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Low-temperature polycrystalline silicon (LTPS) thin-film transistors (TFTs) were developed without ion doping for lower
cost. Aluminum (Al), a group 3 element, was used for the source and drain regions instead of ion doping. The effect of
Al doping was verified through the Arrhenius plot to check the shift of the Fermi level. Al doping was applied for the
metal-induced lateral crystallized polycrystalline silicon (Si) to achieve a p-channel LTPS TFT without ion doping. The
TFT developed via Al doping exhibited 35.5 cm2/V s field effect mobility, a −3.7 V threshold voltage (Vth), a 4.0 × 105

on–off ratio, and a 0.7 V/dec subthreshold slope.
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Introduction
Thin-film transistors (TFTs) are currently being used
widely in active-matrix displays and large-area electronics.
The TFT technology is useful for high-resolution dis-
plays in combination with various display technologies,
such as liquid crystal displays, electronic papers, organic
light-emitting diodes, and other flat panel displays. The
active-matrix organic light-emitting diode (AMOLED) has
attracted much attention of late due to its low driving
voltage, large viewing angle, and fast response time, and
because it does not require a backlight. For AMOLED,
low-temperature poly-silicon (LTPS) TFTs are being used
instead of amorphous Si TFTs because the stability of
the latter is worse than that of the former LTPS TFT
[1,2] and because the LTPS TFTs have larger mobility
than the amorphous Si TFTs. Due to the larger mobil-
ity of the LTPS TFTs compared with the amorphous Si
TFTs, LTPS TFTs have advantages for displays, such as
high-resolution, high-brightness, and high-speed images.

High-mobility LTPS TFTs are currently being used
more in digital devices such as mobile phones, digital cam-
eras, and AMOLED TVs [3,4]. In terms of high mobility,
the amorphous oxide TFTs have attracted substantial atten-
tion in the display industry. In recent studies, amorphous
In–Ga–Zn–O TFTs showed high mobility and a relatively
simple process, but it is still not popular due to its low
stability against bias illumination stress [5–8].

One drawback of the LTPS TFTs is their higher cost
compared with amorphous Si TFTs. The LTPS TFT has
additional processes compared with the amorphous Si TFT,

∗Corresponding author. Email: bsbae3@hoseo.edu

such as crystallization and ion doping. Ion doping is used
for the source and drain regions. The ordinary LTPS TFT
uses ion doping with PH3 or B2H6 as the doping gas for the
N- and P-channel TFTs, respectively. Aluminum (Al) is a
group 3 element in the periodic table that has three valence
electrons [9,10]. When Al diffuses into Si, it replaces the
Si atom and acts as an acceptor to generate a hole. There-
fore, the Fermi level shifts down to the valence band edge,
and the conduction activation energy decreases. There have
been reports of the replacement of Si with Al for p-type
doping [9], which showed p-channel TFTs with Al doping
in the source and drain regions. Such studies, however, did
not show the effect of Al doping on the Fermi level shift
and, as such, the effect of Al doping on the Fermi level shift
at various conditions was investigated in the present study.
Also, Al doping was applied at a higher annealing temper-
ature of 550◦C, with metal-induced lateral crystallization
(MILC) poly-Si. After the fabrication of the samples, the
doping characteristics of Al and the transfer characteristics
of LTPS TFTs were evaluated.

Experiment
LTPS TFTs with source and drain regions were developed
via Al doping. Figure 1 shows the process flow of the
LTPS TFT without ion doping. Pre-compaction was done
at 600◦C for 24 h to reduce the glass shrinkage and defor-
mation. The thermal budget of the conventional furnace
process is generally so high that the glass shrinkage may
affect the TFT process on the glass substrate [10]. For the
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Figure 1. Process flow of the LTPS TFT without ion doping.

buffer layer, a 300-nm-thick SiO2 layer was deposited on
the glass via plasma-enhanced chemical vapor deposition
(PECVD). Then a 100-nm-thick amorphous Si layer was
deposited also via PECVD.

After the patterning of amorphous Si via reactive
ion etching (RIE), it was crystallized via nickel-mediated
MILC [11–15]. 0.5-nm-thick nickel was deposited via
metal organic chemical vapor deposition. Crystallization
was done at 550◦C for 5 h, under a H2 ambient in a tube
furnace. For the gate insulator, 100-nm-thick Si oxide was
deposited via PECVD. Then molybdenum–tungsten alloy
(MoW) was sputtered as a gate metal. After gate pattern
formation, the gate oxide was removed, except for the Si
oxide under the gate electrode, via RIE with the SF6, Ar,
and CHF3 gases. After the deposition of Al as thin as 5 nm
to avoid electrical shortness between the source-drain and
gate electrodes, it was annealed for 1 h at 550◦C for Al dop-
ing. After etching, the Al was annealed for 2 h at 550◦C
at a H2 ambient for source and drain activation and for
the defect passivation of the dangling bond. The electrical
properties were also measured at a dark box.

For the source and drain regions, Al doping is important
and, as such, the Al doping conditions (e.g. annealing tem-
perature and time) were optimized in this study. To check
the electric conduction activation energy after Al doping,
Al was deposited on a poly-Si layer via DC magnetron
sputtering. The effects of the annealing temperature were
investigated for the 350◦C and 450◦C annealing tempera-
tures with the annealing time of 1 h. After annealing, the
Al layer was removed with the Al etchant. The Al layer
was again subjected to DC magnetron sputtering and was
then patterned for the measurement of the electric conduc-
tion activation energy, as shown in the inset of Figure 2.
The electrical conduction was measured for various tem-
peratures, and the electrical conduction activation energy
was obtained from the Arrhenius plot. With an optimized
annealing temperature, the electrical conduction activation
energies were measured for various annealing times to
determine the optimized annealing time.

Results and discussion
The Fermi level shift through Al doping was extracted
from the measurements of the electrical conductivity as

Figure 2. Electrical conduction activation energies according to
the annealing temperatures.
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Figure 3. Electrical conduction activation energies for various
annealing times.

a function of the temperature. As the doping concentra-
tion was increased, the Fermi level shifted to the valence
band edge. The conduction activation energy, which is the
energy difference between the valence band edge and the
Fermi level, was obtained from the Arrhenius plot of the
measured electrical conductivities.

Figure 2 shows the conduction activation energies
according to the annealing temperature. The inset is a pho-
tograph of the electrodes. The conduction activation energy
before annealing was 0.52 eV. When the annealing tem-
perature was increased to 400◦C, the conduction activation
energy decreased to 0.32 eV. The lowered activation energy
means that the Fermi level shifted to the valence band
edge, which is the result of the Al doping through the
replacement of the Si atoms.

Figure 3 shows the conduction activation energies for
various annealing times at 350◦C. For 1-h annealing, the
activation energy was 0.35 eV; for 3-h annealing, 0.31 eV;
and for 5-h annealing, 0.29 eV. Thus, as the annealing time
was increased, the conduction activation energy decreased,
and Al diffused to the Si and replaced the Si atom to
become an acceptor.
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Table 1. Activation energies of diffu-
sion for various dopants (the quantity QA
is referred to as the apparent activation
energy of diffusion [15]).

Donor QA (eV)

P 3.51, 3.61, 3.61, 3.66, 3.67
As 4.05, 4.08, 4.11, 4.23, 4.34
Sb 3.89, 3.98, 4.05
Bi 4.12
Acceptor QA (eV)
B 3.25, 3.46, 3.50, 3.51, 3.87
Al 3.36
Ga 3.75
In 3.60

Table 1 contains data from many studies reported in
the literature; these data are supposed to be valid for dif-
fusions performed under intrinsic doping conditions. The
quantity QA is referred to as the apparent activation energy
of diffusion [15]. When boron was used as an acceptor, the
activation energies were 3.25–3.87 eV, which were simi-
lar to that of the Al with 3.36 eV activation energy. In
the case of poly-Si, the piped diffusion activation energy
would be lower than that, and about 3.01 eV was reported
for the piped diffusion of Al in Si [16]. The extracted con-
duction activation energies in this experiment decreased as
the annealing temperature and time increased, which veri-
fied that Al was doped on the Si. Therefore, Al was used
for source–drain doping instead of ion doping to develop
a p-channel TFT. The p-channel LTPS TFT with Al-doped
source and drain regions was evaluated.

The channel width and length of the fabricated LTPS
TFT were 20 and 50 µm, respectively. Figure 4 shows the
transfer characteristics of the fabricated LTPS TFT with
Al-doped source and drain regions. The transfer charac-
teristics show the typical p-channel TFT, which shows a

–15 –10 –5 0 5 10

D
ra

in
 c

u
rr

en
t 

(A
)

Gate voltage (V)

Without ion doping
W/L = 20/50
Vds

–0.1 V
–1 V

0.0

1.0x10–5

2.0x10–5

3.0x10–5

4.0x10–5

10–4

10–7

10–8

10–9

10–10

10–11

10–12

10–13

10–6

10–5

Figure 4. Transfer characteristics of the fabricated LTPS TFT
without ion doping.

large on-current at the negative gate voltages and a low off-
current at the positive gate voltages. The low off-current for
the positive gate voltages verified that the Al-doped source
and drain regions were well doped as p-type. A further
decrease in the off-current can be achieved through the use
of additional structures such as an offset, a lightly doped
drain (LDD), and dual or multiple gates.

In the case of Al doping, the control of the diffusion
length of Al is one difficulty. As the annealing temperature
becomes higher, the Al diffusivity increases. The lateral
diffusion to the channel area decreases the effective chan-
nel length. Therefore, the controllability of the Al diffusion
is one key hurdle to be overcome. The lateral diffusion
of Al as an acceptor was reported as 2.5 µm/h at 400◦C
[9]. The annealing temperature for the source–drain in this
experiment was 550◦C, which enhanced the diffusion of Al
compared with 400◦C annealing. In Table 1, the activation
energy for Al is 3.36 eV, but for the piped diffusion, it is
lowered to 3.01 eV [17]. Based on this activation energy,
the calculated ratio of diffusivity at 550–400◦C is about
4. Therefore, the diffusion in this experiment was about
four times faster than that at 400◦C. From this result, it is
expected that the lateral diffusion of Al is around 10 µm/h,
which is about four times higher than 2.5 µm/h. Therefore,
in the case of the 50 µm channel length, the effective chan-
nel length was expected to be about 30 µm through 10 µm
subtractions at both the source and drain regions. There-
fore, the source–drain resistance was expected to become
ohmic in the case of the 20 µm channel length, which was
verified by the measured transfer characteristics, as shown
in Figure 5.

The transfer characteristics for the 20 µ m channel
length shown in Figure 5 verify a 10 µm/h or more dif-
fusion. As shown in Figure 5, the diffusion of Al touched
each source and drain region after Al doping annealing, and
an ohmic channel between the source and drain regions was
observed. Figure 6 shows the transfer characteristics for the
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Figure 5. Transfer characteristics of the LTPS TFT with a
20 µm channel length.
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Figure 6. Transfer characteristics of the LTPS TFT without ion
doping and with a 30 µm channel length.

Table 2. Electrical parameters of the fabricated LTPS
TFT without ion doping.

W/L 25/30 20/50 20/30
Vds (V) −1 −0.1 −1.0
Vth (V) −7.1 −5.4 −7.0
On-off ratio 5.2 × 106 2.3 × 102 1.4 × 10
On-current (A) 4.0×−5 8.1 × 10−8 2.0 × 10−6

SS (V/dec) 0.7 0.7 3.2
Mobility (cm2/V s) 3.55 × 10−1 3.99 × 10−5 3.34 × 10−4
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Figure 7. Channel length and off-current characteristics of the
LTPS TFT.

30 µm channel length, where the current was drastically
reduced compared with the 20 µm channel length. There-
fore, 10 µm/h or slightly more diffusion was expected.
As the channel length of the fabricated TFT was 50 µm,
the effective channel length was expected to be 30 µm or
slightly less. The parameters of the fabricated LTPS TFT
without ion doping considering the effective channel length
are given in Table 2.

Figure 7 shows the off-currents vs. channel lengths. For
a shorter channel length such as 20 µm, the off-current was

large due to the lateral diffusion of Al. As the channel
lengths were increased, the off-current decreased. From the
graph, the lateral diffusion was estimated to be 20–30 µm.
Table 2 shows over 10−5 A on-currents and a 10−8 A off-
current. To further reduce the off-current, an LDD or offset
structure would be necessary.

Summary
The aluminum (Al) doping effect for various annealing
temperatures and times was investigated. The Fermi-level
shift was confirmed via the Arrhenius plot after Al doping.
The conduction activation energy was decreased to 0.29 eV
by Al doping. LTPS TFTs with Al doping were developed
without ion shower doping. The fabricated TFTs showed
p-channel TFT characteristics, which verified the source–
drain doping by Al. A 4.0 × 105 on-off ratio, a 0.7 V/dec
subthreshold slope, and 35.5 cm2/V s field effect mobility
were obtained for the fabricated TFTs with Al doping.
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