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ABSTRACT Analyses of free-carrier optical absorption and
Hall-effect current measurements indicated in high carrier
mobilities of 32 cm2/Vs and 30 cm2/Vs, respectively, and low
carrier densities of 5.0×1019 cm−3 and 3.8×1019 cm−3, re-
spectively, for 1.1×1020 cm−3-phosphorus-doped solid-phase
crystallized polycrystalline silicon films fabricated at 600 ◦C
for 48 h. The silicon films had good crystalline properties of
the crystalline grains and a low crystalline volume fraction
of 0.43. A XeCl excimer laser anneal at 500 mJ/cm2 effec-
tively increased the carrier density to 1.1×1020 cm−3, and also
increased the crystalline volume fraction to 0.93. Moreover,
H2O-vapor heat treatment at 1.3×106 Pa for 3 h at 260 ◦C re-
duced the density of the defect states from 6.2×1018 cm−3 to
2.6×1018 cm−3.

PACS 73.20.Hb; 74.25.Fy; 61.72.Tt; 61.72.Bb

1 Introduction

Solid-phase crystallized polycrystalline silicon
(SPC-poly-Si) films have been widely used for electrical de-
vices such as thin-film transistors (TFTs). The growth mech-
anism and structural properties of SPC-poly-Si films have
been investigated using transmission electron microscopy and
X-ray-diffraction measurements. From these studies, SPC-
poly-Si films are understood to be dendritic crystalline grains
of about ∼ µm size, having many defects within the crys-
talline grains [1–6]. For reduction of defects in SPC-poly-Si
films, an excimer laser anneal has been carried out [6]. How-
ever, electrical properties of SPC-poly-Si films are not well
understood by comparison with structural properties.

In this paper, we report electrical and structural proper-
ties of SPC-poly-Si films and their improvement. The crys-
talline grain and grain-boundary properties are investigated
using analysis of free-carrier optical absorption (FCA) and
Hall-effect current measurements. We carried out a XeCl ex-
cimer laser anneal and high-pressure H2O-vapor heat treat-
ment for improvement of electrical properties. Changes in de-
fect states, potential barrier height and effective carrier dens-
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ity following defect reduction are discussed using a numerical
analysis program. Structural properties are also investigated
using Stokes Raman scattering spectra and X-ray-diffraction
measurements.

2 Experimental

Amorphous silicon films with a thickness of 50 nm
were formed on quartz-glass substrates by the low-pressure
chemical vapor deposition (LPCVD) method. Heat treat-
ment at 600 ◦C for 48 h was carried out for amorphous sil-
icon films in nitrogen atmosphere. Phosphorus atoms were
used as dopants at concentrations of 1.1 ×1020 cm−3 and
6.0 ×1018 cm−3 by ion implantation at an energy of 80 keV
through a SiO2 layer with a thickness of 100 nm. Heat treat-
ment at 600 ◦C for 24 h was carried out again for activation
of dopant atoms. In order to analyze the free-carrier optical
absorption, the optical reflective spectra for 1.1 ×1020 cm−3-
phosphorus-doped samples were measured in the infrared
range between 400 cm−1 and 4000 cm−1 by conventional
Fourier transform infrared spectroscopy (FT-IR BOMEM
MB-100). Calculated reflective spectra were also obtained by
an analysis program of free-carrier optical absorption with pa-
rameters of carrier mobility and carrier density [7–13]. Best
agreement of experimental and calculated spectra gave the
carrier mobility and the carrier density of the free carriers.
The carrier mobility and the carrier density of the electrical
current for 1.1 ×1020 cm−3-phosphorus-doped samples were
also obtained by Hall-effect current measurements using the
Van der Pauw method. For improvement of electrical proper-
ties, a 28-ns pulsed XeCl excimer laser with a wavelength of
308 nm was irradiated at a vacuum level of 1 ×10−4 Pa and
room temperature. The laser energy density increased from
160 mJ/cm2 to 500 mJ/cm2 in 40–50 mJ/cm2 steps with five
pulses of irradiation at each energy step. 6.0 ×1018 cm−3-
phosphorus doped samples were used for electrical conductiv-
ity measurements. High-pressure H2O-vapor heat treatment
was carried out at 260 ◦C for 3 h in 1.3 ×106 Pa-H2O va-
por in a pressure-proof stainless chamber [14–16] as well as
a laser anneal. Changes in electrical properties were investi-
gated using an analysis program in order to analyze electri-
cally active defect states.

In order to investigate the crystalline volume fraction,
Stokes Raman scattering spectra were measured at room tem-
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perature. The crystalline volume fraction was estimated with
Sc-Si/(Sc-Si + Sa-Si), where Sc-Si is the integrated scattering
intensity of a transverse optical (TO) phonon of crystalline
silicon and Sa-Si is that of amorphous silicon. Moreover, an
X-ray-diffraction measurement was also used to understand
structural properties of SPC-poly-Si films.

3 Results and discussion

Figure 1 shows changes in the carrier mobility (a)
and the carrier density (b) estimated by analysis of free-carrier
optical absorption and Hall-effect current measurement as
a function of the laser energy density for 1.1 ×1020 cm−3-
phosphorus-doped solid-phase crystallized polycrystalline
silicon (SPC-poly-Si) films. As shown in Fig. 1a, the car-
rier mobility (µFCA) estimated by analysis of the free-carrier
optical absorption was about 32 cm2/Vs for the initial SPC-
poly-Si films, which was close to that of single-crystalline sil-

FIGURE 1 Carrier mobility (a) and carrier density (b) obtained by analy-
sis of free-carrier optical absorption and Hall-effect current measurement as
a function of the energy density of XeCl excimer laser for 1.1×1020 cm−3-
phosphorus-doped 50-nm-thick SPC-poly-Si films

icon with the heavy phosphorus-doping concentrations [17].
The carrier mobility (µHall) obtained by Hall-effect current
measurement for the initial SPC-poly-Si films was also as
high as about 30 cm2/Vs. The values for µFCA and µHall
hardly changed with laser annealing at energy densities from
240 mJ/cm2 to 500 mJ/cm2. The results of Fig. 1a indicate
that SPC-poly-Si films have crystalline grains with good
electrical properties associated with high mobility and have
grain boundaries with low scattering probability. On the other
hand, the average carrier densities estimated by analysis of
free-carrier optical absorption (NFCA) and Hall-effect cur-
rent measurement (NHall) were low for the initial SPC-poly-Si
films, as shown in Fig. 1b. The values of NFCA and NHall
for the initial SPC-poly-Si films were 5.0 ×1019 cm−3 and
3.8 ×1019 cm−3, respectively. The values of NFCA and NHall
increased to 1.1 ×1020 cm−3 and 9.6 ×1019 cm−3, respec-
tively, as the laser energy density increased to 500 mJ/cm2.
This result means that the density of activated dopant atoms
was less than half of the density of implanted dopant atoms for
the initial SPC-poly-Si films, and that the dopant atoms were
almost completely activated by a laser anneal at 500 mJ/cm2.

In order to investigate structural properties, Stokes Raman
scattering and X-ray-diffraction spectra were measured. Fig-
ure 2 shows Stokes Raman scattering spectra for the initial
SPC-poly-Si films and films laser-annealed at 300 mJ/cm2

and 500 mJ/cm2 (a) and the crystalline volume fraction as
a function of the laser energy density (b). There was a sharp
peak of the crystalline TO phonon around 520 cm−1 and
a broad band associated with the TO phonons of disordered
amorphous silicon bonding in lower wave-number regions
than that of the crystalline TO phonon for the initial SPC-
poly-Si films as shown in Fig. 2a. A laser anneal increased the
intensity of the crystalline TO phonon and reduced the inten-
sity of the TO phonon of disordered amorphous silicon. The
crystalline volume fraction was 0.43 for the initial SPC-poly-
Si films. It was increased to 0.93 as the laser energy density
increased to 500 mJ/cm2, as shown in Fig. 2b. Figure 2b also
represents the dopant activation ratio, which was the value
of the carrier density (measured by the free-carrier optical
absorption) divided by the phosphorus-doping concentration
(1.1 ×1020 cm−3). The initial SPC-poly-Si films had a low
dopant activation ratio of 0.45. It increased to 0.95 as the laser
energy density increased to 500 mJ/cm2. There was an agree-
ment between the crystalline volume fraction and the dopant
activation ratio.

X-ray-diffraction measurement revealed that the crys-
talline grains in the initial SPC-poly-Si films mainly had
a (111) crystalline orientation normal to the substrate sur-
face. The angle of the (111) orientation was closely distributed
within plus or minus one degree around 90 degrees to the sub-
strate surface. The sharp distribution of the (111) angle was
kept after laser annealing. Figure 3 shows (111) diffraction
spectra as a function of the diffraction angle for the initial
SPC-poly-Si films and films laser-annealed at 300 mJ/cm2

and 500 mJ/cm2. The peak diffraction intensity increased as
the laser energy density increased. The amorphous regions ex-
isting in the initial films were melted by the laser anneal and
probably crystallized epitaxially from the initial crystalline
grains in the lateral direction. The grain size was consequently
increased by the laser anneal.
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FIGURE 2 Stokes Raman scattering spectra for 50-nm-thick SPC-poly-Si
films, films laser-annealed at 300 mJ/cm2 and 500 mJ/cm2 (a) and crys-
talline volume fraction defined by Sc-Si/(Sc-Si + Sa-Si) as a function of
the laser energy density (b). Sc-Si is the integrated scattering intensity of
the transverse optical phonon of crystalline silicon and Sa-Si is that of
amorphous silicon. b also shows the ratio of the carrier density (NFCA)

obtained by free-carrier optical absorption to the phosphorus-doping con-
centration (1.1×1020 cm−3) as a function of the laser energy density for
1.1×1020 cm−3-phosphorus-doped 50-nm-thick SPC-poly-Si films

The experimental results of Figs. 1 to 3 indicate the follow-
ing electrical and structural model for SPC-poly-Si films. The
high values of µFCA and µHall mean that the grains have crys-
talline regions with good electrical properties. On the other
hand, NFCA, NHall and the low crystalline volume fraction
mean that there are substantial disordered amorphous regions
in the crystalline grains. The high carrier mobility suggested
that there were crystalline paths between grain boundaries.
Therefore, the amorphous regions were probably isolated in
many small domains in the grains. They would reduce the
effective width of the carrier transport because of their high
resistivity, but would not fatally prevent the carrier transport
due to their isolation. The increases of NFCA, NHall and the
crystalline volume fraction by laser annealing mean that the
area of the amorphous regions was reduced through laser-
induced melt regrowth and the effective width of the carrier

FIGURE 3 X-ray-diffraction intensity spectra of (111)-oriented structure
as a function of incident angle for initial 50-nm-thick SPC-poly-Si films and
films laser-annealed at 300 mJ/cm2 and 500 mJ/cm2

transport increased. The high mobility for initial the SPC-
poly-Si films also means that the grain boundaries had a low
carrier-scattering probability. The grain boundaries with the
low carrier-scattering probability were probably formed be-
tween crystalline grains whose crystalline orientation angles
had only small differences so-called sub-grain boundaries.
X-ray-diffraction measurements showed that most of the crys-
talline grains were sharply oriented with (111) normal to the
substrate surface. We therefore believe that there is a high
probability of grain-boundary formation with a small differ-
ence of lattice orientation. X-ray measurements showed that
this characteristic was maintained after a laser anneal. A laser
anneal has the advantage of improvement of structural prop-
erties because of reduction of disordered states in crystalline
grains. However, it does not improve the carrier mobility be-
cause the initial mobility is already high.

In order to investigate electrically active defect states,
we analyzed the electrical conductivity for 6.0 ×1018 cm−3-
phosphorus-doped SPC-poly-Si films, because electrical
devices such as TFTs operate with carrier densities of
1017–1018 cm−3 in their on-states. Figure 4 shows the change
in the electrical conductivity as a function of the laser energy
density. Although the electrical conductivity was 3.2 S/cm
for the initial SPC-poly-Si films, it drastically decreased
to 1.7 ×10−2 S/cm as the laser energy density increased
to 500 mJ/cm2. As discussed previously, a laser anneal in-
creased the activation ratio of the dopant atoms. The result
of Fig. 3 therefore indicates that the laser anneal produced
defect states at grain boundaries, which could trap elec-
tron carriers. In order to reduce electrically active defect
states, a 1.3 ×106 Pa-H2O-vapor heat treatment at 260 ◦C
for 3 h was carried out. Figure 4 also shows the change
in the electrical conductivity as a function of laser energy
density after such high-pressure H2O-vapor heat treatment.
The electrical conductivity was increased by high-pressure
H2O-vapor heat treatment from 3.2 S/cm to 14.7 S/cm for
the initial SPC-poly-Si films. Moreover, after high-pressure
H2O-vapor heat treatment, it increased to 31.3 S/cm as
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the laser energy density increased to 500 mJ/cm2. The re-
sults of Fig. 4 suggest that high-pressure H2O-vapor heat
treatment reduced the density of electrically active defect
states for the initial SPC-poly-Si films as well as for laser-
annealed SPC-poly-Si films. The electrical conductivity
of 31.3 S/cm for the films treated with a laser anneal at
500 mJ/cm2 and the high-pressure H2O-vapor anneal was
10 times higher than that of 3.2 S/cm for the initial SPC-
poly-Si films treated with no laser or no high-pressure H2O-
vapor heat treatments. This result shows that the combination
of a laser anneal with a high-pressure H2O-vapor anneal
is effective to improve electrical properties of SPC-poly-Si
films.

The defect states trapping electron carriers were analyzed
using a one-dimensional numerical analysis program with sta-
tistical thermodynamics [14, 18–22]. As assumptions of the
analysis program, the crystalline region has an energy-band
structure of single-crystalline silicon and no defect states.
The defect states localize only at grain boundaries. As defect
states, the tail-type states caused by a disordered Si bonding
network are introduced. The tail states were defined so that the
density exponentially decayed from valence- and conduction-
band edges to mid-gap. The width of the tail states was de-
fined as 1/e of the peak density of the effective density of
states. The Gaussian-type deep-level states caused by Si dan-
gling bonds were also introduced at mid-gap. The width of
deep-level states was also defined as 1/e of the peak dens-
ity. The crystalline volume fraction (Xc) obtained experimen-
tally was introduced as the effective width of the carrier-
transport path. Charge neutrality of the whole crystalline grain
and the grain boundary is achieved among electron dens-
ity (n), negatively charged density of states (X−

d ), ionized
donor density (N+

d ) and hole density (p) (n + X−
d = N+

d + p),
which are determined by the Fermi–Dirac statistical distribu-
tion function. Free carriers near a grain boundary are trapped
by defects localized at the grain boundary; therefore ion-
ized donor atoms near the grain boundary become space
charges, which cause potential barriers. The potential barrier

FIGURE 4 Electrical conductivity as a function of laser energy density
for 6.0×1018 cm−3-phosphorus-doped 50-nm-thick SPC-poly-Si films and
the electrical conductivity after high-pressure H2O-vapor heat treatment at
260 ◦C for 3 h with 1.3×106 Pa

Φ(x) at point x was determined by the following Poisson’s
equation:

∂2Φ(x)

∂x2
= q

(
n(x)− Nd+(x)− p(x)

)
ε0εs

,

where q is the elemental charge, ε0 is the vacuum dielec-
tric constant and εs is the specific dielectric constant of sil-
icon. The electron density n(x) at point x in the lateral di-
rection from the mid-point of the crystalline grain is given
as

n(x) = Nc exp

{
−q

(
Eg − Ef +Φ(x)

)
kT

}
,

where Nc is the effective density of states at the conduction-
band edge, Eg is the energy-band gap of single-crystalline
silicon, Ef is the height of the Fermi level from the valence-
band edge at the middle point of the crystalline grain, k is the
Boltzmann constant and T is the absolute temperature. The ef-
fective electron density neff is calculated using n(x) and it is
expressed as

neff = Xc
L

2


 L/2∫

0

1

n(x)
dx




−1

,

where Xc is the crystalline volume fraction estimated by
Stokes Raman scattering spectra shown in Fig. 2b and L
is the average crystalline grain size. The analysis was car-
ried out under the average grain size of 400 nm. The aver-
age volume density of electron carriers nV is also calculated
as

nV = Xc
2

L


 L/2∫

0

n(x)dx


 .

The carrier mobility is calculated with the lattice-vibration
scattering and ionized impurity scattering effects [23].

Figure 5 shows experimental and calculated electrical con-
ductivities with different temperatures for the initial SPC-
poly-Si films and films laser-annealed at 300 mJ/cm2 and
500 mJ/cm2. The electrical conductivity for the initial SPC-
poly-Si films (a) was increased from 3.2 S/cm to 8.3 S/cm as
the temperature increased from room temperature to 200 ◦C.
The electrical conductivity was low at 1.7 ×10−2 S/cm at
room temperature for films laser-annealed at 500 mJ/cm2

(c), but it markedly increased to 7.7 S/cm as the tempera-
ture increased to 200 ◦C. Figure 5 also shows the change
in the electrical conductivity with temperature after high-
pressure H2O-vapor heat treatment. The electrical conductiv-
ity was increased to 14.7 S/cm and 31.3 S/cm at room tem-
perature for the initial SPC-poly-Si films (A) and films laser-
annealed at 500 mJ/cm2 (C). It was increased to 25.7 S/cm
and 54.6 S/cm as the temperature increased, respectively,
while their increase ratio with temperature was almost the
same.

Figure 6 shows the energy distribution of the density of
defect states in the Si band gap for the initial SPC-poly-Si
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FIGURE 5 Experimental and calculated electrical conductivities as a func-
tion of temperature for initial 6.0×1018 cm−3-phosphorus-doped 50-nm-
thick SPC-poly-Si films and films laser-annealed at 300 and 500 mJ/cm2.
Those after high-pressure H2O-vapor heat treatment at 260 ◦C for 3 h with
1.3×106 Pa are also shown. Solid marks and solid curves represent the ex-
perimental and the calculated electrical conductivities. In this figure, “a”
shows the initial SPC-poly-Si films and “b” and “c” show the SPC-poly-Si
films laser-annealed at 300 mJ/cm2 and 500 mJ/cm2, respectively. “A”, “B”
and “C” mean the electrical conductivity after high-pressure H2O-vapor heat
treatment for samples assigned the corresponding small letter. Solid curves
show the temperature dependence of the calculated electrical conductivity
using a one-dimensional numerical analysis program with statistical thermo-
dynamics

FIGURE 6 Energy distribution of density of states in the silicon band gap
obtained by fitting of the calculated conductivity to the experimental conduc-
tivity, as shown in Fig. 5

films and films laser-annealed at 500 mJ/cm2. The distribu-
tion of the density of defect states after high-pressure H2O-
vapor heat treatment is also shown. The initial SPC-poly-Si
films have the width of the tail states of 0.05 eV from the
band edge and Gaussian-type deep-level states with the width

of 0.10 eV at a peak density of 4.4 ×1018 eV−1cm−3. A laser
anneal at 500 mJ/cm2 increased the width of the tail states
to 0.10 eV. This indicates that Si bonding networks at grain
boundary became much more disordered due to the rapid
melting and regrowth process by laser annealing [24, 25]. The
density of the deep-level states was almost unchanged. High-
pressure H2O-vapor heat treatment drastically reduced the
tail states to 0.03 eV and 0.04 eV for the initial SPC-poly-Si
films and films laser-annealed at 500 mJ/cm2, respectively.
The peak density of the deep-level states was slightly reduced
to 3.5 ×1018 eV−1cm−3 for each case.

Figure 7 shows the total density of defect states (tail
states + deep-level states) (a) and the carrier density (b) as
a function of the laser energy density. The total density of
defect states for the initial SPC-poly-Si films was estimated
as 2.9 ×1018 cm−3. It increased to 6.2 ×1018 cm−3 as the
laser energy density increased to 500 mJ/cm2. The increase
of the total density of defect states results in an increase of
the potential barrier height from 0.17 eV to 0.32 eV, as repre-

FIGURE 7 Total density of defect states (a) and carrier density (b) as
a function of the laser energy density. The potential barrier height is presented
in a. The effective carrier density (neff) and the average volume density of
electron carriers (nV ) are presented in b
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sented in Fig. 7a. The increase of the potential barrier height
markedly reduced the effective carrier density (neff) from
2.8 ×1017 cm−3 to 2.8 ×1015 cm−3 as the laser energy dens-
ity increased for 6.0 ×1018 cm−3-phosphorus-doped SPC-
poly-Si films, as shown in Fig. 7b, due to the expansion of the
depletion region from 15-nm to 20-nm thick around the grain
boundaries. On the other hand, the analysis of the electrical
conductivity also gave the average volume density of elec-
tron carriers. This density was high at 1.6 ×1018 cm−3 for the
initial SPC-poly-Si films. It increased to 3.3 ×1018 cm−3 as
the laser energy density increased because the crystalline vol-
ume fraction increased. The potential barrier at grain bound-
aries blocked carrier transport between conductive crystalline
grains. After high-pressure H2O-vapor heat treatment, the
total density of defect states decreased to 2.1 ×1018 cm−3 and
2.6 ×1018 cm−3 as well as a decrease of the potential bar-
rier height of 0.11 eV and 0.14 eV for the initial SPC-poly-Si
films and films laser-annealed at 500 mJ/cm2, respectively, as
shown in Fig. 7a. The effective carrier density therefore in-
creased from 1.0 ×1018 cm−3 to 2.2 ×1018 cm−3 as the laser
energy density increased after high-pressure H2O- vapor heat
treatment, as shown in Fig. 7b. On the other hand, the average
volume density of electron carriers nV was almost unchanged
with high-pressure H2O-vapor heat treatment for the initial
and laser-annealed samples, because most of the regions in the
crystalline grains were conductive and the depletion regions
just around the grain boundaries were reduced by H2O-vapor
heat treatment. The effective carrier density was consequently
increased from 2.8 ×1017 cm−3 to 2.2 ×1018 cm−3 by combi-
nation of a laser anneal with a high-pressure H2O-vapor heat
treatment because of the increased crystalline volume fraction
as well as reduction of the density of defect states.

4 Summary

We investigated electrical and structural proper-
ties of solid-phase crystallized polycrystalline silicon (SPC-
poly-Si) films fabricated at 600 ◦C for 48 h. The carrier
mobilities estimated by analysis of free-carrier optical absorp-
tion and Hall-effect current measurement were 32 cm2/Vs
and 30 cm2/Vs for 1.1 ×1020 cm−3-phosphorus-doped SPC-
poly-Si films. The SPC-poly-Si films have good electrical
properties with a low carrier-scattering probability at grain
boundaries. The carrier density was increased to the dop-
ing concentration by a laser anneal. The increase of the
carrier density was caused by the reduction of amorphous
regions, which was confirmed as an increase of the crys-
talline volume fraction estimated by Stokes Raman scattering
spectra. X-ray-diffraction measurement indicated a strong
(111) orientation normal to the substrate surface and that
the grain size increased by a laser anneal at 500 mJ/cm2.
The electrical conductivity decreased from 3.2 S/cm to
1.7 ×10−2 S/cm as the laser energy density increased to

500 mJ/cm2 for 6.0 ×1018 cm−3-phosphorus-doped SPC-
poly-Si films because of formation of the defect states at
grain boundaries. The total density of defect states increased
from 2.9 ×1018 cm−3 (initial) to 6.2 ×1018 cm−3 by a laser
anneal at 500 mJ/cm2. The effective carrier density was dras-
tically reduced from 2.8 ×1017 cm−3 to 2.8 ×1015 cm−3. On
the other hand, the electrical conductivity was increased to
31.3 S/cm by a laser anneal at 500 mJ/cm2 and an additional
high-pressure H2O-vapor heat treatment. The total density of
defect states was reduced to 2.6 ×1018 cm−3. The effective
carrier density was increased to 2.2 ×1018 cm−3. The combi-
nation of a laser anneal with a high-pressure H2O-vapor heat
treatment is effective for improvement of electrical properties
of SPC-poly-Si films because of an increase of the crystalline
volume fraction as well as a reduction of the density of defect
states.
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