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1 FR

Ot (BRI ORARLHEREIIBEREDOREIL, KLY EOMEEMAIHoTHD TRE
LERETHD. o TRFINE (BRUSE RS L) ERHILICE->T, MEEAZREZIL-WE
FORBEOBESCHEEROBWELZIEIZLNTE, £, EHROTILX—HH0EDE
DBERZZEZBRTHIENTES., ZORFELTCLFELIZAVWORAL —F—iF, 48 %
EETHOE D ICAF TEIORICKINBEROESITELY. 1960 FOL—YF —DHIELIEK, Lk
BRE=— RS TR A REE OV —F— BB ENDIBRITRY, BRNICEERAESEE VAL
— P —bFELRBERZBERBLCEXERO—2THS. TO/ VRGN, BEL—F—aFEL—H
—HRORRBIZIVEIR (1 ps=10"? ) FIMEB TT7= LMD (1 £s=10" o) FURICBGELTOB.
BAETIL 4.7 s D/ NRBER TH VAL —F—0@ELHB[1].

D7z AN —F—OHBRIZI > TRBIBELODOHEDHELTTINVYE TERD
5. TI~VYEE (1 THz=10"? Hz, LA#% THz &) &%, IEICLT 3 mm 25 30 um, &
FUTLT 100 GHz A5 10 THz OBRAEOZLER Y. TOFERI, HrOol BRBEREERO
FICALB T 28R THY, JVFEFEIROBEMOIER, MOILERAEIROBE W OILITREL T THz
IO LDV EN TE, Ll s, BEBARCKEHROMEN LR D=—XTER
L CTRBEZRT CELOIRLT, TI~VYHEBRITE Y REFEERH BT BP0 o7281C
B 1N T o0 A O FE B R II RV ERSN TE Tz, fiB OBEEBNOLOT Fu—F TiX, 2K
JEIZ Gunn ¥ A4 —FRIRSE, KRV, £OEMBE, BWIL, BETEEREOBFEIAVLH
TS, BRI T E 98 O BE DR E AR R OB R OBIE, £LT, BEMECH S ORES
Hol-. —F, BEOERMIEOOOT7T Fu—FTit, BEKSTHREZELRFLLTHND
NTWaR, THz SEIRICRAERFEORENREFLIETL, BECLELRITRELHETHO
AR S Tiihote. KRNI LRDE, BRHETFL—VF—ORBIEFICRBERERL:
0, FIAZEBHIEBIN T, e, RERFELTERERAIN TR aA—F—I%, TOHRH
FENEBERE RN —ORER THILICERTORBIIBMEETNRIBEC, @FITRE
A~y LAEERHWTRIKIRICTANRERH T2,

CORRIRT T ~VIIE TROBESOHR T, 1984 4512 Auston DITFEERT L TFRETE 7o bb
BL—V =V ACTRE T L THz BAKFShAZLe@E Lz, ZOFEIE, RTFEEET
FOMETELVOREFHETHY, THz BOBHBREORME/LZBR T HILe REICL.
INPBOTI~NAYE TREIEEICEEL, 7oA —F— LV RGIEICED THz EKH
MEHE LU TR 2 2B R BT A ZBEE SN B 851272572 [2-10]. Auston HDJ7 #TiE, THz
B ORE MK CORENFIREAL S, RBFEHRELHICEOMBERNSEOND. ZD 2 2DFER
RN 5 e E BN T I~V ReE I 53 Y6 ¥5 (THz-Time Domain Spectroscopy, LA#% THz-TDS
LRET) THY, REOBITFELERROETCEERDDHILMNTES, THz-TDS Tid, THz D
IR CREZEEBL, BB TR1% 0 THz HORREFEZRAEL, mEO7—)z ATk



2 1 FWR

NELETHILT, TORBERORBOZEBE (KN F) LAUMEEZRDDLIENTED. Ly,
THz & EFIIIVEEIR O THz £ CEA TIEHE VA THEO TEFIHROZE R (Kt
RYLMBEERDDBIENTE, IO THz STOEREITERE—EITRDDHIENTED.
WRDOT7 =V RENERBNTRERDLBICFEN I A/~ BHBICETRSE
#HEDOHERLETHY, ZNOOBREITEHFT5H Kramers-Kronig Z# (DA#8 K-K EH# LT
T)POMENICEHINZOIZH L, THz-TDS it EE R EZEBEEN T HIEN TELEFHNR
SHIETHS. THz FBIRICH, FEEEHFYITORNSTS IR, FHEBK FOT 0
RS, RO, FEEDYT7IT4 /O L RIETIAX—RERRESFEL, THz-TDS i3
ENLERRDBOERICHEDRFETHS. I, THz BIROD K AT L2ERRL, &EHE
DEBDEEZT R TELILIR, SEBERBBIHLTRINZZOEBOM BB DD
bLERF R THD.

Fiz, TNV ETREFNIC T = AN —F — D BIC L > TR B LB BRI & #E 0 G
EDOMEBDD. 7=b ML —F—REICLIBEBENIEE T, KHEROMEORIEN LY
HEEEZRBRLTEY, TOBENOHEET DN TES, —RICT7 = ANDEK O JIRE
ERANLFELLTUL, V=K% 2 20N (R 7eTu—T)enif, R TRk %
OYEDOREEABRFBIEL S 2 b0 u—T ¥ Tad, B 7 Tu—T5RERDS.
HBEETOMEL, FEEZILDEREHK . THY, BEBREAZRB LR 7 7o~
THRBECLLDBEEREBEOHELE IHIATONTHB[11-16]. K LRIZE>THR SN
EiEB L EEOFEFEHEBEEREBOBTBRIIBEERBLELEREBTREIERY, M
BB A OREFEIR TRESEATIIEND, BEEPHEEZMIRRLTWBETDRL TN,
¥, RICB R T7 2 AMPL—F—EIRICED THz BRI ES, F ORI HHE 28 & 3R
BWHELTHDILD, BEEEMICEELZHELZARDILNTES. BREBLEEETH
% YBa,Cu307.5(LA#& YBCO LE29) 7o 7R Fhbb THz HOBKBBEINTEY, £0HK
HEBIIRC YRR EREEY — =B REE LV ESh, BT 5BE THRAINT
W5 ZOZEND, EORSFEIBEEEFHEICEBEICEEL, REEEIIER FOBM
BEERRLIELDERD. EROKFRED, EELTROBEFRORENS K EFHEIRE
WCHOMEDOHEERERRDFETHoOIIHKLT, BEENIEE DR E T EIETHE R
BICHIMADHENEHERFE B CHNDILNTEEFETHY, TRETORFEIE TIE
BoONBRWH -G WE 5 2 DA REMENDS.

AT, 7=bML—F—2 AW ROFRAEER DI B, 7=b M)
V- R AL THRHA SN THz B2 RIRET S THz-TDS VAT AEHEEL, THz-TDS VA7
LDOVERREZRNDEEBIC, PEESHFERICK TS THz HIROBRISE BIE R AEEF N
. Flz, 7ML —HF—%2 BT YBCO RBbHBmEEORRE oA RENRHELEL
MESL THz BRI EZITV, BEEXSEOHEIOIOMEOMEER . $bIZ, B
BRI EDOREF EEZLBE o250 YBCO MO M ~IS A+ 52 AT,




AT 8 BOOEREN, TONEIILL FOBYTHA.

1 ETIE, INETOERE, K, XAV EYHFIEOE RICOVWTRN, KFED
B EL BT ER LTS,

52 BT, HEEL/EEE O THz-TDS (THz-Time Domain Transmission Spectroscopy, LA
#& THz-TDTS LR T7) VAT AR DONTIR RS, [FUDIZT AT ADOHER ERE CHLIMF E T 0K
HBEFORELZRIFEREZREL, RICAERBLMOSHIEEOLBIZOVWTRRS. %
LT, TERMASNTWBEER KB O —RNFEH Tisapphire L—F—{2b->T, X/ Bo
T7 A= =P —Z AW TRIEL 2o 30 MY THZ-TDTS VA7 LD R, IO R 2510
B )ary ORI EFE R % Drude 7 NV THRITTL TRO XYV 78 ENLFEMT5.

FIETIE, BELLEEBHT 7~V YRBER S VAT 2OYHEFM~OBHEL T, nH
VA RBITAERIGEDRELE{LEZREL, Drude BT AV CRETLIZERE, EH KL Hall
BEFLLLEL, (RIRTO Drude ETNVEDESHIZOWTER TS, &b, P B REBT M
~DIEHAELTGaN, W, ITO EEO R E R R %R L, Drude TF M LB TROIBHTE,
EO, BBIEOEEIZOWTEE TS,

% 4 ETIL, THz-TDTS Y RTLDFBEEMB~DOERAELT, ARIEREIEEZHERTHS
DAST (4-dimethylamino-N-methyl-4-stilbazolium-tosylate) D ¥ Z E K EZ B EL, TORKEND
DAST Db DZEA IR 128D THz OB E L ~5. 1ZLHIZ DAST 26D THz B HUR
DOBELERIICTRINIBR DRI OWTHIATS. KIZDAST © THz IO X FE O
MRETL, ZORPREEICHE L DAST o0 ZERA KR A ICLD THz BHRH HREINET
ERIICBRESNT-BHDROERELERL, BETS.

% 5 T3, THz-TDS OARZEARB~DIEAEZ BN TBELEEFBEOT I~V K
FEIK S K (THz-TDRS) Y AT AT DOWTR NS, [ZUHICHERE, frHiE, KO, BETR
T HIZDWTIHR NS, RICHERFBE 2o TORBHML BIC LA AR ZOBBEIZH L TH LL
BEBLIEMIEFEIZOWTRER, ZORBLEMEFEZAVTEONEGRN—TVYar v
DEBRERERT.

FBOETH, 7=AMPL—VF—Z2AWEBEENXEE ORI EIZLY, Pri&EWIZL>TYBCOD
BIEERBREZED SEAR THS Yo.7ProsBa;,Cus04,.5(YPBCO) DMMEEFTH ~ T\ 5. i
UHICEBBEEEDORS, R, EABHEIZHOVDTIRRTWS, KRIZ YPBCO D4 fRi#
BB BECBE DR RERL, YBCODEELOLEND, PrEBRICHEIBEFRIEBOE(IC
SWTERLTOS. Fiz, YPBCO H50 THz B B EL, YBCO 22b0 THz B bt & ik
TALLIEY, PrBRICIZMEOE L EEETS.

FTETE, 72—V —pRICLIBREENIGEDIEAFLLT, A4 —2BHIC
£% YBCO HEREOFELQBIZMHEIREOWMEEE, R 8 RS EE I E
EROWTHNTWS., ELTHES BB ENRH BB ELMOFRELAWHERED
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HleBATY, 7= ML — ¥ — I L B B RIS B OB FE R DML T3,
% 8 WTH, RIELLTABRLOELDLE HDORRICOVTERTHS,
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2 FBEBETIANNYERER S (THZ-TDTS) VAT LD ML LR

21 #8

1 BT ~T2ARIC, THz-TDS IXEBREE ORI A B ETBILICED, ZOREER S
DORBLMAERZA CEENEARKEROERBIN R EHTISKETHS.
THz-TDS VA7 LD B FE R % AV 5B 72 B 581X Grischkowsky H0D 7 /L — 7% H 04T
b, KEBEKEFEDZFUARL MgO FEDMBAEM B, TLTR—FEnizs V= (LI Si ki)
RHALTY Y L (LR GaAs EFLT) E OB ER D4 WKk 2 BB ORI EIT OV THE RSN T
WB[1-11]. ZhETH RIS ITHWSIL-E THz S % 713, sapphire ZiR EOBEFE (A
YHEASHTZ Si ¥ (Silicon On Sapphire, LL#% SOS &) 7o T TR T8 MBI GaAs
(Semi-Insulating GaAs, LL# SI-GaAs LB 4) 7o T HEFEDOYEEKT LT FEFTHE. 7
YT T RF LS DRk &2 I2b B D b0 THz B B ORI T8 565503, SHISAELTO
AREDOFEMIFSON TRV, F, IhECHEASNEZL—F—b Ar L—F—CE KL —
P—EhiEE D CPM KL — V¥ —, £LCE—FRHY Ti:sapphire L — P —% D L KB D 3L & 28
2V, WHOSREBELTERTIHITEaL UMb oRROLNS. 2 Bl ERMC
KIS TE5ERA D THz-TDS A7 A (THz-Time Domain Transmission Spectroscopy, LA#%
THz-TDTS &ER9)EEHE T L8100, INETHESNTR LA LRBFBFORBER FORERE
ZHAN, BN EBICELELOERIR TELFIILTRILERDS.

AETIE, BRLEFERE D THz-TDTS VAT AZOWTR RS, [EUHICVATAIZAVE
BESOHERF, KO, BHBFIZOWTHATS. RICEELZVAT AOGREESCRIER
EIZOWTHER, oS iEEORBIZONWTR RS, £, O KA OE KR H
Ti:sapphire L — ¥ —I2 X b> TN DT 7 AR — L —F—% THz I B B R LT 530~ IR
THz-TDTS v A7 A2%RIEL, HEAEORZZ nH Si 0P EEITV, Drude 7V (146 B 2 )
ERAWTRHRITLIEERICOVWTRER RS, 2L T, TR ENORIELEY AT ADMEREZ T M
75,

2-2 THz-TDTS AT L
2-21 Iz LML AL—F—

T2 LN S AL — T =3 1990 FEMOAF S B B THEASNORITRY, BETIX 107241
BEDISNVAL—F—bHRENTOWAR ANV AL—F —DE V2 b, B, BRELDEAT
W5, ZZTCHE, RFERICHEALEZE—FR# Ti:sapphire L — ¥ — (Spectra-Physics -84,
Tsunami), % %, Br K—7"7 7 A/3—L—¥— (IMRA America -5, C-20-SP) O #{EFE (T
THAT5.

£7, ©—FEH Tisapphire L —F— 2O TEH §5. K 2-1(a) iZE—FEH] Ti:sapphire
L— = 27 MO E R R T, AFFRICHAVZE—RFRH Tiisapphire L —H¥ — L —4F —& o



6 22 THz-TDTS VAT L

(a) (b)
" 2.5 -
ﬂ/ ! Relaxation /2E,
8 Absorption Emission
v Infrared Z
‘ I fluorescence 5
- £
s |/Blue-green £
- absorption £
B | g
5 2
= =
jfyjj'ﬁ I 400 600 800 1800
....... ,.E.........-. T, Wavelength (nm)
Ti:sapphirefs & . As3zom
0~ \d
(c) (d)
M : ! I
- iti : ; :
P 7,32322’233 f—(Qe=2rlo )
o ' repetitionrate
o : ]
Longitudinal mode «— Gain envelope E
. =4
F E
3 &
=
l (=]
Frequency Time

2-1 =—NFEH# Ti:sapphire L —F—T 27 A (a) HIBBOBER, (b) Tiisapphire FEda OB EF
KR, R TDAXIML, (o) HRBAOHEET—FORIF. K. HEAIM, (DET—FFRH
V=P =2 IO I NIz 2T,
F—FEHE D Nd:YVO, £E &L —4 — (1=1.064 um) ® 2 % (1=532 nm) % Bhi&E LK
(Spectra-Physics L8, Millennia) IZA W TWA., ZOFBLY—F—iZ7 Va—R¥Z— AK AT
Ti:sapphire #& &t At &5, Tisapphire & fhiXA=400~600 nm FEIRIZHEWRIHE B3HD,
A=700~950 nm BIM TR TS (K 2-1(b)). FEHXAXIMUVIE, L—F —FIRBADZER THFFS
NIREE (HET—R) D5 (K 2-1(c)), ZOBEEE—FOEHK L, L ARG Ko, THIERE L
FROTKRROBEICE 2B,
k, =22 w, = =k, (n=1,2,-) (2-1)
L L

ZZT ¢ Y6 (2.99792458x10° m/s) THB. E—FFRIH Tisapphire L —F — 2 E %K
(continuous wave, LAté cw LB T) L TWABRHZIIZRLIIEDO K EVE—FRDH (A~800 nm) 255
WL TWDREBIZAD. ZOHIRIFONTICHE E I K EFRER (Acousto-optic Modulator) A3 A
ENTHEY, ARDE 0, CIRIBEREIT). TOEREEZMETHE, FRENOLV—F —F—
R,
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E,(1+M cos(@yo4?) Jeos(a,?)
(2-2)

= E, cos(w, )+ Mf" (cos(@, = @ g )2 + cos(m, + @04 )t)

DIHGCEREZTD. ZOX1be, DL TICAEE 0t0n L3R bns. 22T
Ti:sapphire #&5 & D 3 IR O FER T D BIB IR Lo TR 0,2 Opoq & @pey T—RBEWIZEFH T3
RICIER 95, FFiC0ne WE—FBIBA/Le \ICE LWERIZITESE—RARATAEICERL, T2
OHLE-FRHZF SRS, TR LS| S IR R E SR T,

sin(Awt/2)
sin(@,,q2/2)
E72% (M 2-1(d). ZZTAIERRABERERLL, EET—FORIBIZER E, TEEIL TS,
Fleo IRBEAEBREBROFLEER THD. ZORNPLSNVABAR2DA0, B0IRLE B
T=27 poq D XNVAFTIBREREINDIIERONE., KRMETHERALEZL —F—T AT 5D
Ti:sapphire %1% 107" Hz BDOR_IZMABZE LTS5 30~100 fs OEFREIE D/ L X5 %
BT BIENTES, L—F —DEVELUERIL 82 MHz ThY, FEHH /113 400~800 mW Th
5. ERBAICIES BV LS B2 RAENTRY, BRPOZSET—NOBHEESHEHEL
TN,

WIZ Br B~ 7 7 A8—1L—% — (IMRA America -8, C-20-SP)IZ WA 5. M 2-2 1
Er R—777ANR—=L =P~V A7 LOMEBRZRT. VAT LI Tz MNP ANV ARIRERR, 77
AN—EIESR, RO, BREBBTHERINTWS. V—F—DF—FRPIZT 7 —NTE
CREBENFDIREAVZH AT —NERBIETHS. Er F—TT77A4 13— —F—TiIIEH
AR BERICED A F o T ERANTT =AM SV RE AR LTINS, 7o AN R IRESIE

E(t)=E, cos(ay?) (2-3)

ENNS S AP &3 L)

»f=50 MHz
»P=20 mW

(Ar= 100 s, A=780 nm)
»P=20 mW

(Ar=100 fs, A= 1.56 um)

_______________________________________________________________

7TA IR >Am1.56um >am100fs BEEBE
»f=S0MHz »P=60 mW

22 Er F—7 774 8= —F— 27 AOHEK.
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RIERGERTAIV—4, BHWTF—, Bt 77A3—, BEIvTT—, R, RIEFEEEY
2= DL ENTWA[12-14]. B RIZIFA=980 nm OV —HF —F AF—FZHN T 2D.
A RO HIR BT —F =KDV AMEEZFR T55 IGBEAFMRINESEEZANTNS. — &
T AN IR BN TNV AL IR EM AL, RO, B CHEEFEZRE TEIT LA
TEAH<2D. 7NAAMELTZ NI cw BITHARRBEEPIKENVBIZT7AN—AZBRTHE,
SREEIRTELCHEITT 2 2 D2ORERIAAAZNAEL, ¥EHREEB bEES (GERRTE R E
#:) 5. ZOFBHREERGLCVNAHOMELZT 777 —HEF, RO, RAEFTLREL
EHAL, T—FEABZITI. ZNICLVFLERA=1.56 um, &VELEH 50 MHz, /3L AR
500 fs DL —P— L ARNTEAETE, ZOL—F — LRI T 7 AN KRR DO 77 A /X—NT
FIZVVNAEMEEZ T, 2UVAEE 100 fs, 7] 60 mW DL —H — SV ZARERD, 77 A/8—HEig
AR LI — Y — L 203, A B R & %A % LiNbO; (Periodically Poled Lithium
Niobate, LAf% PPLN &529) 2Rk $52 128D, #VELEH 50 MHz, »L I 100 fs, H
20 mW @ 2 {3 1=780 nm 3% 4 5. PPLN O il Y121 2 {3 D A=780 nm DOAfIZE A D
A=1.56 um () 20 mW) b E EN TS, EARKE DA=1.56 um & 2 {FHE D A=780 nm I, £ %
NFEEZBEZA T, RV, Z@tICoBish.

2-2-2 BMHPRF, RV, BRHFEF

1984 ££D Auston SO EITIA T LTZ, 7= LMD 2 UL AL —Y —Rh2IZ X5 THz I i O Bf
oI, A EIRREF LD THz R OBERSNTNWS., ZITIE, AFFEOHKNFEF&
LTREALTZARIR LR GaAs JeARE 77 7 (Low-Temperature grown GaAs photoconductive
antenna, LA#% LT-GaAs 727 FE&iE ¥, IERAR=7 24 8), RO, InAs VNI DWW TR
5. WIZRHFEFELLTHWE LT-GaAs 7o 7T ORBFEE, RO, BEEFFEIC ORI
T 5.

THz I B & F I AVZ LT-GaAs 72 7 T OB RO KM Z K 2-3 12777, LT-GaAs 13457

(a) (c)

LT-GaAs

2-3LT-GaAs T TR T OERKK. (@) RUFAE, (b)FAR—NE KR () ANy T T4 8,
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(a) (b)

LR R R | T T T I

e / 0 g E
- Eg....un- 40 omccss wm
10" | s
3 ; 10 E E
5 5 i E ]
10 3 e E| L F
g e i g v¢ E
E 10 F 4 £
~ F E R i i
10° — i 1 ] E
- ©% 00 o
10° R 1E .. %%wm E ) o
E T . - without laser irradiation
o L e s w9y | O laser power:110 mW
10'6 r a1l 1 1 3 tinil 10'1 | I T T IR N » laser power:230 mW
10 100 0 20 40 60 80 100
Field strength (kV/cm) Field strength (kV/cm)

2-41T-GaAs 7o 7T DBESR A EHE. QER -—SHREE. RO, OB -—EREHE.

TFRICIFPNEZANTERINTEY, #ROERIRE (~600 C) LHHEVE 250 CTH
IBE TSN T SI-GaAs ZEMR EiZ 2 pm OBEECREINLLOTHS. ZOERMEKIZE-T
GaAs FEBRPIT As DITAZBRBREEN TR F RMEEOE W (107 cm™) BB TES. ZOKM
XY, RERXYITDOFME 0.5 ps L TFIZTHIENTEA[15]. 2D LT-GaAs K Eizar5)
—EREEOERT T T (Ni/Ge/Au &) EHKEL, MEETUTTEERTS. 20707
TP RICEB AR vy 7 BRI THS. LT-GaAs 77 F 1L, @EHER (<107 Qem) THEW
BB (1.2~10x10° cm?/Vs) ZHER LD, 0.5 ps LEWVFYITHMmEL D, 2L T, XU FEvy
7 1.43 eV THHDT, E—FEH Tisapphire L —HF — D72 800 nm fHEZF DR ETHY
LML= —FBETHILIE5T, KXY ITEERTHILNTED. ZNLHDIEND,
LT-GaAs 7> 7 Hi3E—FRH Ti:sapphire L —VF —% R W RRERSoF MBI ELTHEATH
5.

2-4 ITER L LT-GaAs 7o 7+ 0 I-V FriE %3, I-V FtEIAE A L7277 7713 20 pm
XYy P DAN Y FGABT T Chd. RBFEOT 7T ORGLRITEE MQem Lzt
BN THBIERNDDD., — &I GaAs IZi% Ni/Ge/Au B &EHFER L TH—Iy 7#ME 503,
SRR BE T+ kV/iem O E R OWRIE TR SR S TRV OB D5,

IORBRT T TR FIEANAATRABEEEZAIML T —F— VR TT T T DXy 7 H a2 ik
15, LT-GaAs B AR T HNERSN CRIEMZER JBRND. TORE, =HEE
TER EN ddt CWHTHERIERT T T NOBEHEND (FAR—NVESH) . LT-GaAs T 7
TOBE, BEMNERSERSNBEMAT—ABY A THLOTHE INHBERER <
NARRET T~V EIBRICB IS AR MUVIBEZE THHDERS.

THz-TDTS IZAWLNAHEE R FORKFMEL UL, BRECHEHRTHIZLNEEND.
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TUTFRFOBRE, EHRTO THz BRHEE E i3, XAERIYITICL5REN B O
FZEACITIRTFL, —RIZROERICEKREINSD.

E~2{~ea—nv+ena—v (2-4)
ot ot ot

2T, RO, 0 RNERIYITEE, KO, FUZMNEETHE. Z0ZEhb THz S H
B, XYV 7EELNY7MNEEORMEEBICKFETS. BELBESCHMEELZKET
DLETHE BRELSRESTES. $2, BEXOARARLRENET MORBE(LIZIVEIE DR
IRZEME TR B2 EMETHIEL TEB[16]. ZOBERFETRONET VT TRFPLD
BEH YT mW IZZEL[17], o7 =AML —F —FhiEE THz WHRH R FLHETHLS, £

TR FEMAETIHILELRNWIENLLSRADOKIFEL TR E Th5.

ToT T RFNOD THz EOBHFHEIIBRBFOT 7T HRICE>TRRS. — RIS, 7
UTFORENLOBRE AT —BELNINE —7 B EEIEBEMICS 7hTAIERRES
TWB[17]. 2-3(a) DRI FART T FIIF AR = NERLAN P FTA O T 71Tt
J\‘"Cjt%b‘?% BEERENKEL, ¥—7FEEITEEREEE (T2 T 100 GHz L OfE%E
BEINTHD. Z0H, RUFATT T FIHERAEFEIRO S B EDORKORIRLL TRE THS.
—J%, X 2- 3(b)0)§f/ﬁ“——/lx LIRTEART T FICH R TSNV E, B EREIIRY 2T
CTF RSSO BRBIIEBEERICHS. B 2-3(c) DAN YT IR T T T,
RULABIRLEAR—NELOX vy 7B 5 um TERBINTHWDIOIH LT+ pm (B Fid 20
pm OX vy 7 ig) LI EAIERINTWS, ZOBSMEERIRVIABST AR—NVBT L TF XY
HE<, 20 um DX ¥ 7 HIZ 200 V OFIMEEZMI THEFBEITRE IO, ZOZEnbAR
Vo T I BT TFTiE, MEBRTO GaAs OFXYITIZRIANVVMNEE DA —/N— 2—h
DBEEPMUOT T T HRORTLVLEE T, Zhd THz EHRHBRICEE TS aERT
DEBEXYITIE, [BERMEEZZ T, BEHENSVFOLA~NBEE T3 YITHEMTD. LE~
BELEXYUTORDEBRITAOXYITICHARKREL, BHELEV T2 ICERLZEMS
HTHORIZMEERBAD L TN a— MIRBELD. ZOZenb, SAEMFYITIZLD
WEHEROBIEFEBE Y, HHEhD THz HOAXIMITE R B K~ 7528
BTREND. B 2-5 13X ¥y 718 20 pm OAN T FAUET T F OB STz THz B Ok
MR ThHs. THz HORBMEFORE S AT AZOWTIE 2-2-3 T2, HRALEKREETF
IEFAR—NVEID LT-GaAs TV TR FThHD. KHPOBERBEIZHMEEICH THAN Y TF
AVHEDOEEER ThHD. THz WOKRF REL, BEEEZEBAICENLTHERELS. Ralph b
DBE TIXEMEBEIZEIRAN v T I/ OBRIT—H T, BRAIZBHABHICHRNE
BELELTWALDEE X LN TWA[18, 19]. HIMEBEE OB HEVER & THz X~k
NVEREEAIEIL, Ludwig HOME DR ICE BEEE A~ 7L T0DILERDND[20]. EHRE
H /AR JUZRE LT 5000: 1HICETEL TV, ZOREND, EAK S BIIFIAN y T I R
TUTTRERTHS.
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(a) (b)

7% MLINLI DL DL LI LI LN BRI B

| ——55kViem --=--15kV/cm s
z ----45kViem e 5kVfcm ]| g
g 100 o35 kViem 2 5kViem
2 - ~—— 25 kV/em ~——=0.5 kV/cm 1 g
g g
P S’
= Q
£ E
:
< <

Time (ps) Frequency (THz)

X 2-5 ANy T FAVE LT-GaAs T TR F L0 THz Wik 5. () BEERE, KOG, (b)R1E

fbEnfc7 =V ARI b, BARIZRBILTORIOT7 -V =AML THS.

TAZ InAs T mADLDBEIT W TR A, 1984 4ED Auston SOWELLK, 7= LML —F
—iRIZLD THz Wi ORI, 7o T M IEN R EERFBRER Tho7228, 1990 4
[ NV—7"0 Zhang HIZEV T 7 F M TRl OQEBE LRV EER (InP) KL —F— LR
FRAELTH THz ERKFISNAZEBHEINZR2]]. ZNETORERT L TTRFNPLD
THz HfH &R, PEEREHOOBF CHIBATHMEM I L T20ENRNE, IR
BNLZEORTHOBFRETFLODENICHAESEWRI R EHS. TOHRBALEETIZ InP,
GaAs, GaSb, InSb, InAs, CdSe, Ge, & O, Si HRE MR LEEND THz BB BH ENDZEH
HENTVAD[22-25], FTH InAs IIRLEVHHBRENEDLEZDLNTND[26]. DR
BREIZOWTRR 4 RIF R, BUE T,

1) KEES T TONRERFYITOBEENEBHRE.
2) Fe AR U T OIE BT LD B A R PE BB i) R (Dember ZHR).
3) BFOBICLDEREHFEDR CLEFHR).

DEEHRTHH IO TS, DORBEERCLIIBEMERDROEARKZE 2-6(a) i
7. InAs DBEA T, BEFEEBLERE»D~100 A OFICEEINT, B 2-6(a) DERIZ/2-
TWBEEDLN TS, ZOKRBRETRBICHIFEAREB AV vy 77U LDV T—%
FTB7 2 ML —F— AR RHTHL, BHXYIT (BF, RO, ERL)PERSIDS. £
DOIAERFYITIIREERICIVMESND. ZOBRACLBENBRICEI> TEBE S B S
N5, WIT 2) D Dember FhRICOWVWTHHATS (K 2-6(b)). ZOFHRTIX, HERFYIT O
BEICEFLELORTIAR-NMCLE>TTIAAYERERRFRINDEEZILN TS, F
EREREIZT =AML =P =SV REFRF L TCHRERFYITEERTIE, PEEREELD
NI CTHBEIYITOBEERELS. TOBEZEICLY, KBEX VT OIBPHED. 20k
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(b)

X 2-6 InAs 2>50 THz AU O XK. (a) REBHICLHBERERZE, (b) Dember 2h R

RO () MBI TR
HMOMBECEALETCEBHENRRSL 12T B 28R), 2FICRITEIHMICERIIE
FE—AVIPERE TS, IEEBICETLAREMII TeapRBELEIONTEY, ZOBRRIZE-T
THz EA A S5, WIZ, 3) DIEBREALFEZE (K 2-6 () VTP AR LIZFRFOF-EENOE
FHOBICERT2RTHD. FRPOSEPLEAFKORES EOBRIT—RICKROKRICE
TRIND.

P=yVE+yOE . E+yOE . E. E+.. (2-5)

CITHIDE 1 EO O 1 ROBIEBZRTHY, B EChHITI5EE525. 7%, KU,
2VEFERTR 2R, RO, 3 ROFEBIVEZETHY, TR TR E, RO, BB 550 4
5A%. ZOF2HLUBED LD (122) BRI HMBICER TS, cow BIRTIE | KOBIISEM
BLRITHY, 5 2 HUBEDOFEBIEF ISR, SR —F—DFERHIRE DRIV ST
SIERE D BOEF G REN TS, ZOBRE &P ORI,

P(Q=w, _w2)=X1('j2k)Ej(wl)'Ek(w2) (2-6)

LYEESREND. AL 1 3 KOFLILRTHBOT, L—P— K OB DR S I 555 & 0
RIGLETITIELBEEICH - THE P(Q) DM ERKREZITE(LT . InAs 13PIT 0§17 15 St
EELEN-VIREE Y EERTHY, RESHETRODOT 2 KOFEBBERZ Ry P0H 5%
H.

DR 2) DRRBICAERFYITICEDBERN BRI, S T T5. REBEEIMEECE, ¥4
FLF XU T IIHT72AZ Lorentz NZX o TIESNB DT, Kbt 3 RMU A7 ML L26,
27-31], 0.2 TRREOBIEZMZ THEDELIZKREV. Shan HbOWMEITLBL, B XOKH 5
6]~ TR SV D BREE AL 43 12DV T Snell OERIZE BICANDE, BLSEENIN 0O 8 RE I K
REPER B A TE, A A /NSRBI FIN B O f O 3R B N <R 2L TV B[31].
InAs Z THz U HIREL THWAE A, 7o T FHEFIZEL—F—BHRAMABOFENE LA
<, BHETHLHRE THz DA ML HIREHH THENTEHH ELRDHS.

RIZHRHFEFIZONWTIE NS, THz BORMEF OB EICHWAREEFEL TS, KEHE
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T AVTOBHAEE T LT FFF B EF Th-o72 85, 1995 4512 Wu bic LV E SR 24 5 Ch
% ZnTe & VWV RF BB HE S #MESN(32], BEZOTEDOL LL1E AV V- THz KO
BTN TS, BT THE, KPR FICOAVARZENTEBRAEES AT LD FE M)
b LT-GaAs 77T R R FITRIRU-.

BRHEFETFLLTLT-GaAs TV T TR FERAVDIG AL, BERTORLIRRVEEZHIMT
LROVICERF TR TS, BNBFLREICV - —HE2T T T OXyy 7HICBHE LT
FHERFYITZERSEDE, vy /BOBERGEESHEMUC—RHICT T TREIESEAL
TORBRIZARD. ZOFF, BURRFPOEMLCEERESREEFIRBZEL VDL, RIHE
FILERBEOBRICLILIBRABMDAZ T T THEBICERSRKNS. ZOBOERETE
B OBSBEISCTCT U7 TERBLTERF~FNDS. ZOEHEEZRHETIIEICIVR
HEFICEZLEEREOBBRIBOKEIZHAIENTES. FICRHIEEEHRE ORIk
FRBIEZ S5 25L, TOXRFEBESCERAOBREOERRELRN T8 TXS.

BHBFELTTUTTHFETEZHVDIGE, ROFGERRDLNS.

1) KEEEETOT T OBBREEH L.
2) KB ERCT T B OB A RN,
3) KBREOT T FHRFOISEHFERAE L.

DI ERMENEEZRKR TS, )i, RERIYITOBHESKRERF Y THEENRLEN
TEREEND. LD DE ) OERKEIVEXRBFFIIEOLNIEFRELPRIBHTE
A, MHBRERE RS, ZLTEBEBEOERROLEHNERE O/ A XL L Einb,
2-4 MHLPBERIT LT-GaAs 7TV T T, RBEHFFIOERLS 10°QELKEL, BHBFOEHIT 1
MQ% TR/ 3) IXBHE 2R TAEICHRMELZEL, BAEOBBMEEEOKRTED
RIZHETDH. RERBFLLUUL, BERFYITOFEMEBEFMBENIENEENDD, LT-GaAs
T DOBEIEK 0.5 ps EE.

RIZARVAT AOBRERF OB BRBEELHAE TS ChETHRAEFETFLLTLT-GaAs 77
TERAVEE T 4 THz B5 £ TO THz I BUN BREB SN TEY[33-36], FvUTHEMEES
THIEPOBRHBFLLTHWESSVREBRMIIRACTHAILB b TR, TO%
LT-GaAs TV 7T TR FEBRER FELTHWEZE AT, 7 THz BB ETOESERIEBLIZER
&5 0[37-38], IXVTHEMDE SI-GaAs 77 Th THz FHIROE FERHELEZHEND,
BT O HICIE X YV T OERBER L X v T HEMBREERTHILERTFRINTZ[39].
Z D%, Kono HiZkh, 15 fs DBE SNV AL —F—Z R JEIZAVVT LT-GaAs 77 7 TR L
ERBRTEOTFTEPERIN[M40], RAKEHEO THz BOBREP TR THIZ LB DT,
Kono 5125, ARBIBoDERIEZICHL, HEET 7T BB OEEREH 7,051+ 75 (S E WO K
(<< ITiX, BMHShAERBIEIIT NVEBEENRI LTI T 2255810, FEEEIITOE
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B R RVRGEVWERE B2 BER TES. LoLantd, EEROEBDIRSLLARVIFIC,
BHESNABRERFBIIET T TEBIAEREL TR OER CEE LI ZLLEREOR
BREORORME S LI TRIN[41],

J(2)= [E@)o(—7)dr = ep [E()N(e—7)de (2-7)

00 —co

LB, ZZTe, N, RO, li3FNENRAERFXITORBREXYITEE, RO, BBHETDH
5. RERIYITEEORBIZA NG IZKono bOREZEAL, L—F —D/r UL RIE f,6 A
R YU T B Toaas CIRDORIZEKEND.

(2-8)

N()=N, exp(_ t Jtanh(l.76t/rlase,)+1

TGaAs 2

ZIT N iR RF IV ERSNIERERFYITEE THDS. RQ2-NDIZBNT, £DOT—
V=i J(@) X, E(@) & N (o) OBICHFIT5. BIE CRIBCEDERIEIL, EREZFBLIZE
Wi ThHd2, B THD SI-GaAs DERRIBE B R 7, (0) (=2exp(-Tiga, (@)do/c)/
1+ figan, (@) DFF 5230,

| J(@)]

E72%. ZIT Figas ()13 SI-GaAs DK BT R THY, AP BI Kircher bOWEZRAL
72[42]. d X EROEETHY, FHE TiE d=400 pm ELUTZ. Tager (38 A L7z —F R # Ti:sapphire
L= =D/ UL RIETHY, Tiaeer=30 fs ELTZ. Toaas IXHEE KT XY T OB FIREH THY, Kono HD
MEEZFEAL, Teaa=1.4 ps ELIZ[41]. K 2-7 DR TRT G(0) 1T (2-9) oHEN=T T
TRFOBEEEE/FETHD. b 1 THz (I OB EEROBRHERE IR LTS THz 7
I THR R E BRI NSRBI FRENS. LT 8 THz fHEORHBEEIL 107 LU T
EIEFIT/NEL, reststrahlen NURDOEECIDOBEROBHE A RARETHAZERNTHEIND.
Kono H D45 T, 10 THz LA L0 & & i 5518
DEBEMEESTERHLTWILDD, 7~10
THz O B3 H TERWVWIZLAREINTND
[40]. ZOEBOBHDREHMIEE5HIC
¥ Kono HOHE DERIT SI-GaAs iR Z A&
FTIT 7T RFA»D THz WEAFEES
BEEICTILERHAI[43).

77, BRHEEIIL —F— DV RERR . . ' 3
ARF YT ORMBEELMCH, TUTTO 0 5 Freq“ell?cy (THZ)15 2
FERTHERDS. MHEHBEIIRTIZTTF
DK DO EIX, KR A_ETrTFhbn  H2-7LT-GaAs 7T T OREEURE. N(w) (K

. BRI ERFYITORMENLOT VRS
THz W OBSRHELEELTRY, 77T (0=0TH#K{L).

Toaas (@) || E(@)|| M(@)| (2-9)

Detector response
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KORENVEOBBHBENKEL, BRSNS THz o —7BE IR B/~ 7 5.
IOTTFIRREIDBEEEEOBNC Lo TRBEINAEBLERL, ¥ AR —ABLERY
SARE LB LGS, RUFIART 7T CREUEEB 2RSS 5L A R— 1B Tk
LTeBBIZ— BT HIERBEINTVD[44]. RKFE T, ZOTUTHEROFEEZHA TR
BRSO3 IRV ZALOT 7T RFEFEAL, BRAKREROS T AR —LE D
TUTF T RTEMEALE. |

2-2-3 REATLA
THz-TDTS VA7 ADOBBE % 2-8 1R T THz-TDTS VAT A, EIZT7=AMIL—H—, &
HET, RERT, WEES, R, 20 Ca—F—CHERISND. R8T, THz-TDTS BlE ¥

LT-GaAs
TTI

1
=T Sk %7

N

«— | 2
kEgE | =vheod—
L I=AMPL—F - § ATV

X 2-8 THz-TDTS VAT AN EH.



16 2-3 RERE

AT HTOWTHE TS, BIETHE, 7o2ML—F —%E —LZXF Yy F—TRIEIERHLIZ
SBETD. BRI HL R ERAWTERL, BINRTFERBE TS, B RE Tl
FET PO SN THz B OB BE X +uwW BELF WA, RERELZEDLIH Iy /A
VRHERAL QWS ay /U RHOBOBHBEOERFELL UL, A S T4V Fay 3 —
(Scitec Instruments #-5, Model 300CD) Z W= EDER, HAWNEINVF T Iary
VYA — (NF Electronic Instruments 8!, WAVE FACTORY 1945) # R\ =77 F~DFH!
MEBEECEREAVTCNS. BETRERWREFCTHEAICHIE OLIREBA LIRS ITE
K42/ A XADEBERIZENTES L, &AW (~20 kHz) TOEFNITADDOTEHWEERT
BV SN LR EBRTES. $, TV 7R TOBEA TR, Bitahk THz oKt $h=E% BT
DR R FOERMIZITEEILO Si DKL X (¢=13 mm) TBOFITTHY, BRI D
BrtEEdE» TRIHFTERZBHBE O EAZKEL TS, &N THz K iT#ist LY &
EEAVTHTICL, bO>—20®@MA LKW ESEEZ AV TR IR FICERSND. #RIERBHT,
ZOVATR DEHRREEICHA TS, DEIVREZ S THHEEITIER P O AR ORRIZ 2 *f
O EEE (=76.2 mm F72iE £15.2 mm) ZHAWVWT THz B2EX L, EXMMEBICRABZEAT
B —F, RHEEIRFRERTF-C4RBHL, RHBTICENRIND. TUFFRFTREL
TBHBHEOFESIE, BRICEBRSNUTHEBSR~XOND. BREEEORIEIZIL, XFEBERT
—VEMS. RF—Varba—7— (I LR, Mark-5A) THRIER FICR LB E4 DR
ZHIEL, FRACRERTFCIELZBEREOBRIREREZRIB TS, RBSh7-EBRIK
DIE BT IS THETEIL pA~nA THY, B HIIE LS (Stanford Research Systems #L#, Model
SR570) i2&V 10" V/A DB R CEIEE B ITLMENDS. BBSNIESIIBIERE S LY, oy
7 A ¥4 iE %5 (Stanford Research Systems #-5!, Model SR830) ~EHN5. By /A /BB DOT
VENINTF A—E—IIRRENTEZOFREAHLUIX GPIB 7 —7 A E N LT To7z. ROBIE R
DiEAHFHLM IRy 7 A EIRBOSEEE LR3I EORFLEMEZE TS, oy s/ HiESR~
DEFHHL, B, AT —Varba—5—0OREBEOH#EITa a—F—D LabVIEW®S Y7k
AWTERSN Tl T 0 AV, BRENERIE TSI AT, uyZ( HBIRBOEED
HAHLOZAIV TR EEDAT —Varbu—5— OB B [E R & S B8 Bl % 5% & c& 5%
Ll oy BIBHREOEFIL, vy /A MBI OREE A 100 ms LLEIZLTH S/N Hid
FaEBAL LD 0T, ZD%, BIE TiIuy /A OREH%E 100 ms 7213300 ms L7z, 7—%
B2 A Tuy 2 RO E A 100 ms DM CEREBEFERE TSRS T 1 H
DREITH 5 FEELZ. S BEICE 1 R %, REBARZROBRELHET5%,2 H
Tl LEBES LI LT, 8 10 5 OREEELE.

2-3 RERE
231 AERHFROAH
BEHEEORBOFRE2EXD L TCRETORY, ABATOER, BE, RO, XA TO



2 BRETIALVEMEES K (TH-TDTS) SR T AOWELTHE 17
SERNEEBICANDLENDS. BE d, RO, BRBIE i(0)= n(0)-ix(o) PREOH

EiREFZEERIX
Tlwlexpl- f¢<w))=z,s(w)e><p{—f@‘”ﬂ}{'"{(mw»zexp(—fm)}'}za (@)
¢ =0 ¢ (2-10)
>=TZ)+—1,:a(w)=”“”) RACREC

TRIND. T, (0) T ER (air) 57K} (sample) IR BT 2B OB RIR\BEBE KL E
%95 7, (0), RO T, (@ ):vm%n REDOE R ICERTBBOER RIBB BRI, &
RIRBRHARETHY, EROBITRIT 1 (RIARL) ELTWS, £UDEHED B T H5H1E F,
RABMIIBECSED. ERMLBBRR, R, MEESELANE, R Q-10)pLRBOESE
JETERZEHTAZIENTEDN, KPEHERE, NQ-10ZZEFLT n(w), B, ()2 ER
ETHD T(w) o(w) DBREHEELTRBTAZLIIRETHS., 22T, R(Q2-1002EFLT,

"(“’)=55[¢<w>+"7“’+arg{as (O (o), { (of p[m]}ﬂ

!

~

7. (o

/-\
\_/
+

[y

Mz

(2-10(a))

¢ T(o) :
- ] OO of - 27|

=0

~

ET5. Zhb 2 Kk

n=1,x.7.9) (2-10(b))
k=g(n x, T, p)

LREINDAOT, BYELRONHEELE 2T,
= oy, 5T, 9) (2-11)
Kj+1=g( Kj’T ¢) (2 12)

DIHNZBERFL T HIENTESD. BRAAZRYEL TRELZE (n(@) jr—n (@) ;<107 30k
(@) jr1=x(@) ;<107 ZWIREAMELL VD) 2EETD. T, R, 61, ZRZHHEIE THLNZR
BHEARBZ OB BEEOT VT ARIIMMPLROT-FBRE, R, MHEETHS.

2-91% 0.1 THz, 0.5 THz, R}, 1.5 THz DB COBRKRRAEIZLDB O R Z LI
L—hL b0 THD. HHETIE, n(w), B, (o) DfE2ENEN n(w)=3.415, X, x(w)
=0.01 £LTW5. ®h, & A EEROBONREREIDOREVE ODOPURMENITRLNIL
BODD. cldoDELROINKMIZE B 5L, c/do <1 172556 Tid 4, 5 EIOKYIR L'lel*c‘:ﬁifp
BIRLTWA. LLRRD, K2-9(b) DRI cldw BREVERZIIN IR L2V, ZORRRRREIZ
n(w), KO, k(o) DEAZEDLEOF T (2-10) TRBINAERIRBBRELERNMOL/ON



18 2-3 HERE

(a) (b)
n=3.4515, ¥=0.01, d=1 mm n=3.4515, x=0.01, d=100 pm
2 l > |
10 — T T T} 10— T
r 1 r
1 2 1§
2 g F k
E 2 L g 5 { -
210 210y !
QD 3 ) E 3
£ r E T 1
e LE x a JE x 3
107 |r—0—0.1 THz,—0—0.1 THz 10" jr—0—0.1 THz,—0—0.1 THz 1
F —e—0.5 THz, —&—0.5 THz F —&— 0.5 THz, —8— 0.5 THz 3
K& |5 THz, —8—1.5 THz 3 I —&— 1.5 THz,—8— 1.5 THz L
10-6 L1 1 1 N 1 L 1 1 | 2 7 10-6 C 1 " 1 L 1 n 1 1 ! 7
0 1 2 3 4 5 0 1 2 3 4 5
Number of calculation process Number of calculation process
p

2-9 BIRMRAEDOROINE M. (a)d=1 mm. KT (b)d =100 pm.

1E4 0.83 1.7 25 33 42 50 (x107)

FHEFRRBHZRBREOENR/MNIRBEEZROFHIEICL. KHFZETIE,

Ervor(n, k)= |70 £, 0)= Ty (@) +[0(0, 5. 0)= 400 @) (2-13)

72585 Error(n, ) ZERL, ZOBERE/NMEEZLDEIEn(0) Lk(o) DEAEDEERDT-.
Tiara (@), B, Quara (@) 1F, ERDPOHELNIZFRE, RO, fIfAZETHS. X 2-101% 0.1 THz,
0.5THz, XY, 1.5 THz D n kx DEFRZEM L TD Error(n, © DFEFITHS. FHEFICH V=
Tiara (@) y BT, Gura (@) 1F n(@)=3.415, x(@)=0.01, KT}, d=500 pm &L T (2-10) 2>HFHE L
1. 2-10 b (25T n(w) Lx(w) ODEBEDHE A E L ERER/AN (Error (n, K)=0) L7252
ENTERTED, FXDADICHFTHRB/NMEZ LD A EDERFEELRN S, BOMIZHH
BIEDRNZELRER TES.

2-3-2 HHEIORE
THz-TDTS TiI (2-11), K (2-12), K, KQ-13)ZHAWVWTHEEREITR2EH TR



2 BAETIANVEMEES K (TH2-TDTS) VAT LOEELTME 19
BOBRIERETILERDD. ZOBE, BAIFEIC
AWERBORYOESLERHAELZHVCE

HIBL, TOBRENERBITRICIKERY LYY 7 VVEYE
P, AROELBERAECNIETS. w42 e A 10um ]
B A— ZE LB B RS I 1 M 25 B R 33 v

+0.05 =
B, FEOMBMOEREM LI E 0°OWNWWWW
REEIC K135, BRI R AR LM 5 :

Hizi, BE AR O E SR E IR D e 000

LDREDBHD. ZITH, ABROFBEFBICRS -0.05 RAPAATARAANEAA Y
NEEERNOEEEAVTREOESRRE 00 05 16 15 120
FTBHFEIZDOWNTRARB, Frequency (THz)

K 2-11 ZEEOESLRRIEIE VR

KELNIEEBITROHEF THS. EI

X n=3.415, k=0, X", d=500 um D FEATER%E
REL, ftEAETHRETIESICEREAIZ-10 pm, 0 pm, B, 5 um 2 CERRBITEL
RKDTWS. BITECTHE, BEIITEREN MDA HOEIHEME B TS, £LT,
B E AR TH WA BAEN, EXOBRERKEIBDCRNEOSBIIEE RS, —F, B
EREIIBITRLITIRRY, ESICEREZMACTHLOENEE KR EEE CHEMELITEST5
ZEERVD, BEBEBE CHOSBOERN, EXOBENPKERIIHEVEEITRS. —RIC
B A48T THz SHERICE 2-11 KR ONAFRBRF VG EERIRVDT, FH - OF E
CTHEEBERITELRDABIEIDOREBICEERDINENPEHIREHRTHENTES, 22
T, ARLBLERBNRICEETNARESOBREZEENICABTEHELL U TORXEE
£75.

K 2-11 ESRAZEOERBITR~OKE,

(2-14)

Error(d)= %( n

j=a

(a)j,d)— n(a)j—l’d)+n(wj+l’d)l+K,(w.’d)_ K(wj—l’d)+x( 1+1’d)|]

2 L 2 |
IITj=a, POROARBE 0, R, apld, ENEN SN LLORWERE DR/, KT, &K
AW ERS. Error ()X, REIOES d ITKFTIBETHY, HHRLEBL-EREITEOH
FEB S MEORFUIHIE L TWA. T7205 Error(d) IZBONT-ERIBITROZETHY, Error
(@) BER/NTRDLED d DEITABOEDESTHLHEFHRIND. ERWRFMELLT, ES
d ZEHELTERBIREZEHL, Error(d) BR/DERIFEEDESELTERERTRLEH
T5. ZOFEEIEREEIZERFNE2E % F11RELTEY, Duvillaret HX° Dorney b %
ERREEERWEEIOREFEEZIRTND[45, 46]. ZOFETHRINPKRESTELZER
HEF/ONLRVWRERLERER B REORREE T, ABOEIERETIENEHETHD.
ZORIZIE, v A7ur—=FE 2RV TRBOESERDI.




20 2-4 THz-TDTS SAFLOEARHESEE RU, REHEE

2-4 THz-TDTS YATLDEA S fERE, RU, AERE

THz-TDTS T3 ART#& ORE K O7 —Y
TARIIPRLHZIRE, RO, MHZEEZRDT
BERBITRLZEHRL TS, #-T, BERKR
RGBT TR 7Y 7 RIBERBE
L-RE I fEIR CR EEND. R 2R &
fREEAL, T —& A% 2N(N AR TH
ELLT 2L, BEESHEEA, R, &K
JABEE v XTRER, Av=1/(Ar2Y), R,
12At £72%. W REEIINFBIERT —T D
BHRBETRESND. AVATLATRHWL
EBIEAT T 1 pm DR E COBREN T
BETHY, JFEANITIX 75 THz(A=2 pm, =625
meV) Z DB BB ENAEETHD. —FH, B
BEOMEITEHRTOINERERAT VO
BB CHIREZ 115, KVATADAT—U (X
KR, Mark-5A) DB A, K S5ecm THHZ
&6 3 GHz THAD.

RIZ THz-TDTS VAT A CTORIEREIZ O
Tih %, ERBNEORERBEL, THz A
EL/AXEBED SIN HITIKEL, /AREED
ZLOBERITHBHNFT, KO, REFTFITKS
LIAMKEN[47]. K 2-12 IIRHFBEFITRR
HIDELLAVERIZRBENZESTHS. Hl
ETIHHRHFF, REHBTFLOICEAERE 5
mm DOXPL X TU—F—I (20 mW) 24
FLTIY, LS O R B 113 & IR AR %1
ATEBRBEZERL TS, L—F— B A
Ty 7 IS TRIEBIND A XE BT
4.6 uV (rms i, ZOKFOEFEHEIE 2R O W iR
210" V/IA ThB. U OKEIIR—&4TFTo
ETHD) THHDIRL, L—F—HBHRED
BEIZ 104 pV (rms fE, 107 V/A) 2L TV
5. ZOL—HF—HBEKFORFEETHREN /A XV
NAEREL, RETERBERE OBR/NMEIRIC

0.10

0.08

0.06

o
g

With laser excitation
Without laser excitation —

0.02

Amplitude (arb. units)

0.00

_0_02.|.I.I.I.
0 10 20 30 40 50

Time (min)

2-12 V=¥ —NBHEFGIEBHPOT T
FTRIPLREINES.

)
15

—~
)

-]
3
- -
|

10

(arb. units)

s
8

Amplitude

s
£
L}

5 .| -|.| i}

0 5

D |

Amplitude (arb. units)

(b)

)
‘g
=
£
&
QL
=
£
<
0 1 2 3 4
Frequency (THz)

X 2-13 77 rEFCHRIEEhE THz &.
(a)FBFMERE EARIE, EXER), (b)(2)
DEFR D7 —Y T ATV,



2 BRETSAIYERERS X (THZTDTS) VAT LADWELFEME 21

25, 2-13 DT TTRFTHRIEBLEE 2
MR, KO, ZOEEOT7—)ZRIML -
Thb. RHEINDBREE ORIEOE S MEIT udlly
H+H~4E mV THHOT, BERIEKO SN K

Amplitude (arb. units)

Amplitude (arb. units)

12 10% 1 (FiTh Bl k) KT 5. B I * " ewanin
BBk, S/N X 1051 1220, KL RFA%H 36

WCEEMICIE 10° 0B BREZRETIL i

NTED. —F, FOT7—NTARIMNVITERTE 340 ' ; I 1Io ' 15
NNV ADREERIZHE Y T2 LEKREOAR~RY Time (min)

LB IS SN L3R <25, X 2-14 13 EREBE IR 214 BHSNAERE (R B Or — i
BEOY—J 7 THERBEAT—VEBEEL, T0 - OFRRE(LLZOREHMS FEAR).

B BREORKBMNLRELI RS R THA.

RIS COBRIBAE B D S/N A8 10%:1 DFA TIIH0.2 %D RFREOREENRLIAD B,
LOLAAS, RIPLERBEY—7BENCEFREIX | mV BETRELVTRY, —/RED
1~2 %DKREXSTHB. ZHIL, BEREERDO /AR 10.4 pV (s ) L0HIEADICKE, Z0zL
2D, BWHRFOIARXEIDBRENVER D /A AREENTHBIERE 2LND. HARITE—
REORMERDT VAT THY, BEEDO/AXEEBEENTNDBILRDNS. —
¥, M2-12 DEBDT7 -V AXIMNVTA B BEREE PR —ETHY, B/ (X Tho7. T
NEDOZENSLERIE R OB EITI, 1 /AZXBREENTHEEEZLNS. 1f JAAXDERLL
T, V= —REREOROLERT T HRFICEELHMTI2BEEROREMRELE, X
FROED, KZEBOBLEEOBERRE LN, §HERD 1f /AXORIGEL T, #l
EEPEECL TRETAZENLETHEEE LIS, Grischkowsky Hit, O F ETHIK
HiooSiDEITEE 10° BEEHTAZLITHEIILTVS[48]. 7, 64 BIOEERELTHILIC
FOHIEDFH 4~5 THz FHE D43 LB EEFREIZL, BV S/N T ZnTe DNF 74/ DES
F, RO, BIREEZEHL TW\5[49].

2-5 THz-TDTS &S HEDHE

2-15 ICEEPORAMER O TR 5 IEEZTRT. —RITA7 2 IR R RIFHIRD 5y
JHEELTRRERBERST VD RENRZTONS. EREEBECHAEBESEH VD
DD, ERFOHEE L OPOMONTEER E—FTRIE 57202, AXIJM ETO#BE
#ITiE, HIEBEMEEVARIILERDS. —F, 7o EIEEKEITEOHEE
HFEEFAOCCRFR(FLIIZBR)ZHETIOCTLEBHOREN TR THD. LLLRYD,
B BRSO (FilR) AR POEERBOERBINEELRDDIIEIIRARETHY,
BETHERSRA ORI EB S ICEELTCKKEREZAVCTEREENEL RO NS, T
BOLEREMEOERIMONDRENIED. Z0%, MEFBIMIRINFELHLEE I



22 26 TIFAIN—L—HF—FRAW=a /9 E THz-TDTS VAT LD {ELETT

Y AER FF I PRI B RS R
10 GHz 100 GHz 1 THz 10 THz 100 THz
-+ =5 — ¥ -
ZHi
ZEiR R EE P )I’ﬂﬁf%%z‘ﬁ(ﬁ (FT-IR)
¢ g R d—
TR

X NT =0T FFA Y —

—7'71\/1// I R BRI 0 i

2-15 BEMOLRAEERICBITDERSIEIE.

RENELHIEICRD. 2, BEBRAEBROBEICH VIR oA—F—TBHET ORE TR E~
VY LEAWTHEAITILERDY, MENREFICKBENVICRD. ERBRSFIELT VoK
EOF M BTHFELL TR NI =T F AP 2 AW RERHD. ZOFETHND
HIRITE R AT AR NI THLO TR EE S REIEE VOO, R FIE THHEI AR E
BB 5. ’@qu%—ﬁf\zwﬂ#ﬁﬁﬁiﬁi N, AETHESRE CHoT2T T~ VY HIED
BIENFIRETHY, SHIZ—EITAHFROBRENFE KK BHRIZISTITRDLHIENTED.
BITE DRI R AEE Tl O FIEIZERHLLOD, FEEXF PV TRINLT 4/ RO LS
(23 THzIZ K SEEB S BOMBER LK IELLUIRBERFETHDLENRD. £, KR
CAWTWS THZ BV R THHZEND, R 7 Fu—T o7 a—THELTRHWAILET,
R 72 FE B R A R R 40 R T E A I LA TES. Huber 513, 10 fs ORFEIIEEZ A 5L —
V=& GaAs REICRH L, L—VF —HEDMITE 2 724 B T THz-TDTS 47\, HXMh
B TAERSNEEF-ELT IO EREOBENIZKIIL TWS[50].

o

2-6 IFPAN—L—HF—FHW=av/)H
F& THz-TDTS AT LDREELFEM
AEDOHE CTObRRNEHKIZ, ChET
THz-TDS ¥ AT LI Sl —% — i3tk
MR OEBNSS, WO EERLLT 9}?{-
THz-TDTS :/ZT.A??‘%&TZ)Z% i, IRy
Meb D kdbNb, —F, PEKIIBITHE
i T THz fEIRO Y F 441X, Drude €7V
(ft# B2 R) CRRBRSNIBEBRIEELIZIE—K

LA # 5 BEE 2-1 774N\ —b—Y—EH a7y
TOILRHEINTND. §72bB TH2-IDTS  TF " ool




2 FBRETSANYEMARS K (THZ-TDTS) L AT LDBELEEME 23

(a) (b)
; T T T 7T T T T 1
E qé . ]
= = - Reference .
< g 10" | o _ .
& = 3 Si (p=10 Qcm, =629 pm)E
g | 1 € ¥ ]
£ Si (p=10 Qem, d'=629 pm) e 107 i 2 TR ' E
’g‘. 0.0 = RAR' A 3
< /N Si (p=1.1 Qcm, d=398 um) g R 3 ’ ¥ m .
10° L\ Si(p=1.1 Qom, d=398 m) "Vym
0.5 Lt i L I 1 I ) i L 1 gd 1 i i 1 ] ) | ) -E
0 30 60 90 120 0.0 0.1 0.2 0.3 0.4 0.5
Time (ps) Frequency (THz)
(c) (d)
; T T T 1 1 7 17 T T T T 1
3 5 By
: ~N\ 2
& 1 VW £ i Si (p=10 Qcm, d=629 um) i
g 10" | Si (p=10 Qcm, d =629 um) g 10
£ 3 2ok & u Y
o= Eo - o
i £ | o
g 100 AL 2z
N 4 : 0T M ]
= E Y ) <
L Si (p=1.1 Qcm, 4=398 pm) &~ - Si (p=1.1 Qcm, d=398 pm)
10° | d’&““
IR T S DU R 0 M RS I R T
0.0 0.1 0.2 0.3 04 0.5 0.0 0.1 0.2 0.3 04 05
Frequency (THz)) Frequency (THz))

X 2-16 =37 THz-TDTS VAT LEAWCELRE n B Si v ORIEFER. () FFMER,
B)7—VZAXIML, (o) ZEBE. RO, (dHFEZE.

BN = B R OBERIEF RO 8% Drude TF/VTHENITTHIE, LEENOXXITH
ELBBEREOLEERMEEZTE T2 L CEERYEBLIFEMITRDIILHTED. AbF
HDFRE DFERITE—REH Ti:sapphire U—F—Z WV RATLATH LN TSN, REHiTI,
VAT LDArRIMEEHBELT, E—RRH Tissapphire L—%F—IZfXDY Er F—F D77 A
— L —PF—FH a7 THz-TDTS VAT AEREL, ZOMREEZFMLUEERICONT
WD, ZOVATLAERWCR =S n B Si OBERBITEEZHEEL, ThE Drude E7 LT
AT LT fE RIS OWTIR RS, 2L T, ZNHDOFBROLRAMELIZV AT AOHEREDFEMHIZ DN T
wRRB,

=L/ M THz-TDTS S AT AR EE 2-1 RT. BEEF, RO, BRHEETFIEL, 0.5 THz
FTOFEBICBOTHADEREL, FRHBRELEVRVIAD LT-GaAs 7T TR F%
Bz, BRIELEVRATFATH, 77A8— L —F—2HWEZLIckoT, # 50x100 cm® ¥ Tz
RIMEBN A REE e oTr. Fe, BEEATAE—FRY Tisapphire L —¥ —CIIHH KB LE
THY, PTHRIEL—F—IiC Ar L—F—Z VDL ZBOGHKPLEERDS, HLLT Y



24 26 J7AN—L—HF—FR=O0 /M THZ-TDTS VAT LAO R EEE

(a) (b)

8 18 L] T 1§ | T I Ll _Ii T l‘ 8 -l- Ly l L} ' L] I I I T -J
% 6 - - E 6 -
= I . = - .
£ >
= 1)
& -3 - e
« o St
£ 2l 4 & 2t -
~ K | K ]
ok v v ooy 0 LY ooy ——— -
0.0 0.1 0.2 0.3 04 05 0.0 0.1 0.2 0.3 04 0.5
Frequency (THz) Frequency (THz)
(c) (@)
g2 T T T T
~
g a3 .
c 5]
= G
= =
= g
=] 2
3 £
© S
Frequency (THz) Frequency (THz)

2-17 337 8 THz-TDTS Y AT ATRDIEMPUEORRE n B Si v OBER B E, KO

BREKGHEE. (). RC. (©)idp=1.1 Qem ® n B Si Y= DR THY, (b)&(d)itp=10 Qcm

DB SivE ORERTHS. Ck— kL, NRFECIIBONCERERGHEE).
ANR=L—F—DOHANIZELTHES, BHESGREMAERLFAKD 100 VEETHY, BHF
NE B IR TS, |

2-16 IWIRFIBEORLZn B Siv= (P F—7, p=1.1 Qcm, B, p=10 Q cm) DR
¥, Z@E, RO, MMHEZEEZRT. REBEAZOBRE A SVAERESEARMIOLENL THIE
L, B5REL/NIKBRoTWAE. ZhbLDOEREZT7 -V =B R THLNZARZ ML 50 GHz IT
FLEEEERD, 0.5 THZz £ TRATWS. 0.4 THz L EOBEETIMEEREN N, +4
72 S/N HTRWED, BiRBLMAEITIESLSXIBREC TS, BREFBORHMER, T—F
[E B Ti:sapphire L — ¥ —%H /2 THz-TDTS VAT AL RTEBBRENRLZLOD, KEKE
MOEFREN 101 O SN HICEL TS, BIEBERLRLRYZAMRMOT T FRRERVE
BETEZDE, R Tisapphire U —F —%# A\ 2 THz-TDTS VAT ALFEEBE WA RS
N2V, p=10 Q cm ORBOFEBE, R, MAZEICE, EBME S VAORENTOLEKS
O FHARE—UBhbob TS, ERICEONZERE, RO, MHBEPLRDIZ R SI
DERBIWROSEEE 2-17(a), R, O)ITFT. KBAEEBEKICBEAFYITICLRIN



2 FBBRETIANYEEEES N (THZ-TDTS) VAT LOBELFE 25

SEPHERTEDS. SBITERER SN R — —
p=1.1Qcm ® n & Si CIIBWFEFIZHEHNTEY, 2 : O Si(n-type) 4
BHmEAEEAIZRATHS. BREEDE T
FEEFEHELEITR n LRI, BRRNVNE
KRBT HONTEAE BRI KRERGBEBEL
TW5, EHIERN 100 Qem Pl EOFEEH, n B
Si T, EKABFEHERICL O BMBFHRERL—FE
<Y, 0.1 THz 75 0.5 THz OEIRICBNT Al °
n=3.39%0.03 THsd. ZDOfEIL, Jeon LD E#E 10" | P RV Y.
RLBENT—ETBI]. BhoEf 10 NcbyDg;esistm(I:: 5
Drude ETFNMIZEDT 4y T4 TR THS. 7
AT AVTICRNVDERGA—FT, HOEE 2-18 DM FEEIC X BIRBIEI E O/ Eo
HR®OE Si OFXIVTHEELa L s

me, O, BABEM 72— & (me=0.26 mo(mold  THz-TDTS L AFADRP T L% Drude £F

N, by TDTS (cm")

13

BHE NETEEHEL QNS T4y T4 712k

D/RbNT2p=1.1Qcm D o B Si DML, EREFROSBBBRLITIFT—EHL TS, p=1.1
Qem D nfl SiicBW\T, 15 GHz (HEDER BN ROREIVWEEBSEE RIRDLATNS. 7
AT AT IEROTZF YT HEE, N=4.65x10"° cm™ THY, M FECHEELZEREND
ROEF I THE 4.3520.79x10"° cm” (RBEL Si VEAFHHNOEILRONTY X THB) I E
S>TW5, B 2-17(c), B, (A)RBARVATAZLDBEPSRDZp=1.1Qcm Lp=10Q cm D
nHSiOBERBIGCHETHA. PO K-k EIIINGEFEIOELNZ B SiOBERERS
METhD. B o (XEBEESEMT B, BOoNTHmA LTV, —F, B o 11
KB B SR IR IEF /NS, BEBZEOEMTHIHENKELR>TWA. Drude 7T VL HHE
WHrOHELNZEREICEE (001, p=1.1Qcm, KW, p=10Q cm ®n# Si TENEN,
01(0)=1.09 Q'em™, &1, 67(0)=0.12 Q'em™ L7220, EHETIZ, p=0.92Q cm, KT}, p=8.70
Qlem 12725, ZO RIS FENPLBLNZERAROBENICM E->TVS,

2-18 ICEHEDORZRD n B Siv = DO R % Drude TF/VCRITL, GOy TEE
L FEECTHELTBILENPORD -V TEEL R LR EZR T, THz-TDTS 263K ®
X YUTHEER, SYVTEESRKREOBCIIMNGE FIEPLRD XX ITHEE LI —~HKL T
L0, REEHER TR —EBHOLLA TS, BEEFERICAONIAR—KIE, KVATATH
BN-FFAEBOBERROEEICEHRTS. n B Si OBRSE N Drude EFVE—FKT 5L
RETDL, ERFEROBREKEHEOHERER, |5, (0)0.01 Q'em™ THD. Zhidn
R Si DEFHEERZ 0.2 ps LLIEBEOX 2T HEE D 5.5x10° cm™ 2kt 45, TRbbLER
EEBTRONER —BIIRERROBEN 5.5x10° cm™ 22U 7B EEZELLEZEOE
Wb EOELBREFICTHAZLNBER THEENZA.



26 BEXH

U LR, 7y =L —F—2BAWTRIELEZa /M THz-TDTS Y A7 AT, 500
um B0 n B Si Y AOEEBLREEEL0.01 Qlem! BEORKE TROHILBTEHLNZ
3.

27 ®E

AETIE, E—FRAY Tisapphire L —F—Z2 AV THERLZFZBR O THz-TDS A7 A
(THz-TDTS) DB LHHAEF, R, REFEFOBREIC OV TES, MEREBOM O
HELOWBICOWTHRBELE. ZLTIOVATLARE, BEFEAL TS E—FNRH
Ti:sapphire L' —F—DRDOVIZT 7 A /8- —F—F A\ zar 7l THz-TDTS Y AT A&
L. COVRTFAERWTIEREDORRZ 0 M Sivo FHIEL, ZORE% Drude €7 /LT
FEATL, RIELI VAT AOMREZFTME L. BLTIZHLDD.

1. E£—F[R #] Ti:sapphire L — ¥ —% AV THEE L7- THz-TDTS A7 AL, THz (IO E R
BOFEBERIMAABREBLEILNTEDS, A2 FBRL CEEBRIE OFZBEL(L
AEZRETHILCELY, BREERRBEEFER, RV, EFEXCEE) ZEER
OHZLEFETHS.

2. L7 THz-TDTS VA7 AL, BREEEROL—2% 10°:1 Ll ED S/N L THRIHTE,
B S/N Lo B VWA BER T, BEMCIZRERS 10°BEORBERETIIL
ZARETHS.

3. HEEL7= THz-TDTS VAT LD BB HE K OB L 1/f /A XDEB%%T5%,10%:1 LA
LD SN THRELEEBEOE —7E TR 2 %DRELERAELE.

4. & AL CWAE—RRE® Tisapphire L —F—cfkby, 77— —F—% THz I
DEIERIZAea 37 M THz-TDTS Y A7 A& ERAL TRLI 0 B Si OBERER R
T 0.01 Qlem! OBE THS.
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3 THz-TDTS Q¥ HEHEYHEFEHm~DOEH

3-1 ¥8

FEETAAMERICBOTER I TEERCBBEIIZOT A ADISEHEERETIEE
IRERELRD. ZORBRYBEELRADFELUTHEFEE B O ERE S Hall Jil & 28
bbb, ZTNOOWPEFIETIIEBMITIESLELLTEY, RELOBEMEBRERLENS. V77T
NOTIT~NVEBOEEEROERLEIL, BHXYITORENXEN THY, ZOIREET Y
H72 Drude 7 AV EH W TUIIEH A CTEXILzbTWA, AL REERICEKITS THz HIKOHE
RBWERLBIFEL, £OEE% Drude E7 AV THENTTHIE, PEENOXFYITEESEE L
FEHEAMIRDBENWRETHS. THz-TDS BEMBE ORIFBHERALB B REBE X0 HE
THHOT, 7V HELIIRZVEEERBEITRELRDAIENTEIRABHD. ZDHN
E% VW TZIVE T Grischkowsky HD 7 —7 % 0 GaAs VTR Si V72 E ORI E 31T
DNTETWBER, IR TORERETHY, TNETHESN TWAEKIR TCOREITREER
BE (77 K) DA THB[1-4]. THz SEIEOBERSZEOKBAE X, FEEROBHEFYITORSE
WERARLLECEEREREE XS, FEEOBBIYITIHRIRICRDE, IV TOERBEIE
TV, BEEZ T/ UBEATENREES CRBEOR A LELIZEML, Ry BEL SR
B2 A CIIBE OB LELITHBA 5. F72, IVEFERTONRBEORKENPLEETT
¥ Drude EF /VEDESENELIRDIELIERHRINTWA[5]. KAETIE, THz-TDS ZHWT, F
— &N B SivTAE 16 K hOHBEETHEMBELEER, RO, Z0OBEIZHO>W TR
NG FLDIZEBTOn® SiDBERBISE OB RERL, Drude 7 VBT 5. RITIEE D
A Si OBRESEORE R %L, Drude EFNVICEBENHORDIFYITEELBEHEL, 7=
NN THRENZXYITHEL Hall BEIEOREFLHLE TS, ¥/, K& T Drude £
FNLEDEAEMITHOVWTHLER TS, ZL T THz-TDTS OB {KEREE ~DIs A EL TEY
UYL (LU GaN EFRT) oA v VU L-AX B ALY Th D ITO (Indium Tin Oxide) KO H &
HEAZRL, Drude T V2R WTEENTT5.

3-2 ERTOnBIJaU(SHINDEHEE

THz B AL —%F —i2iE, 2-6 TRA_7-T77 A= —F—Ti3i<, BBIEICLS THz WD
& AL A AT RE /2T — R R Ti:sapphire L —¥ — (R [E]IE 50 fs, X, #ViIRLAH] 82 MHz)
ERVE. BEBEFLLTTE hAs Ve 2EAL, RERFIIFAR—AED LT-GaAs T 7T
FERWE. REBOES, RO, EHREE 3-1 1R T. BIBICAWEZ Sivo TP =7
7= n BREAKCHD. RHICERLZERROBERRBOGHICIZEHBONRTYXIZLD
LD THD. F 3-112 THz-TDTS THLNEFHIE (293 K) O n T Si OBERBITROBERETT.
165 J8 o BBE I B XD TIC K AR A ROND. ZOHBUTER RO /NSRRI EEE
12729, 3B C TIiIX 1 THz ETRLNZSED, BB A TiX 2 THZz ZRATWS.
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HIETOn B Ya (SHOBRIGE

£3-1nH Si VT ADESLERR,

JE & (um) EHE (Qcm)
2B A 398 1.1+0.2
£l B 630 2.5+0.5
AL C 629 10£2
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K &) A 0-2 > % . oqb o e .
0y : ; ooty 0.0 |- P U SR T Y
0 1 2 3 0.0 0.5 1.0 15 2.0
Frequency (THz) Frequency (THz)
3-1 iR (293 K) DIEHRBO RS n B Si 3-2 BiR (293 K) DEHRORE D n B
DERREIE. (a)p=1.1 Qcm, (b)p=2.5 SIOBEFREIEHE. (a)p=1.1 Qcm, (b)
Qcm, KU, (c) p=10 Qcm. p=2.5 Qcm, K}, (c)p=10 Qcm, * —%
M TEE2AY \tﬁ?‘i@@ﬂmfk%f

¥
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K32 3BEREINRPORDIE B SiOBERERGCEE THD. FRBOER, R, B
FENODOEMESRRDbO0, BRTARBEE S BERL TS, EID o 135 E &K ERIC
BBV LTS, —F, BE O 0, KA EER»SRBITH ML 0.6 THz L THR AL
720, RN LTS, ERIL, BECHELN-EHREERBEEEICH L TIT>7 Drude £
TNtk B BRICID T4 T AV T HMBTHD. 740 T4V 7 TRIIXITHEE N, BT #EL
R 72 RTA—FZ—LLTHWTWS. o Si D e, m DIEIZIEXRELZE AL ((FE&B S R)
[5,6]. 74y T4 72V BON-ERESXBEE (0L, A A, REB, KT, R Con
A Si TERTR, 6(0)=0.99 Q'cm’, 6(0)=2.82 Q'cm™, B, 6(0)=9.03 Q'em™ &720, M4
FiEEZRWIEEGIRAE O ROLSA N (B H * — kD) IR ESTWD. iz, T49T7407 T
BohTzt b, ROTEBEE (u=et/m,) 1%, FNFH 1549 cm?/Vs, 1723 cm?/Vs, BT}, 1810
cm’/Vs &720, SCIREICF BLARWERBEONTOWB[T]. T1vT 427 R ITEE R R LAE
JAREEEIRT SIN DR WEZATIIEEICREV—KZLTRY, BIL, HETO n & Si © THz
IO BERISE X, HHAZ Drude EF NV TIZIEHRA TED LV 2.

3-3 ERETOnERSIiOERMIEE
3-3-1 ERTOnHSiOBRLE

IR DRIE T, HIRD THz-TDTS AT AIMI BRI OGRER A BRA I T4
AEy N EA LT, BERALEITFAFRAZyMIRIRBI B 54 RZ oM F AF 0 TEHE,
CRYOSTEC) THb. ZDIZFTAFAZy e AWVT n B Si vz (p=1.1 Qem, d =398 um) 2D\
T16 K b¥# iR (293 K) ZDREHE THIEZ .
fTofe. BlEFYI 7S IMEREERCHEE o
B ENAROVIZHER RN ELRDOT, Hl
EIHEE R ERIC R EERELE T5 @
Bt R FLEARERORB I EORENTY
TFRFHEELY. £ZT, BHHEERF, KU,
BRI, RUFAE LT-GaAs 7o 77T %
AWz, 75AFREMDOBEM (BREE)DOH VA
JE 3 BRI D B B AVNS W, 437 SIN B —
F4HEEE 1 THz BiIZBRbn. ¥, ®iE 20 E gy
THBEZEE TN REBEZREL, 20 E— 20k
ERAZERE COZRBERICHTIZRBEFL w- ¥
L. 79AFAZy e AL FEEBOAE 5 0 10 15 20
Tk, AP 2B R CEXBRELUSMITHEY Time (ps)

AT BREE (B ) AHLDI, RRTH K 3-3 FIBEDnE Siv=T(d=398 um) D
LN BERCMEEOHERE CEELE.  BEER.

I ! | d 1 ! T

Reference |

293 K —
250 K —
200 K. —

150 K—

SN

?

Amplitude (arb. units)

w
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v
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IZREVY, 100 K FHENDIR 2 IZKELRoTWA. E, BREFHLBREICLI-TRAE-STWA.
3-4 FERBEFLEBREORBFBEEOT —) T AT HELNT n B S| OFIRE, {7
FZ, PRFEETHS. RIBROBE T, 7744 AZY OB THHHTAD L E K 5 13 [
B HobND. HTADLBERH BB IZLABNT OB R ERETD5, REREE TS AR
MPoD%E BN EZE £V B ERICBEL TLEEITo72.K 3-4(a) 20, KB EED
B EAMEL, 140 KA T 0.3 THZ OB RIZ 107 L FIZRBZENDND. ZREIVLIKE K
EIROBIFEIL, S/N LOBFE L, BBARIMERON Do, e, BEICI->THEBRED
BB ES KRESRR>TNS. 20 K A EOKIB TIXBRAXRIMUCHBATOZER T O
HEBIZIDTHF—VRALNS. —F, K 3-4O)ITRTAHEZED, BBREFEEICKE EHE
BICREIEE T RAEESBARONS. 0.3 THz MHEDM AR ZE KRB ITRBIEVEA LT
8Y, 70 K COMIBZEIX 1 rad BETHY, THITEBE COMAEZE (3.6 rad) L THEW.
3-4(c), RO, (DICHEETHRONZFZRELMBEEE 2-3-1 TRXEZBZKRARARXEZHA TR
DIDOFBEOERBITEREZTT. n B Si OBRBITRITER, RO, BHEHITEE KK Hik
WCRERGBBFEL TS, BITE, RO, BEREL, EHICFEEND 100 K HEETRE
DA > TR R IR IR O 5 BB 12720, 100 K UL T OKE CIXiREDOE A L ICEE
IZEDGZBBNEIZ> TS, 20 KA ETIHABERSBAERIT —ETHD. K 3-4(), KU,
DERBIFROBRIOBELN B Si DR RERCEEOKRELTRT. Z2TCIE, FiRE
TOnH Si D, REIEKFELRN—EHE 11.6LL7-. BXERGEEDOER 01T, A
FoTREFENREKER>TND. BAKERO o 1%, BEDOHEDIZEVERLHHITHMLT
BY, 150 K 2 DEMITHNTNA. ZLTIS0K 2 TEISES EIXBEICEAL, 20 K 5T
3R E 01725 T 5. 1 THz £ 3T O & B I IR ISR E OB LEHITERLMH I L, 20 KR
THIRE 0 1o TW5. —F, ¥ o, DEITREDORA LEBICE BB BOEIIRERY, ¥
— LB E BB MER KA~ 7 LTV, 200 K VKR TiX, ©—2LR2 B BB E 2
7278 E#LPH (0.3 THz<w /27<1.0 THz) TIIER TE T, 0.3 THz LOHERE FEEE A~ 7 LTS
ERDLND. 0, ODBEMIE 100 K ETROLND, 100 K 5 EITIKIBIZRDES BIXREICHE L,
20 K FHiE Cld oy ERIRICE DB FHEDEIZFAL 0 L7253,

3-3-2 Drude ETIVICKSHREHT

FRECERZEICHEEOHERREXIYITEE, RO, BBIELZ A FA—F—LLT
Drude 5 A ZHWTHEN L7-. X 3-5 12 Drude BT MI X BEHITHE RO/ ONIZX ) T E
CERBEOREKRFEEZRT. K 3-5() PO (p=4.76 Qcm), BT, mA#t(p=0.66 Qcm)
FRAIE L3R SO T EH R 2E 5 0 B Si © Hall BEHE THA[8]. Drude 7 M ZLD7
AT AVTTRDEPp=1.1Qem D n Si OBBE (RF O I, p=4.76 Q cm, KT, p=0.66
Qcm @ n # Si D Hall BEEIZHLT, BIEBREORELZBICANDLFEDORICAEL T
WHEWZ D, BEHEIIHEIENS 150 K IZHT TREOREAD LEBIZARBITHEIML TWEA, 150K
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(a) (b)

5 T T T 1T 1 11] T T ‘Illlllllll

iro —— p=4.76 Qem] 5 I
3 TR~ -eee p=0.66 Qcm - . .
2F = g 4 ; ]
~ mQ "‘ (o
2 - B =
g 5 i ommmmmmees
g 103 F i 3+ : Il —
' 7 F M .
g of g i
2 0 22+ 7 -
-] s 4
p= 3t -
& 1 ---.p=0.9 Qcm _|
2 ¢ o —p=11Qcm
° F -- p=130cm 7
103 1 o1 el ' 1 0 | IO N W NN WO T NS |
2 345 678;02 2 3 50 100 150 200 250 300
Temperature (K) Temperature (K)

3 5 Drude EFNMIZED T4 T AT BR®OIZ n B Si(p=1.1 Qcm) D () BEE, KT, (b)FxV
DR E R AF M

£ 38D B IERfR )R B I E o> TA. X 3-5(b) DERR, KT, #E#RIE, Fermi Hat1 0

BENDXYVTEEORELRL (AR, ER, R, BRORABOERFIL, Thth,
£=09Qcm, p=1.1 Qcm, B, p=1.3 Qcm) THbH. ZZTR—78& Np DIEIFXHEZH T
v 5[7]. Drude €T MIZEB T 4o T4V 7 THRONEF YU 7H E (B OM) iTHENS 150 K 12
FBRONTH ML TVBA, 150 K fHENLABICH A 5. 28,30 KU T TIXBEHEFYITICL
DRABEHE BB EREIOL/NSRY, BHTIZLRTER» oM. 20X ITEEORE
WO BIRIDEEIIERHENLTRINAERUTE— KL TS, Drude EF V2 AV E
Hrinh, FHEND 150 KA ETOEREBERICEEOEIIBRE EOHE M EIEZEL, 150K
TP HERIBIZT TOEMITXF YV T OWEREIEE L TWBIERDND.

3-3-3 Drude ETIILEDEESHEIZONT

BB T, EBRERNLEDLN 0 Si O THz HIKOBRISZ 1L Drude EFVIZEDT 4
TATHBEILS B L TEY,BVEAEEZRL VAR, KR TIEIFT—ELRALOND. 3-6
%300 K, 150 K, &% TF, 80 K DIRE T ;f%nt?ﬁt:ﬂmi%%%ﬁ%f#f&;é FEHR I Drude &
TFTNMEEBT 4T 4 TR THAB. K 3-7(a) X 3-2-1 THRARLZRICHERTO n B Si OBERE
[UEEE OB K S #IE Drude 7 NVEEIL—ELTWA. L ume 150 K X° 80 K Tix
Drude EFNVEDDLTNRA—BEBALND. ZOKIED Drude 7 /LEDR—EIL, Exter &
Grischkowsky HD 7 N —T BT oI R ERBE T ORIER RPLLHER SN TVS[2]. Drude
ETFNVZEDT AT AV T MBI ER CEON - EREERGCEEDOER oy IIX L TR E K 5HI5K
(@ 27<0.4 THz) TKREA2-TERY, HITHEAWEEK (0 27>0.8 THz) TII/HSR2->TWD. —
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5, BREXGEEDE L o, T, Drude 5
NIZEDT7 4T 427 BT IE A & 58
(0/21<0.4 THz) T/HhEABELLNTERY, &
AR B (0 /27>0.8 THz) THO/NEgoTW»
5. ZODrude EFNAEDR—EIT 150 KOFER
FOLEITIEIB O 80 K DFERDOF NEEICHN
TEY, REOBDELLIZESHITIEI R-T
5. Drude EF VEDR— % EEMIZHND
2, FEBEBOERER=EE DD Drude £
TNAEROWTEYITEESCBEELHEL, £
NODEBEEEFEEETAD. Hon-BEE,
B, FxV7HENRRBOBHELELT—ET
HE, Drude EFT NV E—FLTNHILITARY,
A ECHBEREIE Drude €5V EDR—
BErmaEcxs. X(B-7), BV, X (B-8) (ff
& B )%,

—- (3-1)

N ()= m*?z uﬁf +l] (3-2)
e o,

DIRIZETZL, BEIE, RO, XYVT7THEDR
BBEGEEEZRDA[9]. B 3-7 i, Hohi=%
BECOBBELYY)TEEOR KK FHE
Thd. FRTIIBHE, RG, FYITEEL
HICABEBREKEERBERLNT, Drude 5
NEBWESEERTIERDLIS. KRIZRD
L, BEEIMERBARIZE RERDLI 25
ARohsd. TLTEREORBDICH-TEDOHEK
MBI >TEY, Drude EFMHEDR—FKN
RELRBIEN LMD, —F, ¥XYITHEEICA
BHEKFEERD LRGN, BAFEERIZE K&

—
8
N~
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% 0-2 °” o
0.0 * 1 | 1 | ] 4
0.0 0.5 1.0 1.5
Frequency (THz)
(b)
2-0 T T T T T
g 15 o\ 4
- - © 02
N’ [
& 10} .
2 .
T 05H n
& .
© o o ©
0.0 1 | ! | o o™ %0 .
0.0 0.5 1.0 1.5
Frequency (THz)
(c)
)
[
a
=
E
>
E=]
9
=
.=}
£
<
Q
0.0 0.5 1.0 1.5
Frequency (THz)

B 3-6 THz-TDTS TE&OHN-n B Si vz D
BEESGEE. OHINE#R o THY, @FH)
7()§;5ﬁ%ﬂ$azr~‘&)5. (a)293 K, 0150 K, &,
c)80 K.

725, BRIBTN(o)Ru(o) BB BEEESRONDHE R, IVEEROBE/EREL—&L
TVWA[10]. Hangyo HIF, IYUTHESCBHEORA KRB O BETE 7+ / VHELERLARHMY
HEBRBAEESICANTERLY 2 ik FRRAPOENINIEREZAVTEEMICHALTWY
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(a) (b)

20 T I T ‘ T | t I 1 N 1 '7 T I T I T I Ll ‘I’
% O T=293K, e T=150K | 5 - o T=293K, ® T=I50K _]
g 7=70K, ® T= 50K ‘- ! o 7=70 T= 50K0.
g 15 n if 7 QE) 4 o, M .M@ow..p. Kt
~ F as *5‘ » ; L .QQ&%DG? ézbo% © o Q)o ol
Ef 10 —. .# - o= @ ™ .J -g 3 — o0 ® OP -
a L] o [ 3] ] | [e] o R
E - * D% a® Eh; c'ID o, 'D E 2 L gﬂﬂnmmrmﬂﬂtdwwn\ﬂf
2 - . ih.“h’gani[nlﬂ ° g k> [ Ce |
B M » 7 = . s Em
= 7 e i 0l 8 1| Vg =y B 20
o ." € (E80aeTTedeteqeatea T - 1 ~ . w
0 . PRl 0 s 1 § MR 1 | L [
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Frequency (THz) Frequency (THz)

3-7 HFEBED n B Si 0 (BB, R, (b)F+)7HEEOREIKFE.

5. BIEICAWERBOX Y 7HRE (~10° cm™) 04, FECTHTE T+ /LB ELRE
BXEH T, KB TRMYBELBROFENREIRDETDN TS (T8 C Z]R). KER

DOFRERNS n B Si OB FOHMEABBIIITINY —~KENEZAETIEROBILBENEFEL,
KR TR —DRRDIETOEBH L LU TRBR TERWIRETHSDS Drude ET VL
DESMEPMETLTWAENZS. £LC, (KB TO n % Si ® THz fHIRDERILZE % Drude 7
NTRITLTHBLNIB B EIXVER KER CHRITEITOIERERAELLN, ﬁw)?&,f“ [Zeuiihe
hEKRELLNS.

344 ¥RUHHEFM~OKER
3-4-1 MIERHOBFAEE
THz-TDTS i3, ZBRREMMHED 2 DOFERPLBITRLEBWERED 2 2O NRFGA—F—%E
I DIEBARETHD. AP ERERBOBE, TOBBEHICILEBELEROTmH 2 ERL
TETREPBENDZLII D, ZOBE, BIROBESLERBIER, RO, BECESE25XT
fhid, BE B, BERABSOERBITREZROHIENTES. BERBOREDHEICIL, &
ROBESIIEE A »ofium BELBEVACEREOZSERRNOFELEZ TEBRERDS
VLEBPSHD. 3-8 ITBHBEASNVABAF LZBEOGIRBROBMKBX TH5. B, K1, XK
DERIBFEE R =n —ix,, R, 7, =n,-ix,tL, BEEEZNEN 4, R, d, &5, 2R
(air) ~7E & (thin film) &, %Hﬁ~%*ﬁ (substrate) fl, B, EH~ZEXBORE COBRIRIE S
8 (EIXR ) BT, RogizREIND.,

T o 2 ~ _ 27, . -

at l+n,’ m_ﬁt+1: ra,=ta,—l, Y=t 1

~ 27, ~ 27 - - -~ (3-3)
s T~ T~ Iy == ~ rls=tts_19 rst=tst_1

n, +n n,+n,
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- (3-3)

~ 2 ~ 27,
= = =tsa_l

! =
1+n,

I
1Y

l
g
L
1

as — s sa

IIT, MAFRFA\ERRTD 2 DOEK (ERa, BE:, ERs)ZEKL, 7,058 13%E
R (@) PO (1) ~BRENEHRITIRORBCOERIRBERRELTERTD. 20K
RRBBEEEZEZHTIAIIR 3-8 KR THRBROERRESEREEENEN, T, 7,
RO, 7B [, TEKNLEBRE~OFE, RO, GE+EENOL B +HEENDER
~DFE, R, B+ ERPLER~OFEHE, R, GRICIIEREBZRFRETHY,
X (B-3)ZAVTROERIZERIND.

~ 1 [
=T o OIS 5 g 2|7 o B0y -4
1=0 c C
::’G%E)ﬁ%ﬂwﬁﬁﬂﬁﬁﬁ%bbﬁ&ﬁfb@, WROBRIZRTIENTES.
!
= —i(Zﬁ,d,)a)) B 1 3.5
Z(:)(rmrm exp( c - 1- ZsZa exp(— I(Zﬁtdt )(O/C) ( )

E->TRHG-DIix

~ _ Iyhh,expl=i((7, ~1)d, + (7, —1)d, Jo/c)
- 1~ 7,7, exp(~ i(27,d, Jo/ c)
ERB. WITERN (EITEREEEN) COLERF»Z 25, ZOR, ERLEEORETT
RS+ 3EBERLERIGEALTRATAERBREZNENT,, R, FHET5hE, RO
wEINS.

(3-6)

~ o~ nd.o). nsdsa) ~ ~ 2n.d.w
Y, =T, eXp| —i r, exp| —i—=—— =77, exp| —i (3-7)
c c c
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%, exp(—z n.d.w Jr 7, exp(—i-(27,d, o/c)) ¥ exp(—instwJ
c —7 7oexp(—i-(27,d, w/c)) c

717 T exp(—i-(27,d, +27.d, )w/c)
1-7,7, exp(—i-(7,d, ofc))
FEMN (FTI IR ETEEN) T 1 BIKALZERE SV AOBRIRIBEEE (7,) 1%, ERlE
H%@ﬁmfﬁ%?é{ﬁﬁkﬁ&@f@ SRIEFRE (7,) LERPOEBRICE AL TRH T 51
BROBERIRE %ﬁﬁ(tﬁ)@ﬁf%éi’béﬁE Ty7y + o7 = to(ra+rﬁ)<1:73?5. Lo THLEXS

o AEDEEEESEETE, G +7) 2y 2E B cESN,

nE + 7y e

lzot,_ZtO(t +tﬁ) W (3-9)

(3-8)

LREINA.
;*;%ﬁélﬁ IZRERLEERESEBEEEZAELZBRINMAEELN (3-9) 2K IZRKEIO&E
BITREFEHTSH. LLens, RGB-9)iX 2 EBCTRRZII B U LREFRRARXNDR L5
ol FIT, WAWAR n, K, K OMAEHEOH T,

Error(n,, Kt):|?m(nt3 Kis »)- Tdata((o)exp(— i¢)|2 (3-10)

7B Error (n, k) EEERL, ERILEON-HERIRIESBHRLEOZENR/NNILD n, KT,
; DMAELEEZRD TEHEERBOERETFLEH L. bk, BROEREITRIICRE
BT EMRIZ T A THz-TDTS THEIEL CEEEZ AV, K3-91%, 1 THz OFEH T Iz —
L7z Error(n, k) DEO—HITHD. XENIREM THY, RIDLREMREOELIZIEDOMEEET
/NMERFEIELTELT, KR CEE Error (n, k) BHR/IME (=0) L7252 L35,

20 -,

15.5 4/

6.6

2.2

ngHz DREAWEM T Ialb— Tz Error(n, ) Dn,, R, x, DEZEZEM EOSAR. SEITKHE
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3-4-2 FUUYUBEOEHMEEIIaL—ay

HNBINPLHEELEROERBINE, R, TR EhOEIRESMTHIITE, BIEEBRD
MUAHZFEOEMEELTRTIIENTES. K 3-10 1%, Drude B %R T EEAB L2 EL,
RIBFEBELMBEOI YT HERERE LI I2L— N EERTHD. HECTE, AP0EE
(m )R /R =T DLED THz EIRDOFHEER (.) 128 LT GaN OB E (H8R BB R) 28 AL,
BEFRELRERE (01X Sx10™ s &L7-. ¥7=, EARIZIX sapphire 2R EL, TOERIEITRIT
Grischkowsky HOXRRIEZERALIZ[3]. #IE, KO, EROESE, £nEN 1 pm, R, 500
um &L, HEOX Y VT HEEE/TA—F— (N=1x10"%, 1x10"", &1}, 1x10"® cm®)icL7. $7=,
BB L, BRARIIEX (39) OFEZH 7 —VoEBLTRDE. MDD, I¥UTHEMN
1x10'° em™ DFATHE, {ICEBFBEH (RENCTEERFEETICE B L CXERE IV

-1 T . T . T Frequency (THz) Frequency (THz)
£ [Ta) Reference, = - - - substrate | 0 1 2 0 1 2
g T o o o thin film/substrate H i !
. 0
3% r | ()
EE b
= T -l - 'R rios ]
-9
E Al P
< 2k 4 3 TP T A
0 s 10 15
Time (ps .
LN B B e [ | 02 F T T T T F T T H
(d) A (e) N ()
A A '
!\ £ 4
fxn o da  aal &£ 2 A~ 1 At A AAAAAMA M
. £ 4
Nir 0 0.0 \\}: V\’_— 0
t
L 5 - =
]
S P PR P S | 0.2 L 1 --—§01 1 rg-l-t A 1 H
FT T T g1 % 02 T 9 £ (7 T T ~1P T T A
(h) g YR LIRIC) E W
i A T =. é’\ 1 e é
: = £ 3 E -7
! g f A i s
0 0.0 £ 2 £ 0 layvwmwwammamawnwna
; e \/\.—— 2 | §0
i = \ =] 2
3 .*: \\ é E
2 =y
—.|.|.|.--15-0_2— I 1 1 101 1 H -l b 1 H
T T T 1T 1 31 02 -7 T ot T nlipg v T A
(D B (m) / <, LW < [(o)
- 1, ‘\ g L " 1 J ] < L.
N i
] ]
W \\ '
- A 1 - N 1
P I ST BT I § 02 ] N 0b ) I 2 H -1 bt : 1
25 3.0 35 40 45 13 14 15 0 1 2 0 1 2
Time (ps) Time (ps) Frequency (THz) Frequency (THz)

3-10 Drude J B %R T &R E L2 EER B (V=1x10", 1x10"7, 1x10"® cm™, d=1 pm) D ERLIG K>
Sab—var. (ABRER (ER), LU, ER@R) LEBEAM Q) OFEER, (b) iR
(d=0.5 mm) DIRIBFEBR, (c) EROMMEE, (A)~(g) T N=1x10"° cm> DEBERE DI I2L—g
viER. (A0 KFBREF, ()] RBEBER, () BEOKRIEZ AR, (o) BEOMMAE, (h)~(k)
12 N=1x10"7 em” OBERB O Iab—a#R. (DO RFBEEY, )1 KEBKE, () &
DR\BFBR, k) BEBEOMAAZE, (1)~(0)ik N=1x10" cm> OBERAL O IaL —ar R, (Do
RFEBEFE, (m)1 RKFJBBFEF, () BEORIBEZER, R, (o) EEOIIEE.



40 3-4 FHEFEFHE~OLA

# 3-2 GaN ML ITO HE DR BHFE.

.y R, RO, R HEHE | Hall BEhE ﬂwW%:E% s =
EXd, (um) | d, (um) | p (Qem) | g (cm*Vs) | N, (em™)
GaN a | sapphire, 431 2.2 6.3x1072 338 2.9x10"7 | n# CVD ¥
GaN b | sapphire, 433 3.0 1.1x102 70 8.0x10'"®* | n% CVD &
GaN ¢ | sapphire, 312 1.15 3.8x10° 36 4.6x10"° | n %! CVD Ik
GaN d | sapphire, 302 1.5 1.9x10 13 2.5x10*° | n % CVD ¥k
YD AEHEE 4 o |PERET
ITO a2 | yos s 130 2.8x10 32 7x10 TIR=
’ A3y ik

A, PO RBEFEFEL )L, ERZTOBBER R LBV RVILATRERIND.
0 RBBWIITX YT HED 1x10"7 cm”™ OFABERZTOZBBEH EOBVII/NAENAR, F
FUTEEDN 110" cm® 2B REEALTWS, BRZTOFBBE R EOE WL, 112X
FRWEK (RN TLIESERFLZERE ANV, P 1 RBBEREET) OFBEEICH
NTW5, FXYTHEEDN 1X108 em® DLED 1 KEFEBHE B ITERO 1 KFBBER I L THEF
DEANRETHIENTFRINS. 3-10 OERIOXIE, HEORIEEBREEROMMEZE
THB. AP TIE, BEORIEBER (AT) ZERDEIBEEB R (|Tnintitmsubsuatel ) (X T2
IR (R EE L) ORIEBE B R (ITaubsratel”) D2 (| Tinintitmisubstrate/ Tsubsirare] ) LFEFL,
BEDONLFAZE (Ag) BB REH (R EE Te) DALAEZE (Giin filmysubstrate) & ZEAR DAL ZE (Psubstrare) P
FELEHRTS. FXUTHEE 1x10' cm” TRRIEEORIEE B EIL 0~2 THz O T 1 ITAVE
ZRL, EPICTFEHRE—VRRALNAIER TSNS, AEK ETRONDTH F—1T,
HERBOZERNOBEPNEEROZERFORYBRRLIZIELNDLELTNDHLDTHY, v
UTHEENRKELRDBTHE I - H K& RoTWS. BREEIOL TFRINIRIZ, U7
FEED 1x10"° em™ R 1x10"7 em™ TIXEBEORIEZE R E, R, MAZEEBIT/NEND, Fv)
THEEDR 1x10" cm™ 12725 L 2R K X< T 5.

3-4-3 GaN M, RV, ITO RO EHEE

BIE W IR B, sapphire AR EICfERlEN T GaN BT T AR EITERSWC
AT BAXEE R O 1TO HIETHSD. GaN XK ZE (LB E RO VEOTHY, 1993 &
(o 8 LED B3 BR B SN DEBIZH BB R O EENB AIITOI T E THD. pn G
RAEAA—R~DIEAEEXTGA, BRBEOA —Iv/EMBULBERIEHOER THEE LD
p, R, nHOHBABILEEN TS, —F, ITOEKIL, EBOKRREVERCEFEZET
LR RE B R T AL A TIEREERE CHS. ZORMELALT, BRERTEDOE
HEBLH Y F SRV EICAOLR TV, GaN B ITO BEITE HOLEE K TH > EER
RIHOPLEN TS, THz HIRO GaN B ITO HRDOERESE 1T A H¥F ¥V T ORINE X
BLTW5%, THz-TDTS Z AWV IEE B BEOBERWMHIEL T DTN TED. £F R
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AEIRETCKSBEBRFYITORINZ, THz 8 —T——T— Tt
BOZBB/FENELIE T TR TFHRIND 05 | -
7, SRS 0.1~Bum BEOESOEMTHS J Retoronce
%, KAE AT A CHERAEEITOZENTE 0.0 h~—

HETRINS. RI2CHIERBOHEMERT.
ITO DEMRTHHNYYLAEIERE T TR (JBH
F 8, Corning7059) IXF O AR AT A CHIE

Amplitude (arb. units)
&
n
)
1

L, aBli#e 2 REK 7107470, Eh " \‘A /
FERID I RO LR L. WEIT as| V b
W7z THz-TDTS VAT ADOKBEFEFLLTIX 5 I (l) . ; I 1|o . 1'5 ' 2Io ’ 25
InAs VEANEFERL, RERF IRy Z A5 Time (ps)

D LT-GaAs T T ERAWE. -, R FE
BRHFETF, RO, THzIE OGHRRBIIEZESSH
(HEHETHE, BER) NICEEL, THz EkOKEIOBEIEESIC LRI A BT 525 2]
FERFIZIZe—ZY—R 7 C 50 Pa IR EICE 25| X L7T-.

X 3-11 {Z GaN # & (GaN_b) DR E R 7. 3 ps fHTICRHND GaN BIED 0 IRFE B
I/ EL, 1 REBBEE TIEBOEARKELTWS. ZOZLRERZTOBZBREFLOLE
R BEFTIIRLNT, GaN BEXIX U7 HEOHMEVWEBHRBERISE LKL, TO/RK
RELTEREEREOBORKFNBEERMKFLI-bOEEZONS. K 3-12 1% GaN BEOIEIE
FHBRLAEZETHS. GaN BEORIEFZ B FIIN—TEOEMITHE > TR LTS, — 4,
GaN #IEDOALHEIT, RESHWVAIZE] rad &/h3V. FIHF O ERIX, Drude TFNVICELDT7 40T
A TR THY, ERERLHAIBE—BL WS, BIETELNZBBRLMIZE% Drude £
TN LTHBOLNTZ GaN OFXF XV THEE, KU, BE#HEIL, GaN_a OREOHE, I¥VTH
FE282.9x10"7 cm™ THY, BEEIZ 301 cm¥/Vs Th5. BRI T5L7.16 x10™* Qem &720, =
NHDOEE Hall BIERHEME FEEZAWEERFRAEILBELNEBEE, R, XYxITEE
(F3-DEBV—FERL TS, LLedb, R—7EDKE GaN Off £% Drude £7 /LT
L CRLIVZEBI R, MR FECIIEABOBRERVW—BERTHOD, XX VTH
ERLBTEOMEIIRESERDIERICRY, FBTICAVEARREREZEZ5LG0N 2K
NEOBRIIDEVEDLLRPSTZH DD, XXV THEESCBHEOLNENORERIIKEE(L
L7-.

X 3-13 1%, ITO # KD THz fHIR OB TR LR IVFR I THS. 1 THz LL EOFERIT, B
THHHTAORIN THEBBNELS, BRAXIMBBOLNR»oTBITROHIENTE b o
2. ITO LD THz SR OB RIT~10° THY, WIFREH~10* cm™ Lk &\, EHIZL, ITO T

RONT-BERIBITEREXIYITEELBHE L/ FA—F—L1LT Drude 7 /VTHHTL THRLIL
7740 T 4 TMBRTHD. T4 T4 T BRI, BIEBREOIBE L TWAENZS. 74

3-11 GaN 7# [ (GaN_b) ORFE .
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(a) (b)

AT

Ag (rad)

(e)

—

d)

wfE ' ' T ' A
o o Ooo 00(590
3 1 i-llfll.!;!i'%.l-?!“g-}-":“'” |
g ilsaknae R
> L L SRS
< - ! bILIL 19 §
q V(K] Ko o) ! b oog%(ao o
R I!. g ob%’%o%ooo o
omo%’?;foo °e ° 1
o‘f,“’ '
0_0 I ] 1 I 1 _1 1 | 1 | 1
(e) £
10 F T T T T T ] 1 T T T T T )
o )
o | ° 30 8 o]
o : AADNGRRAREA ,
° ° —~ 1 1R Y}
2 L[
= = 0 Livele
< §1 , 1l ,‘i.'”'
NESA S 431 ARTANN
038 g ¥
0.0 : 1 ) I X al. ! . ! A
(g) () U
1.0_ T 1 T T T —] 1_0 T T T ] |Q’ ;o%oo._.
2 ° © o o o o
'll"‘ ]
R ) L[ ST R
2 s . i o“’
° < P !'.. I\ e
1' .‘-.'. ° i
N [+]
-1 |- \ | ) i 1 =

Frequency (THz) Frequency (THz)

X 3-12 BRAF—78BO GaN BEOERINE. (a), (¢), (e), BT, (g) ik GaN HEEDIRIEFEE
THY, (b), (d),), BT, (h)ix GaN BEDHMHETHS. (a) &(b)iL GaN_a, (c) &(d)id GaN_b,
(e (DX GaN ¢, B, (g)&(h) i GaN_d O R THA.
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T4 T THLN ITO BEOEHR R
IXp=4.1x10" Qecm THY, MisF LA
WP R AIE OB R OEVERBED
NTWD, LLenb, &ohi-%vU7
EE, RO, BHEIREXIERY, &
PR W B E A B EKICE> T
HIBBEDLLIBROEHBLALNT. 20
FRRERIZOWTEL T TEE T3,

Drude €5V (18 B&R) Tix, %
ﬁ?”{ﬁﬁfﬁﬁﬁﬁ$(p)tﬁ%ﬁﬁﬁ%
(DRSS, Fz, pRTEDOE N
A= —DEALBICHLTHEEERE

EH iﬁnﬁ J M

%% B O (B-7), B, R (B-8) b,

HEOEREITEABEBICE>TRESRRS.

Index of refraction

300 —— 4(x10°)

-1 E

250 |- ], 8

200 - % 5

i =

150 2 3

- [

100 | g

B . 1 §-

50 |- o] 2

ol— 1 L 17 opstel g <
0.0 0.2 04 0.6 0.8 1.0

Frequency (THz)

B 3-13 ITO(ITO_a) KD JEH E (OFH), KT, &
IY (%% (@EN). E#1X Drude EF/LICEDT 40T 4
TR THD.

TDZEND, HBHNGA—F—DEICK L THEE
BERBEEOEARRKREVEABEEERIL, ZONRTA—FZ—2HHLRLTWILREZONS.
BFHEMERD, , RO, B EpiI,

(3-12)

(3-13)

DOREIZRIN, FAREOERERGCEENSORDBIZLNTES, B 3-141%Drude EF /LITH

tan(50'+ 55""0"
a=a/l
a=1
0.5 e e e e - - Y e - _: tan(&d Serror)

1
oy(aT) T '
Ee 1 :
' £ 1
b ! |o;”0r :
1 1
1
: :
! 1
: 1

error ! \ \
! 1
50' ' o=
0 -~
0 0.5 o (el) 1
/0,

3-14 Drude EF NV EHKEZTEAOESCHEE.
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SWTHEEERGHEELZERENERTRLELDOTHS. 22 C, aka=0/TEEHETDH. KX
(3-12) &V, BUALEE (01, o) ZRESEMRE 0 BIDRT A G&6iT, tan (&) =a 27T, 0=aTD
JEXE (01, 0) 12 5, LA T OBENMDLE, 66 \ZMDDIEDBREE Oepror ET DL,

tan(8, -3, )< @I <tan(5, +§

error error )

BEDSL S, ZZTER, R, ABIZENEN,

N o A o
NG @T)/Gy = (Borerl /00 + |G/

(3-14)

(5 58'7‘07‘ (3—15)

a‘JO-I(aF)/O-O (] errorl/o-'O)2 +| errorl/o-O
Jo-l (ar)/ Oy — (I errorl/ 0-0)2 al error|/ Oy
ThB. T, 0=aTOLEDG, R, GIKHLTE, OBRENSEGTNLE, BT HILEHO
=L,

waJGl (@T)/o, - (] em,,|/0'0)2 (B oror
Jo@)o0—Gomlfon) +alp

tan(d, + 8

error )

(3-16)

i3
pjiis)

/"0
/o,
a\[o'l a’r/o'o (l error/o'o)2

\/o-l ar /60 (l O error I/O.O)z _a|o-error

error

(3-17)

/o
/o4

errar

L2,
— 70, WHRp IX 3-14D0EEZRIZBWT, FELEE (0, o) ZRSEROERE 0 B
EDRZRD oy EREOH U Y T75. a<<1DFI

1 1

1
e =2 .0,~0 (3-18)
pl+(@ry p

LIEPTED R, EHIRIT

) ’ (3-19)

(0.1 + |6-ler'ror|)—ls P s (0'1 _laerror

£72%. b a<<lOFEE Tllo OIRFESRONT, MESEERETS. M 3-15 IT&EFAEK
PHERBLONIETHELEET (=1/7),, R, , BHRFp 0BEOREL T EFBELHESR

DR B OT —F OBLIEVRKEL, bFOOBRETTOMEMPE(L TRDIZQNIEEE
K35 ZLTC, a=1 Bbo=TfEOREHIGENRBIORBREN/NIK, THERD S WEIETH
DTENGND. — K, WL p ITEHEH L LB -|h%7b‘j(%<7tiéi" o/T=1 THEREPHTEBE
DABIZEEL TRV, F—7E&2 10" cm™ B ? GaN EEIIB B E 2D A HELHEETIH
+ THz THY, 1~3 THz DRI EFERPOBEE L EH T 2I2ITEV S/N L ORIE B S EITRDT
thnd. BEFEOEWRE OB EIZIE, SN thom ELEHICRIERBOILRPEEND.
THz-TDTS ICEAEF—7 LB AEKEOBE E T, IYITEESCBIEDOHE 2 D NRTA—F—%
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(a) (b)

1(’2 1 I L} l ¥ I
——a_ 10=0.00,----- o, 10=005

—~ -===0 [6=0.10, « « o /Jo=0.15 ]
S Q 10 error 0 error "0 s
- ~

2 o

£ £

) s

g £

- 2

2 &

a

Frequency (1/T) Frequency (1/T)
3-15 HFAEKOEREI CEENLROLNLBETHIER, R, BEREROBREOLE.

BH4DZLIT SN ELOBEKR ERETHE, EIUEOHEHIITETHHENZS.

3-5 #8

RETHE, BELLEBRET S~V R EIRD AT LOMEFTM ~DISAELT, n &
VYA OBERESE OIKIB B E DR R AR, Drude €7 /L CTREAT L7 R & 0% 7 152 Hall I
FEORERZHEL, {€IR TO Drude EF A EOEAMICOWTER L. Sbig, PE kBT
fli ~DEAELT GaN, R, ITO ORI E R RERL, Drude 7 WL DT TR OIZIEHT
R, R, BEEOEEICOWTEELE. UTICELDA.

1. RO n B Si OBERSZEIE Drude EF L TRBRESNABREGE LI — K LTV, =
DZEHND, THz-TDTS AT 22 AN Tn B Si OF VTR ESCBENE 2 IEEMITRDS
TEMTEE.

2. n B Si DKIR D THz-TDTS OEIEORE R, KEKEROBEREI M EES 150 K £
EEICELTRIENHALNERo. Drude EF VERWTEN LR, HE25150K
I ETORBEEIROBRCEE OB MIIBENE OEMBRHIEEL, 150 K F3Lh
HIERRICHT TORBEEEROBRGCEEORD I YV T OEENEEEL WAL
LT

3. KIB.D n B Si OBESE TlX Drude EFNAVEDOR—EB KL, Bl Drude 51
TIHERDEBISEEZHRBPTHIEARA T THY, IXITOREDOZRAX—(KIFMHE
BEETHILBENRHHIEN DT,

4, GaN EEIBL N ITO #ED THz EHIKOBEHIEZ % Drude £7 VLV CHET LR R, Eil
BRAGCEERHIBEOEETROOLNAY, XYUTORILBENSTHIEIESE
BEMRKEIKELTHEEIPAEEBEIVOEICH B RERICHLIAIT, FYITEEL
BEELMIICE N TAZEPRETHIIENHALIII R T



46 BEXH

$ 5 3k

1. M. van Exter and D. Grischkowsky, Appl. Phys. Lett. 56, 1694 (1990).

2. M. van Exter and D. Grischkowsky, Phys. Rev. B 41, 12140 (1990).

3. D. Grischkowsky, S. R. Keiding, M. van Exter, and Ch. Fattinger, J. Opt. Soc. Am. B 7,
2006 (1990).

4. N. Katzenellenbogen and D. Grischkowsky, Appl. Phys. Lett. 61, 840 (1992).

5. J. D. Holm and K. S. Champlin, J. Appl. Phys. 39, 275 (1968).

6. S. M. Sze, Physics of Semiconductor Devices, 2nd edition (Wiley, New York, 1981).

7. W. F. Beadle, R. D. Plummer, and J. C. C. Tsai, Eds. Quick Reference Manual for
Semiconductor Engineers (Wiley, New York, 1985).

8. P. Norton, T. Braggins, and H. Levinstein, Phys. Rev. B 8, 5632(1973).

9. E. Barta, Infrared Physics, 17, 111 (1977).

10. M. Hangyo, S. Nakashima, N. Hasegawa, T. Hattori, and K. Sakai, Digests 1 8" Int. Conf.

on Infrared and Millimeter Waves, 168 (1993).



4 THz-TDTS (&3 DAST #£ 8,50 THz G OEE 47
4 THz-TDTS [Z&5 DAST & H 50 THz S 1% o il

4-1 ¥E

A IERRTE 245 f T D DAST (4-dimethylamino-N-methyl-4-stilbazolium-tosylate) I IE #
e, IREMOE THEFEICENTHAHME THSH. DAST ORI L FEELITI=1542 nm T
d1=840 pm/V THY, ZiiX LiTa0, % O IEBRI L /AR 0K 30 FICETHED TRERET
H5. F77, DAST ® 1 ROBRIEFEE (Ko7 VA% ) 134=820 nm T ry;=75 pm/V & LiNbO;
D r33=30 pm/V LB L TH K EL, BIZ, ERAPHBCINEHICHFH T EREL TIL DAST i
LiNbO; D 2 M7 BA E DR EXIZAD. ZnbDHEEE L7z DASTIE, EAEEKOBEEEL LS
VY =T AL R~DIGEACHFIN TS, Fz, RBEEEEFD 0.8~1.6 um HICBWUIIESE
HTHHZEDD[1], RBREEEHERAT A AE~OLAELHHEIN TS, ZORREBENIE
BN FINEEZTT DAST X THz B R FLLTHLISAIN TS, 1992 12 Zhang HAS7 = A
ML —F— L 2R EIZEY DAST 26 THz EBRHNRIETHLHIEEZHEL[2], £D& 1999 Fi
Kawase 623XVt — L U RRFEIZHEY 800 nm FEDOF /B L2 WEEZERKRRESRA
(Difference-Frequency Generation, PL#% DFG &2 9) 1289, ab—L Mo THz I OFRAED Al §E
THHEEHRELTWA[3]. £L T 2000 4121k Han HIZLY 20 THz £TH LS THz OB
WEINTEY, SAKEEKO THZIE B R TFLLTOHIFIN TV 5[4]. DAST 2260 2 IRDIE
RIS E St Uiz THZ I OBUR 1R 2 OMNICT 55100, 2b— L AR R THz SHIRO &8 &
AR ANDVLERHY, TDOHIZIE THz IR DAST OXFEFEENLE LIRS,

ARETIE, THz-TDTS VAT ADOFHFE B EMEL~DIS A EL T, DAST DXEEHEZREL, £D
FER B DAST ﬁ)%@%)ﬁfﬂz?‘aé\&:ié THz I O $hE 2505, 1ZLHIZ DAST 236D THz
W OB LEBOCTREINIBHE B RICOVWTHHATS. KIZ THz-TDTS THLNTE
DAST DR Tﬁ—*ﬁ@if‘i%%ﬂ‘b OREREICEHE L DAST b0 ER IR A 1285 THz
BEOBHDREINETERNICBRESNT- BN D BOERELE T 5.

4-2 ERBBEHLEICKS DAST Hhi>0) THz B
(14-1(a) IZDASTO 5 T4 %R 7. DASTIXRI D22 >DAA AL LT FE S T 00705F
WA FERBTHSD. ZODASTALOTHZIE BUR B IX2IR OIER I o BIZBER L TEY, Kt
BEZ Db DIX2-2-2 TR R K E B R EF LU THS. DASTHE & T D2 DIEFRTE 77 1
P (IRZFi=a, b, ¢ IXDASTORESEZHE ) Tk ORICREND[S].
P —go(du( ) +d12(Eb) +d13(Ec)2+2d15EaEc)
Pb2w=2€0(d24EbEc+d26 a c) (4-1)
Pczw =& (d3l(Ea )2 +dy (Eb )2 +dy, (Ec )2 +2d35EaEc)
ZOH T DAST ® dy) OfEN, MOFEREAFELRICH L T—HLL EREWS, —&IZ a @5
MIZEATICE R RIMEE T EARNIEZGE (LB, ZORBENDOOERISE L Ella i
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(a) (b)

H3C \
H3C / \ N* = CH3
[001] -OSS _Q_ CH3

c-axis

[100]
a-axis [010]

X 4-1 (a)DAST D4 FHExE, K1, (b) HIEIZH W= DAST i f.

BLE. £, b EI AN EITICEBE I MAEE TAHRE AR ST L5 G OREDLOERIL
Kk Elb AL T) NE . KETIE, DAST ® Ella DFEDAFEZMRNT, DFG (Z£5 THz
W BRIV TIR 3. DFG (255 THz I O3, JERIE L EE h CREED 2 F R
AR TAEBE OB OIRVICKERETOBEFHBPBRETIILICIVREETD. IR
FERANTON (BRI OMEITEE SR LS E TIE, &R TR A LCE R BRI F A
TRELEDENZBICE AL TV, T7hbb, EBREAEEEOBMBEIRVERONDLE
¥ O THz Iz k&5, Lolend, —RICHEREEZ/BROBITRICIERESHLEDS
LA Y DR EEE LR O THz W OEREE IS ERELD. ZORITHIEED
HREEE—LU2E)ETIE, BREBOL A TRAELZEZRAKO THz HITEDEIHOOD,
FRULERWERE TR, SIS BE TR0, MMAERAICRDMEMAEE (E—L A
ED2 ) CERKEESRZAIITBELEIZ LIRS, ZD%IZ DFG (255 THz H U T,
ERELAGHRE TRAELZEZRABESOMBEOR—B (MLRES) BNELRD. 2b—L
VAR (L), BRREOR A TRAELEEARESSEVICEDEITLNTEORIOKK
fETHY, DFG 7560 THz i 05 &1,

-1
—] RS S (4-2)
e M A

OREICRIBEIND. ZZTA, B, LIZFELED 2 & (Li<h) THD. X (4-2) LY, BEEER
DB REZFOERE OB EHOBITERS ML, TOMRBEREZAVZROaILt—L Ak
ERHAHIENTED., APFFETIE, B kR ER (0.7<4), 4,<2.0 pm) DEHTE% Knopfle 5O
EBR AL B D Sellmeier DR EFAWT,

20.3706
n = [2.675+ 4-4
(.2) \} 12397-3.553/4, el

L8], — i ITHE & T3 (BRAIE) ORI A ELDDT, ZOZLEEBIZANDE, Mg Yt 5k
X4 5 THz I OB 2 RITIR OFRIZER SNLD[S, 6].
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3/2 2 2
%:Iz = %(%ZJ %(%JET 2w, exp(— Oy, d )
ks exp(— Adyy,,d)— 2exp(— Aayy,,d [2)cos(Akd)
(Akd )2 + (Ao, df 2)2

TITd RIERTREERTHY, d HERBOESTHS. P, (i=1,2, RO, TH) R K EOHR

ETH, A IEXORFEBETHS. T IFEHEEOBBETHY, B M) EZHNT

T, = 4n, [(n, +1) (BEZF i 1% i=1, 2, RO, THz) THREhD. £, FREORMURHE VT

AadE, Aa=|o +o, -, | ELTWS. Ak iE, FhiESEE THz O DAST f&d F TOEE 7MY

DETHY, ab—L AR (L) AW TALk=272/L TREIND. AR THELZDAST 226D THz

FOBEHROFHE I, THZz EHIROXLZERERWIZE RFA—F—IZBW T Kawase bD#W
HLRICHEMELZ AW TWD[3]

(4-3)

4-3 DAST DEBKEE

4-1 (b) 1T FE I AV 72 DAST(d =1.712 mm) & TH5. REHIRI KOG FHEI N —T >
HIEAELTIEW, REHIAY ) —NEERPOORBIBICIVERLEZLOT, BE(d) S d =1.712
mm, d =1.017 mm, %, d =0.331 mm ® 3 FEORE LB E L7-. DAST #EddiL, BE DOYIH
B T AP RRE NN SNWIEP DR EHEREE THD. ZORMBELELZTTHT
WESOH—RERZBIRUTRELEL. BEEOH —2FIRITERE 1~5 mm Tho7=DT, 2-2-3
TR 4 EELA VT THz BEE Lz, MEEF T hAs 2EAL, RERFIDES
AR—NELD LT-GaAs T T FHERAWE. BT, M 4-2 ORZUVAY—T Uy R WTERK
HEOREF REHED, DAST O a 85 AR S MICFEIT (EZEE) ITREIDICEELT
Elfa, B, E//b DBREGEZRIE L.

4-3 (a) 1Z THz-TDTS T L7z DAST (d=1.017 mm) OFE B K TH5. 0 ps fHiTICR BN
7B RERIE, REHEAILLSTS ps HTICEBNTREIEL NS, £z, E/lalSEE ElIb IFET
i, BRL CEEERE SVAORECEZREBERS>TWS. B 4-3(b) D7 —JzAIMY
WHEFHENENTEY, E//b N TiE 1 THz
U EOFE BRI RN, Ella K& THE~2
THz fHiEicbFZ@EF B ROND. 4-4 X
THz-TDTS (2&V& b7z DAST OEREHT
RTHD. FHIRITRABOEZLEED SN H
DR THEIE TERM o7 I THD. DAST
@ THz SBIL OB HT% 13 0.5 THz Tn~2.5 TH
», Zhit LiNbO; X° LiTa0; & DO EHE IR

N2 2L Y B "J—\ Frd : 3 .
HF R EH L THRFICENETHLLT] [ 4-2 DAST OB 8 [ (R1% E//a I % DRI E (25
EllaL Ellb DEEBITROMHIC 1.1 THz 4  THRBEBEZTY).

TAY—7 YK

DAY —7YuF
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(a) (b)

1 B ¥ l 1 l L] l T I 1 I L l ¥ ] I Ll I L I T I T _I:
E Reference o ]
= 0 &
8 g 3
i B 3
& £
(2]
g £
= . N Elfa 53
=3 % %' =
E A Elb g
< 2 \YA%s <

SR T R NN RN I R
-5 0 5 10 15 20 25 30
Time (ps) Frequency (THz)

4-3 DAST (d =1.017 mm) ® THz-TDTS (X2 ERHR. () FEEE, KT, (b)7—JxzA~7h

(a) (b)

Refractive index
Refractive index

Frequency (THz) Frequency (THz)

g-f ;AST O THz EIBOEREBITR. (a)E/a, B, (b)E/b. FBRITERATRELN DT
NG,

FWEHFET /) ORI LD BAFERTED. £z, E/b JHZEITIE 1.1 THz # LS4 0.8 THz
R 1.5 THz HiZb 723 /AL AL ERER IR ES BN RGNS,

4-4 BHRICEHNOFHEEINS DAST hiod) THz HHRH Kt

4-5 1385172 DAST @ E/fa DJEHTENS, R (4-2) ZHVTDAST @ DFG 2B 5=t —
LUAROBREREKGEELZHELLZLOTHS, K2 b, 4=1.1 um fHEOREE EZHVZSE
&, 1 THz ZDERFITH L THEDIL—L VAR B RELARDIENTHEEIND. 1.5 THz L EDFH
B ER T, 2b—LAROREARIBEERIIRERMIZCTIL, 1.4 pm fFEOFHE K
EBNHERTHHETRENS. LOLEBDL, TORERERBII/NEARY, BERFORVE
RIERELRDIENTHREINS.

4-6 1%, Ab—L AR DR RL E/fa © THz BB OB IR E (a =20k /c) DFERZRVTR
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Pumping wavelength 4 (um)
08 10 12 14 16 1.8 2.0

Y
g
E 103 !_l T ] T 5 I L I T l I_g
= = 0.51 THz|0.13 THz |2.01 THz 3
< 10 b | i -
o =1.01 THz } i
2 - - f ) I\.\ 3
8 g LA Fa—
P el
2 ;z e 3
=) 10.l !"/./'/ -
o A R B
Coherence oy |m§7|l|uq LLLLL 3.0
P length (mm) - %7 .
) - —H25 ~
= ‘gxy N
= L _, 1.oum =
N %% H
B - o, —H20 <
g >
-8 Q
) =
= 15 9
g =
P 3
> 1.0 &=
= &)
a 05 &
08 1.0 12 14 1.6 1.8 2.0 10" 1 10 10° 10’
Pumping wavelength 4, (um) Coherence length (mm)

4-5 DAST (E//a) Dab—L AR Dbl 71,

Pumping wavelength 1 (um)
08 1.0 12 14 16 18 20

2 o
o=
«
&
-
=1
=
=
=™
= sz/P A ratio
T 20 (x10°) 5
E 5.0 e
=]
e 13 é
ot
‘G 0.32 &
2 2
_______ 0.080 =
0.020

T
08 1.0 12 14 16 18 20

Pumping wavelength 4 (um) P /P, ratio

4-6 DAST 72°6® DFG 1255 THz I OB B RO NG REFHE (d=1.0 mm DLX).
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(4-2) 53R 7= DAST 550 DFG 1245 THz HOKH DL TH5. HEIpEEROEN K
Ay pm TR R HE L um LOERE TELND THz HORA KK THs. B EERKOR
I BICEKEET—EEL T ecm 2L TWA. 17, ERBEREEED (d) DEREFED
EFICANT—EEL, d,=3.5x1072 pm/V ELT2. B EEIX P/A=8x10"" W/m® LL7z. DD,
1.1~1.2 THz OHH D RIMENZ LN TRENSD. EEH 1.0 mm OF4E O DAST 2360 THz ¥
1%, 0.1 THz {255 0.8 THz DA BB BV IERFRIND. ZOBEROBHNDEI KD
BVWEFRENIFPRBERIZ . pm R TRESN, 20 1Ll um Z2FHEFE R L L&D THz
D RO B S B IX Taniuchi SO EL-ERE R LISIE—EKT3[9].

4.5 $£EF

ABETIL, B8 L7 THz-TDTS A7 AHWT, DAST & D THz IR O N F B LR 7.
ZLTC, BONTNBEEMS THzE BE HHE2HEL, ERERLLRLE. LTIRKEDHK
RAEFLdbs.

1. DAST iX THz 3% T E//a, RO}, E//b TRRDERIGE LR LT, Ella, KT Ellb &% 1.1
THz fHEIZHFET 4+ ) AL DRI BTETEL, E/b & TIXEOMIZ 0.7 THz & 0.8 THz,
B, 1.5 THz AR IS RINE B FEE T LR b o7z,

2. THz-TDTS bE& LN TR FEFEOEND, DFG IZEbat— L AR, 0.1 THz 75 0.8
THz 12 DA & 3 IR OB IZIE 1.1 pm R ORhEFE R 2SEH THY, 1.5 THz JVEHE
I EEBR O THz FHEHIZIE 1.6 um fHEOREE ENE A THAZ LR THEEINTZ.

3. THz-TDTS Mo/ oN7= N FEE RO RMLEE I DAST @ DFG (23172 THz D
W R, BROESHN 1.0 mm OBRAIZBWT, 1.1 pm fEDREEEXE A K
0.7 THz TORKF RN RENZENTFREIN, TOERIL, Taniuchi O EFRKE R L

L7z,
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5 REETSALYBMEES A (THZTDRS) Y RFLDHE 55
5 RFBTIANIVYERESE S (THZ-TDRS) Y AT LDHE

51 #E8

8 2 FIZBVT THz-TDTS VAT AZDOWTHR R, BRAEFOEBSRIERE D S/N i 10°
WCELTWAS, FHEE 10°OBBREZAETHIILNTEXEILER T2, LAL, reststrahlen /3
YREHTOMERFYI TN —TEBOZVWEERETIFZRE TEELRHETHILATE RV,
INHIERLTE, REEOFT T~ ERK S % E (THz-Time Domain Reflection
Spectroscopy, LA% THz-TDRS () A WTHBI O K L THz BEHIEL, K FELNHE
ZPORBOBERBITELRDDIZIENTES, ZIET THz-TDRS AW RV <o ESH
T5[1-6]. —fR#972 THz-TDRS T, TAIRLOE BENHO R E K L4k il 8 B2 b o RO
BREZMELT, RER, R, MEZEZEHLTHS. RERLLTEBAFICLAR R ESE
WTHD. ZOR, REMORAECTIZFREOMELIIRLRY, REOEBOM FAMELRS. &
BOMNBENRZ2DETHz I OEIREBRENEL T4 ICAHEBRZENMDD([7]. ZOMBEIZSL T, Jeon
5i¥ THz-TDRS T GaAs X Si EOHN—7PEERYIAZHEL, AP ORBIZIDAHERZE
(2% L C Drude £ V& ZEHEIZH IEL CV3[1]. Howell 5%, THz-TDRS Z AT 45 EA K D
InSb V= DEBEHGEZREL, €BREZHVTICEIEBEORO InSb 26D FE 2RI LR
LTHBEORKNE, RO, MEZZEHLTWAR]. ZOFETHRABLEBEOTHRIIN
B0, BEBEORMBEIIMRIING. LELeRs, ZOoFERX—HoB/HZHEHIBR LA,
if:, HERBEOEMETL—Y — THz O BRREESEDLSG&I0IE, ERRAMHEELXK
DBZEMTERNEIENRES. THz-TDRS VAT ADBEIZ >V, ERERMBZEEZRDDLFE
BEHSLTHONLERDS.

AE T, BELRZ THz-TDRS VAT LEFDRE VAT LAERAWTEDLNZEGR—7 Siv T/
DR EHRIZOVWTIHR RS, FULDICHIERE, RO, BFFHFEIC>VTHRR, KIZ
THz-TDRS TRIEIZRHRAB OB O EFEICOWVWTHE S, ZUTHELBRIZIVFLNTT
EEEFE B % Drude EF VTN T5.

5-2 ;ﬁlliﬁﬂ, BU, BitAE
BEARBORFE2E2S. BREOAFFREZEICLY), RKARFOBITEL 1(HRIRL)E
T5. ﬁﬂbx]\%bt SRR IR LCARERA (ZERFBENRZN) THDETLHE, RATD
Y B \CERIE S AR LZBEOERIRIBR I RIIKROFIIRINDS.
1-7(@) _ 1-(n(w) - ix(w))
1+7(@) 1+ (n(@)-ix®))

K (5-1) D} ED 2 ROV FETHY, RAPKHOBEIZELDINBETHDIND,

Tos (@) =

(5-1)

0)=[, @), §(@)=argF, (@) (5-2)
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s, TOBRRBRAREAOCTRHBOBIE, R, BEABEPROLIICRIND.

_ o 1-7 (@) . A () i
n(a))—Re(-————l+as(w)J, k(W)= In{1+ E,S(a))] (5-3)

FETIE, RELEBEIORFLCEZEREEBZEETS. SBRENLORFVERSL
oL, REWE,,. (@) I EAT B E, e (@) IZH LT,

Emirror (w) = _Eincidem ((0) (5-4)
ERBOT, PENPLELNIRHNE, R, MHAZEIKRORIZRD.

~ 2
Ext O ) vy () a(Foi (@) (55)

R(w)= = @

K (5-2), K(5-3), RO, RGEH[5)ZAVWTERAEHEOERBINELEHTHILBTED.

5-3 BESRTL
X 5-11Z THz-TDRS ¥ A7 ADBER ZRT. KBEOREARIINER/INBITHF R T
EFAR—NBIRLZAN v FFTABD LT-GaAs 77T EIE InAs RV FIAFOHEE,
BITIZBWCARAZERBICANDIBERDY, XPBHEICRD. 2052, BRMEORE I
ERETOILENEL, RERLEHELTE. ZoZehd, KAEVATLTIE, 2 2OUAY—
TV REROBRICEBLTCEEANOBERISEZHE CELHERICL. BHRTF1LEHK
LT&7= THz | i, JRADTIAY—T7 VR (WG1) TKEF FORE K D THz RT3 FE@E L,
ROTVR (WG2) T 45° FR4r D THz EAS@IBL, Mo EmE cE LS TR EITE
BEIZAFINS. REHITAIRORBFLVE —ICEEL, REUANLOKFHEFHAREHS

TAY =79k

(WG1) ((]:I:D)
" T A —7 Yk
| ™, @ (WG2)

S

SR

Y3 LT-GaAs
LR LT

5-1 THz-TDRS A7 ADEER].
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NISWRICEBREE WINM TRERVE —D AR EHEZ B -7, KEE, Z0FEE WG2 @i,
WGl O VYR TCEEFMORERSBREHEND. 205, REEFOTV7THEEITEREK
S OBEBKEZRE CTERIICEEBLE.

5-4 FEFEONE
5-4-1 HHUBORNE, RO, GHEE~DER
HELEBELBIMZ CRIETIERIIE, KEEZRCMEBICEBTALENDS. MEOR
—HEBELDE, BB ORIREBEIEDLIZB KA ERARFRBIGERLT(BANETE) B
BENTLE). EREOARFMEZELL, EBRSELHAERBLORBORELA LT5. 2
DHBE, BIECHELNAIABPLORKKE,, ()i,

sample

Axw

) (5-6)

~ ~ . 2
E sample (Cl)) =E gample ((0) exp(—z

LipB. ZZC, B, (@) iEAx=0 DR DRI THS. Ax>0 ORFIFRENAS U LESH DL
PEWL, EREITENLTRAISNS. ® 52 13 (5-3), RO, X (5-6) AV TBLNAR SR
(a) (b)

Ll ‘ k) I Ll l T

=

~

=2

=y s
2 8
£ £
| ren] [
£

0.0 1 ! ] i | 1
0 1 2 3 4
Frequency (THz)
(c) (d)
R

Frequency (THz) Frequency (THz)

5-2 Ax D (a) KEF R, OAAZE, BEFE, R, (DBRERE~OEE.
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%, RU, 2 TH5. FHEICIE Drude A LR TLEELERBEREL VS, BHRICL
BERe DESCHSEERE m OFEIX 0 B Si OXBEZA V(& B 2]R). IYUTHE, KO,
BEEITEREHN, 4x10'° em™, R}, 1100 em®/Vs &LTZ. ¥ 5-2(a) DRHF RIZ, E0AE D
ABHIL B ICEBIR THEDITHL, B 5-2(b) DRIMZEIAY IKREKEL TS, (iR E
TAx OEINZALEVKELRY, HBICEBEBER CIIEEICEND. ZORKFREMHEEELZANT
K (5-2), RO%, R (5-3) LB UERBITE (K5-2(c)), BT, BMERLK(E 5-2(d)) i3Ax 12K
FIDEBRE S BERT. BEREL, Ac DRERNSAEBER CHEEIIRNTEY, Ax BEAD
BRZiE, MAREROBERENAOELZFESILITRS. ZhHIIHBEBICAVERNIETH
5.

5-4-2 {YSHLERHORBEICKIGABEDHIE
Ax IZI DM EZEOR B R/IRIZTHEIC, £BREEHRIERE LD RGO E I
%, E&L THz UK COBERIGZEPBEM THAERA R TFITER CAEInNEZARE LT %
WHERBHIRV G DY, TORFEBEZAETS. BVEabEREORHEFICIE,

1) RREZHARBORE IO R HE
2) ZRREEREBOR AL OO FEIF
3) HARBNOZ B HEE

DBRHEZE>TENS. ZITRIADERBOMBEE (LS TORA AT MVTEE £
L. ZRAREE ¢, BAEREE s 928, BUGDERBORFAIMUL, RO
RIhb.

Rcal (Ax, w) =

014 T, 07, (05, 0 @) - 2202

c

5o 0, @),{M)] 2

[

(5-7)

ZDIRVE DR ORH AT ML % THz-TDRS TRO7-RBOBERBITREBVCEHE 5.
AEMREEREROKHARIMZ LB THE, Ax =0 DRFIZR/MIRY, Ax BREABIZH
STHEDENREBDETHD. A EEBMNICRET DA, BIETHELNEZERVEDERE
DREFARIINEBBR LI ARI I EZNEN R (Ax, @), BT, R (@)L T=F—BF
,

Error(Ax)=Y"

D;

EERL, BR/DCRDFOA OEZEBEOME I TR OMBLL.

R (ax, @, )- R (0 )| (5-8)
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5-3 IXEBRTH LN Error(Ax) DR T
B5. HHAERBEPRF—OFEF—FSivT
(p=0.136+0.004 Qcm, d =500 pm) THB5. BEH
FZRARABHIIIE ST Si(p =285 Qcm, 4 =700
um) VEANERWTWS, ZOEERB Si vmaAD
BT RE, MELERICBWTEAERERF
b7z —EEL, n(w=3.415, x(@)=0 £ L7=.
5-3 238 Error(Ax) 28 1 DOB/NMED B EEH
THHBCTHAZEN LIS, BONDDRIERE
DREVWEBBEE Ty T4 7L TRDIAx
DRRZETE0.3 pm ThHolz. BIh, ZOMIEF ik
(&Y, Ax IZLDNLHERRZE% 1 THz T*10 mrad
2 BZEMTED. Thrane HDIToTZKDER
IREDOBE T, Si BR|IOORFBEREEE
LIK DI T O RS IR T & W [ 3R CorBELRT#H
DEHEZRBEIZL CTKROFTESEAEHL
TWB[4]. ZOFETIE 1 DOERBET CHH
EREOBHICEERDDILNRELZY, AL
FZEOBBENRR TEDRALHED, JE S
Bx 2 DIHBETAINERHEEIZEONDE
WS RREITERLTLEIZER 2 DD ERR
BEEREEE OB 201+ 2ES0BE
MEARBZAE T LERSALZOMELD
D, ZNICH L TRETDHIERL, BROSBE
DRENRRL, BVEOLEIZHAWVAETERD
EXDOHIBRE 0.

5-5 BR—7 SiHINDOAIE

5-4{Z THz-TDRS VAT Ax AW TE N
PR—7OnB SiOBHLEDORERRETRT.
AEHIK 5-3 IR TREBIERICTHS. b,
5-4 () DR R B IIMHBHEZOLDOTHD.
HAERE, RO, €BRENPLORFEEIL,
AR EIN TS, ZLT, BENL0K
HEFRIISRBERICHLTEERIEBL TS

(a)

5
&
1 0.8~1.0 THz
0 : ] : 1 1 | R |
-3 -2 -1 0 1 2
Sample position Ax (um)

(b)

1.0 T ' T T T T -
sy
5
B 05|
D
L=
[}
[~/

0.0 L 1
()

0.5 |

s A= 4pm +02

g« [ Ax= Opm ‘
§, 00
|
S v
3

os i S7HA

0.0 05 1.0 15
Frequency (THz)

5-3 Error(Ax) DAx & 7EMH. (a) 0.3~0.5
THz(E $ OF]1), 0.8~1.0 THz(X+ @E), &
W, 1.3~1.4 THz (K VE]l) D8 E EiEsl 515
bl Error(Ax) BB¥Z, (b)) RV DLERBD
KB ARV, B, ()& Ax CTEHEINE
%%ﬁbﬁﬁﬂ@}i%x&%w&iﬁﬁﬁ%%&
NE,

. H 540 GQ)OEENELNZT—YTR
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o
~—~

(a)

z g
e E
G g
3 e
= =
= £
g =
< S
Time (ps) Frequency (THz)

5-4 THz-TDRS VA7 ATELNZE&BEBHE (OH), R, Si v~ (@HN DR EFH R, (a) itz
&E)g%ﬁbkf&ODH#Faﬁiﬁ%, B, (B)7—VzZ_IM L (@A EETREN 7=V ARIIVT

(a) (c)

£ £
[
2 s
L .5
2 8
&
@
[~
(b) (d)
g g
Y g
wn -
o A
= £
N
S
3 g
& =
Q
0.0 0.5 1.0 1.5 2.0
Frequency (THz) Frequency (THz)

K 5-5 THz-TDRS 27 A THLNT Si(p=0.136 Qcm, d =500 um) DBREIGE. (a) XHE, (b) AL
Z, OBEREFE, R, (DEFREKGCHEE. *x—xHXNRTFEZAVEERNEORMERLRT

NRIMVTHB. ZARIZIND SN HIZZ AFIo7L DT 108 BIZELTWAS. RBMLD R A
RIMOEREORFRMEBEORHRLIVHKEIFE AL TR ERDOS. 5-5(a),
AN 5-5(M) Xz DT =V ARIINNLEB LN KH R, KO, fHBEETHS. HIFELZ Si
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VENDRIFARIIVIL THz FHIR CRERAFE E S #EFELTCRY, KA ﬁﬁﬁﬁ%@ﬁ%ﬂs#k
SVAE B FEEETHA LTV, BAEME 1 THz £TELS, Z0% XEBHE S iz
SRRV, —FF, MHZEIIRARLETFE ORI EERFEELE L TRY, KA KBRS 0.75 THzIZ
PITTRESHMLTCNS. ALFEZEIT 0.75 THz TRoA &Y, £0fEIX 0.4 rad TH5. 0.75 THz D>
HOTE B EIR T A L TEY, 2 THz f58 CIEALFHE 2 0.1 rad 122> T3, K 5-5(c), &
O, K 5-5(d) i3 (5-2), B, R(53)»oHH L/ B Si vz DERBETE, R, BEF
@é’ﬁhggf“&)é. p =0.136 Qcm @ n ! Si DE R BIT RITKFEF B LR &R o B %
FHLTRY, 20082 THZICETRATWS. BITFEIL0.8 THz IZ1T TRABIZEA L TERY,

;’éﬁ}ﬂv&ﬁﬁﬁﬁ IT TR TWA. —F, BEREKOE K5 #IL 0.5 THz 12
FRBICBA L, ZOEBIOPIIEALTNS. ZOBRBITERORBREZHAWCEELEZHIER
BB EIT 2 THz KK A 8 Tik<10° L7429, THz-TDTS TiZEIESR AT THHI LN
bhd, BREBITRNLLA(5-13), B, RG-15)FHANTELN-EBRZRERCEEND, &F
—7 81 A THz SHIICB W TEWVMEEREERTIL83DD35. Drude EF AL TRIND 0 &
0, DREERN 0.8 THZ fHETRONS. P DERIL, EBRFER%E Drude TF NV CTRTLIZ T 4
VT AV HBRTHD. K 5-5 »5EmE—7 0 Si O THz RO BRIGE 2% Drude TF /L &L
—EHLTWDILRDND. T4y T4V T HLBONTERBOXFYITHEE Ne, RO, BEE
(=et/m ) IXZNF R, No = 3.46x10" cm>, BT, 4 =1280 cm®/Vs £720, HEH R i3 p =0.14 Q cm
L7220, M FENOBONTEHA RO RIAMBDEENOTFTRINIBHEOER LT
HEHLTWB[8]. ZDFERMNS, HEL7Z THz-TDRS ¥ AT LSR5 B 8 AR B 8 ~ D I 1
Tl AT AELTH A THAZ LM RENT.

56 &8

AETIE, RERARBOREL BREL THEELR THz-TDRS Y AT AIOWTR 7, fEK
LR T RBMLBIC I A MR ZOMBEIZHL T, FILBELZMEFEIZO VTR
N, ZORBLEMEFETHCTELNEEN—7 Si Vo OERBEREZRLE. LUITICAKE
DIEREELDD.

1. R ORE CHBEL AR EEBEICLAMHBREORELFEHARE (B Si v
NV EDRVE DR CHRRL, ZOFE 1 THz T10 mrad LA FORE CHNMHEZEZRDHL
B LTz,

2. THz-TDRS ¥ A7 L% AWV Tp =0.136 Qcm D n B Si vz~ ZRIE LR, BOh8E
KBTI 0~2 THz DB TR E LS HERL, %@ Y8 #R 13 Drude ©F AT
ENBLDE—H LT
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6 Yo.7pro.3532CU307.5 (YPBCO) %ﬁd)?l.&ﬁ@‘ﬁﬁf\%

6-1 #¥§

HIEIEZIE, 7=bMPL—F—FhRICIVEH SN THz HERWAD R ATLAEEEL, &
BASE DR ENPOFEEREOYHEF <7z, RFICH W THz FH OB EEIL, 72201
—YP—EEICL B RmEDOEREMICHKTHR, BREFIDE TERINIYE O FHIR
BELOBMICHEBEICEBRLTND. ZOFEEHERBITE:, DEZOLOLLBEEL NS, K
BT, ZoZEiZEAL, 7=AMPL—F—RHEBIC L8 E 0 I iR 8 % I ] E skl 2 3
DZETREBOMMEEFATHILEBNET S, REMIIE, FESEEENRK S EECEE
& THz BRI EZRIE FIELL, BONREREE LR TEELIT). IRETHRABILLT,
Pr Z#E# L7z YBa,Cu30,.s RER (LW B R E K (BI1% YBCO R LFT) THD Yo1Pro3Ba,Cus076
(L1#% YPBCO L3EE9) L RBIRLE-. YBCO RRBBLEEED Y VAMNIZI DT Z=RAF T
B TEEN, TOGBIBRERFBEELLRV. LrLRAED, Pricd LT, Y 3/ 2L Bk
TEHCHEADLLT, TOBBEICHVEBIRERED THIENHLATEY, TOREFHAN
EEN s, XNV ARZE->THRESN-H BB EEEAOELEHEBEEREOFEIBRIIE
CERBEECEREBTREIKERY, HEBMEOREFIB TREIKEMTIIENLERE
BHELEBICEEL WAL TWS. iz, YBCO 250 THz ik O#igIx, 7— —xf
EREICIVEEL, ERINERN FIBNITI2R0BEFALLBLEEEROEELFT
HBH[1]. TOTEH D, KR RL OB Rtk MR+ O 3F FH R AR B R B 5 E
TYHEERBLTNEEZE LN TS, ZHhET, YBCO USOB{L Y &R B R E K HD THz
BREIIRESNTEOT, TOMREEOYWEKRFEIZ OV TUIFARILN TR,

AETE, HLDIIHREBCZEXROWEDOESL YBCO ZREBLEAERDOINETHRESN
TWBHHEIZHDNTR RS, WIZHFBES AT AMMIOWNWTRR, #NHDERFEE YBCO LD
B BN 2 TRENT 5.

6-2 YBa,Cu;0;; RE{LYEER/HE (YBCO R) DM
6-2-1 YBCO RO R#ME

B =SB E A ORE BT 1986 45 Bednorz & Miiller 1280, ERDERBLREEOKS
HSBIBRELY LD Te=35 K 2R THBEER (La; Ba,) ,Cu0y BF RINT-RENLIAED[2].
6-1 I(TBBEMBOERIZED Te D EFERLIELOTHS. Lltk, JVBWERREOYE N
FEREINTEY, BRATIE Te D 164 K(EET)ICETAHKERMERIR RS TS, £,
FET(BRHBRI U ORZ)ERAWEYEORFIRICIVETF, KO, ELZEATIILTHE
CEEBIEIFESRESN, TOBEMBENRTRE, 117 K IKELTWA[3]. ZhbOBE{ty
BIREEOH T YBCO % (Tc=92 K) i 1987 FFIC Wu bIZIWBERINME THY, IRIFEFR
BE (77 K) 281D TOWELLTH A THDH[4]. YBCO RO BIEEIILEnT 204



64 62 YBa2Cu307-6 REHLMBEHEE (YBCO R) DMt
MEBEZEARIZL TS, R{EYBLEERD

BT AHAMEREE ACU0; LRTEN, A BT -] 5o
FEAELTATFEOE L FICOBRFIREL, 260 _'; _____________________ .
b Bie Cu BT SR EShHE TS (K 18]
6-2 () . T IRE I O EH 5, YBCO F 160 - G

140 — HeBa,Ca, CuO,,,.,
TIZBalcau- Icuno«tﬂm& &

EZOReT RO/ MEED ¢ B MICESISh
THEY, A FKFDNEIZ Y-Ba-Ba-Y OJETH A

FERIEE (K)
|

B L7 3 1% B B4 ThBLS N TS (R 6-2 A R - ff o
AR MHOERE LEO Y BT CEE: o] _
HiX O RTAKREBLTEY, 2o EIIBER 20 Btk
= B n T A A MEE LR T, L T o
REBIL CuO, E D a BT M D O AT B2 TR 1900 l 19|zo I 19l40 I 19l60 I 19180 I 2o|00
LM IR L, Cu-O 28 b il flic— W o 84 Ta7E (%F)

WIZELFIL TS, Cu-O SHH D O I3fFREL S 6-1 BEBEBIEEDEE.

, AROEBERSERCBEREICRCTA N
RS, RO, BT 5. BESKEBTERIC
X, Z0 CuO $#HD O K FHRRkbhd. bR
INT=HE, Cu-0 HF D O XL THE R P HOM®
BELTLEIDOT, BRIBEREIL 02D 1 FTE
BESEDHZENRTES. K 6-3 IBEXREESIC
f£5 YBCO ZOMK TH 5. 90 K BOEB IR
ZFOM (F Y 1) Tik YBa,Cus07.s DS IX
0.1~02 LT, LBREDDR2NE~0.4 DL
TAIHRREERME VY T) BHY Teld 60
KB TEFBIZEW. ZLTE>0.6 iIZ/2bL5E 0
BEIEF & (ThT) LY, KRBBERGEICER LBREGREBERIRRS. 20 Cu-0 F
DELFEEIL YBCO ROFY VT HE LESBEBELTEY, Cu-0 HFOBRICI>TELDOEAR
BID. 0 Cu-0 #HITLKY YBCO RO RBEIIH F B OMHELTRL, 6~0 DFETIE, 1%
FREHIT a=3.82 A, 5=3.89 A, c=11.69 A TH3.

6-2-2 YBCO ROEFNRE
YBCO RIINTANAMEEEEARLLTNDE, CuRFLORTNLRLBEHI 2 RILE
J¥&F CuO, M (ab HH) ZboTW5. BEELHEIFTYITIY, 20 Cu0, BEEELCNDEE R
LN TEY, ZLOWREMN CuO, BOHEIEICEB L TITHHTA. YBCO R TiE 6-2-1 TR/ &
T, 2 D CuO, T & D HE I b Bl 5 M2 Oz Cu-O HBHFETS. L TID Cu-O8#H LD



6 YosPro3Ba;CusOrs (YPBCO) BIEDQ 7T LMY RESE 65

BRIZ2EEFE DEAICEY CuO, WICELSEES

300

SNBIER, TNHEOBALYICE I HBEED
RBELEREICBEBRLTND. Cu 413 0 14 S 200l X

e = ] BENGR
MORABIEF B FEOFLIMNEL, £ 2 B ’% g
Cu-O $HICBEENREAINTHARNEXE, Cu0, 100 -g e Tc
A ED CoAF U ET+2M%ED, O MA1E-2 % fg: / ,wnﬂjég*lﬁ
5. ZOPE, CuO, BOERIL-2 HLiesn, 0l o
EEOMK S CIREMBNTEROTETHS d
DT CuO, HIZETHIEICHEL -7y L B 6-3 YBCO ZDHEE.

DX vV 7T 2 fs 3 a I A ik

BBIZ25. L7e>TYBCO RITFEFICHMO 2 RTHEFTTIRFEEZRT. BEIIIZL0%
A CuO, B HEPHENTEATWAD, BNORGFHELFETS. K 6-4 1% 2 KT CuO, FH D
ZOo0EREELTRT. BB EEERII(), (b)), OWVWTFhr, Fit(), (b)HFED
CuO, T ZHLTHY, YBCO RITMITRTS. (a)~() WThOHEETH, Cu DFEAVIZ4ED O
DELE L2 IEF T CuO, IZIAINTWHDN G, HARIE Cu0, THY, BEEEZR T 2 K ik
WIZIMAUL, MEFRATADAMEEDRICTEROBREZ N LU CEE T2 CuO, BFIEL TRV,
ZLT, 2D CuO, mIDE FIRBIIED TRWEFHBEO R ITEEH B IEL BT, NUFE
AAFRT AR B IREE (K 6-5 () IXFER SN, Cu0, H O Cu HFIiE Cu™ filL 3d° &
FEELZFD 3de.2 ALIL@E, ALUBEWKHTRED 2 OOBFRINETHIENTES. &
IARR—TEN TRV CuO, IZBWTIHE 3d BBl 2 DOBFHAREI—ar FAIIYT
INFX—HZ AR 2R BB LD, ZOBTFHBEZ XA — () BAVRDIREVS KEWIE ST,
BTFREDARIIIZNDWENNS— Ry PR NI 2225, 6-5 () IT T E/ /N —]-
NURBBHEIEFEES, TYMAR—FEREIZ 2o TCWHREBERT. FMIAMITRES
12 ORFERCCBHY, TNDIXBRAA L EN LR BB AR IV BEERNICHESLT
W5, YBCO RDBE, BED 2p BB AN—FRFry 7OFINMETLHOT, KR RLF—
DONVREBBIIHFHO d BLUELEREDO p SLEOH TOBB THY, ZOTRXALX—F vy 7 AT,
BB EX vy (Charge Transfer ¥ vv >, Pl CT Xyy LR T) LIEIEN TV 5. YBCO R D

6-4 BR{LHBRBERD CuO, HORIE.
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(a) (c)

X 6-5 (a) "vFHitg, b)) BB vy ORVWEMERE U: Ty AS—FHHR, 4 BERBEHF

Yv 7, ()N—T&hip BEBEEKEF L, (A)Fry7RRETT L.

ATBREZ 1.7eV, Uit 4.1 eV B THHZERRHNBIENOBERBINTVS[5]. YBCO FRIZFrY
TEEAL TN (Cu-0 HIZBER FE2EALTUK) & Cu0, EIZIELNAETTE 6-5(c) DFRIZ
2%, F—7ENTEABERBRED 2p SLBIZADILIINEFHONREDERNOLHEI DL
TW5, ZLTRRBEEAESETICH ST Cu0, GO ELEENEMNL, &BWEELRTLE
FICBEENSHE TS, BEENHBAITIRECEIZF-7EEHECL VK EXYITEED
BMEELICBEEEBIREILERDID, HHLEIATRRELLY, TR EOXYITDOEA
LTS ICEBRESEAD T, BXXYx VT2 BMS 2L BEEHEITHEA TS BREE
AMNZFHESTYBCO ORFHFARIME CT ¥y 7O —I BT 572E, §I12kh Cu0, mDE
FRENE(NTHIERMLEN TV (X 6-6).

ZDRRIFER DD, HEDOFZR TIXEFIREIXK 6-5(d) D72 Cu @ 3d #LER O @ 2p BLER
DR THDHLETREN, BMiZLoBEL
IRBUIIERIIZITERWRBIZDEEEZDNT 1
W5 BER—EUTIZIVBETHIEZERED |
HETH (FHWAN—FAUREE L) REH
TOREPEI OGN T, TRXAXF—Fry T DOHIC c
FIZX¥ vy 7 NIk EE (ingap states) B S,
TDOPRIZ Cu-0 HITLBELBF—FIN TS
EEZHEN TN,

YBa,Cu,0;,,

0 1 2 3 4 5
Energy (eV)

6-6 BEEAILLD YBCO DR E AIE
NDOEAL[S]-
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6-2-3 YBCO D FxEEHE
BIEBGEEOERTRIL, 20— EH32 B LM E RIS TECBR TS
ERFRETHD. BIRBGEEALE LEABR LY TIL,

1) AL ERENRFRRE
2) % A3 R F2 BE
3) {2 MR S L

(a) 2.00
BT LR EVICER LS. YBaCus0r_s g
DEFA Y, Ba®, R, Cu® D 3 BEOBA % A
FURHSTVEN, TNOOATREIERE § |
RApoTVS, YOI #=k LB TS & 0

Y YA e 2 TERTEXDETZ=RLLTIL, La, 0.00
Nd, Sm, Eu, Gd, Dy, Ho, Er, Tm, Yb, &%, Lu
BHY, 90 K BOEBBESRT[6]. ZhbHDT

LB RIE+3 i CRE B T ICAETEL, La & Lu L4k v "
BAANICAR L FRICIBRE T EFELD, -
BRE—AMELDLEZLN TS, ZHICh £ os0
B 53 00 K DEBIRE K >LSC L, 8 ot
REEESTND Cu0, MOF YT R La* A4 o ,
0 50 100 150 200 250 300

VEMEBAERALTWWRNWILETEIES. LL
RS, THIZHLTY P22 TEBHBR TXAIC

LB OO T BB EARIRNARN PrBa,Cus07.5 6-7 Y 1.PrBa,CusO,_ sDEEFFE. (a)
L WAEHE, RO, O XXV THET).
(Y=Pr) TH 5. K 6-7(a) X B & &

Temperature (K)

Y 1.xPrsBa;Cuz07.5 ® Pr DEBREIIHE- CTHEK () P

AR ORERIFHET]THS. x ORAMITHEN - PrBaCuO;
EREMLRL, BBEERETFLTRY, B |
x~0.6 & CRBEHIEERER, ZLT, Y 911 Fosl \ o) 7V
%4 TE#LE PrBa,Cus0, (Y=Pr) TIXBUEHT EE W i B A
SRNABIROE O ERET, IR CHEH 5 g\
KL, LEEOHRREKRE.ERT. ¥, al\_ ? Proon By
YBa,Cu;07.5 R LML O %R T YBa,Cu,yOs 1T
RO Y YA Pr TR CE#HLTE PrBa,Cu,Os % 1 2 3 4

Photon Energy (eV)

HEIBETHE mQem BEOEAXRLEFEDL, &8
MR EREEEZRTHNBLEEITRLIRV[S]. B 6-8 PrBa,Cus0,_sD K 5 A7k V[11].
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6-7 (b)) IZ Hall Ml @ 6 EH L h 7= 2 I
Z= 3 e Cu-O84
Y1 PruBa;Cus0y.s D%+ U 7 85 E O IR JE e 17 SN \ :
R PrBRAICHENVROXFYITEENE AL 1} BOBS CuO. T 1
u
T, Pr b2 BT IE+3 72 Lid+d i T% :

ETHY, FEENT PrOMKA—+4 i TH = R
LEXNTERSEELBRA CEHRICE DN, ;
Lo Lath, REFHRREHLLBLNLE=T

FNE— L TORBRE ROV EOHRE ; NSO
ETHRERIZRLAR Y, Ca EBEHRLE 2 ;\/’* "
PI’Q5C30_5B32CU307-5 @D %@ ?ﬁg D @“ ﬁ‘ % %'&3

E [eV]

B o f5 B2 80[10, 11], YBCO R DX+ 3r
THEEORIIL, BiEEEED Cu0, BOF YY) j
FEERBRD LB THELFRSA TS, L T ox M Y T
DL, EORBLEREZOEREREHHA

TEHHDTiL7<, Fehrenbacher HO £ [12]143, 6-9 PrBa,Cu0;.,0/ % FHRE[14]
HEBRLVEERESTAVERDRTWVS.

Fehrenbacher 513 Takenaka 5038 45 U7z B #5 5 PrBa,Cus0; D H ARI ML OGRS (K] 6-8),
Cu-O HOETIREEN YBCO @ Cu-O HOETREBLIZLALRIL & BHRRIBVZLTVHD
LIZEBLTQWAS, ZOERBERELZEIZOCuBLRED Cu0, H, QIZEFED Prp& Pryhb
DRA PrAFy, ZLT, QREBHBECEFNI2E T t-) ETFATERERBREINS Cu-0HO =
DOMILERDHD PrBaCus07.s DETIREBERELZ. H O CuO, OEALOEADFNA
% Pr OKERFFMHEALOEDTIIRL, 4f' & 4FPL BORBIENPSRBIRE (FRARE) (B
EHZHESTVD CuO, D pdo/ SV RDLER— VBB LEZOEERL TS, ZOLIEPr&
BTt BRI B IZHD 0 D z(x*-y?) M 2p L OEL FEFL THB. FL T, CuO, @NERH
IR E AR R X WRRIXEAL F R — By U T 2R TH5ELTWA. ZD%, Liechtenstein H
13[13], TO FR EFNAVDEZ R EICEBNREFNVEARRUTHEN AL, PrBERICL->TTE
BT BT IREONVREBELR T NNIZ XX —2E M BEIZHY (K 6-9), CuO, ED pdo
NURDPOBIEANRELNAZIEZEEMICHBAL TS,

6-3 YPBCO OFMHAEBEMRSREL
6-3-1 YBCO RO I T B MKE
BCS HRiILLDE, BLERBIZROIEMENOBFIII—R—REWKTH. ZDLET=/L
IREB - TCNB7— R —%HE, R —RRL TR EZ R BEREREBIZHY, =R VT —HENT
X7z VIHER IR EBEEOFELRZVZRVE —F vy 7 QA BAEL TS, ZOKEIZH
D 248 EOTRAX BB E, 77— —xt i #E I ¥R T (quasi-particle) L7420, ZD
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TRNVX —F vy T LV EWHERL OB FIREBIZ ) R T s)

HEhs. ZoOEKFIIBF-—SBFHEERR 1

BT — 74/ MEERRE DRMEREET T 7 =
TRAVX—FHIML, BOT——% &R T 51| Frecombmiontime

5. 2AXVDEMICKERI T INE RO T

&, IORFBeRBOMICbEHanTr /v TAN A

BT — Ea%’fﬁl{ﬂ#ﬁit&#&ﬁkfm@ﬂ—/\ .z I N A(?,/./)A@_ % ,(%*ﬁ)
%Ndi@*\i%?bh@%ﬂk%%ﬁéné. \_0)3:%%:0) Piivite: 8ttt § i it A
TR I KRL, X¥ry T RTA—F—ANH & 6-10 JE 448 (5 8K 88 DA A [X .

DID5. ZOREBEIEFEBEERELND.

6-10 i, EFEHEBLEREOMEKTHS. ZOREBERAIEIZDOFELLTCEILL—F
—REERWENFERSD. AV RE RV THEIE SR T OB FIRER 1L, REHEER
FhAL 8 BE 7o S IR T T AR BN TV A, Han HOWEIZ I AT HERL F OFE Fn WF R 1B K
BAIREETHI 2 ps THY[14], TcEETRE LA THLEMEEMITBLE Sps BICETER T2
EZbIL T3, F72, Tonouchi HiX YBCO 72T F FF 050 THz FE U A& N7 = AND KX
NAZEDBIREBREATHLIEICERBL, BNEREZL—FFRRICIVFER L TR
R F OBFFERIL 11 K T 300 fs THY, TefHETER T8 ELTVWS[15].

6-3-2 HESBREBENRARELIESRTLA

6-11 RS RRENRKFRECAE AT LAOMBNERT. FERALEZT7 =AML —
P, LR 790 nm (1.58 eV), 7SV RIEHH 50 fs, #0EUJE B E2S 82 MHz OE—NR[A]
H#] Ti:sapphire L' —%—Th5s. IFORZHMOGBETIZALHICLST, BONFERICBITIHE
ROBICH LY o#BE5 2, REE CONNVAREHELE. I G e@iB LY —F—idE
T, E— ARV Z—TCR T HETa—T RIS T, Tuo—T XL, RFBERT—V (V7
< YRR, STM-50X) Ik CRERIBIER 52 7. T2, Tu—T HEBIZE—LRAS Yy FZ—T
5, —FESZBXICHWEE. LT, Te—T e EEREAVCRIE T MEZ 90 ° EiksS
BHILICED, RERATOR T HEDTFHEE/NRICLE. —F, BohESErys A
B T55I12, RO RIIEA 7T 4NV Fay3— (New Focus Inc. B, [v]3501) &$F AL,
BWEIZ 2 kHz TERALEZ. R 7o —T7 52 F ML X (B R B 76.5 mm) IZXL> TR
FHZE S, RENIERRER I3 RFyMI<w Y RLT.

REPODORKRFIEONTa—THDBhEHFL X (5020 mm) TEXLT, RS
(Photo Detector 1) CHH L. B HBIZIE, ATHR~EFRAIBICBNTEESEFEEZRE
Si-p-i-n 74 M A4 —F (RS =724 8) 2 AWz, R RICEARH FOEIT AR E
DORFRIZHLT 10°4~10° BELERIT/PSOOTRER CHEBERBEERA V. BIb,
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> S
4
[ e ND 74 V45—
. el
L g FrE—2
T—NFEY N B
Ti:sapphirel — ' — T T AN e R,
Fars— P
]
YR IF— '
FEa—y— S
ARGk “)
N4 L RO )
Foy— 1
AR(tF=R(1)-R,
——| w7 A B R [ T CIESE

B 6-11 W R 53 300 B 09 SO SR B LRI TE S AT A

E— ATy Z—THITONFESBFEL T a— 7 EE BRI H EF (Photo Detector 2) &
THRIL, ZORXRERNNDOFFHNREPLORE a0 —T O/ B LWBIZRDEIT AT 2%
M TEL ZLT, ZOXEBEROTETE (AR (1<0) -Re—0) TEILTAvI I TR (R ED
R EFrrL, KRNEICIDBENRERELMOES & ARWD)DHEBRMLI. Z0ORF
i, BIHEIESE (Keithley #1834, 428 Current Amplifier) {ZL > CTHIBS =%, oy 7f B
%+ (NF Electronic Instruments 18, 5600 Single Phase Lock-In Amplifier) T 2 kHz O J& % $k ¢
ERENT-R Y OHDBEIBEIN, TOINNF A —|ZBFELLTEREIND. KFEBEAT
—*‘/l:i?<7~~/:1/l\r1——7——(*/fjvim%éff“ model Mark-5A) iIZX»>Tarbe—isid. BET
L, A7 =% 3 um @ EICT VANV F A—Z D% GPIB R—FEA LI Ea—¥
—IZHVIAATE. I, RO, BIEE LabVIEW®4 Z VCIER LI 7 0 s T 5% .

6-3-3 BEMRFNEELOREKREFNE
RN, RO, Ta—T7RHoONBEITRERIZREL, ZHF 20 mW (488 pl/pulse), K&
O, 5 mW (61 pl/pulse) TRIEL. b —F—DARYMEIZEREN 30 um(7.1x10° cm®) TH
CREARNRECOBFFEHRR TS5 SI-GaAs Y EFRIEFICRERVF —ZwU bl
SI-GaAs DEENZDHE R TEICRFENRE TS (AR>0) ZEEFI AL GRIEH K H Lo
e Z2mR L. BBHI LaAlO, (B F E 4k 2=3.905 A) HEIRIZPLD ikIZ LRSS c BhEd M)
YPBCO(T~57 K) & YBCO (Tc~90 K) #& I (BEE 49 800 A) THY, KAV Jena KD Seidel &
AN ED TR TE V. ,
6-12 {Z YBCO @ 16 K 762 IR £ O 4 #1888 B REBE O RE w9 iR
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(a) (b)
1 T T T 7 T ' 1 L I A B B B e
e ..
1.0 - . .
.
..
.
0.5 ®e —
.
:U): B K 0.0 P | | | SR I UON IO TN T BN
2 ‘ 0 20 40 60 80 100 120 140 160
= 83K
= R0 K
5, . () Temperature (K)
[~ 75K
- L A L B B S N B R
g 70K | . |
60 K -~ 2.0 - . -
1 &
50K o e ® o o
g 15 ]
40K k=
5 L N
30K S 10 | —
] [ ]
b} L [ P
20K % .
0.5 - b -
16K & | * ¢
| 1 | ' 1 1 I I 1 1 l 0.0 'S IS N T N TN MNNTTRNN N T T S
0 2 4 6 8 10 0 20 40 60 80 100 120 140 160
Time (ps) Temperature (K)

6-12 BIEE D YBCO DM HBMBENMRNRENL. Q)EREER, O)BENKTRELED
BEEERENE, R, (b)BMEEROBEREE.

EETEELICBEMRHRBE(LOBERISE N KE/2 TS, SI-GaAs DIEE LD LLEIZLY,
REBRCTHWEEE (B 790 am) X2/, RO, REOEE, @ERNKHNERE (AR) OFF
B3 DB ETHIEE (AR>0) ThoTz. ZOWMEIT, ITIEREE TR ELIT o7 Stevens HD#HE
(1.5eV b2, BH)&—FHLTWB[16]. /2, Han HOME (2 eV FhiE, BH) 0JOICBEER
BLEGERE TAR OFSRFERETHIORFE RITRONARV. BIER RN REITEK R
BREKNOBEEZLRVIERRESNTVAH[14], T TIREMRERZ, BIEMK R EE/LR
BRICELEEMAS 1/ CETHETIETIKETIRMEER L. BONEEOBEN K
NRELE, RO, BREMEZEK 6-13(), B, B 6-13(b) IR T. BEARFREMED,
BE EREEBIZ60 KETRAMAELERET, TAHEICTREBA LTS, —F7, B
M 16 K A1 TR 1.6 ps THD. ZL T, ZOFEFMRERIZ T IOESUTF VR ELRY, 80K T
B K (~2.3 ps) 72> TWA. 80 K BA ETIIABICEA L, HEERBIZRDEMEERITA 0.5
ps £720, FEEITEWEMEZRL TS,

6-13(a) I YPBCO 2>H DB ] 43 118 JE B K N BB L OFE RETF 7. SI-GaAs VTN D%



72 6-3 YPBCO OERif SR AENRISELL

(a) (b)

I ! I ' i | i i § I ! I ! 1 ! i T T i
! - 3 "% =
o o
~ 293K ] - ‘_,' . .
200K «— 2k d =
_ S .
RS X7 +HARR|_
100K g 1 [ . 7
80 < 5
745K 0 ---spmap=g-==-o-==o---5 ==
L &~ -JAR/R|
I~ 6L I [ AT ISP B NI BT S|
h =1
= 63. 0 50 100 150 200 250 300
_: 576K T o
emperature
3 51.8K (c) pe @
&
E 462K | 2.5 T T T T T T
4 I i | ] i ]
‘; 405K J i
‘\ o 20
; 35.1 K+ = ]
%)
29.7K1 E 15|
=
24 8K] g i
1 € wof
02K 3 i
_ =
| 16. K- g 05 oo o . . . o
| i | L | L | i I L l 0.0 L | L l 1 | L 1 L I i 1
0 2 4 6 8 10 0 50 100 150 200 250 300
Time (ps) Temperature (K)

6-13 FIRED YPBCO DML REMKFERE/L. () FEEE, (b)) ELADBIEMKHE
ELEOEEKREYE, RO, (o) BEEREICEITS YPBCO DBENRKR %izftwﬁﬁﬁfﬁwm
B E. AR R REIRIBIZH17 5 YPBCO 38 I M & 5 2 (b 00 kS 5 3% T

DD, XEEBEZOKFEOE(ITEDEE THIE (AR>0) IKHNTWD. TOEIX
Te fHEZREIZLT, YBCO LI BERSTRFISEEZRL TV, BRERETIE, BENKX
FHEEABEIZEALZE, BET72LMD (16 K DFE, ¥{E T 400 fs) CHEIEL, 4 EXH
BOHFM~FHENRERL, F—N—Ya—bT5h ZORDOBEHNRKFRENMTEE LREL
HIZHA L TWE, FEEREBTIALNERY. BB T, YBCO DA, @EM K EE(N
B T/INEDI-T=DIZH L, YPBCO CHEPRHEELBRLNE, T, BERMREREL
DEPLA~EDLDIILICEBRL, FRETCOELADBENR I BELE (HAR/R|px, KT,
|AR/R |min) ZF 72, B 6-13(0) IR EM KT REEOBERFEOKRELTT. +AR/R|max
TR EPORE OB ITHE > TKREARY, BBIEREMTEZEICBEERE TSNS,
ZLTC, -|AR/R|min T E R EIRETIZ 0 THY, BBIBEMEILBRLIIHAPLTNS. ZOZEh
b —N—va—MNIIZADBENRFTEELE, BLERETOLERN, YPBCO DEEE
BHEERBRLTVDILIRREND.

— ¥, BEERIETOR BRI A — S — 2 —FOB R AR BRI EED, YBCO O
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R 6-1 Y1 Pr,Ba,Cu;07_s DT RAFX —(hy) , RO, BRE ) ICLZBEHRFBEILOFKFF[14,
16-18]. O NIIAEROFERTHY, —EHIXRBELZEKRT 5.

hv~1.5¢eV hv~2.0 eV Te [7]
FEERE | BEERE | BEERE | BEERE c
YBa,Cu;04_s (AR>0) AR>0 AR>0 AR<0 ~90
Y0'9Pr0.1B32CH3O7_5 - - AR>0 - ~81
(AR<0
Yo.75Prp.25Ba,Cu; 04 -— — AR>0 ~62
0.75F T 25BaL U375 & AR>0)
(AR>0
Yo.7Pro3Ba,;Cus; 04 AR>0 AR<0 — ~60
0.78Tg.3baL U355 ( ) & AR<0)
Y0_4PI'0.6B3,2CU3O7_5 - AR<O *E iﬁfz }ct L
PI'B212CH307_5 . - AR<0 *E iﬁ% 2L

RERBROFETEMBEROBEREEEZFAITAE. K 6-16(b) IZ YPBCO OFERET
OFEFEFROBEERFELZTRT. E-ERED YPBCO OEMBFRITBEICREKFEET,
#1 0.5 ps THY, T YBCO OFFERBOBERIFEHE LIZITF—HL TD.

6-3-4 YPBCO DKM MRBEMRHAEREILDOER

BEFTIIHREIN TS Y PrBaCus0,_5s DAR DFF H 53K 6-1 1T/~ 7. Reitze Hidx=0, 0.1,
KO, 0.25 @ Y., Pr,Ba,Cus0s_s I E L TWA[17]. Reitze b, B2, KT, HHIZ2eV Ox
ANF—DL—PF —REHERALTRY, BEMNRNEEMOFEFISEOBREZIT THS.

18 B RS R E AL DO B 12O T Kazeroonian HDI HIZHE->THE £ 9 5. Kazeroonian Hid
B A COBREHRNBLEOH BT, 7=/ IHA (Bp) LEEANVFEDOBE O XALX—0O
KESERHEAEDZRALX — (AW ITRFETHELTNB[18]. K 6-14 12 Kazeroonian HDE 2 T
BL—F— UL AR % ONRIGBR OB K ERT. KETOAOEFRE (X 6-14(a))
ITBEFREETFRPRALEIRE (T=T) IZHY E: PHEICFEEL TS, ZOREBIZH eV O X
N —ZRFOLIRN NRERE THE, Fyb=L Iy RERSNTEFROEEIE TR
IERV(T<T), 7=AIEBPIETS (K 6-14(b)). ZOXRYITL I HBAERINTODIRE
(FEFHRR) 1T, 6-3-1 CRAZFICE T — B FHEEAREICI> TH U EERE~ LA
7. ZOWBRTHRHEEEZRNTIE, REHXEOZIVXF—%2RINL BpfTE OB FITm WA~
Ehs, ZORMBINDIRTOEFOUEN (E=E’) B Er £0b EOEEAL (B >Ep) oD REIE THI
(X 6-14(c)), RBEICIVFDOZINF—D EFRRELR>TNEDT, Ko ¥ —2 R
T 2HERNAEID. 20k, TRILRITHEML (AA>0) FiE T I $5 (AT<0). ZDHHR
ELTRH RITHWEMT 5 (AR>0). RIS ENEEFOEMD Er J0BIERITIVIT(E'<E,
6-14(d)), FERICIVIREBE EIIHPLTWADT, BINE IR 75 (AA<0). TOFRER,
FEREITHE AL (AT>0), FKH RITBA 15 (AR<0) 22D, ZODTENLARIFFRREREE L
T5L, BEBRETILLTRNSETFOREENMIL, YBCO OBFE TIET7=AIREMIVEN



74 ©-3 YPBCO OB ARBIEMRSELL

(a) (b) () (d)

nergy H

Laser energy

Laser e

> g(E) > g(E) > g(E) > g(E)
Density of States Density of States Density of States Density of States

6-14 L—F— ULRBHREOXERIBRE. () L—F— LRBEHEH, (b) L —PF— VA%,

()AA>0 B, BT, (d)AA<0 BRE.
EALTHY (K 6-14(c)), YPBCO TIiI7=AIBEMIVEWEN THDHLEEZLNSD (K 6-14(d)).
EBIZRICAUNEIBREIZETHE, ZDZEX YPBCO @ CuQ, BiD 7 = VIMEN D EFEZRTIE
L7220, Pr OR—FIZED CuO, i DF ¥ U7 (EFL) B ENE DL THABZEEF EIZL TH22W,

RICZEOWMEHRFFRBERICOVTEETS. Cu0, BUADKRELLTRAIEILNDD
23 Cu-O SHDIRE THD. YBCO DIF A, AR NVFEE IR TETCWARVR, BEFEICK
DFELND YBCO O/ RHEE TIL[19], Cu-0 7= VI RXAF—%288]5 2 KONV REHE
PR HIZ AL T D, EBRAVIZIX Cooper HIZ&Y, Cu-O ${0D K & RIHE PR RUX — Ik
15 (1~2 eV) IZ&RICAONDHRKF RHE LR TIENHEIN[S], Cu-0 HONVNEEE
BAIDHEREBIEDNTEY, ZDO /AR half-filled ThHHETDN TS, £ LT Takenaka HD
EIZLY PrBaCuz0,DFEITH Cu-O HITSBHRELIZEVERL (K 6-15)[11], ZD#EE,
PrOR—7 0O T IZE DS Cu-0 HONURIX
half-filled THY, Pr F—FIZBBINRNZIES -~ 3000
RENTWD, ZOZEND, ZOFMIZME TS
YPBCO (28T YBCO ERIERIZ Cu-0 4134
BEISEEZRTERbRS. BIGRRE S f#E
ENRKSFEELAEIZCBWVTH YPBCO @

-— PrBa;Cuj;O~

2060 - YBag CU307

Optical Conductivity gengin (2~ cm™!

Cu-O S#HMHDIREIX YBCO DZFENERERRR 1000
Brxr~TEEbhs.
— %, Liechtenstein b, Pr 424> Pr @ 2~ | 77T
0

8 DD 0 AF bR RIMEICLIERIN O O ton Enerey (v
e TNV REREL, BioEEOMmE 23K

= -z — S s X 6-15 YBCO, KU}, PrBa,Cu;0,® Cu-O #
EHEICIVHEBALTVA[11-13]. ORI DEEEE (], sl
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TzNITRNVF—EFE=SHLE (K 6-9) IZTEELTEY, Cuo, E@E}Lﬁ:@/%“/l\%%ﬁbhé
ELTWD, ZONRVRIIEBRMICERIN TRV, 22T, YBCO IZZOFH LW AAURREEL,
EDBER N FEDIRERZDNAURIZESEDELT YPBCO DIRE K EELOISE
ZHATS. ZOBRPIZKLERREEZ L TIIRT.

1) YPBCO MD/R R IZ Liechtenstein HOHE L TWA AU RBEFEETH[13].
2) 790 nm i OFHEE K & CTRENRKH BEIEIY, TOEPEICEHNND.
3) ARELIAVFDLOIGE ORFEEEIEK 0.5 ps Tho.

Kazeroonian 5O EIZ LD E, FEINDF¥
U7 D¥ENLL Er DBRICE->TRIEN K EE
OB ERRBEEND A, BEEELRT
Cu0, TADORE TBEEIREE, ¥ EE K e _
LHICA DB KN R ERTILLRD £ 1
[18]. YBCO AR [ DI e ffe b2 2 i £ fx @+ ®)
RIETIFALRIEITHKAEET 0.5 ps B TRAIL e .
TWa. L2 ->T YPBCO OB ALRKIC k2.0 ]
CuO, HDF A E R B OFEFEFREIL 0.5 ps TH ——N//ug
BrENTRIN, EOBEHKRELLORE —j\,/——'w—
O B & 7 U B 00 R B 1 008 i A 2 __/\,,/"—‘ﬁ
0.5 ps DEERND. HAZEIRE TOBEN K Y e "

HEEMOFENREZRANTHIOE, FiE
RHEETD CuO, ENDDEBIEE /NI D
ThbHEEXD. —J7, YPBCO NBLERED
LE CuO, HICBBEEX v 7 BEEIN, CuO,

il T T T T T 0
EADONSE OBEFFEHEIL YBCO © CuO, HE o © :;2:2;}'%5‘3% |
ZAVERLOEETBEEEEEDRNED, g 4 . _
ERTHEDBEOBMMEIIALE LAY, § 9 ! ]
ZORE, MERHI, 0.5 ps OEVERIRE 2 T - |
% T3 IE OO W KO I SR 25 ML & U ViR R : k: ‘ ]

ERTAOBEMRNEEEZRLEDEL
W einb, A—"—a— T ABRANED
. ZORBIZB T Cu-0 HIHDOF 5
YBCO, X 1F, YPBCO (BICRILTHDEE DN

6-16 BIEN X HBENDOFZLEMR
BORRD2HODEHEFOERIEE (PO
FiIEEOEE).

40 50 60 70 80
Temperature (K)

6-17 2 R EFTANSEBLIZADIRBER
RS BRI AL D AL 4y D% FlE [ O 1R B K fF .
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B8, FOHELGIIEECDD, ZITIRERTS. K 6-16 KA S LEMBEHORRD 2 2O
BLZzOAREFEZRT. EOBEHRHREMBRS ERETDE, EREDIILET 15
BNHILEHERTES. BEERIEOB EN R RELN 2 DORBRDEFI D OO G K
WK THHELT, ERFBERIOEOBENRFREEZREL, ADBIENKHIRE/IDOR
BAEHL, SMEMEZEHLEL. Z0FETELNZ YPBCO OA O R A L 0Of% Fn b 1T
16 K THI 2 ps &720, FHEE DO YBCO 0bE0bN B MEEMICH L TETFREVbDOLRD. L
TIRE L EEHITEMBRAELRY, YBCO TELNEERE—HKTI/RLIELND (K
6-17). L322 D, EREFENOIEOBIENRFEEIESIKEES, BONDEIFIFIEDEIE
B 5 REAGICRURFEL, EORENRFH REOBE B RKELALDITHEY, AOEENKX
SR OB REERIZEL 2> TV, Liz3» T, CuO, DI E OFEFIRE 2 IEREIZ R E D
ZEIFBREBEMTIIRETHDHLEE X D.

6-4 YPBCO MM THz K&
6-4-1 YBCO M50 THz [R5 O #8 4#

‘B E 6-1 2 THz H S £ F %277, YBCO 60 THz AR 2l E 3256 121%, —&RIST
JihiE ¥ DA L3 D J7 [~ B SN BREE R T Ao ICR NI R Z - VW TS, LT-GaAs
ToT T RhEOEEENGEISFLOBRE TCORIRMEEL, MgO KR (AERTIX
LaAlO; E#REAWTNS) D EIZ YBCO DAN YT TAVEERL, TV VEICZERX vy
ERITTWRNEZATHS.

BREIRRED YBCO 7o T T E T IAMERIBICLVE TR AAT AEG I U<lc, IcI3EAE
M) EFT. ZOTVyTEIC 30 pm BREICKRONTZT7 = AN L —F — LR (hy >>24) 2R 5
BIEIZLY, BEEEI I —R—{dO—FBL —F =KD FALF—ZRINL, BEEXF YT D
ED EOTRLX RN E TRIE SN HERL 12705, Bhl SR T12XY, 6-3-1 T~

(a) (b)
S0 4pm .
- i
i 100 m i
YBCO— ¥ * yBeob
L4 um 60°( T —]60pum
MgO 20 pm «— : Meo —>
3 ) | 1000pgm

BH 6-1 YBCO EREED THZz BHHEF. QFAR—AET T, RO, (b)) RUEZABT T 7.
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IORFELEBEERENEL, BF -7

HAERE BT — 7o/ AR SRR T j\
BRL, BOZ——x2HR L TEHR I BRIV R

RE5. ZOM, BT boMEERICLY _____ BEREREE )
RUZREE R 0 12725, LiciioT, —BHiIC B
NEBEHOBREE jABAL, $, BETE
VOEFREZITHILITRD. FEERRERAS
yF TR ERNREBEREMER BT 50ICRL
T, BREATIIRENLEBEREEBRORED
FRIATAILICRS. COBHRERICLYE
BHRRFICESNT, BEBEICBWT
E(t)x_c%t) (6-2) %lg%.}aco T T b0 THz 3 BN #E

DEB A TIBBMEPBHENDZLIZ2S (K 6-18). YBCO OFA I, 7= P —H —fh
BIZIOBCEBROERS V7LD ORMEK CTRISD, MNENIERIE OB KT
TINVIEIRIZ R ST,

YBCO 2>60 THz i BUR OB NRL — P — SV RIZEB 7 — 3 —t ORI E-SLIEND, &
Tk D IR SR TR R e TR EE RN A T AERIRFE THIEBNTAIN, 2 MEETAEANT
BABELZRRROICHATIILNTES. BRERE :oh‘éﬁ{‘ﬁ ET, RO, Bz
BIFOXYVTEELZENETN n, (D), RO, n, (D ETBL, 2XXVTEE nl

n=ns(T)+nn(T) (6-3)
L72%. ZZTn IHREICEHFLT —ETHD. I, BEEBREE j,(DIXEILOEBMN e, BT,
RUZNEE v W TR T,

BRAE E@)

Time (ps)

Js(T)=en,(T)o (6-4)
&0, L— Y — R AERERA, (DX
A, (T)= eAnS (T)v (6-5)

LB ZZT, Ang (D IRV— YV —RHCIIBREETHEEOELETHS. A (D iFL—F—
KHDREEE Py LBBEEFHE n, [THBIT2LELDL, BEREBEREEOLILEA,
(D, X(6-4), B, X (6-5)&2HNT

8, (T) o< eny(TY0 Py o js(T) Py (6-6)
LY, BEANT— (P, X

P =1 & (T = jo(T) P Py (6-7)

EEREN, NATRAEREFREBEOE G O 2 RIZHFITHEEILN TV,
YBCO 750 THz FEHE OBBER 72 ANV —F—RRBICIABLEEROLRICLE S,
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NATABREZRSTHMBBB LML= S, OV, BEHEHBICEREN T sE25
BICLBLEERSIENLTNDA, FFELFEEZAWTTHz AR SELTLNTED. 205
5, BB T MERETSE THz ROBEBORIETHIL4RE THz BERPBREEFOEEZ
BEEMICKBL THWAIER LN TVS[20].

6-4-2 THz BE&, RU, BRHIRXTL

YPBCO 50 THz s, RO, BRBICHWZY AT A3 2 BTk /2 THz-TDTS VA7 A
BT OLIAEZROTRILTHS. E—FFEH Tissapphire U —F —2bH HE&NnL —H—
Yk, E—ARFYyZ—TRE LR RIS ITONS. KN RFTHLYPBCOT 771, &
AT 72% TOrI44ARFyMZ~wU 2 RLI-. YPBCO 7> 7+, LaAlO; (BE di=1 mm) £
R PLD IBICEDERIESh /- YPBCO #E (BEE d=70~80 nm) %7 # kY7 T77 14—ty vh
Ty F U TUBTRYSART 7N T UL O THD. EREEICITEHN SN THz O
ML E DDA MgO RERLV U XETWOHTT2[26]. 2544 RZy D& L, Bl EIX77 44
AZMMVRICBBE LI FZL X (629 mm) ZAWCT U T TR FICEN L. REEFOD
LT-GaAs 77 i, F AR —VEE Wz,

6-4-3 YPBCO Hi>0M THz BIBH O FiE
BAREIREED YPBCO 77T R FINAATRAEREE ML TT VY i —F— V22 R
HI2L, RERTFIOBERMBEICERTZES3RHEEINZ. B 6-19 & 16 K DIRETFTT
YPBCO 77 FRF o EN- BRI ORFIEE TS, NATREREIMEED 0 ps 31T
{Z YPBCO 7o 7 FRFPOMHNEINTZEREE SNVADER TESL. ZOBBRKE SVADO/ 5
NATABROHFBITSCTREBLTEY, 70T FRF IV —F—2BE LRWERICITE/M
BANABFEELRNIEND, L—F—BRRFICIVBEEEROBENRERIFEINER

(a) (b)

| 1o .
- T=16K 7]
= X ” : P
= +10 mA <]
= g L i
-Q' | _ =
= 0mA &
S e T i a v = ]
2 i | ;, 05
k= -10 mA =

5 . .
< i £

7 <
) i ! 1 ! i PR B 1 0.0 N 1 N { Y ) h
10 5 0 5 10 15 20 0.0 0.5 1.0 15 2.0
Time (ps) Frequency (THz)

6-19 YPBCO 2°50 THz BRI E DR R, (a) BFEIEH, RO, (b)+10 mA O T RAEFREZH
MULExDRMEEO7 —Y AT,
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ERBAEINTWARIERNbMHE. ZOBREE 30

NWADIRENEIIK 2 ps BIZESTEY, BF ~ L ' | |

D7 =Y AXIMVIEE 6-19(b) DFRIZARB. E 20 L |

YPBCO MbMM SN BRM ORERRSE

0.5 THz FHEICE—2kbh, ZOMMBITI TH 2 | |

CETRATVS. ZOZLNE YPBCO O £

BEkOZWIEEECTPA s | N

5. 10 20 30 40 50
YPBCO LD ERESE BN Bk % YBCO L[H Temperature (K)

RICIRE, "ATREWR, RO, EXEEL

B2 CHREMA T~ B 6-20 I ASRE O .&_20 YPBCO 777 DOg R & D EAKR
REROBEKFELZTRT. BAERIE, L—

P—HBHNMOT T T RFICAATRAEREZENML THEABECHEDDLEDOETREEFHRIL
TO5, ARED 16 K ICBITHHERERIT 28 mA THY, EFEE TiX 6.2x10° A/em’ (FEE %
75 nm £ 33) Lied, ThUIA VY 1D YBCO #EDORE R EHR (RERIZH W YBCO 7
77T 300 mA (B & 60 pmx75 nm) ) 2% LT 1/10 &/ S0,

6-21(a) ~ () 12K IR E 1255175 YPBCO 2350 THz I O 7 O Bh e Yt 38 £ K F %2R
. BIESRMTE, 16 K235 35 K ETOBEE TORIE T, "ATAEFREZ 10mA &L, 40K, &
O, 45 K CORPETHE, TRFN S5mA, R, 2mA &L, RHBF~ARTOHMEIT—#
5 mW Thd. FORETH, BEXMREDTFH O EXE, EREORIESEEEEEIZHAILT
W5, L Ledn, X0l Ani#mdedss, BESOTATHS. K 6-21(g) IXIEDHKIEM
B ORE L E R FHETHD. 16 K°20 KOG TIHIRIE LB E ETRE IR L AL THML
TWS, LALeds, RENELRDEZOEDOEIE BRRY, BRUDITHRBITHML TS
2, FhER e TR EE AN LA A LIRIE TR E X T A EAICHD. ZORDBEKRFEEEZTTIRREL
LT,

1) THz $BIKIZ331F %5 YPBCO OB BEDIREKFH.
2) L——BEHZEIBER DA K.
3) L—P—REEICLARE LR MNSA T AR F OB oM.

NEZBNA. DIZOWTI, THz-TDTS THEIE SI72 Y PriBayCus07.5 BIE DO R A5 THz #
HOFEBEEFETHE, BEBERL TAHE A~ SUEN Y1 4PrBa,Cus 075 HE O FH @
AL, FOREAEICHESNABEREOME XM KTAILICRB[22]. HHoEIBRRET
i3, FELTBEREEFICKRSN TS YBCO DHZEEREEKRKDBIT RN RERLDD
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(a) (b) (c)
| ! | I | ' ] ! ' i ! I. ’ | LI
0.4 |7 6mw, - smw & T amw T emw T on, v -
—~ | —10mW, - - 12mW R —10mW, ~ - 2mW —10mW, — = 12mW #AY N
2 eee 14 MW, .- 16 MW ¥ S8 eve 14 MW, wa I6 MW B
g 0.2 —18mW, - - 20 mwWEAY o 18 W, = =20 mW| 18 mW, = =20 MW} —
B - A 1
£ 00 3
& L = 1 .
D
E 02 - e 2mW, 24 mW W, MW | e 2W, 24V |
H=} o —26mW, - =28 mW —26mW, = =28 mW T —26mW, = =28 mW
g- 04 - e 30mW, —.32mW e 30mW, —-2mW | cee 30 MW, —a32mW_]
< —34mW, ~ ~36 mW —34mW, - «36mW —34mW, - - 36 mW
r -e. 38mW, —.-40mW eee38mW, —-40mW T e 38MW, —.-40mW ]
-0’6 C I i 1 I Fl i 1 1 | 1 | Il i I 1 1 1 ! 1 I '
(d) (e) ()
L ! ! ! ! I ¥ I ' 1 LI | § ! ] ! i ! I LI
—_—2mW, - = 4mW —_— 2mW, w e 4mW -— 2mW, - - 4mW
— 04— 6mw, - 3w f e 6mW, —e 8mW ~T=eer 6mW, . BmW -
) | —10mW, - 12mW —10mW, -—12mW 1 —10mW, ~-2mw i
= vee 14mMW, —em 16 MW oo MW, —ee 16 MW e 14mW, —ee 16 MW
= 0.2 —1smw --20mw, — I8mW, - =20mW [-—18mW, - - 20mW -
-E. L al-
& 0.0
=
g 02 e 2mW, —24mW | er 2 mW, —en24mW --- 2mW, —.-24mW |
i - —26mW, = =28mW T —26mW, - =28 mW —26mW, = =28 mW ]
g 04 | e 30mW, —-32mW_l_ cer I0MW, —ea2mW e 30mW, —-32mwW _|
< —34mW, --36mW —34mW, -=36mW —34mW, = =36 mW
F eee 38MW, —-ad0mW T eee 38mW, ~.-4d mW -ee 38 MW, —.-40mW
-0'6 . s | 1 i 1 | M 1 1 1 | 1 | 1 | '
-4 -2 0 2 -4 -2 0 2 -4 -2 0 2
Time (ps) Time (ps) " Time (ps)
(g) (h)
05 & ’ i ! ! ' J ' 4 1.0 n
T=16K,20K,25K,30K,35K: @
L. Bias current=10 mA a
T=40K: L ‘é ]
04 - Bias current=5 mA @ 1 =
- T=45K: ol =
£z | Bias current=2 mA + 1 & os _
= v ]
= =
3 E
O
g A 1<
= A 0.0
g 02 T 74 - 0.0 0.5 1.0 15
»*
< | ® 16K | Frequency (THz)
A 20K
v 25K N N .
0.1 - o 30K ] 6-21 THz ¥ OO [ 3 T 00 b 2 e 38 FE 4k 77
4+ 35K P£. (a)16.2 K, (b)19.2 K, (c)24.7 K, (d)
i ¥ 20K | 297 K, (e)35.0 K, R}, (£)40.4 K. (g)
0.0 ® 45K THz ¥ #1858 E (I O HRIE 38 B ) DRHE 5%
. 1. b B (W) T=16.2 K, BT, T=35.0 K IZ
0 10 20 30 40 16175 THz W (BhiE 3R E 140 mW) D7
—VZZARIRMV, WMARITMVIE, T=35.0 KD
Pump power (mW)

ARIINE— 7B E THRBEELTVS.
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AVE—F U ADFREERREL, N THRHSHE-ERENE BER~REINE 4130
W IR L TRES EF 3758, BEEXYITOBDICIVAE—F L RAORES BEME
NHJ/ITEBEPHEML, RHSNDBEHEOKRNBEMEMTELabh T, 2)I2o0nT
%, Z2AMPL—Y =2 HWT, BREEENICBE RSB AERK TESZL% Tonouchi HA3H L
TWD[23]. BEIRDAERRIZEY, BREZHBRTIBEEL—-TSERPHENE. Z0BL —F—B
HMOBEEEREEIBCENV—TER LA TABROBMERTREXITHATNSEDHIC
BATH. LIcdioC, L—F—BEROBEEBEREESRDL, BEHSNHERIEEE SR
DFBHIENEF ZHID. 3)IZOWVTIX, Tonouchi HiE, YBCO Dbt &hviz THz I DB ik o %
L— A RRUTIVER L CHERL T OB MM OB EEREEZEH L, BE L ICIVE R
DM HIELEWERETLEREL CQOB[15]. YPBCO 7o T FRFOL—F —BEHIIL
—PF—HORIUZIVIRER ER L CWAZERTHEND. B FBEN RN RELRAED
& RD2b, YPBCO DO¥ERLF OFEFBFEILIRE EFICHVEML, &S8R E T CHEE 28
THIERRINTND. LER-T, BE EFIZE-TER OB oML, BERE
I, DT —VZAXIIBRBE BB~ T7MTHIEBE LN, KIPOHEE LRIz
IR TE AR E #, 16 K TIXIE OIRIE R E B K ED-72DIZH LT, 40 K TIEWNIZ A DO IRIE R E
BRELRH>TWD., LT, B 6-21(h) D, RE EFITHEVWRERERO7—U AT VK
B~ T L TNDIEL R TES. YPBCO 7V 7 R F1OME ST THz W IRIE R
OFEEEXREHEORRIZIETZ TR 3 SOFRROBEE THHEE LS.

WIZ 6-22(a)~ (D) ITK B EICE TS THz H OBREIE ONALT7T ABRKEEEZRT. B
YIREIL 10 mW THD. RINSH LT AETROEINIHE > T THz I OMRIE & B 38 mL Tua.
X 6-22 (g) ITIEDRIERE D NATRAERKFETHD. "ATRABERKFEEORHE R TIE, K
(6-6) POLERINHBMEEIXDTVALNT, ZORIBIIFERB I KL NS, T2, RIL A
TAEROLETHRENBWVEREREORIBHEIIREV. ZORELLTYPBCO 77 FH
DBECEBRSMBEETIILNEZIONS. BEHEERIIAAT—HRICIVBEBEE KD
BRI AL, EROEMIEVAEICE AL TV ZEREBITREIN TS, ERBICH
Shikii DIZKVBEEBRSRBERN TODIENHREINTEY, BREBR ST Bean £
TR Zeldov DET NV TCERHONTWAEBR S M EEHEMIC—BL THAZENREIN TV S[24,
25, 26]. —F, B Y OB FEIROME DM IV ABENIZHMLTEY, FEBIEE Hum
Thd. Z0%k, THZEOK N BEIBEEERIMEL -V —RESHEZRIANDILEDR
H5. TROLERRIEEE XL —F— Y ORE /340 L BT SHIRIC ST 2B 450 OFE D ZE R
BB TBILIThd. L= —RBT T OT VoV REBHLTWAGEE, (T XE
FERNAIOBICIBEEERIIGEHICOML OB —F—BRSOBEEEREEIX
INEL, ZORER, B REII/NED. ZHICH LT, "M TABRBRELRDLER T OB
CEBRIINBICEATDIE, L—F—HOWRE S M LR HRICBIT5E RS M OREZE R
B LERARICKRERD. £, AATRAERBRL Th->Th, BESEWVEERFNERS
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Amplitude (arb. units)

Amplitude (arb. units)

Amplitude (arb. units)

Bias current (mA)

Time (ps) Time (ps)

6-22 THz I ORFEE T DO/ T R E
FEE. ()16 K, (b)21 K, (c)24.7 K,
(d)29.6 K, (e)35 K, B, (f)40.3 K.
(2) YPBCO %560 THz HIRIESRE (ED
RIBIREE) OAAATRAETRIK M.
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BOTHA5BLEERDMITRRY, RNEBIZOMTHEI005. TORR T Tk sh
% THz IR E I K ELRRS. TRODFEEOMICH B Y 58 B R FIEIC W TE L L7 THz fEiK
IZBIT5 YPBCO DFEFBROBEKREMLEZONS.

6-4-4 YPBCO & YBCO D8
YPBCO #FELFRUKRE CRI—FBROTTHM AR L (BE 6-1) YBCO I (c #hE
1) O SR BB OIRIE D ASAT ABFREKEELEK 6-23 1273, RIEREIT 16 K TH
D, BHEREIL S mW Thad. 72, KD YPBCO ¢[F L LaAlO; (d=1 mm) TH5. YBCO
IXEE S E i 300 mA O BECERE IR E IIH 90 K THD. YPBCO DI HIRED 10 mW Th5D
DXL, YBCO HEHENHAE 20 mW ThHBICHEIDLT, YBCO 750 THz B M1
YPBCO {ZHART/hEW., BEMIZIRENFEEEE AL TNDETDE, miEh7- THz ¥
DRGSR EE IT Iypecoilysco=20:1 £72Y, YPBCO D %1% YBCO LVEMPITKE. Z0D
JRE®D 1 2LLT, BREROBEWCELIBE

WM OLLNBEZBND. YPBCO it BT
YBCO IZ e _TCEE R BRI/ ISV, F—4&H *é’ 4T .
FTCONATABR T, JYNRCBEYEE £ .
WANHTHILIND. ZOMR, L—F 8§ ul onc
HEROBEYEREMBESKE0% THe & [

WS EED YBCO 7o FFIobREARB < -

kﬁ)%i%hé EET‘:’ ﬁ%@THzﬁEiﬁ@ﬁ'ﬁ’?iﬁ " 0 10 20 30 40 50 60
BOENBRR B RICEELTVBLE X DN, Bias current (mA)

Fipbbh, Pr F—7 1289 YPBCO DXV 7 &

I YBCO ICH~MAL, THz O F RS 00 TR0, R XBoO i
WALTWD., ZDORR, ERiDAE—F
2ZDRBEDBRUBEEREMTHIEHR WFE ™ 1T T 1 T T 1 ']
ZZ2bhD. EHODRES, Pr F—7Icf:5% v
VT EEDOBDICLObT03N-RRTHHES
z5.

X 6-24 1¥ YPBCO 77+ %R+, R,
YBCO 77+ % F b0 THz OB RE O
—flTHBD. R AATAER TIE YBCO DR A I T R R
RSO SN A+ TR0E, RUEBRE S0 s 0B
(272 BB ST AE I YPBCO & YBCO TZh | Time (<)

T 20 mA, 150 mA ELTD. BIZE YPBCO g 6.4 yPBCO & YBCO iebfieft&iui: THz
L YBCO DETHIHEE—KLTVBENL S, B RORRERY.

YPBCO (I=24 mA)
0.5

YBCO (I=150 mA)

Amplitude (arb. units)

0.0
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(a) (b) (c)
300
’E“ . E 200
= £ =i 150
> 100 > 100
0 0
0 50 100 150 200 250 300 0 50 100 150 200 250 300 0 50 100 150 200 250 300
X axis (um) X axis (um) X axis (um)
(d) (e) €3)
g B )
2 3 3
i g g
> 100 > >
50
0
0 50 100 150 200 250 300 0 50 100 150 200 250 300 0 50 100 150 200 250 300
X axis (jum) X axis (jum) X axis (um)
(g) 300 =
ZSOW 7
0.0100 0.0286 0.0819 0.235 0.671 1.92 5.50
= 200 <
% - g - ) Amplitude (arb. units) x10%)
f 100 XB ' 6-25 YPBCO D#81{sE B I 2 1 DI B K F .
B ERE, RO, XATABRIX, T2 2
50 mW, &, 6 mA TH5. MPDERIL, YPBCO T
0 CTFOEEERT. (a)16.3 K, (b)21.1 K, (v)
0 50 100 150 200 250 300 24.7 K, (d)29.6 K, (e)35.0 K, (f)40.3 K, K&,

X axis (m) (g)41.5K.

51 4 i 308 I %) S S SR 28 (L B D S Cid YBCO & YPBCO D BT R EL FB/p > THY, PrF—
TRZEONE DN FEERPE FIREPRESEL THDIER TFRINTNDS. 6-4-1 Tk <7z
RIZ THz B ORI IZBEEEROKBM I ICEL TS, B 6-24 OEFBO—EIL
YPBCO & YBCO D S 7- MR+ DAE I BFAL R L THAZEEBIKL TWDHEE 2L
na.

6-4-5 YPBCO O THz jE<vE>S
Shikii Hi, BB FEPBREEBREEICHAIL THIZEEZRIHLTL—F— X%
YBCO 777 (X-Z FZ) TEEL, BENOBEEERSMOFREIIZRAL TS
[24]. AifiTYPBCONbb THz BB S, TOMHAEENBLREBRERICELDLOTHY,
THz I B R 1L YBCO THE SR EL BRI — B L QA2 biolk, 22T, [
WOFEZM VT YPBCO OBIEE RS MEME L. BIEIIRENLEESL 2 mW IZLTT
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85

(a) (b)

300
250
200

150

Y axis (Lm)

100

Y axis (um)

50

0 50 100 150 200 250 300
X axis
(d) (um) (e)
300
250
200

150

Y axis (um)

100

Y axis (um)

50

0 50 100 150 200 250 300

(g) X axis (um) (h)

300
250
200

150

Y axis (Wm)

100

50

0 50 100 150 200 250 300

X axis (pm)
G 300

250
200
150

100

Y axis (um)

50

0 50 100 150 200 250 300

X axis (ium)

27z,

(c)

300
250
200
150
100

Y axis (um)

50

0 50 100 150 200 250 300 0 50 100 150 200 250 300

X axis (um) ) X axis (um)
300
250
200

150

Y axis (um)

100

50

0 50 100 150 200 250 300 0 50 100 150 200 250 300

X axis (um) ) X axis (um)
300
250
200

150

Y axis (Wm)

100

50

0 50 100 150 200 250 300 0 50 100 150 200 250 300

X axis (um)

X axis (um)

0.0100 0.0286 0.0819 0235  0.671 1.92 5.50
Amplitude (arb. units) (x10%)

6-26 YPBCO DBmE EIK 4347 D/NA T A E Fiifk
TEHE. BhEYEHEEIL 2 mW THY, BEIZ 163K Th
5, R OEBIT YPBCO ToFFOMEERT.(a)
12 mA, (b)14 mA, (c)16 mA, (d)18 mA, (e)20
mA, ()22 mA, (g)24 mA, (h)26 mA, (i)27 mA,
K, (j)28 mA.

6-25 IZ YPBCO 7277 ® THz <yt 7 DRBEKREEEZRT. "ATAERIT—HE 6
mA ThH5. BIEKERE (~16 K) TiZ, Iz THz EHEEIXT T O%E (YPBCO &
LaAlO; DEER) THV. BERERELBEEBEREE IIITILHFIT50T, YPBCO DB fmH
BIITERANDOIREBZRALTNDIIENONS. COBEEBFRITIBE LRICHEN, 7oF5F0
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(a) (b)
300

300
250 ' 250 '

= 200 200
£ El
2 150 = 150
= e~
= =
100 > 100
50 50
0 0
0 50 100 150 200 250 300 0 50 100 150 200 250 300

X axis (um) X axis (um)

-0.80 -0.48 -0.16 0.16 0.48 0.80
Amplitude (arb. units) (x10°)

6-27 HHEBRABIZBITS YPBCO 77F (1=16.3 K) DEHR M. XBDEMHIT YPBCO 7T
FOMBERT. (a)-BQ23mT), BT, (b)+B(23 mT).

WNIIZEALTRY, BBRREME TIRIZEREICAMLTVD. ZOKRBS1E YBCO Thif
HINTEY, Bean X° Zeldov LOBFGHMRET VEEMEMIZ B L TWBZERREINTND
[24-26].

6-26 |~ YPBCO DB EE i A0 OSAT ABTAKTFIEEZ R T, SATABR NS
FEALIEE ERLERUEIS, BEBERATOBEEE RN/ AT RE ORI A 5
DR LEFE~EEALTND, 22T, 6-26 (j) IXEE R EIRITIE WA TABEREZHMLIZE A& D
MRTHY, BENTORKIBIEHL CTEERNICT Iy I7AT7a—BHERECTNBEE ZLND.
Bhb, 7Ty 7A7a—REET O YPBCO b THz A KE SN TEY, 7— R —BEELE
REBROBMEEH S TNAIENDND.

6-4-1 Tk ~7z U R B D> DB A E B R A WAL TOIUEL — P — L RBRSHZ XD THz % %
HIBZEBARETHIDT, HEPOASATABREZAM TR0V, BBEEMLTHEBENAN
WIZBALEHBREHIELLIET 2B EENL—TERE 7 = AN —F —TERLTH THz ¥
BB T2ZLB8TES. M 6-27(a) IZBGE VMR 23135 YPBCO 77+ % 7@ THz <yt
VI DRERTHD. BGHIMETLT TR T OAN v T T 855D THz BRI EH Sh
TEY, BiICHum CTHIN SN THz ORFERRKEL TS, ZOZENLBEREZRFL TS E
BEN—TERBT T TR FORBAZEALRICETIZOML TNDIENDND. 6-27 (b)
XX 6-27 (a) &R D J7 15 TR EIRHERF O YPBCO 7T TR FICBE % (a) LIXR D 5
WZHINL725 6 ThD. B 6-27(a) ICX L TRy FSNBBR B ThDH %, THz -~y o
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(a) (b)

Y axis (um)

0 50 100 150 200 250 300
X axis (um)

080 -048 -0.16 0.16 048 0.80
Amplitude (arb. units)  (x107)

X 6-28 (a) EHEBARICBITD YPBCOERDER LM, B, O)BERMN v ZOHAaRN. (a)
ORI DOERIL YPBCO 7o FF D BETRT.

DHEHZABE 6-27(a) L% THY, BEENT BRI IZTENL TS, K 6-27(a), BT,
B 6-27(b) LbIZ TV VOB IRIZEESNTNDEY— I — (B E 6-1 Z2R) 1ObLM5572035 THz
EABBEISH TV, X 6-28(a) IXE 6-27(b) DRIESRMEF — &M CHBZEMLIZLEDB
GEBRSMATHY, ~—T—DBRICH>T THz EBBRSHTHAILNbNS, ZOER
RN BBINDHEIROBRAFTMILT T FRFOT IV VHOBREITH THY, ZOZEnb
TUTFRTRNICEALBEERIZE 6-28 (b) DRI~ — I —#Z2 BB L TWDEFHETXS.

6-5 #£5

AREBRTI, 7xAMPL—F—Z T YPBCO O RE[E 43 fif i I i B RS ] 24T » 7z
¥, TUoTFRTICMILE YPBCO ERIAATABREZRL L —F— L2252
LIZEY THz BB EINAZ LR L, ZTOBSFEEZHR . U TFTICARZEORKHETT.

1. IR EIRFED YPBCO D JEHI N EE ki, YBCO DL &< B2, EiCEHNk
WEN R EEBEE 7 A RICADF | ~F— "= a—bTB2 8 bhol.
ADOBEA KK BEEITRE EREEBICHAL, BEEEBIEE CHKTHIE
HREEMEZHD Cu0, BNLDISE ThHhHZ LB/ RENTZ.

2. EOBENRKFRELCEIBLERE, EEERBOLLLOREBTHLHFEELTEY,
YBCO D& LT R 2B LMD, Liechtenstein HDEEIE T 5 Pr R— A2 b 58 I 723
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FROLDEETHHETFREN, 1.58 eV (I T 2 A IR FENSLD NV REIER RD S
TEDPTRIBENTE. ‘

3. YPBCO 2Bt SN D BREB 3B Z G E ML MICH KL, THz FBIKICE TR S H 3~
RIMVERTHILR Do, EOKHEFIE YBCO 560 THz EHUN ORI L
—EHLTHRY, KRESNHER T OEFREE L YBCO L YPBCO CHRERL THHIL
PRSIz,

4. YPBCO D ZhEIL, F—FMTF D YBCO OBH S RIVEIRIE TH 20 fEHRNZEH
bole. ZOBRHROB N, BIEEERSMA YBCO JVBNEICEALTNED
L&, PriEBICI S TRYITHENROLILER, BEEERED THz IR TOA L —
FUOARBEEPBERMINAZEBER THAHERE R ST

5. YPBCO 22\ T YBCO LRARICEMBEMAZAWTEEEER MR~k A,
YBCO LAMRKICEE EFRONATREROBEIMIZLY, SH#ICo ML TWBREER
BRE~EATHILEN RSN
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7 AFVE—LBHIZKYFIR{ERESh]- YBCO HEDIT LML E
1Z &5 ER1

71 #E

BLEMBOIEAO— 2L a2 ~DiE BRHY, FOESEERE NS E LB
firedes. IRFEOFRLENROR LIcky, BEOHK ZEIZRERLOBELNDL -7
LLRRD, AR THENIZIIR B XEBEEL, ZOEETREOHRITMMIT/2>T
W5, BT NAREER TS LT, BERROTHEEIIEETHY, HFFT—F —DELME
PEEND. ZOEBERBOFHAAEELL T —LBHICEEyF L 7B R HB[1).
IHNITEEICIVIMEIN A NEBERE ISR INBBRICA LB RNy ZY > F (sputtering)
RARZIEALELDTHY, REOMMEEEMICTyF L7 THEZbR TS, LBLRMD,
AZ = LB S TREICREBPEL TR BERS L TIFREESCREOEFRELE
LS TLEVBEEBEICEBERRNDITEELDS. ZORRREOMMEELT B LT, K

FREFFARFETDHS. KFRORICERERGOEFREBOEICRELZH AT, K
HREPBEERERERETILBPHRING. K2, K77 u—TRIZL D5 68
HIR I REBACRIE L, BT IRE O AR B2 R EEIR BRI 55 I tho Y 28 E
EIBIOEBELREREEXDLTHEINS[2-7].

U EDZENBARETIE, Ar 4140 E—2F AW TEIE{LEN 7z YBCO BiEE m O IR E FH F
6 1 BE %85 (Atomic Force Microscopy, LAt AFM ¢ T) ZHWTHEER THLEBIC, FEOE
TREET 2 AN —F—ZEBR 7 T u—T HHEIFILHEL TR & 726 2 E I L0 Tl
LIERERICOWTIHR RS, IR S RBEEREEOIER FEIZ OV TIRAS, KIZ
A e — LB EH W EEL RS AFM IZEABER RICHOWTER N, KB ICEHE L
L7 EERE DN FEISE DR RIZONTIRAS.

7-2 YBCO HIEEOZRENKE

ARETHWEZ YBCO B, KIGHARBRIZED Mgo ER EITERINZHOTHS. HEIE
W c BIEEMETHY, EBIREIL 85 K THY, EEIX 150 nm TH5H. KEHEBFETIERIN
TR, tOBEEREICH LB FEIKREOEEZERTLILN A THDLH,
FOEBEREIIN VY MREDHEYRHY, MM THS (K 7-1). F=, BREERLOH G
DEFEBEDBWVZIVAELEKRTFREAZORAOHMMOHWREETHHS. 4 BIAWZER
MELD MgO[1001D# F FE#11% a=0.422 nm T ¢ BHEZ A KD YBCO HREDIAX<wyFIL 9 %I
HELTEY, BELTHARY., ZOIRTYyFIZKoTRHEBPIIE FRBEBEL, BaEEFRT
BHERICR B L TARAINVBEEERL, TOERLELTERRICMOBRBEENDERD
NTWa, 20k, REOLHUWORRBERLEOEFERDOAR—HEZT TR, EREEOR
FRIZHERLTWAZEND, ZOEERBREIIFEICHE THD. BE, BETIMESN ArA
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10.0 300.0 nm AT I E
7.50 150.0
< 60.0
5.00 2 0.00 nm 1.0
£ 0.8
é N
2.50 2
0.0 S
xS
0.4 &
2 A7
0.00 (!'%S 0.6 02 4
0.0 250 500 750 100 601,, )
X axis (um)
% 7-1 YBCO # i > AFM 4.
AL — L% YBCO #EIZ SHAHEFEBEER RN FHALENHIE R RE SN TEY,

BRSO A SIS TOHS[1].

7-3 YBCO BEA®D Ar /A E—LES
7-3-1 YBCO #E®D Ar /A VE—LBHRIZKIZTVFUITHE
ABFRTHWIAL IV T EGER, a's

VLA AT 4T w7 (O IBS-250 Th
HAILDIC, Ty F U/ OEBRELLTE—

B\, RO, =2 ASNAOREEKEL, YBCO D
TyFU S EEROFIERCHELL. =yF 7
BEREOERXXER 7-2 1277, 7, LYAR

IR
% YBCO iz At o— 35, LT, &l
% 100 CIZMAAL=Ry 7L —FT 1 min T . "
‘ ) . & Kk
EMBLT7-%, HFEBEBECLIANO %
BT 5, BOEL-%, BB TROELZEH
7 7_/5._ )7 */\“ L7 — K7
FrREL, KELLZBIZFE YRy L—RT 5 PRTp
min [EEMEGT S, ZORE, 1000 FDREERTHK

i
wv

<

e RICL 25 s BHEEROE 958, 49 400 pm
DEEDRNTED, ZORE A4V 7EE
BOF v =iz yhL, 5x10° Torr 272
ﬁ% |g<2}’{] o7z, ,\Efﬁkﬁﬁ“wubtﬁi,Ar 7 A

LET

TR
b g R e

W2

EFx s N—WIZIEAL, FroN—HNOHEZE

%] 7-2 o F o 7 BRI E O ALK

AR b7
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FEAS 2~2.5x10 Torr IZ/2 B I WA B T8 200
Bl AF T8, 7, RO,
TH =)V TEEFEERL, YBCO #E Lok
MENTZT7H M TVRNERELERIC, EES
(Alpha-Step 500) W Ty F I EEHIFEL
7e. L EOFIETEHBILZ YBCO D=yF 7
BMORERER 7-3 12773, K 7-31X YBCO #
FEIZR LT Ar A4V E—AREEIZAF LIS
BEOTyF U T BOBBEKEEDITTT7THS. Time (min)
%HEIJ,ﬁﬁifyf;u\%@@x‘y%‘/ﬁ%mi—ﬁ'ﬁ st '
TEV=TIWMLTEY, ¥ —2EBERE
b\ic‘:%ﬁuﬂfff'ﬁ&pt'w)i/%/ﬁﬁ ERENWIERDLNS. ZLT, E—rBEL=yF T
ZETNEN 300 V T 10 min IZEEL, AFHA(0)2EBSE Ty F U/ BER K RBK
7-4(a) ThH5D. TyF T BEIIAF AR 45 ORIZR KEL/Y, Tonouchi bOHEL—K TS
BREBPELNTWA[L]. ABRIEIRAA L E—LOBHEEEZEEL, ARADOHZEE(LIED
T, AFRAGORROBEMERHZVICHRRENS Ar A4V OBEWBE L, BEAROKOER
FEWXLT cos™ () fFI2725. 5T, BHEELZRISFELEFOARAONLOTYTF LT
B% Y(O)LT5L, =oF L7k Y(0)/Y(0)ik, K 7-4(a) & cos™ (6) D% =0 DLEDKIE
THBALZbDLERY, B 7-4(b) 12725, EORKER, RKRMELRDAEIR, 45 °05 60 2 7h
T2, ZORRIIT, BECRESNTCOIERBERELEEMIC—H LTV, 2B, Sigmund O
R TI, B3V —EERTOANRYEZRT cos (0) I THLEZbNTERY, BARAIZ
E(@BRENDVIZE) ARV FRBPKENEEN TS, LOLAERL, ZHiZ—Fy B RF L1
TEHTHIZELERIRELTWAHEAOHK R THY, RESHMRIZIR> THVALEITITRKE

pusk
wn
<

100

Etching depth (nm)
2

7-3 TyF T EOR K.

(a) {(b)

140 £ T T T T T T] s [ T T T T l’l' T]
2 120 | | /
E 100 ) /
= - —~ - 7 -
B 80 % "'"§";~”
= B - _’ i
S of S IR
= 40 | SR I Y et _
£ - o %ﬁ&.gﬁmﬁu
=20 - F - -~ cos(®)
ol o ° %ﬁﬁﬁ%ﬁaﬁ |
— =1 1 Il e I
0 30 60 90
Angle (deg) Angle (deg)

7-4 YBCO #EED Ar A4 —bBH LDy F LI OAF v E— AR AKFE. (Q)zvFr 7
B, AU, b)=yFr7INE.



94 7-3 YBCO HE~®D Ar (4 E—LEBES

FEAF R~ T TAIERERIZHON TS, S EIOR Sy ZINEDOY — 735 EDRR
FERICFLTEAFARICS 7LD, ZORBOMUBFE THLLEDLND. BIZE£°
LAEBIZHLTIE, FECRXAF—LEBEFITCREPATRERERSTFRBEERLTVSD
ERHEINTEY, ZOZELREDO—DIZZETHiLS.

7-3-2 REFMHBERMKAFM) [CEIWERTORE

R TRV AFM EBIE, FUXAMAL AN A V4RO NanoScope® Tl Constant AFM
G, 7-2 Tk ~7= YBCO MMEE 1/4 %A K125y 5 L, 9b3HEE—AEE 300V, 400V, KT,
500 V TERD 600 A Ty F U SENARICAEL, BY 1 Ty F U/ ABEETICSRAR
U7z, BREEERTIE 300 V, 400 V, R UK, 500 V IZxfL, Zh2h 10,4, BT, 3 min THY, Ar
AFA L — AR BHT R U TRE (6=0 °) AR T5I0IRELE.

7-5 RIS HER B BICLDERIESN - YBCO BIK (UL AR EFKETLT) D AFM B Z TR Y.
HOLIAPFERRKBREIZISTHELERMTILVFEETHY, ()~(@ VT idh 20 nm BOKE
ITHD. () Dy F U TRBEITHOTORVWEERAE T VIVELERBREZL TS, myT v
B E LU EEEEIXZOMMAALEZHOTCRY, KEBEEREBEONTHLIIICAHAZD. Kb
LT PLD & AVWTERE - YBCO #BE (BA# PLD IREFET) @ AFM B Z2[X 7-6 (277
(a) DEyF U T EL TORWEER O MU B3 E ORISR EICIVERSN b DIk
NTKEL, 50 nm OFB SO IZIE->TND, —F, TyF U TUEERT o7 H xR mOMMIT
BB/ N XL FeoTRY, EKEEIZEZOMMA/IEN. 500 V, KTV, 400 V TLAELFAB O
M1 60 nm D& FH T F 8 0ELTWAR, BE—AEBEN 300 VOLDICRAHE, AiziqM 2
/INELRY, 20 nm O TN ES. SO RITIY, Ar /A E—LRBEIZLY, BERICERIN
MRy F &, FHAL TS, REOFHLEERMIZHE 258 IR R U HEHIKO
MU OEE Rm (Mean roughness) 2B HL7z. 228, £ 7-1 IEEIGERIR U5 (1.0x1.0
um®) @ Rm {E% 10 EFEHLI-EERT. 22T Rm i3,

Rm

Ll
=LxLy { £|f(x,y)|dxdy (7-1)

SO, y) D EICHE 35K I ORK.
L, L, REIZBITD x,y TRAIDKT.

TH5.

# 7-1 Rm fEOE —AEBEEKEHE.
Rm(EFEE) (o) | Rm(PLD &) (nm)

ToF TR 1.80 11.20
v —AEE 500 V(3 min) 1.18 4.55
B —AEE 400 V(4 min) 1.14 3.32

v —AEE 300 V(10 min) 1.05 1.07
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(a)

(c)

7-5 RABABEOREEROE — LB EK T

AEIT 400 V, KT, (d)E—LEE 300 V.

(a)

(c)

0.6
24 (”01 0.8
)

1.0 00

7-6 PLD lROERmE RO — LB EKFME

—ALEE 400V, XY, (dE—2AFEE 300V,

(b)

(d)

. () =oFU TR, (b)) —AEE 500 V, ()b

(b)

(d)

(a) Ty F o7 0ERL, (b)) —ALEE 500 V, (c)E
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RN MNS, ZEBED PLD BEERIERICHOTHARBOTREOIBEBE I AFrE—sRBE D
FRFEHEALINTHBIERbDD. HEBEIX PLD RICH U TEHEALBHRES/PEL, £LT, B—
LEE 300 VOAAUE —LBH TO Rm ERKEBTH PLD BETH Rm fEAK) 1 nm L8V
ETHDIIEND, 1A —sBEE W FHCAEE TIX Rm~1 nm TRINREBIZR5ET
HENB. ¥£7-, PLD EOREOMMBAREVDIL, Y, BEFEZERLTWBEEETHY,
ReFLybDAERER % OEKRROMEBESCERBE, RREEREIZI>TRERRPIEL
T2%, INOOFMHIZIVREOMMBKREZ>TNELOLRDNS.

7-4 IvyFUT0EBIhf-YBCO HEREONFEM
7-4-1 IyFLTMRBIhf- YBCO MENKMOBERENRHEEE

TyF U UEIZED YBCO BIRRTDOELER DB/ I —REBEELZH TR NEEL
V. AR CTHWEAEBERT RS CERLEEZRAINTODIOIIHL, RFEE TERS
N-PLD RIIEWEBIBEEZERL THELO D, AFM TOR R R TIICHMBREL, =
B =IOV TARERHD. AR TIE, BEEORBZANVTELNILEREOKREE
B922L127T5. REBBORERBRELBRTH%, BAFR—FHT COREELITAHRIC, [
CFETHERIN4OORE (myF o VB8R L, E—ABE300V, E—AEBE400V, R,
E—AEE 500 V CTRBELEZRE) 2RI TAFAZ NI NI, 744 RZy hORE
BREBIIV I EX, RO, ZFWICETEB SN RS TH A, mAKICHhD
REERATARER BT TIEER — £ G THENRITZS. 0B, R HETa—TRHONRE
XZNE 25mW, RO, 15 mW &L7=.

77 KERBEORE S FREENKNEELLOBERFERELFT. K7 EeBEE#, &
B7cAMNPOBMICKFARIENLL TS, LT, BEMRNEELE (AR m) LR E EF L
EBIZEA L, Te(~85 K) fHL TIHEFIT/HELRoTWA, £L T, FBiR TIXAR IR T/haey,

(a) (b) () (d)

N -
- 293K

ko
l Ml i al il )

AR (arb, units)
AR (arb. units)
AR (arb. units)
AR (arb. units)

[ 2 4 6 3 [ 2 4 6  § [ 2 4 6 3 0 2 4 6 8
Time (ps) Time (ps) Time (ps) Time (ps)

7-7 BEBEOBEANRNRBLEAOBEREE. (a) =yFr7R0E#RL, (WHE—AEE300V, (Ot
—ALEE 400V, R, (DE—LEE 500 V.
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(a) (b)

T + 1 T 1T 71 T 1 v T v T T 1
05 |- —®— as-grown ™ 2.0 - ® as-grown
5 | = i m 300V |
Z 04| ._ & . ¢ 400V
‘= | i e 151-¢ - . A 50V
= E A A
'é 03 - = B Rtk SEEEE o
& - . S 1o} * =
s 02| - 5
E » i 7
& i =
d o1} AN < 0.5 ‘s -
0.0 | 1 | 1 ! 1 i L f 0.0 | 1 | 1 | 1 | L
20 40 60 80 100 20 40 60 80 100
Temperature (K) Temperature (K)

7-8 REBEORE SR BENRKFEECAEORTER. QBENMRFREBEDEEKTE

, RO, (b)EfREOBREREME.

RoTHEDFBHRE/AXZEB LN TLES TS, ZOBENRKFRBLELEITIRTIHICE
DR 300~400 fs % TE—ZIZFEL, 16 K DLETIE, 10 ps BITIIBEAOEIZTRE - TS,
WENRNRECELEMFROBERFEOKERELZR 7-8(), B, K 7-8(b) IR .
7-9(a) DTy F LT EL TWRWERE (as-grown) TiZ, KRIRIFEBIENR I REMIAREL
725TWS. ZLT, Te(~85 K) fHA CRABICE/{L TS, ZOMEFIX Han HX° Stevens HD
WELEHEMIC—BLTND[2, 7], 2N, TyF o S UEBEIToT-RE OB K K RE
L& (|AR |max) 13, Ty F 7B TOROVRBHILE N T/HEL, 16 K OLETIIESROBE
MRFAREETHS. ZLTHEBERBIE S<KE|AR oy RETFEAL, =y F 7 0E#HEL
TWRWRBILIZEAERCTHD. 2, Ty F L IS T REHA £ 0l TR T —
LABEICLDMHBIIFRLE 2L, HADIEIZEA THWRNWIEPBE —ABEEREEHIIR LNV
LEZD.

—%, B 7-8(b) LB ENRFREOBMEFOBELLERLEZLOTHS. ZOREE,
A% Fr B P V308 P RO R R B B OB ERTFHLFRIC Te B TRESEMLTND., ZyF v
TR ZL TRV YBCO OFEFIRERIIL 16 K TH 1.6 ps THY, 50 K TTEMBEIXIZEAL
L TR, ZLT, TolSESKEBRMBERIZR<AY, 70 K TiX 2 ps ILEL TS, TDH#,
RN EIIAREICEAL, HEERETOEMRERIL 0.5 ps iZEIZRoTWS. —F, =yTF v
TRE 2 L RE RIS T 2B REREBOBEN KN EE(LOBMEERITN 1.2 ps oy F
TR Z L TWRWBREHI L TEW. TeMHE TR RER O EF1372<, 16 K DR EIZEA L [F
UThs. ZLTC, BRERB Ty F U UBOFEICELT, TOBRMEBMMIEALELL,
#7 0.5 ps THELTWS. 2, BMEEbTyF o Z7AE LR TEWIIFRLE ALV,

7-4-2 Raman 9%, BERN~RABORHBE, R, TcHMEICKSFM
SR BEEER T, BREHEZRT CuO,HOXFY)THEEILICu-OHDBEEARIZK
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S>TEAETB. FEBROLIRMEEI T Ar A T —————

F U DEROBE, FA-JICEVEEE RO RWage
mMNOBEEEERE(7-0) ITHLENELTNS

AREERHD. ZOMEEREOBEE KRB OFM W"“M}:
21T9%12, 500 cm™ 34 ® Raman 53 %, KUY,
| r)“ '\l 300V

AR ~ER S E IR O K4 B FE %17 -7-. Hangyo

SOWEBIITLBE, 6~0 DEX, 500 cm™ £
c @i T D Cu-0 DEEEDHIEE—RIZLBAN e
IIME—IREEL, ZOT—FRIBREXREBEES
. 440 460 480 500 520 540 560
WX LIEFICBUR THY, S OEMIZE->TAN Raman shift (cm™)
IO — I BERE= RN F— M~ 7L 1

. . 5 7- LEEED ) ~y
T T LR STV, B Ar A4 }\./]/7.9500cm EEO YBCO @ Raman X

— % — (Spectra Physic #:#, model2017), 433k

Intensity (arb. scale)

25 (Spex #L8, 7 E/7uAr—5—1403), & .

Hi 22 (CCDY000, 74 kAN w24 8) % BV CHF 08

W, L—F— A% 50 mW ICLTHBRTHEL £ 06

7z. B 7-12 12 Raman S HORIERRERT. g 0.4
RMAbTyF L/ MBOF ECEDLTAETS00 &

cm™ OFTICARZMLOE—IBFEELTEY, A 02 1
Fre— AR Lo THBRER+ nm (k P e—
BARRE) OBEXERE (5) TELLTOE Energy (eV)

NI IR RSN,

BEE 7-10 ITFRT. BRI, Bl  ORASIZMERSET A~V TREETHD.
UV3100-PC # A\ 7=, c 8> YBCO DT #R7~

B EIBROR T AT VI, CuO, BIZEASNEXYITEEIELT, FIRX<mAREE
LT BIERBEIN TS, FTIXIRICERTHER 7-10 by F Uo7 AEOH EIZBEOL
F, PIRZONMBIXEALL THRN., ZOZEdh, TyFUrFORi%E T YBCO EED CuO,
HOX YV THEEIIEL THNRNIERE ZBNA.

7-4-3 ArA#YE—LBHICED YBCO MENOAXPHIEXDER
AN EBBEOZyF U TUBIZEARZEEOEIONWTEETL. myF U7 AEEL
TV YBCO 2260 B MBBEN R HEELEOHK RIT, BENRKFRELE, KT,
BAFEEOBERFESBLEREBLEEGERBTRER R TNZEPD, Han bO#HE L
FERIZ, YBCO DBEMNRHNBEITBCE/FELRBRLTODILOLEDND[2]. €L T, =
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YFUTRBOFETREERETO YBCO DBEMKFHRBRELDSEEIZKREIARERENT
W5 HIREREBTOREL, BENRNRELME, RO, EBMEELbIczyF 70k
LHBIIRONRNILND, ToF U FABOEBRBEEREDREICHLDNLTNSE T
S5, Han X Stevens HOWEICLBE[2, 7], BEEREDOEEN K F ELELE (AR |ma) 1T
R T HAC Lo TSN — = D EE IR IE L TOBEE DTS, ZOZEnE, Ty
FUTRBICIVIBENR N EECESBO L0, BEEGOREEETEENRLL
RZERHMIETHEEZDND. —F, BERE/FMEE, KA ENOBREXRBECE(LTEE
DBABITUV S, Raman 5306, KUY, SEARI~EEIME O K SHBIE O F25i3, YBCO BERE
DEBERE, R, FYVTHEERAALE—LABRIZ TCRESHELTWRNVEEZ NS, =

DIEPD, Ty F T THRBAREBTIIEERL, IXITHEELELLTORNI LN

. INHDRERDG, YBCO HIRREIIMBEXRBTHIEARL, IYITHEELRFLRETT
Y FUTENDD, ALPDEA—VIZEo TR EERERHICHERSNDZ — A —3 OB L
TbDEHEFEEND. i, BAKREOF b oF U FRBIZE> TR L TWEZEND, KR
SNIZHERL T DR MEFF BEL o eBE 2 b, BEREICKMREBECEILSTHEINS.

A —LBEHZLD YBCO HIRE H OB E Y DOELIL, Raman 2506, RO, TR~
RO DO H R E TIIRER CE T, RESMBENRKFRELHE CIIME T AR
DFERDD, B2 78 I R 22 LR E oY 21 E LS, YBCO ORBGERKEDE
EEBRBICK B L TWAZERTFHREINS. ZOZLEFALT, BRSBBEN RN RELEE
ZRHE e 2D OFEROR P IS A TEAZ LD RSN RENTZ VRS,

7-5 &8

RETIE, 7=AMIL— Y — BRI BB E IS E DK ABIELT, (48— LB
% YBCO MM & OV HLABI IR EOMEE L, RS ﬁa@l@fgm;ﬂmzmﬂm%
VT~ UTFICAZOR/RETRT.

1. Ar AFE—LREICEY, HERAEICRELEARATIABEOMMARESN, Rl
DAL INARTFEE B U EHAE, BHE A4 E— A THIR B LIFEHE D
TE, | nm BETOEH S HFTEAILE R L.

2. Ry 7 Fa—T BTSSR BEN KA RBEBEOKE, —vF /7 Ul%
fTo7-YBCOBEBIITBENR T RENE, RO, FMEFELLICEERERECED L.
BENRKHBECEORLHD, FHLABICIVBREEFEERRILEZIERT
MBIz, 2L T, BAREOBLPOEEREICRMBARENECT-IENRBEINT.

3. AZ 2 — AR R D Raman AT MUVIZEL B R oMoz d b, ToF o7tk
HBBEXRBITRVIENRENT. £, ERABABORKHBEOHKERLY, HinE
KEOXYITHEELEL TNORNIEIRINT.
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4. RS FRBEN RN RBECEEIXMMONRZRE LD, YBCO DBEEZREOELEZH
BICKBLTEY, UB 7oA OIS A TEDIENRBINT.

BEXHR

1. M. Tonouchi, H. Shimakage, Z. Wang, S. Tomozawa, M. Hangyo, and Y. Murakami,
Supercond. Sci. Technol. 9, A161 (1996).

2. S. G. Han, Z. V. Vardeny, K. S. Wong, O. G. Symko, and G. Koren, Phys. Rev. Lett. 65,
2708 (1990).

3. G. L. Eesley, J. Heremans, M. S. Meyer, G. L. Doll, and S. H. Liou, Phys. Rev. Lett. 65,
3445 (1990).

4. J. M. Chwalek, C. Uher, J. F. Whitaker, G. A. Mourou, J. Agostinelli, and M. Lelental, Appl.
Phys. Lett. 57, 1696 (1990).

5. T. Gong, L. X. Zheng, W. Xiong, W. Kula, Y. Kostoulas, R. Sobolewski, and P. M. Fauchet,
Phys. Rev. B 47, 14495 (1993).

6. A. Frenkel, F. Gao, Y. Liu, J. F. Whitaker, C. Uher, S. Y. Hou, and J. M. Phillips, Phys. Rev.
B 54, 1355 (1996).

7. C. J. Stevens, D. Smith, C. Chen, J. F. Ryan, B. Podobnik, D. Mihailovic, G. A. Wagner,
and J. E. Evetts, Phys. Rev. Lett. 78, 2212 (1997).

8. M. Hangyo, S. Nakashima, K. Mizoguchi, A. Fujii, A. Mitsuishi, and T. Yotsuya, Solid
State Communications, 65, 835 (1988).



8 #E 101

8 ¥ig

ABRETIE, Z=bbL—F —% THz HHFOREICRA VT T~ VB 8545k
(THz-TDS) ¥ AT LEMEEL, THz FHROBRISENOLBELFEBEROMMELR . F-,
Tz LML —F =% T YB2,Cu307.5 (YBCO) 3 5 1R 48 1 8 fR D B ] 43 8 JE 1 I S 2 25
X THz WHRAZRIEL, BEENISEPLZOYEEF 2. KETIE, AFETELNE
RREEEGIRIEL, BBICSBOBEIZOVTRAS,

FIETE, IRNETORBRBRIOIEIR BT QRN ONTHRAL, KFROBH
CALEMTITEALAICLIE.

% 2 ETHX, T—FF# Tisapphire V—F—2 AW THELEZFEBRE O THz-TDS
(THz-TDTS) ¥ AT BZ DWW 72, 4 L2 THz-TDTS VAT AT, THz fEIR OF @R L1
MEPD, ZOEBOERBINTRLZEERDAILBAFETHS. Z0 THz-TDTS VAT L%k EIZ,
arNIMEEBRLT, BEEAISNTOSHBR KB OE—RFEH Ti:sapphire L —HF—Df
PN DT 7 AN—L—F —% 2 THz-TDTS VAT AERIELZ. ZLTEREORALD
n B Si v AOBREEITV, ZORR%Z Drude TF/VTRITL, RIELIZV AT A RE % 5T
L. ZORR, BIELIEVAT ALY, n B Siv o OERETREES 0.01 Q'em ORE
TROONDZER DT

% 3 BT, ELKL THz-TDTS VAT AEAWTR—7&N 7 n B Si iICEBiJ5 THz KD
BHISEORELTILEFN-. TORR, n B Si 0EFAEAROEREREEE N 150 K
I CRESERTHILER L. 2O RE% Drude ©FT VCENIT LI R, EiR5 150 K £+
EETHOEBMBEERROBEICEEOEIMNIB B EOEMARIEZEL, 150 K FELLERIC
BUAMEEAKEROERCEE OB IXXF Y7 OHERERIEEL CNDIERboT. Fe,
KB T D n Bl Si OEBEREIGE X Drude EF ADHEBL THE, (KR TOXFERBEOMBITIZIZF
¥YIT OBED T INF —(KEFEHEEZERTILERHHI NI o, KIZ, THz-TDTS DO} E
HEEEFEE~DIS A LLT GaN R ITO BEORERFRITOVWTE . GaN HELBLIW
ITO # KD THz fEIR D BRASE % Drude EF LV CHRITLEER, BERER GHEEIHIBRED
BETRDOLNDN, BHEIYITORRSEAARAEFERIOGEBEBERICETRATHS
HIZEEOMBEMIT RS, XYV TEELBHELZRLICENTZLARETHLILNHA
Sy N oY

5 4 ETIE, BELKE THz-TDTS VAT AAWTHE BRI L2758 THD DAST DHFE
BETN, CORREEIZHE L DASTAOOER W REICES TH2 B RH O RE, R
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WWHEINTWABFDEREZLEE L. ZO/KE, DAST O OOERKRAICLS THz HEHH O
PRIL, BEN 1.0 mm OHE T, 1.1 pm T OREE RS &R TK 0.7 THz TOKHZ
BRRENVZERTEEIN, 20O/ BRI, Taniuchi bOERERL—FTAIEEALMILE.

5 ETH, E—RMEH Tisapphire U —¥—ZH W THE LK E O THz-TDS (THz-TDRS)
VAT BICONWTIHR AT, KVATATHE, KAMOBE CINECTHBELESN TOWZRABEREID
LD EDOHIEICK LT, KFEROBEARFELT ERFE FBER Si v= )2 RIGDED
FHEERRL, 1 THz T 107 rad AT O E CHHAZEZMET DI LICRIILT.

% 6 ETIL, Pr BHICLD YBCO DBLEMHEDELEZTM D%, YosProsBaCuz07.s
(YPBCO) iZ2oWCT7 = AP L — W —% AV TR 2 R I RO B AL L THz B 2O
EERIRoT., TORRE, BLREIRED YPBCO DBENKHEEIL, YBCOLIZALRY, B
MM ERST, ECBEAEBENRNREMREE7=LMRBIZADT B ~F —/—
2—hTa2LBdbhol. ADBENRFNEBENITRE LRLEHIBAL, BREEBEE
THBTAZENLBLEMEZHED CuO, APSDMRE CHHZENRINT=. —J5, THz BRI
EDFEFR, YPBCO 2HbRI UME BRIt > T THz WK SNAZ LR L. ORI
E1X YBCO 7°60 THz A B R E—E L TEY, XEhEIh iz 8k 7 OFEFEFE 2 YBCO &
YPBCO THRERUTHAZENRENT-. FT-, YPBCO Ok #h=®ix, F—%H TD YBCO D
A RIVBIBIE TR 20 BRWVIENDbI 7. ZOBFDIBOE VL, BEEERKSAHH
YBCO LOHNEFITHEA L TNBIEE, Pr BHICE>THRYITEENRAD LR, BIREEK
&D THz B TOA L —F LV AORBAEPEMINAZENRE THA LR DT,

# 7 BT, A4 e —ABRICED YBCO MR E O T LA S ML 2 (L 2 B 4
S R S SR (LB AT, Z O R%, Raman 465 0N R O R L B L.
ZOFE R, Raman 43 RO RA~ESNIRO KT R E T, A4 E—LBERFi%E TAXIMUT
BB, REOBRKIERF YU T HE ORI RSN, B4 A8 KRR M %
(LRIE DR RS, FHLAMEET o7 YBCO MEILBEERIEICHIT2BENRHEEL
BERBIUCEMREANELICBAOLTERY, BLEEJ/ENLLTAIZENRENT. ZLT, KES
SRR IE RO R S B 2L B I DY R B L0h, YBCO OARR S M O (L A HURIC R L T
B, MI T a AT OO B G B TR BT LR SN

RICAEMFROEHOBRBEBIVCRBEIZ OV TERS.

IIL®IZ THz-TDS VAT ADRBEITONWTIHR RS, KL THELIZVRT AL, 15 GHz~3
THz DEKOBHISEFZRETAIENAETHIN, TOVATLAOWEOM LEE 258, &
ARWAER—2LLTEZXLNS. AFRTRELLABN -7 LEEERLFICETSE, ah—7
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FEEOEF A TV T OBELRE RIS+ THz 12729, 15 GHz~3 THz OEIBE ORI E T B H
XYV T ORI GEO—ELNRIETHIIENTERN., ZOBIT, KFETIIXIYITEELEH
EEMIMICHEE RCEHTAZENTE o, BIEEROEARAIZIE, L—Y—nE v
AR R TR IR FOM B OERMALECHS, B, 10 THz UL L& ERER D
BREBR L, AERBREOEBREAEDREAVELORERTHED, BRI FZR
WCEBBRIEBRIET 7T o ENABRE B E I T—RIT/DEINBICH R EL
TIHAT2812, BREBEEC/AXZMAICL TR IEENBRELRDTHAD.

WICHE S B ENR S RECREDORBIZOWVWTE~RS., ZORIELTIE, u—7%0
KBEEZRHETHHIC, BIEKRIIL—P—ROPLEROKRBZREEERBRLCONDbODOLE
ZoND. TOBIZARIMNERIE, 7=L L —F -0 R A EHICHIREIND. BEH S H#F
WEM K RBEREOFEMRERIL, A MBREBRVANZRRBLETHSD.

AWFE, 72 ANV —F— O HEFE~DOERITONWTOHH BB DOHIETHHENZD.
T LML —F—ZRAWERAIEFEEZRAVAILLEST, ZNEOT7—VS N REITRLND
AR MVIREOE BT ORE TIIRL, REBEROBREBLIILPTES. AMETIE, =
DZEFFALT, TI~VYREEERS HERCBEN RN BEBEEEZS ETITROHTA
MPERFSE IR ELTRHWAIL N TEL RS R R T IERTEZLWV RS, 5%, 7LD —F
—EFRVWEREERSREL, 4 2PBEEAROMACEELICAIRASNLIE2HIF TS,
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AT KRRKZRZR TEZFERISADEEZERICBWGHKITEEREROIHEEOT
WAT-TebDTHD. RIGBY TERTRE, TEEZBVELERKRKEBEET + =7 A
REVF—HFE FITEBEEECEEHLBILBELETET. 2L, Z0HEEVTBHEIT
Rl 2 ITRERPOREFOBEERLIZVERBWET,

S E, ZORBRHREOFEZRERMEL CTFEonpitry—& EAKE—EE @, KIRITERFE
BHRAZEHEER), LI, Ay —F B —MEABLBLETET.

WEEMIYERER FR—RBELE, WEEMIFERER aHEEEE, THYHE
FELHER ANKRESEE, RO, ISADBEEREERE PRINEE, 1TIX, KRERKIS
HI-VFELLIRFTEE, ARDEERZBVEL. ZZWKEHELBL EFET.

e, HHEEHEEIELERKRKEBRET A =7 AR 787 JHNEEFLEE, KRX
FRBELETA NI AR B2 —BER H EEREEICLIOESHLBL BT ET.

KInERBRIBE, BREZEESILLERBFRNAXIBHER, W) BHEVIEXEHE
B, ZFNeEkEGE, BELRRRERBRBFZRENER), KIRKEBLGE T+ =A%
v —BFE REREE, RV, KKKZFBEE T =R R Z—BF JILEELE
LOORILEBEL BT ET.

TEZILICHEDLL T, Ter NP EOKRELRIBIIEZ T TIok, AEBEREE A,
Ok L K2 2E F B ) IEH# VLT

RAZAEL (B, OE M SR EM SR MAT s v —7 R I3 %
TCod, FOAHITEBELEIVWTHEE, H40RE LORERIEREEEELL. ZTICREH
L#fLRL EiFEd.

ARFEREITICHY, BADOBE LOERERIEREZEZELEAHE-—KEHR, ELT74v
)RS N LET

RIBEHBROMEE, R, AEOBBICBVWTIHAESELEAZKRE L Z—HE &L
FEERICEEHHVZLET.

R'E7: YPBCO #KL YBCO MED#RM, K1, HEEARIE REEXELL Friedrich-Schiller
KFEHIR Paul Seidel 4, KFEMELERE Hagen Wald K, K¥ERHELRE Kai-Uwe
Barholz X, % U8, Frank Schmidl # L iZ.O0 XOREH N -LET.

R'E7: DAST #Bo#EM, R, EELAIRRZEIILERLERFEREEFATAR
FESSLB EAITLIVESI LTS

R FITICHT-OREE I Lok T —7 K¥ERELEHERE L TFTEREK, XU, ,
INTN—7 KREREEHYRE & A KICERIEBHL, #HLBL LT ET. HFOURH
FLTHEWHRITIZN—7 REZERE AR Alex Quema RIZEHFHWZLET. 2o, b
7, RO, BEAFBCBOTRBHEIRRVELLBRE T4 b= R R F—FKITINV—T,
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B, NN —FDRRIFILIVEHH N -LET.

KFREO—HIX, BEPFIES —F 2o F— I TITbhELE. BENHEAL—T %
—DEBRE OERICOLOOREEIWZLET.

A REEDDIZHIEY, BARZWIRBSIVEINHAEBLLTHIXBEEELE. ZZiC#EA
TRHENNZLET.

K E—MIBEORTREFIA, R, BMEBOEHILHHIAKIE, FENRETE
I 2o/ T, WOLRBETHRIEL THEEELE. IWUBHHOZLET.

BBICZOBERMEZEDONTEDOBRIEDX IV ST LIELFEHRLTVET. VOB
7 BHE NI EL TN R D FIRICERSEB WL ET.
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1+ &

A BERECVEOHEEER

(BRI EWEOMEERIIE (BRI OB RLWBERN TLOMEEARETHD. FE
HKOHE, THz BN TIIEBEIYITEOHEERABRXENTHS. 2T, WEOEREE
B L BRISEDBRICOVTR RS,

WE S THHRER (p) BHHIREOEKE, Maxwell FERIT,

V-D=p (A-1)
V-B=0 (A-2)
VXE =—£ (A-3)
ot
B oD
Vx =—+0F A-4
ﬂr:uO at ( )

Ehed, ZZTDBREN, B MREBE,E:BR, . [hBHE, uy EEFEE, o  BERECEHE
Thbd. iz,
D=¢E+P=¢E+¢yx E (A-5)
B=p uH (A-6)
B IlTe BEFER, P AW, . BEREZETHS. YHEEDOBE, EXHFHE (p=0),
RO, M THD (=175 KA ICVxEERSER(A-)ERAL, BEHEETDHE,

-E_?* 0
VxVx===—D+—(oE ;
X X.Uo 7 +at(0') (A-7)
BELND. ZZTVxVx=V(V)-V?DARLEKX (A-1) DO (A-4) DEDI,
V><V><'—‘-E-=V(V-'—E-J—vziwz£ (A-7a)
Ko Ko Ho Ho
L7y, X (A-DIT,
E _9o° 0
Vzﬂ—o=-a—tz-(eoE+£0;(eE)+§(0'E) (A-8)
LB, K (A-8) DIRELT,
E = E, expli(@t - k'z)) (A-9)
TRINAEEEEZRAVDE, V=—ik', R}, 0fot=inti2drb,
k? = pw* (so +EX, —%) (A-10)

ORERT K K LB o OBRRANBLNS. T THZETORE ¢ Be=1/ue THHILE
Anal, K(A-10)1T
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2 .
k'2=w_2(l+le— lO'J (A-ll)
[ EyQ

£72%. ZZTR(A-10) OFINOEIIMEOLFERTHY, ERRRETREINDS. §2H
WHEBE P ORI

=2z (A-12)
Cc

EREIND. w/c FEEPOBHBMEOEETHINLR (A-12) ITBEFORMBEZE PO
DAF RBIEEEWTD. LI CHR B R A =n-ik ¥ ERBEEF=¢, —ig, BT

A=n-ik=AF (A-13)
EEETD ZhEAWHER(A9) 1T

E=E, exp(—%z] exp(ia)(t—izn (A-14)
c c

LD, Y (BREF) N o/m OFETHRIB{TICONTERD exp-0 xz/c) DIDITHEL, HE
WRINENDZEEZRT. BIFE (), RO, BERE (0O %% EE (optical constant) &), F
72, RKA-IDREKBCEELZERECTRR(F=0-in) L, 1+y,% e, tBL,

F=g.-i— (A-15)

£,

ERIND. R(A-13), B, K (A-15) 700, EXEREELBEITENERICBAKLTHDIILER
bind. T7bb, B2 (BB IGREDEENSREOXZEENELANE, TOREOER
FEELRDBIIENAEEE RS,
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B Drude FI/L

Drude TF W &E, BEPORBEXYITIERTIAMET Ly L OBELFR O =X L¥
—RFEEZERTIIETHELNSBEAX YV T OEBRICHTHEL T, FEEOBER CE KT
ZRHATLLEIILEDND.

BHE EOMEMTDE, HxDBEFITEH HFEX,

*
m*%v+m70=—eE(t) (B-1)

CHED. ZECTIXETHELREE, v IXBFORYTNERE, <« IBTFOEWN, m*3BEFORDE
BThH5. HMETIRRERIMbILEEE XD, THERE,

E(f) = Eyexpli(wt —kz)} (B-2)
ELT, K (B-1) 2#ELE,
j-zer_E() (B-3)
m l+ior
BEOND, ZIT, ¥YVTEEE NcELTBIREE j OBRR,
Jj=—eN.v=0E(t) (B-4)
FRAVWTERERGEE G (=0-ic) B RDBL,
2
g=lNee? 1 (B-5)
m 1+iowr

LB, ZIT, FIXCRBE (0, =Nee[egm’ ), RO, BELREE (T=1/0%AVT,

2 ,
£, e’ 'tio

o= = —— (B-6)
T-io ° "I+’
EY,
r
_ 2 .
o=y e (57
e 2@ .
0'2 —800)”@_2.:1_:5_ (B 8)

rEEs X(B7), R, R(B-YMILEHEFCIIEREEHEL, AR (0)XFFX
<IREM (), R, BFOMIELEE O)IRETHILbND, £, & A THR~AELSIE,
BEREEELEEERIEBECERLTRY, BEXYITORIBNIRAEOBREICK
BLEND, REERPOBEBAXFYITOIREL, THz BBRICBIATHS, ZOZEdh, FEED
THz RO K ZEREZREL, % Drude E7 VT IS, FEEMICESETOH BX
YV T INEEZFRDIENTES.

R X TR LI E BB oMt EHETLD TR £ B-1 i, F¥E &M omiE
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ﬁﬁ’c&)é i%':':’@ my, my;, M, Mpp, My, &U, my, fj:, %h%hﬁﬁ%’g%, %’ﬁfﬁ@’ﬁﬁ, %‘/\
ELOFDHEERE, BENVEALOEDEER, EF, RO, ELOFHEETHD. y., K, 1,138
T, RO, EFLOBEE THD. &iIF—735/10 THz HIROFEE THS.

% B-1 $EEOYHEE. SUEERIIEET COEELRT.

HHE & (m'/my) BEE (cm?/Vs) £,
m.~0.26
si (m=0.19, m=0.98) £=1500 o
m=0.37 ﬂh=450
(m,;,=0.15, mhh=0.49)
e m=0.082, m=1.64 11,=3900 6
my=0.044, m,,;=0.28 1£,=1900
m,=0.067 ~
GaAs my=0.34 ”eziggo 13.1
(my;=0.082, my=0.45) Hr
m.=0.0135 11,~80000
InSb e e 17.7
" my=0.021, m;;=0.39 1,=1250
m,~0.026 11,~33000
I ¢ . 14.6
nAs my=0.025, m,;=0.41 1,=460
m,=0.2 11,=100~400
9~11
GaN m,=0.8 12,=10
ITO m,~0.3 1£,=30~100 -
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CnBI)IVDX V) TEELBEHEDRELEL

FEAETHD ST, MEFHLCEHOMIC A
TV IEPMLEBETLH, EREEICRETS
HHEXYUTIX, —RICEBRHHE CREH~
HREINZETF (FRMEEFH~PHREIN
EF) THD. Fo, FERIIRHMBOEANIZL
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