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ABSTRACT This study determined the aging characteristics of solution-processed amorphous In—Ga—Zn oxide (a-IGZO) layers as
amorphous oxide semiconductors (AOSs) for transparent, flexible thin-film transistor (TFT) applications. The work function of a-IGZOs
upon exposure to air immediately after vacuum annealing was monitored using Kelvin probe force microscopy (KPEM). An increase
was observed in the work function with time. Additionally, X-ray photoelectron spectroscopy combined with the KPFM results revealed
two competing factors responsible for the aging characteristics: adsorption of oxygen molecules on the nanopore surfaces within the
films, and the creation of defects, including oxygen vacancies and zinc interstitials. Although the former was reversible by alteration
of ambient conditions, the latter was irreversible. On the basis of modified band theory, we proposed an operative mechanism for
solution-processed AOS TETs based on both the nature of porous amorphous structures and the aging dynamics. The perspectives
reported here may be useful in designing and fabricating advanced, flexible AOS TFTs for device operations in stable ambient
conditions.
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sol—gel coating

morphous oxide semiconductors (AOSs) are promis-
ing as channel layers for thin-film transistors (TFTs)
that are stable in air and employed in transparent
flexible electronics (1—4). Unlike conventional covalent
semiconductor charge carrier transporters (i.e., silicon),
AOSs contained post-transition metal cations that do not
depend on the atomic arrangement in space (i.e., amor-
phous or crystalline). The neighboring large ns orbitals
directly overlapped in the constituent cations (here, n was
the principal quantum number) (1, 5). This conferred several
attractive characteristics on AOSs such as good transpar-
ency, low processing temperature, and high mobility, mak-
ing AOSs ideal for device integration on flexible plastic
substrates. If the transparent AOSs were applied to flexible
devices, low-temperature processing could be used, allowing
for use of the highly desirable all-solution process.
Forming pristine AOS layers onto TFTs required a day of
aging in ambient conditions to make them stable during
operation, but the exact mechanism responsible for this
aging behavior was unclear. In the case of vacuum-deposited
AOS films, the aging characteristics might be understood on
the basis of the surface absorption mechanism. A compara-
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tive study of the changes in oxygen partial pressure of
sputtered, dense AOS thin films indicated that absorbed O,
could be responsible for the resulting work function changes
during aging. O, molecules sitting on ZnO attracted elec-
trons, resulting in the formation of O, on surfaces (6). By
contrast, H,O absorption has been proposed as a source of
the aging characteristics. Based on the investigation of the
device performance at different relative humidities, H,O
absorption was inferred (7). Such adsorbates on the top
surfaces of thin AOS films resulted in surface layer depletion
for the majority of carriers through charge screening effects.
The adsorption kinetics were potentially related to the aging
effect on device performance because the thickness of the
depleted region was comparable with the active channel’s
thickness (6, 7). Although physical vapor deposition methods
have been successfully employed to fabricate AOS TFTs,
AOS layers produced by solution processes have been more
economical to manufacture and can be written directly using
inkjet printing (8—10).

Here, we report the aging behavior of solution-processed
amorphous In—Ga—Zn oxide (a-IGZO) layers under ambient
conditions. The results are the first to demonstrate the
porous amorphous nature of solution-processed oxide chan-
nel layers and its influence on aging. We monitored the work
function of a-IGZO upon exposure to air immediately after
vacuum annealing using Kelvin probe force microscopy
(KPFM). KPFM detected a gradual increase in work function,
which was related to surface adsorption. Furthermore, X-ray
photoelectron spectroscopy (XPS) results before and after
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FIGURE 1. Solution-processed a-IGZO layers and their TFT characteristics. (a) TEM image of the a-IGZO films on 100 nm thick SiO, and the
corresponding electron diffraction results (the inset) showing the amorphous structures. (b) Magnified TEM micrograph. The black arrowhead
indicates a probable surface pore. (c) AFM height image of the same film. The empty red circles show the surface pores. The line profile result
is derived from between the black arrow heads. (d) Output and (e) transfer curves of our devices (for detail, see the main text). The black
arrow heads indicate the sweep directions and show no notable hysteresis.

aging indicated that significant amounts of unexpected
defects were formed. These results demonstrate the com-
bined effects of gaseous oxygen physiosorption in the me-
soporous channel layer, as well as the irreversible creation
of defects such as oxygen vacancies (V,) and zinc interstitials
(Zny). On the basis of both the presence of the nanopores
(surface absorption) and the nature of the amorphous
structures (defect creation), the device characteristic of
solution-processed a-IGZO TFTs was also revisited using
modified band theory.

RESULTS AND DISCUSSION

Films of active layer a-IGZO were prepared by spin-
coating with sol solutions of optimum molar ratios. Heavily
doped n* silicon substrates were used as gates with ther-
mally grown silicon dioxides (see the experimental section).
The spin-coated a-IGZO films were annealed at 400 °C in
air to allow the residual organic species to decompose.
Aluminum, as a source/drain, was deposited onto the a-1GZO
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layers by thermal evaporation using shadow masks in the
top-contact and bottom-gate device configurations. The
devices were vacuum annealed (~1 x 1072 torr) at 200 °C
for 1 min (i.e., postannealing) prior to the electrical mea-
surements. Figure 1a shows a representative cross-sectional
transmission electron microscopy (TEM) image of the a-IGZO
film on SiO,/Si; this image shows that the film had a
thickness of ~25 nm and inhomogeneous contrast. We
suspected that the inhomogeneity in the TEM contrast of our
amorphous layer (see the inset of panel a in Figure 1) was
likely due to the presence of empty pores inside the a-IGZO.
The pores were produced from gaseous products escaping
from the organometallic precursors during annealing (11).
The black arrowhead in the magnified TEM micrograph of
Figure 1b indicates a probable surface pore of a few nano-
meters in diameter. Pores with similar dimension were also
observed in the atomic force microscopy (AFM) height
images, as indicated by the solid red circles in Figure 1c. The
corner angle depth in the line profile was comparable with
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FIGURE 2. (a) Time course of the work function of our a-IGZO layer measured by KPFM spectroscopy. The dotted blue line is a visual guide
showing the dramatic change in work function in high vacuum conditions. The inset: schematic diagram illustrating how the work function
of a-IGZO is determined with KPFM spectroscopy. (b) The corresponding transfer characteristics and (c) subthreshold slope parameter. The

back arrowhead in (b) shows the aged device characteristics.

that of the AFM tip employed (within an angle of three
degrees). Therefore, the dips can be considered surface
nanopores deconvoluted by the tip shape. Mesoporous
structures such as these have never previously been reported
in dense films prepared by physical vapor deposition (12).

The typical output characteristics of our solution-pro-
cessed a-IGZO TFT upon full aging (i.e., aged for ~three days
under ambient conditions just after postannealing) showed
that, as expected, the a-IGZO layer operated as a n-channel.
This was demonstrated by calculating the proportional
relationship between the source-to-drain current (Ips) —volt-
age (Vps) at a positive gate bias (Vgs) (Figure 1d). The
estimated field effect mobility at the saturated region was
~0.75 cm? V~!s™! for our optimized films. The transfer
characteristic of our devices also showed a low off-state
current below 1 x 107® A and an on-to-off current ratio of
~1 x 10° as shown in Figure le. The negative turn-on
voltage (Figure 1e) was due to the higher work function of
our a-IGZO as compared to the gate electrode material. The
negative turn-on voltage was indicative of an accumulation
mode at thermal equilibrium. No significant hysteresis in the
Ins— Vs curves was observed, as shown in Figure le.

It should be noted that our devices showed aging behavior
under ambient conditions immediately after postannealing
in a vacuum (see Figure 2). To understand the aging phe-
nomenon, we in situ monitored the work functions of our
a-IGZO layers using KPFM spectroscopy under ambient
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conditions over several days. The detailed measurement
principles used for KPFM investigations has been discussed
previously (13, 14). Briefly, the Au-coated AFM tip for KPFM
spectroscopy was calibrated by measuring the work function
on a freshly cleaved, highly ordered pyrolytic graphite
(HOPG). The amplitudes of electrostatic force at the first
harmonic signal between the a-IGZO layer and gold-coated
tip were measured as a function of the dc offset with an
external lock-in amplifier, which had an ac bias of 0.5V
(root-mean-square voltage) when 17 kHz were applied. All
KPFM measurements were carried out without AFM Z-
feedback to enhance the accuracy of the work function
determination. Figure 2a shows the time course of the work
functions of the solution-processed a-IGZO films under
ambient conditions. Relative humidity and temperature
were in the ranges of 18—22% and 22—23 °C, respectively.
For a period of about two days, an increase of ~0.25 eV in
the work function of the a-IGZO was observed upon expo-
sure to ambient air. Saturation was reached at ~5.13 eV.
The work function values were slightly higher than those
reported in the literature (6, 7). This difference may be a
result of negative charges accumulating at the semiconduc-
tor/insulator interfaces during thermal equilibrium due to the
use of a n* silicon gate (15). The adsorption of gaseous
species, such as water and/or oxygen molecules, on the
exposed a-1IGZO might be responsible for the work function
increase. This hypothesis was further proven by recovering
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FIGURE 3. Core-level XPS results of our solution-processed a-IGZO films before and after aging for over three days under ambient conditions
((a, b) oxygen 1s, and (c, d) zinc 2p5;;). The empty black circles are measured data, the solid blue lines are Gaussian deconvolution results for
each peak, and the solid red lines are the sum of the deconvoluted blue peaks underneath. After aging, the increased defects are obvious for

both cases, as marked by the back arrows.

the work function under high-vacuum conditions (Figure 2a,
atright). The Fourier transform infrared spectroscopy (FTIR)
results for our sample over time indicated no significant
increase in the intensity of hydroxyl stretching (see the
Supporting Information, Figure S1). The XPS results also
supported the negligible hydroxyl formation, as will be
discussed later (Figure 3). The detected decrease in the
subthreshold swing parameter (S) also excluded the degra-
dation effect by water adsorption, as reported by others
(Figure 2¢) (6, 7). Therefore, we concluded that the adsorbed
species were oxygen rather than hydroxyl groups. It is well-
known that zinc-oxide-based materials have a strong affinity
for oxygen; therefore, the oxygen-attracted electrons (one
per molecule) resulted in the formation of O, on the
surfaces (16). Indeed, hydroxyl groups bound onto oxide
surfaces were known to be difficult to detach under vacuum
conditions as high as ~1 x 107¢ Torr (17). On the other
hand, oxygen molecules have been desorbed, as in the
vacuum KPFM results of the Figure 2a. Because KPFM
characterized surface phenomena, the observed work func-
tion change may have originated from only the top-surface
desorption of oxygen in the films. In accordance with
previous studies, however, the charge screening resulting
from adsorption was known to be ~30 nm from the top
surfaces, which was comparable with the thickness of the
IGZO layer ( 6, 7). Therefore, the fact that both desorption
modes (i.e., top/pore-surfaces) were operating did not result
in the aged device characteristics observed.
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Critically, we found that the aging characteristic was not
solely due to surface adsorption/desorption. Although the
work function of our a-IGZO was recovered under vacuum
conditions (Figure 2a), the transfer curves of our solution-
processed a-IGZO TFTs upon vacuum treatment for more
than three days exhibited no significant recovery (Figure 1e).
Important physical characteristics were changed during
aging, including subthreshold swing, off-state current, and
turn-on voltage. Therefore, it is reasonable to assume that
permanent chemical changes occurred during the device
aging that accompanied oxygen adsorption. To investigate
this scenario in detail, XPS was completed on solution-
processed a-1GZO films aged under ambient conditions, as
well as on those that were not aged. Notably, for the “not-
aged” condition, the a-IGZO films were brought into the XPS
chamber within 30 min postannealing. Also, XPS was mea-
sured under ultra high vacuum (~1 x 107? Torr), so the
consideration of surface oxygen absorption was excluded
for the both aged and not-aged conditions, as discussed
above. Although the surface oxygen species of 533 eV in the
oxygen 1s peaks in panels a and b in Figure 3 exhibited
negligible fluctuation after aging, the other two peaks changed
significantly. The main peak of 531.4 eV, which indicated
the full complement of nearest-neighbor O ions, decreased.
However, the central shoulder peak at 532.5 eV, which was
related to oxygen defects, increased by a factor of more than
half the peak area, as indicated by the black arrow (18—21).
On the basis of recent studies on zinc oxide (22—24), Zn;,
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FIGURE 4. (a) Band diagram of metal-oxide-semiconductor structures at thermal equilibrium with (red line) and without (black line) the
introduction of oxygen adsorption within the pores. Built-in potential is g®y,;; additional potential by oxygen absorption is g®,x. (b) Conventional
model for the metal-semiconductor interface at flat band and (c) proposed model for our solution-processed a-IGZO TFT at thermal equilibrium.
The filled black circles indicate electrons charged at the interfaces below Ey, the solid blue lines indicate the interfacial defects, and the
dotted blue lines represent the mixed defect states created as a result of both mesopores and aging. Band diagrams of our Al-IGZO—Al
(source—semiconductor—drain) structures (d) at thermal equilibrium and (e) at operation. The yellow area in the panel (e) indicates the
suppression of the electric field across the junction due to the fixed positive charges. Schematic depictions are to scale neither for energy

level nor for distance.

in addition to V,, were also considered to be major defect
sites. With respect to Ga and In, although Nomura et al.
pointed out that In** 5s orbitals lead the significant reduction
in the electronic effective mass to be ~0.2m, at the conduc-
tion band bottom (25), we ruled out the two elements in the
discussions as the XPS intensity for Zn (1022.6 eV) were
substantially higher than both Ga and In. A large number of
zinc-related defects were found in the left shoulder in the
Zn 2psp;, peaks (1023.4 eV), as indicated by the black arrows
in panels ¢ and d in Figure 3. This number increased upon
aging. These findings were consistent with recent calculation
results that indicated strong attractive coupling between V,
and Zn; (24). The defects created during aging under ambient
conditions in solution-processed materials, namely oxygen
vacancies and metal interstitials, most likely resulted from
unstable porous amorphous structures formed during ther-
mal annealing, i.e., the network of escape paths for the
byproduct of precursor molecules (26). However, such a
phenomenon, i.e., structural defect formation, has not previ-
ously occurred in crystals because the lattice constrained
atomic motions (27). This phenomenon might have occurred
in our case because the pore surfaces of the structures were
exposed freely. In terms of the charge of the defects, Zn; has
recently been recognized as an essential agent for oxygen
capture on surfaces (23), which strongly supports our hy-
pothesis that the a-IGZO was coupled with surface O,~
species again. We noted not only that such defect states
were created during aging as a result of the nature of porous
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amorphous structures, but also that those were operated as
positive sources for device performance. In this context, the
positive shift of turn-on voltage during aging seemed to
reflect the additional conversion for the depletion layer by
oxygen adsorption and the charging processes for trap sites
created by aging (Figure 2b). The swing parameter, S, was
detected to be dramatically increased for the sputtered,
dense AOS layers, which were degraded by water (7a). S was
also decreased with time in our samples. For our porous
amorphous IGZO, the defects formed from the coupled V,
and Zn; were most likely the source for the carrier generation
with the moderate charge trap states, opening a new path
for device physics on solution-processed TFT operation (see
below discussion).

Taking the effect of surface absorption and defect cre-
ation after aging into account, we proposed the operation
principle of solution-processed AOS TFTs via modified band
theory. The additional band bending at thermal equilibrium
caused by oxygen adsorption on the insides of nanopores
was first considered, as depicted in the schematic in Figure
4a. The initial electron depletion caused by physiosorbed
oxygen on the pore surfaces of aged AOS TFTs (solid black
lines) can be explained by further introducing the potential
of the absorption species, g®,y, in addition to the built-in
potential, g®y, (solid red lines of Figure 4a). Note that the
additional band bending led to severe conversion of
the Fermi level over the conduction band minimum at the
semiconductor/dielectric interface, as shown in Figure 4a.
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In conventional metal-oxide-semiconductor field-effect tran-
sistor theory, the defect states at interfaces were considered
more important than those in the semiconductor bulk (see
Figure 4b). By contrast, the solution-processed AOS layers
affected continuous defect states in the bulk film because
of the presence of both pores themselves and defect sites
created during aging. These are drawn as dotted blue lines
in the schematic in Figure 4c, and when bent, should have
noticeable effects on the trap density as well as device
performance, especially for the off-state current decrease.
Compared to the electrons that filled the interfacial states
at the flat band in conventional devices (Figure 4b), the
amount of bulk/pore-trap-filled charges became more sig-
nificant in defective oxide semiconductors such as our
solution-processed a-IGZO. The significantly greater density
of the bulk traps than at the interface caused the results seen
in Figure 4c. Regarding the trapped species signs, the
resulting band bending, both at thermal equilibrium and
during operation, led to negative interfacial charging as well
as bulk/pore defect filling with electrons in this n-type
semiconductor (see the states below Eg, as demonstrated in
Figure 4c).

The TFT operation characteristics after aging were inter-
preted as the result of the dynamic interfaces in the following
ways. Both surface absorption and defect creation led to the
change in material properties and device performance for
the solution-processed a-1GZO. The former could be ex-
plained as a result from p-doping-like electron extraction by
oxygen absorption, i.e., increasing work function and form-
ing a depletion layer underneath (28). The latter seemed to
contribute to the development of states for fixed charges
both in the active layer and at the related interfacial layers
by the creation of both V, and Zn; (29). Of the TFT charac-
teristics that influenced aging, the notable decrease in the
off-state current was essential in understanding the aging
phenomenon, as shown in Figure 2b. The off-state current
was dependent on the Vpg, coming from thermal generation,
field emission, and thermionic field emission or Pool—Frenkel
emission (30). The significant current reduction of ap-
proximately 2 orders of magnitude of the same device
structures should result from the aging of the active layer
itself and the interacted interfaces. However, the tested
active layer was insensitive to the band tail states (not a
covalent semiconductor), and the change in mobility upon
aging was ruled out (31). Therefore, three interfaces poten-
tially changed dynamically during aging: semiconductor/
dielectric (Figure 4a, ¢), backchannel-side air (Figures 2a and
4a), and active/passive ones (Figure 4d, e). The result, of no
significant changes on the gate leakage current after aging,
excluded the semiconductor/dielectric interface. With the
above-mentioned model for porous amorphous structure
having defect states with uniform energy distribution, the
drain junction, i.e., active/passive interface and response to
the aging dynamics, suppressed the electric field between
the source and drain. This was made possible by the
development of positive fixed charges against defect cre-
ation (see the yellow area in Figure 4e). Note that before
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applying the Vpg, the interfaces were charged negatively in
this n-type active layer, with electrons below Er due to the
enhanced mode operation. Such a dynamic at the drain
junction was concluded to be responsible for the off-state
current reduction. In addition to the junction properties at
the passive layer interfaces, the decrease in off-state current
during aging was more direct evidence for the aging dynam-
ics of sol—gel AOS material itself. In accordance with a
recent study, the off-state current reduction reflected the
state changes at the backchannel surfaces, i.e., air/IGZO
interfaces due to fixed charges near the backchannel, rather
than semiconductor/dielectric interfaces (32). Importantly,
there existed a difference between degradation defects and
carrier generation defects. The difference could be classified
by the accompanying S change: degradation defects resulted
in the increase, or in the decrease, of S. Positive defects were
created in our solution-processed IGZO. In this context, the
decrease of S, by approximately 1.5V - decade™ after aging,
could be explained (Figure 2¢). The results seemed to conflict
with experimental observations by other groups: Kimura et
al. reported that in the vacuum-deposited AOSs, the defec-
tive layers had relatively high S values (33); Park et al. also
reported that degradation by water resulted in the increase
of S. In our case, rapidly decreased S was a result of the
corresponding off-state current change rather than degrada-
tion. Furthermore, overall S values were much larger than
those in vacuum-deposited AOS TFTs (33); these large values
were indicative of abundant defects in our a-IGZO both
before and after aging.

CONCLUSIONS

In summary, we prepared solution-processed a-IGZO
TFTs and investigated their aging behaviors by measuring
the work functions of the films as a function of time using
KPFM. Additional XPS studies combined with the KPFM
results revealed that there were two competing factors
responsible for the aging characteristics of AOS TFTs: the
adsorption of oxygen molecules onto the nanopore surfaces
within the films, and the creation of defects including oxygen
vacancies and zinc interstitials. On the basis of modified
band theory, we proposed solution-processed AOS TFTs
incorporating both the nature of porous amorphous struc-
tures and the aging dynamics. The perspectives reported
here should be taken into consideration in the design and
fabrication of advanced flexible AOS TFTs.

METHODS

Preparation of a-IGZO Films. The sol solution for the IGZO
layer was prepared by dissolving zinc acetate dihydrate
(Zn(CH5COO0); - 2H,0, 98+ %, Aldrich), indium nitrate hydrate
(In(NOs5)5 - H,0, 99.9%, Aldrich), and gallium nitrate hydrate
(Ga(NOs)5 - H,0,99.9 %, Aldrich) in 2-methoxyethanol (99.8 %,
anhydrous, Aldrich) (34). The concentration of metal precursors
was 0.3 M and the optimum molar ratio was 0.05:0.63:0.32 for
Ga, In, and Zn, respectively. The optimization processes have
been published recently (35). Ethanolamine (=99 %, Aldrich)
was used as a stabilizing agent to improve the solubility of the
precursor salts. Prior to coating, the formulated solution was
stirred for ~12 h at room temperature and filtered through a
0.2 um membrane filter.
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TFT Fabrication and Postannealing. The dielectric surface
was cleaned with isopropyl alcohol and UV-ozone cleaner prior
to coating with the active layer. The a-IGZO layers were coated
onto the SiO,/Si substrate (capacitance ~34.5 nF cm™2) with a
spinning speed of 4000 rpm. The resulting films were dried at
ca. 200 °C for ~90 s to evaporate the solvent and annealed at
ca. 400 °C for ~30 min in air. The width and length of the
channel were 3000 and 80 um, respectively. The postannealing
step was then performed at ca. 200 °C for ca. I min under
vacuum conditions by rapid thermal annealing.

Electrical and Spectroscopic Measurements. The [—V char-
acteristics for all transistors were measured in air using an
Agilent 4155C semiconductor parameter analyzer. To monitor
the work functions of a-IGZO layers as a function of aging time,
an ambient AFM was employed (SPA-400, Seiko Instrument,
Japan). The work function of a-IGZO under high vacuum was
recorded separately with a vacuum AFM (E-sweep, Seiko Instru-
ment, Japan). Au-coated cantilevers with a spring constant of
~1.4 N m~"and a resonance frequency of ~26 kHz were used
for KPFM measurements (DF3A, Seiko Instrument, Japan). The
external lock-in amplifier employed was a SR830 from Stanford
Research Systems, Inc., U.S., which was interfaced with the
AFM by LabVIEW from National Instruments, US.
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