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ABSTRACT

Brillouin scattering spectroscopy allows to investigate the shift frequency of the
incident light in GHz range, which occurs by inelastically-scattering between
photons and thermal phonons. Non-destructive and non-contact measurement of
this shift frequency enables to determine acoustic velocities and furthermore the
elastic properties in various transparent materials. For measurements, a Tandem
Fabry-Pérot Interferometer has been commonly used. However, the interferometer
needs a long measurement time because of the weak thermal phonon signal in the
sample leads to low measurement accuracy and long measurement times and is
extremely vulnerable to temperature and vibration. It is difficult to perform 2-D

imaging of elastic properties using the Brillouin scattering technique

To improve the phonon signal, we artificially induced acoustic phonons using a
ScAIN thin-film piezoelectric transducer, which has a giant piezoelectricity. The
film was grown using RF magnetron sputtering of a ScAl alloy target on a silica
glass bar sample. Using a microwave probe, the electric power applied to the film
was 0 dBm at 875 MHz (longitudinal wave) and 622 MHz (shear wave). We obtained
the enhancement of the Brillouin scattering signal in the silica glass bar sample due
to the induced longitudinal and shear phonons, respectively. Compared with and
without the induced phonons from the ScAIN film transducer, the peak intensity
improved by nearly 3 orders of magnitude at longitudinal wave. This technique can

significantly shorten the time required for the Brillouin scattering measurements.

However, the excitation of phonons at a fixed frequency made the simultaneous
measurements of longitudinal and shear phonons impossible. Therefore, we used chirp
signal to excite phonons in range of 300 - 1500 MHz. The intensity of the Brillouin peak
from the induced phonons was about 350 times the peak from the thermal phonons. In
addition, due to the very low intensity of the Brillouin peak from thermal phonons,
generally Brillouin spectroscopy need tandem Fabry-Pérot interferometer (TFPI). But,
since using the ScAIN transducer, the Brillouin peak was largely amplified, it was possible
to substitute TFPI with confocal Fabry-Pérot interferometer making the measurement set
up much simpler. Furthermore, the new light beating spectroscopy system would be
discussed, which was succeeded in the observation of the elastic scattering but not

in the inelastic Brillouin scattering unfortunately.
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Figure 2-1: Schematic diagram of a Brillouin scattering spectrum.

(f : Frequency of the light source, Af: Shifted frequency of

Brillouin scattering)
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Figure 2-2: The law of momentum conservation. @ is the scattering
angle, ki the wave vector of the incident light, ks the wave
vector of the scattered light, and ¢ the wave vector of the

sound wave.
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Fig22 b ki & kRO DH LT, 74/ OWEHET bV g DFHHBIOK
&

o
lq|l = 2nk - sin (E) (2.4)

BRETDH. 72720, BT ESTRYWEORITERE n, ANFHEE OGO
WENRZ MO RXXE2 EkEL, ZARNVOEAXY k=k=nk L LTV, = 2T,
KQ24HLD

w(q) = 2nkv(q) - sin <§> (2.5)

& 729, Brillouin ¥ 7 b AR AMq)(=a(q)2n) % k=2n/A LT HZ LT, HELHE
HTHRDOLIICRTINTZS.

_ (g (O
Af(q) = % 7 sm<2> (2.6)
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A

v(q) = f(q) — (g) (2.7)
ANQRNDPL, BHEIEY 7 MNEEHEHEAO LVRESNDIHE L DFEICEL > T
RkED. 2F Y, Brillouin BELEITHELA O L > THEE LB FMEZRET S Z
LM TE 5. Brillouin BUELIEIZ L » TH LN D A7 L OBEERIL Fig. 2-1 1278
L7iz&By, o — 7 1 T8ELICH G LW ASYED Rayleigh [ T, £ADE
—ZWEWELICE Y Ky 7T —v 7 b LE#ELDED Brillouin Ky THoH. ZDv >

FEATETAHIZ L TEROEREZRDD ZENTES.

Z @ X 91T, Brillouin #ELHIE (35T Brillouin 5 O JH > 7 b &3 T
HE L5 TL b, 2D, Rayleigh %57 & Brillouin 77 18 70 Hff T & 572 0121%
FEFIZmWEANME (Monochromatic) Z AT 5 NMEALETHDH. S HIT, AL
DWREVDBEGREICEET 52000, MOWBEREL G L7201, RAaSHFAD
KAERLEE L =R TICHNOND. SHIT, L= OMRE L L CTIE#EE 100 mW
UEDHLDORHNEND.
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2.3. HiEE

ATATHH L2, BElAoIZ L s THIE 7 + / v O ER X OB T M %
REL, V7 NEEENSZOFEEZRD D, HELA O RIET D DITNHERT
v, EATDH7 %/ q lZxE LT Brillouin BELEICITE OO NEFEZRNEFET
. ZHHONFREBHE L CTHELEE & FES. BUT, O OHELRLEIZ S\ T
AL, WEZx / vORE, B mE X OEEXOEHICONWTIHRARS.

2.3.1 180° WELHE

180°HELALIE & 1312 T HGEL & D IFEIT L, AR OWE T MV k2% LT 180°
LBk (AHEFGMICK L THRFICHELT 2), BELEOWEE T M kE LD
BELELE CTd 5. Fig. 2-4 12 180°HL ELAC & DO AEMS X % 74,

180 °

Laser q'8o

Sample

Figure 2-4: 180 ° scattering geometry. k; is wave vector of incident light,
k is wave vector of scattered light, ¢'® is wave vector of

sound wave.

DK DI 1808 ELAL & CTIXHIEREHI X LT L —H D A i & AT ik
TEHER (74 /2 ¢ ZRETHZENnTED. £, BEEXQHIZBNT
O=180°L 720, 7 NEKELEOHTEHIIEHNTE 5.

Ai A

=L (2.8)

A= 2n - sin (%) 2n
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A

180 — f1soﬁ (2.9)
180° BELELE DISHBIE LTHT 7 A4 ROECEBEORMB M LN TND., —
RIEETHLIHT 7 ANC =Y HEAR L, BHFREL LI E2 T+ 52 L1
FoT, HELTWDIHT 7 A NOWHEEILERZ D ZENRTE DS, ZOFETN
T ANEVIBEIMEIOEIZER LT DH0, AEEO Y7 FERS DL
FHORMENARETH D, —F5 T, HIMERIERRI OB, BEAMEE O WM Hi
R T 5120, MERZ EICHEITROFERV/LEL2D70, b OHEIEID

180°HLFLALE /T L TV W 52 5.

2.3.2 90R HWEL & E

90R A ELELE & 1%, SBHZ AS L7z A3 slRhE (2%t LU TR 2 A #iL o o
WA bV ks FFOBGELECE T&® 5. Fig. 2-5 (2 90R HCELAL & O WS X % 7~ 9.

Detector Laser
ksgoR

Figure 2-5 : 90R scattering geometry (@’ = 90°). k; is wave vector of
incident light, k, is wave vector of scattered light, ¢'% is

wave vector of sound wave.

ZDO X912 90R BRELECE CTIZECEHE IS % U CTIERR T il 5 ek - Bk 2
WERBICHET 22N TES. BEHENDIEREZKRXITRT.
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A A

= fOOR (2.10)
2n cos (%) 2 |n2 — sin (%)

72770, REREIZHTHL—VFDARNAZEONR & LIZEA, EREAEBOER
2B D ARIVOERNS

90R _ f9OR

. (O
_ 6 Sin <7)
sin (f) = (2.11)
DR ZE W=, OIXREINICEB T 28ELA TH 5. £72, 90R BUELALE 13 @'=90°

BTy, RENICEROFHITN (2.12) TITA25.

Ai
2Vvn? —1

90R — £90R

v (2.12)

EXPEDONDEHICHRE LOEZEXHZ L TLEOHREDEHEEEHE T
5. EFRIZ 90R BELRLE 2 H W25 A 1RGO RE LT 27201 T I
BERAEEZ DT L. - T, WEE RO M GBERALIZE-> TEMT S, Z
DX oI, R ZE DT 72 90R HELALE % Peudo-reflection scattering geometry &
V9 [9].

2.3.3  90A HELEE

90A HELELE & 1, RBHZ AR L7235 E N MBI T 5 F K ¢ 2 X -

T L —YHoFEE T AN HEL S, BEDE S ASEDOEEAN 7 Py k& kN
W DOWER 7 vL g b 45° 2T EGELACE TH 5. Fig. 2-6 12 90A #ELAC & O B
X 2 =,
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Laser

90A
ks

Detector

Figure 2-6: 90A scattering geometry (®’ = 90°). k; is wave vector of
incident light, k, is wave vector of scattered light, ¢'% is

wave vector Of sound wave.
Z DX DT, 90A BELAL & TR N 5 NS 3 5 MERE - KL I &[RRI
MEFTHZENTED., FHRORHKZKAITRT.
Ai
. (O
2nsin (7)
A

A
—— = f90A (2.13)
2 sin (%) V2

72721, 90R BUELACLE DA & RIARIC A X VD E] (2.10) X&EHW=., Zh &
O, BITrREANTICElREELZEH T2 ER”bD. 72, 90A BELACE X

@=90° DEERT R, X (2.13) KWVFREEOEEZDHZ L TIEEDOE O
B &2 W E R HECd H[10].

p90A = F90A

— f9OA
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2.3.4 Reflection Induced ® Angle ( RIGA ) B &L & &

RIOA HUELALIE X, o DOEM T MBI OKEZFS>T7 + / V2 FRIRFICEN T X
LHGELECE CH H[11]. HFMRBERO LI Z2EET 52 & T, L—FDOAH
%N7FW%wﬁéﬁ2@%®k%¢@m¢ikﬁiof%ﬁ¢5.Eg}%Fg

(ZHRELEL & 45 K OVFOBEN o SU BT I OBEIS X % 7= 3. ¢"*0 36 L U0 ¢4 13 Fig. 2-8

(g K 90T, AFHIEITR U CFAT 28l 1 & RO RIS )T U CFEAT sl 5 1 &

L5,
Sample <<eflector
kOA, k1so k180 | )
: <'\. iq@A """"
012 (_ TTooRa .
"""" qg-i i
— IR
@72% T
! L]

Figure 2-7: The RIOA scattering geometry. k; is the wave vector of the
incident light, &k, the wave vector of the scattered light, g the
wave vector of the sound wave, @'/2 the angle between the
incident laser beam and the normal line of the sample

surface.

AFHHER R RICEGET 5 £ TOM, A K 1233 2 HELDE 6% TH 6N
% 180°HELIC LV ¢"™ OBBPINARETH D . S I, KEHRIZ LV AF <27 bv
1T kO ~ S LA k® 123 D EGELE kA TR B IS ¢ BB S 2 b
NTx5. ¢ OEEBLOEHIE, RQYBLVQHEFLTHSL. — 5T ¢
DOWEIZRQNDIZRT LI, EEDOZL > TIRESND N, BT 2 EELEE
L—YFDOARKER M EICT D2 LT, BITRIKTFELRVERZRIRT 52 &
NTED.
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@q180 ks18
k@A q®A ﬁ(i180
VA Ko Sample
Reflector

Figure 2-8: The RIOA scattering geometry inside the sample. @ is the

scattering angle.

REIEmICHT D L —FDOARAZO2 & LEEA, 25 EREOERICBIT S
A2 VOER (2.10) XEASHRITKRAT L LT, wAD LD ICTEHM vO* 233K
5.

on_ A _ A |
A 2n-sin (%) 2 - sin (%) @19
A _ £OA A _
v f A (%) (2.15)

P bEXv, RIOA BELELE O ¢®2 I L —F DO AKAEIC L 5T, FIZHEomN
HNABWT 2 F O FEERMENATRETHDH. £, RA—HEAZBNTELr—Ho0
AFAEICELL T, MENICERHEIIZEDLL TV T —-BOEEZ LS. 2 kb,
RIOA HELALEIZ BT 2 L —VF O ANFAEORETHEE DB 57+ D
FEAAERRIRT DKL TND.

F 72, RIOA #ELACE 1 90A HUELEL & & 7] AR S M 05 q #8325 2 & n
TX%. BT EEZEET 28546, 90A BELELE ClE L —F O AHAE & qil
HOBWFGAEAZEL L2 TER6T, BFROEBENEHICRSH. —J7TRIGA
BOELECE Tl L — O A B L HELE D BUS A FE SR U729, 5% D4 R i
L, WENROAZPIRIELEZ LI THEZLEENAGETHD. 207

FWOBRP e E&MEA2ZE LT Brillouin A7 M Z2HIET 554121
RIGA #ELAL & LTWhEExH6N5.
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2.4. Brillouin & &L ¢ O R/ E

Brillouin #ELFMEIZENCT T 4/ OV 7 NAKBEBOREZERTH I LN E
HETHDHIZD, mWEERE SRR Z BT 5 0taa O THRELDED A7 kiR
L. ZoOaYesl LTE, 1 XOFmEE TR S LD Fabry-Pérot T35t —
BHIICH WL LT WD, KIFZE T 7 A% Fabry-Pérot T ¥ #f (Tandem
Fabry-Pérot Interferometer: TFPI)X°3L4E /i Fabry-Pérot T &t (Confocal Fabry-Pérot
Interferometer: CFPN)Zffi H L3 24T o 7. LAR, &4 ds O B2 ®h B & &F
FlZoWnWTikR%.

2.4.1  Fabry-Pérot it

Fabry-Pérot T-¥5F (DA%, BLIZ FP & MES) 1FZA/100 ML EOHERE A &> —%f D
FHIT7— (mFuy) THK SN TS, =¥ e VB EORE#HICK LT
90 %L EDOKHHREZ O X I ICHFERMHIENEEI N TND. £z, BRRF
AT A TIEEZBE I TERBBETLARERND L T-OEREEREIZT 52
ET, THMORAEZIEL TS, ZOKEEICKH L CEREICASH L2 (E)
X, 2o & v CREERE d DR ROBRSGO L& ETEE (B) L, LERR
WGEE 7 ¢ V& L U CHRET S (Fig.2-9). Zox=xu Ml b L x
52 EICL o THBBERZEFGNICELTE DRI T VB2 LD,

Mirror space:d

C—
£ £
£

Front mirror End mirror

Figure 2-9: Fabry-Pérot Interferometer. E; is the incident light, E is
the transmitted light and E. is the reflected light by the

surface of the front mirror.
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AKFRETIIEEZETFZ2H X o MR d 2BXWCHENEN S EDEE
ol A2 L. ol (2.16) 2= I 7 —RRTETORERDY DL —
PHITFERT D720, AP —27 13815,

(Sl v =R B ERDWE)

d 2

(2.16)

ZIT, mIFEOEEE LS. Fig.2-10 (=¥ o U HERE d 2 MUNERLS BT L
& O Brillouin #EL A2 ML OB Z 7T

< /0 >
-« [ [ Rayleigh

Brillouin Brillouin
(Stokes) | |(anti-Stokes)

m m+1

Figure 2-10: Free spectral range (FSR). /, is the interval between one
Rayleigh component and the following similar component, /
the interval between Rayleigh component and Brillouin

component.

Z @ X 51T Rayleigh & ¥ Brillouin 43 1ZEHIAIICEIN S. Z 2T, Rayleigh ik
57 D[R L Free Spectral Range (FSR) & M3, WX TH 2 LS.

Co

fo=54 (2.17)

2O IR EORS LIZHY T 58S TH S, Fig. 2-10 (27”7 Brillouin
AT RN T, Gk T Rayleigh %457 & Brillouin k43 O fRg 1 % HIE T 4
XA ok ) ORI BEAMIZRANTH BN S.
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Af(q) = El (2.18)

Z® & X, Brillouin B¥— 27 O 7 FNEREEIZULFORBEREZR - S 20 E i,

fe
Af(q) < ?" (2.19)
Brillouin ©'— 27 ® 7 FEEED FSR OE45LL Fic/ b L 95 ICEELEE 2 & &
L7254, m RO Brillouin £¥— 7 & m+1 ¥R @ Brillouin ©°— 27 O X BN T& 72 < 72
5728 T % . Fabry-Pérot T EHIH o & AR R 3 HA TH D0, FSR 183k <,
HETED2HZWROFEEEBICHKNEET D EWVIRERNDD.
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2.4.2 2> F LB Fabry-Pérot T#5F ( TFPI)

% 7 LA Fabry-Pérot T¥BEHIATHI CTRILBI L 7= FPI Z EANICELE L, JEEEK
EFEIE 7 4 V2 ZBRTHZ LIk o T T A b &RV A) 28 8 i St
2z A bERS>ENTZ oY tas s LT LI TWAH[12]. ABFSE TlE Sandercock J7 7
D H 7 LB Fabry-Pérot T-#5F (TFP-1 : JRS Scientific Instruments f) % T
Brillouin #tELYE D436 %217 - 7=, Fig. 2-11 |2 TFP-1 ® &8 Z <7 . TFP-1 11J5 BHIA
FECIRE) 722 & OV BREE D I L CHERICHBUR CTh D728, FH O ERITH W
SNTWD., £z, EMEOERITFIC23°C LRIz br— T
5.

Figure 2-11: Photograph of the Tandem Fabry-Pérot Interferometer.
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TFPI XX 77— TN D 2O FP 2[RRI T 5 Z & T, ERLOFr
FEA#EBT 5. TFPI OMIK X % Fig. 2-12 (277 7.

FP2

o
\\
N
.
N
.
N
FPA 4”( 1o
.
——— - J-- SRV VD SV V) :/
|

% Scanning Stage Mirror
a, Ad,

pd
~

~
Cd

Figure 2-12: Tandem Fabry-Pérot interferometer.

2 B OTUEHEFPL, FP)IX, Sl oD A E A2 723 L 9 ITHBE OS2 T — T
WMINTWD. 2o I 7 — 3B 47 micxt L TETICREI SN D720
12(2.20) NN LRI S S b .

dy:d,=dy+Ad;:d,+Ad, =1:cos¢ (2.20)

T, BRI 7 -HBBLOAX v ViEEZRFO 2O FP X, —H D FP &t
12 L CBEEE L 7= Rayleigh ©°— 27 ORIgIZ DT NIZIAL 72 5. Fig. 2-13 122 7 —[#k&E
dy Rl L Lic, H— K EDOAS L —FITx3 2 E D FP 3 L O TFPI O A X
7 RV X A o

FP2 O 7 —[RZMY L THFAETEL LI ICRh-TEBY, ZhLEho
Rayleigh iy OALEZ i 2 5 Z & T, BED Rayleigh %57 2% TFPI @ Rayleigh £'— 7
OMRNIAL 7eb Z LB bnd. £iz, 20O FP ® 7 17z Rayleigh %55 1%, 590
FEE T 55 TFPL D A7 FVIZHEBLT 2729, KEHMNE OB T Brillouin &
— 7 LRFEILANWE S, BELARTIE RSN, B, AT —YDOENA %,
AXx ¥ VIREEMES., ZOAXAFX ¥ VIRIEZRET 22 L1280, BELIEWARY
MV OE B BEE 2 RIRT D5 N TE 5.
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(@)

FP1

FP2

(c)

| TFPI (FP1 and FP2)|

Transmission

v

Mirror spacing (d,)

Figure 2-13: Conceptual spectra for an incident laser beam with one

wavelength. (a) FP1 (b) FP2 (c) TFPI

F72, AWFZECTHEMA L TFP-1 12D 2D FP # 46 MBB TS Z LTk
ST, LEWEERSMREZSOND. FP 28 ERIFE BRI T LICL->TE
B oz L TEWEEESMENRSGEOND —FHT, RKifox=2r 205
VERHY, =2 OVITELZEEROERS I HIZm< b, 2Dk, TFPI
TITIRE S JE PR O b & B IS E BT 2N ERH 5.
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TFPI D38 % % Fig. 2-14 (2”7 . H&E 532 nm, {17 500 mW O [E &L —F
(torus532. Laser Quantum) CTL —HHZRBIEL, ©— 2L X7V v ¥ % T Main
TR & Reference FRFEIC /7 BET 5. Main KA D L —HF T L XIT X VIR S
i, WMEREHZIRK S D, EAHEHE 400 mm O Lo XEERH L, WEREHTT T
DOL—HFDARy MIZHK 50 um THD. ZIE Brillouin #ELEEIZ K - CTH M
ExTOHAEDOZEMOMRIEL 72D, A TEEAICHEL LD S b, BAITH
ELES N7 HEL e 2 IR L L > X CHEYE L7=%%, TFPI THr %17 9 . — 7 T Reference
2R D L — IR EHI B2 J°, ND (Neutral density) 7 « /L& THHRE %
RS E ECEETHEHNICARTS.

Diode-pumped N
solid state laser

Main Reference
Output : 500 mW Y Y

Wavelength : 532 nm || PMT

| |
* Photon

Mirror \ counter
7 ( |

Tandem Fabry-Pérot | Computer
Interferometer (TFPI)

Sample

Figure 2-14: Block diagram of measurement system.

(Tandem Fabry-Pérot interferometer).

O 2FEOIE, THFHEFEPL, FP2) & @i L, & O E 5% R o 8EL e & ok
T HEE 9 (R464S, IIAKR F =27 2A)TZHT 5. Z O, #ELYE O Rayleigh K5y
DOYEFREE L Brillouin B0 IZ R TIEF IR 20D, SLEFHEAE 2B 280
WD, 2w T DIy v v ¥ & Vv THUELYE O Rayleigh B 47 2 86T L,
Reference #% I Z 8 L7235 2RO %223 5. X512, TFPI TliIEE
DE—7 REZFREE=F L, BEN—TIZRD XD ICTFWEHFEPL, FP2)D EATE
EHIET S E CRIFBOMENAIREE o> TWD. £, ZHLEKRIET T+ b
AU BT ADER LU TZBITINRE Y S, B f#RE 10 bit D A2 kL& LT
QU a— X ZREkE NS, @, Brillouin HUELYGIZHES Th 5 70, RRFRIUE
LEBEE AR MV EMEEYT 52 LIk s TSN ZR ESH5.
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ZOFEBRREMML, RIOA BELELE TRIE L7z & & DA77 hLO—4fl% Fig.

2-15 |2~

Light intensity [a.u.]

5
10
10 E

N
10

2
10

1
10

10

- Stokes . anti-Stokes .
f,, ® (longitudinal)

2 B\

=
. : f:ﬁ f,2A (shear) |

1 1

£ii

F <—3>'a\—>| |
S 14 L
- A 1 f ! ; 1
3 1 . ! | %
F :; 2 : i 4 A :‘I‘
4 fir %, 4
E | &a a A
B 1 SR Y YOI,
eyl Pt = B oy
-10 -5 0 5 10

Shift frequency [GHz]

Figure 2-15: Brillouin spectrum of a silica glass sample.

AL & SO 2 AT v v Z TUID B X TWH 72, Rayleigh il D — 7
73+0.6 GHz i TA

R & 72 5. FT2, HELLED TIEWNAI O B — 27 SR R4y

@ Brillouin AXZ7 kL, MO — 7 BNHEW K4S @ Brillouin AX7 kL b 75T

WD,
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2.4.3 £ #£ X Fabry-Pérot 35t ( CFPI)

L A Fabry-Pérot -5 T TFPI & 13 # 720, —%F D FP THERL S v, JL7iRE
HRPRICED D ZLICE o T, KV KREOIFEELZBEICT L L2z ML L
T TWE TH DH. AW TIL Fig. 2-16 12773 3£ 1 Fabry-Pérot T35+ (SA210-8B,
THORLABS) % F\C Brillouin (&L Dy & 1T 7.

No.l0IC 05H

10 20 30 40

Figure 2-16: Photograph of the Confocal Fabry-Pérot Interferometer.

St 4 5 Fabry-Pérot T-#5F (CFPI) (% 2.4.1 TH, 242 HTHBA L7 L 5 722 —f&kHy
WCHWOLND AT FE 7— 0= X o v Tz, HRHE Lt RN % LV 2
O T —CHERSND TEHETH L. AT O FPLIZFRENEH L < FE 7 —
DWATEDEAICE L ERBEZ T 5. T U, M Bk L IRER T ER A 2
Z — DWATE DGR L TH L E CHE LS WRE L FFO.

CFPI 1%, Fig2-17 \ZRT X OIZHE LWV ERO 2 [HO KM I 7 — THERL S 41,
T MBS E O ERICE LI R TS, ZOEAIE, —MBRIZITILER

Fabry-Pérot i & FE |34 TN 5 [13-14].
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\ r

Figure 2-17: Confocal Fabry-Pérot Interferometer.

CFPI & i X 7 — D Fabry-Pérot T-¥5F & [FAERIC, 4 I 7 —WNHAIO M IZIXIEH
R FEOFmWa—T 4 TR L TH DT, MU i O F I IR H RO
Rl a—7 0 v 7T 2 k> CTEREMAZ TS, £, SMIKRED
MRz MEROMERE —HT 50T, VUOXPENEI D LT,

1@24&:@mw%$ﬁﬁ%%?.v~$%ﬁ£%“@¢bﬂ%H@%éfk

L= RLTWAD. fMD Front mirror % L7- L —V I KO, @,
@, @ONEIZHES, K S NTBRICHBURKOZET. 20 X 912 CFPI TIEXD
AHE SR L THEIR L TW A 720, HRB~ONDO AR 2 ESEHE RET 205
MR HFROFBEDRIEF MBI RDFELH 5.

I v > ©
H L 1.9 T — . @ _.
T
®
Front mirror End mirror

Figure 2-18: Optical path using the CFPI.

HIRBNEZ 1 FELEEEEALZL & LGS, X (2.18) 2958180 T
— %% L, % L7 J61E Fig. 2-18 F O LIREE DA H 5 O 2@ 5

///

L=4r (2.21)
7277L, 0O<HKTr
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Z 2T, —fZBYIZ Fabry-Pérot T35+ FSR X (2.17) TWRET 572, CFPI T
FAN T EETL2HEHERNES 2oTk, KX (221) oA TRIND.

=t 2.22

fo=7. (2.22)

¥, ARHFFECH V= CFPI (SA210-8B, THORLABS) (X FSR 2% 10 GHz [#H /& T
REFSTWb.

CFPI O #Bi % % Fig. 2-19 |27 3. TFPI O L & [FAR I & 532 nm, 177 500 mW
DEMR LV —H (torus532. Laser Quantum) TL—HHEFIEL, Lo XXV IEK
ENT L= REBRERHCRR T 5. R TR AICEILL XD b, %
(CHGEL S 7o BELDE 28I L L o X THOE L 7%, T#5F (SA210-8B, THORLABS)
AT 2. FHETHINTNIE, BEDEKEB AR S>HELE LT 7+ M
A F—FTZNTH. THHEIHEHDO= hr—F (SA201, THORLABS) Tl f#
ENns. arvie—JdFvera—7EERETHI LT, THHOMIETS%
HEFZRLET L ENTES.

Diode-pumped N
solid state laser

Output : 500 mW v

Wavelength - 532 nm Confocal Fabry-Pérot
Sample Interferometer (CFPI)
Mirror ) In ( K ] 0
Controller
Oscillos[cope

Figure 2-19: Block diagram of measurement system.

(Confocal Fabry-Pérot interferometer)

32



2.4.4 Brillouin &L AR T ML O 47

TFPI @ 53 6 T AL & 4172 Brillouin BUELE O B — 7 Z E &HIZEY & © 729D 121,
— RN EH B R B E T VOB CTANT MV ET 4 v T 4 VT T HUERDS.
DHFD AR ST H L RGBS EFEEL, % Voigt Bl v o . T
HTHDORARZ MBS L, FTOBIEINIC X - T Gauss BRI ET 5
GLYE R SR (Fabry-Pérot) (25 - C Lorentz B> 7 4 VX2 U 7 %35%1T 5.
#€ - T, Brillouin ALY D AR "% T 4 v T 4 7T D72 HI21F Gauss BT
Lorentz BA#X & & A A& L T B AL7= Voigt BIE A WD O 03 i Th H[15]. Z D
TAYT AV TR THE =7 O 7 Mg & HE420E (Full width and Half
Maximum: FWHM) 23RET 5.

ZORERRITITRE R 2Bl T 25 (BT ) ORI (BE) IZBET 5
BMBEEN TS, b2 B PICERT 2 F IS5 O I & IEIC &
STHRAEALTWD., TNEFEGEREE L THEXD L&, IUHE L7 TIREN &< 2R
D, R L BRI E NMEL 2 DL o TRIBRE A S RIBEH~OB OB N E L,
COBRENFRORNE LT 5T, £, —RITEMBLGOBIZET R L —
WHLWFHOBED = DI/ FNDO T R F — TR S5 72D 5 ORI
AT D, ZODFEBWEL, K OERD S EEER S (A4 U T Brillouin
B 7 OEERMENR K E S RD[16]. T 0 X 5 1Tl 208 O 2L ITFE B FE 2 48 2
D EBERHIMER L 72 D
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2.5. FEDH

ARFClX, Brillouin #ELVE O JFHELCHIE FIEB L O—BMICHW BN TV B 55
#OENMERFEIZ DWW TR 7=,

Z Z T, Brillouin B{ELIE TEHE & R D2 HELALEIZ DWW T —RIIC I < BT
HAFBEEREN L. FIA VT o T—va OB EIRBEME &\ o 7o JF T iE
10k % FEAI 9 2 FIE T E BURE O B T 18 O SR R L 23R4l T X 72U A%, Brillouin
BELE CII R R BELEEZBRA T2 28I » THIET 2 T OB T M % 3
WIEHNCBIRNARETH 5. A2 TIE, EFLD 2O FETIEIMICE 2V EN
HNABWT 2 FHICER Lic, £72, KROBERFR AT A2 BETZ LD,
RIOA HELALE Z B H L ER 21T o 72,

F 77, WMEDEO S B OW TR RO FiE L RIS TFPL 2 W=, Zi#L T,
Brillouin 8{ELYEIRE OISO W TEEMMICTHAE L, KL 0 {7 CFPI DMFEZ1T >
7~
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EI3F VA /UMEICKDEEL

ARETIL, KD Brillouin HELE TORBEMIL, WEXNSEOMT + / L ITH K
3% Brillouin BUELYEIRE N IEHIZTH <, ¥ 7 LT Fabry-Pérot T 51 T+ 43 7o ik
HE—2 2B 5720100, ZE LEMERKE CRFHAMENLEL NS Z L Tho
2. ZOMBESZEIRT 572912, Brillouin BELIBFE CEE L 25 7 4 / v Z ik
T 5 Z LIZ X o T, Brillouin BUELEIRE 2 8% 9 5 HIEIZHOWTIERD.

3.1. 74/ ORERE

WH, BT+ ) VIIWENTT VX L FAICEE L TR Y, T OREIZIEFIC
NSV T ) COBITIRBIOIRIBE RT LN TE L0, MENITHFET D E
Tx ) OBITEFICLRNE N D, 20D, MERNIC T+ B AR LT,
BT ) Nl o T 74 PUMEFEEREL AR - THENMIW., Len o T,
Brillouin fELYEHFRE R 725, —RMICHW SN S % > 7 L Fabry-Pérot T ¥
FCHOIBRETSRWMELY — 7 25572012, WERECHEREIC L - THRA
STL D0, Bam b BRI RS EHMAERLEL 25, Z 2 CHEE D00,
% 7 LA Fabry-Pérot T O IREISCIRE & W o 72 AMB O R A LIZx 3 2 %€
HERBENZ ETHD. ZORBEALICXH L TC=X oy O FTEZHERT H2DIC7
4= Ry ZHETHIC=Z a2 L TWD R, R ORIEIZ X > CTHil
HZzEAx TCLEY, 22 n DO PTENERTERIR-oTLEILERH L. 2
DFER, Hitemd L TOMRENE( L, EM7 Brillouin — 27 OHIE R ATHEIC
5.

AT TIToTe 7 4 7 v ORhE L TWEONRP O N THICER A BRI 5
LT, WERNOKRTREDANESES. ZO/KE, K TFRDOREESEEL, 7
G ) DR EERT LI ORND. MEND T + 7 COEBHH AL LIZL T
74 b RIETEMERGEL A & T HE AR < A2V, KR, Brillouin BUELYETREE A3 5 <
B I 415 . Brillouin BELEIRE TR < 2o X, RRFEORENSREL 2D, HIE
FERE D) ESPRE G 2 IRTENAPEN AR/ D LW oo A U » R BB D.

7% J v ORI & 72 Brillouin BUELYEHIE X RO HE STV D,
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J. K. Kriiger & OMFFE T, EEMEET I v 73k (LiINbO;) (248855 IDT %
MWTERZEMT 22218y, HIESSRTHD LINDOs Z bk L, ATLHIZY
F )RR S]], FOE, Fig. 3-1 ® X 91, KA b—27 A4y @ Brillouin
BELDLRE D FHERT & LR TR L Z 330 FIchBEBINTND. LAL, TOFIET
X IDT ORIEAIC L o> TEEERNE LD Z &0, WERBD EEMEREBZTIC
oD &9 BBEARH -7z,

Stokes Anti-stokes

O : Before excitation .

H : After excitation ' /' fl

33x%103 counts

10000

1000

Phonon intensity (counts)

100 |

10

Shift Frequency (GHz)

Figure 3-1: Improvement of Brillouin scattering intensity by excitation
of phonons in LiNbO; (QL: Quasi-Longitudinal phonon

mode, QT: Quasi-Transverse phonon mode)[1].
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3.2. 7F /) BERANS AT 1I—H OB

AWFZETIL, HACERA R AL 7B THNIE, MEZ®ITT 7+ /2
THZEEAMELT, FTUAT a—H 20T, ERE DS H N THIC
abt—Vbr M7 x /) raET L FIEERARZ.

AERAWE T VAT 2 —HIXEBEMEEZ W o, JEEMEBHIRS &S IS 2 728 7
2> TER BN FEA L, ERERICEAOEBMMNEL D (EBEBHMFE). ¥,
FEEICRMBEREZEMNT 5 LB RIS TEABAELD FEEBHR). 20k
ICEBEMEHIER = R L X — LA = XL X — %2 RIS EBRB R L Vv D
FREZHESO. EEN 7 VAT 2a— VB ZOWEBEBDREZFAL TER =R LE—%
BEIRENC AT 5 Z LI Ko CTERARAEIED. 22 THREERE AW LK1
O FEARBRB) F WAL 13X 3.1 ISR T RO ICEEMEIO FH v, & EEMEOKE
dp I X - THRE S BH[2-3].

fi= o2 (31)
2d,

ZORXNSH PN D L HIZ, Brillouin BUELIE THIE T 2 % EH MHz~ %+ GHz ® &
W G ERETDH I ENTEDIREEN T VAT 2a—HE2ER L LS 35L&, E
BMEOEEALNEECH LS. TETIE, ANy XV TFH2LIED Sikl
DM EICEEHEREZKT 2 HFEDPHNLONTEY, mEAEEEEZMIRTX 5
TUVAT a—HYERFICEETE DL XI5 TE TV 5H[4].

Fo, —REICEBMEE LT vy b (KNaCH;010), KE: (Si0), =
A7 WU F 7L (LINDO;) 72 EDOHFERR, F# U EE/NY U A (BaTiOs) R°F %
fe v ggh (Pb(Zi,Ti)0s;) R EDEELT I v 7 X (LK) 28l <o m
LN TWVWD. 6, EERE L Tikigs (ZnO) RET VI =7 L (AIN),
BT NIZTLCAD VT LE R—T LEEAD L PT AT VI =T A
(ScAIN), &4y 7 ClX PVDF X° P(VDF-TrFE) (KU 7 vk =V F v =7 vikF
LR EAR) REBRFIHINTWAS(3, 5]

ARG TIIEBL N AR S Th b ZnO JEEERE & ScAIN EEHEHEA HWTESE
FGUATF 2a—YEEYEL. 20 2EOFEBMEHIASFRERICE LT EEih
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(c #ih) OB J7m Z flE L CREd 5 2 &1 L o THERE & 5 O 5 0 & bR 5
HZLIRTED.

Fig. 3-2(a) ® X 912 c iz B i xf U CIRELZARIET 5 & e 51 23 ik S h,
Fig. 3-2(b) ® X 91 c il % KA 12k U CEATICEE T 2 SR SR AR S 5.

X 512, Fig. 3-2(c) ZRT X 5 ZRMEAEL A TR 2 &, MERE & BRI S I S R RE I
iz =4 % [6].

Electrode c-axis
Electric field I T T T T T/
Electrode/ — Piezoelectric film

Acoustic wave (Longitudinal)

(a)

Electrode c-axis

Electric fieIdI | R e

Electrode/ % Piezoelectric film

Acoustic wave (Shear)

(b)

Electrode craxis

Electric fieIdI \'\él \<

Electrode/

Piezoelectric film

Acoustic wave

=

Longitudinal Shear
(c)

Figure 3-2: Relationship between crystalline orientation and acoustic

waves.
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3.2.1 ZnO Sp

ZnO XML T N A A DOEBMEIO —FETH 5. ZnO XS V> 74 b
BUZE L7z H-1V BREARTH S, ZnO OEBEE dss (£ 12.4 pC/N[7-8] T, AN v
X 7p ECBICHEFETE, GHz WO FMOBIEN L 2%, ZnO JILE LA
JidRICET S CdS, AIN &R L TRE RBEBLREHAEGREE L. EHT 2
EER 22Tz o 2, RIS O DBLE N R EDO =D, kb X% - ERES
NTWBH[9-11]. BIFREEMEZ S 5720120, B4R & @ WERFiEN
VB L S5 . c LA ZnO FEIIT A Ny X IER EIC KL W ESICHELTE 729,
JEE RN T VAT a—HRREKT A AR LA HVWLR TS,

FHOIEL, 20 Zn0 EEHEZ HWTRERE EIC 7 v AT 2 —H28YEL,
FEEMEZE VRN ot — L b S U ERIRETAZLICLE ST
Brillouin #tELYEIRE Ok FEHEE 1T > TWH[12]. ZnO JEEBMHIE N7 > AT 2 —H 2
W %% 3.65 GHz, 15dBm OFBERZHIIL, M7+ v EMET S22 LIk - T,
A b —27 Z{H]® Brillouin B — 7 3% 200 {5k L= RN HE ST\ b (Fig.
3-3). F7o, B EHICOWTHEKEH 3GHz, 15dBm OEREZHIMT 52 LIk
- T Brillouin B"— 273 116 f5e#% 925 Z L MER SN T W5 (Fig. 3-4).

Stokes Anti-stokes

10°

105 B £, ® (longi.)
';:‘ ) 4,000 counts gz £, ®A (shear)
S 10 \
%‘ 3 £, ®A(longi.)
§ 1 20 counts
g
= 2
% 10 /
3 ) 2

10 a

0 : vl W ON
B -6 -4 -2 0 2 4 6
Shift frequency [GHz]

Figure 3-3: Brillouin spectra from a silica glass sample with shear wave
excitation (0/2=12.0°, fw=3.00 GHz). Number of scans was
500[12].
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Stokes Anti-stokes
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Figure 3-4: Brillouin spectra from a silica glass sample with
longitudinal wave excitation (©/2=9.0°, fi;n=3.65 GHz).

Number of scans was 100[12].

3.2.2 ScAIN #p&

ScAIN |Z ZnO 72 & & [A] U 7 S A HOEEME CThH 5. Z D ScAIN I Sc
DRFE x |2 Ko THEEDSELT HRERH D, BE x 2340 %LL T T AINEBLOKR
78, 50 %Ll ETIL SINBALONLFidh b 72D, £72, 40 ~ 50 %DM TIEAHERE D
AU D, JBEE x & ScAIN DEBEH dyz DR % Fig. 3-5 127713 Zhnrbb
B X DIZ, Sc DIRFEN 43 %D & &, ScoanAlosnyN DEBEEE dys 2N KD 24.6
PC/NIZEEL, AINR ZnO (2R TE L Z 2 ~ 4 RS WEEMEZRT. Ui,
BROZAH TR bEWEEZRT. LML, SclEEN 43 %l Eicid L, EE
EBITABIIETFTLTLE S DT, ScAIN OBYEIZHB W TR ERE N EFICHEE L
D, BT, TD24.6pC/N EWVWHEITE T Y A — % TRIE L 7= B F 0 72 1 E il
Thd. LrL, BEICEET NA ANSHAT D720120%, JEBEBLDEED MO
FAERHFBEREITEKGFT DL 2EELC, TNV F— M E 5 BRI E
PEDFRIE D — D> Th 5 BRI SIRE k TS 2 L ENH S
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Figure 3-5: Piezoelectric coefficient d33 as a function of Sc

concentration[13].

Z 2T, mIEOWNIE T, Fig.3-6 DX D X 512, Sc IEENHE BREE AT D 41 %
D& x, BRI SREKE DN —FE < (h=035), HEEK L N —FEK N2 &
WA X TV 5[14]. , FERMEMORE AR kE &%, EA MO ASERT
ANX—ICHT R RN F— DR RERTETHY, WHEER cf; 1T
NEHBERN —EOHEOEEERDOZ L THD.

o extracted from FBAR

—@— extracted from HBAR ©  Experiment in present study
A Pure AIN FBAR (6.4%) —e— First-principle calculation
16 | I N | T T T T T 177 w (3] 4 T T T T T T T T T T T 1
14f—— o ] S
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Figure 3-6: Piezoelectric properties of ScAIN film. (a) Thickness
extensional mode electromechanical coupling coefficient as
a function of the Sc concentration. (b) Elastic constant as a

function of the Sc concentration[14].
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3.3. FEDH

ARETIE, 7EKD Brillouin HBELEOHIE FIE TR & 72 o TW - HUELTR E 2
BTAHOOHELE LT, 74/ VEIEICOWTRAZ, HIEMERNET 8T &
U TRIMBIOANEHNO NTHICat =L bR T 3 ) U ERRT D Z L
&> T, 7+ P L OHMAERICHET LR FE2HEET 22 L0k THEBT 5.
AR TIET7 4/ 2 NIRRT 2 FEE LT WEZHIETL2 12k -T
GHz DB EWR EZ K EIELZENTELHEEBHK N T VAT 2 —F 2 H .

ZnO EEBEBEIIH <D M T AT a—HITCH IS TE Y, BB SIEE 5 ik 72
EDOWENRHEA TS, —J T, ScAIN [EEHEIX Sc RELZFES L LItk -
THEFITBMNEEEZ T Z EDNEERE I, HiREEMERE L THERINT
W25, AWFZE T Brillouin HUELYETRE O 4 B L T ScAIN EEHE 7 o %
Ta—PIZLD7x ) VhEICK o CHRBEREIToT2. £, kxR T VAT
a2 — &2 RET HHGEITIIBIEEIR A L T2 ZnO EEHBE LA L 7.
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BAE FENTZVATF1—HZAVE
de—L> N7 7/ ik

4.1. BH

A CIL, Brillouin BELYE D ¥ — 7 58 4 & 5 70 O IR B R 2 W CHlE
AREOANE N O NLTHNE 7 + /) 2 hiie 32 2 Lzl /o, 2N E T, ZnO JEEHE
T VAT a—H 2 HNCTEBMEZ R 0REBINTICS 74 /7 & S &
BOELYEIRE O UGBTI L TV A [1-2]. AETIE, ZnO [EEHKE LV bENTZEE
YA AT 5 ScAIN EEMEAHEH L, AEY 7 ANOHER I L OB & IZH kK
3% Brillouin HELYETRE DB RE R IZ OV TR RS

4.2 . AESRHEEBREER

HEXSG E L CH%A T A2 (ED-H, TOSOH, 5X5X20mm’) Z AW/, ZDX
AT DOHRETT T AFHB I Lo THEENEENESINTEY, Mk EEx
5,961.3 m/s, FAJEHFHIL 3,766.8 m/s LWL SN TWVWBH[3]. AETIE, L%
W T+ ) v EMET S E2BEMALT, MWEEMEZRT ScAIN #8HL, A
WH T A HEEE SCAIN EBEHE N T VAT 2a— Y 2ME L. KETHWEZ T
VAT a— VI RREHKENAELICE s TaRT T A LITERESNEZb 0 TH
D, ScREILEmWEBRMZ RT 41 %I E L7 ScoanAlosoN & LTV 5.

AREBRTHWIZHERE%Z Fig. 4-1 12737, 7, MEXNRTHLHAET T A%
JEBEEOEI L L, DC ARy ZZEEFIZ L > TEIH 150 nm O Ti #HiE % 58O

W L7, 2D EIC RFE =7 % b ARy ZIEIZL>TEEK 4 pm D
SCAIN Z it L72[4]. 7235, ScAIN O ¢ Hili o> Bl J7 L i 1T U IR X BB
MELTWD., &5 ScAIN © B2 Ti 2% %+ 52 &12 k> T HBAR
(High-overtone Bulk Acoustic Resonator) #:#R+ & L72. HBAR OEEHEE K7
AT a—HIE, RO BICEE BN EEHEMR & TEEMICHICEE E L 7R TRk
EEn TV aEEE2 LEELEROZETHDH. BH OV T IR T (Bulk
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Acoustic Wave Resonator ; BAW Resonator) <°F i Lk 7 (Surface Acoustic Wave
Resonator ; SAW Resonator) THEEHEBEAH WL SLE LD H, HBAR O R X
DERIREBEDPFTOND ZERRESNTND[5]. 20L&, EROYV A X
TEAK 0S5mm & L, /U E—F U 2% S50QIEREL TS, 2O HBAR IZHf L
TEEW 7 a—=7 (Z10-V-SG-750, Cascade Microtech) % H\CH#RIZE R 2 HIN
LTmEEREeRESE, ARTTANCTx /) v eliiiEd 5.

F7o, RETIHHEGELALE & LT RIGA i ELALE 28 H L, Bt mWN FH mic iz
THHEWRICEB LTS, 207D, HFEHKHHE LT ScAIN % sk L 7=
AR LT 90 ° IR L7 mic, JE S/ 300nm O Al #2854 L7,

(a) Al reflection mirror 11 metal film
/ SCAIN thin film
[
/
o
L /; 25 mm
ScAIN thin film [
/ .
[ Silica
";L_ - glass
mm
— c-Axis
S mm (Normal direction)
(b)

Microwave probe

ScAIN thin film

Ti metal film Acoustic wave

___-.__\\__kSQA. -

Incident light :
Q :

Reflected light [k

Al reflection mirror

Silica glass

Figure 4-1: Sample configurations. (a) Measurement sample and the
structure offilms. (b) Top view of the sample with the

induced phonon image.
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S B, ARHT T AT L= ScAIN & &E#E BBl W J5 1M 2 7-l 3 5 72 D12,
M X MEIriEZ . A ESE L7z ScAIN JEBHIED ¢ fil R 7 16 % fERR
THEOIT, 0-20ERE X BREHTE TR A X SREHT %% VT ScAIN JEE
IR D S i B 1) ME A BT L 72

FERE A OIE L SZX I RELS DT TKRDO S5 ThD.
(1) FEHmEERG T H2HEBRAEOILL X (yhin).
2) FEWREANFTHEOIESLSE (¢h1).

FRO2FEEOIXL DX ZFHEIT 5720, 2.2.1 HiTik_7- X H 12 2601% 34.42° T
[ E 5 Z & T(0002)H 15 s X & I E L 7= (X-pert Pro MRD, Philips) . #i % & 1%,
ETOMIEROWME L LIERE 2 KL TR LEAT VLAEERTHD. LoT,
MOERES LY EFEQ), QDXL X2 MM+ 22 N T, BAELFLTWH
DIFEREmE S —HRICEM LTS Z 2 EWT D, AT T A LICKEL -
ScAIN [l o Bl 1) 45 1 4 fi R X BRI IE CHERR L 7285 R % Fig. 4-2 1IR3, Z0DK
1Z(0002)H DS TH Y, MBOEF D ScAIN O ¢ fili 23— FAIZER L TW5bD 2
ERbND. F, cliAEmIZ L CERE S MNALDOTNEFA L TND 2k
LIERTE 5. BRI RBER T M2 M T 5729, (0002)m w £ X #RETEEAT
VW, BAREY 7 c BEBI A E A RO T-. ZOBIER R % Fig. 43 18T, kb,
w=5.0°CTH Y, WMEHOEEGHNDS S0 L TWLZERNbhoT. £, v
filh & gith O B — 27 OFAE2ME FWHM 122 E 4, 3.8°& 27°TH Y, Bl E D&
I L 2 B (6]
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Figure 4-2: XRD (0002) pole figure of the ScAIN film grown on the Ti

film/silica glass bar.
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Figure 4-3: (a)y-scan, and (b)@-scan profile curves of (0002) pole of the

ScAIN film grown on the Ti film/silica glass bar.

72, *v VU= 7 FZ 4% (E5071C, Agilent Technologies) % H\TH I
7 A RIZEBR L7z ScAIN EEHEME N7 0 AT = — % O LR JE B A fesd L7z,
SCAINEEHME F 7 VAT 2 —H DA L ZRE DR R % Fig. 4-4 IZ7-77 . ScAIN
D cH A SR L TWND Z &b, M ERZT TREBBEEE HHEEL TW
HIZEDMRTEL. IF, ZNENOEMEDEIAIZEIL TS 2S, ScAIN E£5E
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Figure 4-4: Impulse response of the transducer on silica glass sample.
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Figure 4-5: Frequency response of the longitudinal and shear wave
conversion loss, which is obtained by an inverse Fourier

transform of the first longitudinal and shear wave echo.
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Figure 4-6: (a) Brillouin scattering measurement system with TFPI.

(b) Photograph of the measurement system.
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Figure 4-7: Measured Brillouin spectrum in the silica glass without

induced longitudinal wave.

55



—J7C, ScAIN FEBHE b7 AT 2 —=HTT /L EE LIRIE T RIS 7
2 % M 7E L 7= Brillouin #(EL A X2 kL% Fig. 4-8 287, il L TWARWIEA L (A
BICHIERITRN 1L D THL. O AT T+ /v &R T 52 L2k - T,
Brillouin '— 7 OENKIFIZKEBL THNDLZ ERDONL. ZOEEXKA =7 R
DB — 7 FREEITH 37.2x10° cps (37.2x10% cps/W) & 720, FhiL L TW W& Lk
L CE— 7 MENK 8,600 F#E L. 22T, cps/WIZhT VAT 2—H (A
HLTE=B B OFERELLTVWD. ZRISEY, —EIORE R % K bE ]
WMTELHZ xR L. LrL, 74/ &l L72%E O Brillouin E— 2 @
PAEEIE K 140MHz EEDIEWE —27 Llp o> TWAD. Ziud TFPI O JE M~ «
JL B DFFEICRT LTV D, ASE Brillouin E— 27 OF{EEIEILH 2 B CTHR 7
ERY, REZEMT2EFHOBRBERLEEN TS, LaL, SN2 H ALK
274 ) CEMET OARFIETITERMN 22— M7 U EBRIL TV
ZEITRY, RO T+ L OWINE TR D, Z D72 Brillouin B — 27 O
EEEEFEEOBEZ2RL CVWARWI LIk, EENLETHD.

Stokes Anti-stokes
7
10
6
ﬁ\m B
N %
5
gior |
4 A 2
Z 10'f [
c 3 Y : 4
Q2 10 ¢ e 4 4
c 5 % * A ;
- N . 4
10, L 22 | 2. .4
1 A A AN A A A A A MMM MBS A
10 | | | | |

-2 -1 0 1 2
Shift frequency(GHz)

Figure 4-8: Measured Brillouin spectrum in the silica glass with

induced longitudinal wave.
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Figure 4-9: Predicted Brillouin spectrum.
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Figure 4-10: Light intensity as a function of a distance from the

microprobe.
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Figure 4-11: Intensity of the excited Brillouin scattering

as a function of input power.
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Figure 4-12: Measured Brillouin spectrum in the silica glass

without induced shear wave.
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Figure 4-13: Measured Brillouin spectrum in the silica glass

with induced shear wave.
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Figure 5-1: Frequency response of the longitudinal and shear wave

conversion loss in ScAIN piezoelectric thin film.
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Figure 5-2: Measured Brillouin spectrum in the silica glass without

applied electric field.
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Figure 5-3: Measured Brillouin spectrum in the silica glass with

applied chirp signal.

F7o, BHERTOK A b —27 2> 7 b EE B - 968 MHz, #5i : 654 MHz
THhoTeDITx LT, Bl o7 MEREIIHEE : 951 MHz, £ : 618 MHz &
Y, —E Lo ds. ZOBME LT, Fig. 5-1 IR HENE - BTz hThoit
R JE I BT TR AR LN/ NS 7 4 / v OREN RV TZ 0, LR E R KO
T~y 7 NEBREN TR LR, Fry—7 B 50 BAEER & THsoRs 08—
BLIEEEORMET £+ / VBB TE 20, Zo0mil 2 RMH R TniedosTe
IEMBZLND.

IO, KFETRAMBOEERZNET 256, F ¥ —7E5OHINTHE
B M7 MEBRBOBR I COMEZHEET 22 LN TS D, S OITHEMAEM
By 7 FEEZ/RLIEOIIET v —7E 5 TR, BB EIIN LR & K
[ZOWT, TNENHEBEDN KRR E LR DAFTAZ LT HT, &) “BEO
AP ZAT X LD B TR F R E DR TRE L 70 D .

69



5.2. H# £ K Fabry-Pérot T35+ & LV =R iE O R EE

5.2.1 BE

% 4 ¥ CUIT Brillouin ALY D3I % > 7 L5 Fabry-Pérot T-#at & HW\ =, =
DIBEIL 132 HIZTHERZZL I 2 O THHOI T —MREEZFH L TEbsH
L2 ETHHETD. i, ZOTHWHEZRT NI d= (Rl L —FRICEE
NHWER) /2m (m=1,2,3...) ORVEALETH L0, ZOFEICIE nm 4
—ZDOREENRDLND. LEDOZ LD, %27 L% Fabry-Pérot T-¥#aH TR ED
RMBEELIZTHNE WS RENH S, Tk LT, Fx DfEZET 5 Brillouin H
ELOE O m R VAL T 4/ bk O BUELIR B O H IR AN ERE S AL, 7 MR

JEEEBE N 7 AT 2=V OIREKEBMTRESND. 2FV, 7+ / O
? ON/OFF & 2 fER TENIXTRVWD T, &/erAﬁ”melmmr¥ﬂn+%ﬁﬂ\t/\
HEAT HMEEIE /2. 2 2 C, M5 BELE O JIE IS I S 722023 Bk i 22 il C
5 E T HE 72 T ¥ 51 T 5 AL AL Fabry-Pérot T#FHCE A LT, flifE R EBRRIC
& % Brillouin #(ELHEZ B L 7=.

5.2.1 AIRRBBLTRREE

AKETITHERE & LTHES T 2 (ED-H, TOSOH, 5X5X25mm*)IZ ScAIN JE
EEE A A L7258 4 LR — Ok 2 V72, Fig. 54 IZHIER ZR~7 . HELYG

4y AT 1T L A Fabry-Pérot T-#3F (SA210-8B, THORLABS) % AW 7=, T ¥t
OFIENZITHEH =2 b v —F (SA201, THORLABS) #{fH L, #vmAra—7
(TDS2002B, Tektronix) THEEKIEZ L L TANT ML EZRGT 5.

WEWE W EZET 572012, EEAE 70 —7~DANE 5L 10 dBm, 883 MHz
L7, 22T, RE~OAKFARRE SN TWVDHIEMEH[1]E ScAIN [T & j# 5
OHEEREHEEE LT, KX (2.15) LV0/2=23" L L. —J CRIEEEZm
BT o570, @EK e —7 ~DANESIL10dBm, 585 MHz & L7-. Z 2T,
B~ O A A I TAs i E[1] & ScAINJEEEBL O LR JE 4 B L T, 0/2=2.4°
L7z, 7ok, MEM - B SR OMIRFBEBE N FE4BL R > TWDS, ZhiE, b
TUVAT a—H LB REZHNT HEROA L E— X ZAOBENEL LD &
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EZ2oN5H[2]. WEMBIEEE 72 —7% ScAIN JEEBHK N7 v AT 2 — |28
MLTWAZEND, RAK e =707 r - JICL o THEARESTEA
By R ANENT D, £, VT VAT a2 — BN B ECHESEMICET
HLELPOBRETHHA L E—F L ZA50 Q6L T2 TH 5.

Diode-pumped
solid state laser

Output : 500 mW |

Wavelength : 532 nm Confocal Fabry-Pérot

Sample Interferometer (CFPI)
Mirror [ K ] -
MinOWS;/oebe Contrclnller
EEE Oscilloscope

(b)

Figure 5-4: (a) Brillouin scattering measurement system with CFPI.

(b) Photograph of the measurement system.
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5.2.2 ME74/>>0mie

Fig. 5-5 {23 & 5% Fabry-Pérot Tt 2 W T 7 4+ V&2 hiE L TW 2 W REET O
[RH T ADPNEAXZ "z d . BUERBIIR SRR 10ms D 1 A% ¥ %50
L7 DO ThD. 74 /7 UEMELRVIREECIZA YT T A Brillouin #ELYE
DE— 7 ZfERTHIENTE o7, HE A Fabry-Pérot TFHIZ 7 L4
Fabry-Pérot T VI TFHE 2N EE T BN D nWlc o FHEHE LT
ORFMEIZEN. 2078, BERELTH 5 Rayleigh BE—27 5 K& EATVS.

PLEX Y, BT+ 7 2 X % Brillouin 8CELYEHR E 13446 5 Fabry-Pérot T ¥#5E1 C
M TE 2 HBEORHBAEZ FRHR->THDHEBZHNDL. Z0 X ) ICHENR
Fabry-Pérot TWEHIMEIC N TE 20N THLIN, A7+ / LI K D HE 7%
Brillouin HELYE 2 BLHI T 2 72 DI OZ K ER E VY 7§, BR T & 7 28
Fabry-Pérot THFHIHE O S5 25202 ERbn5.
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Figure 5-5: Measured Brillouin spectrum in the silica glass without

induced longitudinal wave by CFPI.
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— 5T, "7 AT a—HVEHOTALHIC T+ U EE LIS AEDOARTZ
A @ Brillouin FELA 22 kL% Fig. 5-6 (Z-7. HIE R IZRA IR 10ms 1 &
XY Uik lioboTHD. ZHITEY Brillouin BELEREN L FE I, HE
A% Fabry-Pérot W5 CHBIAI TX 21T EDORBENELNTZZ XS, BhEa]
OBELEERE T MEE ICH OB TE oDl LT, a2k —L o b7+ )~
ZNE# X 524 mV Th o 7=,

< Stokes Anti-stokes
10
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Figure 5-6: Measured Brillouin spectrum in the silica glass with

induced longitudinal wave by CFPI.

% ZC, MRS Fabry-Pérot T-¥5F CTHIHI T & % Brillouin HUEL TR E ORR S % 51
X, FTUAT a—WICHMT 5% 1% 0dBm 2°5H 10 dBm (1 mW ~ 10mW) %
TEL &7 & % @ Brillouin ¥ — 7 #E DO BR % Fig5-7 12~ 7. 22T, hEL
TWRWEEDANT MV E ) A Afsr A7 L, 74/ VINETH LA
NRT MM BELGIWTWS., 207D, i L TW2RVWRE (0 mW) o —72
BRI OmV &b, 2k, Ji:féﬁFabry Pérot T¥ et 2 HW=54A, ANED
28 1 mW L F @ & & Brillouin B — Z [ ZIZIEBP TE VW EEZD.
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Figure 5-7: Brillouin peak intensity in the silica glass by CFPI as a

function of input power.

% ZC, LB Fabry-Pérot T ¥#5% H VT Brillouin & — 7 Z# 3 5 72D 1244
T — 7 BMEREREHTT D202, ¥ 7 L% Fabry-Pérot T-¥#5t 2 HWC
FINET) 0 dBm DR TANT MBI ZITo 7. 20 & T DOFE % Fig. 5-8 IZR
9. 24X Y Brillouin BLELYEIREE 1L 1.39X10° cps THo7=. ZHIFEAT + / 12
& % Brillouin B'— 27 [ZH ) 2,200 f5 DS FER TH D . 24 K 0, HHE 5 Fabry-Pérot
T T Brillouin BEDLE— 7 28T 5720121, £ 2,200 5L £ Brillouin
E—V WERERLETHY, MWEBMEL/RT ScAIN JEEBMHE N7 v AT 2 —H
ZHWENG ZZEBTELENR 5.

Stokes Anti-stokes
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Figure 5-8: Measured Brillouin spectrum in the silica glass by TFPI.
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5.2.3 WE7A/>0mi

5.2.2 T & [FIERIZ ScAIN #IE b 7 2 A7 = — W12 K 2 BRI bk B # oD JGEL e A~
7 hV% Fig. 5-9 /i~ 3. hERT7Z T TR < 74 7 Vb L7 KEE T 6 Brillouin #fL
WO =27 BRI TER)roTz. ok, BLIMAXT PARELLBEALTND DX
BELEDOAFHAE L THHOAX Yy OBREHIZL DI D EEZ LS.

(a) P Stokes Anti-stokes
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8r
6_

v

N »
T T

PD output (mV)
’b

2 | — AI | | |
-4 2 0 2 4
Shift frequency (GHz)
(b) P Stokes C Anti-stokes
10 — —
8-
of
S L
g
5
(o
5
o
@)
o
-4 -2 0 2 4
Shift frequency (GHz)

Figure 5-9: Measured Brillouin spectrum in the silica glass by CFPI.

(a) Without induced shear wave. (b) With induced shear

wave.
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JE3R 25 Fabry-Pérot T-#5 3 THEIZ @ Brillouin #(ELE— 7 BNHER TE 2 » - #
ELT, 74/ UhihiEE LIoREETHBELEME N H o AR B X 6N 5.

ZIT, B AEOKENOHIED T + /& L728A @ Brillouin #ELYETH
JE &R T 5 & & 7 L Fabry-Pérot T 5 T 60.7x10% cps ThH - 7-. —FH T, #il
i C LR 5L Fabry-Pérot T35t 0O A )R %3 2 % 2 5 7= #5 R Clid 1.39X
10° cps LA EOBRENMNECTH D Z LD, BUROREN O v — 7 90 gE SR TR
HTERNZ ERbN5.

A ENTHRAE L 72 ScAIN IEO ¢ @il OER A LD 5° Th o 7o7o o, Hit o AHE
KB OFF AR L0 b/ S HEHEE I OF DR EN B o 7o B b Rk
(2 L4 A Fabry-Pérot T-# 3 CHEIHI T X %5 X 912572 0IT1% ScAIN #ED ¢ filid
BRAEZEREL, KOO ERZMIRTED NI VAT a— 2 8ET 5 08
% [3].
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5.3. EHMARFZEZR VCFEMT =/ 2Rk

5.3.1 BE

INETOFERTIE, SCAINEEERE N7 VAT a—H LGl —7%2 o
T4/ OREIT>TE. ZTNETORRETE, ROORBHZIXI L TF v —
TREETT74+ /) COMEEITI L TL—FHOARMAELEZLIETIC
Brillouin #ELO B — 27 MEZL#EL, BRBILZO v 7 MNEKEEHR T, L,
L, MEMNECTIIAFNAEZZNT O2LERD L. BIRO AT LTI, &EES
H—T% NI UVAT a—VICHEMEIETZRECARNAELELIED L, T —T
ICESTHRI VAT a—VOBMEZMIEL CTLE D ATREMENH D, BBIIIZ AS A
EEBETHREICIZAMDNTWARW., EZTAREITIE N VAT 2 — I EHEATE
REFMT 2 FiEERATZ. ZOFETE N T VAT a—HicEmE RES 2058
WIS 720, ST+ /v EBRELEDD ANAZABRICERETXS. ZIZ X
ST, LV TVXFVTNANRVAT AZONTHRHNEZIT-> 1=,

5.3.2 FERBSIOCERSEE

HEREE LTE 4 BEFE—OAKEH T A(ED-H, TOSOH, 5X5X25 mm’)iZ
SCAIN [EFEHEM b 7 v A7 2 —H 2 E L 750 2 H 7o, R IRIC FEH il ¢
KNS 5 722 Bl B A di 3R 8% (SN/D0905-1, AET Inc. @ JEAS 42 & 1% 44
1.989 GHz) & M\ 7=. [R#HILIREFN L Fig. 5-10 O X S IZHRAZERIZR > Tk
D, N CTHA L 7o LR E Y 23 Jedm O MU A s 2 BRI 2 (3R v o M) .
IO ARyt MEERHTHZ LT, RSB EIEEERICE ST AT T, Ik
Pefih CIEEEICE SRS e & /2 D (Fig. 5-11) [4-7].

FE RS IS 28 01X 0 dBm & L7, 7z, L—Wo AGFMAIE, Fifih
iR 25 O FEAR IR JA e 25 1.989 GHz (ZHiE# & [1] Brillouin ' — 7 3 —£¥ % K
2R (2.15) KV @2 =508 IZHRELLZ. 28, Bk —7 @ % i
T 572, BELYEIE TFPI &2 H VT4 L Brillouin A7 kL& 57
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Evanesent wave

Figure 5-10: Coaxial resonator

Coaxial resonator

ScAIN thin film
Acoustic wave
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______________________ A N\
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Reflected Light K koA
e’ ; NG
1 Sample
Incident Light

Figure 5-11: Sample configuration with a coaxial resonator.
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5.3.3 74 /B8

Fig. 5-12 1%, AR C7 4/ V2R L7eWIREETHEST 7 22 E L T-
Brillouin #(ELAX27 ML ThHoH. Z 2T, HERMITN 5 5& Le. KERTI
TFPI DX 7 —AN—Z% 1l mm [ZHEELTWD. T, 51 #HitHhonr
Brillouin A7 MVITHARTELNBDRNZ LR DD,
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Figure 5-12: Measured Brillouin spectrum in the silica glass without

induced longitudinal wave.

—HT, SCAINJEBHBL 7 AT 2 =TT 4/ A LIRIET AN T
A %Ml 7E U 7= Brillouin #(EL A7 bV % Fig. 5-13 1287, i L CW AR WHA &
FERICHERFIZR S 3 CTH D AN B ATINC 7 + / v EFIET S Z itk »-
C, Brillouin E— 7 OFRENLFEL TWDHZ ENbnd. B, KEiTEIhET
DEBRELV—VFHROARTREEZTNDID, ZTOLEA M= AllOE— 7 7
ERLESN TS, A h—27 A0 E— 7 S8 XEIE L 72V REETH 820 cps,
JhiEE L 72 R HE THJ 90.3x10* cps (90.3x107 cps/W) & 720, Fhltlc L » T — 7 8%
359 1,100 f5k#E L7z, 22T, epsWIE R TV AT a—HICAN LEE N HTZY
DFBFEERLTND.
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Figure 5-13: Measured Brillouin spectrum in the silica glass with

induced longitudinal wave using coaxial resonator.

R LI 2 2 W2 7 /o O TIZEIIN T & 2 &R 0 J8 3 5 A [F) dif He 4R 25
ORI ENTHIR SN TLE 9. Fig. 5-14 ICA BHWERL L 7= ScAIN JEE K 5
VAT a—H OfERE I O AR K & A IR 2 o R R R S o Bk 2 R T

Resonant frequency of coaxial resonator (1.989 GHz)

AN

\

Insertion loss[dB]

| | |
0 500 1000 1500 2000
Frequency (MHz)

Figure 5-14 Frequency response of the longitudinal conversion loss in

ScAIN piezoelectric thin film.
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RIXF T AT a—VICHMEND L HRED. 2KV, 1.989 GHz IZK TS |k
TUAT 2a—HFOMAEKIT-100dB TH Y, @EK T —T %A CEREZEM
LEESHA LR THRENKRELLRoTWS. AT, ARSIz AR vy
N CHRZEMICERZHNML TWAD 72D, EREZEMT 2B CHHEENBAEL T
Wh., Ik, FELREEZHNTC T+ ) VEBETIH5AIEL, P AT a—

DEMEERST 2 TENE TS 5T, EEEECERZER L CRERK 7 —

BEHEBREZHINT D Fik L T Brillouin E— 7 8EOLFERIZIL D Z LI

5.

F 72, Fig.5-15 13 a9 4 7 A5 @ Brillouin BELYEHRE O Wk ot/ 4i 2 & L
TR THDH. PIEMRZ 50 um % A TEL S, 750X 700 um? O FHH 2 JE L 7-.
2T, FASITFEE RSO T AR L, z SO R AR O BREL G 3R EE TR AL &
fToTCWd. JITE L MEd 53 o 8 4k 1.989 GHz I2 B\ T, Z O & P X
Bt (7L vy —r) ThoH[8]. 7z, Fig.5-15 OFERN D b EHE S 7=t
T E RN CEBRITER L TV DE 2 ERNDbrD
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Figure 5-15 Two-dimensional distribution of light intensity

(stokes peak).

81



E7, MBI (Fig. 5158 A) OB % Fig. 5-16 lRT. kb,
JEBWEIL N7 VAT 2 — 00 bR S M E I U ABEBEE RO E— AT
HAHTLENONDL. T, BEOE— 2 A TR T Ty T4 T T B L,
e &P B — 2 NfEmE (FWHM) 1359 288 um T - 7=, [FldhILIEZS 0 B O ¥ 23
$05mm THDHZENOLMNIRICEWTEREAZIRL TV D Z ERbhsd.

1.2
— ® Peak intensit'y
3: 10— Gaussian fitting

© o o o
N BN (0)} (00}
| | | |

Peak intensity (a

| I | I |
-200 0 200
Distance (um)

Figure 5-16 The distributions of scattered light intensity in cross

section A.
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5.4. NZAF1I—HDOED 1)1

5.4.1 BE

AT CIRBERE TH B AN T A BICHEEE ScAIN [EBHBZ L, 45
NWHOANTWIZae—Lv oy M T7x /) v EHMELTEE. Z0FIEICE- T,
Brillouin fELYEHRE 2 KIEIC W ET D 2 & 2R TE 720, WERRNB Ay 2K
FEREOBRBETROREICMADIMETHAIMNER DT, 207, @R
~ =B B 2 ERUE MR 5720, BUC K o TR LD 572 LTLE HHM
BHZIXEH CTE 2. 22T, RKECIIART 7 A%EFEME L, ST L7 [ EEEE
F T ATF 2=V 2ER- L. 2O T VAT 2= b EERLEBE A L CHIE
RENO 7+ 7 U ERRIET 5 Z E12 Ko T, MEZBRIZ 2 WHGELE TR E O U F ik
DRRFETEAT - 72

5.4.2 BiERRER ZNO EBEERNZ 2 AT1—%

ARETIX, EBMEE LT ZnO 28 A L7z, ScAIN JEBE B D J7 28 £ B 15
NWTWDN, xR OFEWRITHIETE 5 EIFAMHENL L TWD ZnO THED k
TUAT a—HEER L. Zn0 EBEHMR N7 A7 2 —H OAK % Fig. 5-17
(R AR T AR B Al A THEMmR S L CAER Eo—mIZEEL, €
DOEIZRF~7 R bay ARy ZIBEITE > T Z2n0 HEZKFE L. 2k, REiCIX
MR DO7 4 7 VRNRIZER L2200, MR OMIESER L@ 2D L)
ZnO @ c fOFEL A 7 AL 2 L CRE S RICERE L. £ LT, £0 kic k
HEM S LC Cudifiia 785 L, HBAR LR 10 ZnO W b 7 A7 = — W & {F
L. 2B, RBRO NI AT a—4 % 2 FE7ELE.
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Microwave probe
ZnO thin film Cu metal film
/

il

\

N \
N
Silica glass \
Al metal film
\

Acoustic wave

Figure 5-17: Transducer configurations (ZnO piezoelectric thin film).

NI UVAT 2a—H1ERNT VAT 2=V 20FABRERY NT—I T F 74
THIE L= R % Fig. 5-18 207, T X VM SRR EREIT T 257
2—H 1 DL E82MHz, NI AT 2a—H 2D L& 749 MHz TH - 7=.

-10

-50 O Transducer 1
J /A Transducer 2

Insertion loss (dB)
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Frequency(GHz)

Figure 5-18: Insertion loss of ZnO transducer 1, 2.

T2, WEREIO 7 x /7 VENERIX Fig. 5-19 IR T X9 ICHFBEARE L CHlE
BT B AR LB (BS-400, KRG HIRT A&V = /v T 4 » )9 & @A L, KK TH
ERBNEBICIR S 2Bl Es L 2lcLz. 22T, MIERBE N T AT 2
— I E e ECBMA L L, BREEZHWTEEL TWH 7o, iR L72EH
TFRUBHI L CREICAR T 2 LIC2 5.
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Fo, BELEE & LT RIGA HELELE AR L7z, 22T, HELERDIILFHK
WO OAGET T AT Al ZZKET D22 LIk o THEREBE DBETE 5 &
2L TWwW5b (Fig. 5-20).

Al metal film
(Reflector) ~ Sample

/ Coupling liquid

Piezoelectric transducer
(Zn0O)

=

Cu metal film
(Top electrode)

Silica glass
Al metal film
(Bottom electrode)

Figure 5-19: Sample configuration (ZnO).

Laser

Al metal film

Silica glass

Figure 5-20: Mirror configuration.
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5.4.3 RRAE

NIV AT a—HE2MENGENHEL T T+ / VERRT D FEERIET 572
DIZ Table 1 IZRT 2 BB OKMGTEREITo72. AIfiE TITo CE o ERME L
g 572010, WEREBO—2IXFENT T AL Uiz, £/, EEEEEHEZ K
TERVWRBE L TT 7V VEIEZEE L. £, MEREBTHLART T R,
77V IVE X OB E BS-400 O 5 245 %2 Table 2 (2787,

Table 1 The experimental conditions.

RESONANT  INPUT INCIDENT

MEASUREMENT
TRANSDUCER FREQUENCY POWER  ANGLE
SAMPLE
[MHZz] [dBm] [degree]
Transducer 1 Silica glass 822 10 2.1
Transducer 2 Acrylic resin 749 10 4.0

Table 2 Acoustic characteristic [1, 8, 9].

LONGITUDINAL DENSITY ACOUSTIC
MATERIAL WAVE VELOCITY kg/m’] IMPEDANCE
m
[m/s] g [kg/m?s]
Silica glass 5961.3 2202.5 13.1x10°
Acrylic resin 77 " 21108
(PMMA) 720 80 3.21x10
Contact medium

1847 1193 2.20x10°

(BS-400)

KB OREMEK & Fig. 5-21 12”3, 9, mifiE CERBRICHERSR L LT
£ 9 A Z A(ED-H, TOSOH, 5x10x20 mm*)% i\ 7=. T v AT o — 21L& 8K
=7 HWTERELEML, A{E51X10dBm, 822MHz & L. 2D L %,
L—HFDOANFRBITAET T AOREREEH[1]E N T AT 2 —HFOIEEE 6
ON=21°ICHE L. ok, MERIXI NI VAT 2 —HICEHT HWE A5 1 mm O
ST L. 22T, MEmICIE TEPL 2 AW CHIERERIT 1 0 & LT 5.
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W, WMERSREARKT T ANLT 7V IVREIE8.35%31.6x17 mm®)~Z5 5 L[4
DREZEIT>T2. bT AT 22—~ 10 dBm, 749 MHz D5 5% AJJL, L —
FOANFAITT 7 VNV OHEEFEEZZBEL TOR=4.0°IZHE L. WIERIT T
AT 2 —HIZHT MmN D 1 mm OFIZHTHE L. 22T, HERITIE TFPL &
HWTHERRIZN 1 2& LTS,

Al metal film

(Reflector)~_ -Reflected light

Silica glass __|
N~

5" Incident light

Coupling liquid — =
Silica glass
ZnO thin film
Al metal film
Cu metal film N (Bottom electrode)
(Top electrode) Microwave probe

Induced phonons {_

Figure 5-21: Sample configuration
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5.4.4 J7#* /iR

Fig. 5-22 I 7 4 / V& L72VIREETH BN 7 A ZWE L1z & Z ORUELYE A
RY MNVEIRT. 2T, 2T LM Fabry-Pérot T-5F THMAVICYI W B2 i
TUv5% Rayleigh il 1THIER L, MIERE NS OHELA X7 MAOHIZIEBR LTV S.
Z DL XD EH O Brillouin B — 7 XTIEMRTE T, 7 MEEED S HUL
WREZROTZE Z AR T00cps THHZ. FBAETHE LTZHED AT hL (¥
— 7 BRFE K 430 cps) & LEEET D &, Fig. 5-22 O NEGELEREN KE W LN
bbb, L, SREHEIELZAXZ FViX Brillouin B — 27 DA O JE KR EIZ B W
THRBENRLS, /A ANZN. 2D, A7 bV e LTOREBMREITRKE
WIZH B 5T, Brillouin B — 27 BHEFETE o d. Fi, AERICBVWTD
TFPI DX 7 —AX—Z2%Z 30 mm [ZKEL TWDHT®H, AT MLOELZDPBINT
W5,

Stokes Anti-stokes

Intensity (cps)
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Figure 5-22: Measured Brillouin spectrum in the silica glass without

induced longitudinal wave.
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—H T, In0O K N T VAT a— ko TT7 4/ VEBELEGATHEN T
A& WE LTEBRO#ELE A7 bV % Fig. 5-23 [ORT. Z0& &, Btk otk
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Figure 5-23: Measured Brillouin spectrum in the silica glass with

induced longitudinal wave.
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Figure 5-24: Intensity of the excited Brillouin scattering as a function

of input power.
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Figure 5-25: Measured Brillouin spectrum in the acrylic resin sample.
(a) Without induced longitudinal wave. (b) With induced

longitudinal wave.
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MU AT AMEEE BT, e — Motk Lk, BAEER S B b TR S 2o
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AL, WHROPWMES L LTEREZID T HIETHD. KERTIEZL -V
& Brillouin BELYED 2D ¥ b, KEE O ©— b OB Z R AT

6.1. E—NEDRE

Jev— My deik (B4 & L, 7 v X A F ik Optical Heterodyne Detection)
X, AEREERSPOTNICRLRDE o0 EERADEIBEIZELD KD 2D

(BE— 1) 28U, W& LoWeosRE, FEE, Mg lofREzlEs 52
ENTED[-5]. 22T, WELEWEEES, FEEICEREDLY 2B
JEWES. BUE, 74 MEAF— R EONERE T OB IT GHz 4 —
ZTHY, AN EE THz TH LD AT MVIERZ BHEBKE T ICLHRT
HZliETERW. Lal, ZoXe—  NoRiEERWD &, BEEOZESH#E
ERT D720, BUROEF7 A A THIFREEHEE[ERICERT L2 LN TE
L. 2D, = b HEEHND Z EICE > T, BTN AREICRY,
FEFNFER Y AT A CHIBEREBAFT 22 LN AMREIC R D.

OB EEHREBENII T + b T 4T 7 X OZNEI AT ORI A S S &
LHIENEETHD., 74 T 4772 EHAWDHZ LD, e — Mk TR
NOEDZODONOERERDEZBIL TNWDZ LR D. ENTHhT IR 580
BrfotoEhrzznZivEs (B, Er (BN &35,

Es(x,t) = us(x)expj{2mfst + s (x)}] (6.1)
Er(x,t) = ug(x)exp[j{2mfrt + @r(x)}] (6.2)

EBTD. ZOZHOOXRTREIND N E T SET, TOMEDORFRAIZEL 2z HI
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ETDH. 74 M T AT 7 XICHNDAERORE I 11X, REHO 2 FIZHHITH
ZEnD, RO X HricRESNDH[6].

I(x,t) = |Es(x,t) + Eg(x, t)|?

ocEr2+E52

5 T 2EEscos[Zn(fy — [t +{ps(x) — 9r(0}] (63)

ZIT, E CEIFENENSZHOLLEBELEDOEY, f & f, IENENZHOL L

BELYE DA B TH L. Z oKD 2 FH OHED LTS BT D JHEEKD - — f
N —MEFLELTHBHAEINIOTHS.
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Figure 6-1: Sample configuration in light beating spectroscopy.
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Figure 6-2: Light beating spectroscopy system.
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Figure 6-3: Light beating spectrum of the elastic scattering.
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Figure 6-4: Intensity of light beating signal as a function of the elastic

scattering light rate.
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Figure 6-5: Measurement of intensity ratio between elastic scattering

(Rayleigh) and excited Brillouin scattering.
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