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ABSTRACT OF DISSERTATION
DEVICE PHYSICS OF Cu(In,Ga)Se; THIN-FILM SOLAR CELLS

Thin-film solar cells have the potential to be an important contributor to the global
energy demand by the mid-21st-century. Cu(In,Ga)Sey (CIGS) solar cells, which have
achieved laboratory efficiencies close to 20%, are highly attractive, because their band gap
is near the optimal value, their polycrystallinity is not significantly detrimental to their
performance, and the broad choice of heterojunction partners available allows additional
degrees of freedom for optimizing their performance. Although steady progress has been
made for CIGS solar cells, this progress has largely been driven by empirical optimization
rather than by in-depth understanding of appropriate physical models. This thesis is in-
tended to fill some of the gaps that exist between state-of-the-art experimental solar cells
and their device physics. The level of complexity involved is largely prohibitive to analytical
treatment and, hence, numerical approaches are primarily utilized.

The dominant topics for CIGS solar cells covered in this dissertation are (1) variation in
the Ga/(Ga+In) stoichiometry (“grading”), (2) the formation of “good” heterojunctions,
(3) photoconductive effects in window or buffer materials, (4) the apparently benign or even
beneficial presence of grain-boundaries (GBs), including a discussion of charged GBs and
the effects of Cu-depletion near GBs. This work establishes a baseline model for CIGS solar
cells and, from this starting point, the device physics relating to these questions is discussed
and principles are identified that apply to a broad range of devices.

CIGS grading is shown to have only small potential to improve device performance.
This conclusion conflicts with earlier studies, and it is shown that the difference arises
in the evaluation of the grading benefit, in particular, the proper choice of the reference
performance. Band-gap increases toward the front of the device are most likely detrimental,
while band-gap increases toward the back can be modestly beneficial. The popular “double
grading” approach achieves only very small additional gains over the simple back grading
approach. Very thin-absorber cells can benefit substantially from back grading, because in

this case, grading can mitigate detrimental back-contact surface recombination.
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The window/absorber interface is studied and, in good agreement with experiments, a
limitation of the open-circuit voltage is observed for wide-band-gap CdS/CIGS solar cells.
This limitation can be circumvented by a change in window or buffer material to establish
a positive conduction band-offset, a down-shift of the valence-band at the interface by Cu-
depletion, or appropriate pinning of the Fermi level at the interface. All these mechanisms
deplete the interface of hole carriers and lead to lower interface recombination.

Photoconductivity in CdS buffer layers has been thoroughly studied in the past, but
approaches were mostly phenomenological and a quantified description of the transport
mechanisms involved has been missing. This topic is revisited, a model that reproduces
experimental results is established, and the details of carrier transport are discussed.

Grain boundaries (GBs) in CIGS solar cells have not previously been investigated with
respect to their influence on device performance. In particular, charging of GBs and a possi-
ble depletion of Cu at grain surfaces may be critically important for high performance poly-
crystalline CIGS cells. Based on first-principles calculations and experiments, Cu depletion
shifts the valence-band edge downward, enlarging the band-gap energy. A two-dimensional
model allows the study of recombination at GBs, charged defects at GBs, and valence-band
offsets at GBs. It is found that (1) the GB recombination velocity would need to be less
than 10 cm/s to allow for the observed record-level efficiencies, (2) small electron-attractive
GB potentials lower both photocurrent and photovoltage, (3) large electron-attractive GB
potentials increase photocurrent, but lower photovoltage with a net decrease in device ef-
ficiency, (4) small hole-attractive GB potentials are somewhat beneficial, (5) valence-band
offsets reduce GB recombination and result in performances comparable to GB-free cells.
Analytical approaches are used to solidify the understanding of the obtained results. It
is concluded that GBs in CIGS solar cells are unlikely to be strongly charged and that
record-level efficiencies require the inherent absence of GB recombination centers or an ef-
fective passivation such as that established by a valence-band offset at GBs. Limits and

approximations of the GB models are discussed.
Markus Gloeckler
Physics Department
Colorado State University
Fort Collins, CO 80523
Summer 2005
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Chapter 1

Motivation

From the dictionary [1]:

solar cell: a photovoltaic cell that converts sunlight directly into
electricity.

thin film: a film of material only a few microns thick, deposited
on a substrate, as in the technology for making inte-
grated circuits.

Why bother?

Only after having worked on thin-film solar cells for some time, and after I had exposure
to the thin-film photovoltaic (PV) community and the political aspects that come with it,
did I ask the question, why we should bother about photovoltaics, myself. Before that time,
solar cells were simply inherently “cool,” as they are obviously something “very green,”
produce a high form of energy out of nowhere, and do this with virtually no effort. There
are a few inaccuracies in this early perception that need to be addressed: First, energy is
not produced by solar cells, but, of course, merely converted. On the other hand, conversion
of something that is naturally lost, e.g., sunlight incident on earth, appears very much as
a net gain (or “production”). Further and more important questions are: (1) Is PV really
“green,” and is it “green enough” that we need to care about it? (2) Can PV really make

an impact? (3) And if it does, will it be for economic, ecological, or political reasons?
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Photovoltaics today

The PV industry has grown into a multi-billion dollar business and production of PV
modules, large area conglomerates of solar cells, surpassed the 1 GW for the first time in
2004 and is expected to reach 3 GW by 2010 [2]. The market has been growing at double
digit rates over recent years (20-40% annually) [2, 3] and prices, usually referred to in
dollars per peak watt ($/Wp), are continuously falling, roughly with a “learning curve” of
80% (Figure 1.1 after Ref. [4]). A further increase of the cumulative production by a factor
of 100 will lead to cost equality with fossil fuels. This can be expected to occur in roughly 15
years, if the technology continues to follow the 80% learning curve. Unfortunately, learning
curves tend to experience a “change in slope” once a technology is sufficiently matured and
prices stabilize, as it was seen for gas and wind turbines in the early 1960’s and 1990’s,
respectively [4]. Photovoltaic crystalline-silicon technology is likely to also hit a lower price
limit, because of the expensive processing involved. Cheaply deposited thin-film solar cells

are the more promising candidate for super-large-scale production.

10':

price [$/Wp]

1 fossil fuel
{alternative
f\<
break-even
points
0-1 LI LLL | L AL | LA RLEL L | L ELILLLL] | LR L
0.01 0.1 1 10 100 1000

cumulative production [GW]

Figure 1.1: Learning curve of photovoltaics. Thin-films have a significant cost advantage,
because the learning curves starts from a lower base. Compared to Si technology, thin-
films have achieved similar total costs at substantially lower production volumes. Data
reproduced from Green [4].
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Today’s economic success of PV is important as it fosters future developments, but
it crucially depends on political incentives such as “feed-in tariffs,” as they have been
established in several European countries (e.g., Ref. [5]), installation subsidies, or high
electricity costs in general. Thin-film solar cells have currently less than 10% market share
in PV module shipments, which are dominated by crystalline Si technology. The overall
electricity production from solar installations is still negligible in comparison to the world
energy demand. However, taking the incentives as granted or under consideration of the
high electricity costs in parts of the world, e.g., Japan, photovoltaic energy is a highly
competitive and lucrative market today. This demand has caused a major shortage in the
solar module market and a great rush toward increasing the production capacity in 2004.

Returning to the green aspect of photovoltaic energy conversion, PV is an inherently
clean form of energy once it is installed in the field. Solar modules convert the incident
solar radiation directly into electricity, require no fuel, and produce no exhausts or other
bi-products. However, in order to be a sustainable clean form of energy, one also needs to
consider what is necessary to produce a solar module. Other frequent objections to solar
power are that they require huge land areas and that we may not have enough rare materials
to produce substantial quantities of solar cells.

The question of sustainability requires that solar modules “generate” substantially more
energy during their estimated 30-year lifespan than what is necessary in the manufacturing
process of the solar module. For current Si technologies this “payback” time is estimated
roughly at 3—4 years, for thin-films 3 years or less. Both numbers include the total system
cost [6]. These numbers are anticipated to further decrease to as low as 2 years for Si and
1 year or less for thin-films. Silicon and most other materials are readily available for any
amount of solar-cell production that one could foresee, but some materials, such as indium
in Cu(In,Ga)Sey solar cells, could become a bottleneck, if the production would eventually
reach TW levels [7]. The land area necessary to produce solar power is in general grossly
overestimated. Roughly 0.25 TW of electricity could be generated by building integrated
PV, i.e., mostly on roofs (Fig. 1.2). 1.7% of the US land area would generate as much
as 3.3 TW, which corresponds approximately to the total energy consumption (3.3 TW x

1 year) in the US in 2000. This land area is similar to what is used for interstate highways,
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Figure 1.2: Building integrated PV installation on a farm house in the author’s hometown.
After the passage of the Renewable Energy Law in Germany, many private investors use
this opportunity to invest in solar energy with practically guaranteed return and profits on
investments.
which proves that if the necessity is established, a project of this size can be accomplished.
To summarize the current situation, the solar-cell market is highly lucrative at the
moment due to guaranteed feed-in tariffs and high electricity prices in parts of the world.
The learning curves predict further substantial price reductions as the market grows at
rates of 20-40%. Other than economic considerations, there are no constraints in sight that

will limit the success of solar energy. The current situation of thin-film technology and

state-of-the-art solar cells have been recently reviewed [8, 9].

Photovoltaics 2050

With our ever increasing industrialization and growth in world population, we, as in “hu-
manity” may face major challenges in the future energy demand. Only the tip of the iceberg
is presented here, and for in-depth discussion the reader is referred to recent publications
of the National Renewable Energy Laboratory [10], the World Energy Assessment [11], and
discussions by Hoffert et al. [12] and Lewis [13]. By 2050, the average power demand is
expected to increase, mostly due to the increase in world population and development in
countries such as China and India, from 13 TW (2000) to roughly 30 TW. Our current

energy mix is heavily focused on fossil fuels and there is no change in sight, since reserves
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for fossil fuels, particularly coal, are sufficient to meet this future demand.

The driving factor for renewable energies will become the increased level of greenhouse
gas emissions, particularly CO2, that accumulate in our atmosphere. The atmospheric CO4
concentration has raised from roughly 280 parts per million (ppm) to 360 ppm [11] since the
late 19th century. Increases to 450-550 ppm are predicted to cause major climatic changes.
At the current rate of fossil-fuel consumption, and assuming the increased global energy
demand will also use fossil fuels, the CO5 concentration is predicted to raise as high as
750 ppm by 2050, tripling the pre-industrial concentration [13]. In this scenario, the planet
earth could very quickly become a less habitable place to live. Quoting David Stipp on his
article in FORTUNE magazine [14]: Global warming, rather than causing gradual, centuries-
spanning change, may be pushing the climate to a tipping point. ... Though triggered by
warming, such change would probably cause cooling in the Northern Hemisphere, leading to
longer, harsher winters in much of the U.S. and Furope. Worse, it would cause massive
droughts, turning farmland to dust bowls and forests to ashes.

The alternative to the “business as usual” approach requires that we reduce the CO5
emissions as soon as possible, and that we are ready to supply a good portion of the
demand (10-30 TW) by 2050 with renewable, emission-free energy sources. Lewis [13]
reviews possible candidates for clean energy production, including nuclear fission, hydro-
power, biomass, wind, geothermal, and solar energy and he concludes that solar power is the
only source that has the potential to face this demand. While hydro, biomass, geothermal,
and wind power can sustain fractions of this demand, for practical reasons the maximum
power supplied by these techniques will be limited. Nuclear fission, has the potential to
supply COs-free power, but it would require to built one nuclear 1 GW reactor every other
day to meet the 10 TW demand in 2050, and even if this could be accomplished, we might
run out of uranium on a rather short time scale. Solar power is incident on earth at a rate of
~10°% TW and offers great potential to meet this increased demand in COy-free energy. The
high costs associated with PV, however, require that political driving forces are established
to enable the necessary growth of the technology. The realization of this global goal will
require a concerted effort throughout the world and across borders.

The question at hand is not whether humanity should or will use solar power, but
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rather what alternatives are available for our energy future. Solar power offers a great clean
opportunity at hand and unless other energy sources become available, it might be the only

one that can prevent climatic catastrophes before the end of this century.
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Chapter 2

Background

Important principles and properties of semiconductors and solar cells are briefly reviewed
as far as these are helpful for the understanding of this work. This section includes a brief
description of state-of-the-art Cu(In,Ga)Sez (CIGS) solar cells. Although this dissertation
is focused on numerical simulations of solar cells, it is essential to review basic measurement
principles as well, because it is exactly the results of these measurements that are calculated
in the numerical simulations. The discussion is limited to current density vs. voltage (J-V)

and quantum efficiency (QE) measurements.

2.1 Solar-cell basics

2.1.1 Important semiconductor concepts

Semiconductors are a family of solids in which there exists a moderate gap (up to a few
electron volts) in the distribution of allowed energy states. At T = 0 K in a pure material,
this gap separates one entirely filled band (valence band) from one that is entirely empty
(conduction band). For T > 0 K, a finite number of electronic states are occupied in the
conduction band (“free electrons”) and a finite number of states are unoccupied in the
valence-band (“free holes”). These free electrons and holes can gain kinetic energy since
a quasi-continuum of higher or lower states are available to them, respectively, and they
are therefore able to respond to electric fields and concentration gradients that allow for

macroscopic current flow.
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The equilibrium concentrations of electrons and holes can be modified by extrinsic
dopants, but also by defect levels (additional states within the band gap) that are intrinsic
to the semiconductor. The occupation of conduction- and valence-band states is governed
by Fermi-Dirac statistics,

1
F(E) =
1+exp (E—,qui)

where k ig the Boltzmann constant and T the absolute temperature. Equation 2.1 describes

(2.1)

the probability of electron occupation in the conduction band and, similarly, 1-F(E) de-
scribes the probability for holes in the valence band. If the Fermi-level Ey is not very close
to either band edge, Ec — Ef > kT and Ey — By > kT, F(E) and 1-F(E) can for many

practical purposes be replaced by the Boltzmann factors

EFE-F E—FE
erp (— T f> and exp (— fkT > (2.2)

for electrons in the conduction band and holes in the valence band, respectively.

Semiconductors are classified as n- or p-type depending on whether electrons or holes

are the majority carriers. The Fermi level can be calculated by the following relations:

E~—
n = Nc¢-exp <—Ck—TEF> (2.3)
and B B
p = Ny-exp <—Fk—TV> (2.4)
where y
2am*kT 3/2 2rmikT\ ¥/?
Ng =2 (h—§> and Ny =2 <h—g> (2.5)

are the effective densities of states ig the conduction and valence band. For semiconductors
doped either with shallow donor or acceptor levels, n is similar to the donor density and p
is similar to the acceptor density. All parameters in Eq. 2.5 have their usual meaning, m}
and m}, are the electron and hole effective masses. In equilibrium, the product of n and p
is constant and depends only upon the temperature, effective masses, and band gap of the

semiconductor,

np=n? = Ng - Ny -exp(—Egz/kT). (2.6)
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Non-equilibrium

In non-equilibrium conditions, such as under illumination or under carrier injection due to
externally applied electric bias, no uniform Fermi level exists. In steady-state, however,
quasi-Fermi levels, E;, and Ey,, can be introduced, which are useful in the analysis and

interpretation of semiconductors. These quasi-Fermi levels are defined by

Ec—-FE
and
E¢p— Ey
p = Ny-exp ) (2.8)

Assuming that E¢, and Ey, in the n- and p-type region of a p-n junction diode are in equi-
librium with the respective electrical contact, the difference between the quasi-Fermi levels
in the proximity of a diode’s space-charge region is given by the applied voltage V', and it

follows that the np product is voltage dependent:

np =n? - exp(qV/kT). (2.9)

Numerical solution of the p-n junction problem, including generation, recombination,
and transport, is discussed in Sect. 3.1. Further information on the properties of semicon-

ductors can be found in many semiconductor [15] or solar-cell textbooks [16-18].

2.1.2 Homojunctions

Intimate contact between n- and p-type semiconductors allows for exchange of electrons
and holes until an equilibrium situation is achieved. Electrons diffuse into the p-type mate-
rial, leaving behind ionized shallow donor levels, and holes diffuse into the n-type material,
leaving behind ionized shallow acceptor levels. Adjacent to the p-n interface, both semi-
conductors deplete of free carriers and a space-charge region (SCR) is established. This is
shown in Fig. 2.1(a) for a p-n homojunction assuming a n and p doping of 1016 cm™3. The
diffusion process stops once the drift current established by the electric field, Fig. 2.1(b),
exactly cancels the diffusion current, and a flat Fermi level is established throughout the

device. It is conventional to draw the conduction and valence-band edges in terms of the
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Figure 2.1: Formation of a p-n junction in the Schottky approximation. (a) space-charge
distribution due to fixed ionized dopants; (b) electric field obtained by integration of the
Poisson equation; (c) a second integration step results in the electrostatic potential. The
built-in potential V;; describes the potential difference between the n and p side of the junc-
tion in equilibrium. Collection of photo-carriers requires that the applied voltage V < Vj;
and, therefore, Vj; is an upper limit to the open-circuit voltage of a solar cell (Sect. 2.2.1);
(d) conduction-band minimum E¢, valence-band maximum Ey,, and the Fermi level in equi-
librium. Schematically, the generation of an electron-hole pair within (Genl) and outside
(Gen2) the SCR is shown.

electron energy and, hence, the electrostatic potential ¢ = —E¢ + (constant) (Fig. 2.1|c]
and [d]).

Figure 2.1(d) further illustrates the principle of a p-n junction solar cell. Incident light
(e.g., from the left) generates additional electron-hole pairs in the solar cell. If the generation
occurs within the SCR, both carriers are readily swept out by the electric field (process
“Genl” in Fig. 2.1[d]). The hole quickly reaches the p-type region and the electron the
n-type region; once both carriers are majority carriers, they can then safely traverse the

quasi-neutral region (QNR) and be collected at external electrical contacts. In case of
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generation outside of the SCR, either in the n- or p-type bulk material (illustrated in
“Gen2” in Fig. 2.1[d]), one of the two generated carriers is a minority carrier (electron in
Fig. 2.1[d]) and must traverse to the SCR before it recombines; the success of this diffusion
transport depends on the quality of the material and is often expressed in terms of a carrier

lifetime 7 or a diffusion length L.

2.1.3 Heterojunctions

The situation of a p-n homojunction solar cell depicted in Fig. 2.1(d) is far from ideal. Light
generation of carriers decreases exponentially with the penetration depth (Sect. 3.1.3) and,
therefore, assuming the light is incident from the n-type side of the solar cell, most of the
generation would occur in the n-type QNR region and not within the SCR where good
collection would be ensured.

There are two effective approaches to improve upon this situation: (1) thinning of the n-
type material, an approach often taken in Si based solar cells, or (2) using a n-type material
with an enlarged band-gap energy. The latter shifts the generation profile directly into the
junction, since the larger band-gap energy prevents absorption in the n-type layer, and such
configuration can form a very efficient solar cell. This is the concept of heterojunction solar
cells such as ZnO/CdS/CIGS, which will be discussed in this work. CIGS is a short-hand
for Cu(In,Ga)Se;. The n-type layers are often referred to as “window” layers, due to their
intended photon transparency.

The band diagram for a ZnO/CdS/CIGS solar cell is shown in Fig. 2.2. Photons with
energy Epp < 3.3 eV will pass through the ZnO window layer. Some photons with energy
2.4 eV < Epp, < 3.3 eV will be absorbed in the CdS buffer layer, which was introduced into
these devices for technological reasons, but most will reach the CIGS layer and be strongly
absorbed in the SCR. CIGS, as well as CdTe, are direct-gap semiconductors with very strong
absorption, such that the absorption length is very short, ™! < 1 um. The detrimental
CdS absorption is minimized by thinning this layer or alloying it with other elements to
increase its band-gap energy [19]. Several important aspects of this band diagram will be

discussed in Chapter 4.
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Figure 2.2: Conduction and valence band for a heterojunction solar cell; the case of
ZnO/CdS/CIGS.

2.1.4 Thin-film solar cells

Sunlight is incident on earth (at sea level) with a power density of ~1000 W/m? and, hence,
to run a standard 100 W light bulb by solar power, an area of roughly 1 m? is required (even
more if the light bulb runs 24 hours or adverse weather is considered). For significant energy
production, large-area solar-cell installations are necessary. In comparison to wafer based
Si technology, thin-film solar cells can be cheaply deposited on large areas of (soda-lime)
glass [20], stainless steel [21], or even on polyimide substrates, which would make these solar
cells truly lightweight [22, 23]. An additional problem with traditional Si solar cells is that
the required energy payback time is on the scale of 2-3 years and, therefore, 10% of the
lifetime of a Si solar module is lost; thin-film solar cells are less demanding and have the
potential to achieve payback times of one year [6]. Because of these arguments, but also due
to many other contributing factors, thin-film solar cells have the potential to be significantly
cheaper in large-scale production. Recent studies have shown that the application of today’s
technologies in “super-large scale” manufacturing of thin-film solar cells would lead to solar

electricity prices that are competitive with conventional energy sources [24].
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Typical Cu(In,Ga)Se; solar cells

Despite their polycrystalline nature, thin-film solar cells based on the chalcopyrite com-
pounds of Cu(In,Ga)Ses (CIGS) achieve surprisingly high conversion efficiencies approach-
ing 20% [25-27]. Besides the presence of grain boundaries (GBs), CIGS thin-films capable
of achieving high efficiency substantially differ from single-crystals, particularly elemental
semiconductors such as Si, in that they are always non-stoichiometric (Cu-poor) [25, 28],
often non-uniform in Ga/(Ga+In) composition throughout the film-thickness [25], can form
defect complexes that are benign to device performance [29], and in most cases require the
presence of sodium during growth or sodium introduced by post-deposition treatments [30].

A typical device structure [20, 28] is shown in Fig. 2.3. CIGS solar cells are almost
always designed in a substrate configuration starting from soda-lime glass, stainless steel,
or polyimide material. The back contact is typically sputtered Mo and forms a non-blocking
contact with CIGS. In contrast, for example, in CdTe solar cells, the back contact forms
Schottky barriers and represents a major hindrance to commercialization due to stability

issues [31].

m front grid

numerical
model
N

 absorber CIGS (~3 jm)

back contact (Mo)

Figure 2.3: Schematic of a grid/Zn0O/CdS/CIGS/Mo/glass solar cell. Only the semicon-
ductor layers are reproduced in numerical models. The metallic contacts at the top and
bottom are defined by their work function and surface recombination velocity. An external
load is connected between negative (grid) and positive (Mo) electrode.

13
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The CIGS absorber material with typical thicknesses of 2-3 um is deposited by a great
variety of processes that can be roughly categorized [20, 28| into vacuum co-evaporation
and two-step selenization processes. Co-evaporation deposits all elements simultaneously
on a heated substrate. Intentionally or un-intentionally, gradients in the composition can
be created, and Sect. 4.1 investigates whether such gradients can be beneficial to device
performance. Selenization processes deposit all metals onto a film and react them in Se
atmosphere to form the intended compound. The patented “three-stage” process, which
makes the best CIGS solar cells to date [27], is a variation on the standard co-evaporation.
The metal elemental fluxes are varied during deposition in a Se-rich atmosphere such that a
favorable crystal growth under Cu-rich conditions can be combined with an overall Cu-poor
composition of the finished film [25].

CdS buffer and ZnO window layers are typically deposited on top of the CIGS absorber
by chemical bath deposition and RF-sputtering, respectively. A buffer layer, such as CdS,
although not necessary in the concept of a heterojunction solar cell, has proven beneficial to
device performance. ZnO layers are often realized in a bi-layer configuration of intrinsic and
Al-doped material. A review of buffer and window layers, including an evaluation of possible
alternatives, was recently conducted by Pudov [32]. The effects of the band-alignment at
the CdS/CIGS interface on solar cell performance, are discussed in Sects. 4.2 and 4.3.

A cross-sectional scanning electron microscopy (SEM) image of a ZnO/CdS/CIGS solar
cell is shown in Fig. 2.4. This image was taken on a sample made at the National Renewable
Energy Laboratory that achieved 19.3% conversion efficiency [26]. From bottom to top:
soda-lime glass, a double layer of Mo, roughly 2 um of CIGS, 50 nm CdS (hardly visible
in Fig. 2.4), and a double layer of intrinsic and doped ZnO. Noticeably, the grain sizes are
comparable to the film thickness, leading to a columnar film structure. In the top part
of the CIGS layer, where the electronic junction is located, the material appears nearly
free of macroscopic defects, except for the columnar grain boundaries. At the beginning of
the growth, at the Mo/CIGS interface, some additional GBs develop during crystallization.
The effects of such horizontal and columnar grain boundaries on device performance are
investigated using two-dimensional models in Chapter 5.

Broad reviews of the state-of-the-art thin-film solar cells were given in a recent special

14

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CIGS

Mo

1pm 20000X] 91ass

Figure 2.4: SEM image of a CIGS solar cell at 20000x magnification. In high quality
material, grains extend throughout the film thickness. Image courtesy of K. Ramanathan,
NREL.

edition of Progress in Photovoltaics [33, 34], several articles in Photon magazine [8, 9], and
in earlier work [28]. Several chapters in Ref. [18] are devoted to the discussion of a-Si, CdTe,

and CIGS thin-film solar cells.

2.2 Electrical characterization methods

In the wide range of characterization methods available for thin-film solar cells, the measure-
ment of current-density vs. voltage (J-V') curves is of great importance, since it determines
the efliciency at which the solar cell converts the sun’s power into electricity. However,
besides the basic characteristic of conversion efliciency, a J-V curve tells little else about
the actual device. One extension of a regular J-V measurement is the measurement of the
wavelength-dependent current response, typically performed at zero bias. This is referred
to as the “quantum efficiency” (QE) as it, after proper normalization, represents the frac-
tion of photons of wavelength A that are converted into electron-hole pairs and collected as
current. QE measurements under light or voltage bias, can also be misleading and careful

analysis is necessary (35, 36].
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Numerical simulations of solar cells have the advantage that all device and material
properties are well controlled as they are input parameters of the model and, therefore,
evaluation of trends and quantified changes in J-V or QE measurements are possible. Al-
though some software tools also allow the simulation of capacitance related techniques

[37, 38], these characterization methods will not be addressed in this work.

2.2.1 Current-density vs. voltage

The standard J-V measurement is performed at room temperature and under a standardized
“one-sun” illumination [39]. Experimentally, it is necessary to cool the solar cell during
illumination, as otherwise the intense light will increase the cell’s temperature. For details
of the set-up used in the Photovoltaic Laboratory at Colorado State University see Refs.
[40] and [32]. In short, the solar cell is subjected to a calibrated light source, two contacts
are used to apply a voltage bias, and two additional contacts are used to determine the
resulting cell current.

An example of a J-V curve is shown in Fig. 2.5(a) and from such a curve, the basic
performance parameters can be extracted as listed in Table 2.1. Assuming that the curve
follows an exponential behavior, there is redundancy in these parameters and only three
(e.8-, Ve, Jsc, and 1) are necessary to specify them all.

Ideally, a solar-cell j—V curve equals that of a p-n junction diode shifted by the light-

generated current Jr, =~ Jg.:

J(V) = Jo [exp (%) - 1] s (2.10)

Table 2.1: Basic J-V performance parameters.

Parameter Symbol Unit Determined by
open-circuit voltage Voe A% J=0
short-circuit current density Jsec mA/ cm? V=0
maximum-power voltage Vinaz vV V at (JV)max
maximum-power current Jmaz ~ mMA/cm? J at (JV)max
fill factor FF % (IV)maz/ (VocJse)
efficiency n % (J V)max/ Pincident
16
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Figure 2.5: (a) Light and dark J-V curves for an ideal solar cell; standard J-V param-
eters that describe performance are indicated. (b) Non-ideal behavior includes parasitic
resistances and a diode quality factor greater unity.

However, application of this equation to thin-film solar cells requires that parasitic losses

are included [41]:

J(V) = Jo [ewp (%) - 1] + % _ I (2.11)

Series resistance Rg, shunt-resistance rgp, and diode quality factor A describe these non-
idealities. The effect of each of these parameters on the J-V curve is indicated in Fig.
2.5(b). In record-efficiency CIGS cells [27], Rg and g, effects are negligible and the best
diode quality factors achieved are around 1.3. More typical values for these parameters
are Rg ~ 1 Qcm?, 7o, > 500 Qcm?, and A ~ 1.5. The J-V curve analysis used in this
work follows the procedure outlined by Hegedus and Shafarman [41], which includes the
improved determination of the diode quality factor and series resistance suggested by Sites

and Mauk [42]. The analysis process is illustrated in Fig. 2.6(a)-(d).
(a) Regular J-V plot results in Vo, Jsc, FF, and 7 as given in Table 2.1.
(b) Plot of dJ/dV determines the shunt conductance, G = 1/rgp, as shown in Fig.2.6(b).
(¢) A plot of dV/dJ = Rg + A%I(J + Jz)7! versus (J + Jr)~! intercepts the y axis at a
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Figure 2.6: Four step analysis of J-V curves.

the text. Data courtesy of K. Ramanathan.
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value of Rg and the slope of the linear region allows identification of A.

The details of these four steps are given in

(d) J-V plotted on a logarithmic scale, after correction for Rg and 7y, allows identification

of A by an alternative method. For well-behaved devices this A agrees well with the

A found in step (c).

The results of the numerical simulations presented in Chapters 4 and 5 were sub-

jected to this analysis procedure. A software application, named Current-Voltage Analysis

(CurVA), was written that allows interactive analysis, following the above outlined steps

with ease. A screen shot of this application is shown in Fig. 2.7. This program also replaced
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Figure 2.7: Software implementation of the four-step J-V analysis. The layout and imple-
mentation follows the discussion and figure in Ref. [41]. The analysis is performed in the
four steps described above (from top left to bottom right). The evaluation ranges for the
linear fits can be chosen by dragging the cursor lines in the displayed graphs, with imme-
diate response. CurVA 2.0 includes import filters for seven different file formats and an
automatic capturing of the analysis ranges. As an additional feature, CurVA can calculate
arbitrary J-V curves based on the paramters Jy, A, Jr, Rs, and rgp,.

a previous program used in the Photovoltaic Laboratory at Colorado State University and

is now in use by a number of other groups in the photovoltaic community working on CdTe,
CIGS, and organic solar cells [27, 43].
2.2.2 Quantum efficiency

Measurement of the current response at zero voltage and normalization of this current to

the flux density of the incoming light allows calculation of the quantum efficiency:

_ AJ/q _ #-collected electron-hole pairs

E
QE(}) ® #incident photons

(2.12)

The optical beam of total flux density ® (units of [#/cm?s]) is monochromatic, but its

peak wavelength varies over the spectral range that is relevant to the solar cell application.
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Figure 2.8: Example of a quantum-efficiency curve and involved loss mechanisms.

Experimentally, the beam intensity also varies as it scans through all wavelengths; typically,
in numerical simulations ® = 10'® cm~2s7! is used. More details on the experimental set-up
are given elsewhere [32, 40]. Eq. 2.12 can be integrated to express the relation between the

short-circuit current density and QE,

oo = q /A F(A) - QE(\)dA, (2.13)

where F is the flux density per unit wavelength (units of [#/cm?nm-s]).
An example QE curve is shown in Fig. 2.8. This is the result of a simulation, and,
hence, a somewhat idealized case, but the differences from experimental QE curves will be

addressed in the following:

o “Reflection” losses are introduced by partial coverage of the front surface by non-
transparent contacts (i.e., metal contact fingers) or by reflection at material inter-
faces. Experimentally, these losses are minimized by the application of anti-reflective

coatings.
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o “Window” absorption in the short-wavelength region is negligible due to the high
band-gap energy of this material. Free electron absorption in the ZnO layer can lower
the quantum efficiency in the high wavelength region, but this effect is typically small

and neglected in the numerical simulations.

e “Buffer” absorption represents one of the major losses in today’s CIGS and CdTe
thin-film solar cells. Thinning of the CdS or replacing it with a higher band-gap

material are possible alternatives.

e “Recombination” losses are introduced by less-than-ideal collection efficiencies of photo-
generated carriers. The longer the wavelength, the deeper the generation of carriers,
and the higher the likelihood of recombination. This will be investigated in some

detail in Sect. 5.3.4.

e “Deep penetration” of carriers. These losses are inherent to every semiconductor as

light with photon energy of hv < E; is not absorbed.

The resulting QE curve in Fig. 2.8 is similar to QE curves observed in CIGS solar cells of

good efficiency [41].
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Chapter 3

Basics of numerical simulations

This chapter introduces the concept of numerical simulations of semiconductors, partic-
ularly in solar-cell applications, and discusses the relevant physical models for transport,
recombination, and generation. Subsequently, baseline parameter sets are presented that
describe CIGS and CdTe thin-film solar cells; their characteristics are chosen to be simi-
lar to CIGS and CdTe record cells. These baselines are used as a starting point for more
complex models. Although this work only discusses CIGS solar cells, the CdTe baseline
case has also been applied in a number of studies [36, 44]. The chapter ends with a brief

description of the software packages used in this work.

3.1 Governing equations

The device physics problem is presented in the form of the Poisson and the electron- and

hole-continuity equations [15]:

V.eVp = —q(p—n+ Np+ — Nyu-), (3.1)

Vo= a®-G0)+d, (3.2)
and . ap

-V = Q(R—G)+q-a—;, (3.3)
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where € is the dielectric constant, ¢ is the electrostatic potential, n and p are the free carrier
concentrations, Np+ and N4- are the density of ionized donor and acceptor levels, J, and
Jp are the electron and hole current density, R is the recombination rate, and G is the
generation rate. In this work, only steady state solutions are investigated and, hence,

on

on 9p _
ot

0 and % =

0. (3.4)

The recombination terms in Eqn. 3.2 and 3.3 have non-linear dependencies on the carrier
concentrations n and p. Hence, Eqn. 3.1-3.3 represent a set of coupled non-linear differ-
ential equations, which will be solved by numerical methods with the typical approach:
(1) discretization (“meshing”) of the device, (2) discretization of Eqn. 3.1-3.3, (3) applica-
tion of boundary conditions (contacts), and (4) solution of the resulting matrix equation
by iteration. The solution consists of the three state variables ¢, E¢,, and Ey,, which
are sufficient to deduce all other characteristics in steady state conditions. All simulations

utilize Fermi-Dirac statistics.

3.1.1 Transport

In the absence of magnetic fields and temperature gradients, carrier transport in semicon-

ductors occurs by drift and diffusion only and can be expressed by the equations

In = qunpné€ +qDpVn (3.5)
and
Jp = quppE — qDyVp, (3.6)

where the u’s are the carrier mobilities, the D’s are the carrier diffusion constants, and £ is
the electrostatic field [15]. With the definition of quasi-Fermi levels, E, and Ef, (Eq. 2.7),

and quasi-Fermi potentials, ¢, = —(Efn/q) and ¢5p, = (Efp/q), this can be simplified to

Jn = —quanVé, (3.7)

Jp = —quppVoyp. (3.8)

and
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These equations applied to the solution found based on Eqn. 3.1-3.3 describe transport due
to electric fields, diffusion, and effective fields (e.g., band-gap gradings or variations in N¢

and Nv).

3.1.2 Generation

Optical generation in this work assumes wavelength-independent reflection at front, Rp,
and back surfaces, Rp. The photon flux density, ®, decays exponentially vs. depth, ®(z) =
®(29) - exp (—az(z — 20)), where ® is the flux density in units of (#photons/cm?s), and ay
is the absorption constant, and the subscript x stands for ZnO, CdS, or CIGS. Hence, the

generation rate G(z) equals:

G(z) = —i—f = ay - ®(20) - exp (—az(z — 20)) . (3.9)

This equation applies in all layers under consideration of the appropriate ®(zp) and z, given
in Table 3.1. The situation becomes more complex if the band-gap energy, and therefore
the absorption spectra, is spatially non-uniform as it will be discussed in Sect. 4.1. Back
reflection implies that a fraction of the light that reaches the back contact, Rg < 1, reverses
its propagation direction at the back contact and is then incident on the device “from the
back.” If Wcigs is the CIGS absorber thickness, the intensity of the reflected light is
D@refiected = BB - ©(Wergs).

Equation 3.9 describes generation due to a monochromatic light source. In practice,
a spectrum of light is incident and the simulation assumes a standard “one-sun” illu-

mination, also referred to by “AM1.5” [39]. The total generation profile is the sum of

Table 3.1: Parameters describing photogeneration in a ZnQ/CdS/CIGS solar cell. Through-
out this work, z = —0.25 pm is the front-contact surface, z = —0.05 pym the ZnO/CdS
interface, and z = 0 the CdS/CIGS interface, hence, points in the window and buffer layers
have z < 0 and the absorber is at z > 0.

layer  ®(z) 20
ZnO @o(1— Rp) -0.25 ym
CdS ®¢(1— RF)-exp(—azno 0.2 pym) -0.05 pm

CIGS ®¢(1 — RF) - exp(—azno - 0.2 pm) - exp (—acqs - 0.05 pm) 0 pm
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Figure 3.1: (a) Calculated total generation in a ZnO/CdS/CIGS solar cell. Shorter wave-
lengths experience stronger absorption. For photon energies approaching the CIGS band-
gap energy, the generation is lower and more uniform in the device. Only weakly absorbed
light experiences back reflection. (b) Integrated and normalized generation.

the single-wavelength generations. Figure 3.1(a) illustrates generation by long and short
wavelength light, as well as the total generation due to the one-sun illumination (spectral
data is tabulated in Appendix A). Short wavelength light (A = 0.56 um) is strongly ab-
sorbed and, hence, there is no significant generation deeper 0.5 um. Long wavelength light
(A = 1.06 pm), which has a significantly smaller «, shows absorption deeper in the device,
and some non-negligible fraction can be reflected from the back surface (also in Fig. 3.1[a]).
This becomes increasingly more interesting as devices are made thinner to reduce processing
times and material usage. The integrated generation, Fig. 3.1(b), shows that 95% of the

sunlight’s absorption occurs within the first micrometer of the CIGS material.

3.1.3 Recombination

Defect related recombination is typically described by the model developed and verified by
Shockley, Read, and Hall (SRH) [45, 46]. This model resulted from statistical considerations
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Figure 3.2: The four allowed transitions in the Shockley-Read-Hall model. Capture pro-
cesses depend on the free carrier concentration and the concentration of available trap
levels. Emission processes only depend on the trap occupancy and not on the free carrier
concentration.

of transition rates and required only one assumption, namely that a defect level has only
two states of existence, i.e., an acceptor level is either neutral or negatively charged. With
this restriction, four transitions are possible for each defect, shown for the case of acceptor
traps in Fig. 3.2 (similar diagrams apply to donor traps). Electron capture followed by
hole capture leads to a recombination process, whereas, hole emission followed by electron
emission leads to generation of an electron-hole pair. In equilibrium, both these processes
occur at equal rates. Under optical or electrical injection, however, the capture rates increase
linearly with the free carrier concentrations and, therefore, additional recombination occurs.
Carrier emission rates are unaffected by the free carrier concentrations unless the material
is degenerate [45, 47].

The rate of recombination can be written as

R_ oeanrven Ny (np — 17)
" on (n+ niexp (B — E;) /KT)) + op (p + niexp [(E; — Ez) [kT))

(3.10)

which is often simplified by the definition of lifetime parameters, 7o = (Nyvpoe)™ ! and

m = (Nywor) ™Y, and p1 = niexp[(E; — Ey) /kT] and ny = niexp [(E; — E;) /kT] to the
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more traditional form [15, 17, 47]

_ (np — nf)
= (n+n1)+7(@+p1) (3:11)

This equation further simplifies in the quasi-neutral region of a doped semiconductor where
either n > p,ny,p1 or p > n,n1,p1. Under these conditions, the minority carrier recombi-

nation rate in n- or p-type material becomes

A An
Rn—type = 7__’]: and Rp—type = 7__, (312)

[

where An and Ap are the excess minority carrier concentrations.
Similarly, recombination at interfaces, such as the front or back contact of the solar cell,

at material interfaces, or at grain boundaries, may be described by

(np —nf)

~(ntm) /St (p+p1)/Se’

(3.13)

38

where S, = Nyvgpon and Se = Nyvgpo, are the interface or grain-boundary recombination
velocities for holes and electrons in units of (cm/s).

Other recombination processes such as band-to-band recombination or Auger recombi-
nation can also be considered [48, 49], but they are insignificant compared to SRH recom-

bination in polycrystalline material.

3.2 Baseline parameters

Numerical modeling of polycrystalline thin-film solar cells is an important strategy to test
the viability of proposed physical explanations and to predict the effects of physical changes
on cell performance. In general, this must be done with only partial knowledge of input
parameters. Guidelines that should be considered when assigning input parameters for
numerical models are discussed below, and subsequently, specific baseline parameters for
CIGS and CdTe are proposed. All work reported in Chapter 4 and 5 have the CIGS baseline

case as a common starting point, although the calculations in the different sections were
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performed on different platforms and with different aspects in mind. The CdTe case is not

discussed any further in this work, but was used for studies reported in Refs. [36] and [44].

Simulations vs. data fitting

Input parameter sets used to fit experimental J-V data are in general not unique. Fitting
of experimental data is only conclusive, if a wider set of data, e.g., J-V at different tem-
peratures or QE at different biases, is used. Input parameters that are well-known should
not be changed at any time (not be abused as a “fitting parameter”), whereas parameters
that have only marginal effects on the output can be tested and then not changed. After
excluding these parameters, the remaining parameters are available for fitting purposes.
Only results reported in Sect. 4.3 attempted to match experimental data, whereas all other
results reported here were used to identify general principles and to evaluate their effects

on device performance, independent of particular experimental results.

Front and back contacts

In general, contacts can be assumed ohmic or, depending on the focus of the modeling, as-
signed a Schottky barrier height consistent with experimental observations. The reflection
at the back surface has only minor influence on the achievable short-circuit current den-
sity (Jsc) and this influence only becomes noticeable if the absorber is chosen to be fairly
thin. Typical simulation tools support a constant multiplicative reflection factor for the
front surface (i.e., Rp = 0.1, 10% reflection), which reduces the quantum efficiency by this
fraction. Neglecting interference effects, QE curves show a fairly flat response of ~(1 — Rr)
at intermediate wavelengths.

Surface recombination velocities at the front and back contact are chosen to be equal
to the thermal velocity. This effectively recombines every minority carrier that reaches the
contacts and establishes either a perfect ohmic or a Schottky contact depending on the

barrier height parameter [15, 49].

28

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Material parameters

Carrier mobilities for polycrystalline material are chosen lower than the values reported for
crystalline material. Effective masses of m; = 0.2my for electrons and mj} = 0.8my for holes,
which are numbers typical for direct-band-gap material, are used unless more specific data
is available. The ratio of the carrier mobilities, pe/pp, should be approximately inversely
proportional to the ratio of the effective masses, m%/mj. The effective densities of states,
N¢ and Ny, can be calculated using Eq. 2.5. The direct temperature dependence in Ng
and Ny is taken into account for temperature-dependent modeling.

Carrier concentrations can be experimentally determined from capacitance-voltage anal-
ysis; recent work, however, suggests that such measurements may overestimate the free
carrier concentrations [37]. Typical concentrations are the order of 10'6 cm™2 for CIGS and
10" cm™3 for CdTe. The band-gap energies of the semiconductors are known as determined
from quantum-efficiency (QE) or absorption measurements. The choice of band offsets at

interfaces is discussed in the specific material sections below.

Defects

Unless details can be generally assumed for an entire class of materials or device specific
simulations are intended, it is recommended that recombination defect states be assigned
to a narrow distribution close to the middle of the band gap (generic mid-gap states). In
the SRH formalism (Sect. 3.1.3), a defect state can change its state of charge only by one
elementary charge. Therefore, one can always make the following distinction: A donor-like
(acceptor-like) defect state is able to donate (accept) one electron. The two possible charge
states for donors (acceptors) are positive and neutral (negative and neutral). It follows
that free electrons (holes) will be coulomb-attracted to ionized donor-like (acceptor-like)
defect states, whereas holes (electrons) will have no strong interaction with the donor-like
(acceptor-like) defects, giving very small hole (electron) cross-sections. Attractive cross-

sections are assigned corresponding to a radius at which the coulomb potential energy of
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the carrier in the field of the charged trap equals kT [17]:

4
Oattractive = —_167r€q2k2T2 7 10_13 - 10_12 cm2. (314)
Neutral cross-sections are estimated to be between 10~!8 and 10~1% ¢m?. The latter number
corresponds to the physical size of an atom and is often referred to as “geometric” cross-

section. Smaller values may be reasonable if transitions are unlikely, or to compensate for

strong field effects in the region of interest.

3.2.1 Zn0O/CdS/Cu(In,Ga)Se; solar cells

Three layers: n-ZnO transparent contact, n-CdS window, and p-CIGS absorber. This
configuration resembles the most common CIGS devices (see discussion in Sect. 2.1.4).
Baseline case parameters are listed in Table 3.2.

The band alignment at the interface of CdS and 1.15 eV-CIGS is chosen to be Type I
(|AEc| and |AEy/| are both smaller than the band-gap difference) with AEg = +0.3 eV,
which was guided by experimental [50, 51] and theoretical studies [52]. The ZnO-CdS inter-
face is assumed as Type II with AEg = -0.2 eV, which is in the mid-range of experimental
results [50, 53] and close to the predictions from first-principles calculations [54].

A single deep acceptor (donor) trap is used for the CdS (CIGS) layer. The high defect
density in the CdS layer, similar to the density of shallow donors, is necessary to generate the
often observed photoconductivity, which is discussed in Sect. 4.3. The mobilities assigned
are approximately a factor of 2-3 below crystalline material values [55, 56]; the hole mobility
is at the high end of what has been recently measured in thin-film CIGS at low T, pu, =
3-22 ecm?/Vs [57]. Default values of 0.2mg and 0.8my are used for the electron and hole
effective masses in all layers, which is similar to what is generally reported in the literature
for CIS [20]. Dielectric constants are assigned mid-range values of what has been reported
[20, 55]. Absorption is defined based on measurements on polycrystalline CdS [58] and CIGS
[59] material. The tabulated spectral data used in the simulations is listed in Appendix A.

Except for the band alignments, device performance is essentially independent of ZnO

and only weakly dependent on CdS parameters. Changes in the CIGS parameters are
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Table 3.2: CIGS baseline case input parameters. Barrier heights &, = E¢ — Ef and
®,, = E; — Ey; surface recombination velocity S; layer width W; dielectric constant e;
mobility u; shallow dopant density Np and N,4; band-gap energy Ej; effective density of
states N¢ and Ny ; conduction-band offset between two adjacent layers AE¢; acceptor or
donor defect density Npg and N4g; defect peak energy E4 and Ep; defect distribution
width Wg; and capture cross section ¢. The subscript e/h refers to electron/hole properties.

A. General device properties Front Back
by, (eV) ®y, =0 Oy, = 0.2
Se (cm/s) 107 107
Sh, (cm/s) 107 107
Reflectivity 0.05 0.8

B. Layer properties ZnO CdS CIGS
W (nm) 200 50 3000
€/€o 9 10 13.6
pe (cm?/Vs) 100 100 100
pn (em?/Vs) 25 25 25
Npja (cm™3) Np: 108 Np: 1.1x108  N4: 2x10%6
E4 (eV) 3.3 2.4 1.15
N¢ (ecm™3) 2.2x1018 2.2x10'8 2.2 x 10'8
Ny (cm™3) 1.8x10%9 1.8x10 1.8x10%
AE¢ (eV) -0.2 +0.3

C. Gaussian-distributed defect states ZnO CdS CIGS
Npg, Nag (em™3) D: 1017 A: 1018 D: 1014
E4, Ep (eV) mid-gap mid-gap mid-gap
We (eV) 0.1 0.1 0.1

oe (cm?) 10712 10~17 5x10713
op, (cm?) 10~15 10~ 12 10°18

observed to correlate well with a basic diode model. These dependences have been investi-

gated in Ref. [60].

3.2.2 Sn0O,/CdS/CdTe solar cells

Three layers: n-SnQOq transparent conducting oxide, n-CdS window, and p-CdTe absorber.
Baseline case parameters are listed in Table 3.3.

The conduction bands at the SnOy/CdS interface are aligned in agreement with experi-
ments [53, 61]. The offset at the CdS/CdTe interface is assumed to be Type II with AE¢ =

-0.1 eV, which was calculated from first-principles [54, 62] and confirmed by photo-electron
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Table 3.3: CdTe baseline case input parameters. Description of symbols is given in the
caption to Table 3.2.

A. General device properties Front Back
D, (eV) by, = 0.1 Oy, = 0.4
Se (cm/s) 107 107
Sk (cm/s) 107 107
Reflectivity 0.1 0.8

B. Layer properties SnOq CdS CdTe
W (nm) 500 25 4000
€/€o 9 10 9.4

pe (cm?/Vs) 100 100 320
pn (cm?/Vs) 25 25 40
Npja (ecm™?) Np: 1017  Np: 1.1x108  N4: 2x10M
E, (eV) 3.6 24 1.5
Ng (em™3) 2.2x10!8 2.2x10'8 8x10'7
Ny (cm™3) 1.8x1019 1.8x101° 1.8x1019
AFE¢ (eV) 0 -0.1

C. Gaussian-distributed defect states SnOsy CdSs CdTe
Npg, Nag (em™3) D: 1015 A: 1018 D: 2x1014
E4, Ep (eV) mid-gap mid-gap mid-gap
We (eV) 0.1 0.1 0.1

oe (cm?) 10712 10717 10712
op, (cm?) 10715 10712 10718

spectroscopy results [63]. The back-contact is chosen as a moderate Schottky barrier, which
is the standard interpretation of the frequently observed “roll-over” effect in CdTe solar cells
[64, 65].

For SnOs and CdS, default values of effective masses, 0.2mg and 0.8mg, are used. The
model shows only weak dependences on CdS parameters, except for layer thickness. The
absorption curves used were measured on polycrystalline CdS and CdTe material [58]. CdTe
mobilities are assumed approximately half of the crystalline values [55] and the effective
masses are estimated as an average from several published sources [66—68]. A single deep
acceptor (donor) trap is used for the CdS (CdTe) layer. Due to the low carrier concentration
in the CdTe, the device is relatively depleted at zero bias and this causes a noticeable change
in the band diagram by photogenerated carriers. This type of band deformation can lead

to non-superposition of light and dark J-V curves [69]. Another possible contribution to
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non-superposition is the field-aided collection of photogenerated carriers [41]. Hence, in
CdTe non-superposition is likely caused within the absorber layer, whereas in CIGS devices

it is dominantly created in the CdS layer (Sect. 4.3).

Results of the baseline cases

The models described above were established in several different simulation environments,
and although there are minor differences in the way parameters are defined in different
software packages, the solutions to the baseline problems agree very well. Other researchers
have had similar experiences [70]. The J-V and QE results for the CIGS and CdTe baselines
are shown in Fig. 3.3.

The higher band-gap in CdTe solar cells allows for higher open-circuit voltage, but
also results in lower current. Both quantum efficiency curves show some losses due to
CdS absorption in the low wavelength region, A < 520 nm. CdTe solar cells with their
low doping and, hence, wide space-charge region achieve generally better collection than
CIGS devices. In CIGS, the longer wavelength generation occurs far from the SCR edge,

and the QE is lowered for these wavelengths. The baseline cases are very similar in their
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Figure 3.3: Simulation results for the CIGS and CdTe baseline cases. (a) J-V in the dark
and under one-sun illumination. (b) The QE was calculated under standard illumination.
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Table 3.4: Performance parameters of the simulated baseline cases and the experimental
CIGS and CdTe record cells after Refs. [27] and [19].

Sample Voe (V) Jse (mA/ecm?) FF (%) 7 (%)
CIGS baseline 0.64 34.6 79.5 17.7
CIGS record 0.69 35.2 79.9 19.5
CdTe baseline 0.87 24.6 76 16.4
CdTe record 0.85 25.9 75.5 16.5

layer structure and performance to record solar-cell devices; this is shown in Table 3.4,
which lists J-V parameters for these cases. The baselines were intentionally “aligned”
in performance to record levels. This allows to establish a well-behaved baseline case in
comparison to a well-studied record device and then add other detrimental effects, such as
additional recombination or grain boundaries. The experimental CIGS efficiency exceeds
the simulated baseline case and some of the difference can be attributed to a “graded”
band-gap absorber, Sect. 4.1 will discuss this in detail.

A band picture of the ZnO/CdS/CIGS baseline is shown in Fig. 3.4 at zero bias and

under forward bias. The one-sun illumination introduces a splitting of the quasi-Fermi

EC

= e e e e = e - E tn_ - — e e e w e e - e . - -

> —tV

o Nl B _ v

> Ey !

@

S '

|
(@ V=0[-- (b) V=05V

'.': add. SCR recombination
e a0 recombination V=05V

81071 |l 1 ||

o« e ___holes |l VY ]
@21 015 n

O, light generated e A

o, 10  N_e—--TTTTTITITT roTTTT

=10 C)V=0[--~" (dV=05V

T T T T T T T T T T
0.0 04 0.8 0.0 0.4 0.8
z [pm] z [um]

Figure 3.4: Bands (top) and carrier concentrations and recombination profile (bottom) for
the CIGS baseline case at zero (left) and forward bias (right). One-sun illumination.
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levels in the bulk of the CIGS absorber of approximately 0.56 eV, slightly less in magni-
tude than the observed open-circuit voltage (Fig. 3.4[a]). The density of light-generated
excess minority electrons is the order of 10!'' cm™2. Under forward bias (Fig. 3.4[b]), the
quasi-Fermi levels close to and within the SCR are split by the applied bias V, and this
increased density of free electrons and holes, and the fact that they are present in similar
concentration, maximizes recombination in this area. The dotted line in Fig. 3.4[d] shows

the recombination at zero bias in comparison.

3.3 Software

Simulations of thin-film solar cells have become increasingly mature and complex over the
last two decades. A number of simulation packages have been developed at universities or
research institutes, and these are typically available at no cost and without support. This
group of programs includes AMPS-1D, SCAPS-1D, SimWindows, PC-1D, ADEPT-F, ASA,
ASPIN, or AFORS-HET. All of these are one-dimensional and can be used to directly or
indirectly evaluate solar-cell performance. Some also incorporate other experiments such as
capacitance related characterization (SCAPS-1D, ASA, AFORS-HET). AMPS-1D, SCAPS-
1D, ASA, and PC-1D were compared in a recent review article by Burgelman et al. [70].
The extension into two or three dimensions, which allows to simulate lateral fluctuations
in polycrystalline thin-film solar cells (e.g., grain boundaries), is more difficult to achieve
and remains in the domain of commercial software packages, such as APSYS, ATLAS 2D,
DESSIS, or Medici. A subset of these programs have been used for the work presented here

and their capabilities and limitations will be briefly reviewed.

3.3.1 AMPS-1D

AMPS-1D, an acronym for “Analysis of Microelectronic and Photonic Structures,” was
developed under the guidance of Stephen J. Fonash at the Pennsylvania State University
with support of the Electric Power Research Institute. AMPS-1D is known for its stability
and user friendliness; no updates have been made since the beta release of version 1.0 in

1997. Some of the key advantages and disadvantages are listed below.
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Key features of AMPS-1D

PROs

CONs

allows batch processing of simula-

limited to 400 mesh points and 30

tions layers; a version that supports 2000

. mesh points is available upon request
e very stable in general; complex de-

vices can introduce some instabilities e no treatment of interfaces, requires

. ) . definition of “interfacial layers”
e good user interface, including a flex-

ible plotting program e must enter all information by hand

(can not read, e.g., spectral files)
e well-documented user manual

e binary case files can only be read in
AMPS-1D (no manipulation of text
files possible)

AMPS-1D was used for earlier work on CdTe solar cells that is not reported in this work

[36, 44] and for the results presented in Sects. 4.1 and 4.3.

3.3.2 SCAPS-1D

SCAPS-1D, an acronym for “Solar Cell Capacitance Simulator in 1 Dimension,” was devel-
oped at the University of Ghent under Marc Burgelman [38, 70]. It is continuously updated
and the progress is well documented in the literature (update to version 2.3, see Ref. [71]).

In the latest release, version 2.4, SCAPS-1D remains to be a very fast and versatile utility

Key features of SCAPS-1D

PROs CONs

e can be unstable when the device is
far from ideal and includes secondary
barriers

e all input files are user-accessible text
files, this includes spectral data as
well as device definition files

e no batch processing, every calcula-
tion (J-V, QE, etc. ) of every model
has to be performed “by hand”

e sophisticated treatment of interface
recombination and interface trapping

e very fast
e inflexible plotting utility is of little

e inclusion of series resistance, use

capacitance-voltage and capacitance-
frequency response
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that has some advantages on the device physics side, however, stability and batch processing
are still missing which makes it a tedious tool for comprehensive studies. SCAPS-1D was

used for the studies that made intensive use of the interface feature, reported in Sect. 4.2.

3.3.3 ISE-TCAD (DESSIS)

Integrated Systems Engineering (ISE), recently acquired by Synopsis Inc., offers a com-
prehensive simulation solution. The entire software package is referred to as “ISE-TCAD?”
and licensed on a modular basis to the end user. At the heart of the device simulations is
the code DESSIS, which is a % .. multidimensional, electrothermal, mized-mode device and
circuit simulator for one-, two-, and three-dimensional semiconductor devices” [48|. This
software was made available through a collaboration with the Measurement and Character-
ization Division at the National Renewable Energy Laboratory.

Extending simulations into two or three dimensions does not only require substantially
higher computing power, but also requires more sophisticated model definition, meshing,
material definition, solution algorithms, and plotting capabilities. In ISE-TCAD, these
functions are separated into different applications, to name only the ones most relevant to

this work:

GENESISe The “host” of the application suite, manages projects, and ties all other
applications together by organizing data transfer between individual com-
ponents. Simulation “experiments” can include hundreds of individual

calculations.

MDRAW Graphical drawing programs in which the user specifies geometry, mate-

rial associations, and mesh details.

DESSIS Performs the calculations. Supports many physical models specific to
Si and III-V semiconductors. Defect distributions, interface definitions,

illumination spectrum, etc., are all input to this calculation.
Tecplot-ISE  Plotting utility that allows two- and three-dimensional analysis of the

results and the creation of cuts, contour plots, vector plots, etc.
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ISE-TCAD is completely independent of particular applications, e.g., solar cells, which
makes it extremely versatile, but also very difficult to get started with. The device definition
file, called the “command file” in DESSIS lingo, specifies the physical models that should
be applied, the boundary conditions, the details of what is calculated, the details of the

numerical procedure, and much more. ISE-TCAD was used for the work described in

Chapter 5.
Key features of ISE-TCAD
PROs CONs
e two-dimensional (in the configura- e difficult to get started, establishing
tion used) a “first model” is a significant chal-
lenge
e extremely comprehensive and flexi-
ble e 1o built-in support for solar-cell ap-
plication

e excellent batch and queue capabili-
ties, including distributed computing e expensive

e very comprehensive documentation
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Chapter 4

One-dimensional simulations:
absorber grading, heterojunction
interface, and photoconductive

buffer layer

A great number of questions relating to CIGS solar cells can be effectively addressed by one-
dimensional simulations even without specific knowledge of their polycrystalline nature. The
inclusion of grain boundaries is, depending on the GB characteristics, not likely to substan-
tially change the qualitative or quantitative results. In fact, one of the primary conclusions
of Chapter 5 is that strongly charged GBs are unlikely to be present in highly-efficient cells
and this alleviates most of the impact that GBs could have on the one-dimensional results.
More specific evidence supporting this approach is given in Chapter 5.

This chapter discusses the three most important regions of a CIGS solar cell. First, the
absorber layer is discussed and in particular the effects of compositional variations on device
performance is analyzed. Second, the CdS/CIGS material interface is studied, and it is
shown that interfacial recombination can explain the V -failure frequently observed in wide-
band-gap devices. Last, the photoconductivity of CdS, which leads to non-superposition and

distortion of the current-voltage curves, is addressed. The treatment of these problems is
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general with conclusions that are independent of particular material properties (parameter
choices) and, therefore, apply to a wide range of CIS and CIGS devices. In each section,
previous work is reviewed, the model applied to the problem is presented, and the results

are discussed and summarized.

4.1 Compositional Ga/(Ga+In) grading in Cu(In,Ga)Se,

The quaternary system of Cu(In,Ga)Se, (CIGS) has an adjustable band gap that varies with
Ga content over a range of 1.04-1.67 eV. A non-uniform Ga/(Ga+In) ratio throughout the
film thickness (“grading”) allows additional fields to be built into p-type CIGS absorbers,
and some researchers have asserted that these fields can significantly enhance the device
performance. The experimental evidence that grading improves performance, however, has
not been compelling, mostly because the addition of Ga itself improves device performance
and, hence, a consistent separation of the grading benefit has not generally been achieved.
Numerical modeling tools are used to show that (1) there can be a beneficial effect of grading,
(2) in standard thickness CIGS cells the benefit is smaller than commonly believed, (3) there
is also the strong possibility of reduced rather than of increased device performance, and

(4) thin-absorber cells derive more substantial benefit.

4.1.1 Review

Substitution of Ga for In in Cu(In,Ga)Se, enlarges the band gap from 1.04 to 1.67 eV,
with the change occurring primarily in the conduction band [72]. There are three typical
approaches used in graded solar cells (displayed in Fig. 4.1). The band gap either increases
toward the front of the absorber (“front grading”), toward the back (“back grading”), or
both (“double grading”). Lundberg [73] gave a comprehensive summary of the different ef-
fects that can be expected due to these grading approaches. Here it shall only be noted, that
the general expectation has been that (a) back grading by itself or contained in the double
grading increases minority carrier collection from the bulk, because additional drift fields
for electrons are established in the quasi-neutral region and (b) front grading separately

or as part of the double grading leads to higher open-circuit voltage as the band gap in
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Figure 4.1: Typical grading approaches. E; increases toward the back (a), front (c), or
both (b). In (b), the grading parameters are defined.

the space-charge region (SCR) expands, while similar current-densities can be maintained.
Both approaches are predicted to allow for combinations of V. and J,. that are better than
those that can be achieved with uniform absorber layers with constant E,.

Record conversion efficiencies of CdS/CIGS thin-film solar cells are approaching 20%
[25]. The absorber layers used in these cells are deposited by the three-stage process [74],
which leads to non-uniform Ga/(Ga+In) composition versus absorber depth. Other meth-
ods commonly used, such as co-evaporation, allow the engineering of Ga/(Ga+In) pro-
files by varying the elemental fluxes during deposition. The effects of these non-uniform
Ga/(Ga+In) compositions in Culn;_,GazSes have been broadly investigated by simulations
and experiments. Simulations have predicted: (1) small (<0.5%) to moderate (<1%) im-
provements in efficiency with back grading [75-79], (2) small to large (>2%) improvements
due to front grading [76-80] (3) small to large improvements in double grading approaches
[75-78, 81, 82]. Interpretation of experiments has agreed reasonably well with these re-
sults, and there are reports in the literature of moderate improvements due to back grading
[79, 83-85], moderate improvements due to front grading [79] and large improvements (>3%)
due to double grading [81-83]. All of these results are summarized in Fig. 4.2, which shows
the maximum efficiency gains reported. Often however, there is a wide range of results
available when simulation parameters or experimental conditions were varied, such that
back [76, 79, 83], front [76, 79, 84], and double grading [82] have also been observed to

reduce efficiency.
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Figure 4.2: Reported maximum efliciency gains for CIS or low-Ga CIGS solar cells from
simulations or experimental studies. Reference is given by first author and year of publi-
cation. Arrows indicate when an uniform band-gap energy other than the minimum band
gap was used to establish reference performance.

4.1.2 Model

The starting point for the simulations is the three-layer CIGS baseline case discussed in
Sect. 3.2.1 with additional mid-gap recombination centers being present in the absorber.
This baseline configuration includes a 200-nm ZnO window, 50-nm CdS buffer, and 3-um
CIGS absorber layer. The uniform-Ga-content device efficiency with these parameters is
shown as a function of the absorber band-gap in Fig. 4.3. It yields n(E, = 1.04 eV) = 15.1%
and n(Eg = 1.15 eV) = 16.8%, which is typical for good CIS and ungraded CIGS solar cells.
Recombination at the CdS/CIGS interface is not included as the results reported in Sect. 4.2
show that for positive band offsets, interface recombination has a negligible effect. For all
cases considered here this criteria is fulfilled.

Band-gap variations (back, front, and double gradings, Fig. 4.1) are described by the
parameters: linear Eg-increase toward the front or back (AEF, or AEg,), minimum band
gap (Enmin), and distance of the minimum from the junction (dmin). The numerical model
approximates these variations by discrete layers of varying band gap and optical absorption
spectrum. The band-gap difference between two adjacent layers is always less than 2kT
and in most cases less than kT (26 meV). Hence, a graded device model typically consists

of 1025 layers of absorber material. The absorption spectrum reported for 1.15 eV-CIGS
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Figure 4.3: n and V. for uniform band-gap absorbers with thicknesses of 3 um and 0.5 um.
Up to 1.4 €V, 5 increases monotonically with E; and V,.. For higher E,;, V. depends on
the CdS/CIGS interface quality and a Vj.-limitation can occur (Sect. 4.2).

[59] is used, and it is shifted on the energy axis according to the band-gap in each layer.

4.1.3 Identifying the true grading benefit

Typical high-efficiency devices have minimum band gaps of 1.1 to 1.2 eV. Addition of
a Ga/(Ga+In) grading to an absorber with a minimum band gap Eni, < 1.4 eV may
increase its performance due to either the grading benefit or the increase in average Ga
content (higher average band gap in Fig. 4.3). In fact, Dullweber et al. [79] observed a close
correlation between the average Ga-content and the device performance, independent of the
Ga distribution. Except for references [76, 79, 85], uniform band-gaps equal to the graded
band-gap minimum (1.04 eV “CIS,” in most cases) are used for comparison to determine
the grading benefit. This unfortunate selection of the reference performance, results in
overestimates of efficiency gains attributed to the grading benefit, especially for front and
double grading structures where the band gap increases in high recombination regions. In
Refs. [76] and [79] an average band-gap is used for comparison (red arrows in Fig. 4.2), and
in Ref. [85] the results are normalized to the optical band-gap (blue arrows in Fig. 4.2).

When the band-gap of the absorber layer increases, V,, will increase and J,, will decrease
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Figure 4.4: Objective evaluation of grading benefits by comparison to common V..

(e.g., see Fig. 4.13 in Sect. 4.2.3). As stated in the introduction, grading is believed to
achieve a combination of V,, and J, that is improved compared to uniform band-gap
devices. This is illustrated in Fig. 4.4 where J is plotted vs. V.. The black line corresponds
to uniform band-gap absorbers. If grading is beneficial, the resulting (Voe, Jsc) pair will
lie above the black line, and a net benefit is achieved that is not possible with uniform
absorbers. On the contrary, points below the black line in Fig. 4.4 indicate losses due to

grading. The true grading benefit will be apparent if the quantitiy
AX = X(AEfy, AEy,, dmin) — X (const Eg, same Vo) (4.1)

is studied, where X = J,, FF, or 5. This comparison establishes an objective and absolute
criteria for grading benefits, independent of changes in average Ga composition. The al-
ternative comparison to the effective optical band-gap used in Ref. [85] would yield similar

results.

4.1.4 Results
Back grading

Back grading establishes an additional drift field for minority electrons that assists carrier

collection and reduces back-contact recombination. Normalized current-voltage parameters
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Figure 4.5: Performance evaluated for back gradings with AEp, = 0-0.6 eV. (a) Absolute
scale; performance of minimum-uniform band-gap (1.04 eV) is given in the lower right
corner of each plot. From top to bottom: Vye (V), Jsc (mA/cm?), FF (%), and n (%). (b)
Normalized results show the true grading benefit. From top to bottom: AV, = 0, AJs
(mA/cm?), AFF (%), and An (%).

for Epin = 1.04 €V, AEg, = 0-0.6 €V, and dpin = 0.1-2.5 pm are shown in Fig. 4.5(a)
in terms of absolute performance and in Fig. 4.5(b) the normalization expressed in Eq. 4.1
was applied. Compared to the minimum-uniform band-gap (1.04 eV) performance, back
grading increases V,. once it extends throughout the quasi-neutral bulk, such that dpm;y, is
close to or within the SCR. J,. forms a small maximum of 39.5 mA /cm? and overall 7 gains
are slightly over 1%.

Applying the normalization (Fig. 4.5[b]), a small Jy, increase of ~1.5 mA/cm? is ob-
served once the back grading extends into the front half of the device (dpin < 1.5 pm). This
is weakly dependent on the parameter AEg,. FF shows a negligible decrease with large
AEpg, and small dp,;n. The net gain in efficiency is typically 0.5%. With AEg, > 0.4 eV
and dpin ~ 0.3 pm, a maximum benefit of An = 0.7% is observed.

One example of the resulting band structure is shown in Fig. 4.6. The discrete back
grading is clearly visible in the conduction-band steps toward the back contact. As long as

these steps are small, electrons can flow freely across these discontinuities and the electron
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Figure 4.6: Back grading with AEg, = 0.5 eV and d,;, = 1 um. Conduction and valence
bands and quasi-Fermi levels under one-sun illumination and zero bias.

quasi-Fermi level, Ey,, represents a smooth function. Electron current flow can in general

be expressed as [15]

Jn = —qnpueVoin. (4.2)

¢fn = —(Efn/q) is the electron quasi-Fermi potential. The positive slope in Ey, indicates
a net electron flow toward the front junction. Ep, for an ungraded device is shown in
comparison (dashed lines in Fig. 4.6) and this curve has a small negative slope indicating
electron flow toward the back contact (loss in J,.). The grading “strength” is AEp,/q(W —
dmin) =~ 2500 V/cm, but the resulting effective drift field

ge = —V¢fn (43)

is only the order of ~500 V/cm. The effective drift field for electrons is indeed much weaker
than the slope of the grading. Equality between the latter and & could only be achieved if
the electron density throughout the device would be constant (Ef, parallel to Ey ), but this
is unlikely because (1) the intensity, and therefore the generation, falls off exponentially as

a function of penetration depth, (2) the expanding band-gap results in less absorption, and
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(3) the back-contact recombination leads to minority carrier depletion.
The improvement in the drift/diffusion length can be estimated assuming carrier drift

during the carrier lifetime 7. [85]:

AL = e - e (4.4)

Reference [85] suggested use of & ~ AEp,/q(W —dmin), but Fig. 4.6 implies that this would
overestimate the benefit of grading. Using Eq. 4.3 and 7. ~ 2 x 1079 s (baseline values),
AL =~ 1 pm for the case shown in Fig. 4.6. This represents a significant improvement
compared to the baseline diffusion length of L, ~ 0.7 pm. Most effective back grading
occurs where carriers have a high photogeneration density and less-than-ideal collection
efficiency. This is the case just a few tenths of a micrometer outside the SCR (Fig. 4.5[b]).
For larger dpip, fewer carriers will be affected, and for smaller d,;,, the grading extends
into the SCR where collection is very good even in the absence of grading such that no

. further improvement is achieved.

Front grading

Grading toward the front of the device by itself is not commonly used in well-working de-
vices. It has however, been studied thoroughly (Fig. 4.2), particularly due to its application
in double grading structures. Front grading increases the band gap in the SCR where most
of the recombination occurs (e.g., see Fig. 3.4 in Sect. 3.2). However, the enlarged band
gap also leads to deeper absorption such that generated minority carriers are more likely to
recombine before they are collected. J-V results for front gradings of magnitude AEp, =
0-0.3 eV are shown in Fig. 4.7, again on the absolute (a) and relative (b) scale.

The absolute results show that V. increases as the front grading extends far into the back
of the device. This is logical, as the average band-gap, particularly the band gap in the SCR
increases. At the same time J,. decreases. FF shows a significant loss centered around dm;n
~ 0.3 pm. Overall, the efficiency is always reduced compared to CIS (1.04 eV) performance.
The same conclusion can be drawn from the normalized results in Fig. 4.7(b); these results,

however, further show that the trade-off between V,. and J, is indeed much worse than
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Figure 4.7: Performance evaluated for front gradings with AEr, = 0-0.3 eV. (a) Absolute
scale; performance of minimum-uniform band-gap (1.04 eV) is given in the lower left corner
of each plot. From top to bottom: V. (V), Js¢ (mA/cm?), FF (%), and n (%). (b)
Normalized results show the true grading benefit. From top to bottom: AV,. = 0, AJ,
(mA/cm?), AFF (%), and An (%).

that expected from a comparison with uniform band-gap increases. The graded device
structures achieve significantly lower J,.’s when compared to uniform band-gap absorbers
with the same V..

Figure 4.8 shows the conduction band for three different front gradings with dp,;, = 0.1,
0.3, and 1 ym (a) at a voltage between the maximum power voltage and V,. and (b) at
zero bias. For small dy,;,, the front grading is completely contained in the SCR and slightly
reduces the field. With dpyin = 0.3 pum, good collection is still possible at zero voltage
(no reduction in Js.). However, a barrier exists under forward bias that leads to poorer
collection and is observed as a reduction in FF. The location of this barrier, which separates
the good collection region, z < zpgrrier, from the poor collection region, z > zparrier, shifts
with the applied voltage and this leads to a voltage-dependent collection effect. FF reduces
for dpmin’s that are larger than ~0.2 um (Fig. 4.7[b]), which corresponds to the depletion
width under forward bias. Larger values for d;, lead to barriers under all condition,

reducing Js. and FF. With lower doping concentrations (here 2x10'¢ cm~3 was used for the
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Figure 4.8: Conduction band (a) at forward bias and (b) at zero bias for front gradings
with AEp, = 0.2 €V and dpin = 0.1 pm, 0.3 pm, and 1.0 pm. Intermediate positions of
the band-gap minimum lead to a significant reverse field for electrons.

CIGS), the SCR widens and the range of dp;, that is unfavorable is expected to decrease.

Double grading

Conceptually, double grading allows increased performance by achieving a high J,., which
is determined by the minimum band-gap in the device, and at the same time increased V.,
due to the locally increased band gap in the SCR. This principal of “band-gap separation”
was experimentally verified by Dullweber et al. [86]. The quantified  gains reported in Ref.
[82], however, used the minimum band-gap absorber as reference performance and, hence,
overestimated the grading benefit.

The normalized current-voltage parameters from simulations with Ep;, = 1.04 €V,
AEg, = 0-0.6 eV, AER,/AEF, = 2, and dpin = 0.1-2.5 pm show that the double grading
benefits are rather modest. On the absolute scale (Fig. 4.9[a]), a similar trade-off between
Voe and J exists as for the front grading. A small region of increased FF is observed and
the highest efficiency is 17%, an increase of 2% over uniform 1.04 eV performance.

The relative results (Fig. 4.9[b]) clearly show that double grading can in fact be seen
as a superposition of front and back grading effects. For dmin, < 0.3 pm the simulations

predict Js. gains similar to those seen with the back grading. For larger din, however, Jgc
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Figure 4.9: Performance evaluated for double gradings with AEr, = 0-0.3 eV and AEp,
= 0-0.6 eV. (a) Absolute scale. From top to bottom: Vo (V), Jsc (mA/cm?), FF (%), and
n (%). (b) Normalized results show the true grading benefit. From top to bottom: AV, =
0, AJse (mA/cm?), AFF (%), and An (%).

is strongly reduced, as much as 5 mA/cm?, depending on the height of AEp,. FF improves
with small d;,,;,, but it also shows considerable reduction for intermediate dy;, in the range
of 0.2-1.5 um. The highest efficiency gain is close to 1% when the minimum band gap is
located in the middle of the space-charge region near 0.2 ym. Comparing this 1% increase
with the 0.7% achieved by back grading alone, the additional gain achieved by band-gap
separation is quite modest.

The front grading has been observed as a detrimental effect and, therefore, it is ques-
tionable, whether the choice of r = AEp,/AFEp, used in Fig. 4.9 is ideal. Double grading
with different ratios of r = 1, 2, and 3 are evaluated (Fig. 4.10). The larger r, the less front
grading is present and the Js. and FF losses are reduced (Fig. 4.10[b]): Anmes increases
from 0.6% forr = 1, 1% for r = 2, to 1.2% for r = 3. This also increases the gain from

electrical and optical band-gap separation to about ~0.5% for r = 3.
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Figure 4.10: Solar-cell efficiency with varying back/front grading ratio r = AEg,/AEp,.
(a) Absolute scale. (b) Normalized results show true grading benefit.

“Thin” Cu(In,Ga)Se;

Material and deposition costs in large-scale manufacturing can be greatly reduced by thin-
ning the CIGS absorber layers from standard thicknesses of 2-3 pm. Optically, roughly
0.5 pm is sufficient to absorb 90% of the light with E,, > Eg4, even without considering
reflection of the light at the back contact. Lundberg et al. [87] investigated the performance
of CIGS solar cells as a function of absorber thickness and found that the dominanting loss
for thinner absorber layers is a reduction of Js.. This Js--loss exceeded the reduction in
generation, because there is also increased back-contact recombination.

Predicted efficiencies for the constant band-gap model with a reduced absorber thickness
of 0.5 um are shown in Fig. 4.3. Efficiencies are lowered by about 2% compared to the thick
absorbers, and these losses are mostly in J,., followed by a lower FF, and a slightly reduced
Vye- Experimentally, an efficiency loss closer to 6% has been observed for 0.5 pm CIGS [87].
This larger loss is most likely correlated to the experimental difficulties in adjusting the film
thickness without changing other film parameters at the same time, especially morphology
and defect structure. In this sense, the “thin” solar-cell model is incomplete as it only
considers performance changes caused by reduced absorption and increased back contact
recombination.

Incorporating back gradings into such devices can be greatly beneficial. The results are
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Figure 4.11: Performance evaluated for thin CIGS solar cells with back gradings. (a) Abso-
lute scale. From top to bottom: V. (V), Jsc (mA/cm?), FF (%), and n (%). (b) Normalized
results show true grading benefit. From top to bottom: AV, = 0, AJy. (mA/cm?), AFF
(%), and An (%).

shown in Fig. 4.11. Particularly from the normalized plot (b), it is apparent that a significant
gain in Js can be achieved. For steep gradings, the back contact becomes passivated and
the J, losses introduced by thinning are recovered. Jg with dpin > 0.25 pm is practically
identical to the Js. achieved by thick-ungraded absorbers. Hence, absorber thinning is

predicted to be practical without a significant loss in efficiency, if an appropriate back

grading is employed.

4.1.5 Summary

The best device efficiencies and the conditions under which they were achieved are sum-
marized in Table 4.1. Back grading in CIGS solar cells is seen to improve simulated device
efficiency compared to ungraded devices. For devices with standard thicknesses, the effect is
small, around 0.5% in efficiency. The potential efficiency gain increases significantly as the
absorber thickness is reduced. Improvements of 2% are predicted at a thickness of 0.5 pym,
which means that the thinning losses are nearly fully recovered. These efficiency gains are in

good agreement with experimental work [85], but experimentally the thinning losses were
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Table 4.1: Summary of the grading benefits. Maximum efficiency gains achieved after
normalization.

grading AFEp, AEB;, dmin ANrel comments
(eV)  (eV) (pm) (%)

back 0 >0.3 ~0.3 0.7 dmin = Wser
front - - - <0  no improvement
double %AEB,Z >0.3 ~0.2 1 Admin < Wser
double %AEB,, >0.5 ~0.2 1.2 Amin < Wser
thin-back 0 >0.2 >0.3 1.9

greater and not fully recovered by adding back grading. Double grading shows benefits
similar to those from back grading, but the additional front grading can lead to large losses
in FF and J,, if the band-gap minimum is not contained within the space-charge region.
The large FF loss has been observed by Topi¢ et al. [75] and was argued to be due to the
reverse drift field for the minority carriers. The results presented in this work confirm this
conclusion.

Although frequently believed to be a major contributor to high efficiency devices, it has
been shown that the benefit that can be expected by implementing back, front, or double
grading in standard-thickness CIGS solar cells to be small. Large losses in FF and Jg
can be realized with front and double gradings. Thin CIGS devices, however, can benefit

significantly from a back grading that reduces back contact recombination.

4.2 Band alignment at the CdS/CIGS heterojunction

Wide-band-gap chalcopyrite solar cells; most prominently Cu(In,Ga)Ses with high Ga con-
tent, have failed over the past years to achieve conversion efficiencies consistent with those
achieved with lower-Ga CIGS. Starting from a simple baseline case of a ZnO/CdS/CIGS
solar cell, the effects of bulk and interface recombination for a broad range of absorber
band-gap energies are investigated assuming that the Ga/In ratio primarily affects the con-
duction band. The model predicts that even very small interface recombination velocities
limit the open-circuit voltage, when the conduction-band offset (CBO) between window and

absorber layer is close to zero or is negative. This is the case for CdS/CIGS structures with
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absorber band gaps above 1.3-1.4 eV. The simulations further predict that surface phases
or pinning of the Fermi level at the interface can inhibit interface recombination, and hence,
lead to an improvement in cell efficiency. Conversion efficiencies for all band-gap energies
are calculated based on a generic window layer/absorber structure assuming that the band

alignment can be arbitrarily chosen.

4.2.1 Review

Earlier work discussed the effect of the CBO for CdS/CIS [88-90] or low-Ga content
CdS/CIGS solar cells [91] assuming a fixed absorber band gap while the CBO was var-
ied. It has been observed that increasing recombination at the window-absorber interface
lowers the open-circuit voltage for negative CBO [89-91] and, hence, a positive band offset is
important for high device performance. Many attempts in recent years to increase V. of the
Cu(In,Ga,Al)Se, system beyond 0.8 V have not been successful [92-95]. The open-circuit
voltage increases proportionally to the absorber band gap, Egy, up to band-gap energies of
about 1.3 eV; in this lower regime the approximate expression V,. = E; — 500 mV holds
reasonably well [94]. For larger band gaps, the difference between V,,. and E; increases, and

for high band gaps V,, is constant at about 0.8 V.

4.2.2 Model

The modeling calculations presented in this section used the software tool SCAPS-1D [38]
(Sect. 3.3). Recombination currents are calculated with the Shockley-Read-Hall (SRH)
model for bulk defects and an extension of the SRH model for interface defects:

np —n;
(n+mn1)/Sp + (p+p1)/5n

Rintf = (4'5)

where all parameters have their usual meaning as introduced in Sect. 3.1.3. For simplicity
it is assumed S, = Sp = S. The interface quality is expressed as a recombination velocity
S in units of (cm/s); a general reference level is the thermal velocity vy, (= 107 cm/s),
S ~ v, would imply that every minority carrier reaching the interface recombines. The

SRH interface approach implemented in SCAPS-1D allows carriers from both conduction
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and valence bands to participate in the interface recombination process. A recombination
process, as outlined in Sect. 3.1.3, can therefore occur between CdS-electrons and CdS-
holes, CdS-electrons and CIGS-holes, CIGS-electrons and CIGS-holes, and CIGS-electrons
and CdS-holes.

The starting point is the baseline case as described in Sect. 3.2.1 with additional bulk
recombination centers (“neutral” defect states, with large capture cross sections and small
density) being present. The latter was added so that bulk-recombination can be investigated
over a broad range of carrier lifetimes without introducing significant additional charge in
Eq. 3.1. Starting from this configuration, the band gap is varied under the assumption that
changes occur in the conduction band only, as it would be expected for interchanging Ga or
Al for In in CulnSe, [72]. J-V curves are calculated for band-gap energies in the range from
0.85-2.05 €V, which intentionally exceeds the physical limits of the Cu(In,Ga)Ses system,
since the results should be general and not limited to this particular material system. The
conduction-band offset varies in the model from +0.6 €V to —0.6 eV. The CBO is positive

(spike, i.e., Fig. 4.12[a]), by convention, if conduction- and valence-band offset (VBO) are

energy [eV]

(a) small Eg
(Baseline)

(b) large Eg
(*high Ga”)

1 1 I I I 1
0.2 0.3 0.4 0.2 0.3 0.4
position z [um]

Figure 4.12: Conduction and valence band for (a) a small and (b) a large band-gap
Zn0/CdS/CIGS solar cell.
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both smaller than the band-gap difference, AE,. If the VBO is larger than AE,, then the
CBO is negative (cliff, i.e., Fig. 4.12[b]).

4.2.3 Bulk vs. interface recombination

Figure 4.13 shows the simulated J-V results with spatially uniform bulk recombination
centers for the range of band gaps investigated. V. increases as V. = E4 —~ 530 mV, and Jy,
decreases with increasing band gap due to the lower-wavelength cut off. For a CBO greater
than 0.5 eV, J, is dramatically reduced due to the large spike barrier for photogenerated
electrons. The fill factor is relatively flat and decreases with large offsets in either direction
due to cliff or spike barriers. In this simulation without interfacial recombination, the
highest efficiency of 18.3% is achieved with a band gap of 1.35 eV, however, 17-18% devices
are calculated with band gaps from 1.15-1.55 eV, which corresponds to conduction-band
offsets of +0.3 eV to —0.1 eV. The previous results change only quantitatively if the density,
Npgseiine Or Npy,, of the charge-free recombination centers, which are assumed mid-gap for
all band gaps, is increased (3x, 10x, 30x, 100x) (Fig. 4.13). V. losses are slightly higher for
band gaps below 1.5 eV. With 100xNpgy, the highest efficiency drops to 11.4%, and 10-11%
devices are found for band-gap energies of 1.25-1.75 eV.

When charge-free recombination centers at the CdS/CIGS interface are added to the
model, there is a qualitative change in the variation of voltage with band-gap energy. V.
and 7 are shown for the range of absorber band gaps (Fig. 4.14) for interface recombination
velocities S ~ 0, 103, 104, 105, and 108 cm/s. S = 0 corresponds to the baseline presented
in Fig. 4.13.

For negative CBOs, V. depends on the interface quality, but becomes independent of
the absorber band gap. This is in good agreement with earlier results [89-91] that showed
that for a constant absorber band gap V,. decreases approximately at the same rate as
the CBO and the analytical predictions of a band-gap-independent open-circuit voltage
[96]. For devices with negative CBOs, the dominating recombination current flows through
the interface states and depends only on the electron and hole density at the interface.
With S ~ 10° cm/s, the highest efficiency is only slightly reduced to 17% with a band

gap of 1.25 eV, but the range of high efficiency results (16-17%) is limited to band gaps
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Figure 4.13: Simulated J-V parameters with increasing density of bulk recombination cen-
ters. Filled circles correspond to the baseline trap-density case with varying absorber band

-0.6

-0.4 -0.2 0.0
AE. [eV]

gap. CdS window is assumed.

(1.15-1.35 eV) that have a positive band offset. J,. and FF results are unchanged except

that no FF reduction occurs for large negative CBO, since the cliff barrier is ineffective

0.2 0.4 0.6

when the dominating current flows through the interface.
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Figure 4.14: Effects of interface recombination on V,. and 1. Interface quality is parame-
terized as an approximate interface recombination velocity. The case with S ~ 105 cm/s is
used as basis for further investigations (IF-BL).

S ~ 10° cm/s results in the best match to experimental V,.’s [92-95, 97], the comparison
is shown in Fig. 4.15. This configuration is the starting point for calculations discussed in

the following sections and will be referred to as the interface-baseline (IF-BL).

band-gap energy [eV]
2.05 1.85 1.65 1.45 1.25 1.05 0.85
1 1 1 1 1

1.0 O experiments
8 —e— S ~10°cm/s
@,

open-circuit voltage [V]

1 1 { 1 1
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
conduction-band offset [eV]

Figure 4.15: V,c-limitations calculated for S ~ 10° and experimental results [92-95, 97].
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4.2.4 Alternative windows — efliciency limits

Considerable current may be lost due to absorption in a CdS window layer. In addition,
the above results imply that a favorable band alignment is necessary to achieve high open-
circuit voltages. A possible solution for wider-band-gap CIGS is alternative window or buffer
materials such as Zn(0O,S) compounds that have larger band gaps and a more optimal CBO.
For Zn(O,S), the CBO should increase with S content according to theoretical studies [72].
Experimental efficiency of 18.6% has been demonstrated for ZnS(O,0H) window layers [98],
which is very promising for future work. Many other materials have been investigated as
alternatives for the standard ZnO/CdS configuration such as CdZnS, ZnSe, ZnIn,Sey, InsSs,
InsSes, In(OH),S,,, and others. A review of alternative window and buffer materials and a
comprehensive compilation of references is given in Ref. [32].

Here, a systematic study of alternative windows is performed focusing on the effect
of the resulting band-alignment on solar-cell performance. The results presented form an
upper bound to achievable device performance that all configurations will be subject to.
It is likely, however, that other mechanisms besides an unfavorable band offset will lower
experimentally observed device efficiencies. Many benefits have been identified with the
standard ZnO/CdS layers that might not be readily achieved with alternative configurations,
such as (1) prevention of shunting by the CdS buffer, (2) protection of the absorber during
ZnO sputtering by the CdS buffer, or (3) passivation of surface defects.

To evaluate the potential of alternative windows, the calculations for the same band gap
range are repeated starting from a modified IF-BL that has an alternative window layer
instead of the standard ZnO-CdS. The window layer is assumed to have characteristics
similar to ZnO (n%, E; ~ 3 eV). The window/absorber band alignment is set to be +-0.9 eV,
+0.6 eV, +0.3 eV (IF-BL), or 0 eV with respect to the 1.15 eV absorber and varies with
the absorber band gap. The larger offsets are a more favorable match for higher band-
gap absorbers. V. and 7 results are shown in Fig. 4.16. For window layers that create
larger offsets, the V,.-limitation occurs at progressively higher voltages. This allows device
efficiencies greater than 18% in the range of absorber band gaps from 1.15 eV to 1.75 eV,

covering almost the complete Cu(In,Ga)Ses range. Large spike barriers (CBO > 0.4-0.5 eV)
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Figure 4.16: V,. and n with different band alignments. The +0.3 V curve corresponds to
the CdS/CIGS interface baseline case (IF-BL). Details will vary with choice of parameters.
Highest reported cell efficiencies (open squares) follow the predicted efficiencies.

cause the sharp efficiency drop on the lower band-gap side for high-offset models.

Calculations assuming a fixed band offset of +0.2 eV for all absorber band-gaps form an
upper envelope of the previous results (thick line in Fig. 4.16[b]). The highest efficiency in
this envelope is 20.2%, which occurs near 1.45 eV. This curve is a quite general statement
for CIGS thin-film solar cells assuming a film quality similar to what has been shown in
record cells. Possible pathways to exceed these predicted efficiency limits are the application
of non-uniform absorber materials (“grading”), discussed in Sect. 4.1, but these benefits
are predicted to be small. Other improvements beyond the green envelope curve require
improvements in material quality (lower defects) or new approaches that have not yet been
considered.

The highest experimental efficiencies for CdS/CIS [99], CdS/CIGS [27], CdS/CGS [100],
and CdS/CdTe [19] solar cells are shown for comparison with the modeling calculations
(open squares). Except for the CdS/CGS solar cell, the record efficiencies all lie on the

+0.3 eV curve, which was used as the CBO in the previous calculations for the CdS/CIGS
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Figure 4.17: Band gap widening in the (a) conduction band or (b) valence band.

band offset. For the CdS/CGS system, efficiencies up to 14% are predicted, if a CGS
film with comparable quality to CIS films can be grown. An alternative window with an

appropriate offset, increases the highest predicted CGS efficiency above 19%.

4.2.5 Surface modifications

The band gap approaching the surface of a CIGS absorber is often different from the bulk.
Typical examples are copper-poor surface phases (e.g., Cu(In,Ga)sSes), which shift the va-
lence band downwards [29] or intentional band-gap grading (e.g., increasing Ga/In ratio
towards the junction, which shifts the conduction band upwards). Calculations were per-
formed starting from the IF-BL assuming a surface phase that has (1) 100 nm thickness, (2)
a band gap increased by AE = 0.1, 0.2, or 0.3 eV in either the conduction or the valence
band, (3) optical absorption shifted according to AF, and (4) otherwise the properties of
the bulk material. Js. and FF results are unchanged. V. for all band gaps is shown in Fig.

4.17(a) for conduction-band widening and (b) for valence-band widening. The results are
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nearly unaffected if the widening occurs in the conduction band and, hence, the introduc-
tion of Ga/(Ga+In) grading (Sect. 4.1) is unlikely to improve the device performance, if
interface recombination is the limiting process. Valence-band widening, however, leads to a
depletion of holes at the interface that directly affects Vi,.. It is apparent from these results
that the hole concentration is the recombination-limiting parameter and V. is limited to
voltages at which sufficient holes are supplied to the interface. This is in good agreement
with the analytical findings that the valence-band position at the interface determines the
voltage limitation [96] and that holes are the minority carrier at the interface for a n'tp

junction [101].

4.2.6 Fermi-level pinning

A sufficiently high number of charged defects at the CdS/CIGS interface (10'* cm™2 are
used in the simulation) will pin the Fermi level at the interface. Interface defects are
largely unidentified for CdS/CIGS solar cells. Heath et al. [37] give a broad introduction
into capacitance related defect analysis, and their results for CIGS solar cells suggest that
the dominating defect response is a bulk defect level and not related to interface states.
On the other hand, there is some earlier evidence of surface and interface defects (e.g.,
anion vacancies [102]). The question to whether interface states are present in substantial
densities to cause pinning of the Fermi-level has not been answered. Recent first-principles
calculations by Zhao et al. [103] investigated the doping limits of CulnSep; and CuGaSes.
Their findings suggest that wider-band-gap materials are incapable of achieving n-type
doping, as a Cu vacancy forms which leads to a compensation of shallow donor levels.
Similarly, such compensating defects could pin the Fermi-level at the CdS/CIGS interface.

Pinning defects are introduced into the model with very small capture cross sections
to decouple pinning from recombination. Acceptor states at a fixed distance above the
CIGS valence band (0-1 e€V) were found to reduce the depletion width. In this case, V-
limitations always occur, and no overall efficiency gain is achieved. Donor states, however,
can increase the depletion width, and representative results are shown in Fig. 4.18. Donors
a fixed distance above the CIGS valence band (shown in Fig. 4.18 for 1.4 eV above Ey)

increase the inversion, reduce the hole concentration, and increase the V. limit by about
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Figure 4.18: Pinning of the Fermi level by donor (D) interface states. The defects are
located at a fixed distance above the valence band or below the conduction band.

0.2 V. Donors a fixed distance below the CIGS conduction band (shown for 0.4 eV below
E¢) couple the hole depletion to the band-gap increase, and V. increases proportional to
the band gap, but is slightly lower than for the interface-recombination free baseline (Fig.

4.13).

4.2.7 Summary

Inclusion of interface recombination into the baseline model (E; = 1.15 eV, AE¢c = 0.3 €V)
shows that under baseline conditions, interface recombination is entirely negligible, and
therefore, it can be safely omitted in many device models (e.g., Sect. 4.1 and 4.3). However,
if wider band-gap energies are considered, the open-circuit voltage has a limiting value inde-
pendent of the absorber band gap for negative conduction-band offsets, in good agreement
with a number of experiments. The voltage limitation should be addressable by appropri-
ate matching of window and absorber to preserve a favorable offset. Efficiency limits have
been calculated for all values of E; and for certain alternative buffers, but also under the
assumption of being able to establish a favorable CBO for every E,.

The voltage situation also improves if the band gap widens in the valence band to-
ward the interface, or if pinning states increase the depletion width. Both clearly indicate
that the hole concentration is the limiting, voltage-modulated parameter that determines

Voe- Although details may change with variations in some parameters of calculations or
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experiments, the basic concept of an upper limit for V,. independent of E, appears to
be a general characteristic. These results are suggestive that the typical window/buffer
layer materials for low band gap CIGS materials will not allow high device efficiencies for
wide-band-gap CIGS. Even if all other problems could be overcome, interface recombination
will establish a performance limit unless the CBO is modified. To address these difficul-
ties, the exploration of alternative window materials or of CIGS surface modification is

recommended.

4.3 Photoconductive window and buffer layers

Experimental and simulation results presented in this section were part of the M.S. thesis of M.
Gloeckler [60]. Selected data is reproduced to complete the coverage of 1D simulations of CIGS solar

cells and to allow for additional discussion.

CIGS solar cells often show a failure of light/dark superposition of their current-voltage
curves and such failure generally becomes more pronounced at lower temperatures. J-V
measurements under red light may also show an additional distortion that indicates a de-
pendence of the distortion on the CdS buffer layer. The proposed explanation is that a
secondary barrier results from the conduction-band offset (CBO) between CIGS and the
commonly employed CdS buffer layer. The secondary barrier is modified by photo-induced
changes in trap occupancy in the CdS layer. Numerical modeling of the proposed explana-
tion gives a very good fit to measured light and dark J-V curves over a wide temperature

range.

4.3.1 Review

Well-behaved solar cells can usually be described by the diode equation and the assumption
of a constant light generated current J; (Eq. 2.10). Under this assumption, dark and
light curves do not cross each other. However, in CdS/CIS and some CdS/CIGS solar
cells, cross-over of light and dark J-V curves is frequently observed [104]. One possible

cause of cross-over is a voltage dependence of the light generated current, Jr(V'), which
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is often associated with poor material quality. This has been studied thoroughly and is
often encountered in a-Si and some CdTe solar cells [41, 105]. It is very unlikely, however,
to explain the majority of results seen in CdS/CIGS solar cells, since these distortions
are observed in low and high quality solar cells and they are qualitatively not compatible
with a Jp(V) mechanism. The cross-over observed in CdS/CIGS solar cells is different
in nature, in that while the light J-V curves are well-behaved, the dark J-V curves are
shifted to higher voltages and, in extreme cases, a strongly non-exponential behavior in the
power quadrant of the J-V plot is observed. Additionally, these distortions are enhanced
by measurements under red-light illumination (omitting photons with hy > EgOdS ); this
feature has been christened the “red kink” due to its wavelength dependence and intensely
studied [104, 106-111]. Although there is not unanimity on its cause, most works explain
these distortions following the model provided by Eisgruber et al. [107], which will be briefly

reviewed in the course of the discussion.

“Photo-doping”

At the core of the observed effects lies the tendency of the wide-band-gap semiconductor
CdS to self-compensate [17, 112]. This leads in general to strong photoconductivity, which
can be either directly observed [113] or indirectly through the changes it causes in device
performance. The increase in free carriers upon illumination is much greater than the pho-
toconductivity expected by the photogenerated carriers alone, which suggests that charge
trapping into deep levels is involved. Quantitative models typically assume a high number of
shallow donor levels and a similarly high number of deep acceptor levels in the CdS material
(e.g., discussed in Ref. [60, 114]). Agostinelli et al. [115] used the term “photo-doping” to
express the effective increase in free carriers by illumination and discussed possible changes
this could cause in J-V curves. A number of papers also investigated the influence of CdS
photoconductivity on quantum efficiency measurements [116-118}, summarized in Ref. [36].
The qualitative change to the band structure is shown in Fig. 4.19. Free electrons are
trapped by the deep acceptor levels in the dark. Under illumination, these carriers are
released and the n-type character of the CdS layer increases, which causes a downshift of

the conduction-band minimum.
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Figure 4.19: Conduction-band lowering due to the “photo-doping” in CdS.

4.3.2 J-V cross-over

Samples were provided by the Institute of Energy Conversion, University of Delaware.
J-V results showed a cross-over of the light and dark curves. J-V measurements taken over
a range of temperatures revealed a voltage progression of the dark curves of -3.3 mV/K,
whereas V. progressed at a typical rate of -1.9 mV /K. The voltage progression for the dark
curves was evaluated at a current density equal to the short-circuit current density Js.
Therefore, not only did a cross-over exist at room temperature, but it also become stronger
at lower temperatures. QE data suggests a band gap of about 1.12 eV for the samples
studied.

The baseline case (Sect. 3.2.1), is able to reproduce the experimental data after the
following adjustments have been made (BL values in parentheses): CdS thickness 40 nm
(50 nm), CIGS band gap 1.12 eV (1.15 V), and conduction-band offset AEc = 0.4 eV
(0.3 €V) at the CdS/CIGS interface. These changes were made to match the experimental
device and only the AE¢ parameter was used as a fitting parameter.

Experimental and simulated J-V results are shown in Fig. 4.20(a) and (b) for light and
dark conditions, respectively, and at T = 238 K, 268 K, and 298 K. The light curves are
reproduced in 4.20(b) with dashed lines to visualize the cross-over of dark and light curves.
The fits show the correct temperature progression in the light and dark.

The explanation for this behavior is found in the spike barrier of “considerable height”
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Figure 4.20: Comparison of (a) light and (b) dark J-V curves from experiment and sim-
ulation at three temperatures. The cross-over of dark and light J-V curves shown in (b)
increases at lower temperature.

caused by the large conduction-band offset. A brief review of the transport mechanism
will allow to specify a quantified meaning of “considerable height,” before the model that

resulted in the best fit to the experimental data is analyzed.

Current restriction by the conduction-band spike

Assuming thermionic emission transport across the interface [15], electron current across

the conduction-band spike is limited to

lo.¢]
Jp = /E +¢q vy - dn =~ A*T2e~¢/FT (4.6)
fn

A* = (4mgm*k?/h3) is the Richardson constant and ¢ is the barrier height; in the case under
consideration, ¢ = E¢ - Eyt,. According to Eq. 4.6, only carriers in conduction-band states
contribute to the electron current. Furthermore, in the absence of electric fields, the carrier
transport is limited by the thermal velocity of carriers (~107 cm/s). Hole currents are
negligible because the large valence-band offsets at the ZnO/CdS and CdS/CIGS interfaces

prevent any hole flow toward the front contact.
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Equation 4.6 can be rearranged to describe the minimum barrier height necessary for

conduction of current J:

A*T2> @)

= Eg—Epy = kT -ln | 2or
= o= By =T (%

For typical values of N¢ and a current of J ~ Jg, this requires that Ec — Ey, < 0.47 eV.
Note that Eq. 4.7 is independent of the current direction. In the power quadrant of the J-V
plot (V > 0, J < 0), |J| is always less than J,., but for positive voltages, J can be either
positive or negative and can be limited in either direction.

With this general understanding, the J-V results (Fig. 4.20) are interpreted. Figure 4.21
shows the conduction band and electron quasi-Fermi level in the dark and under illumination

and at zero and forward bias:

(a) V=0V, dark: the heavily compensated CdS is depleted; ¢ is large, but since the net

current across the barrier is zero, the barrier is inactive.

(b) V =0V, light: illumination lowers the CdS conduction band, the barrier is signifi-

cantly reduced, ¢ < 0.47 eV, and current, J < 0, can flow.

(c) V = 0.7 V, dark: the barrier is high, but the applied external bias allows for some
current flow across the spike barrier (electrons travel from left to right); this is achieved
at the cost of a small voltage drop across the CdS, labeled as AVpgs; AVogs represents

the shift of the dark curve with respect to the light curve as shown in Fig. 4.20.

(d) V = 0.7 V, light: illumination leads to photo-doping; the barrier is lowered and

current, J > 0, can flow.

As the carrier concentration in any semiconductor is strongly affected by the temperature
T, so is the blocking qualities of the spike barrier. At lower temperatures, the blocking for
the same current flow will occur at smaller barrier heights ¢ (Eq. 4.7), and in return, larger
voltage drops AVgyg are necessary (more shift in dark J-V, hence, more cross-over at low

T, Fig. 4.20).
68
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Figure 4.21: Conduction band and quasi-Fermi level for the device model in the dark (left)

and under illumination (right). Only in the dark and under forward bias (c), is the barrier
high enough to restrict current flow.

Earlier proposed explanations [60, 104, 114] emphasized the relative position of the
conduction-band spike with respect to the bulk conduction band of the absorber layer.
This phenomenological description is correct, yet it distracts from the actual cause of the
effect. The similarity in the two descriptions can be seen considering a typical device: the
p-type bulk conduction band is located roughly 0.9 eV above the hole quasi-Fermi level;
further considering that Ey, and Ef, are split by the applied bias V', blocking that occurs at
operating voltages V' > 0.4 V implies that the spike (~ 0.5 eV above Ey,) is approximately
at the same energetic level as the bulk CIGS.
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4.3.3 “Red kink”

From the previous discussion it is apparent that the distance from the highest point in
the spike barrier to the electron quasi-Fermi level determines whether the J-V curve is
distorted. This distance is influenced by many parameters, such as CdS thickness [109],
AE¢ at CdS/CIGS interface, doping and compensation level in CdS [110], the presence
and thickness of intrinsic ZnO layers, and others. In a first-order approximation, all of
these parameters reduce to the key value, which is the barrier height ¢ as defined above.
Smaller and larger barrier heights are investigated by varying the conduction-band offset
at the CdS/CIGS interface, shown in Fig. 4.22 for AE¢ = 0.3, 0.4, 0.45, and 0.5 €V. The
J-V respouse is calculated in the dark, under normal white light, and under monochromatic
“red light” illumination of intensity necessary to achieve the same photocurrent. The latter
leads to absorption and photogeneration in the CIGS, but not in the photoconductive CdS

layer.

N
o

(a) AE; = 0.3 eV (b) AE = 0.4 6V

n
o
1

n
© o
1

(c) AE,, = 0.45 eV (d) AE; = 0.5 eV

N
o
1
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current density [mA/cmZ]
'
(]

0
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_40 | 1 T I | | ] 1
00 02 04 06 08 00 02 04 06 08 1.0

voltage [V]

Figure 4.22: Current-voltage curves calculated in the dark and under red and white light
illumination with increasing conduction-band offset. Larger offsets, cause a higher barrier
in the conduction band and lead to current blockage for AE¢c > 0.4 eV. White light lowers
the barrier by photo-doping of the CdS layer.
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(a) AEc = 0.3 eV: ¢ is small and the J-V curves show no anomalies.

(b) AEc = 0.4 €V: ¢ approaches the limiting value of 0.47 eV in the dark and under red
light. A weak cross-over between white and dark J-V curves is observed. The red
curve also indicates a small current restriction, because a small voltage loss (appears

like a series resistance) is necessary for current transport across the barrier.

(c) AEc = 0.45 eV: ¢ is substantial in the dark and under red illumination. White light
illumination reduces the barrier and, therefore, a strong cross-over is seen. Substantial
voltage drop, AVgs, across the CdS is necessary to ensure current transport. This
voltage drop is non-linear to the current response and can not be interpreted as series

resistance.

(d) AEc = 0.5 eV: Large ¢ in the dark and under red light leads to a strong current
blockage and strong cross-over. Fig. 4.22 is typical for CdS/CIS cells that exhibit
red-kink behavior [104].

It has to be noted, that practically all configurations shown in Fig. 4.22 have very similar
white light J-V curves and, therefore, one might readily conclude that spike barriers are of
little interest for practical solar-cell applications. However, under low light illumination and
particularly for the application in thin-film tandem solar cells [119], a “red light” illumina-
tion might reasonably well describe the true operating conditions. Hence, understanding
and reducing these current blocking mechanism becomes of considerable interest.

The relation between the J-V distortion under red-light and the effect on the bands is
discussed in more detail for the case AE¢ = 0.45 e€V. The J-V curve is reproduced in Fig.
4.23 and shows the CdS voltage loss AVgs, which is positive for J > 0 and negative for
J < 0. AVg4s is noted in Fig. 4.23 for two current values that correspond to cell voltages of
V =0.5V and 0.75 V of the red light curve. The conduction band and electron quasi-Fermi
level under these conditions for white and red light illumination are shown in Fig. 4.24.

Under white light illumination and V = 0.5 V, the barrier ¢ < 0.47 eV and the light
generated current (~32 mA/cm?) can cross the barrier by thermionic emission. Under red

light illumination (Fig. 4.24[b]), the barrier restricts the current and an additional voltage
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Figure 4.23: J-V curve for AEc = 0.45 eV under white and red light. The voltage loss,
AV, is positive or negative depending on the net current flow. The description of the
barrier effect in terms of a voltage shift (x1 to x2) and (x4 to x5) is general and applies for
voltages both above and below V.
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Figure 4.24: Bands for the case of AE¢c = 0.45 eV. White light alleviates the barrier effect,
but under far forward bias, the current might still be limited (c). Under red light, the
secondary barrier changes the voltage that is applied to the main junction in the positive
(b) or negative (d) direction.
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loss across the CdS is necessary. This effectively places the main junction under additional
forward bias AVg4s and, hence, increased forward recombination occurs. Pictorially, this
is represented by the shift of point x1 to x2 in Fig. 4.23. A qualitative description of the
phenomena is to state that some current is blocked, which is more closely described by
a shift from point x3 to x2 in Fig. 4.23. Both descriptions have their merit and can be
similarly useful.

Under higher forward voltage V = 0.75 V (above V), the net current across the junction
is positive. White illumination reduces the barrier and allows for well-behaved performance.
However, under such high voltages, the current through the solar cell and over the barrier
will become very high (500 mA /cm? for the situation depicted in Fig. 4.24[c]) and once again
the barrier becomes limiting (¢ ~ 0.4 eV limits currents above 500 mA/cm?, Eq. 4.7). In
red light (Fig. 4.24[d]), the barrier is not lowered due to illumination and a substantially
higher voltage loss AVggg is necessary for transport across the barrier. This effectively
lowers the voltage bias applied to the main junction and therefore the total current flow

(shift from point x4 to x5 in Fig. 4.24[d]).

4.3.4 Summary

The baseline case reproduces, after minor modifications, the experimental results over a
broad temperature range. A detailed analysis of the transport mechanism identified the
barrier height ¢ = E¢ — Ef, as the key parameter and showed that at room temperature
well-behaved solar-cell performance can be expected if ¢ < 0.47 eV. A large barrier will
lead to small non-superposition of dark and light J-V curves as they were observed on the
experimental devices. Under red light illumination, which may be of significant interest
in the application of CIS solar cells in a tandem structure, J-V curves are much more
readily distorted, since the restricted spectrum does not activate the photoconductivity
in the CdS buffer. Smaller barriers may be mis-interpreted as a series resistance, but for
significant barriers the voltage loss across the CdS becomes highly non-linear and results
in strong distortions of the J-V curves, historically known as the red kink. This general
treatment can explain all features observed, independent of any specific assumptions on

device materials or configuration.
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Chapter 5

Advanced two-dimensional

simulations: grain boundaries

In thin-film solar cells, lattice mismatch and defect gettering at inter-grain interfaces (“grain
boundaries”) are generally expected to create additional defect levels within the forbidden
gap and, hence, cause additional recombination through such grain boundary (GB) states
(for a general review on GBs see Refs. [17] and [120]). Polycrystalline CIGS solar cells,
however, have achieved efficiencies close to 20% [25], which is higher than any other poly-
crystalline thin-film technology [121], and it appears that grain boundaries in CIGS solar
cells are benign, or maybe even beneficial, to solar-cell performance.

Typical CIGS thin-films (Sect. 2.1.4) are only a few micrometers thick and average
grain sizes are similar, such that “columnar” growth is typically achieved (Fig. 2.4). This
work studies GBs in CIGS solar cells with numerical simulations in two dimensions and
evaluates a number of possible scenarios: (1) charge-free “horizontal” GB, (2) charge-free
“columnar” GB, (3) minority-electron repulsive band-bending, (4) majority-hole attractive
band-bending, (5) downshift of the valence-band maximum at the GB, and (6) combinations
of cases 4 and 5. For each of these scenarios, recombination in the quasi-neutral bulk of a
solar cell, as well as recombination in the space-charge region is considered. It is concluded
that the valence-band downshift is the likely explanation for high conversion efficiencies

found in CIGS solar cells and their forgiving nature with respect to GBs.
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Collaborators have simulated the influence of GBs on photoluminescence, near-field
scanning microscopy, and electron beam induced current experiments [122]. These results
support the general conclusion found in this work that large hole-repulsive band-bending is

unlikely to be present in highly-efficient solar cells.

5.1 Review

For decades, grain boundaries in polycrystalline materials have been studied intensely. In
the mid-80’s, polycrystalline silicon (PX-Si) was the first polycrystalline material to reach
commercialization as a solar-cell material, and at the same time studies quantified the ef-
fects of GB recombination by means of analytical models. With the availability of more
computing power, the PX-Si problem was more accurately addressed using numerical sim-
ulations. Some of these results are briefly reviewed, and aspects that apply to the problem
of Cu(In,Ga)Ses solar cells are highlighted. However, one must consider that CIGS sub-
stantially differs from PX-Si: CIGS has a direct optical band-gap, which can vary from
1.04-1.67 eV with Ga content, and it depends on intrinsic defects and stoichiometric devi-
ations to achieve doping. Furthermore, CIGS thin-films are typically grown on soda-lime
glass or flexible substrates and have much smaller average grain sizes (~1 pm).
Experimentally, grain boundaries in Cu(In,Ga)Se; and CdTe solar cells have been only
partially accessible due to the small average grain size (~1 pum) in comparison to the limited
resolution of micro-characterization methods. As better instrumentation and processing
control have become available, studies on solar-grade material have become more feasible,

but have yielded controversial results.

5.1.1 Analytical and numerical models

Seto [123] proposed the presence of charged grain boundaries (majority repulsive) in PX-Si
to explain the temperature dependence of the carrier mobility. Although this picture is
widely accepted, no correlation between the proposed charged GBs and the performance of
solar cells was given. Seto further identified an important criterion for charged defect levels

at GBs: If the concentration of GB states Ny, > Nadgy, where N4 is the shallow bulk dopant
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density and d, the average distance between two adjacent columnar GBs (grain size), the

bulk material will be depleted of free carriers. This establishes a barrier ¢4, at the GB
bgb = q°d2N 4 /8e. (5.1)

For the case that Ny, < Nadg, only part of the grain is depleted and the barrier height is

found by integration of the Poisson equation to be
bgb = " N3y /8N 4. (5.2)

Card and Yang [124] discussed the dynamics of charged GB states and concluded that
under illumination the occupancy of these states adjusts to maximize GB recombination.
The average reduction of the carrier lifetime by GB states can be estimated by the def-
inition of an effective lifetime [124, 125] and this approach was used to calculate device
performance as a function of grain size and other parameters for PX-Si. A similar approach
will be discussed and used in Sect. 5.3.4 in comparison to the numerical model. Alter-
natively, a two- or three-dimensional analytical solution in the form of an infinite series
can be derived [126-129]. Such solutions are limited to the quasi-neutral region (zero elec-
tric field) of the absorber material. Some authors have extended this approach to predict
solar-cell performance [127, 128, 130], but charge trapping and trap dynamics were never
incorporated. Analytical work by Green [131] showed that the collection efficiency within
the space-charge region (SCR) is only marginally affected by columnar GBs, whereas GBs
that are parallel to the junction can cause catastrophic current losses. Later work derived
quite general bounds on GB recombination [132], which are discussed in Sect. 5.3.4. Ed-
miston et al. [133] used numerical simulations to discuss the effects of charged GB states in
PX-Si solar cells and presented an improved analytical model describing the effective GB
recombination velocity.

Numerical simulations find solutions to the two- or three-dimensional problem that can
include charged trap levels and trap dynamics. The Poisson equation and the electron and

hole continuity equations are solved subject to the boundary conditions. This has been
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done in the past for PX-Si solar cells [134-139]. Numerical as well as analytical approaches
for PX-Si predict a strong detrimental effect of GB recombination, which is enhanced by
the presence of small band-bending in the direction that attracts minority carriers.

Recent work by Taretto et al. [140] investigated grain boundaries in CIGS material
with numerical simulations. These authors concluded that the GB recombination velocity
must be less than 103 cm/s to allow for efficiencies around 19%, and that a shift in the

valence-band energy results only in small improvements.

5.1.2 Micro- and macro-characterization of GBs

A number of studies have investigated GBs in CIGS films: Surface-Kelvin-Probe Microscopy
(SKPM) on low-Ga content CIGS films determined a hole-repulsive band-bending of ap-
proximately 150 meV at GBs [141, 142]. The authors argued that since SKPM can only
measure the potential variation at the surface, the band-bending in the bulk absorber may
be larger and can assist in minority carrier collection. Studies on higher Ga-content sam-
ples {143], showed that no potential barrier at GBs was observable for Culn;_,Ga,Se; with
x > 0.4. Transport analysis on CGS samples (x = 1), however, have determined a poten-
tial barrier of 60-130 meV [144]. Sadewasser et al. [145] and Fuertes Marrén et al. [146]
measured hole-repelling barriers with SKPM of about 100 meV on CGS materials and ob-
served a reduction of this band-bending under illumination. For Cu-rich CGS samples, an
electron-repelling barrier of 75 meV has also been reported [147].

First-principles calculations have predicted a downshift of the valence-band edge at grain
boundaries that will repel holes without requiring electrically active defects [148]. This
valence-band offset is predicted to be 0.2-0.4 €V in magnitude and localized to a very thin
layer at the grain surface in which the surface reconstruction takes place. A closely related
effect is the formation of Cu-poor “ordered defect compounds” that have been reported at
the CIGS surface [50]. Recent experiments have shown that CIGS grain boundaries are

similarly deficient in copper [149].
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5.2 Model description

The solar-cell model consists of window, buffer, and absorber layers and is implemented as
200-nm ZnO, 50-nm CdS, and 3-pm CIGS layers respectively, typical of CIGS solar cells.
The model parameters for these layers are given in Table 3.2 (p. 31) and were discussed in
Sect. 3.2 and Ref. [69]. The back-contact reflectivity was set to zero (baseline 0.8) for con-
venience, but J-V results are essentially independent of that value. Interface recombination
at the CdS/CIGS interface is included, but, as it has been discussed in Sect. 4.2, the positive
conduction-band offset suppresses the hole concentration at the CdS/CIGS interface and,
hence, interface recombination is negligible. All layers have uniform band-gap energies vs.
depth (no grading); laterally, the band gap varies for the cases that consider valence-band
offsets at GBs (Sects. 5.5.1 and 5.5.2).

The numerical model is two dimensional, assuming the third dimension to be uniform.
GBs are either perpendicular or parallel to the main junction, which will be referred to
as “columnar” (Fig. 5.1[a]) or “horizontal” (Fig. 5.1[b]) GBs. The distance between two
columnar GBs is 1 ym and the model consists either of one or two unit cells (Fig. 5.1[a]
shows one unit cell). Grain boundaries are modeled by a thin (2 nm) layer located between

two uniform regions of CIGS material, and the GB layer differs from the surrounding bulk

ZnO - 200 nm
CdS - 50 nm
CIGS -3 um
optional grain /
VBO boundaries X
1um z
(a) columnar GB (b) horizontal GB

Figure 5.1: Schematic model configuration (not so scale) for (a) columnar GBs and (b)
horizontal GBs. The z-axis is defined to be in the plane of the solar-cell layers and the
z-axis normal to the plane.
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Table 5.1: Simulation GB parameters. GB defect density Ng,; defect peak-energy E4 and
Ep; and capture cross-section o. Subscript e/h refers to electron/hole properties.

CIGS grain-boundary defects Ngy (cm™2) Ey, Ep (eV) 0 = op (cm?)

“Neutral” recombination center 103-108 mid-gap 10°8
Donor (Sect. 5.4.2) 101-102 Ep —0.2eV 1018
Acceptor (Sect. 5.4.3) 1011-10*  Ey +0.1eV 10718

material only by the presence of additional defects; such models are often used to describe
GBs [120]. The results are not sensitive to the width of the GB layer, and in fact, identical
results were obtained using planar boundaries (thin-layer GBs of distinct width have some
practical advantages).

GB input parameters (Table 5.1) and most results are expressed in terms of a planar
boundary (i.e., “sheet” instead of “volume” density of trap levels). GB recombination
is modeled by mid-gap states that are assigned a low density and a large capture cross-
section (“Neutral” in Table 5.1). This choice dictates that these states are “neutral” in that
the provided charge density is negligible compared to the bulk doping and no significant
electrostatic potential difference is established; these neutral defects are included in all
simulations. The magnitude of the GB recombination is expressed by the recombination
velocity Sgp = 0 Ngyvsn, where vy, is the thermal velocity of the carries (~107 em/s) and the
other parameters are defined in Table 5.1. Charged defects with comparatively small capture
cross-sections are used to introduce band up- or down-bending at the grain boundary. This
choice of defect configuration is somewhat artificial, but allows the effects of recombination
and band-bending to be decoupled and evaluated separately.

The simulations were performed with the software program DESSIS (Sect. 3.3) [48]. A
customized mesh is applied to the one- or two-unit-cell configuration; this mesh typically
contains 2,000-10,000 mesh points and is chosen to be denser in areas where parameters
are expected to vary more rapidly, i.e., close to the junction, the CdS/CIGS interface, and
the GBs. The meshing is illustrated in Fig. 5.2 for a two unit-cell model. The mesh was
chosen dense enough that further increase in mesh lines leaves the outcome of the simulation
unaltered within the necessary accuracy. Hetero-interfaces at the ZnO/CdS and CdS/CIGS

interface and also the valence-band offsets considered in Sect. 5.5 are treated with special
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Figure 5.2: (a) Example of mesh configuration; black lines correspond to mesh lines. In the
simulation, a solution is found for all points where the mesh lines intercept (node points).
Higher densities of mesh lines are used (b) within the junction and (c) close to the GBs.

care through the definition of degenerate mesh points along these interfaces (two mesh
points with the same coordinates, one belonging to each material) [48].

The reference performance given by a GB-free model (Sg, = 0) is identical to the one-
dimensional baseline results (Sect. 3.2.1): open-circuit voltage V,. = 0.64 V, short-cricuit
current density J,. = 34.7 mA /cm?, fill factor FF = 79%, and efficiency n = 17.6%. Diode
analysis results in a diode saturation-current density Jo ~ 2 X 1078 mA / c¢m? and a diode-

quality factor near 1.2. All these characteristics are similar to properties of high-quality

CIGS cells.

5.3 Neutral grain boundaries

Prior to investigating the effects of charged grain boundaries and compositional variations

at GBs, the influence of GB recombination alone has to be considered. Although CIGS films
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show mostly columnar grain growth, particularly at the beginning of the growth, horizontal
GBs do form (primarily towards the back contact of the device), and therefore both limiting
cases of neutral horizontal and columnar GBs are considered. These calculations also es-
tablish a limit on the achievable device performance as a function of the GB recombination
velocity, Nmaz(Sgs). In the more general case, including potentials or valence-band offsets
at GBs, it is also often possible to establish a relation between the nominal Sy (input pa-
rameter) and the effective GB recombination, Seg, such that the same limit can be applied
to these more general cases in terms of Tmqas(Sef)-

Further detailed analysis shows how different parts of columnar GBs affect the carrier
collection and forward recombination and that for typical grain sizes found in CIGS mate-
rials, GB recombination might be indistinguishable from bulk recombination. This section
closes by using the previously mentioned one and two-dimensional analytical solutions to

find comparative solutions to the problem.

5.3.1 Horizontal grain boundaries

Simulations including horizontal GBs at a varying distance, zg, from the CdS/CIGS inter-
face were performed. It has to be noted, however, that this model is somewhat artificial as
it implies that a horizontal GB extends throughout the entire solar cell. However, much can
be learned about how such horizontal GBs could cause local weak spots in thin-film solar
cells. Sy was chosen as 10® cm/s. Resulting J-V curves and J-V parameters are shown in
Fig. 5.3.

Voltage losses are highest if the GB is located within the space-charge region, particularly
if it is located at the point where n ~ p. This is in good agreement with analytical
considerations [132]. The catastrophic Jg.-loss for GBs within the SCR predicted by Green
[131] is not observed. This prediction was based on a circuit-equivalent model of the SCR
that assumed an infinite GB recombination strength (zero-resistance shunt in the circuit-
model). For moderate values of Sg, = 10° cm/s (Fig. 5.3), the effect on the current collection
at zero voltage is small, and carrier transport across the GB is possible. If the grain
boundary is located outside the SCR, Js¢, Vo, and FF are only weakly (less than 5%

relative) affected, and the net efficiency losses are minor.
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Figure 5.3: J-V performance with horizontal GBs at a distance zg from the CdS/CIGS
interface. (a) J-V curves for selected values of zg, and (b) J-V parameters.

The band diagram, carrier concentration, and recombination distribution is shown in
Fig. 5.4 for zg = 0.3 pum. Horizontal GBs located in the quasi-neutral region, outside
of the SCR, cause recombination of light generated electrons at a rate of Ry, = AnSg.
However, most of the light is generated within the first few tenths of a micron (Fig. 3.1) and,
therefore, the effect on J, is weak for zg5 > 0.3 pm. Within the SCR, the recombination is
small at zero bias as this region is depleted of carriers and the strong electric field sweeps
light generated carriers out. Close to the SCR edge, minority carriers are also efficiently
collected by diffusion into the SCR. Hence, in summary, the effect of horizontal GBs on
current collection and J is minor.

Under forward bias, Fig. 5.4(b), the recombination for horizontal GBs outside the SCR
(as shown) is only weakly affected. However, as carriers are injected into the SCR by the
applied bias, the typical high-recombination peak forms in the SCR and this recombination
can be greatly enhanced, if the horizontal GB is located in the middle of the SCR around
Zgp ~ 0.1 pm (not shown).

A number of techniques have been used to investigate lateral non-uniformities. From
the above results, it can be predicted that a horizontal GB within the SCR, extending

laterally over one or a few grains, can result in a local weak diodes (low V) and shunting,
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Figure 5.4: Conduction band, valence band, and electron and hole quasi-fermi level (top).
Recombination rate and electron and hole density (bottom). (a, ¢) Zero bias. The electron
density in the CIGS is greatly increased due to the one-sun illumination. The horizontal
GB at zg = 0.3 um causes a recombination peak at the same location. (b, d) Forward bias
V = 0.5 V. SCR recombination peak develops centered around z ~ 0.1 pym.

as has been conceptually discussed by Karpov et al. [150]. CdTe solar cells, which are
more likely to have horizontal GBs within the SCR due to the reversed growth process,
often show such local weak spots by electroluminesence experiments [151]. Techniques that
measure the collection efficiency, such as Laser-Beam-Induced-Current measurements [152],
are insensitive to this type of micro-nonuniformity, because the current collection is only

weakly affected by the presence of horizontal GBs.

5.3.2 Columnar grain boundaries

Columnar GBs with a grain size of 1 ym (model Fig. 5.1]a}) and Sy = 102-107 cm/s are
evaluated in this section. J-V and QE curves are shown in Fig. 5.5, performance parameters
for the full range of Sy, normalized to the GB-free model, are shown in Fig. 5.6.

CIGS is a direct band-gap material with very strong absorption and, hence, unlike Si

solar cells, most of the light (> 85%) is absorbed in the narrow SCR. Therefore, J,.-losses
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correlate to reductions in the long-wavelength quantum efficiency (Sg = 10 cm/s in Fig.
5.5). This agrees well with analytical models that predict that the losses due to columnar
GBs in the SCR should be negligible [131] and, hence, only deeply generated electron-
hole pairs (corresponding to longer wavelength photons) should have an increased chance
of recombination as Sy, increases. For very large values of Sg, however, the transit time
through the SCR (Sect. 5.3.4) becomes similar to the recombination lifetime and strongly
absorbed blue light also shows lower QE (Sg = 107 cm/s in Fig. 5.5).

Voc decreases rapidly with increasing Sg; due to the strong recombination within the
part of the GB that is located in the SCR. This is accompanied by a transition of the diode
quality factor A from about 1.2 to 2 (Fig. 5.6[b]), as the dominant recombination path
changes from the absorber bulk to the SCR. In comparison to the GB-free baseline (n =
17.6%), the effects of GB recombination are noticeable (loss of relative 5% or absolute 1%)
once Sgp > 10* cm/s. This suggests that efficiencies of 17% or higher require some type of
passivation, such that the effective GB recombination velocity is the order of 10° cm/s or
less, in agreement with results of others [140].

The resulting carrier distribution throughout the two-dimensional model as well as car-
rier concentration and recombination profile at the grain boundary are shown in Fig. 5.7(a)
at zero bias and 5.7(b) under 0.5 V forward bias (Sgz = 10° cm/s). For moderate values
of Sgp, the carrier concentrations are constant across the GB. Very large Sg, (> 10° cm/s)
results in a noticeable depletion of electrons at the GB, and, since this depletion cannot be
considered in a one-dimensional model, “effective-lifetime” models overestimate GB recom-
bination for high values of Sg,. This will be discussed in detail in Sect. 5.3.4. Recombination
in forward bias occurs predominantly in the 0.25 um-wide SCR, which is apparent from the
narrow recombination peak in Fig. 5.7(b).

Two additional questions of importance that will be briefly discussed are whether the
presence of GBs affects bulk recombination and whether GBs are of equal importance

anywhere in the device.

“Does the presence of GBs affect bulk recombination?”

Green [132] discusses this question qualitatively and establishes an upper bound that says
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Figure 5.7: Neutral GB recombination, Sz, = 10° cm/s. Relative carrier concentration in
the 2D model (left) and n, p, and recombination R along the GB at = 0.5 um (right)
under one sun illumination at (a) V = 0 and (b) V' = 0.5 (slightly below V).

that if Rpyx(E) = An/7 is the recombination rate at location Z in the presence of GBs, then
Rouik(Z) < RY,;(%), where RY . (T) = Ang/T and Ang is the excess minority carrier con-
centration in the absence of GBs. This is a quite general statement based on the observation
that any additional recombination introduced by GBs leads to a reduction of the minority
carrier density and, hence, also to a reduction of minority recombination. However, the
sum of Ry and Ry, will always increase with Sgp.

Figure 5.8 shows how the recombination at zero bias is divided between the GBs and
the bulk of the material. For zero GB recombination, the current loss is approximately
3 mA/cm?. This corresponds to the long-wavelength recombination losses discussed in Sec-
tion 2.2.2. As the GBs become responsible for more recombination, the bulk recombination
in fact reduces due to the depletion of minority carriers. Above Sg > 10° cm/s, the GB
recombination losses exceed the bulk losses, although the total current losses have only in-

creased by roughly 30%. For very high values of Sg, recombination occurs predominantly
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Figure 5.8: GB and bulk recombination with increasing Sg. Higher Sy leads to minority
carrier depletion and reduced bulk recombination.

at GBs. Tt is important to note, that these simulations do not include charged defects which
cause electrostatic carrier repulsion or attraction by GBs and strongly influence the results

shown in Fig. 5.8. This will be discussed in Sect. 5.4.

“Are GBs of equal importance anywhere in the device?”

Columnar GBs that either start at the CdS/CIGS junction and extend a distance zg into
the film (“expanding,” Fig. 5.9[a]), or are of length 50 nm and located at the position zg
(“shifting,” Fig. 5.9[b]) are considered. J-V results corresponding to these two configura-
tions are shown in Fig. 5.10 as a function of GB location zg.

Voc-losses can be ezclusively attributed to GBs within the SCR; hence, to achieve high
Ve, passivation of GBs in the first few tenths of a micrometer is necessary. Grain boundaries
within the quasi-neutral bulk affect the collection efficiency of deeply generated carriers and
reduce the long-wavelength quantum efficiency and Jg.. The lower V. also correlates with
higher diode quality factors and higher saturation current densities (Fig. 5.6) and this leads
to a lowering of the fill factor. The part of columnar grain boundaries that is located
deeper than 1 um from the CdS/CIGS interface is irrelevant for J-V performance (constant

performance for “expanding” GB with zg, > 1 pm).
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Figure 5.9: Schematic of grain boundaries that either (a) expand or (b) shift through the
device along the z-axis. The lateral distance between two grain boundaries is 2 pym.
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Figure 5.10: J-V results for partial grain boundaries. Sg, = 10° cm/s. For reference, the
performance of a GB-free device and a device that contains full columnar GBs at equal Sg
are shown.
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5.3.3 Comparison of bulk and grain-boundary recombination

One of the key aspects of this work is to illuminate the effects of grain boundaries on solar-
cell performance. A related problem is, can electrical characterization determine whether

GBs limit device efficiency? Two approaches are taken to investigate this question.

Direct comparision

Direct comparison of bulk and GB recombination for equivalent density of defect states is
shown in Fig. 5.11, and the resulting efficiencies for the two cases are tabulated in Table 5.2.
There are several important observations to note: (1) there are no qualitative differences
in the losses introduced by GBs compared to bulk defects for small to moderate Sg; up to
10 cm/s, (2) for the same total number of defects and very high Sgb, it is favorable to have
the defects accumulated within the GB, and (3) there is no difference observable for devices
that have modest to high efficiencies (> 12%).

This allows GB recombination to be approximated in one-dimensional models by an
increase in bulk defect levels, if the GB effects are weak. An indicator for the latter is a

high device performance.
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Figure 5.11: Comparison of bulk and grain-boundary recombination. (a) J-V and (b)
quantum efficiency for selected values of Sg.

89

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 5.2: “Bulk equivalent” and grain boundary models. Parameters further describing
the defect levels are used as given in Table 5.1 for both models. All calculations include the
defect levels specified for the baseline case listed in Table 3.2. dg is the distance between
two columnar GBs.

“GB model” “bulk equivalent”
defect density at GB  103-10% (cm™2) 0
defect density in bulk 0 103-10%/dgy (cm™2)
Sgb (cm/s) n (%) n (%)
103 17.5 17.6
10* 16.7 16.8
10° 13.8 13.8
108 10.5 9.4
107 9.1 4.4

On the question of scale

Assuming a constant density of GB states/volume (Sgy/dg = const, in 2D; Sgp/d2 = const,
in 3D), GB recombination should have an effect very similar to bulk recombination for
small grain sizes. In the limit of infinitesimal grain size, d; — 0, the results should be
identical within the accuracy of the model. On the other hand, in the limit of d; — oo,
grain boundaries should become negligible and the performance should recover to that of
GB-free device. This is illustrated by the dotted curve in Fig. 5.12. For typical grain sizes
of a few micrometers and Sy, = 10° cm/s, GB recombination does indeed appear like bulk
recombination and the limit for small dy is the “bulk equivalent” performance. Grain sizes
above 100 um are necessary to result in a spatial passivation of the GBs. This is far from
the experimentally observed grain sizes and, hence, very unlikely to occur.

For comparison, the effects of GB recombination are shown, when it is assumed that Sg
is constant as the grain size varies (triangles in Fig. 5.12). In this case, the total number of
defects per volume is inversely proportional to d4 in 2D and inversely proportional to the
square of dg in 3D. In 2D, moderate GB quality (S = 10% cm/s) requires grain sizes larger
than 10 pm to establish performance above 17%j; this is equivalent to the earlier finding
that in 1 um-devices, Sy has to be less than 10% cm/s for 17% efficiency. This equivalency,
however, breaks down for very large grains, as demonstrated by the black dots in Fig. 5.12,

or for very high values of Sg > 10° cm/s as seen in Table 5.2.
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Figure 5.12: J-V parameters with varying grain size for columnar GBs.

5.3.4 Analytical model

The neutral GB problem can be solved analytically in absence of charge trapping or valence-
band offsets. The analytical approach, however, is limited to the calculation of the pho-
toresponse (Js.) as only recombination in the quasi-neutral region (QNR) of the device is
considered. GB recombination in the SCR, which is the dominating loss mechanism in
forward bias and leads to lowering of V,. and FF (Sect. 5.3.2), is neglected and, therefore,

analytical models can not predict these parameters.

Principle of photon accounting

The principle of “photon accounting” [153] is applied to calculate the photocurrent response
at zero bias. Three different models determine the collection efficiency from the quasi-
neutral bulk region. All of these calculations are based on the same spectral data as the
numerical simulations (listed in Appendix A). The calculation of the photocurrent response

assumes (1) front reflection Rp = 5%, (2) no collection from ZnO or CdS layer, (3) perfect

91

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



collection in the CIGS space-charge region, (4) collection from the QNR as calculated from

the analytical model, and (5) no back reflection. The calculation is performed in four steps:

1. Reflection and absorption. The relative absorption, A = ®bsorbed /&, (P is the
incident photon flux), in the CdS layer and the SCR is determined. The photon flux
reaching the QNR is reduced by the absorption in these two layers (ZnO absorption

is neglected).

Acgs = (1—Rp)-(1— e casWous) (5.3)

Ascr = (1—Rp— Acas) - (1 — e ciosWsor) (5.4)

2. Collection probability. The collection probability in the CdS layer is assumed
zero, based on experimental experience. The collection probability in the SCR is
assumed 100%, since the strong electric field efficiently separates carriers and reduces
recombination. This assumption holds true as long as the transit time through the

SCR is much shorter than the recombination lifetime 7:

WS cr

i LT (5.5)

(€ electric field, p carrier mobility) In the case of very active GBs, Sy, > 106 cm/s, this
criteria might no longer be fulfilled, and in this case the analytical model overestimates

the collection from the SCR.

The collection efficiency for carriers generated in the quasi-neutral region, CEgng, is
determined by the analytical solutions as discussed below. Note that this collection
probability includes losses due to deep penetration and, hence, it falls to zero for

photons with energies less than the absorber band-gap.

3. Quantum efficiency. The quantum efficiency is found by adding the contributions

from the SCR and the QNR:

QF = Ascr+ (1 — Rr — Acas — Ascr) - CEgnRr (5.6)
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4. Photocurrent. The last step requires the computation of the total light generated

current by summation (integration) over all wavelengths:
Jse =q Z ‘I)fMl'SQEA (5.7)
A

Here, ® 45715 is the discretized incident spectrum in units of [photons/cm?s].

Figure 5.13 illustrates the process by showing (a) relative absorptions, (b) generation
in each region considered, (c) collection efficiency calculated with the analytical model,
and (d) resulting quantum efficiency of the solar cell. The deep penetration losses are only
shown for illustration. The majority of the current (~ 85%) is collected from the SCR (with
unit probability) and, therefore, a lower J, limit of ~28 mA /cm? exists in this simplified

analytical approach.
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Figure 5.13: (a) stacked plot of relative absorptions and other loss mechanisms involved,
(b) same as (a) multiplied by the standard terrestrial spectrum, (c) collection-probability
from the QNR, and (d) quantum efficiency.
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Analytical models for the collection in the quasi-neutral region

Applying continuity and current-density equation to a one-sided p-n junction under illumi-

nation results in (® flux density at z = 0 um, D,, diffusion coefficient) [15, 128]:

82An  8%An  O%An An oz
Dn( 822 + 822 + 32’2 )—T+a<1>e = (. (58)

In one dimension, this equation can be solved to determine the excess minority concentration
An(z). Once the carrier distribution is known, all other characteristics are determined
as well and the photocurrent can be calculated [15]. This solution only depends on the
bulk carrier lifetime 7. Dugas and Oualid [128] solved the problem in three dimensions
considering GB recombination and the carrier concentration is then described by an infinite

series of the form:

An(z,y, z) = Z Z Zyjcos(cz)cos(c;y). (5.9)

k J

The three different models considered for collection from the QNR are:

1. Effective lifetime. If GB recombination is weak, GB vs. bulk recombination is
indistinguishable. The problem can then be treated in one dimension by the definition
of an effective lifetime and a 1D solution to Eq. 5.8 [15]. The effective lifetime is
calculated following the approach suggested by others [125, 132], which is equivalent

to distributing the GB states throughout the bulk material.

- = + — 5.10
T  Towk  dg (5.10)

2. Green’s upper limit. Green [132] discussed an upper bound to GB recombination
by making the assumption that GB recombination always leads to carrier depletion
and, hence, recombination in the presence of GBs is limited Ry, < AngSg, where Ang
is the minority carrier concentration in the absence of GB recombination. Using the

carrier concentration Ang based on the 1D solution that omits GBs [15], the upper
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limit to the GB losses can be calculated by

Ry =g¢q / Ang(z)Sgpdz (5.11)
QNR

and the photocurrent response is then

Jsc = sc(Sgb = 0) - Rgb/dg- (5.12)

3. Three-dimensional model. The series solution (Eq. 5.9) [128] is evaluated for a
range of Sg. The grain sizes are chosen as 1 x 1 pm? for the 3D calculation or as
1 x 10 ym? to establish a quasi-2D solution; the latter allows direct comparison to

the numerical model results.

Analytical results for neutral GB recombination

The photocurrent response at zero bias (J,.) based on all three analytical models is shown in
Fig. 5.14(a). Green’s upper limit strongly overestimates recombination at GBs for modest
to large values of Sgp > 10* cm/s. In this situation, GB recombination is comparable
to or dominates over bulk recombination, Sgp/dg < Thyk. The minority carrier density
is assumed to be equal to the GB-free concentration (it does not reduce in the presence
of additional recombination) and, hence, an unphysical situation is implied in which the
same electron can recombine multiple times. It is concluded that this approach, although
it does establish a valid upper bound on GB recombination, delivers poor quantification,
if the disturbance caused by GB recombination is comparable to or stronger than bulk
recombination, Sgp/dg ~ Thuik-

The effective lifetime model in Fig. 5.14(a) follows the 2D solution up to values in the
mid-10° cm/s range. For lower values of Sy, the agreement is excellent (this equivalency
is very similar to the one shown in Table 5.2) and, therefore, for cases where GBs are a
minor disturbance, an effective lifetime approach is appropriate. For larger values of Sg,
a local depletion of electrons occurs at the GB (in the 2D solution) that is ignored in the

effective lifetime picture. The recombination at GBs, Rg, = AnSg,, becomes self-limiting
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Figure 5.14: (a) Short-circuit current density for Green’s limit, effective lifetime, and 2D
models. (b) Carrier depletion at the GB from the 2D model, this effect is ignored in 1D
approaches.

once large values of Ry, lead to a reduction of An. The depletion of carriers at the GB is
shown in Fig. 5.14(b), which compares the carrier concentrations in the grain interior and
at the grain boundary. For large values of Sg;, An at the GB, and with that the effective
GB recombination, reduces by one order of magnitude.

The three-dimensional model following Ref. [128] allows a comparison of two- and three-
dimensional models (Fig. 5.15[a]). The error introduced by using a 2D instead of 3D model
is small. The difference is roughly a factor of 2 in Sg, based on having twice as many
GB states/volume in 3D compared to 2D. The results however, are similar enough across
the full range of Sy to justify the use of the 2D numerical model. Figure 5.15(b) shows
the comparison between the two-dimensional numerical and analytical solutions. The J,
values found from both models agree well, but a small discrepancy occurs for large Sg;. As
discussed earlier, for very large values of S, the collection from the SCR is no longer ideal
and the analytical model overestimates Js.. Although, two or three-dimensional analytical
models can give fairly good estimates on J,., the fact that they are limited to the quasi-

neutral region limits their accuracy if Sy, is large.
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values of Sgs. (b) Comparison of numerical and analytical model, both 2D.

5.3.5 Summary

In this section, the effects of neutral grain boundaries on solar-cell performance has been
investigated. The effects of horizontal and columnar GBs were quantified, and the stage is
now set for the discussion of modified GBs in the Sects. 5.4 and 5.5. Horizontal GBs have
the potential to be very detrimental and, hence, should remain under consideration in the
studies of local non-uniformities. Columnar GBs, which are the typical CIGS thin films,
can limit device performance, if the GB recombination exceeds 10* cm/s.

Detailed analysis showed that V. is only affected by GBs within the space-charge re-
gion, or conversely, a GB passivation mechanism needs to be only active within the SCR
to achieve high V,.. The short-circuit current density is affected by GBs within the quasi-
neutral region, but GBs more than 1 pm from the junction are not important. Comparative
simulations with bulk-distributed defects showed that solar-cell performance is indistin-
guishable between GB and bulk recombination. For a typical grain size of 1 ym, the GB
recombination can be misinterpreted as an increased density of bulk recombination centers.

Several analytical models were used to calculate the photocurrent response at zero bias.
One-dimensional solutions severely overestimate the impact of grain boundaries, because
the carrier depletion is neglected. Two- or three-dimensional solutions are still limited in

their accuracy, because the non-ideal collection efficiency from the SCR is ignored. Similar
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results are found with 2D and 3D solutions and, hence, the use of 2D numerical models

becomes justified.

5.4 Charged grain boundaries

Any defect level in a semiconductor can cause both recombination and supply charge to the
overall charge-distribution. In this section, charge carrying defects are introduced at GBs
in sufficiently high densities to cause significant distortions to the conduction and valence
bands. Such distortions, often labeled “grain-boundary potentials” or “band-bending,”
have been determined by surface-sensitive techniques and were reviewed in Sect. 5.1.2. It
is unclear to date, whether such potentials exist in the grain interior.

Figure 5.16 shows the effects of charged donor levels (positive sheet charge) at a GB in a
p-type semiconductor. In general, it is much more likely that GBs lead to a majority carrier
“depletion” (as shown) instead of “accumulation,” e.g., in the case of p-type material, the

Fermi-level is close to the valence band and deep states are most likely positively charged

(a) charge 00
W
[
(b) electric field E max

(c) potential

1 1
00 02 04 06 038 1.0
position [um]

Figure 5.16: (a) Charge distribution in the presence of a positively charged GB. (b) Electric
field is determined by integration of the Poisson equation. The maximum electric field is
€ = qNg/2e. (c) Electrostatic potential V(z).
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or neutral. The reverse would be true for n-type material. This situation is also supported
by the majority of experimental results [141, 143-145]. A depletion region of width W is
established on both sides of the GB. Charge neutrality demands

Q" = QF

2N W = qN;,', (5.13)

where N4 is the bulk doping in (cm™%) and N,; the density of charged GB states in (cm™?2).
Integration of the Poisson equation gives the electric field (Fig. 5.16[b]) and a second in-
tegration step the electrostatic potential (Fig. 5.16[c]). Positive charges (hole carriers) are
repelled from the negatively charged GB. The maximum potential difference is found at the

location of the GB:
N2
q gb

N (5.14)

Vma:z: =

For practical purposes, the remainder of this work will not use the potential difference, but
the energy difference, ¢4, as parameter. By convention, this parameter will be labeled

positive if the potential is hole repulsive.

2 N+2

q b
cngb = |quam| = 'é;‘}'vg; (5-15)

Electron-repulsive potentials in p-type semiconductor (“accumulation of free holes”) will
be considered as well. In this case, the potential is established by free carriers and cannot
be readily solved by integration; a detailed discussion is given by Monch [154]. In the
accumulated case, the barriers are described by the parameter ¢4, < 0.

Input parameters for the simulation are the density of GB states and the energetic defect
distributions (Table 5.1). The fully consistent solution determines whether these states are
ionized under the considered light and voltage bias. The schematic for the charged GB
model is given in Fig. 5.17(a) and an example for a resulting two-dimensional conduction
band diagram is shown in Fig. 5.17(b). The band diagram represents the energy differences
in terms of electron carries. A down-bending of the conduction band as shown in Fig.

5.17(b) is equivalent to an up-bending of the potential as shown in Fig. 5.16(c).

99

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ZnQ - 200 nm

CdS - 50 nm
CIGS -3 um

~~

charged GBs
(additional donors

absorber
0.2 eV below Eg)

CBM

CdS buffer
ZnO window
(b) conduction-band

1um

(a) model schematic X

Figure 5.17: Two-dimensional model of charged grain boundaries: (a) schematic of the
model and (b) resulting plot of the conduction-band minimum (CBM).

Case studies of ¢gp = -0.05 eV, 0.2 eV and +0.6 eV
The influence of GB potentials is investigated in two approaches:
1. GB potential is fixed, ¢g = -0.05 eV, +0.2 eV, and +0.6 eV and S, is varied.

2. GB recombination velocity is fixed at Sg, = 10* cm/s and Sg» = 10° cm/s and bgb is

varied.

The input parameters (type of defect, defect density) and output parameter (@gp, 1)
for these cases are listed in Table 5.3. Although ¢y, is a result of the simulation, this
parameter is used for convenience to classify the models. There is an infinite combination
of defect distributions and densities that can establish a particular value of ¢4, but the
J-V results are strongly dependent on the value of ¢4, and relatively insensitive to how it
Table 5.3: Input parameters and device efficiencies with Sg = 10° cm/s for the three cases

of band-bending that will be studied in detail, ¢gp = -0.05 eV, +0.2 eV and +0.6 eV. Case
(a) has no charged defect levels and is only shown for reference.

Fig. 5.18  defect Ny (cm™2) ¢gp (eV) 7 at Sg = 10° cm/s (%)

(a) - ; 0 13.8

(b) donor 4.5x101! 0.2 11.3

(c) donor 9x 101 0.6 14.3

(d) acceptor 5x10% -0.05 154
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Figure 5.18: Band structure parallel to the main junction at z = 1ym. All cases for columnar
GBs at zero external bias under 1 sun illumination: (a) no band-bending, (b) small positive,
(c) large positive, and (d) small negative ¢g. Figures (a’)-(d’) show the corresponding
carrier concentrations and recombination rates (Note the expanded horizontal scale). The
sheet density of recombination (cm~2s~!) is found by multiplying R at the GB by the GB
width (2 nm). Corresponding integrated current losses are shown in parentheses.

was established. Additional discussion of this topic is given in Sect. 5.6.

Starting from a CIGS model with columnar GBs (schematic in Fig. 5.17[a]), and the
flat band structure shown in Fig. 5.18(a), the following cases are discussed:

Electrostatic majority-hole repulsion by donor-like defects at GBs. These levels intro-
duce a down-bending of both bands toward the GB by ¢4 = Eg“”“ — EgB ; the resulting
band structures for two values of ¢y, are shown in Fig. 5.18(b) and (c). There is no spec-
ulation on the nature of these donor defects and they are assumed to be located ~0.2 eV

below the conduction-band edge with appropriate density to establish a band-bending of
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dgp > 0.

Electrostatic minority-electron repulsion by an increased shallow acceptor density at the
GB. These additional acceptor levels are placed 0.1 eV above the valence-band maximum.
Conduction and valence band shift upward at the GB and this is described by the parameter
dgp < 0.

Figure 5.18(a’)—(d’) show the carrier concentration and recombination profile for the
cases described in Fig. 5.18(a)—(d). The plots are ‘cross-sections’ to the 2D model parallel
to and a distance of 1 um from the main junction, outside of the SCR. Figure 5.18(a’)
shows the flat carrier densities n and p and enhanced recombination rate R at the GB
corresponding to Fig. 5.18(a). Positive band-bending (Fig. 5.18[b’]) repels holes, increases
the density of electrons at the GB, and results in still higher GB recombination. Large
positive band-bending (Fig. 5.18[c’]) leads to a type inversion at the boundary, minority-
electrons become majority carriers, and recombination decreases. The current densities in
parentheses are the recombination losses integrated over the z direction (perpendicular to
the graph). These losses are related, but not equal, to the losses in Jy.; the difference arises
from changes in bulk recombination due to the presence of charged and uncharged grain

boundaries similar to the effects discussed Sect. 5.3.2.

5.4.1 Results

The electrostatic potential difference, ¢4, is defined at zero bias as indicated in Fig. 5.18(b)
and only weakly affected by illumination. Solar-cell performance parameters calculated for
Sgp up to 107 cm/s and the three values of ¢gp under study are shown in Fig. 5.19. Small
negative band-bending leads to improvements in all parameters. Small or large positive ¢gp
substantially lowers V. Jgc is lower with ¢y, = 0.2 €V, but high for ¢4, = 0.6 eV. With the
exception of very high values for Sy, and ¢4, hole-repulsion at GBs leads to an additional
reduction of device efficiency.

Performance parameters for Sy, = 10° cm/s in dependence of ¢gb are shown in Fig. 5.20.
Negative ¢g (acceptors) can help passivate the GB, current as well as voltage recovers.
However, a very high density of GB states needs to be assumed (density/grain width >

bulk doping) to establish performance similar to that of GB-free devices. This possibility
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Figure 5.19: J-V parameters Ve, Jsc, FF, and 7 for ¢4 = -0.05 eV (electron repulsion),
0.2 eV (weak hole repulsion), and 0.6 eV (strong hole repulsion). All band-bending is defined
under one sun illumination at zero bias and at a distance z =1 ym from the junction.
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Figure 5.20: J-V parameters with positive and negative electrostatic potential ¢g.

has to be considered as unrealistic because in this situation, defect characterization, e.g.,
by capacitance methods, should give evidence of such high defect densities. Positive ¢gp
(donors) is detrimental to V.. For positive ¢g;, Jse decreases, has a minimum near ¢g, ~
0.15 eV, and increases up to 10% for higher values. For ¢g > 0.4 eV, practically all
electron-hole pairs generated in the bulk are collected and the internal quantum efficiency
is very near unity for all photons with energy Egl GS < Ephoton < EngS . The net effect on
n is at best a compensation for the lower V.. Even for smaller values of Sg; = 10* cm/s,
¢gp > 0 appears detrimental to device performance, and 7 is significanly below that of

GB-free devices.

5.4.2 Discussion of hole-repulsive band-bending
Grain-boundary recombination is calculated by the expression (Sect. 3.1.3) [48]:

np — n?

Bob = Grm) /8, + 0+ o) /80"

(5.16)
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The recombination centers are assumed mid-gap and, therefore, n; ~ p; ~ 10° cm™3; for
standard AM1.5 illumination the generated steady state concentration n ~ 10! cm™3.
Hence, for the situation depicted in Fig. 5.18(a) and (b): n;, p; € n < p, and Eq. 5.16
simplifies to

Rgb >~ AnSgb. (517)

The carrier distribution throughout the 2D model as well as the carrier densities and
recombination distribution at the GB for ¢4, = 0.2 eV is shown in Fig. 5.21. The positively
charged GB attracts electrons and repels holes; the bulk part of the GB (z > 0.5um) is
shifted toward the n ~ p condition. This increases recombination at zero bias as it has to
be expected from Eq. 5.17. The junction width at the GB increases and in forward bias

the recombination peak significantly broadens (compare Fig. 5.21[b] to Fig. 5.7[b] on p. 86).

log(p/n) n,p, and R at GB

0.0 5
. t -
0.5 -
[
|
1.0 r ’
' |
] |
1.5 P
—_ n'p R
£ o0 —
N broad
05 R peak
1+ junction
1.0 | | widens
] |
| |
1.5 " :
n, 1P R

] T T
0.2 0.4 0.6 0.8 10" 10" 10%®
X [um] np [em™], R[em®s™]

Figure 5.21: Small hole repulsive band-bending, Sg, = 10° cm/s. Relative carrier concen-
tration in the 2D model (left) and n, p, and recombination R at the GB (right) under one
sun illumination at (a) V = 0 and (b) V = 0.5 V (slightly below V,.). At zero bias, recom-
bination in the GB increases, and under forward bias the recombination peak significantly

broadens.
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The area under the R-curve is proportional to the GB forward-current contribution and,
hence, in the presence of small ¢gp, Vo is substantially lowered.

For higher ¢g, = 0.6 eV, the GB inverts, n > p (Fig. 5.22[a]), and the p-n junction
extends from the CdS/CIGS interface along the grain surface deep into the absorber layer.
Recombination at the GB is strongly reduced due to a lack of holes. However, in forward
bias (Fig. 5.22[b]), the band-bending reduces and recombination increases; the GB is shifted
toward the condition n ~ p again and the entire GB becomes a high recombination region.
High forward currents flow and V, is reduced.

The reduction of the band-bending is caused by the discharging (re-population) of the
assumed donor levels. This occurs once the electron quasi-Fermi level approaches the defect
level (the material enriches in electrons by injection). Based on this consideration, an

0.0 n,p and/F_{ at GB

0.5

p, n

T T T 1
0.2 0.4 0.6 0.8 10" 10" 10%®
X [um] n,p [cm'a], R [cm'3s'1]

Figure 5.22: Large hole repulsive band-bending, Sg; = 10° cm/s. Relative carrier concen-
tration in the 2D model (left) and n, p, and recombination R at the GB (right) under one
sun illumination at (a) V =0 and (b) V = 0.5 V (slightly below V). The GB is inverted,
however, under forward bias some of the inversion is recovered. Recombination is high in
the entire GB.
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Figure 5.23: Band-bending in the absorber at z = 1 ym under forward bias. The discharge
of GB states reduces larger values of ¢4, under forward bias. The V. line is shown for
reference.

estimate can be given when this change occurs and the band-bending is roughly limited to

values less than

Ey—¢p—0.2eV —qV. (5.18)

¢fp is the distance of the hole quasi-Fermi level from the valence-band maximum (Ey, —
Ey ~ 0.18 V) and V the applied voltage. The value of 0.2 eV is the location of the donor
level with respect to the conduction-band maximum. The actual band-bending as a function
of voltage (result of the simulation) as well as the approximation expressed in Eq. 5.18 is
shown in Fig. 5.23. The agreement is quite good and, therefore, Eq. 5.18 also predicts
that deeper donor levels allow for less GB potential under otherwise similar conditions.
Furthermore, the zero bias GB potential is limited to values of Eq — ¢fp — (Ec — Er) =

Er — Ejp, the distance between the donor level and the hole quasi-Fermi level.

5.4.3 Discussion of electron-repulsive band-bending

Since recombination in the quasi-neutral region depends only on the minority carrier concen-

tration, R = AnSg, repulsion of electrons reduces recombination. The additional negative
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Figure 5.24: Small electron repulsive band bending, Sy = 10° cm/s. Relative carrier
concentration in the 2D model (left) and n, p, and recombination R at the GB (right)
under one sun illumination at (a) V = 0 and (b) V = 0.5 V (slightly below V). The
depletion width is narrowed as is the high-recombination peak at the GB.

charge at grain boundaries reduces the p-n junction width at the GB and leads to reduced

SCR recombination, which is apparent from the narrower recombination peak under forward

bias (Fig. 5.24[b]).

5.4.4 Analytical model

The analytical solutions described in Sect. 5.3.2 allowed to predict GB recombination in the
quasi-neutral region (and Js:), but did not incorporate GB potentials. GB recombination in
the presence of ¢4, and Sy, can be considered, if an approximate expression for the effective
recombination velocity, S(¢), is determined.

Assuming constant quasi-Fermi levels across the GB, the carrier concentrations at the
boundary can be estimated as p(¢) ~ p®e~%s/*T and n(¢) ~ nOet®s/*T. With this, Eq. 5.16

can be rewritten and the effective surface recombination velocity S(¢) defined (shown in
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Figure 5.25: Effect of charge-induced band-bending on current. (a) Short-circuit current
density (normalized to the GB-free case) at zero bias. (b) Effective GB recombination
velocity Sefs. For ¢g > 0.2 eV the recombination is limited by the suppressed hole con-
centration.

Fig. 5.25[b]): -
An”S,

= An’S 5.19
(n0S9/p0SY) ePa/kT 1 e=da/kT n"S(¢) (5.19)

Rgb (¢) =

Moderate GB recombination velocity, Sg (= 10° c¢m/s), in combination with small ¢g
results in an effective GB recombination the order of 107 cm/s. For small dgb, the effective
S(¢) follows the enhancement factor ed!?sl/*¥T discussed by Green [132]. Combining S(¢)
with the two-dimensional analytical solution (2D model described in Sect. 5.3.4) results
in a reasonable fit to the numerical result in the range of -0.1 to 0.3 eV shown in Fig.
5.25(a). The same approach with the “effective lifetime” model (also presented in Sect.
5.3.4) strongly overestimates the recombination due to the neglected carrier depletion effects
that have been discussed earlier. The recombination maximizes when the quasi-Fermi levels
are approximately equal distances from the band edges, or more accurately when n ~ p,
and this criteria is fulfilled significantly before the majority quasi-Fermi level is located at

the middle of the gap.
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For larger band-bending, the strong electric field attracts practically all electrons to the
GB, but at zero bias, the GB is strongly inverted and no recombination occurs due to the
lack of holes. Under these conditions, the collection efficiency (Js.) improves beyond that of
GB-free devices. This is further illustrated in Fig. 5.26. Practically all electrons generated
outside the main-junction SCR are flowing toward the GB. There, electrons are channeled
and conducted to the main junction. Holes are repelled from the GB and hole conduction
occurs in the neutral region between GBs. Most of the generation occurs in the SCR and
the enhancement by GB collection is therefore limited to roughly 15% (Fig. 5.25); even very
deep in the device, z > 1 pum, the GB collection still occurs, however, the additional current

contribution is insignificant for device performance.

0.0 (a) electron current (b) hole current

R
g
i

00 02 04 06 08 00 02 04 06 08 1.0
X [um] X [um]

Figure 5.26: Electron and hole current flows with ¢4 = 0.4 eV. Similar for higher values
of ¢gp. Contour plot shows (a) electron and (b) hole current density in (mA/cm?); arrows
indicate carrier transport direction (unit vectors of carrier velocity). Short-circuit conditions
of one-sun illumination and zero voltage bias.
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5.4.5 Summary

Several surface sensitive experiments have determined band-bending at GBs and this section
has discussed the implication of such GB potentials on device performance. It is found
that hole-majority repulsive potentials are most likely reducing the device efficiency, due to
increased GB recombination in the bulk as well as in the space-charge region. A full account
of these additional losses was given by the analysis of the recombination processes involved.
For large values of ¢4, an “ideal” carrier collection is established, however, considering the
losses in V¢, no net benefit is achieved.

Electron-repulsive potentials are predicted to increase device efficiency, but they are
unlikely to be able to completely passivate active grain boundaries. Such potentials have
only been observed for Cu-rich grown CuGaSe; films and the resulting solar cell performance
was poor due to CuSe segregation [147].

Simulation of photoluminescence, near-field scanning microscopy, and electron beam
induced current experiments were performed in a collaborative effort with the National
Renewable Energy Laboratory [122]. These results showed that hole-repulsive band-bending
leads to fast charge separation, very short observed PL lifetimes, and overly long EBIC
diffusion lengths, all inconsistent with experimental results and in agreement with the above

conclusion that ¢4 > 0 is an unlikely case to be present in highly-efficient CIGS solar cells.

5.5 Band-discontinuities at grain boundaries

Free surfaces or Cu(In,Ga)Se, solar cells have been reported to exhibit a Cu-poor compo-
sition, and experimentally this Cu-depletion is observed by an enlarged band-gap due to a
down-shift of the valence-band maximum [50, 155]. Recent studies have shown that interior
surfaces at GBs can be similarly depleted [149] and first-principles calculations of GBs have
predicted a suppression of the valence-band edge by 0.2-0.4 eV [148]. It should be noted,
however, that these calculations assumed a surface reconstruction pattern that is limited to
the first unit cell of the lattice and the resulting widths over which the valence-band edge is
suppressed is also very small. Whether and how this links to the experimentally observed

depletion that exceeds tens of nanometers in thickness is unclear.
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Figure 5.27: Schematic of the valence-band offset model. A distinct region surrounding the
GB with enlarged E, is defined.

The effects of Cu-depletion at GBs is investigated with numerical simulations. Since a
continuous expansion of the band-gap cannot be realized with the computer model available,
a discrete valence-band offset, AEy, between the grain interior and the grain boundary is

used as indicated by the gray area in the schematic in Fig. 5.27.

Case studies of AEy = 0.2 eV and 0.4 eV
The following models are investigated:
1. AEy is fixed at 0.2 eV or 0.4 eV, with ¢g = 0, and Sy varies.
2. GB recombination velocity Sg = 10° cm/s or 10° cm/s and AEy varies.

3. Combinations of GB potentials and valence-band offsets (¢4 and AEy); this is cal-

culated for Sg, = 105 cm/s and 107 cm/s.

The input (AEy, defects) and output (¢4, 1) parameters for representative cases are

listed in Table 5.4. The resulting bands and carrier concentrations are shown in Fig. 5.28.

Table 5.4: Input parameters and resulting device efficiency with Sg, = 10° cm/s for AEy
=0.2eV, +0.4 eV, and ¢g, = AEy = 0.2 eV models; (a) shown for reference.

Fig. 528 AEy (eV) defect Ng (cm™2) ¢g (eV) 7 at Sg = 10° cm/s (%)
() 0 ; 0 0 13.8
(b) 0.2 ; 0 0 16.2
(©) 0.4 ; 0 0 17.3
(d) 0.2 donor  4.5x101 0.2 16.7
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Figure 5.28: Band structure parallel to the main junction at z = 1 ym. All cases for
columnar GBs at zero external bias under 1 sun illumination: (a) AEy = ¢g = 0, (b)
small AEy, (c) large AEy, and (d) combination of small ¢4 and AEy. Figures (a’)-(d’)
show the corresponding carrier concentrations and recombination rates (Note the expanded
horizontal scale). The sheet density of recombination (cm~2s7!) is found by multiplying R
at the GB by the GB width (2 nm). Corresponding integrated current losses are shown in
parentheses.

Starting from a CIGS model with columnar GBs (Fig. 5.28[a]), an expansion of the
band-gap at the grain surface is included. The doping in this 20-nm thin layer is chosen
to be lower than in the bulk, which establishes a flat conduction band and prevents the
formation of an electron barrier. The optical absorption is adjusted to the local band gap
in this layer as well. However, since this layer is very thin compared to the overall grain size,
the effects of reduced absorption are very small. The resulting band structure is shown in
Fig. 5.28(b) and (c¢) for AEy = 0.2 eV and 0.4 eV, respectively. An arbitrary combination

of ¢4 and AEy is also considered, and its band diagram is shown in Fig. 5.28(d).

113

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



A shift in the valence-band energy (Fig. 5.28[b] and [c]) suppresses the hole concentration
and leaves the electron concentration unaltered (Fig. 5.28[b’| and [¢’]). If this shift is
sufficiently large, 5.28(c’), holes become the recombination limiting carrier, p < n, and
GB recombination is significantly reduced with further increases in AEy. Small AEy in
combination with small ¢4, appear to have a similar effect for zero bias GB recombination
in the quasi-neutral region (Fig. 5.28 [d’]). The current densities in parentheses are the
recombination losses integrated over the z direction (perpendicular to the graph).

An important difference between charged (¢g) and charge-free (AEy) models is that
although both models lead to hole repulsion, only ¢4 models attract electron carriers toward
the GB. This can lead to enhanced recombination, but also, for ¢4, > 0.3 eV, to beneficial
“GB collection paths” and increases in Js.. AEy models achieve J,.’s that do not exceed
those achieved with GB-free models. Similarly, the comparison between Fig. 5.28(c) and
(d): In both cases the valence band is suppressed by 0.4 €V which leads negligible bulk

recombination, but only situation 5.28(d) has the possibility of improved collection.

5.5.1 Valence-band offsets

Initially, the conduction-band minimum was left unchanged. J-V results calculated for the
entire range of Sg; (Fig. 5.29) indicate that small values of AEy allow partial recovery of
Voe and FF, but do not significantly affect Js.. Large values of AFy screen the GB in
the bulk, and high values of both Jg and V. are achieved. Substantial improvements are
possible with AEy in the presence of active GBs (high Sg;) and for AEy = 0.4 €V the
performance is equal to the performance of a GB-free device, independent of Sg.

Similar conclusions can be found from calculations of the J-V performance as a function
of the parameter AEy for Sy = 10° cm/s (Fig. 5.30). It is apparent, that AFEy strongly
affects V., and that in the limit of large AEy, V,. identical to GB-free models is achieved.
Jse improves once AFEy exceeds 0.3 eV and above this value, 1 is very close to the GB-free
baseline. With higher Sg, = 10% cm/s, the losses are greater, but the passivation works

equally well, and for AEy above 0.3 eV, GB-free performance is very nearly achieved.
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Figure 5.29: J-V parameters Vi, Jsc, FF, and n for AEy = 0.2 and 0.4 V. Larger values
give identical results to AEy = 0.4.
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Figure 5.30: J-V parameters Vo, Js, FF, and 7 for Sg, = 10° cm/s and 106 cm/s.

In contrast to the charged grain boundaries (Sect. 5.4.1), however, the ideal collection
achieved for large values of ¢4, (Fig. 5.20 on p. 104) is not achieved by incorporating the

valence-band offset.

Discussion

Valence-band offsets suppress holes from the GB, but the electron concentration is unaf-
fected, Fig. 5.28(b, c). With AFEy > 0.3 eV, the GB is effectively screened against bulk
recombination, because insufficient holes are present (Fig. 5.28[d] and 5.31[a]). In this situ-
ation, holes are minority carriers at the GB and their concentration controls the recombina-

3 11 -3
, None—sun ~ 10~ cm )7

tion process. For the given model (mj/mg = 0.8, p = 2x 10 em ™~
fully effective screening occurs when AFEy exceeds 0.3 eV. If the GB recombination veloc-
ity is very high (comparable to the thermal velocity), the thermionic emission across the
valence-band offset can become an additional limiting process.

Recombination remains low under forward bias and no significant SCR peak is observed
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Figure 5.31: Large valence-band offset (0.4 V), Sgp = 10° cm/s. Relative carrier concentra-
tion in the 2D model (left) and n, p, and recombination R at the GB (right) under one-sun
illumination at (a) V = 0 and (b) V = 0.5 V (slightly below V)

at either zero or positive bias (Fig. 5.31[b]). Recombination of electrically injected carriers
is affected by even small values of AEy,, because the band gap expands locally at the grain
boundary and an increased band gap leads to reduced SRH recombination. This improves
both V,. and FF. Under forward bias np > n%, and the electrically injected carrier density

exceeds that which is optically generated. Under these conditions
np ~ NgNye Ea/FT cdV/kT (5.20)

The dominant recombination occurs in the SCR where n ~ p. The band gap at the GB
expands with increasing valence-band offset (EgGB = Eg"lk + AEy) and, therefore, Eq. 5.16

can be rewritten for V,.-relevant recombination:

Rys (ABy) = Ryy(0)e ) (5.21)
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Figure 5.32: Valence-band offset AEy and band-bending ¢g. Sg = 10° cm/s.

According to Eq. 5.21, increasing the band gap toward the grain surface by 0.3 eV lowers
the effective recombination velocity in the SCR to less than 1% of its original value. A
moderate quality GB (Sg, = 105 cm/s) would therefore be effectively passivated (effective

Sgp < 10° cm/s) in terms of SCR recombination.

5.5.2 Combination of valence-band offsets and charged grain boundaries

The existence of the valence-band down-shift does not exclude the possibility of charge-
induced band-bending, as well. The current-voltage parameters corresponding to mod-
els that incorporate hole-repulsive band-bending and valence-band offsets are shown in a
contour-plot format in Fig. 5.32. These results were calculated for Sg, = 10° cm/s.

Nearly independent of the band-bending, high solar-cell efficiency is only possible once
APFy exceeds 0.2 eV, which is sufficient to suppress most of the forward current recombina-
tion and, hence, allow a high open-circuit voltage. The short-circuit current density is high

for all combinations that have AEy + ¢g > 0.3 eV (downward 45° lines in Fig. 5.32[b]).
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Figure 5.33: Valence-band offset AEy and band-bending ¢g. Sgp = 107 cm/s.

For the purpose of passivating against bulk recombination, both mechanisms are similarly
useful at zero bias. Higher values of ¢g, show their beneficial effect on carrier collection,
yet, even in the presence of large valence-band offsets, lead to some reduction in V..

For a last comparison, the trade-off between AEy and ¢, is evaluated for cells of very
poor quality from the GB perspective (Sgp = 107 cm/s). Figure 5.33 shows the J-V results
for these cases. The highest achieved efficiency is over 17% when AFEy is above 0.3 eV.
Large band-bending again results in better current collection (higher Jg. for ¢4 > 0.2 €V),
but V. is lowered by its presence. There is a narrow region in the parameter space around
AEy = 0.25 eV in which additional small ¢¢, has a beneficial effect on device performance.
This situation is easily interpreted: the AFEy results in SCR passivation and high V.,
whereas the additional small ¢4, helps to invert the GBs in the quasi-neutral region and,
hence, to increase Jg,.

Based on Fig. 5.32 and 5.33 it is concluded that, for the models considered, high AEy

is the most effective means to passivate active GBs and attain high efficiencies, whereas
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modest ¢g4 can also be present without significantly affecting device performance. ¢y
alone, however, limits the efficiency to below 14% and 10% for Sg = 10° and 107 cm/s,

respectively.

5.5.3 Summary

A number of arguments suggest that Cu-depletion that leads to a down-shift of the valence-
band edge might be present at GB in Cu(In,Ga)Se; solar cells. In this section, it has been
shown that such chemical induced hole repulsion would lead to an excellent passivation of
GBs in the SCR as well as in the quasi-neutral bulk region. Although any magnitude of
AFEy is beneficial, it must exceed 0.3 eV to provide fully effective passivation.

A combination of GB potentials and Cu-depletion may well be present at GBs. It has
been shown here that with combinations of ¢4 and AEy, the beneficial effect clearly lies
with the valence-band shift. GB potentials, particularly in the absence of a passivating

valence-band offset, are likely to be detrimental to the performance.

5.6 Short-comings of the GB models

Although this work used advanced numerical simulations, there are some limitations that
have not been addressed. Some of these certainly affect the details of the simulations, but

are not likely to alter the general results.

2D vs. 3D

The model is two-dimensional. In three dimensions, (a) the same value of Sg, will be more
detrimental because there is a higher number of GBs/volume (this was partially discussed in
Sect. 5.3.4); (b) the collection effect seen for large ¢4, may be enhanced, because the average
distance carriers have to travel to the GB is reduced; and (c) the V,c-loss introduced by
positively charged defects will be even larger, because the junction widening and increase
in forward current will be, at least to some degree, additive where two grain boundaries

intersect.
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Geometry

A simplified geometry has been used. Real solar cells have many, maybe intersecting, grain
boundaries and grain sizes vary from grain to grain. Therefore, it would be desirable to
consider more complex structures, as well. The hole-blocking mechanism discussed above
could have highly negative consequences for horizontal GBs, because the device operation
depends on hole current flow perpendicular to the junction. Also, it is likely that GBs are

not all identical and that GBs may be non-uniform from top to bottom of the film.

Parameter input

There are uncertainties associated with the input parameters. Some bulk parameters, e.g.,
bulk mobilities, are not accurately known and were used as “best guess” values. These
uncertainties are not likely to have a significant effect within a reasonable parameter range.
However, the underlying GB-free baseline corresponds to a highly efficient CIGS solar cells
and results may be significantly different if lower efficiency solar cells are considered. For
example, from the results presented, the possibility that large GB potentials are present
in moderate quality solar cells can not be excluded. It is indeed possible that such lower-
efficiency solar cells may benefit more in current collection then they suffer from additional
losses in photovoltage.

With respect to particular GB models, one significant unknown in ¢4, models is the
characteristic energy of the charged donor level. In all simulations that included positively
charged GBs, the donor level has been assumed 0.2 eV below the conduction-band edge. As
discussed in Sect. 5.4.2, the energetic depth of the defect level, Ec — Er, places an upper
bound on the achievable zero bias band bending; 0.2 eV was used, because it allows ¢g =
0-0.6 eV to be established, while at the same time, it is not extremely shallow. The latter
would appear somewhat inconsistent with theoretically predicted energy levels [29] and the
limited n-type dopability of CIGS material [103]. The influence of this donor level location
on device performance is shown in Fig. 5.34.

For small values of Ny = 4.5x10'! cm™3, and hence, small values of resulting ¢y, the

GB potential as well as the resulting J-V performance is independent of the characteristic
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Figure 5.34: Device performance with variation of the donor characteristic energy Ec — Er.
Sgp = 10° cm/s. The defect densities shown corresponds to the two case studies, g = 0.2
and 0.6 eV, discussed in Sect. 5.4

energy. High GB state density can only establish large ¢y, if the levels are reasonably shal-
low. The zero voltage values of ¢y, are given in the J,. plot of Fig. 5.34. It should be noted,
however, that very shallow levels in very high densities could lead to an overall increase in
device performance (Fig. 5.34[d]) compared to unpassivated GBs. The requirements, how-
ever, are fairly strict: very high density of states, located very close to the conduction-band
minimum. A similar configuration was used in Ref. [122] and was shown to be inconsistent
with experimental results.

The Cu-depleted region, with expanded band-gap energy, in the AEy models was as-
sumed with a thickness of 20 nm. There is at least some experimental evidence that this
Cu depletion extends several tens of nanometers or more into the bulk, because it was
observed by micro-Auger electron spectroscopy measurements [149]. The modeling results
are generally insensitive to the thickness of this layer, but for very thin layers, quantum

effects might play an important role. The tunneling probability can be estimated by WKB
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Figure 5.35: Tunneling through a rectangular barrier. For thick barriers transport is limited
by the thermionic emission across the barrier (dashed lines indicated the response for thin
barriers is tunneling is neglected). Including WKB approximations, current flows though
the barrier once it thickness is less than 1 nm.

approximations. Figure 5.35 shows the transport through valence-band barriers with heights
of 0.3-0.5 eV. Relatively independent of the barrier height, the transition between trans-
port limited by bulk conductivity and that limited by tunneling through the barrier occurs
around 2 nm. The experimental observation of Cu depletion at GBs [149] and free surfaces

[50, 155] suggests that the Cu depletion region has substantial thickness, and hence, direct

tunneling can be safely ignored.

5.7 Summary

Two-dimensional models were employed to study the effects of grain boundaries on CIGS
solar cells. Neutral GBs were investigated in limits, perpendicular or parallel to the main
junction, and the qualitative results agree well with previous work. Detailed simulations
allow deduction of the exact quantitative impact of GB recombination on solar-cell per-
formance. Columnar GBs that are present in all thin-films are found to be an efficiency

limiting factor (n < 17%) for an effective S > 10 cm/s. Strong space-charge-region
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Figure 5.36: Typical current-voltage curves for (a) neutral GB recombination, (b) small
hole-repelling band-bending, (c) large hole-repelling band-bending, and (d) large valence-
band offsets. Sy = 10° cm/s.

recombination leads to V,. reductions, whereas GBs in the quasi-neutral region affect only
carrier collection. Sections of GBs deeper than 1 um were shown to not affect performance.
GB recombination is further strongly modified by electrostatic potentials at GBs, or by

the Cu depletion observed for CIGS thin-films. Results summarizing the cases considered

are shown in Fig. 5.36:
(a) Neutral grain-boundary recombination substantially reduces solar-cell efficiency.

(b) Charged defects that lead to weak hole repulsion at the GB cause additional losses in

Voe and Jg..

(c) With large band-bending, a high collection efficiency is observed, yet, no net gain in

efficiency is achieved due to the reduced voltage.

(d) Valence-band offsets can suppress grain-boundary recombination in the SCR and es-

tablish performance similar to GB-free devices.
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This picture is in disagreement with earlier work by Taretto et al. [140] who found that a
shift in the valence-band energy led to only a slight increase in efficiency. This discrepancy
can be at least partially explained by the two-dimensional model used in Ref. [140] that was
limited to the CIGS absorber layer, neglected the blocking effect of the valence offset, and
mimicked hole suppression up to 0.18 eV by a reduction in the hole capture-cross section.

The impact on CIGS solar-cell performance from a large spectrum of possible recom-
bination velocities, charge-induced barriers, and valence-band offsets at or near a grain
boundary have been evaluated. From the cases considered, there are specific options avail-

able to explain record efficiencies close to 20% for CIGS solar cells:

(a) GB recombination that is inherently very small (<10* cm/s).
(b) Electron-barrier passivation, i.e., a very high acceptor density at the grain boundary.
(c) A valence-band offset (down-shift) greater than 0.3 eV.

(d) A combination of such a valence-band offset and modest hole-repulsive band-bending.

From the results presented, it is concluded that the valence-band offset included in options
(c) and (d) is the factor most likely to minimize the impact of grain boundaries on high-

efficiency CIGS solar cells.
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Chapter 6

Conclusions

Solar cells are an important developing market for a number of reasons, and it is time well
spent to improve upon thin-film solar cells, often labeled as “second generation.” As we, as
individuals, society, or humanity, face the consequences of our current energy demands and
turn toward alternatives, thin-film solar cells may well be the largest contributor in solving
the energy problem.

The basics of semiconductor physics and thin-film technologies were reviewed in the
introduction of this work. The mathematical complexity requires that the problem must
in general be addressed numerically, and a number of software programs are available for
this task that were briefly reviewed in Chapter 3. Baseline cases for ZnO/CdS/CIGS and
Sn03/CdS/CdTe solar cells were established following two guidelines: that the baselines
be as general as possible, yet, accurate enough that they are representative of many, if
not most, experimental devices with only minor additional modifications. Further, a high-
to-low approach was taken, in that the baselines were intentionally aligned with highly-
efficient experimental solar cells, assuming that additional detrimental elements will reflect
accurately on particular devices.

The main results of this work, presented in Chapter 4 and 5, have been summarized at
the end of each section and shall not be reiterated here. This final discussion is used to link
these results to state-of-the-art of experimental devices and highlight where this work has

substantially contributed to their understanding.
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Zn0O/CdS/CI(G)S solar cells

The idea of thin-film solar cells goes almost as far back as the invention of solar cells. From
the early days of solar-energy conversion, it was obvious that to substantially contribute
to the energy requirement of our society, solar cells will be needed in large or huge scale
applications. Many different material systems and combinations have been tested over the
last five decades, but no other system has shown performance as high as ZnO/CdS/CIGS
solar cells. The discussion of the interface properties in Section 4.2 has given some insight
on part of the reason behind this inherent quality: the positive band-offset between CdS and
low-Ga Cu(In,Ga)Sey inherently passivates against interface recombination. The results in
Sect. 4.3 have shown that in the case of CdS/CIS or low-Ga CIGS, the same positive band
offset can sometimes lead to observable non-superposition or current blockage. Only, in
extreme cases, however, does this influence regular J-V performance. The most important
results with respect to the CdS buffer layer, however, is found in the Sect. 4.2, where it
is predicted that wider-band-gap Cu(In,Ga)Ses solar cells will lose this benefit of inherent
passivation as Ga is added to replace In, and high device efficiencies will not be achievable

even if all other obstacles related to these materials can be overcome.

Cu(In,Ga)Se; material

The study of grain boundaries reported in Chapter 5 gives the first basic understanding of
how GB recombination, potentials, and possible Cu-depletion at GBs can affect device per-
formance. This study establishes a connection between theoretically predicted properties,
material studies, and observed device performance. These results challenge the claims by
others that large GB potentials are beneficial to device performance and that GB potentials
are the reason behind the superiority of Cu(In,Ga)Ses solar cells. Studies of the free ab-
sorber surface, without prior air-exposure, are necessary, and ideally new experiments need
to be designed to determine the electronic properties in the bulk, i.e., potential variations
at GBs beneath the surface.

Cu depletion has been experimentally observed at the free surface, and similar charac-

teristics at GBs have been reported recently. This work has shown, that such depletion
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can be greatly beneficial to device performance. GBs are effectively passivated and in fact
this can explain why Cu(In,Ga)Sey achieve efficiencies close to 20%, previously believed to
be only accessible for high quality crystalline materials. One question that has not been
addressed in this work, is the dependence of CIGS growth, and the subsequent enhancement
in cell performance, on the presence of Na. From the device-model point of view, it is not
known where this Na resides in the film, and whether it acts as a bulk defect or dopant,
passivates GBs, or simply enhances the crystal growth. Theoretical studies have shown,
however, that Na can affect grain-boundaries similarly to Cu-depletion in that it leads to
a valence-band suppression. Further consideration of Na effects should be addressed once

the exact influences of Na on the electronic structure are known.

Three-stage processing and its benefits

Efficiencies above 18% are exclusively achieved by the NREL three-stage process. It has of-
ten been suggested that the Ga/(Ga+In) grading, which is automatically introduced in this
process, is the major contributor to the observed superiority. The study in Sect. 4.1 showed
that only a modest increase in efficiency (~1%) can be attributed to the incorporation of
Ga/(Ga+In) grading. Therefore, it is likely that the three-stage process has substantial
other advantages, which have not been recognized so far. Applying the results of Chapter
5, it can be speculated that the thee-stage process enhances the depletion of Cu at the
CdS/CIGS interface and at the grain boundaries close to the film surface. This characteris-
tic is built into the process as the growth is finished with a Cu-poor phase. The bulk of the
material may or may not be similarly deficient in Cu at GBs, but if it is, some additional
GB potential could in fact be beneficial. This scenario is compatible with the small grain
boundary potentials measured on air-exposed CIGS films, the observed Cu-depletion, and

the resulting device performance.

Where does the technology go next?

The technology is facing several challenges:

1. Thinner absorber layers. Calculations with thin absorber layers (Sect. 4.1) show that
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substantial thinning of the absorber should be possible without major losses in device
efficiency. These calculations and related experimental evidence, however, only serve
as a first proof of concept, as the problems that are associated with thinning are in

large part related to growth and material issues.

2. Alternative buffer and window layers. New materials are necessary for several reasons:
(a) minimization of current losses by window and buffer absorption (replace CdS), (b)
establishment of favorable band-offsets for wider-band-gap CIGS (Sect. 4.2), and (c)

use as transparent front and back contacts in tandem devices.

3. High-Ga Cu(In,Ga)Sey. These devices are investigated, because (a) high-voltage low-
current solar cells lead to lower resistive losses in module integration, (b) based on
the solar spectrum, a higher band-gap results in higher efficiencies as the trade-off
between V,. and J, is favorable up to band-gap energies around 1.4 eV (Sect. 4.2),
and (c) a high band-gap CIGS or CGS solar cells is required as a top cell in tandem

configurations.

4. Thin-film tandem cells. This very challenging topic has become a major field of re-
search within the recently established High Performance Project of the US Department
of Energy. This will require a stable and efficient top and bottom cell, both integrated
mechanically or monolithically into one package. There are many milestones to take,
besides points (2) and (3) in this list to achieve the very ambitious program goal of

25% device efficiency by 2010.

This work identified and quantified, both beneficial and detrimental mechanisms in
Cu(In,Ga)Ses solar cells. The results give directions on how the existing problems can be

overcome and how this highly-promising technology can reach its full potential.
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Appendix A

Tabulated spectral input for the
CIGS baseline

Table A.1: AML.5 illumination spectrum (®4ps1.5) and absorption spectra () for ZnO,
CdS, and 1.15 eV-CIGS layers.

A D Am15 azZno acds acIGs
(pm) (#/cm®s)  (1/cm) (1/cm) (1/cm)
0.30 8.93E+13 2.00E+04 2.70E+05 3.69E+05
0.32 6.13E+14 2.00E+04 2.20E+05 3.69E+05
0.34 1.46E+15 2.00E4+04 1.80E+05 3.69E405
0.36 1.99E+15 2.00E404 1.50E+4+05 3.69E+405
0.38 2.69E+15 2.00E+04 1.30E+05 3.69E+05
0.40 3.94E+15 2.00E+03 1.20E+05 3.64E+05
0.42 4.85E+15 2.00E4+02 1.05E+05 3.30E+05
0.44 5.76E+15 6.00E+01 9.80E+04 2.67E+05
0.46 7.29E4+15 1.00E+00 8.50E+04 2.14E+05

048 7.69E+15 7.00E404 1.83E405
0.50 7.82E415 4.30E+04 1.58E405
0.52 8.01E+15 1.60E4+-04 1.41E+05
0.54 8.46E+15 1.00E+02 1.28E405
0.56 8.62E+15 1.00E+00 1.18E405
0.58 8.44E+15 1.08E+05
0.60 8.69E+15 1.01E4-05
0.62 9.09E+15 9.53E+04

continued on next page
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Table A.1: continued

A D Am15 aZnoO acds acIGS
(pm) (#/cm®s)  (1/cm) (1/cm) (1/cm)
0.64 9.18E+415 8.7T7E+404
0.66 9.32E+15 8.31E+04
0.68 8.60E+15 7.86E+04
0.70 8.61E+15 7.35E4+04
0.72 7.40E+15 6.87E+04
0.74 9.03E+15 6.55E+04
0.76 7.36E+15 6.23E+04
0.78 8.88E+15 5.93E+04
0.80 8.72E+15 5.66E+04
0.82 6.75E+15 5.30E+04
0.84 8.13E+15 4.94E+04
0.86 8.49E+15 4.60E+04
0.88 8.28E+15 4.11E+04
0.90 7.12E+15 3.72E+04
0.92 6.28E+15 3.55E+04
094 211E+15 3.32E+04
0.96 4.00E+15 3.09E+4-04
098 6.04E+15 2.84E+04
1.00 7.30E+15 2.52E+04
1.02 T7.46E+15 2.11E+04
1.04 7.23E+15 1.67E+04
1.06 7.00E+15 1.24E+04
1.08 6.82E+15 7.00E4+03
1.10 4.56E+15 2.95E+03
1.12 6.28E+14 9.44E+02
1.14 3.65E+15 3.02E+02
1.16 3.98E+15 9.66E+01
1.18 5.46E+15 3.09E+01
1.20 5.22E+15 9.88E+00
1.22 5.50E+15 3.16E+00
1.24 5.98E+15 1.00E+00
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Appendix B

Tabulated spectral input for the
CdTe baseline

Table B.1: AM1.5 illumination spectrum (®aps1.5) and absorption spectra («) for SnOs,
CdS, and CdTe layers.

A D am15 A$n0, acds QCdre
(pm) (#/cm®)  (1/cm) (1/cm) (1/cm)
0.30 8.93E+13 7.89E+04 2.70E+4+05 3.50E+05
0.32 6.13E+14 5.08E+04 2.20E+05 3.10E+05
0.34 1.46E+15 1.71E4+04 1.80E4+05 2.80E+05
0.36 1.99E+15 2.00E4+03 1.50E+05 2.50E+05
0.38 2.69E+15 1.00E+02 1.30E+05 2.10E+05
0.40 3.94E+15 1.00E4+00 1.20E4+05 1.80E405

0.42 4.85E+15 1.06E4-05 1.60E4-05
0.44 5.76E+15 9.80E+04 1.40E+05
0.46 T7.29E+15 8.50E+04 1.20E+405
0.48 7.69E415 7.00E4+04 1.00E+05
0.50 7.82E+15 4.30E+04 9.00E+04
0.52 8.01E+15 1.60E+04 8.00E+04
0.54 8.46E415 1.00E4-02 7.00E+04
0.56 8.62E+15 1.00E+00 6.40E+4-04
0.58 8.44E+15 5.80E+04
0.60 8.69E+15 5.30E+04
0.62 9.09E+15 4.90E+04

continued on next page
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Table B.1: continued

A D am15 08RO, aCds QCdTe
(um) (#/cm’s)  (1/cm) (1/cm) (1/cm)
0.64 9.18E+15 4.50E+04
0.66 9.32E+15 4.10E+-04
0.68 8.60E+15 3.80E+04
0.70 8.61E+15 3.60E+04
0.72 7.40E+15 3.30E+04
0.74 9.03E+15 3.10E+04
0.76 7.36E+15 2.90E+04
0.78 8.88E+15 2.50E+04
0.80 8.72E+15 1.50E+-04
0.82 6.75E+15 6.00E+03
0.84 8.13E+15 8.00E+02
0.86 8.49E+15 1.00E4-00
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