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 13 

Abstract 14 

 15 

Evidence from cross-sectional electron microscopy has previously shown that Se passivates defects in 16 

CdSexTe1−x solar cells, and that this is the reason for better lifetimes and voltages in these devices. Here, 17 

we utilise spatially resolved photoluminescence measurements of CdSexTe1−x thin films on glass to 18 

directly study the effects of Se on carrier recombination in the material, isolated from the impact of 19 

conductive interfaces and without the need to prepare cross-sections through the samples. We find 20 

further evidence to support Se passivation of grain boundaries, but also identify an increase in below-21 

bandgap photoluminescence that indicates the presence of Se-enhanced defects in grain interiors. Our 22 

results show that whilst Se treatment, in tandem with Cl passivation, does increase radiative efficiencies 23 

in CdSexTe1−x, it simultaneously increases the defect content within the grain interiors. This suggests 24 

that although it is overall beneficial, Se incorporation will still limit the maximum attainable 25 

optoelectronic properties of CdSexTe1−x  thin films. 26 

 27 

Introduction 28 

 29 

CdTe-based solar cells are currently the only commercial competitor to silicon cells, and offer the 30 

lowest levelized cost of electricity (LCOE) of any photovoltaic technology for utility-scale 31 

generation[Zidane2019]. However, the record power conversion efficiency for a small-area CdTe cell 32 

is 22.3%, markedly lower than the 26.8% for crystalline silicon[Green63] despite the higher theoretical 33 

maximum efficiency for CdTe[Ruhle2016]. As such, there is significant scope to improve CdTe device 34 

efficiencies and further drive down the LCOE of solar electricity generation. 35 

 36 

A relatively recent innovation in CdTe-based solar cells has been the introduction of a Se-alloyed 37 

CdSexTe1−x region at the light-facing side of the absorber, with a graded composition from higher Se 38 

content at the light-facing side towards pure CdTe at the rear of the device. The CdSexTe1−x region has 39 

a lower bandgap than CdTe for moderate Se content[Tit2009,Lingg2018], resulting in a bandgap 40 

grading in these devices (from lower at the light-facing side to higher at the glass substrate). The lower 41 

bandgap at the light-facing side of CdSexTe1−x device extends light absorption further into the infrared, 42 
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increasing the photocurrent compared to pure CdTe devices[Paudel2014,Ablekim2019]. Surprisingly, 43 

CdSexTe1−x devices have been demonstrated with similar open circuit voltages (VOC) to pure CdTe 44 

devices[Munshi2018,Swanson2017], indicating a reduction in VOC losses that compensate for the lower 45 

bandgap. Cathodoluminescence (CL) measurements have shown increased luminescence, especially at 46 

grain boundaries, associated with higher Se content[Fiducia2019,Fiducia2022, Frouin2024], suggesting 47 

that Se passivates defects in CdSexTe1-x devices, leading to reduced VOC losses. However, cross-48 

sectional CL measurements can be influenced by surface effects as a result of the need to create an 49 

exposed cross-section through the device via mechanical or ion beam polishing, as well as generating 50 

charges in significantly different intensities and regions of the device and location compared to optical 51 

illumination. Photoluminescence (PL) thus offers important complementary evidence of carrier 52 

recombination in intact material.  53 

 54 

Bulk photoluminescence measurements were recently employed on CdSexTe1−x devices to explore the 55 

role of Se[Kuciauskas2023]. Specifically, temperature dependent PL suggested that, for some 56 

fabrication processes, samples containing Se had sub-bandgap defects that limited the maximum 57 

achievable VOC. Similar sub-bandgap PL defects have also been observed by Hu et al.[Hu2023] in Se 58 

containing samples at low temperatures. In both cases the nature of this defect and its relationship to 59 

sample morphology were not discussed. Microscale PL is a technique that can begin to answer these 60 

questions. It has previously been used to assess charge transport and passivation in both CdTe and 61 

CdSexTe1-x samples separately[Abudulimu2022, Alberi2013], and to explore the relationship of defects 62 

and grain boundaries to sample morphology in pure CdTe films[Liu2014] and CdSexTe1-x in giant grain 63 

samples[Neupane2023]. Similarly, time-resolved and spatially-resolved PL measurements have 64 

revealed heterogeneities in charge lifetimes in CdSe based solar cells[Xue2023], and two photon PL 65 

microscopy has also been helpful in disentangling surface and bulk transport and recombination effects 66 

in CdTe samples[Kuciauskas2017, Barnard2013], including passivation effects of 67 

dopants[Kuciauskas2016, Johnston2015] and in CdSexTe1-x samples[Kuciauskas2021]. Notably, prior 68 

microscale PL studies have measured samples in full or partial device stacks. This presents a 69 

fundamental issue: it is impossible to disentangle spectroscopically whether changes in charge lifetime 70 

or luminescence strength originate from charge extraction or sample passivation processes (see 71 

Supporting Information note 1). Furthermore, no study has investigated the role of Se in samples in a 72 

controlled manner with CdSe concentration being carefully varied between samples. Finally, to date 73 

nearly all studies have focused on relative values, rather than absolute quantum efficiencies and 74 

absorption – the key complementary measurement to PL – has not been recorded at the microscale.  75 

 76 

Here we fabricated CdSexTe1−x thin films on glass by interdiffusion of separately deposited CdSe and 77 

CdTe layers, with varying thicknesses of CdSe from 0 nm to 200 nm to alter the Se content in the final 78 

film. We are able to assess the role of Se on luminescence and recombination by measuring the spatially 79 
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resolved absorption and photoluminescence of the samples. Fabrication on glass also allows us to 80 

directly assess the impact on the absorber layer, separated from the remainder of the device structure 81 

(we discuss this further in Supporting Information Note 1). Our results show that Se is distributed 82 

throughout the films and clearly passivates grain boundaries, in line with previous cross-sectional 83 

electron microscopy studies[Fiducia2019,Guo2019]. While Se alloying is shown not to significantly 84 

impact on the disorder of the main luminescence peak (as found from Urbach tails), we find it does 85 

increase the strength of below-bandgap defect luminescence. Our results suggest that these defect states 86 

are more present in grain interiors, implying a distinction in Se behaviour between grain boundary and 87 

bulk. This work provides further support for grain boundary passivation by Se, but crucially also 88 

indicates that the effects of Se might not be wholly beneficial, introducing defect states which could 89 

provide an ultimate cap to attainable Voc.  90 

 91 

Methods 92 

 93 

Sample fabrication: CdSexTe1−x films with varying Se content were prepared on glass, without any 94 

conductive layers, in order to eliminate the effects of carrier extraction on the luminescence results. 95 

Soda-lime glass microscope slides were cut to 2.5 cm by 2.5 cm squares and cleaned by: scrubbing with 96 

a 1% Hellmanex™ solution by volume, a 15 min ultrasonic bath in de-ionised H2O, then sequential 97 

rinses in de-ionised H2O, acetone and propan-2-ol. This was followed by 10 min in an Ossila UV Ozone 98 

Cleaner to remove remaining organics from the surface. 50 nm, 100 nm and 200 nm CdSe layers were 99 

deposited on the substrates by radio-frequency sputtering with a power density of 1.32 W/cm2, Ar 100 

pressure of 5 mTorr and a substrate temperature of 200°C. These thicknesses were selected based on 101 

previous reports of CdSe layers thicker than 200 nm leading to unconsumed, photoinactive CdSe in 102 

devices [Poplawsky2016,Baines2018]. CdTe was deposited by close-space sublimation (CSS), at a 103 

deposition pressure of 5 Torr in an N2 atmosphere, with a source temperature of 600°C and a substrate 104 

temperature of 550°C. A 20 min post-growth anneal was performed in the CSS chamber immediately 105 

after deposition, at a substrate temperature of 550°C and a pressure of 400 Torr. Film thicknesses were 106 

found to be between 2 µm and 2.5 µm from interferometry measurements. A Cl treatment was 107 

performed on some of the samples by placing them in a tube furnace adjacent to glass plates coated 108 

with 1 mol/dm3 aqueous MgCl2 solution, and annealing in air at 410°C for 20 min. Excess chloride was 109 

ri7nsed off with de-ionised H2O. 110 

 111 

The CdSe and CdTe layers, whilst deposited separately, are expected to interdiffuse during the post-112 

growth CSS anneal and Cl treatment steps, resulting in a CdSexTe1−x film[Ablekim2020]. It was found 113 

that substrate adhesion was particularly poor for the films deposited on glass. As such, a standard Cl 114 

treatment, involving spray-coating the MgCl2 solution onto the samples before annealing, resulted in 115 

unacceptable levels of sample delamination from the substrate. Various Cl treatment conditions were 116 
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tested, with the approach used in this work providing the optimal balance between Cl treatment 117 

passivation and reduced sample delamination. We note that our current fabrication approach was not 118 

able to access samples with higher CdSe thickness due to additional delamination problems. 119 

 120 

Absorption: measurements (referred to as the ‘second measurement system’ in the text) were recorded 121 

on an NT&C system (a Nikon Eclipse Ti2 coupled to a Princeton Instruments Spectra Pro HRS-500 122 

spectrometer and  a PIXIS 256 camera). The light source for transmission measurements was a Halogen 123 

bulb and for reflection an Energetica LDLSTM laser driven white light source output through a fibre 124 

with 100 m core diameter. For accurate transmission/reflection measurements, light should be incident 125 

perpendicular to the sample. To achieve this, for transmission measurements incident light was focused 126 

on the sample through a condenser lens with variable a-stop (almost fully closed), while for reflection 127 

incident light was focused in the centre of the objective back focal plane. The area illuminated was > 128 

150 μm in all cases and transmission/reflection measurements were performed in a subregion within 129 

the illuminated spot (this avoids issues with inhomogeneous camera heating). Measurements were taken 130 

simultaneously over a lineslice by closing the slit at the entrance of the spectrometer to isolate the region 131 

of interest. The spectrometer camera, which was aligned at a conjugate focal plane, thus recorded the 132 

spectrum versus position in the region of interest without the need for a moving stage. In all 133 

measurements, transmitted or reflected light was collected by a 60x Nikon S Plan Fluor objective. All 134 

recorded signals were passed through a 450 nm long pass filter (Thorlabs FELH0450) to prevent second 135 

order effects on the spectrometer. For transmission a bare quartz substrate was used as a reference, 136 

while for reflection a mirror of known spectral response (Thorlabs PF10-03-P10-10) was employed as 137 

the reference (the Thorlabs reported spectral response was used).  138 

 139 

Photoluminescence and photoluminescence quantum yield (PLQY): was carried out on a Renishaw 140 

inVia Raman Microscope RE04 using a Coherent sapphire 488 SF NX excitation, incident on the air-141 

CdSexTe1-x interface as the thickness of the glass substrate prevented good focus on the glass- CdSexTe1-142 

x interface. All maps were recorded via snake scanning of the diffraction limited spot across the sample 143 

using an MS20 stage with minimum step size of 100 nm, dynamic trajectory control via a high speed 144 

microprocessor, via serial communication, and real time positional tracking using linear encoder 145 

feedback. We note the sample stage moved rather than the spot in all cases. PLQY was estimated using 146 

a similar approach to that outlined by[Frohna2022]. Specifically, a calibrated light source (Ocean Optics 147 

HL-3P-INT-CAL) was coupled to an integrating sphere with known spectral response (Thorlabs 148 

2P3/M). The output port of this sphere was aligned with the objective lens (Lecia N PLAN EPI, 100x 149 

objective, NA=0.85) of the Raman microscope and the spectrum recorded (allowing for relative 150 

radiometric calibration of PL data). The notch filter that normally removes the laser signal from the 151 

recording path was then removed, and the signal again recorded. The ratio of these signals gives the 152 

spectral response with and without the notch filter present. Secondly, the sphere was removed and the 153 
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objective lens focused on a mirror (Thorlabs PF10-03-P10-10) with known spectral response. The laser 154 

normally used to excite the sample was then shone on the mirror (at low power) and the signal recorded 155 

on the spectrometer. Finally, the mirror is removed and the incident power at the same position recorded 156 

with a Thorlabs S170C or S130C power meter.  By accounting for the reflection strength of the mirror, 157 

the ratio of number of photons incident on the mirror and the number recorded by the spectrometer can 158 

be calculated i.e. an absolute calibration at one wavelength. Using the recorded lamp spectrum, it is 159 

then possible to work out an absolute calibration at any wavelength both with the notch filter present 160 

and removed. This calibration allows for absolute luminescence yield measurements. We note that the 161 

relative radiometric response of the sphere was measured by sending a collimated white light beam into 162 

a second integrating sphere and recording the signal at the output port on an Ocean Insight Spectrometer 163 

FLAME-S-XR1. The sphere of interest was then coupled to the second integrating sphere and the 164 

collimated beam sent into the sphere of interest. The ratio of these two signals gives the spectral 165 

response of the integrating sphere used in measurements. An incident laser intensity of 5.9 ×166 

106 mWcm-2 was used in all measurements unless otherwise stated (noting this was a beam focused in 167 

a small area that we assume diffraction limited). Spot size here is defined as the boundary through which 168 

the intensity falls to 
1

𝑒2
 of the maximum intensity. Intensity of the laser was selected to allow for rapid 169 

sample measurement while preventing sample degradation (as observed by a gradual drop in the 170 

sample’s photoluminescence with time, which was seen at higher laser intensities). When calculating 171 

PLQY we assume Lambertian emission into a full 𝜋 hemisphere forwards and backwards, that is we 172 

multiply the number of recorded photons by 
2

𝑁𝐴2
, where 𝑁𝐴 is the numerical aperture of the objective, 173 

equal to 0.85 in these measurements. Furthermore, we were unable to measure absorption from the same 174 

region as PL, so when calculating PLQY we used the spatially averaged absorption value of 0.9 (see 175 

Figure S4). We also note that we initially attempted PL measurements using wide-field illumination 176 

and hyperspectral mapping. In this hyperspectral system we found that signals from the material were 177 

overtaken by intrusive luminescence signals from the glass substrate. This initiated our approach of 178 

using a Raman Microscope with a focused laser beam which allowed clear resolution of the material 179 

luminescence signal. 180 

 181 

Secondary ion mass spectrometry (SIMS): was carried out on an IMS 1280 HR from Cameca. A Cs+ 182 

primary beam, with +10kV on the source and -10kV on the sample (20kV of impact energy) was 183 

employed in all experiments, with a Max Area of 80  μm and electronic gating of 30 %. We explored 184 

different experimental parameters, but for those presented in the main text, for 50 nm and 200 nm CdSe 185 

samples, we used a field aperture of 4000/3000 μm, 150 μm raster length, a mass resolving power of 186 

3000 and a primary beam current of 2.2-3 (sample dependent)/2 nA. While our SIMS measurements 187 

record regions with both laminated and delaminated sample, we note delamination occurs between the 188 

thin film and the glass rather than within the sample, meaning the Se/Te distribution should be the same 189 



6 

in both regions. Additionally, multiple measurements were taken at different points across samples to 190 

verify the Se distribution was consistent and that measurements were not unduly influenced by any 191 

delamination. 192 

 193 

White light interferometry: was used to record sample thickness following SIMS. Specifically, a Bruker 194 

Contour GT-K was employed, using a white light source in VSI/VXI mode, with a 10x objective. 195 

 196 

Atomic force microscopy (AFM): was used to measure sample roughness. A Bruker FastScan AFM 197 

was employed for all measurements in ScanAsyst mode. ScanAsyst-Fluid+ tips were used in all 198 

measurements. 1st order plane fits were applied to all results. We note in two AFM scans (out of more 199 

than 16 scans in total) we observed a large number of very small (<1 μm size) grains nestled between 200 

larger grains. We removed these scans prior to the roughness analysis presented in the Supporting 201 

Information. 202 

203 
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Main 204 

 205 

CdTe thin films were deposited either directly onto glass substrates or with varying thicknesses of CdSe 206 

underlayer present (intermixing of a CdSe/CdTe bilayer to form CdSexTe1−x is conventional in solar cell 207 

fabrication), both with and without post deposition Cl passivation. Cl passivation was included as an 208 

additional variable due to its known influence on grain boundary passivation[Major2016,Moseley2014] 209 

and its ability to modify interdiffusion[Potter2000], while we avoided additional passivation agents to 210 

avoid overcomplicating the system. Simple glass substrates, as opposed to full device stacks, allowed 211 

us to directly examine the passivation properties of Se in CdSexTe1−x thin films in isolation. Cell 212 

structure samples (i.e. fabricated on typical electron/hole transport layers) exhibiting strong 213 

luminescence can be indicative of either better passivation or weaker charge extraction. Thus, producing  214 

samples on glass allows a cleaner analysis of passivation (see further discussion in Supporting 215 

Information Note 1). This sample structure is not without challenge due to the lack of surface roughness 216 

typically provided by underlying layers. Following chloride treatment, samples were found to have a 217 

degree of non-uniformity on the microscale. Specifically, the chloride treatment resulted in 218 

delamination of some sample regions from the substrate while others were left intact. This is due to the 219 

low roughness of the glass substrate, compared to typical underlying layers, limiting the adhesion of 220 

the CdTe film during recrystallisation which occurs during Cl treatment. As an example of 221 

delamination, Figure 1a shows a white light reflection image of a Cl-treated pure CdTe sample, i.e. with 222 

a 0 nm CdSe underlayer.  Due to the spatially resolved nature of the measurements used, analysis was 223 

able to focus solely on areas where grains remain intact.  224 

 225 

We carried out a number of morphological measurements to better understand the quality of the 226 

fabricated films, with results presented in Supporting Information note 2. Firstly, we carried out 227 

secondary ion mass spectrometry (SIMS) on samples with 50 nm and 200 nm CdSe underlayer to better 228 

understand the vertical distribution of Se throughout the films. In contrast to devices [Artegiani2021], 229 

we find that the ratio of Se to Te is approximately constant through the majority of the film, with a < 230 

0.5 μm region close to the glass substrate containing a small increase in Se content, making these films 231 

close to ideal for spectroscopic analyses, as is presented in Figure 1b as a function of SIMS etch number 232 

(see Supporting Information note 2 for further details). These measurements also confirmed that thicker 233 

CdSe underlayers resulted in greater Se content throughout the films. Secondly, we used interferometry 234 

measurements to record the thickness of our films, which we found to be between 2 μm and 2.5 μm in 235 

all cases. Finally, we used atomic force microscopy to demonstrate that in non-delaminated regions, 236 

similar grain morphologies and surface roughnesses were observed for all chlorine-treated samples. We 237 

note for these measurements, and all others presented in the paper, multiple positions were recorded on 238 
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measured samples with representative results being presented in the main text and supporting 239 

information. 240 

241 

 242 

Figure 1. a) white light reflection image of a Cl-treated 0 nm CdSe sample. Extended dark areas 243 

correspond to region of delamination. Overlaid on this plot is a lineslice along which we measured 244 

sample absorption. b) Ratio of Se to Te content as a function of etch number, as recorded via secondary 245 

ion mass spectrometry. Etch number 200 approximately corresponds to the glass substrate and each 246 

line to a different measurement (see legend). c) absorption + scatter results obtained for a 0 nm CdSe, 247 

Cl-treated sample. Above the main plot is the white light image of the sample with a blue dashed line 248 

highlighting the region measured. d) change in bandgap with CdSe thickness, via Tauc fitting of 249 

average absorption spectra from microscopic measurements, for samples both with and without a prior 250 

Cl-treatment. e) absorption + scatter for specific distances, as marked with colour arrows for specific 251 

positions in c), as the measurement moves across a grain. Weaker below-bandgap scattering is seen 252 

when measuring on a grain (corresponding to 51.2 μm and 52.0 μm). 253 

 254 

Microscale transmission and reflection measurements were carried out on all samples, which allowed 255 

us to calculate the fraction of light absorbed or scattered to high angles by the sample (equal to 1 −256 
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𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 − 𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛). Initially we used a hyperspectral imaging system to measure across a 257 

wide sample area (see Supporting Information Note 3). However, unexpectedly strong sub-bandgap 258 

inter-grain scattering was observed in all samples. To confirm whether these features were correct, we 259 

recorded the same signals along a lineslice (dashed line on Figure 1a) in a second measurement system 260 

(see Methods). While this second approach limits the number of points measured, it has previously 261 

reproduced absorption coefficients from single crystals to an extremely high level of 262 

accuracy[Bowman2023]. We present results from a Cl-treated 0 nm CdSe sample in Figure 1c. We 263 

found extremely similar results in both cases, confirming strong sub-bandgap scattering (discussed 264 

further below). We present further results from the second measurement approach in the main text.  265 

 266 

The deposited CdSe layers were expected to be completely consumed by interdiffusion with CdTe, 267 

resulting in CdSexTe1−x films with higher Se content for thicker CdSe layers . We carried out Tauc plot 268 

fitting (with sub-bandgap scattering subtracted) of the spatially averaged optical absorption data (see 269 

Supporting Information Note 4) to determine the average bandgap of each sample[Tauc1968]. The 270 

bandgap reduced with increased CdSe thickness, both with and without prior Cl treatment, as is 271 

presented in Figure 1d. This demonstrates that samples behave as expected and we reproduce previous 272 

literature results well[Lingg2018].  273 

 274 

A spatially and spectrally resolved absorption map for a Cl-treated 0 nm CdSe sample is presented in 275 

Figure 1c, alongside an image marking the sample region measured (for other samples see Supporting 276 

Information Note 4). Above the bandgap, strong absorption is observed at all wavelengths and positions, 277 

as expected for any good solar cell material. For grain centres absorption is never stronger than 0.75, 278 

which is reasonable noting the air-CdTe Fresnel power reflection coefficient is approximately 0.25. 279 

Below-bandgap (> 820 nm) scattering reaches values greater than 0.5 between some grains but is close 280 

to 0 at grain centres. This is further demonstrated in Figure 1e, where absorption + scatter is plotted 281 

for specific positions across a grain – high below-bandgap values are seen only between grains. 282 

Therefore, inter-grain regions scatter light into angles higher than 44° (based on the microscope 283 

objective NA of 0.7, see methods). We found that the extent of this inter-grain scattering was similar in 284 

all samples (Supporting Information Note 4), implying scattering is not the main cause of changes to 285 

luminescence observed in subsequent parts of this work.  286 

 287 

We attempted to use our absorption measurements to probe for bandgap changes across the sample – 288 

specifically whether we could correlate higher quantities of Se with lower bandgaps at grain boundaries. 289 

This was done by subtracting below-bandgap scattering from all samples and performing a Tauc fit at 290 

each position individually (see Supporting Information Note 5). Larger bandgap variation was observed 291 

for samples containing more Se, and the data is suggestive of lower bandgaps near gran boundaries. 292 

However, due to the strong variation in below bandgap scattering across the sample (Figure 1c) it was 293 
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difficult to draw a full conclusion, due to the error associated with the Tauc fitting (see Supporting 294 

Information Note 5 for more detail). 295 

 296 

To further explore the role of Se in our samples and explore passivation effects we employed confocal 297 

mapping to record PL across the sample surface. We present average PL spectra for all Cl-treated 298 

samples of various Se content samples, as well as for 0 nm and 100 nm CdSe untreated samples, in 299 

Figure 2a. We selected the incident laser intensity (5.9 × 106 mWcm-2) to be high enough to allow for 300 

efficient mapping, but still within a trap-dominated regime (see Supporting Information Note 6 for 301 

further discussion and evidence that the luminescence shape does not change with incident intensity). 302 

For all samples a single main luminescence peak is seen. Interestingly, the PL peak wavelength of non-303 

Cl treated samples shows no correlation with the quantity of CdSe present, despite Tauc fitting of the 304 

absorption measurements in Figure 1d showing a reduced bandgap for the non-Cl treated 100 nm CdSe 305 

sample. This leads us to suggest that, without Cl-treatment, either the CdSexTe1−x phase absorbs light 306 

but is non-emissive, or charge diffusion between regions richer in CdTe (that absorb the majority of the 307 

light incident on the sample, as this side is excited) and phases with higher Se content is minimal. In 308 

either case, only PL from the pure CdTe grains is observed. For Cl-treated samples the PL peak does 309 

shift to lower energies with increasing Se content, and the peak corresponds well with bandgaps 310 

estimated from Tauc fitting (Figure 2a, inset). In fact, for Cl-treated samples we were able to predict 311 

the sample luminescence well based on our measurements of sample absorption via the van 312 

Roosbroeck-Shockley relation[Roosbroeck1954], implying minimal Stokes shift prior to luminescence, 313 

as we discuss further in Supporting Information Note 7. For higher quantities of Se-incorporation in Cl-314 

treated samples, the PL not only red-shifts, but the width of the peak also increases (full-width-half-315 

maximum of 41 nm for 200 nm CdSe thickness, compared to 34 nm for 0 nm CdSe thickness). This 316 

again suggests that there is greater bandgap variation in samples with higher Se content. Disorder within 317 

the main luminescence peak, as measured by fitting the PL with an Urbach tail (see Urbach fits in 318 

Supporting Information Note 8)[Ledinsky2019], is relatively constant for all samples, varying between 319 

10 meV and 13 meV at most, as is presented in Figure 2b. More surprisingly, as the quantity of Se is 320 

increased in Cl-treated samples, a longer, sub-bandgap wavelength (>900 nm) signal increases in 321 

relative intensity. This can be seen more clearly in Supporting Information Note 8, where we present 322 

data on a logarithmic scale (to 950 nm) and uncalibrated data to 1050 nm (noting we were only 323 

confident in our radiometric calibration to 950 nm). This indicates that as Se content is increased, a 324 

defect state with strong luminescence increases in strength. As already noted, similar effects have been 325 

observed in bulk photoluminescence measurements by Kuciauskas et al. and Hu et al.[Kuciauskas2023, 326 

Hu2023], and cathodoluminescence measurements by Frouin et al. [Frouin2024], but this is the first 327 

photoluminescence evidence of a clear correlation between a controlled Se content and the strength of 328 

the defect luminescence. 329 
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330 

Figure 2. a) spatially averaged photoluminescence, PL, observed from each map. The inset presents 331 

the peak PL position for each sample. b) spatially averaged Urbach energy for each sample, as a 332 

function of CdSe thickness. c) spatially averaged photoluminescence quantum yield (PLQY) as a 333 

function of sample thickness (for all luminescence wavelengths recorded). Legend in c) applies to inset 334 

of a), b) and c). Error bars show standard deviation of recorded data. 335 

 336 

Figure 2c presents the spatially averaged photoluminescence quantum yield (PLQY) as a function of 337 

CdSe thickness. The PLQY measures of the ratio of radiative to total recombination rates – a perfect 338 

solar cell can only be achieved with a PLQY of unity. Here we observe PLQYs on the order of 10-7 - 339 

10-6. Previous studies have reported PLQY values as high as 10-2 for surface-passivated CdSexTe1−x 340 

devices[Onno2022,Kuciauskas2020]. However, this drops to between 10−5 and 10-7 without As or Cu 341 

surface passivation[Onno2022], noting other surface passivations have only been observed to have 342 

weak effects on PLQY values [Mallick2023]. Similarly, considering full devices, the best open circuit 343 

voltages observed in full devices is ~ 0.9 V while the detailed balance limit for CdTe predicts 344 
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𝑉𝑂𝐶,𝑖𝑑𝑒𝑎𝑙 =1.14 V[Geisthardt2015,Ruhle2016]. Noting 𝑉𝑂𝐶 = 𝑉𝑂𝐶,𝑖𝑑𝑒𝑎𝑙 +345 

𝑘𝐵𝑇

𝑞
ln⁡(𝑃𝐿𝑄𝑌)[Ross1967,Miller2012], this implies the best CdTe devices have PLQY ~ 10-3 346 

[Scarpulla2023,Mallick2023], but again these higher values are only observed with As or Cu surface 347 

passivation. Thus the PLQY we observe is reasonable for samples without surface passivation that have 348 

been fabricated on glass, where surface recombination velocity would be expected to be higher than for 349 

an interface with optimised carrier extraction layers. Figure 2c confirms two additional points. Firstly, 350 

without Cl treatment the PLQY is approximately an order of magnitude lower, demonstrating this 351 

treatment is necessary for higher quality CdTe and that Se alone is not sufficient for passivation. 352 

Secondly the PLQY also increases with increased Se content (we observe an approximate doubling of 353 

PLQY by 200 nm of CdSe), demonstrating that, while it does not preclude the need for a Cl treatment, 354 

CdSe plays a key role in film passivation. 355 

 356 

Our PLQY values also allow us to consider where within our film our luminescence measurements 357 

probe. Specifically, at our excitation wavelength of 488 nm CdTe’s absorption depth is 88 nm 358 

[Treharne2011]. Charge diffusion lengths of up to ~ 30 μm have been observed in single crystals of 359 

CdTe [Ščajev2022], and as noted above the best PLQY results reported are on the order of 10-2 360 

[Kuciauskas2020]. As our PLQY values of samples on glass are at least four orders of magnitude lower, 361 

and PLQY is (approximately) inversely proportional to charge lifetime, an upper bound on charge 362 

diffusion lengths in our films is 1 μm. Therefore, as the half of our films closer to air have a uniform Se 363 

to Te ratio (Supporting Information Note 2), our photoluminescence signals originate from a region 364 

where the ratio of Se to Te can be considered to be constant. We plot this explicitly in Supporting 365 

Information Figure S1. 366 

 367 

Having established the bulk CdSexTe1−x PL properties, we now consider microscale maps. Figure 3a-368 

c/d-f shows a white light reflection image, peak wavelength map and local PLQY map for Cl-treated 369 

0 nm/200 nm CdSe films. The peak wavelength is obtained by fitting the PL data from each pixel with 370 

a Gaussian, and details of  PLQY measurement approach is provided in the methods section. Equivalent 371 

results for 50 nm and 100 nm CdSe films are provided in Supporting Information Note 9 along with 372 

maps for non-Cl treated films. We note previous microscale studies of CdTe based samples have not 373 

explored peak wavelength with position or directly quantified microscale PLQY [Neupane2023, 374 

Abudulimu2022, Liu2014, Alberi2013]. Our spatially resolved analysis allows direct comparison of 375 

emission properties across the grain structure thereby distinguishing between grain boundaries and grain 376 

interiors. For Cl-treated 0 nm CdSe, longer wavelength PL emission peaks (> 822 nm)  are observed 377 

predominantly from grain centres (Figures 3a and b). As absorption measurements showed no 378 

significant bandgap variation across the sample (Supporting Information note 5), we interpret this to be 379 

a consequence of photon re-absorption i.e. shorter wavelength PL is re-absorbed before light can escape 380 
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the grain, shifting the PL peak to longer wavelength from grain centres (as the PL must travel through 381 

more material before reaching the surrounding[Pazos-Outón2018]). A direct consequence would be a 382 

higher PLQY from grain boundaries, which is observed in Figure 3c, especially surrounding larger 383 

grains (for plots of overlaid grains and PLQY, see Supporting Information Note 10). Notably, we also 384 

see some grain-to-grain variation in the PLQY – some grains (especially in the bottom left of Figure 385 

3c) are seen to have higher PLQYs. Grain-to-grain variation in PLQY is typical in many other 386 

semiconductor systems and can be related to numerous factors including strain and 387 

stoichiometry[Frohna2022].  388 

 389 

 390 

Figure 3. a), b) and c)/d), e) and f) white light reflection, peak wavelength and peak PLQY plots (± 391 

20 nm about the central peak) for 0 nm CdSe/200 nm CdSe samples, with both samples Cl treated. We 392 

note that the same colour scales are used for different ranges in b)/e) and c)/f) to allow for better 393 

visualisation of results. As a guide to the eye, black lines present approximate grain boundaries. 394 

 395 

The situation is completely reversed for Cl-treated 200 nm CdSe films. Here we observe longer peak 396 

wavelengths predominantly at grain boundaries and shorter peak wavelengths in grain interiors (Figure 397 

3d/e, see Supporting Information Note 10 for overlays). This is the opposite of what we expect from 398 

photon re-absorption, so leads us to the conclusion (consistent with the greater variation of bandgap 399 

observed in absorption measurements) this must be a result of bandgap variation across the sample: 400 

grain edges must have lower energy bandgaps than grain centres, as has previously been observed in 401 

cross-sectional CL of CdSexTe1−x devices[Fiducia2019,Zheng2019]. We again note that surface 402 

roughness doesn’t vary significantly between samples (Supporting Information Note 2), so this is not 403 
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due to out-coupling alone. Additionally, we see significantly higher PLQYs from the grain boundaries 404 

compared to the grain centres, as is shown in Figure 3f. The variation in PLQY between grain boundary 405 

and grain centre is approximately a factor of 2 larger than for 0 nm CdSe, and as we found the scattering 406 

at grain boundaries to be comparable for both samples (Supporting Information Note 4), this reveals 407 

that the PLQY is stronger at grain boundaries due to better passivation. These results provide direct 408 

evidence that Se is incorporated at the grain boundaries and that it passivates these regions. We further 409 

explore our photoluminescence maps in Supporting Information Note 11, where we extract the local 410 

temperature, radiative and implied open circuit voltages from our data. We find that all samples have 411 

uniform temperature distributions slightly above room temperature, which is reasonable as we are using 412 

a focused laser beam to excite the sample. Our open circuit voltage maps further support our conclusions 413 

drawn here, again showing preferential passivation of grain boundaries for the 200 nm CdSe sample.  414 

 415 

Cl-treated 50 nm CdSe and 100 nm CdSe plots show similar relationships between peak wavelength 416 

and PLQY to those presented in Figure 3, as shown in Supporting Information Note 9, with 50 nm CdSe 417 

behaving similarly to 0 nm CdSe and 100 nm CdSe more similarly to 200 nm CdSe. To further elucidate 418 

on this point (Supporting Information Note 12), a negative correlation (Pearson correlation coefficient, 419 

𝑟 = −0.13) is observed between peak wavelength and PLQY for the 0nm CdSe sample i.e. for longer 420 

wavelength regions (grain centres), the PLQY is lower (due to more photon re-absorption). However, 421 

as the quantity of CdSe is increased we observe a change to positive correlations (𝑟 = 0.04, 0.18⁡and 422 

0.31 for 50 nm, 100 nm and 200 nm CdSe respectively): longer wavelength regions have higher 423 

PLQYs. This again demonstrates that Se-rich regions (which have lower energy bandgaps) have better 424 

passivation. Due to much smaller grain sizes in non-Cl treated samples it was not possible to draw 425 

conclusions on the effect of grain structure on the PL, but we note we also see significant peak 426 

wavelength (± 12 nm) and PLQY variation (1 order of magnitude) across these samples 427 

 428 

Finally, we return to the below bandgap PL that increases with thicker CdSe (c.f. Figure 2a) to 429 

understand its origin at the microscale. We note that while our samples may not have optimal Se 430 

intermixing, the trend we see is consistent with increasing Se content across several regions measured, 431 

meaning the correlation between below-bandgap traps and increasing Se content is justifiable. For this 432 

defect to be appropriately passivated, its location within the sample must first be understood (going 433 

beyond the cathodoluminescence analyses by Frouin et al. [Frouin2024]). Some below bandgap PL was 434 

observed across nearly all sample regions (as shown in Supporting Information Note 13). To find where 435 

this emission was most pronounced relative to the main PL peak, we calculated PLQY maps of the long 436 

wavelength, below bandgap PL region (approximately 900 nm to 950 nm) and the tail of the main PL 437 

peak (specifically, the range 10-20 nm beyond the main PL peak, focusing on these wavelengths to 438 

remove photon re-absorption effects that would complicate analysis). Normalising these maps by their 439 

average value and dividing the resulting long-wavelength data by the main PL peak tail data gives us a 440 
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ratio that, if larger than one, indicates a region with particularly strong below-bandgap PL relative to its 441 

emission at the main PL peak wavelength. This ratio and associated white light reflection images for 442 

Cl-treated 0 nm CdSe/200 nm CdSe are shown in Figure 4a-b/c-d. For 0 nm CdSe we observe a weak 443 

correlation between increased below-bandgap PL and grain boundaries (Figure 4b), and the ratio stays 444 

between 0.7 and 1.3 for all positions, indicating only a modest difference between grain interiors and 445 

grain boundaries.  In contrast, for 200 nm CdSe we see a strong increase in long wavelength PL (with 446 

the ratio reaching values larger than 2), mainly focused at grain centres. This leads us to the conclusion 447 

that while Se alloying passivates grain boundaries, its presence also correlates with an increase in an 448 

emissive defect state more concentrated within the grain centres, which would ultimately be detrimental 449 

to solar cell performance. Whilst the bandgap of the 200 nm CdSe sample indicates a lower Se content 450 

than typically found in record-efficiency devices [Green63], the trend towards increased sub-bandgap 451 

emission for higher Se content in this study suggests that this emissive state is likely to be prevalent in 452 

material with larger Se content. This is especially important in CdSexTe1−x solar cells where the ratio of 453 

Se to Te is graded across the cell.  Hence these results imply that while Se incorporation helps to 454 

compensate for the deleterious impact of grain boundaries within the material, it may hinder further 455 

improvements by enhancing the formation of a luminescent trap state within the grains. Future work to 456 

explore this effect should explore longer wavelength photoluminescence, potentially using a Raman 457 

microscope with an InGaAs detectors (that can access wavelengths longer than 1050 nm) coupled to 458 

short wavelength excitation (noting Raman microscopes with InGaAs detectors currently use long 459 

wavelength, >900 nm, excitation lasers). 460 

 461 
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 462 

Figure 4. a)/c) white light reflection and b)/d) long wavelength PL intensity normalised to average 463 

value divided by the main wavelength PL intensity normalised to average value (see main text), for Cl-464 

treated 0 nm/200 nm CdSe. As a guide to the eye, black lines present approximate grain boundaries. 465 

 466 

Conclusion  467 

 468 

This work showcases the possibilities of fully quantitative spatially resolved steady-state spectroscopy 469 

to understand CdTe and CdSexTe1−x, providing new insight into the role of Se in incorporation in 470 

CdSexTe1−x. A tailored series of CdSexTe1−x films on glass were studied, where the Se content was 471 

varied via controlled thickness of a CdSe underlayer. Our microscale absorption and photoluminescence 472 

measurements give direct evidence that higher Se content passivates grain boundaries in CdSexTe1−x, 473 

corroborating prior results from cross-sectional CL studies. Importantly, we reveal that Se alloying 474 

leads to an increase of luminescent sub-bandgap states, which are more strongly concentrated in grain 475 

centres. Our results indicate that the defect chemistry associated with Se is more complex than has been 476 
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previously appreciated and likely has both beneficial and detrimental effects on the absorber material. 477 

Further work is now required to understand the precise nature of this defect state and whether it's 478 

formation can be avoided by modification of the fabrication process.  479 

 480 

Acknowledgements 481 

 482 

ARB acknowledges support of an EPSRC Impact Accelerator Grant, SNSF Eccellenza Grant PCEGP2-483 

194181 and an SNSF Swiss Postdoctoral Fellowship TMPFP2_217040. ARB thanks Franky Esteban 484 

Bedoya Lora for use of an Ocean Optics spectrometer.  JFL and JDM acknowledge EPSRC for funding 485 

via EP/N014057/1, EP/W03445X/1 and the EPSRC Centre for Doctoral Training in New and 486 

Sustainable Photovoltaics EP/L01551X/1. KF acknowledges the support of an Engineering and 487 

Physical Sciences Research Council (EPSRC) Doctoral Prize Postdoctoral Fellowship and a Winton 488 

Sustainability Fellowship. SDS acknowledges support from the Royal Society and Tata Group 489 

(UF150033). The authors acknowledge the EPSRC (EP/R023980/1) for funding. The authors thank 490 

Florent Plane, Anne-Sophie Bouvier and Johanna Marin Carbonne for their assistance with SIMS 491 

measurements. 492 

 493 

Data availability 494 

 495 

The data underlying this manuscript is available at 10.5281/zenodo.11235344 or via the authors on 496 

request. 497 

 498 

Conflicts of interest 499 

The authors have no conflicts to disclose. 500 

 501 

Inclusion and Ethics 502 

All research contained within this work was conducted using inclusive practices inline with institutional 503 

policies. No ethical concerns were identified with this work. 504 

 505 

  506 

https://gow.epsrc.ukri.org/NGBOViewGrant.aspx?GrantRef=EP/N014057/1
https://gow.epsrc.ukri.org/NGBOViewGrant.aspx?GrantRef=EP/L01551X/1


18 

References 507 

 508 

[Ablekim2019] T. Ablekim, C. Perkins, X. Zheng, C. Reich, D. Swanson, E. Colegrove, J. N. Duenow, 509 
D. Albin, S. Nanayakkara, M. O. Reese, T. Shimpi, W. Sampath, and W. K. Metzger, Tailoring 510 
MgZnO/CdSeTe Interfaces for Photovoltaics, IEEE Journal of Photovoltaics, 9(3), 888-892 (2019) 511 

[Ablekim2020] T. Ablekim, J. N. Duenow, X. Zheng, H. Moutinho, J. Moseley, C. L. Perkins, S. W. 512 
Johnston, P. O’Keefe. E. Colegrove, D. S. Albin, M. O. Reese, and W. K. Metzger, Thin-Film Solar 513 
Cells with 19% Efficiency by Thermal Evaporation of CdSe and CdTe, ACS Energy Lett., 5(3), 892-514 
896 (2020) 515 

[Abudulimu2022] A. Abudulimu, J. Kulicek, E. Bastola, A. B. Phillips, A. Patel, D. Pokhrel, M. K. 516 
Jamarkattel, M. J. Heben, B. Rezek and R. J. Ellingson. Photophysical Properties of CdSe/CdTe Bilayer 517 
Solar Cells: A Confocal Raman and Photoluminescence Microscopy Study. IEEE 49th Photovoltaics 518 
Specialists Conference (PVSC), Philadelphia, PA, USA, pp. 1088-1090 (2022) 519 
 520 
[Alberi2013] K. Alberi, B. Fluegel, H. Moutinho, R. G. Dhere, J. V. Li and A. Mascarenhas. Measuring 521 
long-range carrier diffusion across multiple grains in polycrystalline semiconductors by 522 
photoluminescence imaging. Nat Commun 4, 2699 (2013) 523 
 524 
[Artegiani2021] E. Artegiani, P. Punathil, V. Kumar, M. Bertoncello, M. Meneghini, A. Gasparotto, 525 
and A. Romeo, Effects of CdTe Selenization on the Electrical Properties of the Absorber for the 526 
Fabrication of CdSexTe1-x/CdTe Based Solar Cells, Solar Energy 227, 8 (2021). 527 
 528 
[Baines2018] T. Baines, Z. Guillaume, L. Bowen, T. P. Shalvey, S. Mariotti, K. Durose and J. D. Major, 529 
Incorporation of CdSe Layers into CdTe Thin Film Solar Cells, Solar Energy Materials and Solar Cells, 530 
180, 196-204 (2018) 531 
 532 
[Barnard2013] E. Barnard, E. Hoke, S. Connor, J. R. Groves, T. Kuykendall, Z. Yan, E. C. Samulon, 533 
E. D. Bourret-Courchesne, S. Aloni, P. J. Schuck, C. H. Peters and B. E. Hardin. Probing carrier 534 
lifetimes in photovoltaic materials using subsurface two-photon microscopy. Sci Rep 3, 2098 (2013) 535 
 536 
[Bowman2023] A. R. Bowman, Á. R. Echarri, F. Kiani, F. Iyikanat, T. V. Tsoulos, J. D. Cox, R. 537 
Sundararaman, F. J. G. de Abajo, and G. Tagliabue, Quantum-Mechanical Effects in 538 
Photoluminescence from Thin Crystalline Gold Films, arXiv:2307.08477 (2023). 539 
 540 
[Fiducia2019] T. A. M. Fiducia, B. G. Mendis, K. Li, C. R. M. Grovenor, A. M. Munshi, K. Barth, W. 541 
S. Sampath, L. D. Wright, A. Abbas, J. W. Bowers, and J. M. Walls, Understanding the role of selenium 542 
in defect passivation for highly efficient selenium-alloyed cadmium telluride solar cells, Nature Energy, 543 
4, 504-511 (2019) 544 

[Fiducia2022] T. Fiducia, A. Howkins, A. Abbas, B. Mendis, A. Munshi, K. Barth, W. Sampath, and J. 545 
Walls, Selenium passivates grain boundaries in alloyed CdTe solar cells, Solar Energy Materials and 546 
Solar Cells, 238, 111595 (2022) 547 

[Frohna2022] K. Frohna, M. Anaya, S. Macpherson, et al. Nanoscale chemical heterogeneity dominates 548 
the optoelectronic response of alloyed perovskite solar cells. Nat. Nanotechnol. 17, 190–196 (2022). 549 
https://doi.org/10.1038/s41565-021-01019-7 550 

[Frouin2024] B. Frouin, T. Bidaud, S. Pirotta, T. Ablekim, J. Moseley, W. K. Metzger, and S. Collin, 551 
Quantitative Assessment of Selenium Diffusion and Passivation in CdSeTe Solar Cells Probed by 552 
Spatially Resolved Cathodoluminescence, APL Materials 12, 031135 (2024) 553 

[Geisthardt2015] R. M. Geisthardt, M. Topič and J. R. Sites. Status and Potential of CdTe Solar-Cell 554 
Efficiency. IEEE Journal of Photovoltaics, 5, 4, (2015) 555 



19 

[Green63] M. A. Green, E. D. Dunlop, M. Yoshita, N. Kopidakis, K. Bothe, G. Siefer, and X. Hao, 556 
Solar cell efficiency tables (version 62), Progress in Photovoltaics: Research and Applications, 31(7), 557 
(2023) 558 

[Guo2019] J. Guo, A. Mannodi-Kanakkithodi, F. G. Sen, E. Schwenker, E. S. Barnard, A. Munshi, W. 559 
Sampath, M. K. Y. Chan, and R. F. Klie, Effect of selenium and chlorine co-passivation in 560 
polycrystalline CdSeTe devices, Applied Physics Letters, 115(15), 153901 (2019) 561 

[Hu2023] G. Hu, H. Cao, P. Tang, X. Hao, B.-H. Li, H. Li, D. Zhao, W. Li, L. Wu and J. Zhang. 562 
Ultrafast photocarrier dynamics of CdSexTe1-x polycrystalline films under low illumination. Solar 563 
Energy. 256, 289-293 (2023) 564 
 565 
[Johnston2015] S. Johnston, A. A. Motz, M. O. Reese, J. M. Burst and W. K. Metzger. 566 
Photoluminescence imaging of large-grain CdTe for grain boundary characterization. IEEE 42nd 567 
Photovoltaic Specialist Conference (PVSC), New Orleans, LA, USA (2015) 568 
 569 
[Kuciauskas2016] D. Kuciauskas, K. Wernsing, S. A. Jensen, T. M. Barnes, T. H. Myers and R. A. 570 
Bartels. Analysis of Recombination in CdTe Heterostructures With Time-Resolved Two-Photon 571 
Excitation Microscopy. IEEE Journal of Photovoltaics, 6, 6, 1581-1586 (2016) 572 
 573 
[Kuciauskas2017] D. Kuciauskas, D. Lu, S. Grover, G. Xiong and M. Gloeckler. Separating grain-574 
boundary and bulk recombination with time-resolved photoluminescence microscopy. Appl. Phys. Lett. 575 
111, (23): 233902 (2017) 576 
 577 
[Kuciauskas2020] D. Kuciauskas, J. Moseley, P. Ščajev, and D. Albin, Radiative Efficiency and 578 
Charge-Carrier Lifetimes and Diffusion Length in Polycrystalline CdSeTe Heterostructures, Phys. 579 
Status Solidi RRL, 14(3), 1900606 (2020) 580 

[Kuciauskas2021] D. Kuciauskas, J. Moseley, and C. Lee. Identification of Recombination Losses in 581 
CdSe/CdTe Solar Cells from Spectroscopic and Microscopic Time-Resolved Photoluminescence. Sol. 582 
RRL, 5: 2000775 (2021) 583 
 584 
[Kuciauskas2023] D. Kuciauskas, M. Nardone, A. Bothwell, D. Albin, C. Reich, C. Lee, E. Colegrove. 585 
Why Increased CdSeTe Charge Carrier Lifetimes and Radiative Efficiencies did not Result in Voltage 586 
Boost for CdTe Solar Cells. Adv. Energy Mater. 13, 2301784 (2023) 587 
 588 
[Liu2014] H. Liu, Y. Zhang, Y. Chen, P. S. Wijewarnasuriya. Confocal Micro-PL Mapping of Defects 589 
in CdTe Epilayers Grown on Si (211) Substrates with Different Annealing Cycles. J. Electron. Mater. 590 
43, 2854–2859 (2014) 591 
 592 
[Ledinsky2019] M. Ledinsky, T. Schönfeldová, J. Holovský, E. Aydin, Z. Hájková, L. Landová, N. 593 
Neyková, A. Fejfar, and S. De Wolf, Temperature Dependence of the Urbach Energy in Lead Iodide 594 
Perovskites, Journal of Physical Chemistry Letters 10, 1368 (2019) 595 

[Lingg2018] M. Lingg, A. Spescha, S. G. Haass, R. Carron, S. Buecheler, and A. N. Tiwari, Structural 596 
and electronic properties of CdTe1−x­Sex films and their application in solar cells, Science and 597 
Technology of Advanced Materials, 19(1), 683-692 (2018) 598 

[Major2016] J. D. Major, M. Al Turkestani, L. Bowen, M. Brossard, C. Li, P. Lagoudakis, S. J. 599 
Pennycook, L. J. Phillips, R. E. Treharne, and K. Durose, In-depth analysis of chloride treatments for 600 
thin-film CdTe solar cells, Nat. Com., 7, 13231 (2016) 601 

[Mallick2023] R. Mallick, X. Li, X, Shan et al. Arsenic-Doped CdSeTe Solar Cells Achieve World 602 
Record 22.3% Efficiency. IEEE Journal of Photovoltaics, 13, 4 (2023) 603 



20 

[Miller2012] O. D. Miller, E. Yablonovitch, and S. R. Kurtz, Strong Internal and External 604 
Luminescence as Solar Cells Approach the Shockley–Queisser Limit, IEEE J. Photovoltaics 2, 303 605 
(2012) 606 

[Moseley2014] J. Moseley, M. M. Al-Jassim, D. Kuciauskas, H. R. Moutinho, N. Paudel, H. Guthrey, 607 
Y. Yanfa, W. K. Metzger, and R. K. Ahrenkiel, Cathodoluminescence Analysis of Grain Boundaries 608 
and Grain Interiors in Thin-Film CdTe, IEEE J. Photovolt., 4(6), 1671-1679 (2014) 609 

[Munshi2018] A. H. Munshi, J. Kephart, A. Abbas, J. Raguse, J.-N. Beaudry, K. Bath, J. Sites, J. Walls, 610 
and W. Sampath, Polycrystalline CdSeTe/CdTe Absorber Cells With 28 mA/cm2 Short-Circuit 611 
Current, IEEE Journal of Photovoltaics, 8(1), 310-314 (2018) 612 

[Neupane2023] G. R. Neupane, A. J. Winchester, N. M. Peraca, D. S. Albin, J. N. Duenow, M. O. 613 
Reese, S. J. Pookpanratana, S. M. Thon, B. H. Hamadani. Imaging local luminescence variations in 614 
CdSe0.1Te0.9 thin films grown by the colossal grain growth process. Cell Reports Physical Science, 4, 8 615 
(2023) 616 
 617 
[Onno2022] A. Onno, C. Reich, S. Li, A. Danielson, W.Weigand, A. Bothwell, S. Grover, J. Bailey, G. 618 
Xiong, D. Kuciauskas, W. Sampath, and Z. C. Holman, Understanding What Limits the Voltage of 619 
Polycrystalline CdSeTe Solar Cells, Nat. Energy, 7, 400-408 (2022) 620 

[Paudel2014] N. R. Paudel, and Y. Yan, Enhancing the photo-currents of CdTe thin-film solar cells in 621 
both short and long wavelength regions, Applied Physics Letters, 105(18), 183510 (2014) 622 

[Pazos-Outón2018] L. M. Pazos-Outón, T. P. Xiao, and E. Yablonovitch, Fundamental Efficiency Limit 623 
of Lead Iodide Perovskite Solar Cells, The Journal of Physical Chemistry Letters 9, 1703 (2018) 624 

[Poplawksy2016] J. D. Poplawksy, W. Guo, N. Paudel, A. Ng, K. More, D. Leonard and Y. Yan, 625 
Structural and Compositional Dependence of the CdTexTe1−x Alloy Layer Photoactivity in CdTe-Based 626 
Solar Cells, Nature Communications, 7(1), 12537 (2016) 627 

[Potter2000] M. D. G. Potter, D. P. Halliday, M. Cousins, and K. Durose, A study of the effects of 628 
varying cadmium chloride treatment on the luminescent properties of CdTe/CdS thin film solar cells, 629 
Thin Solid Films, 361-362, 248-252 (2000) 630 

[Roosbroeck1954] W. van Roosbroeck and W. Shockley, Photon-Radiative Recombination of 631 
Electrons and Holes in Germanium, Physical Review 94, 1558 (1954) 632 

[Ross1967] R. T. Ross, Some Thermodynamics of Photochemical Systems, The Journal of Chemical 633 
Physics 46, 4590 (1967) 634 

[Ruhle2016] S. Rühle, Tabulated values of the Shockley-Queisser limit for single junction solar cells, 635 
Solar Energy, 130, 139-147 (2016) 636 

[Ščajev2022] Ščajev, P., Mekys, A., Subačius, L. et al. Impact of dopant-induced band tails on optical 637 
spectra, charge carrier transport, and dynamics in single-crystal CdTe. Scientific Reports, 12, 12851 638 
(2022).  639 

[Scarpulla2023] M. A. Scarpulla, B. McCandless, A. B. Phillips et al., CdTe-based thin film 640 
photovoltaics: Recent advances, current challenges and future prospects, Solar Energy Materials and 641 
Solar Cells, 255, 112289 (2023)  642 

[Swanson2017] D. E. Swanson, J. R. Sites, and W. S. Sampath, Co-sublimation of CdSexTe1−x layers 643 
for CdTe solar cells, Solar Energy Materials and Solar Cells, 159, 389-394 (2017) 644 

[Tauc1968] J. Tauc, Optical Properties and Electronic Structure of Amorphous Ge and Si, Materials 645 
Research Bulletin 3, 37 (1968) 646 



21 

[Tit2009] N. Tit, I. M. Obaidat, and H. Alawadhi, Origins of bandgap bowing in compound-647 
semiconductor common-cation ternary alloys, Journal of Physics: Condensed Matter, 21, 075802 648 
(2009) 649 

[Treharne2011] R. E. Treharne, A. Seymour-Pierce, K. Durose, K. Hutchings, S. Roncallo and D. Lane. 650 
Optical Design and Fabrication of Fully Sputtered CdTe/CdS Solar Cells. Journal of Physics: 651 
Conference Series. 286 012038 (2011) 652 

[Xue2023] J.. Xue, X. Yang, X. Bao, L. Fu, S. Li, M. Huang, J. Wang, H. Song, S. Chen, C. Chen, K. 653 
Li, and J. Tang. Improved Carrier Lifetimes of CdSe Thin Film via Te Doping for Photovoltaic 654 
Application. ACS Applied Materials & Interfaces. 15 (14), 17858-17866 (2023) 655 
 656 
[Zheng2019] X. Zheng, D. Kuciauskas, J. Moseley, E. Colegrove, D. S. Albin, H. Moutinho, J. N. 657 
Duenow, T. Ablekim, S. P. Harvey, A. Ferguson, and W. K. Metzger, Recombination and bandgap 658 
engineering in CdSeTe/CdTe solar cells, APL Materials, 7, 071112 (2019) 659 

[Zidane2019] T. E. K. Zidane, M. R. B. Adzman, M. F. N. Tajuddin, S. M. Zali, and A. Durusu, Optimal 660 
configuration of photovoltaic power plant using grey wolf optimizer: A comparative analysis 661 
considering CdTe and c-Si PV modules, Solar Energy, 118, 247-257 (2019) 662 


