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Stability Improvement of In–Sn–Ga–O Thin-Film
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Abstract— Thin-film
transistors
(TFTs)
based
on
In–Sn–Ga–O (ITGO)
semiconductors
were
evaluated
with respect to different post-annealing temperatures
(200 °C ∼ 350 °C). High-performance devices were obtained,
exhibiting field-effect mobility values exceeding 25 cm2 /Vs at all
thermal treatments. However, the threshold voltage shift (Vth )
under negative bias stress increased with increasing annealing
temperature, which is opposite to what is generally observed
in oxide semiconductor TFTs. It is suggested that annealing at
elevated temperatures results in relatively large concentrations
of oxygen deficient sites in ITGO. These defects act as sources
of excess electron carriers, which induce large V th shifts upon
negative bias stress. Relatively low process temperatures are
thus preferred in ITGO TFTs, which are anticipated to pave
the way for the development of flexible displays.
Index Terms— Flexible display, indium-tin-gallium oxide, low
temperature annealing, reliability, transistors.

I. I NTRODUCTION

F

LEXIBLE displays are currently drawing a lot of attention
owing to the possibility of fabricating thin and light panels
as compared to using rigid glass substrates [1]. Amorphous
oxide semiconductors such as In-Ga-Zn-O (IGZO) are attractive for the fabrication of thin film transistor (TFT) arrays on
flexible substrates, as they exhibit higher field effect mobility
than conventional amorphous silicon, and are compatible with
low temperature processes [2], [3]. However, in order to
realize flexible displays, the TFT devices must be fabricated on
plastic substrates such as polyethylene naphthalate (PEN) or
polyethylene terephthalate (PET), which are prone to degradation upon exposure to heat. Yet oxide semiconductors require
relatively high annealing temperatures in order to activate their
electrical properties and reduce the density of defects that may
act as charge traps.
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Oxide TFTs on PET used to exhibit rather poor electrical
performance compared to devices fabricated on glass substrates [4]. Polyimide (PI) substrates showed promising
results [5], but the necessity of high annealing temperatures
for oxide semiconductors has constantly been a major hurdle
to the development of high performance oxide TFTs on
polymers. In addition, high mobility (> 20 cm2 /Vs) should be
obtained at lower annealing temperatures (≤ 300°C). In this
regard, the indium tin oxide (ITO, In-Sn-O) system is attractive
in the fact that In and Sn cations with the [Kr]4d 105s 0
electronic configuration exhibit large spatial overlap between
the 5s orbitals and afford high conductive paths to electron
carriers, hence the high electron mobility. In order convey
the high mobility to TFT devices that act as switches, it
is necessary to reduce the free carrier density so as to be
able to turn the device on and off with an applied gate
voltage. For instance, the addition of Ga cations in the In-Zn-O
system is well known to result in the suppression of excess
charge carriers, since Ga cations form strong bonds with
oxygen anions and diminish the possibility of having oxygen
vacancies that act as sources of free electrons [6]. Also,
the incorporation of Ga in crystalline IZO helps to preserve
an amorphous microstructure. In this letter, the properties
of In-Sn-Ga-O (ITGO) TFTs are investigated with respect
to different annealing temperatures. Counterintuitively, their
stability with respect to bias stress is improved as the annealing
temperature decreases. Such results suggest the possibility
of realizing flexible displays with ITGO semiconductors at
relatively low process temperatures.
II. E XPERIMENTAL P ROCEDURE
Bottom gate/top contact TFTs were fabricated with a channel width/length of 800 μm/ 200 μm. ITGO films with a
thickness of 30 nm were deposited on SiO2 (100 nm)/Si substrates at room temperature by direct current (DC) sputtering.
The cation ratio in the ITGO sputter target is approximately
In:Ga:Sn = 7:1:2. Indium-tin-oxide (ITO) was then deposited
with a thickness of 100 nm as the source and drain electrodes,
patterned using a shadow mask. The TFT structure is shown
as an inset in figure 1 (a). The devices were annealed at
different temperatures (sample 1: 200°C, sample 2: 250°C,
sample 3: 300°C, sample 4: 350°C) in air for 1 hour.
The electrical properties of the devices were collected using
a HP 4155A semiconductor analyzer. The device stability
under negative bias temperature stress (NBTS) was evaluated
in N2 ambient to exclude environmental effects, using a bias of
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Fig. 1.
(a) Representative transfer curves of ITGO TFT annealed at
200 °C with different drain voltage (inset: ITGO TFT structure). (b) Vth
under hysteresis as a function of different annealing temperatures. A total of
4 devices were measured for each annealing temperature.
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Fig. 2. (a) Evolution of the transfer characteristics of ITGO TFT annealed
at 200°C under negative bias stress. (b) Vth shift as a function of stress time
for devices annealed at different temperatures.

TABLE I
E LECTRICAL PARAMETERS OF TFTs A NNEALED AT D IFFERENT
T EMPERATURES . A T OTAL OF 4 D EVICES W ERE M EASURED
FOR E ACH C ONDITION

VGS = −20 V for a total stress time of 10,000 s. The chemical
bonding states in the semiconductor layer as a function of
annealing temperature were examined by X-ray photoelectron
spectroscopy (XPS), and the microstructure of annealed ITGO
films was observed by high resolution transmission electron
microscopy (HRTEM).
III. R ESULTS AND D ISCUSSIONS
Figure 1 (a) shows the representative transfer characteristics
of ITGO TFTs annealed at 200°C. The as-fabricated TFT
without post annealing characteristics had poor electrical characteristics (not shown here). The TFT parameters such as the
saturation field-effect mobility (μsat ), threshold voltage (Vth ),
subthreshold swing (SS) and Vth shift (Vth ) under hysteresis
are listed in Table I. The electrical properties are relatively
invariant up to an annealing temperature of 300°C, however,
the Vth shift under hysteresis drastically increases from 0.92V
(sample 3, 300°C) to 1.96V (sample 4, 350°C). This is
indicative of a sudden increase in charge trap density at the
channel/dielectric interface as the annealing temperature is
increased from 300 to 350°C, or an increase in the amount
of charge being injected into the dielectric from the channel
layer [7].
Figure 2 (a) shows the evolution of transfer curves with
respect to stress time for sample 1 under NBTS. Figure 2 (b)
is a plot of the Vth values under NBTS for the samples
annealed at different annealing temperatures. Vth is approximately −1.98 V for sample 1. However, as the annealing

Fig. 3. HRTEM images of ITGO thin films annealed at (a) 200°C, (b) 250°C,
(c) 300°C and (d) 350°C.

temperature increases, larger Vth shifts are observed and the
device annealed at 300°C exhibits a total Vth of −14.8 V
(sample 3). It is usually reported that the negative Vth shift
under NBTS occurs by the trapping of positive charge at
the channel/dielectric interface [8]. However, since ITGO is a
typical n-type semiconductor and does not contain hole carriers, the larger negative Vth values with increasing annealing
temperature are likely to result from increases in free electron
carriers. The latter is generally attributed to the release of
electrons from donor-like traps, which are in turn associated
with oxygen vacancies [9], [10]. On the other hand, the defects
that reside close to the interface (such as fixed charges in the
insulator) are highly likely to act as electron traps and shift the
Vth towards positive values during positive bias stress (PBTS).
The hysteresis effect occurs by the same principle; for example, when the gate voltage is swept from negative to positive
values and then swept backwards, the device undergoes a net
positive bias stress during which electrons become trapped in
the gate insulator. This phenomenon results in a positive Vth
shift in the reverse sweep.
The microstructure of ITGO films was investigated by
HRTEM. Figure 3 shows the HRTEM micrographs of the
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remains constant between 200 and 300°C, the device stability
under negative bias stress is improved as the annealing temperature decreases. It is suggested that the concentration of
defects related to oxygen vacancies increases with increasing
annealing temperature, and those defects release excess free
electrons during NBTS, resulting in more pronounced negative
Vth shifts.
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Fig. 4. XPS results showing (a) the O 1s peak and (b) the relative peak ratio
of the A, B, C sub-peaks as a function of annealing temperature.
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