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Influence of Boron doping on microcrystalline
silicon growth*
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Microcrystalline silicon (pc-Si:H) thin films with and without boron doping are deposited using the radio-frequency

plasma-enhanced chemical vapour deposition method. The surface roughness evolutions of the silicon thin films are

investigated using ex situ spectroscopic ellipsometry and an atomic force microscope. It is shown that the growth

exponent 3 and the roughness exponent « are about 0.369 and 0.95 for the undoped thin film, respectively. Whereas,

for the boron-doped pc-Si:H thin film, § increases to 0.534 and « decreases to 0.46 due to the shadowing effect.
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1. Introduction

Microcrystalline silicon (uc-Si:H) films!' =3 have
been a subject of extensive studies because of their
importance in device applications.[* The boron-doped
pe-Si:H in a pe-Si:H solar cell plays the roles of seed,
window layer and forms a junction. Its properties are
crucial in obtaining high efficiency solar cells. As a
fast, non-destructive and precise optical tool, spectro-
scopic ellipsometry (SE)5~8] has been used to study
the growth mechanism of the pc-Si:H film, for exam-
ple, Kurmar et al.”) studied a-Si:H and pc-Si:H films
obtained by glow discharge deposition using SE. Kohd
et al.l'% studied the effect of different boron dopant
source gases on the nucleation and growth of p-type
pe-Si:H film using real-time SE. Gu et al.'!! analysed
the growth model of the pc-Si:H film deposited with
the very high frequency plasma-enhanced chemical va-
por deposition (VHF-PECVD) method using ex situ
SE. However, the growth mechanism of the boron-
doped pc-Si:H has been less analysed using SE.

In this paper, ex situ SE, atomic force microscopy

(AFM) and Raman spectroscopy are used to study
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the structural characteristics of doped and undoped
pe-Si:H thin films. A comparison between the SE and
the AFM measurements of the pc-Si:H thin film sur-
face roughness is made to reveal the growth mecha-

nism of the p-type uc-Si:H film.

2. Experimental details

pe-Si:H thin films with and without boron dop-
ing were deposited on glass substrates using a con-
ventional capacitive coupled radio-frequency plasma-
enhanced chemical vapor deposition (RF-PECVD)
system. The deposition parameters were as follows.
The total gas flow was 200 sccm,'? the distance be-
tween two electrodes was fixed at 2.5 cm, and the
plasma power and the deposition pressure were 150
W and 266 Pa, respectively. The silane and diborane
concentrations are defined asl'3l Cg; = Fsin,/(Fuo +
Fgsin,) and Cp = Fp,u,/Fsin,, respectively, where
Fsin,, Fu, and Fp,pi, represent the flow rates of SiHy,
Hs; and BsoHg, respectively. Two series of undoped

thin films were prepared. Series A was deposited at
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a substrate temperature of 150 °C and Cs; = 1%,
while series B was deposited at a substrate tempera-
ture of 180 °C and Cgs; = 1.5%. For the boron-doped
thin films, the substrate temperature was 180 °C,
Cs; = 1.5% and Cg = 0.4%.

After the deposition, the SE parameters sensitive
to surface properties were measured in time by SE.
The incident angle was fixed at 70°. The optical spec-
tra in the range from 200 nm to 1000 nm were mea-
sured in steps of 10 nm. The SE parameters ¢ and
A were fitted by using WVASE32 software. The sur-
face morphologies and the root-mean-square (RMS)
roughness of the boron-doped pc-Si:H thin films were
taken over an area of 2 pm X 2 pm using an atomic
force microscope (SHIMADZU SPM-9500 J3) in con-
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Fig. 1.

tact mode. The film crystallinity was characterized
by Raman spectroscopy using a Renishaw 2000 Ra-
man spectrometer with 632.8 nm laser excitation. The

output power was 5.32 mW.

3. Results and discussion

Figure 1 shows the AFM surface images of the
boron-doped pc-Si:H thin films with different film
thicknesses. With progressive growth of the film,
smaller grains tend to cohere with their adjoining
ones, i.e., start to conglomerate and grow upward and
laterally, acquiring a columnar shape.['¥] The grains

and their conglomerates exhibit different shapes and

different sizes with the film growth.
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AFM surface morphologies of boron-doped pc-Si:H thin films with different film thicknesses: (a)112 nm,

(b)145 nm, (c) 190 nm, (d) 223 nm, (e) 274 nm and (f) 309 nm.
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Figure 2 shows the SE spectra of boron-doped
pe-Si:H thin films with different film thicknesses. The
number of wave hollows increases with the increase
of the thickness of the film. The change of parame-
ters ¢ and A shows the film structural transforma-
tion. The structural characteristics can be obtained
from SE spectra fitting.

Figures 3(a) and 3(b) show the measured disper-
sion relations of the imaginary components of pseudo-
dielectric function (e2) for the undoped and the boron-
doped pc-Si:H thin films with different deposition

times, respectively. The dielectric function &5 for the
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films shows strong shoulders near E; (~3.5 e¢V) and
Es (~4.2 eV), revealing a crystalline structure. These
peaks are related to the critical points in the joint den-
sity of states of the single crystal silicon and are very
sensitive to the size and volume of the crystallites.
In general, the (eg2) spectra include data on the film
thickness, the bulk optical constants and the surface
roughness.'"] The amplitude of (e5) in the high en-
ergy part of the spectra continuously decreases, which

is accompanied with a red-shift as the deposition time

increases. This is a characteristic of an increase of
surface roughness.[16:17]
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Fig. 2. SE spectra of boron-doped pc-Si:H films with different thicknesses: (a) 112 nm, (b) 145 nm, (c) 223 nm and
(d) 309 nm. The dashed lines denote the fit spectra using the three-layer model.
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Fig. 3. Evolutions of the imaginary components of the pseudo-dielectric function (e2) for (a) undoped and (b)

boron-doped pc-Si:H thin films with different deposition times.
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According to the KPZ model,'819) film surface
roughness dg and film thickness d satisfy the relation
ds ~ dP, where 3 is the growth exponent related to the
film growth mechanism.?”) The 8 = 1/2, 1/3 and 0
denote the processes of zero diffusion limited random
growth, finite diffusion growth and step flow growth,
respectively. The surface roughness varies with the
film thickness.

Figure 4 shows the RMS roughness measured by
AFM (o,ms) and the top surface layer thickness dg de-
duced from the SE fittings. The roughness measured
by SE is higher, while that measured by AFM is lower
for the same sample. The deviation is attributed to
the different measurement mechanisms. The relation-
ship between ds and o, found in our case is simi-
lar to that observed by Sanjay et al.'* and Fujiwara
et al.?Y Therefore, the possibility of the SE method
to accurately calculate the thickness and the surface
roughness of the film is demonstrated.

The log—log plots of the surface roughness and
layer thickness dg versus film thickness d are shown
in Fig. 4. In the case of the undoped pc-Si:H films
deposited at 150 °C, the value of 5 = 0.395 is close
to 1/3, namely, the limited diffusion model, and [
decreases to 0.369 with the deposition temperature
increasing to 180 °C. The decrease of § indicates the
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enhanced diffusion of the precursors on the surface at-
tributable to the increase of the surface temperature.
A similar roughness increase is observed in the uc-
Si:H growth on a Si (111) substrate at temperatures
around 150-200 °C.1?2l However, for the boron-doped
thin films deposited at 180 °C, [ increases rapidly to
0.534, which is larger than 0.5 for the zero diffusion
limited random growth in scaling theory.

Raman spectroscopy is a useful tool to study
the crystallinity (X.) of thin films, X. = (Is10 +
Iso0)/(Iss0 + Is10 + I520),128 where Isp0 and I5io are
the intensities of the crystalline-like peaks, whereas
I450 is the intensity of the amorphous-like peak due
to the transverse optic Si—Si vibration in the Raman
spectra. Figures 4(a) and 4(d) show the dependence of
the X, on the thickness of the doped and the undoped
films, respectively. For the undoped films, the X, in-
creases rapidly with the film thickness increasing from
52 nm to 162 nm. For the doped thin films, the X,
increases rapidly then slightly and becomes saturated,
as the thickness changes from 112 nm to 309 nm. It
can be seen that the films deposited under different
conditions are both crystallized and the X, increases
with the increase of the thin film thickness. Increasing
the thin film thickness will result in an increase of the
size of the grain.
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Fig. 4. Variations of surface roughness layer thickness and X. with the film thickness for (a) boron-doped and (c)
undoped pe-Si:H thin films deposited at 180 °C and (d) undoped pc-Si:H thin films deposited at 150 °C. (b) Correlation

between RMS and ds for the boron-doped films.
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The quantitative information about the surface
morphology can be obtained from the height—height
correlation function H(r) defined as?42°l

r¥e. r&(,
w2, >,

1161 = (i)~ o) ~ {
where r is the position in the plane perpendicular to
the growing direction, h(r) is the surface height at
position r, bracket { ) denotes the spatial and ensem-
ble average, « is the roughness exponent related to
the short-range regime and describes how "wiggly’ the
local slope is, ¢ is the lateral correlation length and
w is the RMS surface roughness. Figure 5 shows the
H (r) curves for the undoped and the boron doped thin
films, each as a function of the distance. The H(r)
is calculated from the AFM images for the undoped
and the boron-doped films. It is shown that the H(r)
curves are not parallel to each other until the depo-
sition time reaches 60 min. However, for the boron-
doped thin films, we can see that the H(r) curves are
parallel to each other. The « is 0.95 for the undoped
pe-Si:H films, while it decreases to 0.46 for the boron-
doped ones.
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Fig. 5. The H(r) curves for undoped and boron doped
thin films, each as a function of r, plotted in log—log scale.
A conventional dynamic scaling approach can al-
ways be used to describe the morphological evolution

of a growth front. The o« and 3 are two scaling ex-
ponents presenting different meanings. « is sensitive
to the local surface structure and ( is related to the
time-dependent long-range surface feature. In theory,
a larger value of « corresponds to a locally smoother
surface structure and a smaller value of o corresponds
to a more jagged local surface morphology. For the
boron-doped thin film, g is 0.534, which is larger than
0.5 for the zero diffusion limited random growth in the
scaling theory. There are some roughening increasing
mechanisms. First, BoHg may have a catalytic effect.
B-containing radicals on the substrate surface at the
initial stages of the p-layer growth act as catalysts to
shift the attaching—detaching equilibrium of the SiH,
precursors toward the attaching direction. As a result,
highly dense nuclei have been observed in a short de-
position time.['%) We also take into account the shad-
owing effect, i.e., some surface points are shadowed
from the incident flux of particles due to high surface
features nearby. The shadowing effect results in the
non-uniform distribution of the incident flux on the
growing surface. The local low surface receives fewer
incoming particles than the high surface. The strength
of the shadowing effect is closely related to the sticking
coefficient of the precursor, which is the probability of
the impinging flux reacting with the substrate.?6! Re-
cently, Pelliccione et al.?") used Monte Carlo simula-
tions and experimental results to show that during the
film deposition a mound structure could be formed.
The formation of a mound structure is due to a non-
local growth effect, such as the shadowing, which leads
to the breakdown of the self-affinity of the morphol-
ogy described by the well-established dynamic scaling
theory.

The nonlocal effect, such as shadowing, along
with the redistribution of the atoms reflected from the
surface due to the nonunity sticking coefficient!?%! can
play an important role in determining surface mor-
phology during the growth. The nonlocal effect gives
rise to a mound structure that cannot be described
within the context of self-affinity. The primary non-

local growth effect is the shadowing effect,[25:29]

ie.,
taller surface features block the incoming flux from
reaching lower lying areas of the film. This allows
the taller surface features to grow at the expense of
the shorter ones, leading to coarsening of the surface.
Shadowing is an inherently nonlocal process, because
the shadowing of a surface feature depends on the
heights of all other surface features, not just close or

local ones.[27]

096801-5



Chin. Phys. B Vol. 20, No. 9 (2011) 096801

During p-type film growth, the doped boron can
promote nucleation and re-nucleation, and can in-
crease the nucleation density, resulting in a change
in the growth model. If only the shadowing effect is
present, we would expect = 1, no matter how small
the shadowing effect is.?6] Therefore, there may exist
mechanisms other than shadowing and the nonlocal
effect. The formation mechanism may be correlated
with the surface hydrogen.!??! The growth mechanism
of the boron-doped Si thin film needs to be further
studied.

4. Conclusion

Microcrystalline silicon (pe-Si:H) thin films with
and without boron doping are deposited using the RF-
PECVD method. The surface roughness evolution of
the silicon thin film is investigated using ex situ SE
and AFM. A high degree of correlation exists between
the two measurements. Based on the KPZ model, the
growth behaviour of the pc-Si:H thin film is studied.
The growth exponent 5 and the roughness exponent
a are 0.369 and 0.95 for the undoped thin film de-
posited at a substrate temperature of 180 °C, respec-
tively. The g value corresponds to the limited diffu-
sion model. The growth exponent 3 increases with
the decrease of the deposition temperature. However,
for the boron-doped pc-Si:H thin film, § increases to
0.534, and « decreases to 0.46. To some extent, the
formation mechanism is correlated with the shadow-
ing effect and the nonlocal effect. Due to the boron
catalysis effect, the reaction radical BH, aggregation
is promoted, which results in the shadowing effect.
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