Analysis of a simple method for the reduction of phonon
peak broadening in surface Brillouin Light Scattering

Christian Gigault and John R. Dutcher

We present an investigation of the effect of the collecting lens aperture on the line shape of phonon peaks
observed in surface Brillouin light scattering (SBLS) from surfaces of opaque materials and transparent
thin films. In general, the broadening that is due to the aperture is asymmetric and can be as large as
60% of the peak frequency shift in the case of a f/1.4 aperture with an angle of incidence 6, = 30°. We
calculated SBLS spectra accounting for the spread in scattering wave vectors across the collecting lens
aperture, the polarization and angular dependence of the scattering, and the spectrometer instrumental
function. By performing a detailed comparison between measured and calculated SBLS spectra for
Si(001), we identified a set of simple rules for the placement of a rectangular slit in the collecting lens
aperture to reduce the effects of aperture broadening. By use of a slit, the peak linewidths can be
reduced substantially, without reducing the peak heights significantly, while eliminating false shifts in

the measured frequency values.
OCIS codes:

1. Introduction

Brillouin light scattering (BLS) is a powerful, nonde-
structive technique for the measurement of the elas-
tic properties, acoustic attenuation, structural
relaxation, and phase transitions of bulk transparent
materials.’-3 These measurements involve volume
scattering of light from long-wavelength, bulk pho-
nons within the material. Because of recent ad-
vances in BLS instrumentation that are attributed to
Sandercock,? BLS is now a powerful tool for the study
of a wide variety of opaque bulk materials, such as
metals and semiconductors, as well as opaque and
transparent thin films. For opaque materials, the
scattering volume is essentially a sheet near and par-
allel to the sample surface, with a thickness that is
comparable to the optical skin depth 3, of the ma-
terial (~15 nm for metals). These same restrictions
on the scattering volume also apply to BLS studies of
thin films, with thicknesses that are much smaller
than the wavelength of light. Because of the sheet-
like nature of the scattering volume, which gives rise
to surface Brillouin light scattering (SBLS), only the
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wave-vector components that are parallel to the sam-
ple surface are conserved in the scattering process.*
If the scattered light wave vector lies in the plane of
incidence, the phonon wave vector @ = *(k — k”l),
where k& and k| are components of the scattered and
1nc1dent wave vectors parallel to the sample surface,

and the plus and minus signs correspond to ant1-
Stokes and Stokes-scattering events, respectively.

Because the lens that is used to collect the scattered
light accepts scattered wave vectors k® in a range of
directions, there is a corresponding spread in the mag-
nitude and direction of the phonon wave vector Q.
This causes a correspondmg frequency broadening of
the phonon peak in the measured BLS spectra.

For BLS from bulk transparent materials, broad-
ening of the Brillouin peaks that is due to the nonzero
collecting lens aperture has been studied previous-
ly.56  The aperture broadening is a function of the
scattering angle vy, which is the angle between inci-
dent and scattered light wave vectors. The magni-
tude of the phonon wave vector @ probed in this case
is given by @ = 2k’ sin(y/2). For the v = 90° scat-
tering geometry, the spread in @ that is due to aper-
ture broadening has its maximum value. Fory =0
(forward-scattering geometry) and for v = 180° (back-
scattering geometry), the spread in @ that is due to
aperture broadening is very small, even for apertures
as large as f/1.4. This results in a broadening that
is smaller than the spectrometer’s instrumental line-
width, which is of the order of 1 GHz.

For SBLS measurements, the effects of aperture
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Fig. 1. Surface Brillouin light scattering geometry. p and s refer
to the polarization of the light. The plane of the figure is the plane
of incidence. The inset shows the scattered wave vector k®, which
is not necessarily in the plane of incidence. The scattered angle 6,
is measured between k* and the sample normal n.

broadening can be much larger than for BLS from
bulk transparent materials. Recently, a rectangu-
lar slit has been used to reduce aperture broadening
in SBLS experiments.”1° In particular, the use of a
slit was crucial for the careful comparison of experi-
mental and theoretical SBLS spectra for surface grat-
ings on Si(001).811 It is also necessary for the
accurate measurement of Brillouin peak linewidths
and for measurements of crystalline anisotropy, as
discussed below. In this paper we present a detailed
analysis of the role of the slit in the reduction of peak
broadening in SBLS experiments. First we present
a calculation of the phonon peak broadening in SBLS
experiments that is due to the nonzero aperture of the
collecting lens for the common 180° backscattering
geometry, accounting for the direction of the light
polarization and the angular dependence of the scat-
tering cross section for surface scattering and allow-
ing the scattered light wave vector to lie out of the
plane of incidence. By calculating contour plots of
Q) across the collecting lens aperture, we identified a
set of simple rules for the placement of the slit in the
aperture. The calculation results are compared
with SBLS measurements performed on a Si(001)
wafer with a tandem six-pass Fabry—Perot inter-
ferometer, with and without the use of a slit. From
this comparison, we show that, with proper place-
ment, the use of a slit in the scattered light is an
effective method for reducing the aperture broaden-
ing without reducing the signal-to-noise ratio signif-
icantly and for eliminating false shifts in the
measured frequency values.

2. Description of the Calculation

First we describe the backscattering geometry used
in the SBLS experiment, as illustrated in Fig. 1. For
brevity, we assume that the index of refraction of air
is unity and do not include it explicitly in our treat-
ment. Laser light of vacuum wavelength \ is di-
rected onto a lens that focuses the light onto the

sample surface. The angle between the incident
light and the sample normal n is 6; (the angle of
incidence) and the incident light wave vector is k',
where £ = 2w/N. The scattered light is collected by
the same lens. Because the lens aperture has a non-
zero size, there is a spread in the direction of the
collected scattered light wave vector k’. The total
solid angle ) subtended by the circular aperture of
the lens is determined by the maximum acceptance
angle 0., that is specified by the f-number (f/#) of
the lens: 0., = tan '[1/(2f/#)]; e.g., 0. = 19.7°
for f/1.4.

The plane of the lens aperture is defined by the o and
B axes. A setofaxesx’,y’,z rotated about the x axis
by an angle 6; is defined, such that the sample surface
is the x', y' plane. The plane of incidence is the y'—z’
plane. In the case of pure 180° backscattering (i.e.,
for an infinitesimal lens aperture diameter), the mag-
nitude of the phonon wave vector probed by SBLS with
this geometry is simply @ = 2k’ sin 6, = (47/N\)sin 6;.
The phonon wave vector Q, which lies in the x'—y’
plane, depends on 6; through the orientation of the
incident wave vector k' and also depends on the orien-
tation of the scattered wave vector k* which itself is
characterized by the spherical coordinate variables 6
and ¢, with 6 measured with respect to the z axis and
¢ measured with respect to the x axis in the x—y plane
(Fig. 1). The phonon wave vector is given by Q =
*=(k — k), where the parallel component of a vector
A is defined as Ay= A — (A-n)n.

For the calculation of light scattering from the pho-
non modes of a sample, it is convenient to express the
incident, scattered, and phonon wave vectors in the
sample reference frame x', y’, z':

k' = k'sin 05', 1)
l{ﬂs = kxsi’—f—(COS eikys - Sin eikzs)j’, (2)

Q)= = k{sin 0 cos i’ + [cos 6; sin 0 sin d—sin 6
X (1 + cos 0)]j'}, 3

where i’, j’, k' are unit vectors along the x', y’, and 2’
axes, respectively. To obtain the expression for Q,
we expressed k,°, k,°, and k.° in terms of 6 and &,
which are measured with respect to the laboratory
frame x, y, z, and we used |k®| ~ |[k’| (because the
phonon frequency is much smaller than the light fre-
quency). For the case of an aperture with an infin-
itesimal diameter, we recover @ = 2k’ sin 0, for pure
180° backscattering.

To calculate the shape of the broadened peak, one
has to first calculate the scattered light intensity I,
corresponding to specific values of 6, and 6, the latter
being measured between k* and n, with cos 6, = (k°-
n)/k'. A set of expressions for the cross section of
the scattering of light by a small static ripple on the
surface have been given by Agarwal'? for incident
and scattered light of general orientation and polar-
ization. The treatment also applies to light scatter-
ing from surface excitations with frequencies much
smaller than the incident light frequency, such as the
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Rayleigh mode probed by SBLS.13 The incident
light polarization can be decomposed into p-polarized
and s-polarized components. Similarly, the scat-
tered light polarization can be decomposed into par-
allel and perpendicular components with respect to
the plane formed by k* and n. Because the ampli-
tude of the Rayleigh mode has a 1/Q dependence,!?
the angular dependence F(6,, 6, ¢) of the Rayleigh
mode differential cross section do/d{) for the differ-
ent polarization cases is as follows:

tra, it is necessary to convolve I, as given by Eq. (5)
with the Fabry—Perot interferometer resolution func-
tion, which is approximated well by a Lorentzian curve
raised to the power p, where p represents the number
of passes through the Fabry—Perot interferometer.

3. Calculation Results and Discussion

To a good approximation, the magnitude of all the
scattered wave vectors k° is constant. The locus of
their end points defines a sphere centered at the or-

do F6,. 6, 6) cos” s cos” 6, cos 6; e—1 ?
— x . = - g
do T Q/K) [cos 0, + (e — sin® 8,)/2][cos 0, + (€ — sin?6,)"2]| *°
sin” (s cos” 6, cos ; (e — 1)(e — sin® 0,)"/? 2
: ,8—>
(Q/E) [e cos 0, + (e — sin® 0,)][cos 0, + (e — sin® 6;)"?] p
sin? s cos® 6, cos 6, (e — 1)(e — sin® 6,)"/? 2
- d
Q/F) [cos 6, + (e — sin® 6,)*][e cos 6; + (e — sin® 6,)"/?] P
cos? 0, cos 0; |(e — 1)[cos (e — sin? 0,)*(e — sin? §;)"/? — e sin 6, sin 6]

Q/F) |

[e cos 0, + (e — sin® 0,)*][e cos 0, + (e — sin® §,)"?]

,D =P 4)

where € is the complex dielectric constant of the sam-
ple and the angle s is measured between the vectors
k and k’ in the sample surface plane x’, y’, obtained
from the dot product of k' and k.

For the calculation of SbLS line shapes presented
below, in general it is necessary to account for the
effects of anisotropy, the phonon intrinsic linewidth,
and the instrumental linewidth of the Fabry—Perot
interferometer. For the present analysis, the mate-
rial was taken to be isotropic: For many materials,
including silicon, the effect of anisotropy on the line
shape is much smaller than aperture effects. In ad-
dition, the natural linewidth of the Rayleigh phonon
was taken to be much smaller than the BLS spec-
trometer instrumental linewidth, i.e., the natural
phonon line shape was taken to be a Dirac delta
function (it is straightforward to account for a non-
zero natural linewidth at this stage).

The collected intensity spectrum I, is given by the
sum over the solid angle subtended by the lens aper-
ture:

L(o) = f " in 6de f " AGLIQ0, b, 0, 0], (5)

0 0

in which 6, is as defined above, and the quantity I
has the form

Is[QH(e’ d), ei)’ ('0] & F(e7 d)y 61) X 8(('0 - QHUR)a (6)

where F is given by Eq. (4), vy is the (isotropic) ve-
locity of the Rayleigh mode, and @ is the magnitude
of the phonon wave vector.

To compare calculated spectra with measured spec-
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igin of the x, y, z frame, and the collecting aperture
accepts a portion of that sphere. Each direction of
the vector k® is associated with a phonon wave vector
Q) given by Eq. (3), and therefore the curves of con-
stant |Q| = @ lie on the sphere defined by the scat-
tered wave vectors. One can obtain a contour plot of
Q) as a function of the position in the plane of the
aperture by projecting the curves of constant @) onto
the plane of the aperture. A scattered wave vector
k® can be located in this plane by use of the dimen-
sionless coordinates a and B (Fig. 1), defined, for the
purposes of illustration, by the simple prescription «
= sin 0 cos ¢ and B = sin 6 sin ¢, which is accurate to
within 4% for an aperture of //1.4. The lens aper-
ture is therefore a circle in (o, B) coordinates with a
radius equal to sin 0,,,. In Figs. 2(a) and 2(b) we
present contour plots of @ (solid lines) as a function
of the aperture coordinates («, B) for 6, = 30° and 6, =
70°, respectively. The circles shown in the figures
delimit the areas accepted by f/1.4 and f/2 lenses.
The two cross-hatched rectangular areas correspond
to the position and shape of slits used in SBLS ex-
periments described below in Section 4. In addition,
the shadow of the right-angle prism and its support-
ing rod (Fig. 1) is shown as a cross-hatched area in
Figs. 2(a) and 2(b). The points a, b, ¢, and d, which
lie within the slits, refer to the insets in which the
orientations of the corresponding phonon wave vector
Q are illustrated with respect to the sample surface
plane x’, y'. It is worthwhile to note that this spread
in the direction of Q can cause errors in the measure-
ment of crystalline anisotropy by use of SBLS. The
total range of values of @ accepted by the /1.4 lens is
+30% for 6, = 30° and +3% and —9% for 6, = 70° (this
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Fig. 2. (a) Contour plot of the magnitude of Q for 6, = 30°. The
circles represent lens apertures and the inset shows the orienta-
tion of the phonon wave vector with respect to the sample surface
plane x', y’, corresponding to points a, b, ¢, and d. AQ) between
curves is 0.05 X k*. The cross-hatched areas are described in the
text. (b) Same as in (a) but for 6; = 70° and AQ, between curves
is 0.02 X &'

corresponds to B = =0.336 with o = 0). This range of
@ corresponds for 6; = 30° to a total broadening of 60%
ofl the phonon peak in a SBLS spectrum.

The peak broadening that is due to the nonzero
diameter of the collecting lens aperture can be re-
duced simply by stopping down the aperture of the
lens, i.e., reducing the diameter of the aperture sym-
metrically around its center. However, this scheme
increases the relative amount of the aperture blocked
by the right-angle prism and its supporting rod.
Ideally one should use an aperture that can be ad-
justed to follow the curves of constant @ as the angle
of incidence is varied [Figs. 2(a) and 2(b)]. Unfortu-
nately, this is not easy to do if one requires that
measurements be performed for different values of 6,.

However, one can obtain a good approximation to a
constant @ aperture by using a rectangular slit that
accepts only a portion of the scattered beam in which
the value of @ is relatively constant. There are sev-
eral rules that should be followed when such a slit is
used in SBLS measurements. It is best to place the
slit after the collecting lens, where the beam is colli-
mated and of relatively large diameter. The long
dimension of the slit should be along the « direction
and the optimal position of the slit is in the negative
B region, because for negative B and all angles of
incidence the curves of constant € are more widely
spaced [Figs. 2(a) and 2(b)]. Also, the slit should be
placed close to the center of the aperture to maximize
the amount of collected light, such that it is not in the
shadow of the small prism and its mounting rod [Figs.
1, 2(a), and 2(b)]. A rectangular slit, as opposed to
an aperture following the shape of the constant @
contour curves, is sufficient because the goal is to only
reduce the aperture broadening to a value smaller
than the BLS spectrometer instrumental linewidth.
There is a shift between the measured peak posi-
tions in the slit spectra and the ideal position (i.e., for
an infinitesimal lens aperture diameter) because of
the difference in the average value of @ produced by
the offset of the slit from the center of the aperture.
The value of @ in the center of the slit is given by

@ = k'lsin 6; + sin(6;, — d)|, (7

where the angle 3 is related, for example, to the dis-
placement B = B, of the center of the slit from the z
axis (see Fig. 1): & = sin™ }(Bg;).

4. Experimental Results and Discussion

In Figs. 3 and 4 we present measured and calculated
BLS spectra for the Rayleigh mode of a Si(001) wafer
for 6, = 30° and 70°, respectively. The sample was
oriented so that the [110] direction was along the
axis. Our spectrometer is a tandem six-pass Fabry—
Perot interferometer for which the mirror separation
was 5 mm, corresponding to a free spectral range
(FSR) of 30 GHz. Light from a single-longitudinal
mode Ar* laser (\ = 514.5 nm), polarized in the y—z
plane (p polarized) was incident on the sample, and
both p- and s-polarized scattered light were collected.
The spectra marked No Slit in Figs. 3 and 4 were
collected with a circular aperture corresponding to a
lens f-number of f/2. For the No Slit spectrum
shown in Fig. 3, the feature is really a single peak.
However, the small right-angle prism used to guide
the incident light (Fig. 1) and its supporting rod block
the central part of the aperture. For small values of
0,, this causes a small dip within the broad peak, as
has been reported by Karanikas et al.’¢ who used the
frequency corresponding to the dip minimum as a
measure of the peak position. The dip in the central
part of the peak is not observed on the 6, = 70° spec-
trum because for large 6, the aperture-broadening ef-
fect is smaller and the dip is smeared out by the
convolution of the aperture-broadened spectrum with
the spectrometer instrumental function, which has a
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Fig. 3. Measured and calculated spectra
for the Rayleigh mode of Si(001). For the
measured peaks: 0, = 30°, lens f/2, [110]
direction of sample along B direction,
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Fig. 4. Same as Fig. 3, but for 6, = 70°.
Collection times are 1.25, 1.23, and 1.35
s/data point for the No Slit, Slit A, and Slit
B spectra, respectively.
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Fig. 5. BLS spectra for a freely standing
polystyrene film, 75 nm thick, 6, = 45°,
FSR = 10 GHz, and f/2 lens. The instru-
mental FWHM was 0.4 GHz. The hori-
zontal dashed lines represent zero-

FSR = 30 GHz. Calculated curves: vy =
5080 m/s,4 e = 17.8 + 0.506i.15 The ver-
tical dashed line represents the position of
the peak for an infinitesimal lens aperture
and the horizontal dashed lines represent
zero-scattered intensity for each spectrum.
Collection times are 2.76, 1.69, and 1.48
s/data point for the No Slit, Slit A, and Slit
B spectra, respectively.

linewidth of approximately 0.80 GHz FWHM typically
for a FSR of 30 GHz. Spectra collected with a slit to
accept a selected part of the total lens aperture are also
presented in Figs. 3 and 4. In Figs. 2(a) and 2(b) are
shown the two locations of the slit that have been used
in the measurements, relative to the aperture of the
collecting lens. In terms of the («, B) coordinates of
Figs. 2(a) and 2(b), the slits are centered at § = —0.085
(slit A) and +0.085 (slit B), and are 0.067 wide.

In Figs. 3 and 4 we also show line shapes that are
calculated with the method presented above, corre-
sponding to each of the experimental spectra. Each
calculated curve is the convolution of the aperture-
broadened line shape with the instrumental function
that was determined directly from the corresponding
experimental spectrum. The vertical dashed line in
the Figs. 3 and 4 represent the position of the peaks
in the case of an aperture with infinitesimal diameter
and the horizontal dashed lines represent zero-
scattered intensity for each of the spectra. One can
see that the broadening that is due to the collecting
aperture is in general complicated. For large angles
of incidence, the asymmetry of the broadening results
in peak positions that are downshifted with respect to
the position of the dashed line, e.g., a shift of approx-
imately 2% is obtained for 6; = 70°. This effect was
also discussed briefly in Ref. 13 in terms of the de-
pendence of the scattering cross section on the direc-
tion of k' and k°. Both this and the distribution of
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scattered intensity for each spectrum.
Collection times are 4.38 and 1.68 s/data
point for the No slit and Slit A spectra,
respectively.

wave-vector magnitudes in the collecting lens aper-
ture lead to a downshift of the peak position.

In Tables 1 and 2 the measured and calculated
FWHM values are listed for the spectra of Figs. 3 and
4. The last column of each table gives the instru-
mental linewidths determined from the unshifted la-
ser line for each spectrum, which have been used in
the convolution to obtain the calculated spectra. All
linewidths of a particular row should be compared
with their respective instrumental linewidth. Slit
A, in the negative B region, gives slightly better re-
sults for the 6; = 30° spectrum. A narrower slit can
be used, at the expense of a longer collection time.
For wider slits and/or smaller spectrometer line-
widths, the effect of the position of the slit is more
significant. Results shown in Tables 1 and 2 validate
the assumption that the Rayleigh mode of Si(001) has
a natural linewidth that is small compared with the
instrumental linewidth. The small discrepancies be-
tween measured and calculated FWHM’s are likely
due to the limited statistics of the collected spectra, as

Table 1. Measured and Calculated Peak Frequency and FWHM of
Phonon Peaks Presented in Fig. 3 (6; = 30°)
Measured Measured Instrumental

Frequency Calculated FWHM Calculated FWHM
(GHz) Frequency (GHz) FWHM (GHz)
Curve +1% (GHz) *+3% (GHz) +2%
No slit  10.0¢ 10.0¢ 3.5 3.5 0.87
Slit A 10.8 10.65 0.83 0.90 0.80
Slit B 9.3 9.15 0.91 0.94 0.82

“Frequency of dip in measured peak.



Table 2. Measured and Calculated Peak Frequency and FWHM of
Phonon Peaks Presented in Fig. 4 (6; = 70°)

Measured Measured Instrumental
Frequency Calculated FWHM Calculated FWHM
(GHz) Frequency (GHz) FWHM (GHz)
Curve *1% (GHz) +3% (GHz) +2%
No slit  18.3 18.38 1.24 1.36 0.83
Slit A 18.6 18.78 0.82 0.80 0.79
Slit B 18.1 18.18 0.81 0.83 0.80

can be inferred from the small variations in instru-
mental FWHM from spectrum to spectrum.

Aperture broadening as well as frequency shift is
directly proportional to the phonon sound velocity
and is significant only if it is larger than the instru-
mental linewidth. For the Fabry—Perot interferom-
eter used in BLS, the instrumental linewidth is
proportional to the FSR. Therefore there will be
broadening even if the sound velocity is small be-
cause of the necessity of scanning over a smaller
range of frequencies. In Fig. 5 we show SBLS spec-
tra collected for a freely standing polystyrene film
(transparent material, real index of refraction n =
1.59) that is 75 nm thick, suspended across a 3-mm-
diameter aperture. For measurements of the film
properties as a function of film thickness and temper-
ature,? it is important to obtain precise values for the
phonon frequencies and linewidths. The peak in the
spectra of Fig. 5 is the first symmetric plate mode
(Sp)1” with a sound velocity of approximately 1800
m/s. The lowest-order asymmetric mode (A,) has a
frequency that is too small to be resolved from the
unshifted laser line. The angle of incidence was 6, =
45° and the FSR was 10 GHz, with an instrumental
FWHM of 0.4 GHz. One can see that use of the slit
decreases the FWHM of the measured peak to a value
comparable with the instrumental FWHM, thereby
showing that the phonon natural linewidth is smaller
than 0.4 GHz.

5. Conclusions

In SBLS measurements, aperture broadening of the
phonon peaks is generally significant. At small an-
gles of incidence, the broadening is large (as much as
60% of the peak frequency shift) and asymmetric.
At large angles of incidence, the broadening is
smaller but asymmetric, and the broadened peak is
downshifted in frequency compared with the unbro-
adened peak. By calculating the SBLS line shape
for the fundamental surface acoustic wave, the Ray-
leigh mode, accounting for the spread in the scatter-
ing wave vectors across the collecting lens aperture,
the polarization and angular dependence of the scat-
tering, and the spectrometer instrumental function,
we obtained a detailed comparison between meas-
ured and calculated Rayleigh-mode line shapes for
SBLS from Si(001). We demonstrated that the place-
ment of a rectangular slit in the collected scattered
light is an effective method to reduce line broadening

that is due to aperture effects without producing sig-
nificant reductions in the peak intensity.
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polystyrene film spectra, and S. Lee and B. Hill-
ebrands for useful discussions. This research was
funded by the Natural Sciences and Engineering Re-
search Council of Canada.
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