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High-performance transparent thin-film transistor based on Y,03/In,04

with low interface traps
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High-performance Y,03/In,05-based transparent thin-film transistors were processed featuring low
thermal budget. The device shows a field-effect mobility of 43.5 cm? V~! s7!, a subthreshold swing
of 0.28 V/decade, and an on/off current ratio of 10%. These results are attributed to the high dielectric
constant of Y,O3 and unique electronic structure of In,Os;. Furthermore, the cubic phases of
crystalline Y,05 and In,O5 films have the identical crystal structure with a small lattice mismatch,
which provides a well-defined dielectric/semiconductor interface for the optimal performance.
© 2010 American Institute of Physics. [doi:10.1063/1.3492852]

Transparent oxide semiconductor (TOS)-based thin-film
transistors (TTFTs) used as pixel driver backplanes in the
active-matrix liguid crystal displays have attracted consider-
able attention."” The explored semiconductor materials are
focused on ZnO, In,O;, In-Zn-O (IZO), In-Ga-Zn-O
(1GZ0),** involving a class of binary, ternary, and quater-
nary TOSs. The main advantages of TOSs used as active
layers include high field effect mobility, good transparency
in the visible spectral region, and low processing tempera-
ture. In,O5 is one of the representative TOS materials. In
particular, the bottom of the conduction band of In,O;
mainly consists of single free electronlike band of In S5s
states,'® while the valence band ed%e arises from the O 2p
states hybridized with In 4d states.'” This unique band struc-
ture essentially results in uniform distribution of the charges
that reduces the scattering to a minimum, which makes In,O5
appealing in carrier mobility.

Apart from the active layer, the gate dielectric is also of
great importance for the fabrication of high-performance
TTFTs. Among the high dielectric constant materials, Y,05
has been regarded as one of good insulators as a consequence
of its desirable physical properties such as wide band §alp
(5.5-6 eV), relatively high dielectric constant (14-18).17° 1
A wide band gap can enlarge the conduction band offset
between the gate dielectric and active layer so as to suppress
the leakage current, while a high dielectric constant can yield
a small subthreshold swing (SS) and low threshold voltage
(V,,)."® The conduction band offset (AE.) between the di-
electric Y,053 and the active layer In,O5 is about 2.6 eV
(nearly equal to 30 000 K),"” which is sufficient to block
leakage current. Especially, crystalline Y,05 and In,O5 have
the same cubic bixbyte structure, which is favorable to ob-
tain abrupt and clean interfaces (just like the case of hetero-
epitaxial growth). As we know in transistors, charge accumu-
lation and transport occur close to the interface between
insulator and semiconductor (I/S), implying that a well-
matched interface in favor of mitigating electron trapping is
fundamental for the transistor performance.

In this work, we report high-performance TTFTs pre-
pared on ITO glasses using crystalline In,O5 and Y,O5 thin
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films as channels and dielectrics, respectively. It is notewor-
thy that, all the layers in our device were deposited by mag-
netron sputtering without using the substrate heater, and no
postannealing treatment was applied as well.

Y,05 thin films were deposited by reactive rf magnetron
sputtering with an input power of 100 W by using a com-
mercially available 2 in. yttrium metallic target (4N) under
an optimum Ar/O, gas flow rate ratio of 4.5 SCCM/0.5
SCCM (SCCM denotes cubic centimeter per minute at STP)
and a total working pressure of 0.19 Pa. In,O; thin films
were prepared by rf magnetron sputtering from a 2 in. In,05
ceramic target (4N) with a power of 100 W. The optimum
preparation parameters for In,O5 are an Ar/O, gas flow rate
ratio of 6 SCCM/6 SCCM, a total working pressure of 0.55
Pa, and a film thickness of 60 nm. The channel layers have a
relatively low electron density (~1.2X10'® cm™) accord-
ing to Hall effect measurement (ACCENT, HL5500). IZO
amorphous thin films (170 nm) with metal-like conductivity
were used as source/drain (S/D) electrode.'® The film struc-
tures were examined using a Bruker D8 x-ray diffractometer.
The optical properties of Y,0j5 thin films were measured via
a variable angle spectroscopic ellipsometer (J.A.Woollam
Co., Inc.) in the UV-vis-NIR range. X-ray photoelectron
spectroscopy (XPS, Kratos Analytical Ltd., U.K.) was used
to analyze the binding structure of the yttria films.

The schematic of the In,O5-TTFT is shown in the inset
of Fig. 1. The pattern was defined by a shadow mask on the
semiconductor layer with a channel length (L) of 100 um
and a channel width (W) of 400 wm. The entire device fea-
tures a good transparency with an average transmittance over
80% in the visible spectral region (Fig. 1), which is requisite
to enlarge the aperture ratio of pixel and develop see-through
displays.

Figure 2(a) shows x-ray diffraction (XRD) patterns of
the Y,0; film on ITO glass substrate. There are four diffrac-
tion peaks which correspond to cubic (/a3 space group, Joint
Committee on Powder Diffraction Standards (JCPDS) card
25-1200) and monoclinic (C2/m space group, JCPDS card
44-0399) phases of Y,0s3, revealing that the dominated cu-
bic phase is mixed with the monoclinic one. As depicted in
Fig. 2(b), the In,05 film only shows the cubic structure (/a3
space group, JCPDS card 06-0416). The cubic phases of
Y,0; and In,O5 have the identical crystal structure with a
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FIG. 1. (Color online) The optical transmission spectrum for the entire
device and ITO glass. The inset is the cross-sectional schematic of the stud-
ied device.

small lattice mismatch (roughly 5.1% in this study), which
could result in abrupt and clean interfaces with low electron
traps.

The thickness, refractive index (n) and extinction coef-
ficient (k) of Y,O; thin films were obtained by fitting the
ellipsometry spectra in the wavelength (\) range of 190-
1700 nm. The optical band gap (E,) of the films was ex-
tracted by extrapolating the linear portion of the (ahv)? ver-
sus photon energy (hv) plot [Fig. 3(a)] to zero, where « is the
absorption coefficient which can be obtained via a=4mk/\.
The n spectrum is also displayed in the inset of Fig. 3(a).
The thickness, E,, and n (@543 nm) are 254 nm, 6.0 eV,
and 1.844, respectively. The optical band gag of the film
is comparable to the literature (5.5-6.0 eV).">3 The n value
(@534 nm) of Y,0; films prepared at low temperatures
(=300 °C) is between 1.7 and 1.8,19’20 a little smaller than
1.844 in our case, implying that fewer voids were incorpo-
rated in our films since the refractive index is well correlated
with the packing density of the film.>!

XPS spectra of Y,0j5 thin films are depicted in Fig. 3(b).
The binding energy of Y 3ds, and 3d;, for the freshly
etched surface located at 156.6 eV and 158.6 eV, respec-
tively, which are consistent with the Ref. 22. There are no
metallic Y related peaks present. The O 1s binding energy of
the etched Y,0;5 surface located at 529.1 eV [inset to Fig.
3(b)], corresponding to the O-Y bond, indicating the absence
of physisorbed oxygen (531.3 eV).***

A ITO % CubicY203

¢ Monoclinic Y203
440
( *)

N
a
@ §| g

A

®) 222)

(440)

X-Ray Intensity (a.u.)

20 30 40 50 60 70
Diffraction Angle 20 (deg.)

FIG. 2. (Color online) XRD patterns of (a) the fabricated Y,O5 film, ITO
substrate and (b) the In,O; film on glass slide.
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FIG. 3. (Color online) (a) Tauc plot for determining the optical band gap E,
of Y,0; thin film, and the inset shows the refractive index as a function of
wavelength \. (b) Y 3d XPS spectrum of etched Y,O; thin film, and the
inset presents O 1s spectrum of etched Y,O5 thin film.

The dielectric properties were evaluated using an
ITO/Y,05/Cu capacitor, in which the ITO and Cu films
were used as the bottom and top electrodes, respectively. The
leakage current density versus electric field (J-E) of Y,0;
thin film is presented in Fig. 4(a), with a leakage current
density of ~4.4Xx 107 A/cm? at 1 MV/cm. The capaci-
tances, measured with an inductance-capacitance-resistance
meter at | MHz and 1 KHz, are around 52.4 nF/cm? and
59.0 nF/cm?, respectively, as displayed in Fig. 4(b). The
relative dielectric constant (&) of Y,O5 thin film is about 15
(I MHz), in good agreement with that of bulk Y203,13_15
exhibiting as expected dielectric properties. From the above-
mentioned optical, electrical, and compositional properties
analysis, the Y,O;5 thin films presented trade-off figures of
merit between leakage and capacitance, which is crucial to
decide how efficiently the gate voltage modulates the “off”
to “on” current and how abruptly the device “turns on.”

Figure 5 exhibits the output and transfer characteristics
of In,O5-TTFT at a fixed Vpg=5 V. An obvious pinch-off
voltage and current saturation are observed, with a high /g
(~0.2 mA) at V=10 V and Vpg=5 V. Also, the TTFT
exhibits an on/off current ratio (I,,/1,;) of 10® and a low
off-current of about 1.0 X 107!2 A, but it is not clear so far
that the low off-current is mainly ascribed to the gate leakage
or/and the current through the channel. For the practical
high-resolution display applications, it is desirable to have a
large on-current to drive pixels and a small off-current to
lower power consumption. It is noteworthy that the turn-on
voltage (V,,) is ~=2 V, suggesting that the TTFT operated
in depletion mode. Hence, there are accumulated mobile car-
riers in the In,O5 channel layer as shown in the band dia-
gram, which is corresponding to the gray shadowed area in
Fig. 5(b).

A saturation field-effect  mobility  (upg)  of
43.5 cm? V-! 57! and a threshold voltage (V,;,) of 3.0 V were
extracted from the slope and intercept of transfer character-
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FIG. 4. (Color online) (a) Leakage current density and (b) C-V characteris-
tics of Y,0; thin film. The inset depicts the dielectric constant at 1 MHz.
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istics of Fig. 4(b), respectively, using the following expres-
sion:

WCow
Ips= %(VGS— V)2, (1)

where C is the capacitance per unit area of the gate dielec-
tric. A low subthreshold swing (SS) of 0.28 V/decade was
obtained by the maximum slope in the transfer curve. SS
is related to the C, of the gate insulator material and the
density of trap states Ngg at the I/S interface by the relation”
SS=(1/log(e))(gNgs/ Co+1)(kzgT/q), where kg is Boltz-
mann’s constant, 7 the temperature (in this case, 298 K), and
q the electron charge. One can see that the low subthreshold
swing can be attributed to both the high dielectric constant &
(g<Cy) of Y,05 and good quality of I/S interface with small
Ngg, which were confirmed by the aforementioned results.
Also, the well-defined I/S interface would benefit the upg of
the TTFT due to weakened interface scattering.

In summary, we have demonstrated high-performance
In,O3-TTFTs with Y,0;5 as the gate dielectrics. Due to the
same cubic bixbyte structure of them, the good interface
matching would lead to low interface traps. We shed light on
the fundamental aspects of the Y,053/In,O; based TTFTs
that the high device performance is linked to the good dielec-
tric properties of Y,Oj3, the essential electronic structure of
In,03, and the well-matched interface between them.
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