
1. Introduction

Recent progress by GE and First Solar reported above 20% 

cell efficiency1). However, little information on the structure of 

the cell is known. As a result, scientific and technological 

progress from the academic side has so far been very limited. To 

achieve theoretical efficiency of above 25%, it is necessary to 

correctly understand the physics behind the CdTe solar cell, 

which has much lower efficiency. Conventional CdTe cells are 

fabricated on transparent-conductive-oxide (TCO) electrodes 

and consist of a CdS/CdTe heterojunction in which CdS is a 

window material and CdTe is a light absorbing material. Since 

the band gap of CdS is 2.4 eV and the thickness of CdS is around 

200 nm, incident light with photon energies of more than 2.4 eV 

is absorbed and lost in the CdS window layer. As a result, the 

blue light is lost and the light-generated current is limited. 

To reduce absorption loss in the blue wavelength region by 

the window material, it is necessary to increase the band gap of 

the window layer or reduce the thickness of the CdS layer. An 

increase in the band gap of the window layer was achieved by 

changing the composition of the window layer to CdS:O2,3). The 

reduction in the CdS thickness was achieved by introducing a 

highly resistive layer including SnO2 and Zn2SnO4 on a thin CdS 

layer2-4). Previously, we introduced a highly resistive In2S3 and 

ZnO layer on a very thin CdS buffer to increase the light 

transmittance and reduce the recombination current through the 

junction5,6). We found that with a ZnO resistive layer the 

thickness of CdTe can be reduced to below 70 nm.

In addition to the CdS window layer, it is believed that the 

light transmission through the TCO plays an important role. The 

development of TCO is still a hot topic in the pursuit of higher 

CdTe cell performance7-9). Conventionally, indium-tin-oxide 

(ITO) electrode with a resistivity value of 2×10-4 Ω · cm2 was 

favorable10). With an ITO electrode, a cell with a larger area was 

fabricated but the efficiency was just slightly over 10%. A 

University of South Florida team demonstrated that the efficiency 

was much improved by employing a fluorine-doped tin oxide 

(SnO2 : F, FTO) as an electrode11). However, the details of the 

FTO substrate effect was not known. Since we developed a 

ZnO/CdS buffer layer that demonstrated high optical transmittance 

and low tunneling recombination6), it is worthwhile to select 

various FTO substrates to investigate the role of the FTO 

substrate. In our experiment, we selected two FTO glass substrates 

purchased from two different companies and applied them to 
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CdTe solar cells and compared the CdTe cell performance in 

respect to the FTO optical transmittance.

2. Experimentals

The schematic cross sections of the two different FTO-coated 

glass substrates we selected are shown in Fig. 1. Substrate A 

consisted of FTO (300 nm)/ SiO2 (24 nm)/ SnO2 (30 nm)/ 

borosilicate glass (2.2 mm), purchased from Sigma-Aldrich and 

called FTO glass TEC 10. Substrate B consisted of FTO (700 

nm)/ SnO2 (30 nm)/ borosilicate glass (1.8 nm), purchased from 

Asahi and called TEC 7/2.2. The sheet resistances of substrate A 

and substrate B were approximately 10 and 7 Ω/□, respectively; 

consequently, the resistivities of substrate A and substrate B 

were 3×10-4 and 4.9×10-4 Ω · cm, respectively. The size of the 

FTO-coated borosilicate glass was 2×5 cm2. Note that the 

resistivity of substrate B was larger than that of substrate A, 

indicating that the carrier concentration was smaller in substrate 

B than in substrate A. The substrates were cleaned ultrasonically 

in acetone and ethanol for 15 minutes and dried in a forced 

convection oven at 70°C for 15 minutes.

CdTe solar cells were fabricated in a FTO/ZnO/CdS/CdTe 

superstrate configuration. The schematic cross section of the 

CdTe cell is shown in Fig. 2. A 100-nm thick ZnO buffer layer 

was deposited on the FTO substrate at 100°C by RF-sputtering 

of a 4-inch ZnO target at a sputtering power of 135 W. The base 

pressure and working pressure were 2×10-6 and 2×10-3 Torr, 

respectively. Then, a 70-nm thick CdS layer was deposited on 

the ZnO-coated sample by immersing the substrate into a 

reaction beaker filled with distilled water, Cd(CH3COO)2, NH4 

(CH3COO), and CH4N2S and by increasing the reaction beaker 

to 85°C. 

The CdS/ZnO-coated sample was inserted into a close-space 

sublimation (CSS) chamber, in which the distance between the 

CdTe source plate and the sample plate was 2 mm. The CSS 

chamber was pumped down to 10 mTorr and filled with oxygen 

to 5 Torr. The source temperature and sample temperature were 

620 and 575°C, respectively. A 4-μm-thick CdTe layer was 

deposited with a growth rate of about 1 μm/min. After CdTe 

deposition, the sample was dipped into a CdCl2 solution and 

dried immediately with an N2 blow gun. Then the sample was 

annealed at 380°C for 10 minutes in a chamber filled with 80% 

He + 20% O2. Following the CdCl2 heat treatment, the residual 

CdCl2 on the CdTe surface was rinsed off. 

The detailed process of the p+ contact on CdTe is as follows. 

The CdTe surface was etched by nitric phosphoric (NP) acid for 

15 seconds and rinsed in water. Then, a 1-nm thick Cu metal 

layer was deposited on the CdTe surface at room temperature. 

Then the sample was annealed at 220°C for 10 minutes in N2. 

This contact technology is called the Cu metal contact. After the 

p+ contact process, a mechanical scribing was performed to 

make cell outlines and to expose the FTO front contact. Then a 

100-nm thick Au layer was deposited by thermal evaporation 

with a deposition rate of 2Å/s. Finally, a second scribing was 

performed within the previously defined cell outline. Four CdTe 

solar cells with a size of W×L=1×0.5 cm2 were fabricated for 

one glass substrate. 

The optical transmittance of the FTO-coated glass substrate 

was characterized using UV-vis spectroscopic transmittance 

measurement. The morphology and layer thickness of the ZnO 

(a) Substrate A

(b) Substrate B

Fig. 1. Schematic cross sections of the two glass substrates 
with different FTO and glass thicknesses. Overall 
thickness is about 2.5 mm.

Fig. 2. Schematic cross sectional structure of CdTe solar cells.
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and CdS films were measured using a scanning electron 

microscope (SEM). The photovoltaic properties of the CdTe 

solar cells were measured using a solar simulator at AM 1.5 one 

sun conditions, which was calibrated with a silicon reference 

cell. The external quantum efficiency (EQE) was measured 

using a QEX10 solar cell QE system produced by PV measurement 

Inc.

3. Results and discussion

3.1 Effect of substrate type

Fig. 3 shows the cross-sectional SEM morphologies of (a) 

700-nm thick FTO on a glass substrate (substrate B) and (b) 

CdTe/FTO/ glass configuration on substrate B. In Fig. 3a, the 

FTO layer on glass shows a columnar structure with a width of 

approximately 300 nm. A 30-nm thick SnO2 layer can be seen at 

the FTO/glass interface. The surface of the FTO layer on 

substrate B is rather flat and consists of many pyramid-shaped 

grain surfaces. In Fig. 3b, the demarcation of the ZnO/CdS 

buffer layer is seen between CdTe and FTO. A pore was 

developed between the buffer and CdTe interface.

Fig. 4 shows the direct, diffuse, and total transmittances of the 

two different substrates: substrate A and substrate B. The 

notable result is that the total transmittance of substrate B is 

much higher than that of substrate A, both in the blue wavelength 

region and also in the red wavelength region. 

In the blue wavelength region, the direct transmittance of 

substrate B is smaller than that of substrate B. The thicknesses of 

FTO in substrate A and substrate B are 300 and 700 nm, 

respectively. Therefore, it is expected that the absorption loss by 

free carrier scattering is greater in substrate B than in substrate 

A. However, note that the diffuse transmittance of substrate B is 

much bigger that of substrate A. 

The total transmittance is the sum of direct transmittance and 

diffuse transmittance. It is clearly seen that the total transmittance 

of substrate B is much larger than that of the substrate in the blue 

wavelength region. At around 400 nm, the wavelength region, 

the total transmittance value of substrate B is about 97%, while 

the value of substrate A is 82%. The maximum difference is a 

15% point at 400 nm. The difference decreased as the wavelength 

increased to higher than 400 nm. The main contribution of the 

high transmittance in substrate B is the great increase in the 

diffuse transmittance.

The SEM surface morphology shown in Fig. 3 shows that the 

FTO surface has a pyramid shape that can scatter and increase 

the light absorption. The thicknesses of the FTO in substrate B 

and substrate A are 700 and 300 nm, respectively. We consider 

that the pyramid shape is more developed as the thickness of the 

FTO increases. 

In the red wavelength region, the transmittance of substrate B 

is much larger than that of substrate B. At 790 nm, the total 

transmittance values of substrate A and substrate B are 76 and 

(a)

(b)

Fig. 3. Cross-sectional SEM images of 700-nm thick FTO on 
glass (a) and the CdTe/FTO/glass interface (b).

Fig. 4. Spectroscopic direct and diffuse transmittances of two 
different substrates.
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88%, respectively. Substrate B showed a 12.0% point enhancement, 

which is a big increase. The main contribution is the increase of 

the direct transmittance in substrate B. Since the resistivities of 

substrate A and substrate B are 3×10-4 and 4.9×10-4 Ω · cm, 

respectively, it is clear that the carrier concentration in substrate 

B is smaller than in substrate A, by assuming that the carrier 

mobility in substrate A is similar to that in substrate B because 

the F-doping process was conducted by a CVD process. With 

the lower carrier concentration in substrate B, the light 

scattering is less severe in the red wavelength region, which 

results in the higher optical transmittance.

Fig. 5 shows the reproducibility of the CdTe cell performance 

for the two different FTO substrates. For the cell fabrication, a 

100-nm thick ZnO buffer layer was deposited on the FTO 

substrate at 100°C by RF-sputtering and a 70-nm thick CdS 

layer was deposited by a CBD process at 85°C. A p+ contact was 

prepared by depositing a 1-nm thick Cu metal layer and 

annealing at 200°C for 10 minutes. The cell performance was 

quite reproducible even though the deposition temperature of 

ZnO was rather low. Note that the cell efficiency (η) was 

consistently higher and more reproducible for the cells prepared 

on substrate B than on substrate A. The short-circuit current (Jsc) 

and open-circuit voltage (Voc) of the cell on substrate B were 

much higher than those of the cell on substrate A, while the fill 

factors (FF) were similar.

Fig. 6 compares the illuminated J-V curves (a) and external 

quantum efficiency (EQE) curves of the best results of the CdTe 

cell with two different substrates. In Fig. 6(a), the Jsc and Voc 

increased more for the cell on substrate B than for the cell on 

substrate A. The cell efficiencies of the cells on substrates A and 

B were 12.4 and 13.80%, respectively, a 1.4 % point increase on 

substrate B over that on substrate A. The photovoltaic parameters, 

Jsc, Voc, FF, shunt resistance (Rsh), and series resistance (Rs), of 

the cells are summarized in Table 1. Compared with the cell on 

substrate A, the Jsc and Voc of the cell on substrate B increased 

with 16 and 3% changes, while little change was found in the FF. 

Therefore, the main parameter of the cell performance increase 

was due to the increase of the Jsc. 

The origin of the Jsc increase can be inferred from the EQE 

curves as shown in Fig. 6(b). Note that the EQE value of the cell 

on substrate B is higher than that of the cell on substrate A 

throughout the whole spectrum range. This suggests that the 

increase of the Jsc is due to the higher transmittance of incident 

light through substrate B than through the substrate. The result 

matches well with the higher total optical transmittance through 

Fig. 5. Efficiency variation of CdTe solar cells with a ZnO/CdS/ 
CdTe/FTO/glass configuration. The thicknesses of ZnO 
and CdS are 100 and CdS 70 nm, respectively. 

(a)

(b)

Fig. 6. Comparison of the best cells with two different substrates:
12.4% on substrate A and 13.8% on substrate B. The 
600-nm thick FTO layer shows a higher efficiency than 
the 300-nm thick FTO layer.
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substrate B than substrate A as shown in Fig. 4, which 

demonstrates the optical transmittance. Our result indicates that 

the design of the FTO layer on a glass substrate is very important 

in achieving higher cell performance. In particular, an appropriate 

surface roughness (or texturing) is necessary to increase the 

diffuse transmittance and the resulting total transmittance. In 

addition to the increase in the total transmittance, the increase in 

the diffuse transmittance seems to be important because it 

increases the pathway of the transmitted light and enhances the 

light absorption near the CIGS surface or near the depletion 

region.

3.2 Effect of p+ contact

The biggest issue in the CdTe solar cell was development of 

a stable p+ back contact. The most suitable method is Cu doping 

on CdTe, but the CdTe cell is easily degraded by Cu contamination 

at the CdS/CdTe junction12-14). Degradation of the cell has 

several reasons, among them, shunting at the CdS/CdTe 

interface15) and light shielding through an impurity level in the 

CdS layer for a photon energy of 1.55 eV (λ=803 nm)16). With 

the Cu contamination at the CdS/CdTe interface, the QE value 

near the red-wavelength region was drastically reduced16-18), 

which supported the light shielding by Cu contamination in 

CdS16). Therefore, it is imperative to reduce the Cu contamination 

in CdTe solar cells. For that purpose, the total amount of Cu in 

the back contact source should be as low as possible, while the 

Cu concentration at the back surface should be as high as 

possible for the p+ contact.

For that purpose, a Cu solution was applied on the CdTe back 

contact instead of Cu metal14). The detailed process of the 

Cu-solution contact is as follows. The surface of the CdCl2 heat 

treated CdTe film was dipped for one minute in a Cu acetate 

solution and dried in a 70°C oven. The solution consisted of 0.08 

g Cu acetate in 100 ml DI water. Then the sample was annealed 

at 250°C for 10 minutes. This contact technology is called the 

Cu solution contact to distinguish it from the Cu metal contact 

technology.

Table 2 summarizes the change of Jsc, Voc, and the JscxVoc as 

a function of the contact annealing temperature in the Cu-solution 

contact technology. It is seen that the product of Jsc and Voc is the 

largest in the temperature range of 220 to 250°C. At 200°C, the 

Jsc is large but the Voc is small, probably due to the poor p+ 

contact in the back side. Table 2 reveals that both the Jsc and Voc 

decreased at 270°C. 

Fig. 7 shows the EQE curves of the CdTe cells fabricated on 

substrate B with two different p+ metal contact technologies. 

The Cu solution contact was performed at 250°C for 10 minutes. 

The EQE curves of the three CdTe cells fabricated by metal 

contact and two Cu CdTe cells with the Cu solution contact were 

demonstrated. It is seen that the EQE values increased in the 

whole wavelength region by the Cu solution contact, especially 

Table 1. PV parameters of the CdTe cell with two different substrates. ZnO (100 nm)/CdS (70 nm) buffer

Substrate Contact
η Jsc Voc FF Rsh Rs

(%) (mA/cm2) (V) (%) (Ω · cm2) (Ω · cm2)

A Cu metal 12.45 22.40 0.794 70 3191 8.4

B Cu metal 13.81 24.00 0.816 70.5 1988 9.7

(10.9%) (7.1%) (2.8%) (0.07%)

B Cu solution 15.06 26.11 0.82 70.3 950 1.25

Table 2. Jsc and Voc of CdTe solar cells with various annealing 
temperatures of the Cu solution back contact

Temp. (°C) Time (min) JSC  (mA/cm2) VOC (V) Jsc × Voc

180 10 23.34 0.76 17.74

200 10 24.54 0.768 18.85

220 10 24.49 0.79 19.34

250 10 24.56 0.795 19.53

270 10 23.81 0.782 18.62

Fig. 7. EQE curves of the CdTe cells fabricated on the thick FTO 
substrate with two different Cu contact technologies. The 
Cu solution contact shows a higher short-circuit current 
than the Cu metal contact.
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in the red wavelength region (~800 nm). The average Jsc values 

of the CdTe cells with the Cu metal contact and Cu solution 

contact were 22.4 and 23.8 mA/cm2, respectively.

Note that there was a kink at a wavelength of 830 nm (1.49 eV 

at room temperature). The difference in the EQE values near the 

kink was very large. For example, the EQE values of the CdTe 

cells with the Cu metal contact and Cu solution contact were 90 

and 48%, respectively. The origin of the kink was due to the 

formation of Cu doping into the CdS buffer layer, resulting in 

the formation of an acceptor energy level of 1.49 eV below the 

CdS conduction band. The energy level screened the photon 

energy above the 1.49 eV and reduced the light transmittance. 

The Cu migrated from the back contact to the CdS/CdTe 

interface6). 

The other noticeable thing was that the EQE value of the 

CdTe cell with the Cu metal contact was much lower in the red 

wavelength region (700-800 nm) than that of the CdTe cell with 

the Cu solution contact. That was probably due to the formation 

of interstitial Cu in the bulk CdTe by the Cu migration from the 

Cu back contact. Since Cu had already diffused to the CdS/CdTe 

interface and formed Cu doping in the CdS, it is very likely that 

there were interstitial Cu atoms in the CdTe film. The interstitial 

Cu atoms acted as donors and reduced the carrier mobility, 

resulting in the significant reduction of the EQE value in the red 

wavelength region.

Fig. 8 shows the contour plot of Voc of the CdTe cell on 

substrate B as functions of the contact annealing temperature 

and time for the Cu solution contact. A Voc of 0.8 V Voc was 

obtained in a temperature range of 230 to 260°C and in a time 

range of 11 to 13 minutes. The deposition temperature of the 

ZnO buffer layer increased from 100 to 300°C to obtain a dense 

layer and the Voc annealed at 250°C increased to 0.82 V.

Fig. 9 shows the illuminated J-V curve of the best CdTe cells 

prepared on substrate B with a metal contact and Cu-solution 

contact. The thicknesses of ZnO and CdS were 100 and 70 nm, 

respectively. The best cell efficiencies of the cells with the Cu 

metal contact and Cu solution contact were 13.8 and 15.1%. For 

the 15.1% cell, the Jsc, Voc and FF were 26.11 mA/cm2. 0.82 V, 

and 0.70, respectively. The difference between the two cells 

were the deposition temperature of the ZnO buffer. The 

deposition temperatures of the 100-nm thick ZnO buffer for the 

Cu metal contact and Cu solution contact here were 100 and 

300°C. The ZnO buffer deposited at 300°C had a dense film and 

better step coverage on FTO glass. The details of the ZnO 

deposition temperature effect was reported in a previous study6). 

We have seen that the selection of the FTO substrate greatly 

affects the light transmittance. The FTO layer with a 700 nm 

thickness had better light transmittance that that with 300 nm. 

The main increase of the transmittance was the large increase of 

the diffuse transmittance in the blue-wavelength region and 

direct transmittance in the red-wavelength region. A rough 

surface is expected for the thicker FTO layer, resulting in an 

increase in the diffuse scattering and less reflection. The surface 

of the thick FTO might act as a textured surface.

4. Conclusions

We employed two different FTO-coated glass substrates to 

compare their substrate performance on CdTe cells: substrate A 

consisted of FTO (300 nm)/ SiO2 (24 nm)/ SnO2 (30 nm)/ 

borosilicate glass 2.2 mm and substrate B consisted of FTO (700 

nm)/ SnO2 (30 nm)/ borosilicate glass (1.8 mm). The total 

thickness was approximately 2.5 mm. The cell efficiency of the 

CdTe cell on substrate B was consistently higher than that of the 

CdTe cell on substrate B, mainly due to the increase in the 

Fig. 8. Contour plot for open-circuit voltage with various annealing 
temperatures with a back contact using a Cu solution.

Fig. 9. The best CdTe cells on the FTO glass.
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short-circuit current. The optical transmittance analysis showed 

that the total transmittance (direct transmittance + diffuse 

transmittance) through substrate B was higher in the blue 

wavelength region than that through substrate A, and in 

addition, the direct transmittance through substrate B was also 

higher than that through substrate A in the red wavelength 

region. The diffuse transmittance played a key role in the blue 

wavelength region, while the direct transmittance acted as a key 

role in the higher transmittance. It was evident that a rough 

surface is necessary to increase the transmittance in the blue 

wavelength region and a lower carrier concentration is necessary 

to increase the transmittance in the red wavelength region.

By replacing the Cu metal contact on CdTe with a Cu solution 

contact, the cell efficiency increased further. With the Cu 

solution contact, Jsc, Voc, and FF improved. In particular, the QE 

values across the entire spectrum increased. As a result, the cell 

efficiency increased from 12.4 to 15.1% with the introduction of 

the thicker FTO substrate and Cu contact using a Cu solution 

instead of Cu metal. In particular, the Jsc value in the CdTe cell 

with substrate B and the Cu solution contact increased from 22.4 

to 26.1 mA/cm2 compared to that in the CdTe cell with substrate 

B and the Cu metal contact. 

Our experiment demonstrated that the substrate should have 

high diffuse optical transmittance in the blue wavelength region 

and high direct transmittance in the red wavelength region. This 

suggests that FTO with a rough surface or textured surface for 

high diffuse transmission in the blue wavelength region and 

with a good electron mobility with lower carrier concentration is 

necessary for the red wavelength region.
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