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Effects of Annealing Temperature and Gas
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as Gate Dielectric
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Abstract—Pentacene organic thin-film transistors (OTFTs) with
high-x HfLaO as gate insulator were fabricated. HfLaO film was
prepared by sputtering method. To improve the film quality, the
dielectric was annealed in N>, NH3, or O, at two temperatures,
i.e., 200 °C and 400 °C, respectively. The I-V characteristics of
the OTFTs and C-V characteristics of corresponding organic
capacitors were measured. The OTFTs could operate at a low
operating voltage of below 5 V, and the dielectric constant of
the HfLaO film could be above ten. For all the annealing gases,
the OTFTs annealed at 400 °C achieved higher carrier mobility
than their counterparts annealed at 200 °C (with the one an-
nealed in NH; at 400 °C showing the highest carrier mobility of
0.45 cm? /V - s), which could be supported by SEM images which
indicate that pentacene tended to form larger grains on HfLaO
annealed at 400 °C than on that annealed at 200 °C. The C-V
measurement of the organic capacitors indicated that the localized
charge density in the organic semiconductor/oxide was lower for
the 400 °C annealing than for the 200 °C annealing. Furthermore,
through the characterization of gate current leakage, HfLaO film
annealed at 400 °C achieved much smaller leakage than that
annealed at 200 °C. Since the maximum processing temperature
of ITO glass substrates is around 400 °C, this study shows that
400 °C is suitable for the annealing of HfLaO film in high-
performance OTFTs on glass substrate.

Index Terms—Dielectric, HfLaO, high k, organic thin-film
transistor (OTFT).

I. INTRODUCTION

ORGANIC thin-film transistors (OTFTs) have emerged
as an important electronic device since the electri-
cal conductivity of organic material was discovered [1]—[3].

Manuscript received June 1, 2011; revised July 30, 2011 and September 2,
2011; accepted September 13, 2011. Date of publication September 29, 2011;
date of current version March 7, 2012. This work was supported in part by
the RGC of HKSAR, China, under Project HKU 7133/07E, by the URC for
Seed Fund for Strategic Research Theme of HKU on Molecular Materials, by
the University Development Fund (Nanotechnology Research Institute) of The
University of Hong Kong under Grant 00600009, and by the National Natural
Science Foundation of China under Project 61076113.

L. F. Deng, H. W. Choi, and P. T. Lai are with the Department of Elec-
trical and Electronic Engineering, The University of Hong Kong, Pokfulam,
Hong Kong (e-mail: laip@eee.hku.hk).

Y. R. Liu is with the School of Electronic and Information Engineering,
South China University of Technology, Guangzhou 510640, China.

J. P. Xu is with the Department of Electronic Science and Technology,
Huazhong University of Science and Technology, Wuhan 430074, China.

C. M. Che is with the Department of Chemistry, The University of
Hong Kong, Pokfulam, Hong Kong.

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TDMR.2011.2169797

In comparison with their inorganic counterparts, organic de-
vices are advantageous in many aspects. First of all, they
can be easily manufactured in large area, and so, this makes
them particularly suitable for the application of displays [4].
Moreover, the fabrication temperatures of organic devices are
usually much lower than those of inorganic devices, and hence,
the former can be realized on flexible plastic substrate. Fur-
thermore, organic products are often light. The advantages
mentioned previously are helpful for organic devices to be
applied in portable equipment. Moreover, lithography is usually
not needed for the fabrication of OTFTs. Consequently, it costs
less to fabricate organic devices than inorganic devices. In a
word, OTFTs have high potential to be applied in large-area
flexible display [5], [6], radio-frequency identification card [7],
electronic paper, sensors [8]-[10], and so on.

Carrier mobility is a significant parameter to evaluate the
performance of OTFTs, because it decisively influences the
speed of the device and relevant circuit. Pentacene OTFTs
based on silicon dioxide gate dielectric prepared by oxidation
have a mobility comparable to that of amorphous silicon thin-
film transistors [11]. However, the operating voltage of the
OTFTs is usually too high, and typical value is often larger
than 15 V. The high operating voltage leads to excessive power
consumption, as well as complicated power supply. As a result,
organic devices add extra cost and also are not suitable for
low-voltage portable equipment. The high operating voltage
of OTFTs originates from the small capacitance of their gate
dielectric. A straightforward way to solve this problem is to
scale down the thickness of the gate insulator. However, too thin
insulator may cause large gate current leakage. An alternative
is to replace the gate insulator of low dielectric constant with
material of high dielectric constant (high x). Dimitrakopoulos
et al. [12], [13] pioneered in 1999 the use of high-x oxides
as the gate dielectric of OTFTs. By this way, the operating
voltage of OTFTs was reduced to as low as 5 V. Several
dielectric films were synthesized through sputtering method.
There were barium zirconate titanate (BZT; x = 17.3), barium
strontium titanate (BST; x = 16), and SisN, (k = 6.2). Pen-
tacene OTFTs based on these dielectrics had a carrier mobility
higher than 0.3 and 0.5 cm?/V -s for the BZT and BST
dielectrics, respectively, while for the SigsNy case, the mobility
of the pentacene OTFT could amount to 0.6 cm?/V - s. Kang
et al. in 2004 reported pentacene OTFTs using Gd;O3 as the
gate insulator [14], with the Gd;O3 film grown by ion-beam-
assisted deposition. The operating voltage of the OTFTs was

1530-4388/$26.00 © 2011 IEEE



108 IEEE TRANSACTIONS ON DEVICE AND MATERIALS RELIABILITY, VOL. 12, NO. 1, MARCH 2012

10-20 V, and the mobility was 0.1 cm? /V -s. In 2003, Lee
et al. [15] reported pentacene OTFTs based on AlsOgs, which
was deposited by magnetron radio-frequency sputtering. The
mobility was 0.14 cm? /V s, and the device could operate at a
voltage of 30 V. Hf-based dielectric applied in OTFTs was first
reported by Tardy et al. in 2007 [16]. Pentacene-based OTFT
with HfO5 (x = 22 for anodic oxidation and x = 11 for sol-gel)
gate dielectric was grown by anodic oxidation method and sol-
gel method, respectively. The maximum mobility was around
0.12 ¢cm? /V - s, and the device could operate at about 2.5 V.
HfLaO is a promising gate dielectric to be applied in inorganic
MOSFETs because Fermi-energy pinning could be reduced by
adding lanthanum (La) into hafnium oxide [17], [18]. Also,
OTFTs with HfLaO gate dielectric had been reported and
demonstrated high performance [19]-[22].

The carrier transport of OTFTs occurs at the interface be-
tween the organic semiconductor film and the gate dielec-
tric film. Therefore, treatment of the gate dielectric film can
significantly affect the performance of the devices [23]. In
the case of OTFTs with HfLaO gate dielectric, the effects of
annealing temperature, together with annealing gas, on their
performance have not been reported. This is a major concern
for devices fabricated on glass substrate or plastic substrate,
because there usually exists a tradeoff between device perfor-
mance and maximum processing temperature. Therefore, this
study concentrates on how the annealing temperature of the
gate dielectric affects the quality of HfLaO film itself and the
performance of relevant OTFTs.

II. EXPERIMENTAL DETAILS

First, n-type silicon substrate was treated according to the
standard RCA method to achieve clean surface. The silicon
was (100) type, and its resistivity was 0.5—0.7 - cm. Next,
the samples were kept in hydrofluoric acid (concentration of
5%) for 1 min to remove the native oxide and then washed
up by deionized water. Then, the wafer was inserted into the
chamber of a sputterer (Denton Vacuum LLC Discovery 635)
to deposit a layer of HfLaO film. The target was HfLa alloy
with an atomic ratio of 6:4 for Hf and La. Radio-frequency
sputtering mode was used at a power of 35 W and a pressure
of 2.0 x 107° torr. During the sputtering process, argon and
oxygen were injected into the chamber with gas flow rates
of 24 and 6 sccm, respectively. After sputtering, the samples
were annealed in Ny, NHgs, or Oy to improve the surface and
bulk qualities of the HfLaO dielectric. To study the effects
of annealing temperature on the performance of the devices,
400 °C and 200 °C were chosen for all the annealing gases
because they are roughly the upper limit for the processing
temperature of ITO glass and plastic substrates, respectively.
For all the aforementioned combinations, the annealing time
was 10 min, and the gas flow rate was 1000 mL/min. After the
annealing, hydrofluoric acid with a concentration of 20% was
used to remove the back oxide on the substrate. Then, the sam-
ples were put into the chamber of an evaporator Edwards Auto
306, and a layer of pentacene (purchased from Sigma-Aldrich)
was evaporated on the dielectric at a vacuum of 4.0 x 107 torr
through sublimation. The growth rate of pentacene film was
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Fig. 1. Output characteristic comparison of OTFTs annealed in No.

1.2 nm/min, which was monitored by a quartz-crystal oscillator.
The thickness of pentacene film was 30 nm. Finally, gold drain
and source electrodes were formed through a shadow mask at
a vacuum of 8.0 x 107° torr. The channel length and channel
width of the devices were measured by a digital microscope,
and the values were 30 and 200 ;m on the mask, respectively.

To characterize the quality of the HfLaO dielectric, dummy
wafer was prepared. Aluminum was evaporated on the dielec-
tric at a vacuum of 8.0 x 107 torr. Silicon MOS capacitors
(Si—-HfLaO-Al) were fabricated by lithography method. Or-
ganic MOS capacitors are on the same wafer of OTFTs with
a structure of Au—pentacene—HfLL.aO-Si.

An HP 4145B semiconductor parameter analyzer was used to
measure the output characteristics and transfer characteristics
of the OTFTs and the I-V characteristics of the silicon MOS
capacitors. C'-V characteristics of the silicon MOS capacitors
and the organic MOS capacitors (Au—pentacene—HfLLaO-Si)
were characterized by HP 4284A Precision LCR Meter. All
the electrical measurements were conducted in a shielded
probe station. The thickness of HfLaO film was gotten by
an ellipsometer Wvase 32 made by J. A. Woollam Co., Inc.
Morphology of the pentacene film was obtained by a scanning
electron microscope.

III. RESULTS AND DISCUSSIONS

Figs. 1-3 show the output characteristics of the six OTFTs
with gate dielectric annealed in N2, NH3, or O9 at 200 °C and
400 °C, respectively. According to these graphs, all the OTFTs
can operate with a supply voltage below 5 V and display good
field-effect characteristics. The drive current for the OTFTs
exceeded 1 A. Among them, OTFT annealed in NH3 at 400 °C
achieves the largest drive current of 5 ©A, while OTFT annealed
in Ny at 200 °C has the smallest drive current of 1.3 puA. For
each annealing gas, OTFT annealed at 400 °C obtains larger
drive current than that annealed at 200 °C.

Figs. 4-6 show the comparison of transfer characteristics of
the OTFTs annealed at 400 °C and 200 °C, respectively. Trans-
fer characteristics can be used to extract the major parameters
of a field-effect transistor. Carrier mobility is one significant
parameter for the evaluation of OTFTs, because it affects
the speed of the devices. According to the current—voltage
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expression (1) of a field-effect transistor operating in the sat-
uration region, carrier mobility can be derived as (2), where I
is the drain current, y is the mobility, C\y is the capacitance per
unit area of the gate dielectric, W is the channel width, L is the
channel length, Vi is the gate voltage relative to the source, and
Vin is the threshold voltage
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For each annealing gas, the carrier mobility of the OTFT
annealed at 400 °C is larger than that annealed at 200 °C.
Hence, the interface characteristics between the 400 °C an-
nealed HfLaO film and pentacene are better than those of the
200 °C annealed counterpart. The OTFT annealed in NH3 at
400 °C got the highest mobility of 0.45 cm?/V - s, while the
OTFT annealed in Oy at 200 °C has the lowest mobility of
0.13 cm?/V - s. For NH3 annealing, nitrogen atoms are incor-
porated at the gate dielectric surface and can passivate the traps
at the surface and, thus, trap-related carrier scattering, resulting
in higher carrier mobility [23], [24].

The interface characteristics between HfLaO and pen-
tacene can be further analyzed through the measurement
of C-V characteristics of the organic MOS capacitors
(Au—pentacene—HfLaO-Si units). Fig. 7 shows the C-V" char-
acteristics of the organic MOS capacitors measured at 100 kHz.
According to the Mott—Schottky equation (3), the localized
charge can be extracted from the capacitance variation in the
depletion region [25], [26]

a(1/C?) 2

= . 3
oV, qeoesN A )

In (3), C' is the capacitance per unit area of the organic MOS
capacitor, V; is the voltage between the Au electrode and the
substrate, ¢ is the electron charge, € is the vacuum permittivity,
N 4 is the concentration of localized charge, and ¢, is the rela-
tive permittivity of pentacene (3.0 is chosen for the calculation).
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for different annealing conditions.
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The value of N4 can be derived by calculating the slope of the
C~2-V,, curve in the depletion region. The localized charge
density in the organic MOS capacitor with HfLaO annealed at
400 °C is much lower than that for HfLaO annealed at 200 °C
for all three annealing gases. In the case of NH3 or O, the
organic MOS capacitor annealed at 400 °C acquires a localized
charge density one order lower than that at 200 °C. Carrier
transport in the channel of OTFTs is influenced by the localized
charge in the organic semiconductor. Less localized charge can
explain why OTFTs annealed at 400 °C got higher mobility than
those annealed at 200 °C for all three annealing gases.

The morphology of pentacene film on HfLaO can further
help to explain why OTFTs annealed at 400 °C exhibit higher
carrier mobility than those annealed at 200 °C for the annealing
gas Ny, NHgs, or O,. Figs. 8-10 show the morphology of
pentacene on HfLLaO dielectrics by using scanning electron
microscopy. By comparing these photographs, the grains of
pentacene on HfLaO annealed at 400 °C are larger than those
annealed at 200 °C for the same annealing gas Ny, NH3, or Os.
The larger the grain, the fewer the grain boundary in the organic
semiconductor film, thus resulting in less scattering between the

'$4800-8946 0.7kV 2.3mm x60.0k SE(U,LAO)

0,400°C

0,200°C

Fig. 10. Comparison of pentacene morphology on HfLaO annealed in O2.

TABLE 1
DEVICE PARAMETERS OF THE OTFTS AND CAPACITORS

Gases N2 N2 NH3 NH3 02 02
Temperature (°C) 200 400 200 400 200 400
1t (cm¥Vs) 0.16 029  0.32 045 0.3 0.27
Vth (V) -1.54 <156 -1.10 2155 126 -1.40
SS (V/dec) 0.502 0601 0579  0.628 0337 0519
On/off (10%) 250 133 3.67 14.8 134 122
Idm(pA) 131 357 460 4.49 123 3.10
Cox (uF/em?) 025 027 024 026 026 026
Tox (nm) 359 341 353 347 360 349
K value 10.1 103 954 103 10.6 103
N (107em™) 8.59 1.39 8.89 0.447 452 0.443
Jea(107A/cm?) 129 298 645 4.17 116 320

SS: Sub-threshold swing;

On/off: on/off current ratio;

Tox: thickness of the dielectric

Idm: drive current when Ves=Vas=-5V

Jleak: gate dielectric current leakage when electric field at IMV/cm

carriers and grain boundaries. Consequently, OTFTs annealed
at 400 °C obtain a higher carrier mobility than OTFTs annealed
at 200 °C.

Generally, the mobility of OTFTs is also influenced by the
grain boundaries of the organic film in addition to the localized
charge, as scattering by the defects at the grain boundaries
affects the transport of carriers. The larger the grains, the lower
the density of grain boundaries, thus less carrier scattering.
In this paper, we concentrate on the comparison of samples
annealed at 200 °C and 400 °C for the same annealing gas. In
the case of annealing gas, higher annealing temperature results
in lower density of localized charge and larger grain size than
lower annealing temperature, hence higher mobility for the
former. However, lower density of localized charge does not
necessarily mean higher mobility for different annealing gases
due to the other important factor—grain size.

In the case of the same annealing temperature, OTFT with the
dielectric annealed in NHj3 achieves a higher carrier mobility
than those annealed in Ny or Os (the latter two have almost
the same value). This could be explained as follows. Nitrogen
and hydrogen atoms decomposed from NHj could passivate
the surface of the HfLaO film (next to the conduction channel
of the OTFT) and hence decrease the traps there [23], [24].
Consequently, trap-related carrier scattering is reduced, and the
OTFTs annealed in NH3 realize a higher carrier mobility.

For the same annealing gas (NHs, Ny, or Oz), the sam-
ples annealed at 400 °C have an enhanced performance in
comparison with their respective counterparts annealed at
200 °C. This is because the HfLaO dielectric treated at higher
temperature is denser than that annealed at lower temperature.
This is supported by the ellipsometry results shown in Table 1.
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Densified dielectric film could have less defects and, thus, less
traps hindering the carrier flow in the channel of the OTFTs.
As a result, the OTFTs annealed at 400 °C obtain an improved
performance than those annealed at 200 °C.

The enhanced quality of the HfLaO film annealed at 400 °C
could be further proved by means of leakage measurement. To
characterize the leakage of the dielectric, the /-V character-
istics of the Si MOS capacitors (Al-HfLaO-Si) are measured.
The applied voltage is divided by dielectric thickness to trans-
form to electric field in Fig. 11. In the graphs, the dielectric
annealed at 400 °C shows less leakage than that annealed at
200 °C for Ny, NH3, or Oy annealing. It indicates that the
HfLaO film gets enhanced electrical characteristics through
annealing at a higher temperature of 400 °C. This can be
attributed to better densification of the dielectric film and, thus,
decrease of defects. For all the films, the leakage is on the order
of 1077 A/em?, with the exception of annealing at 200 °C in
N; or O, whose larger leakage is on the order of 1076 A/cm?.
In the case of leakage current, defects in the dielectric film play
an important role. HfLaO film annealed at 400 °C displays less
leakage than that annealed at 200 °C for each gas because more
thermal energy at higher temperature can remove defects more
effectively. According to Fig. 11, all the three samples annealed
at 400 °C have about the same leakage because, at this higher
temperature, the three films can densify to achieve roughly the
same bulk quality. However, at the lower temperature of 200 °C
with little densification, nitrogen atoms dissociated from NHj
can passivate the defects at the surface of the film and thus give
a lower leakage for the NHs-annealed sample as compared to
the Ny- and Oz-annealed samples. Other major parameters of
the OTFTs and capacitors are listed in Table I.

IV. CONCLUSION

Pentacene OTFTs with high-x HfLaO as gate dielectric were
fabricated. The dielectric films were prepared by sputtering
method and annealed in N,, NHs, or Os at 200 °C and
400 °C, respectively, to improve the surface/bulk qualities of
the dielectric films. The output characteristics and transfer
characteristics of the OTFTs were measured. The devices could
operate at a supply voltage as low as 5 V and presented good

field-effect characteristics. OTFTs annealed at 400 °C displayed
higher carrier mobility than those annealed at 200 °C for all
the three gases. OTFT annealed in NHj3 at 400 °C obtained
the highest carrier mobility of 0.45 cm?/V - s, while that an-
nealed in Oy at 200 °C acquired the lowest carrier mobility of
0.13 cm?/V - s. The C-V characteristics of the organic capac-
itors were measured. Organic capacitors with HfLaO annealed
at 400 °C achieved less localized charges than those annealed at
200 °C. SEM images indicated that the pentacene film intended
to grow larger grains on HfLaO film annealed at 400 °C than
on HfLaO film annealed at 200 °C. Moreover, for all the three
annealing gases, HfLaO film annealed at 400 °C exhibited
smaller current leakage than that annealed at 200 °C. Since
the maximum processing temperature for ITO glass substrate is
around 400 °C, this study shows that 400 °C is suitable for the
annealing of HfLaO gate dielectric used in high-performance
OTFTs.
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