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Dear Dr. Steindel, 

The manuscript “Close-Space Sublimation-Deposited Ultra-Thin CdSeTe/CdTe Solar Cells for 

Enhanced Short-Circuit Current Density and Photoluminescence” is being re-submitted for 

publication in the Journal of Visualized Experiments following changes made to the original 

submission based on editorial and referee feedback. This work is an invited submission through 

editor Benjamin Werth. 

Given the importance of developing cheap and reliable renewable energy resources amidst rapid 

climate change and the need to minimize solar cell fabrication costs and increase device 

efficiencies, this work is focused on the fabrication of ultra-thin CdSeTe/CdTe solar cells. Previous 

publications have reported efficiency increases with the incorporation of CdSeTe into CdTe-based 

photovoltaic devices; this work employs absorber thicknesses more than two times thinner than 

those previously researched and demonstrates comparable improvement in efficiency. Through 

automated in-line close-space sublimation deposition, optimized thin-absorber CdSeTe/CdTe 

devices offer fabrication time and cost minimization as well as future device structure 

improvements which require an ultra-thin absorber layer. 

Given that this work provides the detailed fabrication of ultra-thin CdSeTe/CdTe photovoltaic 

devices and progress in the performance of these devices, we believe that the findings presented 

in our paper will appeal to device fabrication and material-interested readers who subscribe to the 

Journal of Visualized Experiments. 

Each of the authors confirms that this manuscript has not been previously published and is not 

currently under consideration by any other journal. Additionally, all authors have approved the 

content of this paper and have agreed to the Journal of Visualized Experiments’ submission 

policies. 
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Alexandra Bothwell 

Corresponding Author 

Doctoral Graduate Student 

Colorado State University 

Fort Collins, CO, 80523 
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SUMMARY: 22 
This work describes the complete fabrication process of thin absorber cadmium selenium 23 
telluride/cadmium telluride photovoltaic devices for enhanced efficiency. The process utilizes 24 
an automated in-line vacuum system for close-space sublimation deposition that is scalable to 25 
fabrication of small area research devices as well as large-scale modules. 26 
 27 
ABSTRACT: 28 
Developments in photovoltaic device architectures are necessary to make solar energy a cost-29 
effective and reliable source of renewable energy amidst growing global energy demands and 30 
climate change. Thin film CdTe technology has demonstrated cost-competitiveness and 31 
increasing efficiencies due partially to rapid fabrication times, minimal material usage, and 32 
introduction of a CdSeTe alloy into a ~3 μm absorber layer. This work presents the close-space 33 
sublimation fabrication of thin CdSeTe/CdTe bilayer devices using an automated in-line vacuum 34 
deposition system. The thin bilayer structure and fabrication technique minimize deposition 35 
time, increase device efficiency, and facilitate future thin absorber-based device architecture 36 
development. Three fabrication parameters appear to be the most impactful for optimizing thin 37 
CdSeTe/CdTe absorber devices: substrate preheat temperature, CdSeTe:CdTe thickness ratio, 38 
and CdCl2 passivation. For proper sublimation of the CdSeTe, the substrate temperature prior 39 
to deposition must be ~540 °C (higher than that for CdTe) and controlled by dwell time in a 40 
preheat source. Variation in the CdSeTe:CdTe thickness ratio reveals a strong dependence of 41 
device performance on this ratio. The optimal absorber thicknesses are 0.5 μm CdSeTe/1.0 μm 42 
CdTe, and non-optimized thickness ratios reduce efficiency through back-barrier effects. Thin 43 
absorbers are sensitive to CdCl2 passivation variation. A much less aggressive CdCl2 treatment 44 
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(compared to thicker absorbers) regarding both temperature and time yields optimal device 45 
performance. With optimized fabrication conditions, CdSeTe/CdTe increases device short-46 
circuit current density and photoluminescence intensity compared to single-absorber CdTe. 47 
Additionally, an in-line close-space sublimation vacuum deposition system offers material and 48 
time reduction, scalability, and attainability of future ultra-thin absorber architectures. 49 
 50 
INTRODUCTION:  51 
 52 
Global energy demand is quickly accelerating, and the year 2018 demonstrated the fastest( 53 
2.3%) growth rate in the last decade1. Paired with increasing awareness of the effects of climate 54 
change and the burning of fossil fuels, the need for cost-competitive, clean, and renewable 55 
energy has become abundantly clear. Of the many renewable energy sources, solar energy is 56 
distinctive for its total potential, as the amount of solar energy that reaches earth far exceeds 57 
global energy consumption2.  58 
 59 
Specifically, photovoltaic (PV) devices directly convert solar energy to electrical power and are 60 
versatile in scalability (e.g., personal use mini-modules and grid-integrated solar arrays) and 61 
material technologies. Technologies such as multi- and single-junction and single-crystal gallium 62 
arsenide (GaAs) solar cells have efficiencies reaching 39.2% and 35.5%, respectively3. However, 63 
fabrication of these high efficiency solar cells is costly and time-consuming. Polycrystalline 64 
cadmium telluride (CdTe) as a material for thin film PVs is advantageous for its low cost, high-65 
throughput fabrication, variety of deposition techniques, and favorable absorption coefficient. 66 
These attributes make CdTe propitious for large-scale manufacturing. Finally, improvements in 67 
efficiency have made CdTe a cost-competitive material compared to silicon and fossil fuels, 68 
which currently dominant the PV market4. 69 
 70 
One recent advancement that has driven the increase in CdTe device efficiency is the 71 
incorporation of cadmium selenium telluride (CdSeTe) alloy material into the absorber layer. 72 
Integrating the lower ~1.4 eV band gap CdSeTe material into a 1.5 eV CdTe absorber reduces 73 
the front band gap of the bilayer absorber. This increases the photon fraction above the band 74 
gap and thus improves current collection. Successful incorporation of CdSeTe into absorbers 75 
that are 3 μm or thicker for increased current density has been demonstrated with various 76 
fabrication techniques (i.e., close-space sublimation, vapor transport deposition, and 77 
electroplating)5-7. Increased room temperature photoluminescence emission spectroscopy (PL), 78 
time-resolved photoluminescence (TRPL), and electroluminescence signals from bilayer 79 
absorber devices5,8 indicate that (in addition to increased current collection) 1) the CdSeTe 80 
appears to have better radiative efficiency and minority carrier lifetime, and 2) a CdSeTe/CdTe 81 
device has a larger voltage relative to the ideal than with CdTe only. This has largely been 82 
attributed to selenium passivation of bulk defects9. 83 
 84 
Little research has been reported on the incorporation of CdSeTe into thinner (≤1.5 μm) CdTe 85 
absorbers. We have therefore investigated the characteristics of thin 0.5 μm CdSeTe/1.0 μm 86 
CdTe bilayer-absorber devices fabricated by close-space sublimation (CSS) to determine 87 
whether the benefits seen in thick bilayer absorbers are also attainable with thin bilayer 88 



   

absorbers. Such CdSeTe/CdTe absorbers, more than twice as thin as their thicker counterparts, 89 
offer a notable decrease in deposition time and material and lower manufacturing costs. 90 
Finally, they hold potential for future device architecture developments, which require 91 
absorber thicknesses of less than 2 μm. 92 
 93 
CSS deposition of absorbers in a single automated in-line vacuum system offers many 94 
advantages over other fabrication methods10,11. Faster deposition rates with CSS fabrication 95 
boosts device throughput and promotes larger experimental datasets. Additionally, the single 96 
vacuum environment of the CSS system in this work limits potential challenges with absorber 97 
interfaces. Thin film PV devices have many interfaces, each of which can act as a recombination 98 
center for electrons and holes, thus reducing the overall device efficiency. The use of a single 99 
vacuum system for the CdSeTe, CdTe, and cadmium chloride (CdCl2) depositions (necessary for 100 
good absorber quality12-16) can produce a better interface and reduce interfacial defects.  101 
 102 
The in-line automated vacuum system developed at Colorado State University10 is also 103 
advantageous in its scalability and repeatability. For example, deposition parameters are user-104 
set, and the deposition process is automated such that the user does not need to make 105 
adjustments during absorber fabrication. Although small area research devices are fabricated in 106 
this system, the system design can be scaled up for larger area depositions, enabling a link 107 
between research-scale experimentation and module-scale implementation. 108 
 109 
This protocol presents the fabrication methods used to manufacture 0.5 μm CdSeTe/1.0 μm 110 
CdTe thin film PV devices. For comparison, a set of 1.5 μm CdTe devices are fabricated, and 111 
single and bilayer absorber structures show nominally identical deposition conditions in all 112 
process steps, excluding the CdSeTe deposition. To characterize whether thin CdSeTe/CdTe 113 
absorbers retain the same benefits demonstrated by their thicker counterparts, current 114 
density-voltage (J-V), quantum efficiency (QE), and PL measurements are performed on the thin 115 
single and bilayer absorber devices. An increase in short-circuit current density (JSC) as 116 
measured by J-V and QE, in addition to an increase in PL signal for the CdSeTe/CdTe vs. CdTe 117 
device, indicate that thin CdSeTe/CdTe devices fabricated by CSS show notable improvement in 118 
current collection, material quality, and device efficiency. 119 
 120 
Although this work focuses on the benefits associated with the incorporation of a CdSeTe alloy 121 
into a CdTe PV device structure, the complete fabrication process for CdTe and CdSeTe/CdTe 122 
devices is described subsequently in full. Figure 1A,B shows completed device structures for 123 
CdTe and CdSeTe/CdTe devices respectively, comprised of a transparent conducting oxide 124 
(TCO)-coated glass substrate, n-type magnesium zinc oxide (MgZnO) emitter layer, p-type CdTe 125 
or CdSeTe/CdTe absorber with CdCl2 treatment and copper doping treatment, thin Te layer, and 126 
nickel back contact. Excluding the CSS absorber deposition, the fabrication conditions are 127 
identical between the single and bilayer structure. Thus, unless otherwise noted, each step is 128 
performed on both CdTe and CdSeTe/CdTe structures. 129 
 130 
PROTOCOL: 131 
 132 



   

CAUTION: Gloves must be worn when handling substrates to prevent film contamination and 133 
material-to-skin contact. This fabrication process requires the handling of structures containing 134 
cadmium compounds; therefore, a lab coat and gloves should be worn in the lab at all times. 135 
 136 
1. Substrate cleaning 137 
 138 
1.1. Place TCO-coated glass substrates (9.1 cm x 7.8 cm) in a stainless steel rack with ample 139 
spacing such that cleaning solution and compressed air can be applied to each glass face. 140 

 141 
1.2. Blow any dust off the substrates using a nitrogen compressed air hose. 142 

 143 
1.3. Place the rack in an ultrasonic cleaner (UC1) and fill with isopropyl alcohol (IPA). Let sit for 144 
30 min to remove residual oil and contaminants from the industrial glass cutting process. 145 

 146 
1.4. Drain the IPA from UC1. The IPA can be reused up to 5x for the initial cleaning of 147 
substrates. 148 

 149 
1.5. Rinse the substrates with deionized (DI) water, then fill UC1 with DI water about 1 cm 150 
above the top edge of the substrates. Add 200 mL of concentrated cleaning solution uniformly 151 
across the substrates to further remove residual oil, grease, particulates, or hard water stains. 152 

 153 
1.6. Using the main power, turn on UC1 to 43 kHz ultrasonic frequency and 425 W power and 154 
let the substrates sit for 1 h. 155 

 156 
1.7. Rinse a second, larger ultrasonic cleaner (UC2) with DI water and fill three-quarters of its 157 
volume with DI water. 158 

 159 
1.8. Turn off UC1 and remove the stainless steel rack. Immediately begin rinsing substrates with 160 
DI water over a sink.  161 

 162 
NOTE: Do not let the substrates dry at this stage. 163 

 164 
1.9. Transfer the stainless-steel rack to UC2 and fill completely with DI water such that the 165 
substrates are completely covered. Turn on UC2 to 40 kHz ultrasonic frequency and 600 W 166 
power and let the substrates sit for 30 min. 167 

 168 
1.10. Prepare the homemade IPA vapor dryer.  169 
 170 
1.10.1. Ensuring the valve is closed, hook up a gas hose to ultra-high purity (UHP) nitrogen. 171 
Open the nitrogen tank and set the regulator to 10 psi. Open the valve to nitrogen flow and 172 
adjust to 100 PSIG on the attached flow meter, then close the valve again. 173 
 174 
1.10.2. Fill a flask with 150 mL of fresh IPA and tightly cork the flask. The cork tightly seals the 175 
flask opening while allowing nitrogen and IPA to pass through two small metal pipe systems 176 



   

embedded in the cork. These connect to a small metal piping system with fine holes, which sits 177 
above UC2 such that nitrogen/IPA vapor is incident on the substrates.  178 

 179 
1.11. When the UC2 rinse cycle is done, turn off the heat and UC2. 180 

 181 
1.12. Open the vapor dryer valve to the nitrogen and IPA and open the drain valve on UC2 such 182 
that the DI water comes out very slowly.  183 

 184 
NOTE: The DI water must be drained very slowly. This process replaces the DI water with 185 
nitrogen/IPA vapor to prevent water spots from forming on the substrates. This should take 1–2 186 
h for 30,000 cm3 of water. 187 

 188 
1.13. When drained completely, remove the rack from UC2 and close the vapor dryer valve. 189 

 190 
1.14. Store in a clean and contained environment for future use.  191 

 192 
NOTE: Cleaned substrates can be left in this environment indefinitely, as long as they remain 193 
clean. Inspect cleaned substrates before further use to ensure they do not need to undergo the 194 
cleaning process again. 195 
 196 
2. Magnesium zinc oxide window layer sputter deposition 197 
 198 
NOTE: This MgZnO sputter-deposition process utilizes a 4” diameter and 0.25” thick unbalanced 199 
magnetron with a target-to-substrate distance of 15 cm. The target is 99.99% purity 200 
(MgO)11(ZnO)89 by percent weight. 201 
 202 
2.1. Sputter system start-up 203 
 204 
2.1.1. Switch on the mechanical pump and foreline valve, followed by the diffusion pump for 205 
the sputter chamber. Ensure that the target cooling water is on and that the mechanical valves 206 
to the target cooling water are open. 207 
 208 
2.1.2. Turn on the load lock pump using the switch on the pump. 209 
 210 
2.1.3. Let the diffusion pump warm up for 15 min. 211 
 212 
2.1.4. Check the chamber pressure on the pressure gauge: if it is below 2.0 x 10-1 Torr, open the 213 
diffusion pump gate valve. If the pressure is greater than 2.0 x 10-1 Torr, switch the foreline 214 
valve to close, and open the roughing valve until the pressure drops. Then, switch closed the 215 
roughing valve, open the foreline, and manually open the diffusion pump gate valve. 216 
 217 
2.1.5. In the computer software, set the run pressure to 5 mTorr and click “gas enable”, which 218 
enables the gas flow. The flow should be ~19–20 sccm and oxygen set to 3% of the total flow 219 
with the balance as argon in the software. 220 



   

 221 
2.1.6. Allow the chamber to pump for 10 min. 222 
 223 
2.1.7. Check that the base pressure is below 1.0 x 10-5 Torr on the ion gauge readout. 224 
 225 
2.1.8. Ensure that the transfer arm is fully retracted from the chamber (look through the 226 
chamber viewport to ensure the sample holder is not in the chamber), and switch the load lock 227 
gate valve closed. 228 
 229 
2.1.9. Ensure that the shutter is closed: this can be checked by looking through the viewport 230 
window to see that it is directly above the sputter cathode. 231 
 232 
2.1.10. On the power supply, set the RF generator power to 60 W. In the computer software 233 
increase the pressure to 15 mTorr for plasma ignition, turn the RF power on, and once the 234 
plasma has ignited, reduce the pressure back to 5 mTorr in the software. The reflected power 235 
should be 1–2 W. If it is much higher, the RF match network must be tuned. 236 
 237 
2.1.11. The target must be warmed up to avoid cracking: increase the power on the RF power 238 
generator at a rate of 20 W/min until reaching a final power of 140 W. The reflected power 239 
should ideally be <5% of the real power. Allow the target to pre-sputter with the shutter closed 240 
for 15 min. 241 
 242 
2.2. MgZnO sputter deposition 243 
 244 
2.2.1. To calibrate the deposition rate, a witness sample must be fabricated. Use a permanent 245 
marker to draw a ~0.2 cm (length) line on the TCO-coated side of a clean substrate. 246 
 247 
2.2.2. Ensure that the load lock gate valve is closed, then loosen and open the load lock door 248 
knob. Vent the load lock with a quarter-turn of the UHP nitrogen vent valve until the load lock 249 
door loosens. Keep the vent valve partially open to purge the load lock while the door is open. 250 
 251 
2.2.3. Use a handheld air blower to gently remove any dust particles from the clean TCO-coated 252 
substrate. Remove any substrate on the sample holder and load the clean substrate TCO side-253 
down using a pair of rubber-tipped tweezers. Hold the sample on the edge to avoid the 254 
deposition area. 255 
 256 
2.2.4. Close and tighten the load lock door. Switch on the load lock pump and close the 257 
nitrogen vent valve. 258 
 259 
2.2.5. Pump the load lock down until the load lock pressure gauge reads below 5.0 x 10-2 Torr. 260 
Then switch off the load lock pump and switch open the load lock gate (the pressure should not 261 
spike above 7 mTorr). Wait for the pressure to level and manually insert the transfer arm such 262 
that the sample sits above the shuttered cathode. 263 
 264 



   

2.2.6. Set the desired deposition time on a timer and begin timing as the shutter is being 265 
manually opened. Immediately close the shutter as the timer goes off. 266 
 267 
2.2.7. Manually retract the transfer arm completely and close the load lock gate. 268 
 269 
2.2.8. Remove or exchange the sample following steps 2.2.2–2.2.5. 270 
 271 
2.2.9. To obtain the MgZnO deposition rate, remove the permanent marker from the witness 272 
sample with a cotton-tipped applicator dipped in methanol. Measure the thickness using a 273 
profilometer17 and set subsequent deposition times for the desired MgZnO thickness (100 nm 274 
for the samples presented in this work). 275 
 276 
2.2.10. Repeat the deposition for as many samples as is desired. 277 
 278 
NOTE: After MgZnO deposition, the samples can be stored for some time. At the risk of 279 
oxidizing, it is recommended to store in a desiccator under vacuum for no more than 1 week for 280 
best results. 281 
 282 
3. Close-space sublimation deposition and treatment of absorber layers 283 
 284 
3.1. CSS system start-up 285 
 286 
3.1.1. Ensure that 1) the system is under vacuum, 2) the mechanical and diffusion pumps are 287 
on, 3) the load lock gate valve is open to the chamber, and 4) the pressure is set to 40 mTorr. 288 
 289 
3.1.2. Manually open the gas flow valve (98% N2 and 2% O2) and select “Gas enable” on the 290 
computer software. The pressure should stabilize around 40 mTorr. 291 
 292 
3.1.3. Turn on the residual gas analyzer (RGA) by opening the RGA valve and connecting to the 293 
software program. This is necessary to track water, oxygen, nitrogen, and hydrogen levels in the 294 
system. These levels are typically around 4.5 x 10-9, 2.5 x 10-8, 2.3 x 10-6, and 8.0 x 10-10 Torr for 295 
each, respectively. 296 
 297 
3.1.4. Bring the CSS system top and bottom sources up to operating temperatures in the 298 
computer program. Top source temperatures are set to 620 °C for preheat, 360 °C for CdTe, 299 
420 °C for CdSe20Te80, 387 °C for CdCl2, 400 °C for anneal, and 620 °C for bakeoff. Bottom 300 
source temperatures are set to 620 °C for preheat, 555 °C for CdTe, 545 °C for CdSe20Te80, 439 301 
°C for CdCl2, 400 °C for anneal, and 620 °C for bakeoff. These temperature differentials promote 302 
sublimation from the bottom to top sources such that material sublimates onto the sample, 303 
located in between the sources. 304 
 305 
3.1.5. When the sources have reached operating temperatures, run the sample holder through 306 
the bakeoff recipe: in the software, select “Bakeoff” in the recipe list and click “Run”. This will 307 
automatically move the transfer arm such that the sample holder stays in the bakeoff source 308 



   

for 480 s. This heats up the sample holder and bakes off any excess material. 309 
 310 
3.1.6. After the transfer arm automatically retracts the sample holder to the home position and 311 
closes the gate valve, vent the load lock by opening the UHP nitrogen vent valve. When vented, 312 
open the load lock door and close the vent valve. 313 
 314 
3.2. CSS deposition and passivation treatment of absorbers 315 
 316 
3.2.1. Use a handheld air blower to gently remove any dust particles from the clean 317 
MgZnO/TCO-coated substrate and load the substrate onto the sample holder (MgZnO side 318 
down). 319 
 320 
3.2.2. Close the load lock door and pump down the load lock by turning on the load lock 321 
roughing switch. 322 
 323 
3.2.3. While pumping down, input the desired recipe for CSS deposition into the computer 324 
program. The recipes used to prepare the CdTe and CdSeTe/CdTe structures are different at 325 
this stage and are as follows. 326 
 327 
3.2.4. For the CdTe witness sample (for determination of CdTe deposition rate; required for 328 
both CdTe and CdSeTe/CdTe device fabrication), use: 329 
110 s in preheat source (this raises the glass to ~480 °C such that CdTe will properly sublimate 330 
onto the substrate); 331 
110 s in CdTe source (this sublimates CdTe onto the substrate); 332 
180 s in CdCl2 source [the CdCl2 deposition is necessary for good CdTe device performance (it 333 
has been shown that it passivates grain boundaries and dangling bonds and promotes grain 334 
growth and alignment in the polycrystalline CdTe absorber12-16)]; 335 
240 s in anneal source (this drives the CdCl2 into the absorber material); and 336 
300 s in cooling source (this allows the sample to cool for unloading). 337 

 338 
3.2.5. Using a razor blade, scribe ~1 cm2 of CdTe material off the substrate and measure the 339 
CdTe film thickness using a surface profilometer to determine deposition rate17. 340 
 341 
3.2.6. For the CdSeTe witness sample (for determination of CdSeTe deposition rate; required 342 
only for CdSeTe/CdTe device fabrication), use: 343 
140 s in preheat source (this brings the glass up to ~540 °C such that CdSeTe will properly 344 
sublimate onto the substrate); 345 
300 s in CdSeTe source (this sublimates CdSeTe onto the substrate); and 346 
300 s in cooling source. 347 

 348 
3.2.7. Using a razor blade, scribe ~1 cm2 of CdSeTe material off the substrate and measure the 349 
CdSeTe film thickness using a surface profilometer to determine deposition rate17. 350 
 351 
3.2.8. For the thin single absorber (CdTe sample), use: 352 



   

110 s in preheat source; 353 
xx s in CdTe source [the dwell time depends on the desired CdTe thickness and deposition rate  354 
(for the 1.5 μm single CdTe absorber used here, the dwell time is 60 s)[; 355 
150 s in CdCl2 source [the CdCl2 treatment is dependent on absorber thickness; therefore, 356 
experiments should be conducted to optimize the treatment conditions (the listed dwell times 357 
are optimized for thin, 1.5 μm absorbers18)]; 358 
240 s in anneal source; and 359 
300 s in cooling source. 360 

 361 
3.2.9. For the thin bilayer absorber (CdSeTe/CdTe sample), use: 362 
140 s in preheat source; 363 
xx s in CdSeTe source [again, the dwell time depends on the desired CdSeTe thickness and 364 
deposition rate (for the 0.5 μm CdSeTe layer used here, the dwell time is 231 s)]; 365 
xx s in CdTe source [the dwell time depends on the desired CdTe thickness and deposition rate 366 
calculated from the measured thickness of the CdTe witness sample (for the 1.5 μm bilayer 367 
CdSeTe/CdTe absorber used here, the dwell time is 50 s for a 1.0 μm CdTe layer)[; 368 
150 s in CdCl2 source; 369 
240 s in anneal source; and 370 
300 s in cooling source. 371 

 372 
3.2.10. When the load lock pressure reads below 40 mTorr in the computer software, using the 373 
software, open the load lock gate valve and select “Start”. The program automatically runs the 374 
selected recipe and will return to the home position upon completing the cooling step10. 375 
 376 
3.2.11. After the full deposition is complete open the load lock vent valve, vent to atmosphere, 377 
and open the load lock door for final substrate cooling. After ~60 s, the substrate should be cool 378 
enough to remove from the sample holder with a lint-free cloth. 379 
 380 
3.2.12. Once the sample is removed, close the load lock door, pump down the load lock by 381 
turning on the roughing switch, and follow step 3.1.5 to run the bakeoff recipe. A bakeoff must 382 
be run between each sample deposition to clean the sample holder. 383 
 384 
3.2.13. The processed sample should have a white hazy layer on the film from the CdCl2 385 
treatment. Take a picture of the film to note the haze pattern. If there is little or no visible 386 
material from the CdCl2 treatment, this treatment likely needs optimization. 387 
 388 
3.2.14. Rinse the excess CdCl2 material off from the film into a graduated beaker using DI water 389 
and dry the film with compressed argon.  390 

 391 
CAUTION: This CdCl2 rinse should be performed in a contained enclosure. Upon completion, 392 
dispose of the CdCl2/DI water mixture in the proper hazardous waste container. 393 
 394 
NOTE: After CSS deposition, the samples can be stored for some time, but it is recommended to 395 
store in a desiccator under vacuum for no more than 1 week for best results. A schematic of the 396 



   

automated in-line CSS deposition system is shown in Figure 2. Video and image files of the 397 
automated in-line CSS system in motion and the CSS source configurations respectively are 398 
provided as supplementary files. 399 
 400 
4. Close-space sublimation copper treatment 401 
 402 
4.1. CSS system start-up 403 
 404 
4.1.1. Ensure that the mechanical and diffusion pumps are on. 405 
 406 
4.1.2. Open the process gas valve and manually adjust the gas flow control knob until the 40 407 
mTorr operating pressure is displayed on the pressure gauge. 408 
 409 
4.1.3. Manually set and turn on the CSS sources using proportional-integral-derivative (PID) 410 
controllers. The top source temperatures used in this experiment are 330 °C for the preheat 411 
source, 170 °C for the CuCl source, and 200 °C for the anneal source. The bottom source 412 
temperatures are 330 °C for the preheat source, 190 °C for the CuCl source, and 200 °C for the 413 
anneal source. 414 
  415 
4.1.4. Switch open the diffusion pump valve and manually close the load lock gate valve. 416 
 417 
4.2. CuCl treatment on absorber structures 418 
 419 
4.2.1. When the sources have reached operating temperature, the sample can be loaded onto 420 
the sample holder: 421 
 422 
4.2.1.1. Loosen the knob for the load lock door. 423 
 424 
4.2.1.2. Vent the load lock with a quarter turn of the UHP nitrogen vent valve. 425 
 426 
4.2.1.3. Open the load lock door and use a handheld air blower to gently remove any dust 427 
particles from the sample. Place the sample film side down onto the sample holder using a pair 428 
of rubber-tipped tweezers, holding the sample on the edge to avoid the deposition area. 429 
 430 
4.2.1.4. Close the vent valve and close and tighten the load lock door. 431 
 432 
4.2.1.5. Manually open the load lock pump and let the load lock pump below the crossover 433 
pressure (40 mTorr). 434 

 435 
4.2.2. When the crossover pressure is obtained, manually close the load lock pump and 436 
manually open the load lock gate valve. 437 
 438 
4.2.3. Manually move the transfer arm into the preheat, CuCl, and anneal positions 439 
sequentially. A timer is used for the dwell time in each position and for the samples described. 440 



   

The dwell times are 75 s, 5 s, and 250 s for the preheat, CuCl, and anneal sources, respectively. 441 
 442 
4.2.4. After the annealing step, manually bring the transfer arm back to the home position and 443 
close the load lock gate valve. 444 
 445 
4.2.5. Follow step 4.2.1 to exchange samples.  446 

 447 
NOTE: When unloading a previous sample, it is still likely hot. Remove the sample with a pair of 448 
rubber-tipped tweezers and let it cool (film side up) on a metal block. After the Cu treatment, 449 
the samples can be stored for some time, but it is recommended to store in a desiccator under 450 
vacuum for no more than 1 week for best results. 451 
 452 
5. Evaporation deposition of thin tellurium 453 
 454 
5.1. Turn on the mechanical pump, foreline valve, and diffusion pump using switches on the 455 
evaporator system. Allow the diffusion pump to warm for 20 min. 456 
 457 
5.2. Vent and open the chamber by opening the nitrogen vent valve and lifting the evaporator 458 
chamber. Load the Te into the alumina-coated molybdenum boat. Move the evaporator 459 
chamber back into place after the material is loaded. 460 
 461 
5.3. Enter the proper settings for Te deposition from an alumina-coated molybdenum boat in 462 
the quartz crystal monitor (QCM) panel (density = 6.25 g/cm3 and acoustic impedance = 9.81 463 
g/cm2s). 464 
 465 
5.4. Open the chamber top to access the sample holder. Use a handheld air blower to gently 466 
remove any dust particles from the sample. Load the sample film side down onto the sample 467 
holder and close the chamber top. 468 
 469 
5.5. Manually move the lever into the roughing position; both the roughing and chamber 470 
pressure readouts should begin to drop. Allow the pressure to drop below 10 mTorr. 471 
 472 
5.6. Turn the foreline valve back to the foreline position. Wait ~30 s for any momentary spike in 473 
pressure to be resolved, then open the high vacuum valve. When the chamber pressure reader 474 
has based out, the proper deposition pressure of 1.0 x 10-5 Torr has been reached. 475 
 476 
5.7. Turn on the power switch, open the shutter, and turn up the current control to begin 477 
deposition. The optimal current operating range is 90–100 AC amperes such that the deposition 478 
rate will be ~5–10 Å/s. The deposition rate, displayed on the QCM readout, can change rapidly; 479 
therefore, the current must be continuously adjusted during the deposition to maintain the 480 
rate between 5–10 Å/s. 481 
 482 
5.8. When the QCM displays the desired Te thickness (40 nm for the samples used here), 483 
quickly and concurrently turn the current to zero, turn off the power switch, and close the 484 



   

shutter. 485 
 486 
5.9. Close the high vacuum valve, open the nitrogen vent valve, and remove the sample from 487 
the sample holder. Repeat steps 5.4–5.8 for deposition on additional samples. 488 
 489 
NOTE: After the Te deposition, the samples can be stored for some time, but it is recommended 490 
to store in a desiccator under vacuum for no more than 1 week for best results. 491 
 492 
6. Nickel back contact application 493 
 494 
CAUTION: Due to the fumes from the Ni paint and methyl ethyl ketone (MEK), always run an 495 
overhead fan to cycle air during this process. 496 
 497 
6.1. Mount the samples (film side facing forward) onto a vertical mounting shelf. 498 
 499 
6.2. Ensure that the Ni applicator gun is clean throughout. If not, clean with MEK. 500 
 501 
6.3. The back contact is a mixture of conductive Ni paint and thinner at a 2:1 ratio. Before 502 
applying the paint, shake the back-contact solution to ensure complete mixing. 503 
 504 
6.4. Pour the Ni back contact solution into the applicator gun and turn on the attached air 505 
compressor hose. Spray a test piece (i.e., cardboard) to ensure that the paint applies uniformly. 506 
If it is uniform, apply the back contact to the samples by spraying the solution across the 507 
sample set with a slow lateral motion. Allow the back contact to dry slightly and apply as many 508 
times as is needed for complete coverage (typically, five passes works well). 509 
 510 
NOTE: The Ni solution can dry and clog the applicator gun; therefore, to avoid declogging 511 
during back-contact application, it is important to wait no more than 60 s between spray sets. 512 
 513 
6.5. Turn off the air compressor and allow the back contact to dry on the samples for at least 1 514 
h. 515 
 516 
7. Delineation into 25 small-area devices 517 
 518 
NOTE: To finish the thin film structure into electrically contact-able devices, the film stack must 519 
be delineated into small area devices such that the TCO front contact and Ni back contact are 520 
electrically accessible. This is done using a metal mask with mechanical removal of the 521 
semiconductor. 522 
 523 
7.1. Place a sample into the metal mask. 524 
 525 
7.2. Place the masked sample in the glovebox and using a siphon hose, apply the glass, beaded 526 
media to the unmasked portions of the sample. Proper material removal is achieved when the 527 
mask windows become almost transparent. 528 



   

 529 
7.3. Repeat this process with the second mask such that upon completing delineation, 25 small 530 
area square devices appear in a 5 x 5 pattern on the sample. The completed areas are ~0.6 cm2. 531 
 532 
7.4. Clean the film side of the samples with a cotton-tipped applicator dipped in DI water. 533 
 534 
7.5. To minimize lateral resistance in electrical measurements of the finished devices, solder a 535 
grid pattern between the devices with an indium solder. 536 
 537 
NOTE: The completed device structures are given in Figure 1A and Figure 1B for the CdTe and 538 
CdSeTe/CdTe absorber devices, respectively. 539 
 540 
REPRESENTATIVE RESULTS: 541 
 542 
The addition of CdSeTe to a thin CdTe absorber improves device efficiency through superior 543 
absorber material quality and higher short-circuit current density (JSC). Figure 3A and Figure 3B, 544 
(adapted from Bothwell et al.8) show PL and TRPL, respectively, for the single CdTe absorber 545 
and CdSeTe/CdTe bilayer absorber devices. Both PL and TRPL measurements clearly show 546 
improved photoluminescence with the CdSeTe/CdTe bilayer absorber. The PL intensity 547 
improves by a factor of six, and the TRPL tail lifetime, fit with a single exponential to the slow 548 
part of the decay, is 12.6 ± 0.1 ns for the bilayer structure (compared to 1.6 ± 0.02 ns for the 549 
monolayer structure), which indicates better CdSeTe material quality. The PL measurement also 550 
verifies the successful incorporation of the CdSeTe layer. The shift in peak PL intensity, which 551 
corresponds to absorber band gap, from 1.50 to 1.42 eV, confirms that the lower band gap 552 
CdSeTe material is operative in the absorber layer. 553 
 554 
Higher JSC in the bilayer absorber is demonstrated by current density-voltage (J-V) and quantum 555 
efficiency (QE) measurements, shown in Figure 4 and Figure 5, respectively. The shift in the 556 
light J-V curves along the current density axis shown in Figure 4 corresponds to a change in JSC 557 
from 24.0 mA/cm2 to 25.5 mA/cm2 for the best-performing CdTe and CdSeTe/CdTe devices 558 
respectively.  559 
 560 
QE measurements of the CdTe and CdSeTe/CdTe devices (Figure 5A and Figure 5B, respectively) 561 
show the bilayer device’s additional photon conversion in the long wavelength range and 562 
corroborate the increase in JSC for that device. JSC values, determined by integrating the QE data 563 
over the wavelength range19 are 24.6 mA/cm2 for the CdTe device and 25.9 mA/cm2 for the 564 
CdSeTe/CdTe device. Employing optical transmission data measured on a 0.5 μm CdSeTe film, 565 
the QE data for the bilayer device is separated into current collected in the CdSeTe and CdTe 566 
layers8. This highlights the dominant role the CdSeTe plays in absorption. The current density 567 
collected in the CdSeTe layer is 22.9 mA/cm2 compared to 3.0 mA/cm2 in the CdTe layer, such 568 
that CdSeTe accounts for ~90% of the current collection in the bilayer absorber. 569 
 570 
The effectiveness of a bilayer absorber depends on optimization of the fabrication process. 571 
Illuminated J-V data in Figure 6 demonstrate the importance of optimizing the CdSeTe:CdTe 572 



   

thickness ratio: the data show a significant kink in the non-optimal 1.25 µm CdSeTe/0.25 µm 573 
CdTe device. The kink, likely due to back barrier effects, generates a notable decrease in device 574 
efficiency to 11.0%. Optimized CdCl2 passivation is also vital to good device performance. Thin 575 
CdTe devices demonstrate sensitive dependence on CdCl2 deposition time18, and with no CdCl2 576 
passivation, device efficiencies can fall to ~2%11. Although the authors have found CdCl2 577 
passivation and the CdSeTe:CdTe thickness ratio to be among the most significant process 578 
conditions, optimization of all fabrication stages and parameters is necessary. 579 
 580 
FIGURE AND TABLE LEGENDS: 581 
 582 
Figure 1: Device structure of completed CdTe-based photovoltaic devices. (A) A 1.5 μm CdTe 583 
absorber device structure was used as a reference for comparison with the bilayer structure. 584 
(B) A 0.5 μm CdSeTe/1.0 μm CdTe device structure was fabricated to improve photovoltaic 585 
efficiency. 586 
 587 
Figure 2: Automated in-line vacuum close-space sublimation deposition system. Shown is a 2D 588 
schematic providing configuration details of the sample holder, load lock, vacuum enclosure, 589 
and individual sources. 590 
 591 
Figure 3: Photoluminescence comparison of CdTe and CdSeTe/CdTe devices. (A) Peak PL 592 
intensity increases 6-fold with the incorporation of CdSeTe, and peak position shifts to a lower 593 
band gap, indicating the successful incorporation of CdSeTe. (B) TRPL tail lifetime, fit with a 594 
single exponential to the slow part of the decay, is notably longer for the CdSeTe/CdTe device 595 
than the CdTe device, which indicates better material properties of the CdSeTe layer. This figure 596 
is reprinted from Bothwell et al.8 597 
 598 
Figure 4: J-V comparison of CdTe and CdSeTe/CdTe devices. J-V data under illumination show 599 
an increase in JSC, measured at the zero-voltage point, from 24.0 mA/cm2 to 25.5 mA/cm2 for 600 
the CdTe and CdSeTe/CdTe devices, respectively. Dark J-V data are also shown for comparison. 601 
 602 
Figure 5: QE comparison of CdTe and CdSeTe/CdTe devices. The (A) QE data of the CdTe device 603 
and (B) CdSeTe/CdTe device show an increase in JSC from 24.6 mA/cm2 to 25.9 mA/cm2, as 604 
determined by integrating the QE data over the wavelength range. Transmission measurements 605 
on a 0.5 μm CdSeTe film were used to separate the QE signal into current collected in the CdTe 606 
and CdSeTe layers in (B) the CdSeTe layer constitutes ~90% of current collection in the 1.5 μm 607 
bilayer device. 608 
 609 
Figure 6: J-V comparison of optimized and non-optimized CdSeTe/CdTe devices. J-V data 610 
under illumination of a CdSeTe/CdTe device with a non-optimized CdSeTe:CdTe thickness ratio 611 
show a kink in the curve and reduction in the device efficiency, which emphasizes the 612 
importance of optimizing the CdSeTe:CdTe thickness ratio. Dark J-V data are also shown for 613 
comparison. 614 
 615 
DISCUSSION: 616 



   

 617 
Thin bilayer CdSeTe/CdTe photovoltaic devices demonstrate improvements in efficiency 618 
compared to their CdTe counterparts because of better material quality and increased current 619 
collection. Such enhanced efficiencies have been demonstrated in bilayer absorbers greater 620 
than 3 μm5,7, and now with optimized fabrication conditions, it has been demonstrated that 621 
increased efficiencies are also achievable for thinner, 1.5 μm bilayer absorbers.  622 
 623 
The optimization of the fabrication process for thin bilayer absorbers is rooted in three main 624 
modifications: substrate preheat temperature, CdSeTe:CdTe thickness ratio, and CdCl2 625 
passivation. For proper CdSeTe sublimation, the preheat temperature of the substrate should 626 
be ~540 °C compared to ~480 °C for CdTe sublimation, which is accomplished by varying the 627 
substrate dwell time in the preheat source. To prevent contact barriers in the device while 628 
maintaining good open circuit voltage (VOC), it was found that 0.5 μm CdSeTe/1.0 μm CdTe is 629 
the optimal ratio in the thin bilayer devices, as demonstrated in Figure 6. CdCl2 treatment of 630 
the bilayer absorber, essential for passivation of grain boundaries and promotion of grain 631 
growth and alignment12-16, can be especially sensitive in thin absorbers18. It was determined 632 
that a much less aggressive CdCl2 treatment, regarding both source temperatures and dwell 633 
times, was needed to properly passivate the thin bilayer absorbers18 compared to thick bilayer 634 
absorbers5. 635 
 636 
The CSS automated in-line vacuum system and multi-layer, multi-step fabrication process 637 
provides the opportunity for modifications throughout the device structure. The CdSeTe layer, 638 
sublimation-deposited from the CdSe20Te80 source in this study, can also be deposited by co-639 
sublimation from CdSe and CdTe sources. Some initial work has been conducted at Colorado 640 
State University involving co-sublimation deposition of CdSeTe with limited success20. The 641 
CdSeTe/CdTe interface can also be adjusted by controlling the interdiffusion of the CdSeTe and 642 
CdTe layers.  643 
 644 
There is no purposeful interdiffusion in the thin bilayer devices presented; however, 645 
interdiffusion of the layers is promoted in thicker bilayers and is accomplished by increasing the 646 
anneal time after CdCl2 deposition for a thermally driven interdiffusion process5. Control of the 647 
extent of interdiffusion allows for some band gap engineering of the bilayer absorber and can 648 
be used to adjust photon absorption profiles and current collection in completed devices. 649 
Different dopants, such as group-V dopants6, 21-22, can also be incorporated to replace the 650 
historically used Cu dopant. Group-V doping offers higher achievable absorber doping levels of 651 
1.0E17 cm-3, demonstrates long-term stability6, and can be incorporated seamlessly into the 652 
CSS-deposition process by using a doped source material for sublimation (currently being 653 
explored by colleagues at Colorado State University)23,24. Additional layers in the thin film 654 
structure can also be modified in large or small ways if desired. Options include complete 655 
material removal or replacement, fabrication method changes, or variations in deposition 656 
conditions or post deposition treatments. 657 
 658 
One bilayer property that makes the CdSeTe/CdTe absorber favorable compared to a CdTe 659 
absorber also serves as a limitation. The lower, 1.42 eV band gap of the bilayer absorber vs. the 660 



   

1.50 eV band gap of the monolayer CdTe absorber increases photon collection for enhanced JSC, 661 
but the lower band gap also inherently limits the maximum achievable open-circuit voltage 662 
(VOC), thus limiting device efficiency. To mitigate this limitation, the next step in improving the 663 
thin CdSeTe/CdTe device structure is to incorporate a higher band gap material at the back of 664 
the device to increase VOC.  665 
 666 
Furthermore, modeling has demonstrated that the incorporation of a thin (~100 nm, 1.8 eV) 667 
material after the CdTe layer will create a conduction band barrier at the back and reduce back 668 
surface recombination by reflecting photoelectrons and forward current electrons away from 669 
the recombination-prone back surface25,26. This “electron reflector” structure requires a fully-670 
depleted absorber such that the absorber thickness is limited to less than 2 μm25, making the 671 
thin bilayer absorber well-suited for this configuration. Cadmium magnesium telluride 672 
(CdMgTe), a high band gap CdTe alloy material, is an ideal candidate for this layer because of its 673 
tunable band gap and straightforward incorporation into the existing device fabrication process 674 
by co-sublimation or sputter deposition. 675 
 676 
Increased device efficiency through enhanced current collection and photoluminescent 677 
properties of thin CdSeTe/CdTe bilayer devices is significant for fabrication time, cost reduction, 678 
and future improvements to the device structure and VOC. The CSS automated in-line vacuum 679 
system used for absorber deposition and passivation in this study is noteworthy for its 680 
deposition speed. Other fabrication methods such as sputtering and metal organic chemical 681 
vapor deposition (MOCVD) can take more than fifteen times as long for the same 682 
deposition27,28.  683 
 684 
In-line CSS also offers scalability options. The fabrication processes used to make the small area 685 
research devices presented can be implemented in larger scale processes for PV module 686 
fabrication with minimal loss in fabrication parameterization. The CdSeTe/CdTe bilayer 687 
structure presented in this work also bears significance with its success using the very thin 688 
absorber. Specifically, device efficiency nearing 16% with only a 1.5 μm bilayer absorber 689 
demonstrates the benefit of CdSeTe to CdTe even in ultra-thin absorbers. Thin absorber layers 690 
such as these offer further fabrication time, material savings, and the opportunity to explore an 691 
electron reflector structure to minimize voltage deficits present in CdSeTe/CdTe devices. 692 
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Name of Material/ Equipment Company Catalog Number Comments/Description

Alpha Step Surface Profilometer

Tencor 

Instrumen

ts

10-00020 Instrument for measuring film thickness

CdCl2 Material 5N Plus N/A Material for absorber passivation treatment

CdSeTe Semiconductor Material 5N Plus N/A P-type semiconductor material for absorber layer

CdTe Semiconductor Material 5N Plus N/A P-type semiconductor material for absorber layer

CESAR RF Power Generator
Advanced 

Energy
61300050 Power generator for MgZnO sputter deposition

CuCl Material
Sigma 

Aldrich
N/A Material for absorber doping

Delineation Material

Kramer 

Industries 

Inc.

Melamine Type 3 

60-80 mesh Plastic beading material for film delineation

Glovebox Enclosure

Vaniman 

Manufact

uring Co. Problast 3 Glovebox enclosure for film delineation

Gold Crystal

Kurt J. 

Lesker 

Company

KJLCRYSTAL6-G10 Crystal for Te evaporation thickness monitor

HVLP and Standard Gravity Feed 

Spray Gun Kit Husky
HDK00600SG

Applicator spray gun for Ni paint back contact application

MgZnO Sputter Target
Plasmateri

als, Inc.
PLA285287489 N-type emitter layer material

Micro 90 Glass Cleaning Solution
Cole-

Parmer
EW-18100-05 Solution for initial glass cleaning

NSG Tec10 Substrates Pilkington N/A Transparent-conducting oxide glass for front electrical contact
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Super Shield Ni Conductive 

Coating

MG 

Chemicals
841AR-3.78L Conductive paint for back contact layer

Te Material
Sigma 

Aldrich
MKBZ5843V Material for back contact layer

Thickness Monitor

R.D. 

Mathis 

Company

TM-100 Instrument for programming and monitoring Te evaporation conditions

Thinner 1
MG 

Chemicals
4351-1L Paint thinner to mix with Ni for back contact layer

Ultrasonic Cleaner 1
L & R 

Electronics
Q28OH Ultrasonic cleaner 1 for glass cleaning

Ultrasonic Cleaner 2
Ultrasonic 

Clean
100S Ultrasonic cleaner 2 for glass cleaning

UV/VIS Lambda 2 Spectrometer
PerkinElm

er
166351 Spectrometer used for transmission measurements on CdSeTe films





Instrument for programming and monitoring Te evaporation conditions

Spectrometer used for transmission measurements on CdSeTe films
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Response to Reviewer Comments               JoVE 

 

 

Dear Dr. Steindel and Reviewers, 

 

 Thank you for taking the time to read and provide helpful feedback for the submission 

“Close-Space Sublimation-Deposited Ultra-Thin CdSeTe/CdTe Solar Cells for Enhanced Short-

Circuit Current Density and Photoluminescence.” The comments have been addressed in the new 

manuscript submission using the track changes function in Microsoft Word and are outlined below. 

 

 

Editorial Comments: 

 

General: 

1. The manuscript has been proofread thoroughly. 

2. All commercial language has been removed from the manuscript (LabVIEW, Sharpie, and 

Kimwipe) and details have been provided in the Table of Materials and Reagents. 

 

Protocol: 

1. The highlighted sections have been updated such that only complete sentences are 

included. 

2. Additional detail has been provided for protocol actions which required further 

explanation. 

 

Figures: 

1. The editorial policy of Cambridge University Press allows for the re-use of figures of 

authors referencing their own work. Specifics of this policy have been uploaded to the 

Editorial Manager account. 

 

Table of Materials: 

1. The Table of Materials has been updated to include all the materials used in the experiment 

presented in the manuscript. 

 

Reviewer Comments: 

 

Reviewer 1: 

 

1. Dark J-V curves have been added to Figures 4 and 6. 

2. “Material quality” in line 78 referred to the radiative efficiency and TRPL tail lifetimes 

and has been re-worded accordingly. 

3. Some additional details have been provided regarding the target of the cleaning 

solution, however, the name of the cleaner cannot be provided in the manuscript as per 

JoVE protocol. The name and details are provided in the Table of Materials. 

 

Reviewer 2: 
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1. Water cooling to the target is always on, and the authors recognize that the initial 

wording may have been misleading. The wording has been changed to “ensure that the 

target cooling water is on” for clarity. 

2. The terminology “break in” has been removed and replaced with the correct wording, 

pre-sputtering. 

3. The description of temperature set points for the top and bottom heaters in the two 

close-space sublimation systems has been clarified. 

 

Thank you again for the helpful comments. 

 

Sincerely, 

Alexandra Bothwell 
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