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A B S T R A C T

In this work, we optimize cerium-doped indium oxide – ICO – thin films with respect to sputtering parameters 
such as oxygen flow, deposition pressure, applied RF power. Optimized 35-nm-thick ICO layer demonstrated a 
mobility of 44.22 cm2/Vs, a carrier concentration of 1.65 × 1020/cm3, and a resistivity of 8.56 × 10− 4 Ω cm. 
Application of such layers into front/back contact silicon heterojunction (FBC-SHJ) solar cells enhanced the 
short-circuit current density (JSC) by 0.67 when compared to SHJ cell endowed with tin-doped indium oxide 
(ITO), respectively. This enhancement yielded an absolute power conversion efficiency (PCE) improvement of 
0.55 %, reaching efficiencies of around 23.6 % for devices with ICO layers.

1. Introduction

The main focus of PV research in academia has always been 
increasing the power conversion efficiency (PCE) of solar cells. With the 
recent record of 27.30 % in silicon heterojunction (SHJ) solar cells [1], 
the gap with the theoretical efficiency limit, which is 29.4 % for 
single-junction silicon solar cells [2], has been narrowed down. Indeed, 
there is still room for improvement, but expecting a huge boost is highly 
unlikely. One of the routes to follow for further closing the gap is 
developing high mobility transparent conductive oxide (TCO) layers, 
that enable optimum opto-electrical performance [3], such as cerium-, 
tungsten-, zirconium-doped or hydrogenated indium oxides (ICO, IWO, 
IZrO, IO:H).

Although indium consumption is one of the main challenges for 
scaling up TCOs to industrial level and minimized indium or even 
indium-free layers were considered in the last decade [4–9], ICO has 
attracted great attention in recent years due to its better opto-electrical 
properties and room temperature deposition over its ITO counterpart 
[10].

To further enhance the performance of this layer, hydrogenation of 
ICO (ICO:H) could be pursued by adding water vapor during the depo-
sition process. In fact, it is reported that hydrogenation of TCO layers 
leads to higher charge mobility, lower sheet resistance and higher 

transparency in the visible and near-infrared regions with reduced free- 
carrier absorption [11–14]. However, hydrogenation remains a chal-
lenge due to equipment limitations in our laboratory. With a tool up-
grade, an extension to this work could be carried out in the future.

Reactive plasma deposition (RPD) grown ICO(:H) films exhibit 
remarkable Hall mobilities higher than 130 cm2/Vs [15–17], which lead 
to the highest PCEs obtained with RPD such as 24.84 % [18] and the 
former world record PCE of 26.81 % [19]. Sputtering technique, which 
is available in most research laboratories’ infrastructures and one of the 
most established methods for mass production of solar cells [20], was 
also reported to enable ICO films [21,22]. DC sputtering yields in 
outstanding PCE of 25.26 % [19], while with RF-sputtered of ICO:H 
films 21.6 % PCE [21] is obtained. The application of this layer onto 
solar cells is under-represented, although the previous SHJ structure 
yielding world record efficiency is obtained with RPD-grown ICO layer. 
That is, the research on device integration is mostly carried out with 
RPD grown layers, whereas works focussing on RF-sputtered ICO layers 
are scarce in literature. In this work, we systematically investigate the 
opto-electrical properties of ICO films deposited via RF sputtering at 
room temperature and demonstrate PCE above 23.5 % with a clear in-
crease in the optical response of the front/back-contacted SHJ solar cells 
with respect to standard ITO.
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2. Experimental

For the material optimization, 35-nm-thick ICO films are sputtered 
onto Corning Eagle XG glass substrates at room temperature. The sput-
tering target consists of 97 wt% In2O3 and 3 wt% CeO2. Film thicknesses 
and average deposition rates are determined via Woollam 2000 spec-
troscopic ellipsometer.

For opto-electrical properties, four point probe (4 PP) measurements 
are conducted for sheet resistances. The conductivity (σ), carrier density 
(Ne), and carrier mobility (μe) are determined by the Hall effect mea-
surement system HMS-5000 from ECOPIA CORP. Transmission/reflec-
tion data are collected via PerkinElmer Lambda 1050 UV/Vis/NIR 
spectrometer. Average transmittance is calculated as the integrated area 
under transmission curve divided by designated wavelength range 
(300–1200 nm in this case).

For structural analyses, ~200-nm-thick ICO layers are deposited on 
one-side-polished silicon wafers. SEM measurements are conducted with 
SEM Hitachi Regulus 8230 at 7 kV with a LA0(UL) detector. Surface 
morphology is investigated with a Bruker Dimension FastScan A tip AFM 
with Scanasyst in air mode. Energy Dispersive X-ray (EDX) Analysis is 
conducted via the Nova NanoSEM 450 at 10 kV of e-beam acceleration 
voltage.

After material optimization, 50-nm-thick and 150-nm-thick ICO 
layers are deposited at the front and rear side, respectively, of front/ 
back-contacted (FBC) SHJ solar cells (2 × 2 cm2 area). While depos-
iting thicker ICO layers, a linear behavior in deposition rate is assumed 
for adjusting the deposition time. For the textured Si wafer surface, the 
enlargement area factor is taken as 1.7 [23]. Wafer cleaning procedure 
and plasma-enhanced chemical vapor deposition growth of silicon 
layers are explained in details elsewhere [24]. Prior to electroplating, 

100-nm-thick Ag seed layer was RF sputtered at room temperature with 
process parameters of 343 mW/cm2 applied power, 100 sccm of Ar flux 
and 5 × 10− 3 mbar deposition pressure. Copper plating was applied as 
the front metallization process and a 110-nm-thick MgF2 layer was 
e-beam evaporated at the front side forming Double-Layer Anti-Re-
flecting Coating (DLARC) with TCO layers. Silver was instead thermally 
evaporated at the rear side. The structure of the cell is shown in Fig. 1
with corresponding layers and thicknesses.

A Sinton Consulting WTC-120 photoconductance decay lifetime 
tester was used to measure effective minority carrier lifetimes (τeff) and 
implied open-circuit voltages (i-VOC) of the cell precursors. In the 
following, τeff is reported at an injection level of 1 × 1015 cm− 3. Cur-
rent–voltage (I–V) characteristics of complete SHJ devices were 
measured using a class AAA Wacom WXS-90S-L2 solar simulator under 
1-sun illumination conditions (100 mW/cm2, AM 1.5G). In-house 
external quantum efficiency (EQE) setup was used to obtain the inte-
grated JSC,EQE.

3. Results & discussion

3.1. ICO layer optimization

3.1.1. Influence of O2
In Fig. 2(a), the influence of oxygen (2700 ppm diluted in Ar) 

addition to a fixed total flow of 20 sccm process gas (Ar) on average 
transmittance and conductivity is shown. Note that in the optimization 
sets, the transmission spectrum does not change significantly except for 
the power series. Therefore, average transmittance is shown instead. 
Transmission spectra could be found in the Supplementary Information 
section (see Figs. S1–3). During depositions, pressure and applied RF 
power are kept constant at 4 × 10− 3 mbar and 555 mW/cm2, respec-
tively. Increasing O2 flow rate from 0 to 9 sccm has slightly increased the 
average deposition rate from 0.85 to 0.90 nm/min (see Fig. S4). O2 in-
clusion lowers oxygen vacancies in the bulk, expected to lead to better 
transmittance [21]. However, we cannot observe any significant change 
in transmittance. On the other hand, exceeding 3 sccm flow, the con-
ductivity reduces, which implies O2 can effectively be incorporated 
within the bulk. In Fig. 2(b), the influence of O2 addition to gas mixture 
on mobility, carrier concentration and resistivity is plotted. Although 
Hall mobility gets higher with O2 inclusion, carrier concentration gets 
lower for which resistivity becomes higher. Considering this trade-off 
and the lowest resistivity, 3 sccm O2 flow is set to be the optimal 
value for the rest of the optimization.

3.1.2. Influence of deposition pressure
The effect of deposition pressure variation under constant O2 flow (3 

sccm) and applied RF power (555 mW/cm2) is plotted in Fig. 3 (a) for 
average transmittance and conductivity and in Fig. 3 (b) for mobility, 
carrier concentration and resistivity. Increasing deposition pressure 
while keeping the applied power fixed leads to higher residence times of 

Fig. 1. Manufactured FBC-SHJ solar cell.

Fig. 2. Influence of O2 flow on (a) average transmittance and conductivity, (b) Hall mobility, carrier concentration and resistivity.
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molecules in the chamber and lower ion energy in sputtering process, 
which causes low sputtering yield and defective structure growth in the 
bulk (i.e. less crystallinity, different morphological growth) [25,26]. 
Therefore, resistivity increases whereas both mobility and carrier con-
centration decrease after exceeding a threshold of 3 × 10− 3 mbar. 

However, increasing deposition pressure from 2.6 × 10− 3 to 6 × 10− 3 

mbar has slightly increased the average deposition rate from 0.82 to 
0.86 nm/min (see Fig. S5). AFM images on 35-nm-thick ICO films for 
different deposition pressure values are shown in Fig. 4. As the 
morphology hardly changes with deposition pressure, we do not claim 

Fig. 3. Influence of deposition pressure on (a) average transmittance and conductivity, (b) Hall mobility, carrier concentration and resistivity.

Fig. 4. AFM images for various deposition pressures ranging from 3 to 6 × 10− 3 mbar. Note that the process parameters other than the deposition pressure are 
kept constant.
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any morphological growth difference due to pressure. As a conclusion, 
the optimal pressure value is set to be 3 × 10− 3 mbar.

3.1.3. Influence of applied RF power
The effect of applied RF power on opto-electrical properties of ICO 

films is demonstrated in Fig. 5(a) and (b). Increasing the power caused a 
reduction in average transmittance (also see S3 for transmittance 
spectra). The possible reason is the increase of the defect density in the 
bulk at higher power density values. Consequently, grain sizes of the 
crystallites vary (i.e. smaller volumes) in the bulk [27], which leads to 
higher conductivity and carrier concentration but lower mobility and 

transmittance. Increasing the applied power shows almost linear in-
crease in the average deposition rate from 0.62 to 1.86 nm/min (see 
Fig. S6). To investigate the structural changes, AFM and SEM mea-
surements are conducted. It is observed that the crystalline grains are 
shrinking in volume as the power density increases (see Fig. 6(a) and 
(b)). Considering the trade-off between average transmittance and 
conductivity (see Fig. 6(a)), power is set to be 740 mW/cm2.

Post-annealing at 180 ◦C for 5–30 min in ambient atmosphere of the 
ICO films does not affect any material properties (not shown here), 
which suggests the bulk is already crystallized during the deposition. 
According to our results, the main drawback of sputtering over RPD 

Fig. 5. Influence of applied RF power density on (a) average transmittance and conductivity, (b) Hall mobility, carrier concentration and resistivity.

Fig. 6. AFM and SEM images of (a) ICO film deposited at 740 mW/cm2, (b) ICO film deposited at 925 mW/cm2, and. Note that the process parameters other than the 
applied RF power are kept constant.
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technique is the limited size of the crystallites. Therefore the mobility is 
constrained. With RPD, due to much bigger crystallite sizes, remarkable 
mobilities could have been achieved [16].

3.1.5. Properties of optimized layers
In Fig. 7, the transmittance and absorbance spectra of 35-nm-thick 

ICO compared with those of the baseline ITO layers [24] are plotted. 
ICO layers clearly exhibit higher transparency and lower absorption in 
the visible and near-infrared regions. It is worth noting the relatively low 
transmittance within 400–600 nm range is related to non-negligible 
reflectance of the film and enhanced surface scattering caused by film 
structure and surface morphology, which causes a drop in optical 
transmittance [25].

In Table 1, ICO material properties are listed alongside those of the 
baseline ITO layer. As a result, the optimized 35-nm-thick ICO layer 
demonstrated a mobility of 44.22 cm2/Vs.

EDX spectra of the optimized ICO film is shown in Fig. 8 with weight 
and atomic fractions of the elements. 10 kV acceleration voltage is 
applied in order to detect the heavy elements. Note that the e-beam 
penetrates through the film and detects the silicon substrate, which is 
also included in the inset fraction table. It can be concluded that the 
films are slightly oxygen rich. We speculate that due to excess oxygen in 
the films, we could not observe any difference in transmittance during 
O2 variation set (see Fig. 2).

3.2. Application of ICO layers on FBC-SHJ solar cells

Subsequent to material optimization, 50 nm front and 150 nm rear 
ICO layers are sputtered onto baseline cell precursors at room temper-
ature. A reference cell [28] with identical thicknesses of the baseline ITO 
layers is also manufactured. Following the sputtering process, photo-
conductance decay lifetime tests are conducted. Initially, the sputtering 
process caused degradation in the effective minority carrier lifetimes 
(τeff) and implied open circuit voltages (i-VOC). Whereas, annealing the 
precursors under 130 ◦C in ambient atmosphere for 5 min mostly 
recovered the τeff and i-VOC. The results are presented in Fig. S57. The 
EQE spectra and the calculated JSC,EQE values could be found in Fig. S68.

The 2 × 2 cm2 sized cells are fabricated onto fully passivated 4-inch 
round wafers. Thanks to this architecture, there is no significant 
recombination in the edge regions. During the measurement, the 
designated cell area (including the metal fingers, excluding surrounding 
busbar) is illuminated. In Fig. 9, the designated area cell efficiency is 
reported.

PV external parameters of the FBC-SHJ solar cells endowed with ICO 

Fig. 7. Comparison of developed ICO and baseline ITO layers in terms of 
transmittance and absorbance (in the inset diagram).

Table 1 
Mobility, carrier density and resistivity of developed ICO(:H) and baseline ITO 
layers.

μ (cm2/Vs) N (/cm3) ρ (Ωcm)

ITO 28.27 1.99 × 1020 1.11 × 10− 3

ICO 44.22 1.65 × 1020 8.56 × 10− 4

ICO:H 44.56 1.92 × 1020 7.28 × 10− 4

Fig. 8. EDX spectrum of optimized ICO film alongside weight and atomic percentages of elements. Note that the Si peak arises due to Si wafer substrate.
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and baseline ITO layers are listed in the inset table of Fig. 9. It is 
demonstrated by both EQE (see Fig. S8) and J-V measurements that ICO 
layers lead to a boost in the JSC. Furthermore, a slightly higher FF could 
be a sign of lower contact resistivity between the TCO and metal fingers 
or the ICO and the Si thin-film layers. As a result, implementing ICO 
layers into FBC-SHJ solar cell architecture yields in an absolute PCE 
increase of ~0.55 % when compared to the baseline solar cell based on 
ITO TCO.

4. Conclusions

This work presents the optimization of RF-sputtered ICO thin films, 
and their application in FBC-SHJ solar cells as a promising TCO layer. 
Optimized ICO layers deposited at room temperature reached Hall 
mobility of 44.22 cm2/Vs, which is more than 56 % higher than that of 
the ITO reference. The opto-electrical enhancement of our ICO films 
with respect to the ITO reference layer was reflected at the device level, 
particularly JSC, with an improvement of 0.67 mA/cm2 for ICO layers. 
Fabricated FBC-SHJ solar cells with our optimized layers lead to an 
absolute increase of PCE’s of ~0.55 % when compared to the baseline 
solar cell with ITO and resulted in ~23.6 % efficiency.
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