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Abstract
In this work we investigated a novel approach to elaborate hydrogenated nanocrystalline silicon (nc-Si:H) thin films using 
microwave plasma enhanced chemical vapor deposition (MW-PECVD) system, used as an efficient silicon surface passiva-
tion layer. We studied the effect of the hydrogen flow rate on the structural, morphological and optical properties of nc-Si:H 
thin films. Obtained results confirm its crucial role on the properties of the resulted thin films. Optimized hydrogen flow rate 
allowed an hydrogenated nanocrystallites (nc-Si:H) with around 80% of a crystallization phase which is a high percentage 
compared to previous works. The XRD analysis was supported by Raman spectroscopy, indicating the pure phase of cubic 
structure with a preferred orientation along (111) plane. The average grain size was found to vary between 7 and 16 nm. 
The surface morphology of the deposited thin films was carried out using atomic force microscopy (AFM), showing a clear 
dependence of surface roughness with the hydrogen flow rate. The refractive index of the obtained thin films was evaluated 
by means of the Bruggeman effective medium approximation (BEMA). The optical band gap and the porosity of the films 
were deduced from spectroscopic ellipsometry measurements and results were found strongly correlated with XRD and AFM 
analysis respectively. Moreover, the minority carrier lifetime measurements (MCL) prove the effectiveness of the subjected 
treatment for a high quality nc-Si:H thin film and its crucial role as a passivation layer of crystalline silicon substrate, reveal-
ing a significant improvement of their optoelectronic properties.

1  Introduction

The hydrogenated nanocrystalline silicon (nc-Si:H) is 
a mixed phase material consisting on the deposition of 
embedded silicon nanocrystallites into an amorphous 
matrix. The nc-Si:H thin films are a promising candidate 
for the fabrication of high performing optoelectronic 
devices such as thin films solar cells [1, 2, thin films 

transistors (TFT) [2] and novel electronic devices [3]. 
Compared to hydrogenated amorphous silicon (a-Si:H), 
this material (nc-Si:H) has become a very suitable semi-
conductor for increasing the carrier mobility allowing 
the improvement of TFT stability and higher efficiency 
of solar cells conversion through the reduction of carrier 
recombination [4, 5]. Besides, hydrogenated nanocrystal-
line silicon thin films present very interesting optical prop-
erties for photovoltaic devices compared to a:Si-H: larger 
band gap energy and a near direct band gap [6]. In addition 
to those qualities, nc-Si:H thin films contribute to a stable 
passivation of silicon by neutralizing of danging bonds 
and the removal of trapping states [7]. Those properties 
depend essentially on the nanocrystallite size and the frac-
tion of the crystalline phase of the films. Consequently, 
the deposition parameters of nc:Si-H thin films plays a 
crucial role for obtaining the desirable physical properties 
allowing higher solar radiation absorption without affect-
ing the series resistance [8]. Several techniques were used 
to elaborate hydrogenated nanocrystalline silicon thin 
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films such as very high frequency (VHF) PECVD [9], hot 
wire chemical vapor deposition (HW-CVD) [10], electron 
cyclotron resonance (ECR) CVD [11], and low-pressure 
chemical vapor deposition (LPCVD) [12]. In this work, 
micro-waves plasma enhanced vapor deposition (MW-
PECVD), which is a promising deposition technique for a 
various type of materials, was used to elaborate nc:Si-H 
thin films. The influence of optimized hydrogen flow rate 
on the structural, optical and morphological properties 
was investigated. Also, with MCL measurements, we will 
prove the efficiency of this novel elaboration method as an 
efficient passivation route of crystalline silicon substrate 
for an enhanced optoelectronic properties.

2 � Experimental details

Hydrogenated nanocrystalline silicon nc-Si:H thin films 
were deposited using micro-waves PECVD on p-type 
monocrystalline (100) silicon substrate (Cz, 5–10 Ω cm). 
A mixture of SiH4, H2 and Ar was used as precursor gases. 
The silicon precursor gas is diluted in Ar environment 
with [SiH4]/[Ar] = 5%. The silicon wafers were cleaned in 
a CP4 solution which contains: 64% HNO3, 16% HF and 
20% CH3COOH during 20 s then, they was rinsed with 
deonized water. The second step of cleaning the silicon 
substrates (c-Si) consisted on rinsing them with acetone 
and ethanol respectively, then in deonized water. The nc-
Si:H thin films were deposited with a fixed flow rates of 
Ar and SiH4 equal to 151 and 60 sccm respectively, and 
the substrate temperature was kept fixed with the micro-
waves power at 250 °C and 1000 W respectively. In order 
to study the effect of hydrogen gas on the properties of 
the films, different flow rates of hydrogen was introduced 
during the synthesis of nc-Si:H thin films. XRD measure-
ments were obtained using Bruker D8 advance (Cu Kα 
line λ = 1.54056 Å). The crystalline volume fraction and 
films vibrational modes of the samples were studied using 
Raman spectroscopy (Jobin–Yvon spectrometer T 64,000 
model equipped with a CCD camera cooled, 488  nm 
wavelength laser). The FTIR spectra of nc-Si:H thin films 
were recorded using FTIR spectrophotometer (OMNIC) 
to investigate the configuration of silicon hydrogen bond-
ing in the infrared region 500–2500 cm−1. The surface 
morphology of nc-Si:H was studied using an atomic force 
microscopy (AFM) using the tapping AFM mode. The 
spectroscopic ellipsometry (SE) measurements were made 
using an ex situ spectroscopic ellipsometer (Sopra model) 
equipped with goniometer in the range of 250–840 cm−1 
at incidence angle of 70°. Finally, minority carrier lifetime 
(MCL) measurements were carried out with a WCT-120 
photo-conductance lifetime tester [13].

3 � Results and discussion

3.1 � Structural properties

The X-ray diffraction (XRD) patterns of the prepared nc-Si:H 
thin films with different hydrogen flow rates (FH2) are reported 
in Fig. 1. The obtained results indicates the presence of three 
well defined peaks located at 28.4°, 47.3° and 56° assigned to 
(111), (220) and (311) lattice planes respectively of the cubic 
Si structure. The films have a preferential growth along (111) 
plane and the intensity of this diffraction peak increases as we 
increase the hydrogen flow rate. This behavior is highlightened 
through the RAMAN spectroscopy measurements illustrated 
in Fig. 3 [14]. The texture coefficient ( TC(hkl) ) was introduced 
in order to indicate the preferred orientation of the prepared 
samples, shown in Fig. 2. This parameter gives an idea about 
the number of grains along the considered (hkl) plane and a 
rise of TC(hkl) is a result of an increased number of grains along 
the studied (hkl) plane. The texture coefficient of the prepared 
thin films were estimated using the following equation: 

where I(hkl) is the intensity of the (hkl) plane of the thin film, 
I
0(hkl) is the intensity of (hkl) plane of the reference sample 

taken from the JCPDS 27-1402 card, and N is the number of 
diffraction peaks under consideration. Samples that present 
TC(hkl) > 1 exhibit a preferred orientation along that plane, 
and samples with randomly oriented grains implyTC(hkl) ≈ 1 . 
The preferred growth of the Si-H films changes from (311) 
plane to (111) plane with increasing FH2 withTC(311) > 1 for 
19 and 29 sccm and TC(220) > 1 for 39 sccm. On the basis of 

(1)TC(hkl) =
I(hkl)∕I0(hkl)

N−1
∑
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Fig. 1   The X-ray spectra of nc-Si:H films deposited under different 
hydrogen flow rates
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the obtained results, a small change in the hydrogen flow rate 
contributes to significant modification of the grain growth 
in the deposited films.

Raman spectroscopy is a sensitive and powerful tech-
nique allowing the identification of structural properties of 
amorphous-crystalline mixed phase silicon based thin films. 

The obtained Raman spectra were recorded in the range of 
450–550 cm−1 as illustrated in Fig. 3, showing the presence 
of an asymmetric broad peak describing a mixture of two 
phases: amorphous and nanocrystalline structures [15], for 
all the prepared nc-Si:H thin films.

In order to obtain more details about the structural phases 
of the films, the obtained Raman spectra of the prepared 
samples were deconvoluted and fitted as a sum of three 
Gaussian component peaks as indicated in Fig. 4. The first 
peak located at around 480 cm−1 correspond to TO vibra-
tional mode of a-Si:H (amorphous hydrogenated silicon 
phase) and the second peak (500–510 cm−1) corresponds 
to an intermediate structural phase with the presence of the 
thermodynamically stable ultra-nanocrystalline grains (1 
to 2 nm) [16]. It was also reported by other authors that 
this peak can also be assigned to the dilatation of the Si–Si 
bonds near the grain boundaries [17]. The third Gaussian 
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Fig. 2   Texture Coefficient ( TC(hkl))
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Fig. 3   Raman spectra of the nc-Si:H films at various hydrogen flow 
rates
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Fig. 4   Typical deconvoluted Raman spectrum of deposited films at 
hydrogen flow rates a FH = 9 sccm and b FH = 39 sccm
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peak located around 520–521 cm−1 is attributed to the pure 
nanocrystalline phase of Si-H TO vibrational mode which 
is the matter of interest of this work. In order to estimate 
the percentage of this crystalline phase, the nanocrystallite 
volume fraction (Fc) was evaluated using the following for-
mula [18]. 

where I1, I2 and I3 are the integrations of the peaks associ-
ated to the crystalline phase, the intermediate phase, and the 
amorphous phase respectively. Furthermore, we estimated 
the crystallite size of nc-Si:H thin films using this equation 
[19]:

where �� is the peak shift compared to the c-Si and B is a 
constant equal to 2.24 cm−1 nm2 for silicon [20].

As seen in Table 1, the effect of increasing the flow rate 
of hydrogen during the synthesis of nc-Si:H is clearly seen 
through the shift of the third Gaussian peak’s position from 
520.2 to 521.4 cm−1. The variation of FH2 can be accom-
panied by an expansion of crystallite size values as listed 
in Table 1. Both latter phenomena lead us to deduce that a 
higher hydrogen flow rate promotes the formation of Si–Si 
bonds.

3.2 � FTIR spectroscopic analysis

To investigate the influence of H2 flow rates on the chemi-
cal structure of nc-Si:H thin films, FTIR measurements 
were carried out in transmission mode and the obtained 
curves are shown in Fig. 5. In this figure, we can notice the 
presence of well-defined absorption peaks corresponding 
to various vibrational modes of Silicon-Hydrogen bands. 
Bands appearing at 621 cm−1 and 854 cm−1 are attributed 
to the Si-Hn wagging mode [21, 22] and to the Si-H2/ (Si-
H2)n bending vibration mode (isolated or coupled) [20, 22], 
respectively, as indicated in Fig. 5. A band corresponding 
to the stretching vibrational mode of Si–O–Si was obtained 

Fc = (I
2
+ I

3
)∕(I

1
+ I

2
+ I

3
)

dRam = 2�

√

B

Δ�

in all the FTIR spectra [23]. Furthermore, we can notice 
the presence of a broad absorption band located at about 
2100 cm−1 for all the made thin films, which corresponds to 
the superposition of two absorption bands : stretching vibra-
tional modes of both Si–H at 2060 cm−1 and Si–H2/(Si–H2)n 
complexes at 2130 cm−1 [24, 25]. The intensity of absorp-
tion bands exhibit a decreasing tendency with increasing 
the hydrogen flow rate, showing that higher introduced FH2 
during the synthesis of the films reduce the amount of Si-H 
bonds. This correlates well with the previously reported 
results in the structural analysis. Indeed, more the amount 
of Si–H bonds is reduced, more the Si–Si bonds are likely to 
be formed. This behavior can be explained by the chemical 
annealing model that consist of chemical reactions between 
the hydrogen spices present in the plasma and the silicon-
bonded hydrogen at the surface and inside the deposited thin 
films [25]. Thus, this process includes the formation of H2 
molecules through the recombination of the hydrogen spe-
cies in the plasma and the hydrogen species present in the 
film.

3.3 � AFM surface analysis

We investigated the surface morphology of the deposited 
thin films by means of the Atomic Force Microscopy (AFM) 
and the obtained images 2D are illustrated in Fig. 6a, b. All 
the deposited nc-Si:H thin films by micro-waves PECVD 
exhibit small spherical shape clusters. It is clearly seen in 
Fig. 6a that the smallest hydrogen flow rate contributed to 
homogeneous and uniform hydrogenated silicon nanocrys-
tals compared to those with higher flow rates that tends to 
form agglomerated clusters as specially seen in Fig. 6d. This 
can be caused by the reduction of Si–H bonds with higher 
FH2 that promotes the nucleation of silicon nanocrystals. 
The root-mean-square (RMS) roughness of the prepared thin 

Table 1   Peak’s position of the third Gaussian component, crystalline 
volume fraction and crystallite size of nc-Si:H thin films at different 
hydrogen flow rates extracted from the RAMAN spectroscopy meas-
urements

Hydrogen 
flow rates 
(sccm)

Peak’s position
(cm−1)

Crystalline 
Volume Fraction: 
Fc (%)

Crystallites 
size dRam (nm)

9 520.2 89.17 7.57
19 521.07 88.31 11.48
29 521.17 90 12.44
39 521.4 91.16 16.11
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Fig. 5   FTIR transmission spectra of nc-Si:H films deposited at differ-
ent hydrogen flow rates
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films was evaluated and the results are listed in Table 2. We 
estimated the crystallite size from the AFM data, and found 
to be close to the calculated values presented in Table 1 
deduced from Raman analysis. The surface roughness of 
the films also increased with the crystallite size, deduced 
from Raman analysis, confirming the formation of nucleated 
silicon clusters on the surface. The latter has a significant 
impact on the optical properties of the deposited nc-Si:H 
thin films that presents an important matter of interest for 
the performance of these samples in many application fields.

3.4 � Spectroscopic ellipsometry

Spectroscopic ellipsometry measurements were performed 
to investigate the evolution of nc-Si:H optical properties 

with the variation of the hydrogen flow rate (FH2). The 
obtained variations of the two spectroscopic angles Ψ and 
Δ, as shown in Fig. 7a, b, are attributed to some apparent 
variations on the films properties after increasing FH2: thick-
ness and surface roughness [26]. The obtained results were 
fitted using the effective medium approximation models 
(EMA), and among those models, the Bruggeman function 
was found to be the appropriate one to extract and study 
the optical properties of the prepared thin films as shown 
in Fig. 8. The Bruggeman model assumes that all constitu-
ents of the material are considered as randomly arranged 
spherical inclusions, and since the deposited samples has 
intermediate structural phases, the percentage of each phase 
was taken into consideration from the Raman spectroscopic 
analysis. Furthermore, the fitting was performed considering 
multilayer thin films as illustrated in Fig. 9 [27]. The mean-
square deviation and the regression coefficient were found 
to be σ < 0.001 and R2 > 0.99 respectively showing higher 
agreement between the fitted and the measured results. 
Table 3 show the variation of some parameters deduced from 
Bruggeman analysis.

The reflective index (n) and the extinction coefficient 
(k) were deduced from spectroscopic ellipsometry meas-
urements and are reported in Fig. 10a, b. It is shown that 
increasing FH2 values increased the refractive index and 
extinction coefficient of the films. This can be due to the 
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Fig. 6   Surface morphology of nc-Si:H films deposited at different value of hydrogen flow rates: a FH = 9 sccm, b FH = 19 sccm, c FH = 29 sccm, 
d FH = 39 sccm

Table 2   The Root-mean-square (Rms) roughness and the average 
grain size from AFM study as a function of hydrogen flow rates

H2 flow rates (sccm) Root mean square Rms (nm) Average 
grain size 
(nm)

9 2.60 9.81
19 2.69 12.73
29 2.84 14.9
39 3.34 17.46
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higher density of nucleated silicon atoms on the surface due 
to the small reduction of Si-H bonds. The increase of the 
optical constants can be related to the decrease of film’s 
thickness with higher FH2 as seen in Table 4. The optical 
band gap energy of the films was estimated using the Tauc’s 
plot method and the obtained values are listed in Table 4 
[28]. Varying the introduced hydrogen flow rate during the 
elaboration of nc-Si:H thin films decreased the band gap 
values from 1.54 eV to 1.36 eV. Those results are consistent 
with the calculated crystallite size in the structural analysis. 
Indeed, one of the characteristics of the quantum confine-
ment effect is that a small change in the grain size distribu-
tion can higher affect the optical properties of materials.

It was reported in the experimental procedure that the 
deposition time of nc-Si:H is the same for all samples 
prepared with different FH2. The obtained film thickness 
decrease is suggested to be attributed to the chemical anneal-
ing model process that contributes to the formation of H2 
molecules through hydrogen plasma species and the hydro-
gen atoms on the films, as mentioned in FTIR analysis.

Figure 11 shows the evolution of the imaginary dielectric 
constant (ε2) at different hydrogen flow rates for the prepared 

nc-Si:H thin films. It was reported that in the low energy 
region (< 2.1 eV), the variation of ε2 is related to both of 
the substrate properties and the thickness of the films, while 
at high energies (> 2.1 eV), ε2 changes are assigned to the 
bulk composition and surface roughness [29]. Based on the 
literature, the imaginary part of the dielectric constant (ε2) 
spectra presents generally two strong shoulders at around 3.4 
and 4.2 eV corresponding to the critical points (CP) of the 
crystalline silicon structure [29]. In Fig. 11 we can notice 
the presence of two strong peaks located at 2.19 and 3 eV 
clearly seen for higher FH2 rates. The increased intensity 
of the appearing peaks with FH2 in Fig. 10 is highly con-
sistent with the structural study, since the nanocrystalline 
phase raised obviously with increasing the hydrogen flow 
rates (FH2).

3.5 � Minority carrier lifetime

Lifetime carrier measurements of the films were estimated 
using the WCT-120 photo-conductance lifetime tester devel-
oped by Sinton and Cuevas [30] in order to study the pas-
sivation role of nc-Si:H/c-Si and the effect of the deposition 
parameters on the silicon substrate optoelectronic properties. 
The effective carrier lifetime τeff was measured by means 
of transient mode of the photoconductance decay (PCD) 
method. The minority carrier lifetime is considered as an 
important parameter that defines the quality of the crystal-
line silicon substrates. The measured τeff takes into account 
the recombination mechanisms that occurs at both surfaces 
of the sample as well as within its bulk. The defects at the 
surface of substrates are mainly produced by the interruption 
to the periodicity of the crystal lattice, which engenders dan-
gling bonds at the semiconductor surface. The reduction of 
the number of dangling bonds, and hence the recombination, 
at the surfaces of the substrates, was achieved by growing 
the optimized nc-Si:H thin film onto the front surface of the 
silicon substrates. The reduction of dangling bonds is known 
as surface passivation, which leads to an important decrease 
of the surface recombination. The measurements were made 
at room temperature with an injection of a carrier density 
equal to Δn = 1014 cm−3. The extracted values of the effec-
tive lifetime (τeff) can be described as a measure of the sur-
face passivation quality of the silicon substrate surface after 
the deposition of the hydrogenated nanocrystalline silicon 
films (nc-Si:H). Considering a uniform carrier generation in 
the silicon wafer, the effective lifetime carriers of the films 
can be expressed as follow [31]:

�bulk is the bulk minority carrier lifetime. �eff  is the resulting 
total effective minority carrier lifetime.

1

�eff
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�bulk
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Fig. 7   Measured spectroscopic ellipsometry: Cos Δ (a) and Tan Ψ 
(b) of the deposited nc-Si:H thin films at different values of hydrogen 
flow rate (FH2)
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Figure 12 shows the evolution of the minority carrier life-
time (MCL) with different FH2 rates. A significant enhance-
ment of the MCL values was obtained for all the prepared 
samples compared to the untreated silicon substrate (ref-
erence). The latter was found to be obviously higher than 
those obtained in previous works [32–34]. The improved 
MCL values indicate the important and valuable role of 
introducing hydrogen atoms during the deposition of sili-
con nanocrystals onto the surface of the silicon substrate, 
which allowed an efficient passivation process of the dan-
gling bonds and promoted the reduction of surface state den-
sity leading to an obvious decrease of the recombination 
activities.

Fig. 8   Ellipsometric spectra and 
corresponding theoretical fit for 
a deposition flow rate 9 sccm

Layer 2: a-Si / nc-Si / void

Layer 1: a-Si / nc-Si / SiO

Void

Interface layer: Si(100) / SiO

Si (100) substrate

Fig. 9   Schematic illustration of the optical multilayer modeling steps 
from spectroscopic ellipsometry measurements
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The resulting improvement of MCL indicates the cru-
cial role of Hydrogen atoms in the nc-Si:H film to reduce 
the surface defect state density and dangling bonds and 
therefore leads to the reduction of carrier surface recom-
bination. It also appears that the higher MCL value 
(1987 µs) was found for an hydrogen flow rate of 9 sccm, 

Table 3   Parameters values obtained from the Brugemman EMA analysis

FH2 (sccm) Energy band 
gap (eV)

Cristallite size 
(nm)

Thickness 
layer
(nm)

Nanocristalline 
volume fraction
(%)

Amorphous vol-
ume fraction
(%)

Void volume 
fraction
(%)

Deposi-
tion rates 
(nm min−1)

9 1.54 7.57 366 89.17 6.53 4.3 18.3
19 1.50 11.48 355 88.31 6.49 5.2 17.75
29 1.39 12.44 332 90 3.7 6.3 16.6
39 1.36 16.11 328 91.16 1.63 7.21 16.4
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Fig. 10   Evolution of refractive index (a) and extinction coefficient (b) 
of the deposited nc-Si:H thin films with different hydrogen flow rate

Table 4   Evolution of energy band gap, thickness and deposition rates 
of the deposited nc:Si-H with FH2

FH2 (sccm) Energy band 
gap (eV)

Thickness
(nm)

Deposition rates
(nm min−1)

9 1.54 366 18.3
19 1.50 355 17.75
29 1.39 332 16.6
39 1.36 328 16.4

Fig. 11   Variation of the imaginary dielectric constant of nc-Si:H thin 
films with hydrogen flow rate (FH2)
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Fig. 12   Evolution of minority carrier lifetime in the deposited nc-
Si:H thin films for different hydrogen flow rates
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which slightly decreases with increasing the hydrogen 
flow rate (FH2). We obtained a high quality nc-Si:H that 
can be used as a passivation layer of silicon substrates to 
improve its electrical properties. We prove this effect via 
the minority carrier lifetime that attains 1980 µs which is 
a high value, not reported before, indicating the crucial 
role of the deposited nc-Si:H thin film at the front surface. 
This behavior can be explained through the small reduc-
tion of Si–H bounds with FH2 as previously mentioned, 
that reduces the performance of nc-Si:H thin films as a 
passivation layers.

4 � Conclusion

In this paper, we prepared high quality hydrogenated 
nanocrystalline silicon thin films (nc-Si:H), deposited onto 
the front surface of silicon substrates using a MW-PECVD. 
We studied the influence of different hydrogen flow rates 
on morphological, structural, optical and optoelectronic 
properties of the prepared thin films and its effect on the 
effectiveness of its passivation role of the crystalline sili-
con substrates. The obtained result from XRD and Raman 
spectroscopy are strongly correlated showing that the films 
are nanocrystalline with preferential growth along the (111) 
plane for all deposited thin films. We found that increas-
ing the hydrogen flow rate during the synthesis favors the 
dominance of the chemical annealing model which led to the 
extension of the crystallite size. A significant improvement 
of the minority carrier lifetime was obtained compared to 
untreated c-Si and to previous reports, indicating a signifi-
cant reduction of the recombination activities in the treated 
crystalline silicon wafers. The passivation effectiveness 
was slightly affected by the effusion of the hydrogen with 
increasing the flow rate, and remains important improvement 
compared to other works.
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