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Simultaneous Stokes and anti-Stokes ultralow-frequency (ULF) Raman measurement down to
∼2 cm�1 or 60 GHz is realized by a single-stage spectrometer in combination with volume-Bragg-
grating-based notch filters. This system reveals its excellent performance by probing Brillouin signal
of acoustic phonons in silicon, germanium, gallium arsenide, and gallium nitride. The deduced sound
velocity and elastic constants are in good accordance with previous results determined by various
methods. This system can shorten the integration time of the Brillouin signal with a good signal-
to-noise ratio by more than 2000-fold compared to a Fabry-Perot interferometer (FPI). This study
shows how a filter-based ULF Raman system can be used to reliably achieve Brillouin spectroscopy
for condensed materials with high sensitivity and high signal-to-noise ratio, stimulating fast Brillouin
spectrum measurements to probe acoustic phonons in semiconductors. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4983144]

I. INTRODUCTION

Raman spectroscopy has rapidly gained acceptance as a
convenient and non-destructive tool to characterize, quantify
the chemical composition, and analyze the electron-phonon
interaction of material.1,2 Most Raman research focuses on
the vibration modes with a wavenumber above 100 cm�1 due
to the limitation of the previous technique to approach a lower
wavenumber region (<100 cm�1). A Raman mode as high
as 7500 cm�1 has been detected in graphite whiskers.3 How-
ever, ultralow-frequency (ULF) Raman measurement is still a
challenge for most Raman systems, especially for the Raman
system of a single-stage spectrometer. Raman spectroscopy in
the ULF region has extensive applications in multiple areas
of scientific research: pharmaceutical analysis such as poly-
morph identification4 and drugs detection,5 ULF vibration
modes in cells and proteins for biological detection,6 and
unique signals from minerals and gems for forensic analysis.7

Particularly in the material science area, the ULF Raman tech-
nique has been widely desired in semiconductor superlattices
and nanomaterials. The quality of semiconductor superlat-
tices can be assessed by observing folded acoustic modes8,9

in a range less than 100 cm�1. ULF shear and layer-breathing
modes in two-dimensional materials can also be used to deter-
mine the layer number and interlayer coupling in AB-stacked
and twisted multilayer graphene10–12 and transition metal
dichalcogenides.13–19 Up to now, the capability for the Raman
measurement down to 5 cm�1 has been realized by means of
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single-stage spectrometer and notch filters based on volume
Bragg grating (VBG).10,13 An ULF Raman system down to 10
cm�1 can also be achieved with longpass edge filters.20 How-
ever, due to the technical constraints of optical filters, a lower
wavenumber region below 5 cm�1, which is of current inter-
est to the studies of acoustic phonons in semiconductors and
two-dimensional materials, is not available for now.

Acoustic phonons usually have a wavenumber in the
region of 0–100 cm�1, which can be measured by various
methods such as inelastic neutron scattering (INS), electron
energy loss spectroscopy, and inelastic X-ray scattering.21–23

Brillouin scattering is a desirable technique to probe acoustic
phonons near Γ point of the Brillouin zone with high energy
resolution via inelastic light scattering, enabling the determi-
nation of acoustic velocities, elastic moduli, and photoelas-
tic constants in a crystal.24–26 The wavenumber of acoustic
phonons of a semiconductor material excited by a visible laser
is usually in the region of 0–5 cm�1 or 0–150 GHz based on
its momentum conservation law, which is too small to resolve
with conventional Raman spectrometers. This limits the appli-
cation of the filter-based Raman system to detect acoustic
phonons by inelastic light scattering.

Brillouin scattering experiments are usually carried out
by a scanning Fabry-Perot interferometer (FPI) based on
the principle of multiple beam interference, which has an
excellent sub-GHz resolution but requires high illumination
power and long acquisition time due to the usage of a sin-
gle channel detector. The throughput efficiency of FPI-based
Brillouin instruments is fundamentally limited to less than
1/f, where f is the finesse of etalon, which in practice can-
not be made much greater than about 100 due to limitations
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on the quality of mirror substrates and coatings. The free
spectral range (FSR) and resolution (δλ) are balanced by
the achievable value of finesse f by f =FSR/δλ. Multiple-
pass scanning FPIs can enhance the contrast of the instru-
ment by further extinction of the Rayleigh signal, which
can reduce the acquisition time to minutes.27,28 However, its
signal-to-noise ratio (SNR) is still limited. The acquisition
time always extends to several or tens of hours to get Bril-
louin signals with high SNR.29,30 With the reduced dimension
and size of two-dimensional materials, micro-Brillouin mea-
surement with high contrast and fast instrumental response
is imperative. From the experimental point of view, a filter-
based Raman system could take advantage of recent advance-
ments on grating, Raman filters, and a charge coupled device
(CCD) with high efficiency to achieve fairly high-level con-
trast and to cut down the acquisition time, which are tra-
ditionally limiting factors in Brillouin spectroscopy. There-
fore it would be promising to advance a conventional filter-
based Raman system as a practical implementation to probe
a micro-Brillouin signal with high SNR and fast acquisition
time.

In this paper, we demonstrate the utilization of volume
Bragg grating (VBG) techniques in a single-stage spectrom-
eter Raman system with multi-channel CCD for Stokes and
anti-Stokes Raman measurement down to 2 cm�1 or 60 GHz,
which has already approached the Brillouin scattering region.
Its capability of ULF measurements is evidenced by probing
Brillouin spectroscopy of acoustic phonons in silicon (Si), ger-
manium (Ge), gallium arsenide (GaAs), and gallium nitride
(GaN). The corresponding phonon velocity and elastic con-
stants deduced by the acoustic phonon frequency are in good
agreement with the previous results obtained by various meth-
ods, which indicates that this filter-based Raman system can
be served as a fast and nondestructive technique to Brillouin
spectrum measurements.

II. INSTRUMENTATION

The traditional approach to performing ULF Raman mea-
surements involves the usage of a triple spectrometer, in which
the double subtractive spectrometer is used to reject the laser
line as close as 5-10 cm�1 from the laser wavelength. How-
ever, this greatly reduces the signal intensity compared with
the combination of a single-stage spectrometer and a common
notch filter, although the latter arrangement usually does not
allow one to detect modes below ∼150 cm�1. Fig. 1(a) gives
the typical transmission spectrum of a common notch filter for
488 nm (Semrock NF03-488E-25) and its spectral bandwidth
(wavenumbers between two 50% transmission points) is about
∼640 cm�1. Volume Bragg grating (VBG) based BragGrateTM

notch filters make it possible for filter-based Raman systems
with ULF measurement ability. BragGrate Notch Filter (BNF)
is a reflective volume Bragg grating recorded in a bulk of
photosensitive silicate glass with a high diffraction efficiency
up to 99.99% (OD3–4), which rejects scattered Rayleigh
light that may overshadow the ULF signals. As a notch fil-
ter, it is designed to suppress only one specific wavelength
with an ultra narrow spectral bandwidth and thus offers the
advantage of being able to simultaneously access both the

FIG. 1. (a) Transmission spectrum of a common notch filter for 488 nm with
a spectral bandwidth of ∼640 cm�1. (b) Transmission spectrum of a typical
VBG-based BNF for 488 nm with OD > 4 and its spectral bandwidth is
about ∼4 cm�1. (c) Schematic diagram of optical configuration of the filter-
based ULF Raman system. M1, M2, and M3 are the mirrors to align optical
paths. BNF1, BNF2, and BNF3 are three VBG-based notch filters. BPF is the
VBG-based bandpass filter.

Stokes and anti-Stokes region. Using BNFs in combination
with a single-stage spectrometer, the detection of Raman
modes down to 5 cm�1 was realized in previous research.10,13

In addition, this BNF is also stable to optical radiation and
time degradation, which is superior to the standard notch fil-
ters. This setup relies on commercial components and enables
us to obtain good signals with low excitation power and short
acquisition time. The BNFs used in this work are specially
designed to suppress only one specific wavelength and exhibit
a spectral bandwidth less than 4 cm�1 with an optical density
of OD > 4 at 488 nm, a laser line from a Ar+ laser. To illus-
trate the low-frequency limit of our system, we measure the
BNF’s transmission profile with a halogen lamp. The typical
transmission spectrum of the BNF @488 nm from OptiGrate
Corp is depicted in Fig. 1(b).

The schematic diagram of the experimental setup is shown
in Fig. 1(c). First, a BragGrate bandpass filter (BPF) is used
to remove plasma lines of the laser, which would appear in
the same range of ULF Raman signals and cover the Raman
peak of interest with a relatively weaker intensity. The normal
bandpass filter has a bandwidth of 200-300 cm�1 which is not
sufficient. The BPF is also based on volume Bragg grating
whose spectral width can be as small as 5-10 cm�1. At least
two adjustable mirrors (M1 and M2) are placed before BNF1
to align the laser beam to the center of BNF1.

To provide sufficient elimination of Rayleigh signal, 3 fil-
ters with OD3–4 have to be used in sequence. As depicted
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in Fig. 1(b), BNF1 exhibits two functions: to reflect the
laser beam into the microscope objective and to block the
Rayleigh signal from the sample. BNF1 is mounted in a fil-
ter holder placed on a horizontal angle variator. The angle
variator preliminarily adjusts the incident and reflection angle
of BNF1 in order to align the reflected laser beam to the
microscope objective. The filter holder has two adjustable
screws to further fine-tune the deflection angle to get the best
suppression of laser. BNF2 and BNF3 are placed in the sig-
nal light path after BNF1 to provide further suppression of
the remaining Rayleigh signal and to obtain a high SNR of
ULF Raman spectrum. BNF2 and BNF3 are also mounted in
angle-adjustable filter holders since the central wavelengths
of these BNFs can be altered by several nanometers as their
deflection angle changes. When the central wavelengths of the
above 3 BNFs are fine-tuned to coincide with the laser wave-
length, one can get the best laser attenuation and lowest cut-off
wavenumber limit. The ULF Raman signal after BNFs is then
focused into the spectrometer for measurement. The spectrom-
eter is equipped with the detector of a charge-coupled device
(CCD). The usage of a multi-channel CCD detector promi-
nently shortens the signal acquisition time to subseconds as
well as maintains high SNR. Such short measurement time can
be expected in the practical applications, as will be described
below in comparison with a traditional Brillouin instrument.

A home-modified commercial Jobin-Yvon HR Evolution
spectrometer is used as the single-stage spectrometer for ULF
Raman measurement. The spectrometer is equipped with a
liquid-nitrogen-cooled CCD detector and a 3600 g/mm grat-
ing to ensure a spectral resolution of 0.08 cm�1 (corresponding
to 2.4 GHz) per CCD pixel at 2.54 eV. The excitation wave-
length is 488 nm from an Ar+ laser. The laser power under the
objective is less than 1 mW to avoid sample heating. Three
BNFs are integrated into the spectrometer as stated above for
ULF Raman measurement. A 100× objective lens (Numeri-
cal Aperture (NA) = 0.9) is used to focus the laser beam onto
the sample and to collect the back-scattered Raman signal for
spectral analysis.

III. APPLICATION FOR ACOUSTIC PHONON
DETECTIONS

To demonstrate the performance of the BNF-based
Raman system for Brillouin spectrum measurement, four
very simple semiconductors (silicon (Si), germanium (Ge),
gallium arsenide (GaAs), and gallium nitride (GaN)) have
been selected for the Stokes and anti-Stokes Brillouin spec-
tra measurements. All the experiments are carried out at
room temperature. To determine the mode assignment of
the observed Brillouin peaks, we perform polarization mea-
surements for each sample. In our polarization experiment,
the scattered light is fixed to be polarized in the laboratory
coordinate Y direction with an analyzer. We mainly take
two polarization configurations in the backscattering geom-
etry: Z(YY )Z (YY for short) for the incident laser beam
parallel to the laboratory Y axis, Z(XY )Z (XY for short)
for the incident laser beam parallel to the laboratory X
axis. Fig. 2 shows the Stokes and anti-Stokes ULF sig-
nal in a frequency range of 0–250 GHz of the above four

FIG. 2. Polarized Brillouin spectra of Si(100), Si(111), Ge(100), GaAs(100),
GaN (0001) in the backscattering geometries of Z(YY)Z (YY for short) and
Z(XY)Z (XY for short).

semiconductors obtained with CCD integration time of
several-hundred seconds and a laser power of 1 mW on the
sample. Several peaks below 180 GHz are observed. The low-
est ULF signal at 79.5 GHz with a fitted full width at half
maximum (FWHM) of 6.9 GHz is observed in bulk GaN.
The frequency of observed ULF signals in semiconductors
is close to that of the corresponding Brillouin peaks, and we
assign these peaks as the Brillouin signal from the longitudinal
acoustic (LA) or transverse acoustic (TA) phonons in semicon-
ductors. Determination of the Brillouin shifts and FWHM of
the Brillouin peak is performed with a Lorentz function. The
system resolution of about 2.4 GHz (0.08 cm�1) per CCD pixel
is sufficient to resolve a Brillouin peak with FWHM as narrow
as down to 6.9 GHz in GaN by curve fitting.

The polarization dependence of Brillouin intensity
for the detected acoustic phonons is expressed by25 I ∝
��~es · Bt · ~ei

��2/ρV2, where Bt is the Brillouin scattering tensor,
and ~es and ~ei are the unit vectors of the polarization direction of
scattered and incident light, respectively. ρ is the density, V is
the velocity of a certain acoustic phonon mode, ρV2 =

∑
m,n

cmn

and cmn is the elastic constants. The Raman scattering tensor31

is independent of wave vector ~q; however, Brillouin scattering
tensor Bt depends on the wave vector direction and acous-
tic phonon propagation direction, which can be derived from a
6 × 6 elasto-optic constant pij matrix with a given symmetry.32

For a general wave vector direction, there are three acoustic
phonons. One corresponds to the longitudinal sound waves
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TABLE I. Brillouin scattering selection rules for backscattering geometry in Z(YY)Z̄ and Z(XY)Z̄ polarization
configuration. ~q is the wave vector direction, ~u is the longitudinal and transverse waves propagation direction. ε0
and εe are the ordinary and extraordinary dielectric constants, pij is the elasto-optic constant and cmn is elastic
constants.

~q ~u Z(YY)Z̄ Z(XY)Z̄

Cubic: Si(Oh) Ge(Oh) GaAs(Td )

[100]
LA[100] ε4

0 p2
12/c11 0

TA[010] 0 ε4
0 p2

44/c44

TA[001] 0 0

[111]
LA[111]

ε4
0 (p11+2p12)2

3(c11+2c12+4c44)
4ε4

0 p2
44

3(c11+2c12+4c44)

TA
[
11̄0

] ε4
0 (p11−p12)2

2(c11−c12+c44) 0

TA
[
112̄

] ε4
0 (p11−p12)2

6(c11−c12+c44)
2ε4

0 p2
44

3(c11−c12+c44)

Hexagonal: GaN(C4
6v) [0001]

LA[0001] ε4
e p2

33/c44 0

TA
[
21̄1̄0

]
0 0

TA
[
1̄21̄0

]
0 0

(LA phonon) and two to the transverse ones (TA phonons).
We calculated the selection rules of Brillouin scattering for
different wave vector directions and LA/TA phonons using
the Brillouin tensor obtained from Ref. 32 and listed them in
Table I.

For a cubic crystal, our calculation shows that, in backscat-
tering geometry from its [100] surface, the LA phonon mode
should only appear in the YY configuration, one of the TA
phonons should exist under the XY configuration, and the other
TA phonon should not appear for either the YY or XY config-
uration. In (100)-oriented Si (denoted as Si(100)), only one
sharp peak is observed under YY at 150.9 GHz with a FWHM
of 8.9 GHz. According to the calculation addressed in Table I,
in YY geometry only the LA phonon is optically allowed, thus
we assign it to the LA phonon peak, which corresponds to the
longitudinal acoustic mode and travels along the [100] crystal-
lographic axis direction, perpendicular to the sample surface.
The amplitude of scattering from TA phonons is zero in YY
geometry. Under the XY configuration, only the TA phonon
in the [010] direction can be observed. However, we observed
two weak peaks at 103.2 GHz and 150.9 GHz. As the trans-
verse waves travel slower than the longitudinal waves thus
having lower Brillouin shift, we assign the 103.2 GHz peak to
be TA phonon mode in the [010] direction. The TA phonon in
the [001] direction should not be observed here because it is
forbidden under both YY and XY configurations. The higher
peak at 150.9 GHz exhibits identical Brillouin shift to the LA
phonon in the YY configuration and thus the peak is attributed
to the LA phonon mode. The appearance of the LA peak in the
XY configuration can be attributed to the high NA of the objec-
tive used, which allows LA phonons to be slightly involved
in the XY configuration. The same principle can be applied
to other semiconductors and we assign their respective LA
phonon at 87.3 GHz (FWHM ∼ 19.5 GHz) for (100)-oriented
Ge (denoted as Ge(100)) and 85.8 GHz (FWHM ∼ 17.7 GHz)
for (100)-oriented GaAs (denoted as GaAs(100)). Bandwidth
increasing and asymmetrical lineshape are known as opacity
broadening resulting from their intrinsic larger absorption at
488 nm than Si.33,34

As for backscattering geometry from the [111] surface of
the cubic crystal, two peaks appear under both YY and XY

configurations. Considering both the frequency values and
selection rule, the observed peak at 90.0 GHz is assigned to the
TA phonon in

[
112̄

]
direction and 167.1 GHz to the LA phonon

in the [111] direction. Their relative intensities are different due
to the different elasto-optic elements pij and elastic constants
cmn associated with each mode. For hexagonal wurtzite (0001)-
oriented GaN (denoted as GaN(0001)), in backscattering the
YY configuration from its [0001] surface(C-plane), only the
LA phonon should appear, while in the XY configuration, all
the acoustic phonon modes should be absent. Therefore, the
narrow peak at 79.5 GHz with FWHM of∼6.9 GHz is assigned
to its LA phonon. The FWHM of the above Brillouin peaks is
comparable to the previous analysis in a FPI system.29,30

It must be noted that our system is based on a confocal
Raman system in which the microscope with high NA objec-
tive is an essential component to increase Raman intensity and
spatial resolution. High NA would introduce Brillouin spectral
broadening effects because the frequency shift is dependent on
the scattering angle.27 This is an unavoidable case in a con-
focal system. Indeed, previous research has found that peak
displacement and lineshape broadening are minimized in a
180◦ backscattering geometry compared to a 90◦ geometry.35

In this case, peak displacement is estimated to be about 2%
and broadening of the FWHM about 0.8 GHz for NA = 0.9
used in our system.35 As the LA and TA phonons of these
studied semiconductors distribute around 100 GHz, the rele-
vant peak shift introduced by NA is quite small and also can
be estimated. Thus, we do not consider the influence of NA
on the frequency determination and spectral broadening. We
also use a pinhole of 40 µm to minimize spectral broadening
in FWHM of Brillouin peaks.

An acoustic phonon study can provide information about
mechanical properties of the material, including the speed of
sound, adiabatic compressibility, and the elastic modulus. The
magnitude of the phonon wave vector ~q in a backscattering
geometry is q= 4π

λ

√
η2 + κ2, where λ is the incident laser

wavelength.33 n(λ)= η + iκ is the complex refractive index
of semiconductors, which varies with λ. η and κ values used
in our calculation at λ = 488 nm are listed in Table II from
Refs. 36–39. In Brillouin scattering, the wave vector locates
at the very close region near the Γ point of the Brillouin
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FIG. 3. Phonon dispersion of the LA phonons in Si, Ge, GaAs, and GaN and
TA phonons in Si linearly extrapolated from each experimental frequency of
the corresponding phonons depicted in Fig. 2 and summarized in Table II.

zone. Within this finite region, the acoustic phonon disper-
sion maintains a linear dispersion with the wave vector, which
is distinct from the optical phonon almost independent of the
wave vector. The simulated phonon dispersions of the LA and
TA modes of the four semiconductors are depicted in Fig.
3. The slope corresponds to the phase velocity V given by
V =

Ωq

q = ν ·Λ=
νλ

2
√
η2+κ2

, where ν is the phonon frequency and

Λ is the phonon wavelength. Thus the propagation velocity
of an acoustic phonon, which is also the speed of sound in
the lattice, can be determined by the experimental acoustic
phonon frequency. The sound velocities of the present work
and those obtained from other methods such as FPI, ultrasonic,
and INS methods40–43 are summarized in Table II for com-
parison. Our results are consistent with previously-reported
values.

Once the mass density ρ of semiconductors is known,
the corresponding elastic constants cmn can be evaluated.
Acoustic phonons in different directions have particular com-
bination of elastic constants. In cubic Si(100), Ge(100), and
GaAs(100), c11 corresponds to a LA phonon velocity with
c11 = ρV2

LA. Their respective elastic constants are evaluated to
be c11 = 16.94× 1011 dyn/cm2 in Si (ρ= 2.329× 103 kg/m3),
c11 = 10.2× 1011 dyn/cm2 in Ge (ρ= 5.323× 103 kg/m3), and
c11 = 11.9× 1011 dyn/cm2 in GaAs (ρ= 5.317× 103 kg/m3).
As for Si(111), (c11 − c12 + c44)/3= ρV2

LA corresponds to the

LA phonon and (c11 + 2c12 + 4c44)/3= ρV2
TA to the TA phonon,

and thus c12 = 6.78× 1011 dyn/cm2 and c44 = 7.94× 1011

dyn/cm2 can be obtained, respectively. In wurtzite GaN(0001),
for the LA phonon, c33 = ρV2

LA = 38.9× 1011 dyn/cm2 with
ρ= 6.15× 103 kg/m3. These values are in good agreement
with the values in previous works by other techniques.44–49

This filter-based ULF Raman system is so sensitive that
the weak TA phonon peak can be observed in Si(100) and
Si(111), as demonstrated in Fig. 2. To compare the detection
sensitivity between the FPI and filter-based Raman systems,
we measured the Brillouin signal from the same transpar-
ent GaN(0001) and opaque Ge(100) by the filter-based ULF
system and a (3+3)-pass tandem FPI (TFP-1, JRS Scientific
Instruments) integrated with a microscope probe. In this FPI
system, the excitation laser is 532 nm (Verdi G SLM, Coher-
ent) with an illumination power of about 8.6 mW at sample.
The same type of objective is used in both measurements.
As shown in Fig. 4(a), for GaN(0001), the acquired spectrum
with a sub-GHz resolution shows the Stokes and anti-Stokes
Brillouin peaks at 70 GHz with FWHM ∼3.0 GHz, in accor-
dance with the estimated LA phonon frequency at 532 nm
excitation. Although each scanning time for the range of about
400 GHz can be accomplished within a second, the depicted
spectrum is obtained by intensity accumulation under manifold
circles of scanning. The total acquisition time for the present
spectrum GaN(0001) is around 800 s (green solid line). In our
filter-based ULF system, to perform the comparison, the illu-
mination power of 488 nm excitation is set to about 7.5 mW at a
sample under the same type of objective (NA = 0.8). As shown
in Fig. 4(b), the Brillouin peak at 79.5 GHz with FWHM of
∼8.7 GHz (blue solid line). We acquire Brillouin signals with
similar intensity counts with an acquisition time of only 0.3 s,
reaching a satisfactory SNR relative to that measured by the
JRS FPI system. If we define the SNR as the ratio of peak
intensity (µ) of the Raman signal to standard deviation (σ) of
the noise where the Raman signal is zero, i.e., SNR = µ/σ. In
Fig. 4(a), σ of the spectra measured by FPI and filter-based
Raman systems are obtained as 4 and 2, respectively. The
deduced SNR of the filter-based Raman measurement is about
twice as much as that of the FPI measurement. The acquisition
efficiency of the filter-based ULF system drastically increases
by more than 2000-fold without any significant losses in the
detection quality (accuracy) compared to the JRS FPI system.

TABLE II. Value of the complex refractive index n(ki)=η + iκ, wave vector q, Brillouin shift ν, acoustic phonon
velocity V from present work, and data obtained from previous work by various methods (FPI: Fabry-Perot
interferometer, US: Ultrasonic, INS: inelastic neutron scattering).

V(105 cm/s)

η κ q(105 cm�1) ν(GHz) Present work Previous work

Si(100) 4.3636 0.07936 11.23 TA:103.2 5.78 5.84(US)44

LA:150.9 8.44 8.35(FPI),29 8.48(US)41

Si(111) 4.3636 0.07936 11.23 TA:90.0 5.04 5.13(INS)
LA:167.1 9.35 9.40(US)41

Ge(100) 4.2637 2.3537 12.52 LA: 87.3 4.38 4.81 (FPI),29 4.97(US)41

GaAs(100) 4.4038 0.4838 11.39 LA: 85.8 4.73 4.68 (FPI),30 4.73(US)42

GaN(0001) 2.4439 039 6.28 LA: 79.5 7.95 7.91(FPI)50
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FIG. 4. Brillouin spectra of LA phonons of GaN(0001) and Ge(100) per-
formed by (a) (3+3)-pass tandem FPI (JRS Scientific Instruments) with a 532
nm laser. The acquisition time is 800 s. The laser power is 8.6 mW at sample.
(b) The filter-based ULF Raman system with a 488 nm laser. The acquisition
time is 0.3 s. The laser power is 7.5 mW at sample.

This also clearly demonstrates that, although the pixel size
of the CCD detector is much smaller than that of the single
channel detector used in the JRS FPI system, the advantage
in multiple channel detection (up to 2000 dependent on the
CCD type) and low background at LN2-cooled detector tem-
perature makes the filter-based ULF system highly efficient to
probe acoustic phonons in semiconductors in subseconds.

Although the LA phonon in GaN(0001) can be measured
by the JRS FPI system as discussed above, the LA phonon
spectrum of Ge(100) is still too weak to be distinguished from
the background noise after the acquisition time of 800 s (green
dashed line). However, as shown in Fig. 4(b), the LA phonon
peak of Ge(100) can be clearly observed by the filter-based
ULF system within 0.3 s. Indeed, to obtain the Brillouin signals
of opaque materials, such as Si, Ge, and GaAs by a JRS FPI
system, a long acquisition time for several or tens of hours was
reported.29 This also demonstrates the high efficiency of the
filter-based ULF Raman system to probe the Brillouin signals
of opaque semiconductor materials in subseconds.

High laser power used in the Brillouin or Raman sys-
tem can modify the measured properties of materials. For bulk
GaN, it has been observed that the FWHM (8.7 GHz) of the
Brillouin peak of its LA phonon excited by 7.5 mW is sig-
nificantly larger than that (6.9 GHz) excited by 1.0 mW. For
ultrathin two-dimensional materials, much lower laser power
is necessary to prevent the material being heated or damaged
and the laser power less than 0.5 mW is usually used. There-
fore, the high acquisition efficiency makes the filter-based
ULF system promising in the characterization of ultrathin
two-dimensional materials in a micrometer scale.

IV. CONCLUSION

In summary, we have introduced Raman measurement
of both the Stokes and anti-Stokes Brillouin components
down to ∼2 cm�1 or 60 GHz with high SNR. The corre-
sponding system is technically based on VBG notch filters,
bandpass filters, and a single-stage spectrometer. The system

performance is verified by a rapid and reliable measurement of
acoustic phonon frequency in four typical semiconductors. The
deduced intrinsic properties such as sound velocity and elastic
constants are quite consistent with previous reports. The filter-
based Raman system reveals its possibilities to serve for fast
Brillouin spectroscopy measurements of acoustic phonon and
rapid diagnosis of elastic properties for condensed materials,
especially for opaque materials.
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