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Abstract—In this paper, the properties of hybrid-
phase microstructural indium tin oxide-stabilized ZnO thin
films and the relevant high-performance thin-film transis-
tors (TFTs) were systematically investigated. The optically
extracted Urbach energy revealed that such thin films owned
less band-tail state trapping in comparison with that of the
corresponding amorphous thin films. This was determined
by better atomic arrangement and might realize higher drift
mobility theoretically. The influence of deposition para-
meters such as oxygen partial pressure ratio (Pg2) and
direct-current power (Ppc) on thin films was discussed in
detail. Then, the TFTs with optimal co-sputtering conditions
were fabricated. Such devices exhibited a typical field-effect
mobility of 26.1 cm?/V.s, threshold voltage of 0.5 V, on—off
ratio of over 109, and extremely low subthreshold swing
of 89 mV/decade. Meanwhile, the spatial uniformity, air
stability, and repeated switching behavior of devices were
demonstrated to be excellent.

Index  Terms—Hybrid-phase microstructure, ITO-

stabilized ZnO, thin-film transistor (TFT).

|I. INTRODUCTION
WING to merits such as low manufacturing costs and
temperature, excellent optical transparency, and reason-
able electrical properties, many recent flat-panel display (FPD)
products adopt metal-oxide (MO) thin-film transistors (TFTs)
in their backplanes. Therein, amorphous indium gallium
zinc oxide (a-IGZO) is one of the most prevalent channel
choices [1]-[5]. Compared with the conventional hydrogenated
amorphous silicon (a-Si:H), the superiorities of a-IGZ0O mainly
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lie in its relatively high mobility (5-10 cm?/V-s) and extremely
low OFF-state current. These properties are necessary in high-
definition and low-power-consumption applications, especially
for small- or medium-size mobile devices. Although the
mobility provided by the low-temperature polycrystalline sili-
con (LTPS) technology is higher, the electrical nonuniformity
as a result of grain boundaries always hinders its infiltration
in large-area display market [10], [11]. Contrastively, a-IGZO
TFTs are compatible with FPD products with a wide range
of backplane size, even though the production line expands
beyond Gen 8.

However, when FPD technology develops toward super high
resolution and frequency (e.g., over 7680 x 4320 resolution
and >120 Hz frame rate) and narrow bezels involving sys-
tem on panel technologies, the common a-IGZO TFTs seem
difficult to offer enough driving capability [5]. Thus, many
efforts by adjusting material composition or microstructure
have been paid to boost the mobility of MO semiconductors
beyond the general a-IGZO. In terms of material composition,
the In/Ga/Zn atomic ratio in a-IGZO system was well studied
and optimized [1], [12], [13]. In particular, the field-effect
mobility could reach as high as 63.6 cm?/V-s when a-IGZO
channels (In:Ga:Zn = 71.2:21.3:7.5) were employed together
with ALD SiO; gate dielectric layers [15]. Meanwhile,
a plenty of a-IGZO counterparts with higher mobility such
as [ZO, ITZ0, and ATIZO were also proposed [9], [16]-[18].
On the other hand, from the perspective of material microstruc-
ture, Yamazaki et al. reported a cloud-aligned composite IGZO
with a common composition of In:Ga:Zn = 1:1:1, and a field-
effect mobility of near 40 cm?/V-s was obtained in TFTs [19].
Besides, Stewart and Wager [22] and Stewart et al. [23] also
predicted an upper carrier mobility limit for amorphous semi-
conductors, because the carrier trapping in each material
would significantly affect its actual drift mobility, which was
closely associated with the nature of disorder. However, more
highly ordered microstructure is not absolutely welcomed,
especially considering the nonuniformity issue among LTPS
TFTs. Therefore, both material composition and microstruc-
ture ought to be well taken into consideration. Combining with
these two aspects, we previously proposed a kind of indium
tin oxide (ITO)-stabilized ZnO thin films with hybrid-phase
microstructure, and employed them as active layers in the
bottom-contact top-gated TFTs [27].

0018-9383 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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In this paper, the hybrid-phase microstructural
ITO-stabilized ZnO thin films and the relevant TFTs
were systematically investigated. Initially, the microstructural
properties of thin films were characterized physically, and less
band-tail state trapping was measured quantitatively. Then,
the influence of deposition parameters such as oxygen partial
pressure ratio (Po>) and direct-current power (Ppc) on thin
films were discussed in detail. Afterward, it was found that
the optimal top-contact bottom-gated TFTs could be obtained
when Po; and Ppc were set as 40% and 120 W, respectively.
The corresponding devices were operated with relatively
high and spatially uniform electrical characteristics. Finally,
the ambient instability of devices was well suppressed due to
the in situ passivation of channels, and the switching behavior
after repeated cycling was demonstrated to be good.

Il. EXPERIMENT

The ITO-stabilized ZnO thin films with hybrid-phase
microstructure were deposited on SiO,/Si substrates at room
temperature through magnetron co-sputtering 2-in circular ITO
(90 wt% InpO3 and 10 wt% SnO;) and ZnO targets. The
ITO target was connected with a direct-current power source,
whereas the ZnO target was sputtered using a RF one. The
distance between substrates and targets was both 10 cm. The
base pressure and working pressure in chamber were pumped
to 5x 1070 and 3 x 1073 Torr, respectively. During deposition,
the total gas flow rate was 20 sccm, and the RF power (Prr)
was fixed at 150 W. The deposition time for all thin films
was 20 min. To investigate the influence of P> on thin films,
Ppc was set to 120 W, and the flow rate of O, was tuned
from 2 to 12 sccm; then, Poy accordingly varied from 10%
to 60%. To study the influence of Ppc on thin films, Poy was
kept at 40%, and Ppc was configured from 60 to 90, 120, and
150 W. For the crystalline phase characterization of thin films,
an X-ray diffractometer (XRD, PANalytical Empyrean) with
Cu Ka radiation was used. It was operated in thin-film mode,
and the angle between the X-ray and thin film surface was
set to 0.5°. Then, the microstructure of thin films was further
probed using a high-resolution field emission transmission
electron microscope (HRTEM, JEOL JEM-2010HR). Addi-
tionally, an atomic force microscopy (AFM, Park XE150S)
was used to analyze the surface morphology of thin films. The
substrates were Si wafers coated by thermally grown SiOj,
which owned a surface root-mean-square (rms) roughness
of ~0.1 nm. Besides, a UV-Visible spectroscopy (Perkin
Elmer Lambda 20) was employed to obtain the absorption
spectrum of thin films. To analyze the material composition
and chemical states of oxygen, X-ray photoelectron spec-
troscopy (XPS) measurement was conducted on the Physical
Electronics 5600 multitechnique system. For precise detection,
the surface 5-nm-thick thin films were etched using Ar ions
before XPS characterization. The thin-film resistivity was
measured using a four-point-probe system (Lucas Pro4-640R).
All of the thin films were thermally annealed at 300 °C in air
before any characterizations mentioned above.

The schematic of the basic top-contact bottom-gated TFTs
is shown in Fig. 1. The gate insulator herein employed the

ITO-stabilized ZnO
sio,

Fig. 1. Schematic of the top-contact bottom-gated TFTs in this work.

thermally grown SiO with less defects. This avoided the
negative impact coming from the gate insulator layer as much
as possible, and the influence of different active layers on
the device electrical performance could be exclusively investi-
gated. The whole fabrication processes started on 4-in heavily
doped n-type Si wafers, which were coated by 120-nm-thick
thermally grown SiO,. After backside oxide removal in a
buffered oxide etchant solution, the exposed Si would serve
as the gate electrode. Then, 50-nm-thick active layers were
deposited on substrates through magnetron co-sputtering ITO
and ZnO targets at room temperature. The detailed deposition
conditions were described above. Next, the active layers were
patterned using the conventional photolithography and etched
in diluted hydrofluoric acid. The width and length of channels
were defined as 90 and 45 um, respectively. After photoresist
stripping, a lift-off method was performed to form 150-nm-
thick sputtered aluminum source and drain electrodes. Finally,
the devices were subjected to thermal annealing at 300 °C in
air. The electrical characteristics of TFTs were measured in
the probe station using a semiconductor parameter analyzer
(Agilent 4156C).

[1l. RESULTS AND DISCUSSION
A. Thin-Film Properties

Fig. 2(a) shows an XRD spectrum of the hybrid-phase
microstructural ITO-stabilized ZnO thin films that deposited
on Si0,/Si substrates at room temperature. A relatively wide
peak centered at around 33.5° can be detected. For reference,
the XRD spectrum for substrates is also plotted, and no
peak is observed. It means that there exist grains with a
size of ~2 nm in the hybrid-phase microstructural thin films
according to Scherrer’s equation [27]. Since such peak corre-
sponds to neither the diffraction peaks of polycrystalline ZnO
films nor those of polycrystalline ITO films, the nanocrystals
are composed of some complex compounds, rather than the
segregated ZnO or ITO. Then, the hybrid-phase microstructure
is further investigated using HRTEM, and the cross-sectional
HRTEM image of thin films is shown in Fig. 2(b). For better
recognition, pairs of arrows are employed to highlight several
nanocrystals. The measured grain size is consistent with the
XRD-derived result, and the interplanar crystal spacing is
0.28 £+ 0.01 nm. Based on the information about XRD
diffraction peak position and interplanar crystal spacing value,
it can be inferred but not confirmed that the above nanocrystals
are likely to consist of the homologous ZngIn;O(i43) (Where
k = 3, 4), ilmenite ZnSnO3, and spinel Zn,SnO4 com-
pounds [28]. Different from conventional amorphous and
polycrystalline phase, the columnar grains herein are sparsely
interspersed in an amorphous matrix. Thus, we name it as the
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Fig. 2. (a) XRD spectra of the ITO-stabilized ZnO thin films with
hybrid-phase microstructure and SiO»/Si substrates. (b) Cross-sectional
HRTEM image of the hybrid-phase microstructural thin films, and pairs of
arrows are eye guides for recognition of nanocrystals. (c) AFM image of
the surface of hybrid-phase microstructural ITO-stabilized ZnO thin film
deposited on SiO,/Si substrates.

“hybrid-phase” microstructure, and the “phase” herein refers
to the microstructural phase of materials only, rather than the
chemical phase of nanocrystals or amorphous matrix. More-
over, compared with the absolutely nanocrystalline thin films,
the grain boundary density in the hybrid-phase microstructural
thin films is expected to be lower. Considering the grain size
is much smaller than the general transistor size, the device
uniformity will not be affected. To better understand the
microstructure, an AFM image describing the surface mor-
phology of thin films is presented in Fig. 2(c). There are no
apparent grains and grain boundaries observed. Meanwhile,
the measured rms roughness within a 1 x 1 xm? region can be
as low as 0.299 nm, which is potential to reduce the interfacial
scattering and enhance the mobility of TFTs.

To identify the atomic disorder degree of the hybrid-phase
microstructural ITO-stabilized ZnO thin films, the Urbach
energy (Ey) is optically extracted from the absorption spec-
trum of materials. The extraction is referred to the empirical

Urbach relation
ho — E}
— - - 1
a = apexp ( Eu ) (D

where o¢ and E; are the constants and hv represents the
incident photon energy. Fig. 3 describes the variation of In(a)
as a function of hv near the fundamental absorption edge
of thin films, where Ey is equal to the reciprocal of the
fitted straight line’s slope. For the hybrid-phase microstruc-
tural ITO-stabilized ZnO thin films, the extracted Ey is
111.9 meV, which is well situated between the value of
polycrystalline ZnO (~67 meV) and the value of amorphous
ITZO (170 ~ 200 meV) [29], [30]. It is suggested that the

—=—In (a)
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-
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Fig. 3. Plot of In(c) versus incident photon energy near the fundamental
absorption edge of hybrid-phase microstructural ITO-stabilized ZnO thin
films. The Urbach energy is extracted from the reciprocal of the fitted
straight line’s slope.

atoms in hybrid-phase microstructural thin films are better
organized compared with those in amorphous thin films. This
indicates less band-tail state trapping as well. To see the
benefits, consider the equation described in the following:

1
1+ 5

Hdrife = 2
where N, N, parifi, and o are the free carrier concentration,
trapped carrier concentration, drift mobility, and trap-free
mobility, respectively [23]. When the reduction of band-tail
state trapping contributes to lower N7, it is potential to realize
less deviation from u and obtain higher theoretical from
[drife- But this phenomenon herein is not as pronounced as that
in the case of Si-based materials, because the large s orbitals
of heavy metal cations are intrinsically helpful to realize less
electron traps and relieve mobility degradation as a result of
atomic disorder [4], [23], [31].

B. Influence of Oxygen Partial Pressure Ratio (Poo)

Apart from band-tail state trapping, the internal oxygen
vacancies (Vo) are the other particular part that affects the
trap tendency in most n-type MO semiconductors [32]. Addi-
tionally, Vo is also closely linked with carrier capture/release
and then with the electrical conductivity of MO thin films.
It is believed that the concentration of Vo can be effec-
tively controlled by modulating Poy (Po2 = O2/(Ar + 02))
during deposition process [33]. To illustrate the relationship
between Poy and Vo in the hybrid-phase microstructural ITO-
stabilized ZnO thin films more clearly, XPS characterization
was employed to analyze the chemical states of oxygen in
the deposited thin films. As shown in Fig. 4(a)-(d), the XPS
spectra of O 1s peak can be divided into three peaks Oy,
Oq, and Oy, and further fitted by the Gaussian-Lorentzian
deconvolution. Theoretically, O, Op, and O peaks are
relevant to the oxygen bonded in lattices (such as In-O,
Sn-O, and Zn-O), oxygen deficiencies in lattices (such as
Vo), and chemisorbed oxygen (such as the bonded oxygen
in hydroxyl groups) or excess oxygen (such as interstitial
oxygen), respectively [34]-[36]. These peaks are accordingly
centered in 530.2 + 0.1, 531.5 £+ 0.2, and 532.2 £+ 0.1 eV.
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Fig. 4. XPS O 1s spectra of hybrid-phase microstructural ITO-stabilized
ZnO thin films deposited under a Py, of (a) 10%, (b) 25%, (c) 40%, and
(d) 60%. (e) Plot of the relatively area ratio of Oy and Oy, peaks, thin film
resistivity, and grain size variation as a function of Pgs.

Fig. 4(e) exhibits that the relatively area ratio of Oy peak
gradually reduces, whereas that of Oy peak keeps rising
monotonically with the increase of Ppy. It means that there
is a negative correlation between Ppy and V concentration
when Pg; varies from 10% to 60%. Meanwhile, the thin-film
resistivity is found to climb by nearly two orders of magnitude.
This is because Vo acts as a donor defect and contributes to
electron conduction; then, higher Ppy can compensate more
portion of Vo and regulate the free carrier concentration of
thin films toward a lower level [33], [37]. It is beneficial to
suppress Vp-related traps and build enhancement-mode TFTs
with low OFF-state current. Fig. 4(e) also exhibits that the
average XRD-derived grain size shrinks by about 20% (from
2.31 to 1.85 nm) when P, rises from 10% to 60%. For
this phenomenon, some plausible explanations are provided
as follows: 1) when Po, keeps increasing, it will introduce
more and more oxygen ions during the sputtering process and
cause severe bombardment on the growing thin films; then,
the formed nanocrystals may be deteriorated, or the process
of grain growth is probably restrained [38]-[40] and 2) the
primarily sputtered nuclei in multicomponent ITO-stabilized
ZnO material system are complex, which contains different
species with diverse orientations; though the sufficient oxygen
is helpful for individual nucleus expansion, it also aggravates
the mutual growth competition among them at the same time,
and then the shrinkage of grain size can be observed instead.

. —4=—On-off ratio -30

1 L I 1 -40 0.05 d 7
30 40 50 60 70 10
P, (%)
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=21
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Fig. 5. (a) Transfer curves and (b) key electrical parameter variation
of ITO-stabilized ZnO TFTs with hybrid-phase microstructural channels
under different Pp,.

Thus, high Po; will degrade atomic arrangement in the hybrid-
phase microstructural thin films, resulting in more band-tail
states. Therefore, Pg; should be carefully adjusted in order to
well balance the Vp-related trapping and also band-tail-state-
related trapping.

The electrical performance variation of hybrid-phase
microstrucutural ITO-stabilized ZnO TFTs under different Poy
is also examined, as shown in Fig. 5. It can be observed that
the electrical characteristics are significantly improved when
Poy grows from 10% to 25%. Notably, threshold voltage (Vi)
remarkably shifts from —35.85 to —0.75 V. This reflects that
the free carrier concentration in active layers drops dramati-
cally, which is consistent with the large decrease of relative
area ratio of Oy peak [37]. With the further rise of Poy, the rel-
ative area ratio of Ory peak descends slowly, indicating that the
concentration of Vp and the relevant free carrier concentration
stays at quite a low magnitude. Thus, the positive shift of
Vin becomes reasonably slight, even though Po> climbs to
60% eventually. The field-effect mobility (u¢.) in this work is
derived from the linear region of transfer characteristics and
expressed as follows:

Lgm

= 3)
WCOX \Z8

Hfe
where L, W, gn, Cox, and Vg5 denote the channel length,
channel width, transconductance, gate capacitance per unit
area, and drain voltage (0.1 V), respectively. It is found that uf
reaches the maximum at Po>» = 10%, because the free carrier
concentration in thin films should be enormous, referring to the
extremely negative Vi,. With the further rise of Poa, ufe drops
but still stays high. This is probably owing to the well-defined
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TABLE |
SOME MATERIAL MICROSTRUCTURE AND COMPOSITION RELATED PARAMETERS OF THIN FILMS UNDER DIFFERENT Pp¢

Poc (W) Grain size In/(In+Sn+Zn) Sn/(In+Sn+Zn) Zn/(In+Sn+Zn)  (In+Sn)/(In+Sn+Zn)  ITO deposit.ion rate  ZnO deposit_ion rate
(nm) (%) (%) (%) (%) (nm/min) (nm/min)

60 1.97 18.9 1.3 79.8 20.2 2.0

90 2.15 334 2.3 64.3 35.7 3.6

120 2.26 38.6 2.7 58.7 413 4.4 3

150 2.38 46.7 33 50.0 50.0 5.1

TABLE Il
COMPARISON WITH SOME ITZO, ZNO, AND ITO TFTS PUBLISHED IN RECENT YEARS
Compositon_ miconmne_layer W@V Ve)  (gegoyy  Ovolfmio  Refersnc
ITO-stabilized ZnO hybrid-phase SiO, 26.1 0.5 0.089 >10° This work

ITZO amorphous Yb,TiOs 279 0.52 0.203 1.1x10% [6]
ITZO amorphous SiO, 27.59 -0.93 0.153 ~10? [7]
ITZO amorphous AL05/Si0,/Si0, 31.08 0.28 0.096 ~107 [8]
ITZO amorphous SiO, 52.4+15.0 0.140.13 0.14+0.03 >2x10% [9]
ITZO amorphous SiO, 21.67 2.46 0.568 — [14]
Zn0O polycrystalline HfO, 1.4 0.9 0.089 7.1x10% [20]
ZnO polycrystalline ALO; 21.9 4.1 0.244 4x108 [21]
Zn0O polycrystalline ALO; 12 -1.2 0.3 ~108 [24]
ITO amorphous Ta,Os 29.0£1.2 1.05+0.28 0.2 >108 [25]
ITO amorphous ALO; 56.1 0.7 0.14 ~10° [26]

conduction band from 5s orbitals of indium and tin cations in
thin film, which provides the intrinsically lower N7 and higher
Lo in (2) [41]. Besides, the value of subthreshold swing (SS)
always drops along with the increase of Poy. It indicates that
the defects in devices are gradually passivated, which may also
be responsible for the relatively high level of ufe.

C. Influence of Direct-Current Sputtering Power (Ppc)

Table I/ lists the several typical parameters of channel layers
under different Ppc for ITO sputtering, which are related to
material microstructure and composition. Herein, Ppc varies
from 60 to 150 W, while Prr is fixed at 150 W. The grain size
and (In + Sn)/(In + Sn + Zn) ratio are found to keep increasing
with the rise of Ppc. However, the variation of (In + Sn)/(In +
Sn + Zn) ratio is much more drastic than that of grain size. It is
believed that Ppc has more influence on material composition,
especially the content of indium and tin cations, rather than
material microstructure. In general, the electron conduction
band of a-IGZO is principally composed of the delocalized s
orbitals of heavy metal cations [31]. Similarly, both indium
and tin cations with 5s orbitals can also contribute to electron
conduction in ITO-stabilized ZnO thin films. Therefore, Ppc
should be one of the effective deposition parameters to adjust
device electrical characteristics. Fig. 6(a) and (b) shows the
transfer curves and the key electrical parameter variation of
ITO-stabilized ZnO TFTs under different Ppc, respectively.
It is found that the key electrical parameters of devices are all

improved distinctly when Ppc is boosted from 60 to 90 W.
Within the same interval, the ITO deposition rate (from 2to
3.6 nm/min) surpasses the ZnO deposition rate (3 nm/min).
Such consistency also indicates that the content of ITO in
active layers affects the electrical performance of devices
significantly [18], [42]. When Ppc further climbs from 90 to
150 W, the devices behave with minor variation, even though
(In + Sn)/(In + Sn + Zn) ratio still grows. However, it does
not mean over high Ppc is acceptable. For example, indium
cations can substitute zinc cation sites and release electrons,
and then Vi, will be negatively shifted [43], [44]. This phe-
nomenon is indeed observed in Fig. 6(b) when Ppc climbs
from 90 to 150 W. Therefore, Ppc needs to be well mod-
ulated together with the other deposition parameters such as
Pos and Prr. According to the overall electrical characteristics
of devices, the optimal Ppc herein should be set as 120 W.

D. Performance of Optimal Devices

Referring to the discussion above, the optimal hybrid-phase
microstructural ITO-stabilized ZnO TFTs with the basic top-
contact bottom-gated architecture can be fabricated when Po>
is 40% and Ppc is 120 W. Under these conditions, the XPS
results show that the percentage of indium, tin, and zinc
occupied among metal cations are 38.6%, 2.7%, and 58.7%,
respectively; meanwhile, the average XRD-derived nanocrystal
size is around 2.15 nm. The transfer and output characteristics
of corresponding TFTs are shown in Fig. 7(a) and (b). The
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extracted urfe, Vin, and ON/OFF ratio of a typical device are
26.1 cm?2/V-s, 0.5 V, and over 10°, respectively. In addition,
the value of SS can achieve as low as 89 mV/decade. It means
that the total trap density (Nioa1) in bulk channels and at the
gate dielectric/channel interface is maintained at a relatively
low level, which is only 2.67 x 10! cm=2eV~!. The rela-
tionship between Niya and SS fulfills the following equation:

SS — g KT Niotal
Cox log(e)

where g, kp, T, and Cyx are the electron charge, Boltzmann’s
constant, absolute temperature, and gate capacitance per unit
area, respectively [17], [45]. Fig. 7(c) plots ug as a function
of gate bias, which is quite similar to the a-IGZO case [1].
At low gate bias, the trap-limited conduction dominates, so the
almost abrupt increase of uyg reflects a low level of carrier
trapping, which can be passivated rapidly [46]. At high gate
bias, a decrease of ufe is observed, and this is owing to
the increased scattering effects among induced carriers. From
output curves, a current crowding effect at low drain voltage is
still observed. This indicates the imperfect contacts in source
and drain regions. Thus, future optimization work is required
to further promote the electrical performance of devices.
Table II lists the key electrical parameters of our hybrid-
phase microstructural ITO-stabilized ZnO TFTs as well as
some typical ITO, ZnO, and ITZO channel-based TFTs, which
were published in recent years. Compared with the general
amorphous ITZO TFTs, it is found that uf of our devices
is fairly competitive. Meanwhile, their SS and ON—OFF ratio
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Fig. 7. (a) Transfer curves and (b) output curves of optimal hybrid-
phase microstructural ITO-stabilized ZnO TFTs with the basic top-contact
bottom-gated architecture. (c) Plot of u4, as a function of gate bias.

values are among the best ever reported. When it comes to
the basic ZnO and ITO TFTs, the electrical performance of
devices in this work is also attractive.

The spatially electrical uniformity of TFTs with hybrid-
phase microstructural channels is also examined. Fig. 8
describes the key electrical parameters of 30 devices, which
are uniformly distributed over a 4-in wafer. Apart from the
enhanced device behavior, it is clearly seen that all the key
electrical parameters fluctuate within a rather narrow range.
Particularly, the relative standard deviations of ufe and SS
are only 3.1% and 8.2%, respectively. It can be concluded
that the hybrid-phase microstructure does not deteriorate spa-
tially electrical uniformity of devices. Because the influence
of sparse nanocrystals inside the thin films is ignorable,
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especially when they are analyzed in the dimension of TFT
channels. Therefore, such hybrid-phase microstructural TFTs
are believed to be compatible with large-area applications.
Furthmore, the ITO-stabilized ZnO TFTs exhibit robustness
to the atmospheric ambient, as a result of their unique hybrid-
phase microstructural channels. For many ZnO-based devices,
there generally exist the ambient interactions at the exposed
surface and grain boundaries of ZnO. These oxygen and
water adsorption/desorption effects are always accompanied
by electron capture/release and trap-state generation, resulting
in a severe ambient instability [36], [47], [48]. However, Fig. 9
illustrates that the hybrid-phase microstructural ITO-stabilized
ZnO TFTs without any passivation can be operated normally
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Fig. 10. Transfer curve evolution of the hybrid-phase microstructural
ITO-stabilized ZnO TFTs under repeated cycling tests.

only with a small Vi, fluctuation even after 10 weeks. It is
observed that Vi, of as-fabricated devices drops sharply from
about 0.5 V to below zero after half a day, and then its value
fluctuates within a narrow range. The ambient interactions
seem to achieve a dynamic equilibrium eventually. In addition,
there are no stretch-out phenomena observed in subthreshold
region of transfer curves, and the extracted values of SS
always keep in the vicinity of 0.1 V/decade. It means that
few defects are created during this period. Compared with the
situations in polycrystalline ZnO and a-IGZO TFTs [49], [50],
which are deteriorated significantly after a long term, the TFTs
in this work perform extremely atmospheric ambient stable.
One plausible explanation is that a large portion of origi-
nally exposed ZnO-based backsurface is encapsulated by ITO-
involved material, which is less sensitive to the oxygen and
water adsorption/desorption processes. Moreover, the grain
boundary density in hybrid-phase microstructure is diluted.
Therefore, the ambient interactions can be well suppressed,
which enables the in situ passivation of channels by them-
selves.

At last, Fig. 10 shows the transfer curve evolution of the
hybrid-phase microstructural ITO-stabilized ZnO TFTs under
repeated cycling tests. It is found that besides the excellent air
stability, such devices also exhibit reliable repeated switching
behavior with a slight Vi, shift of 0.8 V after 3001 sweeping
cycles. This is essential in the practical applications.

IV. CONCLUSION

In summary, the properties of hybrid-phase microstructural
ITO-stabilized ZnO thin films and the related TFTs were inves-
tigated. The optically extracted Urbach energy of thin films
revealed less band-tail state trapping compared with that of
amorphous thin films, theoretically contributing to higher drift
mobility. By adjusting the co-sputtering parameters, the basic
top-contact bottom-gated TFTs with optimal active layers
could be obtained when Pp> and Ppc were set as 40% and
120 W, respectively. The corresponding TFTs exhibited uni-
form electrical performance with a typical field-effect mobility
of 26.1 cm?/V-s, threshold voltage of 0.5 V, ON—OFF ratio of
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over 10, and extremely low SS of 89 mV/decade. It was
suggested that both material composition and microstructure
of active layers should be well taken into the consideration for
TFT performance enhancement.
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