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Abstract: The optical properties of two Hydrogenated nanocrystalline (nc-Si: H) and amorphous silicon (a-Si: H) thin film 
samples are investigated using conventional spectrophotometric technique. Both samples were prepared by plasma 
enhanced chemical vapor deposition technique (PECVD). The nc-Si: H sample prepared with 1% silicon concentration at 
temperature of 220oC with ∼1 Å/s growth rate exhibits optical behavior closer to crystalline Silicon (c-Si) sample than the 
a-Si: H sample prepared with Helium (He) percentage of the initial gas mixture of 20 at temperature of 80oC with 
increased growth rate of ∼2.8 Å/s. The optical constants, thicknesses and the energy band gap of both samples are 
obtained from the transmission data only. The values of refractive index within an estimated uncertainty of 1% for both a-
Si: H and nc-Si: H samples are found close to those of c-Si sample in the chosen range of wavelengths. Both samples 
are found to have the same optical energy gap of ~1.7 eV within an uncertainty of ~ 0.03 eV and exhibit absorption 
features close to those of c-Si sample. The absorption behavior in the visible and near infrared regions of 
electromagnetic spectrum makes both samples good candidates for photovoltaic (PV) applications. 
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1. INTRODUCTION 

Hydrogenated amorphous silicon (a-Si: H) and 
nanocrystalline silicon (nc-Si: H) have wide spread 
applications in solar cells and transistors in addition to 
several other electronic devices. The Plasma 
Enhanced Chemical Vapor Deposition (PECVD) has 
become a prominent technique in preparing quality thin 
films that are used in large-area devices, such as 
photovoltaic (PV) cells and thin-film transistors (TFT). 
Monocrystalline cells, which are made of pure silicon 
surface and a thin structure, are known to have high 
efficiency (15-20%). They have two different 
manufacturing technologies - Si (Silicon) and Gallium 
Arsenide (GaAS). The PV cells with the highest 
efficiency (20-35%) today are those made of Gallium 
Arsenide. The amorphous solar cell which has an 
efficiency of 7-10% becomes widely used in digital 
calculators because it is the cheapest in its 
manufacturing technology. However, the most 
expensive one is the hybrid solar cell which is the one 
of the newest technologies where organic and chemical 
substances are used together in its structure. Even 
though such hybrid solar cell has quite a high rate of 
energy efficiency (30 – 45%), it is not yet in the 
industrial manufacturing phase. 

The most common available technique that enables 
us to study the optical properties of thin films is optical 
transmission spectroscopy. The optical transmission 
spectroscopy, which is an easy and a nondestructive 
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technique, provides information about the complex 
refractive index n (λ) = n (λ) + i k (λ). Here n (λ) is the 
real part of refractive index, and k (λ) is the imaginary 
part of refractive index (the extinction coefficient). 
Information on the absorption coefficient α(λ) (= 4π k/λ) 
in addition to film thickness and optical energy gap can 
also be obtained. Different methods have been 
employed in the analysis of optical transmission data 
[1-7]. The simplest commonly used method is that of 
Swanepoel [5-10]. 

In this paper optical properties of a-Si: H and nc-Si: 
H thin film samples prepared by PECVD technique 
using He-diluted and H2-diluted SiH4 gases, res-
pectively, are studied. IR and Raman measurements 
have been conducted (not shown here) on the 
samples. The IR study on a-Si: H indicates that this 
sample is amorphous in its structure while the Raman 
study conducted on nc-Si: H sample shows that it has a 
crystalline volume fraction 84%. The transmission data 
of the samples obtained from optical measurements 
using JASCO double-beam spectrophotometer have 
been analyzed using the method of Swanepoel [5]. The 
optical constants obtained from this analysis indicate 
that these two samples are good candidates for 
photovoltaic (PV) applications.  

2. EXPERIMENTAL TECHNIQUES 

Hydrogenated nanocrystalline and amorphous 
silicon nc-Si: H, a-Si: H samples, respectively, have 
been prepared by Plasma Enhanced Chemical Vapor 
Deposition (PECVD) technique at different preparation 
conditions. A nanocrystalline silicon sample with silicon 
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concentration (SC) of 1.0%, using H2-diluted SiH4 
gases, was prepared at standard power and pressure 
of 25W and 120 Pa, respectively, when the substrate 
temperature was maintained at Ts= 220oC. This sample 
is deposited on Corning 7059 glass substrate. The 
sample with He dilution of initial gas mixture (H2+SiH4) 
gases of 20% is deposited at Ts=80oC on Corning 1737 
glass substrate at pressure of 1.4torr and power of 
50W. The He dilution is used to reduce the stress 
resulted from the increasing growth rate. The 
deposition rate and thickness, together with other 
extracted physical quantities, for each sample were 
listed in Table 1. 

Optical measurements were conducted using 
JASCO V-570, UV-VIS-NIR double beam 
spectrophotometer. Transmission spectra were 
recorded in the range of wavelengths 400-2500nm. 
Spectrophotometric measurements for the two samples 
were performed at room temperature. 

3. RESULTS AND ANALYSIS 

The transmission data for the thin film samples 
prepared at different preparation conditions are shown 
in Figure 1. Both samples exhibit good transparency in 
the infrared region and this transparency is degraded in 
the visible region. The spectra show interference 
pattern with sharp fall off in the transmittance at the 
band edge, which is an indication of good crystallinity 
for the samples. The global features of these spectra 
are found similar to those obtained elsewhere [8-10]. 

A FORTRAN program has been developed to 
calculate the values of n (λ), k (λ) and to estimate the 
values of thickness of both samples using the 
appropriate formulas of Ref [5]. Corrections for the 
initial calculated values of n (λ) and thickness have 
also been performed. The values of thickness d are 
determined using the relation l/2 = 2d (n (λ)/λ) - m, 
where integer l has values of 0, 1, 2, 3…etc. and m is 
the order number of extreme (integer for a maximum or 

Table 1: The optical energy gap Eg, Urbach energy Eu, deposition rate, experimental and theoretical values of sample 
thickness, d, for both nc-Si: H with Xc =84% and a-Si: H with He-dilution of 20%, samples. Here, the fitting 
parameters, A and B, are extracted from fitting the calculated values of refractive index, n (λ), using the 
formula n ( λ) = A/λ2 + B [5] 

Sample 
Eg 

(eV) 

Eu 

(meV) 

Deposition rate 

( A
o

/ s ) 

Thickness 
(measured) 

(nm) 

Thickness 

(calculated) 

(nm) 

A 

×105 

(nm2) 

B 

nc-Si: H 1.7±0.07 480 1 300 316 1.67 3.1 

a- Si: H 1.74±0.03 184 2.8 540 481 2.26 3.38 

    
    a       b 
Figure 1: Transmission spectra of a) nc -Si: H sample with SC= 1% b) a-Si: H sample with He-dilution of 20%, respectively; 
both prepared using PECVD technique. Optical measurements were conducted using JASCO double beam spectrophotometer 
at room temperature. Tmax and Tmin (lines + symbols) were obtained from the extrema of experimental data of transmission 
(symbols) [5]. 
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half integer for a minimum). The program makes its 
iteration to search for the nearest integer (or half 
integer if the first extreme is a minimum) which gives 
the best straight line fit to the initial obtained values of n 
(λ). The value of the thickness is obtained from the 
slope of the straight line. The formulas of Ref [5] are 
used to get the corrected values of thickness. Accurate 
values of n (λ) can be reached by using the obtained 
accurate values of m and d, and using the relation 2 n 
(λ) d= mλ. The relation n (λ) = A/λ2 + B is then used to 
fit the obtained accurate values of n (λ). The best-
obtained fitting parameters, A and B, are listed in Table 
1. Both the calculated and best-fitted values of n (λ) are 
plotted against wavelength and shown in Figure 2 for 
both samples. In this Figure, the error bars indicate the 
uncertainty in calculated values of n (λ). The a-Si: H 
sample shows closer values of refractive index to that 
of c-Si values than those of nc-Si: H sample in the 
whole range of the spectrum (400-2500nm). The error 
in refractive index is determined to be about 1% of the 
corrected value. It is noted that the fitting relation can 
produce each required transmission spectrum with a 
reasonable accuracy. Therefore, the values of α(λ) and 
k (λ) have been determined using the relevant formulas 
[5] and the obtained fitted values of n (λ). Figure 3 also 
presents the variation of extinction coefficient, k (λ), 
against wavelength. It can be noted that the a-Si: H 
and nc-Si: H samples show 76% and 58% of reduced 
absorption, respectively, as λ changes from 680 to 960 
nm. The latter behaviour at λ > 680 nm may be 
attributed to free-carrier absorption. However, a 
reduced absorption at smaller wavelengths (< 680 nm) 
could be attributed to the higher generation of carriers 
in a-Si: H sample than that of nc-Si: H [11, 12]. Here, 
the a-Si: H sample exhibits 91% reduction in absorption 

as compared to a corresponding reduction of 67% in 
the nc-Si: H sample as λ changes from 550 to 960 nm. 
The amount of absorption in the shown range of 
wavelengths is found comparable to those found by 
others [8-10] and close to that of the c-Si sample. The 
trend that has been exhibited for enhanced absorption 
in the visible and near infrared regions may make these 
samples good candidates for PV applications. 

 
Figure 3: Variation of extinction coefficient, k, versus 
wavelength for both a-Si: H and nc -Si: H samples as 
compared to that of c-Si.  

The values of the optical energy gap have been 
obtained from variation of (αhν)0.5 against photon 
energy for the samples using the well known Tauc 
relation (αhν)= C (hν-Eg)2, where C is the edge width 
parameter, which is related to the width of the band 
tails or disorder in the sample and hν is the photon 
energy. The energy gap of nc-Si: H sample is almost 
similar to that of a-Si: H sample but differs by a mild 
uncertainty (< 0.04 eV), as seen in Table 1. However, 
these results may give an indication that not only the 
amount of the hydrogen content plays a role in 
reducing the disorder, but also the way that such 
hydrogen is incorporated into the entire network of the 
material. Similar values of optical energy gap were also 
found by others [8-10, 12,13]. The Urbach energy of 
nc-Si: H sample is higher than that of a-Si: H sample. 
This may indicate the former sample which contains 
high degree of crystallinity has more defect density at 
band tails than the latter sample.  

The refractive index n for nc-Si: H sample, at the 
non-absorbing region (at 1800nm), has lower values 
than those of c-Si sample while those for the a-Si: H 
sample have higher values than those of c-Si sample, 
as shown in Figure 2. The beginning of fall off in n with 
decreasing SC is consistent with that illustrated by 
other groups [13]. The error in estimating the value of 

 
Figure 2: The refractive index, n, versus wavelength 
(calculated (symbols) and fitted (line + symbols)) for a-Si: H 
with He dilution of 20% and nc-Si: H prepared with 1% silane 
concentration, respectively, using PECVD technique. These 
dispersion curves are compared to that of c-Si (dashed line). 
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thickness increases with larger values of thickness. 
However, the global estimated error in calculating the 
thickness is within 15% of the average measured value 
of thickness. 

It was shown that the decrease in SC might lead to 
a loose structure of nc-Si: H sample, which has a lot of 
defects and disorder. Such increase in defects may 
allow for oxygen contamination in the samples [14].  

The results show that the optical energy gap is not 
strongly dependent on the hydrogen content but rather 
on the way it is incorporated into the random network. 
Concrete explanation to effectiveness of hydrogen in 
reducing defects and disorder may need more 
investigation on the bonded-hydrogen content. 

CONCLUSION 

The hydrogenated nanocrystalline and amorphous 
silicon samples prepared by PECVD under different 
deposition conditions have been investigated. The 
optical parameters have been obtained from the optical 
transmission data with a reasonable accuracy. In 
particular, the optical energy gap of the two samples of 
~ 1.7 eV around an estimated uncertainty of~ 0.03 eV 
is obtained. Moreover, the refractive index is obtained 
with an estimated error of 1%. The refractive index for 
the two samples studied in the chosen range of 
wavelengths exhibits similar features and is found 
comparable to a standard crystalline silicon sample. 
The general trend of absorption at wavelength values 
less than and/or greater than 680nm is consistent with 
those found by others. The studied hydrogenated 
nanocrystalline silicon samples may be good 
competing candidates for photovoltaic applications due 
to their behavior in visible and near infrared region of 
electromagnetic spectrum.  

ACKNOWLEDGEMENTS 

The author is grateful to Drs J. Li and A. Sazonov 
for providing samples.  

REFERENCES 

[1] Brodsky MH, Cardons M. JJ Infrared and Raman spectra of 
the silicon-hydrogen bonds in amorphous silicon prepared by 

glow discharge and sputtering. Cuomo Phy Rev B 1997; 16: 
3556. 
http://dx.doi.org/10.1103/PhysRevB.16.3556 

[2] Freeman EC, Paul W. Infrared vibrational spectra of rf-
sputtered hydrogenated amorphous silicon. Phys Rev B 
1978; 18: 4288. 
http://dx.doi.org/10.1103/PhysRevB.18.4288 

[3] Goodman AM. Optical interference method for the 
approximate determination of refractive index and thickness 
of a transparent layer. Appl Opt 1978; 17: 2779. 
http://dx.doi.org/10.1364/AO.17.002779 

[4] Szczyrbowski JI, Czapla A. Optical absorption in D.C. 
sputtered InAs films. Thin Solid Films 1977; 46: 127. 
http://dx.doi.org/10.1016/0040-6090(77)90055-4 

[5] Swanepoel R. Determination of the thickness and optical 
constants of amorphous silicon. J Phys E: Sci Instrum 1983; 
16: 1214. 
http://dx.doi.org/10.1088/0022-3735/16/12/023 

[6] Swanepoel R. Determination of surface roughness and 
optical constants of inhomogeneous amorphous silicon films. 
J Phys E: Sci Instrum 1984; 17: 896. 
http://dx.doi.org/10.1088/0022-3735/17/10/023 

[7] Flourence WH, Chan YM, Webb DP, Chan YC, Lam YW. 
Analysis of the infrared transmission data of hydrogenated 
amorphous silicon film fabricated by high rate PECVD. J 
Electron Mater 1996; 25: 1837. 
http://dx.doi.org/10.1007/BF02657162 

[8] Badran RI, Al-Hazmi FS, Al-Heniti S, Al-Ghamdi AA, Li J, 
Xiong S. A study of optical properties of hydrogenated 
microcrystalline silicon films prepared by plasma enhanced 
chemical vapor deposition technique at different conditions of 
excited power and pressure. Vacuum 2009; 83: 1023. 
http://dx.doi.org/10.1016/j.vacuum.2009.01.009 

[9] Badran RI, Al-Heniti S, Al-Hazmi FS, Al-Ghamdi AA, Li J, 
Xiong S. The influence of change in silane concentration and 
substrate temperature on optical properties of hydrogenated 
microcrystalline silicon films. J Optoelectro Adv Mater 2009; 
5: 635. 

[10] Badran RI. The Effect of Helium Dilution on Optical and 
Photoelectric Properties of a-Si: H Thin Films Prepared by 
Plasma Enhanced Chemical Vapor Deposition Technique. 
Arab J Sci Eng 2012; 37: 183. 
http://dx.doi.org/10.1007/s13369-011-0147-4 

[11] Mars M, Fathallah M, Tresso E, Ferrero S. Structural, optical 
and electrical properties of uc-Si:H deposited by ECR 
technique. J Non-Cryst Solids 2002; 299-302: 133. 
http://dx.doi.org/10.1016/S0022-3093(02)00929-8 

[12] Wang YH, Lin J, Huan CHA. Structural and optical properties 
of a-Si:H/nc-Si:H thin films grown from Ar–H2–SiH4 mixture 
by plasma-enhanced chemical vapor deposition. Mat Sci Eng 
B 2003; 104: 80. 
http://dx.doi.org/10.1016/S0921-5107(03)00309-X 

[13] Yamaguchi M, Morigaki K. Effect of hydrogen dilution on the 
optical properties of hydrogenated amorphous silicon 
prepared by plasma deposition. Phil Mag B 1999; 79: 387. 
http://dx.doi.org/10.1080/13642819908206415 

[14] Li J, Li Y, Wu C, Meng Z, Zhao S, Xion S, Lizhu Z. 
Proceedings of Asia Display 2007; 1 and 2: 1178.  

 
Received on 18-09-2014 Accepted on 10-10-2014 Published on 23-12-2014 

DOI: http://dx.doi.org/10.15377/2410-4701.2014.01.01.4 

© 2014 R. I. Badran; Avanti Publishers. 
This is an open access article licensed under the terms of the Creative Commons Attribution Non-Commercial License 
(http://creativecommons.org/licenses/by-nc/3.0/) which permits unrestricted, non-commercial use, distribution and reproduction in 
any medium, provided the work is properly cited. 


