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ABSTRACT: Using the sequential process, we have prepared Cu(In,Ga)S2 based solar cells on transparent In2O3:Mo 

back-contacts for multi-junction applications. A thin layer of Mo was sputtered on the In2O3:Mo transparent back-

contact in order to form a MoS2 contact during sulfurization. We have investigated the role of the Mo thickness on 

the optical and electrical properties of the absorbers and solar cells. A cell efficiency of 8.1% with an open circuit 

voltage of 817 mV was achieved using a 5 nm thick Mo layer; however this cell showed poor transparency, not 

exceeding 20%. Reducing the Mo layer thickness improved the transparency of the solar cell; however it also resulted 

in an increase of the device series resistance and a decrease of the fill factor. The need of introducing a MoS2 layer in 

the transparent  CIGS based solar cell is discussed. 

Keywords: Chalcopyrite, Cu(In,Ga)S2, Tandem solar cells, Optical properties, Electrical properties 

 

 

1 INTRODUCTION 

 

The limited conversion efficiency of a single junction 

solar cell implies that new device designs are essential to 

fully exploit the solar spectrum and therefore exceed the 

theoretical limit. The multi-junction approach is a 

concept in which several p-n junctions with decreasing 

absorber band-gap energies are stacked allowing the 

photons with lower energies to pass through top cells and 

to be subsequently absorbed by lower band gap absorbers 

in the bottom cells. This approach requires materials 

which cover a large range of band-gap energies such as 

chalcopyrite polycrystalline thin films, which in addition 

of reaching a high conversion efficiency of 20.3% [1] 

using Cu(In,Ga)Se2 as an absorber, allow  relatively easy 

band-gap engineering and therefore offer the possibility 

of combining the low band gap Cu(In,Ga)Se2 with a 

wider band-gap Chalcopyrite material as a top cell 

absorber in a tandem configuration. Wide band-gap 

Cu(In,Ga)S2 (CIGS) based solar cells prepared by the 

sequential process have achieved efficiencies of about 

13% [2] and open circuit voltages reaching 879 mV [3], 

which makes them a potential candidate as a top cell in a 

tandem configuration.  

In addition to appropriate absorber bandgap energies 

and top/bottom cell current match, an efficient tandem 

device requires the top cell to be highly transparent [4]. 

Several attempts to prepare wide-gap chalcopyrite based 

solar cells on transparent back-contacts have been 

reported. Bakehe et al. [5] has prepared Cu(In,Ga)S2 

based solar cells on different types of TCOs, and 

Kaigawa et al. [6] has recently reported 4.4% efficient  

mecanically stacked Cu(In,Ga)Se2/Cu(In,Ga)S2 tandem 

device with the Cu(In,Ga)S2 top cell prepared on a ZnO 

back-contact. In both cases, the sulfide-based absorbers 

were prapared by multi-source evaporation. In this work, 

Cu(In,Ga)S2 absorbers were grown on transparent 

In2O3:Mo coated glass substrates by rapid thermal 

sulfurization of sputtered metal precursors.  Contrary to 

other types of TCOs, In2O3:Mo induces no contamination 

by diffusion of impurities. A thin layer of Mo was also 

sputtered on the In2O3:Mo back contact in order to form a 

MoS2 contact during sulfurization. Optical and electrical 

investigations of the absorbers and resulting solar cells 

were carried out. In this paper, we focus on the 

importance of the MoS2 layer in the transparent top cell. 

Therefore, the Cu(In,Ga)S2 absorber band-gap is 

maintained at 1.53 eV. Further issues of importance in 

the design of the tandem device such as the top cell band-

gap widening and absorber optimized thickness will be 

reported in another publication.  

 

2 EXPERIMENTAL DETAILS 

 

The 400 nm thick In2O3:Mo back-contacts were 

prepared by RF magnetron sputtering on float glass 

substrates from a In2O3:MoO3 ceramic target. The Cu-

rich In/(Cu-Ga) precursors were prepared by DC 

magnetron sputtering on the In2O3:Mo-coated float glass 

substrates. An intermediate thin Mo layer between the 

precursors and In2O3:Mo back-contact was sputtered. The 

thickness of the Mo layer was varied between 0 and 5 

nm. Details about precursor deposition can be found 

elsewhere [7, 8]. The precursors were then heated 

together with elemental sulfur, which was provided as 

granules, by radiation from halogen lamps. Precursors 

were preannealed in the chamber. Then, the sulfurization 

was carried out at nominal temperatures of about 560 ºC 

for 3 min. An additional annealing step for a few seconds 

at 720 °C was added [9]. The latter step allows the 

desired interdiffusion of the In-rich and Ga-rich ternary 

phases [8] despite the lower dwell temperature, while 

reducing the glass softening and stress on the 

molybdenum layer. It also prevents the interdiffusion 

between the In2O3:Mo back-contact and the absorber 

during sulfurization. Reference absorbers, deposited on 

500 nm thick Mo back-contact, were also prepared for 

comparison. The CuxS that formed during the 

sulfurization was KCN etched. Then the solar cells were 

completed by chemical bath depositing the CdS buffer 

layer and sputtering the ZnO/ZnO:Al window layers.  

The optical transmission (T) and reflection (R) of the 

various layers and completed solar cells was measured in 

the range of 250 to 2500 nm using a Carry 500 Scan UV-

Vis-NIR spectrophotometer. To investigate the change of 

the In2O3:Mo transparency after sulfurization and the 

eventual formation of MoS2 layers, the absorbers were 

detached from the substrate using an adhesive tape.   

Current-voltage I(V) measurements were carried out on 

the solar cells in the dark and under simulated AM 1.5 

conditions. External quantum efficiency (EQE) was 

measured in the range of 300-900 nm using xenon and 

halogen lamps. 



3 RESULTS  

 

Table I shows the parameters of the best CIGS solar 

cell deposited on a semi-transparent Mo(5 nm)/In2O3:Mo 

back-contact. These parameters are compared to those of 

a CIGS solar cell deposited on a standard 500 nm thick 

Mo back-contact. The precursor sputtering and the 

sulfurization were carried out in the same run. The 

standard CIGS/Mo(500 nm) solar cell reference gave an 

efficiency of 11.4%. An efficiency of 8.1% was obtained 

with the CIGS/Mo(5 nm)/In2O3:Mo semi-transparent 

solar cell. The latter shows lower short circuit current and 

fill factor of 53% although the open circuit voltage is 

comparable to the reference cell. Transmission 

measurements of the semi-transparent solar cell (not 

presented here) show a transparency not exceeding 20%. 

 

Table I: Best solar cell results for CIGS absorbers 

deposited on a standard Mo and a semi-transparent 

Mo(5nm)/In2O3:Mo back-contact. 

 

Batch 1607 Voc Jsc FF   Eff 

  (mV) (mA/cm2) (%) (%) 

CIGS/Mo (500 nm) 791 21.0 68   11.4 

CIGS/Mo (5 nm)/In2O3:Mo 817  18.9 53  8.1 

 

In order to improve the transmission of the 

CIGS/Mo/In2O3:Mo solar cells, the Mo layer thickness 

was varied between 0 and 5 nm. In the following, the 

electrical and optical properties of the obtained cells are 

presented.   

 

3.1 Electrical properties 

In Figure 1 the quantum efficiency as function of the 

wavelength, measured between 300 and 900 nm, is 

compared for the various CIGS solar cells. As expected, 

the absorption from the CdS buffer layer is observed for 

all the cells below 500 nm. The reference cell shows the 

highest spectral response reaching 90% between 500 and 

600 nm whereas the semi-transparent solar cells show 

slightly lower quantum efficiency between 80 and 85% 

depending on the Mo layer thickness. For the 

CIGS/In2O3:Mo solar cell, a good current collection 

between 500 and 850 nm is observed. However, for the 

samples where MoS2 is expected to form, in the red 

region, the current collection is found to deteriorate with 

the decrease of the Mo thickness.  

Figure 1: External quantum efficiency of solar cells 

prepared on standard Mo and In2O3:Mo back-contacts. 

The characteristics of solar cells prepared on different 

back-contacts are compared in table II. The short circuit 

current was calculated from the quantum efficiency 

measurements plotted in figure1. Because fluctuations are 

observed in the open circuit voltage values of the 

different samples due to process inhomogeneities, for 

comparison we will focus on the variation of the fill 

factor with the Mo thickness. For the investigated batch, 

a fill factor of 63% was obtained for the reference solar 

cell. The fill factor was found to decrease with the 

decrease of the Mo thickness to reach 48% in the 

CIGS/In2O3:Mo based solar cell.  

 

Table II: Solar cell characteristics for CIGS absorbers 

deposited on a standard Mo and on semi-transparent 

In2O3:Mo back-contacts with different Mo thickness. The 

short circuit current was calculated from the external 

quantum efficiency measurements.  

 

 Batch 2664 Voc Jsc FF   Eff* 

  (mV) (mA/cm2) (%) (%) 

CIGS/Mo(500 nm) 733 23.2 63   10.7 

CIGS/Mo(5 nm)/In2O3:Mo 691  21.8 58  8.7 

CIGS/Mo(2 nm)/In2O3:Mo 630  21.2 54  7.2 

CIGS/Mo(0 nm)/In2O3:Mo 713  20.8 48  7.1 

Eff*: Active area efficiency 

 

The dark current-voltage characteristics of the cells 

were also measured then fitted using the two-diode 

model. Fitting results are summarized in table III. A 

similar diode ideality factor is deduced for the different 

types of solar cells. The shunt resistance seems 

independent of the type of back-contact, whereas the 

series resistance seems to decrease with the increase of 

the Mo layer thickness.  

 To confirm the influence of MoS2 on the fill factor, 

the latter was recalculated after subtracting the series 

resistance values from the illuminated solar cell I(V) 

characteristics. The reference solar cell showed a 

calculated fill factor of 65%. The semi-transparent solar 

cells with  Mo thickness of 2 and 5 nm gave a similar fill 

factor of 60% whereas the one deposited onto the bare 

In2O3:Mo back contact showed a fill factor of 53%. 

These values confirm that the fill factor decreases with 

the decrease of the Mo layer thickness independent of the 

series resistance.    

 

Table III: The dark I(V) fitting results for solar cells 

deposited on a standard Mo and semi-transparent 

In2O3:Mo back-contacts with different Mo thickness. 

 

 Batch 2664   A1       A2   Rs    Rp   
              (Ω cm2)    (kΩ cm2) 

CIGS/Mo (500 nm)  1.9  4 0.9         1.7 

CIGS/Mo(5 nm)/In2O3:Mo  1.7        4   4            1.5 

CIGS/Mo(2 nm)/In2O3:Mo  1.7       4        4   1.9 

CIGS/Mo(0 nm)/In2O3:Mo  1.7   6   5            1.6 

 

3.2 Optical properties 

Figure 2 shows the optical transmission versus the 

wavelength of the complete CIGS/Mo/In2O3:Mo solar 

cells measured for different Mo thickness. For a Mo 

thickness of 5 nm, the transmission does not exceed 20%, 

however as expected with the decrease of the Mo 

thickness, the solar cell transparency increases and 

reaches 24% for the bare In2O3:Mo/glass substrate. Note 



that for a Mo thickness of about 2 nm, an optical 

transmission of 23% is measured. 

 
Figure 2: Optical transmission of the complete 

ZnO/CdS/CIGS/Mo/In2O3:Mo/SLG solar cells with 

different Mo thicknesses. 

 

Figure 3 illustrates the effect of the high sulfurization 

temperatures and the sputtered metals on the optical 

properties of the In2O3:Mo transparent back-contact.  The 

optical transmission and reflection versus the wavelength 

measured in the range of 300 to 1200 nm on a 

In2O3:Mo/glass reference and sulfurized In2O3:Mo/glass 

samples. The sulfurized In2O3:Mo/glass samples were 

obtained after peeling-off the absorber layers that were 

grown on the Mo/In2O3:Mo/glass with different Mo 

thickness. The In2O3:Mo/glass reference shows an 

excellent transmission reaching 80%. With sulfurization, 

a decrease in transparency of the In2O3:Mo as well as of 

the Mo/In2O3:Mo layers is observed. For the case of 

In2O3:Mo/glass back-contact, the sulfurization mainly 

lowers the region of the band edge which may be due to 

diffusion of sulfur or metals from the precursors. The 

sulfurized Mo/In2O3:Mo/glass show, in addition to a 

further  decreased  transparency,  a  shift  in interferences.  

Figure 3: Comparison of the optical transmission and 

reflection of the In2O3:Mo/glass reference and the 

sulfurized transparent Mo-coated back-contacts.  

 

This fact indicates the formation of an additional 

absorbing layer which most likely is MoS2. It is worth 

noting that the deterioration of the In2O3:Mo and 

Mo/In2O3:Mo layer transmission due to sulfurization 

occurs predominantly in the range of 300 to 750 nm; 

which is irrelevant to our wavelength range of interest.  

The top cell has to be transparent at wavelengths 

exceeding 730 nm in order to allow photons with lower 

energy to be absorbed by the bottom cell.   

 Figure 4 shows the variation of ( E)2 as function of 

energy for the samples represented in figure 3; E being 

the energy and  the absorption coefficient calculated 

from the measured transmission and reflection according 

to the following equation [10]: 

 

 = 1/d ln ((1-R)/T) 

 

The In2O3:Mo layer thickness d was set to 400 nm and 

was assumed  to increase after sulfurization to 410 and 

420  nm for the samples that received an additional Mo 

layer with a thickness of 2 and 5 nm, respectively. As 

observed from the transmission and reflection curves, a 

change in the absorption is observed for the sulfurized 

In2O3:Mo/glass layer indicating probable formation of 

defects. The samples on which the thin Mo was sputtered 

show a different absorption signature. This confirms the 

growth on the In2O3:Mo of an additional layer for which 

a band-gap energy of 2.2 eV is estimated. This layer is 

most likely MoS2 whose direct bang-gap energy is 

reported to vary between 2.0 and 2.5 eV depending on its 

morphological structure [11]. However, one cannot 

exclude completely the presence of residual CuGaS2 (Eg 

= 2.4 eV) on the surface that could have remained after 

peeling-off the absorber.    

Figure 4: ( E)2 as function of energy for the 

In2O3:Mo/glass reference and the sulfurized transparent 

Mo-coated back-contacts. 

 

4 DISCUSSION 

 

 Cu(In,Ga)S2 based solar cells prepared by the 

sulfurization of metallic precursors could be fabricated on 

an In2O3:Mo transparent back-contact. A cell efficiency 

of 8.1% with an open circuit voltage of 817 mV was 

achieved. This open circuit voltage is comparable to that 

of the reference solar cell prepared on a standard Mo 

back-contact, which suggests that the sulfurization was 

fast enough to prevent significant diffusion of unreacted 

precursor metals into the In2O3:Mo layer.  

  The investigation of the role that plays MoS2 as a 

back-contact in a transparent CIGS top cell addresses the 

question of whether this layer is needed in the multi-

junction design. The obtained data were divided in two 

parts: electrical and optical measurement results. The 

optical measurements have shown a poor transparency, 



not exceeding 24% of the CIGS/In2O3:Mo based solar 

cell. The In2O3:Mo back-contact was found to degrade 

after the sulfurization process which reduces its initial 

transparency; however that occurs in a wavelength range 

of minor importance for the Cu(In,Ga)S2/Cu(In,Ga)Se2 

tandem device. A decrease of the Mo thin layer thickness 

to 0 nm has not resulted in any significant improvement 

of device transmission indicating that the formed 

absorbing MoS2 layer affects the overall transparency 

only weakly. The electrical measurements however stress 

the role that plays the MoS2 for achieving good solar cell 

characteristics. It has been observed that good current 

collection and fill factor depend on the Mo layer 

thickness. The series resistance was found to decrease 

with the increase of Mo thickness, although the shunt 

resistance seems not to be affected. One could assume 

that the MoS2 plays also a role in preventing metal 

diffusion from the precursors into the In2O3:Mo 

transparent back-contact during the sulfurization. 

Considering these results, MoS2 seems to be necessary to 

ensure good electrical properties of the device. An 

optimization of its thickness should be carried out to 

reduce unnecessary additional absorptions. An efficient 

CIGS top cell would however require a much higher 

transparency than what can be achieved by optimizing 

the MoS2 thickness.  It is obvious that other layers in the 

solar cell have to be looked at in order to achieve higher 

transmission of the device in the desired wavelength 

range. Further experiments are under way to address this 

issue.   

 

5 CONCLUSION 

 

 Cu(In,Ga)S2 based solar cells prepared using the 

sequential process on an In2O3:Mo transparent back-

contact with efficiencies up to 8.1% could be fabricated. 

These solar cells showed poor transparency not 

exceeding 20%. The removal of the thin Mo layer, that 

was initially introduced to the structure in order to form a 

MoS2 contact, improved the transmission slightly 

(increase to 24%) but resulted also in the deterioration of 

the electrical properties of the device, mainly the fill 

factor and series resistance. These results underline the 

role that plays MoS2 as a back-contact in chalcopyrite 

based solar cells. Thus, a trade-off between transparency 

and electrical properties has to be considered during the 

fabrication of an efficient CIGS top cell.    
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