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Abstract

In this paper, we report on rf sputtered high-k YON gate dielectrics and their application on
transparent thin-film transistors (TFTs). The N incorporation into the Y,O3 matrix is believed
to restrain crystalline growth which enables a low leakage current, but boost ion polarization
or/and dipole oscillation which results in dielectric frequency dispersion. After forming gas
annealing (FGA) treatment, the detrimental polarization mechanisms responsible for the
dielectric frequency dispersion are minimized. As a result, it is found that both the 400 °C
FGA treated YON gate dielectrics and the TFTs based on them present competitive electrical

properties.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Transparent electronic circuits are expected to serve as the
basis for new electronic and optoelectronic devices [1]. The
key procedure to realize transparent circuits is transparent
thin-film transistor (TFT). Ever-increasing interest in high
permittivity (k) metal oxides for TFT application stems from
several potential advantages such as a compensation for
the relatively low mobility in the semiconductor channel,
a reduction in the operating voltage by increasing the gate
capacitance and an increment in the charge density at lower
gate potentials [2]. Binary metal oxides, such as Al,Os,
Ta,0s, HfO,, Y,03 and ZrO,, have been intensively studied
for that purpose [2, 3]. Among those oxides, Y,03-based gate
dielectric has received considerable attention, because of its
high thermodynamic compatibility, wide band gap (5.5-6eV)
and relatively high dielectric constant (14—18) [4,5]. These
properties are desirable for alternative gate dielectric, in that a
high band gap can enlarge the conduction band offset between
gate dielectric and channel layer so as to suppress the leakage
current, while a moderate dielectric constant can yield a small
sub-threshold slope and a low threshold voltage.
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However, pure Y,03 is easy to convert from amorphous
to polycrystalline microstructure during the post-annealing
treatment, which leads to high defect density around grain
boundaries and unendurable leakage current. N incorporation
technology has been intensively investigated in poly-Si/high-
k devices [6-8]. Studies revealed that high-k oxides
can benefit from N doping due to the enhancement on
dielectric capacitance, increase in crystalline temperature and
improvement of breakdown characteristics [6—8]. So far,
N-doped Y,03 via N, plasma or NH3-ambient annealing has
been reported [9,10]. However, these methods cause an
increase in interface trap density and a degradation of mobility
due to their inherently non-uniform nature [11]. In addition,
the reported YON films were deposited through the high-
temperature route, which cannot be conducted on the ITO
substrate and thus limits their application in transparent TFTs.

In this paper, we focus on the structural and electrical
characteristics of rf sputtered YON films grown on ITO
substrates and their applications on thin film transistors. The
fabrication process, featuring low temperature, is compatible
with the current semiconductor process. Moreover, the YON
dielectric layer shows fairly nice interface compatibility with

© 2011 IOP Publishing Ltd  Printed in the UK & the USA
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In,03-ZnO (IZO) channel and the TFTs based on them present
competitive electrical properties, which is useful to further
advance transparent electronics.

2. Experiment details

YON and Y,0;3 (as reference) were deposited on various
substrates using conventional radiofrequency magnetron
sputtering from a metallic Y (99.9% purity) target at room
temperature. The YON sputtering was performed in Ar/N,O
ambient while Y,03; was in Ar/O,. The discharge power
density was 4 W cm™2 and working pressure was 30 mTorr.
After deposition, forming gas annealing (FGA) treatment was
performed in a N,/H; (95% N, and 5% H,) ambient at 200—
400°C for 10min. X-ray diffraction (XRD) patterns were
recorded in 6260 mode by a multipurpose x-ray diffractometer
(Bruker, D8 Advance) working with Cu-K, radiation. The
phase composition of the YON thin films was analysed on
an Axis Ultra X-ray photoelectron spectroscopy (XPS, Kratos
Analytical Ltd, UK) equipped with a standard monochromatic
Al- K, source (hv = 1486.6eV). High dose of argon
ions was used to sputter away the top hydrated and carbon
contamination layer (2-3 nm) of the films. The binding energy
data were calibrated with respect to the Cls signal of ambient
hydrocarbons (C-H and C—C) at 284.8 eV.

Capacitance—voltage (C-V) data of Au-Ti/YON/ITO
capacitors were measured at various frequencies using a
parameter analyser and capacitance—voltage meter (Agilent
4284).  The area of each Ti/Au electrode was about
3 x 107*cm?.  In addition, 1ZO-based TFTs applying
the fabricated YON films as gate dielectric were also
manufactured. The deposition process of the IZO channel
was described elsewhere in detail [12]. The thickness of the
channel and gate dielectric layers was approximately 80 nm
and 420 nm, respectively. The length (L) and width (W) of
the channels were 200 um and 1600 um, respectively. The
electrical characteristics of the TFTs were measured with a
precision semiconductor analyser (Keithley 4200) in the dark
at room temperature.

3. Results and discussion

Figure 1 gives the XPS spectra of the as-deposited and 400 °C
FGA-treated YON films and the as-deposited Y, O3 film (as the
reference), respectively. The Y, O3 reference film shows a peak
at 529.1 eV related to the O-Y bond in the O 1s spectrum, a
doublet corresponding to the 3ds,; and 3d3,, features of Y03
at 156.6 and 158.6eV in the Y 3d spectrum and a peak at
394.5eV in the Y 3s spectrum [13].

The XPS spectra of the YON films, however, show very
different structures. The N1s/Y3s spectra of the YON films
show two features. In addition to the Y 3s peak, there is a broad
peak at 399.5 eV related to N 1s (figure 1(c)). It is difficult to
assign this peak precisely according to [9, 14], in which the N
1sbinding energy of the Y-N, H-N and O-N bonds are reported
around 396.2 eV, 401.5 eV and 402 eV, respectively. However,
similar to the case of the TION [14], it is speculated that N has
two sites in the YON, one is the crystal lattice interstice of Y, 03
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Figure 1. XPS spectra of (a) Ols, (b) Y3d, (¢) N1s/Y 3s regions for
YON and Y,O0:s films: (1) As-deposited YON, (2) FGA treated
YON, (3) Y,035 reference.

(expressed as the Y-N—O bond) and the other the substitutional
site of O (expressed as the Y-N-Y bond), and the N 1s binding
energy of the former site is about 2 eV higher than that of the
latter due to more negative charge of N residing in the latter site.
In fact, the broad peak related to N 1s of the YON films can be
deconvoluted into two components at 397.2eV and 399.7 eV
(not show here), which are consistent with the Y-N-Y and
Y-N-O bonds, respectively. The incorporation of N in Y,03
also results in a small shift to lower binding energy of the
3ds/, and 3d3/, peaks in the Y 3d spectra due to the fact that
Y has less positive charge in the N-Y bond than in the O-Y
bond (figure 1(b)). The Ols spectra of the YON films also
display a new obvious feature at 531.2 eV, and the peak related
to the Y-O bond shifts to lower binding energy compared with
the Y, O3 reference because O has more negative charge in the
N-Y-O bond than in the O-Y-O bond (figure 1(a)). The O 1s
peak at 531.2 eV of the as-deposited YON film is believed to
come from the Y-O-H (530.6eV in [13]) and Y-O-N (532eV
in [15]) bonds, along with a weak peak at 533.1 eV that can be
assigned to the absorbed water [13]. Upon the FGA treatment
for the YON film, the release of N and OH from the film is
supposed to happen, which is supported by the fact that both
the N 1s peak and O 1s peak at 531.2 eV get attenuated, the O
Is peak at 531.2eV shifts to higher binding energy (because
of the quick release of OH compared with N), and the feature
at 533.1eV disappears.

In order to investigate the crystallinity, XRD analyses
were performed for the as-deposited and 400 °C-annealed
YON films, using an as-deposited Y,Oj3 as the reference. As
shown in figure 2, three diffraction peaks which correspond to
cubic (a3 space group, JCPDS card 25-1200) and monoclinic
(C2/m space group, JCPDS card 44-0399) phases of Y,03
reveal the polycrystalline nature of the as-deposited Y, O3 film,
while the diffraction peaks are almost indistinguishable for the
as-deposited YON film and relatively weak for the annealed
YON film. Hence, the incorporation of N into Y,Oj3 resulted
in a notable increase in the crystalline temperature. A similar
result has been reported previously on other meterials, such as
HfO; [11] and ZrO, [16].
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Figure 2. XRD diagrams for (a) ITO substrate, (b) Y,0; reference,
(c) As-deposited YON film, (d) 400 °C FGA treated YON film.

Relative scattering intensity

Figure 3(a) shows the dependence of dielectric constant
() on the frequency of applied electric field. The k is extracted
from C-V data using k = Cd/egA, where A is the area
of the capacitor and d is the dielectric thickness [2]. In
comparison with Y,03, the as-deposited YON film shows
higher dielectric constant in response to diverse frequencies,
which can be attributed to the N incorporation related charge
polarization and ion polarization, similar to the case of HfSiON
[6], HfON [8,17]. Moreover, the as-deposited YON film
also displays the obvious frequency dispersion effect of the
dielectric constant, which is thought to be caused by the -ON
bond induced dipole oscillation, since the frequency dispersion
for Y,0s is relatively weaker. Nevertheless, the dependence
of the dielectric constant of YON films on frequency becomes
weakened after the FGA treatment, which can be related to the
decrease in N content, as supported by the XPS result. The
leakage current of the YON film after 400 °C FGA treatment
(~0.7nA cm~2 at MV cm™!) decreases by nearly 3 orders of
magnitude compared with the as-deposited one (figure 3(b)),
while no obvious reduction in the leakage current is observed
for the Y,0O; films after the FGA treatment (the inset of
figure 3(b)), which is attributed to the polycrystalline nature of
the fabricated Y,O; films.

Figure 4(a) shows the schematic of the IZO-TFT with
YON as the gate dielectric. As the opaque metal source/drain
electrodes were used, the transmittance of the whole device is
not displayed herein. However, the YON/ITO/Glass bi-layer
has a good transparency with an average transmittance over
80% in the visible spectral region (figure 4(b)). Figures 4(c)—
(d) depict the static output and transfer characteristics of the
IZO transistor using 400°C FGA treated YON as the gate
dielectric. It is found that the device operates in enhancement
mode with features of clear pinch-off and current saturation.
The saturation mobility () and threshold voltage (Vry),
obtained from plotting the square root of the saturation drain
current versus gate voltage (Vgs), were 26.6 em?V-!s~!and
1.8V, respectively. The on/off ratio and sub-threshold slope
(SS) were calculated to be 2.1 x 107 and 0.406 V/decade,
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Figure 3. (a) Dielectric constant as a function of frequency,

(b) leakage current of as-deposited and FGA treated YON films.
The inset plots the leakage current of as-deposited and FGA treated
Y203 films.

respectively. The interface trap density N, can be deduced
from SS using the following expression [18]:

N, = <10g(e)SS 3 1) COX’ )
kT /q q

where k is Boltzmann’s constant, 7' the absolute temperature,
q the electron charge and C,x the capacitance of the gate
dielectrics (herein, 24.7nFcm™2 for the 400°C annealed
YON). The calculated N is around 8.96 x 10'" cm~? which is
smaller than other dielectric-gated TFTs [18, 19].

4. Conclusions

In summary, the structural and electrical properties of high-k
YON dielectrics and their application in thin film transistor
were explored. XPS and XRD results show that the N in Y,03
might occupy the substitutional site of O atom or vacancy in
the film and simultaneously restrain the crystallization of the
film. The as-deposited YON film displays a giant dielectric
constant and obvious frequency dispersion behaviour, which
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Figure 4. The schematic, optical and electrical characteristics of IZO/YON-based TFTs. (a) The schematic of the thin-film transistors.
(b) Optical transmittance of YON film on glass, ITO glass and YON/ITO/glass bi-layers. (c) Output curves of the device. (b) Transfer curve
for gate sweep from —3 to 8 V back to —3 V. Drain voltage was 6 V. Field-effect mobility and threshold voltage were determined from the

slope of 1];/ z (right-hand ordinate in graph) versus Vgs.

can be contributed to the ion polarization and —ON bond
induced dipole. After 400 °C FGA treatment, the dielectric
constant tends to be constant, the leakage current decreases by
nearly 3 orders of magnitude, and the average transmittance
during the visible region is over 80%. The TFT based on
400 °C FGA-treated YON gate dielectric exhibits a field-effect
mobility of 26.6cm? V~!s™!, an on/off ratio of 2.1 x 107,
a SS of 0.406 V/decade and a threshold voltage of 1.8V,
respectively. All these results suggest that the YON dielectric
would be one of the good dielectric candidates for transparent
electronics.
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