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Metal-oxide (MO) semiconductors have emerged as enabling
materials for next generation thin-film electronics owing to their high
carrier mobilities, even in the amorphous state, large-area uniformity,
low cost, and optical transparency , which are applicable to flat-panel
displays, flexible circuitry, and photovoltaic cells. Impressive progress
in solution-processed MO electronics has been achieved using
methodologies such as sol gel, deep-UV irradiation, preformed
nanostructures, and combustion synthesis. Nevertheless, because of
incomplete lattice condensation and film densification, high-quality
solution-processed MO films having technologically relevant thick-
nesses achievable in a single step have yet to be shown. Here, we
report a low-temperature, thickness-controlled coating process to
create high-performance, solution-processed MO electronics:
spray-combustion synthesis (SCS). We also report for the first time,
to our knowledge, indium-gallium-zinc-oxide (IGZO) transistors hav-
ing densification, nanoporosity, electron mobility, trap densities, bi-
as stability, and film transport approaching those of sputtered films
and compatible with conventional fabrication (FAB) operations.
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M etal-oxide (MO) semiconductors, especially in amorphous
phases, represent an appealing materials family for next

generation electronics owing to their high carrier mobilities,
good environmental/thermal stability, mechanical flexibility, and
excellent optical transparency (1–3). MO films complement organic
semiconductors (4, 5), carbon/oxide nanomaterials (6), and flexible
silicon (7, 8) for enabling new technologies, such as flexible displays
and printed sensors. For fabricating high-performance electronics
with acceptable fidelity, conventional processes require capital-in-
tensive physical/chemical vapor deposition techniques. Capitalizing
on the solubility of MO precursors in common solvents, solution
methods have been used to fabricate semiconducting MO layers for
thin-film transistors (TFTs). However, the fabrication process and
field-effect mobilities of these TFTs are not competitive with the
corresponding vapor-deposited (e.g., sputtered) devices (9),
and developing routes to solution-derived MO TFTs with tech-
nologically relevant thicknesses and performance comparable to
state of the art vapor-deposited devices is a critical milestone for
MO electronics evolution.
Sol-gel techniques are used extensively for MO film growth, in-

cluding films for high-performance TFTs (10–13). However, the
required sol-gel condensation, densification, and impurity removal
steps typically require >400–500 °C processing temperatures, which
are incompatible with inexpensive glasses and typical flexible
plastic substrates (14). Progress toward significantly reducing the
processing temperatures of sol gel-derived MO films has afforded
excellent TFT mobilities; however, achieving both reproducible
high-performance and stable device operation remains an un-
solved issue for Ga-containing materials (15). Sol-gel on-a-chip for
indium-zinc-oxide (3) and deep-UV irradiation of spin-coated

MO precursor films (1) represent significant advances; however,
challenges remain. Recently, this laboratory reported a low-tem-
perature solution method, spin-coating combustion synthesis (spin-
CS), for fabricating MO TFTs (SI Appendix, Fig. S1) (2, 16). By
incorporating an oxidizer and a fuel in the precursor solution, lo-
calized, highly exothermic chemical transformations occur within
the spin-coated films, effecting rapid condensation and M-O-M
lattice formation at temperatures as low as 200–300 °C, which was
assessed by thermal and X-ray diffraction (XRD) analysis, and
yielding high-performance TFTs. Additional work has subsequently
broadened the spin-CS fuel/oxidizer options and accessible MO
compositions (17).
Note, however, that independent of the particular solution pro-

cessing method, significant quantities of gaseous H2O, N2, NOx, CO2,
etc. are evolved, compromising film continuity and densification in
single-step, thick-film growth processes (17–21). These issues also
apply to combustion synthesis, especially because the exotherm is of
short duration. Therefore, films must be sufficiently thin (typically
<10–20 nm for conventional sol gel and <5–10 nm for combustion)
to yield high-quality films (2, 3, 15). For MO TFT implementation in,
for example, active-matrix display backplanes, semiconductor thick-
nesses must be 50–100 nm to avoid back-channel effects, delayed
turn-on, and bias stress shifting (22, 23). Thus, for current generation
MO TFT structures, suitable film thicknesses from conventional so-
lution processes require inefficient multiple deposition and anneal
sequences, which are time-consuming, and invariably create bulk trap
states at the semiconductor interfaces.

Significance

Although impressive progress in solution-processed metal-
oxide (MO) electronics has been achieved, fundamental science
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transport characteristics when processed at low temperatures
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mobility, and charge trapping can be manipulated. Here, we
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demonstrate IGZO semiconducto r thickness, densification,
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stability approaching the quality of sputtered films.
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In contrast to spin coating, spray processes are readily adapted
to continuous large-area, high-throughput coating as in roll-to-
roll processing. Simple spray coating has been used to fabricate
organic solar cells (24), organic TFTs (25), and MO electronics
(26) using heated substrates. In pioneering work, spray-coated
sol-gel ZnO TFTs achieved mobilities of ∼0.1 cm2 V−1 s−1 for 200 °C
growth and ∼25 cm2 V−1 s−1 for 500 °C growth (26). These results
raise the intriguing question of whether combustion processing
can be combined with spray coating to realize, at low temper-
atures, dense high-mobility MO films having significant, precisely
controlled thicknesses in a single step and specifically, growing
the most technologically relevant oxide film materials: semicon-
ducting indium-gallium-tin oxide (IGZO) and conducting indium-
tin-oxide (ITO).
Here, we report a low-temperature, nanometer-thickness,

controlled solution route to high-performance MO electronics
through spray-combustion synthesis (SCS). Reduced gaseous
byproduct trapping yields dense, high-quality, macroscopically
continuous films of both crystalline and amorphous MOs.
Single-layer (50-nm-thick) IGZO TFTs with carrier mobilities
102–104× greater (7–20 cm2/Vs) than those achieved with sol gel
and conventional combustion synthesis are demonstrated and rival
those of magnetron-sputtered IGZO TFTs. Film characterization
includes the first positron annihilation spectroscopy (PAS) mea-
surements on oxide thin films to our knowledge, X-ray photoelectron
spectroscopy (XPS), X-ray reflectivity (XRR), and capacitance-
voltage (C-V) data, supporting the broad applicability of SCS.

Results
MO Film Fabrication and Characterization. Fig. 1A and SI Appendix,
Fig. S1 illustrate the SCS and spin-CS processes as well as the TFT
structures. We first compare 20-nm-thick MO films fabricated in
a conventional 4 × 5-nm spin-CS (four layers) or a single SCS step
(one layer). Note that the time required for the former process
(∼100 min) is ∼12× the latter. To show broad SCS applicability,
three different semiconductor MO film classes [In2O3, indium
zinc oxide (IZO), and IGZO] are grown at 200–300 °C on several
substrates (Si/SiO2, indium-tin-oxide/ZrOx, AryLiteR/Al2O3, and
glass). XRD analysis reveals that the SCS In2O3 films are poly-
crystalline and exhibit far stronger, sharper Bragg reflections
than those fabricated by spin-CS, indicating enhanced film crys-
tallinity (SI Appendix, Fig. S2). Not unexpectedly, 20-nm IZO
and IGZO films grown at 200–300 °C by both methods are
amorphous, consistent with reports that doping In2O3 with Zn2+
or Ga3+ frustrates crystallization (27–30). XPS oxygen 1s analysis
of the O-bonding states in the films (SI Appendix, Fig. S3) indi-

cates three different oxygen environments: M-O-M lattice species
at 529.9 ± 0.1 eV, bulk and surface metal hydroxide (M-OH)
species at 531.3 ± 0.1 eV, and weakly bound adsorbate species
(e.g., H2O or CO2) at 532.2 ± 0.1 eV (31–33). The In2O3 films in
SI Appendix, Fig. S3 reveal the evolution of M-O-M characteristics
with increasing processing temperatures and at the same anneal-
ing temperature, a higher density of M-O-M species in the SCS-
derived In2O3 films vs. the spin-CS ones, which is in agreement
with the film XRD data. Similar trends hold for SCS and spin-CS
IZO and IGZO films (SI Appendix, Figs. S3 and S4). We attribute
the microstructural and chemical properties of the SCS films to
enhanced combustion efficiency promoting greater densification
(vide infra). Bright-field TEM and selected area energy-filtered
nanobeam diffraction images of SCS and spin-CS In2O3 films
processed at 300 °C (Fig. 1 B and B, Insets) indicate that the former
are more crystalline than the latter, which is in agreement with the
XRD data.
Semiconductor-layer morphology is critical for TFT perfor-

mance, because it strongly affects interfacial trap density and
electrical contacts (34–36). In previous spin-CS studies, very smooth
surface topologies were achieved for thin (5-nm) single-layer/
multilayer films (ρRMS = 0.2–0.5 nm) (2, 16). However, thicker
(20- to 50-nm) single-layer films are significantly more porous
and rougher (ρRMS > 1 nm) (2, 16), reminiscent of conventional
thick sol-gel oxide films (17–21). In this work, atomic force mi-
croscopy and SEM images show that optimized single-layer SCS
growth yields smooth thicker oxide films (Fig. 1C and SI Appendix,
Figs. S5–S9). Thus, 20- and 50-nm-thick SCS-derived In2O3, IZO,
and IGZO films have ρRMS < 0.6–0.7 nm. Comparing scanning
transmission microscope high-angle annular dark-field images,
which are insensitive to diffraction and phase contrast, the pore
size distribution of 20-nm polycrystalline In2O3 films fabricated by
SCS (single layer) or spin-CS (multilayers), indicates smaller-sized
porosity for the former (dark regions denote lower mass density
areas than the surrounding light gray matrix in SI Appendix, Fig.
S10). Thus, all morphology and porosity metrics indicate that the
SCS films are denser and smoother.

MO TFT Performance. To investigate SCS generality for TFTs of
diverse oxide semiconductors, spin-CS– and SCS-coated In2O3,
IZO (In:Zn = 1:0.43), and IGZO (In:Ga:Zn = 1:0.11:0.29) films
were grown at various temperatures with 20-nm semiconductor
films on p-doped silicon Si/300-nm SiO2 substrates with 40-nm Al
source/drain electrodes (50-μm channel length, 1.0-mm channel
width). MO compositions were selected on the basis of previous
studies indicating optimum mobility and gate modulation (37).
Representative transfer and output plots and device statistics are
shown in Fig. 2, Table 1, and SI Appendix, Figs. S11–S14. In2O3
TFTs can be processed at lower temperatures (200 °C) than the
corresponding IZO and IGZO TFTs (225–300 °C) because of the
differing Zn2+ and Ga3+ oxygen affinity vs. that of In3+ (14). Note
that the SCS TFT performance is significantly greater than that of
spin-CS devices for the same processing temperatures. Thus, the
highest SCS In2O3 TFT mobility of 1.93 cm2 V−1 s−1 obtained at
200 °C is more than 2× greater than that of 200 °C spin-CS In2O3
devices. When annealing is increased to 300 °C, the SCS In2O3 TFT
μmax increases to 18.20 cm2 V−1 s−1. Similarly, the mobilities of
300 °C SCS IZO (μmax = 9.47 cm2 V−1 s−1) and IGZO (μmax =
7.53 cm2 V−1 s−1) TFTs are also dramatically enhanced vs. the
corresponding spin-CS devices (μmax = 7.43 cm2 V−1 s−1 for In2O3,
μmax = 3.69 cm2 V−1 s−1 for IZO, and μmax = 3.65 cm2 V−1 s−1 for
IGZO), despite the >10× reduction in MO film growth time.
Furthermore, the linear mobilities are very similar to those
obtained in saturation (SI Appendix, Fig. S14), consistent with the
good current–voltage characteristics of our SCS devices. Further-
more, introducing a solution-processed high-dielectric constant (k)
ZrO2 dielectric increases the IZO SCS μmax to 93.4 cm2 V−1 s−1 with
on/off >105 at low operating voltages of 2 V owing to the enhanced
capacitance of the gate dielectric (Fig. 2 and SI Appendix, Fig. S13)
(38). From these results, the SCS performance enhancement vs.
spin-CS processing plausibly reflects more extensive M-O-M lattice

Fig. 1. SCS of MO films and corresponding morphological characterization.
(A) Schematic of the SCS process used for growing MO films under ambient
conditions and the corresponding bottom gate top contact TFT structure used
in this study. (Inset) Combustion reaction for a generic metal nitrate acting as
the oxidizer and acetylacetone as the fuel. (B) High-resolution, bright-field
transmission electron microscopy (TEM) images and (Insets) selected area en-
ergy-filtered electron diffraction patterns of In2O3 films deposited by spin
coating and SCS. (C) Atomic force microscopy images of 20-nm In2O3 films.
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densification and distortional relaxation, thereby reducing trap sites.
Note also, in Table 1, that, despite the simple spray setup, the
SCS-deposited TFT device metrics have significantly lower SDs
(<15%), indicating greater TFT uniformity and hence, the greater
reproducibility needed for large-scale fabrication (36). Finally,
flexible In2O3 TFTs can also be fabricated by SCS at 200 °C on
Arylite polyester [Arylite/Al(gate)/Al2O3/In2O3/Al(source/drain)]
(SI Appendix, Fig. S16) and afford respectable performance: μ ∼
11 cm2 V−1 s−1, VT ∼ +0.6 V, Ion/Ioff ∼ 104.

Single-Layer IGZO Transistors. SCS growth of thicker, single-layer 50-
nm IGZO films was next investigated, because this thickness is the
minimum thickness required for IGZO TFT manufacture (39) and
SCS significantly reduces device fabrication time. On a laboratory
scale, 50-nm-thick IGZO films can be grown by SCS in ∼20 min—
comparable with typical sputtering times, excluding chamber evacu-
ation—whereas multiple spin/annealing used in spin-CS and sol-gel
IGZO coatings requires > 4 h, a process flow and time unacceptable
for microelectronics. Thus, in a comparative study, TFTs with
50-nm-thick In:Ga:Zn = 1:0.11:0.29 IGZO films grown by one-step
sol-gel spin coating, one-step spin-CS, and magnetron sputtering
(target composition In:Ga:Zn = 1:1:1) were evaluated (Fig. 3 A
and B and Table 2). The sol-gel TFT performance is poor (μ ∼
10−3 cm2 V−1 s−1), because 300 °C/30-min annealing is inade-
quate for densification (17, 20). Reflecting the low combus-

tion efficiency of thicker films, the single-layer spin-CS IGZO
TFTs also exhibit poor performance (μ ∼ 10−2 cm2 V−1 s−1)
for 300 °C processing. In contrast, maximum mobilities of
7.6 cm2 V−1 s−1 and Ion:Ioff ∼ 108 are obtained for SCS IGZO
TFTs, ∼103–104× greater than for the sol-gel and spin-CS devi-
ces and approaching those of sputtered 1:1:1 IGZO devices
(μaverage = 10.9 cm2 V−1 s−1, μmax = 12.8 cm2 V−1 s−1, Ion:Ioff ∼ 108,
Ta = 300 °C). The sputtered IGZO device metrics are typical
values achieved in fabrication (FAB) lines using a 300-nm-thick
SiOx layer. Note that IGZO TFTs fabricated by spray pyrolysis
coating using the SCS metals composition but without fuel (spray)
(Fig. 3B and SI Appendix, Fig. S1) perform poorly (μaverage =
0.53 cm2 V−1 s−1, μmax = 0.71 cm2 V−1 s−1), showing that com-
bustion synthesis is essential for achieving high-quality thick IGZO
films by spray techniques at these temperatures. Finally, using a
high-k ZrO2 dielectric, SCS μmax increases to 21.3 cm2 V−1 s−1

with on/off ∼ 105 at 2-V TFT operation (Fig. 3B).
Next, solution-processed IGZO films with In:Ga:Zn = 1:1:1 and

annealing conditions (350 °C) identical to typical commercial sput-
tering protocols were investigated. This composition space is seldom
studied for solution-processed IGZO TFTs, because large Ga con-
tents degrade TFT function for processing at <500 °C. TFTs based
on 50-nm-thick, sputtered sol-gel, spin-CS, and SCS IGZO films
on Si/SiO2 substrates were fabricated (Fig. 3 C and D and Table 2);
not unexpectedly, the sol-gel and spin-CS devices perform poorly

Table 1. Performance metrics of 20-nm In 2O3, IZO, and IGZO TFTs on 300-nm SiO2/Si substrates with Al source/drain electrodes after
various processing temperatures

MO

Spin-SC (4 × 5-nm MO) TFTs SCS (20-nm MO) TFTs

Ta (°C) Mobility (cm2/Vs) VT (V) VON (V) Ion/Ioff Ta (°C) Mobility (cm2/Vs) VT (V) VON (V) Ion/Ioff

In2O3 200 0.83 ± 0.17 11.5 ± 5.1 −6.7 ± 4.8 ∼105
–106 200 1.44 ± 0.22 9.6 ± 5.0 −8.4 ± 5.1 ∼105

–106

In2O3 225 1.87 ± 0.27 9.5 ± 3.7 −8.1 ± 4.2 ∼105
–106 225 3.15 ± 0.23 9.1 ± 5.2 −7.4 ± 4.5 ∼105

–106

In2O3 250 3.24 ± 0.41 −2.3 ± 3.8 −18.3 ± 3.9 ∼104
–105 250 6.11 ± 0.49 −11.2 ± 5.8 −19.9 ± 4.9 ∼103

–104

In2O3 300 6.57 ± 0.85 −16.1 ± 4.3 −27.8 ± 4.7 ∼103
–104 300 15.45 ± 1.03 −26.7 ± 5.4 −38.7 ± 5.0 ∼103

–104

IZO 225 0.29 ± 0.05 24.2 ± 4.1 3.8 ± 3.8 ∼106
–107 225 0.52 ± 0.06 20.2 ± 4.6 0.4 ± 4.4 ∼106

–107

IZO 250 0.95 ± 0.18 21.5 ± 3.8 1.3 ± 4.1 ∼106
–108 250 2.06 ± 0.26 17.5 ± 3.1 −2.6 ± 3.4 ∼106

–107

IZO 300 3.18 ± 0.51 9.3 ± 3.2 −10.8 ± 3.5 ∼106
–108 300 8.05 ± 0.53 9.8 ± 3.5 −8.1 ± 3.2 ∼106

–107

IZO* 300 81.5 ± 5.66 −0.28 ± 0.09 −0.72 ± 0.10 ∼104
–105

IGZO 225 0.01 ± 0.005 35.4 ± 9.1 24.6 ± 7.9 ∼105
–106 225 0.18 ± 0.05 30.3 ± 8.7 19.8 ± 7.6 ∼105

–106

IGZO 250 0.77 ± 0.14 22.6 ± 3.4 0.5 ± 3.1 ∼106
–108 250 1.97 ± 0.26 20.1 ± 3.5 −0.4 ± 3.3 ∼106

–107

IGZO 300 3.31 ± 0.54 20.1 ± 3.3 1.9 ± 3.4 108 300 6.34 ± 0.69 17.5 ± 3.2 −5.5 ± 3.5 ∼106
–107

IGZO*,† 300 17.8 ± 1.34 0.11 ± 0.02 −0.35 ± 0.02 ∼104
–105

Average of ≥20 devices. Measured in ambient conditions: relative humidity (RH) = 20–30%.
*Using 45-nm ZrOx/indium-tin-oxide substrates.
†IGZO 1:0.11:0.29.
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Fig. 2. Transistor transfer characteristics and mobility
distribution statistics for 20-nm-thick MO TFTs fabri-
cated on SiO2/Si substrates (unless indicated other-
wise) by spin-CS (four MO layers that are 5-nm thick)
and SCS (single 20-nm MO layer). (A) Representative
transfer plots (VD = 80 V) for In2O3 devices annealed
at 200 °C. (B) Corresponding saturation mobility dis-
tribution for In2O3 at the indicated temperatures.
(C) Saturation mobility distribution for IZO (In:Zn =
1:0.43) at the indicated temperatures. Panel 4 refers
to statistics for ZrOx/indium-tin-oxide (ITO) substrates.
(D) Saturation mobility distribution for IGZO (In:Ga:Zn =
1:0.11:0.29) at the indicated temperatures. Panel 4
refers to statistics for ZrOx/ITO substrates.
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(μ ∼ 10−3
–10−2 cm2 V−1 s−1), even after 350 °C annealing, whereas

the SCS devices exhibit μmax = 2.3 cm2 V−1 s−1, Ion:Ioff ∼ 106, VT
∼16V, and subthreshold swing ∼ 3 V/decade. For 1:1:1 SCS IGZO
with a ZrO2 gate dielectric, μmax = 10.3 cm2 V−1 s−1 (SI Appendix,
Fig. S19). To our knowledge, this report is the first instance of
mobilities > 10 cm2 V−1 s−1 for 1:1:1 IGZO solution processed at
such low temperatures. Finally and importantly, TFT bias stress
stability under identical protocols was investigated (Fig. 3 A and
C), and independent of composition, the sol-gel and spin-CS
devices exhibit marked threshold voltage instability (ΔVT > +20 to
∼60 V), implying large densities of trap states (29), whereas
the corresponding shifts for SCS (ΔVT, 1:0.11:0.29 = +1.3 V;
ΔVT, 1:1:1 = +1.8 V) and fully optimized sputtered TFTs (ΔVT =
+0.7 V) are small and similar. The contact resistance for IGZO
TFTs is typically very low, and the mobility channel length de-
pendence is very weak (40). These results are impressive consider-
ing that patterning of the gate, the IGZO layer, or a passivation
layer was not used. Next, photolithography-defined sputtered and
SCS-processed devices were investigated, and not surprisingly,
performance parameters, such as the off-currents (pA), Ion:Ioff
(∼109–1010), and ΔVT (<0.2–0.6 V at 60 °C), were even further
enhanced (SI Appendix, Figs. S17 and S18).

IGZO Film Microstructure and TFT Response. To understand the basis
of the impressive SCS TFT performance, XRR, XPS, PAS, and C-V

analyses were carried out. XRR analysis assays film electron density
and yields the mass density (Fig. 4A and B and SI Appendix, Fig. S20)
(41). For the 1:0.11:0.29 IGZO films, the density monotonically
increases with ρspin-CS (4.53 gcm−3) < ρsol-gel (5.09 gcm−3) << ρSCS
(6.13 gcm−3), confirming that SCS achieves greater densification
for the same 300 °C processing temperature. For 1:1:1 IGZO
films, the order again is ρspin-CS (3.57 gcm−3)< ρsol-gel (3.78 gcm−3)<<
ρSCS (5.20 gcm−3) < ρsputtering (5.66 gcm−3) for tracking TFT
performance. Obviously, the lower 1:1:1 vs. 1:0.11:0.29 density
primarily reflects the lower high-Z indium content. XPS further
supports these trends (SI Appendix, Fig. S21), indicating the
greater densification of the SCS films vs. the spin-CS/sol-gel films.
For the SCS-derived 1:1:1 and 1:0.11:0.29 IGZO samples, the
M-O-M lattice content (41% and 56%, respectively) is greater
than that of both the spin-CS and sol gel (∼30% and ∼50%, re-
spectively). Furthermore, the SCS M-O-M content of the
1:0.11:0.29 IGZO composition (56%) approaches that of the
sputtered 1:1:1 films (58%). These results indicate that more In-
rich IGZO compositions have increased M-O-M content in these
solution-processed films. Thus, the role of In in enhancing TFT
transport is by not only forming more O vacancies (42) but also,
reducing porosity and structural defects, as supported quantita-
tively by the PAS data (vide infra). This result plausibly reflects,
among other factors, the lower lattice formation enthalpy (43) of
In2O3 vs. Ga2O3 by almost 1,700 kJ mol−1, enabling In-rich
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Fig. 3. Transfer characteristics (VD = 80 V), bias
stress data, and mobility distribution statistics for 50-
nm-thick, single-layer IGZO TFTs fabricated by the
indicated deposition methods. (A) IGZO composition
(1:0.11:0.29) on Si/SiO2 substrates (panel 4: SCS IGZO/
ZrOx) annealed at 300 °C. (B) Corresponding mobility
statistics (for sputter; 1:1:1 composition). (C) IGZO
composition (1:1:1) on Si/SiO2 substrates annealed at
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Table 2. Performance metrics of 50-nm single-layer IGZO TFTs on 300-nm SiO 2/Si substrates with Al source/drain electrodes fabricated
by the indicated methods at 300 °C (IGZO 1:0.11:0.29) and 350 °C (IGZO 1:1:1)

Deposition
method

IGZO 1:0.11:0.29 IGZO 1:1:1

Mobility (cm2/Vs) VT (V) VON (V) Ion/Ioff Mobility (cm2/Vs) VT (V) VON (V) Ion/Ioff

Sol gel 2.3 × 10−3 ± 3.0 × 10−4 58.7 ± 9.6 51.6 ± 9.9 ∼103
–104 1.1 × 10−3 ± 2.3 × 10−4 47.1 ± 11.4 31.1 ± 10.9 ∼103

–104

Spin-SC 1.9 × 10−2 ± 2.1 × 10−3 31.9 ± 9.5 23.7 ± 9.8 ∼104
–105 3.7 × 10−2 ± 2.4 × 10−3 35.5 ± 8.1 2.4 ± 8.9 ∼104

–105

Spray 0.53 ± 0.2 7.6 ± 6.5 −3.3 ± 6.3 ∼103
–104

— — — —

Sputter — — — — 10.9 ± 0.12 2.2 ± 1.9 −5.8 ± 1.7 ∼106
–108

SCS 6.8 ± 0.97 5.7 ± 2.8 −4.1 ± 2.5 ∼106
–107 1.8 ± 0.24 15.6 ± 4.0 −5.3 ± 3.7 ∼106

–107

SCS* 19.1 ± 1.58 0.05 ± 0.04 −0.49 ± 0.04 ∼103
–105 8.4 ± 0.99 0.54 ± 0.08 −0.17 ± 0.07 ∼103

–104

Average of ≥20 devices (except for spray: 10 devices). Measured in ambient conditions: RH = 20–30%.
*Using 45-nm ZrOx/indium-tin-oxide substrates.
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compositions to more readily reorganize and densify during low-
temperature solution-phase MO precursor decomposition.
PAS was next applied to quantify the IGZO film porosity. This

technique is sensitive to voids and can detect isolated and buried
pores as small as 0.3 nm (44, 45). In amorphous porous IGZO films,
the implanted positrons interact with electrons to form positronium
(Ps) atoms that enable nanometer-scale porosity mapping over the
entire film thickness. Fig. 4C shows results for the fraction of three-γ
ortho-Ps annihilations (F3γ) and the shape or Sr parameter as
a function of mean positron implantation depth for SCS 1:1:1 and
1:0.11:0.29 IGZO films. Also shown are the positron implantation
fraction distributions in each layer: surface, IGZO, SiO2, and Si
substrate for the 1:1:1 SCS samples. Almost 95% of the 1- to 2-keV
positrons are implanted in the film (SI Appendix). F3γ evolution be-
tween ∼10 to ∼50 nm, encompassing the IGZO film and the IGZO/
SiO2 interface, identifies large Ps fractions for the 1:1:1 sol-gel and
spin-CS films, where the process is far less efficient (F3γ→0),
1:1:1 sputtered and 1:0.11:0.29 SCS films, and an intermediate
case for 1:1:1 SCS films. Three-γ annihilations in the sol-gel and
spin-CS samples indicate that ortho-Ps occupies empty cavities
large enough to maintain the pick-off annihilation rate λpo at a
level not significantly larger than the self-annihilation rate λ3γ
(46). The lower limit of cavity diameter to observe three-γ anni-
hilation is ∼1 nm (46, 47). This effect is observed in the amor-
phous SiO2 of all samples (bump centered at ∼170 nm in Fig. 4C).
Generally, the PAS Sr parameter depends on the annihilation site

chemical environment and defect concentrations (vacancies, voids,
and pores). The direct correlation between this parameter and the
ortho-Ps fraction F3γ in Fig. 4C clearly indicates that, in these
amorphous films, Sr values depend mainly on porosity. Thus, higher
Sr values in the IGZO films correspond to higher Ps formation
(para-Ps and ortho-Ps pick-off that annihilates in two γ-rays) (48).
Quantitative evaluation is provided by fitting the data Sr evolutions
in Fig. 4C (SI Appendix). From the XRR-derived IGZO film
thicknesses, the film PASmass densities are estimated by minimizing
the variance of the model fits (χR2 plots in SI Appendix, Fig. S22B),
yielding densities in good quantitative agreement with the XRR
results (SI Appendix). The F3γ and Sr results confirm that the
1:0.11:0.29 SCS and 1:1:1 sputtered IGZO films are the least porous

(49), with the subnanometer porosities of the 1:0.11:0.29 SCS and
1:1:1 sputtered films estimated as ∼6% with a mean pore size (Φ)
of ∼0.4–0.6 nm and a cavity number density (η) of ∼9 × 1020 cm−3

followed by a 1:1:1 SCS porosity of ∼10% (Φ = 1–2 nm; η = ∼2 ×
1020 cm−3). The sol-gel and spin-CS film porosities are >15%, with
Φ = 2–3 nm and η = ∼1 × 1020 cm−3 (SI Appendix). These results
underscore the great importance of porosity, along with composition,
for optimizing solution-processed IGZO film properties.
To complement the film microstructure data, C-V measurements

(SI Appendix, Fig. S23) were performed to estimate trapped carrier
densities and their energy profiles (Fig. 4D), allowing a density of
states (DOS) distribution estimate near the conduction band edge
(Ec) (50, 51). From the C-V data, the semiconductor insulator sur-
face potential, φs, and surface potential gradient, (dφ/dx)s, are cal-
culated for each gate voltage (Fig. 4 E and F), providing boundary
conditions to solve Poisson’s equation and determine the potential
distribution within the films (SI Appendix). Because of the low
mobilities of the 50-nm sol-gel and spin-CS IGZO films, their
capacitance modulation by the gate voltage is slow and unstable,
indicating very high trap densities, corroborated by the large
threshold voltage and VT shifts in bias measurements. Accurate
DOS extraction is, therefore, impossible, and we focus on
comparing SCS and sputtered IGZO films (Fig. 4F), which are
characterized by an exponential tail of states close to Ec and an
approximately constant density for deeper level states in agree-
ment with the literature (50). The sputtered IGZO films exhibit
a DOS = 6.0 × 1016 cm−3 eV−1 away from Ec (deep traps), whereas
both 1:1:1 and 1:0.11:0.29 SCS IGZO films have slightly greater
deep trap densities of ∼2.2 × 1017 and 1.5 × 1017 cm−3 eV−1, re-
spectively. High densities of deep traps can lower TFT off-state
currents and also, reduce the subthreshold slope, which is sug-
gested in the corresponding transfer plots (SI Appendix, Fig. S23).
On the side near Ec, shallow trap states (tail states) dominate oxide
TFT mobilities and bias stress stability. Here, the sputtered IGZO
shows the lowest density of tail states (∼2.0 × 1018 cm−3 eV−1 at
0.15 eV below Ec), comparable to published pulsed laser-deposited
(52) and sputtered film data (50, 53, 54). The best SCS devices
(1:0.11:0.29 IGZO) exhibit shallow trap state densities similar to
sputtered IGZO (∼2.4 × 1018 cm−3 eV−1 at 0.15 eV below Ec). The
low 1:0.11:0.29 SCS IGZO tail state density is consistent with the
large mobilities in Table 2 and the good bias stress stability in Fig. 3.
Note that, for the 1:1:1 SCS IGZO system, the shallow trap
density at 0.15 eV below Ec is ∼5.1 × 1018 cm−3 eV−1, more than
two times that of 1:0.11:0.29 SCS IGZO, accounting for the lower
TFT performance. Thus, these XRR, XPS, PAS, and C-V data
connect the electronic structure aspects of IGZO films to com-
position and the aforementioned microstructural features and in-
dicate that SCS is, to date, the only known solution process method
capable of fabricating MO films with a process flow and TFT
quality rivalling that of sputtered films.

Conclusions
An efficient low-temperature oxide film growth methodology com-
bining combustion synthesis and spray coating is reported. SCS
enables scalable fabrication of technologically relevant oxide
films and film requisite thicknesses in a single deposition step
within minutes. High-quality, nanoscopically dense, macroscopi-
cally continuous films are produced for both crystalline and
amorphous MO semiconductors and conductors, yielding high-
performance TFTs for the former and high thin-film conduc-
tivities for the latter. Most important, using a rudimentary spray-
coating device, SCS produces IGZO films and TFTs approaching
those fabricated by optimized magnetron-sputtering protocols in
performance. We believe that these results show the potential
of SCS for implementation in FAB microelectronics and
areas where nanoscopic MO films are required.

Methods
Precursor Solutions for SCS and Spin-CS. All reagents were used as received
from Sigma-Aldrich. These solutions were prepared with In(NO3)3·xH2O,
Zn(NO3)2·xH2O, and Ga(NO3)3·xH2O in 2-methoxyethanol to yield 0.05 or 0.5 M
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solutions. For 0.05 (or 0.5) M solutions, 55 (or 110) μL NH4OH and 100 (or 200) μL
acetylactone were added to 10 (or 2) mL precursor solutions and stirred
overnight at 25 °C. Before spin or spray coating, the precursor solutions were
combined in the desired molar ratios and stirred for 2 h. All depositions were
carried out at RH < 30%.

SCS. Substrates were maintained at 200–350 °C on a hot plate, whereas 0.05 M
precursor solutions were loaded into the spray gun and sprayed in-
termittently (60-s cycles) on the substrates until the desired thickness
(20 or 50 nm) was obtained. The drop sizes were between 30 and 150 μm
depending on the processing temperature. The nozzle–substrate distance
was 10–30 cm. Details of MO film and device fabrication/characterization,
instrumentation, and XRR, PAS, and DOS modeling are reported in SI
Appendix. TFT characterization was performed under ambient conditions
using an Agilent 1500 Semiconductor Parameter Analyzer. The mobility-μ was

evaluated in the saturation region from IDS = ðWCi=2LÞμðVGS −VTÞ2, where Ci

is the insulator capacitance/unit area, VT is the threshold voltage, and VGS

is the gate voltage. W and L are channel width and length, respectively.

ACKNOWLEDGMENTS.We thank the Office of Naval Research through Grant
MURI N00014-11-1-0690 and Northwestern University Materials Research Science
and Engineering Center through National Science Foundation (NSF) Grant NSF
DMR-1121262 for support of this research. X.Y. thanks the graduate students
exchange program supported by the University of Electronic Science and
Technology of China. X-ray reflectivity was performed at the NSF Materials
Research Science and Engineering Center (MRSEC)–supported X-Ray Diffraction
Facility. Microscopy was performed at the Nanoscale Integrated Fabrication,
Testing, and Instrumentation Center and Keck Interdisciplinary Surface Science
Facility of the Northwestern University Atomic and Nanoscale Characterization
Center (NUANCE). The NUANCE Center is supported by the NSF-MRSEC, the Keck
Foundation, the State of Illinois, and Northwestern University.

1. Kim YH, et al. (2012) Flexible metal-oxide devices made by room-temperature pho-
tochemical activation of sol-gel films. Nature 489(7414):128–132.

2. Kim MG, Kanatzidis MG, Facchetti A, Marks TJ (2011) Low-temperature fabrication of
high-performance metal oxide thin-film electronics via combustion processing. Nat
Mater 10(5):382–388.

3. Banger KK, et al. (2011) Low-temperature, high-performance solution-processed metal
oxide thin-film transistors formed by a ‘sol–gel on chip’ process. Nat Mater 10(1):45–50.

4. Treat ND, et al. (2013) Microstructure formation in molecular and polymer semi-
conductors assisted by nucleation agents. Nat Mater 12(7):628–633.

5. Diao Y, et al. (2013) Solution coating of large-area organic semiconductor thin films
with aligned single-crystalline domains. Nat Mater 12(7):665–671.

6. Ju S, et al. (2007) Fabrication of fully transparent nanowire transistors for transparent
and flexible electronics. Nat Nanotechnol 2(6):378–384.

7. Kim D-H, et al. (2008) Stretchable and foldable silicon integrated circuits. Science
320(5875):507–511.

8. Kaltenbrunner M, et al. (2013) An ultra-lightweight design for imperceptible plastic
electronics. Nature 499(7459):458–463.

9. Nomura K, et al. (2004) Room-temperature fabrication of transparent flexible thin-
film transistors using amorphous oxide semiconductors. Nature 432(7016):488–492.

10. Adamopoulos G, et al. (2010) Spray-deposited Li-doped ZnO transistors with electron
mobility exceeding 50 cm²/Vs. Adv Mater 22(42):4764–4769.

11. Meyers ST, et al. (2008) Aqueous inorganic inks for low-temperature fabrication of
ZnO TFTs. J Am Chem Soc 130(51):17603–17609.

12. Park SK, Kim Y-H, Han J-I (2009) All solution-processed high-resolution bottom-con-
tact transparent metal-oxide thin film transistors. J Phys D Appl Phys 42(12):125102.

13. Choi Y, et al. (2010) Characteristics of gravure printed InGaZnO thin films as an active
channel layer in thin film transistors. Thin Solid Films 518(22):6249–6252.

14. Rim YS, Lim HS, Kim HJ (2013) Low-temperature metal-oxide thin-film transistors
formed by directly photopatternable and combustible solution synthesis. ACS Appl
Mater Interfaces 5(9):3565–3571.

15. Kim KM, et al. (2011) Competitive device performance of low-temperature and all-
solution-processed metal-oxide thin-film transistors. Appl Phys Lett 99(24):242109.

16. Kang YH, et al. (2014) Two-component solution processing of oxide semiconductors
for thin-film transistors via self-combustion reaction. J Mater Chem C Mater Opt
Electron Devices 2(21):4247–4256.

17. Kim M-G, et al. (2012) Delayed ignition of autocatalytic combustion precursors: Low-
temperature nanomaterial binder approach to electronically functional oxide films.
J Am Chem Soc 134(28):11583–11593.

18. Yang P, Zhao D, Margolese DI, Chmelka BF, Stucky GD (1998) Generalized syntheses
of large-pore mesoporous metal oxides with semicrystalline frameworks. Nature
396(6707):152–155.

19. Pal B, Sharon M (2002) Enhanced photocatalytic activity of highly porous ZnO thin
films prepared by sol–gel process. Mater Chem Phys 76(1):82–87.

20. Kim DJ, et al. (2012) Improved electrical performance of an oxide thin-film transistor having
multistacked active layers using a solution process.ACSApplMater Interfaces 4(8):4001–4005.

21. Chung W-F, et al. (2011) Environment-dependent thermal instability of sol-gel derived
amorphous indium-gallium-zinc-oxide thin film transistors. Appl Phys Lett 98(15):152109.

22. Hwang C-S, et al. (2009) P-8: Effects of active thickness in oxide semiconductor TFTs.
SID Symp Dig Tech Papers 40(1):1107–1109.

23. Hsieh H-H, et al. (2010) 11.2: A 2.4in. AMOLED with IGZO TFTs and inverted OLED
devices. SID Symp Dig Tech Papers 41(1):140–143.

24. Zheng Y, Wu R, Shi W, Guan Z, Yu J (2013) Effect of in situ annealing on the perfor-
mance of spray coated polymer solar cells. Sol Energy Mater Sol Cells 111:200–205.

25. Park H-Y, Yang H, Choi S-K, Jang S-Y (2012) Efficient solvent-assisted post-treatment
for molecular rearrangement of sprayed polymer field-effect transistors. ACS Appl
Mater Interfaces 4(1):214–221.

26. Adamopoulos G, et al. (2011) Structural and electrical characterization of ZnO films
grown by spray pyrolysis and their application in thin‐film transistors. Adv Funct
Mater 21(3):525–531.

27. Buchholz DB, Liu J, Marks TJ, Zhang M, Chang RPH (2009) Control and characteriza-
tion of the structural, electrical, and optical properties of amorphous zinc-indium-tin
oxide thin films. ACS Appl Mater Interfaces 1(10):2147–2153.

28. Lin C-C, et al. (2013) In-situ post-annealing technique for improving piezoelectricity
and ferroelectricity of Li-doped ZnO thin films prepared by radio frequency magne-
tron sputtering system. Appl Phys Lett 102(10):102107.

29. Noh H-K, Chang KJ, Ryu B, Lee W-J (2011) Electronic structure of oxygen-vacancy
defects in amorphous In-Ga-Zn-O semiconductors. Phys Rev B Condens Matter Mater
Phys 84(11):115205.

30. Mitchell Hopper E, Peng H, Hawks SA, Freeman AJ, Mason TO (2012) Defect mecha-
nisms in the In2O3(ZnO)k system (k = 3, 5, 7, 9). J Appl Phys 112(9):093712.

31. Lany S, Zunger A (2007) Dopability, intrinsic conductivity, and nonstoichiometry of
transparent conducting oxides. Phys Rev Lett 98(4):045501.

32. Tomita T, Yamashita K, Hayafuji Y, Adachi H (2005) The origin of n-type conductivity
in undoped In2O3. Appl Phys Lett 87(5):051911.

33. Donley C, et al. (2001) Characterization of indium–tin oxide interfaces using X-ray
photoelectron spectroscopy and redox processes of a chemisorbed probe molecule: Ef-
fect of surface pretreatment conditions. Langmuir 18(2):450–457.

34. Zhang X-H, Tiwari SP, Kippelen B (2009) Pentacene organic field-effect transistors with
polymeric dielectric interfaces: Performance and stability. Org Electron 10(6):1133–1140.

35. Briseno AL, et al. (2005) Patterned growth of large oriented organic semiconductor single
crystals on self-assembled monolayer templates. J Am Chem Soc 127(35):12164–12165.

36. Cho JH, et al. (2008) Printable ion-gel gate dielectrics for low-voltage polymer thin-
film transistors on plastic. Nat Mater 7(11):900–906.

37. Everaerts K, et al. (2013) Printed indium gallium zinc oxide transistors. Self-assembled
nanodielectric effects on low-temperature combustion growth and carrier mobility.
ACS Appl Mater Interfaces 5(22):11884–11893.

38. Lee E, et al. (2014) Gate capacitance-dependent field-effect mobility in solution-pro-
cessed oxide semiconductor thin-film transistors. Adv Funct Mater 24(29):4689–4697.

39. Chiang HQ, McFarlane BR, Hong D, Presley RE, Wager JF (2008) Processing effects on
the stability of amorphous indium gallium zinc oxide thin-film transistors. J Non Cryst
Solids 354(19-25):2826–2830.

40. Mativenga M, Di G, Chang JH, Tredwell TJ, Jin J (2012) Performance of 5-nm a-IGZO
TFTs with various channel lengths and an etch stopper manufactured by back UV
exposure. IEEE Trans Electron Devices 33(6):824–826.

41. Als-Nielsen J, McMorrow D (2011) Elements of Modern X-Ray Physics (Wiley, New York).
42. Bellingham JR, Mackenzie AP, Phillips WA (1991) Precise measurements of oxygen

content: Oxygen vacancies in transparent conducting indium oxide films. Appl Phys
Lett 58(22):2506–2508.

43. Jenkins HDB, Pratt KF (1979) Lattice energies and thermochemistry of hexa-
halometallate(iv) complexes, A2MX6, which possess the antifluorite structure. Ad-
vances in Inorganic Chemistry and Radiochemistry, eds Emeléus HJ, Sharpe AG
(Academic, London), Vol 22, pp 1–111.

44. Gidley DW, Peng H-G, Vallery RS (2006) Positron annihilation as a method to char-
acterize porous materials. Annu Rev Mater Res 36:49–79.

45. Sato K, et al. (2006) Positronium formed by recombination of positron-electron pairs
in polymers. Phys Rev Lett 96(22):228302.

46. Brusa RS, et al. (2003) Structural evolution in Ar+ implanted Si-rich silicon oxide.
J Appl Phys 94(12):7483–7492.

47. Rubloff GW (1990) Defect microchemistry in SiO2/Si structures. J Vac Sci Technol A
8(3):1857–1863.

48. Consolati G, Ferragut R, Galarneau A, Di Renzo F, Quasso F (2013) Mesoporous ma-
terials for antihydrogen production. Chem Soc Rev 42(9):3821–3832.

49. Nomura K, et al. (2007) Local coordination structure and electronic structure of the
large electron mobility amorphous oxide semiconductor In-Ga-Zn-O: Experiment and
ab initio calculations. Phys Rev B Condens Matter Mater Phys 75(3):035212.

50. Kimura M, et al. (2011) Extraction of trap densities in ZnO thin-film transistors and
dependence on oxygen partial pressure during sputtering of ZnO films. IEEE Trans
Electron Devices 58(9):3018–3024.

51. Nomura K, Kamiya T, Hirano M, Hosono H (2009) Origins of threshold voltage shifts in
room-temperature deposited and annealed a-In–Ga–Zn–O thin-film transistors. Appl
Phys Lett 95(1):013502.

52. Hsieh H-H, Kamiya T, Nomura K, Hosono H, Wu C-C (2008) Modeling of amorphous
InGaZnO4 thin film transistors and their subgap density of states. Appl Phys Lett
92(13):013502.

53. Jun-Hyun P, et al. (2008) Extraction of density of states in amorphous GaInZnO thin-
film transistors by combining an optical charge pumping and capacitance: Voltage
characteristics. IEEE Trans Electron Devices 29(12):1292–1295.

54. Yongsik K, et al. (2012) Amorphous InGaZnO thin-film transistors. Part I: Complete
extraction of density of states over the full subband-gap energy range. IEEE Trans
Electron Devices 59(10):2689–2698.

3222 | www.pnas.org/cgi/doi/10.1073/pnas.1501548112 Yu et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1501548112/-/DCSupplemental/pnas.1501548112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1501548112/-/DCSupplemental/pnas.1501548112.sapp.pdf
www.pnas.org/cgi/doi/10.1073/pnas.1501548112

