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ABSTRACT

We critically examine how two processing steps commonly applied in the preparation of cadmium telluride (CdTe)-based solar cells, i.e.,
the cadmium chloride treatment and the subsequent stepwise bromine/methanol wet etching process, impact the structural and optical
properties of polycrystalline CdTe thin-films. In particular, drawing upon a conjuncture of photothermal deflection spectroscopy and spec-
troscopic ellipsometry experimental results, we determine the spectral dependence of the optical absorption coefficient, α(E), over the
photon energy range from 1.1 to 2.0 eV for samples of rf sputtered (RFS) and close space sublimation (CSS) CdTe. The impact of these pro-
cessing steps on shaping the grazing incidence x-ray diffraction pattern is also examined. We extend the analysis to devices through interpre-
tation of the spectral dependence of the external quantum efficiency associated with two cadmium chloride treated CdTe-based solar cells.
The cells are comparably prepared with the exception of the absorber, one by RFS and the other by CSS. Through the use of our results for
the thin-film CdTe optical functions and a model for the solar cell multilayer structure, we simulate the resultant external quantum effi-
ciency spectrum. Through a critical contrast with the corresponding solar cell acquired experimental results, we glean insights into the
carrier trapping and recombination processes that occur within the two types of CdTe absorbers.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0033415

I. INTRODUCTION

Polycrystalline cadmium telluride (CdTe) is currently viewed
as one of the dominant thin-film material technologies for com-
mercialized photovoltaic (PV) device applications. Thin-film solar
cells fabricated from this material offer conversion efficiencies
ranging from 18% to 22%.1–5 While these efficiencies are approach-
ing those of the highest performance bulk crystalline silicon solar
cells, CdTe prepared in thin-film form allows for lower manufac-
turing costs and shorter energy payback times.6 In fact, CdTe-based
PV technology has achieved one of the lowest levelized costs

of electricity among all energy sources as well as state-of-the-art
field stability.7 Thus, CdTe-based PV offers a conjuncture of perfor-
mance and economic advantages when contrasted with other avail-
able PV technologies.

In the late 1980s, the cadmium chloride (CdCl2) treatment of
thin-film CdTe-based solar cells was identified and patented as a
critical step whereby the conversion efficiency of such cells could
be enhanced.8 The CdCl2 treatment significantly improves the per-
formance of solar cell devices by inducing re-crystallization and
grain coalescence of the polycrystalline CdTe.8–12 A preferential Cl
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concentration at grain boundaries has also been hypothesized to
passivate local non-radiative recombination centers.11,12 This post-
deposition treatment involves annealing CdTe thin-film-based
materials and solar cell structures between 350 and 450 °C for up
to 60 min under a CdCl2 ambient at atmospheric pressure.10,11

Initial studies have focused on the role that the CdCl2 treatment
plays in increasing the grain sizes associated with the CdTe crystal-
lites,9,10 and more recent modeling by Mukherjee et al.13 has been
applied to explore the effects of the grain size distribution on
device performance. Metzger et al.14 have emphasized the strong
influence that this processing step exerts on the underlying defect
chemistry of CdTe and the passivation of grain boundaries that are
present within these solar cell absorbers.

In addition to the CdCl2 treatment, which modifies the proper-
ties in the bulk of the CdTe absorber, other treatments have been
applied to modify the CdTe surface for optimal back contact forma-
tion.10 Studies of single crystal CdTe have demonstrated that a step-
wise bromine/methanol (Br2/MeOH) wet etching process, varying
from 1 to 0.05 vol.% Br2 in MeOH, leads to a ∼0.4 nm amorphous Te
(a-Te) layer on the surface of the crystal.15 Such treatments have been
applied to polycrystalline CdTe in solar cells following the CdCl2 treat-
ment. Establishing a Te-rich surface has served as the first step in the
formation of CuxTe back contacts for high efficiency CdTe solar
cells.10 This etch has also been shown to mildly passivate the CdTe
surface; however, when it is too aggressive a detrimental Te-rich
region with a high recombination velocity forms at the surface.16

In this research, we seek to determine how these processing
steps used in the preparation of CdTe-based solar cells, i.e., the
CdCl2 treatment and the subsequent Br2/MeOH wet etching process,
influence the structural and optical properties of polycrystalline
CdTe thin-film samples fabricated by rf sputtering (RFS) and close
space sublimation (CSS). Accordingly, the role that these processing
steps play in modifying the film structure, as determined from the
grazing incidence x-ray diffraction (GIXRD) pattern, is examined.
Then by combining photothermal deflection spectroscopy (PDS)
and spectroscopic ellipsometry (SE) experimental results for the
same set of samples, we determine the spectral dependence of the
optical absorption coefficient, α(E), over the photon energy range
from 1.1 to 2.0 eV, spanning the 1.5 eV bandgap of CdTe. We partic-
ularly focus this investigation on the transition between the subgap
and supergap regions of the spectrum in α(E), with the aim of
resolving the form of the Urbach tail. The SE measurement is also
used to determine the spectral dependence of the supergap α(E) and
full-range refractive index, n(E). In order to complete the analysis,
we measure the spectral dependence of the external quantum effi-
ciency (EQE) associated with two different CdCl2 treated and com-
parably prepared CdTe-based solar cells, one with an absorber
prepared by RFS deposition and the other being prepared by CSS
deposition. Using our CdTe thin-film optical function results, i.e.,
α(E) and n(E), based on a structural model for the solar cell, we sim-
ulate the resultant EQE spectrum. By considering the difference
between the simulation and the solar cell acquired experimental
results, we obtain insights into the carrier trapping and recombina-
tion processes that occur within RFS and CSS CdTe absorbers.

This paper is organized in the following manner. In Sec. II, the
experimental methods applied in this study are presented. Then, the
results acquired from the experimental measurements are featured in

Sec. III, with further analysis and discussion stemming from
these results being detailed in Sec. IV. The EQE spectral results, cor-
responding to measurements performed on the CdTe-based solar
cells, are then shown in Sec. V; further details, related to the associ-
ated EQE simulations, are provided in the Appendix. Finally, the
conclusions of this study are drawn in Sec. VI.

II. EXPERIMENTAL METHODS

A. Materials fabrication and structural characterization

Polycrystalline CdTe thin-film samples 2 μm thick were grown
by two different methods, RFS and CSS, on uncoated vitreous silica
substrates for analysis by structural and optical measurements. The
RFS CdTe thin-films were deposited at a growth temperature of
250 °C. The area of the CdTe sputtering target is 12.7 × 38.1 cm2.
The rf target power, Ar flow, and deposition pressure were set at
200W, 23 stand. cm3/min (sccm), and 10 mTorr, respectively. The
CSS prepared CdTe thin-films were deposited in a home-built
reactor, as described previously.17,18 The source material was CdTe
powder placed in a graphite crucible. The substrates were supported
by a second graphite plate kept in close proximity to the source
material. The graphite plates were heated independently using
tungsten-halogen lamps. All CSS thin-films were deposited in an
ambient consisting of He. During CSS growth, the substrate tem-
perature was held between 550 and 610 °C and the source tempera-
ture was held in the range from 620 to 680 °C.18

Following the depositions on fused silica, two identically pre-
pared sets of RFS thin-film structures, indicated as RFS1 and RFS2,
and one set of CSS thin-film structures were examined in detail.
Each of these three sets of structures was subsequently divided into
three subsets in order to study the effect of the two surface treat-
ments. For each set of structures, one member of the subset was left
untreated, i.e., as-grown, one was subjected to CdCl2 treatment only,
and one was subjected to CdCl2 treatment and subsequently etched
using 0.05 vol.% Br2/MeOH. The CdCl2 treatment was performed by
coating the CdTe surface with a saturated solution of CdCl2 in
MeOH and then the structure was annealed at 390 °C for 30min in a
dry air ambient. No delamination was observed upon treatment and
the CdCl2 treated CdTe samples were cleaned with a MeOH rinse.
Real time SE was applied to characterize the subsequent Br2/MeOH
etching process and to identify conditions for mild passivation using
the instrumentation described in Sec. II C.15,19,20 This process led to
a surface characterized by a stable roughness layer with a 1.2 nm
a-Te layer covering the surface. In this stable surface condition,
approximately 35 nm of bulk CdTe is removed in a single etch step.

GIXRD was used in order to evaluate the effects of the post-
deposition treatments on the crystallite orientation. The GIXRD
scans were collected with a Philips XPert Pro MRD system
equipped with a hybrid 4-bounce high intensity monochromator
using the line focus mode of a Cu Kα1 source (λ = 0.1506 nm).

B. Solar cell fabrication and characterization

Heterojunction solar cells were fabricated using RFS n-type
CdS window layers and p-type CdTe absorber layers, the latter
grown by either RFS or CSS in depositions separate from those
used for the materials fabrication on vitreous silica. A standard
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superstrate configuration for the solar cells was used with the light
entering through commercial SnO2:F coated soda lime glass (SLG)
(TEC-15M; Pilkington, NA). Four coatings are applied to the SLG
by the glass manufacturer, yielding the multilayer structure
SLG/SnO2/SiO2/SnO2:F/SnO2. The ∼330 nm thick SnO2:F is the
transparent conducting oxide front contact and the adjoining
∼100 nm SnO2 is a high resistivity transparent (HRT) layer
designed to reduce shunting. The RFS 60–120 nm thick CdS layer
is followed by a 2 μm thick layer for the RFS CdTe absorber and a
4–5 μm thick layer for the CSS CdTe absorber. The optimal pro-
cesses used for the absorber layers in the solar cells are similar to
those used for the materials fabricated on vitreous silica for the
GIXRD and PDS measurements.

After the absorber layer deposition, the as-grown solar cells
were CdCl2 treated under the same conditions as the thin-films and
then transferred to a thermal evaporator for deposition of standard
Cu/Au (4/40 nm) back contacts. For the solar cells, no Br2/MeOH
etching was applied before the back contact deposition. The devices
with back contacts 0.08–0.125 cm2 in area were annealed at 150 °C
for 45min in an air ambient for Cu diffusion. The completed solar
cells were characterized by EQE measurements at room temperature
using a commercial instrument (PV Measurements, Inc.). The effi-
ciency of the RFS CdTe solar cell was 12.3% with a VOC value of
0.815 V and a fill-factor of 0.702 and that of the CSS solar cell was
14.8% with a VOC value of 0.826 V and a fill-factor of 0.736.18,21

These performance parameters are representative of the optimum
absorber layer processes developed independently for the RFS and
CSS deposition methods on TEC-15M type glass. As indicated here,
when all processes other than the absorber layer are the same in
solar cell fabrication, the optimized CSS solar cells have systemati-
cally higher VOC and fill-factor than the RFS solar cells.

C. Optical characterization

Although transmittance measurements of the 2–5 μm thick
CdTe absorber layers used in solar cells provide suitable sensitivity
to α(E) in the photon energy range of the Urbach tail, such films
can exhibit considerable surface roughness and associated light
scattering, leading to challenges in data interpretation and low
accuracy. As a result, PDS, which provides α(E) through the sample
heating that occurs upon absorption of incident photons, has been
valuable in this application.22 PDS was used as described
elsewhere23–25 in order to study the optical absorption spectrum
near and below the CdTe bandgap. The measurements were per-
formed over the spectral range of 1100–700 nm, i.e., photon ener-
gies between 1.13 and 1.77 eV, in 2 nm steps.

In mirage effect PDS, a modulated monochromatic light
source, at normal incidence to the sample surface, is used as the
pump beam. The pump beam is incident on the thin-film CdTe
side of the film/substrate sample. When the pump beam is
absorbed, it creates periodic heating in the sample which causes a
temperature gradient, dΘ/dx, in the medium immediately in front
of the sample. By choosing a liquid medium whose refractive index
is sensitive to temperature, i.e., dn/dΘ is large, a modulated refrac-
tive index gradient is induced near the sample surface. We chose
CCl4 for the purposes of this study as it satisfies this requirement
and, as a result, is a commonly employed liquid in PDS studies. A

laser probe beam passing through this refractive index gradient,
grazing the surface of the sample on the film side, will be deflected
by an angle, Φ, which depends strongly on the amount of absorp-
tion that occurs within the sample. This is how the PDS approach
allows for the acquisition of the optical absorption spectrum.

Our PDS setup uses a quartz tungsten-halogen lamp for the
pump beam (150W), a 0.5 m f/4 monochromator, and a position
sensitive detector (UDTR®) with a home-built pre-amplifier whose
output is fed into a lock-in amplifier. All data presented were col-
lected using a lock-in technique at a chopper frequency of 8 Hz.
In PDS, since the signal depends on the thermal response in addi-
tion to the optical response,23–26 higher chopper frequencies yield
information closer to the sample surface whereas lower frequencies
yield information deeper within the sample. In practical terms,
higher frequencies tend to improve the PDS signal-to-noise ratio
while reducing the absolute magnitude of the signal. For the 8 Hz
frequency used in our experiments, the signal derives from the
entire CdTe thickness. The probe beam is sourced from a 4mW,
632 nm HeNe laser focused to a waist size of less than 15 μm in
grazing incidence in front of the sample. The CdTe samples were
cut into pieces 1 mm wide (the PDS interaction length) and 8mm
long. The data sets were collected using LABVIEW® software.
Normalization is achieved by dividing the raw PDS spectra with a
PDS spectrum collected from a 1 mm wide sample of polished
graphite. Graphite was selected for calibration due to its strong
absorption and nearly photon energy independent optical response.
Each spectrum is normalized to its corresponding saturation value.

SE measurements of as-grown and CdCl2 treated RFS were
performed using a commercial high-speed multichannel spectro-
scopic ellipsometer (J.A. Woollam Co., Inc, Model M2000) in the
rotating compensator configuration.27 The measurements on the
as-grown sample were performed in situ after deposition and after
cooling the sample to room temperature, but before opening the
chamber to the ambient. Measurements after CdCl2 treatment were
performed ex situ. In both cases, surface roughness overlayer cor-
rections were performed in order to extract the complex dielectric
function spectra of the bulk CdTe layer.15,19,28

III. RESULTS

A. Effect of deposition and treatments on CdTe
polycrystalline structure

From the GIXRD measurements, all CdTe thin-films are
observed to be polycrystalline. The as-grown RFS materials exhibit
a strong preferred ⟨111⟩ orientation, as shown in Fig. 1(a), whereas
the as-grown CSS materials are randomly oriented but with a much
weaker preference for ⟨111⟩, as shown in Fig. 1(b).

The GIXRD scans for the RFS material presented in Fig. 1(a)
show a large reduction in the intensity of the ⟨111⟩ peak after
CdCl2 treatment and the appearance, or increased intensity, of the
⟨220⟩, ⟨311⟩, ⟨400⟩, and ⟨331⟩ peaks, which are weak or not
observed before treatment. In contrast, the ⟨211⟩ and ⟨422⟩ peaks
are unaffected or suppressed. It can therefore be concluded that
CdCl2 treatment of the RFS samples breaks the preferred ⟨111⟩ ori-
entation for these materials, as seen in Fig. 1(a) and as has been
previously reported.11 In addition to breaking the preferred orienta-
tion, the CdCl2 treated sample, as well as the CdCl2 treated and

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 129, 165302 (2021); doi: 10.1063/5.0033415 129, 165302-3

Published under an exclusive license by AIP Publishing.

https://aip.scitation.org/journal/jap


subsequently Br2/MeOH etched sample, also display shifts in the
peak positions which indicate that the as-grown RFS films are
strained and that the post-deposition CdCl2 treatment relaxes the
strain. Subsequent etching of the CdCl2 treated samples with Br2/
MeOH is not observed to further alter the crystallite orientations.

For the CSS CdTe materials, the crystal orientation remains
mostly independent of sample bulk and surface treatments, as is
shown in Fig. 1(b). The peaks appearing at smaller angles adjacent
to the ⟨220⟩ and ⟨311⟩ peaks for the CSS sample are attributed to
surface TeO2. This phase arises because the CSS CdTe is cooled
from high temperature under a flow of He with a relatively high
concentration of residual gases compared to the RFS CdTe which is
cooled from a much lower temperature under high vacuum. No
evidence of Te precipitates in any of the samples is observed. The
broader XRD peaks for the RFS samples in general reflect a smaller
grain size. Scanning and transmission electron microscopy of the
CdCl2 treated RFS absorbers in solar cells reveals an average grain
size of ∼0.3 μm, whereas the grains of the CSS absorbers are typi-
cally an order of magnitude larger at ∼3 μm.18,21

B. Optical absorption by PDS and SE

The PDS analysis of Rosencwaig and Gersho29 for a single
thin-film provides the theoretical basis underlying this measurement
technique. Fernelius26 expanded upon this analysis to include two
layers having different thermal and optical properties. Chan and
Beaudoin24 further refined these analyzes to include multiple light
reflections within the sample and its coating. Through the solution
of a series of one-dimensional heat equations, one can obtain an
expression for the PDS signal as a direct function of the optical
absorption coefficient, α, of the thin-film. This yields sets of complex
coupled equations that are calculated using MATLAB® code.24

For the special case that the thin-film is thermally thin, i.e.,
that the temperature is essentially constant across the thin-film,
and that multiple reflections of light within the thin-film are
ignored, the Rosencwaig–Gersho expression can be approximated
to extract α directly and easily,30, i.e.,

α ¼ � 1
l
ln 1� S

Ssat

� �
, (1)

where S is the PDS signal at a given photon energy, Ssat is the
PDS signal at saturation, and l is the thickness of the thin-film.
This is often referred to as the Amer and Jackson approximation
for α (the Amer–Jackson α). Amer and Jackson30 assert that their
approximation is valid within ±20%, as long as the thin-films are
thermally thin. As will be shown below, this approximation to the
Rosencwaig–Gersho expression is actually much better than ±20%.

Figure 2 shows an example of fits to the normalized PDS
spectra based on the Amer–Jackson α, with the data shown by the
open circles. The first simulated spectrum is generated using the
original Rosencwaig–Gersho model that neglects multiple reflec-
tions within the thin-film and is shown by the red line. This is
achieved by inserting the Amer–Jackson α into the Rosencwaig–
Gersho expression. This simulated spectrum almost reproduces
the observed PDS data, as evidenced by the two insets of Fig. 2.
This demonstrates that the Amer–Jackson α reproduces the
Rosencwaig–Gersho expression to better than 0.05% at all ener-
gies below the PDS saturation. The second simulated spectrum,
shown by the blue line, is generated by inserting the Amer–
Jackson α into the Chan–Beaudoin extension to the Rosencwaig–
Gersho model that takes into account the multiple reflections

FIG. 1. GIXRD spectra of (a) the RFS CdTe thin-films and (b) the CSS CdTe thin-
films, both in the three states: as-grown, CdCl2 treated, and CdCl2 treated and
Br2/MeOH etched. When the sputtered films are treated with CdCl2, the ⟨111⟩ peak
intensity is dramatically reduced and other peaks appear, indicating re-crystallization
to a randomly oriented polycrystalline film. Post-deposition treatment does not appear
to change the orientation of the CSS film. The online version is depicted in color.
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within the thin-film. In this simulation, both the front and back-
side reflectivities of the CdTe thin-film (both assumed to have
refractive indices of n1 = 2.98), sandwiched between glass and
CCl4 (refractive indices of n2 = 1.46), are 0.12 as determined from
the usual expression R = |(n1 − n2)/(n1 + n2)|

2. This shows that
neglecting multiple reflections in the simulations for this sample
leads to a 3% overestimation of the PDS signal. As shown in our
previous work on GaAs-based thin-films,23,25 the effect is even
more pronounced for different thin-film reflectivities, such as can
be the case for textured or rough thin-films. Taking multiple
reflection effects into account leads to lower values for the optical
absorption coefficient, i.e., the multiple passes that occur lead to
an enhanced “overall” absorbance and thus an enhanced PDS
signal. To reproduce the PDS spectrum with the full model there-
fore demands that the estimate to the α value be reduced.

The PDS spectra of all samples are analyzed using the
extended model that takes into account multiple reflections within
the thin-films. Equation (1) is used to provide an initial estimate of
the optical absorption spectrum. Then, it is found that the estimate
to the α value can be reduced in the unsaturated region to yield
results that are consistent with the more complete model. We typi-
cally find that a uniform scaling factor is adequate, as illustrated in
Fig. 3. In Fig. 3(a), the spectral dependence of the normalized PDS
signal associated with an as-grown CSS sample is shown along with
simulations using the Amer–Jackson α and the full model with
multiple reflections. The simulated normalized PDS signal obtained
by this method exceeds that of the experimental results over most
of the spectral range (not including the saturation region). We then
iteratively re-scaled the optical absorption in the simulation.

This was done until the obtained optical absorption results pro-
duced a normalized PDS signal that agreed with the experimental
results. We call this a boot-strapping procedure; this procedure was
applied to all materials, as it was found that lowering our estimate
of the α value by a constant factor was sufficient to yield PDS
modeled signal results compliant with those of the experiment.
Visual inspection was employed for the purposes of this analysis.
The signal calculated by inserting this α value into the full model
of Chan and Beaudoin24 is compared with the experimentally
obtained PDS curve in Fig. 3(b).

FIG. 2. The PDS spectrum is shown by the open black circles for an as-grown
CdTe thin-film prepared by rf sputtering. A simulated spectrum, shown by the
solid red line, is generated by introducing α(E) obtained through the Amer and
Jackson approximation into the original Rosencwaig–Gersho expression. The
solid blue line is simulated by introducing the same α(E) but into the
Rosencwaig–Gersho expression extended by Chan and Beaudoin to account for
multiple reflections. The online version is depicted in color.

FIG. 3. The PDS spectra for the as-grown CSS CdTe thin-film sample, solid
dots, and simulations using (a) α(E) obtained through the Amer–Jackson
approximation, and (b) α(E) obtained by our boot-strapping modification of the
same approximation. The simulations are shown by the solid lines. The online
version is depicted in color.
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This boot-strapping procedure was used to deduce the optical
absorption spectrum for all materials and is shown in Fig. 4(a) for
one set of the RFS materials and in Fig. 4(b) for the CSS materials.
Although the procedure itself is a mathematical algorithm, it never-
theless allows one to obtain a more accurate estimate of the materi-
al’s true optical absorption coefficient. The RFS samples show the
effects of thin-film interference fringes in the semi-transparent
region of the spectrum. These interference effects are absent in the
CSS grown films due to the high roughness that is present at the
film growth surface.

Also shown in Figs. 4(a) and 4(b) are the absorption spectra
of CdTe materials for photon energies above the bandgap derived
from the complex dielectric function obtained by SE. For the RFS
materials of Fig. 4(a), the SE measurements were performed on
thinner as-grown and CdCl2 treated materials (∼0.1 μm) deposited
on silicon wafers under the same conditions. In Fig. 4(b), the SE

results were obtained from the smooth surface of single crystal
CdTe. Because the thinner films and single crystal CdTe are
smoother than the thick films, particularly for those made by CSS,
the optical properties are determined more accurately from SE
using these materials. In fact, on the scale of Figs. 4(a) and 4(b), all
three absorption spectra determined by SE are essentially indistin-
guishable for the depicted photon energy range above the gap. In
addition, at the 1.62 and 1.56 eV transitions between the two data
sets in Figs. 4(a) and 4(b), respectively, good agreement between the
optical absorption coefficients obtained by PDS and SE is observed.

The acquired optical absorption spectra of Figs. 4(a) and 4(b),
plotted on a logarithmic scale vs photon energy, show different
behaviors over three ranges: (i) a gradually increasing trend in
subgap absorption whereby the starting or ending state of the
optical transition is localized well below the band edge; (ii) a steep
Urbach tail that represents optical transitions associated with devia-
tions from perfect crystalline periodicity, e.g., electron–phonon
interactions in single crystals or static disorder and potential fluctu-
ations due to grain boundaries and stress in the polycrystalline
films; and (iii) a second gradually increasing trend due to
band-to-band transitions above the bandgap. For both RFS and
CSS materials, an increase in the subgap optical absorption is
observed when the samples are treated with CdCl2. The subsequent
Br2/MeOH treatment was also found to increase the subgap
absorption. For the specific photon energy of 1.2 eV, the subgap
absorption within the RFS material increased from 330 to
800 cm−1 with Br2/MeOH treatment whereas the subgap absorp-
tion within the CSS material increased from 140 to 500 cm−1. The
origins of this enhanced absorption corresponding to the CdCl2
and Br2/MeOH treatments remain unclear at present. In the follow-
ing, the analysis focuses on the breadth of the Urbach tail for the
two materials and the changes that occur with treatment.

IV. ANALYSIS AND DISCUSSION

It is often the case that the spectral dependence of the optical
absorption coefficient associated with a semiconductor near its
energy gap is characterized in terms of the abruptness with which
it is attenuated as it approaches the subgap spectral region.31–34

The Urbach tail is a quasi-exponential region of the absorption
spectrum vs E just below the bandgap Eg. It can be captured by the
following expression:23,25,34

α ¼ αt exp
E � Et
E0

� �
þ α0 for E � Et ,

αt þ α0 for E . Et ,

8<
: (2)

where Et is an optical gap energy identifying the transition between
the Urbach tail and the band-to-band absorption regions in the
model, αt þ α0 is the absorption coefficient at Et, E0 is the Urbach
breadth, and α0 is the assumed underlying constant absorption
coefficient, which is usually attributed to gap states and possibly to
surface defects.

Traditionally, E0 and Et values are extracted by fitting the
exponential portion of the absorption edge. E0 is the slope and Et is
the extrapolated optical gap energy defining the transition in
absorption behavior. Another way to extract E0 and Et is to use

FIG. 4. The optical absorption spectra of CdTe thin-films obtained from PDS
measurements using our boot-strapping procedure of the Amer–Jackson
approximation for (a) the RFS samples and (b) the CSS samples. The interfer-
ence fringes in (a) derive from the thickness of the films and are absent from
the spectra in (b) due to the surface roughness of the sublimated films.
Following each treatment, the subgap absorption determined from PDS
increases. Also included are the absorption spectra above the bandgap
deduced from SE measurements of the complex dielectric function for (a)
as-grown and CdCl2 treated RFS CdTe and (b) single crystal CdTe (broken
lines). The online version is depicted in color.
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Eq. (2) as the model absorption spectrum. This model absorption
spectrum is inserted into the full simulation, extended for multiple
reflections, and a fit to the PDS data allows for the extraction of E0,
Et, and α0. The spectral dependence above the optical gap energy is
neglected in the analysis as it can be obtained by other methods. In
fact, the spectral dependence of α cannot be determined above Et
using the PDS approach as it occurs in the saturation region. Here,
SE measurements can extend the range of α(E) to energies above
Et, as is shown in Fig. 4. For the spectral dependence of each nor-
malized PDS signal within the framework of Eq. (2), we determine
the values of E0, Et, and α0 that ensure the best fit between the
expressions of Chan–Beaudoin24 and the experimental results;
this is performed using MATLAB’s® Curve Fitting Toolbox.

A representative best-fit optical absorption result, corresponding
to an as-grown RFS thin-film, is contrasted with that acquired
through our boot-strapping procedure in Fig. 5. The blue line is the
absorption spectra obtained from our boot-strapping method
whereas the red line is the absorption coefficient according to
Eq. (2). This figure shows good agreement between the two methods
and validates the use of Eq. (2) for samples where our boot-strapping
method would not be possible. This was the case, for instance, in
our previous studies of GaAs-based thin-films.23,25 Similar results to
those of Fig. 5 are obtained for the other samples in this study.

Since the PDS signal saturates upon full absorption, the exact
spectral dependence of the optical absorption coefficient above Et is
unresolvable within the framework of the PDS approach itself for
optically thick films. As previously noted, results above Et can be
obtained from SE. The Urbach edge parameters E0, transition ener-
gies Et, and gap state absorption constants α0 for all thin-films sub-
jected to the analysis that applies Eq. (2) are reported in Table I.
Figure 6 summarizes the evolution of E0 with surface treatments
for the three sets of samples from Table I.

Also shown in Table I are the most accurately available band-
gaps Eg for the CdTe materials obtained by the so-called critical
point analysis.35,36 This analysis is performed by taking the second
derivative of the complex dielectric function spectra as obtained by
SE, an alternative method compared to traditional modulation
spectroscopy, and fitting the second derivative using a general
expression for a bandgap critical point. The differences in bandgap
are well understood in terms of in-plane compressive stress in the
thin-films, which leads to a wider bandgap.37 Thus, it has been
concluded that an important role of the CdCl2 treatment of RFS
CdTe is to relax the stress in the thin-film, as also indicated by
GIXRD. In fact, the bandgap of the RFS CdTe approaches that of
the single crystal after such a treatment. For the CSS CdTe, accurate
CP analyses to determine the bandgaps are not possible due to the
extensive roughness of the as-grown and CdCl2 treated samples, as
well as the residual roughness and the a-Te layer that remain after
Br2/MeOH etching. For this material, due to the high substrate
temperature during growth and large grain sizes,18 the bandgap of
this material has been assigned to that of single crystal CdTe in

FIG. 5. The optical absorption spectrum for an as-grown RFS CdTe thin-film,
obtained from the boot-strapped Amer–Jackson approximation, compared with a
simulated spectrum (solid line) using Eq. (2). Good agreement is observed
between the two unique methods. The online version is depicted in color.

TABLE I. Optical absorption onset and bandgap values obtained for RFS and CSS CdTe thin-films in three states: as-grown, CdCl2 treated, and CdCl2 treated and Br2/MeOH
etched. “From fit” is extracted as a best-fit parameter when applying the full multiple reflection model to the normalized PDS data. The bandgap Eg is obtained from a critical
point analysis of the complex dielectric function obtained by SE. The entry “s.c.” indicates Eg from single crystal CdTe.

Sample E0 (meV) from fit (±2 meV) Et (eV) from fit (±0.003 eV)
α0 (cm

−1) from
fit (±25 cm−1)

Eg (eV) from SE CP
analysis (±0.005 eV)

RFS1 (as-grown) 39 1.596 205 1.529
RFS1 (CdCl2 anneal) 19 1.549 289 1.493
RFS1 (CdCl2 + etch) 25 1.569 1152

RFS2 (as-grown) 41 1.591 151
RFS2 (CdCl2 anneal) 21 1.559 470
RFS2 (CdCl2 + etch) 21 1.558 1366

CSS (as-grown) 13 1.543 200 1.491 (s.c.)
CSS (CdCl2 anneal) 13 1.542 271
CSS (CdCl2 + etch) 21 1.571 484
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Table I determined by the same method as for the thin-films.37

This assignment was made for subsequent interpretations of the
relationship between the bandgap and optical gap energies.

Table I shows that both Et and E0 decrease for the RFS
samples as a result of the CdCl2 treatment. These values do not
seem to change further, however, in response to Br2/MeOH
etching. In contrast, these energies remain relatively constant
throughout for the CSS samples, with the exception of the etched
sample. As a caveat, however, we note that this particular sample
has a rougher surface than the others, thus making it more chal-
lenging to obtain accurate PDS spectra. Furthermore, for the poly-
crystalline CdTe-based thin-films represented in Table I, changes
upon Br2/MeOH etching may be difficult to interpret due to the
formation of the a-Te layer on the surface and possibly in surface-
connected grain boundary regions as well.

Considering only the CdCl2 treated samples, as these are rele-
vant for the solar cell structures, it can be concluded that the CSS
material exhibits a narrower Urbach breadth, E0 = 13 meV, in com-
parison with the RFS samples, E0 = 20 meV. These values can be
compared with the earlier results for single crystals, i.e., in the
range of 7–11 meV,38–40 as reviewed in Ref. 41. The larger values of
E0 for the RFS materials may account for the consistently lower
VOC and fill-factor values for optimized solar cells with RFS
absorbers compared with CSS absorbers. A recent model that
quantitatively relates the VOC loss due to the E0 value for a non-
abrupt band edge41 would predict a larger effect (∼40 mV) than
that observed here (∼10 mV); however, other effects may be limit-
ing VOC and the fill-factor for both the RFS and CSS solar cells.
Further implications of a broader Urbach tail for the RFS samples
are discussed in Sec. V, where the EQE spectrum for the solar cell
with the RFS absorber is analyzed.

For all materials, the relationship in Table I between the optical
gap energy and the bandgap is given by Et = Eg + (E0/2) + 0.046 eV.

Additional discussion of the origin of such a relation is warranted.
At a similar transition energy, Et, between the Urbach and
band-to-band transitions in hydrogenated amorphous silicon
(a-Si:H)-based materials, an approximate condition for continuity
of the first derivative of the absorption coefficient is Et ≈ Eg + 2E0,
derived using analytical forms for the Urbach tail and the
band-to-band transitions.42,43 As a result, Et is typically 0.08–
0.12 eV above the bandgap Eg as determined by the Cody–Lorentz
model for these materials. Differences between the different types
of energy gaps of this order were demonstrated for the case of
a-Si:H by Sweenor et al.,44 so such differences may also be
expected for CdTe as well. In fact, the energy Et defined in this
way for a-Si:H through continuity of the zeroth and first derivatives
of α(E) also matches the mobility gap as determined by internal pho-
toemission measurements.45 The corresponding expression for Et rel-
evant for a direct bandgap crystalline semiconductor, such as CdTe,
can be derived as Et = Eg + (E0/2); however, with the relaxation of
continuity of the derivative in Eq. (2), the offset of Et from the
bandgap is expected to be larger. Thus, the first two terms of the
relationship Et = Eg + (E0/2) + 0.046 eV would be expected for conti-
nuity of the zeroth and first derivative of the Urbach edge and
the band-to-band regions. The final constant is then an offset that
accounts for the form of Eq. (2), specifically the discontinuity at the
transition between the two regions.

V. COMPARISONS WITH EQE OF CdTe SOLAR CELLS

PDS is sensitive to all absorption processes that degrade to heat
in the CdTe thin-film material, and thus upon calibration provides
α(E). The measured EQE spectrum, however, is only sensitive to
those absorption processes in the CdTe that generate free electrons
and holes that are collected in the device. As a result, the shape of the
optical absorption onset deduced from these two methods can differ,
and any observed difference furnishes insight into the carrier trapping
and recombination processes that occur within the material being
examined.

In order to understand these differences quantitatively, and
thereby gain insight into the carrier trapping and recombination
processes, we draw upon our CdTe optical function results, i.e.,
α(E), acquired from a conjuncture of our PDS and SE results, and
n(E), acquired from our SE results alone, corresponding to the
experimental measurements performed on our polycrystalline thin-
film CdTe samples. Using an SE developed model for the multi-
layer structure of the solar cell, first assuming all photogenerated
electrons and holes within the CdTe are collected and contribute to
the EQE, we simulate the spectral dependence of the EQE. The dif-
ference between the simulations and the experimental data provides
insights into deviations from the assumptions of the model. For
CdTe, the dominant deviation arises from the loss of photogener-
ated carriers by recombination, and iterative changes are made to
the model for improved agreement between the EQE simulation
results and the experimental data. The changes to the model
include varying the fraction of carriers excited within different
laminar regions of the absorber that are not collected but instead
recombine. Ultimately in this process, a specific collection profile
vs depth within the absorber can be identified that results in a
simulated EQE spectrum that agrees with the measured spectrum,

FIG. 6. Urbach breadth parameter E0 for CdTe thin-films including RFS and
CSS samples in three states: as-grown, CdCl2 treated, and CdCl2 treated and
Br2/MeOH etched. The numerical values are given in Table I. The results show
a sharpening of the absorption edge upon CdCl2 treatment for the RFS
samples. The online version is depicted in color.
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within the limits of experimental error.21,46 While in previous
work, such an analysis has been performed above the CdTe
bandgap, thus far very little attention had been focused on compar-
isons between the simulated and measured EQE spectrum below
the bandgap. We feel that this represents a deficiency in the field
that we aim to remedy as an important application of our accu-
rately determined subgap α(E).

We first consider the form of the EQE spectrum for the case
of a solar cell incorporating an RFS CdTe absorber layer that is
deposited and CdCl2 treated under identical conditions as the RFS
CdTe thin-films studied by GIXRD and PDS, described in
Secs. III–IV. The modeling procedure is presented in detail else-
where and requires the spectral dependence of n(E) and α(E) for all
component materials incorporated within the CdTe-based solar
cells over the EQE spectral range under examination in this study,
i.e., 1.3–4.0 eV, along with an appropriate structural model for the
solar cell itself.21,46 A detailed enumeration of the assumptions
used in our EQE simulations is provided in the Appendix.

For the thinner components (<0.5 μm), such as the glass
coatings and CdS, SE is an accurate method for extracting both
[n(E), α(E)] spectra for use in our EQE modeling. The SE method
is applied to single layers deposited on well-characterized substrates
or to partial or complete film stacks using analytical models with
photon energy independent parameters that describe the compo-
nent layer [n(E), α(E)] spectra. For the thick components of the
cell, such as the SLG substrate (3.2 mm) at the front of the device
and the CdTe absorber (2 μm), however, a measurement, such as
SE, which is based solely on reflection, cannot provide sufficiently
accurate spectra for α over the weak absorption range of the
absorption onset. For materials such as SLG, with smooth surfaces,
accurate values for α(E) < 103 cm−1 require transmission spectro-
scopy to supplement the higher α values obtained by SE in the
ultraviolet range. For thick layers, such as CdTe with rough surfa-
ces, the application of both SE and transmission spectroscopy to
obtain α(E) in the weak absorption range can be challenging.
Difficulties exist due to the use of effective medium theories, which
are only approximate, and due to light scattering, which can often
be neglected in SE but not in transmission spectroscopy. By com-
bining SE analysis results for [n(E), α(E)] of CdTe, where α(E) is
obtained near and above the bandgap, with the PDS results for
α(E) below the bandgap, then optical properties suitable for solar
cell EQE modeling can be generated.

With a full set of optical properties of the components, the
solar cell structure, including bulk, surface, and interface roughness
layers, can be deduced from a least-squares regression analysis of
SE data on the complete solar cell.21,46 A step-by-step analysis pro-
cedure has been applied to evaluate the hierarchy of the critical
structural and optical parameters in the regression analysis. This
procedure was beneficial because of the complexity of the optical
model for the CdTe solar cell, which requires a through-the-glass
measurement, including stress-induced birefringence in the SLG,
roughness layers at the interfaces, and adjustable parameters in
selected component optical properties.21,46 Adjustments in optical
property parameters may be needed due to the thickness and sub-
strate dependencies of [n(E), α(E)] and sample-to-sample varia-
tions that arise because the materials that are measured to
determine [n(E), α(E)] may differ from those in the actual device.

Figure 7 shows the simulated EQE spectrum for an RFS
CdTe-based solar cell, applying the procedure described in the pre-
vious paragraphs along with the assumptions outlined in the
Appendix. In Fig. 7, we also plot the corresponding experimental
EQE spectrum for the RFS fabricated solar cell incorporating a
CdCl2 treated CdTe absorber. Very close agreement between the
simulation and the data is observed over the photon energy range
from 1.5 to 1.6 eV in Fig. 7, as a result of the selected collection
profile described in the Appendix. The data extend slightly above
the simulation in a narrow ∼0.05 eV range near and below
the bandgap, an effect attributed to light trapping, as noted in the
Appendix. At energies below the bandgap, the experimental EQE
data show exponentially increasing behavior with photon energy
characteristic of an Urbach tail. Fitting over the most accurate
EQE range of 0.01 < EQE < 0.2 gives an Urbach edge breadth,
shown in the figure, of 14.0 ± 0.5 meV.

Thus, the notable observation in Fig. 7 is the steeper slope or
smaller E0 for the Urbach tail of the experimental EQE data com-
pared to the simulation which has a breadth of 20.4 meV, a value
reflecting the PDS α(E) of the CdTe absorber. This difference leads
to the result that the simulated EQE is larger than the measured
EQE at energies less than ∼1.47 eV. This result in turn indicates
that some fraction of the optical excitations starting from or ending
at localized states, as reflected in the PDS experimental data, do not
result in free carriers that generate current, as reflected in the EQE
data. The implication is that the resulting carriers generated by this

FIG. 7. EQE spectra in the vicinity of the bandgap for a CdCl2 treated
CdTe-based solar cell with an absorber layer fabricated by RFS. The spectra
are plotted on a logarithmic scale vs photon energy. For the experimental EQE
data (open circles), the Urbach breadth E0 is obtained over the most accurate
range of 0.01 < EQE < 0.2. For the EQE simulation (open squares), a linear fit
over the range of 0.001 < EQE < 0.2 was performed. The solid line connecting
the closed points shows ΔEQE, the difference between the simulated and mea-
sured EQE spectra over the range where positive results are obtained, indicating
optical excitations from or to localized tail states that do not generate free carri-
ers. The online version is depicted in color.
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fraction of excitations recombine. Figure 7 includes the difference
between the simulated and measured EQE, which describes recom-
bination loss, and appears as a band approximately 0.03 eV wide
that parallels the EQE onset as the energy is reduced and decreases
rapidly as the energy is increased above 1.465 eV or 0.028 eV below
the bandgap. For the electrons and holes generated through these
transitions, it is likely that one carrier is trapped sufficiently deeply
such that thermal re-excitation does not occur over the time period
of the trapped carrier lifetime and recombination results. In fact, at
a photon energy of 1.42 eV or ∼70 meV lower than the bandgap,
Fig. 7 suggests that most excited carriers recombine.

Figure 8 shows a comparison of the experimental EQE spectra
for the solar cells incorporating CdCl2 treated RFS and CSS CdTe
absorbers. Fitting over the most accurate EQE range gives the
Urbach breadths shown in the figure, 14.0 ± 0.5 meV for the RFS
CdTe solar cell, as in Fig. 7, and 13.4 ± 1.4 meV for the CSS CdTe
solar cell. Although this small difference is well within the range of
experimental error, measurements of other cells prepared under
similar conditions show a consistent ∼1–2 meV slope difference.
The notable observation that contrasts the CSS CdTe solar cell
from the RFS cell, comparing the results in Fig. 8 and Table I, is
the agreement between the experimental EQE and Urbach breadth
values for the CSS cell. Given that EQE simulations reflect the α(E)
Urbach tail of CdTe from PDS, this behavior demonstrates that for
the CSS CdTe solar cell no band tail recombination is detected and
all carriers generated by Urbach tail excitations are separated and
collected. This may occur due to the smaller Urbach tail breadth
for the CSS materials and possibly a longer carrier lifetime that
allows thermal excitation of carriers trapped in the Urbach edges.

Another difference noted in Fig. 8 is the redshift of the EQE
of the CSS CdTe solar cell relative to that of the RFS cell. This shift
may occur for three possible reasons. First, the CSS CdTe is

typically deposited to greater thicknesses, which allows for collec-
tion at lower energies along the absorption onset; second, the
rougher back contact interface for the CSS cell allows for enhanced
light scattering and trapping in multiple reflections; and third, a
reduced in-plane compressive film stress may lead to a bandgap of
∼0.002 eV redshifted and close to that of the single crystal for the
CSS CdTe. All these effects can give the CSS CdTe solar cell a small
increase in short circuit current density relative to the RFS CdTe
cell in addition to the additional collection of carriers excited by
Urbach tail absorption.

Before concluding this section, we would be remiss not to
mention a possible methodological difficulty that underlies our
interpretations. It is appropriate to question the validity of applying
CdTe optical properties acquired through measurements of thin-
films deposited on vitreous silica substrates in simulations of mea-
surements of CdTe thin-film absorbers deposited on CdS layers in
solar cells. In fact, different underlying substrates or layers could
lead to differences in the CdTe grain morphology and other such
properties. Furthermore, in the preparation of the solar cells, a back
contact is applied and a subsequent anneal is performed, which
could change the properties of CdTe thin-films in devices. The
most compelling argument for the validity of our approach is that
our EQE experimental results acquired on a solar cell can be
accurately modeled using optical properties acquired on our CdTe
thin-films, and the resulting structural model is in agreement with
electron microscopy.21,46 In addition, the key conclusions of this
work are based on observed differences between the RFS and CSS
thin-film optical properties and observed similarities between the
RFS and CSS solar cell EQE spectra. In this study, it is valid to
compare the two different deposition methods for the same under-
lying material and post-deposition steps. In the future, however, it
is critically important to understand more generally the role of sub-
strate and underlying material in the nucleation, growth, structure,
and electronic and optical properties of CdTe thin-films.

VI. CONCLUSIONS

We have critically examined how two processing steps
commonly used in the preparation of CdTe-based solar cells, i.e.,
the CdCl2 treatment and the subsequent Br2/MeOH wet etching
process, affect the structural and optical properties of polycrystal-
line CdTe thin-film samples fabricated by RFS and CSS. The struc-
tural properties have been evaluated through GIXRD and the
optical properties have been measured through a combination of
PDS and SE. From the latter measurements, we have determined
the spectral dependence of the optical absorption coefficient, α(E),
for CdTe samples from 1.1 to 2.0 eV, spanning the 1.5 eV bandgap.
We have applied the measured optical properties to an analysis of
the spectral dependence of the EQE associated with two CdCl2
treated CdTe-based solar cells comparably prepared with the excep-
tion of the absorber, one by RFS and the other by CSS. From a
structural model for the solar cell and from component layer
optical properties, we simulated the resulting EQE spectrum for the
RFS cell. Through a critical comparison with the corresponding
solar cell acquired experimental results, we have gained insights
into the carrier trapping and recombination processes that occur
within the two types of solar cells.

FIG. 8. Experimental EQE spectra for RFS and CSS CdTe-based solar cells.
These cells incorporate CdCl2 treated absorber layers fabricated in similar pro-
cesses as those whose absorption spectra are plotted in Fig. 4. The online
version is depicted in color.
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A key observation is that the EQE onset for the CSS CdTe-
based solar cell has the same Urbach breadth as the PDS-derived
result, within the limits of the experimental errors associated with
each measurement. As a result, we conclude that all photoexcita-
tions associated with the Urbach tail in this cell generate free carri-
ers that are collected. In contrast, for the RFS CdTe solar cell, the
EQE onset has a smaller Urbach breadth than the PDS-derived
result, which indicates the presence of a band of excitations that
result in carrier recombination. The difference in behaviors is
believed to result from the fact that the Urbach tail for the CSS
material is narrower and that the trapped carrier lifetime may be
longer as well. As a result, photoexcited carriers in localized initial
or final states are close enough in energy to the extended states and
reside in the localized states longer such that thermal excitation of
the localized carriers to the band states occurs followed by carrier
collection.

The deeper localized states involved in the optical transitions
and Urbach edge recombination in the RFS thin-films and solar
cells that are not observed in CSS films and cells are likely to arise
from the potential and bandgap fluctuations associated with the
grain boundaries and residual stresses in low-temperature deposited
RFS thin-films. Although the grain size increases significantly upon
CdCl2 treatment for the RFS materials, the average grain sizes of
these materials are still significantly smaller than those of the CSS
thin-films18,21 and the associated grain boundaries can contribute to
the band tail states. Similarly, residual stresses are also found to be
larger in the finer grained material. The more extensive band tail
states in the RFS material, and the associated band tail recombina-
tion, may account for consistently lower overall performances of the
best RFS CdTe-based solar cells compared with the CSS cells.21,47
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APPENDIX: MODELING ASSUMPTIONS UNDERLYING
OUR EQE SIMULATIONS

In order to simulate the EQE spectra for the rf sputtered (RFS)
CdTe solar cell, a number of key assumptions have been made.

(1) Specularly reflecting (non-scattering) interfaces are assumed
using individual interface roughness layers with optical proper-
ties given by the Bruggeman effective medium approxima-
tion.48 If this assumption is not accurate, then the neglected
light scattering leads to EQE data that exceed the simulation,
typically in a narrow range near the bandgap of the CdTe
absorber where the path length of the beam is extended by
scattering within the ∼2 μm thickness of CdTe.

(2) For close agreement between the supergap EQE simulation and
the corresponding measurement, the simulation is based on
the assumption of a specific collection profile within the CdTe
absorber. In fact, this profile is incorporated to account for a
simulation that exceeds the EQE data over a spectral range that
depends on where the recombination occurs. For the simula-
tion in Fig. 7, it is assumed that all photons absorbed within
the CdS/CdTe interface roughness layer generate electrons and
holes that are separated and collected (100% collection). For
the front 1.8 μm of the CdTe absorber, it is assumed that 99%
of the electrons and holes are separated and collected, whereas
only 30% collection is possible from the 0.18 μm region adja-
cent to the back contact.21,46 Such assumptions are required in
order to fit the measured EQE spectrum over the range from
1.5 to 4.0 eV (825–310 nm).

(3) The model incorporates [n(E), α(E)] spectra for CdTe that
combine SE results for α above 1.502 eV with PDS results such
as those of Fig. 5 below 1.502 eV. Here, the Urbach slope E0 is
taken as an average of the values in Table I for the two RFS
materials, which were both processed under the same condi-
tions. The transition photon energy of 1.502 eV, which is
within 0.001 eV of Eg + (E0/2), is chosen so that the derivative
of the PDS-derived results is equal to the derivative of the
SE-derived results. In addition, the PDS-derived results for α
are renormalized to the SE α(E) results at 1.502 eV.
Renormalization can avoid discontinuities in α at 1.502 eV,
although these discontinuities are small considering the close
agreement in Fig. 4(a) between the SE- and PDS-derived
results. This implies that the initial normalization with pol-
ished graphite is quite accurate. Application of the PDS α(E)
results below 1.502 eV is based on the assumption that all
optical transitions associated with the Urbach edge absorption
lead to electrons and holes that are separated and collected.
When this assumption is made, then the Urbach breadth
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associated with the EQE simulation matches the Urbach
breadth from PDS, reflecting the dominant spectral depen-
dence of the CdTe α(E) in the EQE simulation in the Urbach
edge region. If the assumption of complete collection is not
valid due to photogenerated electron and hole recombination,
then the EQE simulation will exceed the EQE data within the
photon energy range of the Urbach edge.

(4) Only the Urbach edge component of Eq. (2) is used in the
EQE simulation as it is assumed that excitations of carriers
represented by α0 in Eq. (2) start or end on localized states that
are sufficiently deep such that free carriers cannot be generated
to contribute to the EQE. As noted, this Urbach edge compo-
nent from PDS dominates the shape of the onset of the EQE in
the simulation when it is assumed that all optical transitions
associated with the Urbach edge absorption lead to electrons
and holes that are separated and collected.

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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