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Abstract— Broadband-transparent and highly-conducting 
electrodes are key to avoid parasitic absorption and 
electrical losses in solar cells. Here, we propose zirconium-
doped indium oxide (IO:Zr) as a transparent electrode 
intrinsically meeting both requirements and demonstrate 
its application as the front electrode in silicon 
heterojunction (SHJ) solar cells. The exceptional properties 
of this material rely on the combination of high-doping and 
high electron mobilities, achieving with this a wide optical 
band gap (3.5-4 eV), low free carrier absorption and high 
lateral conductivity. A single film of IO:Zr, has an electron 
mobility of 100 cm2/Vs with a carrier density of 2.5-3×1020 
cm-3, resulting in a sheet resistance around 25 Ohm/sq for 
100 nm-thick films. Their implementation as front electrode 
in SHJ solar cells results in an important gain in current 
density as compared to the standardly used Sn-doped 
indium oxide (ITO). This is due to reduced parasitic 
absorption in both, the UV and IR, as confirmed by external 
quantum efficiency (EQE) measurements. Silicon 
heterojunction devices with the optimized IO:Zr front 
electrode, resulted in current densities of 40 mA/cm2, fill 
factor of 80%, and a conversion efficiency of 23.4 %.  
 

Index Terms— zirconium-doped indium oxide, wide band gap 
semiconductors, transparent electrodes, heterojunctions, electron 
mobility, solar cells, silicon. 
 

I. INTRODUCTION 
The fabrication of ultra-transparent and highly-conductive 
transparent electrodes is one of the key milestones to reduce 
parasitic absorption losses in solar cells [1]–[4]. Hydrogenated 
indium oxides (IO:H, ICO:H, IWO:H)—with mobility values 
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above 100 cm2/Vs and band gaps between 3.5-3.8 eV—lead the 
race of materials that present an excellent combination of 
broadband transparency and high conductivity [4][5]. Such 
layers were advantageously employed in various solar cell 
technologies including silicon heterojunction (SHJ) [6]–[11]. 
One of the drawbacks of the hydrogenated indium-based TCOs 
for the latter case is a degraded contact resistance with the Ag 
metal grids upon annealing [9]. The introduction of water 
during deposition also represents a drawback for upscaling the 
fabrication process to production. Amorphous InZnO (IZO) has 
been proposed as a high mobility TCO alternative, presenting 
the advantages of high-mobility values (60 cm2/Vs) with no-
need of annealing steps as well as the avoidance of water 
introduction during deposition. The drawback of IZO, is its 
narrow band gap due to its intrinsic amorphous structure.[12] 
Due to its good properties in the as-deposited state, IZO has 
nevertheless become one of the reference TCOs in 
perovskites/silicon tandem cells [13][14].  
Here we report the development of an ultra-transparent and 
highly-conductive zirconium- (Zr-)doped indium oxide 
(In2O3:Zr, here called IO:Zr for simplification). The high 
conductivity of the films (s = 4200 S/cm) is achieved by high 
doping and high mobility. The former originates from a 
combination of Zr4+ dopants and oxygen deficiencies [15]. The 
origin of high mobility has been proposed to be related to the 
high crystalline quality of the grains after annealing, and to a 
similar Zr4+ ionic size to that of In3+ [1]. The high transparency 
comes from the combination of a wide optical band gap—due 
to high free carrier densities (Burstein-Moss shift) and a low 
free-carrier absorption in the IR—due to the high mobility—. 
In fact, it has also been proposed that the improved IR 
transmittance originates from a modification of the permittivity 
of the material with adding ZrO2 [16].  
We optimized IO:Zr for application as the front electrode in 
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SHJ solar cells, and compare the solar cell properties to 
reference In-based electrodes, mainly ITO and IO:H. As the 
fabrication of this high-performing electrode does not require 
the intentional introduction of water during deposition to 
achieve high mobilities, and its high conductivity will allow a 
reduction of this layer thickness by almost half, IO:Zr is a strong 
candidate for next-generation TCO in industrial production 
with reduce cost as compare to standard ITO [17][18]. 

II. EXPERIMENTAL DETAILS 
The IO:Zr films were fabricated by RF sputtering from an 

In2O3:Zr target (98 wt% In2O3 and 2 wt% ZrO2) at room 
temperature. The RF power density was 0.95 W/cm2 and the 
oxygen to total flow ratio, r(O2) = O2/(Ar+O2), introduced 
during the deposition was varied from 0.05% to 0.2%. All films 
were 100 ± 5 nm thick.  

For the electrical and optical characterization of the films, the 
TCOs were deposited onto glass substrates, and for the 
photothermal deflection spectroscopy (PDS) measurements 
onto fused silica substrates. The TCOs were characterized 
before and after annealing (in air at 210 °C for 20 minutes), 
simulating the TCO properties after full SHJ solar cell 
fabrication [6]. 

The electrical resistivity (r), carrier concentration (Ne) and 
Hall mobility (µHall) were measured by Hall-effect in the van 
der Pauw configuration. The optical transmittance (T) and 
reflectance (R) of the films were measured by an UV-vis-NIR 
spectrometer with an integrating sphere, and the absorptance 
was determined from 100-T-R. 

PDS was performed by an in-house developed system based 
on a 150W Xenon lamp. Fluorinert FC-72 was used as a 
temperature sensitive liquid. The absorption coefficient and 
refractive index were evaluated as described in Ref. [12]. 

SHJ cells were fabricated on a 240-µm-thick, 4-inch, 3-
Ohm.cm, float-zone wafer which was textured in a KOH-based 
solution, cleaned and dipped in 5% HF for one minute prior to 
loading for layer depositions. Plasma-enhanced chemical vapor 
deposition (PECVD) was used to deposit the intrinsic (i) and 
doped (p and n) amorphous silicon (a-Si:H) layers on each side. 
The p-type layer was deposited on the front (light-incoming) 
side of the wafer. The front TCO was then sputtered, and on the 
rear side ITO and Ag were subsequently sputtered. Screen 
printing was used for the front Ag grid, and the device was 
finally cured at 210 °C for 20 minutes.  
 

III. RESULTS AND DISCUSSION: OPTOELECTRONIC PROPERTIES 

A. Influence of the oxygen partial pressure on the  
optoelectronic properties of IO:Zr films. 

Optimization of the optoelectronic properties of the IO:Zr 
electrodes was performed by sputtering films from a 
In2O3/ZrO2(98/2 wt%) target varying the oxygen content during 
deposition. The oxygen to total partial pressure during 
deposition is represented by r(O2) = O2/(Ar+O2). The target 
composition was chosen following ref.[19] . All depositions 
were performed at room-temperature and the base pressure in 

the system was < 1e-6 mbar just before deposition. It is 
important to emphasize here that no water is intentionally 
introduced in the system during deposition, contrary to the case 
of other high mobility TCOs, such as IO:H, IWO:H and ICO:H 
[5], [11].  
Figure 1.a. shows the free carrier density (Ne) and Hall-mobility 
(µHall) as a function of r(O2) for the as-deposited films and after 
annealing at 200 °C in air for 20 min (this simulates the curing 
step of the Ag paste when applied in SHJ cells).  A maximum 
Ne of 4×1020 cm-3 is found for r(O2) = 0.05%, whereas a 
maximum µHall of 100 cm2/Vs is found for r(O2) = 0.11%. All 
films are 100-nm-thick (measured on a flat substrate), 
corresponding to sheet resistances (Rsheet) of 20-25 Ohm/sq for 
r(O2) = 0.05 and 0.11%.  
We can observe that in general, oxygen tends to act against 
doping, saturating the oxygen vacancies. But this effect starts 
above r(O2) = 0.05%. An unknown competing effect is 
observed below this r(O2). Consequent increase of mobility 
with increasing r(O2) might be a typical consequence of 
concentration-dependent mobility as known for several oxide 
and non-oxide semiconductors [20], [21],[22]. 

 
Figure 1. Free carrier density (Ne) and Hall mobility (µHall) for IO:Zr 
films grown with distinct oxygen partial pressures, r(O2). 

 
Figure 2. UV-Vis-NIR transmittance and absorptance spectra of 100 
nm-thick IO:Zr films with the best electrical properties after annealing 
(Fig. 1). 
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Transmittance and absorptance spectra of the annealed films as 
a function of wavelength for different r(O2) are presented in Fig. 
2. As expected, in the NIR-IR region a clear reduction of free-
carrier absorption is observed with decreasing Ne (increasing 
r(O2)) while, a blue shift is observed with decreasing r(O2). This 
blue shift and the corresponding band gap will be elaborated 
below.   
 

B. Optical Band Gap 
 
PDS with high sensitivity in the UV region was employed to 
measure the absorption coefficient (a) of the films and extract 
the optical band gaps. Assuming direct optical transitions, i.e. n 
= 2  in the Tauc relation a µ (hv-Eg)1/n , an optical band gap 
ranging from 3.9 eV up to 4 eV is obtained for the annealed 
samples (Fig. 3a). These correspond to values reported in 
literature for polycrystalline IO:Zr films [23]. As observed in 
Fig. 3a, for both, as-deposited and annealed samples, a slight 
blue shift with decreasing r(O2) is measured, which could be 
mainly attributed to the Burnstein-Moss shift [24]. A clear shift 
to wider band gaps is observed for the samples after annealing. 
This shift has been commonly attributed to crystallization of the 
In2O3-based films at temperatures above 150 °C [5], [25]. The 
transition from an amorphous to a crystalline phase after 
annealing the IO:Zr films at 200 °C, has been recently 
confirmed by E. Rucavado et al. in Ref. [26]. 
 
Figure 3.b presents a comparison of the IO:Zr film -0.11% 
r(O2)- with IZO, IO:H and ITO, which are widely used TCOs 
in SHJ cells[12]. Remarkably IO:Zr films with Ne > 2.5×1020 
cm-3 have the widest optical band gap from the series. 
Furthermore, these films also have very low free-carrier 
absorption in the IR (Fig. 2), making these electrodes one of the 
best in terms of broad-band transparency. The broad-band 
transparency is moreover achieved by high Ne and µ, achieving 
high lateral conductivity and making them ideal to apply as 
front electrode in solar cell devices with broad-band absorption 
range, as SHJ cells.  
 

 
Figure 3. a) Tauc plot of IO:Zr films deposited with varying r(O2) for 
the as-deposited (colored dash lines) and annealed (solid lines) 
samples. b) Comparison of the optical band gap of IO:Zr vs ITO, 

IO:H and IZO. IO:Zr shows the widest band gap already for the film 
grown with 0.11% r(O2). Thin black dash lines in both graphs show 
the extrapolation used to extract the optical band gaps. 

C. Refractive Index 
 
The refractive index (n) and extinction coefficient (k) of the 
annealed IO:Zr films with distinct Ne (Fig. 1) are presented in 
Fig. 4. Changes in k and n are consistent with the role of oxygen 
acting against doping. Consequently, free-carrier absorption 
drops and bandgap narrows due to Burstein-Moss shift. 
Following the antireflecting coating conditions to maximized 
light in-coupling in textured silicon cells, an 80-nm-thick (on 
textured wafer) IO:Zr film should be sufficient to comply with 
this requirement [27]. It is nevertheless important to mention 
that based on the electrical properties and the geometry of a 
standard grid in SHJ cells, the layer of IO:Zr could be thinner, 
roughly half the thickness, while still reaching 100 W/sq of 
sheet resistance. A highly transparent layer with low refractive 
index could be applied to compensate the thickness necessary 
to match the ARC condition [28][29]. Note also that in a module 
configuration, the ARC conditions are relaxed due to the larger 
refractive index of the encapsulant compared to air, making 
thinner layers optically advantageous [30]. 
 

 
Figure 4. Refractive index (n) and extinction coefficient (k) as a 
function of photon energy (hn) of IO:Zr thin films (annealed at 200 °C) 
with varying oxygen flow ratio r(O2). 

 

IV. RESULTS AND DISCUSSION: APPLICATION IN SHJ SOLAR 
CELLS 

A. Fill Factor Dependence with IO:Zr Free Carrier 
Density 

 
Figure 5 presents the fill factor (FF) variation when applying 
IO:Zr with distinct Ne as the front electrode in SHJ solar cells. 
For this initial experiment, 40-nm-thick IO:Zr layers were used 
(instead of the standard 80-nm-thick for optimized ARC), and 
compared with 80-nm-thick baseline ITO (electrical properties 
in Table 1).  Notice that due to the high mobility of IO:Zr, the 
Rsheet of the 40-nm-thick films compares better to the 100 W/sq 
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of the ITO. A clear FF improvement is observed with increasing 
Ne in IO:Zr, overpassing that of ITO at Ne above 4×1020 cm-3. 
As the film with such high Ne  has a higher absorptance than the 
highest mobility film (Ne = 2.5×1020 cm-3), we introduce in the 
following part a bilayer approach: starting with a buffer layer 
of high Ne at the interface with the a-Si:H(p) and completing the 
film with the high mobility film. 

 
Figure 5. Fill factor (FF) variation with increasing the carrier density 
(Ne) of the IO:Zr front electrodes in SHJ solar cells. Comparison with 
the case of a standard ITO front electrode. 
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which drastically lowers the Jsc. 
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B. IO:Zr with Free Carrier Density Gradient as front 
electrode in SHJ solar cells 

 
Figure 6 shows solar cell results for devices using ITO and 
IO:Zr. Three different IO:Zr are compared: IO:Zr opt (films 
with a Ne gradient from 4.5×1020 cm-3 at the interface with a-
Si:H(p) down to 2.5×1020 cm-3 and 100 cm2/Vs at the bulk of 
the film,  IO:Zrdop- (a single layer with homogeneous doping 
of 2.5×1020 cm-3) and IO:Zrdop+ (a single layer with 
homogeneous doping of 4.5×1020 cm-3). Two types of ITOs are 
also compared: a reference ITO used in baseline SHJ cells (ITO 
ref) (properties in Table 1), and a highly doped ITO (ITOdop+). 
All films are 80-nm-thick on the textured wafer. 
For cells with IO:Zr opt, all performance parameters are 
improved compared to the reference ITO. Better open-circuit 
voltages (Voc) can possibly be linked to reduced sputter-induced 
damage, higher Jsc to lower parasitic absorption (both in the 
short and long wavelength ranges, see Fig. 7) and higher FF to 
lower series resistance from lower sheet resistance ~50 W/sq 
compared to ~120 W/sq for the ITO ref. The ITOdop+ shows 
similar sheet resistance (~50 W/sq) but clearly exhibits higher 
parasitic absorption (see Jsc and Fig. 6 and 7). The overall  
efficiency obtained with the best single-layer TCO IO:Zrdop- is 
0.6% higher than for the ITO ref, and with the optimal process 
(with Ne gradient) IO:Zr opt it is even 1% absolute higher 
reaching 23.0%. This is achieved without any second ARC 
layer, using standard PECVD layers and screen printing (area 
is 2x2 cm2 with external busbars).  
 

 
Figure 7. EQE and total absorption (1-R) of the solar cells discussed 
in Fig. 6.   

C. IO:Zr as Front Electrode in High Efficiency SHJ solar 
cells 

 
The IO:Zr front electrodes have been furthermore applied in 
similar SHJ devices, optimized for higher efficiencies as 
compared to the cells presented in Fig. 6 and 7, relying on finer 
tuning of the a-Si:H layers. Interestingly for this type of cells, 
the best results were obtained for the single IO:Zr film with 
homogenous doping and high mobility (IO:Zrdop–). This 
resulted in the best Jsc of 40.2 mA/cm2 compared to IO:H and 
ITO. A FF drop of ~1% is observed which was not improved 
by applying the Ne gradient as shown above. Further 
investigations are required to determine the cause of this drop 
which we attribute to the (p)a-Si:H/IO:Zr interface. This 

TABLE I 
ELECTRICAL PROPERTIES OF IO:ZR, IO:H AND ITO FRONT ELECTRODES AND SHJ SOLAR CELL RESULTS FOR EACH OF THE FRONT ELECTRODES.  

 

Optimized Properties In2O3:Zr (IO:Zr) In2O3:H (IO:H) In2O3:Sn (ITO) 

N (cm-3) 2.5×1020 1×1020 2×1020 
µ (cm2/Vs) 100 110 30 

Rsheet for 100 nm (W/□)  25 50 100 

Contact resistance with 
Ag (Ohm.cm2) < 1.10-4 

> 1.10-4   
(depends on water content) 
[9] 

< 1.10-4 

N (cm-3) 2.5×1020 1×1020 2×1020 
Voc (mV) 725 (727)* 726 (727) 724 (727) 

FF (%) 79.4 (80.5)* 80.6 (81.0) 80.3 (81.5)  

Jsc (mA/cm2) 40.0 (40.2)* 39.7 (39.9) 39.5 (39.7) 

Efficiency (%) 23.0 (23.4)* 23.2 (23.4) 23.0 (23.4) 
* the values in parenthesis are the best cell. The values outside the parenthesis are the average of five cells. Cell area of 2x2 cm2. 
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highlights the fact that even slight differences in terms of doped 
layers require adapting the TCO layer when targeting very high 
efficiencies. Finally we demonstrate that an efficiency of 23.4% 
can be achieved with IO:Zr, same as the case of IO:H and ITO.  
 
Note that the grid design does not account for the higher sheet 
conductance of the IO:Zr layer and was optimized for the ITO 
case. There is thus a clear potential of IO:Zr to further enhance 
the Jsc by optimizing the front metal grid or reducing the 
thickness in half (doubling the Rsheet) to further push the limits 
of transparency of the material. Reducing the thickness is as 
well important to reduce the amount of indium used in cells, 
reducing the cost and depletion of non-abundant elements in the 
Earth crust. 
 

 
Figure 8. Internal quantum efficiency (IQE) of front emitter SHJ solar 
cells with high mobility IO:Zr and comparison with IO:H and ITO 
cells. The advantage of IO:Zr is evident by the improved spectral 
response in the UV-Vis in comparison to IO:H and ITO, and the high 
IR transmittance matching that of IO:H.   

V. CONCLUSION 
The broadband transparency of IO:Zr, makes of this material an 
excellent candidate to replace ITO and enhanced efficiency of 
cells with a wide spectral response. We demonstrated a clear 
gain in current density respect to reference cells with ITO, by 
simply applying the IO:Zr and keeping the same metal front 
grid. Further gain can be reached by reducing the thickness of 
the IO:Zr layer, pushing the limits of transparency of the 
material or increasing the separation of the front metal fingers, 
as the Rsheet of IO:Zr is much lower than the ITO for which the 
grid has been optimized.  
 
Additional advantages of IO:Zr are its simple processing, 
namely the fact that water is not intentionally introduced during 
deposition and the room temperature deposition with only an 
annealing step at a modest temperature of 200 °C.  
 
We propose the use of IO:Zr front electrode with a free carrier 
density gradient (high to low doping) to improve the FF in SHJ 

cells with lowly conductive a-Si:H (p)-layers.  However, when 
using different a-Si:H (i) and (p) layers in the cells, a single high 
mobility IO:Zr with homogenous doping is sufficient to achieve 
conversion efficiencies of 23.4 %, as demonstrated in this work. 
IO:Zr is furthermore potentially interesting for applications as 
perovskite/SHJ or perovskite/CIGS tandem solar cells, where 
the transparency of the front electrode is of crucial importance. 
Due to its low-temperature processing, IO:Zr also has potential 
applications in flexible optoelectronic devices, such as flexible 
OLEDs or solar cells deposited on temperature-sensitive 
polymer substrates. 
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