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Abstract - The subthreshold characteristics of polycrystalline silicon (poly-Si) thin-film transistors
(TFTs) fabricated by using high-temperature process, including solid phase crystallization of amorphous
Si and thermal oxidation of poly-Si, have been studied. The devices show high performances with a
field effect mobility higher than 60 cm%V-s and a subthreshold swing lower than 0.65 V/decade.
However, the threshold voltages of the devices are strongly shifted toward the negative gate voltage and
there are prominent differences in the subthreshold characteristics of the n-channel and p-channel poly-
Si TFTs. The subthreshold characteristics of the poly-Si TFTs with thermally grown gate oxide was
modeled by traps in the bandgap of poly-Si active layer and fixed charge density at the interface
between gate oxide and poly-Si. Simulation showed that the proposed trap model of poly-Si could ex-

plain the experimental results very well.
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1. Introduction

Polycrystalline silicon (poly-Si) thin-film transis-
tors (TFTs) have attracted much attention for high-
resolution active matrix liquid crystal display
(AMLCD) [1]. The peripheral circuits of AMLCD
can be integrated with poly-Si TFT because it has
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much higher field effect mobility than amorphous
silicon (a-Si) TFT. A p-channel poly-Si TFT has
also been used instead of poly-Si resistor in order
to obtain a high charging current and a low leak-
age current in 4 Mbit or higher density static ran-
dom access memory (SRAM) [2].

The performance of poly-Si TFTs is strongly in-
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fluenced by grain boundaries and intragranular
traps of the poly-Si active layer. Hydrogen pas-
sivation of grain boundaries [3] and solid phase
crystallization (SPC) of a-Si [4] have been used to
improve the performance of poly-Si TFTs. Re-
cently, it was reported that the characteristics of
poly-Si TFTs were greatly changed by oxygen-
treatments, such as O, annealing (thermal ox-
idation) of SPC-poly-Si [5] or oxygen-plasma ex-
posure of devices [6]. It is believed that oxygen a-
toms themselves, like hydrogen atoms, passivate
the grain boundary traps of poly-Si. Also, the ox-
ygen-plasma exposure was used to lower the cry-
budget
stallization [7]. The oxygen-treatments during or

stallization thermal before a-Si cry-
after the fabrication of poly-Si TFTs resulted in
the predominant increase of field effect mobility.

In this paper, the effects of thermal oxidation of
the poly-Si active layer on the performances of n-
channel and p-channel TFTs have been studied. It
was found that the devices exhibited an anomalous
shift of threshold voltage toward the negative gate
voltage and predominantly different subthreshold
characteristics between n-channel and p-channel
while the field effect mobilities of both devices
are high. The subthreshold characteristics, in-
cluding the threshold voltage, of the devices was
modeled by the deep traps in the bandgap of the
poly-Si active layer and the fixed charge density at
the interface between gate oxide and poly-Si.

2. Experiments and Results

The structure of the poly-Si TFTs used in the ex-
periments is coplanar. The fabrication sequence is
as follows. Amorphous Si films of 800 A thick-
ness were deposited on 5-inch quartz wafers by
low-pressure chemical vapor deposition (LPCVD)
using Si,H, at 470 C. These films were annealed
at 590 C for 20 h for crystallization, resulting in
poly-Si with grain sizes of 2~4 pum in diameter.
After the poly-Si active layer was patterned, a gate
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Fig. 1. Drain current versus gate voltage characteristics
at different drain voltages (V,) for n-channel and p-chan-
nel poly-Si TFTs. The upper (lower) curve of each chan-
nel is at a drain voltage, | V,|=5.0 V (0.1 V).

oxide of 430 A was grown by dry thermal ox-
idation at 900 C. The thickness of the active layer
was decreased to be of 600 A after thermal ox-
idation. A 3000-A-thick poly-Si gate was de-
posited by LPCVD, and then the gate was pat-
terned. In order to form the source, drain and gate
regions, arsenic ions with an energy of 110 keV
for n-channel and BF, with an energy of 70 keV
for p-channel were implanted at a dose of 5% 10"/
cm’ each. Passivation oxide layer of 7000 A thick-
ness was deposited by LPCVD at 420 C and then
the implanted ions were activated by thermal an-
nealing at 920 T for 30 min. After metallization,
the samples were alloyed at 420 C for 30 min in
forming gas of N, and H,. The maximum tem-
perature in the fabrication process is 920 C for do-
pant activation of the implanted ions.

Fig. 1 shows the drain current versus gate vol-
tage (I,-V,) characteristics at different drain vol-
tages (V,) for the n-channel and p-channel poly-Si
TFTs. The channel width and length, drawn on
the photomask, of the measured devices are 30
pm and 10 pm, respectively. These values are 5 to
10 times larger than the grain size of the poly-Si.
Both n-channel and p-channel poly-Si TFTs ex-
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Fig. 2. Transconductance and drain current versus gate
voltage in linear plot for n-channel TFT.

hibit excellent subthreshold characteristics while
the -V, curves shift toward the negative gate vol-
tage from zero value.

Fig. 2 shows the linear plots of the tran-
sconductance (=AI/AV,) and the drain current
versus gate voltage at a drain voltage of 0.1 V for
the n-channel device. The behavior of the tran-
sconductance is similar to that of the single-cry-
stalline Si (c-Si) metal-oxide-semiconductor field
effect transistor (MOSFET). The linearity of the
drain current is well satisfied while the threshold
voltage is somewhat large. These results indicate
that the local effects of poly-Si grain boundaries
were low and the device parameters could be ex-
tracted by the similar way in c-Si MOSFET. The
estimated trap density at grain boundaries from the
Levinson's method [8] is below 1x 10%/cm".

The characteristic parameters of the n-channel
and p-channel poly-Si TFTs without post-hy-
drogenation are summarized in Table 1. The field
effect
sconductance in the linear region. The threshold

mobility is calculated from the tran-
voltage is defined as a gate voltage at which the
drain current slope intersects the gate voltage axis
at {V,|=0.1 V. Both devices have high per-
formances with a field effect mobility above 60

Table 1. Characteristic parameters of n-channel and p-
channel poly-Si TFTs

Parameter N-channel  P-channel
Field effect mobility (cm’/V-s) 85 62
Subthreshold swing (V/decade) 0.61 0.46
Threshold voltage (V) 24 -57
Leakage current (pA) 13.0 ~52
ON/OFF ratio 10° 10’

cm’/V-s, a subthreshold, swing below 0.65 V/de-
cade, and an ON/OFF ratio above 10°. However,
there appear some differences in the threshold vol-
tage and the subthreshold swing of the n-channel
and p-channel devices. The subthreshold slope of
the p-channel poly-Si TFT was steeper than that
of the n-channel device. The threshold voltages of
both devices were anomalously shifted toward the
negative gate voltage. Also, as shown in Fig. 1,
the separation of the L-V, curves with V, in the
subthreshold region was observed for only n-chan-
nel device, which was caused by the threshold vol-
tage reduction with V,. These asymmetrical charac-
teristics between n-channel and p-channel devices
make it difficult to use the poly-Si TFTs including
the thermal oxidation process for complementary
(CMOS) circuit ap-
plications in which the threshold voltages of both

metal-oxide-semiconductor

n-channel and p-channel TFTs must be adjusted
simultaneously. It requires an additional process to
control the threshold voltage, such as ion im-
plantation into the device channel. We should note
that the asymmetrical behaviors in the subthres-
hold characteristics of n-channel and p-channel po-
ly-Si TFTs are not observed for the devices
without thermal oxidation process [9].

Our experimental results agree partially with
those of Chern [6] and Yin [7]. The former used a
thermal oxidation process for the gate insulator for-
mation and the oxygen-plasma exposure for the
passivation of grain boundary traps. The latter ap-
plied the oxygen-plasma exposure for lowering
thermal budget of a-Si crystallization. The ne-
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gative threshold voltage shift could be observed in
their data, even though for only n-channel device.

3. Modeling and Simulation

Threshold voltage, Vn of poly-Si TFT consists
of the ideally defined threshold voltage, V., and
the nonideality-related flat band voltage, Vi [10].

V= Vot Vs (1)

Also, the nonideality-related flat band voltage
could be written as the following equation.

VFB:(I)MS - QF/C()X - er/C()x - Q’]'/CSI (2)

where @, is the workfunction difference between
gate electrode and active layer, Q; is the fixed
charge density in gate oxide, Q, is the interface
trap charge density, C, is the gate oxide capa-
citance per area, Q; is the trap density near the
midgap of poly-Si active layer, and Cg is the e-
quivalent capacitance of trap density in poly-Si. In
Eq. (2), the mobile charge cffect is neglected due
to the chlorine neutralization by introducing TCA
(TriChloroethAne: CH,Cl)) during the growth of
the oxide layer.

In this experiment, the threshold voltage shift,
AV, defined as the difference of the absolute
threshold voltage between n-channel and p-chan-
nel devices is very large, nearly larger than 3.0 V.
Considering Eq. (2), AV, is mainly caused by Q.
and Q, if the interface trap density is uniform in
the bandgap of poly-Si. The workfunction diff-
erence in Eq. (2) does not contribute to the thres-
hold voltage shift because the gate poly-Si has the
same doping type as the channel majority carrier.
If the fixed charge density which can not be ex-
actly estimated for poly-Si TFTs is assumed to be
of about (1~5)Xx10"/cm’, AV, lies in 0.4 to 2.0
V. This value is much smaller than the ex-
perimental one. Furthermore, the fixed charge den-
sity can not cause the difference in the subthres-
hold swings of n-channel and p-channel poly-Si

Fagets %), A4, 4375, 1995

10 2 T YT T T
|
= 109 ! ]
> |
"'1 I
10 8} g
g !
» |
S v ]
@ !
k=
2.’ 10 16|
= |
g ] '
a 105t | E
|
RS — 1 | 1 L
0.0 0.2 0.4 0.6 0.8 1.0
E.-E (eV)

Fig. 3. Density of states (DOS) model of the poly-Si ac-
tive layer. The dotted line indicates the midgap of poly-
Si. The peaks of acceptor-like and donor-like deep states
liec at 0.30 ¢V and 0.55 eV below the conduction band
edge, respectively.

TFTs.
perimental data we must consider the effect of the

Therefore, in order to explain the ex-

traps in the poly-Si active layer and/or the in-
terface traps on the subthreshold characteristics of
the devices. We focused on the traps in the poly-
Si active layer rather than the interface traps be-
cause oxygen atoms strongly affected the elec-
tronic properties of poly-Si film [5-7]. It is well
known that the deep traps in the bandgap of poly-
the subthreshold charac-
teristics of the devices [11]. We assume that the

Si greatly influence
deep traps of poly-Si have an asymmetric dis-
tribution relative to the midgap with thermal ox-
idation process.

Fig. 3 shows the proposed density of states
(DOS) model of the poly-Si active layer for case
of the TFTs with thermally grown gate oxide. The
band tail states have exponential distributions with
a characteristic slope of about 20 meV. The deep
traps near the midgap of poly-Si are composed of
acceptor-like and donor-like states with gaussian
distributions. We mainly changed the deep trap en-
ergy level to fit both n-channel and p-channel
subthreshold characteristics. Simulation was per-
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formed by using a 2-dimensional device simulator
with effective medium approach, whereby the
traps and grain boundaries are treated as a spa-
tially uniform density of localized states in the
bandgap. While this effective medium approach
may not be suitable for the detailed analysis of the
local field dependent characteristics such as leak-
age currents in poly-Si TFTs, it does enable us to
model realistically the subthreshold characteristics
of the devices [12]. Shockley-Read-Hall kinetics
accounts for the carrier capture and emission
processes.

Fig. 4 shows the simulated subthreshold charac-
teristics with the experimental data for both n-chan-
nel and p-channel TFTs. We assume the fixed
charge density to be 5x10"/cm’. The solid line
was obtained with the poly-Si DOS shown in Fig.
3. The gaussian peaks of acceptor-like and donor-
like states with a characteristic decay energy of
0.17 eV lie at 0.30 ¢V and 0.55 eV below the con-
duction band edge, respectively. The dotted line
was the simulated results with the symmetric trap
distribution relative to the midgap of poly-Si. The
acceptor-like and donor-like deep states was lo-
cated at 0.125 eV above and below the midgap of
poly-Si, respectively. The simulated results with
the asymmetric trap distribution are in good agree-
ment with the experimental data while the drain
currents at larger gate voltages arc slightly dif-
ferent from the experimental values due to the
lack of vertical electric field degradation of field
effect mobility in the simulation. It is specifically
noted that we can not achieve the proper fittings
to experiments with the only fixed charge density.
This result indicates that the different subthreshold
characteristics between n-channel and p-channel
poly-Si TFTs arise from the asymmetric distri-
bution of the deep traps in the poly-Si active layer.

The proposed DOS of poly-Si may also explain
the threshold voltage shift with V, in the subthres-
TFT. This
phenomenon was hardly observed for the p-chan-

hold region for the n-channel
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Fig. 4. Comparison of simulated subthreshold charac-
teristics with experimental data (@) for n-channel and p-
channel poly-Si TFTs. The solid line represents the simu-
lated results with the DOS shown in Fig. 3. The dotted
line is the simulation results using the symmetric dis-
tribution of the deep traps relative to the midgap of poly-
Si.

nel device. It was demonstrated by Hack and
Lewis [13] that grain boundaries and traps in the
poly-Si active layer significantly enhance the kink
effect in poly-Si TFTs and reduce the threshoid
voltage with drain voltage. Although both n-chan-
nel and p-channel TFTs have same poly-Si active
layer, the traps themselves and their distribution in
the bandgap of poly-Si can give rise to the diff-
erence in the kink effect and the threshold voltage
dependence on drain voltage.

The traps in the poly-Si bandgap mainly consist
of the bandtail states originated from the distorted
atomic bonds in grains and on their boundaries,
and the deep states originated from the broken
bonds, named dangling bonds, located at the grain
boundaries. The thermal oxidation process for the
gate dielectric formation reduces the inter- and in-
tra-grain traps in poly-Si, so that the total trap den-
sity prominently decreases and the device with
this process has high performances. However, our
model reveals that the thermal oxidation reduces
the traps more at the low energy level than the
high level relative to the midgap, resulting in the
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asymmetric distribution of the deep traps in poly-
Si and the different subthreshold characteristics
between n-channel and p-channel TFTs. The phy-
sical origin of the passivation of poly-Si traps by
thermal oxidation is rather sophisticated. In gen-
eral, thermal annealing, diffusion of oxygen into
poly-Si, and interface formation effects are in-
volved in thermal oxidation process. They all af-
fect the trap distributions in the bandgap of poly-
Si after the thermal oxidation. The detailed
mechanism needs further studies.

4. Conclusion

We have presented a2 DOS model to explain the
subthreshold characteristics of the poly-Si TFTs
having thermally grown gate oxide. The proposed
model could explain the experimental data for
both n-channel and p-channel devices. The dif-
ferent subthreshold characteristics between n-chan-
nel and p-channel TFTs and the shift of threshold
voltage toward the negative gate voltage are caus-
ed by the asymmetric distribution of the deep
traps in the poly-Si active layer with the fixed
charge density in the gate oxide. We suggest that
the deep trap passivation in poly-Si by thermal ox-
idation is more favorable at the low energy level
than at the high level relative to the midgap, result-
ing in the asymmetric trap distribution in the
bandgap of poly-Si.
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