine the possible causes of the s-shaped distortion and UV
sensitivity of this class of devices we studied ITO/ZnO/P3HT:PCBM/PEDOT:PSS/Ag
devices with sputter deposited ZnO ESLs. We varied the O2 percentage of the ZnO
sputtering gas and showed that we could increase the severity of the initial s-shaped
distortion and the UV dependence of the device PCE by increasing the O2 percentage of
the sputtering gas composition, and conversely reduce these detrimental effects by
reducing the O2 percentage. We demonstrated that the O2 percentage of the sputtering gas
affects the work function of ZnO ESLs and as a result the energetic alignment of this layer
with the n-type component of the OSC active layer. It is this energetic alignment that
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determines the severity and UV sensitivity of the s-shaped distortion of the J-V response
in these devices.
To demonstrate that the resistance of the ESL layer cannot lead to this s-shaped
distortion we compared the experimental J-V and R-V responses to the theoretical
responses predicted by the modified Shockley equation. Analysis of the impedance
spectroscopy response of completed devices indicates that neither the resistance of the
ESL, nor an energetic or kinetic barrier at the ITO/ESL layer dominates the OPV response
in the power harvesting region. Careful analysis of negative capacitance and Warburg
responses, observed via impedance spectroscopy, has offered experimental insight into the
changes in the charge carrier distribution within these active layers as a function of voltage,
both for devices with low and high energetic barriers for electron extraction. Furthermore
we have shown 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. We have
determined 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. Devices with a large initial s-shaped distortion of the J-V response result in both a
lower initial PCE and a quicker reduction in the PCE following UV exposure. We made
ZnO ESL layers that were produced under O2-poor conditions for half of the deposition
and O2-rich conditions for the other half of the deposition, or visa-versa. Comparison of
devices with built with these “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 demonstrates

302

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. One of the
most lasting impact of this research may be the clear interpretation of the negative
capacitance and Warburg responses in the impedance analysis. While both effects have
been described in the literature, the simultaneous investigation of these responses for
devices in which the Φext was controlled offers clear insights into the operation a charge
distribution of PV devices with ohmic and with non-ohmic electrical contact a one or more
interfaces.
In Chapter 4 of this dissertation we demonstrated the relationship between the
nucleation and growth of sp-ZnO thin films and the underlying ITO crystal face, the effects
that the local nucleation and growth have on the electrical properties and electrical property
heterogeneity of sp-ZnO films. Due to the sensitivity of the ZnO nucleation and growth on
the ITO substrate, that the nanoscale distribution of ITO crystal grains at the ITO surface
directly impact the macroscale device performance and UV light soaking sensitivity of
devices with these sp-ZnO ESL layers. We find that larger ITO grain sizes leads to reduced
performance and increases UV sensitivity of devices. We used a combination CAFM, and
scanning Kelvin probe microscopy (SKPM) to show i) that the spatial distribution of the
crystallographic properties of ITO directly determine the electrical property distribution of
sp-ZnO films, and ii) the UV exposure both leads to more favorable average electrical
properties of sp-ZnO thin films, as demonstrated in chapter 3, and reduces the percentage
of the surface area that is effectively ‘electrically inactive.’ The heterogeneity observed in
the electrical properties were correlated with the heterogeneity observed in the etching of
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sp-ZnO thin films in an aqueous environment, which were imaged both in-situ using fast
scan AFM and ex-situ using SEM. Using heterogeneous etching studies and literature
precedent, we developed a local nucleation and growth model for sp-ZnO films that
explains the electrical and chemical heterogeneity observed for these systems. We
determined that the ITO (440) crystal face, which is the third most common crystal face at
the surface for both of the ITO substrates studied, is the most likely to promote the
nucleation and growth of sp-ZnO that leads to poor electrical properties. Furthermore, we
demonstrated that a thin amorphous titanium oxide (TiO2) buffer layer can be employed to
promote uniform nucleation and growth of sp-ZnO ESLs and, as a result, lead to a reduction
in the electrical heterogeneity of these films. This work can be used to better understand,
and to improve the reproducibility of PV devices which use selective MO interlayers. This
is particularly the case when the MO is deposited by sputter deposition techniques, which
are highly technologically relevant and widely commercially available.
As both OPV and other emerging PV technologies continue to develop, the work
presented in this dissertation will serve as a model both demonstrating the importance of
the nanoscale and interfacial properties of metal oxide interfaces with dissimilar materials
and will act as a guide to investigating the impact of these properties on the PCE of
completed PV devices. OPVs have shown steadily increasing efficiencies over the last
decade, and have recently demonstrated a certified PCE of 9.2% for a single junction
polymer cell.3 However, the efficiency and lifetimes of these devices still lag far behind
the efficiency of other PV technologies, and at this point the potential low cost of
fabrication of these materials is not sufficient to make up for these disparities. Between
2009 and the end of 2014 PV devices with an organic-inorganic perovskite active have
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shown improvements in PCE from 3.81%4 up to ca. 20%.5 Since it is the author’s opinion
that this new and exciting field could benefit from the research performed in this
dissertation, we include a brief introduction to perovskite PV research. We will then discuss
the impacts that the research presented in this dissertation could have on this new and
exciting field of research.
5.2 Future directions: perovskite PV research
The first discovered material with the perovskite structure was calcium titanate
(CaTiO3) and since then several ionic systems have demonstrated the same general ABC3
structure. These materials have been used for a variety of applications, including
piezoelectric actuators in AFM instruments. Inorganic perovskites, such as bismuth ferrite
(BiFeO3), have demonstrated photovoltaic responses.6 However the EBG for these materials
are typically greater than 2.5 eV, and far from the optimal band gap for solar illumination
(see Chapter 1 section 1.2.2 and Figure 1.2). In the more recently developed inorganicorganic perovskite materials, A is a +2 metal cation such as Pb+2 or Sn+2, B is an organic
+1 cation such as methyl ammonium (MA) or formamidinium (FA), and C is a halide anion
such as Cl-, Br-, or I-. An example of this crystal structure is shown in Figure 5.1 a).7 These
materials have many of the same advantages as OSC active layers. For example, both
material types have high adsorption coefficients, which allow PVs using these materials to
be made using a small amount of material, relative to the amount of material used in the
fabrication of mono-Si PV. Additonally, both set of materials can be solution processed.
Several factors determine the crystallinity of OSC films, and OSC active layers can be
tuned from highly crystalline to amorphous. Due to the ionic nature of perovskite materials,
thin films of these materials tend to be highly crystalline with distinct grains and grain
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boundaries, as shown in Figure 5.1 b). A schematic representation of the typical structure
of perovskite PV devices is shown in Figure 5.1 c).
Unlike OSCs the exciton binding energy in these materials are significantly smaller,
estimated to be ca. 60 meV, largely due the much higher relative dielectric constant (εr) of
these materials of these perovskite materials compared to OSCs. Together these aspects
indicate that perovskite active layers have the potential to produce power at a lower leveled
cost than other PV alternatives. However, there are many challenges that remain in order
to make these materials commercially viable. Just as we have seen in OPV technology one
of the major challenges for this material set includes improving the long term stability and
a clear understanding of the experimental variables and physical processes that limit the
efficiency of these devices.
In OSC materials the arrangement of the carbon structure and the addition of
heteroatoms can be used to tune the absorption and electrical properties. Similarly, the
properties of perovskite materials can be tuned by adjusting the mole ratio of the halide
component within the system. For example the EBG of MAPbCl3, MAPbBr3, and MAPbI3
are ca. 3, 2.3 and 1.6 eV respectively.8–10 Thus the EBG of these perovskite materials can
be tuned continuously over the range of 1.6 to 3 eV through adjusting the ratio of I/Br or
Br/Cl in mixed halide systems. Interestingly, Cl has a low solubility in MAPbI3,11 thus
addition of Cl to MAPbI3 does not increase EBG.10,11 However, addition of Cl to
dramatically reduces recombination in these devices, leading to large improvements in
device performance, as shown in Figure 5.2 d).10 The cause for this improvement is still an
open question at this point in the literature. Understanding distribution of Cl in mixed
MAPbI3-xClx active layer, and the effects of interfacial charge transfer and recombination
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rates at the interface of adjacent perovskite grains will be the topic of an upcoming National
Research Council postdoctoral associateship that I will begin at the completion of my
doctoral degree. This position will be held at the National Institute of Standards and
Technology, Boulder campus, and will involve a close collaboration with the researchers
at the National Renewable Energy Laboratory.
Like OPV technologies, these devices contain several interfaces of dissimilar
materials as shown in Figure 5.2 c). These interfaces include the interface of fluorine doped
indium oxide (FTO) with a metal oxide ESL, typically TiO2, the interface of metal oxide
ESL with the perovskite layer, which is itself an ionic compound, the ionic perovskite layer
and an OSC which acts as a hole selective interlayer for charge collection, the interface
between the HSL and the top contact. Finally, due to the crystalline nature of these
materials, there are numerous interfaces between individual perovskite grains as shown in
Figure 5.2 b). Since this dissertation has focused heavily on understanding the effects of
electrical properties at interfaces, the knowledge and innovation that has been developed
can and should be applied to the exciting new field of perovskite PV research. In the
following sections I will outline how the experimental approaches demonstrated in this
dissertation may be applied to new PV systems, such as the emerging perovskite PV
technologies.
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Figure 5.1 a) The crystallographic structure of MAPbI3.7 b) SEM image of MAPbI3 surface deposited on a
planar substrate. This image demonstrates the large (> 100 nm) grains with distinct grain boundaries typical
for MAPbI3 grown on planar substrates.12. c) A schematic of the planar structure of perovskite PVs. TiO 2
layer may be thin a compact (planar structure shown here), or an additional mesoporous TiO 2 superstructure
may be employed as well. The mesoporus TiO2 leads to a large TiO2/perovskite interface and may also
prevent the large crystallite formation shown in b). d) J-V response of optimized planar MAPbI3 perovskite
PV devices with and without the inclusion of Cl doping. 10 Figure a) adapted with permission from ref.7
Copyright 2013 American Chemical Society. Figure b) adapted with permission from ref. 12 Copyright 2014
American Chemical Society. Figure d) from Ref.10 Reprinted with permission from AAAS.
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Since Perovskite PV technologies, as well as other PV technologies, rely on the
ability to extract (inject) charges from semiconducting layers, often from (to) other
semiconducting layers, the approaches presented in this dissertation have great potential to
increase the understanding of these systems through investigation of the TiO2/perovskite
and the perovskite/HSL interfaces. The ability to investigate the local electrical contact
between perovskite layers and adjacent layers is of particular interest based off the recently
predicted,13 and experimentally demonstrated,12 ferroelectric nature of inorganic-organic
perovskite layers. Ferroelectricity is a subset of piezoelectricity. Piezoelectricity results in
materials with long range order that results in a net dipole moment. In materials such as
ZnO, which has a net dipole due to the non-inversion symmetry along the c-axis, the net
dipole is countered via. a polarization of the charge carriers within the crystal which results
in a chemical potential that is counter to the net dipole. The application of an electric field
to this material can change the chemical potential gradient within the material. This change
in the chemical potential gradient is compensated through elongation or contraction of the
bond lengths along the c-axis which alters the crystals net dipole. Ferroelectric materials
also exhibit a piezoelectric response, however the dipole moment in these materials is not
due to a fixed dipole within the crystal lattice. Instead the dipole in these materials results
from a distortion of the crystal lattice. As a result these materials can spontaneously
polarize, resulting in adjacent regions with opposing net dipoles. In addition to expansions
and contractions of the crystal lattice with applied bias, sufficiently high applied fields can
actually invert the direction of the net dipole by changing the relative displacement of
atoms within the crystal lattice. This is referred to as ‘pooling.’
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The first direct measurement of the ferroelectric response in MAPbI3 was
demonstrated by Kutes et al. through the use of piezo force microscopy (PFM).12 PFM is
a modification of CAFM in which an AC bias is applied between the tip and the sample. If
the material under test is piezoelectric, then the oscillating AC frequency will incite an
oscillating expansion/contraction of the material. Since this is a contact mode measurement
the expansion and contraction of the surface can be monitored by changes in the deflection
of the AFM probe. The amplitude gives information about the extent of expansion and
contraction of the material with an applied field along the z-axis, the phase of the current
response indicates if the z-component of the net dipole is out of or into the surface of the
material.
In Figure 5.2 We show the height (A), the amplitude (B) and the phase (C) data,
reproduced from Kutes et al.12 While there is not a clear correlation between the local
height and the magnitude of the piezoelectric response the regions of similar piezoelectric
response are similar in size to the perovskite grain size, as determined via. SEM as shown
in Figure 5.1 b). In their work, Kutes et al. demonstrated that the phase of the piezo electric
response can be inverted via pooling, verifying that this response is ferroelectric in nature.
Dipoles are known to affect the local vacuum of a material, and in turn the energetic
alignment of the material with adjacent materials. This effect has been recently exploited
to control the energetic barrier between inorganic perovskite layers and organic thin
films.14 Thus a material that with alternating ferroelectric polarization, such as the MAPbI3
example shown in Figure 5.2, are expected to have a position dependent energetic
alignment with the adjacent layers. Currently it is unclear how this local vacuum level shift
may affect the local energetic alignment at the interface of this material with the adjacent
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MO ESL and the adjacent OSC HSL. This may result in the poor energetic alignment in
some regions at the interface between the perovskite layer and the adjacent materials,
leading to a non-uniform and partially blocking electrical contact. The modified CAFM
measurement technique presented in Chapter 2 of this dissertation offers a clear approach
towards determining if the differences in the local energetic alignment of the perovskite
layer is sufficient to result in a non-uniform electrical contact, or partially blocking contact,
between the perovskite and the adjacent ESL or HSL.
The presence of local electrically blocking interfaces, as may be observed using the
technique described above, does not necessarily indicate that the device performance as a
whole will be significantly impacted. Thus it would also be necessary to also explore the
surface averaged electrical properties, as well as the electrical response of completed
devices. The work presented in Chapter 3 of this dissertation offers a clear approach to
determine the following questions. i) Is the interface between this material and the adjacent
materials the rate limiting step for charge transfer though the system? ii) Does pooling the
perovskite layer, either with a positive or a negative applied bias, result in an increase or a
decrease in the energetic barriers at the interface of the perovskite and the adjacent layers?
Knowing the answers to these questions would allow the researcher to better decide if
fabrication procedures should be developed in a way that maximizes or minimizes the
ferroelectric effect of these materials. This is an important question as the J-V response of
these perovskite systems are complicated by hysteresis effects. An example of J-V
hysteresis is demonstrated in Figure 5.2 d) for a single crystal of MAPbI3 with symmetric
contacts, and in 5 e) for a completed MAPbI3 PV device. J-V hysteresis has been observed
previously for Ferroelectric materials, and may be due to a pooling of the ferroelectric
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domains in the perovskite active layer. Possibly in part due to this complication, little to no
research has been done examining the effects of the energetic alignment of the ESL or HSL
with the perovskite layer. It is foreseeable that the J-V sweep direction dependence of the
PCE is a direct result of a pooling dependent energetic alignment of the perovskite layer
with the active layer.
Using the ZnO deposition conditions outlined in Chapter 3, along with the
characterization techniques used, it would be possible to determine the answer to question
i) and ii) presented above. To due this we would compare the device response and
completed device impedance response as a function of ZnO deposition conditions, similar
to the work presented in Chapter 3. This would allow us to generate systems with optimal
energetic alignment at the ESL/Perovskite interface, and systems with poor energetic
alignment at this interface. By studying these responses, both with and without pooling of
the perovskite layer via. large applied electric fields, we would be able to determine if the
J-V hysteresis in these systems can or cannot be attributed to changes in the energetic
alignment of the perovskite layer with adjacent layers. Knowing the answer to this
questions would allow the researcher to better decide if fabrication procedures should be
developed in a way that maximizes or minimizes the ferroelectric effect of these materials.
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Figure 5.2 (A) demonstrates the height, and (B) and (C) demonstrate the amplitude, and phase response of
MAPbI3 thin films, as measured via PFM. These results indicate that ferroelectric domains are formed in
MAPbI3 films used for perovskite PVs.12 No clear relationship can be drawn between the measured
topography and the ferroelectric response, however the ferroelectric domains are similar to the MAPbI 3 grain
sizes shown in 5.1 c). The ferroelectric response of this material is suspected to lead to the hysteresis of the
J-V response of single crystalline MAPbI3 (d)7 as well as the hysteresis in the J-V response of completed
perovskite devices (e).15 Figure (A)-(C) adapted with permission from ref.12 Copyright 2014 American
Chemical Society. Figure (d) adapted with permission from ref.7 Copyright 2013 American Chemical
Society. Figure (e) Reprinted with permission from ref.15 Copyright 2014 American Chemical Society.
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Chapter 4 of this dissertation has clearly demonstrated the effects of nucleation and
growth on the electrical properties of sp-ZnO films, and has clearly demonstrated the
effects that electrical heterogeneity of ESL layers has on the J-V response of OPV devices.
Theoretical studies have indicated that the sensitivity of PV devices to contact electrical
heterogeneity should be greatly reduced in for systems with higher charge carrier
motilities.2 Since the sp-ZnO/ITO systems investigated here have electrical heterogeneity
directly determined by the underlying ITO substrate, and the mobility of the perovskite
active layer is ca. 66 cm2∙V-1∙s-1, which is over five orders of magnitude greater than the
mobility of the P3HT:PCBM active layer investigated in Chapter 3 and 4. 16 By building
perovskite devices on these ESLs, which have drastically different length scales for
electrical heterogeneity, would allow for a direct assessment of the sensitivity of these
devices to electrical heterogeneity of the adjacent layers.
In conclusion, we have demonstrated methods for better understanding the
relationship between the electrical properties at MO layers, at interfaces of MO layers and
OSC layer, the electrical heterogeneity of these MO layers and MO/OSC interfaces and the
effects that these properties have on the PCE and J-V response. These surface and
nanoscale characterization studies, coupled with macroscale device characteristics provide
guidance towards understanding and solving issues that have a profound effect on the
conversion of solar to electrical energy in OPV devices. The approaches developed in this
dissertation can have a direct and lasting impact on understanding the operation of
emerging PV technologies.
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