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The electrical and optical properties of InZnO for use as a transparent conducting oxide (TCO) is reported
through the investigation of the concentration of indium and oxygen in the film. InZnO films (10–30 wt.%
In) were deposited by magnetron sputtering without substrate heating or annealing from a ceramic ZnO
and a metallic indium target. The film’s properties were investigated by X-ray photoelectric spectroscopy
(XPS), 4-point probe, UV–vis spectroscopy (UV–vis), spectroscopic ellipsometry, and Hall measurements.
InZnO films obtained properties with low resistivity, on the order of �5.5 � 10�4 ohm-cm, with a mobi-
lity �35 cm2/V S, and carrier concentrations �3 ⁄ 1020 cm�3. The band-gap ranged from 2.7 to 3.2 eV with
transmission of several samples >80%. InZnO has demonstrated properties adequate for photovoltaic
applications.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Transparent conducting oxide (TCO) films have gained sig-
nificant importance, due to their low film resistivity and their high
transparency. These physical properties have led to the use of TCOs
in applications such as flat panel displays, which consist most
notably of liquid crystal displays (LCD) and organic light emitting
diodes (OLED), and in thin film solar cell applications such as amor-
phous Si, CuInGaSe2 (CIGS), CdTe, and CuZnSbSe [1–3].

Traditionally, many thin-film solar cells, in particular CIGS, use
indium tin oxide (ITO), which is the most commonly used TCO for
devices [4]. In recent years, due to unstable pricing and a relatively
small indium supply, new materials have been sought to either
reduce or remove indium use [5,6]. Studies were performed on
new materials systems, such as ZnO doped with trivalent dopants
such as boron, aluminum, gallium, and indium. The best results
obtained to date with trivalent doped ZnO are with aluminum. Alu-
minum doped zinc oxide has been used as a TCO for CIGS in past
record efficiency achieving devices, and also in past studies [7,8].
Most ZnO doped films suffer from transmission loss with high car-
rier concentrations, particularly in the near-infrared, in relation to
similar carrier concentrations of other materials systems, such as
ITO and IZO [9]. Research into the ZnO material system is heavily
ongoing due to the attractive low cost of ZnO. Co-doping of the
ZnO to enhance the electrical and optical properties of the films
has been an active area for new material development [10,11].
Indium zinc oxide was also investigated as a replacement for ITO
and has shown improved performance on a completed CIGS device,
however the amount of indium in this film is comparable to that of
ITO [12].

A less investigated region in the ZnO–In2O3 material system
that was explored in this research is the case when the Zn/(Zn + In)
ratio is greater than 0.5 and less than 0.9, which consists of the
ZnxIn2Ox+3 type structure, which contains less indium than tradi-
tional ITO. In a previous report, InZnO deposited by pulsed laser
deposition (PLD) from a ZnO and In2O3 target materials, good elec-
trical measurements in this region were reported, and a decrease in
carrier concentration was found until a Zn/(Zn + In) ratio of about
0.8, which could increase optical transmittance, especially in the
near infrared [13]. These concentrations of indium in the film
may allow for enhanced mobility without increasing carrier con-
centration to yield films with better transmission and electrical
results. The same group that deposited the films with PLD reported
improved transmission with the Zn2In2O5 phase, although they did
not provide any data. In another study in an effort to reduce the
indium content in TCOs, deposited films of indium zinc tin oxide,
which had physical properties comparable to ITO but using
significantly less indium [6].

In this work, the properties of InZnO as deposited by magnetron
sputtering with a Zn/(Zn + In) ratio between 0.5 and 0.9 are
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Fig. 1. Elemental composition of deposited films. For each power of indium, indium (blue), zinc (Orange), and oxygen (grey) are shown for each sample for a given oxygen
volume fraction. Opaque and transparent samples are denoted by triangles and circles respectively. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 2. Growth rate for each sample is shown with respect to its deposition power
and oxygen volume fraction. Opaque and transparent samples are denoted by
triangles and circles respectively.
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investigated. The power of the indium target and the fraction of
oxygen in argon gas (referred to as the oxygen volume fraction)
were varied to deposit films with high conductivity and trans-
parency at room temperature with different Zn/(Zn + In) ratios.
The goal of this work is to deposit InZnO films with less indium
than traditional ITO with good electrical and optical properties at
room temperature and no post deposition anneal. The results of
such will be discussed in this paper.

2. Experimental

2.1. Precursor deposition

All InZnO films in this study were deposited in an AJA International Inc. ATC
physical vapor deposition reactor equipped with three, 300 diameter confocal mag-
netron sputtering guns and a load lock. The targets were a ceramic i-ZnO and a pure
indium (99.999% purity) disks purchased from Plasmaterials Inc. The guns were
positioned in a confocal alignment, allowing for simultaneous deposition of the pre-
cursor elements, and were driven independently by a 13.56 MHz rf and a DC power
supply. The deposition tool was also equipped with rotating wafer stage for main-
taining film thickness and a uniform composition. The reactor was evacuated using
a combination of a mechanical pump and turbomolecular pump to a base pressure
of �5 � 10�7 Torr.

The InZnO films were deposited on 100 � 300 soda-lime glass (SLG) and 10 � 10 of
polished boron doped p-type Si(100) substrates with a resistivity greater than
1 ohm-cm. No special treatment was performed on the substrates before deposition
except to blow them off with dry nitrogen prior to loading them in the load lock.

Before each deposition, the targets were cleaned by sputtering with the gun
shutters closed to remove any excess oxides or contaminants that may have accu-
mulated, and then run simultaneously to co-sputter at varying indium power to
deposit InZnO with varying stoichiometry. The deposition power for the ZnO target
was kept at 120 W, while the indium power was 20, 40, and 60 W, respectively. All
the InZnO films were grown at room temperature. All other deposition parameters,
such as process pressure and total gas flow rate, remained constant at 2 mT and
10 sccm (unless noted with an ⁄, which indicates a flow rate other than 10), respec-
tively. The gas flow mixture was varied by mixing two gases, argon gas and a 4%
oxygen/argon gas, while keeping a constant sum of the flow rates.

During this study, samples were stored in a nitrogen glove box with humidity
control to limit possible effects by the ambient environment. Hall measurements
were performed on �1 cm2 glass pieces with indium contacts soldered on the four
corners.

2.2. Film characterization

Film microstructural, optical, and electrical properties were investigated by a
number of analytical techniques. All sample characterization discussed was per-
formed on the InZnO films deposited on soda-lime glass substrates, with the excep-
tion of X-ray photoelectron spectroscopy, which was performed on silicon
substrates.

The film thickness and optical constants of the InZnO films were obtained by
using a spectroscopic ellipsometer TFProbe, SE500BA, developed by Angstrom Sun
Technologies Inc. The spectroscopic ellipsometry technique allows for non-contact
and non-destructive measurements of relative phase change of reflected and polar-
ized light on any section of the film. The physical and optical properties of the InZnO
films were acquired by fitting the measured ellipsometry parameters, Psi (W) and
Delta (D), to the model data using a theoretically calculated set of parameters.
The parameter W is defined by the following equation that includes the complex
Fresnel reflection coefficients RP and RS, representing the reflected parallel compo-
nent (P) and the perpendicular component (S) relative to the incident plane, respec-
tively. Parameter D is the phase difference induced by the reflection and is obtained
by analyzing the film stack and substrate in the system.

q ¼ RP

RS ¼ TanW � ejD ð1Þ



Fig. 3. Optical transmission from 250 to 1700 nm of InZnO/SLG for each sample.

Fig. 4. Tauc plots of the transmission data from Fig. 3. Summary of band-gaps shown in Table 2 with comparison to the Tauc–Lorentz model.
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Fig. 5. Sheet resistance (top) and Bulk resistivity (bottom) as a function of oxygen
volume fraction and indium power. 20 W, 40 W, and 60 W is represented by blue,
orange, and grey, respectively. Opaque and transparent samples are denoted by
triangles and circles, respectively. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Mobility as a function of oxygen volume fraction and indium power. 20 W,
40 W, and 60 W are represented by blue, orange, and grey, respectively. Opaque and
transparent samples are denoted by triangles and circles, respectively. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 7. Bulk Carrier concentration as a function of oxygen volume fraction and
indium power. 20 W, 40 W, and 60 W are represented by blue, orange, and grey,
respectively. Opaque and transparent samples are denoted by triangles and circles,
respectively. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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The spectroscopic ellipsometry measurements were performed in the wave-
length range from 250 nm to 1700 nm. All samples were measured at 65�, 70�,
and 75� incident angles with 512 wavelength points. Using the TFProbe 3.3 soft-
ware, a Tauc–Lorentz dispersion model was applied on the measured data sets to
obtain the optical functions of the InZnO films. The imaginary part of the dielectric
function ei was developed by Jessison and Modine in 1996, by multiplying the Tauc
joint density of states with the Lorentz oscillator:

eiðEÞ ¼
AE0CðE� EGÞ2

ððE2 � E0Þ
2 þ C2E2ÞE

; E > Eg ; ð2Þ

eiðEÞ ¼ 0; E 6 Eg ;

where E0 is the peak transition energy, C is the broadening term, Eg is the optical
band gap, and A is proportional to the transition probability matrix element [14,15].

The real part of the dielectric function er is calculated by Kramers–Kronig
integration:

erðEÞ ¼ Einf þ
2P
p

Z 1

Eg

neiðnÞ
n2 � E2 dn; ð3Þ

The fitting parameters in the software utilizes the variables A, C, E0, Eg and Einf

from the Tauc–Lorentz model.
When studying optical property over a very wide wavelength range, especially

for TCO films, the Tauc–Lorentz dispersion is inadequate to describe the dielectric
response completely. Therefore, one or more Lorentz type oscillators were added
into the total dielectric function in the analysis [16]:

er ¼
A1k

2ðk2 � L2
0Þ

ðk2 � L2
0Þ

2 þ c2k2
ð4Þ
ei ¼
A1k3c

k2 � L2
0

� �2
þ c2k2

ð5Þ

where A1 is the amplitude, L0 is the central wavelength, and c is the width of the
oscillators. These three parameters are variables to be fitted using regression.

The Levenberg–Marquardt algorithm (LMA), a non-linear least-Squares method,
was used for modeling. The best fitted variables can be found by minimizing v2

[17]:

v2 ¼ 1
2n�m� 1

Xn

i¼1

TanWi
Theory � TanWi

Exp

� �2
þ CosDi

Theory � CosDi
Exp

� �2
� �

ð6Þ

where TanWTheory and CosDTheory are the modeled values, TanWExp and CosDExp are
measured values, m is the number of variables to be fitted, and n is the data points.
The fitting process seeks to adjust those variables that could minimize the value v2.
Since more data points and fewer variables would make fitting results more reliable
and with smaller uncertainty, variable incident angle data sets will produce higher
quality ellipsometry analysis results in general.

Film thickness was also measured using an Alpha-step 200 profilometer for
comparison. Composition measurements were performed with a Thermo Fisher
ThetaProbe X-ray photoelectron spectroscopy (XPS). The spectrometer was
equipped with a hemispherical analyzer and a monochromator and all XPS data
was measured with Al ka X-rays (1486.6 eV) operated at 100 W and an analyzer
at 45�. Hall measurements of Van der Pauw geometry were performed to measure
the mobility, carrier concentrations, and sheet resistance of the films.



Table 1
Summary of all samples analyzed with Ellipsometry. Thickness and roughness from ellipsometry is shown and compared with the values obtained through profilometry. Blank
cells were samples that were not optically transparent.

Sample information (indium power,
oxygen %)

Roughness
(nm)

Uncertainty Thickness
(nm)

Uncertainty Total thickness
(nm)

Film thickness from profilometer
(nm)

20 W, 0.00% – – – – – 335
20 W, 0.40% – – – – – 305
20 W, 0.80% – – – – – 330
20 W, 1.20% 5.95 ±0.90 294.13 ±2.05 300.08 290
20 W, 1.60% 8.95 ±1.10 253.86 ±1.64 262.82 250
20 W, 2.00% 9.14 ±1.29 209.15 ±1.64 218.29 230
40 W, 0.80% – – – – – 420
40 W, 1.60% – – – – – 440
40 W, 2.40% – – – – – 370
40 W, 2.40%⁄ 6.53 ±0.95 338.87 ±1.21 345.40 340
40 W, 2.80% 6.23 ±1.47 361.89 ±2.36 368.11 330
40 W, 3.20% 10.08 ±0.81 327.96 ±1.44 338.03 290
60 W, 3.20% – – – – – 440
60 W, 3.60% 9.21 ±1.20 411.55 ±2.84 420.76 430
60 W, 3.63%⁄ 6.61 ±1.04 411.49 ±2.39 418.09 420
60 W, 4.00% 5.51 ±1.17 425.45 ±2.75 430.96 440

Fig. 8. Optical constant N versus wavelength from 250 to 1700 nm for optically
transparent samples.
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3. Results and discussion

3.1. Film composition and growth

XPS depth profile was employed to determine film composi-
tional characteristics. Approximately 100 nm of the top of the film
were sputtered off using an ion gun inside the XPS chamber to per-
form the analysis without the presence of surface contamination.

In Fig. 1, the elemental concentrations of indium, zinc, and oxy-
gen are shown for each indium deposition power for given concen-
trations of oxygen in 10 sccm of argon/oxygen mixture. For these
films, oxygen concentration is critical for the deposition of ideal
TCO films, as will be seen from the physical properties. With no
oxygen in the gas mixture, films will deposit as an opaque film
with a silver color, and require oxygen to become transparent.

From the results in Fig. 1, it was observed that as the oxygen
volume fraction is increased, the content of oxygen and indium
in the film increased in the opaque region. This was probably
due to the bonding of oxygen and metallic indium atoms which
continues to have this effect until the film becomes a transparent
oxide. As anticipated, the higher the indium target power or higher
the indium content, the more oxygen was required to produce a
transparent film.

Fig. 2 shows the growth rates with respect to the indium power
and their respective oxygen volume fraction in the argon–oxygen
gas mixture. As oxygen is being incorporated into the film to form
a more transparent oxide, the film growth rates remained almost
constant. Once the film became transparent, the increase of the
oxygen volume fraction started to inhibit the growth of the film,
particularly in the 20 and 40 W cases. It is currently unclear if
60 W indium would follow the same trend.
Table 2
Summary of transparent samples modeled with the Tauc–Lorentz dispersion. A summary o
the Tauc–Lorentz and Tauc Plot (Fig. 3).

Sample information (indium power, oxygen %) A C E

20 W, 1.20% 537.06 1.3098
20 W, 1.60% 520.76 1.3291
20 W, 2.00% 560.19 1.0857
40 W, 2.40%⁄ 168.86 2.4440
40 W, 2.80% 153.90 4.5723
40 W, 3.20% 148.31 4.6316
60 W, 3.60% 237.14 5.4062 1
60 W, 3.63%⁄ 182.12 2.4242
60 W, 4.00% 125.77 2.4404
3.2. Optical transmission

For this section, transmission data were measured in the wave-
length region from 250 nm to 1700 nm. It was important to include
data up to this wavelength to provide insight on the near-infrared
region (750–1400 nm) and a small portion of the short-wavelength
infrared (1400–3000 nm), as TCO films typically start to absorb in
this range [9].

Fig. 3 displays the transmission spectra for InZnO films on SLG.
For each indium target power, it was found that increasing the
f the parameters is shown, along with a comparison of band-gap compared between

0 (eV) Eg (eV) Uncertainty E1 Eg (eV) (Fig. 3)

2.6211 2.7987 ±0.0178 2.0168 3.0
2.6581 2.7064 ±0.0284 2.2048 2.8
2.1210 2.6807 ±0.0362 2.6393 2.7
4.8748 2.6288 ±0.0280 2.3969 2.9
9.1444 2.6979 ±0.0537 1.0664 3.0
9.2630 2.6113 ±0.0326 1.1839 2.8
1.3455 3.1214 ±0.1495 3.3896 3.2
4.9055 2.9128 ±0.0491 3.3165 3.2
4.9891 2.6629 ±0.0264 4.1219 3.0



Fig. 9. Optical constant K versus wavelength from 250 to 1700 nm for optically
transparent samples.
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oxygen volume fraction increases the transmission. This also
applies to the transparent films. The limit to the increase of the
oxygen volume fraction, is that the resistivity of the films increases
as the volume fraction increases. The transmission of the best per-
forming samples were similar in the visible region were the sam-
ples 20 W 1.20% and 40 W 2.80%, but the 60 W 4.00% sample is a
little less transparent. It may be possible to enhance the transmis-
sion of the 60 W sample by increasing the oxygen partial pressure.
The infrared transmission of the best performing samples varies,
with the best performance from the 40 W 2.80 indium sample,
and the 20 W 1.20% and 60 W 4.00% samples similar to each other.

Fig. 4 shows the linear fits of the Tauc plots of the samples
shown in Fig. 3. The films with poor transparent properties were
not fit, as some of them exhibited properties closer to a metallic
sample and are not useful for the application in mind. The band-
gap varies in the transparent samples from about 2.7–3.0 eV,
2.8–3.2 eV, and 3.0–3.2 eV, for the 20 W, 40 W, and 60 W indium,
respectively. Typically, the band-gap drops as the oxygen volume
fraction is increased. The largest band-gap is seen in the samples
that occur right after the transition to transparent samples; these
samples typically do not have as good transmission along the spec-
trum. The conductive high transparent samples follow after those
samples with a small drop in band-gap. The band-gap drops even
farther as the samples transition farther into the less conductive
Table 3
Summary of Optical constants N and K for all samples at 400, 633, 800, and 1500 nm.

Sample information (indium power, oxygen %) Optical constant

400 nm 6

N K N

20 W 0.00% 1.8919 1.2891 2
20 W 0.40% 1.6876 0.8096 1
20 W 0.80% 2.0682 0.2328 1
20 W 1.20% 2.3042 0.1164 2
20 W 1.60% 2.3314 0.1826 2
20 W 2.00% 2.2977 0.1312 2
40 W 0.80% 2.3719 2.0528 3
40 W 1.60% 2.2728 0.8340 2
40 W 2.40% 2.2669 0.0859 2
40 W 2.40%⁄ 2.3404 0.1146 2
40 W 2.80% 2.3505 0.0898 2
40 W 3.20% 2.3263 0.0962 2
60 W 3.20% 2.1991 0.2860 2
60 W 3.60% 2.2553 0.0740 2
60 W 3.63%⁄ 2.2766 0.0640 2
60 W 4.00% 2.3157 0.0908 2
region. The band-gap of all the optimized samples are similar,
within the 3.0–3.1 eV region.

The band-gap of the optimized films shows they are adequate
for solar applications and have transmissions on par with other
transparent conducting oxides that are used.
3.3. Electrical measurements

Film resistivity was measured by 4-point probe, and mobility
and carrier concentration by Hall measurements were performed
on square �1 cm2 pieces of InZnO/SLG, with four <0.1 cm diameter
indium solder balls on the sample corners.

Fig. 5 shows the sheet and bulk resistivity of the deposited
films. The resistivity values of the non-transparent films were gen-
erally higher than their transparent counterparts. This is probably
due to a more metallic structure of the non-transparent films. As
the oxygen volume fraction was increased, the resistivity of the
non-transparent samples was increased until they transitioned
and became transparent. After becoming transparent, there is a
decrease in resistivity. The samples now are transparent and con-
ductive for a range of oxygen partial pressures until resistivity
starts to increase significantly with increasing oxygen partial pres-
sure. This can be seen most clearly in the 40 W sample set. This can
also be seen in the 20 W indium samples, though the two samples
after the 1.20% oxygen volume fraction sample were omitted due
to their resistivity values being much larger than the others, at
3300 ohm-square for the 1.60% and >1 MX/h for 2.00% oxygen vol-
ume fraction samples. Bulk resistivity values on the order of
10�4 X-cm were obtained with 40 W 2.80% and 60 W 4.00% indi-
um, and nearly obtained with 20 W 1.20%.

Fig. 6 shows mobility with respect to oxygen volume fraction
and indium deposition power. Low mobility is seen for 20 W indi-
um in the non-transparent samples. As the film transitions to a
transparent conducting oxide film, the mobility sharply increases
until the film becomes over-saturated with oxygen and the mobi-
lity decreases. The trend is similar with 40 W and 60 W samples,
which exhibit low mobility in the non-transparent region but have
increases in mobility in the optimal levels. The decrease in mobility
due to over-saturation of oxygen is not seen in the 40 W and 60 W
samples, but is expected to occur if the oxygen volume fraction is
increased to the over-saturation levels seen in the 20 W samples.
The highest mobility observed in this study was the 4% oxygen vol-
ume fraction in the 60 W set.
33 nm 800 nm 1500 nm

K N K N K

.3916 1.4786 2.6443 1.4157 2.6216 2.4959

.8929 0.9872 2.0834 0.9937 1.9206 1.7137

.9901 0.1429 1.9541 0.1688 1.3354 0.9961

.0538 0.0523 1.9623 0.0782 1.3405 0.5263

.098 0.0528 2.0399 0.0555 1.7011 0.8305

.0928 0.0074 2.0046 0.0130 1.7190 0.9210

.2475 2.0299 3.5030 1.8308 3.4698 3.3364

.3896 0.9225 2.5217 0.8652 2.4000 1.7583

.0503 0.0328 1.9863 0.0833 1.1369 0.3238

.0852 0.0036 2.0844 0.0780 1.3695 0.7408

.0988 0.0260 2.0578 0.0924 1.2300 0.3341

.0906 0.0167 2.1188 0.1048 1.4695 0.7283

.2112 0.2895 2.1250 0.2453 3.5124 0.0133

.0271 0.0402 1.9574 0.0407 1.0681 0.3284

.0345 0.0281 1.9538 0.0304 1.0192 0.3205

.0679 0.0307 2.0417 0.0813 1.2775 0.3762



Fig. 10. Extinction Coefficient K at 633 nm for all samples. Each indium deposition
power is represented by a separate line.
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Fig. 7 shows the carrier concentration of electrons in the film for
a given oxygen volume fraction at each indium deposition power.
The trend here is as anticipated: that the carrier concentration will
drop as oxygen volume content increases. As oxygen content
increases, oxygen vacancies which were previously donating elec-
trons to the system are being filled. For each increase in indium
power, there is an increase in carrier concentration, which also
can be supported by carriers coming from interstation metal ion
impurities or doping ions. Although having a higher carrier concen-
tration will result in films with better resistivity values, an increase
in carrier concentration can also contribute to reductions in trans-
mission, particularly in the near-infrared.
3.4. Ellipsometry analysis and results

All ellipsometry data were analyzed with the Tauc–Lorentz
Model. The results are summarized in Table 1.

From Table 1, it can be seen that the thickness measurements
obtained with both thin film measurement techniques are consis-
tent. Furthermore, the roughness information, which is related to
the deposited film quality, can also be obtained with the spectro-
scopic ellipsometry technique and is reported in the table.

Several modeled parameters are given in Table 2. With the
Tauc–Lorentz dispersion, optical band gap could be readily
obtained with a small uncertainty related to the three sigma out-
put at 95% confidence from the mathematical regression. The band
gap information is essential in optimizing film design and in eval-
uation of the film’s performance. Samples 20 W 1.20%, 40 W 2.80%,
and 60 W 4.00% had the best performance electrically and are
shown to have a band-gap of 2.7–2.8 eV from the Tauc–Lorentz
method. Optical transmission measurements confirmed the crite-
ria for optimization of both processing parameters and composi-
tion design. For comparison, the band-gaps from the Tauc plots
(Fig. 3) are included in the table. It can be seen that typically the
Tauc plots yield higher band-gaps than the Tauc–Lorentz method.
Possibly, because the Tauc–Lorentz parameters are calculated from
ellipsometry data, they may be more sensitive to phase informa-
tion, unlike Tauc plots, which are generally used for estimated
band-gap and are fit from the transmission data. They both exhibit
the same trends as discussed previously, with decreasing band-gap
with increasing oxygen content in the films.

Optical constants, refractive index (N), and extinction coeffi-
cient (K), were plotted in Figs. 8 and 9 for the selected samples.
Fig. 8 shows that the transparent samples all exhibit a similar
refractive index in the visible region. Refractive index in the
near-infrared region is higher in samples with higher resistivity,
with the highest refractive index observed for the 20 W 2.00% oxy-
gen sample with resistivity on the order of MX-cm. From Fig. 9, the
K plot for these samples exhibits typical characteristics of TCO film,
i.e. low absorption in the visible wavelength range. N and K values
at the 400, 633, 800, and 1500 nm wavelength are listed in Table 3
for comparison of each film obtained at different deposition condi-
tions (see Fig. 10 for K values at 633 nm).

To examine the effects of the processing parameters on absorp-
tion behavior of the films, extinction coefficients K at a wavelength
of 633 nm was plotted against the volume fraction of Oxygen at
three different levels of sputtering power for indium. It can be seen
that (1) absorption of films decreases with increasing oxygen con-
centration in the argon–oxygen mixture at each sputtering power;
(2) relatively higher oxygen concentration is needed to achieve
smaller absorption at higher sputtering power.
4. Discussion

For solar cell applications where cost to performance is of major
concern, the material and processing costs need to be balanced
with the performance of the material. InZnO deposited in this
study through a relatively simple room temperature deposition
with no complicated steps has yielded electrical and optical trans-
mittance which is on par with standard TCO materials such as ITO
and AZO.

The films produced in this study use considerably less indium
than typical ITO films, and were shown to have the ability to
deposit with good electrical properties without annealing, on par
with many reports on ITO [18,19]. They have been shown to have
properties similar to AZO, although AZO currently remains a
cheaper alternative [20,21]. In comparison to other TCOs, transmis-
sion is similar, though some of the samples exhibited transmission
in the infra-red region that is greater than reported for ITO and
AZO, which is beneficial for photovoltaic applications [9,22]. Future
directions for this work include investigation of devices on CIGS in
comparison with other TCO materials, and use with alternative CdS
buffer developed in previous work [8].
5. Conclusions

InZnO films, deposited by magnetron co-sputtering at room
temperature, were studied as a potential replacement material
for typical TCO materials commonly used in research and commer-
cial applications. The effects of the oxygen volume fraction in the
flow gas on the electrical and optical properties of InZnO with no
post deposition annealing were studied. InZnO can be deposited
on par with other leading TCO materials with resistivity values
as low as �5.5 � 10�4 and optical transmission greater than 80%
in the visible spectrum through oxygen optimization. Films with
higher indium content were able to achieve high mobility values
greater than 30 cm2/V S with carrier concentrations low enough
to maintain a high near-infrared transmission. The band-gap was
found to be acceptable for photovoltaic applications ranging from
2.7 to 3.2 eV. Indium consumption compared to ITO have been con-
siderably reduced without sacrificing film properties. InZnO
deposited under these conditions has thus demonstrated proper-
ties that are appropriate for use as the transparent conduction
oxide for photovoltaic applications.
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