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Abstract Excimer laser crystallization (ELC) is commonly
employed to fabricate low-temperature polycrystalline sili-
con. A time-resolved in-situ optical system with nanosecond
response time is developed to monitor and record the phase
transformation process during ELC. The average solidifi-
cation velocity of liquid silicon (liquid Si) is investigated
from the optical spectra recorded by a fast oscilloscope. It
is found that the average solidification velocities of liquid
Si in the partial-melting and complete-melting regimes are
fundamentally different. In the partial-melting regime, the
average solidification velocity decreases with increasing ex-
cimer laser energy density; while in the complete-melting
regime, it increases abruptly due to the presence of deeply
supercooled liquid Si.

PACS 68.55 · 78.30 · 81.40

1 Introduction

Excimer laser crystallization (ELC) is an efficient tech-
nology for fabricating high-performance low-temperature
polycrystalline silicon (poly-Si) thin-film transistors (TFTs)
for advanced flat panel display application such as super-
high-definition active matrix liquid crystal displays (AML-
CDs) and active matrix organic light-emitting diode displays
(AMOLEDs) since poly-Si films are the key material of
TFTs [1, 2]. The major advantage of the poly-Si TFTs for
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AMLCDs and AMOLEDs is the increase in carrier mobility
and the ability to integrate the pixel switching elements and
peripheral driving circuit on the same substrate [3].

The solid phase of Si thin films is semiconducting, while
their liquid phase is metallic [4]. Hence, their physical prop-
erties such as optical, electrical, and thermal constants for
the liquid and solid phases are significantly different even at
similar temperature and pressure. Such differences in phys-
ical properties provide unique opportunities for in-situ real-
time optical measurements of the phase transformation of Si
thin films. Time-resolved optical reflectivity and transmis-
sivity measurements are most commonly employed to inves-
tigate the rapid melting and solidification scenarios in semi-
conductors [5]. The solidification velocity of liquid silicon
(liquid Si) is a critical parameter in the fabrication of high-
performance low-temperature polycrystalline silicon thin-
film transistors (LTPS TFTs) because lowering the solidi-
fication velocity of liquid Si results in delaying the time for
nucleation [6]. However, the solidification velocity of liquid
Si during ELC is still not well understood, even though the
ELC of silicon thin films have been thoroughly investigated
for the past several years [7, 8].

In this work, a time-resolved in-situ optical reflection and
transmission (TRORT) monitoring system, which comprises
a probe laser, a digital oscilloscope, and two photodiodes,
is developed to investigate the microstructural evolution of
poly-Si films during ELC. After ELC, the optical spectra
recorded by a fast oscilloscope are analyzed by MATLAB
and EXCEL software. The average solidification velocities
of liquid Si as functions of excimer laser energy density are
investigated. Differences in the solidification velocity be-
tween the partial-melting and complete-melting regimes are
discussed. Microstructural analyses of the resulting poly-Si
films after ELC are performed using field emission scanning
electron microscopy (FE-SEM).
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2 Experimental setup

Figure 1 shows a schematic illustration of sample structure
and experimental setup for measuring reflectivity and trans-
missivity during ELC. Details of the experimental setup can
be found elsewhere [9, 10]. Silane-based 90-nm-thick a-Si
film is deposited on a 0.7-mm-thick Corning 1737 glass sub-
strate covered with a 300-nm-thick SiO2 layer by plasma-
enhanced chemical vapor deposition (PECVD). In order to
prevent the ablation caused by sudden hydrogen eruption
during ELC, the samples are dehydrogenated by perform-
ing a thermal treatment at 500◦C for 2 hours to reduce the
hydrogen content [11]. The samples are held in self-closing
tweezers at the end of a cantilever beam fixed on a motor-
ized x–y linear translation stage (resolution = 0.625 µm).
The movement of the focusing lens (focus = 100 mm) fixed
on a motorized z-axis linear translation stage is precisely
controlled to adjust the desired excimer laser energy den-
sity for crystallization. To enhance the efficiency of ELC,
the movement of the three-axis (X–Y –Z) motorized trans-
lation stages can accurately be manipulated using the man–
machine interface. A Joule meter is employed to calibrate
the output energy of excimer laser pulse before ELC. The
ELC experiments and measurements are performed at ambi-
ent environmental conditions of 300 K and below 60% rela-
tive humidity. The a-Si thin films are crystallized by a single-
shot XeF excimer laser operating at 351 nm with 25-ns
pulse duration, while the pulse-to-pulse energy fluctuations
are less than ±10%. A stainless steel slit mask of around
2 × 15 mm2 is employed to transform the incident Gaussian
beam into a rectangular beam spot. A quartz beam splitter is
employed to reflect 10% of the excimer laser beam to a pho-
todetector for triggering a fast digital storage oscilloscope
with a sample rate of 2 GHz/s. The size of the beam spot
can be manipulated by changing the working distance be-
tween the focusing lens (cylindrical lens, f = 100 mm) and

the sample surface. The transient phase transformation sce-
narios are monitored and recorded by measuring the time-
resolved transmissivity and reflectivity using the TRORT
monitoring system. An aperture with a diameter of 0.3 mm
is mounted in front of the He–Ne probe laser to increase
the resolution of TRORT measurements. The He–Ne probe
laser is incident at 45◦ with respect to the normal to the sam-
ple’s surface and focused on the center of the laser-irradiated
spot. The reflected beam from the sample is focused on a fast
photodiode (response time = 1 ns). An interference filter is
mounted in front of the photodiode, allowing only red light
from the He–Ne probe laser to contribute to the detected
signal. Two photodetectors are positioned optimally to get
the maximum signal before optical measurements. Follow-
ing ELC, the optical spectra are analyzed by both MATLAB
and EXCEL software. The average solidification velocities
of liquid Si as functions of excimer laser energy density are
also investigated by both MATLAB and EXCEL software.
Microstructural analyses of the annealed poly-Si films af-
ter ELC are performed using FE-SEM operated at acceler-
ation electron beam energy of 15 keV. Before FE-SEM ob-
servation, the crystallized silicon films are treated by Secco-
etching to delineate the grain boundaries (GBs) and intra-
grain defects [12].

3 Results and discussion

Figure 2 shows the variations of the optical spectra mea-
sured by the TRORT monitoring system as functions of
time for various excimer laser energy densities. Details of
the phase transformation of Si thin films can be found else-
where [13]. Melting and crystallization behavior of Si thin
films can be extracted from the transient optical measure-
ments [14]. Figure 3 shows a sample of optical spectra of

Fig. 1 Schematic illustration of
the sample structure and
experimental setup for
measuring reflectivity and
transmissivity during ELC
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Fig. 2 Variations of the optical
spectra measured by the TRORT
monitoring system as functions
of time for various excimer laser
energy densities. Excimer laser
energy density for a, b, c, d, e, f,
g, and h is 75, 100, 130, 150,
175, 190, 200, and 225 mJ/cm2,
respectively

Fig. 3 A sample of optical spectra of reflectivity and transmissivity,
indicating the melting and recrystallization evolution during ELC. The
drastic drop in transmissivity and an abrupt rise in reflectivity corre-
spond to the melting of Si thin films

reflectivity and transmissivity, showing the melting and re-
crystallization evolution during ELC. The data are normal-
ized to the initial reflectivity and transmissivity of a-Si thin
films. The sample initially absorbs the excimer laser fluence
(points a to b) and then melts. The reflection signal rises be-
cause the reflectivity of Si thin films changes from 32 to 76%
upon melting during the phase transition from solid to liq-
uid, which exhibits the metallic character [15]. The drastic
drop in the transmission signal is caused by the crystalliza-
tion of the liquid Si. A plateau (points b to c) in the reflec-
tivity is observed because the melt depth of liquid Si is more
than double the penetration depth of He–Ne probe laser [16].
Between points c and d, the reflectivity decreases, revealing
the nucleation and solidification process [17]. Optical mi-
croscopy observation shows that the excimer laser fluence

Fig. 4 Result of curve fitting by second-order polynomial fit. Solid
line and dashed line represent the raw data of the spectra and the fitting
curve, respectively

was sufficient to complete the melting of Si thin films. This
is confirmed by the observation using FE-SEM.

With reference to the optical spectra recorded by a fast
oscilloscope, the solidification velocity of liquid Si is an-
alyzed by both MATLAB and EXCEL software. Figure 4
shows the result of curve fitting by second-order polyno-
mial fit. The solid line and dashed line represent the raw data
of the spectra and the fitting curve, respectively. As can be
seen, the fitting curve is not consistent with the raw data of
the spectra with the R2 value being 0.9818 only. In order to
enhance the accuracy of the fitting curve, sixth-order poly-
nomial fit is employed for curve fitting applications. As seen
in Fig. 5, the R2 value is enhanced to 0.9874. Table 1 shows
the results of the R2 value and polynomial equation using
polynomial fit of different orders. In general, the larger the
R2 value, the better the accuracy of the fitting curve is. In
principle, high-order polynomial fit (>sixth-order polyno-
mial fit) is suggested for analyzing the complicated or highly
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Table 1 Results of the R2 value and curve equation using different order of polynomial fit

Approach R2 Polynomial equation

Second-order 0.9317 9 × 10−6x2 − 8 × 10−4x + 0.0204

polynomial

Third-order 0.9819 −8 × 10−7x3 + 1 × 10−4x2 − 4.1 × 10−3x + 0.0599

polynomial

Fourth-order 0.9841 −3 × 10−8x4 + 3 × 10−6x3 − 1 × 10−4x2 + 1.1 × 10−3x + 0.0136

polynomial

Fifth-order 0.9843 1 × 10−9x5 − 3 × 10−7x4 + 2 × 10−5x3 − 8 × 10−4x2 + 1.1 × 10−2x − 0.073

polynomial

Sixth-order 0.9874 −6 × 10−10x6 + 1 × 10−7x5 − 1 × 10−5x4 + 6 × 10−4x3 − 1.79 × 10−2x2 + 2.594 × 10−1x − 1.5306

polynomial

Fig. 5 Result of curve fitting by sixth-order polynomial fit. Solid line
and dashed line represent the raw data of the spectra and the fitting
curve, respectively

Fig. 6 Average grain size and dy/dt as functions of laser energy den-
sity. Solid circles and solid squares represent the data of average grain
size and dy/dt , respectively

fluctuated data. Thus, a sixth-order polynomial fit is a good
candidate for analyzing the solidification velocity of liquid
Si in this work.

Figure 6 shows the average grain size and dy/dt as func-
tions of laser energy density. The dy/dt stands for the slope
of the fitting curve. As can be seen, the slope of the fit-
ting curve decreases with increasing excimer laser energy

density (100 mJ/cm2 ≤ E ≤ 200 mJ/cm2) and increases at
higher excimer laser energy density (200 mJ/cm2 < E ≤
225 mJ/cm2). Boneberg and Leiderer showed that dy/dt

is considered to be proportional to the solidification veloc-
ity in terms of the linear change of the reflectivity as a
function of the phase transformation from liquid to solid
state [16]. In general, the slower the solidification rate is,
the larger the average grain size of poly-Si is [18]. Thus,
the average grain size of poly-Si films will increase with in-
creasing excimer laser energy density (100 mJ/cm2 ≤ E ≤
200 mJ/cm2) and will decrease at higher excimer laser en-
ergy density (200 mJ/cm2 < E ≤ 225 mJ/cm2). These re-
sults are confirmed by the observation using FE-SEM mea-
surements, as shown in Fig. 7. In fact, the average grain size
of poly-Si films increase with increasing excimer laser en-
ergy density (100 mJ/cm2 ≤ E ≤ 200 mJ/cm2) and decrease
at higher excimer laser energy density (200 mJ/cm2 < E ≤
225 mJ/cm2). As shown in this figure, the average grain
size is in the range of 100–900 nm, and the grains are gen-
erally elliptical in shape. In particular, a disk-shaped grain
[19] with a diameter of approximately 1 µm is observed in
the poly-Si films crystallized at excimer energy density of
215 mJ/cm2. The disk-shaped grain is a single grain with
low density of ingrain defects [20, 21]. The size of the fine
grains surrounding the disk-shaped grain is approximately
50–100 nm in diameter. This finding is similar to the ob-
servations made by Mariucci et al. [22]. As expected, two
distinct regrowth regimes (low excimer laser energy den-
sity and high excimer laser energy density) can clearly be
observed [23, 24]. In the low excimer laser energy density
regime (100 mJ/cm2 ≤ E ≤ 200 mJ/cm2), the average grain
size of poly-Si films increases slowly because the melt depth
increases with increasing excimer laser energy density. On
the other hand, the average grain size of poly-Si films de-
creases abruptly in the high excimer laser fluence regime
(200 mJ/cm2 < E ≤ 225 mJ/cm2) because the recrystalliza-
tion mechanism of Si thin films is changed [25], leading to
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Fig. 7 FE-SEM micrograph of
Secco-etched poly-Si films
irradiated at different excimer
laser energy densities

Fig. 8 Solidification velocity as a function of laser energy density

the reduction in average grain size of poly-Si films. These
results are confirmed by the solidification velocity of liq-
uid Si, as shown in Fig. 8. As can be seen, the solidifica-
tion velocity of liquid-Si is not constant for various excimer
laser energy densities. The solidification velocity of liquid
Si at excimer laser energy density of 100 and 200 mJ/cm2

are estimated to be 1.66 and 0.15 m/s, respectively. How-
ever, Gupta et al. [26] showed that the sufficiently high so-
lidification velocity on the order of 10 m/s can be reached
by numerical simulation using heat flow calculations. Obvi-
ously, the solidification velocity in this work is smaller than
10 m/s. Such differences can be attributed to the different
thickness of Si thin films and the wavelength of excimer
laser in both works. It should be pointed out that the solidi-
fication velocity of liquid-Si at excimer laser energy density
of 225 mJ/cm2 is estimated to be 0.51 m/s, resulting in a
small grain structure because the homogeneous nucleation
is triggered by deep supercooling during solidification [23].
This phenomenon is significantly supported by the classical
nucleation theory [27], indicating that the critical grain size
of poly-Si films decreases with increase in supercooling of
liquid Si. This implies that the crystallization mechanisms
of Si thin films are strongly dependent on the solidification

velocity of liquid Si. Consequently, a tight control of the
excimer laser energy density regarding a narrow processing
window [28] during ELC is essential in the fabrication of
advanced flat panel display such as AMOLEDs using LTPS
TFTs. Some major problems in the ELC process, such as
surface roughness and uniformity of poly-Si films for mass
production of LTPS TFTs, still remain to be investigated.
Furthermore, fabrication of high-performance LTPS TFTs
with very few GBs perpendicular to the current flow by con-
trolling the grain alignment in the poly-Si active layer is re-
quired.

4 Conclusion

A time-resolved in-situ optical system with nanosecond re-
sponse time has been developed to monitor and record the
crystallization kinetics of Si thin films during ELC. The av-
erage solidification velocity of liquid Si has been investi-
gated from the spectra recorded by optical measurements.
Experimental results suggest that the solidification veloc-
ity of liquid Si plays an important role in the recrystal-
lization process of Si thin films. The average solidification
velocities of liquid Si in the partial-melting and complete-
melting regimes are significantly different. In the partial-
melting regime, the average solidification velocity decreases
with increasing excimer laser energy density, while it in-
creases abruptly in the complete-melting regime due to the
presence of deeply supercooled liquid Si. The results re-
ported here showed great advantage for the realization of
high-performance LTPS TFTs on a large-area glass substrate
under the optimum experimental conditions by ELC.
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