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Photoacoustic Fourier transform infrared spectroscopy of nanoporous
SiOx /Si thin films with varying porosities
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Nanostructured SiOx /Si thin films, over a large range of porosities, were deposited by the excimer
laser ablation �KrF, 248 nm� of Si targets in He; they have been characterized by photoacoustic
Fourier transform infrared spectroscopy, which necessitates exposure to air with subsequent
oxidation. In particular, the IR Si–O–Si asymmetric stretching region, from 1000 to 1300 cm−1, has
been found to be composed of four components: P1 at 1045 cm−1, P2 at 1060 cm−1, P3 at
1090 cm−1, and P4 at 1170 cm−1. The photoacoustic signals were enhanced with increasing film
porosity, as previously found for larger scale porous materials; those for P2–4 also correlated with
similar increases in the O–H and C–Hn surface contaminant stretching peaks, indicating their
sources to be in the surface region. We demonstrate that the experimental data fully support a
previously proposed theoretical relationship, originally developed for powders. © 2005 American
Institute of Physics. �DOI: 10.1063/1.2138376�
I. INTRODUCTION

Nanoporous Si thin films have attracted much interest
over the last decade because they exhibit visible photolumi-
nescence �PL� with quantum efficiencies of up to a few per-
cent at room temperature, making them attractive materials
for optoelectronic and biomedical device applications.1,2

Nanostructured Si prepared under different conditions ex-
hibit PL of varying intensities, wavelengths, and band
shapes.3–9 Although the quantum confinement model of
PL10,11 can accommodate some of the experimental data,
they can equally well be explained by surface chemical com-
position �e.g., siloxane derivatives12 and SiH2 �Ref. 13��, de-
fects �e.g., in the surface oxide14 or at the SiOx /Si
interface15,16�, surface-bonded chemical moieties,4,9,12–18 and
surface electronic states.18

There are many analytical tools available to characterize
surfaces and interfaces of these materials. For example, x-ray
photoelectron �XPS� and Fourier transform infrared �FTIR�
spectroscopies have been widely used to characterize Si
nanostructured materials.2,6,9,19–25 However, knowledge gath-
ered from these techniques has only provided limited infor-
mation on the understanding of the origin of PL.

While many techniques have been used to produce po-
rous Si,19–21 pulsed laser ablation has the advantage over
other methods in producing contaminant-free thin
films22,26–32. The laser ablation of a silicon target, in residual
He, leads to the deposition of nanoporous thin films. Because
most of the kinetic energy of the ablated Si atoms and clus-
ters is absorbed by the He gas, the tendency for larger par-
ticle growth is minimized. The microstructures formed de-
pend on the parameters such as the gas pressure, sample-
target distance, substrate temperature, laser power,
wavelength, etc., but all lead to a typical nanoparticle size of
�5 nm.31,33–35 These porous Si films are rapidly oxidized to
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SiOx /Si on exposure to air at room temperature,33–35 this
oxidation being one of the most important factors for the
production of the PL.

As we have noted,32 the PL previously exhibited by Si
thin films that were laser ablated in noble gases has produced
conflicting results: some workers found that the PL was
nearly independent of the preparation conditions,27–29 while
others found a strong experimental dependence.31,32,36 Such
films, produced by different groups, using different condi-
tions, may well differ in chemical structure.

Infrared �IR� spectroscopy is often used in the determi-
nation of chemical structure, in that the local chemical
groups are characterized by their vibrational frequencies. In
the case of SiOx, the band of frequencies between 1000 and
1300 cm−1 is clearly identified with the presence of
Si–O–Si vibrations.37 Several peaks are generally present in
this region, whose attributions are necessary to an under-
standing of the chemical structure of the particular SiOx

sample under study. Unfortunately, the literature is not in
agreement with these attributions. This is made clear by pe-
rusing a representative sampling of two decades of experi-
mental results of SiOx,

38–67using data obtained on oxidized
Si, siloxanes, and silsesquioxanes, both porous and nonpo-
rous, and produced by methods such as surface oxidation,
plasma deposition, electrochemical etching, etc. These find-
ings, which we do not tabulate here, are characterized by
disagreements as to the number of peaks �2–5�, whether their
sources are local � Si–O–Si � or longer-range �LO and TO�
vibrational modes, and their attributions �cyclic, long chain,
hydroxyl terminated, etc.�.

Much of this inconsistency is certainly due to the differ-
ent methods of sample preparation used, and the resulting
differences in the chemical structures obtained. Thus, it
would appear that attempting to attribute these peaks by ref-

erence to the literature has little to offer. Rather, one must
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submit one’s own samples to controlled conditions that are
well understood, and make attributions based on their effects
on the peaks under study.

Conventional Fourier transform infrared �FTIR� spec-
troscopy has been used to explore porous SiOx /Si thin-film
microstructures in an effort to understand the origin of
PL.43,44,47,52,54,63 On the other hand, photoacoustic �PA� FTIR
has received little such attention,45,68,69 including an early
study on micrometer-sized silica power during the develop-
ment of theoretical PA-FTIR models.68,69 More recently PA-
FTIR was used to measure the thermal conductivity of po-
rous Si layers produced by wet chemistry.70

Here, we present PA-FTIR spectral data on nanoporous
Si. This system has the advantage of surface and near surface
sensitivities, over a range of He deposition pressures previ-
ously found to strongly affect the porosities of the Si films
deposited, and to exhibit broad PL patterns with varying
peak intensities and positions.18,31.

II. EXPERIMENT

Nanoporous Si thin-film deposition was carried in a
high-vacuum laser ablation deposition system, using the KrF
laser ablation �GSI Lumonics, Inc., PulseMasterTM PM-800,
�=248 nm at 20 Hz, with a 20 ns full width at half maxi-
mum� of a Si target in a high-purity He ambient. The laser
radiation was focused on a spot 2�1 mm2 on the target at an
incident angle of 45°, giving a radiation intensity of �4
�108 W/cm2, while the target, at a distance of �3 cm from
the substrate, was rotated at 3 rps. The base pressure in the
preparation chamber was below 5�10−7 torr and the He
pressure was varied between 0.1 and 8 torr by adjusting the
He mass flow meter. All were deposited at the same time
using the same laser conditions, so that their deposited
masses were similar. The film mass thickness �thickness at
zero porosity� was kept constant at 200 nm, although the
actual thicknesses differed up to 2 �m because of the poros-
ity differences, which were controlled by the He pressure
during deposition.

The porosities were determined by specular x-ray reflec-
tivity �SXRR�, whose details may be found in a previous
publication from our laboratory.31 On exposure to air, these
films rapidly oxidize to SiOx /Si, even during the short trans-
fer time required for analysis, with the oxidation
behavior71,72 depending on both exposure time and film po-
rosity. The samples used for the PA-FTIR study were ex-
posed to air for at least 2 months because such exposure gave
materials stable to further oxidation.72

PA-FTIR spectra were obtained using a He-purged
MTEC 300 photoacoustic cell in a Bio-Rad FTS 6000 spec-
trometer. The 5 kHz modulation frequency used probed the
entire sample thickness. The spectral resolution was set at
4 cm−1.

III. RESULTS

A typical PA-FTIR spectrum, over the range of
700–4000 cm−1, is shown in Fig. 1. One sees the results of
atmospheric reaction: water adsorption is demonstrated by

−1
the sharp O–H stretching peak at �3750 cm �free –OH�
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and the broad O–H stretching peak at �3400 cm−1

�hydrogen-bonded –OH�. Further, the adsorption of airborne
hydrocarbons is indicated by the C–Hn stretching peaks near
2900 cm−1.

The peaks near 2100 cm−1, found for nanoporous thin
films with high porosities, indicate the presence of SiHn

�Si–Hn stretching� and, possibly, hydrocarbon �CvC
stretching�. Peaks near 1700 cm−1 indicate the presence of
adsorbed water �H2O deformation� and oxidized hydrocar-
bons �CvO stretching�. Oxide formation is signaled by the
broadband of Si–O–Si stretching peaks in the range of
1000–1300 cm−1. In addition, the Si, laser processed in air,
has a Si–O–Si bending peak at �800 cm−1, while the nano-
porous Si, laser processed in He, has a peak near 880 cm−1,
previously attributed to Si rings isolated by oxygen;73 we
have found this peak only for highly porous films.

The Si–O–Si stretching peaks, in the range of
1000–1300 cm−1, have received much study, partly because
their high IR intensities made them so easy to study. Typical
spectra, at several porosities, are found in Fig. 2�a�; for pur-
poses of comparison, Si wafers treated in various ways74,75

are found �samples A–F� in Fig. 2�b�, whose sources are
described in the figure caption. It is clear that �1� all can be
fit with the same four component peaks at 1045 cm−1 �P1�,
1060 cm−1 �P2�, 1090 cm−1 �P3�, and 1170 cm−1 �P4�; a
typical deconvolution is found in Fig. 2�c�, with standard
Gaussian functions having the same full width at half maxi-
mum �FWHM� value �30±2 cm−1�, except for P4

�60±2 cm−1�, and �2� their relative peak areas are dependent
on porosity �Fig. 3� and surface treatment.

The PA-FTIR signal intensity of each of these peaks is
noticeably enhanced with increasing porosity. An example is
found in Fig. 3 for the P4 peak �1170 cm−1� area. The other
absorption bands exhibit similar behavior; these amplitude
relationships are all semilogarithmic: log P1�0.020
�porosity and log P2–4�0.029�porosity �while proportion-
alities are given rather than equalities, it is clear that the

FIG. 1. Representative PA-FTIR spectra of nanoporous SiOx /Si thin films,
over the range of 700–4000 cm−1.
slope of log P1 differs from those of log P2–4�. The ratios of
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P2–4 to P1 all increase with porosity �Fig. 4�, as expected
from the differing slopes, indicating that P2–4 are more po-
rosity sensitive than P1. In addition, the intensities of both
the O–H stretching peak at �3400 cm−1, and the C–Hn

stretching peaks at �2900 cm−1 increase with porosity �not
shown� with slopes identical to those of P2–4.

IV. DISCUSSION

A. Surface-volume distribution of Si–O–Si peaks

Our experimental data, in Fig. 2, clearly indicate that
there are four discernable components contributing to the
local Si–O–Si stretching vibrations. The components main-
tain their positions for all the samples in Fig. 2, with P1

appearing to depend less on the SiOx porosity than P2–4. The
fact that both the O–H and C–Hn stretching peaks are due to
surface depositions, and have porosity-dependent slopes es-
sentially identical to those of P2–4 indicates that P2–4 have
their origins at the free surface. This is consistent with pre-

FIG. 3. Photoacoustic peak area of the P4 Si–O–Si component peak of
nanoporous SiOx /Si thin films as a function of porosity. The line predicted
by the theoretical model, using Eq. �1� �Ref. 69�, and taking the SiOx thick-
ness into account72, is also shown.

FIG. 4. The P2 : P1, P3 : P1, and P4 : P1 component peak intensity ratios of
FIG. 2. PA-FTIR spectra of the Si–O–Si stretching region of �a� nano-
porous SiOx /Si thin films and �b� variously treated Si thin films, prepared
for other studies, and used for purposes of comparison �including A, 5 nm
Au, dc sputtered onto a native oxide-covered Si wafer surface; B, 3 nm Au,
evaporated onto an O2 plasma-treated Si wafer surface; C, SiOx microtrees
formed on Si by KrF excimer laser radiation �248 nm� in air Ref. 75; D,
3 nm Au, evaporated onto a native oxide-covered Si wafer surface; E, an
untreated native oxide-covered Si wafer; F, a high-temperature thermally
nanoporous SiOx /Si thin films as a function of porosity.
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vious FTIR observations45 of silicon dioxide thin films with
different porosities, deposited by a liquid-phase-deposition
technique. The presence of three adjacent surface-related
peaks suggests slight differences in their structures, possibly
due to –OH and –CHn terminations and/or short-range-
disordered Si–O–Si chain/cyclic surface structures.37 As
mentioned earlier, they have already been characterized in
the literature38–67 by disagreements as to �a� the number of
peaks �2–5�, �b� their sources, which have been variously
suggested to be local �Si–O–Si� or longer-range �LO and
TO� vibrational modes, and �c� their attributions �cyclic, long
chain, hydroxyl terminated, etc.�. While the present results
are able to indicate their surface and volume contributions,
they bring us no closer to attributing them with any preci-
sion.

It is interesting to note that the band at 880 cm−1 �with a
shoulder at lower wave numbers�, which has been attributed
to silicon ring configurations isolated by oxygen atoms,73 as
well as the Si–O–Si bending peak at 800 cm−1, is not seen
at low porosities. The 880 cm−1 peak is also found in SiOx

microtrees,75 produced by the excimer laser processing of Si
in air, as well as in O2 plasma-treated Si surfaces �Fig. 2�b��,
and surfaces produced by the CO2 laser-provoked optical
breakdown of air;76 they do not appear in highly porous SiOx

nanoparticulate thin films77 produced by the excimer laser
ablation of a Si target in He/O2.

As seen in Fig. 2, the enhancement of P2–4 over P1,
with increasing porosity �greater slopes�, leads to the in-
creased width of the composite peak from 85 cm−1 for a
sample having 10% porosity to 210 cm−1 for a sample hav-
ing 92% porosity. As a result, the composite peak maximum
shifts from 1040 cm−1 �10% porosity� to 1075 cm−1 �92%
porosity�. This change in the relative heights of the compo-
nent peaks with a change of the surface: volume ratio ap-
pears to us to be the reason for the changes seen in composite
peak width and maxima, with treatment, as cited by other
workers.39–42,44,45,57

B. Surface-enhanced PA-FTIR signal

The photoacoustic signal is due to the absorption of IR
energy and its conversion to heat; at the sample surface, this
heat causes an increase in the pressure above the gas, which
is monitored by a sensitive microphone. The enhancement of
this signal in porous solids has been known for more than
100 years,78 and several models have been developed to de-
scribe it.68,69,79–82 It is now known to result from the in-
creased pressure change of the gas above the sample due to
the presence of increased surface area in the gas-filled pores
connected to the sample surface. Thus, the PA signal has two
contributions:68,69,81,82 a thermal component Ith independent
of the sample porosity, and a component due to the expan-
sion of the gas in the pores. Based on prior work on
powders,68,82 McGovern et al.69 proposed the following
model for this signal enhancement:

I = A�Ith +
�

�1 − ���0 �1 − e−�1−���a
0l�� , �1�
a
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where A is a constant which depends on several components:
the static gas pressure in the cell, the light absorption coef-
ficient of the sample, the cell temperature, the heat capacity
of the solid, and the cell volume.69 Ith is the contribution of
the thermal portion of the PA signal, which is independent of
the sample porosity, �a

0 is the optical absorption coefficient
of the sample, � is the sample porosity, and l is the sample
thickness. Because we use the same mass thickness �i.e.,
thickness at zero porosity� l0 �200 nm� for each sample, the
apparent thickness l can be expressed as

l = l0
1

1 − �
. �2�

We take the thickness of the SiOx coating into account72

�SiOx /Si is assumed to be spherical� as

d = d0�0.8, �3�

where d is the SiOx coating thickness,72 and the power 0.8
comes from an experimental fit of the porosity data;72 con-
verting the sample thickness into porosity by Eq. �2�, we plot
the theoretical model of Eq. �1� in Fig. 3. The resultant plot,
using the signal from sample F, a 250 nm nonporous SiO2

thin film, as the thermal contribution Ith, shows our experi-
mental data to be in excellent agreement with the theoretical
model.

It is important to note that our semilogarithmic experi-
mental results, in Fig. 3, are identical to the experimental
results obtained for the gas permeabilities of H2 and air in
SiOx /Si films,83 indicating that the pores formed in our study
are open cell. It is also a further confirmation that the en-
hanced PA-FTIR intensity comes from gas expansion in
those pores. In contradistinction, there is no significant en-
hancement of the PA-FTIR signal intensity in the transmis-
sion FTIR spectra of porous SiOx thin films.45

While we are limited in attributing the Si–O–Si stretch-
ing peaks to specific chemical structures, there are certain
aspects of their behaviors that have been revealed by our
data: �1� there appear to be four peaks contributing to the
composite at 1045 cm−1 �P1�, 1060 cm−1 �P2�, 1090 cm−1

�P3�, and 1170 cm−1 �P4�; �2� P2–4 are surface related; �3�
P1, which is also present in nonporous material, is less influ-
enced by porosity here than the other components and may
not be related to the surface area, implying that it may be
volume related and undergo some minor surface enhance-
ment; �4� the different positions of P2–4 may be related to
different chain terminations �e.g., Si–OH and Si–CH3�
and/or surface structures.

Although our ability to attribute the source of the PL
from our PA and previously published transmission FTIR
studies is limited, we may combine our previous PL study31

with literature PL results18,84 to note that �a� the PL intensity
increases with porosity �after correcting mass�, and �b� the
PL peak energy decreases from �2.3 to 1.6 eV with increas-
ing porosity. As we have already proposed,77 the band near
2.3 eV appears to be associated with oxide-related defect
states in the volume, the peak energy changing with x in
SiOx, while the band near 1.5 eV is associated with surface
states. Therefore, both the oxide-related defect state concen-

tration �shell thickness� and the surface area increase with
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increasing porosity, which serves to increase the PL intensity.
At the same time, the x value increases with increasing
porosity,72 shifting the peak energy.

V. CONCLUSIONS

We have found that the asymmetric Si–O–Si stretching
peak, a composite in the range of 1000–1300 cm−1, contains
four clearly discernable peaks, one of which �P1� may come
from the sample volume and the others �P2–4� certainly come
from the sample surface. The enhanced PA signal is in good
agreement with the previously proposed theoretical model of
McGovern et al.,69 in which signal enhancement comes from
gas expansion in the sample pores. High porosity Si thin
films may serve as substrates for PA-FTIR chemical sensors
for trace materials.
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