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XeCl Excimer Laser Annealing Used to Fabricate Poly-Si TFT’s
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Polycrystalline silicon thin-film transistors (poly-Si TFT’s) with a high carrier mobility were fabricated at low process-
ing temperatures of 150 and 250°C. A hydrogenated amorphous silicon (a-Si:H) film was successfully crystallized at
room temperature by multistep irradiation of XeCl-308 nm excimer laser pulses without explosive evaporation of
hydrogen. The poly-Si TFT’s fabricated by the 250°C process had a carrier mobility of 54 cm*/V -s and a low potential

barrier height at a grain boundary of 0.01 eV.
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Introduction

§1.

A technique for fabricating thin-film transistors
(TFT’s) is useful in fabricating devices such as liquid
crystal displays (LCD) addressed by active matrices.
Hydrogenated amorphous silicon (a-Si:H) TFT’s' have
been widely used because they can be fabricated at a low
processing temperature of 200-300°C on a glass
substrate. A-Si:H TFT’s, however, have a channel
mobility lower than 1cm?/V-s. So they cannot be ap-
plied to devices operating at a high frequency(= 10 MHz),
such as shift registers.

We have reported the fabrication of polycrystalline
silicon (poly-Si) TFT’s with a high carrier mobility using
XeCl excimer laser crystallization of a-Si:H® at a pro-
cesssing temperature as low as that of conventional a-
Si:H TFT’s.

In this paper, multistep irradiation of laser pulses is
proposed in order to crystallize an a-Si:H film.
Moreover, we demonstrate fabrication of poly-Si TFT’s
at low processing temperatures of 150 and 250°C and
discuss the electrical characteristics of these devices.

§2. Characterization of Laser-Induced Crystallization
of a-Si:H Film

In order to determine the optimum condition for
crystallization, we investigated the laser-induced melting
of a-Si:H film using transient conductance measure-
ments.®” Figure 1 shows a schematic diagram of the ex-
perimental system. A 30 nm-thick a-Si:H film was
deposited on a glass substrate at 250°C by decomposition
of SiH, using radio-frequency glow discharge (rf-GD)
and was patterned into 1 mm-wide stripes. Al electrodes
with a gap and width of 3 mm were formed on the a-Si:H
stripes. The Al electrodes were connected to a load
resistor of 50 @ and a bias voltage of 10 V was applied.
The sample was irradiated with 30 ns-FWHM pulses of
an XeCl excimer laser. The laser beam was formed into a
5 mm X 10 mm rectangle through a lens at the sample sur-
face in order to provide uniform irradiation. The inci-
dent energy density was varied by density filters. The tran-
sient current during laser treatment was measured across

the load resistor by a high-speed storage oscilloscope.
The melting threshold energy was determined by time-
resolved optical reflectivity measurements® using an Ar-
514.5 nm laser beam as a probe light. The Ar-laser beam
was focused by a lens on the center of the sample with a
beam diameter of 0.2 mm. The increase of reflectivity as-
sociated with the transformation from a solid to a molten
state was detected by a high-speed photodiode.

Figure 2 shows the transient conductance caused by the
irradiation with a single pulse at an energy density of 240
mJ/cm? which was much larger than the melting
threshold energy of 130 mJ/cm?. The film melted by ir-
radiation exhibited the large conductance associated with
molten silicon for 130ns before solidifying. The
solidified surface became increasingly rough. The
roughness was 100-200 nm. The surface roughness was
probably caused by hydrogen atoms, which were 10
atomic percent of the as-deposited a-Si:H film, explosive-
ly evaporating during the melting caused by single-pulse
irradiation at 240 mJ/cm?.

In order to prevent the explosive evaporation of
hydrogen atoms during crystallization, multistep irradia-
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Fig. 1. Schematic diagram of sample and measurement apparatus for
transient conductance and time-resolved optical reflectivity.
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Fig. 2. Conductance vs time for 30 nm-thick a-Si:H film irradiated
with a single pulse at 240 mJ/cm?.
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Fig. 3. Evolution of transient conductance with increasing laser
energy density for 30 nm-thick a-Si:H film.

tion was carried out. Figure 3 shows the evolution of tran-
sient conductance when the energy density was increased
from 140 to 240 mJ/cm?. The similarity in shape of the
conductance curves indicates that the melt and regrowth
occurred in the same way at energy densities from 140 to
240 mJ/cm? and that the melt depth increased with in-
creasing energy density. In the multistep irradiation, the
melt-regrowth with an explosive evaporation of
hydrogen, seen in Fig. 2, did not occur. Transmission
electron micrograph (TEM) measurements revealed that
the a-Si:H film was crystallized completely by the
multistep irradiation. Moreover, the surface was very
smooth and the roughness was less than 4 nm, which is in
contrast to the surface obtained by a single-pulse irradia-
tion at 240 mJ/cm?. The grain size is distributed between
10 and 60 nm, as is shown in the bright-field TEM
photograph of Fig. 4. The small grains resulted from the
short regrowth time of, at most, 100 ns, as can be seen in
Fig. 3. The grains had random orientation and a round
shape. The dendritic grain growth often observed in solid
phase crystallization® did not occur. The results in Fig. 3
and Fig. 4 indicate that the crystallization occurred
through random nucleation and rapid solidification of
molten silicon.

Hydrogen concentration in the film was measured by
Fourier transform spectroscopy (FTIR). Figure 5 shows
infrared transmittance spectra of an as-deposited a-Si:H
film and a poly-Si film fabricated by multistep irradia-
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Fig. 4. Bright-field TEM photograph of the poly-Si film fabricated by -
XeCl excimer-laser-induced crystallization.
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Fig. 5. IR transmittance spectra of an as-deposited a-Si:H film and
laser-crystallized film. The thickness of the films was 30 nm.

tion. The a-Si:H film has a hydrogen concentration of
about 10 atomic percent, and the IR spectrum had the
broad curve around 2000 cm™! associated with absorp-
tion of the stretching vibration mode between a silicon
and a hydrogen atom (Si-H). After crystallization, the
Si-H absorption intensity was below the noise level. The
hydrogen concentration, therefore, was lower than 0.2
atomic percent after the laser-induced crystallization
process.

§3. Fabrication and Characterization of Poly-Si TFT’s

Poly-Si TFT’s with the structure shown in Fig. 6 were
fabricated. In this process, TFT’s were fabricated at pro-
cessing temperatures of 150°C and 250°C, corresponding
to the temperatures of rf-GD deposition of 20 nm-thick
a-Si:H and SiO; films. The a-Si:H film was crystallized at
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Fig. 6. Schematic cross section of the poly-Si TFT fabricated using
XeCl excimer laser annealing process.
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room temperature by multistep irradiation with 10 laser
pulses at a maximum energy density of 240 mJ/cm?. At
each step of irradiation, the amount of laser energy being
small, the substrate was heated no more than 180°C at a
point 600 nm under the top silicon layer.* Source and
drain regions were formed simultaneously when a-Si:H
was crystallized. The channel region was coated with
photoresist for protection against doping. A 5 nm-thick
phosphorus-doped a-Si:H (a-Si:H, P) film for the dopant
source was subsequently deposited at 100°C by decom-
position of a gas mixture with 20 SCCM SiH, and 1
SCCM PHj3; using rf-GD. The photoresist and a-Si:H, P
on the photoresist were then removed. The laser-induced
melting diffused phosphorus atoms into the film, and
regions with a low sheet resistance of 600Q/ O were
formed. Figure 7 shows the dependence of resistivity of a
phosphorus-doped poly-Si film on laser energy density.
The laser-induced melting decreased resistivity from
5% 10*Q-cm of the as-deposited a-Si:H film to 5x107*
-cm because the crystallization of a-Si:H and a-Si:H, P
caused an increase in carrier mobility and an increase in
the activation of phosphorus atoms.!>!V After the irradia-
tion, poly-Si islands were formed. An SiO, layer was
subsequently deposited by decompositon of mixture
gases with 2 SCCM SiH, and 100 SCCM N,O for the gate
insulator. Contact holes were opened at source and drain
regions, and an Al layer was deposited to pattern the
gate, source and drain electrodes. The sample was finally
annealed in hydrogen plasma at 150°C for 30 minutes at
an rf-power of 5 W in order to terminate dangling bonds
at the grain boundaries in poly-Si film. Figures 8(a) and
8(b) show drain-current-vs-drain-voltage (Ip — Vp) charac-
teristics and drain-current-vs-gate-voltage (Ip— V) char-
acteristics, respectively, for a poly-Si TFT with a 300 nm-
thick gate-SiO, layer fabricated at 150°C. The on/off
current ratio at a drain voltage of 5V between gate
voltages of —10V and 20 V is 2 X 105, The effective car-
rier mobility in the linear region is 24 cm?/V -s, which is
much larger than that of conventional a-Si:H TFT’s.
This result indicates that poly-Si TFT’s with a high
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Fig. 7. Dependence of conductivity on laser energy density during
crystallization of a-Si:H, P film.

*T. Sameshima, H. Tomita, M. Hara and S. Usui: Extended Abstracts
(the 36th Spring Meeting, 1989) The Japan Society of Applied Physics
and Related Societies, 1p-PC-40.
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Fig. 8. (a) Drain-current-vs-drain-voltage characteristics of the poly-
Si TFT fabricated at 150°C. Gate width and gate length are 300 yum
and 30 um, respectively.
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Fig. 8. (b) Drain-current-vs-gate-voltage-characteristics of the poly-Si
TFT fabricated at 150°C. Gate width and gate length are 300 um and
30 um, respectively.

mobility can be fabricated using XeCl excimer laser an-
nealing at a very low processing temperature. In— Vg
characteristics, however, had a low subthreshold slope of
1.5 V/decade. This indicates that the electric characteris-
tics of the interface between SiO, and poly-Si were not
ideal because of the large trapping-state density.

The I-V characteristics of the poly-Si TFT’s were im-
proved when the higher processing temperature was
used. Figures 9(a) and 9(b) show Ip— Vp characteristics
and Ip— Vs characteristics, respectively, for a poly-Si
TFT with a 100 nm-thick gate SiO, layer fabricated at
250°C. The on/off current ratio at a drain voltage of 5V
between gate voltages of —5 V and 20 Vis 1.5x 10". The
effective carrier mobility in the linear region was 54
cm?/V-s. The minimum subthreshold slope was 0.38
V/decade. These results show that trapping-state density
and potential barrier height at the grain boundaries are
small for poly-Si TFT fabricated at 250°C. When the cur-
rent is governed by thermionic emission around grain
boundaries in poly-Si, the drain current in the linear
region is given by'>'?

In=(W/L) Vb Cox Vi o €xp (—Es/kT), 1

where W/L is the geometrical factor, C, is the oxide
capacitance per unit area, p, is the preexponential factor,
k is the Boltzman constant, and 7'is the absolute tempera-
ture. Eg is the potential barrier height given by'>!¥
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Fig. 9. (a) Drain-current-vs-drain-voltage characteristics of the poly-
Si TFT fabricated at 250°C. Gate width and gate length are 300 um
and 30 pum, respectively.
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Fig. 9. (b) Drain-current-vs-gate-voltage characteristics of the poly-Si
TFT fabricated at 250°C. Gate width and gate length are 300 pm and
30 um, respectively.

EB':q?"N‘%'d/(g'gs'Cox'V)! (2)

where ¢ is the electric charge, M, is the carrier trap-state
density per unit area, & is the semiconductor permittivi-
ty, and d is the depth of the channel region of 20 nm,
which was obtained by Stern’s calculation for a MOS
structure at 300 K.'¥ Equations (1) and (2) give N, as the
slope of In (Ip/ Vi)-vs-(1/Vi). Figure 10 shows the In
(In/ Vi)-vs-(1/ V) characteristics of the poly-Si TFT
fabricated at 250°C. The potential barrier height was
0.01 eV at Vs of 20V and the carrier trap-state density
was 1.0x 10 cm~2. The value of the potential barrier
height was lower than that of conventional poly-Si
TFT’s.'” The low potential barrier height resulted in the
high carrier mobility of the poly-Si film fabricated by
XeCl-excimer-laser-induced crystallization of a-Si:H
although the grain size was small, as can be seen in Fig. 4.
The carrier mobility in poly-Si was given by'

pw=L-q-nmkT) "5 exp (—Es/ kT), 3)

where L is the average grain size and m is the effective
mass of electron. Figure 11 shows dependence of the effec-
tive carrier mobility of the poly-Si TFT on the tempera-
ture between 145 K to 350 K and the calculated mobility
with Eg of 0.01 eV using eq. (3). The mobility of the
poly-Si TFT does not change with temperature. The
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Fig. 10. In(p/Vg) vs (1/Vg) for the poly-Si TFT fabricated at
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Fig. 11. Dependence of experimental and theoretical mobility on tem-
perature.

calculated mobility did not depend greatly on tempera-
ture, either. The experimental mobility of the poly-Si
TFT is close to the calculated mobility if the grain size is
assumed to be 10 nm, the size of the smallest grain in Fig.
11. This shows that the mobility is determined by carrier
transfer in the region with the smallest grains seen in the
photograph of Fig. 4.

§4. Conclusions

Polycrystalline silicon film with a smooth surface was
fabricated by laser-induced melting of a glow-discharge-
produced a-Si:H film with multistep irradiation of XeCl
excimer laser pulses. The grain size was distributed be-
tween 10 and 60 nm. Hydrogen concentration in the
crystallized film was lower than 0.2 atomic percent.

A poly-Si TFT fabricated at 250°C had a large carrier
mobility of 54 cm?/V-s. The on/off current ratio was
1.5x 10". The potential barrier height at the grain boun-
daries was 0.01 ¢V, indicating that the poly-Si film
fabricated by laser-induced melt and regrowth had good
electric properties. A poly-Si TFT was also fabricated at
150°C. Its carrier mobility was 24 cm?/V-s, which is
much larger than that of conventional a-Si:H TFT’s.

These results show that poly-Si TFT’s with a high
mobility can be fabricated using excimer laser-induced
crystallization at processing temperatures lower than that
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of the conventional a-Si:H TFT fabrication process.
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