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A Novel Two-Step Annealing Technique for the Fabrication
of High Performance Low Temperature Poly-Si TFTs
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Low temperature processed~LTP! poly-Si thin film transistors~TFTs! fabricated with a poly-Si film crystallized by a novel
two-step annealing~NTSA! technique were investigated and compared with those using conventional solid phase crystallization
~SPC!and excimer laser annealing~ELA! schemes. The NTSA scheme is characterized by the combination of an excimer laser
induced formation of nucleation centers and a short-time low temperature furnace annealing~about 6 h at 600°C! creating clear
crystalline grains with very few in-grain defects. The LTP poly-Si TFTs fabricated with a NTSA poly-Si film not only exhibit a
better performance but also significantly shorten the crystallization time as compared to those fabricated using the conventional
SPC~about 20 h or longer at 600°C!. In addition, the uniformity of the device characteristics for the devices using the NTSA
scheme is superior to that using the ELA scheme and is comparable to that using the SPC scheme.
© 2003 The Electrochemical Society.@DOI: 10.1149/1.1590997# All rights reserved.
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There is an increasing interest in the use of low temperat
processed~LTP! polycrystalline silicon thin film transistors~poly-Si
TFTs! for application in large-area display electronics, such as
tive matrix liquid crystal displays1 ~AMLCDs! and active matrix
organic light-emitting displays2 ~AMOLEDs!. It is well known that
one of the most critical steps in the fabrication of high performan
LTP poly-Si TFTs is the transformation of amorphous silicon~a-Si!
active area into poly-Si. Generally, the poly-Si film used in the fa
rication of TFTs has been traditionally obtained froma-Si film by
solid phase crystallization~SPC!, conducted at relatively low crys
tallization temperatures~about 600°C!for the fabrication of devices
on a low cost glass substrate. SPC is a widely used scheme bec
of its simplicity and low cost as well as its ability to produce
smooth interface and excellent uniform film with a hig
reproducibility.3,4 Unfortunately, SPC process at 600°C usually r
quire a long anneal time of 20-60 h to ensure the formation
poly-Si films with large grain size, making it unattractive fo
manufacturing.4,5 In addition, poly crystals made in this manne
have a high density of in-grain defects due to low crystallizati
temperatures, which may deteriorate the electrical properties of
LTP poly-Si TFTs.4-6 Thus, various measures have been employed
shorten the crystallization time as well as improve the device p
formance for the LTP poly-Si TFTs.6-9

Excimer laser annealing~ELA! has been actively investigated a
an alternative method for the crystallization ofa-Si films.10,11 The
major advantages of this technique are the formation of polysilic
grains with excellent structural quality and the ability to proce
selected areas without thermal damage to the glass substrate. H
ever, the grain size of less than 100 nm as a result of extremely h
solidification velocity inherent to the ELA process has been
troublesome problem. In addition, nonuniformity of lase
recrystallized poly-Si films may arise due to laser beam overlapp
and poor pulse-to-pulse stability.12,13To cope with these problems, a
number of schemes have been proposed to enlarge the grain siz
improve the uniformity of poly-Si films.11-14

In this work, a novel two-step annealing~NTSA! scheme is pro-
posed to transform thea-Si to poly-Si films for the fabrication of
LTP poly-Si TFTs. The first step of the scheme, conducted on a t
a-Si layer, is an excimer laser annealing for the formation of a se
layer, which is followed by a second step short-time furnace anne
ing ~about 6 h at 600°C!on a subsequently deposited thickera-Si
layer to create clear crystalline grains with very few in-grain defec
It turns out that the poly-Si TFTs fabricated with the NTSA tec
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nique not only exhibit a better performance than those fabricated
with the conventional SPC technique but also possess a better uni-
formity in device characteristics as compared to those fabricated
with the ELA process.

Experimental

Figure 1 shows the comparison of the crystallization methods
between the proposed NTSA technique and the conventional SPC/
ELA technique for the fabrication of LTP poly-Si TFTs. In this
work, the experimental devices made by the proposed NTSA tech-
nique were fabricated on thermal buffer oxide covered silicon wafer
according to the following procedures. A thin 12 nm thick low pres-
sure chemical vapor deposition~LPCVD! amorphous silicon~a-Si!
layer was first deposited on the thermal oxide covered Si substrate a
550°C using a SiH4 process. Thea-Si film was then crystallized by
a KrF excimer laser irradiation with a power density of 120 mJ/cm2

in vacuum (;1023 Torr) at room temperature into a poly-Si film.
The wavelength, pulse width, and repetition rate of the excimer laser
were 248 nm, 15 ns, and 10 Hz, respectively. A second layer of 100
nm thick a-Si was deposited, which was followed by a crystalliza-
tion furnace annealing at 600°C for 2-24 h in an N2 ambient, as
shown in Fig. 1a. The crystallized poly-Si film was patterned into
individual active device islands, and a 120 nm thick plasma-
enhanced chemical vapor deposition~PECVD! tetraethylorthosili-
cate ~TEOS! oxide was deposited at 300°C to serve as the gate
insulator. A 200 nm poly-Si film was then deposited and patterned
into the device gates. Next, the source/drain and gate regions were
formed by phosphorus doping via self-aligned P1 ion implantation
at 40 keV to a dose of 53 1015 cm22. This was followed by an
implant activation annealing at 600°C for 2 h in an N2 ambient.
Then, a 500 nm thick PE-TEOS passivation oxide was deposited at
300°C. After the contact holes were opened, metallization of Al
electrodes was completed, followed by a sintering process at 400°C
for 30 min in an N2 ambient. For comparison, the control samples of
devices were fabricated following the same process except that the
NTSA process step was replaced by the conventional SPC or ELA
process, as shown in Fig. 1b. It is noted that the conventional SPC
was conducted by a furnace annealing at 600°C for 24 h in an N2
ambient and the ELA was performed with the same conditions as
used in the NTSA except that a laser energy density of 200 mJ/cm2

was used.
In this study, all devices investigated have a gate width/length

dimension of 24/4mm and no hydrogenation is performed. XRD
analysis was used to confirm the crystalline transformation ofa-Si
to poly-Si films. The current-voltage~I-V! characteristics of the fab-
ricated devices were measured using an HP4145B semiconducto
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parameter analyzer. Various device parameters including the thre
old voltage (VTH), the subthreshold swing~SS!, the maximum drain
current (I ON) and the minimum drain current (I OFF) were measured
at a drain voltage ofVDS 5 5 V. The threshold voltage is defined a
the gate voltage that yields a drain current (I DS) of 600 nA (I DS

5 100 nA3 W/L). The maximum and minimum values ofI DS at
VDS 5 5 V are designated asI ON ~on-current!andI OFF ~off-current!,
respectively. The field-effect mobility (mFE) is calculated from the
maximum value of transconductance atVDS 5 0.1 V.

Results and Discussion

Device characteristics of LTP poly-Si TFTs using NTS
scheme.—Figure 2 shows the typical transfer characteristics (I DS

2 VGS) at VDS 5 5 V for the LTP poly-Si TFTs crystallized with
different techniques of NTSA~at 600°C for 6 h!and conventional
SPC and ELA. The measured as well as extracted key device
rameters of the NTSA, SPC, and ELA processed LTP poly-Si TF
are summarized in Table I. Note that the NTSA crystallizatio
scheme is more efficient than the conventional SPC techniq
though the ELA scheme produces an even better result. The S
polysilicon film is characterized by its large grain size because of
slow rate of nucleation and grain growth; however, the large crys
grain contains a high density of in-grain defects, which is an inh
ent property of low temperature process.15 Nevertheless, a signifi-
cant improvement in device characteristics, in particular themFE and
VTH , was obtained by using the NTSA scheme. This is attributed
the reduction of in-grain defects due to the formation of high qual
poly-Si film by using the NTSA scheme. According to the NTS
scheme, the first layer of thin poly-Si film in the active region
formed by the excimer laser annealing, is used as a seed layer fo
growth of poly-Si channel layer from the subsequently deposit
thicker a-Si film. Since the laser-induced nucleation centers in t
seed layer are formed from the molten stage as a result of exci
laser irradiation, they are very clear and free from any defect
point. When the second layer of thickera-Si film is deposited and
then crystallized via the second step short-time furnace anneal
silicon grains will grow around these clear nucleation centers,

Figure 1. Comparison of crystallization techniques for the fabrication o
LTP poly-Si TFTs~a! novel two-step annealing~NTSA! and~b! solid phase
crystallization~SPC!or excimer laser annealing~ELA!.
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sulting in crystallized grains with very few in-grain defect states,16,17

which are beneficial to the device’s electrical characteristics. On
other hand, the performance of the ELA poly-Si TFTs is superior
that of the NTSA poly-Si TFTs. For the laser crystallized polysilico
film, there are very few in-grain defects, such as stacking faults
twins, because the film is entirely crystallized from the molten sta
leading to the superior device performance.10,11 Figure 3 compares
the trap state densities (Nt) for the poly-Si TFTs crystallized with
different techniques of NTSA, SPC, and ELA, as extracted by
Levinson and Proano method,18,19 which can estimate theNt from
the slope of the linear segment of ln@IDS/(VGS 2 VFB)# vs. 1/(VGS

2 VFB)2 at low VDS and highVGS, whereVFB is defined as the gate
voltage that yields the minimum drain current atVDS 5 0.1 V. The
device using ELA scheme had the lowestNt while that using SPC
scheme had the highestNt . This is consistent with the above dis
cussion and indicates that the ELA scheme results in poly-Si film
the highest quality. However, the uniformity of the ELA poly-S
film, discussed in the Results and discussion subsection on un
mity of device characteristics using NTSA scheme is a troubleso
problem.

Crystallization time of NTSA scheme.—Figure 4 shows the effect
of furnace annealing time~crystallization time! of the NTSA scheme
on the crystallinity of polysilicon. The crystallization started to sho
saturation after about 6 h furnace annealing. It is well known th

f Figure 2. Typical transfer characteristics (I DS 2 VGS) of LTP poly-Si TFTs
crystallized with different techniques of NTSA, SPC, and ELA methods.

Table I. Comparison of device characteristics for LTP poly-Si
TFTs using different crystallization schemes of NTSA, ELA, and
SPC.

Device parameters

Crystallization schemes

NTSA ELA SPC

Threshold voltage,VTH ~V! 7.3 5.2 11.4
Subthreshold swing, S.S. ~V/dec! 1.53 1.15 1.97
Field-effect mobility,mFE ~cm2/V s! 34.8 52.2 12.1
On/off current ratio,I ON /I OFF (106) 3.1 6.1 1.2
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the crystallization using furnace annealing from an amorphous ph
to a polycrystalline phase proceeds with two distinct process
nucleation and grain growth.16 As the crystallization annealing pro
ceeds, nuclei will be first generated in the films and then grow i
fine grains. These individual fine grains continue to grow and c
lesce into larger grains. Nevertheless, the rate-limiting step of
crystallization process is the nucleation rate because the activa
energy of nucleation is about two times larger than that of gr

Figure 3. Trap-state densities (Nt) for the LTP poly-Si TFTs crystallized
with different techniques, as extracted by the Levinson and Proano met
VFB is defined as the gate voltage that yields the minimum drain curren

Figure 4. Si ~111! X-ray reflection peak intensityvs.crystallization time of
the NTSA scheme.
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growth for the furnace annealing at low temperatures.20,21 In order
to reduce the long annealing time of crystallization fora-Si films, it
is necessary to reduce the incubation time of nucleation. We beli
that the furnace annealing step~the second step annealing! of the
NTSA scheme comprises only the growth of crystalline grains fro
the nuclei which are formed by the excimer laser irradiation~the
first step annealing!. Thus, the NTSA scheme significantly shorte
the crystallization time in comparison with the conventional SP
method. In addition, the figure also demonstrates the crystallinity
SPC polysilicon film, which can identify the crystallinity of the
saturated annealing NTSA polysilicon film is better than that
conventional SPC polysilicon film. This result of the better quali
of NTSA poly-Si film is also consistent with the discussion of se
tion A. Figure 5 shows the effects of crystallization time of th
NTSA scheme on the field effect mobility (mFE) and threshold volt-
age (VTH) of the LTP poly-Si TFTs. Similar tendency in the chang
of device characteristics~Fig. 5! and the change of polysilicon crys-
tallinity ~Fig. 4! was observed with respect to the crystallizatio
time. Since the NTSA scheme significantly shortens the crystalli
tion time to achieve a high performance LTP poly-Si TFTs, we b
lieve that it is an advantageous and promising scheme for improv
the performance and fabrication throughput of the LTP poly-
TFTs.

Uniformity of device characteristics using NTSA scheme.—The
statistical distribution of threshold voltage measured on the poly
TFTs located at various positions across the 100 nm diam subst
was used to evaluate the uniformity of the device characteristics
total of 20 devices of each crystallization type were measured
construct the statistical distribution. Figure 6 shows the statisti
distributions of the threshold voltage for the LTP poly-Si TFTs usin
different crystallization schemes of NTSA, ELA, and SPC. On ea
substrate wafer, there are 100 dies~in a matrix of 10 rows and 10
columns!, and each die contains 64 devices of poly-Si TFTs. T
devices randomly chosen in each die located at the fifth row w
measured, making a total of 20 measured devices, as shown in
insert in Fig. 6a. The NTSA and SPC schemes resulted in a com
rable uniformity of threshold voltage, which is superior to that o
tained from the ELA scheme. For laser crystallization system op
ated at the optimal energy density, even a small deviation in la
energy can result in a large change in the grain size, leading to p
uniformity of device characteristics.22,23 The origin of non-

od;

Figure 5. Field effect mobility and threshold voltage of the LTP poly-S
TFTs vs.crystallization time of the NTSA scheme.
) unless CC License in place (see abstract).  ecsdl.org/site/terms_userms of use (see 

http://ecsdl.org/site/terms_use


e

i

l

c

ing
ll as
lta-
eme
P

ng

ed
TSA
ris-

on-
ys-
se

ers
tion
the

om
ion
me
ce
r to
the
ro-
e-

and

ub-

K.

a,

i, S.

ood,

Journal of The Electrochemical Society, 150 ~8! H178-H181~2003! H181

Dow
uniformity in device characteristics associated with the ELA proc
lies in the beam overlap regions.13 Moreover, the pulse-to-pulse
nonstability and laser beam nonhomogeneity may also contribut
the nonuniformity of the device characteristics. For the NTS
scheme, the poly-Si grain with uniform grain size is formed duri
the second step furnace annealing because the mechanism o
grain growth is similar to the conventional solid phase crystalliz
polycrystalline grain. Thus, the uniformity of device characterist
for the poly-Si TFTs using the NTSA scheme is comparable to t
using the SPC scheme.17

Table II shows the qualitative comparison of different crysta
zation schemes for the fabrication of LTP poly-Si TFTs. The co
ventional SPC scheme produces excellent uniform distribution
grain size, but the device performance and the production throu
put are not quite satisfactory. The ELA scheme is able to prod
high performance poly-Si TFTs but the uniformity of the devi

Figure 6. Statistical distributions of threshold voltage measured on devi
located at positions across the 100 nm diameter substrate for the LTP po
TFTs fabricated with different crystallization schemes of~a! NTSA, ~b!
ELA, and ~c! SPC. The insert in Fig. 6a shows the locations of measu
devices.

Table II. Qualitative comparison of different crystallization
schemes for the fabrication of LTP poly-Si TFTs.

Parameters

Crystallization schemes

SPC ELA NTSA

Field effect mobility Poor Excellent Good
Uniformity of device characteristics Good Poor Good
Production throughput Poor Good Fair
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characteristics is rather poor. However, from the manufactur
viewpoint, device performance and production throughput as we
uniformity of device characteristics must all be considered simu
neously. In this respect, we believe that the proposed NTSA sch
is a promising crystallization technique for the production of LT
poly-Si TFTs, in particular the product of uniformity issues,e.g., the
flat-panel displays fabricated by active matrix organic light-emitti
diode driven by LTP poly-Si TFTs.

Conclusions

LTP poly-Si TFTs using an NTSA technique were investigat
and compared with those using SPC and ELA schemes. The N
scheme resulted in a significant improvement in device characte
tics with much less crystallization time, as compared with the c
ventional SPC scheme. This is attributed to the formation of cr
talline grains with very few in-grain defects because the
crystalline grains grew from the very clear nucleation cent
formed on a seed layer induced by the excimer laser irradia
during the first step annealing. Since the furnace annealing of
NTSA scheme comprises only the growth of crystalline grains fr
the nuclei formed by the excimer laser irradiation, the crystallizat
time can be significantly shortened. In addition, the NTSA sche
was able to produce poly-Si TFTs with good uniformity in devi
characteristics because the mechanism of grain growth is simila
the SPC. From the manufacturing viewpoint, we believe that
NTSA scheme is a promising crystallization technique for the p
duction of LTP poly-Si TFTs because of its superior tradeoff b
tween device performance, device characteristics uniformity
production throughput.

The National Huwei Institute of Technology assisted in meeting the p
lication costs of this article.
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