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SUMMARY

Clear visualization and understanding of luminescence properties of
grain interiors and grain boundaries in polycrystalline thin-film
photovoltaic materials are crucial to achieving high-performance so-
lar cells. Luminescence-based measurements, for example, reveal
sub-bandgap energetic disorder or impurity-related radiative tran-
sitions in these materials, and when performed in the absolute scale,
they can show the extent of voltage-limiting non-radiative recombi-
nation. Here we use a hyperspectral imaging technique to investi-
gate inter- and intra-grain photoluminescence variations in polycrys-
talline CdSeq 1Teg o films made by the colossal grain growth process.
We observe that grain boundaries show higher luminescence than
grain interiors for all energies below the bandgap energy. Multiple
distinct sub-bandgap defect transitions are detected and deter-
mined to be related to donor-acceptor pair impurities. A compari-
son of the excitation-intensity-dependent photoluminescence at
the grain boundaries with grain interiors suggests that carrier con-
centration is higher at grain boundaries. This finding is supported
by photoemission electron microscopy imaging of the films,
showing =70 meV upward energy shift in the band structure at
the grain boundaries. Finally, we investigate a dramatic thermal
quenching behavior related to the donor-acceptor pairs lumines-
cence over a temperature range and use a rate-equation model to
attribute it to the sudden redirection of the radiative recombination
channels to non-radiative channels with increasing temperature.

INTRODUCTION

Thin-film CdTe-based solar cells are gaining renewed interest in recent years due to
significant improvements in charge carrier lifetimes by alloying CdTe with selenium
(Se), resulting in steady improvements in their power conversion efficiency (PCE)." It
is believed that Se incorporation in CdTe increases the photocurrent by reducing the
bandgap and passivating defects that would otherwise act as non-radiative recom-
bination centers.” Despite these gains, solar cell efficiencies remain below the theo-
retical limit due to low open circuit voltage, V.., compared to the Shockley-Queisser
limit. Some of the limiting factors for the V. are thought to be the grain size and high
defect densities within the material.** Small-grained films that are typically grown by
deposition techniques such as vapor transport deposition or close-spaced sublima-
tion have grain size/film thickness ratios close to one (i.e., a micrometer-thick film
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with micrometer-sized grains).” Often, micrometer-sized grains are only obtained
from film recrystallization after the CdCl, treatment during the cell fabrication pro-
cess. Annealing CdTe films in CdCl; not only increases the grain sizes but also pas-
sivates grain boundary (GB) defects. These larger grains and passivated GBs have
been shown to result in better charge collection.®’” However, despite the ubiquity
of the CdCl; treatment and its many positive effects, there is a concern that it may
need to be avoided due to carrier compensation, which can limit hole activation
or introduce undesirable potential fluctuations.”

Several studies®” have reported that the deep bandgap defects related to cadmium
vacancies (Vcq) act as major non-radiative recombination centers in CdTe thin films.
Hence to passivate these defects, CdCl, treatment and alloying CdTe with Se are
helpful.®'® However, growth techniques that can produce very large grains with
low defect densities and minimal or no CdCl, treatment have been viewed as the
next area of development. The colossal grain growth (CGG) method, also referred
to as the explosive recrystallization method, is a promising post-deposition process
that has been shown to produce CdSeTe films with grain sizes approaching T mm
without a CdCl; treatment.” Unlike the traditional growth techniques, this method
can produce thin films having grain-size-to-thickness ratios greater than 100.
Currently, these films are targeted to be used as templates for epitaxial growth of
similarly large-grained CdTe thin films instead of serving as the active layer them-
selves in a device structure because they seem to grow under a very narrow process
window. However, very early evidence'"'? suggests that growth of giant-grained
films alone may not be enough to produce high-quality devices, and other passiv-
ation treatments including CdCl, treatment may still be needed to mitigate the
negative effect of defects. It is important to understand how the CdCl; treatment
and incorporation of Se in CdTe affect the properties of grain interiors (Gls) and
GBs in different ways. Recent studies have shown that segregation of Cl and Se at
the boundaries can shift the deep interface states to shallower states, i.e., toward
the valence/conduction band maxima/minima (VBM/CBM),"? thus reducing the
non-radiative recombination rates.

Hyperspectral (HS) photoluminescence (PL) imaging is a fast, non-destructive, and
contactless technique to study defects and luminescence variations in thin-film
semiconductors with micrometer spatial and high spectral resolution.'®"* This
tool captures a deck of images, called the image cube, by acquiring signals over
a chosen spectral range. Unlike traditional imaging systems, detailed spectral in-
formation is captured for every single pixel within the image. Through a radio-
metric calibration process, the raw luminescence signal can be converted to the
actual photon emission rates (i.e., photon flux as the number of photons per
unit area per second per unit energy), which helps determine different local phys-
ical properties of the material, such as the local quasi-Fermi level splitting energy,
Ay, and the external radiative efficiency (ERE). In materials with significant inhomo-
geneity, such as granular polycrystalline materials, this technique can be used to
elucidate the influence of GBs on electronic charge transport. When hyperspectral
PL imaging is performed over a temperature range,'” it can reveal transitions
through different sub-bandgap states at the local level. Since both radiative and
non-radiative transitions can take place depending on the specific temperature
range, sometimes even resulting in abrupt PL quenching behavior over a very small
temperature range, it is imperative that PL images are obtained as a function of
temperature. Several reports have explained unusual PL quenching behavior in
semiconductors using different empirical models.">'® However, these models
cannot always satisfactorily address the physical origins of superlinear and tunable
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PL response in materials such as InGaAsP/InP. Therefore, a new model (rate equa-
tion) was proposed recently to provide a better physical origin for these sorts of PL
quenching behavior."’

In this work, we have performed a comprehensive, temperature-dependent, hyper-
spectral PL imaging study on CGG CdSeg 1Teg o polycrystalline films. The large
grains and clearly defined boundaries in thin films of this material make it a very
nice candidate for visualizing carrier recombination effects and sub-bandgap
defect properties under an optical microscope. We investigated the local PL emis-
sion variability by carefully selecting and studying the Gl and GB pixels of these
images and comparing them with each other. From these images, we extracted
the Ap variations across the grains and the GBs and show that local potential fluc-
tuations of up to =20 meV can be observed in this material system. Several types
of radiative sub-bandgap transitions were observed, in both the Gls and GBs, and
were associated with donor-acceptor pair (DAP) transitions. Excitation-intensity-
dependent PL images indirectly imply that carrier density is higher at the GBs
than in the Gls, consistent with complementary photoemission electron micro-
scopy (PEEM) imaging of the electronic structure at the GBs. In addition, an inter-
esting, not previously reported thermal quenching of the sub-bandgap DAP lumi-
nescence was observed at both the GB and Gls, resulting in many orders of
magnitude of change in the luminescence photon flux over a narrow temperature
domain. This quenching behavior was explained relatively well with a rate-equation
model that properly accounts for the DAP and non-radiative transitions. Our work
demonstrates that complementary imaging techniques on unfinished device struc-
tures can help shed light on carrier recombination phenomena in disordered ma-
terial systems. The knowledge learned from these visual techniques will ultimately
drive improvements in material processing and growth techniques that will lead to
better device performance.

RESULTS AND DISCUSSION

Hyperspectral PL imaging system and the samples

Figure 1A and 1B show the schematics depicting the operation of the hyperspectral
PL imaging system and its main components. The hyperspectral filter box contains
the gratings used to spectrally image the sample and obtain an image cube, which
consists of a series of images over a range of wavelengths. A visible-range scientific
complementary metal-oxide-semiconductor (sCMOS) camera is used to capture the
images for the data shown in this work. The acquisition time for an image cube de-
pends on the integration time and wavelength steps. The light excitation for the PL s
provided by a 532-nm laser over the entire field of view of the objective, therefore
allowing for a uniform illumination of the sample. More details are provided in the
section "experimental procedures.”

An optical image of an area of the CdSeTe thin films used in this study is shown in
Figure 1C and reveals a polycrystalline structure with a variety of grain sizes and
clearly defined GBs. We investigate the PL characteristics of the Gls and GBs in
the following section. The films investigated here are all CdCl, treated to improve
the luminescence properties because untreated films of this material give very low
luminescence despite the large grain sizes.

Temperature-dependent PL imaging

We first turn our attention to what the PL images reveal at several temperatures.
At the lowest temperatures achieved, the observed photon flux is very high,
even under a very low laser illumination intensity, and very clear images are
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Figure 1. Schematics representing operation of hyperspectral PL imaging system

(A) System creates the image cube, a combination of the spectral (1) data with spatial (x,y) one,
which is a stack of images that a sample generates.

(B) Different components of the hyperspectral imaging system.

(C) Optical image of CdSeTe thin film.

obtained. The spectra of the PL maps consist of several distinct peaks in the en-
ergy range =1.2 to 1.6 eV (shown in Figure 4), with a very large emission peak
at 1.32 eV. Several PL images at this energy and at a fixed laser intensity
of =1,800 W/m? are shown in Figures 2A—2F. The images show a variety of grain
sizes, including some large ones (100 to 200 pum) and clear, prominent GBs with
higher luminescence flux compared to Gls. Since these films are CdCl, passivated,
a higher radiative emission at the GBs is consistent with the notion that Se and Cl,
treatment reduces the non-radiative recombination overall but more so at the GBs.
The effect of Se and Cl at the GBs of CdTe thin films has been reported in various
studies using density functional theory calculations,’'® suggesting that the co-
doping of Se and Cl reduces the depth and density of mid-gap states, which other-
wise act as non-radiative recombination centers. In addition, luminescence is
strongest at the lowest temperatures (107 K), as shown in Figure 2A, and sharply
decreases with the increase in temperature up to 161 K as seen by substantial re-
ductions in the photon flux. With increasing temperature, the capture cross section
of non-radiative channels increases substantially relative to radiative channels, and
non-radiative recombination dominates, hence reducing the intensity of PL from all
locations. The PL quenching behavior for both the GBs and Gls are similar, as
shown in Figure S2. We will discuss this quenching behavior in more detail later.

In addition to GB vs. Gl variations, grain-to-grain variations are also observed.
Some grains, for example, are significantly darker than their surroundings in the
PL images, suggesting that either higher local defect concentrations or unpassi-
vated interfacial/surface defects are present. Based on these luminescence varia-
tions, we estimate most grain-to-grain energy fluctuation on the order of =10
meV, but differences as high as = 20 meV have also been observed. We arrive
at these estimated values by comparing our data against a density-of-states-based
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Figure 2. Temperature-dependent PL maps

(A-F) Spatial maps of the temperature dependence of absolute PL flux in pl’\otons/(m2 s eV) (color
bar) fora CGG CdSeq 1Tego polycrystalline film taken at different temperatures from 107 to 161 K at
a fixed wavelength of 940 nm (1.32 eV) and fixed laser intensity (1,776 W/m?).

PL model developed by Katahara and Hillhouse'” that incorporates Ap and the ab-
sorption coefficient of the material. Figure 3 shows a map of Ap variations, con-
structed with values obtained from the Katahara model, for an area of the film at
201 K and under an incident excitation intensity of 97 kW/m? (i.e., ~100 suns).
More detail is provided in Tables S1, S2, and S3; Figure S4; and Notes S1, S2,
S3, and 5S4, including information on the local variations of several other model pa-
rameters. These Ap grain-to-grain variations suggest non-uniform defect passiv-
ation by CdCl; treatment. From the map, it is also clear that the Ap values are
higher at GBs compared to Gls, consistent with the earlier assertion that GBs
are better passivated.

Also, some interesting striations are observed across the interior of the larger grains,
showing radial features from the center toward the boundary indicating a heteroge-
neous pattern of carrier recombination within a single grain. We believe these intra-
granular variations are related to changes in the crystalline orientation of the grains.
In very large or fast-growth grains, as the radius of the grain increases, a point is
reached where lattice strain causes a large orientation shift in the growing crystal;
this feature is particular to CGG films. An example of this is the boundary between
regions 2 and 3 revealed by the change in color shown Figure S1. These types of
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Figure 3. Map of the quasi-Fermi level splitting energy

Map of quasi-Fermi level splitting energy (Ap) variations across a region of the film, estimated from
the absolute PL emission rate maps at 201 K under an excitation intensity of 97 kW/m?. The color bar
shows the values of Apin eV.

striations are less visible in regions of the film where the grain sizes are smaller
(i.e., =30-80 um) compared to grains >100 pum in size.

Spectral-dependent PL imaging

Figure 4 shows several PL flux maps at different wavelengths. These images were
taken at a fixed excitation intensity of 97.4 kW/m? at 201 K. We chose these wave-
lengths based on the PL spectra shown in Figure 5, with an attempt to pick wave-
lengths that are located on the low- or high-energy side of a given local peak.
From the images, we can see that Gl and GB contributions are clearly wavelength
dependent. At shorter wavelengths (i.e., A = 830 nm or shorter), as shown in Fig-
ure 4A, it is hard to distinguish between Gls and GBs. The PL spectra in Figure 5
clearly show the overlap of the PL GB and Gl emission spectra in the tail region
E > 1.49 eV. These spectra have been constructed from the sample mean of 10
Gls and 10 GBs, each selected carefully over a range of pixels using a precise se-
lection tool within the image analysis software (PHySpec 2.26.9). The collapse of
the high-energy tail of the GB and Gl spectra means that GBs become harder to
distinguish from Gls in the images. The peak observed at 1.49 eV is indeed the
band-to-band (BB) optical transition for this material, as explained next, and this
photon energy is roughly equal to Eg at this temperature. However, the GB and
Gl emission rates diverge for all energies <1.49 eV, with the GBs consistently
showing higher PL signals. This is the reason the GBs appear brighter in all the im-
ages (Figure 4B-4F), with the brightest contrast appearing at energies where the
GB and Gl spectra diverge the most from each other, such as at 1.4 eV (886 nm)
or 1.29 eV (960 nm).

It has been reported that >3 (112) GBs with a Te core are the dominant GBs in CdTe
thin films and are responsible for deep states.?>?' These mid-gap states act as non-
radiative recombination centers and reduce the radiative emission rates. However,
the segregation of Se and Cl at GBs favors the substitution of Te and partially pas-
sivates these states.”””’ It has also been reported that the probability of Se
substituting Te at GB sites is at least twice as much at the grain interior." This is likely
the reason why we see more luminescence at GBs than Gls in Se-alloyed CdTe thin
film with CdCl, treatment.
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Figure 4. Wavelength/energy-dependent absolute PL images
(A-F) PL images in photons/(m2 s eV) showing alternate Gl and GB contributions at fixed intensity
(97.4 kW/m?) and at fixed temperature (201 K).

All other PL peaks that are observed in the energy range shown in Figure 5 are
related to sub-bandgap impurity defect transitions (DAP transitions, discussed
below) and are present at both GBs and Gls. The PL peaks appear broader at the
GB sites, compared to the Gls. This extra energetic disorder at the GB is expected
because the crystalline structure is disturbed at the boundaries and, furthermore,
GBs have been shown to contain more impurities.”* The higher PL signal from the
GBs suggests that although sub-bandgap radiative transitions benefit more from
Cl passivation of non-radiative centers at the GBs than the Gls, the higher-energy
BB transitions are not afforded a similar enhancement at the GBs. We therefore
conclude that the shallower donor-acceptor states, which constitute these sub-
gap emission peaks, are more sensitive to the presence of mid-gap, deep states
than carriers from the bands, a finding that is consistent with the rate-equation
model discussed later.

The BB transition

Estimating the actual temperature of the CdSeTe film on glass inside the cryostat
under laser illumination is challenging. Near room temperature, specifically, the
radiative efficiency of the material is very low (ERE = 1077), and so a large laser
excitation intensity (close to 100 suns equivalent) is needed to observe a reason-
able PL signal. It is possible to estimate the film temperature by tracking the
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Figure 5. PL spectra for Gl and GB
Absolute PL flux in photons/(mZ s eV) versus energy, showing representative spectra for GBs (red)
and grain interiors (blue).

highest energy peak, assumed to be the BB transition, as the sample is cooled
down from room temperature and seeing whether it tracks the Varshni relation-
ship®® with constants published previously for CdTe. We calculated the bandgap
energies as a function of temperature by fitting the BB spectra to the PL model
of Katahara and Hillhouse'” for both the GBs and the Gls in the temperature range
from 304 to 201 K. For the lower temperature range (107-161 K) the defect peaks
are so dominant that it becomes hard to reliably fit the small BB peak to the Kata-
hara model. We therefore approximated the Eg in this range by fitting it to a
Gaussian peak and extracting the center energy as Eg. This variation of the Eg en-
ergy with temperature is shown in Figure 6.The Varshni relationship for the varia-
tion of the band gap energy E4 with temperature T in semiconductors is given by
Equation 1:

_aT?
T+8

where o.(6.323 x 107%eV/K), B (145.1 K), and Eq (1.56 eV) are constants chosen to be
similar to literature-reported values for CdTe.”® Throughout this paper, all the re-

E; = E (Equation 1)

ported temperatures are based on BB peak energy as predicted by Equation 1. As
shown in Figure 6, the Eg values decrease with increasing temperature for both
the Gls and GBs; however, the extracted Eg4 for the GBs is generally lower than
that for the Gls by 2.09 meV.

Since Se is known to reduce the bandgap, this finding suggests a slight aggregation
of Se atthe GBs."*”’ Se composition can be estimated from the Eq measurements by
the following relationship?®:

E4(CdSeTe) = xE4(CdSe) + (1 — x)Eg(CdTe) — bx(1 — x) (Equation 2)

where x is the Se composition and b is the bowing parameter. Using the accepted
bandgap energies of 1.74 and 1.48 eV for CdSe and CdTe,””*° respectively, and
b = 0.75, we found x = 11.05% for the mean of the Gls and x = 11.67% for the
mean of the GBs.

Excitation-intensity-dependent PL spectra

Laser excitation-intensity-dependent PL measurements are often used to under-
stand the nature of different transitions, such as excitonic, free-to-bound (FB), or
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Figure 6. Bandgap energies with different temperatures
Bandgap energies for Gls and GBs with an estimated standard error of £3.5 meV in the
temperature range 107-161 K and error of +3.0 meV in the temperature range 201-304 K.

DAP transitions in semiconductors.?'~*? Figure 7A shows the photon flux spectra for
GB and Gl sites at three different laser intensities and T = 107 K. From the plot, we
can clearly observe three prominent sub-bandgap defect peaks at around 1.32,
1.37, and 1.42 eV, referred to as peak 1, peak 2, and peak 3, respectively. Defect
peaks are slightly laser intensity dependent for both Gl and GB luminescence,
showing a slight blue shift with increasing intensity. To see this more clearly, all of
the peaks were fitted to Gaussians, and the center peak position was plotted against
the excitation intensity.

Figure 7B shows the excitation intensity vs. the defect peak energy for peaks 1, 2,
and 3 for the Gls and peak 1 at the GBs on a log-linear plot (peaks 2 and 3 at the
GB sites are too broad to be reliably extracted). An energy shift constant per decade
of intensity (B) can be extracted using the following relation:**

lex = lo exp(Ep /8) (Equation 3)

where o, is the excitation intensity, E, is the emission peak energy, and B is the en-
ergy shift constant. In general, it has been shown that an FB type of emission shows
no significant change with excitation intensity, while a DAP transition shifts toward
higher energies (blue shift) as the excitation intensity increases.** Since all three
peaks shift toward higher energies, albeit by a small amount, we concluded that
the observed sub-gap defect peaks originate from DAP transitions.

Cadmium vacancies (Vcg), tellurium vacancies (V1.), and Tecq are some of the ma-
jor intrinsic defects in CdTe polycrystalline thin films.?> In CdCl,-treated CdTe
films, Cl atoms normally substitute Te atoms, creating Cly.. This vacancy (Clte)
acts as a shallow donor. However, it also forms a complex (Clre*-Veg®™) with a
doubly negatively charged cadmium vacancy, which acts as a deep acceptor.®?’
The Z band peaks (peaks at the lower energies, in our case, peak 1 and peak 2) are
usually from this kind of DAP transition.?® Thus, we believe that the low-energy
DAP transition as shown in Figure 7A might be from V1. as a donor and Vcq
and/or its complex as an acceptor. The intensity of this transition depends on
the position and the capture cross section of the defects. Defect capture cross sec-
tion and their energetic positions depend on the exact role of Se/Cl in the
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Figure 7. Results from intensity-dependent measurement
(A) Intensity-dependent PL spectra for both Gl and GB.
(B) Energy shift constant per decade for the different peaks labeled in (A).

passivation mechanism, which needs to be further investigated. A similar observa-
.%%; they observed that PL bands at lower en-
ergies are from the DAP transitions with V1 acting as a donor. In another study,*°

tion was reported by Krustok et a

using cathodoluminescence, the authors found a luminescence peak around 1.32
eV, which is similar to our peak 1 position. They also reported that this emission
is consistent with DAP transitions in which the shallow donor is V1. and Vcq is
the acceptor. In addition, another transition near 1.42 eV (peak 3) is also expected
to be a DAP transition as confirmed by the excitation-intensity-dependent mea-
surements.”’ This peak has been reported as a Cd-vacancy-related transition
where Vg4 acts as a possible acceptor and Cly, as the donor. Several other reports

3942 \ith an overall theme that these DAP transitions are

confirm these findings
generally attributed to Vcg- and Vrc-related defects, although more recent theo-
retical work considering Cl and Cu (a common unintentional/intentional impurity)
suggests additional complexes that could also be at play making assignment

challenging.*®

An important finding of our imaging results is that the energy shift parameter § for
the GB emissions (peak 1) is significantly higher than that observed for the Gls. The
B parameter is 7.5 + 1.7 meV/decade for peak 1 in the GBs and 2.1 + 0.5 meV/
decade, 3.9 + 0.5 meV/decade, and 2.8 + 0.4 meV/decade for peak 1, peak 2,
and peak 3 in the Gls, respectively. According to the model of Shklovskii and
Efros,** the energy of an emitted photon in the DAP transition increases with a
decrease in the surrounding potential fluctuations. In general, these potential fluc-
tuations arise from the perturbations that oppositely charged defects of various
concentrations create in the electrostatic potential.*” Increasing the carrier concen-
tration inside the material screens these electrostatic potential fluctuations, and
hence a pronounced shift to a higher photon energy is observed.’® An increase
in B with an increase in carrier concentration was also reported by Phil Won Yu
in various impurity-implanted GaAs films.>* That work reported that B increases
from 0.7 to 15 meV/decade with increasing carrier concentration from 10'® to
10"® cm~3. Since B is higher for the signal coming from the GBs than the Gls in
our images, we therefore conclude that the local carrier concentration must be
higher at the GB sites than grain interiors. This is not surprising given that GBs
are areas of crystalline discontinuity from one grain to the next, and stronger po-
tential fluctuations at these interfaces are expected. Note that without the high
spectral and spatial resolution of the hyperspectral imaging microscope, these
conclusions could not be easily made and therefore show the power of this tech-
nique. These excitation-dependent local variations are consistent with the PEEM
results discussed in the next section.
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Figure 8. PEEM observation of GBs

(A) Low-magnification PEEM image of an entire grain.

(B) Higher-magnification PEEM image of the area marked by the dashed yellow box in (A) at the
boundary of three grains. One grain boundary is marked by a pair of red arrows, while a non-
uniform EB region is marked by a pair of blue arrows.

(C) Averaged photoemission spectrum from the Gl (blue) and GB (red) regions indicated in the
inset. The dashed gray lines are linear fits to the valence band maximum edge, giving a relative shift
of approximately 70 meV

(D) Surface band diagram comparing Gl and GB energy structure. The Fermi energy and vacuum
level are denoted as Eg and E, .., respectively. The gray scale of the images is the photoemission
intensity (e.g., white means higher photoemission intensity).

PEEM of grains and GBs

PEEM measurements were performed on the CdSeTe thin films to understand the
differences in the local surface electronic structure at the GBs compared to the
Gls. At low magnifications, PEEM can readily identify the grains and boundaries,
as shown in Figure 8A. We note that there are slight differences in the grain-to-grain
topography with small wrinkle-like features occasionally visible, corresponding to
different crystal growth orientations, consistent with the PL intragranular features
discussed above.”” At higher magnification, the surface features at the GBs are
visible. The GBs are visible as dark lines in PEEM, shown by the red arrows in Fig-
ure 8B, indicating that the surface morphology at the boundary is not flat. In addi-
tion, the GBs are often next to or surrounded by a non-uniform “extended bound-
ary” (EB) up to 2 pm wide (marked by blue arrows in Figure 8B), where the surface
topography is different from the GI. We then measure the photoemission spectrum
from the GB and compare it to the Gl, as shown in Figure 8C. There is a shift in the
photoemission spectrum of approximately 70 meV to higher energy for the GBs,
compared to the Gls. This value is comparable to barrier heights reported for
different CdTe growth and CdCl, treatment conditions.”’*® The entire spectrum,
including the cutoff (not shown) shifts by the same amount, indicating a rigid shift
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Figure 9. ERE vs. T plot and the radiative and non-radiative transition process

(A) Thermal quenching of the ERE for peak 1, peak 2, and peak 3 from the Gls along with numerical
modeling based on the rate-equation model by Reshchikov®? (solid lines).

(B) A simplified schematic of the various radiative and non-radiative transitions that are the basis of
this model where A, D, G, and S are the acceptor, donor, generation rate, and the unknown deep
donor respectively.

in the band structure and work function (vacuum level) at the GB, as illustrated in Fig-
ure 8D. This band alignment suggests that holes could be funneled or collected at
the GB due to the slight VBM band offset. This supports our PL-derived result that
B is higher at the GBs compared to the Gls, because a higher carrier concentration
at the GB screens the local potential fluctuations and causes a greater shift of the
DAP peak positions with excitation intensity. This type of band offset has been sug-
gested to increase the collection efficiency in CdTe solar cells because of minority
carrier repulsion due to the increased hole population at the GB.*” However, envi-
ronmental factors, such as adsorbed oxygen, are known to affect the work function
and band bending at CdTe GBs. In other work, a downward band bending in the
VBM at the site of GBs has also been reported.”® The PEEM result showing an up-
ward band bending at GBs at the very least indicates that the GBs are slightly
more p doped than the Gls. In general, it is difficult here to pinpoint the origin of
the GB band bending.

PL quenching and rate-equation model

Next, we discuss the dramatic temperature-dependent PL results that we showed in
the series ofimages in Figure 2. Here, a convenient figure of merit is the ERE, defined
as the ratio of emitted (luminescence) photons to incident (excitation) photons, with
an ERE = 1 corresponding to 100% PL efficiency. Since the hyperspectral imaging
technique gives the local absolute spectral photon flux, we can choose to calculate
the ERE over different spectral regions such as the BB peak or the defect peaks.
Here, we focus on the temperature dependence of the DAP-related ERE but we
also extracted the band-band ERE vs. T and show those results in Figure S2. Fig-
ure 9A shows a plot of the DAP-related ERE vs. inverse temperature in the spectral
range from 830 to 1,000 nm, i.e., the three main Gl defect peaks shown earlier, and
ignoring any other transitions that could exist at wavelengths longer than 1,000 nm.
The PL temperature dependence of the GB peak is similar to the Gl peaks and is
shown in Figure S3. An abrupt thermal quenching of ERE (almost five orders of
magnitude change) was observed in the CdSeTe thin film. The discontinuity in the
graph is due to the limitations in our measurement. At low excitation (in our case,
1,776 W/m?), we could not get sufficient photon emission signal at higher tempera-
tures. We therefore increased the excitation power to 97 kW/m? to increase the
signal strength. From Figure 9A, it is clear that a transition takes place at around
156 K. This temperature is called the characteristic temperature at which point
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defect species can switch from a near-equilibrium population of levels to a popula-
tion inversion at higher temperatures (i.e., going from a radiative recombination
channel to a non-radiative recombination channel). This kind of abrupt thermal
quenching has been reported in highly resistive semiconductors'’-’

cific to CdSeTe thin films.

and is not spe-

To understand this behavior better, a rate-equation model based on the treatment
by Reshchikov is used here; see Figure ST and Note S1 for all the equations and
model parameters used to calculate the solid lines shown in Figure 9A.>% Accord-
ing to this model, point defects of three major types, acceptors (A), donors (D),
and unknown non-radiative deep donors (S) with total concentrations Na, Np,
and N, respectively, are responsible for sub-bandgap PL emission. The ionization
energies for the donor and acceptor states are Ep and Ea, whereas the non-radia-
tive center S has deep levels, so the thermal emission of charge carriers from it can
be ignored. The capture coefficients for donor, acceptor, and non-radiative de-
fects are Cp, Ca, and Cs, respectively. When the sample is illuminated with excita-
tion power density P, electron-hole pairs are excited with generation rate G.
Photogenerated electrons and holes are captured by shallow donors and accep-
tors, respectively. These capturing transitions can be either fast and non-radiative
through S or the carriers can tunnel between D and A. The pathway probabilities
depend on the sizes of the electron and hole wave functions and the separation
distance between D and A.

At low temperatures, the probability of the DAP transition is much higher than the
probability for photogenerated electrons to be captured directly by a neutral
acceptor. This is because the concentration of free electrons is much lower than
the concentration of electrons bound to shallow donors. At higher temperatures,
in our case T > 156 K, the thermal emission of holes from the acceptor level to
the valence band becomes significant and increases exponentially with tempera-
ture, proportional to exp (-Ea/kT). When the thermal energy is sufficient, non-radi-
ative centers actively participate in the capture of electrons or holes from either
band. Due to this sudden drop of electron concentration, recombination abruptly
changes from radiative to non-radiative and hence quenches the PL emission that
was due to the DAPs. At low temperatures (i.e., temperatures less than the char-
acteristic temperature), PL intensity is not very sensitive to the electron-capture co-
efficient, but, at temperatures higher than the characteristic temperature, PL inten-
sity is inversely proportional to the electron-capture coefficient. It is observed that,
for a significant and abrupt drop in the PL intensity to occur, non-radiative centers
(S) with large electron-capture coefficients must be present.'” As a point of
contrast, higher-quality, lower-defect-density films of CdTe do not show such dra-
matic PL quenching behavior.”® Figure 9B shows a simplified schematic of the
various electron and hole transitions that are possible between these three types
of defects.

As there are many parameters in this model, some were estimated from other works
on similar kinds of samples, and others were constrained to be within physically
reasonable ranges. The solutions to this model are shown in Figure 9A as solid lines.
With some restrictions (i.e., at low temperatures), only photogenerated electrons
and holes are present (i.e., there are not thermally excited carriers) and neglecting
high large-carrier-density effects such as Auger recombination, degenerate doping,
and stimulated emission, the numerical model matches well with our experimental
data and shows the same abrupt PL quenching behavior.
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Implication for devices

The findings reported here on the Gl and GB luminescence and electronic band
structure properties of CGG-grown CdSeTe films provide an interesting case study
for use of spatially resolved spectral imaging techniques in examining local recom-
bination properties of these and other thin-film polycrystalline materials such as
chalcogenides and perovskites. Combining the temperature-dependent hyper-
spectral and PEEM imaging techniques has revealed that band bending at the
GBs leads to a higher carrier concentration at these locations. These excess car-
riers could screen local potential fluctuations, determined to be on the order of
10-20 meV, which in turn lead to a noticeable higher-energy shift in the PL signal.
These findings, along with the observation of a lower non-radiative recombination
at the GBs, indicate that GBs, at least in this material system, play a more benefi-
cial role in carrier collection and transport across the film.

Given that the ultimate goal of these CGG films is to serve as a growth template
for achieving large-grained CdTe films in a superstrate device structure, their
defect-mediated luminescence, local band bending, and recombination character-
istics are consequential to the operation of a full photovoltaic (PV) device. After all,
much of the light absorption and carrier generation will take place in the CGG tem-
plate below the CdTe layer. However, even if a CGG CdSeTe template is made
much thinner, the charge carriers would still have to transport through the
CdSeTe layer to reach the CdTe. Therefore, the recombination phenomena dis-
cussed here will surely affect carriers, particularly near the maximum power point
or at Vo, where the electric field is weaker across the junction. Hence, it is impor-
tant that the CdSeTe template layer, within the device stack, also possesses a low
defect density and good interfacial properties so that it will not turn into a current-
or voltage-limiting layer. So, the costs and benefits of giant crystalline grains
versus additional recombination losses will need to be investigated on the full de-
vice structure, but these CGG-only films have provided a baseline for what to
expect. In their current form, these CdSeTe films would perform poorly as an active
layer within a full device stack given the low room-temperature ERE of these films,
but further improvements in defect passivation should result in improved opto-
electronic properties in the future.

Interestingly, the absolute PL measurements do show a forward path for incorpora-
tion of CGG films as the main absorber layer within a device structure despite the low
Se content. The fact that the ERE values are so much higher at lower temperatures
implies that the internal V.. will be much higher at low temperatures beyond its
normal temperature dependence as predicted by the detailed balance. If the mid-
gap defect states can be better passivated, the ERE near room temperature will
also be substantially increased, making the material a viable active layer in a device
structure with its beneficial large-grain structure.

Wide-field hyperspectral imaging in PL mode was successfully employed to
visualize the luminescence emission variations between Gls and GBs in CdSeTe
thin film prepared by the CGG method. The origin of several sub-bandgap
emission peaks was attributed to DAP transitions, and it was observed that these
transitions exhibit higher luminescence rates at the GBs than within the Gls. The
reason for this higher luminescence signal at the GBs was attributed to a better
non-radiative defect passivation at the GBs due to a higher concentration of Se
and/or Cl. The energy shift constant was found to be locally higher at the GBs
than Gls, suggesting a higher carrier concentration at the GBs. Furthermore, this
observation was validated by PEEM imaging, showing upward band bending at
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the GB sites with an approximately 70-meV higher VBM for GBs compared to Gls.
The dramatic quenching of the PL radiative efficiency was explained by a numerical
solution to a recent rate-equation model and further attributes the origin of the
strong PL emission in this material to an interplay of radiative and non-radiative
recombination channels through the existence of a variety of donor-acceptor states.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-
filled by the lead contact, Dr. Behrang Hamadani (behrang.hamadani@nist.gov).

Materials availability
This study did not generate any new unique materials.

Data availability
The data used during this study are available from the lead author upon reasonable
request.

Sample fabrication and characterization

The sample studied here consists of a large-grain (100-200 um lateral dimension)
polycrystalline thin film of CdSeq.1Tegs formed on an alumina-coated glass sub-
strate. The CdSeTe films used in this study are unusual given the exceptionally
high grain size/film thickness ratio. The large-grain-size CdSeTe film studied here
was made by the CGG process. A 3.0-um CdSeTe precursor film was evaporated
onto a 0.7-mm-thick alumino-borosilicate glass (Corning 7059) substrate coated
with 100 nm of alumina heated to about 400°C. Evaporation was from a single-
source alumina crucible containing an alloy of CdSeg1Tego (5N Plus) heated to
660°C to produce a deposition flux close to 10 A/s. The as-deposited grain size at
this point was only about 200 nm. In the subsequent CGG step, the CdSeTe precur-
sor film was then heated to 550°C while suspended 1 mm, film-side down, above a
Se-containing powder (typically, CdSeg 4Teg ¢) in an atmosphere of 100-Torr helium.
The net effect was a three-order magnitude increase in CdSeTe grain size and a
morphology shown in Figure 2. Details about the CGG process can be found in a
previous report.” Though the conversion mechanism needs further study, it appears
similar to explosive recrystallization where solid films first melt and then rapidly
spread solidify into many larger-grained films. In this case, the latent heat associated
with the energy of melting is believed to be the result of the amorphous-crystalline
phase transition reported for Se-Te alloys.”® After the CGG step, the CdSeTe film
was then annealed and suspended over a powder of CdCl; at 550°C for 10 min in
an ambient of 400-Torr helium to increase luminescence efficiency.

HS imaging in PL mode was performed using a wide-field imaging system
from Photon ETC. All images were obtained under a 20X magnification by
scanning in the spectral region of 780-980 nm and recording the images using
the sSCMOS camera. The spectral resolution is around 2 nm, and the spatial resolu-
tion is =1 pum. For PL excitation, a 532-nm laser is used to uniformly illuminate the
cell from the free surface side, with excitation intensities as reported in the text.
The calibration of the imager to obtain absolute photon flux rates is discussed else-
where.>®> Temperature-dependent imaging was performed with a liquid-nitrogen-
flow optical cryostat under vacuum from 300 to 77 K. The relative uncertainties of
the PL flux rates presented here are about +15%. Wavelength calibration of the
HS system was performed with pen lights and is accurate to within 1 nm.
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PEEM measurements were carried out using a setup described previously.”® The
base pressure of the measurement chamber was below 1077 bar. The illumination
source was the fourth harmonic of a titanium: sapphire laser at either 210 nm
(5.9 eV) or 192 nm (6.5 eV) with a nominal intensity of 3 Wm™2 at the sample. The
sample was simultaneously illuminated with filtered (Corning #2418 colored glass fil-
ter) light from a mercury lamp to promote photoconductivity and prevent sample
charging. High-magnification PEEM images used a 20-um (contrast) aperture that
angularly restricts the photoelectrons to = 1.1 mrad. Energy-resolved PEEM images
were acquired by placing a 2-um slit at the entrance of the PEEM magnetic prism to
act as the analyzer entrance slit, while the contrast aperture was used as the exit slit,
giving an overall imaging energy resolution of approximately 1 eV. Images were ac-
quired while changing the sample potential in steps of 100 meV to capture the entire
photoemission spectrum. A reference spectrum on a relatively uniform area of the
sample was taken immediately after the first spectrum stack and used to correct
for the non-isochromaticity of the magnetic prism by using the peak position of
the reference spectrum at each image pixel. All PEEM images were corrected for a
non-uniform detector response using a standard flat field and dark image method.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
2023.101522.
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