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The increase in power density of 0.3, 0.5, 0.6, and 0.7 W cm−2 for hydrogenated amorphous and nanocrys-
talline silicon (a-Si:H and nc-Si:H) thin �lm samples prepared by plasma enhanced chemical vapor deposition
technique causes an increase in crystalline volume fraction when the silane concentration is �xed. This increase
in crystalline volume fraction is correlated to the absorption coe�cient and refractive index which are determined
from ellipsometric measurements. The crystallinity of samples is studied by both Raman and X-ray di�raction
techniques. A mild change in the optical energy gap around an average value of 1.8 eV is noticed due to the
observed change in the degree of crystallinity of the samples when power density increases. Moreover, the
ambipolar di�usion length measured by the steady-state photocarrier grating technique is found to change with
the increase in power density. The values of some obtained optical parameters are compared to a standard
crystalline sample.

PACS: 78.20.−e, 78.20.Ci, 73.61.Jc, 78.30.Ly

1. Introduction

Hydrogenated amorphous and nanocrystalline silicon
(a-Si:H and nc-Si:H) have widespread applications in so-
lar cells and transistors in addition to several other elec-
tronic devices. The importance of using both a-Si:H and
nc-Si:H is due to ability of these materials to absorb light
in di�erent ranges of wavelengths, 300�700 nm and 500�
900 nm, respectively. This also allows the expansion of
the range of light absorption in any possible fabricated
a-Si/nc-Si tandem structured solar cell and may intro-
duce a better e�ciency. The study of the in�uence of dif-
ferent deposition parameters, using the plasma enhanced
chemical vapor deposition (PECVD), on the growth of
the material is important for understanding of the ba-
sic physics of the growth process of thin �lms and then
on the fabrication of appropriate optoelectronic devices
[1�7]. The ellipsometry, which is an easy and a nonde-
structive technique, provides information about several
optical parameters like refractive index n(hν), extinction
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coe�cient k(hν), absorption coe�cient α(hν), �lm thick-
ness, and optical energy gap. Several optical studies have
been conducted using spectroscopic ellipsometry [8�10]
on a-Si:H and nc-Si:H samples. The ellipsometric data
were analyzed using the Tauc�Lorentz and Cody models.
In this paper, optical and transport properties of Si:H

thin �lm samples prepared by PECVD technique using
H2-diluted SiH4 gases, at di�erent power densities and
a �xed silane concentration, SC = SiH4/(SiH4 + H2),
are studied. These properties are correlated to some
structural aspects extracted from the Raman and X-ray
di�raction (XRD) spectra. The Raman measurements
have been conducted on the samples prepared at di�er-
ent power densities (0.3, 0.5, 0.6, and 0.7 W/cm2) when
silane concentration SC = 5.0%, and the crystalline vol-
ume fraction for each sample is found. The ellipsometric
data are collected at room temperature and analyzed for
the samples using ellipsometry. Steady-state photocar-
rier grating (SSPG) technique is used to determine the
ambipolar di�usion length. The e�ect of power density
on crystalline volume fraction, di�usion length, optical
energy gap, absorption coe�cient, and refractive index
has been discussed.

(576)
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2. Experimental techniques

2.1. Sample preparation

A set of amorphous and nanocrystalline silicon samples
(S1�S4) has been prepared by PECVD technique, using
H2-diluted SiH4 gases, at substrate temperature, pres-
sure and silane concentration of 220 ◦C, 1.6 Torr, and 5%,
respectively, but at di�erent values of power density 0.3,
0.5, 0.6, and 0.7 W/cm2. The measured values of thick-
ness of samples S1, S2, S3 and S4 are 610, 450, 440,
and 410 nm that correspond to deposition rates of 0.7,
0.7, 0.75, 0.69 W/cm2, respectively. All samples are de-
posited on Eagle 2000 Corning glass substrates.

2.2. Raman and X-ray di�raction measurements

The Raman scattering measurements were conducted
by Renishaw RM2000, where a 514 nm Ar+ excita-
tion source is used. The crystallinity of hydrogenated
nanocrystalline silicon (nc-Si:H) is extracted from the
Raman spectra. The degree of crystallinity is estimated
by �nding the crystalline volume fraction Xc.
XRD spectra are measured by Rigaku D/max2500,

where 0.153 nm Cu Kα excitation source is used.

2.3. Optical and transport measurements

The spectroscopic ellipsometry (SE) measurements are
conducted on a set of four samples using a variable an-
gle spectroscopic ellipsometry (VASE) equipped with a
goniometer. The data are collected when the measure-
ments are carried out in air at room temperature in the
wavelength range of 400�1600 nm. Here, the SE mea-
surements are obtained when the angles of incidence are
55, 65 and 75 degrees in order to attain maximum re-
�ected intensity from the sample and large oscillations
in cos(∆) values within the measured wavelength range
(where ∆ is a well-known ellipsometric parameter that
is related to the p- and s-polarized light re�ected from
the sample). The refractive index and absorption coef-
�cient, for hydrogenated amorphous or nanocrystalline
silicon (a-Si:H or nc-Si:H) thin �lms are determined by
SE in the measured wavelength range at room tempera-
ture using an optical Tau�Lorentz model. Moreover, the
energy band gap of the sample is obtained.
A standard experimental setup of SSPG technique [11]

is used to conduct measurements at room temperature.
The SSPG measurements are carried out using a He�Ne
laser of the wavelength of 632.8 nm with a photon �ux
density of 1017 cm−2 s−1. The ratio of the main beam to
small-signal beam intensities is chosen to be almost 5 in
order to satisfy the requirement of the SSPG technique
which implies that the ratio β is independent of it. The
voltage is chosen after checking that β did not depend on
it, thus insuring that the carrier distribution is governed
by di�usion- and not by drift transport. The weak beam
is chopped to a frequency of 30.8 Hz.
Coplanar Al contacts were used for these electrical

measurements where electrode distance is 12 mm. Here,
β (= Jcoh/Jincoh) which is the ratio of the small signal

current under coherent conditions with the presence of a
grating, Jcoh, to the small signal current under spatially
homogeneous illumination Jincoh, has the formula

β = 1− 2ϕ

(
1 +

4π2Lamb

Λ2

)−2

that depends on the grating period Λ [11, 12]. A well-

-known �Balberg plot of
(

2
1−β

)0.5

vs. Λ−2� which was

deduced from the above formula, gives a straight line

whose slope and intercept are equal to ϕ0.5

(2πLamb)2
and

− 1
(2πLamb)2

, respectively [11].

The most important conditions that must be satis�ed
in the SSPG experiment are: (a) the applied voltage must
be in the ohmic region of I�V curve, (b) the value of β
must not change with increasing voltage, (c) a higher
generation rate should be used in order to decrease er-
rors in the experiment for �lms with a low-level signal,
(d) surface scattering and surface recombination must
be considered, especially when nc-Si:H sample is under
study, for small grating periods (Λ < 2000 nm) and for
low illuminations.
The presence of surface scattering and recombination

may cause some deviations from the straight line of the
Balberg plot. The values of ambipolar di�usion length
Lamb and ϕ are obtained either from �tting the above-
-mentioned formula to the experimental data or from the
Balberg plot. The parameter ϕ is related to the val-
ues of γ (the exponent of the power-law dependence of
photoconductivity versus generation rate), the dark con-
ductivity reducing parameter, γd, and the grating quality
factor, γ0, accounting for light scattering, mechanical vi-
brations, the low visibility of the fringes due to the non-
ideal polarization, etc. Here, the value of ϕ is clearly
related to the quality of the surface of the �lms to op-
tical scattering and has typical values between 0 and 1
[11, 12]. The small value of ϕ may be an indication for
the roughness of the �lm surface and this leads to an
inaccurate measurement of di�usion length.

3. Results and analysis

Figure 1 shows the Raman spectra for four Si:H thin
�lms prepared at di�erent power densities. The promi-
nent peaks around 518 cm−1 may be indication for the
presence of nanocrystallites in the silicon material. The
mild shift in the peaks is an indication for the change
in the degree of crystallinity with the change in power
density. Here, the mild change in the deposition rate of
the �lm around 0.7 nm/s may have its e�ect on changing
the spectrum shift in the Raman spectra from 517.6 to
519 cm−1. The Raman results show that the crystalline
volume fraction (Xc = (I520 + I500)/(I520 + I500 + I480),
where I500, I520 and I480 are the crystalline and amor-
phous intensity peaks which are extracted from the Ra-
man scattering spectra at 500, 520, and 480 cm−1, re-
spectively, using the Gaussian �tting curves shown in
Fig. 1) increases with the increase in power density.
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TABLE

The crystalline volume fraction Xc, ambipolar di�usion length LD, roughness, Urbach energy, EU and optical
energy gap Eg for Si:H samples prepared at di�erent power densities, with �xed substrate temperature,
pressure and silane concentration (SC = SiH4/(SiH4 + H2)) of 220

◦C, 1.6 Torr and 5%, respectively. The
deposition rate for the samples changes mildly as 0.7, 0.7, 0.75, 0.69 W/cm2, due to power densities of 0.3,
0.5, 0.6, and 0.7 W cm−2, respectively.

Sample

No.

Xc

[%]

Power
density

[W/cm2]

Lamb

[nm]
ϕ

Roughness

[nm]

Eg

[eV]

EU

[meV]

S1 0 0.3 115± 1.3 0.072± 0.010 19.60± 0.077 1.761± 0.139 525± 0.013

S2 45 0.5 120± 1.5 0.142± 0.018 10.40± 0.046 1.785± 0.041 226± 0.018

S3 56 0.6 112± 1.9 0.009± 0.006 10.36± 0.053 1.747± 0.049 307± 0.043

S4 62 0.7 111± 1.0 0.017± 0.005 8.89± 0.026 1.848± 0.032 158± 0.005

The values of Xc for the samples are listed in
Table. XRD spectra (not shown) asserts the presence
of nanocrystallites in the silicon material. The increase
in power density is manifested through di�erent charac-
teristics of the developed materials, namely, (a) struc-
tural order of the amorphous network, consequently (b)
the bonded hydrogen content and (c) formation of large
strains in the �lms. The deposition induces some re-
duction in the disorder by satisfying dangling bonds and
forming some strong Si�Si bonds, etc., by the beginning
of the increase in power density. This is because the
growth precursors �nd some stable and higher energy
sites, and then allow for some crystallization of the struc-
turally disordered �lms.

The calculated dispersion curves of refractive index of
all Si:H samples at di�erent power densities are compared
to the dispersion curve of crystalline silicon (c-Si) sample
in Fig. 2. It is interesting to note that the nc-Si:H samples
have dispersion curves close to the c-Si dispersion curve
while the a-Si:H sample exhibits higher refractive indices
at the whole range of photon energies.

Furthermore, the variation of absorption coe�cient
against the photon energy for prepared Si:H samples, is
shown in Fig. 3. The absorption spectra of samples are
compared to the absorption spectrum of a c-Si sample
where the samples with high crystallinity have absorp-
tion coe�cients close to those of c-Si while those with
lower crystallinity show higher absorption, at photon en-
ergies larger than 2.0 eV. The optical absorption spec-
tra with high crystallinity (Xc = 62%) exhibit lower
absorption than the amorphous sample at smaller en-
ergies (< 2.0 eV). However, Fig. 3 shows that the op-
tical absorption for the a-Si:H sample, at larger ener-
gies (> 2.0 eV), is obviously higher than other that of
nanocrystalline samples. Moreover, at these energies, the
nanocrystalline samples at di�erent power densities ex-
hibit a mildly reduced absorption. This may be related
to the ability of those samples of higher crystallinity to
generate carriers at this range of energies [1].

The samples prepared at power density of the range
0.3�0.7 W cm−2 exhibit a change in the Urbach energy,
EU, between 158 and 525 meV, as seen in Table. This

Fig. 1. Raman spectra for Si:H samples (S1�S4) pre-
pared using PECVD technique with di�erent power den-
sity values at substrate temperature, pressure and silane
concentration density of 220 ◦C, 1.6 Torr and SC = 5%,
respectively, are shown: (a) Xc = 0, (b) Xc = 45%,
(c) Xc = 56%, and (d) Xc = 62%. The deconvolution
Gaussian curves for the nc-Si:H samples (S2�S4) are also
illustrated.

indicates that the exponential absorption tail, here, has
a range wider than that of 250�300 meV found by oth-
ers [13]. In addition, this range is obviously wider than
that 50�60 meV found for a-Si:H samples [5, 14, 15]. The
increase in the crystalline volume fraction with increas-
ing power density may cause simultaneous decrease in
the grain size and increase the number of nanocrystalline
grains. However, the decrease of the Urbach energy with
increasing power density indicates the growth of defects
and disorders which may be correlated, here, to the in-
crease in the number of nanocrystalline grains and the
accompanied grain boundaries.

Figure 4 shows the Balberg plots of our experimental
data [11, 16]. The least squares �t lines to the measured
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Fig. 2. Variation of refractive index, n, versus pho-
ton energy for Si:H samples (S1�S4) prepared with
di�erent values of power density of (a) 0.3 W cm−2,
(b) 0.5 W cm−2, (c) 0.6 W cm−2 and (d) 0.7 W cm−2

at substrate temperature, pressure and silane concen-
tration of 220 ◦C, 1.6 Torr, and 5%, respectively. The
dispersion curve of refractive index of c-Si sample is also
shown.

Fig. 3. Variation of absorption coe�cient with pho-
ton energy for Si:H samples (S1�S4) prepared with
di�erent values of power density of (a) 0.3 W cm−2,
(b) 0.5 W cm−2, (c) 0.6 W cm−2, and (d) 0.7 W cm−2.
The substrate temperature, pressure and silane concen-
tration are 220 ◦C, 1.6 Torr, and 5%, respectively. The
absorption spectrum of a typical c-Si sample is com-
pared to our absorption spectra of Si:H samples.

(
2

1−β

)0.5

vs. Λ−2 are also shown. This allows for deter-

mining the values of Lamb and ϕ when the ambipolarity
condition is ful�lled. The values of parameter ϕ = 0.114,
0.009 and 0.0172 for nanocrystalline �lms S2, S3, and S4,
respectively, are an indication of the quality of optical
scattering from surface patterns. Table shows that the
change in the value of ϕ agrees to a certain extent with
surface roughness obtained from ellipsometric analysis,

Fig. 4. Balberg plots of
(

2
1−β

)0.5

vs. Λ−2 for Si:H sam-

ples S1, S2, S3 and S4 at four di�erent power densities
of 0.3, 0.5, 0.6, and 0.7 W cm−2, respectively, and a
�xed silane concentration SC = 5%.

apart from some anomalies which may be attributed to
other factors like the optical scattering in the volume of
the nc-Si:H �lm, γ and γd, etc. With larger �lm thickness
the size of the crystallites increases, and consequently,
surface roughness increases which leads to more light
scattering [17]. Furthermore, Lamb displays some depen-
dence on sample thickness which is associated with the
Fermi level pinning at the surface. Moreover, the increase
in crystalline volume fraction of �lms due to the increase
in power density leads to an increase of the number of
nanocrystalline grains and accompanied grain boundaries
which limit charge transport parallel to the substrate and
consequently decreases Lamb. However, the resistance to
charge transport and consequently Lamb are found to ex-
hibit di�erent physical relations when grains touch each
other from that when they are not in contact [18]. For the
amorphous sample S1 (with 0.3 W cm−2 power density)
which has relatively the largest thickness (610 nm) com-
pared to that (450, 440, and 410 nm) of other samples,
the optical scattering in the volume of nc-Si �lms may
also contribute to total optical scattering and may lead
to a smaller value of ϕ [17]. However, the small value of ϕ
leads to an inaccurate measurement of di�usion length.
Moreover, a mild change in energy gap (around an av-
erage of 1.79 eV) is shown due to the increase in power
density in Table.

Most of the above results are consistent with the struc-
tural behaviour shown by the Raman spectra. How-
ever, sample S3 with power density of 0.6 W cm−2 has
a strange behaviour in both the transport and optical
properties. This may be attributed to a loose structure
of Si:H, which has a lot of defects and disorder. The ex-
istence of larger defects and disorder may be due to the
following reasons: (1) During the increase in power den-
sity (from 0.5 to 0.6 W/cm2) with the mild increase in
deposition rate (from 0.7 to 0.75 nm/s for sample S3) a
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gradual reduction in the surface reaction rate may result
due to the progressive changing of the available reaction
time, in an attempt to retain similar sample thickness
to that of the previous sample. As a result of that an
enhancement of defect level which is created by credi-
ble number of unsaturated dangling bonds, becomes in-
evitable. (2) Or deposition system instability. Such in-
crease in defects may allow for oxygen contamination in
the sample post preparation. Here, oxygen plays the role
of a donor, which causes a decrease in ambipolar di�u-
sion length. The barrier of amorphous tissue between
grain columns mainly limits the charge transport par-
allel to the substrate. Consequently, the grain column
boundaries in addition to the oxygen contamination af-
fect the ability of conduction for the nc-Si:H �lms [19].
In addition, the higher level of carriers generation, due to
this power density, that enhances a reduced absorption
at large energies can be understood. Here, this sample
exhibits higher Urbach energy and lower energy gap than
sample S2 with Xc = 45%.

4. Conclusion

The hydrogenated amorphous and nanocrystalline
silicon samples prepared by PECVD under di�erent
power densities have been investigated. The optical
parameters have been obtained from ellipsometric
measurements. These results were found consistent with
the structural behavior shown by the Raman and XRD
spectra and also with those obtained by others. The
increase in crystalline volume fraction is found correlated
with the power density when silane concentration is
kept �xed at 5%. However, the increase in crystalline
volume fraction from zero, 45, 56, to 62% leads to a
corresponding change in di�usion length as 115, 120,
112, and 111 nm and in the roughness from 19.6, 10.40,
and 10.36, to 8.9 nm, respectively. Moreover, the energy
gap changes mildly around an average value of 1.8 eV
when crystalline volume fraction changes from zero
to 62%. The behavior of our samples in visible and near
infrared region of electromagnetic spectrum may allow
them to be used in photovoltaic applications.
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