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The effect of laser energy density on the crystallization of hydrogenated intrinsic amorphous silicon (a-Si:H) thin
films was studied both theoretically and experimentally. The thin films were irritated by a frequency-doubled (A = 532 nm)
Nd:YAG pulsed nanosecond laser. An effective density functional theory model was built to reveal the variation of bandgap
energy influenced by thermal stress after laser irradiation. Experimental results establish correlation between the thermal
stress and the shift of transverse optical peak in Raman spectroscopy and suggest that the relatively greater shift of the
transverse optical (TO) peak can produce higher stress. The highest crystalline fraction (84.5%) is obtained in the optimized
laser energy density (1000 mJ/cmz) with a considerable stress release. The absorption edge energy measured by the UV-
visible spectra is in fairly good agreement with the bandgap energy in the density functional theory (DFT) simulation.
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1. Introduction

Recently, polycrystalline silicon (poly-Si) films on glass
substrates have attracted a great deal of attention in photo-
voltaics, microelectronics, and display technologies because
of their potential applications for electronic devices, such
as thin film transistors and thin film solar cells.['3] Var-
ious crystallization techniques of hydrogenated amorphous
silicon (a-Si:H) films can be performed to prepare poly-Si
films, such as laser-induced crystallization (LIC),!*% metal-
induced crystallization (MIC),["! and solid phase crystal-
lization (SPC).1'%!2] Dye to the minimum thermal damage
to the underlying substrates and short processing time, laser-
induced crystallization has been extensively used to produce
good quality poly-Si films.[!3]

However, the traditional crystallization techniques have
many shortcomings. With the technique of SPC it is hard to
avoid thermal damage to the substrate because the crystalliza-
tion temperature is too high for the ordinary substrate. With
the method of MIC it is difficult to remove the metal impuri-
ties from intrinsic materials after crystallization. If the crys-
talline films are formed into electrical devices later, the metal
impurities will affect the properties of devices. Hence, in
many recent works green lasers, especially frequency-doubled
neodymium-doped yttrium aluminum garnet (Nd: YAG), have
been used instead of excimer lasers!!*!3] as the crystalliza-
tion laser source.l'®!°1 However, crystallization conditions
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and surface morphology of thin films are very sensitive to the
laser energy density.

Therefore, an effective density functional theory (DFT)
model can explore the fundamental characteristics of the
amorphous silicon materials irradiated by different laser en-
ergy densities (Er). Special thermal stress (o) is applied to
the lattice structure design of amorphous silicon. The simu-
lation model can calculate the bandgap energy (E,) of silicon
materials crystallized from the amorphous phase to the poly-
crystalline phase in different laser energy densities. The re-
sults indicate that the bandgap energy values obtained from
DFT simulation are in close agreement with the experimen-
tal energy values calculated by UV-visible spectral absorption
edge. Hopefully, the DFT model studied in this paper may
help to prepare a suitable bandgap energy of a-Si:H materi-
als and design an excellent photovoltaic tandem device of thin
films by laser-induced crystallization.

In this paper, we focus on the correlation between thermal
stress and laser energy density. UV—visible spectral character-
ization and effective density functional theory (DFT) simula-
tion analysis of thin films after laser crystallization are also
investigated.

2. Experimental details

Intrinsic hydrogenated amorphous silicon thin films were
prepared by the following procedure. First, 200-nm-thick a-

*Project supported by the Shanghai Leading Academic Disciplines, China (Grant No. S30107).

Corresponding author. E-mail: huanglu@shu.edu.cn
© 2014 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

034208-1


http://dx.doi.org/10.1088/1674-1056/23/3/034208
mailto:huanglu@shu.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 23, No. 3 (2014) 034208

Si:H films as a layer were deposited on the glass substrates
by plasma-enhanced chemical vapor deposition (PECVD) at
250 °C with reactant pressure of 67 Pa—133 Pa. Thin films
were prepared using PECVD (HLF-400 system, Beijing Beiyi
Innovation Vacuum Technology Co. Ltd., China) by premix-
ing silane (SiH4) with hydrogen (H;) and the volume percent-
age ratio of SiHy to Hy was 0.75 vol%. Before the thin films
were deposited on the glass substrate, heat-resistant tape had
been adhered to the corner of the glass substrate. After we fin-
ished depositing a-Si:H thin films and uncovered the tape from
the substrate, the thickness of thin film was measured on the
step between the glass substrate and thin films by a stylus pro-
filer (Vecco Dektak 150, USA), and then the a-Si:H samples
were crystallized using a frequency-doubled Nd:YAG laser.
All of the samples were dehydrogenated at E; = 100 mJ/cm?
prior to the laser crystallization in order to prevent ablation of
the a-Si:H films.

The a-Si:H thin films were crystallized by a frequency-
doubled (A = 532 nm) Nd:YAG pulsed nanosecond laser with
laser beam shaping system introduced by a fly-eye lens ar-
ray. The beam-shaping system, including fly-eye lens array,
transformed the incoming Gaussian laser beam into a flat top
one.?"! The laser could operate at a repetition frequency of
30 Hz and pulse duration of 10 ns. The laser beam by the
shaping system was homogenized to a spot of 4 mm x4 mm.
The Nd:YAG laser was supported by Shanghai Institute of Op-
tics and Fine Mechanics.

Raman spectra were measured by Jobin Yvon LabHR
(HORIBA Co. Ltd., France) Raman spectrometer at room
temperature using the 514.5 nm line of an Ar™ laser. The
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surface morphology of films was determined by atomic force
microscopy (AFM). The uncontacted mode of AFM (Park AP-
0190, USA) was selected. The grains boundaries had been vi-
sualized by anisotropic etching. UV-visible spectra were mea-
sured by spectrophotometer (Jasco V-570, Japan).

3. Results and discussion

The hydrogenated amorphous silicon thin films were
crystallized by a frequency-doubled (A = 532 nm) Nd:YAG
pulsed nanosecond laser with laser beam shaping system. The
laser irradiation can be known to produce a periodic tempera-
ture distribution and induce spatially periodic structures on the
surface of a-Si film. Therefore, the surface morphology by flat
top laser beam differs from the one by Gaussian laser beam.
The laser beam is homogenized to a spot of 4 mmx4 mm.
Because the melting temperature of a-Si thin films is above
1420 K, the melting region could be transformed to polycrys-
talline phase.

The characterization by AFM and Raman spectra is also
displayed in Fig. 1. In the picture, the poly-Si grain border,
grain boundary and polycrystalline grain could be obtained
through different Raman shifts. The grain border exhibits a
broad peak at about 480 cm ™! for a-Si:H (Fig. 1(a)). Expos-
ing the a-Si:H film to polycrystalline grain by laser crystalliza-
tion, a new peak of crystalline silicon (c-Si) appears at about
520 cm ™! corresponding to the transverse optical (TO) phonon
for crystalline Si (Fig. 1(b)). The grain boundary shows that
its intermediate peak ranges from 480 cm~! to 520 cm™!

(Fig. 1(c)).
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Fig. 1. (color online) Surface morphology characterization of a-Si:H thin film on different regions by AFM and crystalline characteri-
zation by Raman spectroscopy. (a) Grain border, (b) poly-Si grain, and (c) grain boundary.
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To understand the effect of stress on the crystallization
process, we have treated the intrinsic a-Si:H films on the glass
substrates with laser annealing, as shown in Raman spectra of
Fig. 2. The related data of all the films determined from the
Raman analysis are displayed in Table 1. The as-deposited
a-Si:H (Ep = 0) films reveal a broad TO phonon peak at
480 cm™! characteristic for a-Si:H. The TO phonon peak ap-
pears at 520 cm~! attributed to crystalline silicon in films at
Ep. = 400 mJ/cm? and increases with the following steps of
laser crystallization sequence at the expense of the amorphous
peak. However, the effective crystallization (X, = 10.2%) oc-
curs in the intrinsic films only at £y = 400 mJ/cm?. Based on
Raman spectra, we can infer that the crystallization is strongly
enhanced when the laser energy density increases.

The Raman spectra results (shown in Fig. 2) can provide
the exact frequency peak of the phonon modes and the corre-
sponding linewidths, as well as a good estimate of the crys-
talline fraction (X.) in a-Si:H films; X; is determined from the
ratio of the integrated intensities in the TO phonon mode for c-
Si to those for a-Si:H. According to the fitting and calculating

procedure, the crystalline fraction of X, is estimated by!!

Xe = (I +1In)/ (I +Im + €L), (D

where I, In,, and I, are integrated intensities of c-Si, interme-
diate and a-Si:H peaks, respectively, € is the ratio of Raman
cross sections for amorphous to crystalline phase, and in these
calculations it is assumed to be 0.9.
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Fig. 2. (color online) The Raman spectra characterization of samples

by laser crystallization with different laser energy densities. (a) Ep=0-
600 mJ/cm?, (b) £ =800-1200 mJ/cm?.

Table 1. The crystalline fraction (X.), TO peak shift (Awro), and thermal stress (o) of experimental samples for different

laser energy densities.

Sample No. Laser La.ser energy2 X/ % Awrpo/em™! o/Pa
power/W density/(mJ/cm®)
A 0.1 400 10.2 -5.8 1.16
B 0.12 600 234 -9.1 1.82
C 0.16 800 44.6 -39 0.78
D 0.2 1000 84.5 -1.1 0.22
E 0.24 1200 71.4 -5.9 1.18
F (baseline) 0 0 0 / /

In the intrinsic poly-Si films the peak position of the TO
mode for crystalline Si shifts toward lower frequency with re-
spect to 520 cm~! for c-Si as soon as crystallization takes
place, indicating the presence of stress in the crystallized films.
The determination of stress in crystalline semiconductors by
Raman spectroscopy has been investigated extensively. The
effect of stress on Raman spectra of Si originates from the
lattice deformation, which leads to modified frequencies of
the optical phonons. For the case of a uniaxially or biaxially
strained silicon layer with an in-plane stress o, this correlation

is given by(?!]

6(GPa) = —0.2Amro(cm ™), )

where Awro represents the frequency shift of TO Raman sig-

nal at 520 cm ™. Following this reasoning, compressive stress
(o < 0) results in a blueshift of the Raman frequency, while
tensile stress (o > 0) induces a redshift. Therefore, the Ra-
man spectra confirms tensile stress present in poly-Si films
on glass substrates. The TO-related redshifts are obviously
observed in thin films and decrease at further laser anneal-
ing with improvement of the crystalline quality as suggested
by the advent of a sharper Raman peak. Taking into account
the mechanical stability of poly-Si thin films on the different
solid substrates, the film’s stress and structure can determine
the performance and reliability of Si-based electronic devices.
In order to relieve the stress and improve crystalline quality,
the a-Si:H films were obtained. Figure 2 shows the Raman
spectra of these films before and after laser annealing. The re-
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sults of Raman analysis are summarized in Table 1. The cor-
relations among X, shift of TO Raman peak (Awrg) and the
respective tensile stress (o) provided by Eq. (2). With the im-
provement in laser energy densities, the Raman TO peak for
crystalline Si becomes dominant and the TO-related redshift
variation shows an initial increase followed by a decrease with
improvement of the crystalline quality, which also occurs in
thin films. In particular, the redshifts of TO Raman peaks in
the poly-Si films attain considerable decrease, which indicates
that much stress release occurs. This demonstrates that the im-
provement in short-range order (SRO) and decreased disorder
effect are apparent for the a-Si:H films, which is also exhibited
in laser-crystallized films based on Table 1.

From Fig. 3, X; seems to be determined by the stress
present in the films. The relatively high tensile stress val-
ues at 1.16—-1.82 GPa limit X, to 44.6%. After laser anneal-
ing at £ = 1000 mJ/cm?, the highest crystalline fraction of
X. = 84.5% can be obtained by a considerable stress release
with the value down to 0.22 GPa. With further increase in the
laser energy density, the laser irradiation damage on the films
and defect structures induced by laser annealing contribute to
the high surface roughness, which would lead to the poorer
crystalline quality (X. down to 71.4%) with the stress value up
to 1.18 GPa.
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Fig. 3. (color online) Crystalline fraction (X.) and the respective tensile
stress (o) of the a-Si:H thin films crystallized by different laser energy
densities.

It is well known that a power law is suitable for an approx-
imation of an optical absorption spectrum at the fundamental
absorption edge when the absorption is high. The formula is

written for the absorption spectra as(??)

(ahv) ~ (hv —E,)", 3)

where Ej is the vertical separation between valence and con-
duction bands (optical gap), r is the power law index. The
value of r is defined by the origin of the optical transitions in
the vicinity of the fundamental absorption edge in the crys-
talline material. Typical absorption spectra at the edge are il-
lustrated for thin films. The absorption spectra are calculated
from the experimental results according to the simple relation-

ship
1 T
oa= —Elnm, )
where d is thickness of thin film, 7" is transmission and R is
reflection. E; was determined from the Tauc plot of the ab-
sorption coefficient, & against photon energy AV using the fol-
lowing relationship:**!

(ahv)'? = K(hv - Ey), ®)

where K is a factor independent of v. Eg is then obtained as
the intercept of the curve of (ochv)l/ 2 versus hv, E, for a-
Si:H thin film is measured. The absorption spectra obtained
fitted the power law perfectly with the index r = 2. It is known
that the absorption originates from the indirect-forbidden tran-
sitions of electrons between the valence and the conductance
bands when the index r is equal to 2.

In Fig. 4, the values of Eg, estimated by extrapolating the
linear portion of the curve to (ahv)l/ 2 =0, are about 1.7 eV,
1.5 eV, and 1.1 eV for amorphous, micro-crystalline and crys-
talline silicon thin films of 200-nm thickness respectively. The
laser energy densities corresponding to amorphous, micro-
crystalline and crystalline phase are as-deposited, 600 mJ/cm?
and 1000 mJ/cm? respectively.
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Fig. 4. (color online) The UV-visible spectra results (absorption edge
energy) of a-Si:H thin films for different laser energy densities.

In the DFT simulation, the physical properties of the
semiconductor materials are investigated in detail because they
are closely related to the characteristics of the thin film materi-
als. Moreover, the bandgap energy is not only one of the most
important properties that influence the absorption wavelength,
but also the key point to crystalline quality. Hence, comparing
all physical properties obtained from simulation with the ex-
perimental values reported by other researchers, [**l the Castep
simulation software is used to explore the energy band gaps of
the a-Si:H thin film materials by laser-induced crystallization.

In order to obtain the bandgap energy of thin film mate-
rials irradiated by different laser energy densities, several dif-
ferent parameters are used to find out the optimal laser en-
ergy density. As a result, the bandgap energies of crystalline,
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amorphous and polycrystalline silicon are obtained from DFT
simulation. We choose to simulate samples of external stress
1.82 GPa crystallized at E;, = 600 mJ/cm?, a-Si:H without
laser annealing and crystalline silicon (E, = 1000 mJ/cm?),
respectively, to investigate the difference in several bandgap
energies of silicon thin films. The DFT simulation results in
Fig. 5 show that the Eg values of crystalline, amorphous, and
micro-crystalline (total external stress 1.82 GPa) silicon are
respectively 1.096 eV, 1.64 eV, and 1.482 eV. The related the-
oretical parameters and structural characteristics are listed in
Table 2.

1.6
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Fig. 5. (color online) The DFT simulation (bandgap energy) of a-Si:H
thin films for different laser energy densities.

Table 2. The related parameters and structural characteristics of DFT
simulation.

Physical parameters c-si a-si pe-Si
Crystal system cubic triclinic triclinic
Crystal class M-3M Pl P1
Lattice length a/A 5.4307  3.840085  3.840085
Lattice length b/A 5.4307  3.840085  3.840085
Lattice length c/A 5.4307  3.840085  3.840085
Lattice angle a/(°) 90 60 60
Lattice angle 3/(°) 90 60 60
Lattice angle y/(°) 90 60 60
External stress x axis/GPa ~ / / 1.05
External stress y axis/GPa ~ / / 1.05
External stress z axis/GPa ~ / / 1.05
Total external stress/GPa / / 1.82
Bandgap energy 1.096 1.640 1.482

In the experiment of a-Si:H thin films by laser-induced
crystallization, the TO peaks in Raman spectra and the calcu-
lated X; reach the maximum value, ¢ reaches the minimum

value when the laser energy density is about 1000 mJ/cm?.
From Figs. 4 and 5, the bandgap energy of the DFT simulation
results accords well with the value of absorption edge energy
obtained from the UV-visible spectral results.

4. Conclusions

In this paper, the laser-induced crystallization of a-Si:H is
numerically and experimentally investigated. The DFT simu-
lation model is used to predict the optimum crystalline con-
ditions, including the critical laser energy density and the
bandgap energy for different crystalline phases. The highest
crystalline fraction (X, = 84.5%) and the lowest thermal stress
(o = 0.22 GPa) are achieved by optimized laser energy den-
sity of about 1000 mJ/cm? in the experiment. The UV-visible
spectral characterization of thin films from absorption edge en-
ergy for different laser energy densities accords very well with
the values of bandgap energy in the DFT simulation results.
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