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An innovative custom-designed inductively coupled plasma-assisted RF magnetron sputtering deposi-
tion system has been developed to synthesize B-doped microcrystalline silicon thin films using a pure
boron sputtering target in a reactive silane and argon gas mixture. Films were deposited using different
boron target powers ranging from 0 to 350 W at a substrate temperature of 250 ◦C. The effect of the
boron target power on the structural and electrical properties of the synthesized films was extensively
investigated using X-ray diffraction, Raman spectroscopy, scanning electron microscopy, and Hall-effect
icrocrystalline silicon
oron doping

nductively coupled plasmas
olar cells

system. It is shown that, with an initial increase of the boron target power from 0 to 300 W, the structural
and electrical properties of the B-doped microcrystalline films are improved. However, when the target
power is increased too much (e.g. to 350 W), these properties become slightly worse. The variation of
the structural and electrical properties of the synthesized B-doped microcrystalline thin films is related
to the incorporation of boron atoms during the crystallization and doping of silicon in the inductively
coupled plasma-based process. This work is particularly relevant to the microcrystalline silicon-based

.
p–i–n junction solar cells

. Introduction

Recently, boron-doped microcrystalline silicon and microcrys-
alline Si-based alloys have attracted a great deal of attention due
o their potential application as a window layer of microcrystalline
ilicon-based p–i–n junction solar cells [1–7]. Compared to B-doped
morphous Si, this material has a higher dark conductivity, car-
ier mobility, doping efficiency, optical transparency, etc., due to
he presence of Si crystallites embedded in the amorphous Si or
i-based matrices [8–14].

In the last decade, various sources of boron such as B2H6,
(CH3)3, and BF3 have been employed to prepare B-doped micro-
rystalline Si using a range of deposition techniques including
lasma enhanced chemical vapor deposition, hot-wire chemical
apor deposition, photochemical vapor deposition, etc. [1,15–17].
owever, to the best of our knowledge, the most commonly used
oron sources are toxic. Moreover, the extra elements (such as

element in B2H6, C element in B(CH3)3, and F element in BF3)

n the boron sources may be incorporated into the synthesized
lms, which may significantly degrade the structural and elec-
rical properties of the B-doped microcrystalline Si films. We are
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not aware of any reports using a solid source for the growth of
B-doped microcrystalline Si films. In this work, a new and innova-
tive approach based on the advanced custom-designed inductively
coupled plasma (ICP)-assisted RF magnetron sputtering deposition
system has been proposed to synthesize B-doped microcrystalline
Si films. By using this approach, it becomes possible to use a solid
source of boron atoms (solid boron target) to dope microcrystalline
silicon.

2. Experimental details

A custom-designed and innovative low-frequency (460 kHz) ICP-assisted RF
magnetron sputtering deposition system, an essential component of the Integrated
Plasma-Aided Nanofabrication Facility, has been developed to synthesize B-doped
microcrystalline silicon thin films using a pure boron magnetron sputtering target
in a reactive silane and argon gas mixture [18,19]. Fig. 1 shows a schematic dia-
gram of the ICP-assisted RF magnetron sputtering deposition system used in this
work. In this custom-designed system, it is possible to use the solid boron element
as a doping source. An additional benefit is the possibility to control the plasma
production and the magnetron sputtering independently through adjusting the RF
inductive power and the RF magnetron power, respectively [20]. In the experiments
carried out here, the RF inductive power for the plasma production was maintained
at 1600 W (the plasma reactor has a diameter of 45 cm and a height of 30 cm, and

thus the RF power density has a low value of 33.3 mW/cm3 [9]) while the variable
RF magnetron power (Pmagn) ranging from 0 to 350 W was applied to the boron tar-
get. A low-pressure mixture of SiH4 and Ar gases with flow rates of 15 and 5 sccm
(sccm denotes cubic centimeters per minute at standard temperature and pressure),
respectively, was let into the chamber, pre-evacuated to a base pressure of ∼10−5 Pa
through the use of a combination of rotary and turbo-molecular pumps. The

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:shuyan.xu@nie.edu.sg
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from 0.46 at Pmagn = 0 to 26.5 W (maximum value) at a boron
target power of 300 W, and then is slightly reduced when the
boron target power is further increased, reaching a value of 12.8 at
Pmagn = 350 W. The slight decrease of I(2 2 0)/I(1 1 1) with the increased
magnetron sputtering power from 300 to 350 W suggests that the
Fig. 1. A schematic diagram of the inductively coupled

ubstrate temperature, working gas pressure, and deposition time were fixed at
50 ◦C, 2.0 Pa, and 30 min, respectively.

The samples were deposited on glass substrates for X-ray diffraction (XRD),
aman scattering, scanning electron microscopy (SEM), and Hall-effect system mea-
urements. The crystalline structure of the synthesized films was investigated using
Siemens D5005 X-ray diffractometer, operated in a locked-couple (�–2�) mode,
herein the incident X-ray wavelength was 1.54 Å (Cu K� line) at 40 kV and 40 mA.
aman measurements were undertaken by a Renishaw 1000 micro-Raman sys-
em using a 514.5 nm Ar+ laser for excitation. The surface morphology and fracture
ross-section of the deposited films were investigated using a JEOL JSM-6700F field
mission scanning electron microscope fitted with a 30 kV electron gun. The sheet
esistance and carrier concentration were obtained by the van der Pauw method
sing the Hall-effect measurement system (HL5500PC) at room temperature. Sam-
les were cut into squares of dimensions ∼10 mm × 10 mm with Al electrodes of
our 1-mm radius quarter circle placed at each corner for Ohmic contact.

. Results

The crystal structure of the synthesized B-doped microcrys-
alline Si thin films was analyzed by XRD. Fig. 2(a) presents the
RD spectra of the samples deposited at different boron target
owers from 0 to 350 W. At a boron target power of 0 W (without
urning on the RF magnetron power system), the three main diffrac-
ion peaks, located at 2� = 28.4◦, 47.3◦, and 56.1◦, are attributed to
he (1 1 1), (2 2 0), and (3 1 1) crystal planes of silicon, respectively
9,21]. One can observe that, without turning on the RF magnetron
ower system, the intensity of the (1 1 1) peak is much higher than
he intensities of the (2 2 0) and (3 1 1) peaks, suggesting that the
ure silicon film has a preferential growth along the (1 1 1) crys-
allographic direction. This preferential growth along the (1 1 1)
irection originates from the fact that the (1 1 1) crystal plane is the
losest packed Si plane and has the lowest surface energy amongst
he all Si crystal planes [9,20]. However, when the power is sup-
lied to the boron target, the preferential crystallographic growth
irection changes from (1 1 1) to (2 2 0), as shown in Fig. 2(a). The
hange of the preferential crystallographic growth direction from
1 1 1) to (2 2 0) is presumably attributed to the combined effects of
he surface energy, B-induced nucleation, lateral growth and etch-
ng [22,23]. It is noteworthy that this change of the preferential
rystallographic growth direction from (1 1 1) to (2 2 0) is particu-

arly useful for the improvement of microcrystalline Si-based solar
ell performance. Indeed, in comparison with other crystal ori-
ntations, the (2 2 0)-oriented Si films feature electrically inactive
2 2 0)-tilt boundary and compact columnar structures, which is
articularly useful for light trapping and carrier transport [22,23].
a-assisted RF magnetron sputtering deposition system.

In order to thoroughly investigate the trend in the variation of
the (1 1 1) and (2 2 0) crystallographic directions with the increase
of RF magnetron power Pmagn from 0 to 350 W, we have plotted the
integrated XRD intensity ratio of the (2 2 0) to (1 1 1) peaks (des-
ignated as I(2 2 0)/I(1 1 1)) as a function of the boron target power
in Fig. 2(b). One can observe that I(2 2 0)/I(1 1 1) initially increases
Fig. 2. (a) XRD spectra of the samples deposited at different boron target powers
from 0 to 350 W. (b) The integrated XRD intensity ratio of the (2 2 0) to (1 1 1) peaks
(designated as I(2 2 0)/I(1 1 1)) as a function of the boron target power.
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shown in Fig. 4(b) reveals that the deposited film develops as a ver-
tically aligned columnar structure with clear boundaries between
the individual columnar grains. This columnar structure is bene-
ficial for effective light trapping and carrier transport in Si-based
thin-film solar cell applications [9].
ig. 3. (a) Raman scattering spectra of the samples deposited at different boron
arget powers. (b) A typical deconvolution of the Raman spectrum of the sample
eposited at a boron target power of 300 W. (c) The estimated crystalline volume
raction XC as a function of the boron target power.

rystallinity degree of the synthesized B-doped microcrystalline sil-
con films is diminished above a certain value of the boron target
ower. This is confirmed by Raman measurements below.

The crystallinity of the deposited films was further studied by
aman spectroscopy. Fig. 3(a) represents the Raman scattering
pectra of the samples deposited at different boron target powers.
he dominant peak in all the spectra is located at approximately
20 cm−1 and is attributed to the transverse optical mode of crys-
alline Si, indicating that all the deposited films are in the state of
rystalline phase [24].

For detailed study of the variation of the degree of crys-
allinity of the deposited films, we have deconvoluted the dominant
aman peak into three independent Gaussian peaks: a crystalline

−1
ilicon narrow peak near 520 cm , an intermediate peak near
00–510 cm−1 (attributed to small crystallites or grain bound-
ries), and a broad peak centered at 480 cm−1 (characteristic of
he amorphous silicon phase) [23,25]. Fig. 3(b) displays a typical
econvolution of the Raman spectrum of the sample deposited at
Compounds 499 (2010) 166–170

Pmagn = 300 W. The crystalline volume fraction XC can be deduced
from the deconvoluted spectra through the sum of the integrated
intensities of the individual crystalline and intermediate Si peaks
divided by the total sum of the integrated intensities of the indi-
vidual crystalline, intermediate, and amorphous peaks.

Fig. 3(c) shows the estimated crystalline volume fraction XC,
deduced from the deconvoluted spectra, as a function of the boron
target power. Without applying any RF magnetron power to the
boron target, XC has a low value of 22%. However, when a low
RF power is applied to the boron target (Pmagn = 50 W), XC rapidly
increases to 54%. Then, XC keeps increasing until a boron tar-
get power of 300 W is reached. With a further increase of Pmagn

from 300 to 350 W, XC displays a slight reduction from 88% at
Pmagn = 300 W to 80% when the boron target power reaches 350 W.

The morphological and microstructural properties of the
deposited films were studied by SEM. Fig. 4(a and b) presents the
typical surface morphological and cross-sectional images of the
sample deposited at a boron target power of 300 W. As shown in
Fig. 4(a), the B-doped microcrystalline film has a clearly faceted
morphology with a hexagonal shape. With careful examination, one
can observe that the microstructure contains ultra-small nanopar-
ticles with sizes of a few nanometers. The cross-sectional imaging
Fig. 4. (a and b) The typical surface morphological (a) and cross-sectional (b) images
of the sample deposited at a boron target power of 300 W.
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Fig. 5. Variation of the sheet resistance with the boron target power.

The electrical properties of the deposited films were inves-
igated using the Hall-effect system. The variation of the sheet
esistance with the boron target power is presented in Fig. 5.
nitially, the sheet resistance decreases markedly by one order
f magnitude from 4.1 × 104 to 4.8 × 103 ohm/square with the
ncrease of the boron target power from 0 to 50 W. However, with
further increase of the boron target power until 300 W, although

he sheet resistance keeps decreasing, it does not vary significantly,
eaching the lowest value of 456 ohm/square at a boron target
ower of 300 W. With a further increase of Pmagn from 300 to 350 W,
he sheet resistance increases slightly from 456 to 865 ohm/square.
t is worthwhile to mention that the variation of the carrier con-
entration shows a reverse trend to the sheet resistance when the
oron target power is increased. With the increased Pmagn from 0 to
00 W, the carrier concentration 5 × 1016 cm−3 at Pmagn = 0 W to a
aximum value of 4.8 × 1019 cm−3 at Pmagn = 300 W. However, with
further increase of Pmagn from 300 to 350 W, the carrier concen-

ration decreases slightly from 4.8 × 1019 cm−3 to 4.1 × 1019 cm−3.

. Discussion

XRD, Raman, and sheet resistance analyses reveal that, with
n initial increase of the boron target power from 0 to 300 W,
he structural and electrical properties of the deposited B-doped

icrocrystalline films are improved. The highest crystalline volume
raction of 88%, the lowest sheet resistance of 456 ohm/square, and
he highest carrier concentration of 4.8 × 1019 cm−3 are obtained at
boron target power of 300 W. However, when the target power

s increased too much (e.g. 350 W), the structural and electrical
roperties of the synthesized films become slightly worse. These
xperimental results are related to the incorporation of boron
toms into the Si lattice during the crystallization of silicon in the
nductively coupled plasma-based doping process [26].

In comparison with an RF capacitive discharge where RF power
s coupled into the plasma by electrostatic coupling, the power is
ransferred across a dielectric window via electromagnetic cou-
ling in ICP discharges operated in the electromagnetic mode.
his non-capacitive power transfer is effective in reducing plasma
heath potentials at wall surfaces, electrodes and substrates, and
herefore diminishes the bombarding energy of the ions impinging
n the growth surface [18,27,28]. It also provides an independent

ontrol of the ion/radical fluxes and ion-bombarding energy. More-
ver, the inductively coupled plasma source features high-densities
f electrons and ions. The typical plasma density achieved in the
CP discharge is about a factor of 10–100 times higher than those
roduced by capacitive discharges under quite similar conditions
Compounds 499 (2010) 166–170 169

[18,27,28]. As such, ICP-enhanced chemical vapor deposition has
attracted a great deal of interest for low-pressure, low-temperature
material processing [9,18,29,30]. In particular, by using an external
source of high-density ICPs, one can dramatically increase the sput-
tering yield from solid targets in magnetron sputtering deposition
systems [18–20,31,32]. This is because the plasmas can significantly
enhance the dissociation and ionization of carrier gases via strong
electron impact reactions, which in turn leads to much larger ion
fluxes impinging on the sputtering surface [18–20,31–33].

We stress that the crystallization process of microcrystalline
Si in the ICP-based process is quite different from the standard
(13.56 MHz) capacitively coupled RF plasma-based process. In the
capacitively coupled RF plasma-based process, the high RF power
and heavy hydrogen dilution are routinely used to enable the crys-
tallization of silicon [8,15]. This is because, under such conditions,
a large coverage factor of hydrogen on the growing surface can
be achieved, which facilitates the crystallization of silicon through
the reduction of the surface reactivity of the Si-based radicals and
the associated surface diffusion activation barriers [30,34,35]. How-
ever, this process frequently significantly degrades the film quality
because of the formation of powder particles and the heavy ion
bombardment of the growth surface [35–37]. In contrast, in the
ICP-based process, heavy hydrogen dilution and/or high RF power
are not essential for Si crystallization because of the outstanding
dissociation ability of the high-density inductively coupled plas-
mas. Thereby, the large coverage factor of hydrogen on the growth
surface, a prerequisite for the crystallization of Si, can be deliv-
ered via the highly effective dissociation of silane precursor in the
ICP-based process even without any hydrogen dilution. A detailed
study of the crystallization process of the undoped (intrinsic) sil-
icon in the ICP-based process has been presented in our previous
works [9,23,30,38].

5. Conclusions

In summary, a custom-designed ICP-assisted RF magnetron
sputtering system has been proposed to synthesize B-doped micro-
crystalline silicon films from the silane and argon precursor gases
without any additional hydrogen dilution at a substrate temper-
ature of 250 ◦C. A broad range of advanced characterization tools
have been used to study the structural and electrical properties
of the synthesized films when the input boron target power is
varied from 0 to 350 W. In particular, at a boron target power
of 300 W, the film features the highest crystalline volume frac-
tion of 88%, the lowest sheet resistance of 456 ohm/square, the
highest carrier concentration of 4.8 × 1019 cm−3, and also exhibits
a preferential growth along the (2 2 0) crystallographic direction.
The SEM cross-sectional analysis also reveals a vertically aligned
columnar structure. The obtained experimental results have been
interpreted in terms of the effects of substitutional boron atoms
on the crystallization and doping processes of silicon in the high-
density inductively coupled plasma-based process.
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