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Amorphous-oxide semiconductors (AOSs) are promising candi-
dates as transparent semiconductors for thin-film transistor
(TFT) circuitry due to their favorable field-effect mobilities,
excellent environmental/thermal stability, high optical transpar-
ency, and potential for low-temperature film processing.[1] In AOS
materials, the conduction band minimum (CBM), which
constitutes the electron conduction pathway, is composed of
vacant metal cation s-states. When the spatial expanse of these
s-states is greater than the intercation distances, AOSs exhibit
electron mobilities comparable to those of the corresponding
crystalline phase(s).[1a,2] The s-state spatial overlap is primarily
determined by the principal quantum number (n) and, therefore,
heavy post-transition metal cations with (n–1)d10ns0 electronic
configurations, where n� 5, are ideal AOS candidates. Both In3þ

and Sn4þ, with the same [Kr](4d)10(5s)0 electronic configuration,
meet this requirement. A highly dispersed CBM is also found in
ZnO due to the small intercation distances.[2b,3] The mixing of
different-sized aliovalent cations is effective in enhancing
amorphization,[4] so that AOSs with stable amorphous phases
are formed in both binary and ternary AOS compositions.

To date, amorphous indium zinc oxide (IZO), zinc tin oxide
(ZTO), zinc indium tin oxide (ZITO), and indium gallium zinc
oxide (IGZO) thin films have been grown, primarily using
vacuum-based physical-vapor-deposition techniques. TFTs based
on these materials exhibit electron mobilities >10 cm2 V�1 s�1,
even for film growth near room temperature.[1a,5] While these
AOSs offer promise as emerging materials for the realization of
transparent TFTs and unconventional electronic device applica-
tions,[6] reliance on vacuum-based processes significantly
increases manufacturing costs and poses major obstacles for
realizing modern large-area, inexpensive electronics. In contrast,
solution deposition of semiconductors offers many advantages
such as equipment simplicity, low cost, and high throughput.
Recently, several groups have explored solution techniques for
growing TFT-quality AOS films and, in several cases, electron
mobilities >10 cm2 V�1 s�1 were reported for IZO- and
ZTO-based transistors.[7] However, these high mobilities were
obtained only when the oxide films were annealed at tempera-
tures typically >500 8C. At 400 8C, mobilities fall by �10� and,
below 400 8C, no TFT function is observed.[7a,b]

In contrast to Sn-, In-, and Zn-based films, solution-processed
Ga-doped AOS films have barely been investigated. For
vacuum-deposited AOS films, Ga has been used to reduce
doping sensitivity to the O2 partial pressure.[8] Since Ga�O
bonding is far stronger than either Zn�O or In�O bonding,
charge-carrier generation via formation of oxygen vacancies is
more demanding. On the other hand, since solution-processed
AOS films are typically annealed in ambient conditions to
thermally decompose the metal-oxide precursors and
by-products, the dependence of transistor performance on the
O2 partial pressure should not be a major concern. In principle,
Ga doping of solution-processed AOSs may decrease mobility
because the lack of oxygen vacancies prevents prefilling of trap
states. Recently, Kim et al., reported solution-processed IGZO
films, however, they deliberately adjusted the composition to
obtain the crystalline phase by annealing above 400 8C and
focused how the Inþ3 concentration influences the ultimate film
crystallinity and electrical properties.[9] In this study, we report
novel solution-processed amorphous Ga-doped IZO films and
demonstrate the key, heretofore unrecognized role of Ga in
enabling low-temperature TFT film processing. The electrical
characteristics of TFTs based on IZO, IGZO, and GZO films are
compared and contrasted to elucidate the effects of structure,
annealing temperature, and metal composition on
TFT-performance parameters.

Bottom-gate/top-contact TFTs were fabricated on heavily
doped pþþ-Si/(300 nm) SiO2 substrates by spin-coating IZO,
IGZO, or GZO precursor solutions (see the Experimental section
for details). The resulting films were annealed at temperatures
ranging from 400 8C to as low as 250 8C. The amorphous nature
of all films was confirmed by grazing angle XRD measurements
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Figure 1. Transfer characteristics of transistors based on IZO (a) and IGZO (b) films annealed at
the indicated temperatures from 250 to 400 8C. The chemical composition ratio for IZO and
IGZO is In:Zn¼ 70:30 and In:Ga:Zn¼ 63:10:27, respectively. The applied drain voltage is 100 V.
(see the Supporting Information, Fig. S1). TFT fabrication was
completed by thermal evaporation of Al source and drain contacts
through a shadow mask. Figure 1 shows representative transfer
characteristics for TFTs based on IZO (In:Zn¼ 70:30) and IGZO
(In:Ga:Zn¼ 63:10:27) films. The output characteristics for an
optimized IGZO-based TFT are shown in Figure S2 (Supporting
Information). The TFT performance parameters, including the
field-effect mobility (m), the threshold voltage (VT), the on-current
(Ion), and the on-to-off current ratio (Ion/off) are summarized in
Table 1. TFTs based on IZO and IGZO film annealed at 400 8C
exhibit good field-effect characteristics with m� 1cm2 V�1 s�1.
Table 1. Electrical-performance parameters of transistors (carrier mobility
calculated in saturation, �15%) fabricated from IGZO films having differ-
ent In:Zn ratios as well as IZO and GZO. The composition ratio of the IZO
and GZO precursor solutions is In:Zn¼ 70:30 and Ga:Zn¼ 10:90, respect-
ively. The composition ratio of the IGZO precursor solution was varied over
a molar ratio of In:Ga:Zn¼ x:10:(90–x).

In

[mol%]

Temperature

[8C]
m

[cm2 V�1 s�1]

VT [V] Ion [A] Ion/off

IZO 70

400 1.0 18.7 3� 10�4 106

300 inactive

250 inactive

IGZO

400 1.54 �6.28 6.7� 10�4 8� 106

68 300 0.4 5.6 1.3� 10�4 4� 106

250 0.008 14.6 2.8� 10�6 5� 104

400 1.1 25.3 3.5� 10�4 6� 106

63 300 0.2 12.8 8� 10�5 5� 105

250 0.05 �1.3 2� 10�5 105

400 0.85 17 2.4� 10�4 106

58 300 0.08 21 3� 10�5 3� 105

250 0.006 43.7 9� 10�7 4� 104

400 0.2 14 5� 10�5 106

23 300 0.02 32 5� 10�6 3� 104

250 0.002 53.2 2.6� 10�7 7� 103

400 0.006 40.6 1� 10�6 104

GZO 0 300 0.0009 58 9� 10�8 103

250 0.0002 64.6 1.5� 10�8 5� 102

Figure 2. O1s XPS s
indicated temperatur
solutions is In:Zn¼
dashed lines indica
oxygen vacancies (
(�531.4 eV), and hyd
the unassigned peak
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However, whereas IGZO-based TFTs operate
well when the semiconductor films are
annealed at 300 8C (m� 0.2 cm2 V�1 s�1) and
250 8C (m� 0.05 cm2 V�1 s�1), the correspond-
ing IZO-based TFTs are inactive. The low drain
current for IGZO-based TFTs annealed at
250 8C is not affected by the gate leakage
current, since the leakage current through the
gate dielectric is lower than the drain current
by a factor of 100. This result indicates that Ga
doping enables active TFTs based on solution-
processed low-temperature-annealed AOS
films. To understand these mobility trends,
the chemical and structural evolution of the
IGZO films with the film-annealing tempera-
ture were analyzed by X-ray photoelectron
spectroscopy (XPS). Figure 2 shows O1s XPS
spectra for IZO and IGZO films annealed at
the indicated temperatures. The peaks cen-
tered at�529.9 and�531.4 eV can be assigned
to oxygen in oxide lattices without oxygen vacancies and with
oxygen vacancies, respectively.[10]

Lower electron density reduces screening effects on the nuclei,
which raises the effective nuclear charge. The feature at�531.7 eV
can be assigned to the oxygen in hydroxide.[5a,10c] Since H is more
electronegative than the metals (In, Ga, Zn), the M�OH oxygen
atoms are less negatively charged than those in oxides, shifting the
pectra for IZO (a) and IGZO (b) films annealed at the
es. The composition ratio of IZO and IGZO precursor
70:30 and In:Ga:Zn¼ 63:10:27, respectively. The

te peaks that originate from oxide lattices without
�529.9 eV), oxide lattice with oxygen vacancies
roxide (�531.7 eV), respectively. The arrows indicate
s discussed in the text.
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Figure 4. Field-effect electron mobilities of transistors based on IGZO
films with the indicated In compositions (In:Ga:Zn¼ x:10:(90–x)) as well as
for IZO and GZO films.
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XPS feature toward higher binding energy. The XPS data indicate
that the IZO films annealed at 400 8C contain small amounts of
metal hydroxide and both types of oxide lattice. For solution-
processed metal-oxide-semiconductor films, metal hydroxides are
gradually converted into the oxides via thermally-driven condensa-
tion processes and the degree of oxide-lattice formation and
oxygen-vacancy generation depends, for a given composition,
primarily on the annealing temperature. Note that the IZO films
annealed below 300 8C are composed primarily of hydroxides. The
unassigned XPS peaks (arrows in Fig. 2) probably originate from
intermediate compounds due to incomplete metal-
precursor-to-hydroxide conversion. In contrast to these results,
IGZO films annealed at 400 8C consist of oxide lattices with
minimal hydroxide content and oxide lattices persist even when the
film is annealed below 300 8C. Importantly, as shown in Figure 3a,
Ga doping allows the amorphous-oxide semiconductors to achieve
oxide-lattice structures at far lower temperatures.

The conduction band minimum in AOSs should be primarily
composed of dispersed vacant s-states with short intercation
distances for efficient carrier transport, which can be achieved in
ionic oxide lattices but not so obviously in hydroxide lattices.
Therefore, it is reasonable that metal-oxide-lattice formation is an
essential prerequisite for low-temperature-annealed amorphous
semiconducting films with goodmobilities. This is in accord with
the aforementioned observations that TFTs based on IZO films
annealed below 300 8C are inactive, while TFTs based on IGZO
films annealed below 300 8C function well.

The XPS data also allow semiquantitative analysis of the
oxygen-containing species and suggest that the relative concen-
tration of oxygen vacancies within IGZO films decreases by
�4.1� as the annealing temperature decreases (Figure 3b). The
oxygen-vacancy formation process closely relates to the genera-
tion of charge carriers, according to Equation (1).

Ox
o ¼ 1

2
O2ðgÞ þ V��

o þ 2e� (1)

Here, O2 is lost from the oxide sublattice (Ox
o) to create a doubly

charged oxygen vacancy (V��
o ) and two free electrons. It can be

presumed that IGZO films annealed at higher temperature attain
more charge carriers due to thermally enhanced oxygen-vacancy
formation processes. It has been reported that the mobility of
Figure 3. a) The fractions of oxide lattices in IZO and IGZO films and
concentrations of oxygen vacancies in IGZO films. All calculations are perf
an area integration of each O1s peak. O1s (Ox

o) and O1s (V��
o ) denote the O1

oxide lattices without oxygen vacancies and with oxygen vacancies, respectiv

� 2010 WILEY-VCH Verlag Gmb
amorphous IGZO films depends on the carrier concentration,
since the carrier transport is governed by percolation conduction
over trap states and is enhanced at high carrier concentrations by
filling the trap states.[1a,11] Therefore, the decrease in carrier
mobility for low annealing temperatures can be attributed to a
decrease in oxygen vacancies.

We also analyzed the effects of metal composition in the
present AOS films. Figure 4 shows mobility-versus-annealing-
temperature and composition plots for TFTs based on IGZOfilms
with different In contents as well as for IZO and GZO films. The
electrical characteristics of these transistors are also summarized
in Table 1. The field-effect mobilities decrease with decreasing
annealing temperature, independent of composition. This result
is in accord with the aforementioned thermally driven oxygen-
vacancy formation process. For vacuum-deposited IGZO films it
is known that the mobility is enhanced by increasing the In
content due to the generation of more charge carriers.[12] This
trend is also observed in the present solution-processed
IGZO-based TFTs and the mobility increases by �400� when
the In content is increased from 0 to 63 mol%. However, further
increases in In content abruptly decrease the mobility of IGZO
films annealed at 250 8C. For AOSs based on In2O3 and ZnO, the
spatial spread of vacant s-states is so large that direct overlap
between the s-states of neighboring cations is possible. However,
b) the relative
ormed based on
s features due to
ely.

H & Co. KGaA, Weinh
the intercation In � � � � In and Zn � � � �Zn dis-
tances are greater at low annealing tempera-
tures, generating shallow localized states
beneath the conduction band minima and, in
turn, decreasing carrier mobility.[13a] These
localized states are diminished by structural
relaxation effects, which are accompanied by
shortening of the intercation distances during
annealing.[13] However, the In � � � � In interca-
tion distance is larger than that of Zn � � � �Zn, so
that In-rich IGZO films have higher threshold
energies for structural relaxation. As a conse-
quence, structural relaxation in In-rich IGZO
films is incomplete at 250 8C, resulting in
electron-low mobility. Regarding choice of host
material for Ga doping, either tailoring the
eim Adv. Mater. 2010, 22, 1346–1350
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composition or selecting a metal cation that does not have
low-temperature-annealing limitations should be considered.

In summary, we have developed a new solution-based,
low-temperature annealing process for amorphous Ga-doped
IZO films suitable for TFTs, complimenting the recent
impressive results achieved with crystalline metal oxide semi-
conductors.[14] In doing so, we clarified some of the chemical
requirements for the low-temperature solution processing of
these oxide semiconductors, showing that oxide-lattice formation
and the generation of sufficient charge carriers via oxygen-
vacancy formation are essential for achieving acceptable TFT
performance. We also demonstrated that In plays a significant
role in enhancing electron mobility but, simultaneously, shows
limitations in low-temperature annealing due to the larger
intercation distances. Furthermore, the present novel Ga-based
AOS synthetic pathway opens important possibilities for
solution-processed and low-temperature annealed TFTs, and
we foresee even higher field-effect mobilities with appropriate
selection of oxide semiconductors for Ga doping and insulators
for gate dielectrics.

Experimental

Precursor Solution Synthesis: The IZO, IGZO, and GZO precursor
solutions were synthesized using zinc acetate dihydrate (98%), indium
nitrate hydrate (99.9%), and gallium nitrate hydrate (99.9%). Solutions,
0.375M in metal precursors, were prepared in 2-methoxyethanol (99%)
with 0.87M monoethanolamine (99%) as a stabilizer. All reagents were
purchased from Aldrich Chemicals and were used without further
purification. The chemical composition ratio of IGZO precursor solution
was varied, with amolar ratio of In:Ga:Zn¼ x:10:(90–x), where x is themole
fraction of In precursor. The chemical composition ratio of IZO and GZO
precursor solutions was In:Zn¼ 70:30 and Ga:Zn¼ 10:90, respectively.
These clear solutions were stirred for 3 h at room temperature before
spin-coating.

T r a n s i s t o r Fa b r i c a t i o n a n d E l e c t r i c a l P e r f o rm a n c e
Characterization: Doped silicon substrates with a 300-nm-thick thermal
silicon dioxide layer, which are used as the gate dielectric, were sonicated
with absolute ethanol and dried with an N2 stream, followed by oxygen
plasma treatment for 5min. Subsequently, each precursor solution was
spin-coated at 4000 rpm for 35 s and then annealed at 400 8C for 30min.
For the fabrication of transistors with a top-contact-electrode architecture,
Al source and drain electrodes of 50 nm thickness were deposited by
thermal evaporation (pressure �10�6 Torr) through shadow masks. The
channel length and width are 100 and 1000mm, respectively. TFT
characterization was performed under ambient conditions using a Keithley
6430 Sub-Femtoamp Remote Source Meter and a Keithley 2400 Source
Meter with a locally written LABVIEW program and general-purpose
interface bus communcation. Saturationmobilities were extracted from the
slope of (drain current)1/2 versus gate voltage, derived from the
device-transfer plot.

Film Characterization: The chemical and electronic structures of the
oxide semiconductors were examined by XPS (Omicron, ESCA Probe). The
surface XPS data were collected using monochromatic Al Ka radiation
(1486.6 eV) in an ultrahigh-vacuum system with a base pressure of�10�10

Torr. The binding energy shift was corrected using the C1s peak. The crystal
structures were identified by grazing angle XRD using Cu Ka radiation on a
Rigaku ATX-G Thin-Film Diffraction Workstation.
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