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Abstract

Hydrogenated nanocrystalline Si (nc-Si: H) films were prepared by plasma enhanced chemical vapor deposition using SiH,/
H, gas. The Si nanocrystallites of the films consisted of Si—-H, (n=1, 2, 3) bonds. The relative fraction of the Si—H bonds
affected the size and volume fraction of the crystallites. Hydrogen radicals are essential for the formation of Si nanocrystal-
lites. The Si nanocrystallite size increased from ~2.0 to ~3.0 nm with an increase in the H, flow rate from 60 to 90 sccm. At
the H, flow rate of 90 sccm, the film became completely polymeric consisting mainly of Si—-H-type bonds.

Keywords Silicon - Plasma enhanced chemical vapor deposition - Photoluminescence - Nanostructure - Nanocrystallite -

Chemical bonding

1 Introduction

Over the past few years, various studies have been carried
out to investigate the structure and properties of hydrogen-
ated nanocrystalline silicon (nc-Si:H) thin films containing
Si nanocrystallites (<5 nm) in a hydrogenated amorphous
silicon (a-Si:H) matrix [1] because of their improved elec-
tronic and optical properties compared to those of their
amorphous counterparts for device applications [2, 3]. The
physical properties of nc-Si:H films can be ascribed to the
quantum confinement effect (QCE), which is induced by the
presence of Si nanocrystals of the size of several nanometers
in them (E,=1.7 ¢V). The quantum confinement effect ena-
bles nc-Si:H films to absorb light in a wider visible region
[4]. Plasma enhanced chemical vapor deposition (PECVD)
is widely used to manufacture nc-Si:H films for applica-
tions in electronic and optoelectronic devices [5]. The size
of these films and their Si nanocrystalline fraction affect
their electronic and optical properties. The nanocrystallite
formation mechanism, which determines the film structure,
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is controlled by the interactions between the hydrogen atoms
of the plasma and the solid silicon matrix [6].

Source gas introduction conditions play an important role
in the growth of nc-Si:H films by the PECVD method. This
is because these conditions can affect many processes during
the film growth such as selective etching, chemical etching,
and thermal kinetic processes. Among the deposition con-
ditions, hydrogen components are especially important for
controlling the size and volume fraction of the Si nanocrys-
tals in the films. In the PECVD method, silane (SiH,) diluted
with hydrogen gas is used as the precursor for nc-Si:H films.
When nanocrystalline Si is formed in the films, hydrogen
mixes with amorphous silicon (a-Si) and the dangling bonds
in the microvoids or multivacancies saturate with hydrogen
atoms to promote crystallization [7]. Hydrogen radicals
remove the hydrogen bonds from the surface, generating
nucleation and growth sites for Si nanocrystallites [8, 9]. The
formation of hydrogenated amorphous or micro/nanocrystal-
line Si (a-Si:H and mc/nc-Si:H) is controlled by the precur-
sor gases and substrates.

In this study, the effect of the H, flow rate (at a constant
SiH, flow rate) on the nanostructural and chemical bond-
ing characteristics of nc-Si:H films was investigated In par-
ticular, the chemical bonds between Si and hydrogen were
analyzed by Fourier transform infrared (FT-IR) spectros-
copy and X-ray photoelectron spectroscopy (XPS) to inves-
tigate the effects of the chemical features of the amorphous
matrix on the nanostructural evolution of the films. We also
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investigated the relationship between the nanostructural evo-
lution of the films and their chemical, optical, and electrical
characteristics.

2 Experimental

Nc-Si:H thin films were deposited on p-type Si (001) wafers
with a specific resistance of 1-30 Q cm using the PECVD
method. SiH,/H, gas was used as the precursor, and an radio
frequency (RF) power of 100 W was used. H, was intro-
duced into the evacuated chamber at the flow rates of 45,
60, 75, and 90 sccm, while the SiH, flux was maintained at
10 sccm. The base pressure of the chamber was 1.33 x 107
Pa. The films were deposited at room temperature for 3 h.
Al:ZnO thin films with a thickness of 100 nm were deposited
on the surface of the nc-Si:H films by RF magnetron sput-
tering and were used as transparent conducting electrodes
for I-V measurements.

The nanostructure of the nc-Si:H thin films was exam-
ined by transmission electron microscopy (TEM, Philips
EM430). The size and volume fraction of the Si crystal-
lites in the films were measured from the intensity distri-
bution of their Raman spectra. The Raman measurements
were carried out on a T64000, Jobin—Yvon analysis system
using a 514 nm Ar laser. FT-IR absorption measurements
were carried out at 1900-2400 cm™" on a Bruker-IFS66v/s
spectrometer. XPS analysis was carried out on a PHI 5700
electron spectroscope (ESCA) using monochromatic Mg-Ka
radiation. The binding energy calibration was carried out
by using the energy position of the C1 s core level of con-
tamination carbon. The pressure in the analysis chamber was
maintained at <2 X 10~ Pa. The accuracy of the binding
energy values was 0.1 eV. X-ray diffraction (XRD) meas-
urements were carried out at room temperature on an X’
Pert PRO MRD-Phillips instrument operating in the standard
6-20 configuration with Cu-Ka radiation (1.5406 A). The
photoluminescence (PL) properties of the samples at 300 K
were analyzed using a spectrofluorophotometer (SPEX,
1403) with a He—Cd laser (325 nm) as the excitation source.
The I-V characteristics of the samples were measured using
a Keithley 236 electrometer in the dark.

3 Results and Discussion

3.1 Structural Features

Figure 1a shows the XRD patterns of the nc-Si:H films.
The diffraction peaks at 20=28.4 and 47.3° correspond to
the (111) and (220) planes of Si, respectively. The (111)

Si diffraction peak for the films prepared with the H, flow
rate of 60 sccm (2) was broad (full width at half-maximum,
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FWHM: ~4.71°), while the films prepared with the H, flow
rates of 75 (3) and 90 sccm (4) showed relatively sharp dif-
fraction peaks (FWHM: ~2.41 and ~2.06°, respectively).
The film prepared at the H, flow rate of 45 sccm (1) did not
exhibit any noticeable crystalline Si peaks. It is believed
that nc-Si:H films prepared in the presence of H, flow show
nearly pure amorphous Si structure.

The average nanocrystallite size of the films was also
determined from the FWHM of their (111) XRD diffraction
peaks using the Scherrer’s equation, [10] which corresponds
to the broad fits in Fig. 1.

_ Ki
B pcosb (1

In Eq. 1, d is the average crystallite size, # is the FWHM
of the diffraction peak, 6 is the Bragg angle, 4 is the X-ray
wavelength, and K=0.94 is the Scherrer constant.

The average Si nanocrystallite sizes of the films prepared
at the H, flow rates of 60, 75, and 90 sccm were found to
be~1.9,~3.0, and ~4.3 nm, respectively. These values were
obtained from the best fits, and some of the relevant fits are
shown in Figs. 1b—d.

Figure 2 shows the Raman spectra of the nc-Si:H films
prepared at the H, flow rates of (a) 45, (b) 60, (c) 75, and
(d) 90 sccm. A sharp peak was observed at 521 cm™' in
Fig. 2d. A noticeable variation in the spectra of the films
prepared at different H, flow rates was observed over the
frequency range of 500-520 cm™!. The Raman spectra of
the films were deconvoluted, and the best fits are shown in
each spectrum in Fig. 2. The fits were observed at 480, 390,
and 310 cm™' corresponding to the transverse optics (TO),
longitudinal optics (LO), and longitudinal acoustics (LA)
modes of a-Si, respectively. On the other hand, the films
prepared at the H, flow rates of 60, 75, and 90 sccm showed
small peaks at 508.7, 510.9, and 512.4 cm™, respectively
corresponding to nc-Si:H.

The Raman spectrum of bulk Si shows a single sharp
transverse optical mode at 520 cm™!; the other Raman
modes are not active. However, in the case of small Si crys-
tals with the size of a few nanometers, the momentum con-
servation during the transfer process relaxes and the Raman
activation mode is not limited to the center of the Brillouin
zone. Consequently, the presence of such Si nanocrystallites
produces a small peak in the Raman spectrum over the fre-
quency range of 520 to ~490 cm™! depending on the crystal-
lite size [11-13].

The Raman line shape of Si nanocrystallites can be deter-
mined by the phonon confinement effect [14]. The following
formula (Eq. 2) was used to estimate the mean crystallite
size (d):

=/ B
d=2my] + @)
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Fig. 1 a XRD patterns of the films prepared at the H, flow rates of 45 (1), 60 (2), 75 (3), and 90 (4) sccm. Enlarged (111) XRD peaks of the
films prepared at the H, flow rates of b 60, ¢ 75, and d 90 sccm
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Fig.2 Raman spectra of the nc-Si:H films deposited at the H, flow rates of a 45, b 60, ¢ 75, and d 90 sccm. The spectra were deconvoluted and
their best fits are illustrated
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where Aw is the shift in the peak position of nc-Si compared
to that of bulk Si and B=2.0 cm™! nm?.

With an increase in the H, flow rate from 60 to 90 sccm,
Aw decreased from 11.3 to 8 cm™!, as shown in Fig. 2.
This suggests that the crystallite size increased from ~2.3
to~3.1 nm. However, no noticeable fit corresponding to
nc-Si was observed in the Raman spectra of the film pre-
pared at the H, flow rate of 45 sccm, indicating the absence
of Si nanocrystallites in it.

Figure 3 shows high-resolution TEM (HRTEM) images
of the films prepared at the H, gas flow rates of (a) 60 and
(b) 90 sccm. These films consisted of Si crystals with a
particle size of ~2—4 nm. It is likely that the micrographs
showed only the nanocrystallites with a low index zone
parallel to the incident electron beam. When the deposition

Fig.3 HRTEM images of the nc-Si:H thin films prepared at the H,
flow rates of a 60 and b 90 sccm. A few nanocrystallite regions are
denoted with white circles
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was carried out at the SiH, gas flow rate of 60 sccm, lat-
tice planes with a spacing of 3.1 A could be observed, as
shown in Fig. 3a. The observed interplanar distance cor-
responds to the {111} plane of crystalline Si. In the case
of the nc-Si:H film prepared at the H, gas flow rate of 90
sccm, a large number of lattice planes with high density
were observed. This film showed lattice spacings of 1.9
and 3.1 A corresponding to the {220} and {111} planes
(Fig. 3b). The main orientation [110] of the nanocrys-
talline Si was observed in the inset of Fig. 3b, which is
the fast Fourier transformation of the micrograph. Some
{220} and {111} diffraction spots for nanocrystalline Si
can also be observed in the inset.

Table 1 lists the crystallite sizes of the films determined
by the XRD, Raman spectroscopy, and TEM analyses.
The XRD results were in good agreement with the Raman
spectroscopy results. On the other hand, a considerable
discrepancy was observed in the crystallite sizes of the
film prepared at the H, flow rate of 90 sccm measured by
the XRD (3.1) and Raman spectroscopy (4.3) analyses.
This can be attributed to the difference in the crystallite
size ranges of these measurement techniques, which can
comprise the characteristic spectrum features. Another rea-
son for this difference can be the physical characteristics
of the crystallites such as the strain and chemical bonds.
These characteristics can cause some additive effects on
the size-dependent spectra features in the measurements.

The volume fraction (X,.) of nanocrystalline Si was
obtained from two fits of the Raman spectra. One was the
crystalline component, /,, as obtained from the integrated
Raman scattering intensity at 500 + 15 cm™!, while the
other was the amorphous component /, at~480 cm™'. The
ratio of the volume fraction of the crystallites is defined
as X,=1/(1.+nl,), where 5 is the scattering factor. For
the crystallites with the size of a few nanometers, 7 is
considered to be ~ 1.0 [15]. Nanocrystalline Si was formed
at the H, flow rates of 60-90 sccm. The film obtained at
the H, flow rate of 45 sccm was completely amorphous.
The volume fraction of the crystallites increased from ~2.7
to ~34.2% with an increase in the H, flow rate from 60 to
90 sccm.

Table 1 Crystallite sizes of the nc-Si:H films prepared at various H,
flow rates obtained from the XRD, Raman spectroscopy, TEM, and
PL measurements (dxgp, @ramans @1EM> aNd dpy , respectively). E is the
energy bandgap obtained from the PL spectra

H, flow dxrpmm)  YRamanmm)  9rEM@mm)  deL@um) B (€V)
rate (scan)

45 - - - - -

60 1.9 23 2.0 2.3 2.00
75 3.0 2.6 2.7 2.8 1.87
90 4.3 33 3.0 32 1.80
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3.2 Chemical Features

Figure 4 shows the FT-IR spectra of the nc-Si:H films
prepared at the H, flow rates of (a) 45, (b) 60, (c) 75, and
(d) 90 sccm. The spectra were deconvoluted and the best
fits were obtained. The prominent peak at 2000 cm™' can
be attributed to the stretching vibration of the Si—H bond
(mono-hydride), while two peaks at 2100 and 2140 cm™!
correspond to the stretching vibrations of the Si—H, and
Si—-H; bonds, respectively [16].

The intensity of the peak at 2000 cm™! increased with
an increase in the H, flow rate (up to 90 sccm). This indi-
cates that the dominant silicon-hydrogen bonds trans-
formed from Si-H, to Si—H with an increase in the H,
flow rate (up to 90 sccm). G

The relative fractions of the Si—H bonds, T s in
n=1 Oty

the films prepared at the H, flow rates of 45, 60, 75, and
90 sccm were 0.066, 0.245, 0.635, and 0.702, respectively.
The fraction of the Si—H bonds increased steadily with an
increase in the H, flow rate.

Intensity (Arb. Units)

T T
2000 2100
Wavenumber (cm'l)

1900 2200

Fig.4 FT-IR absorption spectra of the nc-Si:H films prepared at
the H, flow rates of a 45, b 60, ¢ 75, and d 90 sccm. The spectra
were deconvoluted and their best fits are illustrated. Schematic of the
nanocrystallites a and amorphous matrix b in the nc-Si:H films. The
surface of the nanocrystallites was passivated mostly by Si—H bonds.
The amorphous matrix contained silicon clusters consisting mainly of
Si-H; and Si—H, bonds

Figure 5 shows the Si2p binding energy of the nc-Si:H
films prepared at the H, flow rates of (a) 45, (b) 60, (c)
75, and (d) 90 sccm With an increase in the H, flow rate
from 45 to 90 sccm, the binding energy of the Si2p elec-
trons (from 99.1 to 99.6 eV) and the intensity of the Si2p
peaks increased, while the intensity of the SiH, 2p peak at
102.9 eV decreased without any shift in the binding energy.
The Si2p peak shifted from 99.1 to 99.6 eV because of the
modified Si—Si bonds [17]. This is because the breakage of
Si—H bonds makes Si—Si bonds strong. This can be evaluated
on the basis of the Si2p peak integration intensity, which is
proportional to the S—Si bond content. With an increase in
the H, flow rate, the Si2p integral intensity increased, indi-
cating a decrease in the number of the Si—H bonds and an
increase in the number of the Si—Si bonds.

The relative volume fraction of the Si crystallites
increased with an increase in the H, flow rate. As shown
in Fig. 4, most of the Si-H, Si-H,, and Si—H; bonds were
located on the surface of the Si nanocrystals or in the poly-
meric Si clusters in the nc-Si:H films. Since the crystallite
size ranged from~2.0 to~4.0 nm, it can be stated that the
surface of the crystallites was passivated mainly by the Si—-H
bonds, as shown in Fig. 4a. On the other hand, the pres-
ence of the Si—H, and Si—H; bonds can be attributed to the
polymeric chains consisting of the Si—-H; and Si—H, bonds
in the matrix of the films (Fig. 4b) [18]. Hence, the change
in the relative volume fraction of the Si crystallites can be
attributed to the relative fraction of the Si—H bonds, [Si — H]
12 [Si— H,],_ 53 in the films. The Si-H bonds played a
key role in passivating the surface of the crystallites. In
addition, the relative fraction of the Si-H; and Si-H, bonds
decreased with an increase in the relative volume fraction of
the Si nanocrystallites embedded in the amorphous matrix,
as shown in Fig. 4.

d)

/ (©)

ii://\§* ®

Intensity (Arb. Units)

96 98 100 102 104 106 108
Binding Energy (eV)

Fig.5 Si2p XPS spectra of the nc-Si:H thin films prepared at the H,
flow rates of a 45, b 60, ¢ 75, and d 90 sccm

@ Springer



90

Transactions on Electrical and Electronic Materials (2019) 20:85-91

The increase in the H, flow rate up to 90 sccm at a fixed
SiH, flow rate contributed to the generation of larger Si crys-
tallites. On the other hand, at the H, flow rate of 45 sccm, Si
crystallization did not proceed as well as it did at the H, flow
rates of 60-90 sccm. This can be attributed to the relatively
small proportion of H, gas in the plasma chamber. At the
H, flow rate of 45 sccm, a larger amount of H" radicals was
required to form (or grow) Si crystallites in the films than
those required at the higher flow rates. A certain quantity
of hydrogen radicals is required to initiate (or continue) the
crystallization at the surface of a-Si or Si nanocrystallites.
The hydrogen at the surface of nanocrystallites etches out
to produce desorbing H, gas molecules by the reaction with
hydrogen radicals or SiH, SiH,, and SiHj, resulting in the
production of dangling bonds at the surface, which is suit-
able for the attachment of Si-containing precursor radicals.
However, a large number of Si—H, bonds and very few crys-
tallites were observed in the films prepared at the H, flow
rate of 45 sccm. This suggests that the molecules or radicals
of the source gas produced ‘string-like’ Si-chains consisting
of Si—H, bonds rather than 3-D Si nanocrystallites, as shown
in Fig. 4b. The deficiency of hydrogen radicals is likely to be
the reason for the polymeric features of the film.

However, at the H, flux of 90 sccm, the dominant poly-
meric features of the film showed that the amount of hydro-
gen radicals was insufficient to provide suitable atomic sites
for the nucleation/growth of Si crystallites, and hence the
volume fraction of crystallites was almost zero.

3.3 Optical Features

Figure 6 shows the PL spectra of the nc-Si:H thin films.
Prominent PL peaks were observed for the films prepared
at the H, flow rates of (a) 45, (b) 60, (c) 75, and (d) 100
sccm, and the peak position shifted gradually from ~620

PL Intensity (Arb.Units)

450 500 550 600 650 700 750 800 850
Wavelength (nm)

Fig.6 PL spectra of the nc-Si films prepared at the H, flow rates of a
45, b 60, ¢ 75, and d 90 sccm
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to~690 nm with an increase in the H, flow rate from 60 to
90 sccm. However, the film prepared at the H, flow rate of
45 sccm did not show any noticeable PL phenomena, which
can be attributed to the low concentration of Si nanocrystal-
lites in it. As mentioned earlier, no Si nanocrystallites were
observed in this film.

The films prepared at the H, flow rates of 60, 75, and 90
sccm showed intense PL peaks at~617, 662, and ~ 687 nm,
respectively. However, the film prepared at the H, flow rate
of 45 sccm did not show any noticeable PL phenomena
because of its low Si nanocrystallite concentration. The shift
in the PL peaks with an increase in the H, flow rate corre-
lated well with the change in the size of the Si nanocrystal-
lites with the H, flow rate. The Si crystallite size increased
from 2.3 to 3.3 nm with an increase in the H, flow rate from
60 to 90 sccm.

According to the effective mass theory, the energy band-
gap (E) for the crystallite size of nc-Si can be expressed as
E(eV)=1.56+2.40/d> [19], where 1.56 represents the band-
gap of bulk amorphous Si, d is the crystallite size, and 2.40
is the confinement parameter. The sizes of the Si nanocrys-
tallites of the films prepared with the H, flow rates of 60, 75,
and 90 sccm were 2.3, 2.8, and 3.2 nm, respectively, and the
corresponding nc-Si bandgaps were 2.00, 1.87, and 1.80 eV,
respectively. Hence, the position of the PL peaks matched
well with the nc-Si:H size of the films.

The QCE increases the bandgap of nanocrystallites,
increasing the oscillator strength, and hence giving rise to
efficient and visible luminescence [20]. The crystallite size
distribution is believed to be responsible for the broad PL
spectra of nc-Si: H films, which typically exhibit an FWHM
of 300-400 meV [6]. Various efforts have been made to
explain the effect of size distribution on the PL spectrum of
c-Si: H films [21]. The PL spectra of the c-Si: H films were
analyzed to estimate the average size of the nanocrystallites
[19]. The results so obtained were consistent with the Raman
spectroscopy and TEM results.

3.4 Electrical Features

Figure 7 shows the bias In(/)-V curves of the Al:ZnO/nc-
Si:H/p-type Si wafer/Al contacts fabricated from the films
prepared at the H, flow rates of (a) 45, (b) 60, (c) 75, and (d)
90 sccm. With an increase in the forward bias, the current
increased and the excitation of the electrons in the nc-Si:
H layer as well as the resultant recombination of radiation
increased significantly. The nc-Si:H films with higher H,
flow rates showed higher current density in the forward bias
region. These results indicate that these nc-Si:H films had a
sufficient number of crystallites large enough for the excita-
tion under these experimental conditions.

The linear region of the In /-V plot of device is a good
indicator of the presence of rectifier junction behavior, and
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Fig.7 The current versus voltage characteristics of the Al:ZnO/nc-
Si:H/p-type Si wafer/Al contacts. The films were prepared at the H,
flow rates of a 45, b 60, ¢ 75, and d 90 sccm

a linearity deviation at high voltages represents the series
resistance effect [22]. With an increase in the H, flow rate,
the Ohmic behavior of the device became more prominent
and the high injection region shifted towards lower volt-
ages. In addition, an increase in the H, flow rate resulted
in a steady increase in the current of the nc-Si:H films. The
films with Si nanocrystallites showed ~ 10 times higher cur-
rent than the a-Si films. This indicates that the nc-Si:H films
deposited at higher H, flow rates were structurally modified.
This drastic increase in the current gain of the films depos-
ited at higher H, flow rates can be attributed to the increase
in their crystalline fraction and size.

4 Conclusion

The size of the Si nanocrystallites of the nc-Si:H films
prepared in this study increased with an increase in the
H, flow rate from 45 to 90 sccm. The crystallite size of
nc-Si:H films depends on their relative Si—-H bond frac-
tion, [Si — HV)  [Si — H,],_, 53, which is affected by the
H, flow rate. With an increase in the H, flow rate from 60
to 90 sccm, the size of the Si nanocrystallites increased
from ~2.3 to~3.3 nm, while the PL emission wavelength
varied from~ 617 to~687 nm. The wavelength of nc-Si:H

films is related to the average size of their nanocrystallites.
The current of the nc-Si:H films increased with forward bias
depending on their crystallite size and volume fraction. At
the H, flow rate of 45 sccm, the formation of nanocrystalline
Si was prevented, and the film became amorphous. This sug-
gests that a certain amount of hydrogen radicals is essential
for both the nucleation and growth of Si nanocrystallites in
a-Si:H films.
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