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Abstract: Different functionalities of materials based on indium tin oxide and fabricated at soft
conditions were investigated with the goal of being used in a next generation of solar photovoltaic
devices. These thin films were fabricated in a commercial UNIVEX 450B magnetron sputtering.
The first studied functionality consisted of an effective n-type doped layer in an n-p heterojunction
based on p-type crystalline silicon. At this point, the impact of the ITO film thickness (varied from
45 to 140 nm) and the substrate temperature (varied from room temperature to 250 ◦C) on the
heterojunction parameters was evaluated separately. To avoid possible damages in the heterojunction
interface, the applied ITO power was purposely set as low as 25 W; and to minimize the energy
consumption, no heat treatment process was used. The second functionality consisted of indium-
saving transparent conductive multicomponent materials for full spectrum applications. This was
carried out by the doping of the ITO matrix with transition metals, as titanium and zinc. This action
can reduce the production cost without sacrificing the optoelectronic film properties. The morphology,
chemical, structural nature and optoelectronic properties were evaluated as function of the doping
concentrations. The results revealed low manufactured and suitable films used successfully as
conventional emitter, and near-infrared extended transparent conductive materials with superior
performance that conventional ones, useful for full spectrum applications. Both can open interesting
choices for cost-effective photovoltaic technologies.

Keywords: magnetron sputtering; electron transport layers; cost-effective; indium-saving multicom-
ponent oxides; photovoltaic applications

1. Introduction

Transparent conductive oxides (TCOs) are attracted increasing interest as essential
components for successful development of a wide range of optoelectronic devices and
energy harvesting applications, such as touch screens, flat panels, solar photovoltaic cells,
light-emitting diodes, sensors or low emissivity windows [1–3]. In several applications, low-
cost TCO materials must be used because the device technology requires specific material
properties. Examples of the mostly used TCOs are indium tin oxide (ITO), aluminum-doped
zinc oxide (AZO), cadmium oxide (CdO) or tin oxide (SnO2) [4–6]. For all these materials,
high performance in both visible-range transparency and conductivity, simultaneously, are
highly desirable. The coexistence of both properties basically depends on its nature, its
number and atomic arrangements of metal cations, its morphology and its intrinsic and/or
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introduced defects. Thanks to these properties, TCOs present several and different roles
on the devices; as example, they are an essential and crucial component in photovoltaic
(PV) technology [7–10]. This is due to the TCO properties exert a strong influence on the
PV cell parameters such as the open-circuit device voltage VOC or the short-circuit current
JSC, contributing directly to the device performance. TCOs in PV can act as (i) transparent
electrodes, (ii) structural templates and/or (iii) diffusion barriers. The most widely used
TCO material remains being to be ITO despite its relative scarcity that increases the price
of indium and its relative high consumption-energy manufacturing process [11,12]. So far,
no TCO has succeeded improving its optoelectronic properties.

Deposition techniques to fabricate ITO films are well developed, being magnetron
sputtering one of the most desirable [11]. It provides a good adherent material with high
performance to manufacture at high deposition rates at industrial scale and with the ability
to control the film quality. In addition, this technique also permits thin film deposition
at low temperature. All these features make it one of the most suitable to manufacture
competitive TCO materials. Despite this, manufacturing high-quality ITO films at low
temperature is still a challenge [13,14]. In this sense, intensive investigations have been
carried out, showing high quality ITO layers deposited at room temperature (RT) by
controlling parameters as oxygen flow [9], or by using soft sputtering process thanks to
decrease the direct-current (DC) power values applied [15]. However, even with these
achievements, the high cost of indium remains being a problem that motivates to investigate
other substitute materials [16–20]. In this sense, the cost-reduction of conventional ITO
electrodes by indium-saving is attracting considerable attention. By mixing or co-sputtering
low-cost metal oxides within an ITO matrix, the indium content in indium-based TCO
electrodes can be reduced, and therefore, the indium consumption. Examples of it can
be TCO multi-components as In–Zn–Sn–O, In–Al–Zn–O, In–Al–Zn–Sn–O, Ga-Ti-In-O or
even In–Ga–Zn–O that show very smooth surfaces and excellent optical properties, with
transmittances higher than 80% in the visible range and low resistivities in the range
of 10−4 Ω-cm [17,20]. In addition, titanium doping on In2O3 can improve the mobility
reaching values higher than 100 V−1 s−1 cm2 that would help to the carrier transport,
enhancing the device efficiency [16,19]. Moreover, the problem with the scarcity of indium
is currently solved by the recycling. In this sense, many companies are offering programs
to recycle this material [21], following the recommendations of the new environmental
policy of circular economy [22]. However, if these environmental policies do not apply
soon, an indium shortage may occur in the next few years.

On the other hand, in most of the manufactured products that incorporate ITO in
the production chain, post-deposition heat treatments are required. They are necessary
to achieve high-quality ITO thin films with adequate electronic properties retaining high
transparency [13]. In the PV sector, the next device generation demands cost-effective
products by reducing energy and avoiding material losses in the manufacture process. Low-
temperature fabrication processes compatible with thinner and/or lower-quality wafers are
desired [23]. Under this premise and trying to adapt to the demand of the new technologies,
this work shows the optimization of ITO based materials at low energy consumption regime
to be used in different scenarios: (i) as an effective N-doped layer in a n-p heterojunction
acting as a selective carrier layer. For this purpose, the ITO films were deposited in an
oxygen-free environment at soft sputtering conditions and without any post-annealing
treatment to reduce the energy manufacturing consumption and, therefore, to diminish
the production cost; and (ii) as an indium-saving multicomponent TCO by the doping
with transition metals, as titanium and zinc, to replace the conventional antireflective (AR)
transparent electrodes. These kinds of materials can be very useful for both the mature
and the next PV technologies. In this case, what is intended is to reduce the cost of ITO
electrodes thanks to the doping. Finally, by controlling the amount of compounds ratio,
the optoelectronic properties of these multicomponent can be easily adjusted as function of
device requirements.
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2. Materials and Methods

ITO thin films were deposited in a commercial UNIVEX 450B system from Leybold
(Leybold GmbH, Cologne, Germany). This sputtering system is equipped with four
magnetron sources placed in a confocal geometry with respect to the substrate holder,
distanced from each other about 15 cm. This confocal configuration helps to ensure film
homogeneity. Two of the four magnetrons are operated by Radio Frequency (RF) and the
other ones, by direct current (DC). For ITO film deposition, 4-inch diameter SnO2:In2O3
ceramic target provided by Neyco, Vanves, France was placed on a direct current (DC)
source. The nominal target composition was 10:90 wt% and its purity was 99.99%. Finally,
the ceramic ZnO:Al2O3 (98:2 wt%) and TiO2 targets used for the doping, both from Neyco,
Vanves, France, had a purity of 99.95% and both were operated by RF.

Depending on the ITO role studied, different substrates were used: (1) resistive
Corning glass (Corning Inc., New York, USA) to evaluate its optical properties in the
visible (VIS) and near-infrared (NIR) range, (2) polished resistive float zone (FZ) <100>
silicon wafer (resistivity >104 Ω-cm) (Topsil, Frederikssund, Dinamarc) to determine its
AR capability and electrical conductivity, and (3) double double-polished FZ p-type silicon
<100> wafers (resistivity ~1000–5000 Ω-cm) (Topsil, Frederikssund, Dinamarc) as absorber
in the n-p heterojunction.

The sputtering process of the ITO-based thin films was performed with a base pressure
of around 10−5 Pa in an oxygen-free environment. 9N5 Argon (Ar) was the inert gas used,
and its flux was controlled by an MKS mass flow controller (MKS Instruments, Andover,
MA, United States). During the sputtering process, the substrate was rotated at 20 r.p.m.
The gas flow rate and the working pressure were set to 5 sccm and 0.17 Pa, respectively.
The DC power (DCP) values were varied from 25 to 75 W, and the substrate temperature,
from RT to 250 ◦C.

Finally, the co-sputtered samples were simultaneously deposited at a DCP varied from
0 to 300 W for ITO target, and at a constant value of 250 W for the RF power (RFP) applied
to AZO target; while the RFP values of the TiO2 target varied between 25 and 50 W. The
Zn-doped ITO films were deposited at RT; meanwhile, the Ti-doped ones, at 450 ◦C.

The structural composition of thin films was determined by X-Ray diffraction (XRD).
The X-ray spectra were obtained with a PANalytical X’Pert Pro diffraction system with a
vertical Thetha wide-angle goniometer (Malvern Panalytical Ltd., Malvern, UK), operating
in grazing incidence (GI) configuration. At this configuration, a Goebel-type parallel beam
mirror on the incident beam side and a linear X’Celerator detector (Malvern Panalytical Ltd.,
Malvern, UK) in receiving slit mode attached to a parallel plate collimator on the diffracted
beam side were used. The radiation used was CuKα (45 kV–40 mA), at a fixed incident
angle ofω = 2.5◦, in parallel beam geometry in an angular range of 20◦ < 2θ < 80◦. Phase
identification was obtained by comparison with The Inorganic Crystal Structure Database
(ICSD). To determine the elemental composition of ITO layers, wavelength dispersive X-ray
fluorescence analysis (WD-XRF) was carried out with a PANalytical AXIOS automated
XRF spectrometer (Malvern Panalytical Ltd., Malvern, UK). The samples were analysed
by means of a semiquantitative (OMNIAN) method developed by PANalytical. Film
morphology was determined by using a Digital Instruments Nanoscope IIIa Atomic Force
Microscope (AFM) (CSI instruments, Les ULIS, Paris, France) in tapping mode with Bruker
NCHV probes. The scans were processed using Nanotec software WSxM [24]. Hall mobility
and carrier concentration were obtained using the Van der Pauw method under a 1.2 T
magnetic field at RT. Optical transmittance (T) at the 300 to 2500 nm wavelength range was
measured at RT and normal incidence with a UV/Visible/NIR Perkin-Elmer Lambda 1050
spectrophotometer (Waltham, MA, USA). The optical band gap (EGAP) values for direct
band gap semiconductors were estimated by Tauc’s Equation (1)

(αhν)2 = A (hν − EGAP) (1)

where α is the absorption coefficient, hν is the photon energy and A is a parameter propor-
tional to the probability of electron transition between empty and occupied states [25]. The
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EGAP can be determined by extrapolation of the linear part of (αhν)2. Additionally, the AR
capability was also determined from the hemispherical reflectance spectra measured with
the above-mentioned spectrophotometer and using the 6 mm integrated sphere accessory
(Waltham, MA, USA).

In this work, ITO-based n-p heterojunction photocells were fabricated onto the polished
FZ p-type silicon substrates. In this design, ITO layer plays the main role of the n-type emitter.
Prior to its fabrication, the silicon wafer was dipped in HF (Mervilab, Madrid, Spain) to remove
the native oxide just before loading it into the sputtering chamber. Lastly, a metallic grid of
Ti (55 nm)/Ag (1 µm) (UMICORE, Brussels, Belgium) was evaporated as front contact, and
0.9 µm-thick aluminum (UMICORE, Brussels, Belgium), as rear contact, that was previously
annealed at 350 ◦C for 2 h in an Argon environment to achieve an ohmic behavior. The current-
voltage (JV) characteristics of the devices were measured under illumination calibrated at
AM1.5G conditions and 100 mW/cm2, using a class A solar simulator (Steuernagel SC575)
(K.H. Steuernagel Lichttechnik GmbH, Morfelden-Walldorf, Germany).

3. Results

In the following subsections, we describe the main results corresponding to each role
of ITO.

3.1. Role of ITO as Effective N-Layer in a n-p Silicon Heterojunction Photocell

In this subsection, we investigate how ITO sputtering process itself influences on the
main electrical parameters of a n-p heterojunction photocell. In particular, the effect of the
ITO thickness, ranged from 45 to 140 nm, and the film nature are both tested. These ITO
thin films were deposited at RT, 25 W of DCP, and 0.17 Pa of Ar working pressure, without
post-annealing treatment.

Lastly, the influence of ITO temperature deposition on the heterojunction properties
is also checked as function of the film nature. In this case, the substrate temperature was
ranged from RT and 250 ◦C; the rest of parameters was set to 25 W and 0.17 Pa, while the
layer thickness was close to 45 nm.

3.1.1. Effect of ITO Thickness and Film Nature

GI-XRD scans of as-deposited ITO thin films as function of thickness are depicted in
Figure 1. A transition from amorphous to polycrystalline (pc) nature was observed at films
thicker than 80 nm. A broad shoulder, that corresponds to the amorphous glass, hides a
very weak peak around 30◦ that is noticeable for samples with ITO films thicker than 80 nm.
The 140 nm-thick film spectrum showed four main peaks related to the (222), (400), (440)
and (622) planes, respectively. The (222) plane, corresponded to the characteristic structure
of cubic bixbyite In2O3 phase (Card no. 65–3170), presented the maximum intensity
indicating the preferred orientation of this film. This means that ITO films deposited at
RT on glass need to be thicker than others deposited at higher temperature or on other
crystalline substrate as silicon, as other authors reported previously [26]. The appearance
of (222) cubic reflection in the thickest studied film is attributed to the greater mobility
that the atoms possess while growing along the parallel direction to the substrate surface
when thickness increases, and hence, an improvement of the crystallisation process is
reached [27]. No characteristic peaks of tin (Sn), SnO or SnO2 appeared in the scans,
meaning that the hosting of Sn in the substitutional position of the In2O3 cubic lattice
occurred successfully [13].
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Figure 1. GI-XRD scans of ITO thin films as function of the thickness, deposited at soft sputtering
conditions.

The elemental composition (in percentage) was semi-quantitatively estimated from
WD-XRF measurements. No significant dependence of the composition was found with
the thickness and film nature. The percentage of In2O3 and SnO2 remained almost constant
to 87.8 ± 1.5 and 12.2 ± 1.0, respectively, slightly different than the nominal composition
of the ceramic target (90:10 wt%).

Table 1 shows the electrical parameters (carrier density n, mobility µ, sheet resistance
Rsh and resistivity ρ), obtained from Hall measurements, as function of the ITO thickness.

Table 1. Electrical parameters of the ITO films deposited at RT, 25 W and 0.17 Pa on resistive FZ silicon wafers. The nature
of the film is also included.

ITO Thickness
(nm) Film Nature I(222)/I(400) n (1020 cm−3) µ (cm2/V·s)

Rsh
(Ω/sqr)

ρ

(Ω·cm)

45 Amorphous - 6.20 20.2 260 1.2 × 10−3

80 Transition amorphous to
polycrystalline - 7.20 16.0 85 6.8 × 10−4

140 Polycrystalline 2.17 4.20 25.5 55 7.7 × 10−4

The film nature and the (222)/(400) peak intensity ratio obtained from XRD patterns
were also included in Table 1. A drastic drop in the carrier concentration and a sharply
increased in the mobility were observed in the thickest sample with pc nature. The trend
in both electrical parameters could be due to the different film nature. In general, in ITO
films, both Sn dopants and ionized oxygen vacancy donors provide the charge carriers for
conduction. However, depending on its nature, it is well known that Sn doping did not
contribute generating carriers when the film is amorphous [28]; in the case of the pc films,
the Sn atoms diffused from interstitial to In cation sites, producing a realignment of In-O
bonds and thus, generating a locally ordered structure. In this case, the low resistivity is
attributed to an enhancement in the mobility, closely related to the crystalline improvement
observed in XRD scans, and to the effect of the lattice modifications due to the doping that
occurs when thickness is increased [29,30]. Hence, the mechanism of providing carriers is
different, and hence, no relationship can be established at the transition point.
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Table 2 collects the normalized average transmittance values in the visible (400–800 nm)
TVIS, and in the NIR (800–2500 nm) wavelength region TNIR, as function of the thickness.
The band gap energy EGAP and the film nature are also included.

Table 2. Optical parameters of the ITO films deposited at RT, 25 W and 0.17 Pa glass. The nature of
the film is also included.

ITO Thickness
(nm)

TVIS
(%)

TNIR
(%)

EGAP
(eV) Film Nature

45 85.0 89.8 3.64 Amorphous
80 78.4 79.0 3.75 Transition amorphous to polycrystalline

140 79.6 69.8 3.98 Polycrystalline

A clear opaqueness with thickness increasing was observed by the reduction of TVIS
value just up to the transition point. Above it, the value remained almost constant. This
could be attributed to the different nature of the layer and the ordering/realignment of the
oxygen that may take place in the pc film. Regarding the change of TNIR, a clear sharp drop
was observed as a function of the layer thickness. In the case of the sample at the transition
point, that decrease can be attributed to the observed increase of the carrier concentration
(see Table 1), and hence, an enhancement of the free-carrier absorption occurred. On the
other hand, the decrease of TNIR in the pc film could be attributed to the combined effect of
the change in the nature of the film and its superior electrical resistivity.

Figure 2 plots (αhν )2 vs photon energy (hν) used to calculate the band gap energy
EGAP for the 45 and 80 nm thick films. The extrapolation of the straight-line portion of the
plot of (αhν )2 to zero absorption (red lines in the graph) gives the direct band gap of the
film. As it can be appreciated, a clear blueshift was observed as film thickness increases. In
agreement with other authors, we found a broader EGAP as thickness increased [31]. This
is related to the Burnstein-Moss phenomenon [32] and hence, closely related to the high
carrier concentration measured in the sample at the transition point. In the case of the pc
film, the broaden of the EGAP could be attributed to a change in its crystalline nature [33].
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films at the transition from amorphous to pc nature.

Figure 3 depicts the J-V characteristics measured under the illumination of the pho-
tocells fabricated with ITO films of different thicknesses. It should be highlighted that
no passivation layer was used in the devices to directly evaluate the capability of ITO as
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carrier transport layer. Due to that, the Voc values were much lower than the commonly
obtained in the silicon-based technology (close to 700 mV). A strong influence on Voc was
observed varying the ITO thickness in the range of 45 to 140 nm, as it’s shown in Figure 3.
The highest value of VOC was achieved incorporating 45 nm-thick ITO amorphous layer
into the photocell. This can be related to the film mobility, and it should be indicative of the
effective transport of photogenerated electrons. Therefore, the difference observed in the
VOC of devices fabricated with 45 nm-thick (amorphous layer) and 140 nm-thick films (pc
layer) (see the VOC values in the inset of Figure 3) can be related to (i) the nature of the ITO
film, (ii) the effect of grain boundary scattering in the pc-film and (iii) the band alignment
modified with the carrier concentration [34,35]. Even the amorphous film presented lower
mobility than the pc one (20.2 cm2/Vs vs 25.5 cm2/Vs), this effect could be compensated
by the non-existed boundary grains, and hence, scattering at them. Therefore, the electrons
could flow easily from the active layer. Regarding the Jsc, no systematic trend was showed
with ITO thickness, being slightly higher in the case of using a 45 nm-thick ITO layer.
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Figure 3. J-V characteristics measured under illumination of the photocells fabricated with ITO thin
films with different thickness. In the inset, the table with the electrical parameters VOC and JSC.

As summary, the photocell with better performance was achieved using a 45 nm-thick
ITO thin film deposited at RT, a soft DCP of 25 W, and a working pressure of 0.17 Pa. Under
these conditions, values of VOC and JSC of 0.245 V and 21.4 mA/cm2, respectively, were
obtained. This ITO film presented an amorphous nature that clearly favored the electrical
performance of the heterojunction.

3.1.2. Effect of Substrate Temperature

Taking as starting point the previous result showed in the Section 3.1.1, we study the
effect of increasing the ITO substrate temperature on the behavior of the heterojunction
n-ITO/p-Si. Figure 4 depicts the GI-XRD scans of the 45 nm-thick ITO films deposited at
25 W, 0.17 Pa and different substrate temperatures, ranged from RT to 250 ◦C. As can be
seen in the spectra, a weak pc structure was obtained as the substrate temperature increases,
observable at 100 ◦C and above. Three weak diffraction peaks can be appreciated, related to
the (222), (440) and (622) planes. The obtained diffraction peaks were in accordance with the
standard JCPDS data (Card no. 65-3170). The low peak intensity was attributed to the low
dimensionality of the films (~45 nm). In all cases, the (222) diffraction peak around 30◦ was
hidden into a broad shoulder corresponding to the amorphous glass signal. Therefore, any
change in its intensity is clearly observed when the substrate temperature was increased.
These results indicate that an increasing in the substrate temperature helps to improve the
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adatom mobility on the substrate surface enhancing film crystallinity [36]. No characteristic
diffraction peaks of Sn, SnO or SnO2 were noticeable in the scans, meaning the suitable
hosting of Sn in substitutional position of the In2O3 cubic lattice.
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Figure 4. GI-XRD scans of 45 nm-thick ITO thin films as function of the substrate temperature.

Figure 5 shows the chemical composition (in percentage) of the binary compounds
estimated from WD-XRF measurements as function of the substrate temperature. No
remarkable compositional changes were observed when the substrate temperature was
increased, except for sample deposited at 250 ◦C. This layer showed a slight increase, and
a corresponding decrease, in SnO2 and In2O3 concentrations, respectively. Despite these
small fluctuations, the values were close to the nominal ones.
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WD-XRF measurements.

Figure 6 shows the J-V characteristics under the illumination of the photocells fabri-
cated with ITO films deposited at different substrate temperature. A rectifying behavior
was obtained, regardless of the ITO thin film used. As happened in the samples of the
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previous subsection, no passivation layer was used in the photocell design. Table 3 sum-
marizes the electrical parameters of the ITO layers, the film nature and the value of the
open-circuit voltage VOC (Figure 6), while Table 4 showed the optical parameters of ITO,
the film nature and the short-circuit current JSC value extracted from Figure 6. The error
estimated for the measured electrical parameters VOC and JSC from Tables 3 and 4 was
close to 3%.
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Table 3. Main electrical parameters of the ITO films deposited at 25 W and 0.17 Pa as function of the substrate temperature.
The nature of the films and the VOC of the photocells are also included.

Tsubstrate (◦C) Film Nature n × 1020

(cm−3)
µ

(cm2/V·s)
Rsh

(Ω/sqr)
ρ

(Ω·cm) VOC (V)

RT Amorphous 6.2 20.2 260 1.2 × 10−3 0.197
100 Transition amorphous to polycrystalline 5.8 15.0 200 9.0 × 10−4 0.194
190 Polycrystalline 6.0 18.6 180 8.1 × 10−4 0.190
250 Polycrystalline 5.9 16.0 170 7.6 × 10−4 0.177

Table 4. Main optical parameters of the ITO films deposited at 25 W and 0.17 Pa as function of the
substrate temperature. The nature of the films and the JSC of the photocells are also included.

Tsubstrate (◦C) Film Nature TVIS
(%)

RHem
(%) JSC (mA/cm2)

RT Amorphous 85.0 23.3 19.2
100 Transition amorphous to polycrystalline 86.0 22.9 20.1
190 Polycrystalline 84.5 23.9 17.6
250 Polycrystalline 87.5 21.8 19.8

The minimum of carrier concentration, 5.8 × 1020 cm−3, is observed when the ITO
film was deposited at 100 ◦C to gradually increase again at higher temperatures. This
may be attributed to an improvement of the Sn atoms diffusion into In cation sites as
substrate temperature increased. In the pc films, Sn acts as a donor, which would lead
to an increase in carrier concentration, as it was observed. On the other hand, at 250 ◦C
of substrate temperature, it is possible that a slight excess of Sn doping, observed from
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WD-XRF measurements (see Figure 5), caused an increasing in the concentration of the
electron traps that might act as carrier traps rather than electron donors, giving rise to a
detrimental-to-the-mobility scattering process. With respect to the photocells, the highest
VOC of 0.197 V observed is obtained using an ITO thin film deposited at RT; a film whose
nature was amorphous. This is related to the highest mobility presented in this amorphous
film, corroborating its effectiveness as electron transport.

On the other hand, the optical losses can influence on the Jsc parameter, extracted
from Figure 6. These optical losses are due to the number of photons (i) reflected on the
surface and (ii) absorbed by the ITO film through the free carriers. In both cases, those
photons would not reach the silicon absorber. In this sense, Table 4 shows the lowest
JSC value of 17.6 mA/cm2, achieved in the photocell with a pc ITO film fabricated at
190 ◦C. This film presented the highest average hemispherical (total) reflectance value at
the visible wavelength range of 23.9% (more reflection on its surface) and a highest value
of the reflectance minimum at the wavelength of 400 nm, attributed to the free carriers’
absorption (see the inset in Figure 7). Both facts indicate that this film has the greatest
optical losses. In any case, the minimal differences observed in JSC values were mainly
attributed to the small variations in ITO thickness, showed by the slight hemispherical
reflectance spectra shift in Figure 7.
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Figure 7. Hemispherical reflectance spectra of the photocells fabricated with ITO thin films depos‐

ited at different substrate temperature. In the inset, the zone in which the spectrum reaches a mini‐
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Figure 7. Hemispherical reflectance spectra of the photocells fabricated with ITO thin films deposited
at different substrate temperature. In the inset, the zone in which the spectrum reaches a minimum.

These results showed that the increase of the substrate temperature did not enhance the
electrical performance of the photocell, despite improving the optoelectronic properties of
the ITO thin film. This can be explained because the structural enhancement, due to the rise
of the temperature, led to the increase of both the carrier traps and the scattering process,
resulting detrimental for the electrical performance of the n-ITO/p-Si heterojunction. In
order to avoid this, an amorphous film fabricated at RT was preferred.

Finally, the feasibility of ITO film as an effective n-layer in a n-p heterojunction was
demonstrated, overall, when ITO was fabricated at RT and soft sputtering conditions such
as 25 W of DCP and 0.17 Pa of working pressure with thicknesses as thin as 45 nm.
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3.2. Indium-Saving Multicomponent Materials to Replace Conventional TCOs in Different
Photovoltaic Technologies

One of the main challenges in the fabrication of SHJ solar cells is the achievement
of low-cost and high-quality TCOs to (i) extract efficiently the charge carriers, (ii) act
as AR coating by decreasing the light reflection on device surface, allowing a higher
fraction of light may reach the silicon and (iii) reduce the production cost. In this sense,
low-temperature manufacturing processes are being increasingly desired [37].

On the other hand, the next-generation photovoltaic technologies, such as organic solar
cells (OSCs), require the anode layer, the organic active layer and cathode layer consisting
of low-cost materials. Thereby, the replacement of conventional ITO by multicomponent
materials based on annealed sputtered low-cost metal oxides embedded into an ITO matrix
is gaining attention in that area [16].

In this subsection, seeking for TCO materials that obey the above-described conditions,
we study the effect of doping the In2O3 matrix with transition metals such as Zn and Ti,
respectively, to determine its suitability as possible substitutes for applications in different
photovoltaic technologies.

3.2.1. Zn as Dopant in ITO Matrix

The multicomponents were deposited at RT and 0.17 Pa of working pressure on both
Corning glass and polished resistive float zone <100> silicon wafer (resistivity > 104 Ω-cm)
to determine the optical and electrical properties, respectively. The nominal thickness of
the In2O3-matrix-based films co-sputtered with the ceramic ZnO:Al2O3 (98:2 wt%) (AZO)
target of 4-inch-diameter was set to 80 nm because of the SHJ technology specifications [38].
The DCP applied to ITO target varied from 25 to 300 W, while maintaining at 250 W
the RF power applied to AZO one. The main objective is to achieve an indium-saving
multicomponent material with suitable tunable optoelectronic properties and AR capability
to replace the conventional TCOs for SHJ technology [39,40].

Table 5 collects the binary compounds concentrations of In2O3, ZnO, Al2O3 and SnO2
estimated from WD-XRF measurements, as function of the used sputtering target power.
In order to validate the suitability of the multicomponent materials fabricated in this
subsection, the data of the optimized TCOs used in SHJ technology are also collected as
reference films, for comparison: i.e., ITO deposited at the soft conditions of 25 W and
RT (#1) [15]; ITO deposited at 75 W and 190 ◦C (#2) [15] and AZO deposited at 250 W
and 190 ◦C (#3) [41,42]. The film nature, determined by XRD (not shown here), is also
included [15,42].

Table 5. Compound’s concentrations estimated by WD-XRF. The film nature is included.

ITO DC Power (W) AZO RF Power (W) Film Nature In2O3
(wt%)

ZnO
(wt%)

Al2O3
(wt%)

SnO2
(wt%)

25 250 Polycrystalline 67 19 11 3.5
75 250 Amorphous 86 5.4 4.2 4.2

150 250 Amorphous 90 1.8 0.7 7.9
300 250 Amorphous 94 3.6 - 2.4

25 & RT (#1) [15] 0 Amorphous 93 7.0 - -
75 & 190 ◦C (#2) [15] 0 Polycrystalline 93.4 6.6 - -

0 250 & 190 ◦C (#3) [41,42] Polycrystalline - - 2.0 98

Data reveal the gradual substitution of In2O3 by ZnO as ITO DCP was reduced,
from 7.0 wt% to 19 wt% at the lowest DCP value of 25 W. At the same time, as ITO
DCP was increased, SnO2 was progressively displacing Al2O3, until it disappeared, fact
that happened at the highest ITO DCP used value of 300 W. Most of them presented an
amorphous nature in agreement with the phase diagram presented by other authors, except
the sample deposited at 25 W ITO DCP and 250 W AZO RFP [43]. Regarding the optimized
TCOs considered as reference, in all cases, the composition was very close to the nominal
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value of the targets. At the same time, the reference samples deposited at 190 ◦C showed
a polycrystalline nature. This fact might be attributed to two reasons (i) the high kinetic
energy of the atoms impacting due to the power values used, and (ii) the high surface
diffusion due to the substrate temperature. Both, the power and the substrate temperature
were high enough to achieve a crystalline structure. On the other hand, as the sputtering
conditions of reference #1 are much softer, a crystalline phase was not obtained.

Finally, to evaluate the performance of layers described in Table 5, the Figure of Merit
(FOM) was calculated by using Equation (2)

ϕTC =
T10

r
Rsh

(2)

where Tr is the transmittance at 550 nm and Rsh, the sheet resistance. The calculated
FOM values are collected in Table 6, together with the AR capability determined from the
average hemispherical reflectance at the visible wavelength range of 400–800 nm, and the
percentage of saved indium, compared to that of the reference material (samples #1, #2 and
#3). The FOM must be as high as possible, indicative of a superior layer quality, meanwhile
the AR capability must be as low as possible, indicative of reduced optical losses.

Table 6. FOM values and AR capability of the multicomponent materials developed, as function of
the sputtering conditions used. The In2O3 concentration and the amount of indium-saving are also
included.

ITO DCP/AZO RFP In2O3 (wt%)/
in-Saving (%) FOM × 10−3 (Ω−1) AR Capability (%)

25/250 67/28 0.35 11.5
75/250 86/7.5 2.23 8.9
150/250 90/3.2 2.22 13.8
300/250 94/- 0.27 11.3
25/-(#1) 93/- 1.03 11.9
75/-(#2) 93.4/- 0.37 12.5

0/250 (#3) 0/100 1.84 13.0

Data from Table 6 reveals that the highest FOM of 2.23 × 10−3 Ω−1 was achieved by
the multicomponent film deposited at RT, 0.17 Pa and 75 W of ITO DCP and 250 W of AZO
RFP, respectively. This sample, with an indium-saving percentage of 7.5%, presented an
amorphous nature and the lowest value of AR capability ~8.9 % that means that the optical
losses due to the light reflection on the surface are minimized. In addition, its performance
was superior to the optimized reference samples #1, #2 and #3.

On the other hand, the multicomponent with the highest amount of indium-saving
of 28%, deposited at 25 W of ITO DCP and 250 W of AZO, exhibited a relatively low AR
capability of 11.5%, close to the values shown by the reference samples #1, #2 and #3, but,
unfortunately, it had a very poor FOM, 0.35 × 10−3 Ω−1. This is attributed to its electrical
detriment, i.e., a value of sheet resistance as high as 500 Ω/sqr and a very low mobility of
8.5 cm2/Vs as compared to the best sample, 90 Ω/sqr and 20.2 cm2/Vs.

Despite the sample deposited at 150 W of ITO DCP and 250 W of AZO RFP showed
a FOM close to the optimal one, the amount of indium-saved was very small, just 3.2%.
Lastly, the reference sample #3, that had the highest In-saving of 100%, AZO (not based
on In2O3-matrix), presented a slight worsening in the AR capability ~13%, and its FOM,
1.84 × 10−3 Ω−1, did not exceed the value of the sample considered as optimal.

The topography images (not shown) [15,41,42] showed different surfaces depending
on the material and its film nature. In the case of the reference samples an almost protrusion-
free surface was observed for reference #1 (amorphous ITO deposited at 25 W and RT), a
surface with many protrusions of different sizes and densities, for the reference #2 (pc ITO
deposited at 75 W, 190 ◦C); and granular morphology without protrusions, for the reference
#3 (pc AZO). On the other hand, the surfaces of multicomponent materials showed a
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protrusion-free homogenous granular morphology, with root-mean-square (RMS) values
that decreased from 1.4 nm (pc) to 0.5 nm (amorphous) when ITO DCP increased.

In summary, we achieved a multicomponent film with an indium-saving percentage
of 7.5%, deposited at RT, 0.17 Pa and 75 W of ITO DCP and 250 W of AZO RFP, that showed
superior optoelectronic properties that conventional TCOs: better AR capability, better
FOM and a smooth surface free of protrusions that favors to be used as a transparent
electrode. Hence, this material is capable of being a substitute for the conventional TCO
materials, which would mean a cost-reduction of ITO electrodes for the SHJ technology.

3.2.2. Ti as Dopant in ITO Matrix

Thin films based on the In2O3-matrix with a thickness of 80 nm were co-sputtered
on Corning glass using a 4-inch diameter ceramic TiO2 target (purity of 99.99%) and
the ITO target described previously at a substrate temperature of 450 ◦C and a working
pressure of 0.45 Pa. According to the literature, high temperature deposition and/or
annealing processes are often preferred to enhance the electrical performance of this kind
of materials [44,45]. In this work, the DCP applied to ITO target was set to 50 W, while
varying from 25 W to 50 W the RPF applied to TiO2 one. Such soft sputtering conditions
were used to avoid a possible degradation of the subsequent device. The main goal is
to find a material with a superior balance between the electrical and optical properties
and with a high NIR transmission to replace conventional ITO in many applications that
provides a better use of the full solar spectrum.

Table 7 shows the binary compounds concentrations of In2O3, TiO2 and SnO2, esti-
mated from WD-XRF measurements, as a function of the sputtering target power values.

Table 7. Compound’s concentrations, estimated by WD-XRF, as function of the used power values. The nature of the film
and the (222)/(400) diffraction peak intensity ratio are included.

ITO DC Power (W) TiO2 RF Power (W) Film Nature I(222)/I(400) In2O3 (wt%) TiO2 (wt%) SnO2 (wt%)

50 0 Polycrystalline 3.2 92.7 - 7.3
50 25 Polycrystalline 2.9 92.2 0.5 7.3
50 50 Polycrystalline 2.0 91.7 1.1 7.2

The structural parameters were analyzed by XRD. The patterns depicted in Figure 8
revealed a polycrystalline nature with a bixbyite structure, typical of the ITO matrix, with a
predominant (222) peak, regardless the sputtering conditions used. Other diffraction peaks
corresponding to the (400), (440) and (622) planes also appeared with moderate intensity.
Less intense peaks such as (444), (611), (411), (431) and (521) were observed too, supporting
the pc nature of the films. In Table 7, the (222)/(400) diffraction peak intensity ratio was
included, revealing that it decreased as TiO2 RFP value increased. This is indicative of a
slight loss of crystal quality as the Ti4+ ion dopant gradually placed on In3+ sites. At the
same time, the patterns of Ti-doped ITO thin films were displaced to higher angles when
the dopant is introduced into lattice. This is attributed to the decrease of lattice spacing due
to the shorter Ti4+ ionic radius compared to the In3+ one, 0.602 Å and 0.92 Å, respectively.
No diffraction peaks of Sn or other impurity phases were detected in the prepared samples.

The evaluation of the performance of the indium-saving multicomponent materials
was carried out analysing the FOM and the transmittance at visible wavelength region
(400–800 nm), TVIS, and at NIR region (780 nm to 2500 nm), TNIR. Table 8 collects all these
data together with the amount of indium-saving and the resistivity values of the films.

Data reveal a superior performance for the multicomponent with the highest doping
level, with an indium-saving percentage of 0.5%, deposited at 50 W of ITO DCP and 50 W
of TiO2 RFP, in comparison with the non-doped ITO thin film. Despite the doping level
was quite low, attributed to the soft sputtering conditions used, the optical and electrical
improvements achieved were quite noticeable: (i) a FOM as high as 8.47 × 10−3 Ω−1,
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(ii) an enhancement of both visible light transmission, close to 90%, and (iii) high NIR
transmission of 83.5%.
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Figure 8. XRD pattern of the films in study.

Table 8. FOM and average TNIR values capability as function of the sputtering conditions used. The
In2O3 concentration, the amount of In-saving and the resistivity of the films are also included.

ITO DCP (W)
/TiO2 RFP (W)

In2O3 (wt%)/
in-Saving (%)

FOM × 10−3

(Ω−1) TVIS (%) TNIR (%) ρ × 10−4

(Ω·cm)

0/50 92.7/- 2.45 78.5 43.8 2.38
50/25 92.2/0.5 4.30 85.0 72.9 2.65
50/50 91.7/1.1 8.47 89.0 83.5 1.62

Figure 9 shows the 2D AFM micrographs of the Ti-doped ITO matrix. A rougher
surface with an RMS value of 17 nm was obtained by the sample with the highest Ti
concentration, indicative of a change in the morphology when the dopant was introduced
into the lattice.
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Figure 9. 2D surface topography images of the multicomponent based on Ti-doped ITO matrix.

As conclusion, we have demonstrated that the Ti doping can improve the optoelec-
tronic properties of the ITO matrix, even using concentrations as low as 0.5 wt%. This
co-sputtered film was deposited at 450 ◦C, 0.45 Pa and 50 W of ITO DCP and 50 W of TiO2
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RFP. It showed values of FOM as high as 8.47 × 10−3 Ω−1 and a high NIR transmittance of
83.5% that would permit to provide a wider use of the solar spectrum. These results validate
the Ti doping of ITO matrix in order to obtain a suitable material to replace conventional
ITO in many applications and to provide a better use of the full solar spectrum.

4. Conclusions

In this work, several functionalities of ITO matrix were demonstrated: (i) as an effective
N-doped layer in a P-type silicon-based heterojunction to replace conventional emitters,
and (ii) as a suitable matrix to achieve an indium-saving multicomponent transparent
electrode by the doping with transition metals to replace conventional TCOs.

In the first case, the results showed an important influence of the sputtering conditions
on photocell performance. The main limiting parameter was the nature of the ITO layer,
determined by the deposition temperature and the power used. In this sense, the best
device performance was achieved by using an amorphous ITO film with thickness as thin
as 45 nm, deposited at RT, without any other heat treatment, 25 W of RFP and 0.17 Pa of
working pressure. These results can permit to decrease the manufacturing cost by diminish
the amount of material and reduce the energy consumption.

On the other hand, the multicomponent materials based on the doping of the ITO
matrix with Ti and Zn, respectively, were evaluated as suitable In-saving material.

The results revealed that the multicomponents based on Zn-doping showed superior
optoelectronic properties and good AR capability than conventional TCOs when its nature
was amorphous, and were deposited at RT, 0.17 Pa and 75 W of ITO DCP and 250 W of
AZO RFP. Under these conditions, the amount of indium-saving was around 7.5%. In
the case of the multicomponent based on Ti doping, the data indicate the goodness of Ti
dopant to achieve thin films with superior electrical properties and an enhanced VIS and
NIR transmittance than the conventional TCOs used in the PV technologies. Incorporating
Ti concentrations as low as 0.5 wt%, FOM as high as 8.47 × 10−3 Ω−1 with high NIR
transmittances of 83.5% were reached at 450 ◦C, 0.45 Pa and 50 W of ITO DCP and 50
W of TiO2 RFP. Such both achievements permit opening the possibility to a noticeably
improvement in the transparent electrode field and, therefore, to further enhance the
different technologies.
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