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ABSTRACT
The present work focuses on two strategies contributing to the development of high
efficiency, cost-effective photovoltaic (PV) technology for renewable energy generation:
the design of new materials offering enhanced opto-electronic performance and the
investigation of material degradation processes and their role in predicting the long-term
reliability of PV modules in the field.
The first portion of the present work investigates the integration of a novel CdTeZnO nanocomposite material as a spectral sensitizer component within a thin-film, hybrid
heterojunction (HJ) PV device structure.

Quantum-scale semiconductors have the

potential to improve PV device performance through enhanced spectral absorption and
photocarrier transport. This is realized via appropriate design of the semiconductor
nanophase (providing tunable spectral absorption) and its spatial distribution within an
electrically active matrix (providing long-range charge transport).

Here, CdTe

nanocrystals, embedded in an electrically active ZnO matrix, form a nanocomposite (NC)
offering control of both spectral absorption and photocarrier transport behavior through the
manipulation of nanophase assembly (ensemble effects). A sequential radio- frequency
(RF) magnetron sputter deposition technique affords the control of semiconductor
nanophase spatial distribution relative to the HJ plane in a hybrid, ZnO-P3HT test structure.
Energy conversion performance (current density-voltage (J-V) and external quantum
efficiency (EQE) response) was examined as a function of the location of the CdTe
nanophase absorber region using both one dimensional solar cell capacitance simulator
(SCAPS) and the experimental examination of analogous P3HT-ZnO based hybrid thin
films. Enhancement in simulated EQE over a spectral range consistent with the absorption
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region of the CdTe nanophase (i.e. 400 – 475 nm) is confirmed in the experimental studies.
Moreover, a trend of decreasing quantum efficiency in this spectral range with increasing
separation between the CdTe nanophase region and the heterojunction plane is observed.
The results are interpreted in terms of carrier scattering/recombination length mitigating
the successful transport of carriers across the junction.
The second portion of the research addresses the need for robust PV performance
in commercial module as a primary contributor to cost-effective operation in both
distributed systems and utility scale generation systems. The understanding of physical
and chemical mechanisms resulting in the degradation of materials of construction used in
PV modules is needed to understand the contribution of these processes to module integrity
and performance loss with time under varied application environments. In this context, the
second part of present study addresses microcracking in Si – an established degradation
process contributing to PV module power loss. The study isolates microcrack propagation
in single-crystal Si, and investigates the effect of local environment (temperature, humidity)
on microcrack elongation under applied strains.
An investigation of microindenter-induced crack evolution with independent
variation of both temperature and vapor density was pursued in PV-grade Si wafers. Under
static tensile strain conditions, an increase in sub-critical crack elongation with increasing
atmospheric water content was observed. To provide further insight into the potential
physical and chemical conditions at the microcrack tip, micro-Raman measurements were
performed. Preliminary results confirm a spatial variation in the frequency of the primary
Si vibrational resonance within the crack-tip region, associated with local stress state,
whose magnitude is influenced by environmental conditions during the period of applied
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static strain.

The experimental effort was paired with molecular dynamics (MD)

investigations of microcrack evolution in single-crystal Si to furnish additional insight into
mechanical contributions to crack elongation. The MD results demonstrate that crack-tip
energetics and associated cracking crystal planes and morphology are intimately related to
the crack and applied strain orientations with respect to the principal crystallographic axes.
The resulting fracture surface energy and the stress-strain response of the Si under these
conditions form the basis for preliminary micro-scale peridynamics (PD) simulations of
microcrack development under constant applied strain. These efforts were integrated with
the experimental results to further inform the mechanisms contributing to this important
degradation mode in Si-based photovoltaics.
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1. Introduction
1.1 Introduction and motivation
In the past few decades, research on renewable energy to replace traditional energy
sources such as petroleum and coal has motivated the pursuit of low-carbon and
environmentally friendly power sources. Solar energy, one renewable energy resource, has
become more competitive in the energy market with increasing maturity of the
manufacturing process and an associated cost reduction. Figure 1.1 shows the annual
global installed photovoltaic (PV) capacity up to the year 2013 with an extended forecast
until 2018 [1]. The Figure confirms rapid growth in PV capacity since 2009 and an
expected growth rate of over 20% up to 2018.

Figure 1.1. Global annual cumulative installed PV capacity and forecast till year of
2018. The high scenario represents the forecast of PV growth with continuous political
support and technological improvement. The forecast of low scenario indicates the
growth of PV capacity when it is not reinforcement by policy or adjustment of PV
technology[1].
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From a business investment standpoint, the cost of solar is a significant issue and
there are multiple factors, including efficiency, reliability, and scalable of utility, which
impact the price of solar energy. The levelized cost of electricity (LCOE) provides a basis
for the comparison of various electricity generation methods. The LCOE defines energy
price per kilowatt-hour or megawatt-hour, in terms of the total life-cycle cost (TLCC)
divided into the total energy output over total operating life time as shown in the following
equation [2]:

LCOE =

𝑛
𝑇𝐿𝐶𝐶
(∑ 𝑁
𝑛=0 𝐶𝑛 /(1 + 𝑑)
=
𝑛
𝑛
(∑ 𝑁
(∑ 𝑁
𝑛=1 𝑄𝑛 /(1 + 𝑑) )
𝑛=1 𝑄𝑛 /(1 + 𝑑)

(1 − 1)

where Cn represents the cost for year n, Qn is the total energy output for year n, N is the
total life cycle indicating the life-time of power generating asset, and d is the discount rate.
Total life cycle cost (TLCC) defines all aspects of the technology costs incurred by the
investor, including installation, operation, and maintenance of the power-generating utility.
It is noteworthy that the total energy output is correlated to solar cell conversion efficiency
and the performance degradation rate of the fielded PV modules. Currently in the United
States the real LCOE for new solar generation systems at the utility scale is within $0.07$0.13/kWh. The targeted LCOE of $0.06 /kWh at regions with moderate solar irradiance
was set by the U.S. Department of Energy’s SunShot Initiative in order to compete with
conventional, fossil fuel-based electricity sources [3]. Recent research investigating the
efficiency of solar cells, the reliability of materials, or the installation process gives insight
into the reduction of LCOE [4–6]. The present work examines research efforts addressing
increased efficiency and reliability of PV devices.
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Current PV systems comprise multiple technologies and are often classified by their
“generation”.

First generation PV technology, also the dominant technology (~90%)

contributing to PV market penetration nowadays, includes single-junction solar cells based
on mono- or multi- crystalline Si wafer material. The price of Si-based PV modules is
about $2 /W with an average efficiency (ƞ) of 20% (as shown in Figure 1.2) [7]. With an
attempt to reduce production cost, multiple strategies are now being examined to thin the
thickness of Si wafer while maintaining conversion efficiency. In second generation PV
devices, thin film materials form the basis for junction materials. Thin film PV reduces
the amount of material necessary and is often less expensive than first generation PV
devices, as shown in Figure 1.2. However, efficiencies can often be much less than that of
conventional, first generation PV systems. For thin-film, amorphous Si PV, efficiencies
of about 8% are observed with a corresponding price that is about an order of magnitude
lower than first generation photovoltaics [8]. Early commercial thin film PV modules
exhibited

lower efficiency

(around 7-10%) often associated with

poor material

reproducibility and uniformity over large area [9]. This limited its early contribution to the
PV market to less than about 10% of the market share. Further optimization of the
manufacturing process for thin film-based solar modules have improved cell efficiency and
overall cost.

For example, First Solar, a major manufacturer of CdTe-based thin film

modules has reported a record conversion efficiency of 22.1% at the cell level. Another
dominant second generation PV technology is based on thin film copper indium gallium
di-selenide (CIGS). Global Solar , a primary manufacturer of these modules has reported
an efficiency of 21% (cell) and 18.7% at the minimodule level [10].
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Figure 1.2. Efficiency and areal cost projection for 1 st , 2nd , and 3rd generation PV
technologies. Dotted lines represents the cost of PV systems [7].

Both first and second generation PV are based on a single-junction devices design.
In this case, there is a theoretical limit for conversion efficiency, known as the ShockleyQueisser limit that is approximately 33.7%. This represents a thermodynamic limit for
conversion, predominately associated with transparency and thermalization losses within
spectral ranges at lower and higher energy than the band gap energy of the junction material
(primary absorber), respectively. Transparency loss occurs when solar cells cannot absorb
photons with energy less than band gap. At photon energies exceeding the band gap (Eg)
of the junction material, carriers photoexcited into upper levels of the conduction band (hot
carriers) cannot typically be extracted at those enhanced energies before thermalization to
the conduction band edge occurs, resulting in a nonradiative loss of excitation energy to
the semiconductor lattice.
Third-generation solar cells utilize approaches to exceed the Shockley-Queisser
limit by (a) modifying incident light to match the solar cell performance with the concepts
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of solar concentration, spectrum splitting, and up/down conversion [11,12] (b) adjusting
materials properties to more efficiently utilize the spectrum of incident light using
approaches including stacking of cells with varied band gap energies (multi-junctions and
tandem solar cells [13]) or (c) capturing carriers before thermalization (e.g. hot carrier- or
multiple exciton generation (MEG) solar cells) [14].
Nanoscale semiconductors, involving the restriction of carrier movement in onedimension (quantum wells), two-dimensions (nanorods), and three dimensions (quantum
dots (QDs)), have been investigated for their application in optoelectronic devices.
Nanostructured semiconductors can provide new opportunities for the control of optical
absorption, carrier generation, and carrier transport in PV devices.

The quantum

confinement effect in these structures alters the electron and hole wave-functions and the
associated electronic band structure that describes the allowed energy states for carriers
within the semiconductor. Notably, control of semiconductor lattice spatial extent (size)
can be used to influence the observed band gap and optical absorption behavior. Size
effects can also influence the density of states and related dynamics of photoexcited carriers
in these structures, again offering a means to manipulate excitation and relaxation
characteristics of key interest in photovoltaic devices to exceed the SQ limit. One of the
applications of nanoscale semiconductors in a PV device involves the use of quantum dots
in intermediate band solar cells (QD-IBSC). Within the energy band gap, localized midgap states associated with lattice defects often serve as non-radiative recombination centers.
However, if the nature of mid-gap states is delocalized with a longer (often radiative)
recombination time, the development of an “intermediate band” offering another spectral
absorption energy range can be developed. Periodic arrangement and close proximity of
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QDs can allow sufficient photocarrier wavefunctions overlap between adjacent dots to
form “mini-bands” within the band gap of a host material, enabling optical transitions
including : valence band - IB, IB - conduction band, and valence band – conduction band
[13][15].
Optical absorption above the band gap produces hot carriers that quickly relax to
the conduction band edge converting the excess energy to lattice phonons, reducing
conversion efficiency [16]. Hot carrier extraction seeks to capture carriers before they cool
down to band edge to produce a higher cell photovoltage. Previous studies indicate the
quantum confinement effect can affect the relaxation dynamics of these hot carriers. The
cooling rates of hot carriers can be dramatically reduced due to the restriction of available
acoustic phonon modes in the truncated crystal lattice of the quantum dots, reducing the
nonradiative decay rate and allowing enough time to transport carriers to the contacts
[17][18].
Although quantum-scale semiconductors can provide improvement in photoexcited carriers generation, their successful implementation in working PV devices must
address challenges that directly impact PV performance.

The often competing

requirements of carrier confinement and long-range photocarrier transport require close
compromise in terms of material selection (defining interface electronic structure) and
nanophase spatial distribution (defining carrier transport paths). The heterogeneous
properties of a nanocomposite system, composed of a quantum-scale phase embedded into
a matrix phase, therefore introduces structural and chemical discontinuities (e.g. increased
interfacial area, variation in effective dielectric constant and electronic band structures)
that are typically avoided in single and polycrystalline and thin film PV devices.
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In this context, previous study has investigated the effects of quantum confinement
in nanophase cadmium telluride (CdTe) embedded into a zinc oxide (ZnO) matrix phase
of. Nanocomposite thin films of these components were synthesized via radio-frequency
(RF) magnetron sputtering. The study focused on the impact of the CdTe nanophase on
optical absorption onset energy and long range carrier transport within the ZnO host [19].
With insight into the intrinsic optical and electronic properties of the nanocomposite, the
first part of present study seeks to examine the effect on device behavior resulting from
integrating this material into an established PV device architecture.
According to Equation 1-1, Qn represents the total energy output from an energy
generation system. For solar, this term includes contributions from solar cell conversion
efficiency and system performance degradation rate. Thus, efficiency improvement,
coupled with reduced degradation, can contribute to an increase in Qn, and a reduction in
LCOE. In this regard, the second portion of the present dissertation will address materials
degradation processes and their impact on conventional Si-based PV module technologies.
The continuous use of photovoltaic systems leads to power output decreases
resulting from material and assembly degradation due both to functional processes inherent
in the PV system and environmental exposure of the module. Robust PV performance
requires an understanding of long-term consequences of PV operation and environmental
conditions. Accurate prediction of PV module performance is critical for grid-scale power
production planning and public utility investment strategies. Such prediction capability
would also guide the selection and application of PV technologies used by consumers.
Currently, predictive PV performance models are often based on collecting empirical data
with statistical analysis and fitting to develop parameter sets [20][21] representative of
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specific module technologies and deployment conditions.

However, these empirical

models are inherently limited in their effectiveness under arbitrary environmental
conditions.

An alternative predictive modelling strategy, based on the fundamental

physical and chemical mechanisms contributing to primary degradation modes, would be
capable of predicting PV performance over a broader range of environments. Such models
therefore require an understanding of the often coupled degradation mechanisms
contributing to module performance loss with time.
Figure 1.3 shows the typical, multilayer, laminated structure of a typical Si-based
PV module. Degradation in performance may be associated with individual layer materials
or, more likely, may involve effects associated with multiple materials and subassemblies.
Each degradation mode can be associated with environmental and mechanical factors such
as temperature, humidity, irradiation, and pressure [22]. Common eye-detectable, material
degradation effects include yellowing, delamination, bubbling, cracked and burnt cells,
cracking in the backsheet, and corrosion [23] as shown in Figure 1.4.
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Figure 1.3. Conventional laminated architecture of a Si-based photovoltaic module[24].

Figure 1.4. Common detectable failure modes of PV module: (a) yellowing, (b)
delamination, (c) bubbling, (d) hot spots, (e) backsheet cracking, (f) corrosion, and (d)
cell cracking [23] [25].
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The yellowing of a PV module is the result of encapsulant (typically Ethylene Vinyl
Acetate (EVA)) or adhesive materials degradation. The color change from transparent to
yellow or brown induces the change in transmittance of light into the cell junctions,
resulting in reduced power generation. UV light combined with temperatures over 50°C
and water contributes to this failure. Encapsulant degradation is often accompanied by a
loss of adhesion contributing to delamination and bubble formation. Either effect can lead
to water intrusion or unwanted light reflection. Indirect UV exposure of the backsheet
results in cracking and also reduces the lifetime of PV modules [22][25].
Microcracking in the Si junction material (single and multicrystalline wafers) is an
important mechanical failure source in conventional solar modules. As will be discussed
in greater detail later in this work, these microcracks are often initiated while handling and
module assembly during production.

Previous studies have examined the effects of

microcrack ensemble development

on performance, correlating degradation in

performance with applied mechanical and thermomechanical stress and/or residual stress
conditions [26][27]. However, the effect of local chemical environment and temperature
changes in the vicinity of the crack tip has not been examined. Local environmental
changes at the cell-level can arise from coupled degradation modes involving encapsulantbased and sealing-material-based decomposition and outgassing products and external
environmental exposure arising from delamination.

With crack evolution cell-level

performance would be altered via disruption of electrical integrity, changes in cell
resistance, and localized heating.
The second part of the present work examines the propagation of microcracks and
the influence of environmental conditions on crack growth.
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1-2 Rationale
(I) Spectral enhancement of thin films solar cells
As described above, the application of quantum-confined semiconductors in PV
devices, has been a focus of numerous studies, including those in which the quantum phase
assumes the

role of a single-photon spectral sensitizer to enhance light collection

efficiency from incident solar irradiance [28–30]. While photocarrier production can be
readily achieved, the transport of these carriers to the device contacts for use in an external
load remains a primary challenge. The placement of QDs in PV architectures thus directly
impacts this long range transport behavior and must serve as a key factor in the
development of PV device design principles involving such quantum scale nanocomposite
materials. The present study focuses on the integration of CdTe—based nanocomposite
(NC) thin films into hybrid photovoltaic thin film devices. In this case, the impact of NC
placement within the thin film architecture is examined in terms of its effect on PV device
performance. Here, CdTe nanocrystals are embedded in a zinc oxide (ZnO) transparent
conductive oxide (TCO) matrix to form a nanocomposite (NC) thin film. The resulting
thin film is integrated into a hybrid thin film PV cell based on a ZnO (n-type) - poly-3hexyl-thiophene (P3HT) (p-type) junction. The long-wavelength absorption of the P3HT,
in conjunction with the short wavelength absorption associated with the band edge of the
ZnO, provides a spectral region of transparency in the cell absorption that allows the CdTeZnO NC layer absorption (and its contribution to the device performance) to be spectrally
isolated. The NC film is incorporated into the n-type region of ZnO film during ZnO film
deposition using a radio frequency (RF) magnetron sputtering. This deposition approach
offers a means to control CdTe phase distribution in the ZnO matrix using a deposition
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process with established potential for cost-effective scale-up to production levels. This
sequential, dual-source radio frequency (RF) magnetron sputtering approach was used to
deposit both the n-type ZnO layer and the CdTe/ZnO NC film while controlling the NC
film position within the ZnO component of the hybrid junction. The P3HT film was then
deposited via a spin coating method onto the n-type ZnO film creating the hybrid junction.
Spectral absorption, external quantum efficiency (EQE), and J-V characteristic
measurements were employed to examine the opto-electric performance of PV cells.
The impact of NC film position relative to the P3HT/ZnO junction interface on cell
performance was also investigated by computational simulation. A one-dimensional thin
film PV modeling tool, solar cell capacitance simulator (SCAPS), was used to explore
properties of these PV cells. The modeled structure and material properties of ZnO and
P3HT, such as band gap, carrier concentration, and mobility etc. were obtained
experimentally. An absorber layer, with consistent spectral absorption and electrical
properties of the CdTe/ZnO nanocomposite film was incorporated into the n-type ZnO
region. The effect of position of the NC absorber layer relative to the junction on device
performance was investigated using J-V curves and quantum efficiency (QE) simulation.
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(II) Microcrack evolution in monocrystalline PV-grade silicon
In this portion of the dissertation, the effect of environmental conditions on
microcrack propagation in PV-grade single crystalline silicon wafers was examined. An
experimental approach was developed to study the microcrack evolution under static-strain
conditions and combined environments. A four point bending apparatus was used to apply
static tensile strain to microcracks, initiated via a Vickers diamond indenter. Microcrack
growth dynamics under varied temperature and water vapor concentration conditions were
examined and elucidated in terms of fundamental chemo-physical mechanisms. A microRaman spectroscopy was used to map the distribution of residual stress state associated
with microcrack development.
Computational methods are also used to examine the effect of microcrack
propagation relative to its crystallographic orientation.

In this case, anatomic-scale,

molecular dynamics (MD) simulation utilizing the Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS) code was pursued. Monocrystalline Si slabs
containing initial surface flaws are subjected to a constant strain rate. Elastic mechanical
and failure characteristics are simulated with variation in the crystallographic orientation
of the initial flaw. These MD results were used to inform preliminary peridynamics (PD)
simulations of crack growth at length scales consistent with experimental study.
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2. Background
2.1 Semiconductor physics
2.1.1 General overview
Semiconductor materials are central to the operation of photovoltaic devices. The
periodic arrangement of semiconductor atoms on the crystal lattice and the interactions
between atomic orbital states results in the formation of allowed energies and propagation
momenta for the electrons. The momentum (or wavevector, k) dispersion of electron
energy varies with the periodicity of the atomic positions in the lattice and, thus, is
inherently anisotropic, producing different relationships between energy and k along
different principal symmetry directions in the crystal lattice. The electronic structure for a
common PV semiconductor, Si, is provided in Figure 2.1 [31,32]. Energy ranges over
which there is a continuous distribution of delocalized carrier states can be described as a
“band” of allowed states. The thermally equilibrated occupation of these states by carriers
and optically mediated transitions within this energy structure forms the basis for
photovoltaic spectral sensitivity and operational characteristics.
Typical band structure characteristics of import to the behavior of semiconductors
in photovoltaics can be illustrated using a generalized flat-band diagram for a direct-gap
semiconductor (see Figure 2.2 [33]). At 0 K, the valence band (VB) energy states are fully
occupied with electrons. The conduction band (CB) of unoccupied states at 0 K is
separated from the VB by the band gap energy (Eg). The electron affinity (χ), is defined
as the energy required to remove an electron from bottom of conduction band (i.e. at Ec) to
the vacuum level (Figure 2.2). The vacuum level (Evac) represents the point at which the
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Coulomb interaction with the lattice and the electron has dropped to zero. The vacuum
level is defined as the zero point for electron energy, i.e. E vac= 0 eV. The Fermi level or
Fermi energy (E f) is the parameter characteristic of the distribution of carriers within the
semiconductor (see Section 2.1.2) and corresponds to the chemical potential of the electron
in the lattice. The work function (Φ) represents the energy difference from Fermi level to
vacuum level (i.e. Evac-Ef). Promotion of an electron from the VB to the CB can occur via
thermal or optical excitation. This process leaves behind a positive charge carrier or “hole”
in the VB. Both the electron and hole are mobile within the delocalized states making up
the CB and VB and, therefore, can contribute to conduction under an applied field.
In silicon, the promotion of an electron across the gap requires the additional
interaction of a phonon to conserve the momentum for the transition. This is termed an
indirect gap material (see Figure 2.1a). Conversely, a direct-gap material exhibits an
electronic transition across the band gap that does not require the addition of a lattice
phonon. This is the case for CdTe, for example (see Figure 2.1b).
For an intrinsic semiconductor, i.e. one in which there are no impurities (dopants)
present in the material, optically mediated promotion of carriers from the VB to the CB
commences when the incident photon is equal to the band gap (Eg). The introduction of
dopants into the semiconductor lattice, however, produces an “extrinsic” semiconductor
and a concurrent modification of the allowed energy structure of the semiconductor. These
point defects in the lattice produce localized energy states within the band gap of the
semiconductor electronic structure, influencing the spectral absorption characteristics of
the material. In some cases, these dopant energy states are energetically close to valence
or conduction band edges, enabling their ready thermal ionization and an increase in the
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overall population of occupied energy states within conduction or valence bands,
producing a concomitant modification in material electrical conduction as well as
modification of the Fermi level (see discussion below).
Both extrinsic and intrinsic semiconductor materials can be used in the construction
of photovoltaic and related electronic and optoelectronic devices. As described below,
operation of a photovoltaic device involves the absorption of the solar spectrum to promote
carriers across the band gap of the semiconductor followed by their transport to contacts
and their extraction into an external circuit to operate some load. Extraction of these
carriers, prior to their relaxation back to their ground state, requires their spatial separation.
This is typically achieved using an internal electric field that is produced through
appropriate design of a junction between semiconductor materials with different electronic
structures and Fermi levels.
Two primary semiconductor junction types can be formed. A homojunction is
formed from two layers of the same semiconductor material. In this case, each layer
contains different extrinsic dopants. Typical Si-based PV junction devices are composed
of n-type Si (usually P-doped) and p-type Si (usually B-doped).

Conversely, a

heterojunction is formed using two different semiconductor materials with varying band
gaps and electron affinities. This is typical of CdTe or copper indium gallium di-selenide
(CIGS) type PV devices in which the CdTe or CIGS provide the p-type portion of the
junction. A more detailed description of junction behavior and characteristics is provided
in Section 2.3.
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Figure 2.1. (a). Energy band structure of silicon (Si). The maximum energy level of
valence band (VB) is at Γ point, and the minimum energy level of conduction band (CB)
is at X point in the <100> direction. In k space the bottom of conduction band and the
top of valence band are not at the same point. Electron promotion from the VB to the
CB (across the band gap) therefore also involves a momentum change (∆k) to complete
the inter-band transition, allowed through interaction with a lattice phonon. The
semiconductor is termed an “indirect” band-gap semiconductor in this case [31]. (b).
Energy band structure of CdTe. It exhibits a direct band-gap structure because the
valence band and conduction band extrema are both located at Γ point. The VB to CB
transition can be produced with ∆k = 0, i.e. without the need for a lattice phonon to
maintain momentum conservation. [32].
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Figure 2.2. The flat band diagram of intrinsic semiconductor at 0K labeled with the top
of the valence band (Ev), the bottom of the conduction band (Ec), the energy gap (Eg),
the vacuum level (Evac), the work function (Φ), and the electron affinity (χ) (after [33]).
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2.1.2 Semiconductor carrier transport and dynamics
At finite temperature and under zero electric field conditions, a carrier within the
semiconductor lattice has a kinetic energy that can be equated to the thermal energy
associated with the three translational degrees of freedom available to the carrier:
KE =

1
3
𝑚𝑣𝑡ℎ 2 = 𝑘𝑇
2
2

(2 − 1)

where m = the mass of the carrier, vth = the thermal velocity, k = the Boltzmann constant,
and T = the temperature in Kelvin. Thus, the thermal velocity can be shown to be
temperature dependent:

𝑣𝑡ℎ = √

3𝑘𝑇
𝑚

(2 − 2)

Under these conditions, there is no net displacement of the carrier in any one direction over
time. The carrier motion can be described in terms of random changes in propagation
direction (momentum) associated with interactions or collisions (scattering events) within
its local environment. Upon the application of an applied electric field, however, a bias in
the scattering-mediated carrier motion is observed, producing a net displacement in the
charge carrier with time. The carrier thus exhibits an average velocity or drift velocity
(vdrift) along the field direction, given by:
𝑣𝑑𝑟𝑖𝑓𝑡 =

𝑞𝜏
E
𝑚

(2 − 3)
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where τ = the mean time period between collisions, and E = the applied electric field. The
mean time between collisions (τ) depends on the drift velocity and the mean free path of
the carriers as in:
τ=

𝑙

(2 − 4)

𝑣𝑑𝑟𝑖𝑓𝑡

where ɭ = the mean free path or the average transport length of carriers between collisions.
The carrier within the lattice responds to an applied field in a manner consistent
with a particle having a mass equal to the effective mass (m*). The effective mass provides
an indicator of the propagation characteristics of the carrier within the lattice. It can be
more explicitly defined as proportional to the reciprocal of the second derivative of the E
vs k function at the appropriate location in k-space.

For typical, bulk, direct-gap

semiconductors, the location in k-space is often at the  point (center of the Brillouin
zone). In the following discussion the carrier mass thus is replaced by effective mass (m*)
to more completely describe its behavior within the lattice under applied field conditions.
In Equation 2-3, the drift velocity is proportional to the applied electric field, with
a proportionality factor of

μ=

𝑞
τ
𝑚∗

𝑞𝜏
𝑚∗

. This factor defined as the drift mobility (μ):

(2 − 5)

The flux of carriers (i.e. electrons and holes) generates a current. The driving force,
leading to the net motion (and separation) of electrons and holes, is caused by either electric
field (drift motion) or concentration (chemical potential) gradient (diffusional motion).
The current density (or charge flux, J) for each electron and hole is represented as follows:
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𝐽𝑛 = 𝐽𝑛𝑑𝑟𝑖𝑓𝑡 + 𝐽𝑛𝑑𝑖𝑓𝑓 = 𝑞𝑛𝜇𝑛 𝐸 + 𝑞𝐷𝑛

𝑑𝑛
𝑑𝑥

(2 − 6)

𝑑𝑝
𝑑𝑥

(2 − 7)

for the electron, and
𝐽𝑝 = 𝐽𝑝𝑑𝑟𝑖𝑓𝑡 + 𝐽𝑝𝑑𝑖𝑓𝑓 = 𝑞𝑝𝜇𝑝 𝐸 − 𝑞𝐷𝑝
for the hole.
In these expressions, 𝑞 is the elemental charge of a particle, and 𝑛 and 𝑝 are the
carrier concentrations of the electron and hole with drift mobilities 𝜇𝑛 and 𝜇𝑝 respectively.
E represents the applied electric field. D is the diffusion coefficient. The carrier
concentration gradients are expressed as

𝑑𝑛
𝑑𝑥

𝑑𝑝

and 𝑑𝑥 for the electrons and holes respectively.

Both drift and diffusion current density contributes to the carrier flux. Using the Einstein
relations we can relate the diffusion constant to carrier mobility which is [34]:
𝜇𝑛 =

𝑞𝐷𝑝
𝑞𝐷𝑛
, 𝜇𝑝 =
𝑘𝑇
𝑘𝑇

(2 − 8)

where k is Boltzmann constant and T is temperature in Kelvin. In drift current density
( 𝐽𝑑𝑟𝑖𝑓𝑡 ), which is proportional to the field, the factor (𝑞𝑛𝜇) thus defines the material
conductivity (σ):
σ = 𝑞𝑛𝜇

(2 − 9)

Based on the conductivity expressions above, it is clear that there are two primary
material factors contributing to charge conduction – the mobility of the carrier and the
density of carriers available to transport charge.
As described above, carrier movement in a wide band semiconductor under an
applied electric or chemical potential gradient is limited by scattering processes which
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interrupt the long-range motion of carriers anticipated based on either of these driving force.
Scattering is associated with interactions between the carriers and the underlying lattice
vibrations as well as the presence of charged species (defects, ionized dopants etc.). A
carrier can experience many types of scattering mechanisms that will contribute to the
overall mobility observed. The dominant mechanism, however, is that most effectively
limiting the carrier motion, i.e. leading to the highest frequency of scattering with the
shortest mean free path (ɭ) or mean time (τ) between collisions.

Depending upon the

mechanism, temperature and impurity concentration can both play key roles in the
determination of the observed carrier mobility. For acoustic phonon scattering, an increase
in temperature leads to an increase in the occupation of phonon modes, that contributes to
a reduction in mobility (𝜇 ∝ 𝑇 −3/2 ) with a decreased mean collision time. In contrast,
carrier interaction with charged point defects or other charged species can also produce a
change in carrier propagation. In this case, an increase in temperature will increase the
thermal velocity of carriers thus limiting the interaction between the traveling (higher
momentum) carrier and the defect site. In this case, the mobility is proportional to 𝑇 3/2 and
inversely proportional to the concentration of defect centers present. Given this, impurity
scattering is found to dominate at lower temperatures while the impact of thermal velocity
effects are more prevalent at higher temperatures[33].
The above description holds for classes of materials in which there is significant
spatial overlap in atomic orbitals, leading to a greater energy spread in allowed states within
a band, often termed “wide-band” systems (e.g. most semiconductors). In this case, the
scattering mechanisms described above play a principal role in limiting carrier mobility.
In cases where the overlap between adjacent atomic orbitals in the structure is reduced (e.g.
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many metal oxides), the energy spread of the resulting allowed propagation states for the
carriers within the resulting lattice is reduced, leading to “narrow band” materials. In this
case, the nature of the carrier states making up the band is characterized by an enhanced
contribution from the nuclei interactions, leading to carrier motion that is more strongly
coupled to the lattice.
In these materials, the carrier motion is accompanied by a polarization field
associated with a distortion in the surrounding lattice. When the spatial extend of this
distortion is limited (typically within a unit cell), the carrier and resulting nuclear
displacement is termed a “small polaron”. The transport of this more localized carrier state
is thermally activated and is often described in terms of a “hopping” motion, similar to that
used to describe the diffusional motion of ion species. If the radius of polarized region is
large than the lattice constant of materials, the state is called a “large polaron,” and exhibits
behavior that more closely resembles that of the carrier motion in wide-band materials but
with a different temperature dependence describing the scattering probability and
associated mobility (𝜇 ∝ 𝑇 −1/2) [35].
Carrier concentration (density) is also key in determining the current density within
the material. The electron density, or density of occupied electron states within the
conduction band is determined by:

𝑛= ∫

𝐸𝑐 +𝑥

𝐸𝑐

𝑔𝑐𝑏 (𝐸)𝑓 (E)𝑑𝐸

(2 − 10)

The 𝑔𝑐𝑏 (𝐸) represents the density of allowed states in the CB, i.e. the number of states per
unit energy per unit volume. The probability of finding an electron occupying the state
with energy E is determined by Fermi-Dirac distribution, f(E), represented as:
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𝑓 (E ) =

1
𝐸 − 𝐸𝑓
1 + exp[
]
𝑘𝑇

(2 − 11)

where Ef is called Fermi level or Fermi energy. Introduced earlier, the Fermi energy
corresponds to the energy at which the probability of occupation is 0.5. However, for EEf >> kT the Fermi-Dirac statistic can be approximated by Boltzmann statistics such that

𝑓 (E) ≈ exp [−

(𝐸 − 𝐸𝑓 )
]
𝑘𝑇

(2 − 12)

The upper limit of Equation 2-10 can be replaced by E = ∞ rather than 𝐸𝑐 + 𝑥 because
𝑓 (E) decays rapidly with energy. Thus, 𝑔𝑐𝑏 (𝐸)𝑓 (E) approaches 0 at the top of conduction
band. Integration through the energy spread of the conduction band then leads to an
expression for the electron carrier density:

𝑛 = 𝑁𝐶 exp [−

(𝐸𝑐 − 𝐸𝑓 )
]
𝑘𝑇

(2 − 13)

where NC is the effective density of states per unit volume in the conduction band:
𝑁𝑐 = 2(

2𝜋𝑚𝑒∗ 𝑘𝑇 3/2
)
ℎ2

(2 − 14)

where 𝑚𝑒∗ = the effective mass of electron, h = the Plank constant, k = the Boltzmann
constant, and T = the temperature (in Kelvin).
In a similar way, for the hole density:

𝑝 = 𝑁𝑣 exp [−

(𝐸𝑓 − 𝐸𝑣 )
]
𝑘𝑇

where Nv is the effective density of states in the valence band:

(2 − 15)
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𝑁𝑣 = 2(

∗
2𝜋𝑚ℎ
𝑘𝑇 3/2
)
2
ℎ

and 𝑚ℎ∗ = effective mass of hole

(2 − 16)

For an intrinsic semiconductor, the electron concentration is equal to the hole
concentration (i.e. n = p), that is, the intrinsic carrier concentration can be shown to be:
𝑛𝑖 = √𝑛𝑝 = (𝑁𝑐 𝑁𝑣 )1/2 exp (−

𝐸𝑔
)
𝑘𝑇

(2 − 17)

With Equation 2-13 through 2-17, the Fermi energy can be solved for an intrinsic
semiconductor:
1
3
𝑁𝑐
1
3
𝑚𝑒∗
𝐸𝑓 = 𝐸𝑣 + 𝐸𝑔 − 𝑘𝑇𝑙𝑛 ( ) = 𝐸𝑣 + 𝐸𝑔 − 𝑘𝑇𝑙𝑛 ( ∗ )
2
4
𝑁𝑣
2
4
𝑚ℎ

(2 − 18)

From the above equation, if the 𝑚𝑒∗ = 𝑚ℎ∗ , then the position of Fermi energy is in the
middle of energy gap (shown in Figure 2.2) [33].
The introduction of impurities or defects in extrinsic semiconductors provides
another means to influence free carrier density and, moreover, the relative energy position
of the Fermi level. With the introduction of dopants localized, discrete states are produced
within the intrinsic energy gap. For an intrinsic semiconductor such as Si, substitutional
doping with As or P will create a discontinuous energy state, just below the edge of
conduction band at position of Ed (shown in Figure 2.3). Thermal promotion (ionization)
of an electron from this “donor” dopant will produce an extra electron into conduction band.
In this case, the majority carrier (i.e. the largest free carrier density) will be the electron
and the overall increase in free carrier density associated with the dopant addition will
increase the conductivity of Si, which is now termed an n-type semiconductor. Assuming
near complete thermal ionization of the dopant species, the concentration of electrons in
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an n-type semiconductor is close to that of the donor density (labeled N d). At thermal
equilibrium the intrinsic carrier concentration is always ni, thus, the hole concentration in
n-type semiconductor is:

p=

𝑛𝑖2
𝑁𝑑

(2 − 19)

With similar derivation of Equation 2-18 the position of the Fermi level in an n-type
semiconductor is described by:
𝐸𝑓𝑛 = 𝐸𝑐 − 𝑘𝑇𝑙𝑛 (

𝑁𝑑
)
𝑁𝑐

(2 − 20)

where Efn = Fermi level. Note that the position of the Fermi level is now dependent upon
the dopant density as well as the temperature (associated with the probability for ionization
of the dopant). This effect can be seen in Figure 2.3a.
Intrinsic silicon doped with group III elements such as boron (B) is called a p-type
semiconductor. In this case, the dopants (now called acceptors) are electron deficient
relative to the native Si atoms, and can accept electrons from host. Here, the dopants
produce localized states near the top of the valence band. Thermal promotion of electrons
from the valence band to the dopant states result in the formation of holes in the valence
band. Holes then are termed the majority carriers in this case. The Fermi level for such a
p-type semiconductor (labeled Efp in Figure 2.3b) shifts down, closer to the top of the
valence band according to the following relationship:
𝐸𝑓𝑝 = 𝐸𝑝 + 𝑘𝑇𝑙𝑛 (

𝑁𝑣
)
𝑁𝑎

where Na represents the concentration of acceptors.

(2 − 21)
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(a)

(b)

Figure 2.3. Energy band diagram of an (a) n-type and a (b) p-type semiconductor. Ed
and Ea represent the discrete sub-energy level of n-type and p-type dopants. Efn and Efp
are Fermi levels in the n-type and p-type semiconductor respectively (after [33]).
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2.2 Quantum scale semiconductor structures
The semiconductor electronic energy structure characteristics described earlier
assume a crystal lattice whose volume is many times larger than the characteristic spatial
extent of the Coulombically coupled excited electron-hole assembly, i.e. the exciton. An
exciton can be described as an electron and hole orbiting around a common center of mass,
analogous to a hydrogen atom. Excitons are often observed in bulk semiconductor systems
under low temperature conditions as the exciton energy state is typically located just below
the conduction band edge [36,37]. Thermal energy under higher temperatures is often
sufficient to overcome Coulomb interactions (exciton binding energy) and ionize the
exciton, producing a free electron and hole. As the size of semiconductor lattice is
truncated to a spatial extent commensurate with that of the exciton (i.e. the exciton Bohr
radius (𝑎𝑜 )), interaction between the carriers and the semiconductor surface or interface
with a host phase plays an increasingly dominant role in carrier energy and leads to a
reduced influence of the electron-hole Coulomb interaction. At the extreme, the effects of
carrier confinement (typically understood in terms of a particle in a finite potential well
description) dictate the motion and energetics of the electron and hole. Thus, the presence
of a potential energy step (associated with the lattice boundary) affects the energetic
distribution and density of allowed states in the semiconductor electronic structure. The
effect of such quantum confinement contributes to significant changes in electrical and
optical absorption properties relative to its bulk structure [38][8]. Of significant interest in
the present context, such quantum size behavior forms the basis for an additional control
of spectral absorption in PV devices through manipulation of the semiconductor
nanoparticle size.
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The exciton Bohr radius (𝑎𝑜 ), a measure of the spatial extent of an electron-hole
pair, can be calculated via the Bohr approximation (hydrogen-like behavior) [39]. The
value of Bohr radius for the exciton, depends on the semiconductor dielectric constant and
the effective masses of electron and hole in semiconductor:

𝑎𝑜 =

4𝜋ℎ2 𝜖𝑟 𝜖0
𝜇𝑒 2

1
1
1
= ∗+ ∗
𝜇
𝑚𝑒 𝑚ℎ

(2 − 22)

(2 − 23)

where ℎ = the Plank constant, 𝜖𝑟 and 𝜖0 = the relative and vacuum permittivity
respectively, and 𝜇 = the reduced mass [40]. For most semiconductors with typical
dielectric constant and effective mass values the Bohr radii are within the range of 1-10
nm [39].
As the lattice extent of the semiconductor lattice is reduced, the bulk
semiconductor electronic structure is modified, resulting in a more discontinuous energy
spectrum of allowed states [41]. This effect is associated with the dimensionality of the
nanostructure as well, i.e. the number of dimensions along which the lattice is truncated.
For a bulk semiconductor, the carriers have three degrees of unconfined motion producing
a continuous distribution of energy states as shown in Figure 2.4(a). If the carrier motion
is limited by reduction of lattice spatial extent in one dimension, but remains unconfined
in the other two, the structure is called a quantum well (see Figure 2.4(b)). With carrier
motion confined in two dimensions but not restricted in one, it is known as a 1-D structure
or quantum wire. When three degrees of motion are restricted, the structure is termed a
zero-dimensional (0-D) structure, also known as a quantum dot (QD). The most highly
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confined structure for carrier motion results in a discrete density of states for the confined
carriers as shown in Figure 2.4(d).

Figure 2.4. Gradual confinement in degree of dimensions leads to change of density of
states from continuous band to discrete energy levels as in: (a) bulk structure, (b)
quantum well, (c) quantum wire, and (d) quantum dots (after [41]).
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The change in band structure due to the spatial confinement of carrier motion
results in a modification of allowed energy state separation and the corresponding
absorption properties of semiconductors. Using the case of a particle confined to an infinite,
1-D potential well as a model systems, the energy of the particle can be found to be:

𝐸=

𝑛2 ℎ2
8𝑚∗ 𝐿2

(2 − 24)

where n = 1,2,3…, h = Plank’s constant, m* = effective mass of particle, and L = the box
length.
As the spatial extent of the semiconductor lattice (or the length of the potential well)
is reduced, allowed states for the confined particle are separated by increasing energy (see
Equation 2-24 above). This results in a blue shift in corresponding optical absorption
energies that would be associated with transitions between these quantum confined states
(see Figure 2.5)[42]. In an actual semiconductor, at lattice extents smaller than the Bohr
exciton radius, the quantum size effect can be described in terms of contributions to both
the electron and the hole motion. The size effect tends to more greatly influence the
electron wavefunction due to lower effective mass of this carrier, shifting states associated
with the bulk conduction band edge upward. A reduced, corresponding downward shift of
valence band (increase in hole energy with increased confinement) is anticipated, scaled
now by the heavier hole effective mass (see Equation 2-24)[43]. Quantum confinement
related shifts are dictated by the relative spatial scales of the carrier excited states and the
confining structure and include contributions from the dielectric behavior of the lattice, and
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the specifics of the lattice symmetry and composition that influence the effective masses
of electron and hole.

Figure 2.5. Size dependent property of optical absorption. As quantum dot size is
reduced, the energy gap broadens and the absorption shifts to the blue [42].
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While the use of quantum scale effects to tune optical absorption and emission
behavior in nanoscale semiconductor systems provides some clear advantages in
manipulating material performance to address a variety of optical and photonic applications,
the use of these structures in optoelectronic systems offers some unique challenges. In the
latter case, the material is required not only to provide targeted optical absorption but also
excited carrier transport over extended distances. Given the carrier confinement basis for
the tuning of carrier energy level structure and spectral absorption, compromise is required
to simultaneously address the need for carrier transport and collection out of the quantumsize structure, i.e. a trade-off between potential barrier height (leading to increased
confinement conditions) and the need for long-range carrier transport within an
environment with limited potential barriers.

In many cases, the design of suitable

nanophase distribution can be used to furnish higher mobility paths for carrier motion,
including the use of carrier tunneling effects between adjacent quantum structures, the
development of extended wavefunction states, and the physical interconnection of
nanophases to produce a percolation-based path for carrier mobility.
Insight into this approach can be obtained by viewing the wavefunction (or
probability density) for the 1-D particle-in-a-box problem for varied barrier heights. When
a particle moves in a 1-D potential well with infinite energy barrier of the wall, the solution
of the wavefunction (ψ) is a standing wave with quantized energy states shown in Equation
2-24. The probability density is defined as the absolute square of wavefunction ( |𝜓|2 ),
indicating the probability of finding the particle at certain position. Figure 2.6a shows the
probability density for the first three quantum numbers of particle in an infinite potential
barrier (𝑉𝑜 = ∞). Under these conditions, the particle wavefunction does not extend
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through the barrier due to the infinite potential barrier. However, the wavefunction will
have a finite amplitude outside the well when the potential barrier is a finite value (see
Figure 2.6b).

Figure 2.6. Carriers in nano-scale materials behave similarly to a particle in a box. (a)
The particle probability density of the first three quantum numbers of for infinite
potential boundaries is shown. The wavefunctions cannot extend through the potential
barrier, and contribute to a net zero probability density outside the barriers. (b) The
potential barriers are a finite value (𝑉𝑜′) resulting in the non-zero probability density for
carriers outside the barriers. (c). Quantum tunneling phenomenon for incident carrier
wavefunction having energy “E” transmitting through potential barrier in width of “a”
and height of “𝑉𝑜′” (after [33]). The ease of tunneling is related to the difference of
carrier energy to potential barrier (i.e. 𝑉𝑜′ − 𝐸) and the width of the barrier
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The probability of carriers tunneling through a potential barrier is highly correlated
to the relative potential barrier height (𝑉𝑜′ − 𝐸) and width (a) as shown in Figure 2.6c. The
interface between the semiconductor quantum dot and the host matrix phase establishes a
change in the lattice structure (accompanied by structural and compositional defects) that
dictates the nature of the electronic structure at this junction. As described above,
thermodynamic equilibrium can lead to band bending in flat band diagram (see Section 2.3
for detail) and will influence the effective barrier width dependent upon the local interfacial
structure, and the dielectric and electronic characteristics of the materials involved.
Electron tunneling from the QDs phase to the host phase is associated the difference in
electron affinities between them. Similarly the difference in ionization energies (i.e. the
difference in energies of the valence bands) is significant for hole tunneling.

The

transmission coefficient T for a particle incident on a 1-D potential barrier with a finite
width is given by:
1

T=
1+

𝑉𝑜′2 𝑠𝑖𝑛ℎ2 (𝑘1 𝑎)
4𝐸(𝑉𝑜′ − 𝐸)

(2 − 25)

where E is the energy of carrier wavefunction, 𝑉𝑜′ is the potential energy of barrier, a is
width of barrier and k1 the rate of decay while tunneling as expressed below:

𝑘1 = √

2𝑚∗ (𝑉𝑜 − 𝐸)
ħ2

(2 − 26)

with m* the effective mass of carriers and ħ the reduced Plank’s constant.
As mentioned before, the trade-off between the confinement effect and long range
carriers transport leads to the significance of carrier tunneling [44][45]. However, in the
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case of real materials, the significant impact of the likely disordered structural nature of the
interface and the presence of defect states that can trap carriers and promote recombination
represents a key challenge in the application of nanoscale structures in PV devices.

2.3 P-N junction physics
The efficient operation of a photovoltaic device relies on the photoexcitation of
carriers, the separation of the electron and hole, and their extraction at the device contacts
(see detailed discussion in Section 2.4). The separation of carriers and their transport to
contacts relies on both electric field and chemical potential driving forces resulting in drift
and diffusion, respectively (see Section 2.1.2). In the present context, an electronic
junction, associated with the physical interface between two adjacent semiconductor
materials, provides a means to build-in an electric field that will facilitate the separation of
photocarriers. The specific electronic structure and properties of the materials forming the
junction define the characteristics that play such a critical role in the operation of
photovoltaic devices. In more general sense, these structures, involving different electronic
materials, form the basis for a broad range of other electronic and optoelectronic devices,
including optical detectors, solid-state lasers, LEDs, transistors, and diodes. Common
junctions include metal-metal, metal-semiconductor, or semiconductor-semiconductor
devices. These junctions have either rectifying or Ohmic behavior depending on energy
band alignment. If the current in the junction device can only flow along one direction
with forward bias not reverse bias, it is rectifying behavior and the device is called Schottky
device. The Ohmic effect indicates that the flow of current is not limited under either
forward or reverse bias. A p-n junction involves a p-type and an n-type material. If the
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semiconductors forming the junction are the same (i.e. have equal band gap) but with
different doping types, it is homojunction; otherwise, it is heterojunction, i.e. formed by
different semiconductor compositions.
Heterojunctions can be classified by the band edge mismatch observed between the
two material involved. The three types are shown in Figure 2.7. The straddling gap (type
I) shows one semiconductor with narrow energy gap lying within a wide energy gap of
another semiconductor. Staggered gap (type II) refers to energy gaps of semiconductors
that are roughly similar but the electron affinities (i.e. energy level of conduction band) are
different. The type II heterojunctions are ideal for applications in photovoltaics, promoting
the spatial separation of photoexcited electrons and holes to opposite sides of the junction.
Finally, the type III (broken gap) heterojunctions show the case where there is no overlap
between energy gaps and extreme differences in energy gap between the semiconductor
materials involved in the junction [46].

Figure 2.7. Three various types of heterojunctions (HJ) as straddling gap, staggered gap,
and broken gap.
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P-n junctions have critical properties which enable a variety of electronic and
optoelectronic devices, including photovoltaics. The majority carriers of p-doped and ndoped semiconductor are holes and electrons, respectively. When a p-type and an n-type
semiconductor are put into contact, the mismatch or difference in Fermi level (𝐸𝑓𝑛 − 𝐸𝑓𝑝 ),
i.e. an effective chemical potential gradient, drives majority carrier motion (see Figure
2.8a). Holes diffuse from the p-type to the n-type region and electrons flow in the reverse
direction. Holes entering into the n-type side recombine with the electrons near the
junction. The same phenomena are observed for electrons recombining with holes in the
p-type region. Thus, near the junction region, the density of free carriers (i.e. holes and
electrons) becomes depleted. With carrier diffusion, the immobile, negatively charged
acceptor sites in p-region and positively charged donor sites in n-region are left behind.
This spatial distribution of positive and negative sites generates an internal electric field
(electrical potential gradient) from the n-side to the p-side, driving the free carriers in the
reverse direction of diffusion. Eventually the driving force between field-driven carrier
flux (drift) and concentration-driven flux (diffusion) are balanced, resulting in the
development of thermal equilibrium as evidence by an equilibration of Fermi levels (i.e.
Efp=Efn) between the p- and n- type semiconductor materials. A space charge layer (SCL)
or depletion region (i.e. no free carriers existing in the layer) is formed around the junction
at equilibrium [33]. In the corresponding flat band diagram at thermal equilibrium, this
built-in field is evidenced by band bending at the junction (see Figure 2.8b).
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(a)

(b)

Figure 2.8. (a). Two isolated p- and n-type semiconductors with the same materials (i.e.
equal Eg). (b). A schematic of band diagram of p-n junction. When in equilibrium the
fermi level at p- and n-type materials must be equal. The band bending occurs within
the depletion region with electrical work eVo equal to the work function difference of
p- and n-type materials [33].
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Figure 2.9 shows an example of the properties of a homogeneous p-n junction (itself
exhibiting a “type II” band offset condition). The built-in electric field (𝐸𝑜 ) due to the
immobile charged ions can be described by:
𝐸𝑜 = −

𝑒𝑁𝑎 𝑊𝑝
𝑒𝑁𝑑 𝑊𝑛
=
𝜀
𝜀

(2 − 27)

where 𝜀 = 𝜀𝑜 𝜀𝑟 is the permittivity of the medium and 𝜀𝑜 and 𝜀𝑟 are the absolute
permittivity and relative permittivity, respectively, of the semiconductor material.

The

term Na represents the concentration of acceptors from x = -Wp to x =0 (i.e. the depletion
width in the p-side). The term Nd represents the concentration of donors from x = 0 to x =
Wn. These expressions can also be used to evaluate the built-in potential (𝑉𝑜 ) as follows:
𝑒𝑁𝑎 𝑁𝑑 𝑊𝑜2
𝑘𝑇
𝑁𝑎 𝑁𝑑
𝑉𝑜 =
=
ln ( 2 )
2𝜀(𝑁𝑎 + 𝑁𝑑 )
𝑒
𝑛𝑖

(2 − 28)

where 𝑛𝑖 = the intrinsic concentration, and 𝑊𝑜 = 𝑊𝑝 + 𝑊𝑛 = the total width of depletion
region. It is apparently that from equation (2-22) the total depletion width can be
determined by
2𝜀(𝑁𝑎 + 𝑁𝑑 )𝑉𝑜 1/2
]
𝑒𝑁𝑎 𝑁𝑑

𝑊𝑜 = [

(2 − 29)

For a homogeneous p-n junction, another way to determine the built-in potential is
to calculate the difference between the n- and p-type semiconductor work functions (Φ)
participating in the homojunction. Again, the work function is defined as the difference in
energy between the Fermi level and vacuum. In the p-type semiconductor the work
function is Φp, and it is Φn for the n-type material. From Figure 2.8b the work function

61

difference (Φp - Φn) can be seen to be equal to the electrostatic potential energy (PE)
difference across the junction: eVo. This difference in PE means the electrons at the
conduction band edge in the n-side region have to overcome this energy barrier to move to
the conduction band in the p-side region. The associated potential difference for the
electrons between the two sides of the junction is Vo, the built-in potential.

Figure 2.9. Properties of p-n junction (after [33]).
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The heterogeneous p-n junction is in principle similar to the homojunction system,
but the calculation is more complex due to differences in the energy band structure and
material parameters associated with each material of the junction [47]. Figure 2.10 shows
an example of staggered gap p-n junction (Type II HJ) which is the preferred heterojunction
for application in PV devices. The built-in potential is the difference of Fermi level in pand n-type region, and the value is dependent on E c and Ev difference of two materials,
temperature (T), and doping concentration (Na and Nd) by

𝑉𝑜 =

𝑁𝑣,𝑛 𝑁𝑐,𝑝
∆𝐸𝑐 + ∆𝐸𝑣 𝑘𝑇
𝑁𝑎 𝑁𝑑
𝑘𝑇
+
ln (
)+
ln (
)
2𝑒
𝑒
𝑛𝑖,𝑛 𝑛𝑖,𝑝
2𝑒
𝑁𝑐,𝑛 𝑁𝑣,𝑝

(2 − 30)

with ∆𝐸𝑐 and ∆𝐸𝑣 > 0
where 𝑛𝑖,𝑛 and 𝑛𝑖,𝑝 are the intrinsic carrier concentration of n- and p-type materials
respectively.
One can also solve the Poisson equation to evaluate the built-in potential in terms
of depletion width (Wp and Wn) on p- and n-type materials and dielectric constant (ε) of
materials as follow:
𝑒𝑁𝑎 𝑊𝑝2 𝑒𝑁𝑑 𝑊𝑛2
𝑉𝑜 =
+
2𝜀𝑝
2𝜀𝑛
where 𝜀𝑝 and 𝜀𝑛 = dielectric constants of p- and n-type materials, respectively.

(2 − 31)
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Figure 2.10. Flat energy band diagram of a heterogeneous Type II p-n junction. ∆𝐸𝑐
and ∆𝐸𝑣 are the energy difference of conduction and valence band respectively.
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2.4 Photovoltaic physics
2.4.1 Solar cell operation
A solar cell is composed of a p-n junction structure connected to a load through
with Ohmic contacts. The preferred junction type is the staggered band structure (see
Figure 2.7- Type II). When the device is illuminated, the asymmetry in the junction
structure allows a spatial separation of photoexcited carriers generated in the depletion
region. Under the built-in field conditions present, electrons flow to the n-type regions,
and the holes are driven into the p-type region. Carriers collected at the contacts (at a
potential dictated by the Ef offset described in the previous section) can be applied to an
external load to generate electrical current and do work (see Figure 2.11).

Figure 2.11. Basic operation of solar cell.
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As shown in Figure 2.12 the solar cell performance can be described as electrically
equivalent to a current generator connected in parallel to a non-linear resistive load (i.e. a
diode). In a real solar cell device the power is dissipated due to the resistance of contacts
and leaking current around the device, effectively contributing to two parasitic resistances
in series (Rs) and in parallel, or shunt configuration, (Rsh) to the cell. The series resistance,
reducing the current flow, comes from resistance of cell materials such as base
semiconductor, metal contacts, or resistance between metal contacts and semiconductor.
At higher current densities this effect becomes a particular problem. The defects in cell or
leakage of current leads to the low shunt resistance. The shunt resistance provides an
alternative path for current flowing through the junction and then reducing the cell voltage.
This effect is severe under low intensity of illumination [34]. For solar cell working
efficiently the low series resistance and high shunt resistance are needed.

Figure 2.12. An equivalent electrical circuit of solar cell. With the light shining on solar
cell generates current (IL) and the resulting voltage (V). A diode represents one way
nature of the junction, the real solar cell device includes shunt resistance (R sh) in
parallel, and series resistance (Rs) in series (after [34]).
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2.4.2 PV cell performance
The overall solar cell performance can be characterized via a current densityvoltage (J-V) curve as shown in Figure 2.13. The curve is characterized by the short circuit
current density (Jsc) and open circuit voltage (Voc). The maximum current density is J sc at
which the voltage is equal to zero (i.e. the device is shorted). If the two terminals of the
device are isolated (i.e. infinite external load or open circuit), the voltage between the
terminals is a maximum labeled as Voc. The Jsc and Voc represent the maximum current
density and voltage for solar cell respectively but the power density at each point is zero.

Figure 2.13. Typical J-V curve of solar cell. The area ratio of area A (product of J m
and Vm) to area B (product of Jsc and Voc) represents the fill factor (FF). The red solid
line represents the generation of power from solar cell with max power point (Pmax) at
Vm (maximum voltage point).
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The fill factor (FF) is a parameter which determines the maximum power of solar cell, and
is defined as the ratio of the maximum power density of solar cell (J m x Vm) to the product
of Jsc and Voc as shown below.
FF =

Jm × Vm
Jsc × Voc

(2 − 32)

where the product of Jm and Vm representing the maximum rectangular to fit the J-V curve
(labeled in Figure 2.13). The FF evaluates the solar cell performance. A high fill factor
solar cell has low Rs (slope of J-V curve at Voc) and high Rsh (slope of J-V curve at Jsc),
indicating less of current loss in internal device. The power conversion efficiency (η),
defined as the ratio of output power density from the solar cell to the incident power density
(Pin), could be calculated as follows:
η=

𝐽𝑚 × 𝑉𝑚
𝐽𝑠𝑐 × 𝑉𝑜𝑐 × 𝐹𝐹
=
𝑃𝑖𝑛
𝑃𝑖𝑛

(2 − 33)

Once an electron-hole pair is generated at the junction by absorption of a solar
photon, the carriers will be quickly swept and transported. However, the single-junction
solar cell is inherently limited in its ability to transduce the incident solar spectrum into
light-generated current, i.e. it cannot result in 100% efficiency. As previously mentioned,
in 1961, Shockley and Queisser reported a thermodynamic assessment of the upper limit
efficiency of a single junction solar cell. Assuming complete spectral absorption to form
carriers above the semiconductor band gap and lossless photocarrier collection, a
maximum limit of 33.7% with energy gap of 1.37 eV at standard AM 1.5G spectrum [48–
50]. The AM1.5G, known as the air mass coefficient (AM): 1.5 ground (G), is the standard
test spectrum as 1 sun, indicating an integrated power of irradiance as 1000 W/m2.
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The limit in conversion efficiency is caused by two major loss mechanisms [6,7].
One is transparency loss, associated with the inability of the solar cell to absorb photons
with energy less than band gap. The transparency loss decreases as band gap energy for
the semiconductor is reduced. This will, in turn, correspond to increase in short circuit
current density (Jsc) as shown in Figure 2.14a [51]. The short circuit current density (J sc)
is defined as the maximum current density from the solar cell while the voltage across the
PV device is zero (see Figure 2.13). The other loss mechanism is carrier thermalization
loss. Here absorption of photon energies greater than the band gap produce a photoexcited
carrier population with an energetic distribution that is involves energies higher than those
anticipated at thermal equilibrium (“hot” carriers). These hot carriers decrease their
energies during thermal equilibration, releasing energy in the form of lattice phonons,
representing a loss mechanism in the solar-electrical transduction process. Increased band
gap energy results in a reduced thermalization loss and improves open circuit voltage (Voc)
as shown in Figure 2.14b. The open circuit voltage (Voc) is the maximum voltage available
from solar cell at zero current (see Figure 2.13). Optimization of these two spectral loss
mechanisms gives the maximum upper limit of efficiency at band gap around 1 to 1.5 eV
(see Figure 2.14c).
The majority of commercial PV modules are based on either mono- or multicrystalline silicon (Si) because the material is abundant and the band gap of Si (1.1 eV) is
near to the maximum theoretical efficiency predicted by SQ (see Figure 2.14c) located
within the high upper limit efficiency region. This kind of low band gap is capable of
collecting most solar spectrum and generating high current. However, most photons with
energy exceeding the band gap will thermalize and recombine and not contribute to solar
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energy. On the other hand, the low potential, resulting from the small band offset of Si
junction, also lowers the efficiency [52,53]. In 2016 the newest efficiency record for Sibased PV module is 24.1% by SunPower [54].
From Figure 2.14c the theoretical maximum efficiency of Si-based single junction
solar cell is around 32% for perfect inherent material characteristics and cell processing.

(a)

(b)

(c)

Figure 2.14. Single junction solar cell performance of (a) short-circuit current density
(Jsc), (b) open circuit voltage (Voc) [51], and (c) upper limit efficiency (ƞ) as a function
of band gap under AM1.5. Various semiconductor materials are labeled to clarify their
theoretical maximum efficiency [48][50]. The maximum efficiency of 33.7% for a
single junction energy gap at 1.37eV.
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However, the record efficiency for commercial Si PV module is only 24.1% [54]. The
difference between the SQ limit and the observed efficiency value arises from the realworld deviations from the SQ assumptions made in their analysis. The efficiencies
associated with photon absorption, photocarrier production, and carrier transport and
extraction from the device are intimately linked to the specifics of the materials used and
the design of the PV device itself. Effective light management of incident irradiance can
significantly impact the efficiency with which photon flux is absorbed at the junction. For
example optical reflection could be adjusted via the use of anti-reflection (AR) coatings
and increased interaction with the junction can be attained using surface texturing on front
surface of devices[55]. The effective absorption of light of course also depends on incident
wavelength and the associated absorption structure of the semiconductor (band gap
location etc.). Figure 2.15 shows an example of the spectral dispersion in the absorption
coefficient of silicon[56]. Note that, even at wavelengths shorter than the band gap location
(approximately 1100 nm) the absorption coefficient varies by orders of magnitude. These
absorption characteristics, convolved with the spectral characteristics of the incident
irradiance, help to define the potential maximum level of photoinduced current available
in the device.
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Figure 2.15. Absorption coefficient of Si [56]. The absorption is not constant even the
photon energy exceeding the band gap of Si.

After the absorption process, the photo-generated electron-hole pairs must be
transported to the contacts before the competing recombination process occurs. It is ideal
to generate carriers within the depletion region where electron-hole separation is achieved
due to the local, built-in field. Efficient carrier collection, however, is achieved by
minimizing the ratio between the carrier transit time to the contacts and the characteristic
relaxation (recombination) time associated with the excited carriers within the
semiconductor. Thus, both device design (e.g. junction width, thickness of n or p-type
layers, contact type) and material properties (e.g. presence of trap sites associated with
impurities, non-passivated surfaces, nanostructure) can also impact overall device energy
conversion efficiency.
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In addition to the J-V characteristics described above to quantify PV device
operation, the quantum efficiency (QE) is a primary metric describing the carrier flux
derived from an incident irradiance. There are two types of quantum efficiency typically
used in a PV context: the external quantum efficiency (EQE) and internal quantum
efficiency (IQE). The EQE is the ratio of the number of carriers collected at external
terminals to the number of photons at given wavelength incident to the full solar cell
assembly. If a photon with specific energy or wavelength is absorbed and excites an
electron-hole pair and all carriers are collected, the EQE at this wavelength is unity. If the
carriers are recombined and not collected, then the EQE is less than unity. The photons
with energy below the band gap will not be absorbed and the EQE is zero. Thus, the EQE
is dependent on the absorption of photons, generation of carriers, and recombination of
carriers. As the name implies, EQE is a measure of the complete device operation,
including all aspects of light collection, absorption and carrier extraction. In contrast, the
internal quantum efficiency (IQE) isolates the internal processes of optical absorption at
the junction and the generation/collection of photocarriers by removing optical losses
typically associated with reflection or the presence of other light management structures.
In this regard, the IQE results can be obtained by correcting EQE results with the
measurement of the reflection and transmission curves for the device architecture under
investigation.
Figure 2.16 shows the EQE of poly-crystalline Si solar cell. The Si has indirect
band gap of 1.1eV, representing the absorption of light for wavelengths shorter than
1100nm. In the longer wavelength region, the EQE signals are low due to the transparency
losses and high rear surface recombination, meaning that the recombination occurs due to
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long diffusion length before extraction at the contact. The low EQE at UV region the
photons is associated with photon absorption near the top surface of the device, remote
from the junction, favoring carrier recombination before separation to the contacts under
the influence of the junction-based local built-in field. A high EQE response is observed
in the green portion of the spectrum because the carriers are generated near the junction
and are quickly extracted before recombination.
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Figure 2.16. An example of external quantum efficiency (EQE) versus wavelength of
multicrystalline Si solar cell.
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2.4.3 Alternative PV approaches
Multiple approaches have been investigated to exceed the theoretical limit of the
single junction solar cell. Strategies typically involve the development of device designs
and structures that promote more efficient absorption of the solar spectral irradiance. One
primary approach is the development of multi-junction solar cells, sometime called tandem
solar cells. This method minimizes energy loss by stacking multiple junctions with each
junction optimized to access distinct sections of solar spectrum [57]. Figure 2.17 is an
example of such an architecture. In this case, the GaInP has wider band gap, and thus is
placed on top as blue light absorber. The rest of the spectrum passes through top junction
with the green and red light region absorbed sequentially. The corresponding spectral
regions addressed by each junction are also shown in the Figure. With the utilization of
such a wide spectrum, an efficiency of about 40.7% was measured for this device [58].
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Figure 2.17. An example of multi-junction solar cell device composed of three
absorbing junctions in sequential from top to bottom of GaInP (blue light absorption),
GaAs (green light absorption), and Ge (red light absorption) [58].

Another approach to enhance efficiency, based on single junction design, is the
development of an intermediate band (IB) solar cell. The IB solar cell contains energy
bands within the band gap of a wide-gap semiconductor that serve to broaden the spectral
response of the device. These sub-bands can be produced by adding impurities, defects, or
quantum dots (QDs) within the host semiconductor material [15,59,60].

Such

compositional or structural additions must be uniformly distributed throughout the host to
create the delocalized sub-band needed to offer both enhanced absorption and viable carrier
transport. The IB approach increases photocurrent without sacrificing the output voltage
associated with the wide band gap. Both the transparency and thermalization losses are
reduced.

76

In a related but less restrictive strategy, dopants and QDs can also be used as optical
sensitizers to broaden or tune the spectral absorption of a given semiconductor junction.
In this case, the focus is more on the enhancement in solar absorption with carrier transport
still anticipated to occur within the host material. Such an approach has been pursued for
QDs solar cells [29,61–63]. As described above, control of QD size can be used to tune
the absorption characteristics of these structure. [64].
The development of a quantum-sized-semiconductor-containing nanocomposite
thus provides an opportunity to enhance the efficiency of single junction devices through
enhanced spectral absorption. However, as mentioned earlier, the challenge continues to
lie in the efficient transport of photocarriers (generated within the nanostructure
semiconductor phase)[65]. Previous studies show the CdTe nanoparticles distributed in
transparent conductive oxide (TCO) matrix (ZnO in that case) can play a role as an optical
absorber and can contribute to charge transport paths through suitable control of nanophase
assembly and continuity[19]. Based on these results, one portion of the present work
(Chapter 3) focuses on the integration of such nanocomposites into hybrid organicinorganic solar cell devices. In particular, the placement of nanocomposite absorber within
the architecture of solar cell is examined to better understand criteria important in the role
of these structures in carrier generation and charge transport.
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2.5 Photovoltaic module technology
A single solar cell generates a dc photovoltage by 0.5 to 1 volt (depending upon
the junction characteristics of the device) and a photocurrent of some tens of milliamps per
cm2 [34]. This voltage is too low for its application as a power supply. Thus, multiple
cells are connected in series and encapsulated together to form a photovoltaic module. The
architecture of PV modules was shown previously (Figure 1.3). The array of solar cells is
sandwiched by glass and backsheet substrate, with an encapsulant material providing
adhesion and environmental isolation. The top glass physically and chemically protects
the underlying solar cells and is the first incident material for the solar irradiance. Thus,
high transparency and/or enhancement of light trapping are key aspects of its role in the
overall module performance. Some commercial PV modules are coated with an antireflective layer or are imprinted with “moth-eye” nano-patterns, consisting of conical
shaped pillars, to improve the transmittance and light collection [66]. The encapsulant and
edge seals present in PV modules are used to bind all components together and to isolate
the solar cells and their interconnections from environmental moisture or dust. The
encapsulant must provide good thermal conduction, high transmittance, and low cost. In
the PV industry, the dominating material used for PV encapsulation is ethylene-vinyl
acetate (EVA) [67]. The backsheet layer must protect solar cells from outside environment
and supply mechanical strength. Typically the backsheet is composed of multiple layers.
For example, the DuPont Tedlar backsheet [68,69] uses polyvinyl fluoride (PVF) against
weathering effect and polyethylene terephthalate (PET) to provide mechanical strength. A
thin silicon oxide layer is often also introduced to decrease the penetration of oxygen and
water [70]. The lifetime of one PV module is expected to 25 years, but it requires a robust
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system performance throughout its lifespan to make its use economically feasible. Thus,
the long-term reliability and degradation behavior of PV modules is of great interest.
Solar module degradation produces a gradual reduction in PV module performance
over time. Power output from PV module below 80% of its initial value is considered
degraded. Degradation contributing to performance loss of a PV module is a complex
process, associated with multiple, highly coupled phenomena associated with the
degradation of material properties and their impact on module construction and operation.
Table 2.1 shows the observed failure modes for crystalline Si PV module [22]. Broken
glass leads to change in transmittance, reducing the light incident light available for
absorption at the junction. It also allows the intrusion of moisture or environmental
contaminants, contributing to more severe damage via corrosion of internal materials.
Delamination or discoloration of the encapsulant is attributed to the failure of EVA
materials.

UV degradation of EVA produces marked yellowing and loss of solar

transmission. Its adhesion and environmental resistance is also degraded in the process It
is also reported the EVA can react with water, generating acetic acid which contributes to
enhanced corrosion of solder connections and ribbons [67]. Degradation of encapsulant
material can also lead to gas evolution producing bubbling under the top glass and
degradation in internal environment, thermal dissipation, and optical transmission reducing
module life.

The major backsheet materials are polymers.

Indirect UV radiation,

mechanical shock, or environmental effects on the polymer materials making up the
backsheet can also cause the failure in this component due to cracking or delamination.
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This failure mode is accelerated due to mechanical fatigue from thermal-cycling, or
moisture.

Table 2.1. Degradation modes of crystalline Si PV modules [22]
Component

Degradations

Crystalline Si PV modules

Broken glass
Delamination of encapsulant
Discoloration of encapsulant
Corrosion
Interconnection broken
Broken cells
Failure of bypass diode
Broken backsheet
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One major failure mode of silicon-based solar cells involves microcracking in the
Si cell itself. During the fabrication process of Si the formation of surface flaws and defects
in the wafers used are unavoidable. While transporting or handling the Si wafers,
mechanical or thermal stresses can cause the elongation of these initial cracks. Elongation
of the microcrack can result in separated cell parts, reduction in electrode integrity, and
also changes in device resistance. After aging, cell performance can become unstable or a
cell be become inactive due to crack development [71,72]. A portion of the present work
(see Chapter 4) focused on crack propagation under the impact of environmental factors
(temperature and humidity) via an experimental approach to elucidate the fundamental
chemical and physical processes contributing to the degradation mode. A computational
approach was also utilized to investigate the crack dynamics associated to crystal
orientations and laid the foundation for subsequent simulation of multicrystalline systems
and surface chemistry effects of crack development.
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3. Integration of CdTe-ZnO Nanocomposite Thin Films into
Photovoltaic Devices
3.1 Objective
As described in the Background (Chapter 2) the application of nanoparticles or
quantum dots (QDs) into PV devices is of great interest as a means to exceed the S-Q limit
of single junction photovoltaic devices by enhancing spectral response.

The work

described in the present chapter focuses on the application of a CdTe/ZnO nanocomposite
(NC) layer to a hybrid P3HT/ZnO solar cell and the investigation of the resulting
performance characteristics. In this case, the CdTe nanophase has been shown previously
to exhibit quantum confinement effects on its absorption characteristics [19][73]. This
previous work studied the structural characteristics of the CdTe/ZnO NC, and its impact
on the optical and electrical properties observed. While the intrinsic properties of the
nanocomposite appear favorable, the integration of NC film into solar cell devices is still a
key challenge. The impact of carrier generation and transport within the nanocomposite,
including recombination rates, diffusion and drift lengths of carriers, is of great
significance when the NC structure integrated into a device structure. In addition, the role
of the NC film as an optical sensitizer, contributing to the spectral behavior of the photogenerated current, is another key issue. Effective implementation of an NC layer within a
working device structure involves such details as NC layer thickness, semiconductor
loading (i.e. absorption behavior) and layer placement relative to the junction. These
criteria will impact both spectral responsivity and carrier collection efficiency in the
resulting PV cell.

82

In the context of the above issues, both experimental and computational methods
were used to examine the optoelectronic performance of P3HT/ZnO thin film PV devices
containing a NC spectral sensitizer layer. In this case, the n-type ZnO functioned as
window layer, and p-type P3HT was the main absorber material. The absorption of CdTe
nanocrystal assemblies was tuned within the window of P3HT and ZnO layer, giving a
chance to isolate the contribution of CdTe nanophase to the response characteristics of the
resulting cell. A one-dimensional thin film PV modeling tool, the solar cell capacitance
simulator (SCAPS) [74,75], was used to provide additional insight into the properties of
these solar cells using a modeled architecture consistent to that examined in the
experimental studies. The study controlled the position of nanocomposite layer relative to
heterojunction interface to investigate its impact on spectral conversion performance.
This work forms the basis for the publication [76] whose text is reproduced below
after additional background is provided regarding material selection, synthesis, and
characterization.
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3.2 Materials selection
3.2.1 Poly (3-hexylthiophene) (P3HT)
The goal of affordable renewable solar energy has stimulated significant research
in new materials that offer good performance and ease in manufacturing. Organic,
polymer-based, semiconductors offer the potential to generate energy from light with easy
synthesis and low cost. P-type poly (3-hexylthiophene) (P3HT) has been utilized as a
common organic PV element [77][78]. P3HT is an electrically active polymer composed
of conjugated molecules in which highly polarized π-bonding aids in the development of
significant intramolecular conduction. The presence of alkane chain groups further allows
intermolecular conduction through hydrogen bonding [79]. The extended structure of
P3HT is largely disordered with regions of local alignment of P3HT a highly ordered
structure. Figure 3.1 shows the regiorandom and regioregular (rr) structure of P3HT. In
the regioregular (rr) structure, the strong interaction of alkyl side chains results in the
coplanarity of thienylene moieties, greatly increasing the π-stacking and contributing to
high carrier mobility of P3HT (0.05-0.1 cm2/Vs) [80,81]. P3HT has an energy gap of 1.92.0 eV producing high absorption in the 400-600 nm spectral range that also provides a
good match to the maximum in solar spectral irradiance [82][83].
Upon photon absorption in P3HT, electrons are excited from highest occupied
molecular orbitals (HOMO) to lowest unoccupied molecular orbitals (LUMO). The
electron-hole pairs (excitons) in organic semiconductors typically exhibit higher binding
energies (0.1-1.4eV) than that typical of inorganic semiconductors possessing higher
dielectric constants (inorganic semiconductors exhibit binding energies of only a few meV)
[7],[13],[14]. Thus, rather than relying on thermal ionization, charge separation in these
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high binding energy excitons is facilitated by interaction with the junction interface. Here,
the exciton is destabilized and can ionize to allow carrier separation and transport.
Architectures of organic photovoltaics (OPV), for pursuing high efficiency, are typically
designed as bulk heterojunction (BHJ) structures (a mutually contiguous nanophase
structure of the p and n-type organic systems). Such phase assemblies provide ready
interaction between the exciton and the junction interface region before exciton
recombination can occur.
Hybrid solar cells, involving both organic and inorganic junction components, have
been in the focus of a number of studies [77,86–88]. In this context, inorganic metal oxides
are most often applied as nanoparticles or nanorods. Performance is tuned via quantum
confinement effects on band gap and high surface area, supplying directly conduction
pathways and decreasing carriers recombination, with P3HT for improving efficiency [86].
These types of hybrid devices have been reported with maximum energy conversion
efficiencies of over 10% [89,90].

(a)

(b)

Figure 3.1. Schematic of (a) regiorandom, and (b) regioregular of P3HT [81].
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3.2.2 Zinc oxide (ZnO)
Zinc oxide (ZnO), an II-VI compound semiconductor with wurtzite crystal
structure, is of great interest as a component in optoelectronic devices. ZnO is a wide gap
material with a direct band gap of 3.4eV. With its wide band gap, ZnO is transparent in
the visible light region with above 80% transparency. The ZnO is an intrinsic n-type
semiconductor with a high electron density of 1021cm-3. Intrinsic defects, including oxygen
vacancies (Vo) or Zn interstitials (Zni) [91,92] contribute to these electrical properties. In
its crystallized structure ZnO has good intrinsic conductivity (below 100 Ω-1cm-1) due to
both the high carrier concentration mentioned above and mobility on the order of 100
cm2/V*s at room temperature [93].
The electronic behavior of ZnO also can be influenced through the introduction of
extrinsic dopants to provide n- or p-type behavior. Common n-type dopants include: Al,
Ga, or In while p-type dopants include: Li, Na, or K [93]. Aluminum- doped ZnO (AZO)
has been a focus of intense attention as a viable transparent conductive oxide film,
providing an earth-abundant alternative to In-doped tin oxide (ITO) [94]. The thermal
ionization of Al dopants leads to the increase in electron concentration in the conduction
band (n-type). While increasing dopant level increases the free carrier concentration, the
potential for increased carrier scattering from ionized impurities (i.e. reducing carrier
mobility) also increases, providing a limitation on the maximum dopant level that can be
used. Concurrent with the effect on carriers is the impact of dopant addition (and increased
carrier concentration) on the optical transmission window for the semiconductor. When
the electromagnetic (EM) wave impinges on a solid containing a significant free carrier
population, the free carriers will collectively move in response to the incoming field. The
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inherent resonance frequency of this electron population, known as the plasma frequency
(ωp), mainly depends on the number of free carriers and it exhibits a blue shift with
increasing free carriers density. The plasma frequency (ωp) is represented as:

𝜔𝑝2 =

𝑁𝑓 𝑞2
𝑚 ∗ 𝜖0

(3 − 1)

where Nf = the carrier concentration, q = the charge of carriers, m* = the effective mass of
carriers, and 𝜖0 = the permittivity of free space.
In addition to the potential for increased ionized impurity scattering (mentioned
above), high dopant levels in transparent conductive oxides (TCO) such as AZO can also
result in a reduction in the long-wavelength edge transmission window for the material
(corresponding to a high reflection loss associated with the plasma resonance) shifts from
the near infrared portion of the spectrum into the red [95]. Conversely, increased carrier
density can also increase the effective band gap for the TCO, shifting the short wavelength
edge of the transmission window further into the blue. This is associated with electron
state filling at the edge of the conduction band, described as the Burstein-Moss effect
[96,97].

In one study, an optimized level of 4 at% Al provides the greatest transmittance

(about 90% at 550nm) with a resistivity of about 4.7x10 -4 Ω cm[94]. Al dopants increase
the carrier concentration and lead to blue shift of band gap with from 3.46 to 3.54eV [94,98].
In the context of thin film photovoltaics, ZnO typically serves as either a transparent
electrode or an n-type window layer material [99–101]. Hu et al. [102] reported that ZnO,
deposited on ITO substrate, can serve as a viable cathode material in an inverted bulk
heterojunction (BHJ) solar cell. This work studied the various ZnO preparation methods
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and indicated the surface topography and work functions of ZnO had leading role on device
performance, associated to the carriers generation and extraction [102].
As the n-type window layer ZnO is routinely used in thin film PV devices based
on Cu(In,Ga)Se2 (CIGS) or amorphous Si [103,104]. In CIGS solar cells the ZnO film has
been investigated as a possible replacement for CdS [104,105]. However, challenges in
providing the needed conduction band offset orientation at the CIGS-ZnO interface has
limited efficiency due to serious loss of V oc. Controlling the doping amount of magnesium
(Mg) into ZnO can alters the minimum conduction band of ZnO, contributing to improve
Voc and FF but is limited by Mg solubility and alternative phase formation [106–110].
In the work below, ZnO not only provides the n-type junction component for this
hybrid, thin film model PV device, but it is also the host material used for the previously
examined CdTe-ZnO nanocomposite material. Using sequential, RF-magnetron sputtering
of both the ZnO and CdTe phases therefore allows the effective spatial distribution of CdTe
nanophase within the n-type ZnO junction material to be controlled during deposition. As
will be discussed in greater detail below, ZnO is deposited to an ITO-coated glass substrate
to prior to solution-phase deposition of the p-type P3HT.
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3.2.3 Cadmium telluride (CdTe)
In addition to Si, commercial PV systems based on a CdTe absorber are widely
employed (e.g. First Solar PV systems).

The material exhibits a bulk, direct-band-gap

close to 1.5 eV at 300K [111,112] near the maximum efficiency peak predicted by
Shockley and Queissar (see Section 2 Figure 2.14 ). CdTe has zinc blende crystal structure.
Without doping, the ratio of cadmium to tellurium can be used to control the intrinsic type
of semiconductor. Cadmium vacancies serve as acceptors while tellurium vacancies
behave as donors. Thus, if the molar ratio, Cd/Te is less than one, the associated Cd
vacancies create a p-type semiconductor. In contrast, for Cd/Te > 1 the CdTe is n-type
(telluride vacancies dominant) [113]. At room temperature the reported n-type crystal
CdTe has carrier concentration on the order of 10 14~1018 cm-3 and Hall mobility of 1050
cm2/V*s [112].
The CdTe has been employed as a thin-film-based device, either in homojunction
or heterojunction solar cells. The CdTe homojunction solar cell, however, is not efficient
because most of the spectrum is absorbed within 1~2 µm of the device surface increasing
the probability for carrier recombination before carrier extraction at the contacts [114–
116]. Therefore, the most common application of thin film CdTe is in a heterojuction
structure. For most heterojunction CdTe solar cells, the CdTe film serves as the optical
absorber. Similar to a CIGS cell architecture, a thin layer of CdS serves as the n-type
window, exhibiting reasonable transparency over the solar spectral range [117]. First Solar
had reported a record efficiency of 22.1% of CdTe solar cell in laboratory test in 2016 [10].
The architecture of that solar cell was glass/Ohmic contact/CdS (n-type)/CdTe (ptype)/back contact.
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Due to the relatively large exciton Bohr radius (a o= 7.3 nm) in CdTe, the quantum
confinement regime, and associated tuning of spectral behavior, can be achieved at
relatively large nanostructure sizes. Band gap shifts of over 1 eV can be observed under
strong confinement conditions where the average nanocrystal radius, r << a o. [118–122].
In the work below, the optical absorption band of the nanophase CdTe is designed to fall
into a transmission window defined by the P3HT and ZnO absorption regions, allowing
the influence of CdTe to be on device performance to be spectrally isolated.

3.2.4 CdTe/ZnO nanocomposite (NC)
The development of a nanocomposite based on a common buffer or window
material used in commercial thin film PV modules is expected to enable the introduction
of a quantum-scale, spectral sensitizer phase with minimal disruption of the device
operation itself. In this case, the integration of the CdTe-ZnO NC layer into P3HT/ZnO
PV device is expected to enhance device spectral responsivity associated with absorption
and photocarrier generation in the CdTe nanophase.
In previous work, Beal et al. [19] studied the formation and optoelectronic
properties of CdTe/ZnO nanocomposite (NC) thin films produced using a sequential, dual
source, radio frequency (RF) magnetron sputtering method. Through control of deposition
rates and exposure times to each source, the spatial extent and phase distribution of the
CdTe within the ZnO host can be closely controlled [8,19,65]. The results confirmed the
control of absorption onset in the NC films with changes in the average domain size of
CdTe and its volume fraction within the ZnO matrix. Improved quantum confinement
effects were observed with the reduction in size of CdTe nanophase along film growing
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direction (via reduced exposure times). This was accompanied by a lower photocurrent
generated, however[8]. Thus, while the quantum confinement effect does enable tuning of
the spectral response of the composite, and, presumably, a device that includes the film,
the adverse effects of increased interfacial area and carrier trapping effects remain a
challenge. Carriers may be trapped and recombine at structural and compositional defects
associated with the interfaces. The potential afforded by the deposition technique, to
control phase connectivity of CdTe either within the plane of the film or along the growth
direction however, can be used to selectively enhance carrier transport along these
directions while still maintaining some quantum confinement effect observable in the
overall composite. Previous studies [19] indicated that CdTe/ZnO NC designs based on a
repeating multilayer consisting of 0.5 nm CdTe/ 2 nm ZnO provided an absorption onset
of 450 nm that is consistent with the spectral window defined by the ZnO and P3HT in the
PV heterojunction device to be tested. Therefore, the present work focuses on this NC film
design in the context of its integration into a hybrid P3HT/ZnO device.
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3.3 Materials synthesis and processing
3.3.1 Radio-frequency (RF) sputtering deposition
A dual source, RF sputtering deposition method was used in this work for
depositing an n-type ZnO layer and the CdTe/ZnO nanocomposite (NC). Figure 3.2 shows
a schematic of the deposition chamber. Two sputtering guns, each equipped with a singlephase (i.e. CdTe or ZnO) two-inch diameter, planar targets (99.99% purity; AJA
International), were separated by a baffle plate to avoid cross-contamination. The chamber
was pumped down to a base pressure of 1x10-6 Torr and backfilled with ultra-high purity
argon (Ar) gas (99.999%) to a process pressure of 4 x 10 -3 Torr. A computer-controlled
stepper motor, connected to rotating arms holding substrate platters, controlled the
exposure time of the substrates to each of the targets. Quartz crystal monitors detected the
deposition rates at each sputtering source. Control of the absolute and relative exposure
time of the substrate to each sputtering source allowed the distribution of CdTe and ZnO
phases to be controlled along the growth direction of the nanocomposite film. The
dependence of the nanocomposite film position relative to heterojunction plane in the thin
film PV device structure formed was studied in this work.
The substrates chosen in this study were soda-lime silicate glass pre-coated with
ITO (12 Ω/□) with dimensions of 2.5 x 1.5 cm. Substrates were prepared by sonication in
acetone for 15 minutes then rinsed in methanol and dried with a compressed nitrogen
stream. A cover glass shadow mask was used to prevent deposition to a portion of the
substrate and allow access to the underlying ITO contact after film deposition. Film
thickness was obtained via stylus profilometry (Dektak 6M) at the shadow-mask step. The
detailed deposition process will be introduced in Section 3.6.3.
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Figure 3.2. Illustration of dual source, radio frequency (RF) magnetron sputtering
deposition chamber.
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3.3.2 Spin coating deposition
The P3HT layer was deposited onto the sputter-deposited NC or ZnO film surface
using spin coating. The P3HT precursor was prepared by dissolving P3HT powder into
chloroform, both purchased from Sigma-Aldrich, at a concentration of 15mg/ml. The
P3HT solution then was heated and stirred with a magnetic stir rod on hot plate at a
temperature of 60 °C for 24 hrs, to improve solution uniformity. P3HT films were
deposited onto the substrates already containing the sputtered ZnO single phase and NC
films, i.e. with a film structure of ZnO/NC/ZnO/ITO/glass. Substrates were held using the
vacuum chuck of a SCS G3 P-8 spin coater and 100 microliters of P3HT solution was
placed on the substrate using a pipette. The specimen was then spun at 1500 rpm for 60
seconds. After spin coating, the specimen was dried at room temperature for 24 hrs. The
area of ITO contact not coated with P3HT was cleaned with acetone using a Q-tip after 24
hours drying. All precursor preparation and spin coating was performed in a controlledatmosphere glove box under nitrogen (N2, 99.9%).

3.3.3 Thermal evaporation of Ag contact
The final step to complete the hybrid, thin film solar cell devices was to deposit the
back contacts to the P3HT layer. Silver was deposited directly to the P3HT top layer by
thermal evaporation using a Denton Flash Evaporation Chamber. A tungsten filament
basket containing 1” in length and 0.08” in diameter of silver wire (Ted Pella Inc. 99.99%)
was used as the evaporation source. The specimen was covered with Al shadow mask that
was patterned to create multiple devices on a single substrate. Individual device dimensions
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were 4 mm x 3 mm. Thermal evaporation was performed at a base pressure of 5 x10 -6 Torr.
A 20 amp current was applied to the filament for 5 seconds to provide the required electrode
layer

3.4 Measurement techniques
3.4.1 UV/Vis spectrophotometer
Prior to evaporation of the Ag contact on P3HT layer, the optical absorbance of the
specimen was measured using a Perkin-Elmer Lambda 950 UV visible-NIR
spectrophotometer.

Figure 3.3 shows the schematic of UV/Vis spectrophotometer.

Deuterium and tungsten lamps serve as the optical sources for this measurement. Spectra
were collected from 200 nm to 2800 nm with a 1 nm step size.
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Figure 3.3. Schematic of UV/Vis spectrophotometer.
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3.4.2 Spectral response measurement
The external quantum efficiency (EQE) of the resulting devices was measured
using a PV Measurements Inc., QE-X7 system. The EQE measurement was introduced in
Section 2.4.2. Electrical connection to the specimen for photocurrent measurement was
made using needle probes at the ITO (front) and Ag (back) contacts. A xenon arc lamp
/monochromator arrangement provided optical excitation with an illuminated area of
approximately 2 x 3 mm. EQE was measured over a spectral range of 300 to 800 nm with
a 1 nm step size. An integration time of 1 sec was used for signal measurement. Five
photocurrent measurements were made at each wavelength to provide an average signal
for reporting.

3.4.3 Current density-voltage (J-V) measurement
Device J-V curves were obtained using a programmable Keithley DMM 2000 and
2400 sourcemeters controlled by a LabVIEW program providing data analysis. A xenon
arc lamp (500 W) served as the excitation source. Incident spectral irradiance was
measured using an Ocean Optics fiber-based spectrometer system (HR-2000+) in
conjunction with an Ocean Optics (NIST traceable) calibrated tungsten-halogen source
(LS-1). The J-V curve for the device was measured from -0.2V to +0.6V (forward to
reverse direction with a 0.07 V step size). J sc, Voc, and FF were calculated from the
resulting J-V curves for each device.
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3.4.4 Atomic force microscopy (AFM) technology
The HJ interfacial topography was studied via atomic force microscopy to gain
insight into the effect of surface morphology on carrier transport process. A Bruker AFM
(Bruker Inc.) in tapping mode was used to examine the top surface of single phase ZnO.
The scan area was 2x2 μm with 1024 line scans, leading to a spatial resolution of 2nm.
Post-surface analysis was done to evaluate surface roughness and to investigate the effect
of NC placement on surface morphology.
The second proportion of this study (see Chapter 4) also used the tapping mode
AFM to examine the surface morphology and displacement around a microcrack-tip with
scan area of 3x3 μm and 1024 line scans (3nm resolution) to augment a complementary
scanning electron microscopy (SEM) analysis.

3.5 Solar cell capacitance simulator (SCAPS) Modeling
A one-dimensional, Solar Cell Capacitance Simulator (SCAPS) was used to model
the current-voltage behavior of the heterojunction solar cells for comparison to
experimental data. SCAPS solves the three key, coupled differential equations that
describe the HJ electrical characteristics and the effects of incident irradiance [123]. The
model simulates the PV devices response via simultaneously solving three coupled
equations: the Poisson equation (Equation 3-2) and the continuity equations for electrons
and holes (Equation 3-3, 3-4) respectively, which governs the distribution and density of
carriers within the device. These equations are in:
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where q = elementary charge, and 𝜖𝑜 , 𝜖𝑟 = permittivity of free space and that of the material,
respectively. Equation 3-2 describes the electrostatic potential (ψ) at position x, associated
to the number of electrons (n) and holes (p), density of donors (Nd) and acceptors (Na), and
the density of deep state defects (𝜌𝑑𝑠 ). The flux for electrons (Jn) and holes (Jp) at position
x are related to the generation of carriers (G) at the wavelength (λ) and recombination (R).
At semiconductor-semiconductor interfaces the boundary conditions assume carrier
transport across HJ is described by a thermionic emission mechanism. Recombination at
interface, depending on both conduction and valence bands of semiconductors, followed
the Pauwels-Vanhoutte theory, taking into account both direct and cross recombination. A
Schottky barrier is assumed at metal-semiconductor interface [123].
SCAPS are able to compute thin film device architectures with up to seven layers
plus two contacts. Each layer has multiple input parameters to address such material
properties as, carrier concentration, band gap, densities of states for both conduction and
valence band, bulk defect concentration, and also the experimentally derived absorption
coefficient spectra of thin film [74,124]. The model had multiple standard illumination
light spectra and irradiance data, or the user can input the experimentally derived irradiance
data. The latter approach was adopted for the present work.

Prior to the cell-level

investigation the optical and electrical properties of P3HT, ZnO, and NC film were
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characterized or obtained from references to populate the layer parameters used in the
modeling.
SCAPS computations return PV performance metrics including EQE spectra and JV curves (Jsc, Voc, conversion efficiency (η) and fill factor (FF)). Electric field values along
the device structure can be also be readily determined.
Since SCAPS is a 1D simulation tool it is cannot explicitly address three
dimensional aspects of the NC structure and its non-periodic morphology [125]. Thus, the
heterogeneous NC layer was modeled as a homogeneous thin film with electrical and
optical absorption parameters obtained from experiment. Under this assumption, the CdTe
nanophase in the NC layer was assumed to behave as a collection of photoionizable defects,
contributing photogenerated carriers into ZnO matrix. However, the anticipated carrier
transport, generation/recombination behaviors across the complex interfacial structure
anticipated in the actual NC nanocomposite are not directly addressed [125].
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3.6 Published work: Huang, Wei-Jie, et al. "Integration of CdTe–ZnO
nanocomposite thin films into photovoltaic devices." Solar Energy Materials and
Solar Cells 137 (2015): 86-92.
3.6.1 Introduction
Semiconductor quantum-scale nanocrystalline structures (often studied in the form
of “quantum dots” or “quantum wires”) are the focus of great interest in terms of their
unique optical and electronic properties. Quantum confinement results in crystal-sizetunable optoelectronic characteristics and the introduction of new physics unique to the
quantum scale.

These phenomena have direct application to the development of

photovoltaic devices with enhanced energy conversion efficiency [28,42,126], e.g. via
multi-exciton generation, hot carrier extraction, and increasing spectral coverage
[13,16,127].
In our past work, optoelectronic semiconductor-transparent conductive (SC-TCO)
nanocomposites (NC) were studied in the context of their application as electrically active,
spectral sensitizer elements in thin-film photovoltaics. In the context of the present study,
nanocomposite films composed of quantum-scale CdTe nanocrystals were spatially
distributed in an n-type ZnO matrix. Controllable spectral absorption and photoconductive
response was demonstrated in these materials by manipulating semiconductor nanophase
assembly within the matrix via a multisource RF-sputtering thin film deposition process
[19,73].
The insertion of quantum scale semiconductor phases within the structure of a PV
device while maintaining an optimal spectral contribution to the energy conversion process
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remains a significant challenge. Given the established impact of the semiconductor-matrix
interface on photocarrier generation and transport [19], the placement and spatial
distribution of the sensitizing nanophase relative to the heterojunction plane is anticipated
to play an important role in the collection of photocarriers originating from semiconductor
nanocrystals and, hence their effective introduction into these devices.
Previously we have reported using the Solar Cell Capacitance Simulator (SCAPS),
a one- dimensional thin film PV device modeling tool, to explore the properties of thin film
PV cells that incorporate a spectral absorber consistent with the characteristics of these SCTCO nanocomposite films [125]. In this case, an absorber layer with spectral absorption
and carrier transport behavior consistent with the experimental behavior of CdTe-ZnO
nanocomposites was placed within the n-type region of a hybrid heterojunction device,
based on poly-3-hexyl-thiophene (P3HT) (p-type) and ZnO (n-type) thin films. This hybrid
junction has been the focus of previous investigations with interest in the development of
lower cost, alternative photovoltaic devices [88,128]. An initial assessment of the impact
of the absorber layer on device performance was obtained by examining energy conversion
performance (voltage (J-V) curves and quantum efficiency (QE) spectra), with varying
separations between the heterojunction (P3HT/ZnO interface) plane and the
nanocomposite (NC) absorber layer [125].

The present work seeks to provide an

experimental validation of principal trends observed in this earlier study by investigating
the energy conversion behavior of analogous architectures produced in laboratory-s
In this work, the P3HT/ZnO hybrid heterojunction cells were produced on precoated indium tin oxide (ITO) glass substrates that served as window layers for the incident
irradiance. A dual source, sequential radio-frequency (RF) sputtering deposition technique
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was used to deposit both the CdTe-ZnO nanocomposite and the ZnO heterojunction (HJ)
element and, further, to control the position of the nanocomposite layer relative to the
heterojunction plane. The P3HT layer was prepared by spin-coating [128] onto the
previously deposited NC and ZnO film structure to produce the hybrid junction. Spectral
absorption, J-V characteristics, and external quantum efficiency (EQE) measurements
were employed to examine the impact of nanocomposite inclusion on energy conversion
performance in the resulting PV cells. These measurements were then compared to model
results obtained using SCAPS.

3.6.2 Computational approach and device structure
The Solar Cell Capacitance Simulator (SCAPS) is a 1-D computational model that
simulates the photovoltaic response of multilayer thin film junction devices. A full
description of SCAPS is provided in works of its developer [74,124,129,130]. Because
SCAPS is inherently a 1-D model, the three dimensionally varying characteristics and nonperiodic spatial distribution of the multiple phases typical of our nanocomposite systems
cannot be realistically captured.

Therefore, the CdTe-ZnO nanostructured spectral

sensitizer in the device was treated as a homogeneous layer whose spectral absorption
characteristics and carrier transport behavior were determined experimentally for the
nanocomposite. The modeled device, with materials parameters described previously
[125], consisted of four homogeneous layers as depicted in Figure 3.4. The location of the
nanocomposite (CdTe-ZnO layer) relative to heterojunction (HJ) plane was varied from 0
nm (i.e. directly adjacent to the P3HT surface) to 30 nm to examine its impact on energy
conversion efficiency of PV cells. Cell behavior was monitored using computed spectral
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quantum efficiency (QE) and J-V curves. All computations in SCAPS were performed
using the spectral irradiance of the Xe arc lamp used to irradiate the experimental devices
(see below). To further facilitate a comparison between the model results and those
obtained experimentally, the layer thicknesses used in the simulations were chosen to be
consistent with those used in the experimental cells.

3.6.3 Experimental approach
3.6.3.1 Synthesis
Experimental photovoltaic devices for comparison with the modeled structures
were fabricated by RF-magnetron sputtering (n-type heterojunction component) and
solution deposition (p-type component). In general, the P3HT-ZnO heterojunctions were
formed by first depositing ZnO onto soda- lime glass substrate that was pre-coated with
indium-tin-oxide (ITO) to be used as the incident, transparent electrode layer. P3HT was
then spin coated on the ZnO thin film. Through control of the multisource sputter
deposition system (incorporating CdTe and ZnO targets), nanophase CdTe could be
introduced within the ZnO layer at predetermined positions relative to the P3HT-ZnO
interface. The specific conditions used during film formation and heterojunction
development are provided below [131].
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Figure 3.4. A diagram of the simulated device structure.
Two-inch diameter RF sputtering targets (ZnO (99.99%) and CdTe (99.99%)) were
obtained from AJA International. The chamber was pumped to a base pressure of 1x10 -6
Torr before backfilling to 4x10-3 Torr with ultra-high purity argon gas (99.999%).
Sputtering powers and deposition rates for ZnO and CdTe sources were 50 W and 0.1 nm/s
and 3 W and 0.5 nm/s respectively. By manipulating the positions of substrates and relative
exposure time to each target via a programmable stepper motor, the thickness of the single
ZnO phase regions and the introduction of the CdTe nanophase could be controlled. As
mentioned above, ITO-coated substrates were first exposed to the ZnO source. Once the
desired ZnO thickness was obtained, an alternating layer deposition process was performed
in which the substrate was iteratively exposed to both the ZnO and CdTe sources to grow
the CdTe-ZnO nanocomposite layer. In this case, the CdTe-ZnO deposited thickness per
iteration cycle was 0.5 nm CdTe – 2.0 nm ZnO. Approximately, 30 cycles were performed
to produce a nanocomposite structure with a total thickness of 80 nm. Under these
conditions isolated CdTe nanocrystals were produced in a continuous ZnO host phase [19].
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After development of the nanocomposite layer, an additional, final, single-phase ZnO was
then deposited, completing the n-type portion of the heterostructure. By varying the
thickness of the initial, single-phase ZnO layer and that of the final ZnO layer, the effective
position of the nanocomposite layer relative to the heterojunction interface could be
controlled. The total thickness of sputtered films (including the nanocomposite layer) was
280 nm. Specimens with nanocomposite separations from the heterojunction interface of
0, 10, 20, and 30 nm were produced for examination.
The p-type portion of the heterojunction was then produced. The P3HT precursor
was prepared by mixing solid P3HT and chloroform (both from Sigma-Aldrich) to produce
a 15 mg /mL solution. The solution was heated on a hot plate at 60 °C and stirred for 24
hours to promote dissolution of the solid and improve solution uniformity. The resulting
P3HT solution was spin-coated on top of the glass/ITO/ZnO/NC/ZnO structure with a
rotational speed of 1500 rpm for 60 sec. The film was then dried for 24 hours. Solution
preparation and spin coating were performed in a glove box under a nitrogen atmosphere.
As-deposited P3HT thicknesses were measured to be approximately 250 nm by stylus
profilometry (Veeco Dektak 6M). A silver top contact layer was then deposited via thermal
evaporation onto the P3HT to complete the device structures. An aluminum shadow mask
was used to produce multiple, rectangular contact pads with dimensions: 4 mm x 3 mm. A
schematic of the resulting thin film device structure is shown in Figure 3.5. Up to four
specimens, representing each nanocomposite-heterojunction separation distance, were
produced to confirm reproducibility of the trends observed.
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Figure 3.5. The experimental device architecture. The position of the NC layer relative
to heterojunction plane (i.e. the interface between ZnO and P3HT) was varied in the
study.

3.6.3.2 Characterization
Completed devices and substructures were examined using optical, structural and
device performance-related measurements. Before application of the silver top electrode,
the optical transmission in the UV-Vis spectral range (200 nm – 2800 nm, 1 nm step size)
of the complete heterojunction layer structure, including ITO and glass substrate, was
obtained (Perkin-Elmer Lambda 950). Atomic force microscopy (AFM) was used to
examine the surface morphology of the final sputtered film surface upon which the P3HT
would be subsequently deposited to provide an assessment of anticipated heterojunction
morphology. External quantum efficiency (EQE) was examined from 300 nm to 800 nm
in 1 nm intervals (QEX7, PV Measurements Inc.), while J-V characteristics were measured
using a computer-interfaced measurement system including a Keithley 2400 sourcemeter
and xenon arc lamp illumination.

Beam size on the specimen during the EQE

characterization was 2 x 3 mm while the J-V measurement system utilized an 8 mm
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diameter circular beam. The spectral irradiance for the Xe arc lamp was measured using
an Ocean Optics fiber-based spectrometer system (HR-2000+) in conjunction with an
Ocean Optics (NIST traceable) calibrated tungsten-halogen source (LS-1). As mentioned
above, this irradiance spectrum was also used as input for the SCAPS model computations.
Relative changes in the resulting J-V characteristics and photovoltaic spectral response
were used to assess the influence of nanocomposite (solar spectral sensitizer layer) position
relative to the heterojunction plane.

Figure 3.6. Representative absorption spectra of the n-type layer structure with varied
NC locations relative to the heterojunction.
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3.6.4 Results and discussion
Figure 3.6 contains the absorbance spectra of P3HT-ZnO devices with and without
a CdTe-ZnO nanocomposite layer. As mentioned, these spectra were collected before the
top silver electrode was deposited. Spectra obtained from nanocomposite-containing
devices also include those in which the composite layer is shifted relative to the
heterojunction plane. Absorption at wavelengths below 400 nm is associated with bandedge absorption in the ZnO while the P3HT film exhibits a broad absorption band centered
at 525 nm. This is consistent with prior work and indicates the anticipated semi-crystalline
nature of the polymer film [128]. The remaining absorption enhancement between 400 nm
and 450 nm, as well as to shorter wavelengths, in devices that do contain the CdTe
nanophase is associated the presence of the CdTe nanocrystals [19]. The absorption onset
due to the ITO layer and the glass substrate has been shown to occur at wavelengths < 350
nm through examination of substrates prior to device structure deposition (not shown).
As expected, since the devices containing the nanocomposite layer had the same
total composition (i.e. layer thickness) of each material constituent (i.e. P3HT, ZnO, and
CdTe), the change in location of the nanocomposite relative to the HJ plane, was observed
to produce no significant effect on absorbance observed. Of direct import to an analysis of
the impact of the CdTe nanophase sensitizer phase on spectral sensitivity is the spectral
window provided by the selection of P3HT and ZnO as the heterojunction components. In
this case, the 400-450 nm range mentioned above provided a window in which to monitor
the CdTe contribution to the device response, spectrally isolating its contribution from
those of the other material constituents.
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SCAPS-based simulation of the device structure (Figure 3.4) QE spectral
performance is shown in Figure 3.7(a). Here the CdTe-based nanocomposite layer is
observed to improve quantum efficiency (QE), with the greatest improvements observed
in the 400-450 nm range. (i.e. that associated with the CdTe nanophase absorption) The
bottom curve is the measurement of the device structure without the presence of
nanocomposite while the curves with increasing values sequentially represent the existence
of the nanocomposite with decreased distance to the heterojunction plane. A further
examination of this trend is shown in Figure 3.8 which depicts a comparison of simulated
QE values for the ZnO/nanocomposite layer and for the single ZnO phase versus distance
from heterojunction plane at a wavelength of 395nm. With separation distances greater
than 20 nm from the P3HT-ZnO heterojunction plane, it can be seen that the QE behavior
is very similar to that of the device structure omitting the nanocomposite.
In comparison, Figure 3.7(b) depicts external quantum efficiency curves obtained
from experimental devices (Figure 3.5). The small spikes in the spectra occurring near
600nm result from a grating change in the monochromator used to scan the wavelength
range of the measurement. In general, the overall shape of the EQE spectra in the 400 nm
to 800 nm range is reminiscent of the simulated QE data obtained via SCAPS. Similar to
the simulation results, insertion of the nanocomposite layer into the n-type ZnO region is
shown to promote an overall improvement in device quantum efficiency within the 400 to
450 nm range (associated with the CdTe absorption). However, the effect is reduced as the
separation distance between the heterojunction plane and the NC layer increases,
particularly as the distance is increased to 30 nm. This trend with separation distance is
reproducible across multiple specimen series and it is also consistent with the SCAPS-
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modeled results. It is indicative of a characteristic CdTe-associated-photocarrier transport
distance through the ZnO arising from scattering/recombination in the nanoheterogeneous
composite structure. While experimentally derived carrier mobility and densities were used
to populate material characteristics in SCAPS [125], the true energetics, density and
structural nature of defects and the local environment supporting carrier transport within
these nanoheterogeous, polycrystalline systems has yet to be fully examined at this time
[8].

However, the relatively close correspondence between the modeled and

experimentally obtained minimum NC-HJ separation distances that are associated with QE
and EQE enhancement within a spectral band that is correlated to CdTe nanophasegenerated photocarriers is encouraging. In the previously performed modeling work,
carrier transport was found to be dominated by diffusion rather than field-driven drift due
to the limited spatial penetration of the built-in field into the ZnO heterojunction layer [125].
This finding is consistent with previous work in related hybrid heterojunction (HJ) systems
[132],[133].
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Figure 3.7. (a) Modeled quantum efficiency (QE) obtained using the structure shown
in Figure 3.4 with varying separation distance between the nanocomposite (NC) and the
P3HT/ZnO heterojunction (HJ).
(b) Representative external quantum efficiency
(EQE) from the experimental devices (schematic in Figure 3.5). Beyond 400 nm the
trend in EQE with separation distance between the NC layer and the HJ interface are
consistent with the model. Below 400 nm, the trend is reversed, indicating a degradation
in EQE magnitude in this wavelength range as the separation distance is decreased.
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Experimental limitations in accessible incident wavelengths and an anticipated rolloff in instrument response in the short wavelength range, coupled with SCAPS modeling
assumptions regarding short-wavelength absorption in ZnO and the absence of electrode
materials (and corresponding absorption and carrier interfacial scattering contribution), are
associated with the apparent disagreements in quantum efficiency behavior between model
and experimental results at wavelengths below 400 nm. However, in terms of relative
changes in experimental EQE with the inclusion of the nanocomposite, a closer
examination of the shorter wavelength range (λ<400 nm), in which photocarrier production
is largely associated with ZnO, shows an opposite trend in EQE magnitude with separation
distance when compared with modeled results. As seen in the Figure 3.7b, the EQE
experimental response at short wavelengths is significantly reduced with the introduction
of the nanocomposite and is further decreased as the NC layer moves closer to the
heterojunction plane. Thus, the results show that the nanocomposite presence has a
negative effect on ZnO-generated photocarrier transport to the heterojunction as the CdTe
nanophase becomes a more prominent phase inclusion in the junction region, in contrast to
the trend observed in the SCAPS-model results. The introduction of the CdTe nanophase,
and an associated increase in interfacial defect density, is anticipated to provide additional
scattering and/or trapping and recombination, reducing photocarrier transport efficiency
and thus, the observed EQE. The influence of the CdTe nanophase on device-level
behavior, thus, extends outside the optical absorption range of the sensitizer itself (the
primary focus of the intended effort to improve performance), impacting optoelectronic
behavior in other spectral bands linked to the presence of nanostructural disturbances (i.e.
interfacial states) associated with the ZnO n-type junction element. Such information is
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the key to a full assessment of such second-phase sensitizer systems in terms of their
contribution to overall device performance and spectral response.

Figure 3.8. Modeled QE values at 395 nm, obtained with varied nanocomposite
positions relative to the HJ, compared with a HJ produced using a single ZnO phase.
For separation distances greater than 20 nm, the effect of nanocomposite is not a
significant contributor to energy conversion efficiency.
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The SCAPS-modeled current density versus voltage (J-V) behavior is provided in
Figure 3.9(a). With the insertion of the nanocomposite into the ZnO region, the conversion
efficiency increases significantly as evidenced by increasing J sc with consistent curve shape.
These curves show a sequence of downward shifts (i.e. toward the performance of single
ZnO phase) as the separation distance between the NC and HJ is increased.

The

corresponding experimental J-V curves are shown in Figure 3.9(b).
When comparing the Jsc values obtained from the SCAPS model and those from
the experimental devices, the modeled Jsc values are found to be nearly an order of
magnitude higher than those observed experimentally. Moreover the monotonic change in
Jsc observed in the modeled results with NC-HJ separations distance is not observed
experimentally. The experimental devices, however, do exhibit an overall decrease in J sc
upon introduction of the nanocomposite and over the range of NC-HJ separation distances
investigated. The disagreement between the SCAPS model and experiment, particularly
as the separation distance is decreased is likely associated with modifications in the
chemistry and structural nature of the P3HT-ZnO heterojunction interface as the CdTe
nanophase is brought closer to the junction plane in the experimental specimens. Such
effects are not captured by the SCAPS model. In the model, a decreased separation
distance can be produced without a concomitant modification of the electrical or structural
nature of the resulting interface with the P3HT. However, in the experimental case,
characteristics of this interface are intimately linked to deposition progress and conditions
at the upper surface of the sputter deposited n-type region of the device. In this case, as
the CdTe-ZnO nanocomposite layer is produced closer to the top surface of the n-type
region, the nano- and microscale morphology of the resulting film surface will vary as the
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deposition process for the final ZnO layer is interrupted at different stages in its evolution.
This structural effect is also coupled with the inclusion of CdTe into the immediate region
(within 2 nm) of the junction interface, i.e. corresponding to a 0 nm NC-HJ separation
distance. Such effects are likely to significantly affect the presence of trapping defects and
recombination sites in the junction region that will degrade photocurrent recovery across
the junction itself and could, therefore, produce marked reductions in photocurrent, as
observed in Figure 3.9(b). The structural and chemical nature of these interfaces is, in fact,
the focus of a recent study in this system [134].

Figure 3.9. (a) J-V behaviors obtained using SCAPS. (b) J-V characteristics of
experimental devices. Error bars indicate a single standard deviation about the average
response obtained for 4 specimens examined at each NC position.
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Support for this interpretation can be found in Figure 3.10, showing the asdeposited morphology of the upper ZnO layer surface which subsequently is presented to
the P3HT to form the heterojunction plane. The figure contains tapping mode AFM images
for device substructures (i.e. before P3HT deposition) with NC-top surface separation
distances of 0 nm, 10 nm, and 20 nm. As mentioned above, the 0 nm separation distance
corresponds to the case where the nanocomposite layer is at the top surface of the
deposition with no additional single-phase ZnO beyond the final ZnO layer deposition used
to generate the nanocomposite. (Alternating deposition of the CdTe and ZnO layers to form
the composite was always terminated with the final 2 nm ZnO layer.) A significant increase
in root mean square (rms) surface roughness with decreasing separation distance is
observed, i.e. 1.23 nm, 1.73 nm, 2.18 nm for the 20, 10, and 0 nm separation distances,
respectively. Past work in the deposition behavior of ZnO under the conditions used here
have indicated that 2 nm is typically not sufficient to produce a continuous ZnO film [19].
As this would correspond to the final ZnO layer of the NC, this would be consistent with
the surface investigated for the 0 nm separation specimen. The increase in rms roughness
observed in this sample (Figure 3.10a) is then associated with the continued presence of
discontinuous islands present after the ZnO deposition process is halted.

Further

smoothing of the surface with increased final ZnO layer deposition time (i.e. to produce
larger separation between the NC and HJ) was observed to decrease the rms roughness
(Figure 3.10b,c).
Closer agreement to experimental Jsc values may be obtained by comparing the
results depicted in Figure 3.9(b) to Jsc values computed based on the experimental EQE
spectra (Figure 3.7b) and the measured incident spectral irradiance. In this case, the
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computed Jsc is found to range from 0.0443 to 0.0411 mA/cm2 for separation distances of
0 to 30 nm, respectively, between the nanocomposite layer and the HJ. While within the
same order of magnitude, the Jsc values obtained experimentally (Figure 3.9b), are lower
than those computed using the experimental EQE spectra (Figure 3.7b). The origin of these
discrepancies is of interest for further investigation to examine the effect of spatial
heterogeneities sampled by the different illumination areas used in the J-V vs EQE
measurements, and the impact of broad-band vs. monochromatic excitation conditions on
photocarrier scattering in the context of concomitant UV-ionization of point defects in
these nanoheterogeneous materials.

Figure 3.10. The morphology of the top ZnO surface with different NC layer positioning
relative to the subsequently produced heterojunction plane. (a) 0 nm (b) 10 nm (c) 20
nm.
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4. Experimental and Computational Investigation of Microcrack
Behavior under Combined Environments in Monocrystalline Si
4.1 Objective
As discussed in the Introduction (Chapter 1), multiple factors contribute to the
effective development and application of cost-effective photovoltaic technologies. Chapter
3 focused on one strategy to achieve this goal: new materials development and its
implementation in device designs to improve conversion efficiency. In this case, the
research focused on photovoltaic characteristics at the device level and the optimization of
energy-conversion behavior using spectral sensitization of a thin-film heterojunction with
a semiconductor nanocomposite. In contrast, the following work highlights the need to
understand and predict the long-term performance reliability (or performance degradation)
of fielded, commercial PV systems. Such information is critical in anticipating power
generation characteristics in grid-connected electrical utility facilities as well as in
establishing the parameters necessary to finance such construction and to estimate the
overall levelized cost of energy (LCOE) for comparison with other renewable energy
sources and fossil fuel electrical generation.
As described in the Introduction, conventional, flat-plate PV modules are a complex
laminate composite structure with multiple dissimilar materials providing subsystems for
optical, electronic, chemical and mechanical function, all of which are important in the
reliable operation of the panel. The complex structure of PV modules guarantees the
potential for coupled degradation processes that can result in performance reduction with
time under typical field conditions (including temperature and humidity swings,
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weathering, UV damage etc.). The prediction of performance loss arising from such
degradation processes is of prime concern, again, in terms of its impact on both energy
production and economic planning. While a full assessment and integration of multiple
mechanism effects into a coherent modeling approach is still a focus of intense data-science
motivated research [20,135–137], the development of an understanding of the chemical
and physical basis for intrinsic materials degradation behavior contributing to performance
loss in commercial PV modules can lead to the development of higher-fidelity, predictive
models that can replace those based on empirically derived fitting parameters.
In that context, the following study focused on an established degradation
mechanism contributing to performance degradation in conventional c-Si and mc-Si
photovoltaic modules – Si microcrack development. Microcracks typically evolve from
surface and edge flaws generated during module assembly and cell handling. Microcrack
elongation associated with mechanical and thermomechanical stress environments, typical
of installation and long-term field operation, contributes to a change in localized cell
resistance associated with a loss in electrical circuit integrity and damage to the junction
itself. This increase in resistance results in localized heating and further performance
degradation (see Section 4.2.3). The resulting reduction of total power output therefore
makes an understanding of microcracking of great interest to predict and to mitigate this
degradation mode. The effect of microcracking becomes even more significant as Si cell
thickness is reduced to reduce cost [25,72].
In the present work, the impact of both temperature and humidity on the growth of
microindentor-initiated flaws produced on the surface of single-crystal Si wafers was
examined. A four-point bend apparatus was used to impose a static tensile strain in 280
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micron thick monocrystalline Si wafers. The specimen under strain was simultaneously
subjected to varied temperature and relative humidity conditions within a controlled
environment chamber.

Examination of microcrack evolution with time under these

combined environmental conditions was pursued. To provide further insight into the
potential physical and chemical conditions at the microcrack tip, micro-Raman
measurements were also performed to examine local stress state near the crack tip. The
experimental effort was paired with molecular dynamics (MD) investigations of
microcrack evolution in single-crystal Si to furnish additional insight into mechanical
contributions to crack elongation.
The present work forms the basis for the publications [138,139] whose text is
reproduced after additional background is provided regarding material selection, synthesis,
and characterization.

4.2 Microcracking in silicon
Si is an important material, central to such technologies as microelectronics,
microelectromechanical systems (MEMS), and optoelectronics. As the dimensions of Sibased devices are reduced to the micro-scale, the impact of crack extension and eventual
device failure becomes an important issue. Thus, there is an established foundation of
research examining sub-critical microcrack propagation and failure mechanisms in Si and
microscale device structures formed from this material [140–145]. In commercial, flat
plate Si PV systems, surface flaws generated during manufacturing, handling, transport
and installation are inevitably produced. Residual mechanical and thermal stresses as well
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as transient stresses produced in the field (thermomechanical stresses, wind, snow loading
etc.) are concentrated by these microflaws, resulting in the growth of microcracks and,
under extreme conditions, eventual loss of PV cell mechanical and electrical integrity.
Microcracking can produce changes in local electrical resistance that can result in local
heterogeneities in junction electrical behavior as well as increased resistive heating and
electric field damage [26,146].
Previous studies of microcracking in Si included the effects of mechanical fatigue,
anisotropy in behavior relative to crystallographic orientation and structure (i.e. mono or
poly-crystalline silicon) and surface chemistry [147]. Since the material properties, such
as elastic modulus and surface energy, of monocrystalline Si are anisotropic, the directional
characteristics of crack propagation must be correlated to both the applied stress directions
and crystal orientations. For example, in previous work [148–150] fracture morphology
and the fracture toughness of single crystal silicon were found to be influenced by the
presence of energetically preferred Si <110>/{111} or <110>/{110} cleavage systems.
For crack propagation along the <100> /{110} system, one study [149] indicated
discontinuous crack propagation behavior could be associated with the discrete nature of
the lattice and bond breaking process.
The present study included an MD simulation investigation of the effect of surface
crack crystallographic orientations on failure behavior in single crystal Si systems under
uniaxial tensile strain. These studies gave insight into the fracture behaviors of Si and they
are useful to the development of larger-scale models focusing on Si mechanical reliability.
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4.2.1 Fatigue mechanisms resulting in microcracks
Previous studies have examined mechanical fatigue in micron-scale, single and
multi-crystal Si under cyclic loading [151–157]. In this context, Tables 4.1 and 4.2, taken
from Alsem et al. [156], provide a summary of fatigue testing for single and poly-crystal
Si collected from the literature. In general, these studies confirmed that Si exhibits a
stress/fatigue behavior that is similar to that of metals (see Figure 4.1[156]). Moreover,
failure was found to be more dependent on the number of applied stress cycles while
relatively independent of test frequency (i.e. number of applied stress cycles per second)
[140,158].
From this early literature, two main fatigue mechanisms were proposed. The first
mechanism was called the reaction-layer fatigue model [153]. In this model, the main
factor contributing to fatigue behavior is associated with the presence of a SiO 2 layer,
formed immediately after Si exposure to oxygen [151] at the crack-tip or notch surface.
Under high voltage transmission electron microscope (HVTEM) Muhlstein et al.[153]
reported that the thickness of native oxide layer is about 30nm and that it is uniformly
distributed around the notch. Under cyclic mechanical testing the native oxide layer
thickened, allowing the initiation and growth of a subcritical microcrack in the oxide layer.
Environmentally-assisted crack elongation, also known as the stress-corrosion
process, has also been reported in silica [159]. In this case, cyclic stress-assisted factors
contribute to subcritical crack growth and to eventual unstable crack development and
fracture (see Figure 4.2). This mechanism has been supported in Si by the work of Allameh
et al. [152] in which they proposed a stress-assisted surface oxide dissolution model.
Consistent with the earlier discussion, even without intentional surface passivation, a native
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oxide layer exists on Si [153,160,161]. In-situ AFM studies reveal the evolution of surface
topography associated with the thickening of surface oxide layer (SiO 2). The work
concluded that microcrack growth may be either stable (i.e. sub-critical crack propagation)
or unstable (i.e. catastrophic fracture) depending on the thickness of oxide layer. When the
oxide layer thickness was greater than 30nm the crack growth is stable but would become
catastrophic if the thickness reached a critical value ~60nm.
Another fatigue mechanism, proposed by Kahn et al. [154], attributed the
subcritical crack propagation in polysilicon to the Si itself and not to a SiO 2 layer under
cyclic load. Their study classified low-cycle fatigue and high-cycle fatigue depending on
the number of cycles to failure. The work indicated the increased amplitude (i.e. both
tensile and compressive stresses increased when cycling) resulted in a low-cycle fatigue.
This fatigue was independent of ambient environment, due to the presence of a rapid
process leading to the insensitivity to environmental effects. However, the high-cycle
fatigue behavior exhibited an environmental dependence, including a tendency for
suppressed fatigue behavior under low vacuum condition (10Pa). The surface roughness
at the crack tip was associated with the initiation and growth of microcracks as the result
of wedging between adjacent crack surfaces under compression. This mechanism is similar
to that attributed to high cyclic compression fatigue in ceramics [162]. Under high
humidity conditions, a wedging effect (see Figure 4.3a) was enhanced as the oxide layer
on the crack surfaces thickened, leading to crack growth under a compressive load. In
contrast, under low vacuum conditions, fatigue was not observed for testing cycles over
108. This was attributed to the wear debris at microcrack that prevented the closure of
crack tip and decreased the driving force for crack growth (see Figure 4.3b) [154,156].
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(a)

(b)

Figure 4.1. Normalized applied maximum stress relative to number of cycles to failure
(S/N data) in ambient air for (a) single crystal Si and (b) multi-crystal Si. The data were
taken from the literature with authors labeled in the legends for each graph. The stress
values are normalized with respect to the stress from the test in that particular study that
was run at the lowest number of cycles (and therefore in all but one case also with the
test run at the highest stress)[156].
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Static fatigue phenomena in Si, however, are not prevalent in the literature and when
observed, are often disputed. The study from Connally and Brown [151] examined the
static fatigue behavior of single crystal silicon (see Table 4.1 for details).

An

environmental effect (introducing water vapor in the spatial area around specimen) resulted
in sub-critical crack propagation under static load. In dry condition, however, there was
no crack propagation observed. In the related work of Arsdell and Brown[140] the static
fatigue of a polysilicon thin slab is reported. Although the applied load in this study was
not constant (electrostatic actuation was used to torque the specimen (see Table 4.2 for
specimen structure)), the authors still considered it consistent with static fatigue, i.e. the
fatigue behavior was not related to load cycles. In contrast, Kahn et al.[147,154] studied
pre-cracked polysilicon beams, prepared via micro-machining the low-pressure chemicalvapor deposited (LPCVD) polysilicon films with 2μm thick, under monotonically load that
was produced using residual stress that was tuned via annealing after LPCVD deposition.
They showed that there was no moisture mediated stress corrosion on specimens unless the
initial oxide layer thickness was less than 45 nm.
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Table 4.1. Summary of fatigue testing of single-crystal silicon thin films from 1991 to
2006. The upwards and downwards pointing arrow-symbols refer respectively to
increases and decreases [156].
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Table 4.2. Summary of fatigue testing of multicrystalline silicon thin films from 1991
to 2006. The upwards and downwards pointing arrow-symbols refer respectively to
increases and decreases [156].
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Figure 4.2. Schematic of the reaction-layer fatigue mechanism at the notch of the
polycrystalline silicon. (a) Initial native oxide as reaction layer on surface of the silicon.
(b) Thickening oxide layer at the notch root. (c) Environmentally assisted cracks
initiated in the oxide layer at the notch. (d) Subcritical crack growth due to additional
thickening of reaction layer. (e) Unstable crack growth in the silicon film [153].

(a)

(b)

Figure 4.3. (a) Schematic of the native oxide formation showing how an applied
compressive stress condition can lead to tensile stress at the crack tip and crack
extension due to a wedging effect. (b) Schematic of the influence of wear debris that
can prevent crack closure and reduce further crack extension. Both phenomena are
described by Kahn et al. [156].
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Given the potential role of an oxide layer in environmentally mediated crack growth
in Si, the insight into the potential chemical reactions associated with the dissociation of
H2O at silicon crack-tip and the formation of a silicon oxide layer has been pursued using
computational methods to support atomic level studies focusing on the crack front and the
resulting fracture surface [143,163–166].
As described above, previous experimental studies indicated that the formation of
an oxide layer at room temperature was a key factor in furthering the fatigue process. Thus,
an examination of oxygen reaction with silicon was of great interest. Gleizer proposed the
adsorption and dissociation of oxygen at a bare Si crack-tip [163]. In this case, a hybrid
quantum-mechanics–molecular-mechanics (QM-MM) fracture method was chosen to
model the chemisorption of oxygen on Si. On an unstressed and reconstructed Si surface,
the chemisorption energy of O2 was 5 eV and the activation barrier to chemisorption was
found to be 0.2~0.3 eV. Adsorbed molecules near the crack tip subsequently formed SiO-Si bridges. In this process, then, the spontaneous dissociation of O2 resulted in the
generation of two Si-O bonds, leading to further crack propagation (see Figure 4.4),
consistent with stress-corrosion assisted cracking.
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̅ 0] cleavage system. Crack tip structures were
Figure 4.4. Snapshots of the Si (110)[11
obtained by QM-MM geometry optimization. The process of chemisorption and an
accompanying dissociation of O2 molecules, results in crack advance (a)-(f). O2
molecules are labeled in red color and Si atoms are in dark grey color [163].
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Oxygen and water reaction with the oxidized silicon surface was reported by
Ciacchi et al.[143]. Here, first-principles, molecular dynamic (FPMD) simulation was used
to produce a 1.5 monolayer native surface oxide upon exposure of pristine silicon to oxygen.
Greater of oxide layer coverage was limited due to the need for reactant (oxygen) diffusion
through an ever increasing oxide thickness [167]. This oxide surface was then exposed to
water. The molecular water rapidly adsorbed onto Si atoms in the oxide layer resulting in
Si-H2O surface complexes that were then dissociated to form Si-OH groups and broken SiO bonds, i.e. the stress-corrosion effect.

Under tensile strain this adsorption and

dissociation of H2O was enhanced. The whole process is shown schematically in Figure
4.5 [143].

(a)

(b)

(c)

(d)

Figure 4.5. Snapshots of FPMD modeling of Si (001) surface covered with native oxide
layer in contact with water molecules. Si atoms - grey , O atoms - red, and H atoms white . (a) Adsorption of H2O on Si atom (labeled 5). (b) Dissociation of H2O molecule
and a proton transferring (see arrow) to neighboring O atom. (c) Si atom (labeled 3)
now as the newly reactive site allowing the adsorption of a further water molecule (see
black arrow). (d) Dissociation of the latter water molecule. The iterated process resulted
in the stress-corrosion mechanism [143].
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It is clear that, in Si PV modules, key factors, such as crystal orientation, surface
chemistry and mechanical conditions (e.g. cyclic or static fatigue conditions), influence the
characteristics of microcrack propagation. However, the impact of local environment,
including temperature, humidity and residual stress on microcrack degradation has not
been significantly addressed. Given the potential for time-dependent changes in the
“micro-environment” in the region of the crack tip or flaw accompanying seal or
encapsulant material degradation, the influence of combined chemical and mechanical
environmental conditions on microcrack development is of key interest (see Section 2.5).
The work to be presented examines environmental effects on micro-indenter-initiated
microcrack propagation in single crystal Si wafer under the applied constant strain. These
experimental studies are supported by fundamental studies of the crystallographic
dependence of surface crack propagation in nanoscale Si slabs using Molecular Dynamics.

4.2.2 Microindentation in Si: Phase transformation and residual stress
As described earlier, cracking in Si PV devices evolves from flaws typically
introduced throughout the module assembly, transport, and installation processes. In order
to provide a consistent experimental framework for the controlled examination of
environmental and static strain effects on crack propagation in Si, microindentation
(Vickers indenter) was used to induce controlled surface flaws on Si wafers.

The

indentation was performed at loading levels so as to initiate microcracking in a controlled
orientation and location on the wafer, consistent with subsequent uniaxial applied strain
application.

Such an approach enhances the reproducibility of initial microcrack
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conditions and allows variation in crack propagation due to combined environmental
conditions to be more clearly isolated for study.
The indentation process subjects the Si to an applied compressive stress that is not
only sufficient to initiate cracking but to also produce structural phase transitions in the Si
directly under the indenter. Single crystal Si under standard temperature and pressure
exhibits diamond cubic structure (labeled as Si-I phase) that is characterized by a face1 1 1

centered cubic lattice with two atom basis at (0,0,0) and (4 , 4 , 4) [168]. Si under a
compressive load of 12 GPa transforms from the non-metallic (Si-I) to a metallic (Si-II or
β-Sn) phase [169]. The β-Sn structure has higher electronic conductivity [170]. Upon
unloading, the resulting phase transition is dependent upon unloading rate with a faster rate
(over 30 mN/s) favoring the formation of amorphous Si (a-Si) from the high pressure, βSn phase. Mixed phases, including Si-XII (rhombohedral structure) and Si-III (bodycentered structure), occur when the unloading rate is slow (below 15 mN/s) [169,171].
Raman spectroscopy can be used to collect evidence for phase transformation as
well as the stress state for the material [171–173]. The unstressed single crystal Si (i.e. SiI phase) exhibits a well-established Raman peak at 520 cm-1 associated with vibration of
the transverse optical phonons (TO) at the Γ point in the Brillouin zone (k=0) [174]. The
Si-II phase is metastable below 4 GPa and thus it is not easily measured in Raman
spectroscopy. Amorphous Si (a-Si) exhibits two broad Raman peaks with centers at 150
and 470 cm-1. The Si-XII (rhombohedral structure) phase has Raman peaks at 352 and 394
cm-1. Three Raman peaks at 382, 412, and 430 cm-1 are associated with to the Si-III (bodycentered structure) phase. As will be shown in the study below, only the Si-I phase was
found in Raman studies of microindenter-induced microcracks in the vicinity of the crack
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tip. In contrast, evidence for phase-transformed Si was found within the indenter crater
area. In this case, α-Si, Si-III, and Si-XII phases were observed, consistent with those
anticipated in the literature [169]. However, this aspect of the Si indenter surface flaw was
not the focus of the studies pursued.
Residual stress can induce resonance frequency shifts in phonon vibrational modes
in materials, including Si. In Si-I at the characteristic 520 cm-1 mode, tensile conditions
tend to reduce the resonance frequency while compressive conditions shift the observed
Raman peak to a larger frequency shift value. Figure 4.6 shows the microcrack generated
by Vicker indentation [175]. The stress condition surrounding the indent crater and
resulting crack pattern is necessarily heterogeneous. For example, tensile conditions,
dominating near the indenter corners, produce the radial cracks while surface compression
at the indenter edges favor the development of lateral, subsurface cracking. Even after
indentation, residual stresses remain, associated with the cracking produced and any phase
transformations. Such stress distributions can be examined via Raman spectroscopy and
their variation with location around the indent mapped via micro-Raman spectroscopy (see
details in Section 4.3.4).
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Figure 4.6. SEM imaging micrograph of a Vicker diamond indentation in Si. The radial
cracks result from tensile stress and the lateral regions exhibit subsurface, lateral
cracking associated with residual compressive stress. [175].

In the present study, measurement of stress evolution accompanying crack
elongation is of great interest as another method to understand the impact of environment
and its contribution to microcracking. As described earlier, for example, previous studies
support the role of an oxide layer to promote the acceleration of microcrack growth under
conditions of elevated atmospheric water and the modification of residual stress associated
with the presence of oxide or hydroxide species at the crack tip. For example, the formation
of SiO2 on the Si crack surface, described in Section 4.2.1, is believed to be a major fatigue
mechanism in Si. Here, the molar volume of SiO 2 (27cm3/mol) is larger than that of Si
(12cm3/mol). Its inclusion within the crack tip can generate compressive stress upon crack
closure (release of applied strain conditions) due to this volume difference [156]. In this
context, the work presented below also included the development of stress maps around
the microcrack tip using micro-Raman spectroscopy.

These studies can provide an
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effective means to elucidate potential mechanisms contributing to environmentally
mediated crack propagation in Si.

4.2.3 Effect of microcracking on PV module performance
As discussed above, microcracking is indeed a critical contributor to long-term
reduction in energy conversion efficiency in Si-based PV systems. Upon initiation,
however, early in module lifetime, a maximum power generation loss up to 2.5% [176] is
typical and can be readily addressed by performance assessments directly after
manufacture. After accelerated testing or normal operation in the field, performance
degradation is typically increased (up to 10% or more) as the crack lengths become long
enough to produce discontinuities in cell connections. Severe extension of microcracks
increases the inactive cell area that then will not contribute to development of photogenerated current. Microcracks can also resulted in the increased contact resistance and
resistance over the crack, contributing to increased series resistance or reduced shunt
resistance values and a corresponding reduction in efficiency [146,176,177]. Morlier et al.
reported the impact of break resistance (Rb) on power loss (see Figure 4.7) [178]. The
break resistance was defined as the resistance of a cracked cell. More numerous or
elongated cracks within a cell produced a larger break resistance. An R b in the range of 110 mΩ did not contribute appreciably to conversion efficiency reduction. However, for
break resistances over 100Ω, the cracked cell was considered isolated from the module
circuit.
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Figure 4.7. Statistical distribution of relative out power (PMPP ) versus break resistance
(Rb) for 1000 individual modules. The red line (-) indicates the mean value. The boxes
represent the second and third quartiles. The 10th and the 90th percentiles are labeled
as the bottom and top bars respectively. The fifth and 95th percentiles was corresponded
to the bottom and top diamonds (♦) respectively [178].
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Electrically disconnected cell parts or localized resistance associated with
microcracks mainly had negative effect on photo-generated current. Figure 4.8 shows the
I-V curves of cracked PV modules studied by Dolara et al. [177]. Comparing with the
reference curve these curves show the significant slope at low voltage (i.e. have small shunt
resistance (Rsh) in the module). Multiple crack types were classified as shown in Figure
4.9. A high fraction of microcracks parallel to busbars were obtained statistically [72].
This result could be confirmed by mechanical load testing that showed a low fracture
strength for loading direction parallel to the busbar direction [145]. Previous studies also
indicated the spatial orientations of microcracks varied their effect on module performance
[72,179]. Microcracking on solar cells parallel to the busbars would have high impact on
power output correlated to a reduction in the active area of cells.
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Figure 4.8. I-V curves for four cracked PV modules. The reference curve is named as
“Datasheet.” The photo-generated current are lower due to microcracks [177].

(a)

(b)

Figure 4.9. (a) Classification of microcrack types found on Si solar cells in modules. (b)
Pie chart of the distribution of microcrack orientations [72].
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At the module-level, microcrack ensemble development and the modeling of its
impact on performance has been pursued through correlation-based studies examining
microcrack development under use-conditions or induced loads. However, the effect of
local chemical environment and temperature changes in the vicinity of the crack tip has not
been examined. Local environmental changes at the cell-level can arise from coupled
degradation modes involving encapsulant-based and sealing-material-based decomposition and outgassing products and external environmental exposure arising from
delamination (see Section 2.5).
The present work pursues a simplified the experimental method by investigating
the microcrack evolution under various environmental conditions (mechanical state,
temperature and relative humidity) at the wafer-level. While focused on more simplified
mechanical and environmental conditions, this study can be readily extended to provide
more detailed environmental investigation (e.g. independent assessment of temperature
and relative humidity contributions) as well as alternative mechanical state conditions to
pursue the mechanistic basis for the behavior. Extension to more complex specimen types
(functioning cells, encapsulated systems) will also be pursued and is discussed further in
Future Work.
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4.3 Experimental and computational approaches
This section is reproduced from previous publication “Combined-environment
influence on microcrack evolution in mono-crystalline silicon [138].”
4.3.1 Four point bending test
In this work the microcracks were subjected to a constant tensile strain using a fourpoint bending apparatus. Photographs of the aluminum four-point bending apparatus are
provided in Figure 4.10. As shown, the gauge length for the four-point bending test is
defined by the separation of the lower specimen supports. These supports are attached to
a single plate that can be raised and lowered into place. The plate is actuated by three
micrometers to evenly raise the lower supports and test specimen up into the upper,
stationary load points, thus producing a tensile stress condition at the upper surface of the
sample. Readout from the micrometers (resolution 0.02 mm) is used to establish the
specimen deflection distance used for the mechanical test. Under these conditions, an
estimate of the applied stress can be determined based on the known elastic constants of
the specimen, the specific geometry of the load application, and the deflection induced.
The correlation between stress and deflection can be calculated using the following
equations, assuming a purely elastic material and a rectangular cross-section for the tested
piece. In the equations, W is half of the applied load, σ is maximum, upper-surface tensile
stress, E is the elastic modulus, and I is the moment of inertia. All other terms are defined
by the equations and represented in the schematic of the associated test geometry provided
in Figure 4.11.

Table 4.3 summarizes the variable values used in the equations

corresponding to the conditions in the present study.
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𝑊×𝑎
𝑍

σ=

(4 − 1)

𝑊 × 𝑎 × (3𝐿2 − 4𝑎2 )
D=
24 × 𝐸 × 𝐼
σ=

(4 − 2)

12𝐷 × 𝐸 × ℎ
(3𝐿2 − 4𝑎2 )

𝑏ℎ3
I=
12

(4 − 3)

(𝑚𝑜𝑚𝑒𝑛𝑡 𝑜𝑓 𝑖𝑛𝑒𝑟𝑡𝑖𝑎)

(4 − 4)

𝐼

Z = ℎ/2

(4 − 5)

Following the above equations Figure 4.12 contains a family of curves. Each curve
corresponds to different displacements of the wafer in the 4-point bend geometry, and
illustrates the top surface tensile stress developed for different gauge lengths (bottom
support separations, or (L-2a) in Figure 4.11).

(a)

(b)

(c)

Figure 4.10. Four point bending apparatus. (a) side view, (b) top view, (c) perspective
view.
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Figure 4.11. A schematic showing the specimen and applied load geometry of the
four point bending test. Variables correspond to those of equations (4-1) to (4-5).

Table 4.3. Value of variables used in the present work
L (support span)
a
h (thickness)
b (width)
E (elastic modulus)

4 cm
1.5cm
2.8x10-4 cm
4 cm
169 GPa
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Figure 4.12. Applied tensile stress versus loading span as a function of deflection.
The plots are calculated assuming a support span of 4 cm and a Young’s modulus of
169 GPa as well as the parameters provided in Table 4.1.
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4.3.2 Environmental testing chamber
A sealed, plexiglass glovebox was used as an environmental chamber in the current
study (see Figure 4.13). Temperature and relative humidity conditions were obtained using
a resistive heater with recirculating fan and atomizer-type humidifier, respectively, which
were contained within the box volume. Controllable temperature and relative humidity
range were set within 1°C, and 3% respectively.

Environmental conditions were

independently measured and recorded every 5 minutes throughout the test period.

Figure 4.13. Picture of environmental chamber.

146

4.3.3 Scanning electron microscopy (SEM) technology
In the present study a Hitachi TM3000 tabletop SEM, with maximum resolution of
30nm, was used to image the microindented regions of the Si wafers at a 6000X
magnification.

4.3.4 Micro-Raman spectroscopy
When light propagates through a medium, it may be absorbed, reflected, or
scattered in some manner.

The scattering mechanisms include elastic and inelastic

scattering depending on the momentum and energy changes of incident light. For elastic
scattering, the light changes its momentum but there is no energy exchange between the
photon and the scattering species.

The inelastic process includes both changes in

momentum and energy of photons. The energy change can go to acoustic energy to form
or absorb an acoustic phonon (Brillouin scattering) or it can involve energy transfer
involving an optical phonon (Raman scattering). The change in energy (i.e. change in
frequency) of scattered photons gives insight into the characteristic vibration modes
involved in the interaction. Raman spectroscopy offers a means to examine atomic
structure of materials based on the optical phonon modes participating in the inelastic
scattering process.
The frequency shift in a Raman peak induced by a uniaxial stress is well
documented [180][181]. The shift of peak often depends linearly on the stress. When the
uniaxial stress is applied, it changes the spring constant of optical phonons. For Si, the
modes of 𝑞 ≈ 0 triply degenerate optical phonons are influenced, resulting in a shift of the
corresponding Raman peak [182]. In silicon, with a diamond cubic structure (Si-I), the
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triply degenerate optical phonon modes are responsible for the main Raman peak at 520
cm-1. A shift to high frequency corresponds to compressive stress while a tensile stress
downshifts this resonant frequency.[175].
De Wolf et al. [183] studied the frequencies of three optical phonons modes in Si
associated with the 520 cm-1 Raman band under an finite strain within the reference axes
x,y,z = [100],[010],[001] respectively:
∑ 𝐾𝛼𝛽 𝜂𝛽 = 𝜔2 𝜂𝛼 ,

α, β = 1 − 3,

(4 − 6)

𝛽

where the Cartesian coordinates of the eigenvectors are represented as 𝜂𝛼 and α = 1, 2 and
3 corresponds to the major axes x, y and z respectively, ω = Raman frequency of the mode
in the presence of strain, and 𝐾𝛼𝛽 = the force constant tensors which can be expanded in
powers of strain:
(𝜖)

0
𝐾𝛼𝛽 = 𝐾𝛼𝛽
+ ∑ 𝜖𝑣𝑣 𝐾𝑣𝑣𝛼𝛽 ,

0
𝐾𝛼𝛽
= 𝜔02 𝛿𝛼𝛽

(4 − 7)

𝑣𝑣

where 𝜔0 = Raman frequency of unstrained material, 𝜖𝑣𝑣 = strain tensor, and 𝛿𝛼𝛽 =
(𝜖)

Kronecker delta. Due to the diamond structure of Si, the symmetrical tensor 𝐾𝑣𝑣𝛼𝛽 has
three independent elements:
(𝜖)

(𝜖)

(𝜖)

(𝜖)

(𝜖)

(𝜖)

(𝜖)

(𝜖)

(𝜖)

𝐾1111 = 𝐾2222 = 𝐾3333 = 𝑝,
𝐾1122 = 𝐾2233 = 𝐾1133 = 𝑞,
𝐾1212 = 𝐾2323 = 𝐾1313 = 𝑟,

(4 − 8)
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Combining Equations 4-6 to 4-8, one can solve the following secular equation and find out
the Raman frequency of each phonon mode as the function of strain:
𝑝𝜖11 + 𝑞(𝜖22 + 𝜖33 ) − 𝜆
|
2𝑟𝜖12
2𝑟𝜖13

2𝑟𝜖12
𝑝𝜖22 + 𝑞 (𝜖33 + 𝜖11 ) − 𝜆
2𝑟𝜖23
2

where the eigenvalue, λ = 𝜔 −

𝜔02

2𝑟𝜖13
2𝑟𝜖23
| = 0,
𝑝𝜖33 + 𝑞 (𝜖22 + 𝜖11) − 𝜆

, or ∆ω = ω − 𝜔0 =

𝜆
2𝜔0

(4 − 9)
.

If the strained sample is not in the same axes as the reference system, one can
calculate the strain tensors from the sample system and solve the secular equation. In this
(𝜖)

̅ 10], and [001]. Thus, the 𝐾𝑣𝑣𝛼𝛽
treatment, the Si specimen has axes along x,y,z = [110],[1
can be modified as:
(𝜖)

(𝜖)

𝐾1111 = 𝐾2222 = 𝑝′,
(𝜖)

𝐾1122 = 𝑞′ ,
𝑝−𝑞
,
2

(𝜖)

𝐾1212 =

(𝜖)

𝐾3333 = 𝑝,
(𝜖)

(𝜖)

(𝜖)

(𝜖)

𝐾2233 = 𝐾1133 = 𝑞,

(4 − 10)

𝐾2323 = 𝐾1313 = 𝑟,

where
𝑝′ =

𝑝+𝑞
+ 𝑟,
2

𝑞′ =

𝑝+𝑞
− 𝑟,
2

The strain components in the system can be calculated via Hooke’s law (ϵ′ = S ×
σ′ where the S is the compliance tensors) and the result is:
𝜖 ′11 = (

𝑆11 + 𝑆12 𝑆44 ′
) 𝜎 11
+
2
4

𝜖 ′ 22 = (

𝑆11 + 𝑆12 𝑆44 ′
) 𝜎 11
−
2
4

𝜖 ′ 33 = 𝑆12 𝜎 ′11

(4 − 11)
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𝜖 ′12 = 𝜖 ′13 = 𝜖 ′ 23 = 0
Taking Equation 4-12 into Equation 4-9, the eigenvalues λ can be found:
′

𝜆1 = 𝑝′𝜖′11 + 𝑞′𝜖 22 + 𝑞𝜖 ′33
′

𝜆2 = 𝑞′ 𝜖′11 + 𝑝′𝜖 22 + 𝑞𝜖 ′ 33

(4 − 12)

𝜆3 = 𝑞𝜖′11 + 𝑞𝜖′22 + 𝑝𝜖′33
(remember ∶

∆𝜔𝑖 = ω − 𝜔0 =

𝜆𝑖
2𝜔0

𝑖 = 1,2,3

)

where the subscript 1,2, 3 corresponds to the x,y,z axes in sample system
For a backscattered Raman collection geometry (i.e. excitation and scattered light
propagation along the z-axis) normal to the (100) Si plane (i.e. the conditions accessed in
the experimental measurements)only one optical phonon mode may be observed, therefore,
the frequency shift associated with the 520 cm -1 line at a finite applied stress is given as:
∆𝜔 (𝑐𝑚−1 ) = −2 × 10−9 (𝜎𝑥𝑥 + 𝜎𝑦𝑦 ) (𝑃𝑎)
In this case, a 250 MPa stress will produce a 1 cm-1 Raman peak shift [175].

(4 − 13)
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4.3.5 Molecular dynamics (MD) simulation
Molecular dynamics (MD) is a computational method to study and predict the
movement of atoms over time. The motion of each atom is characterized by the atomic
positions, velocities, and accelerations [184]. The atoms or molecules behave as classical
particles and obey Newton’s laws of mechanics. By solving Newton’s equations, the
trajectories of each particle can be computed and the time evolution of atom positions and
velocities can be determined. The approach can therefore assist in the understanding of
such processes as material deformation, phase change, and fracture phenomena.
This study used the Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS) code with modified embedded atom method (MEAM) to model crack
evolution from asymmetric surface flaws aligned to a range of crystallographic orientations.
Detailed model information will be introduced in Section 4.4.3. The MEAM, proposed by
Baskes [185][186] who modified the original embedded atom method (EAM), was
developed to more accurately describe covalently bonded elements such as Si. The EAM
potential developed by Daw and Baskes [187] was originally used to compute the total
energy of metallic systems with semi-empirical calculations. In EAM the host electron
density is formed by linear superposition of atomic densities. In MEAM, however,
angular-dependence terms supplement the interatomic potential to properly describe the
bond-bending forces in diamond cubic structures.
As the MEAM potential has been shown to provide a more accurate description of
Si, the present MD study uses this potential to study surface crack propagation under static
strain rate conditions.
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4.3.6 Peridynamics (PD) simulation
The computational costs associated with the MD simulations described above
precluded the development of model sizes consistent with the microscale cracking volumes
typically examined in experiment. Mechanical modeling at larger length scales is often
pursued using solid-mechanics methodologies involving the numerical solution of partial
differential equations using finite element or finite difference approaches that rely on the
macroscopy material properties as input.

However, the incompatibility of crack

development processes where the mechanical body becomes discontinuous, produces
regions of undefined spatial derivatives making the solution of the partial differential
equations describing the material state intractable [188]. Peridynamics (PD) theory, an
extension of continuum mechanics, uses integral equations rather than partial differential
equations, readily enabling the simulation of surface discontinuities. The PD model can
be thought as a “bond-based” model (see Figure 4.14) that employs non-local potential to
describe the interaction between scalable material “particles” within a finite spatial
neighborhood. Also the PD model can be up-scaled to macroscopic sub-meter level
therefore making it of interest in predicting microcrack dynamics in the present context.
The computational strategy, then, would be to establish basic crack propagation
characteristics using MD and parameterize these results to populate the larger scale
peridynamics model.
In classical continuum mechanics for any particle at x, the acceleration equation at
time t in the reference configuration is represented:

ρ𝑢̈ (𝑥, 𝑡) = ∫ 𝑓(𝑢(x ′ , 𝑡) − 𝑢(x, 𝑡), x ′ − x)𝑑𝑉x′ + 𝑏(𝑥, 𝑡)
Hx

(4 − 14)
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where Hx = the neighborhood of x, u = the displacement vector, b = the prescribed body
density force field, ρ = the mass density in reference configuration, and f = the pairwise
force function that is the force the particle at x works on x’[188].

For two particles at

positions x and x’, the relative position (i.e. x’-x) is defined as “ξ” and their interaction is
called the bond. Their relative displacement is shown as:
𝜂 = 𝑢(x ′ , 𝑡) − 𝑢(x, 𝑡)

(4 − 15)

Each particle can only interact for distances less than a finite value defined as the horizon
(δ) (i.e. the particle won’t interact with or “see” other particles beyond this distance). The
pairwise force function is zero when|𝜉 | > 𝛿.
When the modeled body is deformed and begins to fracture, one parameter, called
stretch factor (S), is included in model to quantify the failure behavior:

𝑠=

|𝜉 − 𝜂 | − |𝜉 |
|𝜉 |

(4 − 16)

The interaction is in tension with positive s and in compression with negative s. The force
function is linearly dependent on stretch factor. However, when s is over a critical value,
called the critical stretch factor, the force is zero, representing broken bonds and fracture
of the material. The critical stretch factor (s0) is related to material’s elastic moduli (k) and
surface energy release rate or fracture energy (G0) in:

𝑠0 = √

5𝐺0
9𝑘𝛿

(4 − 17)

153

In this study both the PD and MD models were pursued under LAMMPS
framework; thus, the results such as elastic moduli and surface energies from MD were the
sources for PD models. The initial application of PD models supplied the foundation for
micro-scale level crack propagation modeling to be pursued in future studies.

Figure 4.14. Schematic of PD theory. Grid spacing represents the minimum size of
particles (assemble of atoms or molecules) in bulk body. Particle at position x can
interact in sphere Hx defined by horizon length (δ). ξ defines the relative position.
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4.4 Combined-environment influence on microcrack evolution in mono-crystalline
silicon
The following content was reproduced from the following publications:
A. Huang, Wei-Jie, Bringuier, S., Paul, J., Simmons-Potter, K., Muralidharan, K., Potter,
B. G. Molecular dynamics assessment of the impact of flaw orientation on the elastic
and failure behavior of single-crystal Si nano-slabs, Philosophical Magazine A
(submitted).
B. W.-J. Huang, S. Bringuier, J. Paul, K. Simmons-Potter, K. Muralidharan, and B. G.
Potter, “Experimental and computational investigation of microcrack behavior under
combined environments in monocrystalline Si,” in SPIE Optics + Photonics for
Sustainable Energy, 2015, vol. 9563,DOI: 10.1117/12.2188521.
C. W.-J. Huang, Z. D. Fortuno, M. Li, J. Liu, H. Liao, K. Simmons-Potter, and B. G. Potter,
“Combined-environment influence on microcrack evolution in mono-crystalline
silicon,” in SPIE Solar Energy + Technology, 2014, p. 91790U, DOI:
10.1117/12.2062162.

4.4.1 Introduction
The reliability of photovoltaic (PV) modules is important for the stable generation
of energy from this renewable source [136,137,189].

Accurate prediction of PV

performance degradation is required to anticipate solar-based energy contributions to gridscale power production and to support the development of long-term capital investment
strategies for electrical utilities. To augment existing, empirically-based performance
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degradation prediction modeling tools, there is significant interest in establishing models
based on the underlying physical and chemical mechanisms contributing to varied
degradation modes within these complex systems.
In this context, microcrack growth is a known failure mode contributing to
performance degradation in PV systems [25,190–192]. Microcracks are typically initiated
through handling and processing of Si wafers during module production. Subsequent subcritical crack growth under residual, handling-related and/or thermo-mechanical stress
environments within the module laminate structure[26,193] can disrupt electrode integrity,
leading to changes in device resistance, electric field-induced damage and localized heating.
At the module-level, microcrack ensemble development and the modeling of its impact on
performance has been pursued through correlation-based studies examining microcrack
evolution under use-conditions or induced loads[145,151,176]. These efforts complement
the measurement of performance-degradation rates that convolve multiple, coupled
materials and structural processes contributing to overall module response For example,
encapsulant and sealing-material based decomposition and delamination can lead to vapor
phase products and moisture intrusion near PV cell surfaces. Water vapor has been
associated with “stress-corrosion” processes that enhance the crack propagation velocity
in various materials, including Si [140,147,159,194,195]. Indeed, the concept of static and
cyclic fatigue effects attributable to sub-critical crack growth has been an established area
of concern in failure analysis of Si microstructures (e.g. microelectromechanical systems
(MEMS)) and bulk Si [147,157].
In the context of PV module reliability assessment and prediction, the present study
seeks to investigate microcracking in photovoltaic-grade Si wafers under varied
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temperature and relative humidity conditions. This work examines the existence of
environmentally-mediated crack behavior under static strain conditions while seeking to
establish viable methodologies that would inform complex multi-environment testing
experiments under a range of mechanical and thermal conditions and environmental
chemistries. The experimental effort was augmented using micro-Raman and atomic force
microscopy (AFM) to collect stress distribution and surface morphology in the crack region.
In a related area, computational modeling of Si nanowires has indicated the
sensitivity of the failure strength and elastic limit to the presence of periodic surface
roughening and crystallographic kinking along the wire length [196,197]. The examination
of nanowire orientation has also provided insight into the potential to nucleate dislocations
mitigating the observation of a pure brittle failure in such systems [198]. In thin film
geometries, the size dependence of rectangular cross-section surface notches and elliptical
embedded flaws in nanometer thick Si has also been examined [199,200]. Furthermore,
orientation-dependent ab-initio studies of cleavage in Si have been pursued without explicit
inclusion of thermal effects [149]. Discontinuities in the nanostructure surface, caused
either during synthesis or as the result of post-fabrication processing and/or modification,
impact the mechanical behavior and ultimate resilience of free-standing Si nanostructures.
In contrast to the studies mentioned above, the present work also includes the first effort to
examine the impact of more realistic, three-dimensionally defined, surface flaws and their
crystallographic orientation on the elastic behavior and ultimate failure characteristics of
nanometer-thick, single-crystal Si slabs under finite temperature conditions. This portion
of thework provides an important perspective on the impact of surface flaw contributions
to failure characteristics within single-crystal Si systems and can offer important insight
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into key contributors to Si microcrack degradation processes in Si PV systems. Variation
in flaw major axis relative to crystallographic orientation is examined under conditions of
uniaxial tensile strain applied normal to the flaw. Elastic behavior, including elastic
modulus, surface energy of fracture surface, and fracture behavior are examined. Such
studies provide insight into the effect of such extrinsic flaws on Si nanostructure fracture
behavior while providing material elastic characteristics useful to the development of
larger-scale models focusing on Si mechanical failure behavior and reliability.

4.4.2 Experimental approach
In this work, static strain is applied to monocrystalline, p-type Si wafers (University
Wafer) using a custom-built, four-point bending apparatus that can be inserted into an
environmental chamber. An initial microcrack population is created in the center region
of wafer surface associated with the maximum applied tensile stress using a Vickers microindenter. Fig. 4.9 shows the schematic geometry of four-point bending apparatus. A
detailed description of the apparatus and its use to generate consistent applied strain
conditions is mentioned in Section 4.3.1.
Single-side-polished, monocrystalline, (100)-oriented Si wafers were used in this
study. The diameter and thickness of wafers were 2 inches and 280 µm respectively. The
flat edge on the circumference of wafers indicated the [110] direction in the plane of the
wafer.
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Prior to testing, a linear array of five indents along the wafer diameter was created in
each wafer using a Vickers diamond indenter with a load of 0.25 N and 5 sec dwell time.
The indent array was aligned along the [110] direction, parallel to the applied tensile stress.
Indent separation was maintained at over 10 times the indent width (indent width was
approx. 9µm) to minimize stress field interaction between neighboring indent regions.
Under these conditions, the total length of the indent linear array was approximately 450µm.
The indent array was produced within the central region of the wafer (see Figure 4.15)
corresponding to the bottom support separation of the 4-point bend apparatus (i.e. a 1 cm
width (see Figure 4.10)). The limited spatial extent of the indent array coupled with its
central location, well-removed from the supports in this four-point bend geometry, was
intended to provide as uniform an applied stress as possible over the indent region.

Figure 4.15. Schematic of a row of five indents located in the center of monocrystalline
silicon wafer. The applied strain is along [110] direction. The representative SEM
image of a single indent is shown at the top right [138].
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Microcrack propagation was examined under different environmental conditions
designed to isolate the influence of either temperature or atmospheric water content. In
this study, atmospheric water vapor density (VD) was computed based on temperature and
measured relative humidity. Relative humidity settings at each temperature used during
testing were therefore adjusted to obtain a targeted water vapor content. The examined
environmental condition were shown in Table 4.4. Nondestructive tests to examine
microcrack length, morphology, surface structure, and local stress state were pursued
periodically throughout the period of applied strain.

Table 4.4.
conditions.

Examined microcrack evolution under the following environmental
Temperature (°C)

Vapor Density (g/m3)

(a)

20 ±2

5.2

(b)

20 ±2

10.4

(c)

40 ±2

5.2

(d)

40 ±2

15.3

(e)

40 ±2

30.6

(f)

60 ±2

15.3

(g)

80 ±2

15.3

For all of the tests conducted, measurements of microcrack length both before and
immediately after the initial application of stress (using the 4-point bending apparatus)
were taken. The latter measurement was used to provide a time = 0 or initial crack length
for subsequent long-time environmental crack elongation measurements. These latter
measurements were performed at 2 hour intervals during the applied strain period. A
Hitachi TM3000 SEM (approximately 30 nm spatial resolution under 15 kV accelerating
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voltage) was used to image the microcracks and the indent regions. Image analysis and
measurement of microcrack features were performed using the Image J software package.
An average microcrack length, representative of all indenter-produced microcracks present
in a given wafer, was used as the primary metric to track microcrack development trends
across the different environmental conditions examined. The error bars in the plots
presented below represent uncertainties in crack length associated with measurement-tomeasurement variation in length assessment. Three to four independent wafer specimens
were examined at each environmental condition to confirm reproducibility in these results.
A Jobin-Yvon Horiba Lab-Ram HR800 micro-Raman spectrometer was used to
obtain spatially resolved vibrational spectra of Si in the areas surrounding the microcracks.
The position of the primary Si vibrational peak near 520 cm-1, associated with the Si-I
phase, was examined to assess local stress conditions. The spectra were collected under
room temperature with an Argon ion laser (λ = 514.5 nm, power = 0.250 µW at the
specimen) as an excitation source. A 100x objective lens and confocal imaging conditions
was used to obtain Raman spectra in a backscattering geometry with a spatial resolution of
approximately 1 micron. The micro-Raman measurement is made with the specimen
removed from the four-point bending apparatus and is thus pursued under zero applied
strain conditions.
A frequency shift of 1 cm-1 in the position of the 520 cm-1 resonance corresponds
to a stress level of 250 MPa in Si. Tensile and compressive stress is distinguished by a
negative and positive frequency shift, respectively. Micro-Raman spectra in the region
adjacent to different crack tips were collected after the specimen was subjected to static
strain under two environmental extremes (a). T = 20 ±2 ℃ and VD = 5.2 g/m3, and (b) 40
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±2℃ and VD = 30.6 g/m3. These initial tests were used to confirm the sensitivity of
residual stress conditions near microcracks to these environmental extremes. Si resonance
peaks were fit using a Lorentzian line-shape to determine the peak position. The Si-I
resonance frequencies obtained from regions near the crack tip were compared to peak
positions observed in spectra obtained from locations on the same wafer located at least 1
cm from the indentation region. This provided an internal reference to isolate stressinduced modification in resonance frequency associated with the microcrack development.
With the program driven XY motor stage the Raman spectrums were able to scan and
record collectively within a range. Thus, the present work examined the residual stress
maps, sourcing from a 20x20 matrix with 1µm step interval Raman spectrums around
microcrack region, for specimen under the following conditions: (a) T = 20 ±2 ℃ and VD
= 10.4 g/m3, (b) T = 40 ±2 ℃ and VD = 15.3 g/m3, (c) T = 60 ±2 ℃ and VD = 15.3 g/m3,
(d) T = 80 ±2℃ and VD = 15.3 g/m3.
Atomic force microscopy (AFM) (Bruker, Inc.) was also used in several cases to
investigate surface morphology and displacement around the crack-tip to augment SEM
analyses. Tapping mode AFM was used to investigate the crack with the scan region of 3
x 3 µm and a spatial resolution of 3 nm. While this effort will be expanded in subsequent
work to examine environmental effects on crack surface morphology, it was used in the
present study to provide an initial point of correlation to molecular dynamic simulation
results (see below).
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(a)

(b)

Figure 4.16. Geometry of MD models (a) with a surface flaw oriented along the ydirection, and (b) a corresponding pristine slab without an included surface flaw. A
constant, uniaxial strain rate is applied along the x- direction.

4.4.3 Computational approach
The response of monocrystalline silicon slabs to an applied uniaxial strain was
simulated using molecular dynamics (MD). The effect of an elongated surface flaw, and
its crystallographic orientation relative to the applied strain direction was examined. All
the MD simulations in this work were pursued using the Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS) [201] package, incorporating the modified
embedded-atom method (MEAM) potential, developed by Baskes [185,186].

This

potential has been previously demonstrated to provide an accurate prediction of the
structure-property relations of silicon [15]. Figure 4.16 contains representative simulation
cells illustrating one of the Si structures that include the surface flaw geometry used (Figure
4.16a) and a pristine Si slab (Figure 4.16b). Different crack orientations were achieved by
aligning different crystallographic directions with the flaw long axis, i.e. along the y-axis
in the coordinate system indicated in Figure 4.16. Table 4.5 contains the crack orientation
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Table 4.5. Crystallographic orientations used in MD simulations with dimensions
(x) 20 by (y) 50 by (z) 10 lattice units.
Crystallographic Orientation
x
y
z
[100]

x

Real-space length (Å)
y

z

[ 0 0 1]

108.60

272.43

54.30

[110]

[ 0 1 0]
[1̅ 1 0]

[ 0 0 1]

153.58

385.16

54.30

[410]

[ 1 4 0]

[001]

111.93

281.25

54.30

[510]

[ 1 5 0]

110.75

277.71

54.30

[011]

[ 2 1 1]

[001]
[ 1 1̅ 1̅]

153.56

334.03

94.05

[ 01 1 ]

[ 1 1 1]

[21 1 ]

153.56

472.06

66.52

directions examined in the present study. The dimensions of the simulated slabs were held
at a constant number of lattice units (repeating units) along the different directions involved,
thus providing a consistent relative spatial scale for the simulation, independent of
crystallographic orientation. In this context, the slab dimensions were 20 (slab width - x)
x 50 (slab length - y) x 10 (slab thickness - z) lattice units. Since the lattice unit real-space
length along the coordinate system defined in Figure 4.16 varies with the crystallographic
orientation of the slab, the real-space dimensions of the slab varied with orientation and
are also provided in Table 4.5. Under these conditions, the total system size ranged from
82,000 atoms (the model with crack direction along [010]) to 242,818 atoms (the model
with crack direction along [111]).
The initial surface flaw was produced by removing atoms from the simulated Si
lattice, again using consistent relative dimensions in terms of lattice units. Flaws were 2
lattice unit deep (z-axis of Figure 4.16) with a length of 10 lattice units (along the y-axis
of Figure 4.16), width of 1 lattice units at the sharper end, broadening to 5 lattice units to
produce a near-cone-shaped morphology. Periodic boundary conditions were employed

164

along all three dimensions; a vacuum region of size = 10 lattice units was introduced in the
z-direction to ensure the generation of a free surface normal to the z-direction. All systems
(i.e. systems with and without flaws) were equilibrated for 250 ps at constant temperature
(=298 K) using a Nos𝑒́ -Hoover thermostat. A timestep (∆𝑡 ) of 1fs was used in all
simulations. To examine the mechanical response of these systems, uniform uniaxial
elastic strain was applied to the equilibrated systems along the x- direction (normal to the
flaw major axis) under a constant strain rate of 108 /s. The simulation was terminated when
separation of the material into two distinct surfaces occurred, with the surfaces being
separated by a distance greater than the MEAM potential truncation distance (5 Å). Each
model was simulated three times independently, and the results presented in this work were
representative. It is worth pointing out that simulations that were carried out at an order of
magnitude lower strain rate for some select geometries did not show any demonstrable
difference in the outcome. Further, while the employed strain rates are much higher than
typical strain-rates achieved in experiments, previous MD investigations [202] have shown
that the employed strain rates represents a healthy compromise between computational
tractability and matching experimentally realizable strain rates.
In the MD simulations, the instantaneous stress was computed from the virial
theorem, in order to obtain stress-strain plots and enabling appropriate comparisons of the
mechanical response of the various systems considered in this study. In general, it is known
that MD systematically overestimates failure strains as compared to experiments, due to
the imposition of periodic boundary conditions and the method of application of uniaxial
strain as adopted in this work. However, MD is still the simulation method of choice for
providing a fundamental insight into the atomic dynamics that underlie mechanical
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response of materials, as well as enabling the ability to predict relative trends in mechanical
property variations and for comparing and contrasting fracture behavior of materials [203–
205]. Thus the results presented in this work will have to be assessed keeping the above
points in mind.
The resulting energy release characteristics (corresponding to Equation 4-18) and
mechanical properties obtained via MD were used to populate the material parameters used
in a coarser-grained peridynamics simulation, again carried out within the LAMMPS code
environment.
𝜀

𝐺0 = 𝑊 ∫ 𝑑𝜀 ′ 𝜎(𝜀 ′ )

(4 − 18)

0

Such “upscaling” of the modeling effort will allow access to length and temporal scales
more consistent with those of the experimental work. Peridynamics, proposed by Silling
[206], is a nonlocal extension of continuum mechanics that permits modeling of
discontinuous displacements such as those observed in crack extension. The central
characteristic of peridynamic models is its solution of integral rather than spatial derivative
equations representing solid mechanics. It can be used to solve problems in crack behavior
and deformation, while providing ready spatial scaling of the problem space[188,207].
Park et.al[208] implemented peridynamics into an MD framework and a more detailed
description of the approach and associated parameter set can be found in Parks’ and
Silling’s works [208,209]. In a peridynamics simulation, particles interact with neighbors
within a spatial region defined by the horizon (δ). Another coefficient called critical bond
stretch (S0), is used to define the point at which the continuity between adjacent modeling
elements is broken. This corresponds to “bond failure” and damage within the model. The
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value of S0 is determined by the energy release rate, determined by MD modeling results,
and the horizon value used.
At the present time, the peridynamics code allows only isotropic material behavior
to be examined, typical of glassy or randomly oriented polycrystalline systems. For monocrystalline Si, simulations representing the impact of different crystallographic and crack
orientations were approximated using three different input material parameter sets. Strain
energy release rates were derived from the MD model output associated with crack major
̅ 0] and [111] (see Table 4.5). These MDaxis oriented along y-directions of [010], [11
derived parameter sets were then used to define a prototype microelastic brittle (PMB)
three-dimensional material model that would represent material response characteristics
unique to the strain and crack orientations used in the MD work. The approach thus
enabled a preliminary assessment of crack growth behavior with orientation over longer
length scales.

Aside from the orientation dependent strain energy release rate, other

material properties were made consistent to bulk Si (density = 2320 kg/m3 , bulk modulus
(K) = 97.8 GPa[210]). A cubic mesh spacing, that defines the size of the smallest simple
cubic particle, was 0.1 mm and the volume was 1.0* 10 -12 m3. The horizon (δ) was equal
to 0.3001 mm which is slightly longer than three times the mesh spacing [188]. The critical
bond stretch (S0), determining the failure of bond in relation to energy release rate, was set
̅ 0]
to 0.0002222, 0.0001879, and 0.0001670 for effective crack orientations of [010], [11
and [111] respectively. The model specimen dimensions (in terms of mesh spacing) was
400 : 1000 : 1 (x:y:z) with total number of particles equaling 401401. An initial crack was
created, by removing the bonds within two layers of particles to create a flaw of length
approximately 5 mm at the center of minor axis (i.e. x- direction. The modeled specimen
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geometry is as shown in Figure 4.17. The applied velocity was about 1 m/s, along xdirection (i.e. normal to initial notch direction). The timestep of each model was 1 ns, and
the total modeling time was 55 µs.

Figure 4.17. Geometry of silicon plate with pre-notched crack. Tensile strain (via a
pre-scribed velocity) is applied along a direction normal to the crack.

4.4.4 Results
4.4.4.1 Crack propagation over time
The time dependence of microcrack elongation under various environmental
conditions is provided in Figure 4.18. The error bars represent one standard deviation taken
from four independent measurements of each image. Contributions to scatter in the data
are also anticipated given the nature of the iterative observation process, i.e. resulting in
image-to-image variation between time intervals. Linear fitting lines are added to Figure
4.18 to visualize primary trends in crack propagation rate over time in environment. The
slope of crack length vs. time under environment represents the average propagation
𝑑𝐿

velocity (i.e. 𝑑𝑡 ). This metric, in combination with the total change in average microcrack
length over the testing time period, can be used as a means to examine the effects of
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environmental conditions on crack evolution. From the data, it is clear that, as crack
elongation continues, the induced elastic stress imposed by the 4-point bend apparatus is
relieved, decreasing the driving force for the formation of additional crack extension. Thus,
the reduction in crack velocities observed under both environmental conditions is
anticipated [211]. Initial average crack propagation velocities (taken from a linear fit over
the first four hours) and total change in crack length for each environmental condition are
summarized in Figures 4.19a and 4.19b, respectively. A clear increase in both initial crack
velocity and total elongation is observed with increased water vapor density over the 20
hour test period. The result supports the presence of a stress-corrosion-related process in
crack development. Figure 4.20 indicates the temperature dependence represented as crack
velocity. There is no obvious trends in temperature effect on crack propagation, which
might be due to the temperature span not large enough.
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Figure 4.18. The average microcrack length with time under various environmental
conditions.
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Figure 4.19. (a) Initial average crack propagation velocity (i.e. associated with the first
four hours of environmental exposure) with vapor density. (b) The change in average
crack length with vapor density (after 20 hours under applied strain and environment).
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Figure 4.20. Temperature dependence of initial average crack propagation velocity.

4.4.4.2 Stress distribution around microcrack
Figure 4.21 shows a typical example of Raman spectrum on Vicker indented area.
The figure shows the mixture of three phases (Si-Xii, Si-III, and α-Si) within the indented
region, consistent with that expected for Si subjected to hydrostatic loading [170].
Spatially resolved confocal micro-Raman spectra were collected from the crack-tip
regions of specimens subjected to two extreme sets of combined environments during
applied static strain. Based on an analysis of the Raman spectra, Figure 4.22a indicates the
stress condition observed near a representative microcrack on each specimen. The filled
and open symbols of the plots represent the initial (t = 0 hr) and final (t = 20 hr) states,
respectively. Under elevated temperature and vapor density, there is a more pronounced
change in stress state with time than that observed under the lower temperature and
atmospheric moisture content conditions. The correspondence between increased crack
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elongation velocity and extent (Figures 4.19a, 4.19b) and stress magnitude (Figure 4.22a)
with increased atmospheric water vapor content supports the role of water in the
acceleration of crack growth under these static strain conditions. It is important to note
that the Raman-based stress measurement focuses on residual stress in the material after
the wafer is removed from the 4-point bend apparatus. The compressive nature of the stress
is therefore associated with local stress modification as the applied strain is removed and
the crack closes. An increase in this residual, near crack tip stress with elapsed time under
a moist environment is consistent with the oxidation of silicon along the fracture surfaces
near the crack tip. Previous work evaluating stress corrosion processes in Si confirm the
potential for such surface oxide formation [155] (see Section 4.2.1). The presence of such
this higher volume reaction product will tend to result in a local compressive stress when
the crack closes upon removal of the macroscopic applied strain [195], consistent with
observations in the present work. Further investigations of the temperature dependence of
this effect will form the basis for an analysis of the energetics of the process and the
identification of the dominant reaction pathways under these conditions.
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Figure 4.21. A typical example of Raman spectrum taken from the center of the Vicker
indent location (see the upper left inlet picture). A mixture of three phases (Si-Xii, SiIII, and α-Si) was observed in this figure
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(a)

(b)

(c)

Figure 4.22. (a) Representative residual local stress levels before and after 20 hour
exposures to two extreme environmental conditions under constant strain. Spectra are
taken from positions shown in (b) for a specimen held at T = 20 ±2 ℃ and VD = 5.2
g/m3, and (c) for a specimen held at T = 40 ±2℃ and VD = 30.6 g/m3. Locations are
at 2 micron intervals along a line intersecting the crack tip.

Residual stress maps of the microcrack region at initial (t = 0 hr) and final
environmental exposure time (t = 20 hr) under various temperatures but with fixed vapor
density are shown in Figure 4.23. As described earlier, the specimens were held at the
associated temperature and water vapor levels for 20 hours under a constant applied strain.
The wafers were then removed from the environmental chamber and the strain application
jig, i.e. when Raman spectra are obtained, the wafer is under zero applied strain/stress.
Residual stress in the wafer under these conditions is therefore the focus of the Raman
study.
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The mapping area shown in each picture is the result of a 20x10 matrix Raman scan
coincident with the microcrack image from SEM.

The color bar represents the

corresponded compressive stress values in the colored maps. At 20 °C, a general tendency
for reduction in residual compressive stress is observed after the specimen is held under
environmental conditions for 20 hours. However, as the environmental temperature is
increased, (Figures 4.23b,c,d) the residual compressive stress in the region of the crack is
observed to increase, with the most dramatic stress enhancement observed for the 80 °C
temperature condition. While additional study will be needed to confirm this qualitative
trend, the increase in compressive stress is attributed to the increased formation of a silicon
oxide layer on the microcrack surfaces whose increased local volume produces an
increased compressive stress condition when the crack closes upon removal of the applied
strain. The increased thermal energy accelerated the vapor-associated surface chemical
reaction around the microcrack. Previous studies confirm the native oxide formation and
the dissociation and chemisorption of vapor on Si surface [212–214] (see Section 4.2.1).
It is reasonable to assume the chemical reaction of native oxide layer with vapor around
the microcrack. The reported activation energy for dissociative H2O onto Si-O-Si structure
was in the range of 0.4 to 1 eV, and the external tensile stress helps to lower the activation
energy [215,216]. The residual stress distribution results, therefore appear consistent with
this chemical mechanism.
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(a) T=20°C, V.D. = 10.4 g/m3.

(b) T=40°C, V.D. = 15.3 g/m3.

(c) T=60°C, V.D. = 15.3 g/m3.

(d) T=80°C, V.D. = 15.3 g/m3.

t = 0 hour

t = 20 hour

Figure 4.23. Residual stress map of microcrack before (t = 0 hour) and after (t = 20
hour) different environmental tests: (a) T=20°C, V.D. = 10.4 g/m3, (b) T=40°C, V.D. =
15.3 g/m3, (c) T=60°C, V.D. = 15.3 g/m3, and (d) T=80°C, V.D. = 15.3 g/m3.
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4.4.4.3 Surface topography of crack-tip
Figure 4.24a shows the surface morphology of crack-tip. The scale bar represents
the height of surface. The Figure shows the ridge-shape of crack (i.e. with the right side
higher than that of left side.) The depth profile, as shown in Figure 4.24b, selected at two
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Figure 4.24. (a). Tapping mode AFM image of crack morphology. (b). Depth crosssection profiles corresponding to the lines indicated on the image in (a).

177

different locations, shows a tapering or reduction in the ridge height as the crack tip is
approached from the indent region.

4.4.4.4 MD simulation results
Computed stress-strain curves for strains applied along various crystal orientations
with and without initial surface flaws are shown in Figure 4.25 (a) and (b). The Young’s
modulus is determined from a linear fit to the stress-strain data (ε) between 0.0 < ε < 0.06.
Figure 4.26 contains a polar plot of Young’s moduli for both pristine and flaw-containing
systems as a function of crystal orientation. The data clearly demonstrates the expected
anisotropy of the Young’s modulus, which is a direct consequence of the material being
stiffer along more densely packed directions.

Of interest is the consistency in the

magnitudes of the moduli of both flaw-containing and flaw-free systems. In addition, for
all systems, the deformation was elastic up to the point of maximum stress in the stressstrain plots. It has to be noted though that the procedure adopted for strain application does
not allow for lateral relaxation of the samples, and therefore the reported values of the
moduli may systematically differ from corresponding experimental evaluations of
similarly sized systems. However, even accounting for lateral relaxation effects, the
calculated moduli of these nanometric systems are still smaller than that of bulk silicon,
confirming the size-dependent elastic properties of silicon.
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Figure 4.25. Stress – strain curves for (a) pre-flawed systems and (b) flaw-free systems.
The legend refers to the (a) flaw orientation or (b) y-direction.
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Figure 4.26. Polar plots of Young’s modulus for models with and without surface flaw
̅ 0) plane.
projected to (a) (001) plane and (b) (11
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An analysis of the stress-strain plots demonstrates that, without the surface flaw,
failure occurs at higher maximum tensile stress (MTS) and fracture strains (30% and 50%,
respectively) than the corresponding samples that incorporate flaws, clearly associated
with stress-concentration effects in flaw containing slabs. Two primary trends in stressstrain behavior are observed beyond the MTS point. All flaw-free slabs exhibit an abrupt
drop to a zero stress level beyond the MTS. This observation, combined with the
previously discussed fact that the deformation was elastic up to the MTS value,
unambiguously indicates that the flaw-free systems fail in a brittle fashion. A similar
behavior is also observed for a majority of the flaw orientations in the flaw-containing
models. Two exceptions to this pure brittle failure characteristic are observed. In these
̅ 10] and the [111] directions exhibit only
cases, slabs containing flaws oriented along the [1
partial stress release after the MTS point. At strain levels beyond MTS, a more gradual
reduction in stress is observed as the applied strain increases, characteristic of shearinduced stick-slip behavior as discussed below. Further, the corresponding potential
energy variation for this system with applied strain (see Figure 4.27a) is consistent with
this behavior, indicative of stick-slip. In contrast, the potential energy for the [010] flaworiented slab, also provided in Figure 4.27b, exhibits more of an abrupt reduction in overall
system energy beyond the MTS, corresponding to brittle fracture.
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Figure 4.27. Potential energy variation with applied strain in simulations involving
̅ 10] and (b) [010].
flaws oriented at (a) [1

̅ 10] oriented
Figure 4.28 contains periodic snapshots of the system containing the [1
̅ 10] flaw orientation simulations at several
flaw and provides cross-section views of the [1
strain conditions. The plan-view images (left images) show crack propagation along the
̅ 10] direction, while the cross-section view (observation normal to the yx simulation
[1
plane) shows significant shear displacement at an angle of 35° to the applied strain
̅ ](111) .
direction, which corresponds to a primary slip system in silicon, namely [101
Specifically, in this case the behavior echoes the surface topography evident in the
experimental AFM results of Figure 4.24 in which the crack elongation direction and
applied strain orientation are equivalent to this orientation system of the MD simulation.
This behavior is also accompanied by a significant relative displacement of the fracture
halves normal to the strain direction and by shear induced stick-slip response in the stressstrain characteristics (as seen in Figure 4.25).
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Applied strain level:

Plan view

Cross-section view

̅ 10] at various strain levels
Figure 4.28. MD simulation images for flaw orientation [1
beyond MTS.
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In contrast, Figure 4.29 provides similar information to that of Figure 4.28, this
time for the flaw orientation, [010], that exhibited strong brittle failure behavior as
characterized by an immediate reduction in stress to zero after MTS (Figure 4.25a). Figure
4.29 reveals that the failure in the case of [010] oriented flaw is accompanied by separation
along a plane oriented normal to the applied strain consistent with brittle fracture with
minimal distortion of the failure surfaces. These important differences in the failure
behavior (pure brittle vs slip-mediated failure) clearly indicate the impact of flaw
orientation relative to the strain direction on the mechanisms contributing to failure.
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Applied strain level:

Plan view

Cross-section view

Figure 4.29. MD simulation images for flaw orientation [010] at various strain levels
beyond MTS.
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In flaw-containing systems exhibiting brittle failure, identified by their
characteristic drop to zero stress past MTS in their stress-strain behavior (see Figure 4.25a),
we can interpret the interplay between MTS and the flaw-orientation (and strain application
direction) in terms of Griffith’s theory for brittle fracture. Specifically, based on Griffith’s
theory, one should expect the maximum tensile stress to be proportional to the square root
of the ratio of the surface energy of the fractured surface to the flaw-size [175,217].
To this end, the surface energies of the fractured surfaces () for these flaw
orientations were obtained for using Eqn. 4-19.
γ =

𝑃𝐸𝑓𝑟𝑎𝑐 −𝑃𝐸0

(4 − 19)

2×𝑆

In this expression, PEfrac refers to the potential energy of the slab after separating into two
distinct halves, PE0 is the potential energy of the slab before strain applied, and S is the
fracture surface area. Using these surface energies in conjunction with the respective flaw
lengths (a), correlation between the /a ratio and the corresponding MTS can be examined.
These results are provided in Table 4.6.
The fracture surface energies computed were found to be higher than the
corresponding crystallographic surface energies employing the MEAM potential [186], e.g.
1.878 and 1.535 J/m2

computed for the (100) and (110) crystallographic planes,

respectively. Such discrepancies are consistent with the finite temperature conditions used
in the present study and the dynamic nature of the fracture process contributing to surface
formation and its structure.

The results of Table 4.6 confirm the anticipated Griffith

theory-inspired correlation between the trends in MTS and 𝛾/𝑎 ratio and, moreover,
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highlight the use of dynamically derived, fracture surface energies as a more direct means
to quantify the brittle fracture process.

Table 4.6. Details of fracture surface energies, surface energy to flaw length ratio
(E/a), and maximum tensile stress (MTS) of each pre-flawed Si slab.

γ (J/m )

Flaw length (Å)

Surface energy
to flaw length
ratio (γ /a)

MTS (GPa)

(𝟏 𝟎 𝟎 )

1.909

54.30

0.036

12.04

[𝟏𝟓𝟎]

(𝟓𝟏𝟎)

1.916

55.54

0.035

11.92

[𝟏𝟒𝟎]

(𝟒𝟏𝟎)

1.897

56.25

0.034

10.90

[𝟐𝟏𝟏]

(𝟎𝟏𝟏)

1.845

66.81

0.028

10.63

Flaw
direction

Crystal plane
(yz simulation
plane)

[𝟎𝟏𝟎]

2

In contrast to the flaw-containing systems, all flaw-free systems demonstrated
brittle failure, as previously shown in the respective stress-strain behavior (Figure 4.25b).
For most systems, the samples separated in a direction normal to the applied strain (not
̅ 10] and [111],
shown). However, for the systems with y-direction corresponding to [1
failure occurred along preferred {111} cleavage planes (see Figure 4.30). Interestingly for
̅ 10] and
the corresponding ‘flawed’ systems where the flaws were oriented along the [1
[111] directions, specific planes belonging to the {111} family served as slip-planes as
opposed to cleavage planes. These important differences can be attributed to stress
concentration effects associated with the flaws, leading to shear via activation of slip along
{111} planes. In the absence of flaws, the systems fail in a brittle fashion, which is
consistent with general room temperature behavior of silicon, where brittle failure is the
dominant fracture mechanism [150,218]. Thus, in addition to a reduction in MTS, it is
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clear that flaws play a critical role in dictating the characteristics of failure in silicon
nanoslabs.

(a)

(b)

̅ 10] tend to
Figure 4.30. Flaw-free systems with y-direction along (a) [111] and (b) [1
cleave along {111} family planes.
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4.4.4.5 PD simulation results
As described in Section 4.4.3, the dynamic fracture in the peridynamics spatial scale
was investigated using three sets of material parameters whose elastic strain energy release
values were obtained from MD simulations of three different crack orientations, i.e. the
̅ 0] and [111] models. Figure 4.31 depicts representative crack elongation results
[010], [11
of the corresponding peridynamics simulations. Elongation of the flaw was initiated at 3.7
µs for all three material models examined. The peridynamic images in Figure 4.31 are
color-scale mapped to show the damage extent (i.e. the percentage of broken bonds). The
crack is therefore defined by regions of the simulation showing enhanced damage. In this
̅ 0] and [111]
case, the final crack length in [010] model is shorter than that found in [11
models, indicating the sensitivity of crack propagation to crystallographic structure (i.e. the
ease of crack elongation correlates to energy release rates).
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Figure 4.31. Snapshots of peridynamic models with crack orientation corresponding to
̅ 0] and [111] models at t = 45 µs. The mapped area indicates the extent
the [100], [11
of “damage” region as defined by the bond elongation parameter, So. The 0 value with
represents no bond breakage. The value of 0.82 indicates 82 % bonds are broken.
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5. Conclusion
The following context is reproduce from previous publications [76][138][139].
The development of solar energy contributes to an overall pursuit of renewable,
clean energy sources.

Improved energy conversion efficiency of photovoltaic cell

technology is dependent on new strategies and materials to utilize a broader solar spectral
range and to improve photocarrier transport and extraction from the PV device to the
external circuit. Nano-scale semiconductor materials, such as nano-wires and quantum
dots, have been integrated into photovoltaic devices for examination as a means to achieve
these goals.

Depending upon the nature and implementation of these structures, they

have the potential to improve spectral absorption, output voltage, and/or photocurrent. In
the present work, a CdTe nanophase played the role of an optical sensitizer to improve the
spectral band over which solar irradiance could be absorbed.

However, this optical

function is accompanied by the often deleterious effects of structural disorder associated
with the inclusion of the nanophase. The compositional and structural interfaces between
the CdTe nanophase and the ZnO host elements form centers for photocarrier scattering
and trapping, thus having a marked effect on the efficacy of photocarrier transport and
collection. In the work described in Chapter 3, the impact of a CdTe/ZnO nanocomposite
(NC) introduced into a hybrid heterojunction (HJ) P3HT-ZnO PV device was examined.
The study focused on the impact of CdTe nanophase placement relative to the junction
location on the resulting spectral response and overall conversion efficiency of the device.
In this case, the CdTe nanophase operated as a single-photon spectral sensitizer,
enhancing photocarrier generation within a spectral range corresponding to its primary,
band edge absorption. Of particular interest was an assessment of the relative contribution
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of the CdTe nanophase placement within the thin film architecture of the device. The
efficient recovery of photoinduced charge is of significance regardless of the precise
operational modes anticipated for quantum-scale semiconductor structures to be used as
photocarrier generators in photovoltaics. As a first examination of this concern, a finite
thickness CdTe-ZnO nanocomposite layer of constant internal structure was introduced at
different positions along the thin film growth direction relative to the heterojunction plane
for the device. Inclusion of the CdTe nanocrystalline phase was shown to enhance the
EQE exhibited by the devices, in spectral ranges associated with the CdTe nanophase
absorption, only when the nanocomposite layer (containing the CdTe) was placed within
approximately 20 nm of the heterojunction plane. The sensitivity of the device response
to sensitizer placement is indicative of the inherent carrier transport limits characteristic of
the nanoheterogeneous ZnO charge transport environment supporting carrier diffusion in
this system. Further analysis suggests a concomitant degradation in short wavelength EQE
associated with ZnO photocarrier generation even as the CdTe-related response is
enhanced with decreasing NC-HJ separation. This effect is consistent with an anticipated
increase in scattering and defect-related trapping and recombination events associated with
the presence of the CdTe nanophase (and associated interfacial structure) in the immediate
vicinity of the heterojunction. While these EQE results largely confirm the trends observed
in previous 1-D modeling results, the SCAPS-modeled Jsc values were found to
overestimate those obtained from experimentally analogous structures. In this case, the
effect of deposition conditions and film evolution characteristics associated with variations
in the sputter deposition process to produce the n-type layer substructure were found to
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significantly impact the upper surface morphology of the ZnO film and are thus anticipated
to influence the associated efficiency of photocarrier recovery across the finished junction.
The EQE results, in particular, highlight the need to assess the impact of dissimilarphase sensitizers (like quantum dots) across the operational spectral range of the
photovoltaic. While the CdTe nanophase in this study was successful in enhancing energy
conversion through enhanced photocarrier generation associated with single-photon
absorption, its presence near the heterojunction plane within the n-type junction material
is anticipated to produce local disturbances in material structure that, in turn, can influence
photocarrier transport originating from other phases present in the junction region. In this
study, the surface roughness of as-deposited ZnO layer related to the hybrid HJ systems is
obviously influenced by the presence of the CdTe nanophase.
Complementing the development of new material strategies and their
implementation in PV devices structures, the second portion of this dissertation involved a
study of a primary materials degradation mode contributing to performance losses in
conventional, Si-based PV modules and systems. The economic viability of such modules
requires their long-term, robust reliability and the accurate prediction of system
performance degradation over decades.

As mentioned initially (see Chapter 1) the

laminated structures of one PV module result in a complexity of degradation modes.
Additionally, typical PV performance degradation models are often based on empirically
determined parameter sets, limiting their predictive accuracy under arbitrary environmental
conditions.

Increased fidelity of PV performance degradation modeling and prediction

will rely on an understanding of the physical and chemical mechanisms contributing to the
often coupled degradation modes characteristic of fielded modules and systems. For
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example, loss of encapsulant or seal integrity can directly influence the “microenvironment”
experienced at the Si surface leading to modification in surface chemistry and the resulting
response of existing material flaws to applied stress.
In this context, the present work focused on the environmental and mechanical
processes contributing microcrack elongation in Si. While addressing more simplified
mechanical and environmental conditions, this study can be readily extended to provide
alternative mechanical state conditions to pursue the mechanistic basis for the behavior.
An integrated effort, combining an experimental investigation of combined
environment effects on microcrack development in mono-crystalline Si with modeling at
multiple length scales, is being developed to elucidate the primary environmental,
mechanical, and crystallographic factors involved.
Currently, the experimental thrust has successfully isolated the primary,
accelerating effect of atmospheric moisture and temperature on crack elongation extent and
velocity in Si. Under static tensile strain conditions, results indicate an increased rate and
extent of indenter-induced microcrack elongation under elevated humidity conditions. The
increase in temperature, however, doesn’t have obvious impact on elongation rate in this
work. This work thus suggests the likely role of environmental chemistry, specifically
moisture, in microcrack-related degradation in Si-based PV. Moreover, the micro-Raman
results reveal an increase near-crack-tip stress magnitude with increased temperature and
atmosphere moisture content that is consistent with the formation of oxide species along
the newly formed crack surfaces. The effect tends to suppress residual stress relief near
the crack tip with time under combined temperature and atmospheric moisture conditions,
eventually resulting in increased compressive stress levels under unstrained conditions
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Augmenting these experimental analyses, molecular dynamics (MD) simulation of
crack growth with crystallographic orientation has been pursued to furnish insight into the
anisotropic energetics of this process. Clearly the effect of orientation has a significant
effect on the mechanical behavior and crack morphology developed, as evidenced in the
MD results. In thin films containing a primary flaw, the failure characteristics vary
dramatically with flaw orientation, indicative of changes in the relative contribution of
ductile processes. Both the maximum tensile stress (MTS) as well as the fracture strain are
significantly dependent on the crystallographic orientation of the flaw. Under flaw and
applied stress orientations that produce high resolved shear stress on established cleavage
̅ 10] and [111] flaw orientations) a lower MTS is observed,
planes (e.g. in this study [1
followed by a stick-slip stress release behavior. Such an observation is consistent with
similar trends observed for simulations of [110] oriented Si nanowires that indicated an
increased propensity for ductile processes for this orientation (dependent upon the potential
used) [219]. For flaw-free films, depending on the direction of strain application, brittle
failure with crack elongation normal to the strain direction or fracture along preferred
cleavage planes are observed. In addition, the observed maximum tensile stress and
fracture strain values are always larger for flaw-free systems in comparison to the preflawed systems. The crucial insights obtained from this investigation will prove to be
critical to the development of new functionality and enhanced reliability of technologically
relevant next-generation, silicon nanostructures.
The quantitative data derived from the MD work have been further used to inform
material parameters used in a larger length scale peridynamics simulation of crack
development. While these preliminary results do not yet include the effects of moisture,

195

they do provide a foundation for an understanding of the mechanical and crystallographic
factors contributing to crack elongation that will play a key role in extending these results
to multicrystalline Si. In this case, the effects of environment will be included at the MD
level and propagated upward to the PD simulation through representative material
parameter sets in future work. Integration of such computational simulations with focused,
multi-environment experimental studies will allow the more rapid exploration of varied
environmental and mechanical conditions while allowing increased insight into the
underlying mechanisms contributing to microcrack evolution in PV-relevant materials and
assemblies.
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6. Future Work
The present work involves the impact of NC positions on the hybrid heterojunction
PV performance and environmental effects on microcrack elongation in single-crystal Si.
The first portion of present work had shown the AFM results with the change in surface
morphology associated to the NC positions, which directly influence the quality of the
heterojunction. Thus, further surface treatments or annealing of the ZnO /NC films prior
spin-coating the P3HT thin film would give insight into the impact of interfacial condition
relative to device performance. For instance, the surface roughness may influence the
structural nature of the P3HT that is subsequently deposited. A more regioregular P3HT
is preferred at the junction to improve carrier transport.

Thus, control of surface

morphology on ZnO surface should give a chance to improve the device performance.
Conductive AFM (c-AFM), with a bias applied to the base of sample, could be utilized to
analyze surface conductivity, giving additional insight into spatial heterogeneity of the
carrier transport pathways across the junction interface.
Additional effort to evaluate the interfacial properties between ZnO and CdTe
nanophase are also needed. Heating the substrate during deposition can be used to improve
film uniformity and reduce associated defect and recombination center populations.
Another thought is the lattice mismatch between the ZnO and CdTe contributing the
internal stress within the film. Various materials such as CdS might be used to replace
CdTe, but this will require a more complete analysis of the optical and electrical properties
of composites based on CdS.
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In the second portion of present work, Raman spectroscopy was used to measure
the residual stress distribution around microcracks in Si. The specimens were exposed to
various temperatures but only at a single, fixed water vapor density.

The further

investigation should be pursued via tuning the water vapor density around the crack tip at
constant temperature. The resulting Raman mapping results will be complementary to
those already obtained, providing a more complete understanding of environmental effects
on microcrack dynamics.
We have already established a simple strategy to isolate the temperature, moisture
and static mechanical state on microcrack propagation.

As mentioned before the

degradation mode might be due to coupled factors. For instance the outgassing and byproducts from polymer materials and adhesive could exacerbate the cracking on cells.
Thus, extension to more complex specimen types (functioning cells, encapsulated systems),
approximating real PV architectures, and mechanical states (cyclic stress with various
stress ratios or frequencies) should be pursued. Based on this experimental strategy the
pre-indented area of the wafer could be coated with polymer material and further subjected
to environmental testing. Such tests could also be combined with UV light exposure to
evaluate the effect of UV bleaching in the polymer layers.
The MD simulations should be extended to study the water assisted chemical
reactions on Si surface, consistent with experimental conditions.

The mechanical

properties such as stress-strain behavior, crack propagation rate, and stress distribution over
time will gain insight into the role of chemical adsorption near the crack tip and resulting
microcrack behavior. Additionally, the MD simulations can also be applied to examine
multi-layer films (e.g. single crystal silicon coated by polymers), but the challenge for this
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simulation is to understand the interfacial or boundary conditions first. The micro-scale
PD simulations were first introduced and showed the potential to study the crack
propagation on monocrystalline Si with specimen dimensions consistent with experimental
scales. The extension of this method would be applied to study the crack propagation on
either mono- or polycrystalline Si with an orientation-depending mechanical property
parameter set based on the MD simulation results.
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