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The schematic of the energy band gap figure of the graded optical band gap (Eopt
g ) in p-i-n

layer in na-Si:H solar cells was given in the paper. The intrinsic hydrogenated
nanoamorphous silicon(na-Si:H) thin films with the graded band gap as a function of depth
through the films were prepared by varying the processing power, gas pressure, gas
composition, and etc., We have carried out a investigation of the relationships between the
Eopt

g with the crystallization ratio (Xc) and the Eopt
g with the nanocrystalline grain size (D) in

na-Si:H thin films grown by PECVD on glass substrates through XRD, Raman scattering,
transmission. The Eopt

g increase with the decreases of the crystallization ratio (Xc) and the
nanocrystalline grain size (D).The hydrogen dilution ratio is found to increase basically
both the crystallization ratio (Xc) and the nanocrystalline grain size (D). Two relationships in
na-Si:H are discussed by the etching effect of atomic hydrogen in the framework of the
growth mechanism and the quantum size effect (QSE).
C© 2005 Springer Science + Business Media, Inc.

1. Introduction

Since the photovoltaic properties of na-Si:H thin films
is superior than those of a common wide band gap
alloy films(a-Si:H). Moreover electronic properties of
these films are superior than common a-Si:H thin films
under illumination. In recent years, the hydrogenated
nanoamorphous silicon(na-Si:H) thin films have at-
tracted considerable interest due to their distinct ad-
vantage in solar cells [1–9]. The na-Si:H thin film
is a two-phase mixed material, in which nanocrys-
tals embedded in the amorphous silicon tissues in the
interface regions among the grains [1, 4–7, 10–12].
Several deposition techniques have been established
to prepare na-Si:H thin films, including plasma en-
hanced chemical vapor deposition (PECVD), radio-
frequency (RF) magnetron sputtering, and hot wire
chemical vapor deposition (HWCVD) [1–7, 10, 11].
In 1986, the graded optical band gap of solar cells
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was designed utilized doped C and Ge by Guha
et al. [13]. But the doped C or Ge will bring some
deleterious doped effect in silicon film. In this pa-
per, the graded optical band gap intrinsic na-Si:H
was designed utilized the relationships between Eopt

g

with the crystallization ratio (Xc) and Eopt
g with

the nanocrystalline grain size (D). Two relationships
was also derived by experiment varying the process-
ing power, gas pressure, gas composition, and etc.,
The X-ray diffraction (XRD) and Raman scattering
measurements reveal that the samples are nanocrys-
talline silicon. Their crystallization ratio (Xc) was ob-
tained from the Raman spectra. Their average grain
sizes [d(111), d(220)] were calculated from the width
of the (1 1 1) and (2 2 0) diffraction peaks by the
Scherrer formula. Their Transmission Electron Mi-
crographs (TEM) gave evidence for the presence of
scattered nanocrystallites of <10 nm average size
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embedded in the hydrogenated amorphous silicon ma-
trix [8, 9].

2. Experimental procedure and methods
The na-Si:H thin films were prepared in the ultrahigh
vacuum (10−6 Torr) radio-frequency magnetron sput-
tering system using process gases silane and hydrogen.
Chamber pressure, r.f. power density and substrate tem-
perature range were 60 W and 250–280◦C respectively.

We use JG-PF3B three targets radio frequency sput-
tering equipment to sputter and deposit. Making two
corrosion resistant plate as anticathode and cathode,
then we place the sputtering single crystal silicon ma-
terial at cathode and place anticathode, using water-
cooling, at underlay; we fill the space between two
electrodes with Ar and H2 and applied electric pressure
range is from 0.3 to 1.5 kV. The gas ion forms owning
to glow discharge between two electrodes, then the gas
ion attacks single crystal silicon surface at cathode with
the effect of electric field, this makes Si atoms evapo-
rate from the surface, which become ultramicron and
deposit on the surface of underlay. The size and distri-
bution of particles depend on electric pressure, electric
current, gas dilution and gas pressure between two elec-
trodes.

Main parameters of this equipment are following:

1. Degree of vacuum 10−5 mmHg
2. Working electric current 10 A
3. Shield electric current 0.5 A
4. Coupling electric current 3 A
5. High electric voltage 800 V
6. Gate current 250 mA
7. Radio frequency frequency 13.56 MHz
8. Vacuum-chamber diameter 395 mm
9. The target diameter 80 mm

10. Maximum sputtering distance 33 mm

The underlay, chosen to use polishing silicon wafer
and glass sheet, is placed to Vacuum-chamber after con-
vention cleaning and drying. Before sputtering we use
Ar hydroniums to attack in order to wipe off pollutant
and gas molecules, this can increase activity of underlay
surface and improve binding force between underlay
and film.

Experiment basis process flow is as follow Fig. 1.
The sputtering discharge power and time, sputtering
offset electric pressure, air pressure, the percentage
composition of H2 and Ar are the main parameters
of preparation, and change of parameters can effect
the microstructure and photoelectricity characteristic
of nanoamorphous silicon films.

All the thin films with a layer thickness of around
0.5 µm were deposited on about 1 mm-thick glass sub-
strates at a temperature of 250 to 280◦C. The size of

Figure 1 RF sputtering process flow.

average grain sizes of na-Si:H film can be achieved by
change the H2 dilution ratio, The varying of crystal-
lization ratio (Xc) can be obtained by change the high
electric voltage between two electrodes, when the the
high electric voltage between two electrodes was varied
from 1500 to 1800 V, the crystallization ratio (Xc) was
4.21 to 60.76%. The higher of the high electric voltage
between two electrodes, the more of the crystallization
ratio (Xc) .When the hydrogen dilution ratio R was var-
ied from 33.6 to 156.5, the size of average grain sizes
of na-Si:H film was from 9.2 to 2.34 nm; the more of
the percentage composition of H2, the smaller of the
size of average grain sizes of na-Si:H film [9].

3. Test and analysis
It is very important that accurate determination of
the optical constants (refractive index, absorption co-
efficient and optical band gap) of semiconductor
thin-film in solar cell. Mainly two methods for opti-
cal characterization were used, i.e., spectroscopic el-
lipsometry (SE) measurements and the well-known en-
velope method using the transmission spectrum [14] (or
reflection spectrum or both). It is difficult to find an ap-
propriate model for fitting the SE. In contrast to SE, the
envelope method has shown relatively higher simplic-
ity and directness as a useful and nondestructive tool
for determining the optical constants and thickness of
semiconductor thin films deposited on glass substrate.
The envelope method based on the ideas of Manifacier
et al. [15] By using the maxima and minima of the
transmission spectrum, was extended by Swanepoel
[14], assuming that the glass substrate is transparent
and nonabsorbing. However, the actual glass substrates
show obvious losses in the optical spectral region [16].
Considering the absorption of the substrate, the trans-
mission T (λ) of a system with a four-layer medium con-
figuration. The relatively reasonable optical band gaps
can be derived from the original transmission spectra
independently by the following equations:

T = W exp (−αd) (1)

and

α = Ba

hv
(hv − Eg)γ , (2)

where parameter W is found to be nearly unity at the
absorption edge [17], Eopt

g is the optical band gap, Ba
and γ are constants. In the one electron approxima-
tion, γ = 1/2 for allowed direct transitions and 3/2
for forbidden direct transitions. For indirect transition,
γ = 2 [18]. It is well known that nanocrystalline sil-
icon has indirect band structure [18, 19], so we use
Tauc plot (γ = 2) to determine the optical gaps of
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TABL E I The relationship between the Eopt
g with the crystallization ratio (Xc)

Samples no. H109 H110 H113 H112 H111 H108 H117 H116 H118 H413 H119 H122 H121

Xc (%) 4.21 12.23 21.12 22.63 29.31 34.31 36.29 38.66 40.6 42.78 46.35 50.55 60.76
Eopt

g (ev) 2.11 1.98 1.96 1.95 1.94 1.88 2.13 1.85 1.8 1.79 1.78 1.68 1.6

na-Si:H. Combining Equation 1 (setting W = 1) with
Equation 2, we have the following relationship:

(−hv ln T

d

)1/2

∝ (hv − Eg) (3)

For na-Si:H, since d is a constant independent of the
determination of Eopt

g ; we simply set all d = 1 mm for
the all na-Si:H thin films to extrapolate Eopt

g in strong
absorption regions. The linearity of simulation also con-
firms the indirect band nature of na-Si:H, rather than the
direct one. The corresponding results are presented in
Tablse I and II [20].

The X-ray diffraction (XRD) and Raman scattering
measurements reveal that the samples are nanocrys-
talline silicon. Their average grain sizes [d(111), d(220)]
were calculated from the width of the (1 1 1) and (2 2 0)
diffraction peaks by the Scherrer formula, respectively
(see Table I). The crystallization ratio (Xc) in Table I
was obtained from the Raman spectra. The transmis-
sion spectra were performed on a Nicolet Nexus 870
Fourier transform infrared (FTIR) spectrometer from
4000 to 25,000 cm−1 (i.e., photon energy from 0.5 to
3.1 eV), avoiding the direct transition of crystalline sili-
con when the photon energy is up to 3.4 eV [16]. All the
measurements were carried out at room temperature.

4. Results and discussion
Fig. 2 show the schematic of the graded varying optical
band gap figure of in p-i-n na-Si:H solar cells.

Such modeling will provide insight into which struc-
tures which can be achieved by variations of the process
condition.

Table I and Fig. 3 show the relationship between the
Eopt

g with the crystallization ratio (Xc); Table II and
Fig. 4 show the relationship between the Eopt

g with the
crystallization ratio (Xc).

It is distinct from the two figures that the optical per-
formance for the na-Si:H is different from that of the
normal a-Si:H. The hydrogen dilution play an impor-
tant role in the transition from amorphous to microcrys-
talline or nanocrystalline phase. It is clear that crystal-
lization ratio (Xc) and the nanocrystalline grain size
(D) increase with hydrogen dilution ratio [9]. Accord-
ing the ‘selective etching’ effect of atomic hydrogen, by

TABL E I I The relationship between the Eopt
g with the nanocrystalline grain size (D)

Samples no. H003 H004 H006 H007 H010 H008 H017 H011 H016 H015 H019 H022 H023 H026 H027 H028 H030

D (nm) 2.34 2.38 2.42 2.52 2.58 2.62 2.71 2.92 3.06 3.31 3.6 4.3 5.45 6.3 7.2 8.6 9.2
Eopt

g (ev) 2.5 2.46 2.42 2.37 2.32 2.28 2.13 2.1 2.06 1.98 1.93 1.9 1.88 1.85 1.81 1.8 1.79

Figure 2 The schematic of the graded varying optical band gap figure
of in p-i-n na-Si:H solar cells.

Figure 3 The relationship between the Eopt
g with the crystallization ratio

(Xc).

plasma increases with the hydrogen dilution ratio, will
tend to eliminate the dangling bonds and weak Si Si
bonds to form a rigid and strong Si–Si bond [20], the
arriving rate of SiHx to the growth surface increases
and the surface diffusion length of SiHx radicals be-
comes large, which are favorable to form regular Si–Si
bonds. Therefore, with increasing hydrogen dilution ra-
tio, the grain size (D) and the crystallization ratio (Xc)
of na-Si:H can be enhanced [21]. It is explained that the
atomic hydrogen can remove the dangling bonds (i.e.,
the etching effect) so that the optical band gap increases
as a result of the decrease of disorder in the lattice or
narrowing of the band tail [22, 23]. Another explaining
is that the quantum size effect (QSE) is evident since
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Figure 4 The relationship between the Eopt
g with the nanocrystalline

grain size (D).

the average grain sizes of the na-Si:H thin films from the
XRD measurement are 2.5–10 nm (see Table II). The
QSE in na-Si:H have affected the optical band gap [9].
Therefore, the Eopt

g increase with the decreases of the
crystallization ratio (Xc) and the nanocrystalline grain
size (D).

5. Conclusions
The schematic of the energy band gap figure of the
graded optical band gap (Eopt

g ) in p-i-n layer in na-Si:H
solar cells was given in the paper. The intrinsic hy-
drogenated nanoamorphous silicon(na-Si:H) thin films
with the graded band gap as a function of depth through
the films were prepared by varying the processing pa-
rameters. The hydrogen dilution play an important role
in the na-Si:H. The optical band gaps derived from Tauc
plot increase with decreases of the hydrogen dilution
ratio. We have carried out a investigation of the rela-
tionships between the Eopt

g with the crystallization ratio
(Xc) and the Eopt

g with the nanocrystalline grain size (D)
in na-Si:H thin films grown by RF magnetron sputter-
ing on glass substrates through XRD, Raman scatter-
ing, transmission. The Eopt

g increase with the decreases
of the crystallization ratio (Xc) and the nanocrystalline
grain size (D). Two relationships in na-Si:H are dis-
cussed by the etching effect of atomic hydrogen in the
framework of the growth mechanism and the quantum
size effect (QSE), which can successfully explain the
experimental results in this work and some other re-
ported results in the literature. Since the graded optical
band gap of the na-Si:H could be prepared by RF mag-
netron sputtering, it can be used as intrinsic layer of
the p-i-n solar cell with a graded optical band gap pro-
file. All work established the foundation for carrying
out the solar cells with graded optical band gap next
step.
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