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ABSTRACT Zinc-indium-tin oxide (ZITO) films are grown by pulsed-laser deposition in which 30% of the indium in the In2O3

structure is replaced by substitution with zinc and tin in equal molar proportions: In2-2xZnxSnxO3, where x ) 0.3. Films grown at 25
and 100 °C exhibit electron diffraction patterns (EDPs) typical of amorphous materials. At a deposition temperature of 200 °C, evidence
of crystallinity begins to appear in the EDP data and becomes more evident in films deposited at 400 °C. The advent of crystallinity
affects the electrical properties of the ZITO film, and the effect is ascribed to the boundaries between phases in the films. The electrical
and optical properties of the amorphous ZITO films grown at 25 °C are dependent on the oxygen partial pressure (PO2) during film
growth, transitioning from a high-mobility (36 cm2/V·s) conductor (σ ∼1700 S/cm) at PO2 ) 5 mTorr to a high-mobility semiconductor
at PO2 ≈ 20 mTorr. Field-effect transistors (FETs) prepared with as-deposited amorphous ZITO channel layers on p+-Si/300 nm SiO2

substrates yield FETs with on/off ratios of 106, off currents of 10-8 A, and field-effect saturation mobilities of 10 cm2/V·s.
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INTRODUCTION

Transparent conducting oxides (TCOs) have an estab-
lished record as important materials for photovoltaic
devices and optoelectronic applications (1-4). More

recently, transparent oxide semiconductors (TOSs) for use
in thin-film transistors (TFTs) have been explored as an
enabling technology for next-generation computing, com-
munication, and identification devices (5-8). The integration
of TCOs with TOSs will allow the fabrication of fully trans-
parent electronic devices (9-12). In addition, a material that
could be tailored to serve as both a TCO and a TOS would
be highly desirable.

The fabrication of amorphous TCOs (a-TCOs) and amor-
phous TOSs (a-TOSs) is of particular interest for several
reasons. In general, amorphous materials are deposited at
lower temperatures than their crystalline counterparts. This
would simplify deposition/manufacturing processes and
expand the range of compatible substrates that the material
can be deposited on, such as plastics. Amorphous materials
also tend to be less prone to fracture and hence more pliable,
lending themselves to the possibility of flexible electronics
(6, 13-15).

Metal cations with filled d shells comprise the highest
performance and most commercialized n-type TCOs. The
filled d shell precludes the possibility of d f d interband
transitions, which can be optically absorbing. The most
prominent of the cations used in TCOs and TOSs are Zn2+,
Cd2+, In3+, and Sn4+ and to a lesser extent Ga3+ because of
its relatively large band gap and the relatively poor conduc-
tivity of its oxides (16-18). The d10s0 conduction-band
configuration of these materials also makes them ideal for
amorphous electronic materials. The randomness of long-
range order inherent in amorphous materials must in some
way be accommodated structurally. This usually manifests
itself in the relatively low energetic requirements for bond-
angle bending. The anisotropic filled d shell does not typi-
cally take part in TCO bonding, which occurs primarily via
the empty and isotropic s shell. If the spatial spread of the
conduction s orbital is larger than the distance between
cations, then the bond angle excursions should have a
greatly diminished affect on the electronic properties of
these materials. For this reason, Cd2+, In3+, Sn4+, and Ga3+

and to a lesser extent Zn2+ because of the smaller spatial
expanse of the conduction s orbital of a fourth-period transi-
tion metal relative to its fifth-period counterpart, are the best
candidate ions for amorphous materials (8, 11, 19, 20). Care-
ful engineering of the materials system so as to accom-
modate the smaller spatial expanse of the Zn2+ conduction
s orbital, however, can render it a useful material for both
a-TCO and a-TOS applications.

Indium-tin oxide (ITO) has been the industry-standard
TCO because of its high conductivity and high transparency

* Corresponding author. Tel.: +1 847 491 7814. Fax: +1 847 491 4181. E-mail:
r-chang@northwestern.edu.
Received for review May 12, 2009 and accepted August 31, 2009
† Department of Materials Science and Engineering and the Materials Research
Center.
‡ Department of Chemistry.
DOI: 10.1021/am900321f

© 2009 American Chemical Society

A
R
T
IC

LE

www.acsami.org VOL. 1 • NO. 10 • 2147–2153 • 2009 2147
Published on Web 09/18/2009



in the visible spectrum. Undoped indium oxide has also
proved adaptable to TOS applications (21). Indium oxide is
not, however, the ultimate material for all TCO and TOS
applications, nor can any material be. Many device materials
have chemical compatibility concerns, such as PEDOT:PSS
and ITO in organic light-emitting diode and photovoltaic
polymer solar cell devices (22, 23), or are performance-
sensitive to electronic band alignment (24, 25). Additionally,
with the ever-increasing growth of the flat-panel-display
market, the indium supply has become unreliable and, thus,
indium prices are subject to major instabilities (26). These
concerns have provided much of the impetus to investigate
new TCO and TOS materials.

The substitution of ZnO and SnO2 in equal molar amounts
(cosubstitution) for In2O3 has been used to create new
crystalline TCO materials, In2-2xZnxSnxO3 (27, 28). The
cosubstitution of ZnO and SnO2 creates a net-isovalent
substitution pair for 2In2O3, and the solid solubility of the
cosubstituted pair is reported to be as high as 40% (29),
which is significantly greater than when Sn, with a solid
solubility of 6-7% cation in In2O3 (30, 31), or Zn, with a
solid solubility of <1% cation in In2O3 (33, 34), is substituted
individually. Our first studies of this material, which will be
referred to as ZITO (Zn-In-Sn oxide), focused on crystalline
films grown at high temperature (600-700 °C) by pulsed-
laser deposition (PLD) in which 30% of In was replaced by
the cosubstitution of Zn and Sn. This composition, which we
call ZITO-30, was chosen because it has a large fraction of
In replaced by Zn-Sn cosubstitution while maintaining a
“comfortable” distance from the solid solubility limit. As
might be expected, the crystalline ZITO-30 films grown at
high temperature have excellent TCO properties with high
conductivity and high transparency (35). However, when we
grew ZITO-30 films by the same PLD technique at room
temperature (25 °C), we found these films to be amorphous,
as determined by electron and X-ray diffraction (XRD), but
to still possess excellent properties as a TCO. We, therefore,
conducted this study to investigate the properties and
potential applications of ZITO-30 as an amorphous transpar-
ent electronic material (a-ZITO-30).

Our first consideration is the process window for amor-
phous film growth. The first part of this study examines the
affect of the deposition temperature on film crystallinity,
along with the attendant changes in the optical and charge-
transport properties. Of particular interest is the temperature
range over which amorphous films can be deposited. Our
second consideration is whether a-ZITO-30 can be used as
a TOS as well as a TCO material.

Several other materials that were originally developed as
TCOs were subsequently modified to also serve as TOSs
(36, 37). Therefore, we envisioned that a-ZITO-30 might also
be rendered semiconducting and suitable for device applica-
tions as an active-element material. The electrical properties
of ZITO are highly dependent on the oxygen partial pressure
in the deposition ambient at the time of film growth. This is
to be expected because the transport properties of many
metal oxides are dependent on the concentration of uncom-

pensated oxygen vacancies in the structure, which can serve
as intrinsic donor defects, and/or the presence of oxygen
interstitials, which can serve as compensating acceptor
defects to donor dopants (38). The second part of this study
investigates the effects of the deposition ambient on the
optical and charge-transport properties of a-ZITO-30 films
grown at room temperature and seeks conditions under
which a-ZITO-30 is a semiconductor suitable for device
application. The final section of this contribution examines
the properties of field-effect TFT devices fabricated from
a-ZITO-30 under deposition conditions for which the film is
a semiconductor having a high carrier mobility but a low
carrier concentration.

EXPERIMENTAL METHODS
Film Growth. Thin-film ZITO-30 specimens were grown by

PLD from a dense hot-pressed ceramic target (25 mm diam-
eter). The target composition was In1.40Zn0.33Sn0.27O3, or x ∼ 0.3.
PLD was accomplished with a 248 nm KrF excimer laser using
a 25 ns pulse duration and operated at 2 Hz. The 200 mJ/pulse
beam was focused onto a 1 mm × 2 mm spot size. The target
was rotated at 5 rpm about its axis to prevent localized heating.
The target-substrate separation was fixed at 8 cm. The films
were grown on borosilicate-glass substrates in ambient dioxy-
gen (O2) in a pressure range between 0.5 and 20 mTorr.
Deposition temperatures between 25 °C (room temperature)
and 400 °C were investigated.

Film Analysis. The metal content of the ZITO-30 target and
films was measured by energy-dispersive X-ray analysis (EDAX)
using a Hitachi S4500 scanning electron microscope fitted with
an Oxford Instruments INCA Energy 200 EDAX system. Multiple
assays of the ZITO-30 target yielded a standard deviation of 1
atom %, and composition analysis of the films confirmed that
Zn-In-Sn ratios in the as-deposited ZITO-30 films were very
close to that of the original ZITO-30 target. The sheet resistance
(Rs: Ω/0), carrier type, areal carrier concentration (na: 1/cm2),
and carrier mobility (µhall: cm2/V·s) were measured with a Bio-
Rad Microscience Hall measurement system on samples in the
van der Pauw geometry. The carrier concentration (nv: 1/cm3)
and resistivity (F: Ω·cm) were calculated by dividing the areal
carrier concentration and sheet resistance, respectively, by the
film thickness. The Hall conductivity (σHall ) σ0 ) 1/F: S/cm) was
used as the direct-current conductivity. The film thickness (d:
nm) was measured with a Tencor Alpha-Step P-10 profilometer
over a step edge patterned with tape prior to film deposition.

The refractive indices of the films (n), at 1000 nm, were
measured with a Filmetrics F20 spectral reflectometer. The
optical transparency and reflectivity were measured between
250 and 2400 nm with a Perkin-Elmer Lambda 1050 fitted with
a 150 mm integrating sphere that was used for both transmis-
sion and reflection measurements, in the dual-beam mode. The
transmittance (T), reflectance (R), absorbance (A), absorption
coefficient (R: 1/cm), and optical band gap (Eg: eV) were
calculated as described in the Supporting Information.

The optical absorption data, far from the band edge, in
conjunction with the Hall measurement data, were also used
to calculate the free-carrier relaxation time (τ: s) and the carrier
effective mass (m*). The details of these calculations are
provided in the Supporting Information. A convenient way of
expressing the effective mass is as a fraction (multiple) of the
electron rest mass, m*/me.

Cross-sectional transmission electron microscopy (TEM) speci-
mens were prepared using a FEI Helios 600 dual-beam focused
ion beam (FIB)/scanning electron microscopy instrument in-
stead of the standard conventional methods of slicing, polishing,
dimpling, and ion milling. The FIB technique avoids the require-
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ment of hot-plate heating of the samples during TEM specimen
preparation. A JEM 2100 field-emission-gun (scanning) trans-
mission electron microscope equipped with a high-angle angular-
dark-field detector and an X-ray energy-dispersive spectroscopy
system was used for electron diffraction patterning. Nanobeam
chemical composition analysis confirmed that Zn-In-Sn ratios
in the as-deposited ZITO-30 films were very close to that of the
original ZITO-30 target.

Grazing-incidence XRD (GIXRD) of ZITO-30 film specimens
was performed on a Rigaku ATX-G instrument at a beam
incident angle of 0.5° using Ni-filtered Cu KR radiation.

Bottom-gate ZITO-30 TFTs were fabricated on p+-Si/SiO2

substrates (Process Specialties, 300-nm-thick thermally grown
SiO2). The ZITO-30 films, 80 nm thick, were deposited by PLD
at room temperature from the ZITO-30 target previously de-
scribed. The O2 pressure during growth was 21 mTorr. The top-
contact source and drain electrodes were fabricated by depos-
iting 50 nm of thermally evaporated Au at ∼10-6 Torr through
a shadow mask to define a channel of length (L) ) 100 µm and
width (W) ) 2000 µm. No postdeposition processing of the film
was carried out other than the room temperature deposition of
the Au electrodes. The a-ZITO-30 TFTs were characterized at
room temperate in air on a custom probe station with a Keithley
6430 subfemtometer and a Keithley 2400 source meter; oper-
ated by a locally written Labview program and GPIB com-
munication. A small change in the performance was sometimes
observed between the first time that a device was tested and
subsequent tests; in particular, a small increase in the turn-on
voltage was observed. After this small variation, the device
performance remained unchanged for all subsequent tests. The
values reported here are from tests performed after the initial
change.

RESULTS AND DISCUSSION
Effect of the Film Deposition Temperature. A

series of ZITO-30 films were grown in ambient O2 of 5 mTorr
at temperatures ranging from 25 °C (room temperature) to
400 °C. In this temperature range, the ZITO films have the
same composition as the target; above ∼600 °C, Zn is lost
from the films unless the O2 partial pressure of the deposi-
tion ambient is increased to >20 mTorr. To keep the
interpretation of the data as straightforward as possible, the
deposition temperature was maintained below 400 °C.
Figure 1 shows GIXRD spectra of films grown at 25, 100,
200, and 400 °C. The films deposited at 25 and 100 °C show
GIXRD typical of amorphous materials (Figure 1a,b). At 200
°C, evidence of crystallinity begins to appear (Figure 1c) and
becomes more evident in the film deposited at 400 °C
(Figure 1d). To confirm the ability of GIXRD to detect the
onset of crystallinity, electron diffraction patterns (EDPs)
were recorded from TEM samples prepared from the ZITO-
30 films and are shown as insets in Figure 1. The films grown
at 25 and 100 °C exhibit EDPs typical of amorphous materi-
als (Figure 1a,b). Again at 200 °C, evidence of crystallinity
begins to appear in the EPD (Figure 1c) and becomes more
evident in the film deposited at 400 °C (Figure 1d). Clearly,
a wide process margin for depositing a-ZITO-30 exists at
room temperature.

Although the ZITO-30 films deposited between 25 and
400 °C appear to be virtually identical with the naked eye,
optical absorption spectra, particularly when displayed in the
manner of a Tauc plot, reveal a significant difference be-
tween the amorphous films and those that exhibit some

crystallinity. The optical band gap (Eg) is obtained from plots
of (Rhν)1/2 vs hν (Figure 2). Although ZITO-30 is believed to
be a direct band-gap material, an analysis by Tauc et al.
concluded that for amorphous materials the Bloch functions
can be described by a linear combination of the crystalline
wave functions of the respective bands and, hence, the
momentum, pk, is not conserved even in a direct transition
(39). Therefore, in an amorphous material, a plot of (Rhν)1/2

vs hν could be used to determine the band gap even for a
direct transition. For the amorphous materials, the plots in
Figure 2 yield a distinctly linear region with ordinate inter-
cepts of ∼2.7 eV (25 °C) and ∼2.6 eV (100 °C). This is
significantly less than the band gap of ∼3.8 eV reported for
highly crystalline ZITO-30 (40). It is, however, consistent
with a weak absorption onset observed in In2O3 (41-43).
Walsh et al. (44) have attributed the dominant optical
transition in crystalline In2O3 at 3.75 eV to a Γ transition
from a valence band ∼0.8 eV below the valence band
maximum (VBM) to the conduction band and the much
weaker lower-energy-absorption onset to a symmetry-
prohibited Γ transition from the VBM to the conduction
band. In the case of an amorphous material, however, the
lattice symmetry would be lost and the transition would no
longer be forbidden; hence, the lower-energy transition that
we observe would become the dominant one. Unlike the
films that exhibit no evidence of crystallinity, the films that

FIGURE 1. GIXRD and EDP of ZITO-30 films: (a) deposition temper-
ature of 25 °C (amorphous); (b) deposition temperature of 100 °C
(amorphous); (c) deposition temperature of 200 °C (some crystal-
linity evident); (d) deposition temperature of 400 °C (greater crystal-
linity than at 200 °C evident). The peak at ∼30° corresponds to In2O3

(222).

FIGURE 2. Tauc plots of ZITO-30 films as a function of the deposition
temperature.
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exhibit some degree of crystallinity (200 and 400 °C) do not
have a single distinct linear region. This would be consistent
with a material system that does not have a single phase
and, hence, a single distinct absorption onset.

The degree of crystallinity also has a marked effect on
the electrical and optical properties of the ZITO-30 films. The
Hall mobility [µHall; Figure 3 (top-left axis)] first increases
slightly for growth temperatures between 25 and 100 °C and
then decreases monotonically with increasing temperature
between 100 and 400 °C. The explanation for this behavior
is easiest to conceptualize in terms of the carrier relaxation
time (τ). As might be expected, τ [Figure 3 (top-right axis)]
closely follows the same trend as µHall, first increasing slightly
between 25 and 100 °C and then decreasing monotonically
with increasing deposition temperature. The working hy-
pothesis to explain the observed trend is scattering between
regions of different structure. The monotonic decrease in τ
(µHall) with increasing deposition temperature between 100
and 400 °C is reasonably due to an increase in scattering
between the crystalline and amorphous regions. As the
fraction of crystalline material increases, the more likely it
is that an electron will cross between the crystalline and
amorphous regions. The increase in τ (µHall) between 25 and
100 °C is speculated to be due to the relaxation of internal
strains and/or the homogenization of defect concentrations
(45) in the amorphous films grown at the higher tempera-
ture. Although a deposition temperature of 100 °C should
not provide sufficient energy to promote crystallization, it
is reasonable that the increase in the add-atom mobility over
a 25 °C deposition temperature allows greater strain relax-
ation and defect homogenization between amorphous re-
gions that can occur during the rapid solidification operative
in a PLD process. These areas of nonuniformity scatter the
electrons, hence the decrease in τ (µHall) between the deposi-
tion temperatures of 100 and 25 °C.

The carrier concentration [nv; Figure 3 (bottom-right axis)]
varies only slightly with the growth temperature, especially
when compared to the effect of the deposition ambient; see

the following section. The effect of the deposition temper-
ature on conductivity [Figure 3 (bottom-left axis)] is what
might be expected from the observed carrier concentrations
and mobilities, given that σ ) µnve.

Although amorphous ZITO-30 films grown slightly above
room temperature (100 °C) appear to have slightly better
electrical transport properties, given that high carrier mobil-
ity is important for semiconductor device applications, the
increase between 25 and 100 °C is modest, and for many
applications, the inherent simplicity of being able to deposit
at room temperature will outweigh the modest gains of
substrate heating. Additionally, the lower deposition tem-
perature will provide a process window that will help mini-
mize the possibility that variations in other deposition
parameters will induce crystallinity. Therefore, we next
investigated the effects of the ambient deposition of the
properties of films grown at room temperature.

Effect of the O2 Partial Pressure. The ambient
deposition, in particular, the O2 partial pressure (PO2), can
have a profound effect on the properties of oxide thin films.
Room temperature depositions with PO2 between 0.5 and 20
mTorr were investigated. Only the optical data for the films
grown at 20 mTorr O2 pressure will be presented because
films grown at this high of a pressure are too resistive to
measurement with our Hall apparatus. In particular, we seek
growth conditions that yield high TCO conductivity and high
transparency and also conditions that yield high TOS mobil-
ity, low carrier concentration, and high transparency.

The carrier concentration [nv; Figure 4 (bottom-right axis)]
decreases from a maximum of 3.5 × 1020 cm-3 at 2 mTorr
O2 with both increasing and decreasing PO2. The decrease
in nv with increasing PO2 is easily explained in terms of
increasing oxygen content in the film. As the O2 pressure
increases, the free-electron (carrier) concentration will de-
crease either by the removal of uncompensated oxygen
vacancies, which can serve as intrinsic donor defects, and/
or by the addition of oxygen interstitials, which can serve
as compensating acceptor defects to donor dopants (38). The

FIGURE 3. ZITO-30 film electronic-transport properties: Hall mobility
(top-left axis), carrier relaxation time (top-right axis), conductivity
(bottom-left axis), and carrier concentration (bottom-right axis) as
a function of the deposition temperature.

FIGURE 4. a-ZITO-30 film electronic transport properties: Hall
mobility (top, left axis), carrier relaxation time (top, right axis),
conductivity (bottom, left axis), and carrier concentration (bottom,
right axis) as a function of the ambient film growth.
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explanation for the decrease in nv between 2 and 0.5 mTorr
is a bit more speculative. Clearly, however, the number of
donors would have to increase and/or acceptors decrease
because nv ) [donors] - [acceptors] (46). It is unlikely that
the number of oxygen vacancies (donors) would decrease
or oxygen interstitials (acceptors) would increase as PO2 is
lowered. A change in the metal content could also change
the ratio of donors to acceptors. However, when metal is
observed to be lost (at deposition temperatures greater than
600 °C), Zn is always the metal lost. In the Zn2+/Sn4+

substitution pair, Zn2+ acts as an acceptor (47); hence, the
loss of Zn should result in an increase in the carriers. Another
possibility would be a change (reduction) in the oxidation
state of one of the metals, the most likely being Sn (48). X-ray
photoelectron spectroscopy and X-ray absorption near-edge
structure studies are in progress, but at present, the reason
for the decrease in the carrier concentration at very low PO2

remains unknown.
The Hall mobility [µHall; Figure 4 (top-left axis)] increases

as PO2 increases. Again, the carrier relaxation time τ [Figure
4 (top-right axis)] closely follows the same trend as µHall.
Above PO2 ) 2 mTorr, the increase in τ (µHall) is most likely
due to the decrease in free electrons; because free electrons
can serve as scattering sites, their removal will result in an
increase in τ (µHall). Below 2 mTorr, even with a decrease in
the free electron density, τ (µHall) decreases. One possibility
is that the same defect that causes the decrease in the carrier
population also disrupts the wave function, resulting in a
decrease in τ (µHall). The effect of the ambient deposition on
the conductivity [Figure 4 (bottom-left axis)] is what might
be expected from the observed carrier concentrations and
mobilities, given that σ ) µnve. The highest conductivity
films, hence the most useful as TCOs, are grown at 5 mTorr.
a-ZITO-30 films with low carrier concentrations but high
mobilities, hence the most promising as TOSs, are grown at
15 mTorr.

The optical band gap (Eg) is obtained from Tauc plots of
(Rhν)1/2 vs hν (Figure 5). At higher O2 partial pressures, the
plots in Figure 5 reveal a distinctly linear region with ordinate
intercepts of ∼2.6 eV (20 mTorr), ∼2.7 eV (10 mTorr), and
∼2.8 eV (5 mTorr). The decrease in the band gap between
5 and 20 mTorr is, at least in part, due to the Burstein-Moss
effect (49, 50) because the trend in the carrier concentration
(Figure 4) is decreasing concentration with increasing PO2

above 5 mTorr. At 2 mTorr and lower, a single distinct linear

region is not observed. This trend is qualitatively different
from the loss of a single distinct linear region observed with
the onset of crystallinity (Figure 2); here the nonlinear curves
are shifted upward by higher absorption, whereas with the
onset of crystallinity, the curves are shifted downward by
lower absorptivity. The amorphous nature of these room-
temperature-deposited films was verified by GIXRD (see the
Supporting Information).

The transmittance of a-ZITO-30 films as a function of the
wavelength and ambient deposition is shown in Figure 6;
all films are between 160 and 180 nm thickness. The
absorption above the band edge clearly increases as the O2

pressure in the ambient deposition decreases. This is most
easily seen in the absorbance plot where interference effects
have been removed. At PO2 > 5 mTorr, the decrease in the
absorption with increasing pressure is most likely due to a
decrease in the carrier concentration. In this pressure range,
all of the films look similar to the naked eye. The films
become increasingly brown to the naked eye as PO2 is
lowered below 5 mTorr. The increase in absorption cannot
be attributed to a further increase in the carrier concentra-
tion as nv again decreases below 2 mTorr. The exact nature
of the absorption is under investigation but is likely due to
changes in the band structure below 5 mTorr.

The effective mass (m*), as calculated using the above
relaxation times and the Hall mobility (see the Supporting
Information), is plotted in Figure 7. At 5 mTorr and above,
m* is relatively constant, decreasing only slightly with

FIGURE 5. Tauc plots of a-ZITO-30 films as a function of the ambient
film growth.

FIGURE 6. a-ZITO-30 optical absorption spectra as a function of the
ambient film growth: transmittance (not corrected for reflectance),
top graph; absorption coefficient (corrected for reflectance), bottom
graph. All films are 160-180 nm thick.

FIGURE 7. Effective carrier mass for a-ZITO-30 films as a function
of the ambient growth at 25 °C.
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increasing PO2. This would indicate a relatively constant band
structure in this pressure range. Below 5 mTorr, there is a
dramatic increase in the effective mass, indicating a signifi-
cant change in the band structure.

Fortunately, as summarized earlier, the optimum electri-
cal properties for both TCO and TOS applications occur at
PO2 g 5 mTorr and above, so the strong optical absorption
that occurs below 5 mTorr will not affect applications using
a-ZITO-30. For TCO films, a balance between the pressure
where the films are the most transparent and where the
films have the highest conductivity must be achieved. This
is in the region of PO2 ) 5-10 mTorr. For TOS films, the
electrical properties of high mobility and low carrier con-
centration as well as high optical transparency require a
deposition PO2 above 15 mTorr. Although not measurable
by our Hall apparatus, a-ZITO-30 films deposited at 20 mTorr
are too conductive for device applications. Only at or above
21 mTorr did the films become semiconducting enough for
FET operation. The devices described in the next section
were fabricated using a-ZITO-30 films grown at room tem-
perature and PO2 ) 21 mTorr.

a-ZITO-30 Thin-Film Field-Effect Transistors
(FETs). The combination of high carrier mobility and low
carrier concentration for a-ZITO-30 films grown at high PO2

makes it a good candidate for a FET material. Additionally,
the PLD-derived films were quite smooth, typically having
the same roughness as the substrate that they are deposited
on; for Si/SiO2, that would be 0.3-0.4 nm Ra. Bottom-gate
a-ZITO-30 FETs were fabricated on p+-Si/SiO2 substrates. The
source-drain current (IDS) as a function of the source-drain
voltage (VDS) for a series of fixed gate voltages (VG) is shown
in Figure 8a. IDS increases with VDS at positive gate biases,
showing that the a-ZITO-30 channel is n-type. The source-
drain current as a function of the gate voltage for the fixed
gate source-drain voltage of VDS ) 100 V is shown on the

left axis of Figure 8b. The device exhibits a good FET
response with a low off current, Ioff, on the order of 10-8 A,
and a high on-to-off source-drain current ratio, Ion/Ioff ) 106.
Insignificant hysteresis is observed, suggesting an excellent
a-ZITO-30/SiO2 interface. The source-drain current is related
to the source-drain and gate voltages by eq 1,

where Ci is the specific capacitance of the SiO2 layer (Ci )
10 nF/cm2), µFE is the field-effect mobility, VT is the threshold
voltage, W is the channel width, and L is the channel length
(51). A plot of IDS

1/2 verses VG [Figure 8b (right axis)] will have
a slope of (CiµFEW/2L)1/2 from which µFE can be calculated.
Extrapolation of the linear portion of the plot to the abscissa
intercept is then used to determine VT. At an operating
voltage of VDS ) 100 V, the device has a high field-effect
mobility µFE ) 10 cm2/V·s and a threshold voltage of VT )
18 V, indicating that the TFT operates in the enhancement
mode. A steep subthreshold slope of 5.5 V/decade is achieved
at the maximum slope of the transfer plot. No significant
difference is observed when the device is tested under light
or in the dark. The amorphous ZITO-30 semiconductor
shows the potential to overtake a-Si:H as a FET channel
material and holds the additional potential as a channel
material for transparent and flexible electronic applications.

CONCLUSIONS
While increasing the deposition temperature above 100

°C can induce crystallinity, both a-ZITO-30 TCO and TOS
films can be grown at room temperature by controlling the
O2 partial pressure during the PLD process. As an amorphous
TCO material, the highest conductivity for room-tempera-
ture-grown a-ZITO-30 is realized at a PO2 of ∼5 mTorr, while
the lowest absorption in the visible range is realized at a PO2

of >10 mTorr. Therefore, a balance between the pressure
where optimum optical properties occur and optimum
electrical properties occur must be realized to use a-ZITO-
30 as a TCO. This is in the region of PO2 ) 5-10 mTorr, and
a-ZITO-30 TCO films are typically grown in our work at 7.5
mTorr. For an effective FET material, a combination of high
transparency, high carrier mobility, and low carrier concen-
tration is required. For a-ZITO-30, this is achieved by chang-
ing the deposition conditions to achieve a high PO2. Thin-
film FETs with an a-ZITO-30 semiconducting channel layer
grown at 21 mTorr exhibit high field-effect mobilities, low
off currents, and high on/off ratios.
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