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H2 and NH3 Plasma Passivation on Poly-Si TFTs
with Bottom-Sub-Gate Induced Electrical Junctions
Cheng-Ming Yu,a Horng-Chih Lin, b,z Tiao-Yuan Huang,a,b and Tan-Fu Leia

aInstitute of Electronics, National Chiao-Tung University, Hsinchu, Taiwan 30050
bNational Nano Device Laboratories, Hsinchu, Taiwan 30050

The effects of NH3 and H2 plasma passivation on the characteristics of poly-Si thin-film transistors~TFTs! with source/drain
extensions induced by a bottom sub-gate were studied. Our results show that although significant improvements in device
performance can be obtained by either passivation method, the NH3-plasma-treatment appears to be more effective in reducing the
off-state leakage, subthreshold swing, and in improving mobility compared to H2 plasma passivation. Furthermore, NH3 plasma
treatment is also found to be more effective in reducing the anomalous subthreshold hump phenomenon observed in nonplasma-
treated short-channel devices. Detailed analysis suggests that all these improvements can be explained by the more effective
passivation of traps distributed in both the front and back sides of the channel by NH3 plasma treatment.
© 2003 The Electrochemical Society.@DOI: 10.1149/1.1627355# All rights reserved.
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Recently, polycrystalline silicon~poly-Si! thin-film transistors
~TFTs! have received lots of attention as replacements for a
phous silicon TFTs in the switching elements of high-performa
large-area active-matrix display and sensor systems. With
higher mobility, the peripheral driver circuitry can be integrated
the same substrate, which further improves system performanc
reliability.1,2 However, defects at the grain boundaries as we
inside the grains are known to cause device degradation,3 resulting
in poor device performance including low mobility and high o
state leakage current.4,5 In order to obtain high-performance poly
TFTs, it is essential to reduce the trap density in the poly-Si cha
To this end, hydrogen plasma passivation is a well-kn
technique.6,7 The atomic hydrogen can passivate defects in
poly-Si channel, thereby improving device characteristics. In a
tion, nitrogen-containing plasma treatments in combination with
drogen~e.g., H2 /N2 mixture plasma,8 nitrogen implantation with H2
plasma,9 preoxidation NH3 annealing with H2 plasma,10 and NH3
plasma11! have also been shown to further improve the device
formance. The additional nitrogen passivation and/or the enha
hydrogen passivation effects in the presence of nitrogen are pr
ably responsible for the observed improved characteristics.

Another approach for reducing the off-state leakage current
use an electrical drain junction that is induced by a sub-gate.12,13 It
has been shown that with proper device structure design and o
tion conditions, the leakage current can be dramatically red
without significantly compromising the drive curre
Conventionally,12 a top sub-gate configuration is used. Recently
have proposed a novel TFT device with bottom sub-
configuration.13,14 In previous work we have explored and char
terized the fabricated devices and shown that high device p
mance could be achieved using this structure. In this work, we
ther explore and compare the effects of plasma treatments in N3 or
H2 ambient on device characteristics.

Experimental

Figure 1 shows the cross-sectional and top views of the po
TFT used in this experiment. The fabricated devices feature
main gate and a fork-shaped bottom sub-gate. The fork-shape
gate has two split branches buried under the poly-Si active
used for electrically inducing the source and drain extensions
device’s channel length,L, is thus defined by the spacing betwe
the two branches of the sub-gate. The length of the offset ch
regions between the implanted source/drain and the main g
fixed at 1mm in this study.
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The key process flow for fabricating the poly-Si TFTs with b
tom sub-gate was described in detail in our previous work13,14

Briefly, a 100 nm n1-poly-Si layer was deposited on an oxidiz
silicon substrate by low-pressure chemical vapor depos
~LPCVD!. The doped poly-Si film was then patterned to form
fork-shaped bottom sub-gate. Next, a 100 nm nitride layer wa
posited by chemical vapor deposition~CVD!, followed by the depo
sition of a thick low-pressure tetraethyl orthosilicate~550 nm!oxide
layer. Chemical mechanical polishing~CMP! was then applied t
planarize the wafer surface and to expose the nitride layer on t
the sub-gate. It is worthy to note that the nitride layer serves
only as the dielectric separation between the field-plate~i.e., sub
gate!and the active device layer in the final device structure, it

Figure 1. ~a! Cross-sectional and~b! top views of a TFT device with botto
sub-gate.
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serves as an etch stopper for the CMP process. Afterward, a 5
CVD amorphous Si film was deposited at 550°C, which was su
quently converted to polycrystalline phase by solid-phase crys
zation~SPC!at 600°C for 24 h, to serve as the active device laye
20 nm CVD oxide layer was then deposited to form the gate
lator. An n1 poly-Si film was deposited and patterned to form

Figure 2. Subthreshold (I D-VG) characteristics of~a! n-channel and~b!
p-channel TFTs with different plasma treatments. The sub-gate bias
nTFT and pTFT are 40 and240 V, respectively.

Table I. The values of SS,V th , N t , I off , and onÕoff current ratio of

Plasma
gas

Subthreshold
swing

~V/dec!
Vth
~V!

No plasma
treatment

1.62 13

H2-plasma
treatment

0.72 4

NH3-plasma
treatment

0.64 3.4
 address. Redistribution subject to ECS terms140.113.38.11aded on 2014-04-27 to IP 
top main-gate. Next, the offset source/drain regions were defin
a photoresist masking step before performing the source/dra
implantation. For n-channel transistors, As1 implant with a dosag
of 5 3 1015 cm22 at 20 keV was used. Similarly, BF2

1 implant with
a dosage of 53 1015 cm22 at 30 keV was used for p-channel tr
sistors. The implanted dopants were subsequently activated2
ambient at 600°C for 12 h. Wafers then followed a standard b
end processing for contact pad formation and metallization. Fin
some devices were split to receive NH3 or H2 plasma treatment in
parallel-plate plasma reactor at 250°C for 3 h.

Results and Discussion

Characteristics of long-channel devices.—Figure 2 compares th
subthreshold characteristics of devices with and without pla
treatment. The channel length and width of the devices are 4 a
mm, respectively. Note that a fixed sub-gate bias of 40 V was ch
in this work because it is large enough for the device perform
improvement, while small enough not to degrade the reliabilit
the dielectric underneath the sub-gate. Tables I and II summ
several important parameters, including subthreshold swinS,
threshold voltageVth , trap-state densityNt , off-state leakage cu
rent I off , and on/off current ratio, extracted from the results sh
in Fig. 2. The threshold voltage is defined at a fixed drain cu
I D 5 I DN 3 W/L,15 where I DN is 10 nA. Extraction of trap-sta
densities is performed using the modified Levinson’s method16,17

From these results, it can be seen that significant improvemen
achieved for both n- and p-channel devices treated by either2 or
NH3 plasma, though in the latter case the improvements are
larger. This is further highlighted in Fig. 3 in which theI D-VD char-
acteristics of n- and p-channel TFTs are shown~nTFT and pTFT
respectively!. Clearly, NH3-plasma-treated samples show better
formance, especially for n-channel devices.

Dependence of channel length.—The effects of channel leng
on device performance for n- and p-channel devices are sho
Fig. 4 and 5, respectively. From these results, two basic lea
components are identified: (i ) the off-state leakage current that
creases with increasing voltage difference between the gat
drain (VGD) asL , 2 mm, and (i i) the ‘‘hump’’ that appears in th
subthreshold regionasL , 1.5mm. The former component is we
characterized in the literature and could be ascribed to the
assisted thermionic emission5 or field emission18 conduction pro
cess. Such leakage process is closely related to the amount
density in the channel. Note that due to the bottom sub-gate
figuration in the devices, the flow path for such leakage compo
is from the surface channel to the bottom extension drain junc
as schematically shown in Fig. 6~path 1!. To highlight the impo
tance of the sub-gate bias on this type of leakage, Fig. 7 depic
off-state leakage for both p- and n-channel devices treated with3
plasma as a function of the sub-gate bias. In the measuremen
main-gate voltages are fixed at25 and 5 V for n- and p-chann
operations, respectively. It can be seen that the leakage is ro
constant in the low-sub-gate bias region, and starts to rise whe

f

channel polysilicon TFTs for various plasma treatments.

Nt

(31011 cm22)
I off ~A!

VD 5 10.1 V
I on /I off

VD 5 10.1 V

22.1 3.783 10211 1.1 3 105

9.59 3.773 10211 7.1 3 105

7.63 1.7 3 10211 4.4 3 106
the n-
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sub-gate voltage exceeds a threshold,e.g., around 15 V for nTF
and 220 V for pTFT, corresponding to the formation of electri
drain extension in the offset region.

At a fixed channel length, the leakage for H2-plasma-treated d
vices is higher than the NH3-plasma-treated ones, as can be see
Fig. 4 and 5. This again indicates that NH3 plasma is more effectiv

Figure 3. Output (I D-VD) characteristics of~a! n-channel and~b! p-channe
TFTs with different plasma treatments. The sub-gate biases of nTFT
pTFT are 40 and240 V, respectively.

Table II. The values of SS,V th , N t , I off , and onÕoff current ratio of

Plasma
gas

Subthreshold
swing

~V/dec!
Vth
~V!

No plasma
treatment

3.35 211.2

H2-plasma
treatment

0.75 25

NH3-plasma
treatment

0.71 23.4
 address. Redistribution subject to ECS terms140.113.38.11aded on 2014-04-27 to IP 
in passivating the defects in the poly-Si channel. This is fu
confirmed with the results shown in Fig. 8, in which the extra
effective trap-state density (Nt) using the modified Levinson
method17 is plotted as a function of channel length. Note that th
results are for the unpassivated defects located at or near the
side interface in which an inversion layer formation is taking pl
It is observed that theNt values for NH3-plasma-treated devices a
lower than H2-plasma-treated counterparts. Moreover, there is

Figure 4. Subthreshold characteristics of n-channel TFT devices with
ous channel lengths atVD 5 10.1 V after~a! NH3 plasma treatment and~b!
H plasma treatment. The sub-gate bias is 40 V.

-channel polysilicon TFTs for various plasma treatments.

Nt

31011 cm22)
I off ~A!

VD 5 210.1 V
I on /I off

VD 5 210.1 V

19.2 1.843 10210 3.5 3 104

8.28 4.283 10211 1.5 3 106

7.03 1.173 10211 8.8 3 106
the p

(

2
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duction in Nt for devices having a shorter channel. This tren
reasonable because the passivation of defects in the channe
lated to the diffusion of passivating species from the edge o
channel. Devices with a shorter length may have more defects
sivated in the middle of the channel simply because of a sh
diffusion path.19 Nevertheless, the off-state leakage becomes sig
cant asL , 2 mm because of the dramatic increase in field stren

The appearance of a hump in the subthreshold regio
L , 1.5mm has been reported in our previous report.14 The leakag
path is believed to flow through the back-side surface of the ch
layer, as illustrated in Fig. 6~path 2!. Some defects near the bott
interface generated during some processing steps~e.g., CMP! are
believed to be responsible for such leakage. Such phenomeno
leads to the anomalous current increase in the output characte
of short-channel devices, as shown in Fig. 9. By comparing
device characteristics, the hump is less pronounced
NH3-plasma-treated samples, implying that the NH3 plasma is als
more effective in reducing the active defect density along the b
side surface of the channel layer.

Figure 5. Subthreshold characteristics of p-channel TFT devices with
ous channel lengths atVD 5 210.1 V after~a! NH3 plasma treatment an
~b! H2 plasma treatment. The sub-gate bias is240 V.
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From these observations, it is clear that NH3 plasma is mor
effective in passivating trap state and improving device charac
tics. This may be due to the appearance of nitrogen species
NH3 plasma that may also help passivate the defects. Accordin
previous report,11 the use of NH3 plasma treatment would result
the nitrogen pileup at the SiO2/poly-Si interface and the formatio

Figure 6. Illustration of the leakage path along the top~path 1!and bottom
~path 2!interfaces of the poly-Si active layer.

Figure 7. Off-state drain current as a function of sub-gate bias for~a! n- and
~b! p-channel TFTs with NH-plasma treatment.
3
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of strong Si-N bonds, which tends to terminate the dangling b
in the grains and at the grain boundaries in the poly-Si chann
our case, these events could occur at or near both top and b
interfaces, and thus result in the reduction of off-state leakage

Dependence of channel width.—In order to understand the cau
of hump phenomenon in more detail, transistors having same
nel length~1 mm! but different channel width were characteri
and compared. The effects of channel width on device output
acteristics for n- and p-channel devices are shown in Fig. 10 an
respectively. Note that the current has been normalized to the
nel width. In these figures we can see that significant increa
output current could be realized as channel width is reduced. M
while, the aforementioned anomalous phenomenon in cu
voltage characteristics becomes less pronounced and eventua
appears as channel width is reduced. The improvement in d
performance could be correlated with the diffusion path of the
sivation species, as schematically shown in Fig. 12. To more c
illustrate the situation, the top gate is deliberately not shown in
figure. Because the passivation species enter the device regio
the edges of the channel, defect passivation takes place initia
the edges of the channel and then gradually extends to the c
region away from the channel edges. For devices with a wider
nel, the defects located at the central region may remain un
vated after the plasma treatment. The unpassivated defects
bottom central channel interface are believed to be responsib

Figure 10. Output characteristics of nTFT devices with various cha
widths after~a! NH3 and~b! H2 plasma treatment. The sub-gate bias is 4
Figure 8. Trap-state densityvs.gate length for n- and p-channel TFTs w
Figure 9. Comparison of output characteristics for H2- and NH3-plasma
passivated~a! n-channel and~b! p-channel devices withL 5 0.8mm. The
sub-gate biases of nTFT and pTFT are 40 and240 V, respectively.
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the hump phenomenon observed in short-channel devices. Wh
width is narrow enough~e.g., <5 mm), the passivation process
complete~i.e., even the central channel region has become
passivated!after the plasma treatment, so the leakage could b
fectively suppressed.

Conclusions

In this work, TFT devices with electrical source/drain extens
induced by a bottom sub-gate after treatment in H2 or NH3 plasma
were characterized. NH3 plasma was found to be more effective th
H2 plasma for passivating defects in the poly-Si channel, thu
sulting in lower off-state current, steeper subthreshold slope
lower threshold voltage. The hump phenomenon observed in s
channel TFTs indicates the existence of an additional leakage
formed on the bottom interface of the channel layer. Our re

Figure 11. Output characteristics of pTFT devices with various cha
widths after ~a! NH3 and ~b! H2 plasma treatment. The sub-gate bia
240 V.
indicate that NH3 plasma passivation is also more effective in sup-
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pressing such phenomenon. Moreover, the effects of channel
on the characteristics of both n- and p-type hydrogenated de
were investigated. It is shown that the hump in current-voltage
acteristics could be effectively suppressed for devices with na
channel width.
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