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O OREIEFER L —F—mEHWFTE - BT FRIZ M O FIEZRIE L TH Y | FetEs ol
RIS ORI E 24k T 7V r—ya VBB KE L 72D, AR TIEA
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FROANIRBE PR LETHDH, fERED . x=0.06 D372 Yo IRIIRE & B H 0Tk -
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Stokes PL & @\ L—F—mEIZR N HIFRF CE 208, BV E 2R b H D, ER K
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1.1 ATLKBHEFIE

TNHE EFENIEOE I RITH ) AR T D X NEFEW - NN D0vd D03,
— AR IR O —2IZ TROFIM] D, NEIZKTERE L, BEZRY, /2L L
TXHERBSECTX L, £k EITITITMN 05 720 B4R O LB L
72[1]e HraE N R E AR B L R A E o (L - A AU EBR(1984 4F 2 A =it UG
FERRER) D OITBE T 7B, BRUT 7o/ A O LS, &R, JK, B, AE - L7 Ak FRE R
BYDALATR ERFERINTNWD, 2D &b, B &b ARR G TThT 23~43 75
EADICIIANER K ZHE RO TV B X BN TVWA[2]l, — T, BRI TWAiRED
WHFIEITALICAT 2500 FFEH & S D, ERBUROEEEICEE S Fx B3 HENICEEL S
F TV D ERGHEINTEEEMBILIEICEHA SN b OIE2 0 T, NEE TRAUIW A
TELLIITRSTEDIIONVEEDZ EThDH, NEH LW RV A — /1 TE 2 T
BB WEIEMTELRERBROB EZHY , L—F—HBHEOFHIZ 1 2O~ A LA K
— NI BTEA S, REITIEET, L<MoNmEEEZOJFEEE & BT, ko
WHEMNL TBVEEVE LTRBEISETND ] 2 LR I<, RIZ, TILE TOHHEINR &1
BARNZ R > T TBAENLTHT) L——mE, 26 CICEER L —F—mEICO N TEEL
k5,

1.1.1 ZAZGHAH

ALICHT 2500 D 7 U A A EIZIEZANEDOHFREE DO DITITKEZ A, BGEERKE RHET
INERHWTERBZIT, TOvZEn 0T RF2 T D3], KUEBVEFRIH LI2m A
FIET, VAROHMN LB L THEIET KDY Remed (Fig. 1.1), I Ol Om HHf
I, k3 2 BWERE T OMEIRCE I AN LTl B o 5 ¢, BURICRB W TH AR et
B CIEEBRRAKERGET AR ENTWD, EBEAHZISH L &Ry FRAE
J#(Zeer pot)iL, ¥ L EZEE L 72 WA IRAHET TWDEFT T 2774K £ TH A5, BEZHS
FTIF+ T, BREME R EOPIRMEOHIENE LB RHBETH D,

—

Figure 1.1 A slave fans a porous bottle of water with a large fan to aid evaporation and cool the contents. [3],
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1.1.2  BeikCEVE R

PEZEFAR DR P BUWEBE 2 - 7o In AN N D, & 2013 1824 4, 1 U A D Carnot
DIEEBA DAFIE D 7212 Carnot cycle (Figure 1.2)ZE A L7= 2 & IZma 3T 5, BUWEETITE
@) )& U THEEEZIY 36 O T, Camot cycle [FEWERS T O D I RDEN R Z7RT,
Carnot cycle IZQFRIZHE, QWrEVEIE, @%REHT ., OWEVEME O YA 7 L T R /L¥
— DRI 012725, FIRZ(IINB L OB XL X =DV 238 0 | BrEVE(LTI3sk
e OB XL X —D0 0 HLD 23720, B2 BN A 7R § Carnot cycle [ LB T 721
23 LR 72 BB 1 X% 38 o Stirling /1 T & 5, Carnot cycle 232ME 41T 10 1% D 1834
. 7 A Y J @ Parkins 3 Fig. 1.3 O F L= —7 )VIEME A I Z 700 L, BOKICHW =,
INBHFY OB HEETH D, TF VT —T BRI E LIRS TH D, JERERT
JEME S CRIRE ISR o Te = F L= — T VB M A 2l TREARRIC A D, bffias T
L AHOXE R ETme s TRIbS NG, ksl F Lo —7 V3giRs CE &
THONTHEELLT R D, RTINS RADENTEY | 22 hb=FLo—T )L
IS SN CHERIRTERET D, 29 LTKDIBEZE S TOKEIED,

FiElERE AQ=AW

Aln ] ‘8 r |

R mnzn EAER
TV=const.
JEE c[ . [
A 4
ERERR

Figure 1.2 Example of Carnot cycle. For isothermal change, there is a thermal change AQ and PV=constant; for

adiabatic change, thermal change AQ=0 and 7V=constant.

BOKH—

K] :

L |
Wil

Figure 1.3 Parkins’s compression chiller using ethyl ether (1834) [3],
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1.1.3 Peltier &1

BARIZH . = F L —TF VEMERG RO BT 1834 42, 7T L A D Peltier IZX - T
Peltier 2R3 FE L S 72, Peltier 2R & 1%, BFEAMEL O EICE R 2T & £ DEEHEIC
BOTHEN - MBENEU B4 TH D, Peltier 20 FEZFIFA LB HFHEF OHGRAH AT
1900 “FE W HESL S AT, FBERURELEL & BB DNl 7 m OB 8 2 i > TV T2 O B
RHEMELS , BAT ANA AL LTUIR T Tholz, GEITNAA AL LTEASND LD
2725 =Dk, FERFZEIZ K 8 1950 LA TH D, FFIT BioTes SA(N FLESIN)
Sb. In72 &, PARURINY) Se 72 E) I mERICEE SIRBVMREEZ A L, 43S IREROENE
MELE LT F V= n—RRT ¢ I F RS I EN D, Peltier 3173 Stirling 435k
7¢ & D3k Carnot cycle Z FII ] L 7t 7o in HIE & K& < B D DX, =37 N CHERE),
RS E CINEOEWEEFREN I, 7 COBENRRETH D Z & Th H[4], Figure
1.4(ab) L ENZ I —F2 5 Peltier & 1-, 444 Peltier F1CTh D, KRENILEL Q. & FLEL On
g, PNEEGEBICIE W TIREVE AN LT EIROWMT HFIZL>TPNENPDOEDL
DWEN « BET D0 BU 0 DS, — I, Fig 1.4(b)DEFIHEE S iz A
EHERICIAT TS T RHW LD,

A =TV HEE L Peltier HIXLE BIC [—HFBWHATH I —FRAIND] L)
R o 5, SWVIRZAVUTENE TG0 DG~ L TEATWAH DT, T btk — AR 7 LR
N5, = MR TZ2EHEGRE UTE S 56 A BT 2B DM 25k ST
LE 720, BIMTHHAIOMEEA (E— kv 7, Kb, ZBHTEY 2—070 ) BNSLEICA
%, To& 2TV —Y—% Peltier R THHT D50, —EDOIRELHFH T b UITHEE I HI5H
TEX5, LN ULHHAOREZBZ2 L L, X ) & LTHEHORMBHINL, FIBENEDL, &
BIZHRT I L L. bW BREICHD Z L3 D, 2O, EI L BRI B 5 1
HEE TIE 0 72 A OB B2 MR L2 T U 63, 3o %7 MER#EEL W,

Ptype N type PN [PN - [P N
l {

Figure 1.4 A circuit diagram of a Peltier device using P-type and N-type thermoelectric semiconductors. Arrows
indicate heat absorption Qc and heat dissipation Oh. (a)Single PN junction Peltier device, (b)Peltier device with
multiple PN junctions connected in series. The most common type of Peltier device is a surface-type device like (b),

in which the junction is spread over the surface.
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1.2 L—P—{mEDRV L EEFE
1.2.1 Stokes & ”anti-“Stokes

19 1L, Stokes D EF 72 & T FH & L THAEIHALD George G. Stokes [IWHE % T
e L7- & & DFIEPL)AIZE L TEB Y . D AFEE OV OEWEZFH7-[5], Stokes I&
PL DRI E B RICH AN N AS LY b RERMA~7 2528 37bL PL A
ANEED BWENRERE Y7 MERIFLV Y RV 7 FERES)T 52 IR0, 20
7 MI4S HTIE Stokes 7 bELTHLBNTWD, EEEM~DY 7 MI-FE VKRRV
X~ THY, Koo NDOZFINF— 3L OHETHRFIREN(T + / L) DT F L F—IZ &
DHLD LD (=X —RAFAD), 74 2 0% TBWOE T L BT, 2O rL¥—L&
ORI FIREZ EFT Do Stokes DBHNEY | 1T & A EDGE, KT S 7R
& LTEOWIRITINEA S LD,

Anti-Stokes PL /& anti-Di# ¥ Stokes PL & xf % 72 L, Z OAEBGEFR TR TH 5, Stokes
PL L iific, FhlEYe & v R EM~ 7 L7z PL I Stokes > 7 MI7Z2Z 5 2 C anti-
Stokes PL & Xi¥i. D7 hiX anti-Stokes > 7 h &5, Anti-Stokes > 7 b 23 KAl
~DY T N ThH DD, anti-Stokes PL D= R /LF —([FFHEE D= R LF— KV {EV, Anti-
Stokes 7 R THYZ 3 DT R/VF—IE, IBIIFICHLFO = RV F —Z I L THlibiL 5,
Y7 EhAL IR BB IC & DA D F D = KL X — A B ISR 5 @RI 2 61T
2P Auger R & W\ Tk ) CERINT DA T 4/ CRIBOERE &V D2, T ) Uk
I FE & 41 U T 7=4172 anti-Stokes PL OHLY H Uik, ROBE T IFHZ L L% LV, 72
5., anti-Stokes PL B Y H LIZ L 2 EBR T Ao BV RGERE L » & ZE THIUX, =D
RIS OFER & L TmEISN D,

1.2.2 U—H—mANCB T = o v —HKH|
JiiF @ Doppler M EIFEFE(ZIR) L 0 &I LE WAL, ERTTH D 1929 4, K1Y OBt
7 Pringsheim |3 anti-Stokes PL |2 X AW EISAIRE & IR L72[6], L2v L., # U363 MR,

(a) (b) (c) (d) (e)

v

Figure 1.5 Various Stokes/anti-Stokes processes (a)Stokes PL via phonon creation, (b)anti-Stokes PL via phonon absorption,

(c)anti-Stokes PL up-converted by energy of two photon, (d)cooperative emission

2 ich, 2ODREA AL BFEE LTEDA F 2 205D T X —%& 4% Cooperative emission 72 £ 6 & 5,
DL AEILTIRECT 4/ CRIGEFE 21 L7 anti-Stokes PL & LN i 5.
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RN HEFEHNC =R F— 2 ) TR IIEN) FOERENZRE L TV D &) a1
W oTe, HALHREDOAHDA LT R THIUL, I bR F =Nl 725D
WEE ) 23— IR R D MBRE LT 5, Z4Uxf LT Pringsheim 1%, BAHGRDLEI1XE DO—E
EBR)DBBENS 72 N O RIOE S RIAEFENINZ b b7, &% E L TEZ R ¥ —0
Rz TERY . BANTFEETH 5 & L7z[6], B35 2 EAl(= v b r B —HRANDREIC
DUWNTIE 1946 4% T Vavilov & Landau (2 8V #m S 4172, Vavilov 13 T#E OJEHEE & anti-
Stokes PL D HL Y H LIZ [ /2@FE TH 0V . Z DIEFEIC L 22D =X L X —DIK F(=1H))
FEI)FE 2 RN T 21 & L3 [7,8]. BRI, mEMMRRIZIB T 20 3 DO HE
FE o SEERA L RV, AT RVIROZEARIC Ko TRV 2 BRI 72 &4 5 & Landau (2
KU oNZ9], Sz X, L—V—BHATBEFOREAERNCIIK L TEDL
TR TR KRR TWHEIT 5121E, Wt > T THRRMER R <, BoBRn A
T MVIEE FEORIE SRR LI TH D, 1960 I L —F—KIEANBLNLTHD L —H—
MAWFFEITRE < HER L, 1985 4212 Na Jil 7 &2 VT L —H —ImAIFEREIC R Eh LTz,

1.2.3 L —F—mEIONRFERM 72 IR

1960 FIZHID TO L—HF—RIRNWE I, L—F—% HOTZ R A I T
oo L=V —HIEZDO—2T, 1975 4E1Z Doppler HENENTER S, 1985 F AR TH)
DT NaJFF DL —F—mEINFLEES NIz, TNERESE Ty a7+ AmENE, BEE
FIWANE L Wo To FIE bR ST,

Doppler (EITIL, JeE T &9 I 7 1722 TO Doppler 1IR3 2 FIMT 25, KT DI
FIXISE RO A i < W L, F 72 BGES) L T2 AR B S 7= e o J8 I #e
1% Doppler 1R K o> TENZT 7 M5, T7005 O HIGREREE L D HUNMIRW (&
U JEREL D3 = OMETT I & I EEN T 5 RIS S & & RFIEE O E GRS
W T D (L7, KRR STz & &, HOEEENE~E > TEOBEE NG E 5,
Lo BE CHIG A L 0 S ENTRWEIRE O E 6 Himr bR T 5 &,
Doppler [RFUREE To=hy2ks £ THEITE 5, Z I T h 1% Dirac E. v IZHRIE, ks 1%
Boltzmann L TH 5, mHENX, BE - [EIREBT H5EFIC e —T7 2B L TELIL
2 TR L0 BHEAICBI SN D,

1.3  EELV——mH
1.3.1  wH B
1.3.1.1  GaAs RY-EIK
HER 2 IO R L — W — BN, % O Fermi-Dirac 23 Af (266 9 B MEIR TH +012
REETHOM L TONDEOEETHEZ R LT —CHE TE, 10 K L FICHET DM EM

3 WABON NI —NIEL FBYVBED LE2OFA LUBEOEIE. Ry 7T —Ro—kiisle LTabhd, (F
SNTL DL EXTENEL RV, BEINDEEITEEMES 25, YRy 7T —2RIF I 7 u 2R THREEIC A S,
HIROWEZ B OEFRTRT > # ACHERT 2R FEF ORI IE Ry 75 —IER 0 Z2RT,

4 O HEITBNEIC LS T —ETHDH I LITIEE, OLHEE RZE D F )
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HFRFE N TV B[10], A THERIBAMENCIE 100K LA R/ 5 & LR HEN O TE AU TFET D
BAEPE LR T T 5700, FHEEIEA TERIRMEHI AT X D ARIRA~OWmEIN A
HEEBEZDLNTND, LNLARNL, WMEAMEE LTHRELE S5 GaAs RFERTIIIN
FCEBADBI S TVRS, GaAs 72 E DR TOEGHOH L 1%, 2O @WEdT
FOEOIZRENZIY HET, MEEFDEMESRoTLEI LD EBZZHNLTND
[11,12], Bt S WX O EHIIN S v, B ER ST LE 9, FERDO N R
Xr v 71T 1~eV &7 4+ ) OZRAF—CFt meVIITHRT2Hib @<, 2N REOHE
EFEBIC L > TAEFN BT XL X —NHEHNC L > TELL I & s BT R L X —
IZH L TSR E WO Emm 8% KT, £72 GaAs ICBWCIFEIHHAICL D
BVER S B CE 20, 29 LB A MR 2 << FRINCE m AR 1S & 2 RIS &)
L T%< OFtH[13-161 & EBR[11,12,17]15372 S 37z, Bl 21X, GaAs & JEITERH3FE E'TA) U GalnP
& D~T i L EERIR ZnSe L 2 X & W T2 IR & 3% FRRE A HI SR A D72, GalnP
IEREEAES OIMFI D720 FERIR ZnSe L v X3 AR OF A Zmd D B THW S,
B HEH DIZ K DEBRTIEFITEOINBE T2 96%3 LY 99.5% D3 S 4172[11,18],
Ll fRE LTI WTNOERTHEMHETERD o7, FOEIY H LD KIEIC
W SN — T, BHER T vk XTI D AR ALK M YENZ B3k T 2 BV R AN
HEY LI o7 EZ BN TV D,

1.3.1.2 CdS RBLOa 7T AT A N8RS/ fib

7V D GaAs SR HHERITZ O @ W ESTERICER L TREEY H LEhRBMEW, L L3
JERD M URAUEL L9 ERFRCRERBELIED & ZOEHER T 7' 2z E
BRI ST LE D AN ® H[11,18], — ., T/ FfEmINC)eT / VAR U7 E D/ HgiE
WTERNE G LI N T v B VT EHRINAEE TEHIZE/NI WD, mWINRET
MRERLND, 29 LEEENS, i 7 o 2 TERATEEN DB W IOER Y H LR
EIERTE DT/ fERmCT 7 VR CBEE L7k~ & B8R L — P — I B JE O £ 5
B0 Ebo7[19], FRZL—F—mEAITHE L SN DM EHE CdS, CdSe, HHEIERE A~
Uy R Re T A4 FBLUOm T g n 7 A0 A FTThDH, EiLHD NC X 90
~100% & RO TEWVIMNTE TR EZR"T[19], 2D b aaF a7 204 MIET
% CePbBr; O NC #F A7 T v =7 A(NH,SCN) THEE LT % & i & ok
OBVERAIHE SN D Z &I 5272 0 [20]. 2021 452 CePbBrs NC THEBEINHE S
72[21], FEdh & Z ORI OIREZ{LIL, CePbBrsNC @ anti-Stokes PL 5/ DR EKFME & Si

5 ~FTCdS T/ UL b TIIEHHDEE STV SH[89], 25, MU STTEBROFHRMENIEH SN TWH[90], SHET
[l 7N —T 00 OME TRV, CdS FTOHENIAFEL B X BN T WD, EHHPHE S YR T, CdS 28
GaAs IZ7 LB R o - FEGHEAZ LA U HER E LT, CAS 1B T AT LM% 7+ / v OBWEAAIRE LN T
W5, BFLIRFOMBEEROBIITZ7L—Y v EfEEERTREN, 77D CdS & GaAs D7 L— Y v EfEEEE
1345 %051 &£ 0.07 TCdS 1% GaAs KV 7.3 &=,

6 4§ % 1% methylammonium lead triiodite(MAPbIL3), cesium lead tribromide (CePbBrs)

THEbE, TROOMEHIL—F—HHEE & LTRSS LTS a2 A BRET Ny FORETZOREE X
<HARLNTUV T,
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HM D anti-Stokes/Stokes FLALLL THERR S 417z, PEARMEHI BT 2D TOEBETH Y |
L—HF =B 75 h 7+ —25E LT NC OF RN RENT-,

1.3.1.3  fiy HHEIRINAS S - T A

1995 FE D FER L — VP — A EFE[22] LUK, B b EWHEIOMAE DL WSR3 TR %
WINUTfE S« 7 AThH D, i PHERIEE « T 20 b—F—m A e FE 2 mAH
Hl & L, 20 4f NEBBICHORT 2R EEA B0 H L CTWEEZGBHT 5, A2 2OHI TR
RIANHBETZDRIZOWT, A THOCHE O AL RO EEEER I L TR | 7+
A NEFO EITER © AR 2D LT Th o TH IR ECHEDOTEE TRV IS
BT EEERTE D,

NP BB ITBRVNR BB (HE T Hea=er), BRI T BB (Hne=). BN EG T ES
(Heq=) N EERTHT, i b XA DITEXINGR TEE ThH 5, £ D7 —RANZIZERN
BB DO B2 CEBRIRAIZE S, H— o A RBIZE T 2 NEHER TR & &
WRROBEMABETH 5006 | HEAE TP AR O EXIIGRFESE OMEFRIL 0, T7hRbE/RY
T AR LT D, BV AUR, B AU RAE TR - WUGER N X 22, A BT
FILAETN 5p, SdEBEFITHER SN TNWDD, P CHH A 4 LR B %
AT, T2, MR ST 4f A Th o THiEmm T TIEREREIC X 0 T 0Tk E B2
A, BRIUNGTEE N T 4 FFRIC D, ZHUC KD A EEOCHR O Af NEGEBR L -
W TR IR bR PE D & — 27 7R U, 2 OEE) 13 B 13 -8 R O B EGER 12 1
NTIHEF NSV S D, FIFERTIC L o TH—A A REETOMEIR AR (Stark 57
2, DU Tz =X N OB B AUTIRIE O v — 7 NEEBI S D,

o BT ER OB AL E L TORAMIT Kastler(1950 ) & Yatsiv(1961 4E)Z L - THRZE
IT2[23,24], A LFOCEOMERM ST A E 1L T+ ) L OFBEAERN NI WD
FLYERL ) & SRR VERL ~ D BERSHR Fffe R MK < | A HEEICR O 4f WidERIZ K 2% toW
HEFIRITHoICEWEEzZ BNz, L L, FEBRICIE Kastler 5O PAIZT X CToHA+
LR L AR A MEIOFAE D TIEA D 72720, 1968 4FZ Kushida 1%, L —H —ff
HTHH D Nd IR yttrium aluminum garnet (YAG) D S, 2 W T L— W —mH1 =6k % 52
fiti L72[25], 1% & OFEBRTIZEGAPBR ST, THRIE Y LREDIH S NI2DHTH -
72o Nd i YAG CTEBHEPBH SN0 oFH KR E LT, OEE T R2VEEICES N~
NTF T x ) KRR — b EQRBIOMENRE 2 HT[25], £ L CUBOMZRIc LY, ~v
F T F ) KRR E B OMBE RN AL KR EERIETZEPRALNE o7z, RITY
VT T g ) ARSI S D A LRREING HB R O R R & U R o fERLZ o T
ZDOMEME L FiEEIRRD,

ETANTF T4 AT 212X, BRE & REEM O R L F—F ¢ v 70N
REWHTFTCREZIET + / =R F =N 2 & L ERBRICI b TV 5
[26], ZDWEIHIL YO O RhRLUERL 2Fs;y & FLJRHENT 2F0p D =RV F —F v » 7 d 1eV B E
[27]C. YLF O K7 4 / T F/F—1% 53 meV(430 cm '[28])) TH D, DF V. FhfL AL
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D IERIEN D IVTF T &/ EMOBIZIE 19 HOT7 + 7 VN ER SN D BERH Y |
ZDEDIZVNTF T+ ) REFERIMES 2D, ZOZ L2 XV ERBMIR LY T L
72T VL LT, Auzel (2 X 5 single frequency model[29]7% & 5, Single frequency model Tl ,
IEFRAER MR D AIRAE L HRRBIZH T2 2 2 ENL DO =RV X —F v v TAE & 7 + /) V8
o, THEIND 7+ NEATHD L EE X5, T 2T NITFHFAERN=1,2,3..)Th
D, 74/ VDT FNVFX—E X7+ /) VJEEE 0, (2 Dirac EH h 2 U2 ho, ThH D,
Single frequency model (2D < < /VF 7 o ) REFIEFRDMEZR Winp (3N 1.1 TR I ND,

Wnp = Wo(n(T, E,) + 1)Ne~*AF (1.1)
1
n(T,E,) = 5 (1.2)
eksT — 1
y=2E (1.3)
E, '
—In(y)
a= E, (1.4)

ZZTWok pylIARARNEBT—T74+ ) UFRERBRIICE > TEEDLER. n(TE)TIRE T2
BIDTZRNX—E, D7 + ) D534tk &3 Bose-Einstein /0B ThH 5, X 1.1 LV
SN2, RAMDT 47 VX —i3 2 WALOZRXNLF—F v v FTh L TK
TR, ~ VT T 4 URERIRERENE S 7o T L EWEVERGBRES L & 725, Z D3
1.1 OFERH S Ho WSHN LaFs 35 & O Ho ¥ CdF 12 81T 2 SFs— I 3 YR8 E O ik — 1 L %
—RAFER BT X298, T E THEZ AThIVTE 2 ER L —F — AR OFEF[26]12
DOWNT B EMERNIZH NS, Figure 1.6 (277 THICHE & A A MBI OMAG O & Bk L
— P —IHEROFER A F L7z, BlhLEEEN ) S 5 — R AL E TO =R F— it
IR AR 7 4 /) VERNAF—TH D, ATERADNHRE SNMAEDEERLTND,
(Yb:Y2SiOs[30], Yb:KGd(WOu4)2[31], (Yb:Y)AG[30,32-34], Yb:ZBLAN glass[35], Yb:BIG
glass[36], Yb:YLF[37-39], Yb:CNBZn glass[36], Yb:BaY,Fs[40], Er:CNBZn glass[41],
Er:KPb,Cls[41], Tm:ZBLAN glass[42], Tm:BaYFs[43])IX|H O BHT L < DFEERD HE T,
WHINATREZR BB — L YENL D = RNV X —E, El KT 4+ ) VTR F —liwna OBRTH 5,
ZHUTEBRLL T O AA DRI B T 2 ERHO AR RSN TVN 5,

8 KLUz OWTRE ST RTIUTR b2V DI, EER L 0 E LN IR R AEE(77~650 K23 LT X W R 255
nNenz L Tthd, I Dsingle frequency modeld K AU DV TiXMoore 5 [107)1Z & - THH§ X4, WebereAuzel D FER T
HREIT2[29,108], NILINZTOEEERFEE LR ERbDELNRNEEH & LT, single frequency model Tld#72 % € —
FEHE= RN F—DE— F109)D 7 + /) v GO IZMABGDERZEE SN T RN EZ LN TN D,
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Figure 1.6 Combinations of various rare-earth elements and host materials. Horizontal axis: energy of the first
excited level of the rare-earth element; vertical axis: maximum phonon energy of the host material. White circles

indicate combinations for which cooling has been reported. [26],

2 RN U CHREBJFEIZ 72 D A OB A ITE R L —H —mEHIC BV TR R 8 2 &
ET[37]72 0, BEMEREIN KNI L 72 5, 2D L) AT AT L SIS e 5089,
RERIITIZ 1000~2000 nm DAHIEIZ T 7 — R 720 % 7~ 3184 8t Fe, Cu, Co, NiX°
OH MNZETF B 5[26,37], FihiE Y& O anti-Stokes PL 723 Z AL 5 O ARHIZ RN S 47z & &
IR AT 0.62~1.24 eV FEEDOEBN AL SN TLE D, 74/ VIRIIZ Ko THMET 2
BTt meVRETH L0 D, 20X RAMITIHHAIZ L > TKRiTH D, L-T, W
HIEBRIZH D S0 5 AR LR 7o il fh A EH T SN FRFE O sl 5B 2 HATICLEE L T b
Czochralski {572 E O Bk E 7 02 A TERLES N D ([37], £z H T A Rm AR EHZ S
WL, ERER 7 7 A N—ICHW BN D BEREL TRENSH S hvz[22],

LU EDEY AT Ko TRV S D, BB+ NS 7 & & bl S
TEWEIImEI S LD, 2021 45 8 HBUEE COBEANRE DR F~— 71X 89 K(Yb:YLF) Th
%381,

9 2019 £ A5 Tm =2 Ho Z RN L 7= FIBH B O BFSE AN S AN 72 > T D, Tm & Ho O 45— i YRz R /L 3 — 73
Fe 72 EOWIH L 0 IR I VX~ H D72, 12 & ZRMBIEA LT T H B LRE AR LI S
T BERSHHBERRIC TN WD TH D,
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1.3.2 JEHT A R
1.3.2.1  Optical refrigerator

FER L —F—mE O S v o 7 V2 X Optical refrigerator O EIZH Th 5, €D =
7 hRERFHIFE L TIE Yb:ZBLAN O FGAIRLINE R D 1995 FvD 1998 2T T
fluorescent cooler & 7= (& Los-Alamos Solid-State Optical Refrigerator & L TH3 S 4172[44,45],
TR S 7 m AR EHT. anti-Stokes PL Z At L7223 DIREEDS T30 | BYREIZ K- TR
EOWEN S BEHM B~ EBDRBE L, R E L THROMERMR S5, MBI R
ENOERIZE > T, FT-IR IZHWVWSHMD HgCdTe o0 2=\ D 135 K FTHHLT
FT-IR A7 FVRIEIS & B L 72[39],

Hn AR & BB HEIN & DR E 725803, ERECHHA TR MULREL R Th
BH[44), 7 A/ UWINZEST LT- anti-Stokes PL (2 K AW AITIE, S S vz ERH o EG)S
HIET 272D MEIHETH 5, HIETH 5D AT PEEERE DS AN ZE T, Peltier 17D K 9 72
Akt & EIR & OEXBY e b AE T/ MU LT, Peltier B2 B HMAIEY 2 — /L
TIEHDIRE LY @IRICRD LBARENEE/{LIN, L—F—BHEY 2— L TIEZDL
BL2MEEV, X CTHIRE) TWAITE 2000 IREVZHE D L 5 BRI AT L L DMEL R
VY, BARRYIZIE, Micro-satellite 7 & O AR FE 1000 ce F2EE D/ NN TR ICHTemAIE
Va— & LTT AU IMEFHIDINASA), KE, 225H), Los-Alamos [ENLAFFLAT(T A
U A, 7T v AESERMEF S o Z —(CNRS)2SIFFEIC B Y F1 A TV 5 [46], HAE DREEIT,
~A 7Y T I NAHIEY 2 — VAW BN KA EIZR DT /A AR EVHFE(Pd Pexc) = A
SR80 =P\ T DB ANY —P. DE T 2, HmEEITR T 2 KT, OMAEHC
JEESEAIN S 722 &N K D bR, @b )t 2 WX U 7= i HIAL R T O BVE i
FRIC K D2ME K, (Danti-Stokes PL Z 0 H 7220 ey Y LR, @OmAIMBIHLIA O EA I
BT OHMBIEKICKATED, 2O EZ/NS S THIUXT A ZAZEN EBR D3, 4 DO,
Db E, @FHBIRRITZL EH N 2 ROFEE - 2RI L 2N Re v U 7
JVTe ERERAMOB 2 B L TR ST b,

1.3.2.2  Radiation balanced laser

PERD L —F—HPITEFAIC bz SBPE R FE L . £ OMEIT K 2 Ktk TR
EHyRoEE L H, L= —EOLRE RE EAICKVEFSMmITES =L XMl
7 FEIEDLTEDFFRITIRT T 5, BRAOFRKILFIC L —F — B O Ok AL & R
WENA~DIVTF T 4 ) R, QRS DTERL S 45 BROFhEEGL T Ty R
A, @ DIFNEGEMZ b7 b T R ETH D, FRHZOIT Stokes shift £ D H D
Thh, HE, Z XX —F % v T HORNERIND, ZOMEEMHOX v v V2 &
K ffa(Quantum Defect: QD) & L5, 7543, 7+ / VW% 4> L7 anti-Stokes PL 23 % 3545,
BVERL L [FIRFICmAI S LD, QD IZ & 2BV A% anti-Stokes 2 IZ K 2 M AN EEFUX, 45
BHOFEE BB IH S D EZAPHZ T b—F RN EBT 5, ARIiLd
BBV G IR M S D BN FERIZ 7 72 IRRE % radiation balanced point & X TUY, Bowman
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MNZDart 7 M-S < L—H% —% radiation balanced laser (RBL)[47] & 4 £ T 1999 4E(Z
22 L7, RBL OFEMIAMEE L CIE 1.3.1 THET 72mERBIRBIZE S 41, 2019 F2(YD:Y)AG
HAESRICCTH 1.05 W @ RBL N FEFE X 4172[48], YAG (X YLF (IR T7 % / V=R LF
—INEN T2 O EIHH T O RARBEE X YLF (21X 0 b DD, YLF OEf% O BYRE R
EHT D EITHEE - (LR ERM B ChH D, Ko THARG NS DAEEN & < |
NP BHE e DAERE D L EWED F< 725, ZIULRBLIETE L LTHRILTH Y,
Tk E D b IR INLEALEEZZ OND,

14  HREEW

MREREROAFIED D B EATE £ T, B OB 5 250 CHERTINIIRkO s, ol
G IBR R A LG Sl 5 E Al ORI IS o THEA IR L, IEWVRERIC S K& 728k
ENTFREND, BlaTs L, F—%t o Z—mFOnEEITSIE 2020 4> 5
IR 10.70% THER L, 2025 4E121E 1578 RATHRICAR 5 LB 2 BTV 5H[49],
Peltier 1y H1=° Stirling %72 &L OBEFHANIZ e — AR 7 Th b —F, BEIRL—F—H
AIBA RS LRI Lo Ta v Xy MEREG R EOFIENREZbND, ZDH
R L —H —mH T A ZIBEFERHEIN A THE S| D 2 AR S DT
D, FDaL=— 7 IR ETE D LT T 3 ARGAET RS R M EAIEE 2521 ) 5, [H
KL — P —mAFFEO FIRITE & < BMEIR R B TV 7223, 2016 FEI272 > T 89K £
TOMIRIEAE DN HRE S, ZO% T < 2018, 2019 4F & N2 ThelH 2 2 FEE O JFAARY 72 B (R
U—— I EIT A R[3948] 3 FERE S 1Tz, ZAU DIRGED BRI FE R L — - — I HFE - £
A FE I D BRIk L TH Y . —BOEMNFIL L 2R T 7Y r—2 a VBRDTF
-5, LT, AL THLMNZ I I TR WEEOBMECHT - & & OGN Z 5 LTz
MR O RIT 7 D, ABFSE TR A AW EIR L — W —mENC S T 2 AR | 15,
RA N AESARATT D RREMRT & 2% Z RS> PhC 12 L D EEfefb a2 By L L, #5 L7
HLIZIEASWTH 2 BIR L —F = EIT S A AR ENRA~DIE#H % 5 2 5,

1.5  FWICHERK

AT SCORERIZLL F Oy T 5,
23F A THW o2 e EHERU T 1A, IEFIEIC OV TEARRNAE ZFL LTz,
4% Fr TR SREICHINT D &, T OHRITFEFEA A A Lo THRIR S D,
AR OMERITIWMBENRE D ICO0 T ER L, HOREM ETIEHAERARY bnE
By BENMET D, INERREEELE VD, RETIE, BERL—F—mHME(YD:Y)AG
(BT DR EAE L — I — I AR RIT T B OV TH L NI L, (Yh:Y) D
RKEBUL, BA MERO Y A FEEWT 5 L0 ITER SR B 2 R,

5E T4 IR THDLI D, T OEUT Bose-Einstein AGICHE D, BT E DT
* ) UWINHERIYX T & ) AR T AT, IREN ER T E T 2 VIRINEEEN E
5 L. anti-Stokes PL 23 RT 5 L EX D, EOREFRE L THEIK L —F —mEWERED R
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EERELEBIZEED ETHISND, ZDOZ EEERTHEINDT, %O anti-Stokes PL A~
7 N VOIREARAEEITBERVE. O A Tl T & 37, BBHFIC AR —IciimEnz Yb &
YAG DY YA FEEHLTZ Yb L DR TOZR A F—BENEZ LN D,

6FE  YbJAUDRIMEETED MBETOZFUX—EEICEEL, FEREED T
)TN R =TT & ) R WIERR ORERRD DHEIR N T A —=F D—DThH D, K
F T, Yb:Y-ALO fEfOHF TR b 7+ / =R /AF —HMEVY yitrium aluminum perovskite
(YAP)IZ Yb Z RN L, % @ anti-Stokes PL £ % B 5202 L7z, £ OFER, (Yb:Y)AP 73 RBL
B L U TENTZMEEZ A L. (YD:Y)AG % BRI D @0 FIfG 2R & bino T,

TE B &SI o T SR E N DRI e T A AL LTEBLT L BT, Ay ZE(K
IS RIERE T D, RN TE 5 b INTEi /e & L fAE b CTHEE L —F—
WHOIRFRICHPNIFRFCE D, EMHENZIANT TRy ZiETHEAEREZ ER L, T3
fhidnE 2 A L CEiin B R B O/ERIT & Rl LTz,

8 E JETO L —H—mHDEHE 7R & OEMHIRRBEIC X - TER S AUZBEICIT, A
<7 VT IUIZ LD L—F—mHEHT A ZAOPERER ERBIENIZ R > TL b, RETIT,
JETOWHINTEA LT, 7+ b=y Z#EE(PhC) & Purcell FHRIT K 2R L —H —mEID &
PERBALIZ DWW TEL L7z, Purcell ZhRIZ X 23 EHEIESELIHI STV 5 GaAs:Er,O 1T\ T
anti-Stokes PL Z 81 L. & DR ERICFEZ B B0 Lz, KIS, AR M &t L7z
R DINEZ & % PhC HRZF DL 2 Bt L. A mHEOSE ZHE3E L T PhC H4RZE D
V=P =GB T 2R BN, Tx b=y 2 XU REy v T LT MREGICE
\F % Purcell 213 % 5 % < 38 H 94112 anti-Stokes PL 2358 & 5 412 & [R]RFLC MEfE SR Fnf R
mHlEns720, L—F—mHAMERRRAICHER S L5,

9% A S A S LTz,
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F2E BHEMERAE

2.1 B RISEIZL ARG mBL O TIv 72530k o VR
it AR 2 15 5 TR, SR, BMAICKRITE 2, RbMEREWVRRmES LD D
XA TH D, 7272 L, BB TIEH 2 K0 722 E LR R D S,
B 2B EBHIET DX WHIETH D, —F5, @R ARER S 8 LTS
ZEEE e BERE RS O OBREMEISETH D, BEHELREETRE 5T THE L
FR, BHHRTRR, BERE LR O D,
MEETRIZ2TED S, 1 DIFRA LT RN Z A TR—L IR ET
B L, 7 —kE oL B, (U — ke X, BiREEMEL LI REERSIREED
FAURDZ L TH D, ) b —JFFi M, BEFERHIE O E ¥ —Icl@BiEn, &
72w AEELBIIEMRA T ) — RIS D, WTIICBWTH B —ITB T
HZ e TRIED Lo T2 B 2B 65, BRESITITERR—VIVE W, BED
B, FRE QW2 N 2 % Z & TR REEEL WY | BRI O Al 2 B D B
WD BERSRRICEADIC R D BT I v 7 AT ORRERO T2 LN TE D, RO %, <—
A MRIZAR S 2B A EBE ORI L T b o< W LHMREL TZ U —1KIcd 5,
BERE 1L mIROERUFL ETITbh b, 7 U — AR BT WIRIETH D720 BERS L
FRICBWTHEEICIRY Hoe < TE AR bW, 20728 RRZIFFEEE TR LR CHFNTITH
D, EABSIZ 31T 2 BREN ) I3MNENT X 2 UL i O Thd 5, INEE R 23 &R T dH i
X2 oL e, FOSTITAA—Z MIROFEID R 2 12 A T < i/ DR EE DS
—Z 7R AUTERNL IR e E O R BaE EATLE 9,
KT, LFO TR THBIZER Lz, 5 2 v 7 ZRBOERTRIZIEZ 3, 4, 6 D
TENEGEND, HRRENI4E, BT 2 v 7 ZRENE 5~7T BOEBRTH O, BT 2
> 7 ZAGBFOBERIELE A 1700°C 72 DITHERIRE 1750C TRlEL TL X 5720 TH %,
1. 70 FALFOEMEFEB] : Yb 2 YAG ([ZIRINT 285413 99.99%0 Y203,
AI203, Yb203)Z A b FMiamtbiZfE > TE Y o7z,

2. BV o B oRIEE 2 Lk (RE) & 2 WITERE R — L 2 R THEIZIERA LTS,
13K Z R L,

3. MO AL A —(RY E=)L 15% T L a— W ZIRI, LESETRA LY ~I1CT 5,

4. REW1g1F EE2RKIEIE 200 MPa CEAE 13mm, JEA2mm OX 7 Ly MRIZT LA
I LTz,

5. RKFHKDOBELIFN THEIZBER L7z, ®T X v 7 AOBERRSAIFIL 1700°C T 4h £#
FF. FHR/BEIRIZ 200°C/h & Lz, ByoReUBHIBERE TREAR (S BERE I 2 MR L 72,

6. RiiPbrES X OFHREIRO -1, [FHRAFEE(~ L h—8 K74 —TF v
THATE Y RIRRLA A - CTHFEE L 7=,
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2.2 Radio-frequency (RF) <7 RbaV R0 ZV T LA4E RIEDVER

WEICA A U F @R CTHEEIE D& WEEWKT 201 - R FAIMEHIng, AN
v 2 R TN EFIH U2 BRAY K R V2 (Physical vaper deposition, PVD)D—Fi T, =
—T A TR NS, ETa—T 4 TR WKIS ) & X — Sy N R
Fr N —HNICEEL, R 7T TTF o N—5 BT 5, T L TCT NI EDOANNy Z Y
YT H ANV, BEW OENEMA D, ANy Z ) T HAPRRE LT T T AL F &
Y BEHTH DY —F Y MR EFELNTHY—7 v MIWET 5, Thick-T
JERI AN X TRIT S L. BN ET B, 2y Z Y T ORIINAT A—EZ N BT E—4
v MEIOREEE, SISO, %M & 4 —7 v N OlEE, BAES, A0 H Y U TH
ADENRETH S,

AR THWZRE 7% ha Ay 2 Y U 7ROV CHAT 5, RF CER %
G102 2 LRI DI ST 3 SV EIR B T AN D ST, 2 —7 y FHE (£
T3F v —T7 o) LI Kb, w732 ha 2Ny Z Y o T3 Z2—47y OB KA
Wt A Bl U CRERZFIINT 5 2 & CELEMAZHMR L, EFE2T A7 m bn dd)s
FTH =7y NI CIAD D, #—7 Y NEFHCEBEED T 7 X~ BRET D0, &
WL — RN THEFEC&E 5, ANy &Y 7 X —5 > NIYAIOz(yttrium aluminum perovskite,
YAP)IZYb3* 2B /L LR 6% L 72 Ybg o6 Y004AlO3 ((Yb:Y)AP)Z V=, BB FEAIZIE
10 mm £ OIF A 95K & c-sapphire 5 A W2, A B> TV A ZRET D729
DIERBEILT B N, AF 7= fKE[ER L, IXCDICBEEREmWT & %
FATIMEL 10 53RN Z IR LT-, RICAZ /) — /L CRIBED TIRZ{T- 1, K%K E
HIAKRD ATz 8= —I2R UBE R T 5 SMsE 21T o0, BRI o THRRISAE
L7k L, R AT — DIl ()72, B L7-0 b, KEEMS T ek LT,
BEpkth . BARMEITIXAWICIEE A FA3% 1000~600°C D fEI 100°C/60 min TREIR L 7=,
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F3E FHMEAE

3.1  PL BXU PL B PLE)A A—HIE

PL JIEIT R & T H2WEOEF 2N TR L, JhEIRREIZ & 5 03 B AER ~ R 5 &
BT 5L INDINENET D, 1564005 PL AT MUIHENTOEBERE, £0
TRV AEECIRE) TR e E AT D, Bl R X — 2 W E O L F —HEE 7R
ETxF LB IZiER S & JHBIRIN AN & 5 B ATABFIE TR 5 Y D 4f WiiE R I3,
Laporte FHRANC K o TEEH| & I3 2 BB DRGSR L 2 JFRE DI & - THBIIZEF
WEipd, FEEZRLE—% YDPITADET L1~14 eV TERE LN S PL ZHJIETIUL,
YU T D b A SO L 72N - Sl S D, Z ot R 2 EE L Ol R %
AT HHE % PL excitation (PLE)HIE & WU, A2 R JLIZ PLE AX7 h L EIES,

AAFFE T, FhEIE 2 R LT PL A2 hILORIRE I BAKTFENE(PLE A A — ) &2 HlE
L7z, T —Z %I ) S35 PLE A A—V0, WEREHEA OEFIRIEIZE T 2 1H#H
DIH72 57, anti-Stokes & T Stokes PL IZBH0 5 7 4 / WU « S HFR 2 S k3 5, 12l
T 5 EIZNHR LORARHREI ST —IX PLE A A —Y bR S, R 2 s L
AT R VTRMEE L7z, (BhEE I EIZ X o T anti-Stokes PL 23 XELAYIZ 72 5 fEIK & Stokes PL
ISR 72 DRI AN B> Do VAR M EIGT HDIE, BH—0 PL A7 FLFENED SN
erma B RE L& <R, BEHTERWRELEL LD TH D,

PLE A A —VHIEIZH W= 52 DO F % Fig. 3.1 (27”8 L7z, NKT Photonics #1854 5 {431
A L ——WhiteLase Micro supercontinuum laser (# ¥ i&% UJ&#%L 20 MHz, 73V A 1§ 6 ps) %
Horiba #Lf 4 7 V€ 7 7 @ A —% SPEX1680 IZ K> THt L, m /A7 )L % IR83 T
830 nm LA N ORGZRMEHOAE T v b U TR 2457, BRI TS S D tEZ S
47~ . Brewster i CAS L7, F7-7 0 2 =2 LB LR DS FLERA) P CIRYGIREE 2 L
SNt T Xy 7 AR ANy F B OWIE TR AR TH %, Brewster T D AN
X7 1 A= =)VELES & D E O SO - BEDEO D > ME, £ ORERMEIZ & - T

White pulse laser

20 MHz, 6 ps ”
F: 250 mm¥

Double monochromator
Grating: 300 gr/mm
Blaze: 1000 nm IR filter

Synapse IGA array

microHR
Single monochromator 4 e~ F:100 mm

Grating: 600 gr/mm Anal Z_ |Brewster's
" yzer V
Blaze: 1000 nm |
“ F:100 mm angle

Sample

Figure 3.1 Schematic of PLE imaging system.
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14
15
16
17
18
19

20
21
22
23
24
25
26
27
28

29
30
31
32

33
34

HTh D, FlZIX, MEANRANRT MV ERGD T2 A THICHE 2 EH L L T anti-Stokes
PL & Stokes PL Z [RIRFHIET 5 & &, Bt R & IR 23 F Uz oI/ bk e i ko

EENBEESNTLE S, &F VISRV CHED LIRS OBFRIZ D728 5720, &
Bhik & UCENRRHIZ 8 < L TR DRV, ZHIC K > THEITRNESD SN b
MEL 2D, BEICL > TUIRNEFN BRI RS> TLE Y, 29 LIEHENL,
Brewster f§ TOAHC7 v 2 = 2 VELESEIZ L0 bk YCHGELL « BCE & $iiil -2 T34
BT 5,

JIEETREE 2 HIE L C AT RVIREE 2 ASDEF TR L TR 1 e+ H 72 DI TREE
U TE, £D PLE A7 MVITERMICHERH TS 2, HURBH TR 556, &£
AHEL7R ECARNBENED D Z LICRE DT H2UENDH D, 4 ETHWZ Yb BRI EE Y R
72 5 AR (Y0:Y)AG (ZBhEE HGELE AR RO/ L THEFITHRN 2D, £ 4D OFEBITRET TR
B CHIE L7z, 3B 6 0% % Horiba fH#d > 7 V€ 7 7 v X —4% microHR Tt L,
A48 InGaAs #& %% Synapse IGA 7 L A THiH L7=,

3.2  HBHZE g LHARGHI AT — &

R L —F—mEZ IS T 51057 > T, HREEESNIE L 25, T30 AL LTRGBS
b EERMEREIRIEIET S A~D AN RNT =L IHHINRT =R, ThbbERTH S,
FEERD L Z A T HIHEINE R W TZER L — =G H T S ZADRERITHE% L &< 720,
ZOWEEKITT A AL TEZOND : ONFICE T DiREL, QB RDIEL, O
B, @MBHEL R S5, LTIIFHEEOMETH 5,

@O e v—Y—JROBEW S ) £ TITA L 8K

@ A LHERIE S o AR A TR LT 5E . e REaS 23 kB 2 Eil LT L
F9, VUTNNRATIHZOFEBRBBRIZE > TTNA ZAGENRE LKL D720,
WHM B Z I 7 —CTHATRZZEhE AR 2 b D,

B} WHEMEIWNEHOBERTA U KA IET, BRI K DRI EEVER, anti-
Stokes PL D v T w B 7 L HIRIN, ~/VF T Fx /) FEF. Stokes 7 RN ETH D,
CRERBRITOIZTEEND, )

@ Fd U7 Yeo B ) & 7= 4172 anti-Stokes PL 2 DEFA I RIN S5 72 & T4
[DRSEiEES

Z0H B, QUAADIIER DI OV TIIAMIED RS L1389, @Dk EEE L1-
MER pe ZPEREFEIR D —> & L THWZ, WHENR n 1T AT — LRI AT —D b &
EFRIND, WEMEBINIOER TAE L 28K L HHIT AT Fig.3.2 DET L TRIN
%o BEIFILLTO 3o EN5,

A RN I EBPEHT & o TR S IO — AR LD N S 5, BET
BA LA E 0 IR S W EBVERIC SRR 258030 . £ OWINENT
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R E LTS,

B WATF T ) KRR L AW L 7o EI OIS BT D BVERGER(E OfERITR(1.1) T
KINb, )

C FI7vbEVT  WEREHAREORRELE LT, AR HENR2WZ EICX 58K

s X, BEERIIAGE. D) TRIND,

_ Pcool
c =

Ay -1 3.1
Pabs nextnabsl ( . )
Z 2 CIHEIRT —Pos WEBTERRIN U280 —P,po. M E TR ) oy eI A G
IR 2 AL OWIEI B naps . IR, TH D, 213X B2)TRO B
LR EOHFETH D,

[AF(1)da
= 2
A [ F(D)da 32)
FDIIRNRETH D, INBE T 50 1 ER(2). W Hon s (FB) TER S LD,
W
Mext = L W (3.3)
ar
Nabs = o +a, (3.4)

Z 2T LA, WEEER L — MW, EEIER L — MW, WEBE O RIREL
a,. A LD 7, TH D, JEEY H Uy, L IIMEIORR, K& & BITE,
BIMEN T HFDRE TR E DR AEOB Y HLETH D,

K(3.3). GHNLH LML ST, KRG DDOAHLE 1 HMexd) &5 2 HMaps VE4T 1 A5
b, L TUEERICHT DR DIIFHED . dad At DB 1 UL EZRV G, £
D &5 e BABSAFE ORBIRIZ BT 2 H I RIIX3B.5) TH 5., NGB )DE 4 T, 77 3 HOFE
NH1EZ5IWTED, 00 & ITRELENR L, BRSNS EETInMNE, AL L &
BT, kDN S LB Z EMENENE L 72 5 DI, anti-Stokes PL 23N K12k < D
EEMANRT —RNELS D EWV I ERKE b —ET 5, £ B Lo, WHER L —
W, &R ORI AR e, 3 8 < | HEIRSTERS L — MW, & RN ap 23/ ST X AR
IXE< 7225, MEHZET DIERN 2 WVEEIREE Thoxe = Naps = 1TH V. Z OBRAHBHIHR
FRG.DOFIF 2 THIZ 1 ZRALTHELND,

A
pideal = 2 7, (3.5)
Ay

2B, RE.DHDOHHABNRLXGS)DHMBBEHIZNRIT RT — D Po/Pas TdH - T, 1 KWL
BHIZ ) OWMHRT —Z EVER < ERBINCHE T 2013 2 NS N2 L3 H D, el
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Ot & W N

10

HIX, MANEN G NT —Z BT DITIE Pas BWILETED | Pas i T 7N T EIZHT LD
[ CE TR <, EfERMEEARD D Z ERREEENS TH D, £ 2T, RGB.6) DAL
U — ERPABRRIMAIZN R L AR NREZ BT ADbE b L LTHICER L,
Sy FENRE NI AN A B h =R L. 5V anti-Stokes PL 2 /R 9 abEt DB HI ST —P T Em
LB D,

f=<ﬁ¥4>fFuMA (3.6)
Ag

MADR ERERICIEITW A, AUIINBAE BT 5, ZOMAEI AT — 2R3 HIE Pas
ZHES D Z LR <SEEO L—F—ImH Y —Z B TIEdH 2 BT E 5,

g G e L R e
'DOPANT :

e , 5}»
i | excited state |
Sy :

A A Wy §ANYP
AN H f

/\D . Ef>Ep '
AN | a
quencher ! | H
iy [~ ground state :

.................................

Figure 3.2 Prerequisites concerned in the representative laser cooling efficiency equation [50].
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20
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29
30
31

EAE (Yb:Y)AGEEMKROBEL—F—
IS EE

41 Fia

B L —HF—HBENCB T 5 HORIGERICOWT, ZHE TV OO ER R e S
NTET, Bl YOYAG IZBT 5RO BHCRINEG T o X LU +— 7 FT LV TERD L,
JEELY H LSRR OMISEEHIR - ~HE & A DEIRINRE ISR 5 Z L n3diE S
TWA[32], F£72. Yb #sh fluoro-zirconate (ZBLAN) #' 7 AZEIT HEIKL —HF —mEIOET
JLTTIE, Cu?', Fe?', Co®'. Ni'/g EOEBREIEICRITHIT 5 5 KD MENEOE L
UM 23R S 7203, B CWIUE K Db & R Yl K Dbl XX B ST st], L
MLUZR723 5, anti-Stokes PL O H CWW X% Stokes PL L0 H58< i Z 25803 H 5720, Yb IR
NN EE DAkl K - C anti-Stokes PL @ H CUWRINZ I35 Z & CHHEBVENR L35 &5
2 BID, AETIE, BEICESSE RS 5D EEROSE TER SN 72(YD:Y)AG fibh
FyRIZE T, anti-Stokes PL % A 7= BRARRYMH HIghsenldeal )3 K & 70 2 Yb RIS 287 &
T L, BRI K> THABRHDRENMET T 52 & 2R LT,

4.2  EBRFIE

BFHEET Yb ORNMIRE(E/VHE )P0 D (YD:Y)AG ((Yi-xYby)3sAlsO )i it A
ZAERL U 72, IBIEIL YbOs DE/NVLFETEM Lz, E/E x [HREG Lo THEBR YR
B Y203 & Y003 DN, Y03 D 5D D5 FEE Uiz, el FREGHE 99. 99%. 300 mesh
D Y203, ALOs, Yb0s) & b EFILICHE > TRV ERY | BMRFE & RN —L IV THE
[ZIRG Uic, WECI3KZA Lis, FHR/EE L — R 200°C/h & L, KRFHRICE N T
B A 1700°C T 4 e fRfr U CRERS L7z, BERS LREER IS MG MBERS IR 2 SR EH pm
DOIRITIEL . ARY T ABLT o T B E LTz,

JTO PLHIEIX=EIRQ97 K) TIT o 72, M= R/bF —Jihi#d To PL JIE Dbk IR i
FEIRWE R 659 nm O B L —HF—Z H iz, 3EN L ORIT e ) T A— 2 (K
SUEREE: 30 cm. ZFREC 150 gr/mm, Blaze #1755 1200 nm) T/ L. InGaAs 7 L A fHE T
B U7z, JEnBfhE PL 38 K OVPLE A A —JHIE TIT A A/ VA L—F— (0 = UJE
20 MHz, 7%V ABE: 6 ps)Z FEIFIZ AV, X7 7 7 v A— X (FEUHEE: 22 em, ZIHR%K: 300
gr/mm, Blaze i : 1000 nm) T/ L7z, bk OB, E& L2k EH#PEIC )
WT 16 A FTHoTm, MEIDNLORNIZT V IIVE ) 7 v A —2 (S 15 cm, %
% 600 gr/mm., Blaze 175 1000 nm) T43 ¥ L. InGaAs 7 L1 Mg Tt L7,
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4.3 HR-BE
4.3.1 (Yb:Y)AG (235155 PL @O Yb RN EE (R AFAE

Figure 4.1(a)lZ(Yb:Y)AG (281} 2 B R /VF —[hf TP PL A7 kL ® Yb USHIIEEURAT
PEZ T, BUEIRE L 30 mW & L7z, BFNHALT MU Yo IR ICIZ & A EiA7 L 72
V> 850 nm DFEIEHREE THIMAL L7z, FAKIT YAG F1 YOO 3L X —H#EM TH Y | Bl
NI REM 2B 2 KEITRT, 940, 968, 1030 nm DX — 7 ORI ENEI., E6—
El. E5—El, E5—E3 D& T 5, Figure4.1(a) (21T 5 PL B'— 27 MGG E 940, 968,
1030 nm)® Yb IR EAR A7 % Fig. 4.1(b)IZR LTz,

WO RO PL S S E/V I x=0.06 TR E 72D, BE ERICHE D BRI
T2 Yb A A T ORI FE & BN FRIOEFENE 2 LD, Yo:YAG T fiuEE 4%
N S 72 Yb A AL B TITE A L2202, B 0 155 MElEFhER & LTIy BUEf—
KNG~ 3> D NIV EAR T FHE/ERHIZ KX 5D Forster =R /L X —BERRENE 2 L5,
7, WEAT FRIOR AR XHE AR ML ERIRA Y MDA —3—F o T DIl LT,
TR EE CIER D YD IS ST L E 9, Figure 4.1(b)IZ OV TR E Z & OFEERIC
HEHT DL, EEENORIET ERERNED, FlZIE 940 nm DIEHIE x=0.13 TOFREN
x=0.02 & [AIFEEE E CTREET 523, x=0.13 (23515 5 1030 nm D FEEIE x=0.04 & KLV, 2
D LB, ENVE x=0.02~0.06 TIZE/VELFROBNNIAE > TUIBrfE HE 2. PL 58 A3

B < 72 D08, x=0.06 ZBEIZ YOI DR A B YOI AN T2 B CRIGER S KRN 72 D &
FEABND, £ L TEORMBROICERMAFIET, FREEM O — 2713 EWIRED &
Yb:YAG OFpEE —E9 5[52], L7h-> T, JEED H LEEEBEWERKRD Yb RN X
x=0.06 L Z 2 HD,

— 6 1 — x=012 ES-EB Y (a) e 3 (b) O 940nm
S ] 3 O 968nm
.E 5—_ 'E VvV 1028 nm
3 = v
é 4'_ .E 2 v
L 8 Vv
> 3 > ¥ o Ve
§ = b (YAG) g 1 z ° o 000
Yb* (YAG -
'51': E6—E1> \ E o © 000000
o ------- o
0 ANEALE ALY LI U L L 0 SN A A A L L
850 900 950 1000 1050 1100 0 0.05 0.10 0.15
Wavelength (nm) Yb,03 mole fraction x

Figure 4.1 (a) YD concentration dependence of PL spectra in (Yb:Y)AG [(Y1—~Ybx)3Al5012] indirectly excited at 659 nm.
The excitation power was 30 mW. The PL intensity was normalized at 850 nm. The inset shows the energy levels of Yb**
in Y site of YAG. (b) Yb concentration dependence of PL intensity at 940 nm (E6—E1), 968 nm (E5—E1), and 1030
nm (ES—E3) in (Yb:Y)AG excited at 659 nm. The excitation power was 30 mW.
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4.3.2 (Yb:Y)AG ([ZBIFAL —V — i H O Bh i B AR e

Figure 4.2(a)lZ(Yb:Y)AG (281 DFRHAH N T —¢ O Yb IR ERATIE 2 7R3, kR34
Yb IINREEICIBIT D &0 D= T4 ThbH, TXTO YbIIREIZB VT, 1L YAG
YD ORI B — 7 KT D 940 nm (E1—E6) L W HEVWVEILEHE TRE <720, 1030 nm
IF CRAEE & 57z,

Figure 4.2(b)IZ Yb #SHEEE x=0.06 D(Yb:Y)AG (281} 5 PLE A A — %79, Rifilidin
W, MR R, 77— =3 AT FVREZ R L TV D, YO DT RV F—HEN|T
U CHIBEIRE S C PLE A A — V& IE L7272, B EHELE B ST b, Jibid
JERGELEIT R L TR D FE LAY anti-Stokes PL, Kl KM DFEIE7 Stokes PL TH %, 3
TOYb BIMMREEIZIBN T, R ZER R b RIEE w519 5 & anti-Stokes PL 25 3Ad
& 720 | dexe=1030 nm JT5% THRL Y anti-Stokes PL 23 X417z, Z DF#L anti-Stokes PL (2L
L . Fig. 42@\ s T FRHAEI ST —¢ 13 1030 nm T3 CTRAME E o7, L= - T,
1030 nm 73(Yb:Y)AG @ anti-Stokes PL % HW /- [EfA L —F —mENC BT D il & & &
AOND, T OREEEE 1030 nm 1&, SEATAFFEBNI W T b RE REGANE L
IR & —E U=, FcmhiE & 1030 nm 1Z(Yb:Y)AG (231F % E3—E5 OHgmEhiEii R ¢
51531,

E4—E5(1048 nm) C D IRl | ZhAL (C B 2R e R = kL — Clbie ik 5 72 Stokes it
FROKREN R BV 72 < 725 D3, anti-Stokes PL 58355\ OFXF B EI ST — 3 E < 72 572
72572, (YB:Y)AG (28T % 1030 nm O YERINERE T 1048 nm (E4—ES) K D & K& Wz w[54],
bR 1030 nm (2 FV N THEL anti-Stokes PL 2353 H 722 B X b b,

-
o
s
o
e
]
1%,

o
wn
(=]

1020

1000 : 0.25

Excitation wavelength (nm)

Spectral Intensity (arb. unit)

e 0.00
1000 1010 1020 1030 1040 900 950 1000 1050

Excitation wavelength Agyc (nm) Wavelength (nm)

Relative cooling power & (arb. units)

Figure 4.2 (a)Relative cooling power spectrum in (Yb:Y)AG with the Yb-doping concentration of 2, 6, 8, and 12 mol%.
(b)PLE image of (Yb:Y)AG with the Yb concentration of x=0.06. The saturated signal is the direct excitation light.

Signals in short wavelength region are anti-Stokes PL and the opposites are Stokes PL.

21



© 00 3 O O b~ W DN =

e e e e
=W N+ O

15

16
17
18

9
m (=)
=1@ X > 2.04® .
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5 | &2 ———= A=1010.1nm = Su |
g |68 n.=1.9% S < © o o
g | f = > | 0O
& | A 2 § o
> : X o °
.E-Eg___ ! ‘S 1.5+
5 {185 =— E b i
] E] e—— 1 o 1 o
= 2 E5-E1 ! =)
3 Yb** (YAG) . £ .
o 1 o)
' o
V)

—
o9

1 U T 1 1 U 1 T U 1 U U 1 1
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Wavelength (nm) Yb>03 molar ratio x

Figure 4.3 (a)PL spectrum of (Yb:Y)AG with the Yb concentration of x=0.06 resonantly excited at 1030 nm. The inset
shows the energy levels of Yb*" in Y site of YAG. The upward and downward arrows indicate the resonant excitation
from the E3 to the ES and the anti-Stoke PL from the ES to the E1. The gray dashed line represents the mean fluorescence
wavelength Ar of 1010.1 nm. (b)Yb concentration dependence of the ideal cooling efficiency in (Yb:Y)AG resonantly

excited at 1030 nm.

4.3.3 IR LR E AR iEEL72(Yb:Y)AG [Z B DERL — — i Hl
Figure 4.3(a)lZ. Yb #SINEE 0.06 DO(Yb:Y)AG (Z81) %, bk 1030 nm T» PL A~
MVETRT, AKX YAG H YO D=L X —HERTH Y | E3—ES Db ( EHT) & B
Sz E5—E1 @ anti-Stokes PL 2/~ LTV 5, RQ3)&ZHWT, (Yb:Y)AG OAZFIERE R
1010.1 nm 23R E o702, ZOERFEIEEEIS. Yb T x=0.06 D(Yb:Y)AG fbfnkiARIC
B 2 b E 1030 nm TOFEGEZNE 1.9% 035 vz, RERC L THE L =BG HI%h
KD Yb WP ME A Fig. 4303, el Yo iINREE x=0.06 (233U The & & VOV EER
WHEWRP RSz, Y BIREDNE < 20 AOBINARED & ZRALF—DFE\ anti-
Stokes PL OWUNEBEZE & 72572, B EWINABEELT 2 Yb IINEE x=0.06 UL T anti-
Stokes PL IZ L2574 / =3 L F—DR HUENME T T2 B 2615, YAG H Yb'
DM EAFDTRNVT— KT R/LF—HENIZE1T 2 Boltzmann 5 K-, 4f-4f BEFHES O
GyU L (Af TEAHE RS R DTN A \2B\W T, D LIEIEBMSE 41 HD D EIE, i, j T
ZNEH Stark 535 U7 BRI EN O = L F— UL 2T, ) DatE S H el
INTRNGE OBFRR 7 A I RIXIRE T4 & B T(6) T E 41 5 [33],

Aldeal = 1012.2 — 0.01T (6)

7=297 K ® & & 2413 1009.2 nm & 729 . 1030 nm THhiE Lf:faé\mwﬂ‘/%%ﬂiﬁ%zi 2.1%
TH D, (YB:Y)AG FEEMERIZEIT D Yb IRINRE O Faw bls . HRE A &R o BRI
RGBT,
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FEE IS R 2R A S M S D EFISOGE T (YD Y)AG Fbdb K& fER L, [Eik L —3—
WEMRFED Yo USRS & b I BARTAE 2 B 5 02 Lz, (Yb:Y)AG #& K Tl x=0.06 73
B 78 Yb WL C, H WA D72 < anti-Stokes 7 b & PL EN KI5, FT2)ih
F R 1030 nm (X(YD:Y)AG 7 HED S DB R b K& < 2 b bt R CTh 5, Yb
TMIRFE x=0.06 D(Yb:Y)AG Flb i RIZIH VTR B D e KEAEM HNER 1.9%1%, =RIEDO N
7 1 EfER(YD:Y)AG T bV 2 BARM AR 2.1% & RIRRE T, IREVEIED AN R 24K
S5z EERLT,
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51  FfFim

YLE:Yb & W o 72X 7 o /) b R =B O L—H — I AN B9 % Wil Tl =iE D
MUEIRA~OHENCEAN Y THNTE o, )7, |IRLL RIZB W TR E 2 ZERICHERF 5
72D DOHAG EER L —F—mEIOFLERICH TH 5, Bl 21X, @ ORNZ A 4 — NIEK
BOBZRE L, M OBREZY STeDITHBEDBLETH 5, LaF IZ81T D Er O Lt
DIREARAFIEIC L D & 274 7 UWIUEFIL Bose-Einstein 73 AICHED, TDZ L0 bIiX
ERIZ 1T DR anti-Stokes PL & @\ L—HF—mEIRAZ MG CE 5, —FH, NI
I ERICHE Y BVE b b T 5, AETIE, £OXHRERIY SIEICET S anti-
Stokes FEWehFE L = Z TO L —H—HmENTHE M A Y Tz,

52  EBRHIE

(Yb:Y)AG, (Er:Y)AG £ 7 X v 7 ZAZEMNEIC L o> TER U7z, £ &#E(99.99%)
72 Y203, YbO3(HiV VX Era03). ALOs D FEHG R A AT 1 KRS L7z, YbEDDE /LI
F(X0.06 [EE, BAMAKOBRERIL1g THDH, ZOHMKRIZ LSw%DARY =17 /L a—
JVENNZ, 200 MPa OE ) THEANIC 7 L A L CHEA 13 mm, JES 2 mm OF 4 A7 %15
7o D%, BT 1700°CHO RZFHKH TR L, Y HLZ(YB:Y)AGETZ I v 7 R
F 4 A2 % 100 pm DOJFE S ITHFEE LT Ag/mRF o — A b THBICAEY (72, 7 T4 A
AL EOY TRV E —ITIER P RBE Y | REREORERIIR T E U vy —T
AB A EE Lo, BB IRy — b= E ORI & Fig. 5.1 1IZR L7z,
M2 PL, PL Jil#2(PLE)A A —3 . anti-Stokes PL(ELFZhEL), B LT~ #EL ALY
VA RIE LTz, PL 35 K OV PLE JIlE H O AN 215 5 72D # 0 K U JE#EL 20 MHz,
73V Al 6 ps @ Supercontinuum YJRDOH 1% X TN 7 v A—4 (Z#REL 300 gr/m, blaze
4 1000 nm, =220mm) THt L7z, taen b M) Sz e ot o E2EI 1.6
nm LA FC&H > 72, Anti-Stokes PL JlITE Tix, {ER L7=-%t& T v 7 AT 4 A7 @ anti-Stokes
PL Z#RIEDOFEN(< 1.26 nm) K A A X A 4 — K L—H—Z il eJRICH W=, WEFTp
AT L7z fib Sl X Brewster 1 TAS L7z, HMITE / 7 v 2 —Z (Z##L 600 gr/mm, blaze
W 1000 nm, =140 mm) T S, RHICIXRIAZE R THAEIL 7 InGaAs XA A — K7 L
A M LTz, ZOREEDIIESHEREIX 03 nm L FTH 5, AT 7 0 A —Z (2 AF
ﬁé%tﬂﬁﬂ%ﬁ#%®ﬁﬂﬂ®ﬁf%%iék@K\&mxﬁzw%%%ﬁﬁbh
T UHELARZ MVTEICITBER L — =T~ AT AEFIH Lz, b L —%
—ﬁﬁ%snmlkb\W%ﬁﬁ%/&mx—&&W@immgmm_ﬁwOMm%mwf
100~550 K CifllE L 7=,
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Figure 5.1 Configuration of sample and temperature contolled component in cryostat. The sample was mechanically

fixed on the thermal link.

5.3 HR-BE
5.3.1 EiRIZHITD Anti-Stokes PL D HE TR

Figure 5.2 (a,b)IZ{EE T= 470, 300 K IZBITH(YbY) AGETZ I v 7 ADPLE A A—V%
RLTee AT—N—TART AR Z MR — /L TERT, (a) & (b)DFREE X EHHR T
x5, K OTRE P EAFN U 7 ST BEEL S AU hE TR U, IR dee £ 0 B ELE
1 CHND PL1E B-(FaFi#k o 22 01)1E anti-Stokes PL T 5, F72, 300 K 75 470 K (22>
T PLEROME A ZHEIZ T 272012, 2B DAY MVBREE A% Fig 5.2(c)lZR L
720 300 725 470 K IZ7» j‘ftmﬂﬂ(ﬁﬁ) L7 PL S8EE I H (JR) T LTz,

%7 ) UWIGEFROIRFERGIEN D AR SIS L 92, SiRIZ72 513 £ anti-Stokes PL 13
WIS D, Bl Z IXNER R Aexe=1030 nm OFEITHEHR T 5 & IR T=470 K (Fig. 5.2(b))

TIX 300K LY & 50T anti-Stokes PL 2358V, Figure 5.2 ()& ¥, 7 17— K72 anti-Stokes
3 L O¥ Stokes PL(f31] 2. 1F 960, 980 nm fHT) B S5, Z D77 o — R72”PL OEJHIL
YAG DY ¥ A MZHEANL L72 YO O Stark 75354 U 72 BERRAY 72 4f MENL ] O BR SR Tl Eﬁﬁs
DR, —F . ED YLD LFERIZHNT S 1030 nm @D Stokes PL B — 27 5 (ES—E3)
& 968 nm @ anti-Stokes PL £"— 7 5 (ES—E1)i% 470K TR T 5, 4f WELLE OHEEHE T

ILERA O eV r— R72 PL OEEJRIE, T—>y MEED Y 4 MPSMINLE L7 Yb

EEZBND, 20~470 K, I F dexe= 659 nm T PL A7 hVHIE L, Fig. 53 1Z/RL
oo TRTOYbD BA—Fy MEEDY YA MIEAL L 72 BHABRYZREETIEL, Bty —27 0
)= IRV ITREMET T 21220 TS <220 | RIRIZIE W THWE — 27 O L3 B
b, LoL, 20K THIE &7z PL AXZ7 ML T, Sl E— 2712z TAL A LTz

IR 72 PL MBI S D, (2 2T “FR” 2 YAG @ Y H MBI L7z YB*' (Ybideal)
DIHFIERE L ZHUSND YO (Ybinm)IZB T DI FEBZ S VT 2720, EEICHN
5H,) TN EnG, BEMIZY A REEHRLIZ YD &, £ 9 TRhRIARE 1oL
YDA AU BB Y $hEDIEILI anti-Stokes PL %3 % k%z Hid, (YIRS
KL% 800 nm 13I8 5, ) —MXAVIC FERHRE T OMERUI AR ATRRICUT < . ARFEBRCTH 3R
HZD LX) RARELKER THDH Z L1X Fig. 5. 4 @4:@1&1&@77/;&7 RLIND BRI S
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N5, BRI ESR S, W EZEicivERE 0SS THIUL, BRI F
—DONFTF ) 0 BIRNT ) E— FOBELTFE < L Bl S v, KiRoA HET
NIZTAH—Fy FTIE, BRI T+ 7 b F = 100 em ' TH D Z & 235G
BEFEBRICEVHALNEZRoTND, T72b5, Bl S 7-~40cm ' ORI T ~ o A
7 biE, REIORTERMEDTZDIZAE U BT + / Bl oIk LICRIRT 2 &3
oD, LoT, WEOIRE FA & LB, Y YA MTENL L2 Ybidea 2D Ybinho ~D 7
) UL - AERGEFR A LTs kL X — BB MEEE S, FEILAS anti-Stokes PL 23T X
nsEEZHN5,
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Log. spec:‘ral intensity (arb. unit)

O /4

Excitation wavelength (nm)
-
Log. spectral intensity (arb. unit)
Excitation wavelength (nm)

980 L W, 980 ;e 3
900 950 1000 1050 900 950 1000 1050
Wavelength (nm) Wavelength (nm)
E 1040 - 03 o (d)
= 02 § ¥
- S R . E6
il ]

E 1020-_ | 0.1 E E5 T
H 00 « w5k F
g 1 9 She Exc.
= 1000- ‘ -0.1¢ o£2
o R iyt NI Y - ok .
E ] ) T o _0‘2£ E4 Anti-Stokes
. ) U = E3
; @@D il 1 N ¥ [a) E2 —
V7]

900 950 1000 1050 >
Wavelength (nm) E1 —t Energy

Figure 5.2 (a, b) PLE images of the (Yb:Y)AG sample with x = 0.06 at 470 and 300 K. The horizontal axis, vertical
axis, and color bar represent the PL wavelength, excitation wavelength, and logarithm of the spectral intensity,
respectively. The strong signal following the linear function Aexe = A corresponds to the detected (saturated) intensity
of the scattered excitation light. (c) Image of the PL intensity differences obtained by subtracting the spectral
intensity at (b) 300 K from that at (a) 470 K (differences are shown on a linear scale). (d) Transition diagram and
ideal peaky signals of resonant excitation and the relazation process of anti-Stokes PL in rare-earth dopant with

discrete levels.
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R IE ~470 K 1281T 5 anti-Stokes MR DOEMAZ B S NI T A7, ETHEEKRE %

Aexe=1030nm (Z[EE L. B 20~470K IZB1T 5 anti-Stokes PL A7 ML AHIE L=, ED

FE R A Fig. 5.5 1259, 100K % T anti-Stokes PL &'— 7 [ 3Bl S 72023, 125K T 968 nm
(1.280 eV)IZHARE 72 anti-Stokes PL B — 7 38l 5, £ OB — 7 iR & #iEIEL, 300K F TlX
IREE EAIC O THEMT 5, —F, 300 K UL ETIEEOE— 7 MEENRED L, FEILIE anti-
Stokes PL 5 & | X BLFRHEE N3 5,

Anti-Stokes PL &"— 7 Ml S 72 125 K 2= R )L X — |24 H$ 5 L 87.0 cm '(10.8 meV)
T, ZAUTHEFERYDY)AG OHFT + /) v OFAK= XL F—~100 cm '(12.4 meV)IZITW
[55-57], ZDOZ D 125 K AAHETRG = RALX—DERWNFET + /U BR5H L, B
ZOTF ) EFAX—EZITRDEEZLND, L, 10meVREED T /=)L
F—(% 1.204 eV OILIBFHES: & 1.280 eV O anti-Stokes PL D= R /L¥—7% 76 meV L 0 B
LTINS WD, H—T 4 2 ORI TITFAN D2, Ko T, 125K ICBIF57 >
TANR—=T g NI NT T 4 CWRIGEEE T, 125K THO BB AT DRV R L ¥
—DIFET H ) EELD 6~8 HBIL L, 1.280 eV @ anti-Stokes PL 235 H 415,

g4 L OEILIS anti-Stokes PL Ol BEAKAFIEIZ IS 1T 2 BOFMED A T = X 27 E AT B
SN DT, REMLRENE —7 ZHNTAY MURENT LT, 3RO £ Nk
ERILE OBEFN R X D2H O R —RERIEF TN ERmbNTE Y #REIC
1%% DFRIEIE Lorentzian 7347 B4 TR S 1L 5 R &R & RIREEE Th 5, AT TIX(YD:Y)AG
@ E5—E1 BREIZH KT 5 968 nm @ anti-Stokes PL v'— 7 #32(X, X 5.1 @ Lorentzian B4
TE10meV (960.5~975.6 nm)D#iFHZ 7 ¢ v F L TZ DO E—V5RE, ©— 7 ifH TOIEIE

{@) 2.,.=659 nm E5—E3} (b)

Acoustic modes

PL intensity (arb. units)

||||||||||||||||||||||||||||||

L L L
870 900 930 960 990 1020 1050 10 20 30 40 50 60
Wavelength (nm) Raman shifts (cm™1)
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Figure 5.3 Inspection of inhomogeneously doped Yb in (Yb:Y)AG ceramics. (a) Temperature dependence of the Stokes
PL spectra of (Yb:Y)AG at 20~470 K. Indirect excitation at 659 nm was performed. (b)Exremetly low wavenumber

Raman spectrum in (Yb:Y)AG ceramics at 300 K. The acoustic modes appear due to imperfection of sample crystal.
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anti-Stokes PL 78, B — 7 O¥—Ilg % R 7=,

1
20'h

(E—Ep)? - (%Uh)

A + B, (5.1)

2

Z Z T A ¥ Lorentzian #EMg. B X v — 7 J&i40 D IELNE anti-Stokes PL 58 DL, on 13—
Mg, Bl —2 Zx V¥ — EF=ANF—Thd, AEHRITEHETE LTSN
L7z, 728, Figure6.5 THAHILDH L 912913, 940nm (2 % anti-Stokes PL &'— 27 2381 %
D, ENTNOE— 7 1HKIR~ERFT CORENTH . BHOE—7 BNEELTWLH2D
Rk O 7 B HIMAT 135 L v,

Figure 5.6 (ZfigHTHE F 2 7~$, Figure 5.6(@)ZX5.11CLD 7 4 v T 4 7HER L 300K T
HI7E L 7= anti-Stokes PL(ZRO) T& 5, Lorentzian B & fkffHR, FEILAE anti-Stokes PL % H il
W T OME BRI TR LI, 125~470 K IZF81) 5 anti-Stokes PL E— 27 {Z5%f L C b [AEED
T AT A TRERDG B AT, 968 nm D A anti-Stokes PL B — 7 OFE /38R (H kX O),
Z OUTFE D FHEILIE anti-Stokes PL 58 EE (45 V) DIRE AT F 7= Fig. 5.6(c)IZ 13318 anti-Stokes
PL v'— 27 O¥J— g DOIEE MR AFM: % Figure 6.6(b)IZ7~x L7=, 125 K 225 300 K (22T, 968
nm O A anti-Stokes PL 23 EEFHIZHE NG5 = & & 7”7 (Fig. 5.6(b)), 125~300K (23T 7 +
J UBREE B E BT A EE DT R /LF—(1.204 eV) & anti-Stokes PL(1.280 eV)D

Energy shift (meV)
150 125 100 75 50
] | 1 ] ]

- E5—E1
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< [ 400 K
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Figure 5.5 Anti-Stokes PL spectra of the (Yb:Y)AG sample at T = 100, 125, 150, 200, 300, 400, and 470 K for Aexc

= 1030 nm (resonant excitation of the E3—ES transition). The spectra are offset for clarity.
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TR F—7ET6 meV () 610 cm NZ D D~ /VF 7 4 ) VIRIGEBFEDFERNEE D10 &
Ezohb, LHvL 300 K LA ETHAE anti-Stokes PL IZIE L, ZHUT7 + / V0o
meFET 5,

JL0 anti-Stokes PL 28R T 2JHK & LT, FT®EIRICE TS 74/ =X X —DIK T
BEZT, YoY)AGIZBIT D7+ /) v T3 F—DIREEGFMEZ A SN T D720, FD
T AR M ERIEL, T~ E—7 % gaussian BTV 4 v P LT T+ /T RIL

M
-
e~k L I nti-Stokes ‘s © =
% 3 —_— :it:ins:Fl:lnc:cl;n (a) § b (b) o o 5 v - &
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Figure 5.6 (a) Fit of the anti-Stokes PL peak at 968 nm obtained from (Yb:Y)AG at 300 K for Aexe = 1030 nm
using a Lorentzian function and a constant for the background intensity. (b) Temperature dependence of the
integrated intensity of the resonant anti-Stokes PL (ES—E1) and the background intensity of the non-resonant
anti-Stokes PL in (Yb:Y)AG. (c) Temperature dependence of the homogeneous width of the anti-Stokes PL peak
at 968 nm and the theoretical curve considering optical phonon scattering according to Eq. (6). (d)Diagram of
Ybideal and Ybih. Experiment results can be understood by the enhanced phonon-assisted energy transfer process

between these two kinds of ion.
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X —% 157, Figure 5.7(a,b)IZ. (Yb:Y)AG &7 X v 7 AIZEKIT % 300~550 K TD Ty, E— K
HkT~or v —7 OIREEEEB I NZED 7 4 ) v = f VX —DOIREEEE 2R L, £
DIENFRESNIZE— RO T 4 /) = X —OIRERAFIEIL Table 5.1 ICF & DT, T E
— RO7F ) VX TRE EFICE o TR X —3 7 kL, 300 2>5 500K (ZhH>
T 6em (0.7 meVYIE T L7z, 1Z0DEF— RHEZR X~ 7 T8, Wb
0.39~1.3% LAME T L2V, Z4UE, 300 K T 100 DO EHBHE—RDT 4 /) o E2RINT S
WFER HIUT, 500K TH 9 =27+ ) VIRINT ZMERH L E I D, EWOIRETH D,
Z 2 T#Emm LT 5 968 nm(1.280 eV)® anti-Stokes PL DAREIETIL, %< AfESH - T 8
@@%?7%//ﬂ&ﬁéﬂ\m@f%@7¢//zzw#~ﬂﬁbe%@wm*&1@
DEET7 3 ) VIRETHD, Lo T, @ETII(YDY)AG O 7 4/ TRV — TN IZK
9% 25, 40 anti-Stokes PL O IZKF 5 EDFHHIIRE 20,

% ZC. 250K DL CHFREENNT 2 FEILA anti-Stokes PL (Z7EH L., Figure 5.6 ()12~ L7z
Ybideal & Ybin TOTFNANX—REEE 2 1=, 2 DOFTHHA 4> O 4f BT-[F+ TOPY
%ﬁﬁ%%% L7 f U F—BE O L — F~108 s I L— b 10%~10° s T TIEH

B, T4 VRN ENT DG AT R VR —EAE EAEOIRE T2 b KFT DR
éﬂéﬁm%omOKfﬁ%mmﬁmeL%Eﬁe~7%%¢®m\%@m*wﬁ—%%
ET7F ) UWUHERD L — RA T OREREEZ DN D,

JLN anti-Stokes PL IXIREE L5 & & IO LN D721 T, 2O —7H—lEHHEKR
T2, 2O &b, LB anti-Stokes PL B — 72 O —HE DAY Y A Ybigea TatBH T 721>
anti-Stokes PL OEJRTH 5 A[REMENRE 2 b5, £Z T, BERTHE meV BAELN TV D
B)— R DR PEARAE M 2 AT LTz, B — 2 OB —RDOREREMEIL T + / U BELDO F 533
flpyc, X622 TEREND,

__r
o (125) -

2Tyl T=0 K (ZHT 8 —g, y 1 TEF—NFT7 4+ VHAEFERITK D EER, o, 1T
KT 4 ) JEABEE kX Dirac B4, ii Boltzmann B TH b, BET+ /) L OFHEE%
M L7=DF, £ O F/LF— 968 nm O anti-Stokes PL 2885141 5 125 K [T~ TIEFIC
INSWTEDTH D, o y BEL P 0y DENENE T 4 T 4T NT A= L LTH—IEE
AT L. TORREY—IEAKEO)E & HIZFigs.6(IlHEMWMM TR LTz, 74 v T 47
FEFLE L Tp=0.79meV, y=1.38x 10 meV, and iw, = 14.6 meV 315 H 117,

R 4.4 K, FhEEH £ 940 nm THIE S472(Yb:Y)AG (2351 % 968 nm @ Stokes PL ' —
7 OFEIL 1.65meV & 9=0.79 LV b REV, ZOX) gL Yb DHft Sz af E Db
FTPRAL—RICERT 22 B2 b5, EEO Y — 7 BRI —iE & RE—E)N b
U ﬁm ROIFEERY—MEDRENBHEZ 2D, T T+ /) O RLF—14.6 meV 1%,

—JRHEEE & T~ U EELAAY PAAORGERER LD B SIS TV D YAG ORI

L(T) =y, + (5.2)
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TF )= RD 1O ho=148 meV (119 cm™") & FE# 12 & < —8$ 5[57,60],

UEOHKREZELEDD L. Ybigea 2L D 968 nm O anti-Stokes PL &' — 27 O —1igEAR A K
fEin YAG DR R VX =527 4 /) o E OBELUC L VRN 575, 470 K THE meV &/
XV, X 5T Ybigea TaBH T & 720 anti-Stokes PL O fLJFITILIE B — 7 OB —IED LN Y T
3, =y MEED Y YA FUSMIARE =T LT Yo TH Y . ORI
IR BRI > CHIEMS 2,

) (a) (b)
5 550 K 72070
& 500 K g O\O
- T 715- ~Q
%': 450 K E o
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Figure 5.7 (a)Temperature dependence of the Raman signal of 71¢ mode in (Yb:Y)AG at 300~550 K. (b)Peak shift of
the Raman signal from 100 to 550 K.

Table 5.1 Temperature dependence of Raman peak energies in (Yb:Y)AG ceramics. Shift A is £(500)—£(300) and the
ratio of shift is calculated by A/k(300).

Temperature (K) 300 350 400 450 500 Shift A (em™) Ratio of shift Mode

853.8 8527 8513 8502 8478 6.0 0.0071 T

779.6 7787 7777 776.8 7758 3.8 0.0048 Aig

7155 7139 7123  711.1  709.3 6.2 0.0086 T

541.5 5405 5403 5399 5394 2.1 0.0039 T

Peak position 397.6 3969 3964 3954 3948 2.8 0.0071 Eqy
k(T) (cm™) 3348 3341 3333 3324 3319 2.9 0.0088 E;
291.1  290.6 289.6 289.2 2883 2.8 0.0096 Tog

2569 2562 2556 2548 2541 2.8 0.011 Tog

2147 2138 2134 2125 2119 2.8 0.013 Tog

159.3 1586 1583 157.8 1575 1.8 0.011 E;
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5.3.2 @mIRTOEWL—PF—HHEI T —

R CHETR S 41D D73 anti-Stokes PL O Z T/ < | Stokes PL & HA58 X 41T % Z & (X Figure
5.2(a,b,c) & T DD TR L7z, Stokes PL DH5R A 77 = X L%, anti-Stokes PL D4 & [
RIZZANF—BE THHATE 5, 22 TMEY HEER DI, Stokes PL & anti-Stokes PL
O GFREIRTHEMINIRERE LT, MEARIERBLIOMEAINT =R ED X 5 RIREKLF
PERTOPHLNITDEZETH D,

Figure 5.8 {Z 300, 350, 470K |{Z féﬁﬁ%ﬂﬂv~5%TLtoﬁ%&Lf IREEDS |
HABIoNT EDRAENEL 720 470K DHEHIST —E X 300K D 1.8 5@\, £7-.
LI & 1030 nm Thhkd S 4172 (Yb:Y)AG @ 470 K | kfé%ﬂﬁwaz%inKi@%
1.7 5@, 3720 bHBEINT —ORIZE W THEAIZ R EO %523 KX < | anti-Stokes
PL O HAHR7)Y Stokes PL DR % |-[A] 5,

ZORERERVT, BBICBT A ZENRBHEMRE, BEER)E L ——BHAT -0
NG ABWET D, L—F—WmEIRIEROm LR 70%I 3B O BYRER DK T 10%I2H
RTHHICE L BYREROE(RITRE REEL RIT I 0, —H TEENOF 5L, 5%
55 JE BRGSO R A/ AFEHIC R E <IKFET D, Lo T, ®mIRTHRIND L—
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Figure 5.8 Excitation wavelength dependences of the relative cooling power of (Yb:Y)AG at T =300, 350, and 470

K. Data are offset for clarity.
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Figure 5.9 Stokes PL of (Er:Y)AG at 20 and 300 K. The sample was indirectly excited by 405 nm laser diode.
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Figure 5.10 PLE images of Er:YAG at 300 and 470 K. As same as Fig.6.2(a,b), the saturated signal is the resonant

excitation light.
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Figure 5.11 Difference of PLE images of Er:YAG at 300 and 470 K. Blue and red indicate the signals which is

enhanced with increasing temperatures from 300 to 470 K.
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Figure 5.12 Temperature charasteristics of anti-Stokes PL and the cooling power in case of Er-doping. (a)Anti-
Stokes PL spectra of the (Er:Y)AG sample at T = 100, 125, 150, 200, 300, 400, and 470 K for Jexc = 1619 nm. The
spectra are offset for clarity as similar with Fig. 6.5. (b) Enhancement of cooling power as increase of temperature

from 300 to 470 K. At 470 K, (Er:Y)AG marks the highest ideal cooling efficiency of 4.0% with an excitation at

1619 nm.
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Figure 5.13 Temperature dependence of the intensity of resonant anti-Stokes PL at 1457 and 1532 nm and the non-
resonant anti-Stokes PL at 1500 nm in (Er:Y)AG. The integrated intensity of the anti-Stokes PL spectrum of

(Er:Y)AG was also shown (blue star).
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Figure 6.1 PL spectra at 300 K of (a) a thin (Yb:Y)AG ceramic, (b) a thin (Yb:Y)AP ceramic, and (c) a thin (Yb:Y)AM
ceramic excited at 405 nm. The asterisks (*) in (b) indicate unexpected signals from Yb** ions in other yttrium
aluminum oxides such as YAG and YAM.
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Figure 6.2 (a) PL spectrum of (Yb:Y)AP ceramics excited at 1018 nm, (b) PL excitation (PLE) image of the (Yb:Y)AP
at room temperature. The horizontal axis, the vertical axis, and the color bar indicate the detected wavelength, the
excitation wavelength, and the spectral intensities, respectively. The saturated signal in the PLE image is the excitation

light scattered at the sample surface.
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Figure 6.3 (a) The excitation energy dependence of the ideal cooling efficiency and (b) the relative laser cooling

power23 in (Yb:Y)AP and (Yb:Y)AG. Blue diamond and white inverse triangle indicate the performance parameters
of (Yb:Y)AP and (Yb:Y)AG, respectively. (b) The blue filled region indicates where cooling is possible. The relative

cooling power is the relative value that is equivalent to the external quantum efficiency. For a more detailed derivation

of the relative cooling power, please see the literature[67].
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Figure 6.4 Calculated phonon absorption rate for the one-phonon absorption process (blue line) and the two-phonon
absorption process (red line). The maximum phonon energies of YAP and YAG were indicated by the dash-dotted and

dashed lines, respectively.
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6.3.3  (Yb:Y)AP 2B 5EIETOE O anti-Stokes PL B g5 =R

(Yb:Y)AG TH 5 4L7z =i T anti-Stokes PL HE5RIT(Yb:Y)AP THiL % %, Figure 6.5 T
B & 1018 nm Tl L72(Yb:Y)AP @ anti-Stokes PL A7 /L DR RN % 7R
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Figure 6.5 Temperature dependent anti-Stokes PL spectra of (Yb:Y)AP resonantly excited at 1018 nm.
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Figure 6.6(a)d& ¥ . (Yb:Y)AP % 1018 nm Tt L 7= & = @ anti-Stokes PL F& 4758 1% 250
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% R(6.2) THENT L 7=,

A
fee(T) = — (6.3)
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=93 meV 6Tz, [FERRIZIENDE S BT L, £ 6 OfE R % Table 6.1 (ZF & D7z,
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Figure 6.6 (a) The temperature dependences of the integrated anti-Stokes PL intensities of (Yb:Y)AG and (Yb:Y)AP.
The anti-Stokes PL spectra were measured under resonant excitation at 1030 nm (1.204 eV; E3—ES) for (Yb:Y)AG
and 1018 nm (1.218 eV; E4—E6) for (Yb:Y)AP. (b)the anti-Stokes PL spectra of (Yb:Y)AP and the fitting curves
used to identify the resonant and inhomogeneous anti-Stokes PL components. (c,d) The temperature dependences
of the integrated resonan/non-resonant anti-Stokes PL peak intensities. The dashed lines in (d) indicate the fitting

results obtained by using Equation (6.2).

Z b2 & anti-Stokes 7 M EANFE URRE TH > TH(Yb:Y)AP D ¢ NE VY, BARAITIL,
(Yb:Y)AP TIXA=75meV D & X £=93 meV & anti-Stokes v 7 F &LV LI EINT=7 + /o~
TRLF =D 18meV A3, (Yb:Y)AG TlIA=78 meV T e=51meV & Tr L A 27 meV (KL,
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Table 6.1 summary of analyzed non-resonant anti-Stokes PL and the results

Material | PLenergy | A=Eexc—EuspL A e (meV) | e—A (meV)
EpL (eV) (meV)
(Yb:Y)AP 1.241 24 1.83x10° 60 +26
1.266 49 1.91x10° 77 +28
1.292 75 1.62x10° 93 +18
(Yb:Y)AG 1.281 78 3.37x10? 51 -27

K(6.3) 50 A BKE L T2 D DIE Wy HMEWE /BN T Wer S WHATH D, Lo T
(YB:Y)AP TIX(YD:Y)AG IZEER T AT T4 ) URRFI L — B W DMEL . F 72 Ybin AT 3
NX—T 78S H—L DT R F ik L — R AE,

(YB:Y)AP (2B TR =R /L X —DIEILIE anti-Stokes PL 1Z & e N E < 2D DX, @m=x/b
X —0O anti-Stokes PL TII%EL DT % /) VT AF—DOWRINAZEST 5720 THbH, —FHTe
EADFED(YD:Y)AP & (Yb:Y)AG THEZR D Z L Idhk = L — LT L7 RO = 3 L%
—ETTITFHBATE RV, 22 T1200[EEMEE LT, AA R EICEA R TR —H
WEEHT D Ybigea &ITHET D Yoy TO T 4/ VRN « A& LT-#O = 3L X — B8 %
EZT, £ 200 MHERM A5 2 5,

1. Forster B x )L X —F#ETIXZOhRITERED—6 FITFIT 500, il =iz
Ybidcal 75)% Yidcal c:ﬁ%jqé Ybih AO)I*/]/'«"\’*—-%%@]?ﬁjZ@EE’JT@% ZDO J:/)VC Ybidcal
Z R L7e 56 O = VX —FE) Tl Ybidea & 3THE L72 Ybi DA ZE AU RV,

2. Yo lXEMMNCIZIR S 5940 LI AR MV AR 0L ¥ — ik 2 kT 2 23 5
A IEA Yo BEBHDORT >3 ¥ )L &5 1), Stark 233 U 7= BB — 1L X — (T &
AT 5, FRZY VA hOE<ANLET D Yo lIFEFRDO S DEH AT v V&
BEL, BREEmICBWTHIEE You 1 (RE—LERINRNOL) bOBRERART
RNF—IEE B,

Z 9 L72ART Ybigea L L72 & &, it = R /LF— L3582 Yoy Db = R /L F—{2/)
SRTFRINFX =K% ¥ T AEignin S HAUX, Ybigea & ITHE Ybin D T 3RV X —BENEE TIIAE
a YT DT DT+ 7 v OARL - RINH KL X 5, Table 6.1 DOFENTHER % & & IZUHE Ybin
DTN X—%EF L, SRl IT D Ybidea DI & Ybigea—VTHE Ybin [l CO R /LF—
BEREBEE OB %2 Fig. 6.7 (278 L7z, (Yb:Y)AG Dt = R /L ¥ —{Z%F L TIEDAEigmin %2 b
OUTHE Ybin & (YB:Y)AP Db = xR /L X —{Z%f L CRDAEgnin & & DOUTHE Yo &5 2.7,
T 2 OB DU BB AR EAE AN K DO R L X — R Eh(~108 sTI[59,69) N X D EE X
AT, IRERFEDORTR R 2 O FAATE 2,

T72bbH, (YO:Y)AP & (Yb:Y)AG T e~ AD EE N WHET 5 DI Ybigea 7> HUTHE Ybin ~D
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Figure 6.7 Schematic of possible energy structure of Ybideal and neighboring Ybi in (Yb:Y)AG and (Yb:Y)AP. The
energy difference between an excitation light and the energy gap of neighbor Ybin affect on the mean of absorbed

phonon energy e.

TRV X =B E) TAEignin D7 &/ U DBERK « WIS D720 THDH, MA T, (Yb:Y)AP D
WTHORIET I —TH e~AD 26~28 meV S 1EIFE—ERDIE, [EE LIZpig o 31X
— &3 Yo DRIV F—F v v T DFESTAEiqmin DMFENTT 25T 2L F—ITHEER TH
HINB TS, F12 Fig 6.6(c)DILIE anti-Stokes PL DR FEKAFHEIZIHB VT, (Yh:Y)AG LY
H(Yb:Y)AP D ILHE anti-Stokes PL D7 1 MIMEE 2K E VY, ZIUT Ybigea 225D Ybip ~D
W RNV —BENE T VT TR TEZXDLENHKDL, DFVRINT + /R LF
—e L0 EUWIEEE T, B S 472 Ybidea 70 B3R < 3THE Y ICT= R FXF—% 9D LTeh &
Ybideal | back transfer & AU CHESHFEFN T HIRFEDFAET S,

LEED . (YO:Y)AP TIEZ=RAF—F v v 7 1.20 eV FRED Ybin 25 Ybigea (2T 5 &
EZ2BND, £ LT(Yb:Y)AP F D Ybigea ZILIGHIEL L72 & & ZDITHE Ybin & Ybigea (235
JAZRNAFX—WEEN LT T A+ ) UBREHERS NS0, (YD:Y)AG £V W7 +
S AT —=NEL 0D, K ZT2 Ybigea 205 Ybin ~O T %L ¥ —BE) TILEGE K
WEFENDMN, 74 BI04 LIZIRETIE Yo OT7 VT R EHM L TENL T
FF =P HENHIBENBWITIRD LD, FEFRE LT, (Yb:Y)AP TIHKIRD D &

BIZ2MT T(YD:Y)AG L0 b K& <M ENn 5,

6.3.4 (Yb:Y)AP D\ RBL FIJ15

(YB:Y)AP DO HNRIZ(YD:Y)AG & [A%E T, % anti-Stokes PL [ /EIRICH VTR E < 1Y
MSND, 29 LIZ(YO:Y)AP OFHEND (=T —T 5 ) 34 % miill BT,
(YO:Y)AP [ZWEFELE L T(Yb:Y)AG (ZVLECT 2PEREA IR TE 5, IR CORFMENEHE
RIGHE LT, BEHEAIL—V—RBL)®H 5, TR TWD L —Y—TII KR4 & T
Rk L7= ECHED Stokes AT SN D720, JFEATIMBAGEET S, &N D
ERERHDT B0, WEITAEIEY 2 — L b B SN S, L, & X THEIDEE)E
L U —OBVERICHICE DT, MBSkt 5 TEEE) BNiE&E 5, —J7, RBLIEH
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BIZF 1T 5 anti-Stokes PL {2 & 2 WM EI &L OFEIZ K 2 IBDS A S v, SRIEFI2 L - Ti3AE
REVE B A DT OIE L, e LAB RN LEET S L —F—RNEHIN 5,

(YO:Y)AG 1TEMESEE S 7= RBL BB 727238, (Yb:Y)AP 1Z(Yb:Y)AG LV & EiE TOWmE]
NT—HEEENEN D, (Yh:Y)AP ZEVE 2V 2 RBL 1X(YD:Y)AG £V HIRENLE
T EMFCE S, £ RBLBE & L CTlieb EERFHED —DITFIFSTH 523, RBL FlfH
VIR D58 ST HB] 5 72 9D(YD:Y)AP I B W T RBL RS E b5, LT, (Yb:Y)AP
O RBL Fl1§ & & DR LKA 2 SCHRE S0 F20RE e 2 W2 3HRIC R 0 PRI 5,

2(6.4)1% RBL HE /M3 545 % #47[48],

(1) -

Y = ap(d) Tt (6.5)

T2 T ao(ANEWIERER, ip =Ip/Isp IZHASACIDAL ST — i=I/Is IZHUEALL —F— U — L é I
ITENEIUNE L —F—RT— Ip & s 1 Ip & I DFIFIE T D, 73T A5 fp & pL 1ZF(6.5,
6.6) CENND, FWE D =X — A IELTE T OB DS S D,

1
fp=————5— (6.6)
Eo—7
1421 T
7,€ ")
1
B=——5 (6.7)
Eo—

21 5 kT
1+Zze BT )

Z1 & 7y 1T NYHERLE EYERT O3 BEBAE D RN, Eo I TYENLE EYELI D =RV —F v Jp 13D
FLIE K CTh D, Figure 6.8(a,b)iX(Yb:Y)AG & (Yb:Y)AP DWRUL AT kv E/IME EFRIEE vy DFf
BAERZ 7T, (YD:Y)AG & (YB:Y)AP OWHEI T — 23 e K & 72 2 e b % & 1030 nm (E3
—ES5), 1018 nm (E4—E6) &AL & 4, & L7, WP ORI NMESFIE T, L—F—IE
ELTHIHTTRE L 722 p>0 O A A THY D58 Lin, RITWRILA Y MLERL,
U5 1T McCumber OFHAEAfR 2 FIH L T Fig. 6.2 O#fE T I v 7 ADFHART ML aE
ol THONTEAXT M Th D, A TS NIRIZE LT McCumber OFH A B2 55 H
TEXHDIL300K (I THDHZ &S, Fig 6.8(a,b)D y DFHE TITIEE % 300K & L=, %
7o, RHRIC L E R KRB O EA 72 MEE (IR ER[S52]. Stark Z3Z2 L 7c =RV —HERT | g
FFFA[53,70] A EAEE[6ADIZERL L 72(YD:Y)AG & (Yb:Y)AP (2T ekl oo iRl ) 70 57— &
WL,

Figure 6.8(a) & V. (Yb:Y)AP (% 1041.3 nm T/ME5FI4F 0.27 em™ 2777, ZAUE(Yb:Y)AG
O/MEFFIE 0.078 em™ (@1049.7 nm) L VD b 3.5 5@, (Yb:Y)AP D E IV VIME S FIFFIEE
DFRVINTE T T ZDEA DR /LF—HED &5 LT D, 2HUEEN(6.4)F D Be/fL
IZFRIL, (YD:Y)AP & (YD:Y)AG D Bo/fu iZENEI 29 B 22 THD, (6.5, 6.6)%
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Figure 6.8 The laser gain of (a) (Yb:Y)AG and (b) (Yb:Y)AP operating as a radiation balanced laser under the
condition of ip=6, I.=0, and 7=300 K. Where, the Jp is the pump wavelength, AL is the lasing wavelength. The pump
wavelengths for (Yb:Y)AG and (Yb:Y)AP are 1030 and 1018 nm, respectively. (c) Temperature-dependent small-
signal gain of (Yb:Y)AG and (Yb:Y)AP under same pump condition as (a,b). Note that the absolute absorption
coefficient at 300 K was referred to although the oscillator strength of intra-orbital transition of shielded 4f electron

in rare-earth element has a small temperature dependence.
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2 PL, EHEHIICIC X% anti-Stokes PL, PLE A A — Y Z € L, FRARGLEIZhHR & RBL #7115
ZEFE LT (Yb:Y)AG &Ll L7=, (Yb:Y)AP OFARSEIZIRIT(Yb:Y)AG DOFARS AR
ERIZETZD8, % @ anti-Stokes PL TR = R /VX—7 4 / V&2 WILT 5 728 m iR TR I HETh
Sh, (Yb:Y)AG £V & @EWEBREZ IR T, £ 72(Yb:Y)AP 1EZ DRV & =0 )L F — i i
I2L V., BEFD RBL HE TH A(Yb:Y)AG D 3.5 (5L W) @V VIME SRS 2 B TX 5, #E
i e LT, (Yb:Y)AP X @i TRV EMERE 2 B T 2 mMAMEI TH U | £72(YD:Y)AG LV
HLENT- RBLIE TH 5,
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F7E L—Y—4AHIZRIT-E&RE Yb:Y-
Al-O FBEAR /YA JED 1S

7.1 Fim

EA L — P = E CEBICHER ZHB0TII3mEI L — FBRBER L — b & EF S 7210
767, ZODIIN Db ORE(ENLE & XN DH[32], HEEOERITFIESCEREIC
RELSHBEEN L DITORMMIT L 5% AW I £ ' @anti-Stokes PL D FFIIN 241 L 72 4
R TH DY, B2, FeIX 1000 nm (HE OS2I 2725, AR A MEHZIIES vz
Yb* DRI A UL L MR MBS 5 [37], BRIUZ DWW TR, 4 BB L 1UV6.3.1 T
ATz, ZD D BRI FHAEWIND & 2 Al 2 TREZR IR D BR< 72 HIEFEA By L L7
WFFRIZHB T CZ IETER SNV 7 B K<V BT & 72[26,30,71,72], £7-

I CTEARP OFEIRZ VAL, 7L 7 BfERUSN T HBAINEEES N TN D, il 21
A LFERINT / $ERSC 7 7 A N—TORGBHDPRE SN TWDH[73,74], T/ fEmC 7 7 A
— COFEBAZERITH LWL —F—mHICHOE LA E | FFIZ7 7 A 3—8oD RBL (T &0
A X7 N5 2 T2[75].

6 EETO LD MR LEER T, iRt 7 I v 7 AEf#EIC/ER T
X5 b MROEELREG THED L WRAEITH D, LU s, BEMHEKSEOERIRFE

ICRKF 7 12 A TRERWEPBEA LT < BRHPIZIIESREOTM 2 6 A4
BB E 5728 RN OIRBARECTH 5, 22 DMWEmEBELIIEREL AT D,
2D, fEmHARLE T I v 7 RAFEBRITHET 5 IIEIAME Th D, £ 2 THTZIC
Ny ZEIZER L, ANy ZEITEZET H“fzxﬂ’ﬁ%éirbét@?f@%@/m)\ﬁvbﬁ <.
EHICEY CERE A FHRREEZ SO D, A8y ZIEFFEECTELH ST RIER
Hfficd ., 4B F TICERE S BN THN & v—3 —mHRZ A S b B
L—H—mH RO LT T 7+ — A~DREMB IR TE 5,

AFETIE, REXIZ R M ANy &Y 7RI 8 D Yb IRINL 72 yttrium aluminum oxides
(Yb:Y-AI-O)DFE AR 2 /ERL L, = OfEdaTE & anti-Stokes PL #PEAFEAM L 7=, A/ 8y ¥ 7 —
7 MTIEHA(YboosYo0.060)AlO3(X 2 7 A A M) ZAldtE 7 I v 7 A& W, #HET
X3 DOfEME (F—=% > ME, HEEEFHE, Xa 72714 MA) IZHZBET 5, Z OBk
I ZHED B AVEIZ 1352 B4, c-sapphire JEb BIZECER L7z Yb:Y-AI-O #fEI3% I 2> D340
(RMS ~# nm) Th 5, Fl> T, FS - FhEFHED DITH D BEN B HZNF A4 DT 02 m B &
HHAMRBMEDNRIE S LTz, BER L —F—mHE S L CoMiEZ M LS5 72 DR AR
Fr, ¥ — RIEESL)DEAIZ L > TEHE DAy Z TrERE L S5 R 8.0 um O3 W JENE(E
U LT,

I 2 200 R L 13, ORI A =27 P ANGEHTLOIE « WILA R M EER> TV AWEZTET,
[26,37]
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7.2 EBRR L

RF 7 X bwu ANy 52

> 7 E & IV T c-sapphire JEAR 35 L OVA A 950 (fused-

quartz) FIZIRAHERE U 7o, HERESRIFIZ A /N & T A 57 EE O2/(Ar+02)=50%, 7 A4+ 3 Pa,
T A<EI) 100 W & Lic, ARy ZE =5y MIIE (YbouYoeos)AlOs Z H o, HEFEL
T NEDNEIE L 3 kac%%ﬁﬂ%wﬁu/“fvx%A(vyx‘/\ﬁ@ﬁﬁ 0.92 um)OALAHY 7 b THET
HE L7z, As-deposited 5 A KGRSO BRI THEAL L7z, SRR SRR O H & JFN
IEEE 1000°C% 10 FEILREE L, FRIE L — b 60°Ch T 700°CE CTREE%L, AARMBEILT, v —
NgZifA LI BEOER CITERE FOZiEREL > — R & L, UL EOHERE~BERk T

%ﬂi%%) 9¥}J_“f%DLL/7L&-O

D EPE I R X BRIE T (XRD)%E & (Cu-Ka #f) & VT 0-20 lE L, XRD /X — 2T

I L7z, AESRAHORIEIC]

X. ICDD (T & 3 T A 44t ik D Power Diffraction File 2%

MR L. Rietveld fi#4T121% Rigaku. Inc DA IR X #fi#tr Y 7 b =7 PDXL # /-, &
S E AR - BB (field emission scanning electron microscope, FE-SEM) Tl A #1422 L 7=,

ARE IR D T2 AT
— k L7z, £l b oW

Fa—7 7 ehi iz, REBIEZRIZIE Os £~2.5 nm =
R TEERIN o Z — T L, ZAUCER L CEEME

M 7= ®BINTPt 2 — b L7z, RAZE CW L—F—% 14— FHJE%E PLE A A — V]
EDORIEEIIR & U, Brewster £ CRICHUN L7z, A EAERE 140 mm D43 kas TH
LT InGaAs # A A — F7 LA TRt L7z, BhEEORELDEZARIT 2720 k(] & fet
BNZARYE T - #ET% cross-Nicole A& L7z,

7.3 FER-EBR

7.3.1  Yb:Y-Al-O 1% PR TR 7 Bl & 32 dti i
Figure 7.1 EE: & HERIZ, c-sapphire Fobiids K ONVARIA S HIC/ERL L 72 5 XRD /<%

— ERT, WTNORENL X —

7y N FEARE(TS)EEBEIL 50mm & L7=, c-sapphire 568 _E D

AEHCIX 38 & 42 deg \ZFARH K DIRME B BLN S AL, TRRA S AR EORENCIE 16~40
deg. itz e — " F =0 RNH bbb, WTNOREFSREEX 1.0 um TH S, JKELEEROK
ENZZZh YAM & YAG Hsko i e — 7 257,

Figure 7.1 ® XRD /3% — 2T YAG D(321), (400), (420)F L TX YAM 0(210), (310),
(L2)HE RO EPT E— 7 BB ST, 72, Y205° Y03 72 ED B — 7 [ZHA B -
7. As-sputtered FELDY YAG X° YAM DOEHTE—7 2RI o7 Z b, Bk TR T
(Yb:Y)AG ((Yb,Y)3A15012) & (Yb:Y)AM ((Yb,Y)sALOo) 23R b L7z & & %2 B4 5, XRD /34 —
UHURLTZ(YD:Y)AG E(Yb:Y)AM @ RE:Al H(ZHEH 3:5 & 2D)ZA Ny XX —4 > |k
(Yb:Y)AP @ RE:AL l(1: D)2 BT TN D, X —Fy ML E A8y ZFEBEORLAA T 5 i
K& LT, ARy ZAROTLREFER L AL TND, SEIOHA, Y & YbIL AL LY
HLEWEZDIZA Sy H L— FMEL | HEREHOMBEA X —7 > ML B35 fTREE N &
%, 1272, Fig.7.1 ® XRD /3% — > TliE RE:Al EEVE W 72(Yb:Y)AG & (Yb:Y)AM D J7 12

KT HIRNEHTE— 27 BB,
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= I CHEAMDOEELLOFIERIFEEFIT2, XRD /37— & H72 2 JRE(0.2~6.9 pm) DA
THIE L, B O(YD:Y)AG(G #H). (Yb:Y)AM(M £8) & (Yb:Y)AP(P #H)? B &tk % Rietveld
TERMRHT TR, Table 7.1 I F & 7=, (Table 7.1 FOREMERIC BN TIE, A8y Z L— |k
ZEh 5= TS BlEZ 35 mm & L7, A28y XSRS IE TS BEEE 35 mm O & &
~140°C, 50 mm ® & Z~110CIZ72 %, As3» & L — MI TS B 35 mm T 450 nm/h, 50 mm
T50nmh TH D, LI, 7.3.3 £ Tk TS=50 mm CTIERL S 725 EHZ W Tk %, ) Rietveld
FEATOREFL LV | PERENE G E MHOITI K F 4:5 R0, BEENREE 2 5122510 C
G FAA BN 72 o> TSN B D, FTo, RENRE 2FEHI 2 213 L P O E R
bIMICEL b, TNHORBREA Ry X L— NOTERIEFEE BN E 2, RO X 9 7o e -
MR ET e EARE L RS,

1. ANy ZEE ARy Z L— FOTLHREFEDTZOIT Yb & Y 1T AL LD BNy Z
L— N CHERE SN D, FTANRN 2D 7 A THH 7D, EHGTFHIC G,
M. PO T AZ PR S D,

2. BERRERICHEMGITEED G, M. P 7 A2 3kET 5, LavL., i L [EIEFC JEh s
R SHER TIN5 T T AZDNER SN, R bEET 5,

2. 1Z2W\WTC, HEFEIR DA LR EOBIEN Yb <Y<Al 72728, BRI SN TlRET 5
7T A K ORI G N Z, UL RICHESTIE, BERS K& VREHE EhEkHC AR S h
5 GHDY T AL NEEREEDDIEGPEZ D00, FOEENCIX G HAKENINC /25 &5
2 Hivd,

Figure 7.1 HO4fi AL c-sapphire 35 K OVERLA 5% FIZ/ERL L7 Yb:Y-AL-O D S
PSR CTh D, KW EITERI SR E % & | c-sapphire EIZ/ERL L 72 BN @ B
WAPEZ R, AR CEIE LB OZITI ST, RO R oI 2RI - TR
DT HALD DY c-sapphire FEMR 1 ITHERE - BERL L 72 CIX2 D L 9 REBRAR 2V, ZOf,
Z4 T as-sputtered BT 1372 < BERAZIZBIIND Z &, HERE L 72 B X DGO B2 T
il TRR THAET 5, I E S L OB O EIRIZ 31T 2 BMZRIREI. (Yb:Y)AG: 7x10 K '[76] .
(Yb:Y)AP: 8.21x10°° K™ [77]. V&Rl #: ~107 K, c-sapphire C~10°K'[78,791 CH 5, %
TR T D fkdh & FEM RO B RIREOEIZIER 35 & | c-sapphrie DIE 5 M ERLA S L0 B
fh & DBEZIRIREZED NS, TNHDZ ENE, IABASEEAR E DR 20T R iF- R
BT HBICHITERT 5 LB b5, b, BER TREOMEAMS R TIRIZILE OEERER
BFEIZ LV IREE N TR OBIE 8N 2 53, B SH AR ORI IR TF DRV
Z HAVTERTHNCHEWT L C L& 9, — D c-sapphire CTIFEVL I LRI/ N S < I3 & 7
Wz, ERERTEWERAMEZ R, ER L — P —mH TIOR8 1 R a2 BV R &
72 o TEMR % IFT[37] 2 £ 026, c-sapphire FHAR 2N EA L — W —mAEIH Yb:Y-AI-O
BEOVERLZIE L= R s B 2 b D,
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Figure 7.1 XRD patterns of 1.0 um-thick annealed thin films prepared on c-sapphire (top panel) and fused-quartz
substrates (middle panel). The gray and black arrows labelled with “M” and “G” indicate the XRD peaks of the
monoclinic and garnet phases, respectively. The gray and black lines in the bottom panel indicate the relative
diffraction intensities of polycrystalline YAM and YAG powders recorded in the JCPDS database. The insets show

the optical microscope images and the macroscopic appearances of the samples.

Table 1 Film-thickness dependences of the weight ratios of YAG, YAM, and YAP estimated by Rietveld refinement

for Yb:Y—AI-O on c-sapphire. G, M, and P indicate the garnet, monoclinic, and perovskite phases, respectively.

Yb:Y—AI-O film thickness (pum) Ratio G:M:P (wt%)
0.2 42:51:7
1.4 47:42:11
3.0 67:22:10
5.0 61:24:15
6.9 74:12:14
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EOE 7 + 1 U—13Z DEO K EIMIEDEY Th 5, WESHMEE TR SR
EET/VIE, £7 Movchan & Demchishin 512 & 0 FAGRE T & EE OFUS T DL EfE S
Tt & 72[80], £ D%, Thornton |ZEARIREE T & EME DRI T DHITINA TA/ Ry &
HAEP A E L TEREDOLAEDE LD, IDITHEDIFEEZME L, as-sputtered 53
B HHEE L R EOT T L & Hesr L= (Fig. 7.2)[81,82], Thornton (2 & 5 34 TIE A/ D
5D zone 1~3 1 Z571F B AL, zone 1 725 zone 3 (THMT THEIZ/R 5, F72 zone 1 & zone 2 DFH]
WITEREIR E LT zone-T 23H V| zone T 1L zone 1 (IZAHALD K 9 72 ZEBRM 72\ EUE 7o ©
HD, WTILD zone Th > THMKITIERRITTDZ 7 AZNBIGE Y | as-grown JRITHR
W& 2 87,

B e Tl 5 72 Yb:Y-Al-O/c-sapphire & 4t 35 L TN 2 H #8145 L 72 FE-SEM £ % Fig. 7.3(a,
b)IZ7~ 9, Figure 7.3(a) Nl ¢ #li7 [ OV ARRAEIE X c-sapphire OWiEI CdH 5, = L TCc-
sapphire FEM DB FIZECE L7 Yb:Y-ALLO ZiEfmEOWimIIEN B2 <@ TH 5, LL,
FERAERIE D A HAL72V, Fig. 7.2(0)1% Os DA% 21— b L7z [RlEE O ZK i SEM 4T, E£L 100
nm P FOHEFDRN F—AFEERH 5D, BENEHWETER 3 RotRBIZEIC L5 &, 2
D F— LK as-sputtered DI TR B, BERL TREZ# D L BN D, 728, Fig. 7.3 ()T
HIER RO & 5 e EE S DDA, ZOHPICITEE LT Pt b & TV 5 AlfEMED
Do

Figure 7.3 7> 545372 Yb:Y-Al-O/c-sapphire <€ 7 # 11 ¥’—% Thornton (Z X % zone 7 /L[82]
T 5 & FOBUE S5 YbiY-Al-O @ as-sputtered 53 zone-T (203 TE 5, Yb:Y-Al-
O M & HERESE (Y-ALLO SRfbd: DRl Tnl800~2100°C, A3 & O FARIRE 200°0 LV
KED TTw=0.95~0.11 {F/h& < | zone I~zone T (ZH 725,
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Figure 7.2 Schematic representation of dependence of coating structure on substrate temperature and argon pressure.
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Figure 7.3 SEM images of Yb:Y—AI-O films grown on c-sapphire substrates. (a) The top view of a 1.0-pm-thick
Yb:Y-AI-O film. (b) The cross-sectional view of 0.2-um-thick Yb:Y—AI-O film/c-sapphire.

Yb:Y-AL-O JED B HRINE N A BT, IR F— 24155703 & % O 13 Thornton D FE
TAEBEL N zoneT DFHEEFETH LI THLHD, LrL, 25 1L Thornton @D zone T £
VTS DI as-sputtered DFREFTH Y | BERZHHEE L THWRWZDTH D, T7RDOHHERK
TRTORE TRV —FH/MEDOFEFRE L TRRN 72 720 HREROMEAE UZELN R
—AEEEERT D EE LD, JTHUIEOKRE RERBIZEBNT R— AR HBEOR R
HZEEHL—EBERDD (134 5H),

7.3.2  Yb:Y-Al-O EHANED Stokes PL & HAFH(Yb:Y)AM D3 S fihc Rk

A, =X —BEIZFH LZENRT 7 —FIc X D RO AR LY bEuvg
HIZh=E AR S 72[83), T D7z 723 A Tld, @72 Yb:YLF |2 Tm Z AR L7 2
& T Yb-Tm M COTF/LF—BENINE & | FERRR BN L — MR S, AR
T LTz, EORERIT, MEAMEOMRERAZ = 2L X —BEIC L > TE RiF 45 &0
IWT T it A 272, 731 THRONEXSIZ, MER ST Ay & BTS2 2308 5
BT 5, MOBEL 7 RIT— AT 2 & L—F—BHICE S 20D, & LAZRLF—HEEDIT
WA EWEE THEFEDLNTNDZ D, HEMEFR L, =L F—BEINE &
TL—H—mEAZEN M LT LR S5, £ 2T, Yh:Y-AL-O #IEIC I 1T 2 FAfE =L
XF—BEIZ OV TZ D anti-Stokes PL DI RHEN ST 5, £ O E LT, AHTIX
S E L TRERIE, B2l 62T 5,

T HFEUSIIAEHZ 31T % Stokes PL, anti-Stokes PL 35 K OV O FHEFHEIL A A MEA D A
X7 MVEIR L, EREDEOTZDIZE O B — 7 R ORI TSV, FHEEL
72D PL Th o> TH FHOBBT — X NHIVUIRNE— 7 Oz H HRERETE,
bt Bk 2 AT L CHHAYBEDY anti-Stokes PL B X N —V — G AN RIFT B A ERTE 5,
DFE V| Yb:Y-Al-O D FEARR 7238 (M2 PL) & I A 4557 5 (Yb:Y)AG. (Yb:Y)AP
E(YO:Y)AM OFSERFHEIIBEA TH LM ER S D, L L b, fHoHE L - Iz
W TR 72 < L (YD:Y)AM [ S8 6D T/ 72\ BTl O X 912 YAM 123 26 5 yttrium
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aluminum oxides @ 1 D7272%, 6 T F TIZF > TE 72 YAG & YAP 1T EFAEMLE LTSRS
T2V, Yb Z3IN L 72(Yb:Y)AM (228 » TIIFA EME N 720,

Figure 7.4 1%, Aexec = 405 nm THEEERIE L 72BUE 1.0 pm @ Yb:Y-Al-O/c-sapphire D =E{fi. PL
ARY MV TH D, BOFEBRIL Yb:Y-Al-O/c-sapphire ® PL A7 ML TH 5, BT —H
LT, (YO:Y)AG (FOMAR) & (Yh:Y)AM OHftE T I v 7 2 (AL PO 1[CBiF
B PL A7 ML bR LTz, T_TO PL A7 hUIEENF i RE THA(L L=,
Figure 7.4 (23 T, Yb:Y-Al-O/c-sapphire 1D (Yb:Y)AG 5 X UN(Yb:Y)AM #H7)>5 D PL &'—
IR ST, KB —7 OREEA KA L VRV THR L, B E "G IH(YD:Y)AG, B
E"M"IE(YD:Y)AM &£ 7, Yb:Y-AL-O 5D 913, 940, 968, 1048nm ® PL B— 7 (XN E
U(Yb:Y)AG D 3EmE#ER E7T—El, E6—El, E5—El, E5—E4 [ZEK$ 5, 974nm O v'— 7
(YB:Y)AM D B, C ¥ A MIASTZ YO A A DFRNEN B — 7 ICEKT 5[29], L T,
XRD /RZ— b b [FE ST L O ITHERORE ARIZFEIC T —2 > b & EREITHEOHEL
TRV, YO R&EEOR LY A M EER L7Z(YD:Y)AG & (Yb:Y)AM N EE L7 A
N7 MVERT,

BRI ZAFAET D(YD:Y)AM [ (Yb:Y)AG R°(Yb:Y)AP O & 5 \ZA HFEY A b2 1 FifH T
E72< ATHEH 272012 F VA FORERGERM LT AT MVREZR > TEHl S D,
Yb :YAM OFIERFMEICEI S 2 ME— D JEATHIE Tl YAM @ 4 SOy TV A F 2 HEAIC

41 — (Yb:Y)AG+(Yb:Y)AM/c-sapphire
4 === (Yb:Y)AG ceramic L
i (Yb:Y)AM ceramic i

FSI 2

| G(E5—E1)

i G(E6-E1)
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——————
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Figure 7.4 PL spectra at room temperature obtained under indirect excitation of Yb*" (excitation wavelength Aexc =
405 nm): the spectra of an Yb:Y—Al-O film on c-sapphire (black solid curve), an (Yb:Y)AG ceramic (blue dashed
curve), and an (Yb:Y)AM ceramic (orange dashed curve), at room temperature. All spectra are normalized to their
respective maximum. “G” and “M” denote peaks of (Yb:Y)AG and (Yb:Y)AM, respectively. Diagram of seven-

separated Stark levels of Yb3* is shown in the insert figure.
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LI AT SV E TR,

o 7TODBRICHEIN., DT MICKERFREDS RN T=ZE AT A~ A[LLT M(A) & D [BA
T MD)IZMB)E M(C) & ITE-> TR ER3ERmT, Zux, A O A Foik
CIZ8DHDEBBENLLT-OTHDL, (EHLHLNANPDNIRHTHS, )

i D(Y:Y)AG RX(YD:Y)AP & K& S BARDFHE LT, (Yb:Y)AM TILZE DOXRIFRIED A2 5
T A MEL BRI MDY Do A h~O = F—BEINEH S TWD, BiEE
TORER « BETBRRTX X910, ZRXAX—BEOL— MIFHTEITED LB
BB LV HH1 T < L anti-Stokes PL DA BFR T b = /L X — BB I EHEE R EE 2 o3,
YAM oD 4 SO Ee D75 HHY A MCA -T2 YO OISR L Z I 5 22T 572,
(Yb:Y)AM Z 1 M iREYIh# LT PLE A A — Y %2 MIE L7z, Figure 7.5(a)l% 7.2 K 1T
i H(Yb:Y)AM @ PLE A A —U T 5, 300K TIET7 A+ / UHELIC K > THH A b EKOH
Je e — 7 DGl THRINEE L < 22572, 72K THRIE L7z, I & dac=972.41, 973.87,
& 97543 nm O & X 1000~1080 nm (27T THAR B — 2 A3 1027, 1045 X° 1031 nm (ZA B
72o M(B). M(C). BLUMD)D 3 FED Yb>'IZ K 2 A 72 Bt 23 IR Aexe = 972,41,
973.87. & 975.43 nm ([ZHUHI SN 72[84], MA)DRENFIEFMEIT E - 72 < B W EICHN
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Excitation at 975.43 nm
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Figure 7.5 (a) The PLE image of an (Yb:Y)AM single-phase ceramic at 7.2 K. The selective excitation of the Yb**
ions at the different sites, that is M(B), M(C), and M(D), results in three PLE peaks due to resonant excitation. (b)
The PL spectra of M(B), M(C), and M(D) obtained under resonant excitation at 972.41 nm, 973.87 nm, and 975.43

nm, respectively.
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Figure 7.5(b)iX. Liko> M(B), M(C)H L M(D) % B-RIFIZIIEE L7z & & D PL AX7
NTH D, T2KIZET D MB)D PL A7 kL M(C)D PL A7 kL EFEEL LTV 5,
ZOFPMEZ, M(B)E MCO)DMAD K 9 22 JmprEiE[M(B,C)| & KB LT fE R Th 5, £
M(D)?D 7.2 K TD PL A7 kb, 1030 nm [ZEEERRIRV PL B — 27 235 0 | RIEMIC
PR HND, 3MMOA LA 4 O LABEBIZBIT 2506 L WINOM AR B, 20 PL
B — 2713 1030~1035 nm {3ITIZ M(D)IZ K 2 HIGRIN A 8 5 2 & 27, FEERIZ, 300 K D
(Yb:Y)AM Hift 7 2 v 7 RV T dee=1031 nm T M(D)? anti-Stokes PL (T K& 725
(Fig. 7.6),

Figure 7.7 DF B O =T LFEEOMIZ, £ E1 973 nm & 976 nm @ 2 > anti-Stokes
PL &°— 7 OFEMEDIRERGNEZ R LTS, (Yb:Y)AM 1T M(D)IZ IS 723 K dexc=1031
nm Thjke L7z, 300 K £ TIE7 4/ VERMOEINZ LY REL & HICHES S anti-
Stokes PL &"— 7 SREENEE KT %, LU, 300 K LA ETiE, M(D)D > 7 v idfafnd 5 1H
MZH Y, ZO—FHTMB,CDY 7 F /T 470 K ETHEMLZ, ZnbDOfEFRIZONT,
M(D)7>5(Yb:Y)AM DDA F D YO A o ~D TR X —BE 2 R~ET 5 & Shi-
[84]

Pl EDfEREZ ¢ L, WREICIIAR D BE U 7= R & BEARRUEHT$81F 5 anti-Stokes PL D JEhiEd

¥ peak at 1031 nm

.

0

L]
e NN NN NN R N

300 K Opg

976 nm [M(D), (Yb:Y)AM ceramics]
L L L L

028 1030 1032 1034 1036
Excitation wavelength (nm)

Integrated anti-Stokes PL
peak intensity (arb. units)
© © © O O = =
-0 N B o ® ON

Figure 7.6 The excitation wavelength dependence of the integrated anti-Stokes PL intensity of the peak near 976 nm
for an (Yb:Y)AM single-phase ceramic at 300 K. The origin of the probed anti-Stokes PL peak near 976 nm is the
Yb*" ion at M(D).

Rtk Lol 9™ 2 E - T 2170, fR D S REEAE = R F—BEIC W Tl T 2,
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Figure 7.7 Temperature dependences of integrated anti-Stokes PL peak intensities of Yb*" ions at different sites for
the (Yb:Y)AM single-phase ceramic (dexe = 1031 nm). The orange closed circles and blue upside-down triangles

indicate the signals of Yb*" ions at M(B,C) and M(D), respectively.
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Figure 7.8 Anti-Stokes PL spectrum of a 1.0-pm-thick Yb:Y—AI-O film on c-sapphire at 300 K for Zexc = 1019 nm.

The origins of the anti-Stokes PL peaks at 968 and 974 nm are the ES—EI1 transitions in the (Yb:Y)AG and

(Yb:Y)AM crystals in the film, respectively.

7.8.3  Yb:Y-Al-O Z#H D anti-Stokes PL F5: & HZh %

Figure 7.8 1% 300 K @ Yb:Y-Al-O/c-sapphire (£ X 1.0 um) % 1019 nm TEERE L7 & & D
anti-Stokes PL A-X7 KL TH 5, 968 nm & 974 nm D 2 DD anti-Stokes PL B*— 7 [ZF N #F
FUYD:Y)AG & (Yb:Y)AM DB anti-Stokes PL C, Fig. 7.4 @ Stokes PL A< kL &[] U
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RIZBND, L, b B — 7 OFXPRE XEEERE T CEL &5 Stokes PL D6
XD, T OFERREE I EhE R B ICHAF L, Fig. 7.9(a)lZ% O anti-Stokes PL A7 /L
DFHEL I BARAFYEZ 7R L=, 968 nm O anti-Stokes PL |% 1030 nm 3 T K & 720D . 974nm
@ anti-Stokes PL /% 1027 nm ffiTiZ ¥ — 27 %7~ Figure 7.9(a) DfEHR L VD . 968 nm & 974 nm
B 25 (YD:Y)AG 3 KL ONYb:Y)AM HKD v — 7 JREE DO hfd fei: 2 by L7-, & —
7 DFEFTIZ 6 B & [AERD FIETITV, ZOFEHR% Fig. 7.9 LT, FHSHBE L 723 & B
FHZ LRSS 2 72, HAH(YD:Y)AG B X O(Yb:Y)AM & 7 2 v 7 2D hEHE b7z,
Figure 7.9(b) LB IZ(Yb:Y)AG D 968 nm @ anti-Stokes PL £"— 7 [Z-DV T Yb:Y-Al-O/c-sapphire
(O) E(YBY)AGET I v 7 2 () Zhm L7z, FETHEERIZ(YD:Y)AM @ 974nm
D E— 7122 T Yb:Y-Al-O/c-sapphire (O) &(Yb:Y) AM 7 I v 7 2 ({Fa®) IZB1T5
AR E A2 W ~_7-, 25 D anti-Stokes PLE A7 kU345 & O KB CTHAAL LT,
Figure 7.9(b) & ¥ . LI E Jexe = 10301035 nm (Z251F 5 Yb:Y-Al-O/c-sapphire D HIA&(L.
anti-Stokes PLE JE X HAH(YD:Y)AM £ 7 2 v 7 2 X0 @, —RAICEA ORIk
T2 YO A A D LAEBITEINT D PLE A7 MUIIERUFTEICEE S LRV, Yb:Y-Al-
O/c-sapphire @ anti-Stokes PLE 227 MVENR DB B DO—2 L LT, LT 5 YO' A 4
MO F X —BE# 2 RIEL9 5, (Yb:Y)AG 1% 1030 nm LA b DR REISR I K & 72 YRS 72
W20 (YB:Y)AG (2 X DM E13E 212 W, TRAX—BEINH D &L, Jee=1030-
—1035 nm %I T 5 (Yb:Y)AM H D MD)NTR/LX— R F—DEHTH D, T7hbb,

- =
E 1038 1 2 : | L L L | L 1 1 L L L | 1
E -3 : % ;
g £ ® :(b) o % 968 nm [(vb:v)aG] |
0 1035 10 5 8] X [
z 1032 082 5% & :
+= O o= . = i
=y 2 % g o Yb-doped Y-Al-0 thin fll*%:
% 1029 0.6 g < E 1+ (Yb:Y)AG ceramic R
> - T v :WOOO 974 nm [(vb:v)AM] |
© - i i
5 1026 040 s @ Yo, N
o < gi B %tﬁnnmm_
= 1023 027% =Rl i
S & = Job-doped v-ALO thin film _
£ 1020 0.05 i AL ;T')'!.:"'\;.m.w. R —
u.| 920 940 960 980 1000 & 1025 1030 1035

Wavelength (nm) Excitation Wavelength (nm)

Figure 7.9 (a) PLE image for thel.0-pum-thick Yb:Y—AI-O film on c-sapphire at 300 K. The anti-Stokes PL peaks
at 968 and 974 nm are from the (Yb:Y)AG and (Yb:Y)AM crystals in the film, respectively. (b) The excitation
wavelength dependences of the integrated anti-Stokes PL intensities of the peaks at 968 nm and 974 nm for the
Yb:Y—Al-O/c-sapphire sample (open circles), an (Yb:Y)AG ceramic (blue stars), and an (Yb:Y)AM ceramic

(orange diamonds). These anti-Stokes PLE spectra are normalized to their respective maximum.
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| (b Indirect excitation at 405 nm
7.5K GY M(B.O)} +M(D)

] (a) M(D) excitation at 1031 nm
300 K M(B,C)

b M) F
k:
] Gt i
1 N No signal i
. fromM(D) [
1 Yb:Y-Al-O film -
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PL Intensity (arb. units)

1Yb:Y-Al-O film
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Figure 7.10(a) The anti-Stokes PL spectra of an (Yb:Y)AM single-phase ceramic (orange curve) and an Yb:Y—-Al-
O film on c-sapphire (black curve) at 300 K for Aexc = 1031 nm. (b) PL spectrum of Yb:Y—AI-O/c-sapphire at 7.5 K

for Aexc = 405 nm.

MD)RNEIEE Sz & & EOTRAXF—BEIN T —x v MEED 12 mEY A MIBL
L7z YOI YO A A e 7+ VIRIE N LTINS, 22 TE X7 MD)Etho
YOI A A DY A ORI AT —DZEET 10 meV (84.7 cm HLLF T, XFET7 4/ v O=
FNF—=L0 H PN EN, TDTH, 22 TOTRLX —BENARII SR T + / I
ZfE9, HAHYD:Y)AM &7 2 v 7 2L Yb:Y-Al-O/c-sapphire % 300 K (23 bt &
Jexc=1031 nm TJihiE L7z & & @ anti-Stokes PL A2 kL% Fig. 7.10(a)lZ7~3, 1031 nm |
M(D)D LB NI & TH 5, HA(YD:Y)AM &7 2 v 7 ATk, 974nm[M(B) & M(C)] & 976
nm [M(D)](Z anti-Stokes PL £"— 27 2881l <415, L72>L. Yb:Y-Al-O/c-sapphire £ M(B)35 &
CMONZED 974mm O E— 7 [FBHI SN D H DD, M(D)D anti-Stokes PL B — 7 [FoR S 72
VY, 7235, Yb:Y-Al-O/c-sapphire (21X M(D)23MELE L 72 W ATREME &8 L TR 7.2 K 1236
WCBIHIIE HE S AT MV ERIE LTz, ZOFEFIT Fig. 7.10(b)I278 L=, 300K DA &
IZH 72 Y M(D)D anti-Stokes PL & — 27 23 Bii7z, 9725, Yb:Y-Al-O #EEH 2 H M(D)IZ
FAET D05, 300 K T L C % % O anti-Stokes PL X DI A b~ THEIAIT X 72
VME EIZH5VY, Figure 7.10(a)? Yb:Y-Al-O /% anti-Stokes PL A2 k/LIZ M(D)® anti-
Stokes PL B'— 7 3MFIE L 72 WELEH & LT, M(D)D> B YO A A2 ~DiE = L F—F
7 ANnBZ 2 6ND, DFEV, HLEE 72 MD)DO =R LF—1, MD)DERESFEF
M Z DRNCHEET 4/  OWIL - A% It U CHET 2RSS T 0 YOI A 4 o iof55E
ENb, ZOREE, MD)D anti-Stokes PL 1ZFEH 1233< 72V . Yb:Y-Al-O/c-sapphire Tl
(Yb:Y)AG @ anti-Stokes PLE A-X7 /L (Fig. 7.10(b)_EE¥) & M(B,C)? anti-Stokes PLE A<
27 R IU(Fig.10(b) FEOMWIEMN 5 EE 2 Hivd,
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7.3.4 EHEHBHNCHETTZ Yb:Y-AL-O i 5hEL % A R i oo fE )

WHME OEFALITSE OVERE & 1) S W 5 Hflile HikTH 5, ERFR LT IIEEEE 23
O CTHEH L ORI E G 2 5 (B OB BRI D) 72D H AT —03m B35,
WHPOOREZ @ THBBERITER CTE 528, ERLTIIHEM OB B 2
L7280, WEITANA R L L TOMRLSESND,

JEIE XN~ L 7 ORIINIE T D, B & B0 CIE2<, 1lum M EET5
BELHDLIN, 35um Ll EE T2 B HDH[85], AL LTy LIERE Y A X% FLE
& LT e  VHEMFRE DJEAB N D D8 E pm OFRBFZ R L CTEEE WD Z &b d D,
ZOREIZ L DBREOERITS A2 OFEEHNR LD THY | ELMEREOARE TIEn, ik
IRIEE L LTIREFIETS W b0, AFETH ZHUSHiEd, FLIBETIELS.0
um PLEDRAEREE K528 &T 5, fmED/ L7 LS & Czhokralski 1%, floating
zone {£X° liquid phase epitaxy {E2 ETHE L7 O ZE L, FERIMEEOEMITEE S U
be FoT, A IREREEROR LD AL LT, BRIZa—T 4 7 TEDLZENETH
No, FEERBECIIPBEHENIC L IR0 LR 2 R LD bE< HkD -0, B
X0 L EIRECHHPLERNTE S, 2F 0, BFREBAEAINT — 2B 20 56 b Bk
D T7UXRTTNICKHETE D ONERBTH 5,

JEE TR D LR Z D 2 OIT—MRANCHIBETZ S, BEUA L — = A TIEH RIS & 58
T HMENEH %, Lambert-Beer H 2 H U TEUBHNEE TN S 415 HREE (IR 1 W) Z IR IR
Bl R UCRE LR % Fig. 7.11 208 Lz, WIRE O IL(Yb:Y)AG[54]5
J TV YDAG[86]? 900-1100 nm (Z351F HWINAREL (~90 cm ™' at 938 nm) # & E|Z L7, EX
1 um OFERETIX, B bHEWIINERE 100 cm 2BV T 0.8% LASEITWIL S L7z, —
J5. R UWIAREL 100em ™ T, JEA 100 pm OJERETIE 63% DM S s & THITE
%o 6 BT THINEEEE x=0.06 D(Yb:Y)AP ¥ 7 X v 7 A(Y094YboosAlOs, JEE~2 mm) TlLif
109+

-
<
L

10247~

-

(=]
&
L

Reabsorbed Power (W)

100 10’ 102 103
Optical Path Length (um)

Figure 7.11 Optical path length dependence of the reabsorbed power with different absorption coefficienct of 100

(grey solid curve), 50 (grey dashed curve), 20 (grey dotted curve), 10 (black dashdot curve), and 1 cm—1 (black solid

curve). The Lambert-Beer law was used for this calculation.
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WIESERIRIR A S iz, F OWRIUEEIE 979 nm T~10ecm ' ¢, 100 um F THEfE{LT 2
& TR AN S AU CHA RN U7 B dh & A7 MVIBIRS—E L7z, Figure 7.11 £V |
10ecm ™ OWIFRE D B 5 & X 100 pm OFREFTIX 10%DXDBEI D, T2 5, 10%LL
T THITEONFRINZIH CTE 5, Zhdb L1, Yb:Y-ALO EIED FIIANE & 722\ E
HERMYL D, X—7 v FO Yb IR x=0.06 £V, Yb:Y-Al-O EDOWRINFEL TR E < &
H10em ' THDH, BT 2 v 7 AT 100 pm OFEEAL THWINAI Z S 7-72®, 100 um
AT DR T HIVUZFERIZ KT IO EIT/NS W, £72 Fig. 7.11 KV EAR% 1/10 12
FTHAUEFEIRILGREE & 1/10 (KT 5728, 10 pm @ Yb:Y-Al-O JEME TITFER IR 1%I2 72
Do

HIBEIEEN 2 5 Z L ICEET O EAICL - TRE 5, —IIZIiX, ANy ZEOSE
1% 5.0 um PA E DR CRIBENBESE & 72 H[85], AWFFE TIESRL L 72 Yb:Y-Al-O/c-sapphire /% 6.9
pm LA EDOEZ e T 5 LD ENFIBEEL . BT D, L2, YbY-ALO #ED o — K
J& (SR AT K o TEHERE ORI SGE S5, Figure 7.12 12 Yb:Y-Al-O/c-sapphire 35 LY
Yb:Y-Al-O/SL(1.4 pm)/c-sapphire DS F BB OIEEKAFIEZ R LTc, Wb HERERF O
TS FEBEIL 35 mm T 5, SL Z i TIER L 72 JEIROBREIE 1L SL 2 & 7 At R L E#R L
7. Figure 7.12 ® FEXIFE S 1.4um @O SL &V | TE:IE SL 72 L OJEEHURFR M O Y7 BAMK
#HTH D,

SL 2372V Yb:Y-Al-O/c-sapphire {ZFWT, MEE 5.0 pm TEAEE~20 pm O M HIBEA~500

Film thickness [pum]

5.0 6.9

|z
100um

WITH seed layer

WITHOUT seed layer

Figure 7.12 Optical microscope image of Yb:Y-Al-O films grown on c-sapphire w/ and w/o SL with different film

thicknesses.
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mm 24U %, ZOHBEHIEE 6.9 um TEARE~200 pm (KX <720 | FIEETEEAm I
%o Yb:Y-Al-O/c-sapphire (Z351F 2 FEEHBRIPUINFIE 10 pm THH53/MS WA, Z OFIEERN
FERRBEEOR MV > 712725, % 2T, c-sapphire Ak R SL ZfiA L TH A%
AEEER T IVUEFIEEZ M TE 5 L& % 14um O SL 45 A U72JE [ 2 fE#L L 72, Figure
712 FBEL Y, 5.0 pm THFEED 72 <. 6.9 um D Yb:Y-Al-O/SL/c-sapphire @%%iﬁ%ﬁ@
TN Ty 7 B35 bDD, FIEERA LR, TSGRV SLE LIC/ERT 5 2

& TR TRRIC TN 52BN E L 2572, HEffZIMz bz & %z Lbivd,

JEX 1.4 pm @ SL Z 4§ A L7z Yb:Y-Al-O/SL/c-sapphire D fE/E 6.9 um [ X3RN A3 /N S 732 5
JE10 pm LV b E2E, LvL, JES 1.4 um @O SL 2 5 725 10 pm O A3 Z T
BRI LWRIBE SR X T L E 9, £ 2T, L0 HBER D72 < RV RO ERLZ#E L7
SL DR HHFET LT, SL & ERORHEENLLS Z & ZFH LT, SL ® SEM #% 55|
L7z, BEREODET 4+ 0 PV —IZDFERZIT DEONT U A KT 570, £ O % E
PERZ 13300 C & 5, Figure 7.13 |27 L 72 Yb:Y-AL-O 235 1) % SEM B ORRERFIE X 0 |
R L SR M OREE A 5N E 2 D, 30000 fFOBIZMEIZBV T, L4 pum TR
nm FEEE DK 2 MY 23— IS S A, 5.0 um TR AN BZZ SN D, LA L, 3.0um
DOFFEIFMRD COEH T, R 722 ERRZ 720, 500 %D SEM IOV T, 5.0 pm THEER
B~10 pm O F—AHEENBN S 28, 3.0 um TIXZE D X 9 &R 220, 5.0, 6.9 um D7
7 v LR, BB CHLBIR SN b O LA TH D, BEK TR CITEWE & #
FTARESIZEDEDNMD D, BE 5.0 um OFETIEZEDED O N — LMEEDPR I N D,
2O R—AEEIIFE A L2 & ZTmN D E S EICHBND, —FHFORE 1.4 ym O
RN DL DM REE L, 5.0 pm OBE & W OIS ITERKT 5, BEE 3.0 um TIXZ O
FART % 2 HIOED A LR, RO R G2 L TR TR WREIC R D

Thickness (um)

Yb:Y-Al-O
1.4 um 3.0um 5.0 um 6.9 um (peeled)
x500
£
-
s
o - Amazingly smooth | -Grain size ~100 nm
o v
N
x33000

Figure 7.13 Scanning electron microscope (SEM) image of Yb:Y-Al-O films grown on c-sapphire with different

thicknesses.
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EBEZLND,

SL 3%1F 2 BIZZ D RIT/ERE N D52 5, Figure 7.14 IZBUE 1.4 pm @O SL
B ISR U - S 381 DI T SEM 140 2 J& B IR KA 2w d, BRI A FIEE T
b5, ZROTD, BE 1.4um @ SL OFHE SEM 41 Fig. 7.14 O TR LT-, SEM &I
T3 500, 33000 {5 CHIZE L 7=, 6.9 um OEITHAR AN & — LT 5 Ul HIEED & 5 53, SEM
BAITHIBED 22 UL & B L7z, 33000 f5 01238 T, IREIZEEFR 7 < M2 i 73 7x
bd, ZOMNRREEIL 1.4um @ SL EREETH 5, SL EITHE LR OMEEIC SL
BT AR D D Z s, RESES N SL EICKESENIERILL 77 v MR
A/ OND LB BND,

R 3.0 pm DA 500 {75 THEIZE L 7= SEM 18 (Fig. 7.14) (ZIXERE 2 um F2E O M #E03 &
%o MEEOEIL 2 B H OREESEE 2 72 5.0 um DJEE T2 < 720 | 6.9 um DA ITITEILR
SNemote, ZDRBELFEND | c-sapphire MR EIZ/ER L 72JE X 1.4 um O EEED SEM
BIZH A BRI e MR & [ EREOM#E#EE L EZE X Hd, 5.0 um OREEEIC
HHIDH 100nmFEED 7 T v 7 OFAEFRRITTEHF TH 5,

PLEDORER LY 2 BEOEISNBITHHE LA SR 3.0um % SL & L CHE EIZEREREA Bk
E SR, HEEDND 72 OPHHARSEN YhiY-ALO BRSO 5 B X T2, & 2 THRE
3.0 um @ SL & WV CTHEHEIE 8.0, 10.0 pm @ Yb:Y-Al-O/SL/c-sapphire % {EH. L 7=, Figure
715 IZHEE 10.0 pm @ Yb:Y-AL-O JEEOT Y H LEZO/MELE 9 B DIRIEZ R LT, W
NORRETHBERR TREE & ITHE D Lo 72 HBEN 72 < | BN G iz, 72721, B
D H LT B RREERIC FIBEDEETT L7-, 2T Ko T 10.0 pum OJEEXFEL D FA & 03 FAR )

with seed layer .
Yb:Y-Al-0 } Thickness (um)

seed Yb:Y-Al-O
c-sapphire 3.0 5.0 6.9 [center]

small cones disappear

Narrow
crack

Figure 7.14 SEM images of Yb:Y-AI-O films grown on c-sapphire w/ and w/o SL with different 2nd layer
thicknesses. The thickness of seed layer was fixed at 1.4 pm. At the left bottom of this figure, SEM image of seed

layer is shown as a reference.
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Figure 7.15 Yb:Y-Al-O/SL/c-sapphire with 10.0 um thick. After annealing process, the thick film was gradually

peeled for 9 days.

Figure 7.16 Optical microscope images of Yb:Y-Al-O/SL/c-sapphire with 8.0 pum thick. There is no large
delamination as found in 10.0 pm thick film. Central part of 8.0 pm thick film is flat and show few peelings. On the

other hand, small delaminations present at edge parts of 2™ layer.

SHEMNMINTLE 7228, 8.0 um OJEFEITIHER O FIEED iz & EF - 7=, Figure7.16 (2R L7z
8.0 um @ Yb:Y-Al-O/SL/c-sapphire DG BAMER R Tl BUBH ENICHIBEI T2 S 40720,
BEDS & DUEBIE A 7y FIRFICHEAR AR NV Z — L HEfi L, S HIC 2 H & SL & TIERENLE D
AUDBEE ym HD72D, 2 JEHOUGIIZES OIS b HRNRTWEB R B D,

VERL U 7= B 8.0 pm @ Yb:Y-Al-O JEfE D PL A2 kL% 405 nm DN F THIE L.
Fig. 7.17 1R Lz, BSERDSENE, FR 3 EE 2.0 pm DO FEEEUEID PL A2 ML Th 5,
KPR &2 b D7, 4 PL A7 hbid 1030 nm OB — 27 THAK L L7, JERETIE 940
((Yb:Y)AG E6—E1 #E). 974 nm (M(B,C))DFANBENZALEMB L U L5553, 960 & 968
nm O B — 7 3R L0 980~1027 & 1070 nm LA ETOWH FAF B OMEILE Y, £72 977 nm
W2, R CIHEN SR — 7 BNEH ST,

JERECOHRBLI S 4072 977 am AL DO FEHE B — 7 L JEETHRV Y 960 nm DFE N B — 27 23 M(D)
DFEFFFE L —BT 25 Z L5 [84], 977 nm FHE DFEIEIT M(D)D ff EESTTER I L ALY
— 7 LEZ N5, Table7.1 127 L7= XRD OREEKAENE L DT L0 . BENKEL 742
HIZONT(YD:Y)AG OFEIGNREL 725, THRHOBEBIZIHVT(Yb:Y)AG DIFIEHDE <
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Figure 7.18 XRD patterns of Yb:Y-Al-O/SL/c-sapphire with total thickness of 8.0 um and SL/c-sapphire with

thickness of 3.0 pm.
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7 BRI BAE R OB A L IX L — BT AR, ANy ZETIE 968 nm D B — 7 SR EE N B
Ty 7 AR/ VL7 HifERIC S BT R DMMIZH D, (Yb:Y)AG D ES—E3 #E#(1030
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. 7 K0 b@BRICT ) AT OMEERAITE S LEZBNLD, ZDX D7 PhC T
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Pekfotzx It GaAs(001)Feb 1 IZJ8)E organometallic vapor phase epitaxy (OMVPE){E T B X &+ ¥
IV L7z GaAs:Er,0 (EX FRINIEEE~10" em[92])? anti-Stokes PL % Figure 8.1 OELE THIE L
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9 K512, PhC OFMEIXEKRIER O T T a =R b HRRERALT D, 77“:1 TR LoD, B OER) & Rk T
% Schrodinger HFEZ & BRLIZ 23T D Maxwell FFER O A 7238 EEICE Z 720 [101], 7283, K < kD S22 D CREK
MR ABE U7~ NIZ & - THEFITH B, BRI Brillouinzone 8% » CEFRIE 2B E LTHITLZL D1,
BODOPhCIZhH Brllloumzone XTJJ_'?‘ZD*EE/\ﬁ WAL L, Z 2B IEOBEIRFFERSEOND, TOREE LT, @%{EZ
BIFDZRAX =N RO K ST, B OBIFEEZRT 74 b=y 7 80 FRIAHIDN D, £ L CRERIC
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OTELINZIFANT, BEHIZEELTLE ), i bHEMA PhC ORI 7 A BT RO B EHEEH 5 Bragg KT
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Figure 8.1 Optical setup for anti-Stokes PL. measurement of GaAs:Er,O with a vertical excitation. The

directions of crystallographic planes in sample are dipicted in upper-left.

720 GaAs(001)FEH DA AGdh A J7 10 % Fig. 8.1 O/E FIZ/R Uiz, Er* O BRI 1594 nm O
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GaAs:Er,0/GaAs(001)3 K OV PhC 7/ HHRER > 5 O F 1T Fig. 8.2 OEAM PL 2 CTHIE L7z, Jib
EIZ1E He-Ne L —H%—® 633 nm (Ne ® 3s>—2p* &) % FH L7z, He-Ne L' —H—iZ&END
633 nm LIS DA IT TR e — /SR 7 ¢ V2 ThrE Lz, st L v XITIEEE 50 5. NA=0.42
® M-Plan APO NIR (Mitsutoyo, )& i\ =, 7V v 7 I 7 —TxtWL v ROBIEENGE T A TV A
TLENEYD | AT THELRD G AR Y NONE%E PhC T/ IHREIZH DR, FkIX
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Figure 8.2 Micro-PL system used for characterization of luminescence from PhC nano-cavity embedded
with GaAs:Er,O. The system is separately shown as two parts; cage system for vertical irradiation and

detection of luminescence, and excitation system controlling excitation light.
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8.3.1 GaAs:Er,0 @ anti-Stokes PL
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GaAs:Er,0 TILEIZ Er-20 <7 3FNT 5 L a2 6T 5[94-96], 72, Fram Tk~
72 & 12 PhC F /7 RZRO R Th D, GaAs & 405nm Thihe L7= & & D Er-20 X712 L 5
%% Fig. 8.3 1Tk L7z, 1460~1630 nm |Z Er-20 ~<7 DR ENBR S, & bRNEILE
— 713 1538 nm (281 5, GaAs:Er,O TR A 38R CmAEIPOIEAm HHEIcE E VD Ty
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VRIS L7z anti-Stokes PL ZH Y 21T 41UT72 B2\, £ 2T, GaAs:Er,0 IZHB1T 5
7 # ) W AT L7~ anti-Stokes PL D&M 25l 72,

25 uW C Er-nO 2N EEHE S 1172 GaAs:Er,0 O =EIRIZI51T 5 anti-Stokes PL AX7 L~ L%
Fig. 8.4(a) /R LTz, & L IRD AT R JVEZEIVE FUBE MR SE DL S DR T7 123 GaAs D
<100>3 L OI0>2W T & E DFEIEART RV Th D, Wi B D<100>2 61T 72 i St
R L7 & &, 1370~1570 nm (27> T anti-Stokes PL 23| X 417-, Z @ anti-Stokes PL
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Figure 8.3 Luminescence of Er-20 pair in GaAs:Er,O indirectly excited at 405 nm. The Er-20 pair is

excited via the energy transfer from defect state of GaAs host crystal.
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Figure 8.4 (a)Anti-PL spectra of GaAs:Er,0O excited with different polarization along normal of <110>
and <100>. (b)Excitation power dependence of the anti-Stokes PL intensity in GaAs:Er,O.
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HIRZRE— FOAHIRIRO R E JIEAFT D 2 & 1F Maxwell FREXD A r— Y 76 T4E
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LOFEIREBZIE L TN—t T 77 2 —ZRET 591,92, T & 7=#FIE PhC T/ iR
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ERIND, JThhE U728 & 2RO LI, W FER a ZE X T2 L E LRBRIC A —k L
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Figure 8.5 Shift of cavity mode coupled with photoluminescence as a function of excitation power.
(a)Observed PL peak enhanced by Purcell effect. The origin of these peak is considered to be an
inhomogeneously doped Er** in GaAs. (b)White circle indicates the cavity mode. The excitation power

dependence of cavity mode was fitted by equation 8.6 and red dashed curve is the result.
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<, R E— FEFIC XD Stokes 7 MNENNITSAE BN WL BTz, ZOZ LD
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Eps = E¢ — Eoxc

hc
" (Ao + CrgATIN(T, + AT)

Eqpe. (8.7)
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19
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21

22
23

24

WHITHIVUZAT <0 THH03 5, PhC HHEZRD L —V — I H CTILIEEZA(LAT 73 anti-Stokes ¥ 7
b Eas ZHARESHE DM, DF 0| KRS 513 EBUUHE CIRZRE 2B 72V | anti-Stokes + 7
FAREL 2B 720, WEISY —NREZCAT (2% L CIEE CHIE SN A TREM S B 5, 72
72, PhC HRERIZ Lo TR S NAWEINRT —% B 2 5 & & BUEO S FITINZ T Purcell )
BLZBE L 2T 50, LR T, £9 Purcell IRICL VBRI ND L—P—HENTS
WTERILT 5, % LT Purcell 2R DIREARAFEIC DWW TR L ERICT T 2" 2 5.2 5,

b DIMELO SV ZRREICEIT D 1 HTBBROR AT MLV FEYWG 2 bl &, D%
WD —Ppy 1%

Py, = f F(E)EdE . (8.8)
0
Purcell ZECTHREDEIESND L&, DL EDORN AT —1ZXE) ORI BT 7 7 ¥
—IZ ANTEEZBZ OGN,
Py = j F(E)(r+ I'(E))EdE (8.9)
0

riINRNy 7 7T RENOEEZKRL, WIRENOORNOLBZHEONL L E =0 Thd, T
WIS DOEEREENNE A £ T Purcell 77 7 ¥ —T, Ec #H LT R/NVF— L9425 Lorentzian B E°
— 7 EAT D, T RN F —Ex. THEIHP.LAZ BRI T 5 & X anti-Stokes 3 J T Stokes PL
D/NT —Paspr. PspL 1EZZNL

Ppspr = j: F(E)(T+F(E))EdE, (8.11)

exc

Eexc
Psp, = jo F(E)(r + I'(E))EdE. (8.12)

LARITT — N % anti-Stokes PL {IZ & 72 & & T Ec> Eoe TH DB R(8.12)DHFE Sy RIS D
2T 0T RY

EeXC
PSPL zf TF(E)EdE.
0
(8.13)

L T A THARRITIBEN ST — P LW RT — P DT, E 720 EINT — 133808 « WD —
DFERDT

14—l 22 48R R A S O HREE n(T+AD< o(To) % ARE Lz,
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20

PPL_Pabs
P

abs

PPL
= - 1. 14
5 (8.14)

abs

WU RT —D 5 HEREH TROND 3% Puis L LT, ELERNOMY HIND T+ 2L
X3 % Pono & T UL, WU RT —Pus 1T P 2 GO T2ZF L DR L& TREDLND,

Pops = Ppy, +Pmis_Ppho (8.15)
T b bmAEIN=R 1%

— PPL _
PPL+Pmi5_Ppho

Te

_ Pyspr, + Pspy,
Pyspr, + Pspr, + Pris — Pono

—1. (8.16)

Pmis:() ) <1: % @fg‘/%ﬁﬂé‘jj%g ;,lcideal 753\{]'%‘ Bﬂé °

ideal — PASPL + PSPL -1 (8 17)
c .
PASPL + PSPL - Ppho

Pono [FFEN E I D =R F—E L AT MV OREZE AW TEHEIT T

o Eexc

Poro = | (E = Eex) F(E)(r + I'(E))dE — j 7(Eppe — E)F(E)dE . (8.18)

Eexc 0

KB INZK(B.11), (8.12)FB L VB.18)Z AT 5 & Purcell ZhFe THASE S L7z FER L —H — A
DOEABMENENR S L £ D,

[oe]

_ > FE)(r+T'(E))EdE + [ rF(E)EAE
ideal — __exc _ = -1 (8.19)
Eexc (J5° FE)(r + T(B))dE + [} rF(E)dE )

exc

r DR F —|Z%F U TR AT, BRI 3 L T —f7IkN T r=0(F 7 b UL 7 R &
= ABINFXB.5) & —FKT D, HIRERT — FOFARG G Enidea 13(8.19)D r=0 g\ T r<<I
NS5,

[ee]

fEm F(E)I (E)EdE
Eexc Jy F(EY(E)IE !

ideal —
Necav =

==C _q (8.20)
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FThbb, HEROBE L -V —BERITZORIRRET— FOT R X — Lo 3L ¥ —
DILTRE D, Bl mHEPLE LTREN 28 THOTHE Yo, Er, Tm, Ho (8 1 b #E(7~
ORIV F =N LE 1.24, 0.82, 0.74, 0.62eV) & I EIF NI EF DI EIFTEND Eoxe Tl
S 4L, Eas=100 meV 7217 anti-Stokes 7 kN L72FENH > THIRE LRSI L2 E2E 2D,
(Eas=100 meV [XELIZH) 72 anti-Stokes 7 M & T, FEERITIE 200 meV FE D anti-Stokes &7 b b
BRI ESND, ABFFETH > TEX72(Yb:Y)AG Tl 1.18 eV (1048 nm) Tibit L T 1.38 eV (900 nm) D
FHNEMEND, ) 2Ok x, gldailzzn 21806, 12.2, 13.5, 16.1%L 720 . T E PhC
LRI K > TV 7 ITB1T 2 e RBARM AR D 3~4 5O RP3 G HN D, F7- PhC LRER
DEEITS 5 —od V| ZIUTEFEHFEFOMBITH 5, LS OFE TRDOILD TR/ F—
Puis (X, 27 & J UAEFN &G (R CREWCESL SN D /T =Py B LN Py OFIT

Ppis =Pnr+Pbg- (8.21)

Pog (ZAHE IR E 3 R sD TRV EIZ 0 & A7 D, —T7D Pold
WTLT
M e —
I'w, +w,,
THY ., T2 Purcell 7 7 7 X —MRE T & BEEESHEFN AN BIH] S CERABR ARSI <,
WUz, Purcell ZhFORERGTMEE 2 D, Purcell ZhHIC L 2 BIRFLHIfER OHE R M(Purcell
Ty 7 A )VNREIRET D L&, ORISR D,

(8.22)

PTLT'

(8.23)

3\ 3. A=
I'(E,T) = <3Q(E' D) (AC"(T)> ) |d- F G ¥e(T)?

42V (1) \ n(T) || 4(E - E.(D)* +y.(1)?

dIIEHFERICET 2 BEIUE 7. fEITZERER mx bR RORICEREHE Y ),
E(DIFFRNLTXNF—Th D, O MEQD)ITFEIEH L DOBUE y(T) & IAREE — FHRIE y(T)D K/
BRIZ L T3 2OHAEITHIT HILH[98],

A

0~k e » vo)

1 1

6 d 2Qc (ye - Vc)
111 husio i
00 T onED e

Oen (TFEND QETH D, T— FAEHE NDITBEHE = RV X —BEPr)IZ L D EFK[99]% HWT
WD L HIZHER LT,

V(T) = f;'(r—,(TT))m (8.24)
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27

28

Prax (IP(r) DIKRAE T, RER T OFES; D RAEMEN @ & E18E— R DI &< 785,
@®2DDHE 1, 2, 3WFITENENO)LIREGE A DT A —2 (i) LR O B2 Wi+
D51, B EOGH)EIEERT— NICBET 2R NEKROBERTH S, Z0 5 B 1 [N+ Purcell )3
DIRKRBERZRD L, KIROSGE, H2 W1 &8 3 A 3Bk I <, RGO MRBILE 1
T O QIV Tl SN D, 8 1 N DADOEIRFIL Purcell 2R LT 7 7 7 ¥ — & —E9 5[100],
LoaL, BUEZ 3 2 256, & 3 W3 s B b k22, 207, i & 138 h K(8.23)
EE 2R FOARE 1 LETDH, LoT,

3 2
3Q(E,T) (Acv(T)) ) ¥e (8.25)

ren= <4n2V(T) n(T) ) J4(E - E(T))" +y2

DR IR & B L 72 B8 Purcell 7 7 7 X —Th 5,

Bl & U HEERIA B 2D-PhC IR L 72 L3 TR 2380, (825 & LIZE D
Purcell R DIREKTFNEZ BLT D, M BEOCHED fof NBOERBIZHIRT 2 T3 R L K&
TLH5E. BTV —ITREICIZE A SR L RN E BT LY, £2Z OBERREIRIC K-
TZDOFRNEI—IEIT/ NS < (R A MOERUGIEIC K o Ciday BHocF# & RS 23585 S L C Rabi
PRENZ R T[101-103], 7272 L., 5945 A OFPH T2 F4UX Purcell ZIRZ 15 H AL WDH[104], 55
FEA OFPA105] THIE L 72/ S 72808 yu(D>yetdg 525, g ITHHRER &P LOFER R S
ThH D, p(D>ytdg D O HIZH(8.26)I1272 D,

1, 1
QC Qem

% (8.26)
00 THDLMND, Qe BEVIEE Q1L 725 T Q2 IZHS <, RIRIZ/AR DIFZERNDY—
M2 NE L 722 T Qen M EFHT 5,

Purcell 7 7 7 #—I35 1 K1 Q/V N RMUREEZRD 50, T— N Db EER /T
A—=ZThD, BHZE - N &5 & &F— N UT). BRI R (). JEIT=E n(T)H
AT 5, HRBT OB T a7 7 A VWA H 7T e D K DT PhC HHREHIEE DALY
FEHI SN TWD & & Z2OE— FMEREIZIERIZ/NE < V~0.69(0/n)3 1272 5[106], HHRER DL L
ZOEAE— FAERESNIZELTH, 20 L EZOHERENETHNTHIUL PhC D A7 —1
YIMENGIRE— FOEL T 1 7 7 A WTEEEZIT 20, Lo T, HDHIEET V~0.69(4/n)
DHARLRNE T ENZBIGIE - 95 & &, T— NEHE V OIREEFEEITOEEORT

(8.27)

Ay (DY
n(T) )

V(T)~0.69<

Tho, T7hbb, LLEOEKMEIZEBNTO Purcell 7 7 7 # — OIRERFEMITR (828127 5,

15 {5l % 1% Figure 5.5 ® 100~470 K {24513 5 (Yb:Y)AG @ anti-Stokes PL ¥ — 27 DIRFEIC L5 7 Md~1nm Th 5,
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32

3QCQem (E' T) ) YCZ

Hanzgwﬁwﬁﬂmﬁfn4@—&qﬁ+ﬁ

(8.28)
X(8.28) L V|, ZDHAMREITFNARD Qem IZ L - TR E D, ZOWMEKFIEL, KIRIZ/Z2 51
E Qem ML 720 THRARMERED M 32—, BERRH D & 2OMREHIRT 5, 202 &
5, Purcell Zh 5 % JRV R R CROKBRICIE 9IS 2 il - 2 HER H 5, IREICED 5T
E=Ec %17z L TR Purcell 7 7 7 # — Z R DEHA 2 FARDFHEIL A0 & di=0 DIFH T2
DEZHND, 1 DiF, 7 T ARIREBE— FEFICHEET HE— ROb D FIEFHE(= L
X —MITHENNCH R LT E— T B LT AT MW TH D, BIZIE, g —iga R L |
JihL YENT & FEIERHENL O L~ L DA G DOEN 56 H 5 Er 2 FIH L CEREITE 2 iEMER H 5,
H LI EBINTZGE BEAAT<O) SN TRIRIZ /A2 1T ERY HShb 7+ /) V=¥ —
Exs¥EZ %, b9 1 ORI IR T T — 27 v 7 MRV EITER - BMEEECTH D,
£ 0 X (8.2)D TIZET AN

dA., (T) dn(T)
;;=me+%+%ﬂ)ﬂ=

0 (8.29)

iz TIESTR, BUERAE ThHIIE L, (829 &N TICIE. BUSRECIEIT R (LA
TINS W, Hx OIREPEET DEEREZ 2 6D, A0 & =0 VTHOAETH, KIRT
D7 F ) U L— ME T % Purcell 7 7 7 Z— O EEFUXHBHG R NREE(LAT<O (2
*F L CIEmiE CHEE S 5,

PLEZ Y @ o/ oHRE & U723 R ORI K > TIRIRIZ 22 213 & Purcell 7 7 7 ¥
— ERHBHER DR SAv, GERD 3~4 (5Ll EOBERER L —F B HNEBTE 5,

84 8EFLD

FEICRPPU N R L 95 <AEA L7o & =, Purcell ZhHRIT X - TE D BRI HE K
95, Purcell Zh5IC L % BRI HIHESRIE K % anti-Stokes PL (23 A 374U H 23 HE e S 4,
ZDERVEHINT =2 XD L7 REX Y b ER)D, KD EWEBKIRE TF 2 27—
NOMREHIEITE D LWFEEI D, 2@ PhC F/ HREGO L —F —mENT T 2 mHE,
F RBL. F/ NMERZFRET ) T b= A%hhd & LTRSS TE %,

REETIL, £7 PhC A B GaAs:Er,0 DN 7 IREE T D anti-Stokes PL £#4: 2 B 5 MM L 7=,
<100>(Z3F47T 72 1594 nm D EARMFYE % GaAs:Er,0 ([ L7 & &, Er-mO (m=1 or/and 4)%
7 A bkl E4v, anti-Stokes PL 23D HHENTHRDO T + / IR T 5, 2O &b Er-
O XT DR NEEBNRIZEY HEE GaAs:Er,0 Z%HEIMEE L TRIHTE 5, KRIZ,
GaAs:Er,0 [ZJE% L7= L3 B8 PhC Z W THIEA L 72 & & O EBRFE R 2 fZ4AT L. Purcell Z1E1 4
e b L=V —mEAZROMIEL EAL Lz, FAF LI TE W =R ¥ —
1T Er-20 X7 &b T 5 L RIRFICZ < OBVE AR L, OB X B8R T PhC IHRE
PO, HRERT — IR f VT —licy 7 b5, IBREALICLD2E—RY 7 b2 1k

82



© 0 3 & Ot o kx W N =

OFEEE L TEAL, RA bl TIEV L 72 & & OFBRFE R AN LTz, & A MNahi2 D54
HARERT— ROV 7 MIFHE ST —ioxt U CIERIENE 2R LT, & O IERIEIE I IR HHE
fil— b 2% Bose-Einstein /3AAIZHE D Z EIZHK L, 20 & SHIRERE— N7 FOMEAA
DHFHITMETEIRELEZOND, —FH T, BEAPLEZ R XL —CHEEHET S &

&, @ Purcell 7 7 7 X —TCTHIUTHIEESNIRE L2 AT 5, Purcell 1 DEAIZ X

S TIHHZNER D FHER S 1L ) 72 Ras & BOICERDOMA G HOE TIZE— R 7 k& Purcell

BRI HN R 2 RIGICHEIE SN D, T OREER, BEIR L —F —mEIRFRITER D 3~4 5L

k72 IKETEICHE KT 256806 5,
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FORE K

B L — P — B EFSE - Bl KR & COWmE & ZDJFERT NA ADKEFEE TED | 4
FESICRERFBEBORFIZH D, FADLNIIN TR MO IR HIA E
NI& L OfEIT, —BOERLE 24T ) r—yva VRO L o TED
R E RGNS K 2 D, i BB 2 VT2 b — P —m BN BT D Bt o figie &
R EEZ B E LTHEZ 24T L, LT ORI E LN, £7 4~6 = THLHEE AW
B L — Y —mENC I T D5 e R 2 B S T Lz,

4%

WEIF R DR EASE DR IR Z R SH 25— 07 IREHITE EMERE DRIz 72 2
L1280, R L —P AN il 72 i E D OBRENIFIET D, (Yb:Y)AG fEia R T,

H ORI A 72 < anti-Stokes &7 b & PLREED e KA S5 x=0.06 23 Aciii 72 Yb AN EE
EH BN o7, BB 1030 nm (E3—ES5)T Yb IRINEEE x=0.06 ® (Yb:Y)AG #
R Z e L7z & & Stokes F X U ¢ anti-Stokes FIE/NKBCAY & 720 | BARGEIZNR
1.9% 3% LTz, ZAUXEIRICI T D B H(Yb:Y)AG OFARMEINH 2.1% & [F% OfE T,
FTHRIN A bR EEB X BN D,

5%

IHNETOL—W —mHGE CIEERD DAREKIEICT TORERER SN TE e, —J7,
7 &/ UWRILHESR 1L Bose-Einstein 3G IZHE D 7 4/ U HUTHRAT L, IRE S - T
BEIcEm< 7%, ZOZ EMDHEIRTOE anti-Stokes PL & @&\ L —F — i EIh M
W Ccx 5, BRIV, SR TIIARY—ICmE A L tE IZH KT 5 anti-Stokes PL
DEFR S, Z D72 470 K D(Yb:Y)AG (281 2 FARG HZhER(2.2%)1% 300 K TOHE]
HEA3%)EVH L7 EEL, FUSHEART =T 18 RV EH LN, Eom
HIHPZ Yb 205 Er (12 %2 T & [AIBEIZ anti-Stokes PL S ONBEIZNHR - N T — 23858 S vz,

6 %=

(YOY)AP X L < En SN EMENCH 5 (YD:Y)AG &R ICHE MR U T Ll 7=t % 9,
REREWVI T 4/ VT F VX —B(YD:Y)AG L0 H/hS N2 & T, ZDO72D(Yb:Y)AP 1%
%7 x ) URRAEEN(YD:Y)AG £V b 6 K<L (YD:Y)AG L 0 HAKIEA~D L —F—mH]
MHARE L B HIVDH, EBREI D (Yb:Y)AP ITF NI AN (YD:Y)AG LV bl <, £ DRk
L — P —mHZRIZ(YD:Y)AG &R E DT, )7, (Yb:Y)AP @ anti-Stokes PL %
BTN X—T F ) U ERINT D 72O @I TR S, & OMREREIX(YD:Y)AG
X0 HLEWEEREREZ R LT, S HIZ(YD:Y)AP 1@ W ERINAREL & [EA O = %)L X — i
(2E V. BEFEO RBLEE TH H(YD:Y)AG D 355 & W) @V IMEBRIGA2FEH T&E 5 &
B &7 o7,
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7. 8 FETIX, MAMBIOBE A Xy ZE(L N PhC & OFEIZ L D e b A 2R LT,

7TE
JEEY H LEERITER L — =M A ORE I Bh D EHE RN T X —Z T, iy THRI B
DR TITHD TREVILIR D HLENED 5, £ O b, BETOMEANFERES FuiuXsAmR
TN AR EER L —F—mAOFH LW T v F 7+ —LREADBHIFFTE S, RF v 73
hw o ARy #1275 TC c-sapphire F54R EICAERLE L7 Yb:Y-AL-O i@\ B & S
HPERMS ~ nm)Z 7~ 3, £ OFEEEAAIET —2 v MA, BRGME, a7 204 MAIZH
SEET 203, EOBIANEICIZTREE T, T LABEIZIEE DT m LS8 2 e R
SNz, FOHEAEREZ M LS DT DI BB L AR AT L 2 A, RFEZFEMT 5 SL
A LTHEEICBW T, W@ DOA Ry X CTIIREEE S D EE 8.0 um DR EIER
WA LTz,

8 F
IR PhC F /7 Heflids L 95 < L7z & &, Purcell ZIRIC K - TE O HRKUHHERN
R 5, T4 % anti-Stokes PL IZHH T 4L, BV L —HF—mEIRNER I NDL &
Z b5, PhC T/ IR ORI B 1% GaAs;Er,O IZIEMMR LA <100>(Z AT 72 1594
nm O E K Lz &, 74/ UWINZEIT L7z anti-Stokes PL 23l S 417z, 2D Z
EM D, GaAs:Er,O 13 EIMEHE U TR T, anti-Stokes Yt &4 kK X% PhC F / Ik
E%mﬁﬁﬁﬁf%é KIZ GaAs:Er,0 [ZJERL S 7z L3 A PhC E4RER 4 78 2 bk Db
THIEVL . BRIC X D80 28U - AT L7, TREE BRI - T 2 2 iR gl &
2 INEN S B %E%_&._Léﬁ PO RS OE— NIR= v F—llic> 7 M Le, Zh
ST, MBATIE RS I K o THEIL 72 L E IOV TE X, atmi-Stokes Ftd LU L
— W —mEIOHEE A2 ER L LT, @R & RO ARDLETITE— R 7 &
Purcell ZIRDABENZ R 2 RIGICHEET 5, £ OfE, BEAEIR L —F —mEIZ R < R
Y > THERD 3~4 (5Ll LOBERICR D, SOIKRTIE, W@/ hs< bk
WDIZ Purcell 7 7 7 X —n, F72F— FRETRAVF—MIZT 7 b9 %5729 anti-Stokes v
7 IR T D, Thbb, MENZE > THEMRESREL 2250350 . TR
ERM DY) 2T M BIVUTER T E D,

RBICAHROBE LA TR,

FIRE VD LEIRICIIT S anti-Stokes FEIEHIIR & L— W — AR LiX, ZOHTRA »
= RALAOEFEMFRA LT, ERICER LEEF L ——mHoa v 7 e LTI
ANBNODH D, ERER L —F—mEIT A A FRICEET 5 & T IUIBEICEIESERES T
TUW5 RBLIZOWTIL, (Yb:Y)AG % (Yb:Y)AP Tl & iz iU E bt g mt  Hom
B COREIMENERT D LT 5, £/ RBLICIRL T, ER L —F—mHOILE 25
IS TIRBE2IN L  8 O WM BHERLTFE R SIS 1D & Ly, £ OB Tl
2Ry BEOEBHNRKERT LA 7 ANV—I22 055, EHEFNTET TIEARFFE C/ER
TEBRIEEOBHER 2R 7= LT, 7t 2074, FOB O Efi v SO T B
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T NG T 4 b= 7Ny R YO IEME AL
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Figure A.1 Temperature dependence of PL intensity ratio » and analysis by the equation (A.4). (a)
Comparison between the ratio 7;; i¢cal Of integrated PL peak intensity and Boltzmann distribution function
(dashed) as a function of temperature. (b) The ratio 7 of PL originated from inhomogeneously

distributed Yb ions (Ybi) plotted as same manner with (a).
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