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Preface

This Spotlight describes the methods used for the optical characterization and
design of thin-film solar cells. The cells under study include CdTe, CIGS,
CZTS, perovskite, and organic solar cells. A description of these cells and the
coupling of experimental and simulation studies is provided to improve the per-
formances of thin-film solar cells. A detailed discussion of specific optical tools,
such as ellipsometry, photoluminescence, and photoreflectance, is presented. The
link between materials and measurements is made through the study of the physi-
cal principles involved in the functioning of these cells. Finally, the book details
the numerical model that can be used to design the structure of a thin-film solar
cell—a model in which the material properties have been extracted from the pre-
vious measurements, thus completing the design-characterization cycle.

v
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1 Introduction

The potential of solar energy is now well established, yet photovoltaic technolo-
gies struggle to prevail in the energy landscape. There are problems with both
the enhancement of the performances of the cells and the costs. In this context,
thinning the different device layers is being envisaged in order to reduce the total
costs of solar cells while maintaining their good performance. As the thicknesses
of the different layers in a solar cell can be less than 100 nm in some cases, the
importance of an optical design becomes critical for achieving competitive perfor-
mances. Since photovoltaic solar cells are optoelectronic devices, mastering the
interaction of light and matter is of utmost importance. Indeed, the behavior of
the light in very thin-film layers is completely different than in bulk materials.
Furthermore, even if the semiconductor materials used currently in the different
technologies are quite good absorbers, the need for improved performances means
that integrating photonic structures in the devices are increasingly envisaged.
Thus, the photonic concepts must be considered as potential solutions to improve
the photonic absorption of thin-film devices.1

The development of thin-film solar cells requires controlling the light inside the
cell. Such control is not only useful to increase the efficiency but also for designing
new kinds of solar cells such as “transparent and colored solar cells,” which is inter-
esting for building integrated photovoltaics. In these thin-film solar cells, the appar-
ent color and the transparency are given by their reflected and transmitted spectra,
taking into account human eye sensitivity. One can also use the light-management
concept, i.e., using Bragg mirrors,2 diffraction gratings,3 surface plasmonic effects,4

or photonic crystals5 to optimize the cell performances.
The investigations into the improvement of solar cell efficiencies have also led

researchers to look for new materials with optimized bandgaps that can absorb a
large part of the solar spectrum. The mechanical flexibility, the low specific weight,
and the color properties of these emerging materials open wide fields of applications.
The optimization of the morphological and/or optical and/or electrical properties of
these materials is thus a crucial issue today, along with the environmental and geo-
political issues (scarcity of elements, toxicity of elements, imported materials). It is
obvious that all of the studies and progress have been and will be made keeping
in view the final application. The applications are numerous—ground or building
integration, mobile applications, and so on—and suggest that each technology can
meet a given problem i.e., cost, efficiency, flexibility, color, and so on.

The new solar cell architecture is thus relatively complex and requires a
thorough understanding of the materials’ behavior, involving accurate knowledge
of the electrical, optical, and structural properties of these materials. This
Spotlight focuses on optical tools, both experimental and simulation, to improve
the optical design of the thin-film solar cells. This approach provides a correct
prediction and validation of device performance. Obviously, this work, directly
related to the fields of optics and photonics, also involves the use of a more
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comprehensive set of tools that includes structural (e.g., electronic microscopy,
x-ray scattering, x-ray photoelectron spectroscopy, ultraviolet photoelectron spec-
troscopy, and atomic force microscopy) or electrical techniques (e.g., conductance
measurements, Hall effect, and deep-level transient spectroscopy), which also
contribute to the improved elaboration of the solar cells. Some of these tech-
niques, although not described in this book, will be mentioned as related to our
studies on solar cells.

2 Materials and Solar Cells

2.1 Generations of solar cells

Today, there are many types of solar cell technologies that use either organic or
inorganic materials, or both. Research of photovoltaic solar cells is booming, not
only on hybrid solar cells and thin-layer cells, but also on the new perovskite solar
cells. Figure 1 illustrates the conversion efficiency of the best research solar cells
worldwide, published by National Renewable Energy Laboratory (NREL; see
Fig. 1), which can be compared with today’s performance ranking chart. In this
context, new materials for photovoltaics have emerged in recent years (inorganic
nanostructures, organic materials, kesterites, perovskites, transparent conducting
oxides, and so on) to increase cell performance while reducing technological costs.

Classical photovoltaic technology relies on the p-n semiconductor junction;
the silicon solar cell is the example of what has been called first-generation photo-
voltaics. This technology, based on the preeminent silicon microelectronics tech-
nology, is at present the most industrialized and the most commonly used
photovoltaic technology in the world. Nevertheless, a number of limitations pre-
vent it from reaching the status of a really low-cost technology, such as the large
amount of Si material needed for complete absorption of the incident light, the
indirect bandgap, and the competition over this material with the more successful
microelectronics market.

To overcome these problems, the second generation of photovoltaics pro-
posed using materials with high absorption coefficients, allowing thin-film con-
figurations and thus reduced use of materials. Mention may be made first of
CdTe, CIGS (copper-indium-gallium-sulfide), kesterites (CZTS or copper-zinc-tin-
sulfide), and GaAs, which are all direct bandgap materials, and second of amor-
phous silicon and microcrystalline silicon (indirect bandgap). CdTe, CIGS, and
CZTS photovoltaic materials are deposited in the form of polycrystalline thin
films. CdTe, CIGS, and CZTS photovoltaic devices are deposited as a polycrys-
talline thin film, offering very competitive manufacturing costs but limited effi-
ciencies due to a high defect density. Silicon thin films are based on
hydrogenated amorphous and hydrogenated microcrystalline silicon (a-Si:H,
μc-Si:H), which are usually deposited by plasma-enhanced chemical vapor depo-
sition. The best efficiency for this technology is obtained with a triple junction.6

Epitaxial GaAs solar cells, on the other hand, can have very high efficiencies,
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but the process of fabrication is very expensive, which effectively limits their
industrial implementation.

Finally, third-generation photovoltaics is the latest family of solar-energy-
harvesting devices, and it includes all of the new concepts that are beyond the
pn junction, such as multijunction devices, intraband solar cells, hot carrier
absorbers, or organic solar cells (OSCs). In this context, special attention is paid
to the exploitation of the whole light spectrum, and alternative solutions are pro-
posed out of the device configuration.

In this Spotlight, we will focus on the study of second- and third-generation
thin-film solar cells, made of different materials such as CIGS, CZTS, CdTe,
and perovskite, as well as semiconducting polymers. We will describe each
material to understand their possible limitations. A cell is made up of a stack of
thin layers, and each layer consists of a different material. The optical properties
of the different materials are of great importance for the final performance of
the cell. Perfect knowledge of these properties is based on a comprehensive set
of very precise measurements. However, this is not enough, and models are nec-
essary to define the final optical parameters of the new materials that make up
the cell.

2.2 Inorganic thin-film solar cells

CIGS- and CdTe-based solar cells have reached more than 21% efficiency,7

which shows the great potential of these technologies for applications that need
high energy-conversion efficiency. The best efficiency of CZTS solar cells, which
belong to a more recent technology, is around 12.6%.8 CZTS has been studied in
the context of a major deployment of solar energy, bearing in mind the limited
resources of indium and gallium, the latter being used in CIGS solar cells.

Thanks to their high absorption coefficients, the absorbing layers in these
three polycrystalline solar cells can be relatively thin (<1 μm to a few microns
thick). They can be deposited on several foreign substrates, such as glass sheets,
metal foils, or polyimide foils. These three technologies differ in the realization
of the absorbed layer: congruent sublimation and post-treatment in the case of
cadmium telluride, and phase transformation by selenization or sulfurization of
metal precursors in the case of chalcopyrites [CuIn1−xGax(Se1−ySy)2] and kester-
ites [Cu2ZnSn(Se1−xSx)4].

CdTe, CIGS, and CZTS belong to the semiconductor material families II–VI,
I–III–VII and II–VI, respectively. The thin-film solar cells made of these materials
can be realized either in a substrate configuration [illumination usually through a
transparent conductive oxide (TCO)] or in a superstrate configuration (illumina-
tion through a transparent glass superstrate). These two configurations differ in
the deposition sequence: from the substrate to the TCO for the substrate configu-
ration, and from the glass superstrate to the metallic back contacts for the super-
strate configuration (as shown in Fig. 2). In both cases, we need TCO to provide
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high transparency in the absorption range of the absorber and high conductivity.
The role of these additional layers in a thin-film solar cell is of great importance,
as we will see in Section 2.3. Figure 2 presents the typical structure of thin-film
solar cells based on CdTe (superstrate configuration), CIGS (substrate configura-
tion), and CZTS (substrate configuration). As we can see, these heterostructure
solar cells propose a lot of different interfaces, even in the absorber layer. The
grain boundaries in a polycrystalline absorber film can be considered as interfaces
as well. It is thus a possible source of recombination, which has to be taken into
account in the optoelectronic modeling of the device.

The bandgap of CdTe is around 1.5 eV. Depending on the stoichiometry of
the chalcopyrite, the bandgap ranges from 1.04 and 1.68 eV for CIGS solar cells
and from 1.0 to 1.5 eV for kesterite solar cells. These values are in the range of
energy that allows high solar-energy conversion.9

2.3 Organic solar cells

OSCs are one of the most relevant photovoltaic technologies, as they are solution-
phase processable and can be applied as thin-film coatings using imprint tech-
niques such as roll-to-roll and ink jet. Thus, organic materials can be used to

Figure 2 The typical structures of CdTe-, CIGS-, and CZTS-based thin-film solar cells. The
SEM micrographs at the level of the absorber layer show the cross-section of the device.
Source: CdTe10 and CZTS.8
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reduce manufacturing costs. Furthermore, intense research on improving effi-
ciency has led researchers to look for new materials with an optimized bandgap
capable of absorbing a larger part of the solar spectrum.11–13 Particular attention
has been paid to the relative positions of lowest unoccupied molecular orbital
(LUMO) and highest occupied molecular orbital (HOMO) levels with respect to
the acceptor material. The HOMO and the LUMO bands correspond to the
valence and the conduction band in inorganic materials, respectively. The
mechanical flexibility, the low specific weight, and the color properties of these
emerging materials open up wide fields of applications, such as power-generating
bags, laptops, mobile phones, and applications related to fashion and architectural
applications.

However, OSCs still exhibit quite low power-conversion efficiencies (PCEs):
“Heliatek” announced a record-breaking 13% cell efficiency in 2016. This is
mainly due to the low absorbance of organic semiconductors in the range of the
solar spectrum and the necessity of using thicknesses that range between a few
nanometers and a few hundred nanometers.

There are fundamental physical differences between organic and inorganic
semiconductors. In inorganic semiconductors at room temperature (RT), the
absorbed photons directly generate free charge carriers (electrons and holes) that
can be harvested at their respective electrodes. In OSCs, the absorbed photons
generate bound electron–hole pairs called excitons. The exciton binding energies
range from 50 meV up to >1 eV. Then the excitons have to diffuse and reach
an interface between a donor and an acceptor material in order to be dissociated
into free charges. This additional process resulting in exciton dissociation com-
pletely changes the scale of the physical phenomena involved in OSCs. In crystal-
line and polycrystalline silicon, the electron diffusion length can reach up to
200 μm. In organic materials, both the exciton diffusion length and the charge
carrier diffusion length are in the submicron range (10 to 20 nm for excitons
and 100 to 200 nm for charge carriers). The impact of these low diffusion-length
values is twofold. As can be seen in Fig. 3, the active layer in the OSC architec-
ture is no thicker than 200 nm. In addition, this active layer must be composed of
a disordered bulk heterojunction (BHJ), which is a blend of donor and acceptor
materials, which allows the exciton dissociation probability to be enhanced. As
in BHJs, not all of the interconnectivities between materials are perfect, and some
dead ends may be present; this thickness is a tradeoff between good absorbance—
which imposes thicker layers—and good charge extraction—which imposes
thinner layers. Furthermore, improving the carrier mobility within the materials
would permit thicker films.

In this context, the characterization of the morphological, optical, and electri-
cal properties of the materials is crucial in improving OSC efficiencies.
Furthermore, photonic concepts must be considered as potential solutions to
increase the photonic absorption of such thin-film devices while controlling their
apparent color and transparency.

Ruiz, Duché, and Le Rouzo: Tools for Thin-Film Solar Cells6
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2.4 Perovskite solar cells

In recent years, the dye-sensitized solar cell (DSSC) technology has attracted a lot
of attention. A DSCC solar cell is not based on the classical p–n configuration; in
fact, its behavior mimics photosynthesis. A monolayer of a dye is deposited over
a mesoporous oxide, which also works as a photoelectrode. A photon that arrives
at the dye is absorbed, resulting in the excitation of an electron from HOMO to
LUMO. The electrons are collected via the TCO. To regenerate the oxidized
dye, an electrolyte solution containing a redox couple is used.14 The efficiency
of the best research cells is close to 12%, and some companies have started pro-
ducing modules with reported efficiencies of 10.7%.7 Through successive modifi-
cations, the liquid electrolyte has been replaced by a solid-state hole transporter,
normally an organic semiconductor, with no significant impact on efficiency.15

In order to reduce the thickness of the whole DSSC cell, inorganic materials
with high absorption coefficients started being used instead of organic dyes.14

Although the performances were interesting (Sb2S3, 5%), this approach was not
really a breakthrough until the application of organometallic halide perovskites,
such as CH3NH3PbI3 perovskite; DSCCs with perovskite nanocrystals exhibited
9.7% efficiency in 2012.14–16 Soon after, the substitution of conducting TiO2 by
insulating Al2O3 in the mesoporous layer led to efficiencies of 10.9%, with a sig-
nificant open-circuit voltage increment and no reduction of the short-circuit cur-
rent.15,17 This result provided evidence for the specific nature of these materials
and suggested the possibility of using them in other configurations than DSCCs.

Organometal halide perovskites ABX3 (A = alkyl-NH3, B = Pb or Sn, X = I,
Cl, or Br) represent a highly promising material thanks to their very sharp absorp-
tion features and their tunable bandgaps via chemical composition modification.

Figure 3 Schematic representation of a typical OSC architecture.
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For instance, these characteristics are of particular interest in the field of photovol-
taic-integrated glass for windows, allowing the design of various devices with dif-
ferent transmittances or colors. Solar cells based on organometal halide
perovskites have achieved PCEs as high as 20.1%18 within a research time of
merely 5 years.

Recent studies have shown that devices can be fabricated in a planar configu-
ration (no mesoporous layer used)19 or without a hole-transport layer, efficiencies
being high enough (above 8%) to consider this material as the next step in photo-
voltaic technologies.20

Efficient perovskite-based solar cells have been prepared that have very dif-
ferent device structures—such as SSCs, hybrid organic or standard planar hetero-
junctions (cf. Fig. 4)—that all exhibit efficiencies reported to be over 10%.21

Different bandgaps are also achievable by modifying the X-site composition
(e.g., alloying iodine with bromine). Indeed, it is possible to change the bandgap
of the semiconductor from 1.57 eV up to 2.3 eV22 covering the visible spectrum
up to the near-infrared. One can take advantage of this to design tandem solar
cells that would allow a broader absorption of the light and higher efficiencies15

and to adapt the transparency of the devices to selective ranges of the solar spec-
trum. In particular, it has already been reported that it is possible to fabricate
semitransparent solar cells based on perovskite materials with efficiencies as high
as 7% with an average transmittance of 30% in the visible range.23,24

Despite these amazing results, there is still a lot to learn about the behavior
of perovskites in order to obtain maximum potential from these materials. For in-
stance, the fact that no mesoporous layer is needed shows that perovskites
can actually work like traditional semiconductors.15,19,20 Furthermore, the analysis
of the electrical properties, such as carrier density and mobility, points to a behav-
ior more consistent with inorganic semiconductors than organic ones.26,27

Nevertheless, there are still many questions to answer for obtaining a mature tech-
nology such as how the actual structure of the hybrid perovskite influences the

Figure 4 Planar device configuration for a perovskite solar cell.
Source: Ref. 25.
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photovoltaic properties of the material,15,28 if it is possible to substitute lead with
less toxic elements such as Sn without too much efficiency loss,15,29 and so on.
One of the main limiting points at this moment for the evolution of these materi-
als is their lack of stability. Their tendency to decompose under normal atmos-
phere can be a limiting factor in the fabrication of devices.

3 Optical Experimental Techniques for Accurate Measurements

3.1 Set of measurements for thin-film solar cells

This section presents the different optical techniques used for the advanced charac-
terization of materials and cells. To develop accurate models that help us optimize
the device design, we need knowledge of basic optical parameters such as the opti-
cal index or the dielectric permittivity. These parameters are linked with the absorp-
tion processes that lead to photogeneration and, as we know from thin-film solar
cells, can vary strongly with the deposition method. Also, the range of absorption
of the material will be an important parameter for the design of the tandem cells.
All of these values can be obtained with a combination of spectroscopic ellipsome-
try (SE) measurements of the optical indices and spectrophotometric measurements
of the R, T, and A (reflectance, transmittance, and absorption) spectra.

Generally, using the SE technique to determine optical constants of thin films
requires knowledge of the optical constants of the substrate and measurements of
the ellipsometric parameters (tanΨ and cosΔ). Then the absorption (A) of the layer
is predicted through modeling using optical indices (n and k) extracted from var-
iable angle SE, and finally A is compared to the A deduced from reflectance (R)
and transmittance (T) measurements. For thin-film solar cells, this is very chal-
lenging because of the anisotropy of the layer and/or the surface roughness. In
addition, the application of such a method is hampered by a need for the accurate
calibration of optical instruments. This could lead to important discrepancies
between the measured absorption spectra and those predicted from the ellipsomet-
ric results assuming an isotropic model. To overcome these issues, detection of
optical anisotropy can be achieved by measuring optical properties at varying
incidence angles and by using an ellipsometer configuration providing the whole
determination of the Mueller matrix coefficients. The influence of incorporation
of the surface roughness correction can also be investigated using a Bruggeman
effective medium approximation (EMA) to perform a surface roughness correc-
tion using a two-layer model, where the bottom layer is a blend film and the top
layer is an EMA layer composed of air and bottom layer material. Due to the gen-
eral difficulty of developing a comprehensive optical model for the new materials
used today in photovoltaics, modeling of the assemblies is challenging but very
rewarding in the end.

The combination of photoluminescence (PL) techniques with electroreflec-
tance (ER) and/or photoreflectance (PR) can also be investigated for the analysis
of the different layers in ultrathin devices, simultaneously determining their
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fundamental and defect-related transitions. Low-temperature PL measurements
can be performed with different excitation wavelengths for the analysis of optical
confinements and other optical phenomena related to the back contact
modification.

Even if this work is focused on optical measurements, we should not forget to
discuss electrical measurements which lead to a better understanding of the whole
behavior of a material or a cell. Electrical and optoelectronic characterizations of
the devices involve their detailed analysis by measurements of the current–voltage
at different temperatures of the internal quantum efficiency and of the external
quantum efficiency. Detailed I–V measurements performed in the dark and under
different illumination and temperature conditions are performed to achieve rel-
evant information on the heterojunction band structure and to determine the main
recombination mechanisms in the different cell architectures. This analysis could
be combined with capacitance-based techniques such as capacitance–voltage as
a function of the temperature [CV(T)] or drive level capacitance profiling, in order
to analyze doping density, space charged region (SCR) size, defect distribution on
the SCR and interface impact on the device.

3.1.1 Current–voltage curve analysis
Solar cell electrical behavior can generally be described as common diodes with
an additional generated photocurrent. For the particular case of thin-film solar
cells, the equation also has to take into account the effect of parasitic losses30,31

J ¼ J 0e
q

AKTðV−JRsÞ þ V

Rsh
− J sc, (1)

where J0 is the dark current, A is the diode ideality factor, Rs and Rsh are the series
and shunt parasitic resistances, respectively, and Jsc is the photogenerated current.

In general, the diode ideality factor for thin solid films is found to be between
1.3 and 2, indicating that the main mechanism occurring in these devices is the
trap-mediated recombination in the absorber.

The dark current J0 can also be expressed as

J o ¼ J ooe
− Φb
AKT , (2)

where J00 is a prefactor that takes into account the recombination mechanisms that
control J0 in forward bias, and Φb is the barrier height. If we take into account the
two previous equations, we can express the open-circuit voltage, Voc, as follows:

V oc ¼
Φb

q
−
AKT

q
ln

�
J oo
J sc

�
: (3)

As the temperature tends to zero, the barrier height in these devices tends to
the bandgap value, hence we obtain the maximum theoretical value for the

Ruiz, Duché, and Le Rouzo: Tools for Thin-Film Solar Cells10

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 10 Mar 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



open-circuit voltage. But as the temperature increases, the second term of the
equation, which takes into account all the recombination mechanisms, becomes
more and more important, which explains the main origin of the Voc deficit of
all these technologies.

In Fig. 5, the current–voltage curve for a CIGSe (copper-indium-gallium-
selenide) solar cell under illumination conditions is represented. From this curve,
it is possible to extract the main parameters that are used to evaluate the quality
of a solar cell.

As previously defined, the open-circuit voltage, Voc, corresponds to the volt-
age value at J = 0, where the curve intersects the voltage axis. Conversely, the
short-circuit current, Jsc, corresponds to the point of the JV curve that intersects
the J-axis. This Jsc has essentially the same value as the photogenerated current,
and is, among all the parameters, the most directly related to the optical properties
of the system. In most cases, it can be taken as constant with the voltage, but in
some cases this is not true. We will analyze it in Section 3.1.2 dedicated to the
quantum efficiency measurements.

Because a solar cell is an electrical power generator, we can define the
maximum power delivered by the device by representing the product of the
current and the voltage as a function of the voltage. This point is identified
in Fig. 5 as VPmax

. In photovoltaics, the fill factor (FF) is defined as the ratio
between the actual power obtained from a solar cell and the maximum power
possible. It can be visually defined as the ratio between the area of the square
formed by the current and voltage values corresponding to the maximum

Figure 5 JV curve under illumination conditions for a CIGSe solar cell under illumination
conditions. The most important parameters for analyzing the curve are identified.
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power (light blue in Fig. 5), and the area of the square formed by Voc and
Jsc (dark blue in Fig. 5)

FF ¼ JPmax
· VPmax

J sc · V oc
· 100 ¼ Preal

Pideal
: (4)

The more ideal the behavior of a solar cell, the nearer the FF is to 100%. For
the technologies considered in this Spotlight FF values are normally smaller than
the ones obtained for silicon- and III–V-based solar cells, mainly because of the
recombination processes that control the shape of the JV curve.

We can also define the efficiency (η), or the ratio between the electrical power
extracted from the solar cell and the received irradiation power

η ¼ Pgen

Prec
· 100 ¼ Pmax

Pilu
· 100 ¼ FF · V oc · J sc

Pilu
· 100: (5)

In order to standardize these measurements and to compare results from
around the world, the efficiency should be measured with a spectrum equivalent
in power (1000 W/m2) and spectral shape to the one received from the sun at
the surface of the Earth.

Parasitic resistance mainly affects the efficiency via the FF, as can be seen
in Fig. 6.

3.1.2 Quantum efficiency
As previously noted, the photovoltaic parameter most closely related to the optical
properties of the system is the short-circuit current, Jsc. By measuring the quan-
tum efficiency, we obtain a measure of the current generated as a function of
the wavelength. In this way, it is possible to determine the origin of the losses

Figure 6 Impact on the JV curves of (a) increasing the series resistance and (b) decreasing
the shunt resistance.
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in Jsc, by comparing with an optimal value. We can also write the Jsc of a solar
cell as follows:30,31,32

J sc ¼ e

Z∞

0

SðEÞQEðEÞdE, (6)

where S(E) is the illumination spectrum as a function of the energy and QE is the
quantum efficiency of the device. While the limits of integration here are 0 and
infinity, in reality they are imposed by the bandgap of the materials in the solar
cell. From this equation, it is straightforward that the higher the bandgap of a
solar cell, the smaller the part of the spectrum that can be absorbed and thus the
smaller the Jsc.

In Fig. 7, there is a quantum efficiency curve for an actual CIGSe-based solar
cell as a function of the wavelength. We can see that the lower energy region of
absorption is limited by the bandgap of the CIGSe—the perpendicular dotted line
near 1150 nm in the figure. Also, it is clear that the device is far from the optimal
absorption of the light in every wavelength. In the region where photogeneration
is maximum, quantum efficiency is about 80%, indicating that almost 20% of
the photons arriving with these particular energies are not used in the electron
generation. Observing a quantum efficiency curve of a solar cell, we can have
an idea of where these losses are produced and how we can optimize the device
to improve current generation.

Figure 7 Quantum efficiency curve for a CIGSe solar cell with the main photogeneration
losses identified.
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In Fig. 7, different regions are identified, in which some photon or current
loss mechanisms occur.31,32

(a) This region corresponds to the shadowing of the metallic collection grid in the
front contact. The losses corresponding to this effect are uniform in the whole
spectrum and correspond to 5% of the total incident light, i.e., the photocur-
rent proportional to the area covered by the grid. This loss can be improved
by optimizing the grid design up to 2%.

(b) This part corresponds to the reflection at the interfaces of the front part of the
solar cell. In particular for the case under study, the light has to pass the inter-
faces Air/ZnO/CdS/CIGSe, a small amount being lost on each reflection. This
mechanism accounts for 8% to 10% of the total losses, and can be minimized
by depositing an antireflection coating on the front side of the cell.

(c) There are also losses related to the absorption in the TCO layer. In the central
region, the losses can be about 1% to 5%, depending on the thickness of the
layer and its absorption [indium tin oxide (ITO) has a higher absorption coef-
ficient than ZnO]. These values increase for λ < 400 nm, near the bandgap
region of the TCO, and for λ > 900 nm, due to the absorption of light by
the free carriers in the heavily doped TCOs.

(d) Buffer layer absorption: A typical buffer material is CdS, with a bandgap at
2.42 eV, and is responsible for the absorption of a vast part of the spectrum in
the 500 nm region. These electron pairs generated in the buffer layer are not
normally collected and do not contribute to the photogenerated current. To
reduce this effect, two approaches are normally used: reduction in the thick-
ness of the buffer layer, or substitution of the material by another with a
higher bandgap. In the case of CIGSe, a lot of effort has been put into replac-
ing the CdS, mainly with ZnS or In2S3, but the champion efficiency has been
achieved with deposited CdS cells. Despite the light absorption due to its
lower bandgap, the CdS/CIGSe band alignment is better than the ZnS/
CIGSe one, contributing in other ways to a better performance of the cell.33,34

(e) Losses in the absorber: These losses can arise from an incomplete absorp-
tion of the light in the near bandgap regions, which can be solved by increas-
ing the thickness of the absorber or by creating a back reflector via bandgap
engineering. The other main origin of the losses in this region is the presence
of recombination traps in the absorber. The lower energy photons, with a
smaller absorption coefficient, are generally absorbed in the back of the
absorber layer. If the diffusion length of the charges in the semiconductor is
smaller than the distance they have to travel up to the SCR, the chances are
that these charges are trapped and do not contribute to the photogeneration.
In these cases, the photogeneration is going to be voltage dependent, because
the SCR varies with the applied voltage, and the QE measured under applied
reverse bias will be bigger than the one measured at equilibrium, this one
being bigger than one measured under forward bias.31
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3.2 Ellipsometry

SE is an efficient tool to determine the optical indices of bulk materials and mate-
rials in thin-film form. The optical indices can serve as input parameters to model
the optical performances of thin-film solar cells, but are also of high interest for
the extraction of information on the electronic properties of the materials.

SE is based on the change in polarization upon light reflection on a sample.
The ratio between the Fresnel coefficients in p-polarization (rp) and in s-polarization
(rs) allows extracting the amplitude and phase variations of the electric fields upon
light reflection. It can be expressed as a function of the two ellipsometric angles
(Ψ and Δ), as follows:

rp
rs

¼ tan ΨeiΔ, (7)

where tan(Ψ) = |rp|/|rs| represents the relative amplitude attenuation and Δ =
arg(rp) − arg(rs) is the phase shift between the p- and s-polarizations. SE does
not allow a direct determination of the optical indices of the materials. The first
step consists of measuring the Ψ and Δ spectra of the sample and in a second
step, a dispersion model is elaborated to determine the dielectric constant of the
materials (ε = ε1 + iε2). The dielectric constant determination consists of finding
the adequate dispersion model which allows the Ψ and Δ spectra to be fitted
through optical modeling. This process relies on the use of minimization algo-
rithms to adjust the dispersion model parameters and the thicknesses of the layers.
Then the wavelength-dependent optical indices n and k of the materials are
obtained via the following equation:

ε ¼ ε1 þ iε2 ¼ ðnþ ikÞ2: (8)

3.2.1 Optical modeling
In the dispersion model elaboration, the calculated Ψ and Δ spectra have to be
compared with the measured ones. A one-dimensional optical modeling such
as the transfer matrix method (TMM) is usually used to calculate the Ψ and
Δ spectra from the dispersion model. This is an elegant method allowing the
modeling of the optical properties of flat thin films. Nevertheless, it implies that
special attention should be dedicated to sample fabrication in order to obtain
very flat layers. If the roughness of the layers is low in comparison with the
wavelength of the incident light (<λ/10), a Bruggeman EMA can be imple-
mented to perform a surface roughness correction. This is a major limitation
for the determination of the optical indices for materials with much higher
roughness.35 Nowadays, in order to extend SE to nonplanar materials, research
concerns the modeling of SE spectra using two-dimensional (2-D) and three-
dimensional (3-D) optical simulation models such as the finite difference time
domain (FDTD) model.36,37
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3.2.2 Dispersion model
Several Kramer–Kronig consistent dispersion models can be used depending on
the properties of the material studied. Cauchy or Sellmeyer functions are generally
used for common dielectric materials such as ITO,38 while Drude–Lorentz func-
tions allow describing the optical properties of metals.39

Tauc–Lorentz models are adequate for the parameterization of amorphous
thin films in the interband region.40 It is especially useful for amorphous or semi-
crystalline materials, such as amorphous silicon and organic or hybrid organic/
inorganic semiconducting materials, which exhibit bandgaps within the spectral
range of the ellipsometer. Figures 8(a) and 8(b) show the optical indices n and k
of hybrid organic/inorganic BHJs in P3HT:ZnO (1:2) and in PTB7:ZnO (1:2)
obtained using Tauc–Lorentz models.41 P3HT refers poly(3-hexylthiophene-2,
5-diyl), while PTB7 refers to poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,
5-b0]dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thio-
phenediyl]]. The correlation coefficients R2 of the fits are 0.98 and 0.96 for P3HT:
ZnO (1:2) and PTB7:ZnO (1:2), respectively. These values indicate appropriate
fits to the data. Figures 8(c) and 8(d) show a comparison between experimental
measurements and optical simulations of the reflection [R(λ)] and the transmission
[T(λ)] spectra for P3HT:ZnO (1:2) and PTB7:ZnO (1:2) layers coated on glass.
T(λ) and R(λ) spectra of the samples were measured with a CARY 5000 spectro-
photometer from a Varian equipped with an integrating sphere. For the optical

Figure 8 Optical indices n (continuous lines) and k (dotted lines) as a function of the wave-
length λ for (a) P3HT:ZnO (1:2) and (b) PTB7:ZnO (1:2) layers coated on glass substrates.
(Insets are photographs of the samples.) (c) and (d) Comparisons between experimental
measurements of T (-) and R (. . . ) and optical simulations of T (Δ) and R (O) for layers
coated on glass substrates: (c) P3HT:ZnO (1:2) and (d) PTB7:ZnO (1:2) (extracted from
Ref. 42).
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simulations, the optical indices obtained by SE [cf. Figs. 8(a) and 8(b)] and the
film thicknesses measured using a mechanical profilometer were used as input
parameters. The P3HT:ZnO (1:2) layer was 120-nm thick and the PTB7:ZnO
(1:2) layer was 150-nm thick. These thickness values are coherent with those cur-
rently used in OSC devices. A good agreement between the calculated and the
measured spectra demonstrates the reliability of these optical indices n and k to
predict the real optical properties of the films.

A very recent study has shown that a sum of Gaussian oscillators can be used
to model the imaginary part of the dielectric function of organic semiconductors
such as PC60BM ([6,6]-phenyl-C61-butyric acid methyl ester) and PC70BM
([6,6]-phenyl-C71-butyric acid methyl ester).42 Figure 9(a) shows the imaginary
part of the dielectric constant of PC70BM and the Gaussian oscillators that were
used for the dispersion model elaboration. Because Gaussian oscillators are
suitable to describe strong electron–phonon coupling in π-conjugated molecules,
they are used to model the absorption line shape for organic semiconductors.
Thus, a Gaussian-based dispersion model made it possible to extract the electronic
transitions for PC60BM and PC70BM in the UV–visible range.42 The table in
Fig. 9 gives a comparison between the transition energies extracted from the posi-
tion of the Gaussian oscillators within the dispersion model of PC70BM42 and
those extracted from spectrophotometric measurements.43–45 A very good agree-
ment between electronic transition values obtained from SE measurements and lit-
erature data demonstrates the reliability of the dispersion model and shows the
potential of SE measurements for the determination of the optoelectronic proper-
ties of materials. Thus, these results show that SE is of high interest not only for
nondestructive measurements of thicknesses and optical indices but also for non-
destructive measurements of the electronic transitions in materials within thin-film
stacks.

Figure 9 (a) Imaginary part of PC70BM and Gaussian oscillators that have been used for
the dispersion model elaboration (extracted from Ref. 42) and (b) Gaussian oscillator posi-
tions extracted from the dispersion model of PC70BM (extracted from Ref. 42).
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3.3 Photoluminescence

Luminescence-based techniques are the family of techniques that investigate the
emission of light from a solid due to the deviation of the system from the thermal
equilibrium. In particular, PL relates to the deviation of the equilibrium via the
absorption of light with an energy higher than the bandgap of the material.

The PL spectrum is caused by the relaxation of electrons—previously excited
to the conduction band by the incident light—to lower energy states and the simul-
taneous emission of photons. Not all the possible relaxation processes will generate
photons, since the transition should be dipole-allowed for a successful photon emis-
sion to occur. Among them, there is a set of different transitions that are possible to
see in a semiconductor used in photovoltaics (these transitions are summarized in
Fig. 10). To determine the transition rate of these relaxations, calculations applying
the first-order perturbation theory are needed, as explained in more detail in
Ref. 46. In general, the emission yield of any transition is as follows:47

Y PLðLÞ ¼ Lk , (9)

where L is the power of the light excitation and k is a parameter that depends on the
nature of the transition. The values that k can adopt are generally between 0.5 and
2. The position of the maximum of the peak may also be modified with the excita-
tion intensity, giving more information about the nature of the transition.

The study of the evolution of the peak luminescence with the temperature also
informs about the nature of the transition. The peak yield normally decreases with
the increase in temperature, a phenomenon known as PL quenching, and, as a
result of the evolution of the bandgap with the temperature, there will be a red-
shift of the transition energy position with the increase in temperature.

Figure 10 Schematic representation of the different origins of transitions that can be
observed by PL. From left to right the free (FX) and bound (FB) excitonic transitions, the
free-bound transitions (p-D0 and e-A0), the DAP and the BB transitions.
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The PL quenching can be described with the following equation:

Y PLðTÞ ¼
1

1þ Ce−Ea∕kT
, (10)

where Ea is the activation energy of the transition and C is a constant that, in the
case of a transition where either the valence or the conduction band is involved, is
proportional to T 3/2.48

We can separate the transitions shown in Fig. 10 in three different groups,
depending on the nature of the levels involved: the excitonic transitions (FX and
FB), the free-bound transitions, the donor–acceptor pairs (DAP) and the band–
band (BB) transitions.

3.3.1 Excitonic transitions
When the PL measurement is performed at a low enough temperature, transi-
tions with a very low excitation energy, which cannot be observed at RT, such
as the recombination of an electron–hole pair bounded by the Coulomb interac-
tion, become measurable. These transitions are called free exciton transitions.
The exciton binding energy can be calculated from a hydrogenic model, as
shown in Ref. 46. The energies obtained for classical semiconductors are on
the order of 10 to 15 meV. These energies being smaller than kT, the quenching
of the exciton luminescence happens at low temperatures. But, for organic semi-
conductors, the binding energy of the exciton is comparable to the thermal
energy at RT, and excitons are observed at RT.49 In the case of perovskites,
there is much discussion about the nature of the transitions observed at RT in
PL. While there are calculations that predict energies around 50 meV, that
should allow their observation at RT,50 experiments are less conclusive, giving
results in both directions.26,51,52–54

When the evolution of the PL yield with the excitation power is analyzed,
it should be expected that the excitonic transitions present a k value of 1 in the
resonant state, but Schmidt et al.47 showed that k can adopt any value from 1 to
2, depending on the material. Excitonic transitions do not exhibit any shift in
position with increasing excitation intensity.

Free excitons can be bound to either acceptor or donor impurities, and they
become bound excitons. The ratio between bound and free excitons depends on
the material, the temperature of measurement, and the sample doping level.46

Bound and free excitons behave alike when they are studied at different exci-
tation powers.47

3.3.2 Free-bound transitions
In real semiconductor materials, one can expect to find localized states related to
acceptor or donor impurities, which may create transitions with the free carriers
in the bands. These transitions occur either between the conduction band and an
acceptor level (e-A0) or between the valence band and a donor level (p-D0).
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When studying the transition dependencies on the excitation power, k should
be equal to 1, as the recombination should be proportional to the free carrier gen-
eration rate in the bands, which depends linearly on the excitation power.

For thermal quenching, free-bound transitions are still described by Eq. (10),
but now the energy Ea represents the ionization energy of the impurity. Thus,
the peak position is modified when the temperature changes.

3.3.3 Donor–acceptor pairs
In semiconductors with a high enough defect density, it is possible to observe
transitions between two defect states.

DAP transitions show a different behavior with excitation intensity from the
previously studied transitions. The peak position of a DAP depends on the level
of injection, as follows:55

EDAPðLexcÞ ∝ EDAPðL0Þ þ β log

�
Lexc
L0

�
, (11)

where β is a proportionality factor, with values typically between 1 and 5 meV.
This means that the peak will experience a blueshift when the excitation intensity
increases. For the parameter k, the values are smaller than 1.47

The thermal quenching of the DAP intensity is also different from the other
transitions:

Y PLðTÞ ¼
1

1þ C1e
ð−Ea1∕kTÞ þ C2e

ð−Ea2∕kTÞ : (12)

Here, we have two exponential terms, each corresponding to one impurity. When
the constants C1 and C2 are similar, the first activation energy corresponds to the
shallower impurity.48

3.3.4 Band–band transitions
When the temperature is high enough, both excitons and impurities are ionized
and the valence and conduction bands become more populated with photoexcited
electrons. In this situation, the probability of observing BB transitions increases.
As these transitions are between the conduction and valence bands, and because
both populations are dependent on the excitation intensity, the value of parameter
k can be larger than 1. In the limit of high injection, where BB transitions are the
dominating recombination, k is equal to 1.

All these transitions can be found in most semiconductors, but in the case of
semiconductors composed of many atoms, such as CIGSe or CZTSe, the high con-
centration of donor and acceptor impurities leads to the overlapping of the wave
functions of these impurities, creating impurity-related bands. When donor and
acceptor densities are similar, the semiconductor is compensated, with a net carrier
density much smaller than the impurity densities. As the distribution of the defects
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in the lattice is not homogeneous, the bands start to get deformed because of the
strong local variations of the electrical field that cannot be screened by the net car-
rier density. This potential fluctuation affects the optoelectronic properties of the
material, allowing certain transitions with a much smaller energy than DAPs or
free-bound transitions. The impact of this potential fluctuation is shown in Fig. 11.

When studying transition dependencies on the excitation power variations,
potential fluctuation transitions show a k parameter smaller than 1, but larger than
the one expected for a DAP. Also, the strong blueshift with the excitation power
is very specific of these transitions—it is normally one order of magnitude bigger
than the one corresponding to a DAP.

When the temperature is increased, the evolution of the peak gets more com-
plex than for the other cases. At the beginning, the peak undergoes a redshift, but
if the experiment continues toward higher temperatures, then a blueshift occurs.
One possible explanation is that for very low temperatures, the charges are frozen
in the different wells without the possibility of moving, so the lowest energy lev-
els are not completely filled. As the temperature increases, the higher thermal
mobility of the charges is such that the lowest levels are filled, leading to photon
emission with lower energies than before. Finally, when the temperature keeps
increasing, more distant charges are thermally emitted up to the band, leaving
the closer pairs, thus producing higher energy recombination centers.56

As an example of the PL of a potential fluctuation material, in Fig. 12, we can
observe PL evolution as a function of the excitation power (a) and temperature (b)
for a Cu2ZnSnS4 (CZTS) solar cell. Both the strong blueshift and the k value

Figure 11 Diagram of the model of potential fluctuations on the bands of a semiconductor
showing the BB (red) and band-trap transitions (BT, blue) as explained in Ref. 56. This
model is generally applied to explain luminescence properties of multinary semiconductors
such as CIGSe and CZTS.
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obtained when the excitation power is increased are in agreement with the poten-
tial fluctuation model. It is also worth comparing the shapes of the peaks for the
CdTe shown in Fig. 13 and the CZTS layers in Fig. 11: for CdTe, we observe
very well defined peaks corresponding to the particular transitions. For the poten-
tial fluctuation materials such as CZTS, peaks are much broader, with energies
that are more difficult to determine.

Figure 12 PL evolution with the (a) excitation power and (b) for two different temperatures
for a Cu2ZnSnS4 solar cell. The blueshift in both cases is very strong showing the behavior
of the potential fluctuation model.

Figure 13 PL spectra for CdTe thin films doped with different quantities of (a) bismuth mea-
sured at 12 K. The excitonic region appears between 1.59 and 1.6 eV, and a DAP at
1.53 eV. At lower energies the Y band appears: it is related to the structural dislocation
associated with the inclusion of such a big atom in the lattice. (b) A detail of the excitonic
region, where the change in defect binding, from an acceptor bound for the nondoped sam-
ple to a donor bound for the Bi-doped sample, is shown.57
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3.4 Photoreflectance

While PL is a technique that studies the interaction between the semiconductor
and light, and needs a minimal amount of material to provide an interpretable sig-
nal, reflectance-based techniques exploit the sudden variation of the optical indi-
ces at an interface. This means that they are much more sensitive to small
quantities of material and can obtain information on what is really happening at
the interface between two different materials.

PR belongs to the family of modulated reflectance techniques such as ER or
piezoreflectance. The main advantage of PR is that, as it uses an optical modula-
tion, the whole setup is optics based, and does not require any previous prepara-
tion of the sample for analysis such as contact deposition.58,59

Modulated reflectance techniques consist of the measure of the reflectance at
an interface, while the effective electrical field applied on this interface is modu-
lated externally. When PR is used, the electrical field is modified by the modu-
lated injection of photons with an energy higher than the bandgap,60 which in
experimental setups is provided by a laser pump. When the semiconductor
absorbs a photon, an electron is promoted to the conduction band and the redis-
tribution of charges near the interface is equivalent to a modulation of the electri-
cal field. While the interface is modulated by the pump, the sample is scanned at
different wavelengths with a secondary light source and the resultant reflectance
is recorded. The PR signal is defined as the ratio between the reflectance mea-
sured when the pump is illuminating the sample and the reflectance when the
pump is off. The final PR spectrum is composed of sharp three-derivative-like
features that appear at the energy position corresponding to the interband optical
transitions of the material.

It is worth noting that, while PL measures the optical transitions within the
bandgap of the semiconductor, PR is able to identify further interband transitions,
these two techniques being complementary for the whole optical characterization
of a system. It is also interesting that both techniques can be performed in the
same setup, as the modulated pump of the PR can be the source for a PL experi-
ment, so that both spectra are measured under the same conditions.61

Like all the modulated reflectance techniques, PR allows the measurement of
the fundamental bandgap transition with precision, and because there is no shift-
ing of the features related to the experiment conditions, it is more reliable
than PL.

Because the interaction of the light with the material occurs at the interface,
this technique is very sensitive to any phenomenon happening there, such as inter-
diffusion of species, formation of mixed alloys, and presence of secondary phases.
It can be a very powerful tool for characterization of thin-film-based solar cells,
where normally the p-n junction is formed by two different semiconductors. On
the other hand, as was previously stated for the ellipsometry, reflectance-based
measurements are very sensitive to the roughness of the surface, which limits

Ruiz, Duché, and Le Rouzo: Tools for Thin-Film Solar Cells 23

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 10 Mar 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



the effectiveness of the technique for very rough surfaces. In the case of PR, this
leads to a less intense signal and broader peaks.62

3.4.1 Photoreflectance on a CuInS2 solar cell system
To analyze the origin of Jsc deviations in a set of CuInS2/CdS solar cells fabricated
in the same nominal conditions, PR measurements were performed in the devices
and compared with structural and electrical characterizations.63 When PR spectra
were obtained for a low and a high Jsc device, the resulting transitions were differ-
ent, as can be observed in Fig. 14. For the lower Jsc cell, both transitions appear
clearly, one, Ea, corresponding to the fundamental bandgap of the CIS, and a sec-
ond one, Eb, corresponding to the transition between the conduction band mini-
mum and the Г5 band in the valence band.64 In the high Jsc solar cell, both
transitions overlap. In fact, as is explained in Ref. 64, for the CIS, both valence
bands Г4 and Г5 are involved when the material is fully relaxed, but in our case,
band splitting up to 60 meV occurs for the lower Jsc devices. This result shows
that there is a relationship between the strain the layer is subjected to and Jsc

Figure 14 On the left, PR spectra for a high Jsc CIS solar cell (top) and low Jsc CIS solar cell
(bottom) with the corresponding fittings for EA and EB. At the top right, the representation of
both EA (the bandgap) and EB as a function of Jsc and their corresponding energy splitting in
the valence band (EB–EA). At bottom right, the Raman scattering spectrum for the high Jsc
that shows the presence of the Cu–Au CIS phase in coexistence with a defective region.
This CA-CIS and the defective region concentrate most of the structural defects, leaving
the CH-CIS less defective and improving its transport properties. Images are extracted from
Ref. 63.
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losses. By studying the Raman scattering of these layers, we observed that the
samples with better Jsc exhibited small fractions of CIS Cu–Au phase (CA), lead-
ing to the conclusion that the presence of certain amounts of this defective phase
helps to minimize the strain in the chalcopyrite (CH) phase of CIS, improving its
transport properties.

3.4.2 Combination of photoreflectance and photoluminescence for studying
the bandgap of perovskite layers
As has been stated before, PR gives a very accurate measure of the fundamental
optical bandgap of the semiconductor. It is particularly useful when complemen-
tary information, like PL peak positions, can turn out to be contradictory. In this
example, a set of organometallic perovskites, CH3NH3PbClx(IyBr1−y)3−x with differ-
ent I/Br ratio is studied both by PL and PR.51

In Fig. 15, both the PL power dependence analysis at RT and the PR spec-
trum from the pure I sample, CH3NH3PbClxI3−x, are presented. From the PL on
the left in Fig. 15, we can see that the evolution of the peak intensity with the
laser power gives a k of 1.33 (inset). Also there is no shift of the peak position.
Both behaviors are consistent with an excitonic-like transition, as explained in
Section 3.3. On the PL spectrum, it is possible to observe the presence of excitons
in the perovskite layers, as the calculated exciton binding energy is about
50 meV,49 an energy large enough to permit its measurement at RT. The PL peak
maximum appears at 1.61 eV, not far from the bandgap value that we extract from
the PR spectrum presented in the right in Fig. 15.

Similar results are obtained for the pure Br layer, CH3NH3PbClxBr3−x, with
values of 2.35 eV for the maximum PL peak position and 2.27 eV for the bandgap
extraction from the PR spectrum. The k factor, 1.4, is also of the same order.

Figure 15 (a) PL power dependence analysis for the pure iodine perovskite, CH3NH3PbClxI3−x.
The peak maximum position does not shift, and the plot of the PL yield versus the laser
intensity gives a slope of 1.33, indicating that the transition is excitonic-like. (b) The PR
spectrum for the same sample, giving a value of 1.57 eV for the bandgap.51
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Nevertheless, the situation changes for the mixed alloys. InFig. 16, a graph
with the different samples PL peak and the bandgap position calculated from the
PR spectra for each sample are plotted. While the two pure samples present the
same behavior (the PL peak overlapping the PR bandgap position), for the mixed
alloys, the PR bandgap position follow the expected distribution, while the PL
peaks are all red shifted and very near to the pure iodine peak. In the table on
the right in Fig. 16, we can see the discrepancies between the PL maximum posi-
tion and the PR bandgap, as well as the k parameter for the PL power dependence
study for all the samples. The reason for the shifting of the PL spectra is not yet
clear. While k suggests an excitonic-like transition, the difference in energies
between the peak maxima and the bandgap values could be accounted for by
the presence of bound excitons relative to a deep-level defect, which is not very
likely. On the other hand, there are studies showing the decomposition of the
mixed alloys occurring in the cell with pure compositions.65 In that case, we
would use PR to measure the bandgap at the surface where composition is not
very affected, while PL is generated by a much larger volume of material, where
the decomposition takes place.

4 Simulation Tools for Predicting Solar Cell Performances
4.1 Optical modeling
To reach the objective of controlling the light inside the cell, numerical and ana-
lytical methods can be used to predict and optimize the optical properties of solar
cells under standard lighting conditions. First, optical simulation tools allow us to
maximize the photonic absorption inside the thin active layers of the cells. Color

Figure 16 (a) PL peaks for different I/Br ratios in CH3NH3PbClx(I Br     )3 − x. Dotted lines
of the same color as the PL peak indicates the bandgap position calculated from PR spectra.
(b) A recapitulation table with the PL peak positions, the PR bandgaps, and the k values
from the PL power dependence study for all the compositions.51
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properties provided by new organic materials combined with their intrinsic
mechanical properties would allow the emergence of a new industry involved in
the integration of electronic components. Thus, a better control of the OSC colors
could also play an important role for new applications such as power generating
bags, laptops, mobile phones, and for fashion and architectural applications.

A reliable optical model would require at least three input parameters: the
optical index spectra of the materials [n(λ) and k(λ)], the emission spectrum of
the light source, and a mathematical interpretation of the human eye sensitivity.
The optical indices of the materials are generally obtained by SE measurements.
For outdoor applications, the global tilt AM1.5 spectrum from66 is generally used
as the reference for PV engineering. It represents the solar spectrum received at
sea level and at a zenith angle of 48.19 deg by a surface tilted 37 deg and facing
the sun. For indoor applications, it would be necessary to measure the emission
spectrum of the lighting sources studied. The assignation of colors proceeds from
the sensitivity of the human visual system and then from the interpretation by the
human brain. This psychophysical process can be described by several models,
such as the xyY CIE 1931 model.

Although optical performance investigations require the calculation of the total
number of photons absorbed in the active layer of the cells, the color and transpar-
ency perception results from the perception of the luminous energies reflected and
transmitted by the cells. The TMM is an analytical method that allows the optical
modeling of thin films in one dimension (1D). Thanks to a matricial formalism,
one can access the total reflection R(λ) and transmission T(λ) spectra of thin-film
stacks and the number of photons absorbed in each layer of the stacks.67 It is a fast
method which has proved its reliability to model the optical properties of thin-film
solar cells such as organic and hybrid organic/inorganic solar cells.41,42,68,69 2D and
3D modeling can be realized using several methods such as finite element (FE),
FDTD,5 or rigorous coupled wave analysis (RCWA).70 These methods are used
for nonplanar thin films and are widely implemented to study photonic structures
such as plasmonic structures70–72 or photonic crystals69,73,74–76 able to confine the
light in the active layer of ultrathin solar cells.

4.1.1 Photonic crystals to trap the light in the active layer of organic solar
cells
Figure 17(a) shows an OSC architecture integrating a double structured photonic
crystal slab (PC OSC). The active layer is composed of a TDPTD:PCBM blend,
where TDPTD refers to poly(3-(2-methyl-2-hexylcarboxylate)thiophene-co-thio-
phene). In this design, the PEDOT:PSS interface layer (poly(3,4-ethylenedioxythio-
phene) poly(styrenesulfonate)) and the silver (Ag) back electrode are both structured
in the shape of subwavelength gratings. Figure 17(b) shows a comparison between
the photonic absorption spectra of an optimized planar OSC and an optimized PC
OSC calculated through FDTD modeling.5 In both cases, the photonic absorption
has been specifically calculated inside the active layer. This figure shows that an
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absorption resulting from a Bloch mode coupling (peak at λ = 704 nm) clearly
boosts the absorption of the PC OSC. The inset of Fig. 17(b) shows a cartography
of the electric field intensity (|E(λ, x, y, z)|2) inside the active layer. White squares
have been added in this cartography to show the position of the gratings in Ag
and in PEDOT:PSS inside the active layer. The photonic absorption A(λ, x, y, z) at
each position (x, y, z) within the PC OSC is directly proportional to |E(λ, x, y, z)|2:

Aðλ, x, y, zÞ ¼ nðλ, x, y, zÞ
n0

� jEnormðλ, x, y, zÞj2, (13)

where n0 and n(λ, x, y, z) are the refractive indices of the incident medium and at
position (x, y, z), respectively, and Enorm(λ, x, y, z) is the normalized electric field.
Thus, the electric field intensity cartography shown in Fig. 17(b) proves that the

Figure 17 (a) A schematic view of an OSC architecture integrating a double structured PC
slab: both the PEDOT:PSS layer and the silver are structured; (b) a comparison between
the photonic absorption in planar OSCs and in 1-D PC OSCs based on TDPTD:PCBM.
The inset is a cartography of the electric field intensity inside the 1-D PC slabs at the reso-
nance wavelength (λ = 704 nm); (c) a color map giving the total absorption spectra of the
1-D PCs solar cell as a function of both the incident angle θ and the reduced frequency
(ω*2πc/P). (Source: All these figures have been extracted from Ref. 5.)
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Bloch mode coupling has been optimized to increase the photonic absorption inside
the active layer while minimizing the losses inside the Ag and the PEDOT:PSS gra-
tings. Figure 17(c) shows a color map displaying the total absorption spectra of the
PC OSC as a function of both the incident angle θ and the reduced frequency. The
white points give the absorption peak positions. A unique absorption peak appears
at the low values of θ and two absorption peaks appear for θ values higher than
1.5 deg. These results show that it is possible to obtain multiple Bloch resonances
in the case of a large incidence cone. Finally, by integrating the absorption spectra
averaged on an 8-deg incident cone, the authors obtained an absorption gain around
15% using a PC OSC.5

4.1.2 Color-tuned, highly efficient, organic solar cells
The results presented in Fig. 18 concern color and performance investigations of
PTB7:PC70BM-based OSCs in a standard architecture [cf. Fig. 18(a)] through
optical simulations using a TMM.69 The aim was to control the interferential phe-
nomena occurring in such a thin-film solar cell by varying the thicknesses of the
active layer and of the ZnO electron transporting layer in the 0 to 300 and the 0
to 90 ranges, respectively. The thicknesses of the other layers were kept constant:
150 nm for the ITO transparent anode, 45 nm for the PEDOT:PSS hole-transport-
ing layer, and 200 nm for the Al back electrode. The optical indices of all the
layers were measured by SE.68,69,75

The diagram in Fig. 18(b) gives the total number of photons absorbed inside
the active layer under an AM1.5 illumination as functions of the ZnO layer thick-
ness and of the active layer thickness. The different curves correspond to different
values of ZnO thickness. For each value of ZnO thickness, two maxima and two
minima appear in the absorption curves. These modulations are due to interferen-
tial phenomena occurring in thin-film stacks.5,68,69 Figure 18(c) shows the differ-
ent colors that can be produced by varying the thicknesses of these two layers.
It is a color representation based on the CIE xyY (1931) model.69 The three
curves of the diagram correspond to three ZnO thicknesses (0, 20, and 80 nm).
Each curve depicts the color evolution of the devices according to the active layer
thickness. For easy reading, a white arrow indicating the increase in the active
layer thickness was added on the chromaticity diagram. These results show the
possibility to control the color of devices by adjusting the thicknesses of both
the ZnO and the active layers. For the thin ZnO layers (0 and 20 nm), the devices
are successively green, light blue, yellow, and orange when the active
layer thickness is increased. For an 80-nm thick ZnO layer, the devices become
successively blue, yellow, and navy blue when the active layer thickness is
increased. By combining the results from the optical performance investigations
[Fig. 18(b)] and those from the color predictions [Fig. 18(c)], the authors selected
three cases of solar cells. Figure 18(b) gives the thickness values for the ZnO and
the active layers for these three solar cells G, Y, and B. The G, Y, and B solar
cells were experimentally realized and exhibited PCEs of 6.73%, 7.10%, and
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7.59%, respectively. A comparison between the calculated and the measured color
coordinates of the three solar cells at an angle of 8 deg is shown on the chroma-
ticity diagram in Fig. 18(c). The inset of Fig. 18(c) shows photograph images of
the three solar cells G, Y, and B under different observation angles.

4.2 Optoelectronic simulation

As previously stated, the possibility of modeling the interaction of light with each
layer in a solar cell means that it will be possible to optimize traditional devices
and design new ones based on thin-film materials. Nevertheless, the whole perfor-
mance of a solar cell involves the coupling of the light absorption and the electri-
cal properties of the materials. Furthermore, optoelectrical properties such as the

Figure 18 (a) Schematic representation of a PTB7:PC70BM-based OSC in a standard archi-
tecture, (b) theoretical absorption in the active layer as a function of the active layer thickness
(B, Y, and G refer to the solar cells studied) (extracted from Ref. 69), and (c) predicted color
as a (left) function of active layer and ZnO thicknesses and (right) photograph images of the
green, blue, and yellow solar cells at 8 deg and 45 deg (source: extracted from Ref. 69).
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bandgap have major implications in the electrical performance that cannot be
foreseen with only optical modeling. In this section, we will show how it is pos-
sible to predict the performance of the devices with simple models, taking into
account the electro-optical coupling.

The main equations describing a semiconductor system are the Poisson
equation

∇ · ðε∇ΨvacÞ ¼ −ρ, (14)

where Ψvac is the potential of the system related to the vacuum level energy and ρ
is the charge density, and the continuity equations for electrons and holes

∂n
∂t

¼ 1

q
∇ · ~Jn þ G − R, (15)

∂p
∂t

¼ −
1

q
∇ · ~Jp þ G − R, (16)

where n and p are the electron (n) and hole (p) concentrations, Jn and Jp are the
corresponding current densities, t is the time, R is the recombination rate that
can be modeled as a function of the defects in the bulk of the materials, and
G is the generation rate, created by the incident light and thus calculated follow-
ing the methods presented in Section 4.1.

We can describe the electron and hole current densities as a function of the
respective concentrations and the quasi-Fermi levels

~Jn ¼ μnn∇EFn, (17)

~Jp ¼ μpp∇EFp: (18)

By using the Maxwell–Boltzmann distribution, we can write both n and p as a
function of these quasi-Fermi levels and the respective effective density of states
in the valence band (NV) and conduction band (NC)

n ¼ NCe
ðEFn−ECkT Þ, (19)

p ¼ NVe
ðEFv−EVkT Þ: (20)

In equilibrium, the product of the charge densities has to be equal to the
intrinsic carrier concentration of the semiconductor. When solving the equations,
boundary conditions have to be imposed; in our case these boundaries are the
contacts, which can be ohmic (flat band condition) in an ideal case, or present
some degree of rectification implemented as an energy barrier.

For correctly solving these systems, we are in need of many more parameters
than in the pure optical modeling, varying from more general ones, such as the
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bandgap or the electron affinity, to some more specifically related to the electrical
properties that can also be very dependent on the process of fabrication of the
device, such as charge mobilities or intrinsic carrier concentrations.77,78 This means
that the results will be very parameter dependent, which has to be taken into account
when they are interpreted. To show that the results are reliable, it is recommended to
compare—and validate—them with experimental results when it is possible.

These calculations can be carried out in one-dimensional models, or multidi-
mensional systems, allowing a better approximation of the reality at the expense
of computer power and time. There are many commercial and public codes that
can be used for this type of modeling.

4.2.1 Impact of the band alignment in a heterostructure: the CIG(SSe) system
The CIGSe solar cell is a heterostructure, as has been shown previously
(see Section 2.2). In the p-n junction, two different semiconductors are in contact,
generating a misalignment of the conduction band that has been widely known as
a source of limitation for device performances.34,79,80,81 The differences in
bandgap and electron affinity between the absorber and the buffer layer lead to
an abrupt change in the continuity of the conduction band, which can be positive
(spike) or negative (cliff), as can be seen in Fig. 19 for the case of pure CuInSe2
and CuGaSe2 with a CdS buffer layer. These secondary barriers contribute to the
accumulation and recombination of charges in the CdS/CIGS interface, leading to
a decrease in the Jsc, combined with a reduced FF, because of the impact of these
recombinations in the final series resistance. The formation of important secon-
dary barriers in the junction with the CIGS is the main reason CdS is still the

Figure 19 Effect of the difference bandgap and electron affinity on the interface band align-
ment of the conduction band for CISe (top; bandgap 1.01 eV, χ 4.5 eV) and CGSe (bottom;
bandgap 1.68 eV, χ 3.89 eV) with CdS (bandgap 2.45 eV, χ 4.2 eV). The calculations have
been performed with SCAPS1D.82
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preferred buffer layer despite the presence of cadmium and the relatively low
bandgap compared with other candidates such as ZnS or In2S3.

79

For the standard CIGSe/CdS solar cell, where the bandgap near the interface
is about 1.1 eV,80,83 the value of the spike is about 0.2 eV, which still has some
impact on the final performance. One strategy that has been used in the industry
for decreasing this value is to add sulfur to the surface of the CIGSe layer.84,85

The inclusion of sulfur increases both the material bandgap and electron affinity,
leading to a smaller energy difference between the absorber and CdS conduction
bands85 and reducing the spike barrier created at the junction.

The impact of the band alignment on the performance of the cell can be calcu-
lated in a 1D model. In Fig. 20, the band structure at the absorber/buffer interface is

Figure 20 Band alignment in the absorber/buffer interface region for (a) a pure CIGSe
absorber and (b) a sulfur-rich CIGSSe with the corresponding experimental and modeled
JV curves. The value of the spike is reduced by half by the sulfur inclusion. The improve-
ment in the band alignment leads to a better FF and an efficiency increase of more than
1.5 points. Table with the photovoltaic parameters of both cells at the bottom. These results
have been obtained with SCAPS1D86 and published.81
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presented for two different solar cells, one with no sulfur in the CIGSe and another
one with an S/(S + Se) ratio of 0.48. The main difference is the reduced value of
the spike for the sulfur-rich cell, which is almost half that for the pure selenium
cell. As can be observed in the inset, the modeled JV curves are in agreement with
the experimental ones. Because the CdS layer is the same for both cells, the
increase in Voc improvement can be explained by the higher bandgap in the SCR.
On the other hand, the reduction of the spike from 0.28 eV from the pure selenium
to 0.15 eV to the one with sulfur in the interface can explain the increase of 6
points in the FF and the relatively low decrease of the Jsc for the sulfur-rich cell,
mainly due to the decreased recombination at the CIGSSe/CdS interface.

4.2.2 Drift diffusion models for organic solar cells
When we are dealing with the electrical modeling of OSCs, we have to take into
account the presence of excitons and the disordered character of the active layer.
Absorption of photons essentially occurs in the donor material and leads to the gen-
eration of bounded charges called excitons. An exciton has to diffuse until it
reaches a donor/acceptor interface to allow an electron to be transferred to an
acceptor molecule. Thus, at this interface, a so-called charge transfer exciton
(CT-exciton) is generated. In a CT-exciton, even if the two charges are located
on different molecules, the hole and the electron are still bound by a Coulombic
binding which should be broken to generate free charges. The CT-exciton can then
diffuse at the interface within a distance of a few nanometers before recombining or
being dissociated into free charges or being lost at one electrode.87,88 The physical
processes that govern the charge generation and the charge transportation in OSCs
can be modeled at the molecular scale88,89 or at a macroscopic scale using a drift
diffusion model.90 In the following, we will focus on drift diffusion models.

Figure 21(a) presents the block diagram of the process used by Häusermann et
al.91 for exciton modeling in 1D within P3HT:PCBM-based OSCs. In this model,
the authors assumed that a CT-exciton is directly generated after the absorption of
one photon. Gopt(x) stands for the position-dependent generation rate while geff is
the photon-to-CT-exciton conversion efficiency. geff has been used as a fitting
parameter by Häusermann et al.91 Following the model proposed by Koster et
al.,90 the active layer is considered to be an effective homogeneous layer. Because
the semiconducting materials are not doped in usual OSCs, the active layer is con-
sidered to be an intrinsic semiconductor exhibiting a bandgap equal to the differ-
ence between the LUMO of the acceptor material and the HOMO of the donor
material.90 The CT-exciton can be separated into free charges with a rate constant
kd or recombined with a rate constant kf, S(x) being the position-dependent
CT-exciton density. For the CT-exciton dissociation, an Onsager–Braun model92,93

was used in which the dissociation process results from a competition between a
bimolecular recombination of Langevin and an electric field–dependent dissocia-
tion process. Two free charges can also recombine into a CT-exciton through the
bimolecular recombination process of Langevin with a rate reffr(x), where r(x) is
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the position-dependent bimolecular recombination of Langevin [see Eq. (22)] and
reff is a factor between 0 and 1 representing the recombination efficiency through
a recombination process of Langevin. It has been used as a fitting parameter by
Häusermann et al.91 The following drift diffusion model was implemented

dEðxÞ
dx

¼ e

εrε0
½pðxÞ − nðxÞ�, (21)

dSðxÞ
dt

¼ reff rðxÞpðxÞnðxÞ − kfSðxÞ − kdSðxÞ þ goptðxÞ, (22)

J eðxÞ ¼ eμenðxÞEðxÞ þ Dðμ,TÞ dnðxÞ
dx

, (23)

dnðxÞ
dt

¼ 1

e

dJ eðxÞ
dx

− reff rðxÞpðxÞnðxÞ þ kdSðxÞ, (24)

where n(x), p(x) and S(x) are the position-dependent electron, hole, and CT-
exciton densities; Gopt(x) is the position-dependent generation rate; μe is the
electron mobility and D(μ, T) the diffusion coefficient given by the Einstein

Figure 21 (a) Block diagram of the process for CT-exciton modeling used by Häusermann
et al. (extracted from Ref. 86) and (b) comparison between a simulated and an experimen-
tally measured I(V) characteristic for a P3HT:PCBM-based solar (extracted from Ref. 91).
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relation; r(x) = (μe + μp)e/(εr ε0) is the bimolecular recombination of Langevin;
and e and T are the charge of the electron and the temperature, respectively.

Equation (21) is the Poisson equation. Equation (22) is the continuity equation
corresponding to the CT-exciton while Eqs. (23) and (24) are the current equation
and the continuity equation, respectively, for the electrons. In this model, expressions
analog to the (23) and (24) expressions were used for the holes. Gopt(x) is the posi-
tion-dependent generation rate and was calculated using a TMM. For nonplanar solar
cells, 2D optical modeling of the generation rate using an FE method, an RCWA
method, or an FDTD method followed by 2D resolutions of the drift diffusion model,
can be implemented.73,74,94,95 Figure 21(b) shows a comparison between simulated
and experimentally measured I(V) characteristics for a P3HT:PCBM-based solar
cell.91 The very good agreement between experimental measurements and 1D
numerical modeling shows that such a model is reliable even if based on strong
assumptions.

Figure 22 shows results concerning the three-dimensional resolution of
exciton-diffusion equations in P3HT:ZnO-based hybrid organic/inorganic solar
cells. The aim was to correlate the cell performances with the three-dimensional

Figure 22 (a) Reconstructed volume of active layers in P3HT:ZnO obtained by electron
tomography for three different thicknesses: (left) 57 nm, (center) 100 nm, and (right)
167 nm (extracted from Ref. 96) and (b) calculated quenching efficiency cross sections in
the bulk material for three different active layer thicknesses: (left) 57 nm, (center) 100 nm,
and (right) 167 nm (source: extracted from Ref. 96). ZnO appears in yellow and P3HT
appears transparent.
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morphology of the active layer.96 Figure 22(a) shows reconstructed volumes of
active layers in P3HT:ZnO obtained by electron tomography. ZnO appears in
yellow while P3HT appears transparent. The three images correspond to three dif-
ferent active layer thicknesses [57 nm (left), 100 nm (center), and 167 nm (right)].
These images clearly prove that the phase separation depends on the P3HT:ZnO-
based active layer thickness: the size of the material domain decreases with
increasing thickness. The authors modeled the exciton diffusion inside the active
layer by solving the following diffusion equation in 3D:

dX

dt
¼ −

X

τ
þ D∇2X þ g, (25)

where D is the diffusion constant, X is the exciton density, τ is the exciton lifetime,
and g is the exciton generation rate. Figure 22(b) shows the calculated
exciton quenching efficiency cross sections in the bulk material for the three above-
mentioned active layer thicknesses. Absorption of photons mainly occurs in the
donor material (P3HT) and results in the generation of excitons. The exciton quench-
ing inside the active layer corresponds to the electron transfer from P3HT to ZnO
and results in the dissociation of the excitons. Figure 22(b) gives color maps of the
exciton quenching efficiency inside the active layer for three different thicknesses.
These results reveal an improved quenching efficiency for thick layers due to the
presence of smaller material domains. Indeed, due to much finer morphology, exci-
tons are generated closer to ZnO in thick active layers than in thin active layers,
which results in a better dissociation of the excitons in thick layers than in thin layers.

5 Conclusion

Through several examples, we point out the necessity to have precise modeling
and precise measurements in order to predict the optical properties of thin-film
solar cells. The materials used nowadays in these cells are quite complex, present
high absorption but also some defects. Thus, it is quite difficult to predict the
optoelectronic behavior of these new devices involving a strong link between
optics (absorption of the light) and electronics (collection of the electrons).
There is a large set of optical techniques that provide insight into the optoelec-
tronic phenomena that occur in thin-film-layer-based solar cells. Among these
powerful tools, we propose to use ellipsometry, spectrophotometry, PL, and PR
characterizations that can be combined in order to precisely define some of impor-
tant parameters of a material (electronic levels, n and k). However, without com-
plete modeling of our cells, we cannot conclude nor predict their performances.
The physics of the materials must be implemented in order to have a complete
model of our device. Improving the performance of solar cells requires a thorough
knowledge of the optical properties of the different layers, and this knowledge is
acquired through the joint use of very precise optical measurements and a com-
prehensive optoelectrical model.
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