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In Brillouin light-scattering (BLS) measurements of an ion-milled Si(001) surface grating with grating
wavelength Ag =0.35 um, we have observed numerous high-order zone-folded surface acoustic modes
between the second and third zone boundaries associated with the grating. A surprisingly intense signal
from a zone-folded longitudinal resonance was observed in the absence of direct hybridization with the
Rayleigh modes. The relative intensities of all of the modes have been calculated by allowing for cou-
pling between modes related by up to two grating reciprocal-lattice vectors, and for a grating profile with
nonzero first and second Fourier amplitudes. The Fourier amplitudes inferred from the BLS measure-
ments and calculations agree very well with those obtained from a direct measurement of the grating

profile using atomic-force microscopy.

Recently, Brillouin light-scattering (BLS) measure-
ments of a shallow surface grating on a Si(001) wafer!
with grating wavelength A;=0.25 um have revealed a
rich variety of grating-related features: zone folding of
the Rayleigh mode, a gap in the Rayleigh mode disper-
sion for the phonon wave vector corresponding to the
first grating zone boundary, and the unexpected observa-
tion of hybridization between the Rayleigh mode and the
longitudinal resonance within the second grating zone.
All of the grating-related features were explained quanti-
tatively in a calculation of the normal modes and the BLS
surface ripple cross section for a shallow grating on an
opaque material.> With the assumption of a cosinusoidal
grating profile, excellent agreement between the mea-
sured and calculated BLS spectra was obtained both for
modes with frequencies below and above the transverse
threshold, corresponding to the discrete and continuous
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spectrum, respectively.’ This implies that the coupling
between the discrete modes and the continuum occurs al-
most entirely via the fundamental periodicity of the grat-
ing, as specified by the first Fourier amplitude of the grat-
ing profile.

In this paper, we describe an extension of this original
work to a larger period grating (A =0.35 pm), which al-
lows us to measure spectra between the second and third
grating zone boundaries. We have observed numerous
zone-folded surface acoustic modes, including the obser-
vation of a zone-folded longitudinal resonance in the ab-
sence of direct hybridization with the Rayleigh modes.
This latter observation is indeed unexpected because it is
well known that the longitudinal resonance cannot be ob-
served with BLS on the flat Si surface,* and this mode has
been observed for the A; =0.25 um Si(001) grating only
in the presence of a strong coupling with the Rayleigh
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mode."? Our observations for the A;=0.35 um grating
described in this paper are qualitatively different from
those reported previously. The BLS calculation of
Giovannini, Nizzoli, and Marvin® has been extended to
allow for coupling between modes with wave vectors re-
lated by up to two grating reciprocal-lattice vectors, and
for a grating profile with nonzero first and second Fourier
amplitudes. We find that the anomalously large scatter-
ing intensity for the zone-folded longitudinal resonance is
confirmed by the calculation. In fact, excellent agree-
ment is obtained between the experimental relative mode
intensities for all of the modes observed in each of the
BLS spectra and those calculated using the first and
second Fourier amplitudes determined from BLS mea-
surements of the first and second grating zone-boundary
gaps. In addition, the Fourier amplitudes determined
from the BLS data are in very good agreement with those
obtained from a direct measurement of the grating profile
using atomic-force microscopy.

The calculation of the normal modes of the grating and
the ripple scattering cross section corresponding to each
of these modes for a cosinusoidal grating profile has been
described by Giovannini, Nizzoli, and Marvin.? This cal-
culation is valid for shallow gratings, since the Rayleigh
hypothesis and a perturbative expansion to first order in
the corrugation strength® were used. To allow the proper
description of all of the phonon modes with wave vectors
between the second and third grating zone boundaries,
this calculation has been extended to include the first two
Fourier components: the grating profile {(x) is specified
by

§(x)=2fscos(Gx)+2E,5c08(2Gx) , (1)

where §,; are the Fourier amplitudes of the surface cor-
rugation. Equation (1) can be used to describe symmetric
grating profiles. In Eq. (1), the fundamental grating wave
vector, or grating reciprocal-lattice vector G is defined as
2w /Ag, such that the dispersion curves for the Rayleigh
mode and longitudinal resonance are periodic in wave
vector with period G. The first and second Fourier am-
plitudes £ and &, respectively, are primarily related to
the measured frequency gaps of the Rayleigh mode at the
first and second grating zone boundaries.>® In our
theoretical approach, the first zone-boundary gap de-
pends only on {;, while the second gap depends on both
§>¢ (which gives the main contribution because of the
mixing of two Rayleigh modes) and {; (due to the mixing
of the Rayleigh mode with the continuum).® To calculate
dispersion relations and spectra for wave vectors between
the second and third grating zone boundaries, it is neces-
sary, in principle, to include the effects due to the third
Fourier amplitude {;;. However, for the grating dis-
cussed below, we have found that the first two Fourier
amplitudes give the only relevant contributions for the
frequency and wave-vector ranges corresponding to the
BLS data presented below. From a physical point of
view, the calculation accounts for coupling between
modes with wave vectors related by +G and £2G. For
the calculation of the BLS cross section, both the direct-
scattering process? and indirect-scattering process® in-
volving light diffraction through the first two Fourier am-
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plitudes of the corrugation have been taken into account.

The Si(001) grating, with the grating grooves parallel
to the Si [100] direction, was prepared using the tech-
niques described in Ref. 1. The grating period was deter-
mined to be A; =0.349 um by accurate measurement of
the first-order-diffracted beam deflection. The BLS ex-
periments were performed at room temperature using a
Sandercock-type high contrast, tandem (3+3 passes)
Fabry-Pérot interferometer.” 100 mW of p-polarized
light from a single mode Ar* laser (A\=5145 A) was fo-
cused onto the grating surface using a f /1.4 (f =50 mm)
lens. Diffusely scattered p- and s-polarized light was col-
lected by the same lens using a 180° backscattering
geometry. A narrow slit was placed in the collected
beam, offset slightly from the beam center, to avoid
artificial splitting of the BLS peaks.! The plane of in-
cidence of the light was along the [010] direction of the
Si(001) crystal, perpendicular to the grating grooves.

A BLS spectrum collected for a phonon wave-vector
value of Q,=2.373X 10° cm™! (angle of incidence
6;=78° and scattering angle 6,=75°) is shown in Fig.
1(a). The large peak at 18 GHz corresponds to light
scattering from the Rayleigh mode that would be ob-
served for a flat surface. In addition, there are smaller
peaks at 4.6, 7.9, and 9.2 GHz, which correspond to light
scattering from modes which exist and are observed be-
cause of the presence of the surface grating. Because of
its very low frequency, the peak at 4.6 GHz sits on the
edge of the background due to the very large elastic-
scattering peak at 0 GHz. The character of each of these
modes can be understood from a plot of the frequency-
dispersion curves.

In Fig. 2 are shown the frequency-dispersion curves for
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FIG. 1. Brillouin light-scattering spectra for the Si(001) grat-
ing with A;=0.35 um, for a phonon wave vector of 2.373 X 10°
cm™!. (a) Experimental spectrum, collected using 100 mW of
laser power, and 50.9 s of counting time per data point; (b) spec-
trum calculated using Fourier amplitudes of ;=125 A and
£ =40 A; and (c) spectrum calculated using ;=125 A and

826 =0.
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FIG. 2. Frequency-dispersion curves for the Si(001) grating
with Ag=0.35 um between the second and third grating zone
boundaries. The open and solid circles correspond to data, with
the solid circles corresponding to the BLS spectra shown in 1(a).
The solid and dashed curves represent the dispersion of the
zone-folded Rayleigh mode and longitudinal resonance, respec-
tively, calculated using the theory described in the text.

the Rayleigh mode and the longitudinal resonance of the
Si(001) grating for phonon wave vectors between the
second and third grating zone boundaries. The data cor-
responding to the BLS spectrum of Fig. 1(a) are shown as
solid circles. The curves correspond to the periodic zone
scheme representation of the Rayleigh mode and longitu-
dinal resonance. Data and curves are limited to the third
grating zone which corresponds to the actual phonon
wave vectors probed in BLS experiments. These curves
have been calculated using the first and second Fourier
amplitudes §; =125 A and §,; =40 A that gave the best
fit to BLS measurements of the first and second zone-
boundary gaps Af;=0.4 GHz and Af,=0.8 GHz, re-
spectively. These Fourier amplitudes have been fitted
also by considering the behavior of the peak intensities
near the grating zone-boundary gaps. Actually, for wave
vectors close to the zone boundaries, the mode intensities
depend strongly on @, i.e., on the incident and scattering
angles 6; and 6,. The intrinsic experimental uncertainty
in the determination of 6, of +0.25° produces a typical
uncertainty in the determination of Af;, and Af, of
+15%. We estimate that our determinations of {; and
&, are described by the same +15% uncertainty.® The
measurement of Af, at the second grating zone boundary
was complicated by the presence in the collected scat-
tered light of an intense beam due to first-order
diffraction from the grating. We found that it was possi-
ble to block this small diameter (3 mm) beam with a small
mask inserted into the collected scattered light. For this
grating, the depth is determined primarily by &; the cor-
rugation strength (2{;)/Ag=0.07 corresponds to the
small roughness limit, as for the grating discussed in
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Refs. 1 and 2.

In Fig. 2, the highest frequency branch of the disper-
sion curves corresponds to the Rayleigh mode branch
that would be observed for a flat Si(001) surface (flat-
surface-like Rayleigh mode). The lowest frequency
branch corresponds to the Rayleigh mode branch which
has been shifted in wave vector by +G (+G Rayleigh
mode). The intermediate frequency branch with negative
slope corresponds to the Rayleigh mode branch which
has been shifted in wave vector by +2G (+2G Rayleigh
mode). The intermediate frequency branch with positive
slope corresponds to the longitudinal resonance branch
which has been shifted in wave vector by + G (+ G longi-
tudinal resonance). Therefore, for the BLS spectrum
shown in Fig. 1(a), the peaks correspond to, in order of
increasing frequency, a +G Rayleigh mode, a + G longi-
tudinal resonance, a +2G Rayleigh mode, and the flat-
surface-like Rayleigh mode. Associated with each Ray-
leigh mode branch is a transverse threshold which has a
frequency that is about 10% larger than that of the Ray-
leigh mode. For mode frequencies above the lowest
transverse threshold, the modes are no longer discrete
and are called “leaky”” modes® with respect to the contin-
uum, since they can decay into bulk modes. Therefore, in
the spectrum of Fig. 1(a), only the lowest frequency +G
Rayleigh mode is discrete. The +G longitudinal reso-
nance and the +2G Rayleigh mode are both leaky with
respect to the +G continuum, and the flat-surface-like
Rayleigh mode is leaky with respect to both the +G and
the +2G continua. Note that the dispersion relations of
the leaky modes have been taken from the corresponding
maxima in the calculated BLS spectra.

As can be seen in Fig. 2, the + G longitudinal reso-
nance is observed for wave vectors up to 7% less than the
wave vector corresponding to the gap between the +G
longitudinal resonance and the +2G Rayleigh mode,
with differences between the two mode frequencies of up
to 3.5 GHz. This is in dramatic contrast to the observa-
tions of Dutcher et al.,! in which the +G longitudinal
resonance was observed only for wave vectors within
1+3% of the wave vector corresponding to the largest
mixing of the +G longitudinal resonance and the flat-
surface-like Rayleigh mode, with differences between the
two mode frequencies of less than 1 GHz.

In Fig. 1(b) a spectrum is shown calculated using the
Fourier amplitudes given above. All of the peaks ob-
served in the BLS experiment also appear in the calculat-
ed spectrum, and the agreement between the experimen-
tally observed and calculated relative scattering intensi-
ties of the modes is excellent. The effect of including the
second Fourier component can be seen by comparing the
calculated spectrum in Fig. 1(b) to the calculated spec-
trum in Fig. 1(c), for which the second Fourier amplitude
has been set equal to zero. Not surprisingly, the relative
intensity of the Rayleigh mode near 9 GHz that is shifted
in wave vector by +2G is very sensitive to the second
Fourier amplitude. Note that with §,;=0, the +2G
Rayleigh mode is marked by the presence of a dip instead
of a peak. This is due to destructive interference effects
in the surface phonon power spectrum occurring through
modes coupled by £%. Also, the linewidth of the flat-



RAPID COMMUNICATIONS

2276 SUKMOCK LEE et al. 49

surface-like Rayleigh mode increases with increasing {,,
due to the increase in the ‘“leakiness” of the mode with
respect to the +2G continuum. This effect, together with
the 1/0Q? dependence of the cross section,? contributes to
a decrease in the intensity of this mode with respect to
the intensities of the low-frequency modes.

The grating profile was measured directly using
atomic-force microscopy (AFM). The AFM measure-
ments were carried out in air using a Nanoscope III (Di-
gital Instruments) operating in the constant force mode.
It combines a commercial Si;N, cantilever with the opti-
cal lever technique. The AFM microscope was equipped
with standard Nanoprobe tips with a typical end radius
of curvature of about 300 A. A square area of the grating
was scanned that was 1.358 um on a side. Data were ac-
quired automatically using a digital processor connected
to a personal computer and it was stored as digitized im-
ages with a 256 X256 grid. Several periods of the grating
can be seen in the atomic-force micrograph shown in Fig.
3. A single AFM line scan perpendicular to the grating
grooves is shown as an inset to Fig. 3, together with the
grating profile calculateod with first and soecond Fourier
amplitudes {; =135%5 A and §,; =60%5 A that give the
best agreement with the measured AFM profile. The er-
ror estimates apply to a fit performed using the single line
scan of the AFM image. The AFM profile is well repro-
duced by the calculated profile, except for a small asym-
metry present near the bottom of the grating grooves
which cannot be described by the profile defined by Eq.
(1). The agreement of the {; and {,; values determined
independently from the BLS and AFM data is remark-
able, considering the approximation involved in repro-
ducing the details of the true grating profile with the sim-
ple expansion given by Eq. (1), and it gives us confidence
that we understand the BLS properties of the Si(001)
grating.

In summary, we have observed up to four different sur-
face modes in a single BLS spectrum collected for a
Si(001) grating. The unexpected observation of a zone-
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FIG. 3. Atomic-force microscope (AFM) image of the Si(001)
grating surface. In the inset to the figure is shown a comparison
between one of the AFM line scans perpendicular to the grating
grooves and the grating profile calculated using Eq. (1) and the
best-fit Fourier amplitudes determined from the AFM data:
£¢=135A and £,; =60 A.

folded longitudinal resonance in the absence of direct hy-
bridization with the Rayleigh modes is reproduced in cal-
culated BLS spectra. We find excellent agreement be-
tween the measured and calculated mode dispersion and
relative mode intensities. In addition, very good agree-
ment is obtained between the set of first and second
Fourier amplitudes obtained independently from the BLS
and AFM data.
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FIG. 3. Atomic-force microscope (AFM) image of the Si(001)
grating surface. In the inset to the figure is shown a comparison
between one of the AFM line scans perpendicular to the grating
grooves and the grating profile calculated using Eq. (1) and the
best-fit Fourier amplitudes determined from the AFM data:
Ec=135A and £, =60 A.



