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ABSTRACT:Comparing to the traditional CdS buffer layer, magnesium zinc oxide (ZMO) 

offers the following advantages for CdTe-based thin-film solar cells: it introduces a spike to 

conduction band offset, which reduces interface recombination that is beneficial for increasing 

open-circuit voltage (VOC), and decreases parasitic optical absorption of the buffer layer that is 

favorable for enhancing short-circuit current (JSC). However, ZMO/CdTe thin-film solar cells 

often show the so-called S-kink behavior in their current-voltage curves, making it difficult to 

reproduce the expected benefits. Here, we show that S-kink can be successfully eliminated, and 

improved VOC and JSC can be simultaneously achieved if the CdCl2 treatment process is 
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conducted in oxygen-free atmosphere. As a result, the device efficiencies increased from 9.2% to 

16.1%. Our device characterization and simulation reveal that a sufficiently high electron density 

of the ZMO buffer layer is critical to eliminate the S-kink, which is achievable through an 

oxygen-free CdCl2 treatment. 

INTRODUCTION 

CdTe solar cells are gathering more attention due to the significant efficiency improvement from 

16% to over 22% in the past six years.1 This dramatical improvement is mainly attributed to the 

replacement of the traditional CdS buffer layer by a wider band gap buffer layer as well as the 

use of Cd(Te1-xSex) absorber layer that together result in increased short circuit current density 

(JSC).2-4 Magnesium zinc oxide (ZMO) has been considered as an alternate buffer to replace CdS. 

Device simulation has shown that ZMO can introduce a spike to the conduction band offset 

(CBO), which can help reduce carrier recombination at the ZMO/CdTe interface.5-6_ENREF_4 

A systematical simulation by Ablekim et. al has revealed that ZMO/Cd(Te1-xSex) solar cells are 

capable of achieving power conversion efficiencies up to 25% with open circuit voltage (VOC) 

exceeding 1 V.6 This prediction has been experimentally confirmed by Sites, Sampath and co-

workers who have demonstrated ZMO/CdTe solar cells with efficiencies exceeding 18% and 

ZMO/ Cd(Te1-xSex) solar cells with efficiencies over 19%, surpassing the performance of 

CdS/CdTe solar cells.3, 7-8 

However, the success of fabricating high efficiency ZMO/CdTe solar cells has not been 

reproduced by other research groups, though significant efforts have been paid.9-12 Bittau et. al 

improved their CdS/CdTe solar cell performance from 8.2% to 10.5% when ZMO was deposited 

prior to the CdS layer.9_ENREF_8_ENREF_5 Wang et. al obtained an efficiency of 13.1% and 
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14.7% for ZMO/CdS/CdTe and ZMO/CdS/CdSe/CdTe stack, respectively.10 Menossi et. al 

improved the efficiency of CdS/CdTe devices to 16.2% with ZMO as high resistive transparent 

layer.13_ENREF_5 In all the studies, ZMO was used as high resistive transparent layer rather 

than a buffer layer to improve their device performance. In 2017, Delahoy et. al reported the 

fabrication of ZMO/CdTe solar cells, but the devices showed unsatisfactory efficiencies 

(~10.5%) accompanied with low fill factors (FF) due to the existence of S-kink in the current 

density-voltage (J-V) curves.11 In 2018, Bittau et. al reported ZMO/CdTe solar cells, but their 

best-performing cell showed an efficiency of 13.5% with a low FF around 65%.12 

_ENREF_11S-kink in J-V curves has been observed in other solar cells including organic,14 

copper indium gallium selenide (CIGS, without blue photons),15 and crystalline 

silicon16_ENREF_13 cells. The S-kink is often attributed to the poor charge extract at the 

absorber/bufferinterfaces.15-17 For ZMO/CdTe solar cells, it is generally attributed to the high 

CBO spike at ZMO/CdTe interface.11, 18_ENREF_10_ENREF_17 Device modeling has shown 

that high CBO spike, large interface recombination velocity, and low doping density in absorber 

and buffer layers can induce a significant barrier at the ZMO/CdTe interface that blocks 

electrons transferring from CdTe into fluorine doped tin oxide (FTO) electrode, causing S-kink 

in the J-V curves.6 However, keeping CBO spike small and fully realizing the benefits of the 

CBO spike are challenging. If the spike is too small, its impact on the reduction of interface 

recombination and consequently the improvement in VOC can be negligible. If the CBO spike is 

too large, it may cause an S-kink, leading to poor FF and low JSC, and, therefore, low 

performance. For these reasons, most reported ZMO/CdTe devices showed lower efficiencies 

than CdS/CdTe devices and most CdTe works published in recent years were still focused on 

CdS/CdTe devices.19-21 
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Here, we show that the S-kink in ZMO/CdTe devices can be successfully eliminated, and 

improved VOC and JSC can be simultaneously achieved if the CdCl2 treatment process is 

conducted in oxygen-free atmosphere. The best-performing cell using CdCl2 treatment in dry air 

showed a VOC of 0.882 V, a JSC of 23.2 mA/cm2, and a FF of 44.8%, yielding an efficiency of 

9.2%. However, the best-performing cell using CdCl2 treatment in helium (He) showed a VOC of 

0.866 V, JSC of 25.5 mA/cm2 and a FF of 72.9%, yielding an efficiency of 16.1%. Our device 

characterization and simulation reveal that S-kink seen in J-V curves is attributed to the large 

CBO spike at ZMO/CdTe interface and the low electrical conductivity of ZMO buffer layer. 

Since a larger CBO spike is preferred for better interface passivation, achieving a sufficiently 

high electron density of the ZMO buffer layer is preferred to eliminate the S-kink. Our work 

shows that utilizing an oxygen-free CdCl2 annealing is critical to achieve high ZMO electron 

density and eliminate the S-kink behavior. 

 
RESULTS AND DISCUSSIONS 
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Figure 1. (a) J-V and (b) EQE curves of ZMO/CdTe-air and ZMO/CdTe-air free devices. (c) J-V 

and (d) EQE curves of CdS/CdTe-air and CdS/CdTe-air free devices.  

The statistics of device performance parameters of 20 ZMO/CdTe solar cells with CdCl2 

treatment in dry air (named ZMO/CdTe-air hereafter) and He (named ZMO/CdTe-air free 

hereafter) are shown in Figure S1. The ZMO/CdTe-air free cells outperform the ZMO/CdTe-air 

cells. The J-V curves of the best-performing ZMO/CdTe-air and ZMO/CdTe-air free cells are 

shown in Figure 1a. For the ZMO/CdTe-air cell, the J-V curve shows clear S-kink (or S-shape) 

with an VOC of 0.882 V, a JSC of 23.2 mA/cm2, and a FF of 44.8%, yielding an efficiency of 

9.2%. In contrast, the ZMO/CdTe-air free cell shows no obvious S-kink, with an VOC of 0.866 

mV, a JSC of 25.3 mA/cm2 and a FF of 72.9%, yielding an efficiency of 16.1%, which is among 
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the highest efficiency CdTe solar cells without Se incorporation reported in literature.7-8 The 

CdCl2 treatment in air-free atmosphere significantly improves the JSC and FF, but with a slightly 

lower VOC. The improvement of JSC is confirmed by external quantum efficiency (EQE) 

measured without external bias as shown in Figure 1b. The ZMO/CdTe-air free device shows 

high quantum efficiencies around 85% for most wavelengths with a flat plateau in the 

wavelength range from 370 to 830 nm, indicating high electronic quality of the absorber layer 

and the interfaces. On the other hand, the EQE curve of ZMO/CdTe-air cell shows much lower 

values over the whole absorption wavelength range, which is attributed to higher recombination 

rate at front or back junction and inefficient carrier extraction. The integrated current density 

over the AM1.5 solar spectrum is 23.2 mA/cm2 for the ZMO/CdTe-air cell and 25.3 mA/cm2 for 

the ZMO/CdTe-air free cell. It is worth noting that from ZMO/CdTe-air cell to ZMO/CdTe-air 

free cell, the FF is increased from 44.8% to 72.9% due to the elimination of the S-kink.  

CdCl2 treatment in dry air has been widely used in CdS/CdTe solar cell fabrications.22-23 Besides 

the benefit of grain boundary passivation by chloride24, oxygen in the dry air also plays an 

important role in improving p-type doping through the formation of shallow acceptor-like defects 

in CdTe as well as the improvement of CdTe crystalline quality and grain size.25-28_ENREF_25 

We have also fabricated CdS/CdTe solar cells with CdCl2 treatment in dry air and He. As shown 

in Figure 1c and Figure S2, the CdS/CdTe-air cells show higher performance in all parameters 

than the CdS/CdTe-air free cells. The best-performing CdS/CdTe-air cell shows an efficiency of 

15.2%, with an VOC of 0.822 mV, a JSC of 25.0 mA/cm2 and a FF of 74.0%. In contrast, the best-

performing CdS/CdTe-air free cell shows an efficiency of 13.8% with an VOC of 0.810 mV, a JSC 

of 24.2 mA/cm2, and a FF of 70.3%. The trend is opposite to the ZMO/CdTe cells discussed 

above. The above results draw our attention to the roles of oxygen in these solar cells. Oxygen 



 

7

might have different effects on CdS and ZMO buffer layers. The EQE results of CdS/CdTe cells 

shown in Figure 1d provide some insights. The EQE curves for these cells show visible 

differences in the wavelength range from 350 to ~525 nm. The EQE improvement in this range 

for CdS/CdTe-air cell indicates that the CdS buffer layer is partially oxidized during the CdCl2 

treatment in air, demonstrating that oxygen can diffuse through 3 μm CdTe films to the front 

junction. The accumulation of oxygen at the CdS/CdTe interface due to the annealing ambient 

has also been proven by other researchers through transmission electron microscopy method.29 

The oxidization of CdS would increase the band gap and permit more light absorption in CdTe. 

Therefore, it is reasonable to expect that in our ZMO/CdTe devices with 2.8 μm CdTe films, 

oxygen can also pass through CdTe films and reach the ZMO/CdTe interface, which may reduce 

the density of oxygen vacancies and consequently lower the electron density in ZMO buffer 

layer. This reduction of electron density is responsible for the S-kink in the J-V curves as 

discussed below. 

 

Figure 2.J-V curves of ZMO/CdTe-air and ZMO/CdTe-air free devices measured (a) in different 

scan directions and (b) with or without UV filter (420 nm). 
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We find that ZMO/CdTe-air shows J-V hysteresis, i.e., the J-V curve measured by scanning the 

bias from positive to negative bias (reverse scan) is different from the J-V curve measured by 

scanning bias from negative to positive bias (forward scan), as shown in Figure 2a and Table 

S1.The forward scan shows a lower FF (41.1% vs 47.0%), a higher VOC (872 mV vs 863 mV), 

and similar JSC, and, therefore a much lower performance (8.61% vs 9.83%) than reverse scan. 

The J-V hysteretic effect has been widely investigated in hybrid perovskite solar cells30-32, CIGS 

(with In(OH,S) as buffer layer)33, multijunction solar cells (high flux)34and some CdS/CdTe solar 

cells35-36. There are some primary mechanisms to explain the origin of hysteresis: transient 

capacitive current, ion migration, ferroelectric polarization, dynamic charge carrier trapping and 

detrapping.30-33_ENREF_29In our ZMO/CdTe devices, hysteresis only happens when S-kink 

shows up. The large CBO spike and poor conductivity of ZMO could be the causes of the J-V 

hysteresis. The ZMO/CdTe-air free device shows no J-V hysteresis, indicating the absence of 

barrier to the carrier transfer. It is noted that the ZMO films for both devices were deposited in 

an identical condition. In addition, the composition of the ZMO film is not expected to change 

during the device fabrication, because both magnesium and zinc have low saturated vapor 

pressure. Furthermore, the bandgap of ZMO (~3.66 eV) should not be affected by the oxygen 

vacancy concentration as shown in Figure S3. Thus, the same band gap for ZMO (Figure S4) and 

CBO for interfaces should be expected in both devices. It has been reported that ZnO film has a  

bandgap ofabout 3.3 eV37-38and it has a zero CBO with CdTe18. We estimate that the CBO 

between our ZMO film and CdTe is about 0.4 eV.39-40The different device behavior is likely due 

to the different conductivity of the ZMO buffer layers. Figure 2b and Table S2 show the J-V 

curves of ZMO/CdTe-air and ZMO/CdTe-air free cells measured under AM1.5 illumination with 

and without a UV filter (420 nm). When the UV filter is applied, ZMO/CdTe-aircell shows a 
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lower FF (25% vs 38.5%) due to the severe S-kink. This change mainly results from the 

dramatical increase in series resistance from 108 Ω cm2 to 364 Ω cm2. The ZMO/CdTe-air free 

cell shows apparent S-kink in the J-V curve when a UV filter is applied. The FF is decreased 

from 70% to 64%, due to the increase of series resistance from about 5 to 11 Ω cm2. These 

results are likely attributed to the photoconductivity of ZMO. The conductivity of ZMO can be 

increased by many orders of magnitudes under illumination, which has been widely used in 

photodetectors.- 41-42We depositeda ~100 nm thick ZMO film on FTO-coated glass. Our 

photoconductivity measurement confirmed thesignificant improvement (~3 orders of 

magnitudes) of the ZMO conductivity under UV illumination as shown in Figure S5. 

 

Figure 3.SCAPS simulation of J-V curves for ZMO/CdTe cells with different (a) acceptor-like 

trap densities (Nt) while the CBO is 0.2 eV and (b) ZMO doping densities while the CBO is 0.4 
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eV. (c) and (d) are simulated band diagrams of ZMO/CdTe cells with different electron density 

in ZMO. 

Since there is no suitable method to directly measure the electron density of the ZMO buffer 

layer in the devices, we conducted device simulation using SCAPS43to examine the effects of 

electron density in ZMO on J-V curve, along with other selected device properties, such as back-

barrier height, CBO value, and the density of interface trap states on J-V behavior of ZMO/CdTe 

devices. Parameters used for the SCAPS simulation are adopted from the literature5, 44-46 and are 

tabulated in Table S3. The results show that back-barrier height does not result in S-kink in J-V 

curves, as shown in Figure S6a, even when a very high back-barrier height, 0.7 eV, is 

considered. The high back-barrier height only causes sever rollover and reduction in VOC, which 

are consistent with the results seen in CdS/CdTe devices with an inappropriate back barrier 

height, due to the back contact work function misalignment (e.g., direct CdTe/Au contact)43or 

impurities on the back surface (e.g., oxides and chlorides formed during the CdCl2 treatment in 

dry air).47_ENREF_33Our SCAPS simulation (Figure S6b) shows no S-kink in the J-V curve if 

the CBO spike is 0.2 eV, but the S-kink is clearly present in the J-V curve if the CBO spike is 0.4 

eV. Besides CBO spike, the density of acceptor-like trap states at the ZMO/CdTe interface also 

significantly affects the J-V curve. As shown in Figure 3a, when the CBO is small (0.2 eV), the 

high density of acceptor-like defects at the ZMO/CdTe interface can cause severe S-kink 

accompanying with a rapid decrease of VOC. In contrast, devices with a high CBO (e.g., 0.4 eV), 

as shown in Figure S6c, tolerate a much higher trap density without sacrificing VOC. However, 

the devices always suffer from S-kink and low FF even when the interface trap density is low 

(Figure S6b), which is consistent with results reported in the literature.6 For our ZMO/CdTe-air 

devices, both S-kink and higher VOC are observed, as shown in Figure 1a, indicating that 
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interface recombination caused by deep trap states is not responsible to the S-kink in our 

ZMO/CdTe-air devices.  

J-V curve simulations with different ZMO carrier concentrations (Ne) were performed for two 

CBO spike values of 0.2 and 0.4 eV (Figure 3b and Figure S6d). When the CBO spike is 0.2 eV, 

no S-kink is observed in a large range of electron density of ZMO (Figure S6d). However, when 

the CBO spike is 0.4 eV, the S-kink in the J-V is eliminated when increasing the electron density 

in ZMO to 1017 cm-3 or higher. These results reveal that the S-kink seen in our ZMO/CdTe solar 

cells is caused by the large CBO spike (larger than 0.2 eV) and the insufficient electron density 

(electrical conductivity) in the ZMO buffer layer. It is noted that a higher CB spike leads to a 

better interface defect tolerance and, therefore, a higher VOC. To maintain the high VOC and avoid 

S-kink, a sufficiently high electron density in the ZMO buffer layer is necessary. The formation 

and elimination of S-kink in the J-V curves for CBO spike of 0.4 eV can be understood from the 

band diagrams shown in Figures 3c and d. When the electron density of ZMO is low, e.g., 

1014/cm3, the 0.4 eV spike can effectively block photogenerated electrons from transferring from 

the CdTe absorber into FTO electrode (Figure. 3c). This inevitably leads to poor carrier 

extraction, which results in S-kink in the J-V curve. If the electron density is high, e.g., 1017/cm3, 

the depletion width in ZMO is significantly reduced. Therefore, photogenerated electrons have 

much higher probability of tunneling through the barrier and being transferred into the FTO 

electrode. As a result, there is no severe barrier for extracting photogenerated electrons and, 

therefore, no S-kink in the J-V curve. These results confirm that ZMO/CdTe cells should be 

processed in oxygen-free atmosphere to avoid detrimental oxygen diffusion into ZMO layer 

during the fabrication processes.  



 

12

SCAPS simulation has shown that a higher electron density in ZMO layer should lead to a 

reduced carrier recombination rate at ZMO/CdTe interface.5 Therefore, we performed PL 

measurements to reveal the recombination properties in ZMO/CdTe-air and ZMO/CdTe-air free 

samples (no copper and Au layers were deposited). For both samples, PL spectra with emission 

peak centered at 1.54 eV are observed when these are excited through glass and CdTe sides as 

shown in Figure 4a.48For both samples, stronger PL signals are observed when the exciation is 

excited from the glass side than from the CdTe side, suggesting a noticable interface passivation 

by ZMO buffer layer. The PL intensity excited from the glass side is higher for the ZMO/CdTe-

air free sample than for the ZMO/CdTe-air sample, suggesting a higher charge recombination 

rate at the ZMO/CdTe interface in the ZMO/CdTe-air sample than in the ZMO/CdTe-air free 

sample. This result can be explained using the band diagram analysis (Figures 3c and d). The 

ZMO film in ZMO/CdTe-air free sample should have a higher electron density than the 

ZMO/CdTe-air sample, which results in a stronger band bending in the CdTe, depleting holes at 

the ZMO/CdTe interface and effectively reducing the interface recombination.5 The more the 

interface recombination is suppressed, the stronger the radiative recombination in the bulk and 

the more intense PL signal. TRPL decay curves (Figure 4b) confirm these conclusions. The mean 

carrier lifetime measured from the CdTe side is short (< 1 ns) for both samples due to surface-

induced high carrier recombination. The mean carrier lifetime measured from the glass side is 

longer, suggesting passivation effects by the ZMO layer. The lifetime (~3.0 ns) of the 

ZMO/CdTe-air free sample is longer than the lifetime (~2.3 ns) of the ZMO/CdTe-air sample, 

suggesting less charge recombination in the ZMO/CdTe-air free sample. Therefore, combinging 

J-V, PL, and TRPL measnurements and SCAPS device simulation, we conclude that the removal 

of oxygen during the CdCl2 treatment can lead to higher electron concentration in the ZMO 
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layer, which results in more favorable junction barrier and reduced charge recombination at the 

ZMO/CdTe interface.  

 

Figure 4. (a) PL spectra and (b) PL decays of CdTe films with CdCl2 treatment in dry air and He 

with excitation from both glass and CdTe sides. Top view SEM images of CdTe film with CdCl2 

treatment in (c) dry air and (d) He atmosphere.  

The oxygen-free fabrication process has another benefit for CdTe solar cells. We find that the 

surface morphology of CdTe films treated in dry air and He is different. As shown in Figure 4c 

and d, the CdTe film treated in dry air shows a larger average grain size than the film treated in 

He, indicating the beneficial effect of oxygen on the recrystallization of CdTe grain during the 

CdCl2 treatment, which is consistent with results reported by others.25-28, 49 However, the CdTe 
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film treated in dry air contains many small particles on the surface, while the film treated in He 

shows a cleaner surface. EDS analysis indicates that these small particles are oxides and 

chlorides, as shown in Figure S7 and Table S3. The formation of such oxides and chlorides is 

inevitable when the CdCl2 treatment is performed in dry air, and these impurity particles are 

difficult to remove completely without chemical etching.50-51These oxides and chlorides can 

cause a poor contact between CdTe and the metal electrode, leading to high recombination at the 

back surface of CdTe. Our recent study has shown that a clean surface is beneficial for reducing 

the back-barrier height and, therefore, for improving FF and efficiency of CdS/CdTe solar cells. 

47We performed current density-voltage-temperature (J-V-T) (Figure S8) measurements under an 

AM1.5 illumination. Figure S9 shows Arrhenius plots of J-V-T curves and the extracted back-

contact barrier heights for ZMO/CdTe-air and ZMO/CdTe-air free cells. For ZMO/CdTe-air cell, 

the back-barrier height is 0.604 ± 0.020 eV, while for ZMO/CdTe-air free cells, it is 0.339 ± 

0.013 eV. The ZMO/CdTe-air free cell shows a much lower back barrier height than the 

ZMO/CdTe-air cell, likely due to clean and impurity-free back surface for air-free CdCl2 

treatment.47_ENREF_36 

Till now, we have demonstrated the S-kink can be eliminated by performing the CdCl2-treatment 

in an air-free environment and proposed mechanisms to explain the origin and elimination of S-

kink. Although our best-performing ZMO/CdTe solar cells have achieved efficiency of over 

16%, the performance is still unsatisfactory compared with the state-of-art ZMO/CdTe cells with 

efficiencies of 18.3%.7 Our J-V-T results reveal that the large back-barrier height (0.339 ± 0.013 

eV), which is still significantly higher compared to the state-of-art devices employing a thin 

tellurium layer as back contact to eliminate the back-barrier height,_ENREF_3952 is the main 

factor limiting the performance of our ZMO/CdTe solar cells.  



 

15

 

CONCLUSION 

In conclusion, we have fabricated and characterized ZMO/CdTe thin film solar cells with CdCl2 

treatment in dry air and He atmospheres. We found that with identical ZMO buffer layers, the 

ZMO/CdTe-air free cells showed no obvious S-kink in the J-V curves, but ZMO/CdTe-air cells 

showed severe S-kinks. Detailed characterization and device simulation suggested that the 

appearance of S-kinks in J-V curves is attributed to the large conduction band spike between 

ZMO and CdTe and the low electrical conductivity of the ZMO buffer layer. For ZMO/CdTe 

cells fabricated with CdCl2 treatment in dry air, oxygen is expected to diffuse through CdTe, 

reach the ZMO, and reduce the electron density of ZMO by filling oxygen vacancies. With the 

elimination of S-kink, our best performing ZMO/CdTe cell has achieved an efficiency of 16.1% 

with an VOC of 0.866 V. Our results provide important insights for improving the performance of 

ZMO/CdTe solar cells.  

 

EXPERIMENTAL METHODS 

Device Fabrication. For ZMO/CdTe devices, FTO-coated glass (TEC 12; Pilkington NA) was 

used as the substrates. The substrates were first cleaned sequentially with Micro-90 detergent in 

an ultrasonic bath in hot water (~70 ˚C) for an hour and then in de-ionized water for 30 min for 4 

times, then rinsed with de-ionized water and dried with nitrogen. 80 nm ZMO layer was 

deposited on FTO at ambient temperature by radio-frequency (RF) sputtering using a ZMO 

target with 8 wt% magnesium oxide (MgO) under mixed flow gas of 3% oxygen and 97% argon. 

Then a ~2.8 µm CdTe film was deposited by close space sublimation (CSS) with a source 
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temperature of 560 ˚C and a substrate temperature of 495 ˚C at 1 Torr. For CdS/CdTe devices, 

the CdS layer was deposited on FTO coated glass (TEC 15M; Pilkington NA) using a procedure 

reported in the literature1. Then a ~3 µm CdTe film was deposited by CSS with a source 

temperature of 660 ˚C and a substrate temperature of 595 ˚C at 10 Torr. CdCl2 treatment was 

performed with a saturated CdCl2 in methanol solution on CdTe surfaces dropwise and heated at 

390 ˚C (CdS/CdTe) or 420 ˚C (ZMO/CdTe) for 20 min with a 500 sccm He or dry air flow at 

400 Torr. After the samples cooled to room temperature, excess CdCl2 was removed by rinsing 

with methanol. After that, copper chloride (CuCl) solution was dropped on the CdTe surface and 

annealed in nitrogen at 175 ◦C to promote Cu doping in CdTe. Then Au (40 nm) electrodes were 

deposited by thermal evaporation via a shadow mask with an individual cell area of 0.08 

cm2._ENREF_17 

Measurement and Characterization. The morphology of the CdTe films was characterized by 

high resolution field emission scanning electron microscopy (FE-SEM, Hitachi S-4800) 

equipped with X-ray energy dispersive spectroscopy (EDS). Solar cell performance was 

characterized by measuring J-V curves under AM1.5G illumination using a solar simulator (PV 

Measurements Inc.) and a source meter (Keithley 2400) with a scanning speed of 1.17 V/s. 

External quantum efficiency (EQE) spectra were performed on a QE system (PV Measurements 

Inc.). The photoconductivity measurement of the ZMO film was performed by depositing a 100 

nm thick ZMO film on FTO-coated glass. Before ZMO deposition, we used a laser to scribe a 

channel with a width of about 150 μm. I-V measurement was carried out with a voltage swept 

from -10 to 10 V in dark and under UV illumination. Temperature dependent light current 

voltage (J-V-T) was performed using a Solartron Modulab potentiostat with light supplied by a 

halogen lamp with voltage swept from -0.4 to 1.5 V. A liquid nitrogen cooling cryo-system 
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(Janis VPF-100 system) was used to carry out all the temperature dependent (140 to 310K with a 

step size of 10 K) measurements. The temperature was controlled by a temperature controller 

(Lakeshore 330). A sensor was mounted on the top of the device directly to ensure that the 

recorded temperature is the device temperature. Photoluminescence (PL) characteristics of 

FTO/ZMO/CdTe samples after CdCl2 treatment were investigated utilizing steady-state and 

time-resolved PL (TRPL). PL measurements were performed separately through glass and CdTe 

sides. A 633 nm laser wavelength at 2.86 Wcm-2 and 1.38 x 1010 photon pulse-1cm-2 were used 

for steady-state and TRPL respectively. Steady-state PL signal was detected by a symphony-II 

CCD detector (from Horriba) while TRPL  signal was collected via a hybrid APD/PMT module 

(Hamamatsu R10467U-50). 
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