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A B S T R A C T   

80 nm nominal thick ITO thin films were deposited at room temperature and at low plasma irradiation conditions 
in an oxygen-free environment by magnetron sputtering. The assessment of the dependence of their structural 
and optoelectronic properties with the deposition parameters were determined to evaluate their potential in 
silicon-based solar technology. The results revealed high quality ITO thin films deposited at room temperature 
and at low direct-current power values up to 75 W. These films showed amorphous and polycrystalline nature, 
depending on the range of power used. The thin films performance was determined by the figure of merit, 
reaching the best material developed at room temperature and at 75 W. The successful use of ITO as an effective 
n-type doped film in a N–P heterojunction silicon-based protocell revealed its feasibility to make up the heter-
ojunction showing its double role as antireflection coating and as substitute of conventional emitters in silicon 
solar technology. This would open new opportunities of technologically interesting materials fabricated at low 
manufacturing cost.   

1. Introduction 

Solar photovoltaic (PV) sector is gaining in competitiveness because 
of new approaches emerging focused on thickness reduction, kerf 
avoidance and manufacturing-cost lowering [1]. Data from Interna-
tional Roadmap of Photovoltaic reveal how this sector is experiencing a 
notable expansion, reached to multiply the installed capacity by a factor 
of 100 in only 14 years [2]. Despite this, in PV sector, several challenges 
have yet to be overcome to fully tap the manifold new business oppor-
tunities that are now opening up, and therefore new technological 
progresses are continuously required [3]. The production process is 
demanding cost-reduction products and reduction of both energy and 
material losses. Low-temperature fabrication processes compatible with 
thinner and/or lower-quality wafers are preferred to be incorporated 
into the production chain [4]. 

Taking into account that the PV market is currently dominated by 
wafer-based silicon solar cells production with 90% market share 
worldwide, a new generation of hybrid devices based on a combination 
of silicon technology and any of the low temperature developed 

materials is emerging as key issue of exhaustive investigation. This 
innovative concept based on the known crystalline Silicon (c-Si) tech-
nology presents two main advantages: first, to decrease the number of 
processing steps; second, to use low temperature in the manufacture. 
Those innovative concepts were based on by applying semiconductor 
thin films to replace conventional emitters and/or to act as transparent 
electrode. The implementation of these complementary selective con-
tacts on silicon absorber would lead to more efficient solar devices [5,6]. 

Silicon-heterojunction (SHJ)-based solar technology reduces mate-
rial consumption and processing temperature [7]. In such devices, op-
tical losses are very representative; for this reason, antireflection 
coatings (ARCs) placed into the front of device play a relevant role [8]. 
These films must (1) carry out an efficient charge carriers transport to be 
collected by metallic contacts, and (2) act as effective window layer 
allowing that most of incident light can reach the Si wafer absorber. 
Taking these previous requirements into account, transparent conduc-
tive oxides (TCOs) are considered as potential choice to be used as ARC. 
Their morphological and optoelectronic properties are of paramount 
importance to device performance [9,10]. TCOs are fabricated by many 
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different techniques such as pulsed laser deposition, sol-gel, and spray 
pyrolysis, spin/dip coating or Radio Frequency (RF)/Direct Current (DC) 
magnetron sputtering processes [11–13]. This last one emerges as one of 
the most viable technique to deposit large area TCO thin films, and it 
permits deposition at low temperatures down to room temperature (RT), 
high deposition rates and good film adhesion to any substrates. In 
addition, the high energy of the sputtered particles also leads to enhance 
its mobility at the surface during the deposition, improving the film 
crystallinity, and consequently, modifying its microstructure [14,15]. 
Therefore, magnetron sputtering deposition technique presents the 
reliability and the suitable control for TCO thin films fabrication. 

Up to date, indium tin oxide (ITO) fabricated at high temperature is 
the most commonly used because of its low electrical resistivity and its 
wide transmission window [16]. In order to achieve crystalline ITO films 
with good performance, high substrate temperature and/or high tem-
perature post-deposition annealing treatment (400-650 ◦C) are required 
[17,18]. However, these crucial steps can lead to raise the energy con-
sumption in the manufacturing process and to damage seriously the 
subsequent device structure. As far as thin film production by magnetron 
sputtering is concerned, the most critical parameters are the RF/DC 
power and the substrate temperature. Both deposition parameters 
mainly determine the TCO properties that can influence on the perfor-
mance of the optoelectronic device. Controlling the plasma irradiation 
damage by using soft power values and low substrate temperatures, the 
possible device detriment due to that effect can be avoided [19]. At soft 
sputtering conditions, ITO thin films can present amorphous nature with 
enhanced transport properties [20]. The decrease of the substrate tem-
perature while materials maintain excellent optoelectronic properties 
constitute a technological and interesting challenge for the production 
chain [21,22]. 

In this work, sputtered ITO thin films were deposited at soft condi-
tions without any post-heat treatment. The influence of the main sput-
tering deposition conditions, such as substrate temperature and applied 
power, on material performance was tested to evaluate its potential of 
developing p-n heterojunction protocells based on silicon technology. 
Therefore, the main goal of this work is to show the good practice of 
using ITO thin films, fabricated at low energy consumption sputtering 
conditions without post-treatment, to replace conventional thin films in 
silicon heterojunction solar cells technology. The results derived from 
this investigation have a considerable relevance for enabling to (i) 
diminish the amount of material, (ii) reduce the energy consumption, 
and hence, (iii) decrease the production cost. 

2. Experimental methods 

80 nm nominal-thick ITO thin films were fabricated in a commercial 
UNIVEX 450B system from Leybold. This system is equipped with 
magnetron sources, two of them operated by Radio Frequency (RF) and 
the rest ones, operated by direct current (DC). The four guns are placed 
in a confocal geometric configuration at around 0.15 m from substrate to 
assess the film homogeneity. The material deposition was performed on 
both 4-inches polished resistive float zone <100> silicon wafer 
(resistivity>104 Ω-cm) and 10 × 10 cm2-size Corning glass. The silicon 
substrate was used to determine the nature, the chemical composition, 
the antireflection capability (AR) and the electrical parameters of the 
ITO thin films. On the other hand, the glass substrate was used to 
corroborate their nature and determine the main optical parameters. 

Prior to load the substrate into the load-lock, it was cleaned by 
different ways: the silicon wafer was chemically etched using a dilute 
(2%) hydrofluoric acid to remove the native oxide SiOx from its surface, 
rinsed in deionized water (D.I.W.) and dried by blowing nitrogen over it; 
and the glass was ultrasonically cleaned with DECON 90 detergent, 
rinsed in DIW, immersed for 2 min in isopropyl alcohol and finally, 
dried. 

Prior to the sputtering deposition, an Argon plasma bias etching on 
the substrates was carried out without intentional heating at 120 W at 

0.5 Pa for 5 min. The goal of this step was to improve the material 
adherence to the substrate. The sputtering process was carried out at 
oxygen free with a base pressure close to 1 × 10− 5 Pa. The Argon gas 
used had a purity of 99.999% and its flux was controlled by MKS mass 
flow controller. During the deposition, the substrate was rotated at 20 
rpm, and the gas flow rate and working pressure were set at 5 sccm and 
0.17 Pa, respectively. The values of the DC power (DCP) applied to the 
ITO target was ranged from 15 to 100 W; while the substrate tempera-
ture was set to room temperature (RT). The nominal thickness of the 
sputtered thin films was 80 nm-thick because of the envisaged appli-
cations as ARC in the silicon-based devices technology. To evaluate the 
effect of both the substrate temperature and the DCP on the thin film 
properties, a nominal 80 nm-thick ITO thin film was deposited at 190 ◦C 
and 75 W, respectively, labelled as reference sample. 

Structural composition was determined by powder X-Ray diffraction 
(XRD). The patterns were obtained by using a PANalytical X’Pert Pro 
diffraction system configured with a vertical Thetha wide angle goni-
ometer. This goniometer operates in grazing incidence (GI) configura-
tion using a Goebel-type parallel beam mirror on the incident beam side, 
and a linear X’Celerator detector in receiving slit mode attached to a 
parallel plate collimator on the diffracted beam side. The CuKα radiation 
(45 kV - 40 mA) was used at a fixed incident angle of ω = 2.5◦ in parallel 
beam geometry, in an angular range of 20◦ < 2θ < 80◦. Phase identifi-
cation was obtained by comparison with The Inorganic Crystal Structure 
Database (ICSD). Crystallite size (D) was also obtained from Scherrer 
formula [23].  

D = 0.94λ/βcosθ                                                                             (1) 

where λ is the wavelength of the X-ray used, θ is the Bragg diffraction 
angle, and β is the full-width-at-half-maximum (FWHM) in radians. 

For wavelength dispersive X-ray fluorescence analysis (WDXRF), a 
PANalytical AXIOS automated XRF spectrometer was used to determine 
the elemental composition. The samples did not require any prepara-
tion, and the data were interpreted by making use of a semiquantitative 
(OMNIAN) method, developed by PANalytical. 

The film morphology was analysed using a Digital Instruments 
Nanoscope IIIa Atomic Force Microscope in tapping mode with Bruker 
NCHV probes. The 2 × 2μm2 scans were processed using Nanotec soft-
ware WSxM [24]. Hall mobility and carrier concentration were obtained 
by the Van der Pauw method under a 1.2 T magnetic field at RT. 

The optical transmittance (T) spectra were measured at RT and 
normal incidence in the wavelength range from 300 to 2500 using a UV/ 
Visible/NIR PerkinElmer Lambda 1050 spectrophotometer. The films 
absorption coefficient (α) was calculated from the optical transmission 
(T) by the following equation (2)  

α = (ln1/T)/ d                                                                                 (2) 

where d is the film thickness, and (hv) the photon energy. The absorp-
tion coefficient (α) and incident photon energy (hν) are related by the 
following relation [25]:  

(hνα)2 = A(hν – Eg)                                                                         (3) 

where A is a constant and Eg is the optical band gap. Therefore, the Eg 
values were determined by extrapolation of the straight section of the 
(αhν)2 versus hν. In addition, the AR capability of the thin films was 
determined from the hemispherical reflectance spectra Rhem measured 
with the UV/VIS/NIR PerkinElmer Lambda 1050 spectrophotometer 
equipped with the 6 mm integrated sphere accessory. 

Finally, the ITO thin film performance was evaluated from the figure 
of merit (FOM), φTC, proposed by Haacke [26] given by  

φTC = T10/Rs                                                                                  (4) 

where, T is the average optical transmittance and Rs is the sheet 
resistance. 

The ITO thin films were used to fabricate ITO/p-Si heterojunctions 
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protocells. These devices were fabricated onto polished FZ p-type silicon 
substrates (resistivity~ 1000-5000 Ω-cm). A metallic grid of Ti (55 nm)/ 
Ag (1 μm) was used as front contact, and 900 nm-thick aluminum layer 
was used as rear contact. This last one was previously annealed at 350 ◦C 
for 2 h in Argon environment to achieve an ohmic behaviour. 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). 

3. Results 

3.1. ITO thin films fabricated at RT 

Fig. 1 shows the deposition rate tendency with the DCP in the range 
of values used. A linear increase of the deposition rate with the DCP was 
observed, as expected. 

Fig. 2 pictures the GI-XRD patterns of the as-deposited 80 nm-thick 
ITO films. As it can be noticed, a transition from amorphous to crys-
talline nature happened with the increase of the DCP [27,28]. The thin 
films deposited at 15 and 25 W showed a broad shoulder around 31◦ that 
confirmed the amorphous nature. Otherwise, samples deposited at DCP 
values higher than 25 W showed polycrystalline (pc) structure, with the 
appearance of different diffraction peaks. This change in the crystal 
phase observed was attributed to the gradual enhancement of the ada-
tom mobility obtained as power increased, considering the 
low-temperature regimen used in the deposition in this work. 

In addition, no characteristic peaks of Sn, SnO or SnO2 were observed 
in the scans, meaning the right substitution of the indium (In) cation by 
the tin (Sn) cation in the cubic lattice [29]. The diffraction peaks cor-
responding to (222), (440) and (622) planes appeared more intense [29, 
30], being the (222) plane, corresponding to the cubic bixbyite In2O3, 
that presented the strongest intensity that increased with the DCP. This 
(222) preferential plane was related to a change in kinetic energy of the 
particles that reach the growth front due to the growth conditions 
employed: RT and low regime of power irradiation. Less intense 
diffraction peaks such as (211), (400), (411), (332), (431) and (611) 
were also observed [30,31], supporting the pc nature, and revealing the 
random orientation of the films. Fig. 2 also includes the pattern of the 
reference sample that also showed a pc nature. For this sample, the (611) 
plane was the most intense, while the (222) and (400) peaks were almost 
negligible. 

The grain size of the pc thin films was calculated from the width of 
the main (222) reflection peak using formula (1). The obtained values 
were close to 10–12 nm, regardless the deposition conditions. These 
small values were attributed to the low substrate temperature and to the 

quite small thickness of the films (~80 nm). These values were com-
parable to the state-of-art of thin ITO films deposited at such conditions 
of temperature and thickness [32]. 

Table 1 shows the chemical composition (in percentage) for each 
element of the ITO thin films as function of DCP, also including the 
chemical analysis carried out to the ITO ceramic target used in this work. 
These chemical data were estimated from WD-XRF measurements. 
Moreover, the data related to the considered as reference ITO thin film 
(deposited at 190 ◦C and 75 W), and the intensity ratio between (222) 
and (400) planes extracted from XRD spectra were also included in 
Table 1. First, it can be noticed that the samples can be divided in two 
groups, depending on the film crystalline nature: the amorphous and the 
pc phases, respectively. Within each group, the elemental composition 
of In, Sn and O, respectively, slightly changed as function of DCP. . In 
both films groups, the most appreciable increase with the DCP was 
showed by the Sn composition, while the In and O compositions pre-
sented the reverse tendency. Moreover, the In/Sn ratio decreased with 
the DCP while the O/In ratio was maintained almost constant. This 
could point to an effective introduction of Sn into lattice with the ITO 
target power, favoured by the increase of the deposition rate with that 
sputtering parameter (as pointed out Fig. 1). A similar behaviour has 
been already observed in other materials [33]. As it can be observed, the 
chemical composition of each element was not so far than the showed by 
the raw material (ceramic target). These slight differences from the raw 
material can be attributed to the changes in the deposition conditions 
such as the DCP. 

On the other hand, the highest (222)/(400) peak intensity ratio ob-
tained from XRD patterns of the pc thin films was reached in that sample 
with the highest Sn composition (hence, lowest In/Sn chemical 
composition ratio). The introduction of the Sn into lattice seems to lead 
to an improvement of the film crystallinity. In addition, the rising 

Fig. 1. Deposition rate as function of DC power value used in ITO 
film deposition. 

Fig. 2. GI-XRD scans of 80 nm-thick ITO thin films deposited on Corning glass 
at RT and different DC powers. The reference ITO sample deposited at 190 ◦C 
and 75 W was also included. 

Table 1 
Evolution of the chemical composition in percentage for each element deter-
mined by WD-XRF in the nominal 80 nm-thick ITO thin films in study.  

DCP (W) In (%) Sn (%) O (%) I(222)/ 
I(400) 

In/Sn O/ 
In 

15 76.0 ± 0.5 6.2 ± 0.5 17.8 ± 0.5 – 12.26 0.23 
25 74.2 ± 0.7 8.8 ± 0.8 17.0 ± 0.5 – 8.43 0.23 
50 76.0 ± 0.3 5.9 ± 0.5 18.1 ± 0.4 2.91 12.88 0.24 
75 74.9 ± 0.6 7.5 ± 0.7 17.6 ± 0.5 3.80 9.98 0.23 
100 74.5 ± 0.4 8.2 ± 0.4 17.3 ± 0.3 4.97 9.08 0.23 

Ref. 75* 76.0 ± 0.4 5.5 ± 0.5 18.5 ± 0.6 1.98 13.81 0.24 

Target 76.0 6.0 18.0 – 12.67 0.24  
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tendency of the (222)/(400) peak intensity ratio with the DCP was 
related to the enhancement of the kinetic energy of the sputtered par-
ticles when DCP increased. This fact affects the surface migration of 
arriving particles, leading to favour the incorporation of Sn into the 
lattice, in agreement with WD-XRF results. Moreover, That enhance-
ment of the kinetic energy with DCP, converted into thermal one at the 
substrate surface, is the responsible for the improvement of film crys-
tallinity, as supported the increase of the (222)/(400) intensity ratio 
obtained from the XRD patterns of the pc thin films [28]. 

Atomic force microscope (AFM) in tapping mode was used to eval-
uate the topography of the thin film surfaces. Fig. 3 depicts the 2-dimen-
sional (2D) AFM micrographs of 80 nm-thick ITO films deposited at RT 
and different DCP values. Table 2 summarizes the roughness (measured 
in root-mean-square (RMS)), the density and the height of the pro-
trusions observed on the surfaces, determined with the WSxM software 
[24,34]. Two different morphologies were observed depending on the 
film nature, regardless the slight chemical composition changes 
observed by WD-XRF measurements. The surfaces of the amorphous thin 
films were very smooth with a slight presence of protrusions on it, and 
RMS values in the order of Å, attributed to its amorphous nature [35]. 
For pc thin films, the surfaces were rougher with RMS values close to 1.1 
nm. Many protrusions of different dimensions were observed on these 
surfaces. That increase in the roughness was attributed to the increase of 
kinetic energy of the sputtered particles at the pc regimen [34]. Table 2 
also includes the percentage of covered surface by the protrusions, 
determined from the AFM micrographs. The results indicated that the 
area covered by the protrusions and their density were more than 50 
times higher, while the protrusions height was almost 3 times higher on 
the pc thin films, in agreement with the higher RMS reached in these 
samples. The reference ITO layer also showed protrusions of 2 
nm-height covering a lower surface area of 5.5% compared with the pc 
thin films deposited at RT. This decrease was attributed to the influence 
of substrate temperature on the motion of the sputtered particles, 
enhancing their kinetic energy. This effect would affect the film 
morphology, leading to slightly smoother surfaces with lower density of 
protrusions [36] compared with the films deposited at RT. Therefore, so 
far, the amorphous ITO thin films with free-protrusions smooth surfaces 

can be considered suitable to be used as electrode into device. 
Table 3 summarizes the electrical data as function of the thin film 

nature obtained from Hall measurements. A subtle dependence on the 
carrier concentration with the film nature was appreciated. The pc-ITO 
thin films showed both slightly higher carrier mobility μ and carrier 
concentration n in comparison with amorphous film ones. Both facts 

Fig. 3. 2D surface topography images of 80 nm-thick ITO film samples deposited at RT and different DC powers: a) amorphous materials, b) polycrystalline materials 
and c) reference sample (190 ◦C, 75 W). 

Table 2 
Morphological parameters derived from the AFM measurements in the nominal 
80 nm-thick ITO thin films as function of the DCP. (*) ITO reference thin film 
deposited at 190 ◦C.  

DCP 
(W) 

Covered surface 
(%) 

Density 
(μm− 2) 

Height/RMS 
(nm) 

Nature 

15 0.2 2.75 1.0/0.10 Amorphous 
25 0.5 3.25 2.5/0.24 Amorphous 

50 22.6 170 8.0/1.10 pc 
75 8.7 120 2.0/0.50 pc 

75* 5.5 30 2.0/0.35 pc  

Table 3 
Electrical parameters of nominal 80 nm-thick ITO thin films deposited at RT on 
resistive c-Si wafers. (*) ITO reference thin film deposited at 190 ◦C.  

DCP 
(W) 

n (1020 

cm− 3) 
μ (cm2/ 
Vs) 

ρ x 10− 3 

(Ω-cm) 
Nature O (%)/Sn (%) 

15 6.2 17.3 1.1 Amorphous 17.8 ± 0.5/6.2 
± 0.5 

25 7.2 16.0 1.0 Amorphous 17.0 ± 0.5/8.8 
± 0.8 

50 12.4 18.7 0.85 pc 18.1 ± 0.4/5.9 
± 0.5 

75 7.2 16.5 0.80 pc 17.6 ± 0.5/7.5 
± 0.7 

100 10.2 19.0 0.65 pc 17.3 ± 0.3/8.2 
± 0.4 

75* 6.1 18.6 0.70 pc 18.5 ± 0.6/5.5 
± 0.5  
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were attributed to the effect of DCP on: (i) the film crystallinity 
improvement, supported by the increase of the intensity ratio between 
(222) and (400) planes as DCP increased [12] extracted from data in 
Table I, and (ii) the increase of oxygen deficient into the film [37]. In 
amorphous thin films, it is well stablished that the Sn doping did not 
contribute to generate carriers [38] since the Sn atoms would be mostly 
placed at interstitial positions. As DCP increases and the amorphous 
nature turned into pc, the Sn atoms could be diffused from interstitial to 
In cation sites, replacing them. At the same time, in that structural 
transition, the realignment of In–O bonds would be going on to generate 
a locally ordered structure. This realignment would be shorter than a 
single bixbyite unit cell, but sufficiently organised in InO6 structural 
units to allow the creation of oxygen vacancies that would contribute to 
carrier increase [11]. Both effects, the cation substitution and the cre-
ation of oxygen vacancies, could be the reason of the relevant drop in 
carrier concentration from 7.2 × 1020 cm− 3, showed by the amorphous 
thin film deposited at 25 W, up to 12.4 × 1020 cm− 3, measured in the pc 

thin film deposited at 50 W. In addition, the low resistivity observed in 
this sample was attributed to that increase of the carrier concentration. 
On the other hand, the slight variation in the mobility observed in the pc 
thin films might be due to the grain boundary scattering, ionized im-
purity scattering and the network modifications resulting from doping 
content. This fact can be related to the decrease of oxygen and the in-
crease of Sn concentrations, respectively, with the DCP derived from 
WD-XRF measurements and listed in Table 3 [39]. The reference ITO 
thin film deposited at the high energy conditions of 190 ◦C and 75 W 
presented a mobility of 18.6 cm2/V, close to the pc material fabricated at 
RT, but with a relative lower carrier concentration. In this case, the 
resistivity of this sample was the lowest, attributed to that high mobility. 

With regards to the optical performance, Fig. 4 a) shows the nor-
malised transmission spectra of the nominal 80 nm-thick ITO thin films 
as function of ITO DCP. The spectrum of reference sample was also 
included (represented by filled square symbols). It is noticed that 
average transmittance in the visible region of the amorphous samples 

Fig. 4. a) Normalised transmission spectra of the nominal 80 nm-thick ITO thin films as function of the ITO DCP, and b) (αhν)2 versus photon energy (hν) to calculate 
the band gap energy values of the thin films prepared at the sputtering conditions that lead to the transition from amorphous to pc nature, 25 W and 50 W, 
respectively. The reference sample (190 ◦C, 75 W) is included in both for comparison. 
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was relatively lower than for pc films. Despite this, that value was higher 
than 0.8 in all cases, except for the sample deposited at 100 W and RT. As 
the DCP increased from 25 W to 50 W, the films suffered a transition 
from amorphous to crystalline phase that resulted in increased grain 
size, in agreement with XRD results. Therefore, the observed slight 
enhancement of the transmittance at that stage, from 0.81 to 0.85, can 
be attributed to the crystallinity improvement [40] and to the slightly 
higher Sn concentration showed by the pc film deposited at 50 W (see 
data in Table 3). In the pc regimen and as AFM analysis pointed out, the 
higher sputtering DCP the smoother surface was obtained, what would 
lead to the increase of the average transmittance reached by the sample 
deposited at RT and 75 W. This is attributed to the reduction of light 
scattering on this smoother surface and to its better crystalline structure 
as revealed its highest (222)/(400) intensity ratio showed in Table 1 
[41]. With regards to the sample deposited at 100 W, an important 
detriment in the average transmittance was observed. This may be due 
to two effects: First, the measured thickness of 100 nm, slightly higher 
than the nominal one. Second, the slightly higher Sn content compared 
with the rest of pc samples. 

Fig. 4 b) plots (αhν)2 versus photon energy (hν) to calculate the op-
tical band gap energy Eg of the thin films deposited at the different ITO 
DCP of 25 W and 50 W, the parameters that led to the amorphous to pc 
transition. For comparison, the plot of (αhν)2 for the reference sample 
was also included. The extrapolation of the straight-line portion of the 
plot of (αhν)2 to zero absorption gives the direct band gap of the thin 
films. The values of Eg calculated for the samples in study are summa-
rized in Table 4. The widening of Eg observed with the DCP in the 
amorphous thin films may be related to the increase of the carrier 
concentration; and, hence, may be explained by using Moss–Burstein 
effect [42]. In the transition point, the observed red shift in Eg may be 
due to the increasing of the carrier concentration, as supported the 
electrical data from Table 3, and in agreement with the results showed 
by other authors [40]. On the other hand, in the pc regime, the obtained 
Eg decreased when increased the DCP. This narrowing would be related 
to the increase of the Sn concentration that would lead to many-body 
interaction effects either between free-carriers or between free-carriers 
and ionized impurities [40]. Finally, the reference sample deposited at 
190 ◦C and 75 W showed a very poor transmittance of 0.71 and a narrow 
band gap energy of 3.42 eV. These behaviours could be explained 
because of the change in the texture to (611) preferred direction pro-
vided by at the regime of the high energy consumption deposition 
conditions used in this sample, as it was suggested by Higuchi et al. [43, 
44]. As a summary, the better optoelectronic properties were reached 
for films deposited at low energy consumption conditions in a 
free-oxygen environment. For photovoltaic applications, ITO thin films 
must have both low resistivity and high optical transmittance. In order 
to determine the more suitable deposition conditions to achieve the best 
performance, the FOM were calculated. These values as function of the 
DCP are listed in Table 4. As it can be noticed the highest value of 34.9 ×
10− 4 Ω− 1 was reached by the pc sample deposited at 75 W, followed by 
18.2 × 10− 4 Ω− 1 corresponding to the sample deposited at 50 W. On the 
other hand, the reference sample showed the lowest FOM value. Finally, 

the best morphology was achieved by the amorphous samples deposited 
at low DCP of 15 and 25 W, but the best FOM value was reached by the 
pc sample deposited at 75 W and RT. It can be concluded that the more 
relevant limiting factor was the substrate temperature. In order to 
evaluate the performance of these films on a device, n-p heterojunctions 
based on them were fabricated on silicon. 

3.2. N–P heterojunctions based on ITO fabricated at low temperature 

80 mn-nominal thick ITO thin films were used to develop n/p-Si 
heterojunction solar protocells using polished FZ p-type silicon as 
absorber layer. The ITO thin films used in these devices were previously 
described in the 3.1 section. Fig. 5 plots the J-V characteristics measured 
under illumination of the protocells fabricated. In general, a rectifying 
behaviour was obtained, regardless of the ITO thin films properties. I. It 
should be noticed that no passivation layer was used with the goal of 
evaluating and discriminating the effect of the quality of ITO thin films 
on the device performance. 

Table 5 lists the main electrical device parameters, Jsc, Voc, the ITO 
thickness of the films measured with a profilometer and the average 
hemispherical reflectance calculated in the visible wavelength range. 
The sputtering deposition conditions such as the DCP and the substrate 
temperature, and the nature of the thin films were included as guide to 
analyse the data. The results indicated that the highest Voc of 0.224 V 
was achieved by the protocell fabricated with the pc ITO thin film 
deposited at RT and at 75 W, followed very closely by the device with 
the pc film deposited at RT and at 50 W, reaching a Voc of 0.218 V. These 
results are in very good agreement with the best FOM values obtained 
for these samples in section 3.1. In the case of using amorphous ITO thin 
films in the protocells, the highest Voc of 0.214 V was obtained when the 
film was deposited at RT and 15 W. That value was also very close to the 
results obtained by the devices with pc thin films. Besides it followed the 
tendency for those samples obtained in the performance analysis carried 
out by the FOM values. The device fabricated with the ITO reference 
sample (190 ◦C and 75 W) showed a very low value of Voc, demon-
strating the strong detrimental effect of the substrate temperature on the 
device performance. Despite this, the lack of a passivating layer on sil-
icon was the main responsible of the low Voc values. 

On the other hand, the Jsc was affected by the optical losses. These 
losses would consider the number of photons reflected on the protocell 
surface and those absorbed by ITO layer (i.e. free carrier absorption), 
because they did not reach the silicon absorber [45]. Therefore, the ITO 

Table 4 
Average optical transmittance, optical band gap energy and the figure of merit 
(FOM) calculated for nominal 80 nm-thick ITO thin films deposited at RT on the 
resistive Corning. The data of ITO reference sample (*) are also included for 
comparison.  

DCP (W) Normalised T400–800 nm Eg (eV) FOM (x 10− 4 Ω− 1) Nature 

15 0.83 3.61 11.3 Amorphous 
25 0.81 3.70 9.7 Amorphous 

50 0.85 3.65 18.2 pc 
75 0.90 3.63 34.9 pc 
100 0.77 3.15 9.0 pc 

75* 0.71 3.42 3.7 pc  

Fig. 5. J-V characteristics measured under illumination of the protocells 
fabricated with ITO thin films fabricated at RT and different DCP values. The 
protocell fabricated with the reference sample deposited at 190 ◦C and 75 W 
was included for comparison. 
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thin films were playing two roles in the protocells fabricated in this 
work: The first one, to constitute the p-n heterojunction, confirmed by 
the J-V measurements, and the second one, to act as AR coating, 
demonstrated by the average total (hemispherical) reflectance. Fig. 6 
pictures the total (hemispherical) reflectance spectra of the fabricated 
protocells. In the inset of this figure, the variation of the average 
hemispherical reflectance values, calculated in the wavelength range of 
400–800 nm, with the measured ITO thickness is plotted. As it can be 
appreciated, a minimum Rhem value was achieved at the ITO thickness of 
80 nm, in agreement with theoretical predictions [46]. In addition, as 
the thickness moved away from the stablished optimum film thickness to 
be an effective AR coating [45,47], Rhem increased. In all cases, the 
incorporation of ITO thin film led to that the average Rhem value 
managed to decrease below the light reflection on silicon surface of 30%. 
The slight changes observed in Jsc were attributed to the different ab-
sorption coefficients of the ITO thin films obtained with the sputtering 
deposition conditions. 

These data demonstrate the feasibility of low energy fabrication of 
ITO for low-cost silicon-based solar technology. 

4. Conclusions 

80 nm-nominal thick ITO thin films were prepared by DC magnetron 
sputtering at RT and in a range of DCP from 15 to 100 W. The XRD 
patterns showed a transition from amorphous to polycrystalline nature 
with cubic structure at a DCP of 50 W. The crystallite size of the pc films 
varied from 10 to 12 nm. The AFM images of thin films showed very 
smooth and free-protrusions surfaces for the amorphous thin films, and 
rougher surfaces with the appearance of protrusions on the surface of the 
pc films. In fact, at the transition point, the density of these protrusions 
was the highest and it was decreased as the DCP increased. The calcu-
lated band gap energies Eg decreased from 3.7 eV to 3.65 eV in the 
nature transition point due to the increase of the carrier concentration; 
in the pc regime, a red-shift of Eg was also observed attributed to the 
increase of Sn concentration as a result of the occurrence of additional 
energetic levels in the forbidden gap. The average transmittance of the 
most of thin films was higher than 0.8, and the FOM calculated showed 
the best performances for the thin films deposited at RT and at DCP as 
follows: 75 W, 50 W and 15 W. Finally, the potential of ITO layer 
deposited at low energy consumption regime was demonstrated fabri-
cating protocells based on a n-p heterojunction ITO/p-Si. The influence 
on solar device parameters as function of deposition parameters of ITO 
film used in its fabrication was presented. The results showed the 
effectiveness of ITO material as AR coating and as a possible substitute of 
the conventional emitters used in silicon-based technology. 
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