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ABSTRACT: In oxide semiconductors, such as those based on indium zinc oxide (IXZO), a 4 & 8
strong oxygen binding metal ion (“oxygen getter”), X, functions to control O vacancies and . mmm Zn lmgm
enhance lattice formation, hence tune carrier concentration and transport properties. Here we

systematically study, in the IXZO series, the role of X = Ga®" versus the progression X = Sc**
— Y*" — La*, having similar chemical characteristics but increasing ionic radii. IXZO films |_S¢
are prepared from solution over broad composition ranges for the first time via low- |

temperature combustion synthesis. The films are characterized via thermal analysis of the .

@

precursor solutions, grazing incidence angle X-ray diffraction (GIAXRD), atomic force
microscopy (AFM), X-ray photoelectron spectroscopy (XPS), and scanning transmission
electron microscopy (STEM) with high angle annular dark field (HAADF) imaging. Excellent
thin-film transistor (TFT) performance is achieved for all X, with optimal compositions after
300 °C processing exhibiting electron mobilities of 5.4, 2.6, 2.4, and 1.8 cm? V! s7! for Ga®t,
Sc*, Y*, and La*, respectively, and with I.,/I . = 10'—10%. Analysis of the IXZO TFT
positive bias stress response shows X = Ga*" to be superior with mobilities (4) retaining >95%
of the prestress values and threshold voltage shifts (AVy) of <1.6 V, versus <85% y retention and AV & 20 V for the other
trivalent ions. Detailed microstructural analysis indicates that Ga®* most effectively promotes oxide lattice formation. We
conclude that the metal oxide lattice formation enthalpy (AH;) and metal ionic radius are the best predictors of IXZO oxygen
getter efficacy.
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B INTRODUCTION

The field of metal oxide semiconductors for thin-film transistor
(TFT) implementation has experienced rapid progress,
particularly after breakthroughs in amorphous oxide films less
than a decade ago.' Owing to the their appreciable field-effect

instabilities related to O,, moisture, and light exposure.6 CNT
based TFT's have demonstrated good n- and p-type mobilities
(~15 and 70 cm® V! 57, respectively)” as well as good current
on:off ratios (I,,/Lg), but key issues such as large-scale chirality
separation/targeted synthesis® and large-scale alignment’

mobilities, smooth surfaces, and optical transparency, these
materials are attractive for use in active-matrix organic light
emitting diode (AM-OLED) displays, radio frequency ID tags,
wearable sensor arrays, flexible displays, and flexible solar cells.”
Very recently, several major manufacturers have begun full-scale
production of displays using IGZO TFTs.> While amorphous
silicon (a-Si:H) is currently utilized on a large scale in large-area
electronics applications, it is limited by an intrinsically low field-
effect mobility (<1 ecm® V™' s7"), optical opacity, and marginal
current-carrying capacity.” Organic semiconductors, including
small molecules and polymers, carbon nanotubes (CNTs), and
graphene have also enabled rapid advances in TFT perform-
ance.'* Although their performance continues to progress,
many small molecules and polymers nevertheless suffer from
relatively low electron mobilities (typically <2 cm* V™' s7!) and
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continue to present challenges. Graphene-based devices possess
the highest mobilities, but have yet to demonstrate suitable
“off” state currents, reflecting the negligible band gap.>*'°

In contrast to the aforementioned materials, metal oxide
semiconductor films grown by physical vapor deposition
techniques such as pulsed laser deposition'®'' and rf-
magnetron sputtering'~ have shown mobilities exceeding 50
em® V7' s7! I /g exceeding 107, and stable threshold voltages
(V1) near 0 V. In fact, multiple display manufacturers have
recently announced large-scale production of AM-OLED and
liquid crystal displays (LCDs) usin§ amorphous indium gallium
zinc oxide (a-IGZO) based TFTs." For these reasons, solution
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processing of transparent oxide films becomes an especially
attractive, low-cost, high-throughput, and low materials waste
alternative to physical vapor deposition film growth techni-
ques.'® Furthermore, solution processing offers simple and
broad tuning of composition, whereas most vapor phase
techniques require costly target fabrication with each desired
composition modification. Sgin-coating,14 chemical bath
deposition,15 gravure printing,l and inkjet printing17 have all
been extensively studied as oxide solution deposition methods,
with the goal of ultimately achieving efficient roll-to-roll device
fabrication. However, until recently, typical solution-based
routes to functional metal oxide films have required an
extremely high temperature annealing step (=400 °C) to
promote metal—oxygen—metal (M—O—M) lattice formation,
densification, and impurity removal. Recently, Banger and co-
workers introduced rationally designed metal alkoxide
precursors that, when spin-coated and annealed, undergo
hydrolysis and condensation at low temg)eratures (200—250
°C) to enable gopod M—O—M formation. 8 Nevertheless, this
approach requires time-consuming and expensive synthesis of a
different metal—organic precursor for each metal ion.

We recently reported a general approach to low temperature
solution processing of functional metal oxide films called
combustion synthesis (Figure 1)."” By introducing an oxidizer
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Figure 1. (A) Schematic reaction coordinate comparing the energetics
for combustion synthesis and conventional sol—gel solution
processing. (B) Example of combustion reaction for a generic metal
with nitrate acting as the oxidizer and acetylacetone as the fuel.

(in the form of a metal nitrate salt) and a fuel (acetylacetone or
urea) into the precursor solution, the chemical potential of the
oxide precursor is greatly enhanced. When spin-coated and
annealed, a highly exothermic but local chemical transformation
occurs within the film, leading to rapid and efficient
condensation and M—O—M lattice formation at low external
input temperatures (i.e., via a hot plate or oven). Owing to the
large surface area/volume ratio of these films, heat is readily
dissipated and is therefore not detrimental to the underlying
substrate, meaning that this process is compatible with several
types of low-cost plastic substrate. To date, we have shown
combustion synthesis to be an effective method to explore new
functional semiconducting metal oxides,?® and as an electronic
binder in transparent conducting oxide nanoparticle films.*'
The aforementioned interest in semiconductor metal oxide
electronics stems from the distinctive electronic structures of
these materials versus silicon. In a-Si:H, the conduction band
primarily consists of covalent sp* hybridized orbitals with many
tail states present in the gap due to dangling bonds, impeding
transport and making it extremely sensitive to lattice distortion
and processing. For these reasons, a-Si:H exhibits a ~1000-fold
reduction in mobility versus the crystalline state.* In contrast,
for metal oxide semiconductors, conduction is relatively
insensitive to lattice distortion because the conduction band
states are principally derived from spherical metal s-orbitals

with electronic structure (n — 1)d"’ns” where n > 5 (e.g, in
Sn*, Cd**, In*).** The exact mechanism of free carrier
(electron) generation in these oxides is currently the subject of
extensive literature discussion.”*® In crystalline metal oxides,
some experimental data and first-principles theoretical calcu-
lations predict that antisite defects (e.g., Inj,, for In,05(Zn0);)
act as shallow donors while oxygen vacancies occupy deep
levels in In,O; ZnO, and InGaO(ZnO),, constituting deep
traps.>* On the other hand, theoretical studies on amorphous
oxides have shown that the local environment influences
whether an oxygen vacancy will act as a deep trap or shallow
donor.”** In addition, several studies have shown that oxygen
vacancies play a major role in the instability properties of a-
IGZO.**** Binary polzlcrystalline metal oxide semiconductors
such as Sn0,,* In,0;, ¢ and ZnO? exhibit very high electron
mobilities when subjected to moderate to high temperature
annealing. However, the major shortcomings of these binary
oxides are (1) achieving high levels of crystallization to yield
high mobility at lower temperatures, (2) poor control of defects
leading to high off-currents in some cases, and (3) grain
boundaries causing electrical inhomogeneities as well as
structural defects which can promote film cracking on flexible
substrates. To suppress crystallization, ternary oxide semi-
conductors have been prepared by a variety of solution and
vapor deposition techniques. Indium zinc oxide (IZO),26
indium tin oxide (ITO),'"* aluminum indium oxide (AIO),*
and zinc tin oxide (ZTO)*® are among the most promising
candidates in terms of achieving high mobility, in the range of 1
to 20 cm”® V' 57, depending on deposition and postprocessing
techniques. However, while it is possible to achieve high
mobilities with ternary oxides, they often suffer from severe
bias, light, and environmental instabilities, limiting their
potential applications. Nomura et al. first introduced gallium
into 1ZO,'® which has subsequently been shown to promote
amorphicity, thereby eliminating grain boundaries, controlling
carrier concentration, and increasing resistance to various
instabilities by reducing the film metal hydroxide (M—OH) and
oxygen vacancy content. Subsequently, numerous other
“oxygen getters” have been investigated; that is, metal ions
which have a strong oxygen affinity, including Ti*? we+ 30
G2 sr2*3% Sitt Pzt 3 HEY 3 S 36 Y337 and La¥* .38
In this contribution, we employ combustion synthesis to
prepare several series of amorphous quaterny metal oxide
semiconductors of type a-InXZnO (X = Ga, Sc, Y, La) and
explore the effect(s) of various “oxygen getter” metal ions with
respect to undoped InZnO. Specifically, we compare and
contrast the thin film properties of Ga’*, the most widely
studied getter cation, with those of the group 3/lanthanide ions,
Sc**, Y**, and La®*, which have similar chemical properties but
differ greatly in ionic radius. While several studies have
addressed the doping properties of these cations individually,
to our knowledge this is the first time that more than one getter
ion is studied under identical processing conditions in order to
understand how their incorporation into the InZnO lattice
affects a-InXZnO charge transport properties. Here we present
a detailed structure—function investigation utilizing precursor
solution thermal analysis, combined with thin film grazing
incidence X-ray diffraction, atomic force microscopy, X-ray
photoelectron spectroscopy, and scanning transmission elec-
tron microscopy with high angle annular dark field imaging of
the resulting films, followed by thin-film transistor (TFT)
transport analysis, including bias-stress studies. Owing to the
versatility and efficiency of the combustion synthesis approach,
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Figure 2. Thermogravimetric analysis (TGA, left axis) and differential thermal analysis (DTA, right axis) of IXZO combustion precursor solutions
with atomic ratio In:X:Zn = 72.5:7.5:20. (A) X = Ga, (B) X = Sc, (C) X =Y, and (D) X = La. Sharp mass loss and large exothermic peaks can be

seen in all cases at ~190 °C.

these metal oxide semiconductor films can be grown using
processing temperatures (T = 250 and 300 °C)
significantly lower than the 450—550 °C typically used for
solution-processed ISZO, IYZO, and ILZO TFTs.3%3738 Thus,
IGZO TEFTs fabricated by combustion processing are
demonstrated for the first time and shown to exhibit excellent
mobilities >5 cm* V™' s7' and good bias-stress stability for
moderate film thermal processing at 300 °C, well within the
T;s of many commercially available transparent polymer
substrate materials. Finally, we present metal oxide lattice
enthalpies and ionic radii as predictive parameters for oxygen
getter efficacy and provide candidates for future exploration.

B RESULTS

To investigate the function of the oxygen getter in the InXZnO
quaternary amorphous oxide semiconductor system (X = Ga**,
Sc*, Y**, and La*"), we first analyze the thermal characteristics
of the combustion precursors for each materials system. Next,
thin films are grown over a large composition range of the
phase space diagram to systematically assay the effects of each
metal constituent on morphology and charge transport
characteristics for films annealed at two temperatures (T,,ca
= 250 and 300 °C). To elucidate any structural differences
between the systems, diverse characterization techniques are
employed. Grazing incidence angle X-ray diffraction
(GIAXRD) is performed to verify the amorphous micro-
structure, and atomic force microscopy (AFM) to probe surface
morphology. Scanning transmission electron microscopy
(STEM) with high angle annular dark field (HAADF) imaging
is next used to characterize the microstructures of these films,
and X-ray photoelectron spectroscopy (XPS) is performed to
assess the oxygen bonding states within the films. TFTs are
then fabricated and evaluated under all conditions to correlate
transport properties with the thin film electronic structure and
microstructure. Finally, bias stress measurements are performed
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to assess the stabilizing efficacy of each oxygen getter during
actual TFT operating conditions.

Thermal Analysis of Combustion Precursor Synthesis.
Thermogravimetric analysis (TGA, left axis) and differential
thermal analysis (DTA, right axis) data for representative
combustion IXZO precursor compositions are shown in Figure
2. These compositions are those affording, upon thermal
conversion, optimal TFT device performance. Samples for
thermal analysis are prepared by mild drying under vacuum of
0.05 M combustion precursor solutions comprised of a metal
nitrate in 2-methoxyethanol with acetylacetone as the fuel, and
ammonia as a chelating/hydrolyzing agent (see Experimental
Section for details). As a consequence of this procedure, the
initial mass loss differences between the samples are due to
residual solvent variations. However, all of the four systems
undergo an abrupt and complete mass loss at ~190 °C,
corresponding to the onset of combustion, and corresponding
to a very sharp exotherm in the DTA. The complete mass loss
at Typea < 200 °C is significant, especially when compared to
conventional sol—gel routes where decomposition and
dehydration are typically followed much later/at higher
temperatures by extensive dehydroxylation, finally followed by
densification.®® In the present case, densification occurs as
Toneal 18 increased, but extensive dehydroxylation is not
observed.

IXZO Thin Film Growth and Microstructure. Figure 3b
shows the phase space diagram for the quaternary oxides
investigated in this study. Based on other studies on crystalline
and amorphous oxide semiconductors,* it is predicted that as
the concentration of X increases, the TFT field-effect mobility
will fall because the conduction band primarily consists of In**
4s-states.”**! Thus, for high levels of X doping, the electron
transport is expected to degrade severely. For this reason, in
order to compare film microstructure and charge transport
efficiency, predominantly In-rich films were examined, while
varying the Zn** composition at total metal concentration

dx.doi.org/10.1021/ja403586x | J. Am. Chem. Soc. 2013, 135, 10729—10741
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Figure 3. (A) Bottom-gate top-contact thin-film transistor geometry
utilized in this study and (B) phase space investigated for IXZO, where
X =S¢, Ga, Y, or La and T,,,., is both 250 and 300 °C.

intervals of 10 atom % (i.e., 10, 20, 30, and 40 atom %), while
making smaller variations in the X* content (2.5, 5, 7.5, 10, 15,
and 20 atom %). The T,,,.. values selected for this study are
250 and 300 °C in order to demonstrate processing that is
compatible with inexpensive plastic substrates and, while based
on previous work,*® maximizing TFT electrical performance.
IXZO thin films were grown from precursor solutions of 0.05
M metal nitrate salts in 2-methoxyethanol, combining them
with acetylacetone as fuel and ammonia as a complexing agent,
and then allowing them to stir/age for 12 h. Approximately 1 h
prior to spin-coating, the combustion precursor solutions for
the desired metals were combined by micropipet to the desired
atomic ratios and stirred. The IXZO precursor solutions were
then spin-coated on Si/SiO, substrates and annealed at the
desired temperature. This spin-coating process was repeated
three additional times to afford film thicknesses of ~12 nm, as
measured by spectroscopic ellipsometry (see Experimental
Section for full details).

Representative GIAXRD plots for IXZO films annealed at
300 °C are shown in Figure 4; the entire GIAXRD data set can

—Ga
Se

L 3000-WM" i pe—Y

w La

o o,

g e

)

= 1500

.ﬁ s .

=

g2 o

- 0 I. O D |

10 20 30 40 50
20

Figure 4. Grazing incidence angle X-ray diffraction patterns of IXZO
thin films (In:X:Zn = 72.5:7.5:20 atom %; Tyynea = 300 °C) on Si
substrates demonstrating their amorphous nature. Additional X-ray
data can be found in the Supporting Information.

be found in Figures S1—-S8 (Supporting Information). From
these plots it is clear that, regardless of the oxygen getter, all
films are essentially amorphous at a macroscopic level,
independent of the composition or annealing temperature.
This result is in accord with previous studies showing that
minimal amounts of Y** added to In,O; are sufficient to
frustrate crystallization, leading to an amorphous micro-
structure.”

Scanning transmission electron microscopy (STEM) high
angle annular dark field (HAADF) images of four free-standing
IXZO films annealed at 300 °C are shown in Figure S, along
with their typical energy-filtered diffraction patterns (inset).

Figure 5. STEM-HAADF images for free-standing IXZO films with
atom % ratio In:X:Zn = 72.5:7.5:20 at 300 °C. Inset: Energy-filtered
electron diffraction patterns for free-standing IXZO films with d-
spacing calibrated using a polycrystalline gold film prepared by thermal
evaporation.

The diffuse diffraction rings in all four diffraction patterns
support the local and spatially consistent amorphous nature of
these thin films as also detected above by XRD averaged over
the entire film. In the HAADF images, the dark contrast
denotes areas of lower mass density than the surrounding gray
or white matrix since HAADF imaging is insensitive to
diffraction and phase contrast. Thus, because the films lack
long-range order, the spatially distributed “dark-gray-white”
contrast indicates that the films are nanoporous, similar to what
is commonly observed in conventional sol—gel materials,
including sol—gel-derived semiconductors.*> During the
annealing of solution/sol—gel processed oxides, the metal—
organic precursors decompose with gas evolution, typically
CO, H,0, N,, and/or O,, affording nanoporous structures
similar to those shown in Figure 5.** For example, Chung et al.
described sol—gel derived a-IGZO TFTs with pores on the
scale of ~5 nm as determined by TEM.** Furthermore, they
reported detailed electrical characterization in vacuum and after
heating, revealing that the porous nature of a-IGZO enables
excess O, adsorption, exacerbating threshold voltage shifts
under bias stress.”” The measured average pore sizes in the four
films of Figure S are in the range of 2—6 nm. Nevertheless,
these combustion-derived films are suitable for device
applications, plausibly because the multilayer deposition
process provides contiguous charge transport pathways (see
more below).

Thin Film Morphology and Chemical Composition.
AFM images were acquired for representative IXZO and I1ZO
films annealed at both 250 and 300 °C (Figures 6 and S9),
revealing extremely smooth, featureless morphologies charac-
terized by root-mean-square (RMS) roughness values of <0.2
nm. These findings are in accord with our previous reports of
the very smooth character of combustion-processed In,O; and
binary oxide films."” ™!
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Figure 6. Representative atomic force micrographs (AFMs) and RMS
roughness values of combustion-derived IXZO films with atom ratios:
72.5:7.5:20 processed at 250 and 300 °C and exhibiting extremely
smooth surface morphologies.

X-ray photoelectron spectroscopy was next performed on the
IXZO films to better understand the chemical and local
bonding structural differences among the present quaternary
oxides. The oxygen 1s spectra can be deconvoluted into three
principal signatures: (1) M—O—M lattice species at $29.8 + 0.1
eV, (2) bulk and surface metal hydroxide (M—OH) species at
531.1 + 0.1 eV, and (3) weakly bound (M—OR) species such
as H,0 or CO, at 5322 + 0.1 eV.¥ As in the GIAXRD
analysis, the XPS spectra were obtained for both low (2.5 atom
%) and high (20 atom %) X concentrations at Zn = 10, 20, 30,
and 40 atom % and for films lacking an oxygen getter (IZO) for
film annealing at both 250 and 300 °C. Figure 7 shows
representative Ols spectra (black line) for two IXZO

compositions (X = Ga, Y), where the red line is the fitted
profile with the deconvoluted peaks of the binding energies
(blue) for the three relevant chemical components. Here, the
increase in M—O-—M lattice species as Ga concentration
increases from 2.5 to 20 atom % is evident. In the case of Y, the
trend is the inverse. The remaining spectra, peak positions,
FWHMs, areal fractions, and reduced y* data can be found in
Figures S10—S17 and Tables S1—SS5 of the Supporting
Information. All XPS spectra were fitted using Gaussian—
Lorentzian product functions after subtracting the baseline, and
the peak positions were fixed within the ranges specified above.
Charge transport in metal oxide semiconductors relies on
extensive M—O—M lattice formation.”**® Furthermore, metal
hydroxide (M—OH) and surface adsorbed carbon species (M—
OR) are well-known electron traps in solution-processed oxide
films.* In order to achieve high mobility and maintain a low
threshold voltage, a good semiconductor should maximize M—
O—M formation and minimize detrimental M—OH and M—
OR contributions. Thus, an instructive comparison to under-
stand device performance is to compare the XPS Ols subpeak
ratio of the lowest energy M—O—M peak area to the total Ols
peak area, defined here as 1y 0. An effective ‘oxygen getter’
should increase this ratio.

Figure 8 details the 1y oy ratio as the Zn atomic
concentration is varied for low and high X atom concentrations
for both 250 (A) and 300 °C (B) combustion-processed films.
For low doping levels (2.5%) the difference in 7.0 between
the four semiconductors is quite small. This is expected since
the total composition variation between each film is minimal.
The 7o variation that is observed reflects a combination of
the differences in surface chemistry of each oxide and the small
variability in the level of surface “contamination” found on each
film. Previous XPS studies have shown that the magnitude of
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Figure 7. Representative Ols photoelectron spectra (XPS) of IGZO and IYZO thin film at T,,,.y = 250 °C including Gaussian fits to three peaks
representing M—O—M oxygen lattice species (529.8 + 0.1 eV), metal hydroxide oxygen (531.1 + 0.1 eV), and adsorbed oxygen species (532.2 + 0.1
eV). For IGZO, increased oxygen getter concentration leads to an increase in ..y while in IYZO a decrease of 170y is observed for increasing Y
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Figure 8. Ratio of the Ols metal—oxygen—metal peak area to the total peak area (17y.0.) for XPS Ols spectra fitted as shown in Figure 7 for both
low (2.5%) and high (20%) X concentrations as the Zn concentration is varied where X = Ga, Sc, Y, La, and no X for (A) 250 and (B) 300 °C

processing temperatures.

surface bound species is oxide dependent,”” and so at high X
doping levels, the surface chemistry differences, as well as the
changes to the oxide lattice, will be observed. For example,
Y,0; is known to be basic and will have a greater degree of
reactivity with CO, and other carbonaceous compounds than
Ga,03.* The unique reactivity of yttria is illustrated in Figures
S14 and SIS by the large increase in the adsorbed surface
species subpeak (~532.2 eV) when the yttrium concentration is
increased from 2.5% to 20%. Furthermore, the effect of back
channel adsorbed and/or bound species on charge transport
has been well established for oxide electronics.” Thus, the
analysis of the M—OH and M—OR subpeaks in relation to the
M—O-M subpeak is extremely useful when correlating XPS
data to FET electron transport in metal oxide semiconductors.
At the lower T,,.q = 250 °C a general trend is that as the
atomic concentration of Zn increases, Ay o decreases.
Furthermore, this ratio is relatively insensitive to Ga
incorporation (shown in green) in the oxide lattice, while Sc
(orange), Y (blue), and La (red) incorporation leads to a
significant decrease. At T, 300 °C, high Ga content does

anneal —

afford increased 17 o content. Again Sc, Y, and La addition all
cause 7o to decrease. These results are important and
rather surprising since, of the four oxygen getters addressed in
this study, only Ga acts to cumulatively enhance metal oxide
lattice formation as it is integrated into the film (vide infra). In
addition, XPS analysis of films without an oxygen getter (IZO)
reveals very little variation in #,.o. with increased Zn atomic
content and an expected increase in #y.o, upon increasing
T pneal from 250 to 300 °C. When comparing IZO to the IXZO
systems it is important to note that the introduction of an
additional cation (X), while controlling the oxygen vacancy
concentration, will also introduce an additional source of
structural disorder.'® Therefore, for a fixed annealing temper-
ature, a ternary oxide lattice will form more easily than a
quaternary lattice. This leads to generally higher values of
Nm.o.m for IZO compared to IXZO at constant Zn
concentration. In practice, this means that there is no ideal
control oxide system (i.e., a film with no getter but also having
the same level of structural disorder) for correlating the two
oxide systems.

Thin-Film Transistor Fabrication and Electrical Char-
acterization. To investigate how IXZO film composition
affects film charge transport properties, bottom-gate top-
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contact thin-film transistors were fabricated on p*-Si/SiO,
(300 nm) wafers. Figure 3 shows the device architecture (A)
and the metal composition space (B) of the TFTs fabricated for
semiconductor channels, annealed at both 250 and 300 °C.
Thermally evaporated Al, patterned through a shadow mask,
was used as the source and drain electrodes to afford channel
dimensions of L = 100 and W = 5000 gm. These dimensions
were carefully selected to ensure accurate determination of the
field-effect mobility.’® Furthermore, the IXZO films were
etched/patterned with oxalic acid prior to electrode deposition
to eliminate the effects of parasitic currents arising from the
common gate structure. TFT transfer characteristics were
obtained for all IXZO compositions and for films annealed at
both temperatures. The field-effect mobility (p,) was
calculated from the slope of Ipg, w2 vs Vg according to the
conventional thin film transistor model (eq 1) in the saturation
regime. Here C, is the capacitance of the gate insulator (11 nF/
cm? for the 300 nm SiO, used here), and L and W are the
channel length and width,

2
[ 9vIbs ) 2L

Hat aV; ) WC, (1)
respectively (see Experimental Section for details). Table 1
summarizes representative TFT performance parameters for
the IXZO compositions affording optimum performance. Note
that identical TFTs were also fabricated utilizing IZO channels

Table 1. Representative TFT Performance for IXZO Film
Combustion Processed at 250 and 300 °C

T pnneal optimized composition Hat Vr
X °C) (In:X:Zn atom %) (em?® Vst (V) I./Lg
Ga 250 85:5:10 1.28 25 107
300 80:10:10 543 17 108
Sc 250 77.5:2.5:20 0.45 16 107
300 77.5:2.5:20 2.57 29 108
Y 250 87.5:2.5:10 0.35 22 10®
300 87.5:2.5:10 237 16 107
La 250 77.5:2.5:20 0.65 23 10%
300 87.5:2.5:10 1.81 25 107
none 250 70:0:30 0.42 52 10°
300 70:0:30 572 17 108
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as control devices to confirm concurrence with previous
results.'” In agreement with previous findings, IZO TFTs
fabricated at T, of 250 °C exhibit a mobility ranging from
0.14 to 1.01 cm® V™! 57! while those fabricated at T,,.; = 300
°C achieve mobilities in the range of 3.89 to 8.69 cm® V' 57,
depending on Zn content (Table S6). From these data it is
clear that the field-effect mobility increases when the annealing
temperature is increased and ranges from 0.35 (X =Y) to 1.28
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em? V7' s7H (X = Ga) for Typpeq = 250 °C and from 1.81 (X =
La) to 543 cm® V! s7! (X = Ga) for T, = 300 °C.
Interestingly, both the threshold voltage (V) and the on—off
current modulation (I,,/I4) are far less sensitive to either the
annealing temperature or composition and remain in the ranges
~15-30 V and ~10"—10°% respectively. Note that the
moderately high Vi values for these TFTs are the result of
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the relatively thick SiO, (300 nm) dielectric layer, thin a-IXZO
active layers, and a nonoptimal device architecture.>

To scrutinize the effects of the elemental composition on the
IXZO TFT charge transport, we focus first on the field-effect
mobility trends as shown in Figures 9 (T,,,ea = 250 °C) and 10
(T yuneat = 300 °C). Note that these mobility values are averaged
from at least four transistors per composition. In these plots,
light gray represents areas where IXZO compositions afford
inactive TFTs whereas dark gray represents highly conductive
devices that cannot be switched off upon application of a large
negative gate bias. IGZO TFTs annealed at 250 °C (Figure 9A)
function properly up to 20 atom % Ga, regardless of the Zn
concentration. However, as the Ga concentration is increased
further, the mobility degrades from a maximum of >1 cm®
V's to < 0.1 cm®* V7! 57! for In:Ga:Zn = 40:20:40. In
comparison, for ISZO TFTs (B) processed at the same
temperature, a maximum mobility of ~0.5 cm® V7! s7! is
obtained at In:Sc:Zn = 87.5:2.5:10. As the Sc content is
increased, a sharp drop in mobility is observed until the Sc
content is increased above 10 atom %, at which point the TFT's
no longer function. Similar trends are observed for both IYZO
(C) and ILZO (D), where devices reach a maximum mobility
of 0.35 and 0.65 cm?> V™' s, respectively. As with ISZO TFTs
annealed at the same temperature, a relatively abrupt drop in
mobility is observed for IYZO and ILZO, with films becoming
insulating around 10—1S5 atom % Y and La. A clear trend
evident in the group 3 metals is that as the oxygen getter ion
size increases from Sc* to Y3* to La®, the TFTs become
inactive at lower X doping content. This is likely related to
structural disorder caused by the larger Y** and La*" ions
disrupting the lattice.

When the processing temperature is increased to 300 °C, a
marked increase in mobility is observed for the IGZO TFTs
(Figure 10A). In fact, for Zn = 10 atom % and Ga = 2.5, S, and
7.5 atom % compositions, the IGZO TFTs become too
conductive to be properly modulated by the gate bias and to
meaningfully extract y,,. However, upon higher levels of Ga
and/or Zn incorporation (Ga > atom 10% for Zn = 10 atom %
and Ga > 2.5 atom % when Zn > 20 atom %), good gate
modulation and excellent mobilities are observed, up to 5.4 cm®
V™' 57! and dropping to 0.75 cm® V! 57" in the case of very
low In contents (In:Ga:Zn = 40:20:40). In marked contrast,
ISZO, IYZO, and ILZO all exhibit similar compositional trends
in carrier mobility with a clear variation observed depending on
metal ionic radius (Figure 10B—D). That is, as the X eight-
coordinate ionic radius increases from 0.89 A (Sc**) to 1.04 A
(Y’*) to 1.17 A (La%), the highest achievable mobility
decreases from ~2.6 cm®> V7' s} to 2.5 em? V7! s7), to 1.8
cm?® V' 7!, respectively. Again, the IXZO TFTs based on the
X = non-Ga** metals do not function when the X doping
concentration is increased beyond 10—15 atom %. The overall
TFT performance enhancement for T, = 300 °C versus 250
°C is not surprising and likely reflects increased hydrolysis,
densification, and structural relaxation, specifically related to
replacement of weak Zn—O bonds (see Discussion).>>

Overall, very good mobility values are obtained for all of the
present combustion-processed IXZO film systems. While
conventional sol—gel processed IGZO films typically exhibit
U © 1 ecm? V7! s7! for T, = 400 °C, the combustion route
yields similar values for processing temperatures of only 250
°C>* Note that, at T,,.. = 300 °C, Banger et al. also
demonstrated a mobility of ~5 cm® V™' s7! using somewhat
less straightforward metal—organic precursors and processing."®

Previous reports of introducing Sc into IZO required T, =
500 °C to obtain functioning TFTs with a maximum mobility
of ~2.1 cm® V™! s, while, with combustion synthesis, a slightly
greater mobility of ~2.6 cm® V™! s7! is possible at a significantly
lower T,,,.. = 300 °C.>® Similarly, other reports of IYZO and
ILZO films utilized conventional sol—gel approaches with

T neat ~550 °C to yield TFTs with pg, = 1.1 and 2.6 cm® V™!
s7!, respectively.®”*

Thin-Film Transistor Bias Stress Properties. To be
useful in TFTs, an effective semiconductin§ channel material
must be stable under constant bias stress.” Previous reports
have shown that metal oxide semiconductor performance under
bias stress is related to a variety of factors, including H,O and
O, adsorption on the back channel and electron trapping at the
semiconductor/dielectric interface.® For thin semiconductor
films (as in the present case), H,O adsorption has been shown
to create an accumulation layer due to electron donation,
resulting in a negative Vi shift.*® On the other hand, O,
adsorption is known to form a depletion layer below the active
surface, leading to a positive Vi shift.** Unlike trapping at the
semiconductor/dielectric interface, these two factors can be
mitigated by appropriate passivation of the channel. This is
often accomplished by sputter coating the film with inorganic
materials such as SiN,>” or TiO,*® or spin-coating organic
layers such as SU-8% or CYTOP.*® The second cause of bias
induced instability however is thought to be related in large part
to induced O defect states in the material, generated by high
voltage bias.®" Thus, an effective channel material should have
resiliency to O defect related instabilities.

To compare the properties of the different IXZO channel
materials, TFTs were fabricated as described previously (here
channel L = 50, W = 1000 pm; see Experimental Section for
details) with In:X:Zn = 72.5:7.5:20 atom % or 70:0:30 (see
Supporting Information) and T,y,eq = 300 °C. These devices
were then subjected to a Vi;—V}, constant bias of +20 V for 200
s intervals for the duration of 1200 s in ambient, with
intentional light blocking. The resulting transfer plots are
shown in Figure 11. As expected, the direction of bias related
shifts are toward positive voltages as indicated by the black
arrow in the top left pane. This positive shift is expected from
previous studies which argued that under positive bias stress a-
IGZO forms oxygen-related electron-trapping (acceptor-like)
states.”” All four IXZO TFT classes exhibit a fall in I g over the
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Figure 11. Effect of the gate bias stress on the transfer characteristics
for IXZO TFTs with an In:X:Zn atomic ratio = 72.5:7.5:20 and T, ..
=300 °C. Gate-to-drain bias +20 V was maintained for 200 s between
transfer measurements for 1200 s.
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bias duration, although the fall is significantly more limited in
the case of IGZO devices. The threshold voltage for each
system lies within the typical range observed for IXZO TFTs
investigated in this study. In general, the best-performing TFT's
having films prepared with each oxygen getter (X) at both film
processing temperatures exhibit Vs in the range of 10-25V,
with a positive shift observed with increasing X concentration.
Figure 12 presents a comparison of the normalized mobility
(A) and change in threshold voltage (AVy) versus bias time
(B). In terms of mobility, the IGZO TFTs show a slight but
significant difference versus the other X metal cations, with a
mobility retention of >95% of the initial value. In contrast, the
ILZO devices perform the most poorly, with a mobility drop to
76% of the prebias stress value. In Figure 12B, a drastic
difference is observed for IGZO when comparing AV to the
other three systems. For ISZO, an initial shift of ~9 V is
followed by ~1.5—2 V for each successive measurement. IYZO
exhibits a smaller initial shift of ~6 V, but maintains larger steps
of 2—5 V after additional bias stress. The ILZO TFTs suffer the
largest initial shift of ~12 V, followed by an approximately 1 V
additional shift per 200 s stress. In marked contrast, the IGZO-
based TFTs exhibit excellent positive bias stress AV stability
with an initial shift of only 1.3 V, and never exceeding 1.6 V.
Interestingly, while IZO devices exhibit negligible mobility
degradation they suffer severe Vi shifts, similar to those
observed for the group 3 metal doped devices (Figures 12,
S18).

It is likely that some contribution to the bias-related mobility
and threshold voltage instability is caused by surface adsorbed
O, and H,O on the back channel, especially considering that
these IXZO films are only ~12 nm thick. However, the
relatively good stability of the IGZO devices suggests that this
contribution does not limit the ability to make an instructive
comparison between the IXZO systems. The passivation of
IXZO TFTs with a variety of solution-processable organic and
inorganic encapsulants is currently under investigation.

B DISCUSSION

Using crystalline IGZO as a model system, Hosono et al
argued that oxygen vacancies in amorphous oxide semi-
conductors play different roles, depending on where they are
located in the local structure.””***° Specifically, if an oxygen
vacancy is located at an edge- or face-sharing site, where large
degrees of metal cation coordination are possible, then shallow
donor states are formed. However, if the oxygen vacancy site is
coordinated by only a small number of metal cations, in either a
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corner-sharing location or adjacent to an open space, then deep
and/or shallow trap states are formed. Shallow trap states are
known to correlate with a positive AVy. Therefore, while
oxygen vacancies are doubtlessly essential in amorphous oxide
semiconductors to generate free carriers, careful control of their
concentration and structural origin are also of utmost
importance.

For the above reasons, we systematically explored
composition effects in the IXZO series where X = Ga**, Sc**,
Y?*, and La*" to better understand the role of the oxygen getter.
A direct comparison of these different oxide films can be made
based on AFM (Figure 6), GIAXRD (Figure 4), and HAADF-
STEM (Figure S) analysis and demonstrate that all film
compositions remain highly amorphous with smooth surfaces.
Therefore, comparison of 7y, differences is essential for
determining the role of the oxygen getter in these systems and
how it relates to the electrical performance. For this reason,
XPS analysis (Figure 8) is very important. While fitting the Ols
peak is insufficient to determine the absolute oxygen vacancy
concentration in an oxide film (or their location), quantification
of the M-O-M concentration in relation to the other oxygen
binding states provides an informative measure of the oxygen
binding affinities of the various getter cations. An effective
oxygen getter should increase the ratio of the lower energy M-
O-M peak to the total Ols peak area (17y o) As shown in
Figure 8B, the only metal cation that provides an increase in M-
O-M concentration as compared to other oxygen binding states
is Ga*. While Sc**, Y**, and La** may also bind oxygen
strongly, it is reasonable to conclude that, among other factors,
their large sizes cause excessive lattice disruption (see more
below).

To explain the role of Ga*" or other oxygen getters in 1ZO
properties enhancement, some studies have postulated that
metal ion electronegativity is the key determinant of oxygen
getter efficacy. Note that some studies have argued that lower®
electronegativity is desired, while others have argued that
higher3Sb values better control oxygen vacancies. One reason
that electronegativity is a poor metric to rationalize charge
mobility in these systems is that it does not account for local
environment. Based on the results of the present study, as
discussed above, we argue that the metal oxide lattice enthalpy
(AH)® is a more accurate predictor of oxygen getter efficacy
in IXZO materials. For a given M,Oy, AHy is the enthalpy of
formation of the solid oxide from the corresponding gaseous
ions and can be calculated from measured lattice energy values
(Upot).64 Calorimetric experiments show for a number of metal
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oxide systems that the energies of crystallization are roughly
two orders of magnitude lower (~20 kJ/mol) than the lattice
enthalpies discussed here (~6000—9000 kJ/mol).*® This small
difference between amorphous and crystalline states as
compared to the much larger lattice enthalpies justifies their
relevance in the present discussion. Furthermore, previous
work has demonstrated the applicability of U, to amorphous
systems.*® Figure 13 compares literature AH; values for each

-
L=}

Lattice Enthalpy
(10° kJ mol”)
g
o *)

R
Zn* In Ga Sc Y La

Figure 13. Lattice enthalpy values for various M,0; compounds.**
Symbols are scaled to the eight-coordinate ionic radius of each metal
ion in its preferred oxidation state with labeled values in A. *Note: Zn
lattice enthalpy is scaled to 1.5 oxygen bonds per Zn to match other
metals.

oxygen getter in the form M,0; (the value of ZnO has been
normalized to 1.5 O per metal).”” The symbol sizes in Figure
13 are scaled to the eight-coordinate ionic radius®” of each X"
ion with values also listed next to the points in A. Note that
Ga, 05 has a lattice enthalpy almost 1700 kJ mol ™" greater than
any of the other oxides shown. In addition, Ga** has an ionic
radius significantly smaller than that of In** and similar to that
of Zn?. Conversely, with the exception of Sc, the other
trivalent oxygen getters all have ionic radii larger than those of
In** and Zn*". For example, the ionic radius of La*" compared
to In*" is over 50% larger (0.41 A). Although the group 3
metals all possess AH, values larger than Zn*", all are less than
that of In®" and significantly less than that of Ga**. In addition
their larger sizes may cause local structure disruption, hindering
charge transport. The trends shown in Figure 13 also correlate
excellently with the XPS Ols spectral analysis of Figure 8.
Thus, the large ionic sizes and smaller AH; values are
consistent with the depressed TFT performance of the X =
Sc*, Y**, and La** IXZO films compared to the analogous X =
Ga®" materials. Similarly, in the bias stress analysis in Figure 12,
La is seen to perform poorest in terms of mobility retention
while Sc and Y and are essentially the same and all three group
3 metals perform equally poorly in terms of V7 shift. This is not
surprising considering that the difference in lattice enthalpy
between Ga and the group 3 metals is very large whereas the
difference among the group 3 metals is much less. From this
analysis, other cations of similar size and having AH| values
comparable or greater than that of Ga**, such as AI**, Cr**, and
Mn*, are predicted to be effective oxygen getters in 120.%®
Although a significant enhancement in IXZO TFT perform-
ance metrics is observed in the present study versus analogous
sol—gel-derived films, X = Ga’* clearly provides the best results,
with y as high as 5.5 cm®* V™! 57!, good Vi considering the
thick/low-k gate dielectric® used (17 V), and excellent I, /I ¢
values at T,,... = 300 °C. Even at T, ... = 250 °C, a
temperature compatible with many inexpensive plastic
substrates, combustion-derived a-IGZO films still exhibit an
impressive ¢ = 1.3 cm® V™! s7. In comparison, the other X
getter metal ions at T}, = 300 °C yield y = 1.8—2.6 cm® V™

s™" under optimized processing and compositional conditions.
Note that all of the present X ions have larger AH; values than
Zn** (Figure 13), which is beneficial for lattice formation and
electron transport, but ultimately the TFT performance appears
to be a balance between ionic radii and AH;. Note also that the
trends in Figure 13 correlate closely with the XPS Ols peak
analysis of Figure 8, and the superior oy of Ga’* is
completely consistent with the aforementioned trends in AHj,
and ionic radius. Similarly, the bias stress data in Figure 12 also
correlate with these trends, which show the superior bias stress
stability of the X = Ga**-based films.

B CONCLUSIONS

This report presents the first systematic experimental study of
the carrier suppression role of X ions in amorphous IXZO thin
films.%> A detailed microstructural and electrical comparison of
various oxygen getters in solution/combustion-processed
amorphous oxide IXZO semiconductors is reported. A large
phase space of each metal composition at T,,,., = 250 and 300
°C is scrutinized, enabled by the ease of composition variation
using low-temperature combustion processing. AFM, X-ray
diffraction, and TFT characterization reveal ultrasmooth,
amorphous, high mobility films at all compositions and
processing temperatures. STEM with HAADF imaging
confirms the amorphicity of these films and indicates significant
nanoporosity for all four oxygen getters. X-ray photoelectron
spectroscopy reveals a significant difference in Ols binding
between Ga** and the other trivalent X cations. Specifically,
only Ga’* increases the M—O—M content at high doping
concentrations, consistent with the “oxygen getter” function. In
contrast, Sc>*, Y**, and La** all have larger ionic radii versus
In** and Zn*" and so appear to act as effective amorphicizing
agents but not as strong oxygen binders. Thin-film transistors
fabricated on SiO, gate dielectrics support these conclusions,
with IGZO-based TFTs exhibiting much higher electron
mobilities than those for the other X ion dopants. Furthermore,
positive bias stress measurements reveal IGZO TFTs to be
impressively stable in both Ay, and AV with maximum
deviations of only 5% and 1.6 V, respectively. In contrast, ISZO,
IYZO, and ILZO TFTs show large Ay, values in the range of
10—22% and AVy from 17 to 20 V after a 1200 s bias. We
believe that these insights will aid in understanding the role of
strong oxygen binding metal cations in solution-processed
amorphous metal oxide electronics, hence advancing tech-
nologies based upon them.

B EXPERIMENTAL SECTION

Combustion Precursor Preparation and Characterization. All
combustion precursor materials were purchased from Sigma-Aldrich
and used without further purification. For the combustion precursor
preparation, each metal nitrate salt (176.1 mg of In(NO;);«H,0;
148.6 mg of Zn(NOs),-6H,0; 199.8 mg of Ga(NO;);xH,0; 160.6
mg of Sc(NO3),-SH,0; 173.5 mg of Y(NO;);-4H,0; 216.6 mg of
La(NO;),-6H,0) was dissolved in 10 mL of 2-methoxyethanol before
the addition of SS L of 14.5 M NH; (aq) and 100 L of acetylacetone
and allowed to stir for 12 h. Approximately 1 h prior to spin-coating,
the combustion precursor solutions were combined by micropipet to
desired molar ratios and stirred. Precursor solutions were prepared for
thermal analysis by removal of solvent by applying a vacuum while
heating the solutions at 70 °C in an oil bath. TGA and DTA were
performed on 10—15 mg samples by using a Mettler 8S51e instrument
under air with a flow rate of 20 mL/min and a heating ramp rate of 10
°C/min from 25 to 600 °C.
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Thin Film Fabrication and Structural Characterization. IXZO
solutions of desired molar ratio were spin-coated on n++ Si wafers
(WRS Materials; solvent cleaned and then cleaned with an oxygen
plasma for S min) at 3500 rpm for 30 s in a dry air glovebox
(CleaTech) and subsequently annealed for 20 min at 250 or 300 °C
for each layer. This process was repeated three times to obtain the
desired film thickness. Surface roughness was measured with a Veeco
Dimension ICON PT AFM System in tapping mode with a silicon
cantilever (AppNano). Grazing incidence X-ray diffraction was carried
out with a Rigaku ATX-G Thin-Film Diffraction Workstation using Cu
Ka radiation coupled to a multilayer mirror. X-ray photoelectron
spectroscopy was performed on a Thermo Scientific ESCALAB 250 Xi
spectrometer at a base pressure of 4.5 X 107'® mbar (UHV). XPS
spectra were obtained immediately after film fabrication in order to
minimize surface contamination. Oxygen 1s spectra were fitted using
three Gaussian—Lorentzian Product peak functions after subtracting a
linear baseline. The peak amplitude, width, and shape coefficient were
used as fitting parameters while the peak positions were fixed within a
certain range, depending on the particular binding energy. Areas were
then calculated for each of the deconvoluted peaks. TEM samples were
prepared following the procedures described above, but instead of
spin-coating they were inkjet printed onto quantifoil SiN, membrane
substrates, on which the free-standing IXZO films were processed by a
previously described method.'”* TEM characterization was carried out
on a JEOL 2100 S/TEM at the accelerating voltage of 200 keV.

Transistor Fabrication and Electrical Characterization.
Bottom-gate/top-contact field-effect transistors were fabricated on n
++ Si/SiO, (300 nm thermal oxide, WRS Materials) by spin-coating
and annealing the combustion precursor solution as described above.
To reduce parasitic gate currents, the semiconductor film was removed
~2 mm around all edges of the substrate using an acid etch. Substrates
were soaked for 30 s in 10% oxalic acid solution (w/v in DI water,
VWR) after masking with wafer dicing tape (Semiconductor
Equipment Corporation). Any tape residue was then removed by
sonication in ethanol, followed by a 30 min anneal at the desired
temperature in 40% relative humidity. Aluminum source/drain
electrodes were deposited by thermal evaporation (Denton Vacuum
Explorer) at arate of ~1 A/s through a shadow mask to afford channel
dimensions W = 5000 ym and L = 100 um. Current—voltage (I-V)
transfer and output measurements were conducted on a Signatone
probe station with a Keithley 6430 subfemtoamp remote source meter
and a Keithley 2400 source meter using a locally written LabVIEW
program. All electrical characterizations were conducted in ambient
without intentional light blocking. TFT performance metrics,
including saturation mobility (y,), threshold voltage (V7), and
current on/off ratio (I,,/Ig), were evaluated using the standard TFT
model described in eq 1.
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