sy 0472 Y
uDC e 4103070001

54 3

Dissertation for Doctoral Degree

GaN 3% S b3 B BT

FALEAIF A T i B
w S H W PRt %
F B E B2 S
R A S H o

2006 ££ 5 A



| Raman scattering study of GaN based semiconductor

materials

Dissertation Submitted to
Xi’an Jiaotong University
In partial fulfillment of the requirement
For the degree of

Doctor of philosophy

By
Wang Ruimin
(Condensed Matter Physics)

Dissertation Supervisor: Professor Chen Guangde

May, 2006

J—



S

B : GaN A4 SRR B RO
SR R

i A EHG

RSB Bl Kb

wm =

b T 7R S0 AT DL v PRl Pl T AR e T 2R AR S5 O T BRI RS )
VT LB AE SR GaN e SRR LAl N 505 AT TR KR 2488 . % GaN
ek SRS, HEMMIREERE TENAETR. EEENHEITA
TSR AGIE S, B GaN HbHREA M R REH AR EE, B MEAFHEE
HZEARMAE, BT LR SRS R E R A KRR R, ISR A
1 GaN AR N A . A EERAR SRS TTE, X GaN
EAME B IS E B 241 GaNL B Mg [ P & GaN DL K =7tH 4 In,Gar..N)D
RS IR, 44 R, NS, B —ETFUUART — A TR ARSI
BT T IR RS SY

Yo, SHERTIEEEB IR GaN M Mg 1 P #Y GaN {4y 23 R
R, R EEAEER T 640 cm™ F1 660 cm AT PIANIE, HiA 660 cm!
7= AN — R R RIS TR 640 e UG R A L X 4
(LA BEE2ed PR, 660 cm™ g AT BN L A2 152
SR B R IRAR S . B Mg B GaN 3% g 7Y (1) F2 55 & Mg i S5k 51
AR 5 B Mg I RHEE 5 R IR B B i 45 3R . 443 5 MOCVD ;1 MBE
BRI GaN BRI Mg R ER, B REBIRSE = I ER S,
WL SRR L A DR AR AR B S N D T A A AR K B RS T o

7E4E#B 4% GaN 133 Mg K GaN R AEIE f7 2 ik b R g2 7T 247
e’ ZE A BB s, L5 Mg 11 GaN A b g ) B i BT REVEL S T R e K
BN, A2 S00K LA RS, BRI A e SRS AL IR . A b BT o 2
78K MRS I AN FE U, 0 7 AR s ) S5 B et AR b ] T B R A R T
g, (B G Ay DA 2B F 275 cm! F 360 cmt FIPEAME, EATRE Mg
SHREBAIRSEE . SRS GaN B SREURIEE I 72 n#3 573K J5 1R

3| 78K W22, 247 e’ FPEARIEAE, R A AEB A% GaN #£ 5L g =

U 58 Mg (RS AT, AR5 GaN #f 5 A g T 585 o T BRI %

7F 78K # 573K B HIE W T, X Mg (1) P Al GaN 75 45 B B 3 gk
177 Szu FIFRE ST . 5B 2010 GaN ML, 48 Mg [ GaN # E,” 7 FI4E3)
SR RS T ), HEEANHRET, SRS —FFAHEERN
gEH, TAEB A GaN H A((LO)E FAIE K T4 Mg 1 GaN, HEEAEEmM T
1) HH B R T L R AE (IR I AR 1R AR , AN SCAN B THUT—LO 145
BRI R W) 7T TR B IR AL AR A ST R I, GaN:Mg T 5 iRE TR
LIRER L, B, U Mg J5 2% FURELE I EUR 98, RN WA R —



[N SR (TAT's

AFAEAERR TR, S3EB2% GaN MLk, GaN:Mg ' i/ 7l 0 3E & A
T FH 5 R A 7P 44 58 B FE 70 7 R 9 0 200 0 59 o 36 2 R 3% P 7 GaN 1
P B ek T 2% )ﬁfﬁ}%ﬁaE’J%ﬁﬁﬁﬂfﬂ?ﬂhﬁna*ﬁﬁfﬁﬂ%% A R — AT
BN SRR 75 TR 55 FERCERBIE I, 287K — A B 2 g 75 I g
SRR T =k, 55 AR R A R I P B GaN o 757 & 5 it o
I e 7T R B (R AU LIRSS

B5eJ PR 2 B R XS ST 197 1395 5 A0 IneGay N T ERE B 04T
THWIR, W %MH%%W%& A 2k, BWHMEE In,Ga,N 17 A(LOYEL,
MEEBIRLT 778 cm™ WSS THOT—LO FETHEAHE, W= 2E JE VR T it
B, FRIER S EROEME T BRI TWE. RN, X EM A (TO) FHfss
BT TSR, 4R 88 InGa,N BP0 E, Bl A, (TO) K5 GaN matmﬁs
T A i 3). 18 InyGay,N B 5 BOCE R B i e A T 227.1 e &b
BEFRIEF AR 2SS, |

WA TAE, HHEET RREE T IEBZE GaN flis Mg [ GaN $
BB, BRI — L 0 (R 7 AL B DA B R R A A
1 PR GaN P PR RN DL R 7 T — AT B — PR AR F e
WFFTT IGarN IS TS, S8 THT—LO A T4 i T it e
HIAT o :

KT GaN MBSUEMR, RBE, BT~ STHTER, By —fT
WA, B, 2%, G
WSTHE, R




Abstract
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materials

Specialty: ~ Condensed Matter Physics

Name:  Wang Ruimin

Supervisor: . Prof. Chen Guangde
Abstract

The basic and applied research of GaN based semiconductor materials has
attracted considerable interest in recent years because of their tremendous potential
for optoelectronic applications and high-power devices in the visible and ultraviolet
spectral region. For GaN based semiconductor materials, it is obvious that the basic
research can not keep up with its application and development. With the requirement
of application and development increasing, the research of the basic property of GaN
based materials has become more and more important. In the concrete, the
significance of this research not only means academic value, which can provide the
powerful theoretical guidance for improving the quality of materials and devices, but
also means to discover the applied potential of GaN based materials farther. In this
work, the lattice vibration, composition, defect, strain, phonon-phonon interaction
and electron-phonon interaction of GaN based new semiconductor materials,
including unintentionally doped GaN, Mg-doped P-type GaN and ternary alloy
In,Ga,_,N, have been systematically studied by using Raman scattering method.

Firstly, the Raman scattering spectra of undop.ed'GaN and Mg-doped GaN films
are investigated at room temperature. Two peaks at 640 and 660 cm™ were observed
both in the spectra of undoped GaN and Mg-doped GaN samples. The 640cm’™* peak
is attributed to an overtone process of the highest acoustic-phonon branch at the zone
boundary (L point). The peak at 660 cm’™ is attributed to the optical-phonon branch
at the zone boundary or the local vibrational mode induced by defects. In the
spectrum of Mg-doped GaN sample there is a broad feature near the two peaks. It is
suggested that the broad feature arises from the local vibrational mode of Mg-N
bond which superposed on the two peaks above mentioned or arises from
defect-induced broaden. The stresses in two GaN samples grown by MOCVD and
MBE have been analyzed, the results indicated that the point defects, dislocation and
growth temperature play an important role on stress generation, besides substrate and
buffer layer.

A peak at 247cm’" was observed in low temperature Raman spectra of GaN and
Mg-doped GaN. When the temperature increase, the peak in Mg-doped GaN become
strong at first, but then become weak again above room temperature and disappears
at about 500K. It is suggested that the defect-induced vibrational mode is origin of
this peak. When the temperature decrease to 78K, the peak at 247cm’ is absent,
which means recovery in crystallinity at high temperature. The Mg-induced local
vibrational modes at 275 cm™ and 360 cm™ have also been observed in this spectrum.
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For undoped GaN, when the temperature decrease to 78K, the 247cm™ peak still
exists, which implies that the peak of GaN has different origin from which of
GaN:Mg. We think it is related to electronic transition.

‘The temperature dependences of phonon modes in Mg-doped GaN were
investigated from 78K to 573K. Compared with undoped GaN sample, the frequency
of ‘EZH phonon in Mg-doped GaN shifts to low energy, and shows asymmetric
lineshape. It is explained that the red shift and asymmetric lineshape of EZH phonon
arise from the hole-phonon interaction. For undoped GaN, The frequency of A;(LO)
mode shift to high energy, the line shape of A;(LLO) mode has a clear tail to the
higher/ frequency side and becomes prominently at low temperature, we attributed it
to the LO phonon-plasmon coupled mode (LPP"). Compared with undoped GaN, the
temperature independent linewidth I, become larger in Mg-doped GaN. This
indicates that the impurity scattering and electron-phonon interaction enhances due
to Mg doped. Additionally, the phonon damping due to phonon-phonon interaction
deceases. Apart from impurity scattering and phonon anharmonic interaction, the
electron-phonon interaction must be taken into account in phonon damping of
heavily doped P-type semiconductors. At high temperature, the hole-phonon
interaction induced phonon damping could decrease with the temperature increasing.
It is opposed to the anharmonic contribution. As a result, the increase of linewidth
with temperature became slowly in high temperature region.

Finally, hexagonal In,Ga,..N film was studied by Micro-Raman scattering and
X-ray diffraction. The phase separation was observed in In,Ga;.,N. In Raman
spectroscopy, the A;(LO) mode of In,Ga;, N is absent. Instead of it, the LO
phonon-plasmon coupled mode (LPP") was observed at about 778 cm’'. The carrier
concentration was determined by the frequency of the coupled mode. The E, and A,

(TO) mode of In,Ga;. N layer exhibit a down-shift compare to those of GaN layer.
In low temperature, the peak at 227.1 cm™ induced by electronic transition was
observed.

Though this work, the origins of some scattering peaks in Raman spectra of
undoped and Mg-doped GaN at defferent temperatures except for the main phonon
modes and the stress of these samples were analyzed; The temperature effection of
phonon modes, the rule of phonon-phonon and electron-phonon interaction in
Mg-doped GaN were given; The phonon characterizations, the LO phonon-plasmon
coupled mode and electronic scattering signal in In,Ga;.,N were investigated.

Keywords: GaN based semiconductor materials, Raman scattering, phonon-phonon
interaction, electron-phonon interaction, stress, impurity, defect.
Type of Thesis: Applied Fundamental
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F—E %R
1.1 GaN E#TRIAUFR & RER

SR R BT, — 0K Siv Ge RN S —ALSEM L, Bi1EE
T oL T A FER, LA R DA RIS AR RS R O BRI D T SEATL
s R, BT ERRIE oA EE. T GaAs. InP. GaP. InAs. AlAs
R =50 TUTTE SN 38 AL BARMRL, B R R DOG R 234
W SRR A (LED) FE0E —RE(LD)SE A EMPDEE R, e,
TSR T RY, AR T BERMIME B,

FEE MR T RARN AR, SEMNEFRE ST EMARTEE. KDE, il
AN, e T T, RS IRE B AR, K. K
FEEZEM A, AU T ABREREAEAESMENIAERE. W T =nEpar.
HLH R IR LR B e Ak, (ERHALICRIE A R A B AASA BI g, XD
SRBAFE 20 RIS, TOZEDS/EME. JEENTE, T ek fE A AT gem
B SRR A TR T R B, DR 7 R P A R A U O IR .
Rz, SFHmER. KRIhR A AR L NG IR RN BN R R85 16
Ela

AR A & e BT e, Ll e VAR S — R AR R MR
BRI, BB Si ARSI TARRE A REIL 130°C, 128 =AY
BB R GaAs FASF I TARRE & E B LAeE 2] 200 °C. 54h, @T Si M
GaAs [ (4054 1.119eV F1 1.428eV) i/, 0 IEH: R T4 W o 50541
R ae k. SRR S A EARLL, GaN I — VIEEAIM B (GaN,
AIN. InN KHZ=J0ib &%) e TE S et 2 e o, #OEA Si A
GaAs TIEELIIFIE B IERE. B8, 1ENEELEWR L S4B, GaN HE¥J
A EL A B InN [ 1.9 eV GaN [ 3.4 eV H3| AIN 17 6.2 eV 23441, 771U
FH SRS 15 e F 4 A R OGS4 . InN AT AIN A AT LY GaN R & 4, (AR
BWOREKELET . At GaN FdP Rl EA R G #uE S, o] DI7E &R 5%
FHEMFIHE. TH, GaN EHR KT 475, Si M558 A 2x10°V/em ,
GaAs 4 4x10°Viem , T GaN [ 54758 ik 3x10°V/iem ™, &K i
RKIUVZERRAEFTEOR I . R, GaN ¥ SAbf Rl g4 & il RIhE, K

CHIESK, oA gk Si Ml GaAs LG S A0 M BIIAER . GaN HFFF

MBHE SRR JBIER. JereEtd. IR SEHRINSE T m ) R R A R RS
EHITRRBFETARR, HEl GaN ZAPRAT S TR PG4 = B A
SRS AT — KA

GaN Kbk BARIIFER U Rl RO R AT 6 e A v
BRI R, BRI, T RENEH G EAT ML GREE
FER . n VAR 5 FOUESEI p BUB A48 Rl RIY IR, R g e 2180
HE| B 90 AR, FEEIMERRKIR R . PR RS T2 AN
1, GaN FAPRLAIBAFHIBTRA WA T R KR,
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1938 £ Juza F Hahn 574657 F L1 G000 #4000 5008 14 5 76 R4 A GaN #4
Blo 1959 #F Grimmeiss 252 FIFE 73575 2] T GaN f/b Sk, 1969 4 Maruska
1 Tietjen™ & S6H F AL 22 SARVURNE RS S 4 4 K K TR B GaN . {8
HE 70 FAKRB BN GaN B BRI, Jb2if s 2 245 bR A5,
DXL E W RALI IR SR . 1983 4E Yoshida 2551 e R = 4B A Kok
BET SR GaN JMEJZ . A5G ZERS IR AL T (~500°C) e 1 2 A 4 i b
LR—E AIN R, RIETHAERSERIRE T 4K GaN S EE . 155 AIN
L E AT LUAEANE 2 R B KR & .

p BUB I R AR R GaN M BHE K PRI X —AE R, h TS
BIAYIX GaN HEFIMEYE, R R BRI S PUREE, BIk p B3 2 )ik
B AP T 402 GaN MR P K HFELE 0 — N el i . 1988 4E Amano 2616
HIRAE T 5 (LEEBD {45 Mg ) GaN £ R T HAT MR, ST p
. BJG Nakamura 257 R T Mg—H %M AMERE, 76 N, BRI s
Mg B GaN A5 AT HGB JB AT LASE B p B4k, T H., #UE K773 LEEBI
AL, K24 LEEBI %257 81 L7 47 B0 1 O B, — 0 LU RE o 38 T B 40 4 2
e LK, 1990 4F Matsuoka ¥ Se 75 1 5 A i _E 2B K 1! InGaN
Ji, Khan®'F1 Itoh™ M 45 f5 4 K AIGaN 4ME .

MORMERK BRI, IR T GaN #4108, 1989 4 Amano U4
H % —> p-n 458 GaN 2 LED. 1993 4 [ 7% Nichia 4 7 fft) Nakamura ™ 26| 4
P AL GaN E I LED, ROBSAEIA 1 406, 1995 4E = e iR 2 3 2
J6. HAT GaN % LED 25827 btk, E484F 2000 £ EHFF_ GaN 3 LED [4Y
EHC IS 6 123K T.

ERBACBOLAR MBI, 1995 48 Akasaki FSE1HE T AR BOLEE, 5
T4F Nakamura ZE'HEIH 400nm BRI GaN 1404 SR MOEEL . 1998
FEMATEAT LI T WA GaN 8GOt ss, Wit TEH A 10,0000, 1%
JEBOCA GG T A o6, RIBH Cree 2520 5 hAHARSCHL T 75 ML,
FIFE o

LSS AR (OMS) T 5 AR KA rE . SR T EB AL Bk
2 B BRIEVE BT, AT LE — 280 (R BT W22 s S22 R v 2% ek
WG T AR T8 VAL B AT DUR P15 B, Sl s opli 76 (e ek — i a2
BB EREEEEER. RIRI-As BRITRE S AR R R B E R
A 110K, JoHam L a4 /=K. 2000 4F Dietl 283544 & 74 Mn
(17 GaN 55 1= 5 R 0 o B 4 B8 7T AR 300K, X 75 GaN L B hn) ™ (@ i
RI¥8 77, 590 GaN - SRBIFFT 0 il A 3 B 4F 19 3 i 1024

DUFE GaN MRS R TR B RE—H T B, E4 80 100 54
H] AN 200 2 FK 2 BT BTN GaN AR IBFST, BT DAY tH5R5E B A ik
A2 T GaN BEATRHIF T B . B B BT R BTS2 rh R K B 1
BT, BEJRAER RS TEHREE. PRGBGSR, PRI I TR £ Bfr 5
BN TR MEAEA G JLAE R GaN E4 B R T 2 BUE B 4 AR H
) 55

1.2 GaN EMHIH9E K K BN

2
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1.2.1 GaN E#HIBIEA

— . FFER G - :

= AN GELE K H TR B — AT, A FIE B AN E 2 T B R M AR K o ATTIT-N
InA s, R A 3RAR A RN AL &A% WA, BT Ll B ik 22 R F S UM E
Moo g T U AN GE IR AR A A, BLSR AT JERA LS A FE JE I AR A O AR
il 2 B 1 22 HURAT BB/ o S GaN SR ULILEE = FH A MBI I 50 (a-ALOs).
SiC. Si. GaAs %,

ERA R EAEK GaN NAR 2 A EM B, it a2 KRS RE
5 A SR By 3RS AR B, BN NRgE i, ARATIE R EKE
BifEi, ERTHEEE. HEERES GaN [ RS F R ECER LR R (s 2R
Tk 15% 2, #URitik 23%22 ), EEAKFA N, fEAMEEFEIAHE
AR, —REEEEAEE R A GaN 2 [l K — ERIE M E A ek BB AT
HIRER . 35 1-1 4 H T GaN AU AR 5 4 S R i ik 2300,

S5 AME, SiC 1R GaN AMEAE K AR RFR 20 M. B,
SiC 55 GaN B E kR R 4%, 5 AIN ) R A HEAEE /N, AT SiC
WS AN B N AR b AR K AE IS A A E /. 4 SIC &) THEBE, &6
Ffi LD S5 LATE AT - 10 EL, SiC A RUFH)F e, H B AT SiC g5,
AKEERKHEA.

h T 5ERCEALY LED F1 LD 5 Si RS RL, f R B S
Se b IR0 Si Fr b, B REFI A Si AR Si M E e, T ER SRS .
R R P — T EAEAME R A R A K2 GaN RIRZEM = . £ Si

(100) T FAEHCH) GaN EEAHSITTM, 7 (11D [\ EARKFEZENNTTHH.

2 1-1: GaN FIJLFW A LR S S I Ik R 8L

o] A AL B e T A PR RE IR
() (Wem™K™) (K™
GaN a=3.189 1.3 5.59%107°
¢=5.185 3.17x107°
AIN a=3.11 2.0 4.2x107
c=4.982 5.3%x107°
6H SiC a=3.08 4.9 42x%107°
c=15.12 4.68x107°
a-ALO; . a=4.758 3.5 7.5%x107°
c=12.991 8.5x107°
Si a=5.4301 1.5 3.59x107°

. RMAKHA

£ GaN HAP RS, HRMTER S FRINE (MBE). & EHY)
WS HPR (MOCVD) MEALYSAHSME (HVPE).

FriE MBE A, BEEBEEES (133.33x107°~133.33x107""Pa ) R4 H,
A INHELZE R AN A T R W EARIEFE AR TR (BURTHD W, ABESr %
—EMI LI, B SRR L, SR A R AT R T
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N, AR AR H AR, MBE HiAR KM SR OEBSES R
15, HRIAERENICEME, WTHEBEMARE. SikasrsMNE MR, O
K (—BERKIRETE 700 °C Z247), T8GR T B fR, A5 T H#
A, (DTE MBE W& b — AR ED 75 1R 3 A0 0 BT A A% 4 S5 38 ot B H AT
A FT AT RALISWE, WA AR HEAT 2 B M, R T A KL
BEATIRANGT. {H MBE A KIERE ., P85, NENAHE >,

WA SARUTIR (CVD) BRI SR B, i 5 N ) 7E et Jes 3
BFEEBEREKDIBAR . WESHITRF IR —NRE LS BEYAESY,
RN S BT VAL Z S AR (MOCVD) . 15 GaN 4K, |y DL = F 34k
(TMG) FIE S HIES Ga JEA Ny ¥E, HRIEEE N 1000~1100°C, LLdd N,
8% He 1EERAMIAITAK . MOCVD HAREF=H &M, BME, H4R)E
JAKE. B K, @& T LED Ml LD KM TALb 2k, R EMMF AR
Ko MOCVD [k 2 1000 °C DL _EfmiB A KAk B 80 £ ok 2
HIBAHS SRR, T H MOCVD £ 5 A S HEAT #Ab R DUOE p #4424 Ik Mg.

N T HE— D EAS GaN AR AL 45 % R, DAME 7521 5 B 1tk BB % Fa R0
B A, TR R R —Fh AR A B [ A BB (LEO) i RV, 1
TZE 1-1 iR, FEEAEKR GaN L&k Si0,, RIEZHE, 1EHitE
BT GaN i kA, ZIRAEK—CRA MOCVD B HVPE f)777E52. 76
PIRH AT, GaN ) ZIRAEK R AR LR, Si0, LK GaN fg 02
YRS ) S A = A o 1810 07 1) S B T L A5 548 7 1), BRI TERE 17 4R K19 GaN #7
ke L 2 FE R RN

Overgrown GaN layers

SiO, mask

GaN or AIN buffer

Sapphire or SiC substrate

B 1-1: LEO K HERER

HVPE 2—F & Mo M B AEKBAR, T B8 —A GaN B AN i
M HVPE RGEAEKCH, {8 HVPE VA AE KK GaN — ELAEZEAR & (KA R EIR TR
/5 B LA K =o0ih &Y. B HVPE FiEFRERAL1EE, etk
WM, WK, KRSHE GaN B, 1F 53t —B 4K ma e, 4
K GaN MRy, R4 GaN 1ENIIREM B, L NH; 455 VIiEEM B, DL
BN, YLHC A RNS A, EIFK, HCl 5 Ga 7 850°C /=4 [ N4k
B GaCl, 1F 1050°C FJIEFRX, GaCl 5 NH; Jx M4 K H GaN 4haE 2 .

1.2.2 SR NH
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BoE SR

—. GaN 3K & LED

s —A~ GaN LED HIL{E 30 “ELLRT, BUA MR Redl# P 2L GaN, bR
T 408 — 4k — 2 Sk (MIS) g5, BB BHhe0 80 SRR, A RWIT
— A p-n £7 GaN LED. #% Nakamura %1, 7ET{ErE 4V, AT 20mA
T, SFETHEN 0.18%, HiHZh#LL SiC LED %K 6 f4.

= A B AR BB AT IR R, AR T BRI R R4 45
ity LED 45°F 7 % 1993 4£, HZ Nichia {42 7K ] InGaN/GaN 45 #Hf1
()% — AT F LED MIRGHE R lod, KA N 450nm, 76 TAEHREM B
48)% 3.6 V. 20mA BB T, RAEINE 1.2mW, JMETHN 1.5%, K6
R 10* NIRRT, 1995 FERFFH]H i InGaN/AIGaN #8 it LED, FEiE
ocd, FHoEH T EEE. 520 nm KISOE LED ZEIE 12cd, AMETFHE 63%,
GaN 1556 LED i IS 2 4K OGRS TT AR . B R0 106 LED A A3 84
HEARORIE, MR, Sar, MHEWARE, IthERaT 8 5—10 fF.
. GaN HEEOETRE LD

BEIE % LED B mik, 1. BRI R H B A . B0
AR R OGS B . WIERE . MR T BOGITEL, KA R
P A ST 2 N G e A7 B AR S B EOGK K Y 780nm,
W1E ] GaN 3% — A% (400 nm) B, fFEGESEELSRN 4 5.

1996 #F H 7% Nichia A 7 & /650 T EH T AEA GaN ik ik LD |y
B, FERAMATR SR S EMSILT GaN W) LD fEFR N 1IELLIZH
WAESRF LEO K F AT GaN #RIIALE %8, W% LD 1) T/EH 4
HEEL10* /NI . 1998 4F, Nakamura /NH7E LEO 42K 1) GaN 44 _Ei#i]4 T InGaN
LB THMOREE, SR T IES LM IR 420mW, 1 50°C L TARRE
Wi 30 mW, Fdarik 250 /e B ORETScEE, B ATE 30 mW St T IR %
BT AEFH AR 1.5%x10% /N2,
=. GaN F:LIMRN 2R

ALY R A B SR R BR, T AR R A AT LG BRSO R
TRISE, 1998 4E APA St FIER TR L5 —ANi S GaN 22 4MR
#e. AlGaN AR AMEN 2R, Bl Al WA, AlGaN HIREFRTE
JER[LAE G 3.4 eV B 6.2 eV KR, AHN A28 4F M N A AT RAM 365 nm A%
AF] 170 nm. GaN LSRN 54558 Si FMASF B, RIEAELIETEE
TAEBE R %, 1 H AT DU 300°C H i b8 THE,

MY. GaN Zi7 N FET

GaN LA 18k [ v, 1 FH 8 F RN o 5 4 ok, LB IR I VG & s e
[FIRT A AT DURT AlGaN 4R R4 M, EaliidiBsay, L GaN E AR ‘EIIR
WAL, T LATE AlGaN/GaN 51 il FEL 7T 25 B @i 10 em ™ B4 ) 4t
o EBEESTEE. S, KRIBRMZRM.

FIEFCA L, SCERIRIERL 2 F FET 834454, BHEERE — LSRN E

(MESFET), 4 B4u%ZE%8N% (MISFET), 4% MNE (JFET), 4B
BN (MODFET), FRR&E7 8 NE (HFET) %. HFET Zity#iAN
R H KBRS, BEFRESIH—MEH.

B M Khan 2509317 1993 4 {F H 25 — 4~ GaN MESFET 1 AlGaN/GaN &

IR R B4 (HEMT) LK, GaN 3 FET X 21RH. H§j HEMT (1 F1



P AT Kl 2 S

H RIS B4 H3K 1.6A / mm F1340mS/ mm , & &R INIRIX140GHz , fm L
YEMRLJEIL 750°C., ThER T, SiC #J& EAEHKM GaN & FET K IhHEN
AW@10GHZ?, BG4 E L GaN 3 FET KIZh% 4 3.1 W@18GHZ,

1.3 GaN EHTRIEISE

b A K AR NS T 2R &, X GaN Heobp el R Ay 3L 9T
R RN BN, B xR EEREA R BTN T DA BB 5K SR A
R IRDERND N RS, IF B IREM RS R R 3R 4 ) e
185, T B RO IR E AL Y i) — S5 A P T DA SR 45
—. GaN FM R R - ~

GaN H AR &EH, BN A8l (wurtzite ) 45 FISLJT INEEY
(zinc-blende)ZE#y, & 1-2 T TABA T —LeFE A S MY, 038 H 00T 474
WEETE hFaE .. AT SR RIS ERA Ga-N JRFX, 1N gt
GH—ANBETFN . AEE G FINET SRR ARE T NN FIIAR, N
B S5 [111177 19 0 ABCABC......, TI4FEER" 45 MI[0001] 5 74 ABAB......,
W 1-2 iR

# 12 IIRENDHERSH

AIN GaN InN
aVikan: 2 Rt
B (gem™) 3.23 6.15 6.81
WHE, (ev 300K Hf) 6.2 : 34 1.9
SR (10" cm) a=3.11 a=3.189 a=3.54
c=4.98 ¢=5.185 ¢=5.70
P R (10°K™) 42 5.59 ~4
5.3 3.17 ~3
TEAEH(eV) 9.5 8.3 7.1
PIEFZREB(Wem'K™) 2 1.3 0.8
Hrat R 2.153ev) 2.33(1eV) 2.9-3.05
2.67(3.38¢V)
IR €, =477 £,=535 £, =84
& =8.5 £ =89-05 g =153
AR E (m,) 048 0.2 0.11
SLTTINEER 451
HHRE, (ev 300K f) 5.11 3233 22
FR 80107 cm) a=4.38 a=4.52 a=4.98
it & 2.9(3eV)




> W

w,

(@) NFiH GaN

Zincblende GaN

(b) 3 J5#H GaN
K 1-2: GaN [ FkgE

. GaN I ger &5t

TR A I N BER B AR E K=0 B, Ml EdE AN EE IR L R,
(J=3/2, m, =£3/2,£1/2) FMI—AD_FEFHEIFFHEL R, (J=1/2, m, =%1/2),
IRLLRRAL th ] DLROR N |3/2, £3/2) « [3/2,£1/2) B [1/2, £1/2) « KET|3/2, £1/2)
HR AR AT R B L | 3/2, £3/2) AR 9N, XSRS A BURR O A i R
I B 13 T AR AR R B A5 R U AR T DA R SR AR
REARFILI AR o A N AR AT DA SO s RN i IO TRV B I, AR TR R AR
UCEEEHE, PRAREK AR TR SLEE RSN o FEVIREAE T A A TR AR SO
MEE), TERNAR B 7O R BB SR BR, R AR AR A 7 R LA B




J=3/2

m, =+£1/2 /
J=Y2m, =2y2| /////“—\\\\\ )

(a) - (b)

nb=iy%F;;;’” N ) fil" U,
~\\\\

B 1-3: INEER SRRRIRETE M (a) JERVZRHE; (b) XUhE M H R

Bl 1-4 250 T 21860 GaN FIREW 45 M0 T S A B -9 i &1
H, Orl a8 = EEGE, BEAGERN A -l a2 (auieh
A, B, C. P A BBT, XM, BRICAFLXFY:. BEibitEaaTam
BT RUIT, A FIB s 2 6 B RS B IRIKR Y 6meV, A il C #2218 f
AE IR 943 meV o SPRE 85 AR DN BRI 45 1) (K0 IX 3 46 T 41 860 45 1 o 4 7 7
Aoy, TONET S B T 307 S AR T AR S s 2 24,

N s
CBM ------ P
E) =18meV -I
Eb = E! = 20meV  E,=3.504eV
I
VBNL“‘“““"‘"*:gF'AEﬂfzémev
e A .
TN,
AEy; =3TmeV
————————— ——‘—.
/ T, C
k,, k,

Kl 14: 2780 GaN IR 450

=. GaN EAPRIFEA K62 70 B A%
UV T RIS R BB AT —. a2y v 2




e i s i s

BoE &R

TR A B A SR AT B IR AL TSR GaN (R IEAT T
FRFEOT, B 1-5(a) RN FHRE T GaN R MR 6. 7R B 2 81 BX
B R T 2 R T AR, BRI GaN B n 8, FTLL BX
AR R AT P M BT 2R M0 T XA T FX 2 ph i e 20 o
HRIB6IIRIE T 10K F BT LA T 3.484eV, AT P LML (07 LA T
34766V, THMTZLMBTFEMT 3459V, KR FHOHRA 3.504eV. M
B A BT RIS AERS G 20meV, AT b MR (T (TR A8k 8 meV,
ke P [T SR B8 25 meV . SCRRI37IRAE T 10K T [ B F i
H sk 35ps, R T HIF A4 55ps.

K 1-5(b)45 T R KA 4 o 15 B AR RURTE 2.5¢V Y
SETEAEFN . ST AR B H A R s, TSR e, X
VR B 0T B R SRR Ga ZERIEL N ARSI . H AR I B A A 4
AR B2 BT SN BT L ERIE, MRS SEANARE
TR R M T SR R T

GaN/sapphire (a) GaN/sapphire (b)
BK 10K

_'_____/)r‘ \ 20K
JIAE

B A 40K (x1.5)

» x10 .
,
_/x/’:\\SOK(xz) /ﬂw\\r—/‘/\A
r—r'-r""n/un \|\-7|5K(j<4) i 1 ! [T \‘TJL 1
2.0 2.4 2.8 3.2 3.6

344 346 348 350 3.50 .
Photon energy (eV) Photon energy (eV)

PL Intensity (a.u.)
(‘:=§_‘><—
;13 i
f'._ w
S
7~

Bl 1-5: () AFRREET GaN HIIT il Kot
(b) 10K I ELFEAIR AE BT 3 GaN L A6 -

GaN 7Er5iR T EA RGN E M, Lin Z99H H 3.47eV 4 B BT &G
ISR E T GaN 76 BiE T B E AT T . B 1-6 45 H T & =i K5 GaN
IR IEHE, 455 BordE 700°C B kG B I i B Aridsg, il KIEE
X H] 900°C B iZ TR E Yk I5 . IXuesk Bk — DU GaN M REER E & T miRm
TR .

SRR} 2P R ] A GaN FEAT R i — Rk, HardKr
P R4 B 45 2400 GaN il InN HPE A8 & 1 FL R BE ol 2 S A KR 1Y)
Mk, GaN [ TFIREF AFEI10%em™ (N4, T InN 7k )8
10%em™ . ML T, AIN B TIRERNTE R GaN 1 InN #UE, FEFRB



[ P L AT

AR AIN — ARG . — SRR RSP I5 GaN B HE B R MR T
REMBIRERER, GaN IR ENB FIRENME S EREE%, WA
SOMERIFEEA R, HPRIPHEIER ARG # .

g B
< L
2
g —
8
)E L
= - a
- b
B C
d
B € 1 1 1 (] . i M
3.2 3.3 3.4 3.5 3.6

Photon energy (eV)

&l 1-6: GaN P{EIR ARG (T=6K). (a) 700°C HLigHuB &k (RTA) J&; (b)700°C BERHy .
Bk (FA) J&; (c) 900°CRTA; (d) 900°CFA; (e)iB K Hi

10 L B A
L Sample #
o 2
—_ A 3
o
L to 4
g
NS B ;5
= .
E
<
g
fou]
2
3
23)
2
10 1 Illlllll R W OO0 O A 1
10' 10° 10’

Temperature (K)

Kl 1-7: GaN HFAIIBREEMENEXR.

Jenkins'*'H1 Perlin" I 1d BIA 8515 7E GaN FeAbhlh N 230078 %4 T it
¥, B ABE SRR . {5 Neugebaver 71435 H N AL TE R AL N 4eV,
BEEIR T N AR EASIRE, TR P AR &SR T AR, 2k
KRIER R AKIRE T N A TIRE K, XWHINT NS E n B
FRM . FOAEIR T N RTFEEK, NSAIRERK, BT IRE NNz,

10




S 4 R R I GaN FRIERARAR (1 Sty Ge. O %) HaTiEn BT, 7
RFRRE R, ARSI n B BIRE AR,

B 1.7 £ GaN WRITFEHIBESEENXRY (R 20 FlRE
n=1.0x107em™, FEHh 3:n=2.3x10"em™, FEdh 41 n=7.4x10"cm™, #4h 5:Si
W 2x10%cm™), FlR FIEBRGRENXRELAG~T" . B 1-8 /£ GaN i
PR SER TR, TR T HUT AN 3x10%om™ fIRER HOIER
% Hy 600cm*/Vs , HFIREIERIER R EZ BRI .

900

2

Electron mobility (cm )/Vs

(o

o

<
T

300

N T R B
10 10" 10 10
Electron concentration(cm-z)

L '
19

/ 1-8: GaN HLTEBRSBMTIRERIRR.

500 1 u

a
Fa0]
5 300 - L
= oy &

a
£ 200 - ke .
= ]
(=] a
| 8 pm
a
0 =

1 I i 1 T I
240 260 280 300 320 340 360
Temperature (K)

K 19: GaN /U EEEER KR,

T n BUATE SN Mg ORMETE K H bR, BAEIR &S rORE
) p BURE R b s . LEEBI FIHGE & i) DU YE Mg, MOCVD 4K GaN &
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P2 T A R

POB K G2 TR R LUK T 10%em™ , 7 B BEABRE 6 NMEHDY, K 1-9 45
TEFH GaN WA /IR R GBI 2 R0Y, SeibRe 50 25 70k i 4
5x10"em™, 250K B {75 7GRS 2 400em?/Vs . PLZEE T MBE ¥t 7] BL3E
T3 EBUT I p ZURE AT JC T 5 ML BE, 5 SCik IR i SIMBE A K 1935 Mg [
- p 2 GaN 4 Mg (IR E R 9% 10" em™ I, T FHIZS K R 3x107em™,
BEH 5.6Qcm, 257G % 8cm?/ Vs

1.4 GaN E#1#8) RIGIRE

B HUNCHEROTAM BHRA . TR AT A, WaEYLS
WL SR I LM S B TR AR, T B RS B SR, THEEM
EROCIES T LRI E, EEES TR EENHIT. S HHM GaN A4 6 Mg
EPER RS (57D B A(LO). A(TO). E(LO). E(TO). E"ME;,
SEIT RPN RS WE HER SAS IRENIE TO F1 LO, H RSttt 5 k& IR 3k g s
MEHCARFR, £ 1-3 DA T U EALY L S AR 5 R s g 28,
P Hop GaN HHE 5 A4 BB R e ARl 78 B ) e g RS

MNPt AER @), BaitbE8ME ALGa N, T 5 HE
ALGar N 1, LO 7 HFRBITH, TO BT HEWEATH. 7554 AlLGa,N
H1, Davydov %P5 0<x<0.5 & 0.5<x<1 HIRER T REHISL, R A(LOYFN
E(LO)YAA BT H, T A(TO), E(TO). E,”. E"#FIHE T H. Xt
In,Ga N K, HTHRSERFHRRE, i =R TE R4 558
ﬁ,mﬁﬁﬁzﬁm%ﬁ#%&E%WM%ﬁﬁ,E%mmmﬁ?ﬁﬁmﬁﬁ
SEATE M. HETAEACA NS InGay, N o TO 1 LO #5EA4 54T, N7
1 In,Gay N 1 A(LO) R BAAT Ny, B B A TAT WSS, s
TAT A IR ZAH N I SE 96 R .

R 13 Bl T UM ENIFE IS PR (em™)

AIN GaN InN
INJTH
E; 248.6 143~144 (144) 87
A (TO) 611 531~537 (531) 447
E(TO) 670.8 554~562 (560) 476
E} 657.4 568~571 (568) 488
A, (LO) 890 710~740 - 586
E(LO) 912 740~742 593
SLJ5AH
TO 655 555 472
LO 902 742 586

PERL s IR BN B2 T2 55 22 BEIR FE T 254k, 76 GaN MR Rs R a0
FERNBIFTTIN, RS RN GaN M1 AIN AB B4 — L3 40 M RT o7 i
PO, N AT SR 77K (GRS SRR, R B AN A B
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L Ll APT d Ll

i L e e e e e

B i

B SR MR . P RV EAR R =06 & InGaraNy ALGa N FiE%E ALK
A 1 2 B O SR IE .

R R B AT KRR i R A AE B R AREURR, AT DL DA SRS YR o rh D B
Jy. [T GaN HERER R FAMEA G, FESh RS IEAERL, TE TR
[ 7 T B HUB S ITRSE, 14 B T AN RIS )
Bl & E TR, % 14 PTG, BARERLS EIEA—H, X5
R B VA R

14 PABIES S TFIENEE AR cm 'GPa)

E," A(TO) E(TO) E,” A,@10) E(LO)
GaN ~ '
FitkE S -032 3.8 33 3.6 3.8
WU T 0.5 2.8 14 2.9 0.8
6.2
42
2.7
AIN
FARERR H 408 507 5.39 4.00 551

PLERAET GaN HEARE AR 3 s 75 F ARSI, 244 R A7 AE 28 R
BRBEEt, oSl m w ] LA B4R TR B G e AL PR . SOk (57,58 X 45
Mg [ P 5 GaN {972 8550 RIALT 260 em™ 11 657 cm™ AN, N2
Mg-N &1 RBIRsIIE . 7545 Mg 19 P B GaN o4y 83, w8y g2 847
F 3123 Rt A N2 Mg-N-H 844741, TR K EMEER+ 2100~
2200 4bH 223 — B 5 BLHHEY, SATR S H A 50 R, 40 H i N 25467,
Ga-H 8, Mg-H ¥Rz, 70 8 FIE A GaN At SCRk[61]3RE T AT
300, 360. 420, 670 cm™* BU—SLHUIRI &, ABATIA K 360 F1 420 cm™ fiE R 54
R I EBIREE, T 300 F1 670 cm™ & /P EOE B2 H 1 (DARS).

BB T TR SRS, B DUE TR R P R RIE .
GaN FAPRH by B B 5T, H AR5 EE TS n 8 GaN 455+
BWot—LO EFMA# (LPP) FLLEZ M, mAkTHuEENY, tHE=
JCE &) LPP A TR LD 78 n BY GaN 1, — A a) DA E 2 =407 1)
A (LPPT), BEZGR TR R, LPP R m iy M sl s, B
LPP )37 B 1T DAR 2 B T R R IR E AT R . ILEN TR Rl
55 8 B TR T S b B LI HRE AE R /b, H. Harima %5278 P A GaN IR
HUR I PR, /8T 400 cm’' (1 B P 77 AR — AN ELE R B, AN ST
TCEEM A [8) B 3E 7= 4E 1 . Ramsteiner 25178 3707 ABFI /S 7740 GaN b 5 o R0 3¢
#|, 95~250cm™ 2 |AIFEAER — R PIBSTIE, T\ A2 i 5 i W BRI = AR Y AR
W, BN g i R AE WU RR AR AR FRH K4

*F GaN Hl InGay. N BRI F0RG, BATE S S TAHMN 1)
BT A PR BN
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[N U R VA

1.5 AXHEEFRHEREN

T EEREE GaN BB AERBORBISM, #4)> GaN Z8344 S BlgiAk.,
TDEEA B P ER Y RS Ty THth CIAE TIR 2 SRR R, (B TRl
KHEKREA, AP T EZRTRTE n 2 GaN #4815 P RATEL =
TCEEMEL LHAEFH DK InGa N HBHIOHE D B, S LEA YT
AR BERNPERATEE . Bl P B SAEMB TG, RE
NERAHOR A AR a2t Pk B N ) RGBS R 2 R
MEEAMEE. BT SBEMXR. AR, B15
A SRR — B MTIIAR; @B SRR b B e AR R A R A
TR BRI, B & TE TEWOT R EARE I DL R T
R OEHTRARHE, FRGFZRRGERNCR. OFBRNEL K
JRAE RS R 2 2 = T8 A @R InGay N, BTN InGar N AP EHF4
RN B P B BEEIAL, R JLAERIOHT. (B TAS B IE AT
£, In ARG A CIEAE, B AT RAUR A BRIA S, Fk®) H#r
IEIL A Fh A TR e s s M A L In 1 43 K o0 R se B0, kb
T3~ BB T BRIE A RAR B S A AR TR B (KB NE N 4, In,Gay. N #1
RHOEAENIIS AT B DRI ER . B2, S8R ET7ER L 250
PRI, %o 3K L ) A AP 9 R R R . R R 7l A ) B AR

BEAE-PARBORBIRRE, S AN TR B AR T k. B
ZURSLIGREE X N AT, I BEAE R R MRS, 12
RIUH 27 B A A T B 20 T, s AR i R B . SO
BREE NAR, M7 5 A AR AR U TSR AR, T B R S A ANER
TR AR S T PRAC B SE 0 AT, AMETTRUHFHOR, SR B A 2% 10 9
=, MUHATAR ST RS TNE. AR RKNERE, &
EFEAL PR BN B 5 BRI, DRI T A A 7 R P8 R T 84T AR R A
Bo MR FHER AR OTIR L, AR X RS (IXS) MR

A~10em™, AEFPEFRTHUS (NS) BIAHFER~Sem™, Tt BHSH (RS)
5 Ede<iom™ O, FEZSINRTTT, B AT TR BT 2 ) 49 ey ~

0. 5pum, EAXFERMHMXME. HR, RS SHTF—ETHMHEEREX, &
XHE R AR —ANEERRE, FALTREZ ISR AGE. X §4
PGSR EHETEA R, RS 0 WIS EKIRS) (B UEAF TSRS
BOTHAHEARH . tAh RS B—AThksed 12, Bag&E s Bin
BEWS MW EZ MG R 75 RS 1, WA A7 B AR 042 2 T S ek piy 3
SNSRI P, NAR. B REURSY, BTRL, 8 B e E A
BHOBE A b7 B Z R AT

A EERAWEEES7E, FFREFIH X S0 ST, st E
B GaN. 4 Mg ] P # GaN DL M = T84 InGa, N MBI 8PR350, Bt
fa. NAE, BT S5AEFHBERSETMEITEANRERII. 43 457w
), BB LT LA T R T AE:

OXTIEFFE B2 GaN LLEB Mg 1 P B! GaN #1RH G 8 3 B i —
Loy P B R AR M P AE LB — 2D B SRR AN ERR 0T, TR AR R
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i

i AT

%%ﬁﬁﬁ%&%%?%#%%%%u&%mwﬂﬂmﬁﬁﬁ%‘%m;ﬁﬁ
Mﬂ¢%ﬁ%%ﬁ%%&ﬁ$%ﬁomﬁﬁ%%¥ﬁ%ﬁ$ﬁiﬁ%ﬁTﬁﬂ
417 1 44 B SR M 13 3 A B R R A — 2B g 3 i
 @EN AR RS S LR AR P T GaN MR REKBOCR, Jhpn 45T
PSR R AT SV T 0 I BB R e o AR P TR AR T L P AR BOR AR
AT TR R RN 7 T A LAMB 2R P T AR WIS AR LA 3N . GBS
S T RN T SR B RS 2% K AIOC R A AR P R RS T R A R,
2 VO T B AR DA RO 2 7 7 TR AR AR P S B KR

@RI InGay N & &M IS SO R T REFT, WaRE 7k
RIS Tn A% R X InGar,N MR CRRIMIX #EATIE, FH4ia X
L T SRR SR A TR L R BOAR ) B RS . BRI SR PRI N ) 4 AR IR DL AR L2
FIE R DA RRE . ARG T InGa N B FEELE I

@F| S by B HE, STHERFR B GaN. % Mg 1y P & GaN
In,Ga N & 4 i &Fh i 7 P8 HUR R & 3L 5 7 7 AR AR R AR REAT BT
5y, HPAE AR T, RERTHES, SR TFERREETRHETAERL

BB FHIT—LO AT RATIE.

SO TV A PR R P T2 GaN bIhet i T 75 45 B TAR 41 PR
IR B i AR L5 AR RO RO R 4 1 T Gar N PRHITH X ORI R 5 T
WAMER, AHRT. BETEHTRAMH PRGN, BRI
S0 F TngGay N (BB BR

AR (5, 5 B 2 A E T

(DB @ U LA 5L 075 U RO A I 0, 7 B
(K SRR TR LRI, FEREBER o T 75 7 M0 AR P A
TF47HT, 50 Ht — ey Tk LG |

@E P 1 GaN FLEE T LT AEARIF B 2410 GaN rh LA (1A
i, I ASEL R BN AT T RPN, SRR B A GaN HHAT T X
He o 25 5 0 T 35 AT 6L O P 2 LI T 00 S e
A5

@ B AT A B2 GaN o 8 BOMRBEMSE AN, AT Yok P
1) GaN iy 8 SO OIS BTHET THIFE, J6 5 AR GaN A7 T )
Pl S P 75N R R BUIPRFPERIBI ST, T AT LU BB R R
FIRLEE 4 TR IR, A R 8 P IR BE R I H I RO 0
BLUL AR AR BRI AT LAER I RG0S F o (A AR T4
Al AT — AT 75 SRR AU . A — Yk
RANFES LAMHT T P ) GaN ot 11 T4 — 5 FAR LR AR PP U, 03, 78
T BRI A I

@=TE A4 InGar N RIEJUFERIIT SN, (L TR AR IR, Xt
AT MRS T, AT EORREEINS . RATRA R R L6
R . MR . ARG, A InGauN BT T 2 mHHT
5L HUNSM FARE T InGarN 1) A(TOML R4 B THOT—LO 75 THIAL
PR, JEME B M TR S o 4 InGa N P F AL ST
U (0308 2 FBTFTIIRENG, B PPRHIOB W BRI B0 B
NIRRT,
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PR R e

A ) N EERRPERE S, WP RAME A EENEAROME, W —5T
fift GaN FEABIPIER LS, ARGk H AR AT R AR R Rl SR G 0 85 B,
I EXSAR R ARES 2R R B A B S TR E R S R .

1.6 ABE

B IR EAC Y- P ARRRE A G 10 R O 78 55 M AT 28 SR 58 1
Wk, EAEXAE TR a0 LR RN S, Bk, E-aEckiE
GaN SEARHEKFAR IS0, Bl Py GaN EAT R RIS T — B4 %%
RN, BACDMEAN S BB 5T R WA A 7 B IR S )L g —
KRR o ’ ‘

HAIE GaN 2B ZE A Y B 5 TR AF R 2 ANE R AT, 1X )
LB WAE BAD MR ZRAE BT RN o 43r B BC 2 20A T A £
RS HPRERE A D TR, A EESR AR 2 B 77 VAN GaN
oo B, P EESUEMBL A =ICEEMEINE Tk, BYERIT. B,
O SEHHATI G, JFEC G X SRR S TTE, WA S X TE AN R AR AN
[l RO A TR TINE, WA R - SEMREA R 508 T B A
Feahetk. Hemiy (BT SFRT5%) MBI LBTSF T, BT
HETHEERNERSTE. FNDH SR R 7R . BRI % Pk
B3 19 7 A S R ARG AP B R
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o O A U R S 0

g5 NBHENEARERIR T

2.1 faiqfr

1923 4 Smekal MBS BRI, 80K v, FIASCEFE ST &, #UNt
th N A B Sy v, v AR, IXHUR BB ROGI AR T . 1928 4RENRE AR
2oy B (Raman) 55— NS0 R BT XA, HIHLHR o dr 8. fi
B 54 RTINS K, BRI A TR FREEMIIME B, A 5 i)
TR LR WA BGIE IS S N 2 A R ITAE DGR, 4R AR
s, N AR A BOBHILLUE, el mERE, B8 T
MR R, BRI AR T RO SRS NS ZECREAEE, DLk
=R EERCRBI RS, R B R TN KER, R8 il fyst s

ot NIRRT R B AR E . SRR, 1961 £E E. J. Woodbury 2 e KL T

W BN, FFHE T R BRI T S N A RSk, 1962 4F R W.
Terhune & DA & 1% e b B 245 . 1963 4E B. P. Stoicheff & 56 K PV B 34
. 1965 4E R. W. Terhune X W2 ZiAHL 2 BB S LUK F 855 5 70 IR 3w

A2 JBR ) ' ST A IR B R A R P FE AN 3 S M o ARl P T 7 5 | ) o
S BAPER, BUERIRER S ANSOEITRAR R, FROMEGH] (Rayleigh) HUR .
55 8 P TEU RS R AR A AR AR T | B i 8 RO, B R R, AR
TR (BF. BF BT EHET. o, #IRTE BREAREFS
B ERIE . WRYA T e MERESERIE B S fe s, R E AE , HURDOBH)
SRFNG L N R RAR AE/ R, X TP B 4> R A BTFE W BT (Stokes) £,
RZ, WRTHEAMNERSKTIMRES, BMEE AE KAZSLT, (FHey
FEHIHRER L NS 6 SRR N A/ h X FP B 2 Bk R IROTHE 5 4 (anti-Stokes)
2. Y% Boltzman 234, TEEWIHOLT GEUR AT B RESHJLEAN, B
SRTHE 5T 17 % LU TS vl T 4R 5 5

BURYE iR, B AT S R U R T SR SR BE
TZAB R 5 PA 308 160 85 40 T 5 88 R R TE 38, T A I ) 4 T 4R it 7 45 S
RASFFMNE R BEU IR T, B o0 SR i R o) — AN 2
ZH, EW RO A . Ui s B AR

o __ 4 (2-1)

dQdew, 1,dQdo,
HoA YR BURRFR VO BB TR dQ AR A P S TR 0, > 0, +do, T
A RIEEEE AR (AL FBLldQde, ISR 1, (IR, ATd— DA
TR P — MR o, IS 67 1 SO 7E Q TR B (K1 B STAR 0 R o, B
VTS BB R R RN 0, , B — BRI — M2 T R, A
B HUH A B 5 BT R AR T U O 1) R — SO IR S B, Rtk —
578 A Hs R
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P Z AT K it 3

QU] . a)s
dQ 4. dQdo, s 4040,
GRS R e — U AT 1 o

do _ | do_ 4 f I 4o | (22)
2.2 SRRHE B EGIR 2 MImip

FENSF G R AE Y, AR R TR AL, 7= AR AL AR AR
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