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Abstract
The effects of hydrogenated microcrystalline silicon (mc-Si:H) ®lm with various crystalline factors on thin-®lm transistors (TFTs) with
low-high-low band gap structure are studied. Compared to hydrogenated amorphous silicon (a-Si:H) TFT with conventional invertedstagger structure, the device with mc-Si:H ®lm of high crystalline factor in the active channel depicts improved interfacial active layer near
the gate insulator interface as well as the later-grown bulk active layer, resulting in improved device parameters including ®eld effect
mobility, threshold voltage, subthreshold swing and ON-current. While a-Si:H ®lm of low crystalline factor and high-band-gap is proposed
for the source and drain offset regions in the new device to prevent the band-to-band tunneling, thus alleviates the high OFF-current
inherent in conventional mc-Si:H thin-®lm transistors, resulting in an improved ON/OFF current ratio. # 2000 Elsevier Science S.A. All
rights reserved.
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1. Introduction
Hydrogenated amorphous silicon thin-®lm transistors (aSi:H TFT's) are widely used as the pixel switching elements
in active-matrix liquid-crystal displays (AMLCDs) [1].
However, a-Si:H TFT's suffer from a low ®eld-effect carrier
mobility and high instability associated with the a-Si:H
channel, which lead to low current drivability and severe
device degradation during device operation. Many methods
have thus been proposed for improving the turn-on characteristics of TFT's, including the use of double gate structure [2], short channel device [3], and vertical structure [4].
However, these methods normally require complicated processing and are dif®cult to implement. On the other hand,
polycrystalline silicon (poly-Si) TFT's are known to depict
better current drivability while suffering a large OFF-state
leakage current. To alleviate the high OFF-state current in
poly-Si TFTs, devices with a horizontal offset structure have
been proposed [5]. The conventional horizontal offset structure suppresses the OFF-state carrier conduction effectively
by reducing the drain electric ®eld near the gate edge.
However, it requires a large device area to incorporate the
offset region. In addition, complicated processing such as
*
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light-dose ion implantation and the accompanying high
annealing temperature, may be required in horizontal offset
structure, except for the structure which employs ®eld plate.
Recently, new crystalline material with higher band mobility
than that of a-Si:H, namely, microcrystalline silicon (mcSi:H), has been proposed to achieve superior current drivability. However, the OFF-state current remains high, resulting in a marginal ON/OFF current ratio of only ®ve orders of
magnitude or less [6±9].
More recently, we have proposed a high-performance
TFT with a novel vertical offset structure, whose channel
region and offset region are composed of mc-Si:H and a-Si:H
®lms, respectively [10±12]. Compared to the conventional
inverted-stagger a-Si:H TFT with a single high-band-gap aSi:H layer, the proposed TFT features the insertion of a thin
low-band-gap mc-Si:H layer at the semiconductor/insulator
(i.e., high-band-gap a-Si:H/SiNx) interface. The high quality, low-band-gap mc-Si:H ®lm is used to enhance the current
drivability of this novel device. While the high-band-gap aSi:H layer is retained to suppress the OFF-state leakage
current to a level comparable to that of conventional a-Si:H
TFT's. In addition, this novel device employs a heavily
doped low-band-gap n a-Si:H layer as its source/drain
ohmic contacts to ensure a good ohmic contact between
semiconductor and metal.

0254-0584/00/$ ± see front matter # 2000 Elsevier Science S.A. All rights reserved.
PII: S 0 2 5 4 - 0 5 8 4 ( 9 9 ) 0 0 1 7 4 - 1

154

C.-Y. Chang et al. / Materials Chemistry and Physics 62 (2000) 153±157

In this paper, we focus on the effects of mc-Si:H channel
®lm with different crystalline factors (CF) on device performance. Because the fabrication process of the proposed
TFTs is similar to that of the conventional inverted-stagger
a-Si:H TFTs with the offset region (i.e., high-band-gap
undoped a-Si:H) stacks vertically above the channel, the
area of our new device with low-high-low band gap structure
is smaller than that of a conventional horizontal offset
device. This will increase the pixel density of TFTs array,
making it attractive for future high-de®nition-television
system (HDTV) applications. Finally, it should be noted
that all the ®lms employed in our devices are deposited
under low temperature (3008C), and the fabrication process is simple and inexpensive with the potential of high
reliability.
2. Experimental
The device structure of low-high-low band-gap TFT is
shown schematically in Fig. 1. The fabrication process is
similar to that of a conventional inverted-stagger a-Si:H
TFT's except for the insertion of a low-band-gap mc-Si:H
®lm between the gate insulator and the undoped a-Si:H ®lm.
Brie¯y, a 250 nm-thick aluminum ®lm was deposited by
evaporation on silicon wafers that were previously coated
with a 500-nm-thick thermal oxide layer. The aluminum
®lm was then patterned to form the gate electrode by
photolithography and wet etching. Next, a silicon nitride
(SiNx) gate insulator, a compound channel layer consisting
of a low-band-gap mc-Si:H and a high-band-gap undoped aSi:H, and a low-band-gap n a-Si:H ®lm were deposited
consecutively by a plasma-enhanced chemical vapor
deposition (PECVD) system without breaking the vacuum.
The gas mixtures for SiNx, undoped a-Si:H and n a-Si:H
®lms were (SiH4  NH3  N2), (SiH4  H2), and
(SiH4  PH3), respectively. The thickness for SiNx,
undoped a-Si:H, and n a-Si:H ®lms was 300, 140, and
70 nm, respectively. The SiNx ®lm was deposited under the
condition of 3008C, 27.78 mw cmÿ2, and 1 Torr, while the
undoped and n a-Si:H ®lms were deposited at 2508C,
25 mw cmÿ2, 0.3 Torr. While the thickness of mc-Si:H ®lms
was ®xed at 25 nm, samples with various [H2]/
{[SiH4]  [H2]} ¯ow rate ratios were fabricated to study
its effects. Speci®cally, mc-Si:H ®lms were deposited at

Fig. 1. Schematic diagram of the thin-film transistor with low-high-low
band gap structure.

2508C, 25 mw cmÿ2 and 0.55 Torr using a [H2]/{[SiH4] 
[H2]} ¯ow rate ratio of 980 sccm/(23 sccm  980 sccm) for
97.7%-diluted ®lm and 980 sccm/(9 sccm  980 sccm) for
99.1%-diluted ®lm, respectively. Finally, a 250 nm-thick
aluminum ®lm was again evaporated on the grown ®lms and
patterned to form source and drain electrodes. CF4 plasma
etching was then used to de®ne the active device region and
to remove the unwanted n a-Si:H layer.
The nominal channel width (W) for the completed devices
is 120 mm, while the nominal channel length (L) is 10 mm.
All devices were then annealed at 2008C in N2 ambient for
25 min to form good ohmic contacts. The electrical properties of the completed devices were measured by a HP4145B
semiconductor parameter measurement system with a PC.
The crystallinity of mc-Si:H and a-Si:H ®lms was analyzed
by Raman scattering spectra. Optical bandgap (Eopt) was
determined from a Tauc plot of the optical absorption
coef®cient in 0.4 mm-thick a-Si:H and mc-Si:H ®lms,
which were deposited under identical conditions, except
for the ¯ow rate of hydrogen and silane gas.
3. Results and discussion
In this paper, we focus on the effects of mc-Si:H channel
®lms with various crystalline factors on the device performance of TFTs with low-high-low band-gap structure. As
shown in Table I, the crystalline factor (CF) of a-Si:H/mcSi:H ®lms prepared with various deposition conditions is
different. Fig. 2 shows the Raman spectra, which are very
sensitive in revealing ®lm quality, of three ®lms deposited
on glass under various gas ratios. The crystallinity of mcSi:H and a-Si:H ®lms was analyzed by Raman scattering
spectra. It was observed that there are two bands around
520 cmÿ1 Raman shift (i.e., crystalline-Si peak) and
480 cmÿ1 Raman shift (i.e., amorphous-Si peak) for the
three ®lms. The crystalline factor (CF) was estimated by the

Fig. 2. Raman spectra of hydrogenated amorphous/microcrystalline
silicon films with various crystalline factors (CF).
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Table 1
Crystalline factor (CF) of channel films prepared by various deposition conditions
Channel films

Gas source (sccm)

H2 dilution ratio

Optical bandgap Eopt (eV)

Crystalline factor CF (%)

A (CF  0%) (a-Si:H)
B (CF  28.6%) (mc-Si:H)
C (CF  79.3%) (mc-Si:H)

SiH4/H2 (23/23)
SiH4/H2 (9/980)
SiH4/H2 (23/980)

50%
99.1%
97.7%

1.71
1.61
1.39

0%
28.6%
79.3%

ratio of the area around 520 cmÿ1 peak to the total area
extracted from the Raman spectra. From the Raman spectra
shown in Fig. 2, the crystalline factor of undoped a-Si:H ®lm
used as the channel ®lm is found to be 0%. While the
crystalline factor of 97.7%-diluted mc-Si:H ®lm is 79.3%,
which is higher than that of 99.1%-diluted mc-Si:H ®lm
(CF  28.6%). In addition, the optical bandgap (Eopt) of
these channel ®lms is also shown in Table 1. It is observed
that the optical bandgap is lower for ®lms with higher
quality, compared to ®lms with lower quality. In other
words, ®lms with higher crystalline factor have lower
optical bandgap. In addition, Eopt of n a-Si:H ®lm used
for all devices is 1.48 eV. In accordance with the optical
bandgap of channel/offset/contact ®lms, the new TFT structure as shown in Fig. 1 is named ``low-high-low band-gap
structure''.
Fig. 3 shows the transfer characteristics for devices with
a-Si:H/mc-Si:H channel ®lm of various crystalline factors at
Vds  1 V. All devices depict good characteristics including
small threshold voltage and sharp transition region. As
shown in Fig. 3, the presence of mc-Si:H channel ®lm with
high crystalline factor (CF) improves the ON-state characteristics, while the presence of a high-band-gap a-Si:H
offset ®lm (CF  0%) suppresses the OFF-state leakage
current caused by band-to-band tunneling (BBT). For convenience, we denote the channel ®lms with 50%-diluted
(Eopt  1.71 eV), 99.1%-diluted (Eopt  1.61 eV) and
97.7%-diluted (Eopt  1.39 eV) a-Si:H/mc-Si:H ®lms as A

Fig. 3. Transfer characteristics at small Vds (1 V) for devices with
various channel films.

(CF  0%), B (CF  28.6%) and C (CF 79.3%), respectively. As shown in Fig. 3, device with channel C
(CF  79.3%) depicts improved ON-state and OFF-state
currents, compared to device with channel B (CF  28.6%).
We believe the improvement is mainly due to the discontinuity of valence band between low-band-gap channel layer
and high-band-gap offset layer. A larger difference in the
valence band discontinuity between low-band-gap channel
layer and high-band-gap offset layer results in more effective hole con®nement, thus suppresses the OFF-state leakage current [13]. The band discontinuities between lowband-gap channel layer (i.e., mc-Si:H) and high-band-gap
offset layer (i.e., a-Si:H) for devices with channel C
(CF  79.3%) and B (CF  28.6%) are 0.32 eV and
0.10 eV, respectively. Therefore, the effectiveness of suppressing the OFF-state leakage current in device with
channel C (CF  79.3%) is much more effective than that
in device with channel B (CF  28.6%). In general, devices
with channel C (CF  79.3%) and channel B (CF  28.6%)
show higher current driving capabilities than device with
channel A (CF  0%). The improvement in current driving
capability is determined by the quality of channel ®lms, i.e.,
the crystalline factor of channel ®lms.
From Fig. 3, the ON-state current increases from
6.55 mA/m for the device with channel A (CF  0%) to
7.44 mA/m for device with channel B (CF  28.6%). The
increase is even more dramatic for device with channel C
(CF  79.3%) (i.e., to 8.26 mA/m). This con®rms that
devices with mc-Si:H channel ®lm of high crystalline factor
can not only improve the OFF-state characteristics but also
improve the driving current. The higher ON-current density
is believed to be due to less bulk trap density. To con®rm this
hypothesis, we have measured and deduced the density of
deep gap states (Ndeep) according to the equation:
Ndeep  CinsS(qkt)ÿ1, where S, Cins is the subthreshold
swing and gate insulator capacitor respectively. We indeed
found that the density of deep gap states (Ndeep) decreases
from 7.34  1012 cmÿ2 eVÿ1 for device with channel A
(CF  0%) to 6.28  1012 cmÿ2 eVÿ1 for device with channel B (CF  28.6%), and to 4.79  1012 cmÿ2 eVÿ1 for
device with channel C (CF  79.3%). The density of deep
gap states (Ndeep) is dependent on the quality of a-Si:H or
mc-Si:H ®lms, and the optical band gap (Eopt) is also
dependent on the quality of a-Si:H or mc-Si:H ®lms, as
shown in Fig. 4 and Table 1 respectively.
Fig. 5 shows the dependence of subthreshold swing (S) on
crystalline factor (CF) of channel ®lm. A trend similar to
that of the density of deep gap states (Ndeep) is also observed.
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Fig. 4. Densities of deep gap states for devices with channel films having
various crystalline factors (CF).

Fig. 6. Threshold voltages for devices with channel films having various
crystalline factors (CF).

Fig. 5. Subthreshold swings for devices with channel films having various
crystalline factors (CF).

Fig. 7. ON/OFF current ratios for devices with channel films having
various crystalline factors (CF).

The subthreshold swing decreases from 1.01 V/dec for
device with a-Si:H channel A whose CF  0% to 0.96 V/
dec for device with mc-Si:H channel B whose CF  28.6%,
and to 0.68 V/dec for device with mc-Si:H channel C whose
CF  79.3%. In addition, smaller threshold voltages (Vt) are
obtained for our novel devices as shown in Fig. 6, i.e., 1.91,
1.65 and 1.08 V for devices with channel A (CF  0%), B
(CF  28.6%), and C (CF  79.3%), respectively.
Fig. 7 shows that the device performance does improve by
inserting a high quality (i.e., high crystalline factor), lowband-gap mc-Si:H ®lm for the new devices with low-highlow band gap structure. The ON/OFF current ratio increases
from 6.19  105 for device with a-Si:H channel A

(CF  0%) to 8.30  105 for device with mc-Si:H channel
B (CF  28.6%), and to 7.30  106 for device with mc-Si:H
channel C (CF  79.3%). Here the ON/OFF current ratio is
de®ned as the ratio of Ids (ON)jVgs 20 V; Vds 1 V to Ids
(OFF)jVgs 1 V; Vds 1 V .
Finally, the dependence of the ®eld effect mobility (FE)
on crystalline factor (CF) of channel ®lm is shown in Fig. 8.
The H2 gas dilution method produces high quality mc-Si:H
®lm with less defect centers, lower optical band gap (Eopt)
and higher crystalline factor (CF). Hence, the density of
scattering center that limits the ®eld mobility is reduced.
The device performance with mc-Si:H channel ®lm of high
crystalline factor is therefore enhanced with higher ®eld
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low crystalline factor and high-band-gap offset, which
blocks the carrier conduction during OFF-state operation
of the device, is used to prevent the band-to-band tunneling,
and thus effectively reducing the large OFF-current normally observed in conventional thin-®lm transistors. The
channel ®lm of a high crystalline factor and low-band-gap
can effectively improve the ON-state current and ®eld-effect
mobility, resulting in an overall improvement of ON/OFF
current ratio.
Acknowledgements

Fig. 8. Field effect mobilities for devices with channel films having
various crystalline factors (CF).

effect mobility than the device with a-Si:H channel A
(CF  0%) of 1.02 cm2/V s. Device with mc-Si:H channel
C (CF  79.3%) has a much higher ®eld effect mobility of
2.88 cm2/V s, while device with mc-Si:H channel B
(CF  28.6%) depicts a lower value of 1.64 cm2/V s due
to the H2 plasma etching induced damage during the
deposition. The ®eld effect mobility was measured in the
saturated region and deduced from the equation: Ids  mFECinsW(Vgs ÿ Vth)2/2L. Here FE is the ®eld effect mobility.
4. Conclusions
The effects of hydrogenated microcrystalline silicon ®lm
(mc-Si:H) with various crystalline factors on the performance of thin-®lm transistor (TFT) with low-high-low
band-gap structure, which can be easily fabricated using
a conventional TFT process, has been studied. A thin-®lm of
high crystalline factor and high-band-gap is embedded
vertically between the conventional a-Si:H channel and
source/drain contacts in this new structure. The ®lm of
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