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Stress in Pulsed-Laser-Crystallized Silicon Films
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Stress in pulsed-laser-crystallized silicon films was investigated using high-resolution Raman scattering measurements. Film
stress was evaluated based on the peak shift of transverse optical (TO) phonon of crystalline silicon in Raman scattering spectra.
The tensile stress in laser-crystallized 50-nm-thick silicon films on glass substrates increase fxahd®Pa to 97 x 106° Pa

as the film deposition temperature increased front€a0 480C. The peak shift of laser-crystallized microcrystalline silicon

(uc-Si) films revealed that the tensile stress introduced by laser irradiation.@as 0° Pa at most. These results indicate

that the strong tensile stress is introduced by the silicon film deposition rather than by the pulsed-laser crystallization. Also,
the authors demonstrate that pulsed-laser crystallization maintains the existing stress at the growth initiation sites in the bottom
region of silicon films.
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placed in a 2x 10~4Pa vacuum chamber and were irradi-
ated by a 28-ns-pulsed XeCl excimer laser through a quartz
Pulsed-laser irradiation of a silicon thin film induces lowindow. Laser irradiation was started from 160 m¥and
cal heating followed by extremely fast melting and crysthe laser energy density increased stepwise at increments of
talline growth. Because of the localized nature and sho4D mJ/cm. Five pulses were irradiated at each step. Figure 2
duration of the heat treatment, pulsed-laser crystallizatiae an example of a 42&-deposited and laser-crystallized Si
is an effective low-temperature process and enables usfilon observed by bright-field plan-view transmission electron
use low-deformation-point substrates such as glass. Cunicroscopy (TEM). As seen in the figure, laser-crystallized
rently, this technology is widely applied in low-temperatureSi films had an average grain size of 56 nm under 320 nJ/cm
fabrication of large-area electronic devices such as sol@ser irradiation conditions, and the grain size was increased
cells and polycrystalline silicon thin-film transistors (poly-Siup to about 100 nm by higher laser energy irradiation. Stokes
TFTs)-3) Raman scattering spectra associated with the TO phonon of
In general, thin films on foreign substrates are subjectenlystalline silicon were measured at room temperature. An
to stress introduced by heat treatment, although this dargon ion laser beam of 496.5 nm with a diameter of 0.05cm
pends on factors such as treatment conditions, film thickvas used for the probe light and a 1000 mm focal length dou-
ness, and type of substrate. It has been reported that dgie monochromator was used to analyze the Raman scatter-
taxially grown silicon films on single-crystal sapphire subing spectra with a high resolution of 0.15th The abso-
strates sustain compressive strésmd it is well known that lute wave number was calibrated using an emission line from
pulsed-laser crystallized silicon films on glass substrates suBe probe argon ion laser at 514th as seen in the inset
tain tensile stres3® Since several authors have reported thaif Fig. 4. By comparing the peak wave number of the TO
strained silicon films have poor electrical characteristics conphonon obtained from silicon film&{] and that obtained from
pared to that of stress-free bulk silic6) it is important to  a stress-free single-crystal bulk silicom.}, the strength of
control the film stress to realize high-quality silicon films. Instress was estimated according to the equation b&low.
this paper, the authors report the basic understanding of stress 9
in pulsed-laser-crystallized silicon films. We also clarify that @ =wc+52x107°P.
strong tensile stress is introduced by silicon film deposition Here, P (Pa) is the strength of the stress. When the stress
rather than by pulsed-laser crystallization of the films. Mords compressiveP is positive, and when the stress is tensile,
over, we demonstrate that pulsed-laser crystallization maif-is negative.
tains the existing stress at the growth initiation sites in the In order to evaluate crystalline characteristics, reflectivity

1. Introduction

bottom region of silicon films. spectra in the ultraviolet (UV) region were measured. A dis-
tinct peak around 270 nm {Bpeak), which is associated with
2. Experiments crystalline Si structures, was observed in the spectra. By fit-

Amorphous silicon (a-Si) films, 50nm thick, were de_t|ng the spectra with t_he mixed amorphous and crystallmc_a
. . structures, the crystalline to amorphous phase volume ratio

posited on quartz substrates using low-pressure Chem'és obtained

cal vapor deposition (LPCVD) through decomposition o¥v '

SkHp gas at 425C and 480C [Fig. 1(@)]. Microcrys- 5 po e and Discussions

talline silicon films, 50nm thick, were also deposited us-

ing plasma-enhanced chemical vapor deposition (PECVD) Figure 3 shows the (a) peak wave number and (b) full width

at 200C and 300C through decomposition of SiHgas by at half maximum (FWHM) of the crystalline TO phonon

a remote-type hydrogen plasma excited with 2.45 GHz mband as a function of laser energy density. Four kinds of

crowaves at 40 W input power [Fig. 1(&)]The typical grain  50-nm-thick silicon films, described previously, were exam-

diameter of theuc-Si was 20 to 30nm. These films wereined. The peak wave number of the crystalline TO phonon
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Fig. 3. (a) Peak wave number and (b) FWHM of crystalline TO phonon
band as a function of laser energy density. Initial films are formed at dif-
ferent deposition temperatures (200 to 48Pand crystallized by excimer
laser. Sample (a) in Fig. 1 was used for the experiment.

energy density increased from 200 to 400 mJ/dar every
sample. These results indicate that increasing the laser en-
ergy density and increasing the number of laser shots de-
Fig. 2. Brightfield plan-view TEM image of a laser-crystalized Crease the disordered amorphous states in the silicon films,
50-nm-thick silicon film. Stepwise irradiation was carried out to an enput not significantly change stress in the films. A decrease
ergy density of 320 mJ/cfn in the peak wave number with increasing deposition temper-
ature of silicon films strongly suggests that significant ten-
sile stress is introduced into the film during its deposition.
band decreased as the deposition temperature of the silicbine tensile stress was estimated based on the difference in
film was increased, and it had no substantial dependence thie measured TO phonon peak wave number between single
the laser energy density. Since multiple laser irradiationsrystalline bulk silicon ¢. = 52003 cnT? in this measure-
with increasing laser energy density were performed, the totalent) and laser-crystallized silicon filmi8.It increased from
number of laser shots in the case of 200 and 400 ntMoene 3.5 x 1CP to 9.7 x 10° Pa as the silicon film deposition tem-
10 and 35, respectively. Although greater numbers of lasperature increased from 200 to 480
irradiations were performed in high-laser-energy-irradiated In order to estimate the stress introduced by laser crystal-
samples, the change in the peak wave number was witHimation, the change in the TO phonon peak wave number by
0.3cnt! in the case of 42%-deposited films; similar re- laser irradiation tquc-Si was observed. As-depositad-Si
sults were observed in other samples. This suggests tliiéins have partially crystallized regimes which show the TO
change in the peak wave number is independent not only pfionon peak in Raman scattering spectra. Stress caused by
energy density but also of the number of laser shots. Thbe film formation was obtained from the TO phonon peak
surface roughness of the laser-irradiated films was examinegve number of the as-deposited-Si films. The peak
by atomic force microscopy (AFM). The root-mean-squargiave numbers of as-depositea-Si films were 518.2 and
value of the surface roughness increased from 2.5 to 5.1 r6t7.0 cnt! when the deposition temperatures were 200 and
with increasing laser energy density. Since stepwise laser 800°C, respectively. From this peak wave number shift, the
radiation was carried out, the surface roughness was low uensile stresses introduced by film deposition were estimated
der all laser irradiation conditions. Therefore, stress relate be 35 x 10° and 58 x 10° Pa, respectively. This means
ation induced by surface roughening is not relevant to our edat a higher deposition temperature results in greater ten-
periment. On the other hand, the FWHM of the crystallinsile stress in silicon films. Pulsed-laser irradiation was per-
TO phonon peak decreased from 9.0 to 5.7 tms the laser formed on these films, and the peak wave number of the TO
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phonon was measured again. As seen in Fig. 3, the charigg at a laser energy density of 240 mJfcamd it decreased
in the peak wave number caused by laser irradiation was Hfirther by increasing the laser energy density. The change in
and 0.5 cm! when the deposition temperaturegat-Si were  peak wave number of TO phonon Raman scattering spectra
200 and 30€C, respectively. This means that the tensil@f the top layer was larger than that of the laser-crystallized
stresses introduced by laser crystallization are estimated tosiegle-layer.c-Si films formed at the same substrate temper-
2.3 x 10° and 96 x 10’ Pa, respectively. These results shovature of 200C, which was 517.1 cmt [indicated by (A) in
that stress introduced by film deposition is more significariig. 4]. By increasing the laser energy density, the peak wave
compared to that introduced by laser crystallization. Stressimber of the top-layer silicon film decreased to 515.5tm
introduced in a-Si films during deposition was estimated tahich is almost same as the peak wave number of the bottom-
be at least as high as47x 10% Pa when the deposition tem- layer silicon film [indicated by (B) in Fig. 4]. This result in-
perature was 48, a value much higher than that introducedlicates that the existing stress in the bottom layer was spread
by laser crystallization. to the top layer by melting the upper layec-Si film and
Silicon films are melted by laser irradiation and crysstarting the crystalline growth from the strained bottom-layer
talline growth starts from the growth initiation sites in thesilicon bondings. Stress introduced at the substrate and the
film. Although the stress introduced by laser crystallizaa-Si hetero interface during deposition of the initial a-Si film
tion is small, silicon films have significant tensile stress afseemed to spread to the top layer by laser-induced melt and
ter laser crystallization. Tensile stress in the silicon filmsrystalline growth. If the crystalline growth was indeed ini-
is introduced by heat treatment during a-Si film depositiortjated from the bottom-layer silicon film, we may observe
and this stress remains even after the laser crystallization of
the silicon films. This suggests that the extremely fast crys-
talline growth induced by laser irradiation maintains the ex-

isting stress at the growth initiation sites in the bottom region Nl L I ';._.' ls; L
of the film. In order to demonstrate this idea, the authors —~ ®
performed a laser crystallization experiment using double- 5 518 -\ /

layer silicon films, as shown in Fig. 1(b). Amorphous silicon g B foopofgyifposmon

films, 50 nm thick, were formed on quartz substrates at@25 E 517 e e |
by LPCVD and crystallized using an excimer laser. Then z wave Nmber ()
TO phonon spectra of these laser-crystallized silicon films § i i
were measured by Raman scattering measurement. On these x 516 - -
laser-crystallized silicon films, 60-nm-thigkc-Si films were & | <—(5) _
deposited at 20@ using the PECVD method mentioned be- T P Y R R B
fore. As shown in Fig. 3(a).c-Si films deposited at 20C A Yoo 200 300 400
have weaker tensile stress than laser-crystallized LPCVD sili- as-deposited

con films deposited at 426. Since the TO phonon spectra of Laser Energy Density (mJ/cm?)

these double-layer silicon films are a mixture of each layerisig. 4. Change in peak wave number of crystalline TO phonon band of top
spectrum, by subtracting the initial TO phonon spectra of thelayer silicon films as a function of laser energy density [sample (b) in Fig. 1

o : ; was used for the experiment]. Inset shows an example of Raman scat-
m- . :
botto layer silicon films, one can obtain TO phonon SpeCtraterlng spectra obtained from (S1) bottom-layer sample, (S2) double-layer

of the top-layer Si_licon films. Since the scattered |ig_ht from sample and (S3) calculated top-layer spectrum. A peak at 5t4sithe
the bottom layer is absorbed by the top layer, the intensityemission line from the probe argon ion laser. Peak wave numbers of (A)

of the bottom-layer spectrum was corrected by ConsideringZOO’C-depos?ted and Iaser-crystall_ized s_ingle-layer s_i!icon film and_ (3)
the absorption by the top-layerc-Si film. The reflectivity 425 C-deposited and laser-crystallized single-layer silicon film are indi-
spectrum of thg.c-Si film was measured and the crystalline
volume ratio was obtained by analyzing the spectrum with a
mixed structure of amorphous and crystalline silicon. Based 1
on this analysis, the absorption by the top-layerSi film
was estimated. An example of this analysis is shown in the
inset of Fig. 4. These layered silicon films were irradiated by
an excimer laser, and the change in the peak wave number
of the top-layer silicon film were analyzed. Figure 4 shows
the change in the peak wave number of the top-layer silicon
films as a function of irradiated laser energy density. Before
laser irradiation, the top-layerc-Si film showed TO phonon
peak at 518.3 cm', which was almost the same as that of
the single-layey.c-Si film deposited at 20C [see Fig. 3(a)]. P PR Y N B B
After laser irradiation, little change in the peak wave number ' %00 200 300 400
of top-layeruc-Si film was observed when the laser energy as-deposited
density was less than 200 mJ&mJnder this condition, crys-
talline growth seems to start in th&:-Si film, which does Fig. 5. Change in crystalline volume ratio pt-Si film obtained by ana-
not result in a significant stress in the film because the initial Y29 UV reflection spectra as a function of laser energy density [sample
o . (b) in Fig. 1 was used for the experiment]. The solid line shows the case
stress at the growth initiation site is small. However, the peakof ,¢-si film (60 nm)/laser-crystallized silicon film (50 nm) double-layer
wave number suddenly decreased to 516.7'chy irradiat- structure and dashed line shows the case of single-lay&i film (50 nm).
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changes in crystalline characteristics of the top-lgyesSi L L
film. The crystalline volume ratio near the surface region
was evaluated using UV reflection spectrum analysis. Since 8
UV reflection provides information on crystalline properties
of the surface region of only 10 to 20 nm, this measurement
is not affected by the bottom layer. First, the UV reflection
spectrum of the laser-crystallized silicon film (50 nm) was
measured, and the crystalline volume ratio was estimated to
be 0.89. Then the crystalline volume ratio of the-Si film 4
(60 nm) deposited on the laser-crystallized Si film (50 nm)
(double-layer structure) and single-layec-Si film (50 nm) 200 300 200 500
were measured at different laser irradiation energy densities. Laser Energy Density (md/cm?)
Results are shown in Fig. 5. The crystalline volume ratio of
the single-layerwc-Si film increased linearly with increas- SV I B B I B B B I
ing laser energy density, but it was less than 0.7. On the
other hand, in the case of the double-layer structure, the crys-
talline volume ratio of the top-layerc-Si film abruptly in-
creased when a laser energy higher than 200 ntveas ir-
radiated. This change in the crystalline volume ratio agrees
well with the abruptly increasing stress in the top layerSi
film, which is shown in Fig. 4. The crystalline volume ratio
finally reached 0.91, which was almost the same as that of
the bottom-layer laser-crystallized 50-nm-thick silicon film.
From this result, the authors confirmed that crystalline growth 200 300 400 500
was initiated from the bottom-layer laser-crystallized silicon Laser Energy Density (mJ/cm?)
film. From these _resm_ts’ we can conclude that stress in tlt—l% 6. (a) Peak wave number and (b) FWHM of crystalline TO phonon
laser-crystallized films is controlled by the stress at the growthpand as a function of laser energy density before and after removing the
initiation sites in the bottom region of the films. silicon films from substrates (sample (c) in Fig. 1 was used for the ex-
If stress in the silicon films originates from the stress at peri'ment). Initial films were deposited at £Z5and were crystallized by
the bottom interface between films and substrates, this stresS ™" laser.
may be relieved by removing the films from the substrates.
As shown in Fig. 1(c), 50-nm-thick silicon films deposited
by LPCVD and laser-crystallized were removed from the . i .
. : . . peak wave number was seen in the films crystallized by low
substrates by etching the Si®Gubstrates using HF solution. . .
X ser energy density and removed from substrates. This may
Figure 6 shows (a) the peak wave number and (b) the FWH . .
. X e because the melt depth was small and internal stress in-
of the crystalline TO phonon band as a function of laser en- . , . o .
. ) . . troduced in the film by film deposition remains, or because a
ergy density before and after the separation of silicon films_ 7 : .
o ! relatively small grain size contributes to the shift in the peak
from the substrates. Silicon films removed from the sub- 1) L . .
. wave numbet? As seen in Fig. 6(b), by removing the film,
strates showed a much higher TO phonon peak wave number . .
. . I, . e bandwidth of the crystalline TO phonon band decreased
than silicon films on the substrates. The silicon films crystal- . . . .
. . : nd approached that of single crystalline silicon (2.8tin
lized at high laser energy density and removed from the suﬁ{

strates showed peak wave numbers of 519.3 to 519:7,cm IS measurement). This result sugge;ts that by relieving t.he
. tensile stress anchored to the bottom interface, the crystalline
which were almost the same as that of stress-free bulk SI‘I-

con (519.7 cm® in this measurement). This result indicatesqua“ty of laser-crystallized silicon films can be improved.

that tensile stress in laser-crystallized silicon films is com‘i Conclusions
pletely relieved by removing them from substrates. Although’

there exists a disordered structure like a grain boundary inStress in pulsed-laser-crystallized silicon films was investi-
the removed laser-crystallized silicon films, stress among tlgated using high-resolution Raman scattering measurements.
silicon films themselves is quite small, resulting in Ramaiiensile stress in the silicon films introduced by laser crystal-
scattering spectra comparable with those of stress-free siization was 23 x 10° Pa at most, which is small compared to
gle crystalline silicon. The origin of the stress is primarily thehe tensile stress introduced by film depositiors 8 10° Pa
hetero interface between the silicon film and substrate. Strot@9.7 x 10° Pa, as the film deposition temperature increased
Si-to-Si or Si-to-O covalent bondings may be formed at the ifrom 200°C to 480C. Although stress introduced by laser
terface between substrates and silicon films when silicon filnesystallization is not significant, pulsed-laser-induced crys-
are deposited, and due to the difference in thermal expa@dline growth maintains the existing stress at the growth ini-
sion between substrates and silicon films, these bondings &egion sites. This is the reason why laser-crystallized sili-
strained after the film deposition. Laser crystallization meltson films have significant tensile stress. Since the origin of
the film and crystalline growth starts from the strained silicothe tensile stress is the strained bondings at the starting point
bondings. Therefore, stress at the growth initiation sites & crystalline growth in the bottom interface of silicon films
spread over the entire film by crystalline growth, resulting iand substrates, the stress can be relieved by removing the
a significant tensile stress in the entire film. Less change laser-crystallized silicon films from the substrates.
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