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ABSTRACT: Solution-processed, amorphous lithium-doped
YInZnO (L-YIZO) thin-film transistors (TFTs) are inves-
tigated. An appropriate amount of Li doping significantly
enhances the field-effect mobility in TFT performance (~15
times greater than that of nondoped YIZO) without controlled
annealing under water vapor or O;/O, environments. The
addition of Li into solution-processed YIZO semiconductors
leads to improved film quality, which results from enriched
metal oxygen bonding and reduced defect sites, such as oxygen
vacancies and hydroxyl groups. Li doping of an amorphous
ionic oxide semiconductor (AIOS) could serve as an effective
strategy for low-temperature and high-performance solution-
processed AIOS TFTs.
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1. INTRODUCTION

Ionic oxide semiconductors based on In,05, ZnO, or SnO, are
attractive for transparent thin-film transistor (TFT) applica-
tions due to their wide optical band gap and control of carrier
concentrations.”” Recent studies on ionic oxide semiconduc-
tors have focused on two viewpoints: an amorphous phase in
film form and solution processing in the fabrication method. An
amorphous phase is preferred over a crystalline form for device
uniformity and low-temperature processability due to its unique
carrier transportation mechanism that relies on vacant s-orbital
overlapping of heavy metal cations, which are relatively
insensitive to structural disorder.” Various methods have been
proposed for the fabrication of amorphous ionic oxide
semiconductor (AIOS) TFTs, such as sputtering, pulsed laser
deposition, and chemical vapor deposition. However, chemical
solution processed depositions are more promising due to their
advantages of cost-effectiveness, large area and mass production
capabilities.”* Among the chemical solution methods, nontoxic
and noncorrosive alcohol-based sol—gel routes with near
neutral pH and long-term shelf life stability are promising
because of their simple and environmentally benign usages.
Furthermore, the sol—gel-derived films have better surface
morphology and uniformity.®”

In the case of a sol—gel solution, the metal—oxygen—metal
(M—0O—M) frameworks form via hydrolysis and condensation
reactions. Therefore, it is possible to create oxide thin films at
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relatively lower processing temperatures compared to those of
the metal organic deposition (MOD) methods in which the
metal organic (M—R) precursors are thermally decomposed
and oxidized at an elevated temperature.® Despite the formation
of partial M—O—M frameworks in the sol—gel chemistry, the
as-deposited film contains organic residues because the sol—gel
solution involves a large volume fraction of complicated,
chemically bonded organic moieties with cations. The residues
originate from the solvents used to dissolve the metal
precursors, additives for stabilizing the precursor solutions,
and ligands incorporated in the metal precursors. In this regard,
the selection of each chemical is an important factor for
designing the sol—gel precursors and the process conditions for
high-performance, functional oxide thin films.*’

Among the ZnO-based binary and ternary oxide systems
reported, indium zinc oxide (IZO) is a candidate material for
low-temperature, solution-processed amorphous semiconduc-
tors with high electron concentration that can be easily
controlled by composition. However, an excess carrier
concentration would deteriorate the mobility and TFT
performances with unclear switching behavior due to the
carrier scattering and defects.'® To resolve this drawback, we
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introduced various stabilizers to the amorphous IZO semi-
conductors as dopants. Typical stabilizers include elements that
have a higher ionic valence than that of Zn (+2), such as Ga,
La, Sc, Y in Group III and Sn, Si, Hf, Zr in Group v
These elements retain strong bonding characteristics with an
oxygen ion, thereby controlling the oxygen deficiencies that
may serve as an electron trap or a shallow donor depending on
its local structure in ZnO-related AIOS.> However, the high
ionic valence of a stabilizer presents a difficulty in the precise
adjustment of oxygen deficiencies, which makes it difficult to
offer a well-controlled carrier concentration, degrading the
electrical properties of TFTs. In this study, we introduce a
complementary approach through doping with an additional
metal cation of low ionic valence. Lithium (Li, ionic valence
+1) was selected as an additional dopant, whereas yttrium (Y,
ionic valence +3) serves as a main stabilizer in the IZO
semiconductor system. We investigate the electrical perform-
ance of solution-processed, amorphous Li-doped Y—In—Zn
oxide (L-YIZO) TFTs as a function of the doping
concentration based on the chemical structure information
determined by X-ray photoelectron spectroscopy (XPS)
analysis.

2. RESULTS AND DISCUSSION

2.1. Thermal, Chemical, and Electrical Analysis for
YIZO Semiconductors. In our previous report, the best
device performance of IZO TFTs with clear switching behavior
was achieved when the chemical composition of In:Zn was 1:1.”
In additional preliminary study, a YIZO TFT with Y doping
greater than 5 mol % exhibited device performance instability,
such as a shift in threshold voltage and reduced field-effect
mobility during repeated measurements. As a result, we selected
an In:Zn composition ratio of 1:1 with 3 mol % Y doping. All
the precursor materials used in the current set of experiments
contained the same ligand (i.e., the acetate functional group) to
reduce variations in decomposition kinetics and temperatures;
otherwise, they varied depending on the ligand type. Figure 1
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Figure 1. TGA and DSC curves of the YIZO precursor solution with a
concentration of ~0.15 M and composition ratio ~3 mol % Y-doped
1ZO (In/Zn molar ratio ~1:1).

shows the thermal behavior of 3 mol % Y-doped InZnO sol—
gel solution with an In:Zn atomic ratio of 1:1. The considerable
weight loss accompanying the endothermic reaction at ~120
°C resulted from the evaporation of the main solvent. An
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additional small exothermic weight loss reaction that occurred
at ~140 °C is ascribed to thermal decomposition of the
complex ligands from the stabilizing agent and acetate
functional group. The exothermic reaction at 320 °C is
attributed to dehydration and dehydroxylation."* Thermal
analysis of the YIZO sol—gel solution indicates that the
semiconducting characteristics would manifest after annealing
at temperatures above 320 °C because annealing below this
temperature results in insufficient decomposition of the
complex ligands and incomplete dehydration/dehydroxylation,
which act as barriers to charge carrier accumulation and
transportation in the conduction band.”'® As shown in Figure
2a, the TFT annealed at 300 °C was nearly inactive, whereas
the TFT annealed at 350 °C had clear switching behavior. The
transfer characteristics of the YIZO TFT annealed at 350 °C
had a field-effect mobility of ~0.23 cm* V™' 57!, a threshold
voltage of ~2.18 V, a subthreshold slope of ~0.22 V decade™
and an on/off ratio of ~3 X 108

To further understand the dependence of TFT performance
on the annealing temperature, we investigated the chemical
structure evolution of the YIZO semiconductors. Panels b and ¢
in Figure 2 show the oxygen (O) 1s XPS spectra of the YIZO
semiconductor annealed at 300 and 350 °C for 1 h. The oxygen
peaks are deconvoluted to three Gaussian subpeaks centered
near 529.9, 531.4, and 532.7 eV, reflecting different oxygen
environments. The band at ~531.4 eV is attributed to oxygen
atoms in the vicinity of an oxygen vacancy, whereas the band in
lower energy levels at ~529.9 eV arises from the oxygen atoms
bonded with metal ions (M-O) in a fully coordinated
environment. The higher energy level band at ~532.7 eV is
assigned to the hydroxyl group (M—OH), because the presence
of more electronegative H results in a shift toward higher
binding energies."® The YIZO film annealed at 300 °C shows a
relatively higher fraction of M—OH and a smaller fraction of M-
O than the YIZO film annealed at 350 °C, likely due to an
incomplete dehydration/dehydroxylation process of M—OH, as
supported by the thermal behavior of the YIZO precursor
solution. In amorphous ionic oxide semiconductors, the
conduction band minimum should be primarily composed of
dispersed vacant metal s-orbitals with short interaction
distances for efficient carrier transport, which can be achieved
in jonic metal-oxides but not in metal-hydroxides.® Therefore,
the TFT with high metal hydroxide content leads to poor
transfer characteristics, even though it has high oxygen vacancy
content that may contribute to the carrier concentration. In
addition, we annealed YIZO film at temperatures up to 500 °C
to further investigate the changes in the chemical structures of
the films, as shown in Figure 2d. There were no significant
changes in the O 1s spectra subpeak fraction from 350—500 °C,
although slight changes in the concentration of M—O and
oxygen vacancies were observed with increasing annealing
temperature. The dehydration/dehydroxylation was nearly
complete at annealing temperatures ranging from 300 to 350
°C. Based on the combined evidence of the TGA-DSC results,
XPS analysis and electrical performance of YIZO TFTs as a
function of the annealing temperature, the minimum processing
temperatures of the acetate precursor-derived sol—gel YIZO
semiconductors were greater than ~320 °C, and annealing at
350 °C was required for the complete dehydration/
dehydroxylation process of M—OH.

2.2. Li Doping Effects. We investigated the electrical
performances of solution-processed, amorphous Li-doped
YIZO TFTs as a function of the Li doping. Panels a and b in
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Figure 2. (a) Ing—Vg; transfer curves of YIZO TFTs annealed at 300 and 350 °C for 1 h; (b) the concentration profile of each oxygen-related
species as a function of the annealing temperatures; (c) the oxygen (O) 1s XPS spectra of the YIZO semiconductor layer annealed at 300 °C for 1 h;
(d) O 1s spectra of YIZO annealed at 350 °C for 1 h.
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Figure 3. (a) Ing— Vg transfer curves; (b) electrical properties of L-YIZO TFTs as a function of Li doping concentration. All films were annealed at
350 °C for 1 h on a hot-plate in an atmospheric environment and no post-annealing after TFT production.

Figure 3 show transfer characteristics and electrical properties
of L-YIZO TFTs (the extracted electrical parameters are shown
in Table 1). With increasing Li doping up to 15 mol %, the
drain on-current increases from 5.2 X 107> to 5.6 X 10™* A and
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the threshold voltage variation (AVry) decreases from 10.15 to
1.80 V, whereas the field-effect mobility reaches a maximum of

3.5 cm? V7! 7L Lithium has a smaller ionic

radius and lower

ionic valence (~68 pm, +1) than In (~81 pm, + 3) and Zn
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Table 1. Electrical Performance Parameters of L-YIZO TFTs Annealed at 350 °C for 1 h on a Hot-Plate under an Atmospheric

Environment
Li doping concentration (mol %) field-effect mobility (cm? V™' s7%)
0 0.23
1 0.69
S 091
10 293
15 3.51
30 1.31
50 0.14

AV (V) subthreshold slope (V decade™) on-current (A) on/off ratio
10.15 022 52%107° 3.1x10°
7.12 025 1.6x107* 5.6%10°
527 023 22x107* 3.9x%10°
227 0.30 53%x107* 24%10°
1.80 0.34 5.6x 107 5.6%x10°
3.84 0.36 1.9x107* 42x10°
4.84 0.42 1.5x107° 7.5% 10%

(~74 pm, + 2), so that the slight doping of Li can be
interstitially incorporated into a ZnO-based crystalline matrix
depending on the doping level. This incorporation generates
charge carriers and enhances the device performance of Li-
doped, ZnO-based TFTs."” In addition to the role of Li doping
on additional charge carrier generation, the chemical structure
is varied in sol—gel-derived oxides depending on the dopant
concentration, which critically determines the device perform-
ance.

XPS analysis of the Li-doped YIZO semiconductors was
performed for an in-depth investigation of the relevance of Li
doping in the variation of the chemical structure (Figure 4).

O 1s concentration (arb. unit)

Li doping concentration (mol %)

Figure 4. Concentration of each O 1s chemical spectra of the YIZO
semiconductor as a function of Li doping concentration. The
annealing temperature was 350 °C for 1 h.

Similar to the variation of O 1s XPS spectra in YIZO
semiconductors with increasing annealing temperatures, as the
Li doping concentration increases to ~15% for the films
annealed at 350 °C for 1 h, the relative quantity of M—O
increases, and both M—OH species and oxygen vacancy are
slightly reduced. The enriched metal—oxygen bonding leads to
strengthening of the overlap of vacant metal s-orbitals that act
as a current path. Hosono et al. reported that, if an oxygen
vacancy site in an oxygen-deficient structure is coordinated by a
small number of cations or if it is adjacent to a large open space,
deep and shallow traps are formed. If an oxygen vacancy site is
coordinated by a large number of cations with dense edge-
sharing networks, then a shallow donor state is created.
However, it has not been proven whether the oxygen vacancy
in our LYIZO semiconductor serves as an electron trap or a
shallow donor.'®"” Even though the reduced oxygen vacancy
can cause the reduction of the charge carrier concentration
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which degrades the mobility in TFTs, the mobility does not
significantly deteriorate when the charge carrier concentration
is slightly reduced. Alternatively, the reduced oxygen vacancy in
the AIOS improves the hysteresis behavior in the transfer
characteristics, which results from the charge carrier trapping at
defect sites in the channel layer. This mechanism has been
demonstrated to be enhanced stability of AIOS TFTs by
introducing Group III and IV elements as a stabilizer that
controls the oxygen vacancy.''~'*'®?® Therefore, the reduced
hysteresis and increased mobility in the transfer curves of
LYIZO-TFTs with Li doping up to 15 mol % result from the
reduction of the metal hydroxide, which act as trap sites, from
the increased overlapping width of vacant metal s-orbitals based
on enriched metal—oxygen bonding and the reduced defect
sites created by an oxygen vacancy in the channel layer.
However, further addition of Li to 30—50 mol % degrades
the drain current and saturation mobility, which results from
the reduction of metal oxide and enlargement of the metal
hydroxide, as shown in Figure 4. In addition, the drastic
degradation of device performance may be caused by the
segregation of Li in the YIZO semiconductor layer. Figure S
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Figure S. XRD patterns of L-YIZO films as a function of Li doping
concentration. Films were annealed at 350 °C for 1 h on a hot-plate
under an atmospheric condition (the inset shows XRD patterns of L-
YIZO (Li = 0, SO mol %) films annealed at 500 °C for 1 h).

shows XRD patterns of L-YIZO films annealed at 350 °C as a
function of Li doping concentration. All sol—gel-derived films
are amorphous and have no secondary phases, regardless of the
Li doping concentration. Even when annealed at ~500 °C for 1
h, the films are still amorphous (Figure S, inset). Banger et al.
reported that the films with intermediate In:Zn compositions

dx.doi.org/10.1021/am201701v | ACS Appl. Mater. Interfaces 2012, 4, 1456—1461
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Figure 6. SEM images of L-YIZO films annealed at 350 °C for 1 h on a hot-plate under atmospheric condition as a function of Li doping
concentration; (a) Li = 0 mol %, (b) Li = 15 mol %, (c, d) Li = S0 mol %.
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Figure 7. AFM images of L-YIZO films annealed at 350 °C for 1 h on a hot-plate under atmospheric condition as a function of Li doping

concentration; (a) Li = 15 mol % and (b) Li = S0 mol %.

ranging from 7:3 to 3:7 were amorphous even when they were
annealed at ~550 °C for 2 h under various atmospheres,® which
corroborates our observation. For a semiconducting channel for
large-sized TFTs, an amorphous phase is preferred over a
crystalline phase for device performance uniformity. The
polycrystalline phase has grain boundaries that lead to the
formation of localized interface states, and the number of the
grain boundaries within each channel may vary locally,
deteriorating the device uniformity.*

Even though the absence of secondary phases was confirmed
by the XRD analysis, the amorphous secondary phase may be
present in Li-doped YIZO layers when a large amount of Li is
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incorporated into a YIZO film. In this regard, the surface
morphologies of L-YIZO films were monitored by a field
emission scanning electron microscope. Figures 6 and 7 show
the surface morphology of L-YIZO films annealed at 350 °C as
a function of Li doping concentration. The L-YIZO films with
Li doping up to 15 mol % show clean surface morphologies
without secondary phases, but a further increase in Li doping to
50 mol % leads to unknown secondary phases, which may be
segregated Li. The segregated Li easily combines with hydroxyl
groups (—OH, H,0) and carbon dioxide (CO,) during
processing in an atmospheric environment because Li is a
metal element that has a low ionization energy.”' The

dx.doi.org/10.1021/am201701v | ACS Appl. Mater. Interfaces 2012, 4, 1456—1461
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segregated Li and/or Li-containing compounds act as
impurities against charge carrier accumulation and trans-
portation by the impurity scattering mechanism. Therefore, in
the case of LYIZO TFTs with excess Li doping, impurity
scattering and degraded vacant s-orbital overlapping in the
channel layer dominantly affect the TFT performances,
accompanying the reduced drain current of ~1.5 X 107° A,
low field-effect mobility of ~0.14 cm® V™' s7', increased
threshold voltage of ~13.64 V, and subthreshold slope of
~0.42.2%%

3. CONCLUSIONS

We investigated Li doping effects on the chemical structure of
amorphous YIZO semiconductors and electrical performances
of TFTs prepared by the sol—gel route and spin-coating
method. The results showed that an appropriate amount (~15
mol %) of Li doping in a given composition of a YIZO (Y = 3
mol %, In:Zn mole ratio = 1:1) semiconductor layer and
annealing temperature of 350 °C enhanced the TFT perform-
ances due to the enriched metal—oxygen bonding and the
reduction of both hydroxyl group-related defect sites and
oxygen vacancies. The greatest performance was achieved with
a 15 mol % Li-doped YIZO-TFT, which exhibited the following
device characteristics: an on/off ratio of 5.6 X 10%, a field-effect
mobility of ~3.51 cm® V™' 57!, a threshold voltage of ~4.27 V
and a subthreshold slope of ~0.34. These results provide a low-
temperature, solution-processed AIOS and functional oxide
films for successful application in mass-producible electronic
devices.

4. EXPERIMENTAL SECTION

4.1. Preparation of Li-Doped YIZO Sol-Gel Solutions. The
sol—gel precursor solution for Li-doped YIZO was prepared using
metal acetates, including lithium acetate dihydrate [Li-
(CH,;COO0)-2H,0], yttrium acetate hydrate [Y(CH;COO)-H,0],
indium acetate [In(CH;COO);], and zinc acetate dihydrate [Zn-
(CH;C00)-2H,0]. The precursors were dissolved in 2-methoxye-
thanol at ~90 °C, and a small amount of diethanolamine (DEA) was
added to the precursor solution for long-term solution stability. The
concentration of the Li-doped YIZO solution was 0.15 mol/L, and the
relative molar doping concentration of Li was 0, 1, 5, 10, 15, 30, 50
mol % into 3 mol % Y-doped InZnO (In:Zn = 1:1).

4.2. Preparation of Li-Doped YIZO Semiconductor Layers
and Thin-Film Transistors. Li-doped YIZO thin-films (~20 nm)
were deposited on a 200 nm thick SiO,/Si (heavily n-type doped)
using a spin-coating method. The films were dried at 200 °C for 10
min to remove residual organics and annealed at 300—-500 °C for 1 h
on a hot-plate in an atmospheric environment. The top-contact source
and drain electrode (50 nm thick Al) was deposited using a thermal
evaporation method with a patterned metal shadow mask in which the
channel W/L ratio was 30.

4.3. Characterization. The thermal decomposition behavior of
the sol—gel precursors was monitored under an ambient atmosphere
using thermal gravimetric and differential scanning calorimetry (TG-
DSC, Q600, TA Instruments). The film crystallinity was determined
using a multipurpose attachment X-ray diffractometer (Rigaku D/
MAX-2500, and PANalytical MPD for thin film), and the surface
morphology was monitored by a field emission scanning electron
microscope (Hitachi S-4800) and atomic force microscope (Seiko
Instrument SPA-400). The electrical performances of Li-doped YIZO
TFTs were measured using a semiconductor parameter analyzer
(Agilent 4155C) source-measure unit. The chemical structures of Li-
doped YIZO semiconductor layers were examined by X-ray photo-
electron spectroscopy (VG Microtech ESCA2000) using Al Ka
radiation (~1486.6 eV), and the carbon 1s peak at ~284.6 eV was
used as a reference for calibration.
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