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Probing hydrogenated amorphous silicon surface states by spectroscopic and real-time
second-harmonic generation
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Department of Applied Physics, Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven, The Netherlands
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The second harmonic generation �SHG� signal from hydrogenated amorphous silicon �a-Si:H� thin films is
measured in situ and in real-time during film growth. Polarization and spectral dependences of the SHG
radiation are investigated for as-deposited films and after subsequent molecular oxygen dosing in order to
confirm the sensitivity of SHG to a-Si:H surface states. On the basis of these experiments, we conclude the
SHG radiation is partly generated at the surface �a-Si:H/vacuum interface� and the microscopic origin of the
SHG signal appears to be dangling and surface Si-Si bonds. This has been supported by simulations of the
nonlinear surface response for the different polarization configurations using an excitonic line shape model
with two resonances. Furthermore, real-time measurements during film growth, up to a film thickness of
412 nm, demonstrate the potential of the technique to monitor surface states during the deposition process of
a-Si:H films.

DOI: 10.1103/PhysRevB.73.045327 PACS number�s�: 73.20.At, 42.65.Ky

I. INTRODUCTION

During thin film growth of amorphous semiconductor and
dielectric materials, coordination defects and weak bonds at
the surface play a crucial role in the adsorption process of
growth precursors. For example, for hydrogenated amor-
phous silicon �a-Si:H�, a material used in solar cells, dis-
plays, and imaging devices and generally synthesized by
plasma or thermal decomposition of silane, surface processes
have been proposed that involve �i� the adsorption of radicals
on undercoordinated Si atoms �dangling bonds�;1–3 �ii� the
adsorption of radicals near overcoordinated Si atoms �float-
ing bonds� in which these coordination defects are healed;4

and �iii� direct insertion of radicals into surface Si-Si bonds
such as strained Si-Si bonds.5 Also from a device perspec-
tive, coordination defects and weak bonds at surfaces are
pivotal as the performance of most semiconductor devices is
ruled by interface properties. Examples are the channel re-
gion next to the gate material in thin film transistors and
heterojunctions in thin film solar cells. Within the current
trend of miniaturization of device dimensions, surface and
interface dangling bonds, floating bonds and weak bonds will
only become more important.

Despite the importance of surface coordination defects,
diagnostic techniques for probing these surface states are not
readily available. Preferentially, such techniques should be
applicable in situ and in real-time during processing as it is
essential to obtain a fundamental understanding of the role of
these surface states during the growth process of the materi-
als and their appearance during device formation.6–8 In this
paper, we apply the nonlinear optical technique of second
harmonic generation �SHG�, which has an intrinsic interface
sensitivity and appears to be a promising technique to detect
surface states of a-Si:H.9

The potential of SHG can best be illustrated by the nu-
merous surface science studies on crystalline silicon �c-Si�.
For c-Si, the surface selectivity of SHG arises because the
bulk inversion symmetry forbids an electric dipole contribu-

tion, while the broken symmetry at the surface or interface
allows a dipole contribution. Furthermore, SHG is resonantly
enhanced when choosing the fundamental or the second har-
monic photon energy to coincide with electronic surface state
transitions.10 As a result, surface states for Si�100� and
Si�111� have been probed by SHG.11–16 For example, from
spectroscopic SHG surface Si dangling bonds have been
identified for photon energies in the range of �1.0 to
�1.5 eV,11–13 while Suzuki was able to resolve that surface
Si dangling bonds are probed by a two-photon transition
around 1.2 eV and a one-photon transition around 1.4 eV for
the Si�111�-�7�7� surface.14 Furthermore, Si-Si bonds in a
strained surface layer have been observed by a two-photon
resonance at �3.3 eV.11–16

When comparing with c-Si, a-Si:H lacks the long-range
order which results in a broad dielectric function with a
maximum close to the critical point transitions E0� /E1 as ob-
served for c-Si.17 Likewise, the density of states distribution
is also broadened compared to c-Si forming band tails and
localized states in the gap. The band tails, which are attrib-
uted to strained Si-Si bonds or weak bonds in the amorphous
matrix, lead to an exponentially increasing absorption with
increasing photon energy within the range �1.4–1.9 eV, i.e.,
the Urbach tail. Undercoordinated defects or dangling bonds
form localized states, which lie in the band gap �Ref. 18, and
references therein�. These defects, in the bulk ��1016 cm−3�
and in the surface region of a-Si:H ��1012 cm−2�, are gen-
erally probed by subgap absorption spectroscopy techniques,
such as photothermal deflection spectroscopy19 and, more
recently, also with cavity ring-down spectroscopy.20 Natu-
rally amorphous materials possess bulk inversion symmetry,
which excludes second harmonic dipole contributions from
the bulk.

Considering these properties of a-Si:H, it is tempting to
investigate whether SHG can reveal information about the
surface states of a-Si:H. This research question has not been
addressed yet in the literature by other research groups, al-
though some ex situ SHG data have been reported. Erley and
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Daum showed, for comparison purposes only, the SHG spec-
trum of an a-Si:D film for a fundamental photon energy
range of 1.2–2.5 eV. They observed only a very weak, fea-
tureless SHG signal which was an order of magnitude less
than the SHG radiation from the c-Si.21 Furthermore, Alex-
androva et al. measured the SHG radiation from a 125 nm
thick a-Si:H film but only at a single photon energy of
1.17 eV.22,23 We have recently reported a more extensive ex
situ investigation on a-Si:H films of 9 and 1031 nm thick-
ness, including the azimuthal and polarization dependence,
and a spectroscopic scan from 1.0–1.7 eV.9 Isotropic and
resonant signals were observed, however, the a-Si:H under
investigation was native-oxide covered and also no direct
evidence for probing surface states could be obtained from
these experiments.

In this paper, we report on an in situ SHG study on as-
deposited a-Si:H films prepared by hot-wire chemical vapor
deposition �HW-CVD�. The polarization and spectral depen-
dence of the SHG radiation is investigated for fundamental
photon energies ranging from 1.0 to 1.7 eV, while oxygen
dosing experiments are carried out to prove surface sensitiv-
ity. On basis of c-Si studies reported in the literature, the
microscopic origin of the SHG from a-Si:H thin films will
be discussed. Moreover, the first results on real-time moni-
toring of a-Si:H film growth and sequential surface oxida-
tion by SHG will be reported.

II. EXPERIMENTAL DETAILS

The a-Si:H films were deposited in a high-vacuum cham-
ber �base pressure �10−9 Torr� by HW-CVD. A tungsten
filament was heated to 2050±200 °C in silane gas �SiH4,
purity �99.995%� at a pressure of 10−4 Torr. The films were
deposited on fused silica substrates located at 6.8 cm from
the filament and heated up to 450 °C by a radiative heater
from the back of the substrate. The temperature was actively
controlled using thermocouples glued on the substrate. The
deposition rate �1.3 nm/min� and dielectric functions of the
a-Si:H films were deduced by real-time spectroscopic ellip-
sometry using photon energies between 0.7 and 5.0 eV.
These experiments were carried out on c-Si substrates in a
separate experiment. Surface oxidation of the a-Si:H films
was performed by exposing the as-deposited films to mo-
lecular oxygen �O2, purity 99.999%� by backfilling the
chamber to an O2 pressure of 7.5�10−5 Torr through a leak
valve.

The SHG experiments were carried out over a photon
energy range of 1.0 to 1.7 eV using the tunable idler beam of
an optical parametric oscillator �OPO� pumped by a
frequency-tripled Q-switched neodymium yttrium alu-
minium garnet �Nd:YAG� laser with a 6 ns pulse duration
and 30 Hz repetition rate �Spectra-Physics MOPO-710 and
GCR-230�. The wavelength of the laser radiation was
checked independently by a calibrated monochromator lead-
ing to an accuracy in fundamental photon energy of
±0.003 eV. The fundamental radiation energy was set by a
combination of a half-wave retardation plate and a Glan-
Thompson polarizer such that the laser fluence on the sample
was constant at 60 mJ/cm2 per pulse, which is below the

threshold for crystallization of the a-Si:H and no influence
of the laser on the a-Si:H films was observed. The polariza-
tion of the fundamental and SHG radiation were controlled
by a half-wave retardation plate and a Glan-Thompson po-
larizer, respectively. The laser beam was incident on the
sample at 35° with respect to the surface normal. An absorp-
tive filter was used to block SHG radiation present in the
fundamental beam before the beam entered the vacuum
chamber while the reflected fundamental radiation from the
substrate was suppressed against the SHG radiation using an
absorptive filter and a monochromator. Photon counting was
applied using a photomultiplier tube and gated electronics.
The stability of the laser system was monitored using the
SHG radiation produced by a GaAs�100� sample in a refer-
ence channel. The SHG spectra were corrected for the linear
transmission of the detection system that was measured us-
ing a calibrated ribbon lamp. A very low transmission of the
monochromator for P-polarized light around 2.6 eV was
observed,24 causing a relatively large uncertainty in the de-
tected SHG signal for a fundamental photon energy of
�1.3 eV. This uncertainty is indicated in the SHG spectra by
error bars. Furthermore, the fused silica substrates and
vacuum windows did not produce a detectable level of SHG
radiation.

III. RESULTS AND DISCUSSION

First, we will consider the SHG radiation of a 9 nm thick
as-deposited a-Si:H film. For this film, measurements were
carried out as a function of the polarization angle of the
fundamental radiation with a fixed output polarization, and
as a function of the photon energy for the polarization con-
figurations: �p , P� which stands for p-input and P-output po-
larizations; �s , P� s-input and P-output polarization; and
�mix ,S� 45° input and S-output polarizations. The results are
given in Figs. 1 and 2.

The polarization dependence in Fig. 1 for a photon energy
of 1.2 eV reveals a clear periodic variation for the output P
signal, while the output S signal shows some variation,
though it hardly exceeds the noise level. This polarization
dependence can be well fitted by the expressions10

IP�2�� = a sin4��� + b sin2���cos2��� + c cos4��� ,

IS�2�� = d sin2���cos2��� �1�

that describe the output P and S polarization, IP and IS, re-
spectively, for a nonchiral isotropic surface, which is the ex-
pected symmetry for an amorphous film. The parameters a
-d are related to the appropriate combination of Fresnel co-
efficients, and amplitudes and complex phases of the second-
order nonlinear susceptibility tensor elements �zzz

�2�, �xzx
�2�

=�yzy
�2� , �zxx

�2� =�zyy
�2� that describe �m-symmetry.10 The polariza-

tion angle � is defined as the angle between the polarization
vector of the incident fundamental beam and the plane of
incidence �p at �=0 and 180 degrees; s at �=90 and 270
degrees�. The SHG spectra in Fig. 2 show a dependence on
the photon energy with the largest SHG signal observed for
the �p , P� polarization configuration and almost no signal for
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�mix ,S�, which is in agreement with Fig. 1. The overall trend
of the spectral dependence was confirmed by a good repro-
ducibility throughout the measurements: a higher signal for
photon energies above 1.3 eV �with a maximum around
�1.6 eV� as well as an apparent feature between 1.0 and
1.3 eV.

Insight into whether a SHG signal is generated at the sur-
face of the film can be obtained by modifying the surface
properties, for example, by dosing with O2 which is known
to quench certain surface states of silicon.14,15,25 In general,
a-Si:H films are found to be relatively more resistant against
surface oxidation than c-Si surfaces, which can be attributed
to the almost completely H-passivated surface.26 Figures 1
and 2 show the results obtained after O2 dosing of the film
with a total exposure of 2.3�104 L. Large changes in the
SHG signal were observed by the O2 dosing as is especially
clear from the polarization dependence in Fig. 1. The
P-output polarization collapsed drastically for p-input polar-
ization. On the other hand, the S-output polarization in-
creased considerably for the mix-input polarization. The po-
larization dependence of the O2 dosed a-Si:H film could be
fitted well by the expressions of Eq. �1�. The isotropic nature
of the SHG signal was further confirmed by the fact that no
azimuthal dependence of the signal was observed for this
film in an ex situ experiment. These results on O2 dosed
HW-CVD a-Si:H films are, therefore, in agreement with
previous ex situ SHG results on native-oxide covered

�a-Si:H� films deposited by plasma-enhanced9 CVD. Sig-
nificant changes in the SHG signal are also observed in the
spectral data: a decrease for �p , P� especially in the region
below 1.3 eV, while there is also a smaller decrease for
�s , P� �in agreement with Fig. 1�. For �mix ,S�, an increase is
observed for the whole photon energy range, while being
most pronounced for the region above 1.3 eV. In this energy
range, �p , P� shows a slight decrease in SHG signal, while no
clear change is apparent for �s , P�.

These observations prove there is a contribution from the
surface to the SHG signal, however, it is not straightforward
to determine its “microscopic” origin due to several reasons.
First of all, for this thin a-Si:H film, also SHG generated at
the buried interface can contribute to the total detected SHG
signal. This contribution can be eliminated by going to thick
films when the a-Si:H becomes opaque for the visible SHG
radiation generated at the interface, as we will discuss in
detail below. However, for such thick films, interference ef-
fects at the pump wavelength complicate the interpretation of
the spectral data. Furthermore, the SHG radiation might
also have nonlocal bulk10 and electric-field-induced
contributions.27 Also, the interpretation for �p , P� is compli-
cated because three independent second-order nonlinear ten-
sor elements ��zzz

�2�, �xzx
�2� , and �zxx

�2� � are probed simultaneously.
On the other hand, for �s , P� and �mix ,S�, only one tensor
element is probed ��zyy

�2� and �yzy
�2� , respectively�, but even for

these polarization configurations, the interpretation can be
complicated as different microscopic contributions to the

FIG. 1. �Color online� The SHG signal from a 9 nm thick
a-Si:H film as a function of the polarization angle of the incident
fundamental beam, measured with respect to the plane of incidence
�p polarization corresponds to �=0° and 180°, and s polarization to
�=90° and 270°�. �a� P-output SHG radiation and �b� S-output
SHG radiation both showing the as-deposited films �closed sym-
bols� and films exposed to O2 �open symbols�. The photon energy
of the fundamental beam is 1.2 eV. Solid lines are fits to Eq. �1�.

FIG. 2. �Color online� SHG spectra for three polarization
combinations �a� �p , P�, �b� �s , P�, and �c� �mix ,S� as a function of
the fundamental photon energy for the as-deposited 9 nm thick
a-Si:H film �closed symbols� and for the film after exposure to
2.3�104 L of O2 �open symbols�. In �a� and �b�, the error bars
around a fundamental photon energy of 1.3 eV denote the uncer-
tainty associated with a correction for the optical transmission of
the detection system. The solid lines are B splines to the data.

PROBING HYDROGENATED AMORPHOUS SILICON… PHYSICAL REVIEW B 73, 045327 �2006�

045327-3



SHG radiation might spectrally overlap and interfere. For
example, the Si�111�-�7�7� surface destructive interference
has been observed for the SHG signal generated by the dan-
gling bonds and the strain-induced resonance.14,28

Nevertheless, despite the above-mentioned complications,
we will compare our results with those of c-Si. Therefore, in
Fig. 3, we compare the squared linear susceptibility ���1��2 of
c-Si with the ���1��2 of the 9 nm thick a-Si:H film obtained
by spectroscopic ellipsometry measurements. Note, that for
a-Si:H, only one broad peak is observed due to the disorder
in the amorphous film. The resonance that shows up in the
SHG signal for c-Si at a photon energy of �1.65 eV �SHG
photon energy �3.3 eV� is generally very pronounced for
the oxidized surface.15,16 Based upon its similarities with the
peak at 3.4 eV, as observed in the ���1��2 of c-Si, the reso-
nance in the SHG signal for c-Si at a fundamental photon
energy of �1.65 eV has been attributed to a two-photon
transition from Si-Si bonds in a strained surface layer.15 A
similar contribution to the SHG signal might also be ex-
pected for the O2-dosed a-Si:H film, although the disorder in
the amorphous film might lead to a broader resonance char-
acteristic. In Fig. 2 �most clearly in �a� and �c��, a broad
feature is observed with a maximum SHG intensity around a
two-photon energy of �3.3 eV. The agreement between
���1��2 and the SHG signal after O2 dosing suggests that the
SHG signal is due to surface Si-Si bonds in a two-photon
direct interband transition.

For the as-deposited film, however, especially the �p , P�
and �mix ,S�, the SHG signals change significantly when sub-
jected to the O2 dosing �see Fig. 2�. Although not abundant
��1012 cm−2� on the H-passivated a-Si:H surface, surface
dangling bonds form a plausible explanation for these
changes in the SHG signal, since O2 quenches dangling bond
defect states very efficiently, as was shown for c-Si
surfaces.14,15,25 The dangling bond defect states form a con-
tinuous distribution of localized states in the band gap of
a-Si:H, which can be expected to result in a spectrally broad
SHG signal, particularly apparent below photon energies of
1.3 eV and similar to the c-Si case. This would also be in
line with the aforementioned fact that dangling bonds in the
bulk and surface region of a-Si:H are probed in this photon
energy range by subgap absorption spectroscopy.19,20 On the

basis of this reasoning, the effect observed for the �p , P�
polarization configuration appears to be straightforward:
when the film is exposed to O2, the signal below 1.3 eV
drops due to the quenching of the dangling bond surface
states and only the Si-Si direct interband transition remains.
Here, we make the implicit assumption that the signal due to
Si-Si bonds is also observed for the as-deposited a-Si:H
film, which is not unreasonable as a SHG signal due to sur-
face Si-Si bonds has also been observed for unreconstructed
and H-terminated c-Si surfaces.11,14 However, the situation is
very complicated for the �p , P� polarization configuration as
this signal depends on all three independent components of
the second-order susceptibility tensor. On the other hand, the
�mix ,S� SHG signal depends only on one tensor component
�yzy

�2� and interpretation of the SHG signal should be easier.
Nevertheless, it seems unlikely that this tensor component is
almost zero for an isotropic surface prior to O2 dosing as can
be seen in Fig. 2�c�. A possible explanation for this observa-
tion is destructive interference between different contribu-
tions to the SHG signal that have significant spectral overlap,
such as, e.g., the interband transition due to Si-Si bonds and
the resonance due to dangling bonds. If these dangling bond
surface states are quenched by O2, the destructive interfer-
ence disappears and the broad SHG resonance of the Si-Si
direct interband transition is revealed �see Fig. 2�. Finally,
considering the �s , P� polarization configuration, it appears
the SHG signal remains virtually unchanged. Yet, real-time
SHG measurements at a photon energy of 1.2 eV during O2
dosing of the 9 nm thick a-Si:H film �not shown� have re-
vealed an initial fast decrease in SHG signal almost down to
zero followed by a slow recovery of the signal to about half
its initial value before O2 dosing �in agreement with Fig. 2�.
This can possibly be explained by a rapid quenching of the
dangling bond surface states, while incorporation of oxygen
in the surface layer largely restores the SHG signal due to the
broad resonance of the surface Si-Si direct interband transi-
tion at 3.3 eV.

From these considerations, it is clear that it is very com-
plicated to determine the microscopic origin of the SHG sig-
nal generated by the a-Si:H surface and more experimental
investigations are required to be more conclusive. However,
it shows also that it is a plausible working hypothesis for the
moment to assume the SHG signal of a-Si:H is generated
primarily by surface dangling bonds for photon energies be-
low 1.3 eV and by surface Si-Si bonds in a direct interband
transition for higher photon energies.

The hypothesis can be further verified by a simple model
of the frequency dependent nonlinear response of the
a-Si:H thin film �the spectra as presented in Fig. 2� using a
coherent superposition of only two resonances, i.e., of the
dangling bonds and of the Si-Si bonds, with excitonic line
shapes as an ansatz14,21,28–30

��2��2�� = �
n,m
� fn exp�i�n�

� − �n + i	n
+

fm exp�i�m�
2� − �m + i	m

	 . �2�

We assume the resonance frequencies �n and �m centered at
1.1 and 1.65 eV for the dangling bond and the Si-Si direct
interband transitions, respectively. The damping constants 	,

FIG. 3. The squared linear bulk susceptibility ���1��2 of c-Si
�dashed line� and a-Si:H �solid line� as determined from the dielec-
tric function of the materials measured by spectroscopic ellipsom-
etry. The data for the c-Si have been obtained at room temperature,
the data for a-Si:H at a substrate temperature of 450 °C.
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representing the linewidth of the resonance, are assumed
0.3 eV for both resonances. These values for the resonance
frequencies and the linewidths are based on the optical linear
properties of a-Si:H,18–20 while the amplitude f and phase �
of the resonances are modeling parameters. The simulated
spectra, qualitatively reproducing the measured spectra in
Fig. 2 to a fair extent, are shown in Fig. 4. It is clear that the
almost zero SHG signal for �mix ,S� for the as-deposited film
can be reproduced by imposing destructive interference be-
tween the two resonances that are shown in Fig. 4�d� as an
example �solid lines�. Furthermore, when quenching the am-
plitude of the dangling bond resonance as a result from O2
dosing, the measured SHG spectrum in Fig. 2�c� is obtained
showing only the signal due to Si-Si bonds �with only a
small change in the amplitude of the Si-Si direct interband
resonance, dashed line in Fig. 4�c��. For �s , P� and �p , P�, a
similar good agreement has been obtained by optimization of
the independent modeling parameters.31 Only the dip in the
measured spectra at 1.3 eV could not be reproduced in the
simulated spectra which can be related to the small transmis-
sion of the optical system at this energy or due to the over-
simplified model. In any case, it can be concluded that the
model gives further support for the presented interpretation
of the SHG signal.

The potential of the SHG technique to detect surface
states can be further illustrated by real-time measurements
during film growth. Here, we show the first real-time SHG
observation during the growth of an a-Si:H film starting
from a clean fused silica substrate up to a �412 nm final
film thickness for a photon energy of 1.2 eV. The �p , P�
polarization configuration was chosen as it yielded the larg-
est signal. The SHG signal in Fig. 5�a� shows very strong
thickness dependence that can be explained by interference
of both the fundamental radiation �A� and the SHG radiation
�B� in the thin film, and interference between the three sepa-
rate contributions to the total SHG signal: �i� the reflected

FIG. 4. �Color online� Simulated SHG spectra for the three po-
larization combinations �a� �p , P�, �b� �s , P�, and �c� �mix ,S� to
reproduce the measured SHG spectra shown in Fig. 2. Solid and
dashed lines refer to the as-deposited and O2 dosed cases, respec-
tively. In �d�, the two resonances used in the simulations to generate
the �mix ,S� spectra are shown as an example.

FIG. 5. �Color online� Real-time SHG signal as measured �a�
during a-Si:H deposition �30 s intervals between data points� and
�b� during exposure of the 412 nm thick a-Si:H film to O2 �10 s
intervals between data points�. The solid line in �a� is a fit to the
SHG data using a model that takes into account interference effects
of the fundamental �A� and SHG radiation �B� in the thin film as
well as the SHG radiation produced at the surface �i�+ �ii� and at the
buried interface �iii� �see inset�. The fit is optimized for a film
thickness�50 nm. In �b�, the as-deposited film is exposed to O2

starting at t=0 s.
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SHG contribution from the surface, �ii� the transmitted SHG
contribution from the surface into the film that is reflected
back from the buried interface, and �iii� the reflected SHG
contribution from the buried interface �see inset Fig. 5�a��.
With increasing thickness, the contributions �ii� and �iii� will
diminish due to strong absorption of the SHG radiation in the
film, and finally disappear when the film, at a film thickness
of approximately 150 nm, becomes opaque for the SHG ra-
diation. This is reflected in Fig. 5�a�: above a thickness of
150 nm, the thickness dependence of the SHG signal shows
a regular interference pattern that can simply be explained by
interference of the fundamental radiation �A� in the film as
there is only a contribution from �i�; below 150 nm, how-
ever, a deviation from this regular interference pattern is ob-
served �e.g., the local maximum at �90 nm� which can only
be explained by considering all three SHG contributions �i�–
�iii� as well as taking into account both the interference of
the fundamental radiation �A� and the SHG radiation �B� in
the film. Using the theory developed by Sipe et al.32 and
taking into account the above-mentioned contributions, the
thickness dependence could be fitted in a straightforward
way30,33 as shown by the solid line in Fig. 5�a�. We find good
agreement except for the first 50 nm in which deviation from
the actual data is observed. This deviation can probably be
explained by the fact that during the initial growth stage, the
microstructural �e.g., surface roughness� and optical proper-
ties of the thin film change considerably as revealed by spec-
troscopic ellipsometry.34,35

Consequently, by using a sufficiently thick film
��150 nm�, the SHG signal generated from the surface can
be isolated from the SHG signal generated at the buried in-
terface. This makes it possible to explicitly prove the SHG
signal originates from surface �defect� states by exposing the
film to O2. Film growth was, therefore, terminated at a maxi-

mum in the SHG signal �see Fig. 5�a�� in order to obtain the
best sensitivity. Immediately after termination of film
growth, the reactor chamber was backfilled with O2 at a pres-
sure of 7.5�10−5 Torr while recording the SHG signal. Fig-
ure 5�b� shows the SHG signal decreases as a function of
exposure until only a relatively small signal remains. This
remaining SHG signal can be due to the �non-� resonant sur-
face and bulk contributions to the SHG signal as mentioned
earlier. This experiment clearly demonstrates the SHG signal
at this photon energy is sensitive to surface states of the
a-Si:H film.

IV. CONCLUSIONS

The SHG response of as-deposited a-Si:H thin films was
investigated in situ with respect to polarization and spectral
dependence. Dosing the film with O2 showed the SHG radia-
tion has a contribution from the isotropic a-Si:H surface. On
the basis of a comparison with c-Si, the microscopic origin
of the SHG signal is discussed and it is made plausible that it
originates from direct interband transition due to Si-Si bonds
and dangling bond surface states. Finally, the first SHG ex-
periment during real-time a-Si:H growth is presented show-
ing the potential of the technique for monitoring surface �de-
fect� states of a-Si:H.
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