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Abstract

In this work we have studied the influence of argon working pressure, substrate temperature, low power
plasma irradiation and partial pressure of hydrogen in the RF-magnetron sputtering of indium tin oxide
(ITO) thin films on glass substrates. This work aims at identifying the best conditions to achieve good quality
ITO films at low temperature for deposition on heat-sensitive substrates. Four sets of samples were prepared
which were characterized by X-ray diffraction (XRD), Van der Pauw and transmittance measurements. It
was found that structural, electrical and optical properties of the films depend strongly on the deposition
parameters. ITO films with a thickness of ∼ 300 nm, displaying a sheet resistance of 68 Ω/sq and average
transmittance, in the visible range, of about 90% were produced performing the deposition at low pressure
and at room temperature. However, further improvements in the sheet resistance up to a factor of 3 were
obtained by decreasing a little more the argon working pressure or applying a low power plasma irradiation
or adding a partial pressure of hydrogen to the working gas. Films produced at low working pressures
are crystalline and have [222] preferential orientation. The conductivity and transmittance of these films
are higher than those of films deposited at high pressures. The electrical resistivity of the ITO thin films
decreased sharply either with low power plasma irradiation or the addition of a partial pressure of H2 to the
working gas. All the films showed an average transmittance of over 80% in the visible range. Therefore, as
a result of this work we established that the addition of a small partial pressure of H2 to the working gas
during growth allowed us to achieve the main aim of depositing low resistivity ITO films at low substrate
temperature suitable for the envisaged applications. At the same time, we concluded that this approach
leads to a drastic reduction in the amount of target surface conditioning required every time a new target was
installed because it turns the properties of the ITO films more independent of the target surface properties.

Keywords: Indium Tin Oxide (ITO), RF-magnetron sputtering, Argon working pressure, Substrate
temperature, Plasma irradiation, Partial pressure of hydrogen

1. Introduction

Significant advances have been taking place in the field of semiconductor physics during the past few
decades because of their numerous pratical applications. One of the most important fields is the fundamental
aspects and applications of semiconducting transparent thin films. Such materials are highly conducting and
exhibit high transparency in the visible region of the electromagnetic spectrum [1]. Because of this unique
property, transparent conducting oxides (TCOs) are finding a large range of applications in research and
industry [1, 2]. For the purpose of the present work, the application of concern are photovoltaic cells and
improvement in performance of the TCOs is important because their non-ideal properties will eventually
impact the performance of the complete device [1].

A TCO is a wide band gap semiconductor that has high concentration of free electrons in the conduction
band, either from defects in the material or from dopants and, where the impurity levels of which lie near
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the conduction band (CB) edge (an n-type material) [1, 2]. The high electron carrier concentration causes
absorption of electromagnetic radiation in both visible and infrared portions of the spectrum. And because
a TCO must represent a compromise between electrical conductivity and optical transmittance, a careful
balance between the properties is required. A reduction of the resistivity involves either an increase in the
carrier concentration or in the mobility [3]. But the increase in the former will lead to an increase in the
visible absorption while the increase in mobility has no adverse effect on the optical properties. Achieving
a high carrier mobility will necessarily improve the optical properties [1]. The dominant TCOs are tin
oxide (SnO2), indium oxide (In2O3) and zinc oxide (ZnO). Doping these oxides (antimony or fluorine doped
SnO2 (ATO and FTO), tin doped In2O3 (ITO) and Al doped ZnO (AZO)) resulted in improved electrical
conductivity without degrading their optical transmission. In particular, ITO is the most common TCO
in the solar cell technology [4, 5, 6]. Considering our particular case study of Cu2ZnSn(S,Se)4 (CZT(S,Se))
Thin Film Solar Cells, the technological status reveal that the highest power conversion efficiencies (PCEs)
are achieved when the TCO indium tin oxide is used as the window layer (Table 1).

Table 1: Technological status of Cu2ZnSn(S,Se)4 Thin Film Solar Cells.

Absorber TCO Technique PCE REF
(%)

CZTS ITO co-sputtering 11.01 [7]
CZTS ZnO:B evaporation+sulfurization 9.2 [8]
CZTS ZnO:Al co-electrodeposition 8.7 [9]
CZTS ZnO coevaporation 8.4 [10]
CZTS ITO electrodeposition+sulfurization 8.0 [11]
CZTS ITO sol gel+sulfurization 5.67 [12]
CZTSe ITO coevaporation 11.6 [13]
CZTSe ZnO:Al DC sputtering+selenization 9.7 [14]
CZTSe ITO nanoparticles+selenization 9.3 [15]
CZT(S,Se) ITO hydrazine+selenization 12.6 [16]
CZT(S,Se) ZnO:Al ink+selenization 9.02 [17]
CZT(S,Se) ITO sol gel+selenization 8.25 [18]
CZT(S,Se) ZnO:Al ESAVD+selenization 6.35 [19]
CZT(S,Se) ITO hydrazine+selenization 12.7 [20]

Tin doped indium oxide (indium tin oxide or ITO) is a n-type degenerated semiconductor with a band gap
∼ 3.75 eV, low resistivity (< 5x10−4 Ωcm) and a work function of 4.8 eV [2, 4]. It has high conductivity and
transparency in the visible range of the spectrum and high reflectance in the infrared range. This material
offers best available performance in terms of conductivity (∼ 103 - 104 Ω −1cm−1) and transmitivity (∼ 95%)
combined with excellent reproducibility, environmental stability, good surface morphology and excellent
substrate adherence [1, 4]. These two properties (transparency and conductivity) are interrelated and it
is hard to improve one without reducing the other and the optimal value is often a compromise. The low
resistivity of ITO films has been attributed to excessive number of free electrons (> 1020 cm−3) causing the
Fermi level to be located in the CB, due to both substitutional tin atoms incorporated during deposition
and oxygen vacancies that are created during deposition [2]. Its transparency in the visible region is due to
its allowed direct transition wide band gap [2]. All these reasons, make ITO, a key part of solar cells and
improving the ITO layer can help to improve the solar cell efficiency [21].

ITO is essentially formed by substitutional doping of In2O3 with tin, which replaces the In3+ atoms. Tin
thus forms an interstitial bond with oxygen and exists either as SnO or SnO2, accordingly it has a valency
of +2 or +4, respectively. This valency state has a direct bearing on the ultimate conductivity of ITO.
The lower valence state results in a reduction in carrier concentration, since a hole is created which acts
as a trap and reduces conductivity. On the other hand, prominence of the SnO2 state means Sn4+ acts as
an n-type donor releasing electrons to the conduction band. However, in ITO, both substitutional tin and
oxygen vacancies contribute to the high conductivity [3, 22, 23].
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Various deposition techniques, such as, spray pyrolysis [24], chemical vapour deposition (CVD)[25],
evaporation in reactive atmosphere or vacuum [5, 26], DC magnetron reactive sputtering [27, 28], RF
sputtering [28, 29], electron beam evaporation [22] and pulsed laser deposition [30] were used to deposit
ITO thin films. Among these technologies RF-magnetron sputtering technique is the most suitable method
for ITO deposition on large area thin film optoeletronic devices [4]. However, almost all the reported
ITO films were fabricated at rather high temperature, also because of the high fabrication temperature.
Even though some materials are deposited onto very hot substrates, others must be deposited onto heat-
sensitive substrates. In addition, thin film solar cells, based on CIGS or CZTS, for example, the ITO is
the last layer deposited and its deposition temperature must be compatible with the semiconductor layers
already deposited, otherwise, interdiffusion of layers can occur, thereby ruining the device performance.
The interfaces of the ITO and the other layers of the devices must be stable and with a low specific contact
resistance, considering the importance of this layer in thin film solar cells, to contribute to the transmission of
the light to the absorber and to transport the photocurrent with the lowest possible ohmic losses. Therefore,
it is very necessary to study the ITO films deposited at low processing temperatures. To that end, the
deposition conditions much necessary to produce ITO films with high conductivity and optical transparency
were studied and optimized. ITO films have been deposited by RF magnetron sputtering and the influence
of argon working pressure, substrate temperature, low power plasma irradiation and partial pressure of
hydrogen on the structural, electrical and optical film properties is reported. A strong dependency of the
films’ properties on the set of growth parameters is observed.

2. Experimental methods

Indium tin oxide thin films were deposited on glass substrates by RF magnetron sputtering. The sub-
strates with 3x3 cm2 were cleaned in successive ultrasound baths of acetone/ethanol/deionized water, rinsed
with the latter, dried in nitrogen and were kept in a load lock chamber. The system is pumped down to a
pressure of ∼ 2.0x10−7 Torr prior to deposition in vacuum. Under these conditions the samples are trans-
ferred to the deposition chamber above the target at a distance of ∼ 10 cm. The ITO ceramic target used
consisted of high density In2O3:SnO2 in a 90/10 wt% ratio, with 99.99% of purity and 2 inches in diame-
ter. The process is started by introducing continuous flow of argon, Ar (or Ar+5%H2) into the deposition
chamber and setting the pressure at a 10−2 Torr. A power of 20 W is applied to the magnetron, to ignete
the plasma. Prior to the actual deposition step, 10 minutes of pre-sputtering period were allowed to clean
and condition the ITO target surface. The RF power used to sputter the ITO target was then rumped
up to 120 W at a rate of 0.5 W/s and just before reaching the final value the pressure was reduced to the
final working pressure, in the order of 10−3 Torr. The actual deposition starts with opening of the substrate
shutter. During the deposition the substrate holder is rotated at 5 rpm to improve the deposition uniformity.
Film thickness and deposition rates (Å/s) are monitored in real time using a quartz crystal sensor. The
deposition time for all the studied ITO films is 50 minutes. Different deposition conditions were studied and
a summary of the samples produced and the corresponding growth conditions was given in Table 2.

The films thus grown were characterized using different tools. The surface morphology and average
composition were analyzed by SEM/EDS using a TESCAN Vega3 SBH SEM microscope, operated at
an acceleration voltage of 15.0 kV for image acquisition and 25 kV for chemical analysis.The crystalline
structure was analysed by X-ray diffraction (XRD) with a Philips PW 3710 system, in the Bragg-Brentano
configuration (θ-2θ), using the CuKα line (λ ∼1.54060 Å) and the generator settings were 50 mA and 40 kV.
The electrical properties were studied via Hall effect measurements, performed in Van der Pauw geometry
at room temperature. The optical properties were investigated using UV-VIS-NIR spectrophotometer by
recording the transmission spectra. The film sheet resistance was measured with a four point probe setup.

3. Results and Discussion

The main goal of this work was to optimize the growth conditions of ITO thin films at low process-
ing temperatures. In order to investigate the properties of ITO thin films, grown at different sputtering
conditions, several characterization techniques were used and the results are presented and discussed below.
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Table 2: Summary of the different sputtering process parameters studied and the corresponding name of the samples.

	
	
	
	
	
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 

* RT= Room Temperature 
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(W) 
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content in 

the working 
gas 
(%)  

ITORTp2.85 2.85 4.52 Ar  
 

RT 
 

 
 
 

 
NA 

 
 

 
 
 

 
 

NA 
 

 
 
 
 

ITORTp3.00 3.00 4.90 Ar 
ITORTp4.35 4.35 7.80 Ar 
ITORTp4.85 4.85 8.91 Ar 
ITORTp2.85  

 
 
 

2.85 
 

4.52 Ar 
ITOT100p2.85 4.58 Ar 100 

150 
250 

ITOT150p2.85 4.60 Ar 
ITOT250p2.85 

ITORTp2.85P0W 
4.62 Ar 
4.52 Ar  

 
RT 

 

ITORTp2.85P10W 4.64 Ar 10 
ITORTp2.85P20W 4.56 Ar 20 
ITORTp2.85P40W 

ITORTp2.85P0WH20% 
4.36 Ar 40 
4.52 Ar  

NA ITORTp2.85P0WH25% 2.15 Ar + 2.15 (Ar + 5%H2) 5 

3.1. Sctructural properties of ITO thin films

Figure 1 (a-d) shows the XRD patterns for ITO films deposited by different conditions. The diffraction
patterns contain only In2O3 peaks corresponding to (211), (222), (400), (440) and (622) crystal planes which
match well with the bixbyite tin substitued In2O3 structure having lattice parameter a=10.14 Å [21]. As
shown in figure 1, none of the spectra indicated any characteristic peaks of Sn, SnO or SnO2, which means
that the tin atoms were probably incorporated substitutionally into the In2O3 lattice [21]. It is observed that
all deposited ITO thin films have (222) or (400) preferred orientations, depending on the growth conditions.
Decreasing argon working pressure either leads to a shift from an amorphous structure to one with a high
degree of crystallinity. Also the increase in the substrate temperature or a low power plasma irradiation of
the growing films improves the crystallinity. The latter promotes a shift in the preferred crystal orientation
from (222) to (400) with the increase of irradiation power. These observations suggest that the structure and
orientation of ITO thin films depends on the energy of the sputtered particles arriving at the substrate. The
thermalized sputtered atoms are known to orient as (222) while the particles with higher energies prefer the
(400) and (440) orientations [31]. The addition of 5% of hydrogen to the working gas does not substantially
change the crystallinity of the films. These different results indicate that the ITO films structure orientation
depend strongly on the deposition parameters.

A specific preferred orientation of a film can be discussed on the basis of strain. Crystal imperfections and
distortion of strain-induced peak broadening are related by ε=βhkl/4 tan(θ), according to Williamson-Hall
method [32]. Increasing the argon working pressure from 2.85 mTorr to 3.00 mTorr, there is a decrease in
strain from 0.3686 to 0.2899, respectively. Applying a substrate temperature of 100 ◦C, 150 ◦C and 250 ◦C
there is no significant difference between the strain. The corresponding values are 0.3109, 0.3246 and 0.3133,
respectively. However, this values are lower than the ITO film produced at room temperature, with a strain
of 0.3686. This is consistent with the XRD data where the increase in the substrate temperature improves the
crystallinity. The real-time in-situ controlled plasma irradiation of the growing film changed their preferred
crystal orientation with the increase of irradiation power. In both cases, the increase in the irradiation
power leads to a decrease in strain, and consequently an increase in the crystallinity. The samples with the
(222) preferred crystallographic orientation, namely, ITORTp2.85P0W and ITORTp2.85P10W, have strain
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Figure 1: X-ray diffraction patterns of ITO films as a function of a) Argon working pressure; b) Substrate temperature; c) Power
plasma irradiation and, d) Partial pressure of hydrogen.

values of 0.3686 and 0.2997. For plasma irradiation with 20 W and 40 W, the values vary between 0.5788
and 0.4974. Less strain (ε=0.2891) is obtained when 5% of hydrogen is introduced into the working gas,
correlated with the lowest resistivity achieved.

The surface morphology of ITO thin films was observed by SEM. Almost all the ITO films reveal a
compact dense and granular structure regardless of process conditions, excluding the ITO films produced
at an argon working pressure of 4.35 mTorr (ITORTp4.35) and 4.85 mTorr (ITORTp4.85). The latter ITO
films reveal a smoother surface, with no clear evidence of well-defined small grains. This information is in
good correlation with the XRD diffraction pattern and the results of the grain size using the Debye-Scherrer
equation presented in Table 3, where it can be seen that higher Ar working pressures lead to an amorphous
structure. The grain size slightly increases for ITO films produced at low Ar working pressures, but some
voids are present. This can be explained by the higher energy of the sputtered species arriving at the
substrate due to reduced number of collisions. However, increasing the substrate temperature to 250 ◦C or
adding plasma irradiation with power up to 40 W or adding a partial pressure of hydrogen to the working
gas, the surface morphology looks more texturized with a uniform distribution of grains, without voids. The
composition of the ITO films has been measured by EDS and the average composition for all the samples
were 7.89 at. % for In, 1.74 at. % for Sn and 31.65 at. % for O. The white particles on the surface of the
films, identified with dashed red curves, were identified as pieces of carbon (as shown in the table presented
in Figure 2), after the coating of the ITO films with a conductive material, in this case carbon, to increase
the conductivity of the sample surface.
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Figure 2: SEM micrographs of the top surface of the ITO films deposited under different a) Argon working pressures; (b) Substrate
temperatures; (c) Plasma irradiation power and, (d) partial pressure of hydrogen to the working gas.

3.2. Electrical properties of ITO thin films

Figure 3 shows the eletrical properties of the ITO films. These results show that the resistivity gradually
increased with increasing argon working pressure below 4.35 mTorr and then it increased abruptly. This is140

consistent with the observed decrease in the carrier concentration accompained by a decrease in the mobility.
When the substrate temperature was increased the resistivity decreased for temperatures above 100 ◦C due
to an increase in the hall mobility and carrier concentration. The decrease of resistivity with substrate
temperature is correlated with the increase in the crystallinity of the films (as shown on figure 1 b)). As
mentioned before, the high conductivity of the films results mainly from stoichiometric deviation and the145

conduction electrons in these films are supplied from donor sites associated with oxygen vacancies or excess
metal ions [23, 33, 34, 35]. Mobility is said to increase due to enhanced crystallinity of the films deposited
at higher substrate temperatures. Surprisingly as the substrate temperature was increased from RT to 100
◦C the resistivity peaked due to an abrupt decrease in the charge carrier concentration. The results also
show that a decrease in the deposition rate occurs as the substrate temperature is increased probably due150

the lowering of the sticking coefficient.
Regarding the plasma irradiation during growth, the results suggest that for power 10 W, the resistivity

decreases dominated by the increase in carrier concentration. Above that power it decreases again due to the
decrease in carrier concentration and mobility. Regarding the partial pressure of hydrogen, the results show
that the resistivity decreases with the addition of a hydrogen partial pressure (5% H2) dominated by the155

increase in carrier concentration and despite a slight decrease in hall mobility. The observed low mobility of
ITO and its dependence on carrier concentration has been explained in terms of scattering mechanisms due
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Figure 3: Electrical properties as a function of a) Argon working pressure; b) Substrate temperature; c) Power plasma irradiation and,
d) Partial pressure of hydrogen.

to ionized impurities and grain boundaries [33, 34, 35]. The increase in carrier concentration with addition
of hydrogen to the working gas can be explained by the ability of H2 to remove oxygen from the films and
because its interstitial incorporation is known to lead to additional donor states. As discussed for the case
of increasing substrate temperature also for the cases of increasing plasma irradiation power and adding H2

to the working gas led to the reduction of deposition rate as shown in the film thickness column of Table 3.

3.3. Optical properties of ITO thin films

The optical properties of a transparent conducting film depend strongly on the growth technique, depo-
sition parameters, microstructure and level of impurities. Being transparent in the visible and consequent
near-infrared region and reflecting to the infrared radiation, they act as selective transmiting layer [36].
Optical measurements were performed, from which the band gap energies were estimated (Figure 4). The
absorption edge analysis of the ITO films shows that increasing the working pressure leads to a decrease in
the band gap and the increase in the substrate temperature or addition of 5% of hydrogen to the working
gas leads to an increase in the band gap. Increasing the plasma irradiation power of the growing films the
values obtained for the band gap do not change substantially. All the values obtained are in the range of
[3.5; 4.0] eV.

The transmittance spectral dependencies are given by the insets in Figure 4 and shows that with in-
creasing the substrate temperature to 250 ◦C, decreasing the plasma irradiation power from 40 W to 10 W
and adding hydrogen to the working gas, the transmittance at wavelengths above 1000 nm decreases. This
is because of the free carrier absorption which increases as the carrier concentration increases.

In addition, the results above were compiled and joined together, resulting in the Table 3. The ITO
samples with the low resistivity has been attributed to higher number of free electron [2] and for the
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Figure 4: Optical properties as a function of a) Argon working pressure; b) Substrate temperature; c) Plasma irradiation power and,
d) Partial pressure of hydrogen. In figures c) and d) for better accomodation of the results, the reference sample ITORTp2.85P0W or
ITORTp2.85P0WH20% is not represented. Nevertheless, it is presented in figures a) and b) (ITORTp2.85).

equal sample for the four set of samples (ITORTp2.85) the value is ∼ 1.79x1020 cm−3. Higher values are
obtained, increasing the substrate temperature to 250 ◦C or applying a low plasma irradiation power or
adding hydrogen to the working gas. All the values obtained for the band gap are in according to the values
reported in literature [2, 4]. The correlation between the carrier concentration and apparent band gap values
shows that the latter tends to increase with the former which is the result of the Moss-Burstein effect.

4. Conclusion

In this work we have explored how the properties of RF magentron sputtered ITO films were influenced by
the set of deposition conditions. The main aim was establishing a practical route to obtain low resistivity and
high transmittance films at low substrate temperature to avoid damaging temperature-sensitive substrates,
such as, the heterointerface of thin film solar cells or polymeric ones. We studied the effect of the working
pressure, the substrate temperature, the irradiation with a low power plasma during growth and the addition
of a partial pressure of hydrogen to the working gas.

It was found that even though by reducing the working pressure it was possible to achieve low resistivity
films by simultaneously increasing the carrier mobility and concentration, the most favorable route was found
to be the addition of a partial pressure of hydrogen. The latter not only allowed us to achieve the second
lowest resistivity of the ITO films obtained in this work, but it also reduced significantly the dependency of
the films’ properties on the target surface conditions. This latter aspect turned out to be very important in
terms of the reduction of the target surface conditioning work required whenever the chamber was open for
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Table 3: Main results for all the studied samples.

	
	
	
	
	
	

 
 

 
 

Samples 
 
 
 

 
Thickness 

t  
(nm) 

 
Grain 
size  

D  
(nm) 

 
Sheet 

resistance 
R☐  

(Ω/sq) 

 
Resistivity 
 ρ (x10-4) 
(Ω.cm) 

 

 
Hall 

mobility 
μHall 

(cm2/V.s) 

 
Carrier 

concentration 
n (x1020)  

(cm-3) 
 

 
Band 
gap 

Egap (eV) 

ITORTp2.85 349 25.3 35 12.0 26.9 1.79 3.64 
ITORTp3.00 290 26.3 68 21.0 23.3 0.23 3.64 
ITORTp4.35 348 Amorphous 190 54.0 12.9 0.89 3.59 
ITORTp4.85 303 Amorphous 830 261 4.21 0.71 3.53 
ITORTp2.85 349 25.3 35 12.0 26.9 1.79 3.64 

ITOT100p2.85 362 24.4 74 26.0 17.2 1.27 3.65 
ITOT150p2.85 298 23.3 71 22.0 21.7 1.34 3.70 
ITOT250p2.85 285 24.2 34 10.0 23.7 2.59 3.88 

ITORTp2.85P0W 349 25.3 35 12.0 26.9 1.79 3.64 
ITORTp2.85P10W 274 13.3 31 6.34 16.9 6.11 4.03 
ITORTp2.85P20W 248 11.5 23 4.41 15.9 9.87 4.06 
ITORTp2.85P40W 192 0.62 59 11.0 10.8 4.09 4.05 

ITORTp2.85P0WH20% 349 25.3 35 12.0 26.9 1.79 3.64 
ITORTp2.85P0WH25% 248 26.3 23 4.76 22.9 5.83 3.78 

target replacement or maintenance which means a substantially higher target material utilization percentage
in actual devices.

The lowest resistivity was achieved by irradiating the growing ITO films with an Ar plasma at 20 W.
This led to films in which the preferential orientation shifted from (222) to (400) and small crystallite
size. The irradiation led to a pronounced increase in carrier concentration accompained by a decrease in
mobility but still an overall reduction in resistivity. A drawback of this approach is that we do not control
the real substrate temperature. Growth techniques and the sputtering environment play an important role
in governing the properties of ITO thin films. This is because of the fact that the optical and electrical
properties of the films strongly depend on the structure, morphology and nature of the impurities present,
which depend on the method of preparation. The oxidation state and the impurity content affect the
properties of ITO, since the oxidising or reducing conditions during deposition modify the oxygen vacancy
content, thus modifying the carrier density.

The n-type conductivity of the ITO films has been attributed to both substitutional tin and oxygen
vacancies, created during film growth resulting in a material represented as In2−xSnxO3−2x. The presence
of hydrogen in the working gas is expected to remove oxygen from the ITO films promoting the formation
of oxygen vacancies [37, 38]. It is also known that some intersticial incorporation of hydrogen into the
ITO films leads to the formation of additional donor state. Indeed, our results show an increase in the
carrier concentration by a factor of 3 with just a minor reduction in the mobility thus leading to an overall
reduction in the resistivity without degrading substantially the transmittance. ITO films were produced
very reproducibly with a thickness of 248 nm, displaying a sheet resistance of 23 Ω/sq and an average
transmittance, in the visible range, of 90 %.
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• Optimization of low temperature RF-magnetron sputtering of Indium 
Tin Oxide Films. 

• We studied the effect of working pressure, temperature, plasma 
irradiation and H2. 

• The favorable route was found to be the addition of a partial 
pressure of H2.  

• ITO film with 248nm, 23W and a transmittance of 90%, in visible 
range was produced. 
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