
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
A

pr
il 

20
24

. D
ow

nl
oa

de
d 

on
 1

/1
8/

20
26

 3
:1

5:
03

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
High conductivit
aChaozhou Branch of Chemistry and Chem

Chaozhou 521041, China
bDepartment of Physics and Electrical En

Chaozhou 521041, China
cSchool of Materials Science and Engineerin

521041, China. E-mail: chaosong@hstc.edu
dSchool of Science, University of Science an

China

Cite this: RSC Adv., 2024, 14, 10697

Received 3rd January 2024
Accepted 20th March 2024

DOI: 10.1039/d4ra00040d

rsc.li/rsc-advances

© 2024 The Author(s). Published by
y characteristics of phosphorus-
doped nanocrystalline silicon thin films by KrF
pulsed excimer laser irradiation method

Xiang Wang,ab Chao Song, *ac Boxu Xud and Huan Yang c

The microstructure and high conductivity properties of phosphorus-doped nanocrystalline silicon films

were investigated on samples prepared by a plasma-enhanced chemical vapor deposition technique and

the KrF pulsed excimer laser irradiation method. The results of Fourier transform infrared spectroscopy

and Raman spectroscopy show that Si nanocrystallites with an average diameter of 2 nm to 3 nm are

formed in the film. The degree of crystallinity increases with the increase of laser radiation intensity,

while the content of hydrogen decreases gradually. More phosphorus atoms are substitutionally

incorporated into the nc-Si dots under higher laser irradiation fluence, which is responsible for the high

dark conductivity. By controlling the laser fluence at 1.0 J cm−2, the dark conductivity as high as

25.7 S cm−1 can be obtained. Based on the measurements of temperature-dependent conductivity, the

carrier transport processes are discussed. The phosphorus doping and the increase of electron

concentration are considered to be the reason for high dark conductivity and extremely low conductivity

activation energy.
1. Introduction

Recently, numerous efforts have been devoted to exploring an
efficient silicon-based light source owing to its potential appli-
cation in monolithic optoelectronic integration.1–3 Among
them, hydrogenated nanocrystalline silicon (nc-Si:H) is
considered to be one of the most likely materials to be applied
in silicon-based light sources in the future. In addition, some
nanoelectronic devices are also fabricated using nc-Si:H due to
its advantages, such as adjustable band gap width, high radia-
tive recombination efficiency and good compatibility with
silicon micro–nano processing technology.4–6 But, most of the
research studies have been carried out based on unintentionally
doped nc-Si:H materials.7,8 Only a few studies have been con-
cerned with the impurity doping in nc-Si to develop high
performance Si NCs-based devices.9,10 Due to the coexistence of
nanocrystalline and amorphous phases, intrinsic nc-Si lm has
low dark conductivity and high conductivity activation energy,
which is considered to be harmful to the device performance
and stability. The degree of crystallinity and size of the intrinsic
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nc-Si lms signicantly affect its optical and electrical proper-
ties. By thermal annealing or laser crystallization technology,
the degree of crystallinity can be improved, resulting in the
elevated dark conductivity. Phosphorus (P) doping is another
way to improve the conductivity of nc-Si thin lms. Due to the
inuence of the quantum connement effect, surface–interface
effect and self-cleaning effect, the P doping characteristic in nc-
Si is signicantly distinct from that in bulk silicon.11–14 For
example, in bulk silicon doping, phosphorus and boron impu-
rities are incorporated into bulk silicon substitutionally. Due to
the small ionization energy of phosphorus and boron, they can
be ionized to provide carriers at room temperature, which
signicantly improves the electric conductivity. Whereas, the
initial theoretical simulation and experimental studies both
have indicated that doping in quantum conned materials is
quite difficult due to the large energy of formation of n- and p-
type impurities. The P atoms tend to locate near the surface for
the H-passivated Si NCs. The research work on the key problems
such as the impurity position distribution, doping efficiency
and inuence of impurities on electrical properties has not
been fully investigated so far. Meanwhile, a few works reported
the role of P doping in Si NCs on the electronic transport
behavior.15,16

Compared to thermal annealing, excimer pulsed laser irra-
diation is a low temperature process due to the short pulse
length and optical absorption depth, which is very important
for minimizing the damage to the glass substrates. In our
previous work,17 intrinsic nc-Si lms were prepared from
hydrogenated amorphous silicon lms by using a KrF pulsed
RSC Adv., 2024, 14, 10697–10702 | 10697
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excimer laser irradiation method. It was found that the dark
conductivity changed from 10−9 S cm−1 to 5.9 × 10−3 S cm−1

with increasing the laser uence from 0 J cm−2 to 1.0 J cm−2,
while the corresponding conductivity activation energy
decreases from 0.77 eV to 0.18 eV. In order to further investigate
and improve the electrical properties of nanocrystalline silicon
lms, we fabricate P-doped hydrogenated amorphous silicon
lms in a radio frequency (rf) plasma-enhanced chemical vapor
deposition (PECVD) system. The KrF pulsed excimer laser irra-
diation technique is utilized to crystallize the thin hydrogenated
amorphous silicon lm and successfully fabricate P-doped nc-Si
lms. The degree of crystallinity, optical gap and electrical
properties of the P-doped lms before and aer laser irradiating
are investigated at various laser uence. It is found that P-doped
Si nanostructure with high crystallinity can be obtained by
using laser irradiation. The conductivity of P doped nc-Si thin
lms increased from 1.2 × 10−3 S cm−1 to 25.7 S cm−1 with
increasing the laser uence from 0 J cm−2 to 1.0 J cm−2.
Compared to non-doped amorphous Si and nc-Si lm, it is
found that the electric conductivity can greatly increase by P
doping and laser irradiation.

2. Materials and methods

P-doped hydrogenated amorphous silicon (a-Si:H) lms were
fabricated on quartz plates and double-polished c-Si substrates
in radio frequency plasma-enhanced chemical vapor deposition
(PECVD) system by using 1% phosphine (PH3) gas in hydrogen
(H2) mixed with pure silane (SiH4). The gas ow rate of SiH4 and
PH3 is 5 and 1 sccm (standard cubic centimeter per minute),
respectively. During the growth process, the radio frequency
power, chamber pressure and substrate temperature were kept
at 30 W, 10 mTorr and 250 °C, respectively. Aer deposition the
samples were irradiated by KrF pulsed excimer laser pulse
duration of 30 ns and with a wavelength of 248 nm. Only
a single shot was employed and the laser uence was in the
range of 0.5 to 1.0 J cm−2. The laser treatment was carried out in
ambient air at normal incidence aer padding through a rect-
angular quartz mask. The laser beam was focused and the nal
irradiation area on the lm surface was about 0.5 × 1 cm2. The
thickness of the as-deposited lm is about 360 nm. Aer laser
irradiation, it is found that the thickness of lms is almost none
changed, which implies that lms should be not damaged by
laser irradiation. As shown in the previous research work, the
lms will be ablated aer laser irradiation, and the ablation
threshold depends on pulse uence, duration and lm thick-
ness. In this work, the low laser uence and short laser pulse
duration are used to crystallize the thin hydrogenated amor-
phous silicon lm in order to minimize the damage by laser
irradiation.

Raman signals were detected by a Jobin Yvon Horiba HR800
spectrometer with the 488 nm line of an Ar+ laser as an excita-
tion light source with the power of 15 mW. During Raman
spectra registration, the micro-Raman setup was not used and
the diameter of sport was about 100 micrometers. The optical
absorption of the lms was measured at room temperature by
Shimadzu UV-3600 spectrophotometer. Bonding structures of
10698 | RSC Adv., 2024, 14, 10697–10702
samples were characterized by using Fourier-transform infrared
(FT-IR) spectroscopy (Nexus 870). The TECNAI F20 FEI high
resolution transmission electron microscopy (HRTEM) was
employed to reveal the formation of nanocrystalline silicon and
their sizes. A pair of co-planar aluminum electrodes was made
with the vacuum thermal evaporation method. The
temperature-dependent dark conductivity was measured using
a Keithley 610C electrometer. Before the measurements, all the
samples were heated at 150 °C for 30 min to remove the
absorbance from the lms and themeasurement temperature is
in a range of room temperature to 423 K.

3. Results

Fig. 1(a) shows the Raman spectra of the as-deposited sample
and the samples aer excimer laser irradiation at different laser
uence. As generally observed in the Raman spectra of nc-Si:H
lms, three peaks appear in the Raman spectra, a broad peak at
about 480 cm−1, which is characteristic the transverse-optical
(TO) vibration mode of amorphous silicon, a sharp peak at
about 520 cm−1, which is characteristic of crystalline Si, and
a peak at about 500 to 510 cm−1, which is related to the inter-
faces of Si nano-crystals with a-Si matrix. As shown in Fig. 1(a),
the Raman spectra for the as-deposited lm only displays the
broad amorphous peak centered at 480 cm−1, which implies
that the as-deposited samples are purely amorphous. As shown
in the Gaussian deconvoluted Raman spectrum of sample
irradiated with uence of 0.5 J cm−2 in Fig. 1(a), the Raman
spectra for the lms aer laser irradiation include not only the
amorphous peak at 480 cm−1, but also crystalline related peaks
at around 500 cm−1 to 510 cm−1, indicating that the lm is
composed of the amorphous phase and crystalline phase. With
increasing the laser uence, the crystalline related peak inten-
sity and position increase and shi toward 520 cm−1, indicating
the mean size of grains increases. In order to further study the
microstructures of crystallized Si lms, Gaussian deconvolution
of the Raman spectra was performed for samples. The average
grain size for the nc-Si is estimated according to the phonon
connement model.18 Meantime, the volume fraction of crys-
tallized component (Xc) is deduced from the expression Xc = Ic/
(Ic + 0.88IA), where Ic and IA denote the integrated intensities of
the crystalline and amorphous peaks, respectively.18 The inset of
Fig. 1(a) shows the average grain size and Xc in relation to the
laser uence evaluated from the Raman spectra shown in
Fig. 1(a). It can be seen that the volume fraction of crystallized
component increases from 48% to 70% as increasing the laser
uence from 0.5 J cm−2 to 1.0 J cm−2. Meanwhile, the size of
crystallized Si also increases slightly as increasing the laser
uence, and the average grain size is in the range of 2–3 nm. In
order to obtain direct evidence for the presence of Si nano-
crystals, high resolution TEM was performed to study the
microstructures of samples. As shown in Fig. 1(b), the cross-
section HRTEM image of sample irradiated with uence of 0.5
J cm−2 is given. It is found that the nanocrystals can be
observed, and the average grain size is in the range of 2–3 nm,
which is consistent with the size estimated from Raman spectra
discussed above, indicating that the size of nanocrystalline
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Raman spectra of the as-deposited sample and the samples irradiated at different laser fluence, and the Gaussian deconvoluted Raman
spectrum of sample irradiated with fluence of 0.5 J cm−2 is given (indicated by the dotted line). The inset presents the values of average grain size
and the crystalline volume fraction in relation to the laser fluence. (b) Cross-section HRTEM image of sample irradiatedwith fluence of 0.5 J cm−2

(the nanocrystalline grains are placed with white ‘circles’), and the inset is the corresponding fast Fourier transformation (FFT).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
A

pr
il 

20
24

. D
ow

nl
oa

de
d 

on
 1

/1
8/

20
26

 3
:1

5:
03

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
grains is relatively uniform in lms.19 The main orientation
[111] of the nanocrystalline silicon can be obtained from the
inset of Fig. 1(b), which is the fast Fourier transformation (FFT)
of Fig. 1(b), revealing that the nanocrystalline silicon grains of
the nc-Si:H thin lm preferentially grow in [111] orientation.
Therefore it can be concluded that nanocrystalline Si lms with
small grain size and high crystallinity can be formed by excimer
laser irradiation.

The FT-IR spectra were used to investigate the bonding
congurations of samples. Fig. 2 shows the FT-IR spectra for
samples before and aer excimer laser irradiation. It is clearly
seen that the absorption intensity of the silicon hydride varies
with the laser uence. The intense absorption band located at
640 cm−1 is connected to the wagging mode of the silicon
hydride (Si–H). In addition to the 640 cm−1, the band at
2000 cm−1 is assigned to the stretching mode of H–Si–Si3. As
shown in Fig. 2, it can be seen that the intensity of hydrogen-
related absorption bands decreases with increasing the u-
ence of laser. Quantitatively, the density of bonded hydrogen
Fig. 2 FTIR spectra of the samples before and after excimer laser
irradiation.

© 2024 The Author(s). Published by the Royal Society of Chemistry
atoms was calculated from the integrated absorption coefficient
of the Si–H wagging mode located at 640 cm−1 according to the
following equation.20,21

NH ¼ A

ð
aðuÞ
u

du (1)

where a(u) is the absorption coefficient, u is the vibration
frequency of the corresponding absorption band, and A is
a constant related to the absorption cross section of the vibra-
tion mode. For the wagging mode of Si–H bond, A is 1.6 × 1019

cm−2. We can calculate the bonded hydrogen density according
to the FT-IR spectra, which is 8.7 × 1021 cm−3, 6.6 × 1021 cm−3,
4.2 × 1021 cm−3, 4.0 × 1021 cm−3 and 2.4 × 1021 cm−3 as
increasing laser uence from 0 to 1.0 J cm−2. This result indi-
cates that the Si–H bond can be broken by laser irradiation, and
more and more hydrogen effuse from lms with the increase of
irradiation intensity.

Fig. 3 shows the relation of optical band gap as a function of
laser uence. The optical band gap was deduced from the
Fig. 3 The values of optical band gap as a function of laser fluence.
The inset gives the Tauc plots of the sample irradiated by laser with
a fluence of 0.9 J cm−2.

RSC Adv., 2024, 14, 10697–10702 | 10699
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Fig. 5 The dark conductivity of P doped nc-Si films and non-doped
nc-Si films as a function of laser fluence.
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absorption spectra by Tauc method.22 The inset in Fig. 3 gives
Tauc plot of (ahn)1/2 versus photon energy (hn) for the sample
irradiated by laser with a uence of 0.9 J cm−2. The Tauc plot of
other sample is similar, so it is not shown in the inset in Fig. 3.
It can be found in Fig. 3 that the optical band gap decreases
from 1.79 eV to 1.66 eV as increasing the laser uence from 0 J
cm−2 to 1.0 J cm−2. It is well known that the content of hydrogen
and the crystallinity of nc-Si lms could inuence the optical
band gap of nc-Si lms. The existence of more hydrogen in nc-
Si:H lms leads to a higher optical gap than the bulk Si. And
higher content of hydrogen in lm result in higher optical band
gap. Moreover, some research work report that the grain
boundary existing in the nc-Si lms would cause a higher
optical band gap. As shown in Fig. 1 and 2, the content of
hydrogen decrease with increasing the uence of laser, while
the crystallinity increases with the uence. The competitiveness
between hydrogen and crystallinity leads to the decrease of
optical band gap, implying that the reduction of hydrogen plays
a dominant role in the optical band gap.

Fig. 4 shows the typical XPS spectra of Si 2p and P 2p peaks
for the P-doped nanocrystalline Si lms. As shown in Fig. 4(a),
a strong peak at 99.3 eV is detected in the Si 2p spectrum, which
can be assigned to the Si0 signal. A relatively weak signal at
102.6 eV can also be seen, which is related to the Si4+ originating
from the oxidized Si.23 It implies that the oxygen atoms exist in
the lm mainly caused by irradiation process and exposure to
air. Fig. 4(b) shows the P 2p spectrum of the P-doped nc-Si lms.
A signal at 128.4 eV associating with Si–P bond can be found in
P 2p spectrum, which implies that P atoms have been doped
into nc-si thin lms and bonded to the Si atoms.

Fig. 5 shows the dark conductivity of P doped nc-Si lms and
non-doped nc-Si lms. It can be clearly seen that the dark
conductivity of P doped nc-Si lms is much higher than that of
non-doped ones. The dark conductivity of as-deposited P doped
and non-doped lm is 1.2× 10−3 S cm−1 and 5.1× 10−9 S cm−1,
respectively. The dark conductivity increases by six orders of
magnitude by P doping, indicating that P atoms have been
substitutionally incorporated into lms. It can be proved by the
XPS measurement results, as shown in Fig. 4(b). Because the
Fig. 4 The typical XPS spectra of Si 2p and P 2p peaks for the P-doped
nc-Si film irradiated by laser with a fluence of 0.5 J cm−2.

10700 | RSC Adv., 2024, 14, 10697–10702
ionization energy of the P atoms is low, some of the P atoms
should ionize and provide a large number of electrons. The
concentration of electrons in the lm has been increased,
leading to the increase of dark conductivity. It can be found that
the dark conductivity of P doped nc-Si lms greatly increase
with increasing the laser uence. Aer irradiating with uence
of 1.0 J cm−2, the dark conductivity reaches to 25.7 S cm−1,
while the dark conductivity of as-deposited is 1.2× 10−3 S cm−1.
The dark conductivity increases by four orders of magnitude as
the lm transitions from amorphous phase to crystalline phase
under the laser irradiation. It indicates that more P atoms are
incorporated into the nc-Si dots and locate at the substitutional
sites in the nc-Si with increasing the laser uence, resulting in
a large increase in the electron concentration. It was reported
that P atoms would preferentially passivate the dangling bond
defects at surface, and then be incorporated into the nc-Si. As
the annealing temperature is increased, more P atoms are
incorporated into the nc-Si. Other studies reported that the size
of nc-Si dots affects the efficiency of the incorporation of
phosphorus and/or boron atoms into silicon.24,25 The smaller
size of nc-Si induces higher energy of formation, which makes it
difficult for phosphorus atoms to be substitutionally incorpo-
rated into nc-Si. As shown in Fig. 1 and 2, the crystallinity and
the average grain size of nc-Si lm increase with the laser u-
ence accompany with the effusion of hydrogen. Under high
energy density laser irradiation, the nc-Si is formed and part of
P atoms diffuse to the surface of nc-Si to passivate the nc-Si
dangling bond defects, generated by the effusion of hydrogen.
Meantime, more P atoms are incorporated into the nc-Si dots
due to the increase of grain size and more efficient diffusion of
P atoms under higher laser irradiation uence.26,27 Those
incorporated P atoms are activated and provide more electrons
to the conduction band. As a result, the dark conductivity as
high as 25.7 S cm−1 is obtained in the P-doped nc-Si lm formed
by laser irradiation with a uence of 1.0 J cm−2.

Fig. 6 shows the conductivity activation energy of the as-
deposited sample and the samples aer excimer laser irradia-
tion at different laser uence by temperature-dependent
conductivity measurements. The temperature-dependent
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Conductivity activation energy as a function of laser fluence.
The inset gives the temperature-dependent conductivity of samples.
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conductivity of samples shown in the inset of Fig. 6 is in good
agreement with the Arrhenius plots, indicating that the carrier
transport processes in samples are dominated by the thermally
activated conduction mechanism.28 And the corresponding
values of the conductivity activation energy obtained by using
Arrhenius plots. It can be seen that the conductivity activation
energy is 265 meV for the as-deposited P-doped lms. Aer laser
irradiation with uence of 0.5 J cm−2, the conductivity activa-
tion energy rapidly decreases to 16.2 meV. As increasing the
laser uence from 0.5 J cm−2 to 1.0 J cm−2, the conductivity
activation energy slowly decreases from 16.2 meV to 4 meV.
Combining with dark conductivity measurement results shown
in Fig. 5, it is thought that the increase of electron concentra-
tion caused by the substitutionally incorporated phosphorus
atoms leads to the Fermi level shi toward conduction band,
contributing to decrease of the activation energy. It is noticed
that conductivity activation energy of samples irradiated by
laser uence from 0.7 J cm−2 to 1.0 J cm−2 is close to zero and
remains nearly unchanged, indicating that the electron
concentration is very high and the Fermi level pins at conduc-
tion band edge.29 As a result, the P-doped nc-Si lms have high
conductivity and the conductivity activation energy is approxi-
mate to zero. Themechanism of the electric transport should be
primarily contributed by the conduction electrons introduced
by phosphorus doping. It is concluded that nc-Si lms with high
conductivity and extremely low activation energy can be ob-
tained by phosphorus doping combined with laser irradiation
method.
4. Conclusions

The P-doped nc-Si lms were fabricated by plasma-enhanced
chemical vapor deposition technique and the KrF pulsed exci-
mer laser irradiation method. As increasing the laser uence,
the crystallinity of the lms is increased accompany with the
increase of grain size of nc-Si dots. Under higher laser irradi-
ating, more P atoms are incorporated into the nc-Si substitu-
tionally, led to the increase of electron concentration. As
increasing the laser uence, the electron concentration
© 2024 The Author(s). Published by the Royal Society of Chemistry
increases, induced the Fermi level shi to the conduction band
edge. The P-doped nc-Si lms with high dark conductivity
(25.7 S cm−1) and extremely low activation energy (4 meV) can
be obtained by using laser irradiation. The mechanism of the
electric transport is contributed by the conduction electrons
introduced by phosphorus incorporating.
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