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Abstract: To realize the high efficiency potential of perovskite/chalcopyrite tandem solar 

cells in modules, hydrogenated In2O3 (IO:H) as electrode is investigated.  IO:H with an 

electron mobility of 100 cm
2
·V

-1
·s

-1
 is demonstrated. Compared to the conventional Sn doped 

In2O3 (ITO), IO:H exhibits a decreased electron concentration and leads to almost no sub-

bandgap absorption up to the wavelength of 1200 nm. Without a trade-off between 

transparency and lateral resistance in the IO:H electrode, the tandem cell keeps increasing in 

efficiency as the IO:H thickness increases and efficiencies above 22% are calculated. In 

contrast, the cells with ITO as electrode perform much worse due to the severe parasitic 

absorption in ITO.  This indicates that IO:H has the potential to lead to high efficiencies, 

which is otherwise constrained  by the parasitic absorption in conventional  transparent 

conductive oxide (TCO)  electrode for tandem solar cells in modules.  

Despite great progress achieved in photovoltaics in the last decades, energy from 

photovoltaics is still less competitive compared to the conventional fossil energy.  Therefore, 

it is desirable to further improve the efficiencies of solar cells at low cost. Tandem solar cells 

are a concept exceeding the Shockley-Queisser efficiency limit of 30 % without light 

concentration
1
. Related work has been intensively done based on various combinations of two 

single-junction solar cells
2–8

. However, efficiencies beyond 20 % were not yet experimentally 

reported among thin-film tandem solar cells. The underlying challenges mainly lie in
9, 10

: a) 

there is lack of high performing high-bandgap solar cells on the top; b) sub-bandgap 

transparency from the top cell is poor due to parasitic absorption, which inhibits the 

realization of high efficiencies of the bottom cell. 

The recent emergence of organic–inorganic CH3NH3PbI3 perovskite solar cells may provide a 

way out of  this tandem stalemate
11-13

. Organic–inorganic CH3NH3PbI3 perovskite solar cells 

have achieved an efficiency above 20% up to now
14

. CH3NH3PbI3 is the absorber and has a 

relatively large bandgap of 1.6 eV
15

. It also has a high absorption coefficient, exhibits a steep 
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absorption edge and little sub-bandgap absorption
16

. All these features render the perovskite 

solar cell an appealing candidate for the top cell in tandem architecture. In the last two years, 

the perovskite/CIGSe (Si) tandem solar cells in both monolithic (two-terminal) and 

mechanically stacked (four-terminal) architectures have been intensively investigated and 

efficiencies beyond 30% have been theoretically predicted
9,17–22

. One of the assumptions 

made is excellent sub-bandgap transparency from the perovskite cell. Perovskite solar cells 

typically have a TCO and an Au electrode. To realize this, transparent conductive oxides 

(TCOs) were recommended for replacing the typical Au electrode in mechanically stacked 

architecture
19

.  For a monolithic tandem structure, only the top TCO electrode is required for 

the top perovskite cell, also see Fig.2 (a).  

We note that the conventional TCOs (eg. In2O3:Sn - ITO; SnO2:F - FTO; ZnO:Al - AZO) 

inherently suffer from transparency loss, which lowers the illumination for the bottom cell. 

For lab-scale cells in small size, the TCO can be relatively thin since the current collection 

can be assisted by metal grids on top of the TCO
23

. The resulting parasitic absorption in TCO 

is moderate. However, when the solar cell is up-scaled to module size, the modules are 

generally scribed into multiple strips of cells which are monolithically connected without 

metal grids. A much thicker top TCO electrode is required to minimize the resistive loss due 

to the lateral transportation of current through the TCO
23

. The resulting parasitic absorption 

from TCO is expected to be quite serious and the potential for high efficiency can be thus 

restrained. The conductivity of TCOs is determined by carrier concentration as well as carrier 

mobility. In conventional TCOs, a higher free carrier concentration indicates a better 

conductivity but at the cost of sacrificing transparency. To improve transparency without 

compromising conductivity, a high-mobility TCO is therefore desirable. Therefore, in this 

contribution, we will investigate the opto-electronic properties of high-mobility TCO. Using 

optical simulations, we then evaluate how much of optical benefit can be gained by applying a 

high-mobility TCO compared to a conventional one as the thick electrode in a module.  

Table 1: Comparison of electrical parameters of ITO and an IO:H layers  

 

Electron concentration 

 𝑵 (cm
-3

) 

Electron mobility 

µ (cm2/(V x s)) 

Resistivity 

𝝆 (Ω x cm) 

ITO 6.7 x 10
20

 29 3.2 x 10
-4

 

IO:H 1.5 x 10
20

 100 4.2 x 10
-4
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We select hydrogenated In2O3 (IO:H)
24

 as the high-mobility TCO due to the high electron 

mobility and ITO as the conventional in this work. Table 1 presents the carrier concentration 

and mobility values of ITO and IO:H averaged from 200, 300 , 400 nm thick layers by Hall 

measurement and the corresponding resistivity is calculated. Both ITO and IO:H in Table 1 

were prepared by Rf sputtering from ceramic target on glass substrate without intentional 

substrate heating. Ar was used as the working gas. For ITO, the In2O3/SnO2 composition of 

the target is 90:10 wt %, the sputtering process was done at a pressure of 4 x 10
-3

 mbar and a 

power of 60 W. For IO:H, the target is pure In2O3. The dopant is H2O and was introduced 

from a reservoir through a needle valve. The water partial pressure was adjusted to 2 x 10
-5

 

mbar before starting the Ar2 gas flow. The deposition was then conducted with Ar2 at a 

pressure of 5 x 10
-3

  mbar at a power of 60 W. Afterwards, the as-deposited IO:H sample was 

annealed in air for around 10 min. IO:H features an electron mobility as high as 100 cm
2
·V·

-

1
·s

-1
 but a much lower electron concentration compared to ITO. As a combined effect of 

improved electron mobility and decreased electron concentration, IO:H exhibits a resistivity 

in the same order as ITO. To gain insight into optical properties of ITO and I:OH, we 

developed an in-house software RefDex based on transfer matrix method
25

 and extracted 

optical constants of ITO
26

 and IO:H  as examples based on the measured reflection (R) and 

transmission (T), which are plotted in Fig.1. R/T curves for 200 nm thick TCO layers are 

shown in Fig.S1 in the supporting information
27

. To be representative, the optical constants in 

Fig.1 are also averaged from 200, 300, 400 nm thick TCO layers. From the extinction 

coefficient (k), IO:H exhibits a lower absorption in the full wavelength range (350 - 1600 nm) 

compared to ITO. The absorption in the short wavelengths for both ITO (< 450 nm) and IO:H 

(< 400 nm) is related to the inter-band transition. ITO also shows strong near infrared 

absorption starting from 700 nm and is gradually increasing as the wavelength increases. This 

is ascribed to the absorption of free carriers, which is typically observed in conventional 

TCOs.  For IO:H this absorption is weak, which can be mainly interpreted by the reduced 

electron concentration confirmed in Table 1. According to the Drude model
28

, the wavelength 

𝜆 of the bulk plasma frequency for free charge carriers is proportional to 1/√𝑁 (N is the free 

carrier concentration), the reduced electron concentration in IO:H therefore redshifts the 

wavelength of plasma resonance of free carriers beyond 1200 nm. For refractive index n, 

IO:H exhibit a moderate deceasing trend as the wavelength is increasing. ITO generally 

follows a similar trend but starts to drop faster from the wavelength of 700 nm, where the 

extinction coefficient k in ITO starts to increase.   
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We prepared a batch of IO:H films with varied thicknesses, all layers exhibit a high mobility 

(91 - 120 cm
2

·V
-1

·s
-1

) and a low carrier concentration (1.3 - 1.7 x 10
20

 cm
-3

)
29

.This results in a 

negligible parasitic sub-bandgap absorption compared to the ITO. The calculated optical 

constants are also similar among IO:H layers in different thicknesses. Therefore, as a good 

approximation, we assume that the opto-electronic properties of TCO are thickness 

independent and take the values in Table 1 and Fig.1 as references.  

 

Fig. 1 Optical constants (refractive index n, extinction coefficient k) of ITO
26

 and IO:H 

derived from transmission/reflection (R/T) via transfer-matrix method 

 Fig.2 (a) Schematics of device 

architecture of a perovskite/CIGSe 

monolithic tandem solar cell used for 

optical simulation; (b) Reflection and 

absorption (R/Abs) of the whole 

tandem device with a 320 nm thick 

ITO (left) and IO:H (right) layer as top 

electrode under the condition of 

matched current density 𝐽𝑠𝑐
𝑚𝑎𝑡𝑐ℎ 

between top perovskite and bottom 

CIGSe cell (inset numerical values are 

the corresponding current densities) 
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To illustrate the impact of TCOs on the performance of perovskite tandem solar cell in 

module size, a planar monolithic architecture is proposed in this work because only the 

topmost TCO needs to be considered. The architecture is illustrated in Fig.2 (a) and consists 

of glass/EVA/TCO/C60/CH3NH3PbI3/MoO3/AZO/ZnO/CdS/CIGSe/Mo. Interface roughness 

is not taken into account. ITO and IO:H presented above are taken as top TCO electrodes. 

Glass and EVA are incorporated to make the architecture comparable to the module. C60 and 

MoO3 are electron and hole transporting layers
20

, respectively. Optical constants of TCOs are 

according to Fig. 1 and those of other layers are taken from Ref. 20, 30, 31. The CIGSe layer 

has a bandgap of 1.1 eV. For the optical simulations of the tandem device, we inversely 

import optical constants of each layer into RefDex and calculate the 

reflection/transmission/absorption (R/T/Abs). For the monolithic tandem, best efficiencies are 

achieved when the short circuit current density of the top cell (𝐽𝑠𝑐
𝑡𝑜𝑝

) matches that of the 

bottom one (𝐽𝑠𝑐
𝑏𝑜𝑡 ).  In the following, all simulation results shown are thereby under the 

condition of matched current density 𝐽𝑠𝑐
𝑚𝑎𝑡𝑐ℎ . 𝐽𝑠𝑐  is integrated from the absorption in the 

perovskite and CIGSe layer without collection loss under AM 1.5 solar illumination. The 

typical thickness of CIGSe layer is 2-3 µm for absorbing most of the incident light. Further 

increasing the thickness of the CIGSe absorber will not improve  𝐽𝑠𝑐
𝑚𝑎𝑡𝑐ℎ  and reducing the 

thickness to below 2 µm will lead to incomplete absorption and a resulting lower 𝐽𝑠𝑐
𝑚𝑎𝑡𝑐ℎ , 

thereby reduce the cell performance. For realizing the maximum efficiencies of tandem solar 

cells, we set the CIGSe thickness to 3 µm in this work.  The thickness of the perovskite layer 

is varied to reach the condition of  𝐽𝑠𝑐
𝑚𝑎𝑡𝑐ℎ as the top TCO electrode changes its thickness.  All 

other layers are constant in thickness as shown in Fig.2 (a).   
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For a high performing module, the sheet resistance of the top electrode is required to be less 

than10 Ω/sq
9
. The TCO thickness is 320 nm for a sheet resistance of 10 Ω/sq. Fig.2 (b) 

represents R/Abs of the whole tandem device with 320 nm thick ITO and IO:H as top 

electrode, respectively. The optical losses can be divided into 3 parts: R, parasitic absorption 

in TCO (AbsTCO) and parasitic absorption in the rest layers (Absrest). For the tandem cell with 

ITO electrode, AbsTCO covers the whole spectrum of interest and dominates the parasitic 

absorption, corresponding to a current density of 6.1 mA/cm
2
 and accounting for 81.3% of the 

whole optical losses. In contrast to this, AbsTCO is negligible for IO:H. Consequently, 𝐽𝑠𝑐
𝑚𝑎𝑡𝑐ℎ 

for the cell with IO:H is 2.5 mA/cm
2
 higher than that for the cell with ITO.   The disparity of 

𝐽𝑠𝑐
𝑚𝑎𝑡𝑐ℎ between the cells with ITO and IO:H is expected to be larger as the TCO thickness 

increases. Fig.3 plots the thickness of perovskite layer (dperovskite) required for current match 

and the corresponding 𝐽𝑠𝑐
𝑚𝑎𝑡𝑐ℎ as a function of TCO thickness in the range of 320-1000 nm. As 

the ITO thickness increases, the parasitic AbsTCO is increasingly severe. To reach the 

condition of   𝐽𝑠𝑐
𝑚𝑎𝑡𝑐ℎ , the thickness of the perovskite layer decreases to enable more light 

transmission into the bottom CIGSe cell. As a result, 𝐽𝑠𝑐
𝑚𝑎𝑡𝑐ℎ  decreases from 16.2 to12.1 

mA/cm
2
 when the ITO thickness increases from 320 to 1000 nm. In contrast, for the cell with 

IO:H top electrode,  dperovskite and 𝐽𝑠𝑐
𝑚𝑎𝑡𝑐ℎ

 are independent of the TCO thickness and keep 

almost constant with a value of 355 nm and 18.7 mA/cm
2
 as the IO:H thickness varies. The 

slight fluctuations in dperovskite are related to the influence of interferences originating from the 

variations of IO:H thickness. We note here for ITO: its optical properties vary to some extent 

due to different deposition parameters, but the broadband absorption ability is typical.  
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Fig. 3 Thickness of perovskite layer (dperovskite) and the corresponding matched short circuited 

current density (𝐽𝑠𝑐
𝑚𝑎𝑡𝑐ℎ) as a function of TCO thickness for perovskite/CIGSe tandem cell 

with ITO and IO:H  as top electrode, respectively 

To assess the benefit of overall performance of cells from applying IO:H as top electrode,  we 

calculated the efficiencies of tandem cells based on a monolithic model. The equivalent 

circuit is illustrated in Fig.4 (a). 𝐽𝑠𝑐 is taken according to Fig. 3 and only the series resistance 

𝑅𝑠  due to the lateral transportation of current through TCO is taken into account. The 

photoactive width (𝑙1) is assumed to be 10 mm, which is reasonable for realistic module 

geometry. Diode 1 (D1) and diode 2 (D2) correspond to a perovskite and a CIGSe solar cell 

with efficiencies of 16.7 % 
22 

and 21.7 % (world record in the lab scale)
32

, respectively. Their 

diode parameters are listed in Fig.4 (b), the detailed model equations are described in 

supporting information
27

. Assuming the quality of the two diodes can be maintained in the 

tandem structure, the 𝐽 − 𝑉 curves of the tandem solar cell were simulated as a function of 

TCO thickness. The corresponding efficiencies were extracted from 𝐽 − 𝑉  curves and are 

presented in Fig.4 (c). Since this is a monolithic structure, the open circuited voltage (Voc) is 

approximately the sum of the values of the two individual single cells and is around 1.7 V. 

Two 𝐽 − 𝑉 curves for the cases of ITO thickness 350 nm and IO:H thickness 1000 nm are 

shown in Fig.S4 in the supporting information
27

.  It should be marked here that in a realistic 

module several stripes of photoactive cells are monolithically connected, only one single 

stripe is considered for simplicity here. Nevertheless, this is enough to reflect the trend of 

balance between transparency and serial resistance 𝑅𝑠 from TCO.   

For the cell with IO:H as electrode, as the IO:H thickness increases,  𝐽𝑠𝑐
𝑚𝑎𝑡𝑐ℎ is constant and 𝑅𝑠 

is reducing. As a result, the efficiency remains increasing towards the ultimate value of 25.0 % 

corresponding to the case of free of 𝑅𝑠. In contrast, the efficiency for the cell with ITO is 

much lower, which is ascribed to the lower 𝐽𝑠𝑐
𝑚𝑎𝑡𝑐ℎ due to the parasitic absorption in ITO. The 

efficiency gradually decreases, though Rs is reducing. The efficiencies of the single-junction 

CIGSe solar cell (same geometry as the bottom cell in Fig.2 (a)) with IO:H as electrode  are  

also calculated and are added to Fig.4 (c). We can observe that the high efficiency of 21.7 % 

couldn’t be maintained, which is due to the influence of lateral transport of current through 

TCO when cells are in module level. As expected, the CIGSe solar cell follows the similar 

trend as the perovskite/CIGSe tandem solar cell in efficiency as the thickness of IO:H varies.  

But the perovskite/CIGSe tandem solar cells outperform the single-junction CIGSe solar cells 

by more than 7 % higher in efficiency, which demonstrates the benefit of tandem solar cells. 
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Conclusively, IO:H as electrode can release the compromise between lateral resistance and 

parasitic absorption of TCO and thus realize high efficiencies for perovskite/CIGSe tandem 

solar cells in module. It should be also noted here that the highest efficiency for our 

perovskite tandem solar cells (around 25 %) is below Shockley-Queisser efficiency limit,  

which was however realized in some calculations
17–22

. The main underlying reason is that 

different electrical models and parameters are applied. 

 

Fig.4 (a) Equivalent circuit of the monolithic perovskite/CIGSe tandem solar cell as illustrated 

in Fig.2; (b) Table of diode parameters for the single-junction perovskite and CIGSe solar cell; 

(c) Efficiencies of perovskite/CIGSe tandem solar cells as a function of TCO thickness 

extracted from the model in Fig.4 (a) 

In this study, for relaxing the compromise between transparency and resistance of 

conventional TCOs of tandem solar cells, we investigated the opto-electronic properties of 

high-mobility IO:H. The electron mobility as high as 100 cm
2
·V

-1
·s

-1
 is achieved and there is 

almost no sub-bandgap absorption up to the wavelength of 1200 nm, which renders IO:H as 

an ideal electrode for solar cells. We apply IO:H as top electrode and evaluate the 

performance of monolithic perovskite/chalcopyrite tandem solar cells on module level, which  

considers lateral resistance through the TCO electrode. For comparison, ITO is taken as a 

reference. Due to absence of sub-bandgap absorption,  𝐽𝑠𝑐
𝑚𝑎𝑡𝑐ℎ  for the cell with IO:H is 

significantly higher than that for the cell with ITO. Without a trade-off between transparency 

and lateral resistance, the tandem cell with IO:H keeps increasing in efficiency as the IO:H 

thickness increases and efficiencies above 21 % are calculated, which is much higher than the 
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cells with ITO as electrode.  This reflects that IO:H can release the efficiency potential 

constrained by the parasitic absorption in conventional TCO  electrode for tandem solar cells 

in module size.  
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