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Nonlinear Optical Study of Nano-Sized Effects in a-Si : H Thin
Films Deposited by RF-Glow Discharge
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We have evidenced the high sensitivity of infrared-induced second harmonic generation (IR-ISHG) to the structural changes
occurred in amorphous hydrogenated silicon films (a-Si : H) prepared by RF-glow discharge technique at different substrate tem-
peratures and doping types. In every case, a maximal signal of the IR-induced SHG is achieved at temperature of about 110 K and
pump-probe delaying time about 22–39 ps. It indicates a marked effect of doped subsystems in the observed nonlinear optical ef-
fects. A substantial effect of doping is established from a drastic change of the IR-induced SHG behavior presenting an anomaly at
about 400 MW/cm2 for a pumping power with wavelength 1.54 μm. A minimum of the SHG is observed in that case for standard
nondoped films. Note here that the doping type does not affect the behavior of the second-order nonlinear optical susceptibility.
The thermo annealing leads to a slight decrease of the effective second-order susceptibilities. Larger changes are observed with
doped samples for the pump-probe delaying time from about 39 till 24 ps.
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1. INTRODUCTION

Amorphous hydrogenated silicon (a-Si : H) films are promis-
ing optoelectronic materials used as solar cell or other op-
toelectronic devices requiring additional investigations for a
rigorous control of defects in the subsystems formed. These
defects are crucially dependent on the method used and the
conditions applied in the sample elaboration. In [1, 2], deal-
ing with films obtained by RF glow discharge, it is shown
that the decrease of substrate temperature below 200◦C re-
duces the defect concentration. Moreover, the reduction ob-
served elsewhere below 100◦C [3, 4] has been explained ei-
ther by the decrease of the deposition rate giving enough time
to manifold precursors SiH3 radicals to find the most favor-
able sites for incorporation into the film [5] or by the reduc-
tion of the polymerization process [6]. Another important
aspect to be considered is the film’s doping. For that purpose,
a very close relationship between the film’s microstructure
and the degree of doping is reported in [7]. Following ellip-
sometry measurements, we have established that the imag-
inary part of the dielectric susceptibility is affected by the

doping (n- or p-type) conditions. However, the results ob-
tained from dc-conductivity and IR spectra cannot provide
information concerning the hyperfine influence of the trap-
ping levels formed by interfaces.

From this point of view, nonlinear optical methods and
particularly the second-order ones seem to be more appro-
priate due to their high sensitivity to the low charge den-
sity redistribution of disordered materials [8]. Second-order
nonlinear methods are forbidden in disordered media and
it is necessary to have an additional external field to create
long-range ordered alignment. This one could be an electric
field, an optical, or a transverse acoustical one [9]. Several
works exist now on the nonlinear optical properties of sil-
icon, particularly those devoted to the two-photon absorp-
tion spectroscopy [10] and optical second-order harmonic
generation in nanocrystallites (NC) [11]. The investigations
on the stress/strain effects in silicon wafers grown on insulat-
ing substrates by optical second-order harmonic generation
(SHG) are also proposed [12].

Recently, these effects have been ascribed to NC incor-
porated into polycrystalline films. Following the currently
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adopted technique, we previously investigated a-Si : H films
using an additional induced noncentrosymmetry by means
of an external polarized transverse acoustical field [13].
A high sensitivity of the field-induced nonlinear optical
method to the silicon films morphology was revealed, which
cannot be analyzed by other methods. Therefore, one can ex-
pect that the filed-induced optical second harmonic genera-
tion may be useful for detection of trapping localized states,
which are crucial for transport properties of the material.

Simultaneously, existence of nano-confined effects in
large-sized NC possessing long-range ordering is already well
known [14]. Nano-confined effects are mainly observed at
the borders separating the nanoparticles and the surround-
ing substrate background. The grain-background interfaces
of nanometer sizes can serve as a source of nano-confined
quantized levels that could contribute to transition dipole
moments determining the hyperpolarizabilities affecting the
nonlinear optical effects. In [13], we have shown that an ap-
propriately noncentrosymmetry stimulation of electrons by
an external acoustical field could induce substantial non-
centrosymmetric charge density distribution. For that pur-
pose, the crucial role of the micro grain size in the observed
effects was revealed. Applying an approach introduced for
large-sized NC, one can expect a similar influence in the
nanosheets (about several nm) separating the grains and
their surrounding background. Previously performed molec-
ular dynamics simulations have shown that the phase is
formed at the borders separating the grains and background
that are slightly different from the remaining background
[8].

2. EXPERIMENTAL METHODS

2.1. Film deposition procedure

The investigated a-Si : H films were prepared by standard RF
glow discharge on high optical quality CORNING glass sub-
strates as described in [15]. We have varied several parame-
ters. For the first group of the samples, we have varied sub-
strate temperature and for the second one we have done n-
and p-type doping. Two standard a-Si : H films, indicated by
S1 and S2 were prepared (under standard conditions), that
is, the dissociation of pure silane (10 sccm) at 40 mTorr un-
der the RF power of 1 Watt and substrate temperature of 150
and 300◦C, respectively. Three other samples were prepared
at 50◦C from the dissociation of 4% silane in hydrogen mix-
tures under a total pressure of 60 mTorr and an RF power of
1 Watt. Sample S3 was intrinsic while phosphine was added
to the mixture to obtain an n-type material (sample S4) and
trymethylboron to obtain p-type a-Si : H film (sample S5).
A synoptic view of the different investigated samples is pro-
posed in Table 1.

2.2. Nonlinear optical setup

As a fundamental (probing) laser for the second harmonic
generation, we have used pulsed 40 ps Q-switched Gd:YAG
laser (presenting traditional Nd:YAG laser with the Gd-
containing optical parametrical generator) operating at

Table 1: Labeling and the deposition conditions applied for the dif-
ferent investigated samples.

Samples
labeling

S1
standard

S2
standard

S3
intrinsic

S4
intrinsic

S5
intrinsic

Deposition
temperature
Ts (◦C)

150 300
50
(undoped)

50
(n-type)

50
(p-type)

Deposition
pressure
P (mTorr)

40 40 60 60 60

wavelength 1.76 μm, with pulse frequency repetition about
3 Hz (see Figure 1). Using parametrical generator from
ZnSeTe single crystals cut under appropriate angles, we
have obtained 16.0–17.5 ps durated laser pulses operating
at 3.7 μm. The laser power density originated from the op-
tical parametrical generator was varied within the 0.06–
0.2 GW/cm2. For the photoinducing changes, we have ap-
plied 20 ps Er-glass pulsed laser at λ = 1.54 μm with pump
power density continuously varying up to 1.2 GW/cm2. Us-
ing a set of polarizers, we were able to operate by polarization
of the incident and output laser beams. The delaying line DL
allowed to operate continuously by delayed time between the
pumping and probing laser beams. The grating monochro-
mator allowed achieving the doubled frequency output SHG
signal that was used for detection of the second-order opti-
cal susceptibility by a method described in [16]. The setup
allowed the determination of second-order susceptibilities
with a precision up to 0.1 pm/V.

3. RESULTS AND DISCUSSION

Figure 2 demonstrates a substantial difference of the SHG
photoinduced behavior between the doped samples (S4 and
S5) and the undoped ones (S1, S2, and S3). In fact, the latter
specimens show a substantial enhancement of SHG with the
increase of photoinduced field from 0 up to 500 MW/cm2.

Dependence of the effective second-order susceptibil-
ity deff versus the pump-probe delaying times is given in
Figure 3 for doped and undoped samples. One can see that
there exists a maximum of the second-order optical suscepti-
bility at the pump-probe delaying times in the time interval
15 ps–42 ps. It clearly appears in this case that doped sam-
ples (S5) exhibit a sharper and higher response, their max-
imal position occurring at 23 ps instead of 39 ps of the un-
doped one (S3). Besides, the role of deposition temperature
on the SHG behavior of a-Si : H films is evidenced in Figure 4
through the study of the second-order susceptibility. Sample
S3 deposited at 50◦C exhibits a higher response than S1 ob-
tained at 150◦C. Their particular maximum nonlinear opti-
cal (NLO) signals appear at about 120 K.

Such behaviors can be explained only within a frame of
electric field induced SHG. These interactions stimulate ad-
ditional noncentrosymmetry charge density, which is defined
by the trapping level’s number due to the dopant and the
neighboring electron-phonon levels. At the same time, one
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Figure 1: Principal experimental setup for the measurement of IR-induced SHG. All explanations on the process used are given in the text.
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Figure 2: Photoinduced dependence of the efficient second-order
susceptibility at fundamental wavelength 3.7 μm. The data are col-
lected at optimal delaying time of every sample 20–30 ps, each of
them being parallel to the polarization direction of the fundamen-
tal and pumping beam.
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Figure 3: Typical pump-probe delaying dependence. The measure-
ments are performed at 120 K.
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Figure 4: Temperature dependence of the efficient second-order
susceptibility at optimal pump-probe delaying time.

can see in Figure 2 that the increase of substrate temperature
leads to a slight decrease of the corresponding SHG depen-
dence. This could reflect a decrease of trapping levels at the
substrate-film interface. In addition, it appears that doping of
p- or n-type gives almost the same behavior of the photoin-
duced SHG. This one indicates on a fact that origin of the
doping (electrons or holes) do not change sufficiently transi-
tions dipole moments determining corresponding hyperpo-
larizabilities and susceptibilities, which will be a subject of
separate theoretical work in a future. One can therefore con-
clude that photoinduced nonlinear optics is more sensitive to
the total number of the localized levels, contrary to the usual
linear elipsometric measurements.

Another result reported in Figure 2 consists in an almost
same value of photoinducing pump power at which exist
minima and maxima of the second-order susceptibilities deff

for the all investigated samples.
To have a physical insight of these results, a pump-probe

NLO relaxation study of the samples has been performed.
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From Figure 3, a marked increase of deff for the doped sam-
ples with respect to the undoped samples is clearly shown.
This increase is almost two times larger than that of doped
samples in the pump-probe range 20–39 ps. Considering the
typical times for electron-phonon relaxation together with
contribution of electron-phonon subsystems, one can expect
an occurrence of additional IR-induced phonon mechanisms
for hole and electron carriers which is quite different from
that of subsystems of electron-phonon levels determining the
photoinduced processes. The as-reported results appear only
during the excitation and disappear out for the temperature
region of about 110 K. It is necessary to emphasize that the
observed second harmonic generation exists only during the
photoinducing beam and completely disappears after its re-
movement.

The observed effect is optimal at temperature range 80–
120 K. There exists also a probability of an appearance a
slightly modified structural phases at the borders separating
the silicon films and the surrounding background. Our use
of molecular dynamics simulations for the study of isostruc-
tural SiON films deposited on silicon [17] showed that for
both sides of the interface there occurs a thin layer which
can create a nanosheet with partial crystallization. Due to the
thinner sheet, its structural control is possible only by pho-
toinduced SHG.

By and large, it is assumed for nanocrystallites that two
factors are responsible for this size-dependent SHG response:
the size distribution of crystallites in film and the size dis-
tribution in a single crystallite due to random shape distor-
tions [17]. In the case of amorphous-like films with partially
nonhomogenous structure, nanoparticles could play the role
of interface structure between the morphological grains and
the background. It can be assumed that SHG is a result of
the direct-gap Γ15–Γ25′ transitions in silicon nanocrystallites.
Although the photon energy is less than the resonance value
(∼3.3 eV) for bulk silicon, the resonant SHG is achieved due
to the band tail—band tail transition. The broadband tails
inside the band gap of nanoparticles mainly consist of defect
states that are created due to grain boundary defects. The
exponential slope constants of band tails can be evaluated
in 300–650 meV range. Therefore, the tail-to-tail transitions
may be the possible reason of SHG response [18].

4. CONCLUSION

Following the performed photoinducing optical second har-
monic generation, we have discovered a high sensitivity of
SHG to the structural modifications occurred in hydro-
genated silicon amorphous-like films due to some changes in
their deposition conditions and doping. Considering the typ-
ical times for electron-phonon relaxation together with con-
tribution of electron-phonon subsystems, one can expect an
occurrence of additional IR-induced phonons which is quite
different from that of subsystems of electron-phonon lev-
els determining the photoinduced processes. We have found
that the doping of the films leads to drastic changes of the
IR-induced behavior of the SHG, possessing an anomaly for
a pumping power of 1.54 μm at about 390 MW/cm2, which

becomes a minimum for the standard nondoped films. The
thermo annealing leads to a slight decrease of the effective
second-order susceptibilities. Larger changes are observed
for the pump-probe dependences, particularly for the doped
films. We observed in that case a decrease of the pump-probe
delaying time from about 38 ps up to 25 ps. It is necessary
to emphasize that the type of the doping does not influence
substantially on the behavior of the second-order nonlinear
optical susceptibility. It appears that doping of p- or n-type
gives almost the same behavior of the photoinduced SHG.
This one reflects a fact that origin of the doping (electrons or
holes) does not change substantially transition dipole mo-
ments determining corresponding second-order hyperpolar-
izabilities and susceptibilities.
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