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JERRIENT K D AR IR KRBT RV — & KR
EOBRBHIEH T 2 ATREME A2 A L T 5, iz &
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ENENKEIRIT LT D &Ik, KFELEEHE
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SITiOs DA, KT FAX—0D 6.8% L Htfilik
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TARAFXF—TEFEANERETED L5ICT 52
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— 795 Z LT K o THHDEIGSEME 2 1) b S 5 b
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ABHT, 7L A L — P —HERRIEIC Lo TR S U7z
TEH X VEECH Y | HIER R OBR OB E
DN &> T F—s3 b OffiEAS 31, 4 4ffi T4
I, X BRIRELGHICE > TH LT,
Rh**:SrTiOs 5 £ OV Rh3*:SITi0; D = )L X — (i 1
X 11277 [7]l, R—E 72Xk -> T Rh*:SITiO;
FEEA RRSITIO T B & 72 5 (K 1 O REH),
ThbH | AT DI AN BN D, lEE T
B Lo EAERMBAEN S OFFHEIZ X - T,
Rh**:SrTiO; T 2.7 eV, Rh*:SrTi0; T 2.3 eV LA LD
Xy U TARNBAREE 2oz, L L, JERBERISIZ
K DKRFERKDONFITE LTI Rh¥*:SITiOs 23 &V V&
TEhE & 79— 05 T R SITiOs 1L Z Il TS 1 %
KOfEREIRoT2,
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MR U 7o, EEEUEHE. MRBUBHZ BRI R 72
EORBERE/NNRBIIMA D ENTEH20, WEAR
kOXX VT XA F I 7 A EFARDIZDIHH LT
Do Elo, MESRMZHIET 2L TR—R2 FRE
fEL7z& LTHRBI O - fldb eI TRUEH T —E &
THZENTED, TOH, BAEREIL Y b IEMR
YOI & FHm 2N R T D,
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ERLZIR, 7SV A L —F—HEREE 2 7z, SITiOs
FHUE, THz HoFERNIE < [16]. %ikoFEEAd

BT D THZ BPERII 21T 5 T &M TE RN,
% 2T, THz @ EWIN D 72D O FMIZ 1L, THz
WOFZBBRNE D [17]  (LaAlO3)03(SrAlosTaos03)0.7

(LSAT) %Ak (fZYe4L, B X 0.5+0.05mm) ZfH L
7. Rh OAi%E, HEFRSALZHEST 52 LT, 3
fifi (JELEE 700 °C, fi£38)£ 10 ¢ Torr) & 41 GEEE 700 C.
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B—7F5, 2L, HFx IV TDOHEAFIT X
Z B At ORI fRRE TR T E 5,
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JPRITIE, TiALOs FHAEMIEZRNOHELND 7 = A
MY L —HF— UL 2 (H17) 0.8 M, - R /LF —1.55
eV, /L AR 130 fs, # 0 K LA 1 kHz) ZH v
oo sV ADO—XT m—T L7 D THz 7L A%
HEDTOICHAW, THz 7SV 2384 EE LT, 2
R T AHAERL ZH W=, ZOFETE, L—%
— 3L A % BBO (beta barium borate)fi 5412 K - TF4
SHFE ERARE L LI ERPICENRTH LI
LV ERNGFET T A SED, T A TDOHEH
WL, EOELIZ XL > CGREMZERZEY, Z0
HFRA 2SI & > T THz 7SV 2035644 % [20,21].
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ZROfEM (EO Fidh) ICB T DR v 7 VAR %
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INNVADBZIZ L - THEIFWRESTHREZ H O EO
OB R LS, HETE2 525, EETTNE
U772 EO ffzBiRT s tickoThr 7 vy
7SNV ADIRICIREEIL, THZ BB 72 WD H 2 LT %,
YT TNV ZORIEDEACRIL THz B2
BT 5 Eon, BART S 2 DO DRE %
TR —T7 352 TCTHZERZNETE D, S
V277V ZAOREEE (130 fs) 1%, THz 7V A DR
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TV AL THz 7V Z OB ZEZ 45 2 L2 &
ST, THz 7V ADBEGWIE 2 WG T 5 2 LI TE 2,
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IR ORI Z 71— T & DRI A
1To7z [28], ™ 4 (Z5BRELE 27, a2 % L
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L. & D% OFERIHRE DRI A E A r A a—7
THIE LTz, R 7Yecid, THz 7 a— 7 £ & Rk
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130 fs) O =f%# (4.65eV) MW, v —7IZH
WG L — ot kLR — ik, 1.58
eV & 126eV Th D, BRI (74727 & — mk
TrT A vuRa—7) OIFEREICL > TRED
WEDOWER /7 fEREIL, 3ns Th D,
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N7 MVERT, SITiOs EbiE, Ny R¥y v 77
32eV CTHHI-D AN TEI TH S [25], FHil =
DWW L, Wi CORF R AL D, —F., HERE
{2 Rh K—7" SITiOs % 400 nm HEfE & 872308 Tl
ARG TEE RN L, 2 OB EEOWAIT
Rh R—7 SITiOs HIEIC BT A HRNIZ LD &2 6
Do Tl b, EMRDOBEEE L OB HEIRE O
IR AR TE %,
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(5%):SrTiOs ($&#0) o W bBE X 400 nm, EAK
X 0.5mm @ SrTiOs THh 3,

HERDOHD L &N DOBBROEH W ULREL

ROTFERNEK 50)Th D, AT [7]E L < —
BT DAY bABELRTZ, R R—7 O (58
BOIE, 12eV & 22 eV ICRINE— 7 BT ST,
1.2 eV ORI, flifEFH E 2 2 5 A RN ERL
NH Xy v THIT %é#ﬁﬁ?@%ﬁu«@ EH
(d-dEB)ICLD2bDOTHLEZEZLND (M1EH),
2.2 eV OE— 7 3B FH D b IE LA AR HERL ~
DEBTHLAREMENH D, £z, 2.7eV UL ETOHR
WARB O RIL, HA R HEN D> DARE T ~DER
WIS LTWB EEZ BN,

Rh%* K —~7 SrTiOs 1%, 2.0 eV R 2 B INAS K & <
2o T, A RMPYERL ) HIRE T ~DER (2.3eV)
ICED2WINTHLEEZLND (K1EM) . —J5,
2.0 eV LUF TOWIIEEESR RIFHENLICBIE LTV 5
AIREMENN B D, MR RIEAFFD SITIOs IZBWVT, Z
D F Ik TOWMUIER B HE ST\ D [29],
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X 6: (a) THz ERER., B8 AR LTRELE
THz O BEHBHER., HF#HE : Rh¥(5%):SrTiOsz (400
nm)/LSAT EMR%FEB L7z THz BREFEOES .
(b) ZNEND/NRY—Z7 kL,
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6.2.1. THz BEBEBEARY bL

6()iZ. 7 v —7 THz % O MY 22 BB 2 7~
o THz ORI EL 2 BT IHE L7z THz &

B (SRR < B3, Rh¥*:SrTi0z (100 nm)/LSAT #&
W% % U7- THz BRI OBSHIEE (R ITFEKIC
XD HBE DI L > TERIER DNV TWD, £,
B AR 1 & 0 HRIE L /5 RIS LT
W5, BEEIEE 7 — ) =ML TR ANT — RS
R VIE, LSAT JAR o> THz #r WU [16]% K L T,
2.5 THz L EOFREEAA LT 5, THz @RIy
SIZ BT DR fREEIL. JTD THz 7L AD LA
FICE > TIRE-TED, 1psRETH D, 1% THz
WD AT MVREEDNRIE E+53 Th i 2-10
meV (0.5-2.5 THz) &FTAfiL 7=,

6.2.2. THz BERIRFAFIIX

71, / > F—7 SrTiOs, Rh3*:SrTiO3, Rh**:SrTiOs
O THz H OW\PERIN Y A F I 7 ATh D, ta xS
BN b, K7D ONIOFF 12 &% THz EHITE
D=7 IRIEOEAEZNE LTz, Ops TONHF ¥ VU
TAERME, WTHILORED AOD IZIEICE L L7z (K
IHE) . ZhuE, BERICH S HBE DO/ RN
BERICLAFERNTHDLEZEZLND [18], L

T T T T T T T T
201 SITiO, T T
Rh2*: SrTiO,

Rhé*: SrTiO,

0 10 20 30 1000 2000
Delay Time (ps)

B 7: SrTiOs EMED THz BEWRINS A FI 7 R, b
FHEIX 27.8 J/m? (0.062 photon/Ti site) , Bk :
v F—7 SrTiOs, ### : Rh3*(5%):SrTiOs, &R :
Rh**(5%):SrTiOs, BREIIV$ 4 H 100 nm,

L. R—=30 hORHHIC L - TUSE DK E SOHFHE
EIITEW N R B, RR¥ESITIOs T, HFmAEih
AT 2ps, 10 ps D 2 SDOFEFIK S N R S5 T-, i
E#% D AOD DfEIL / v F—T7 OFEHITWME & 72 o
Too BEBIIFE SNTZE L. M7y 7SI TIcR
= R F—Z U U AR ORI @ O R TRl
THZLERET S,

—7J5. Rh*:SITiOs TiX, bk 1 ps B CTIXITE
BEISENRE R Tl o T, R fRREZ B8 L H—fs
BRI\ LD/ N3 T 4 T 4 TR DORER H)
HIRME AODg 1% AODo=0.008, F#firtidt = 0.46 ps & 72
o7z, Rh*:SITiO; Tik, MIEDOHRI I fERE (=1 ps)
DN IR SNEBE TR RE Y v 7H

IR ENT-ENLIZ b T v TS D 2 &Nl < R
&b, Rh =7 SITIOz BT 5 ~ T v TN O
PRI OWTIE, 6.3 Hi Cigimd 5.

AREBRTBM SN/ > R—7 SITiOs WO I
WAL A F 2 7 A%, 30 ps #& T 13 FREEIZR LT
W5 (K7), Lol FXE AT I 7 ADETHED
i/ v F—7 SITIO; IZBIT D x ¥ U 7 OFAEANR
B 60ns & AL S TW5D [30,31], JeATHFSE & b
NEEF BT PFET DREMNE L EL o T
W5, ZORRKE LTI, BEXMRED T v 7Y



RLDOFEENET bND, BEFOEFPLEE 10
psRETKX ¥ v 7HNOEMIZ N T v Fahbd &, THz
WOIEZRI LEZOND, SEFHME LT/ & F—
7 SITiOs il L, IRV EEFR /7 (10° Torr) TR S
TND72 | EIRNICZEDOBER R FEL TV D
REMED B D, ETo, ML LSAT RO 1 EE D
BONDO T ORI ER LT NI &2 b K
WCHKT D N7 v TENMOTFELE 2 DD, 1ERIE
TEEfmt L, 2 BICHRT D b T v TR D7
{T5ZET, SITIOsAKRDF ¥ U T FHmIZLo< Z
LIRS D,

6.2.3. THz BEWRIRT 1 F = U A DREZE EKRFHE

[ 8(a)lZ, LSAT it EIZ/ERL L 7= Rh®*:SITiO; jHfiE
D THz 5 OBPEWI S A F I 7 A D hke s FEARAEE
BT, BIREENKE S RDIEE, WBERING KX
K fpote, FEBENRKEVIZE, FEBINE L5
THF Y VT OENELLRDTDTHL, T IO
BBV TH, 2 ps FEE O R EEFIE Yy &
10 ps FEFE DBVVEFIER Y DN L b T2, EREIN DR
T ONEEFERAFEEZFE LS TRD 2D, 2 DD
BRI LD T 4 T 4 TR AT o7, B
TR LR, 27.8 M2 OFERICxT 5 2 DD %k
WEIZLD 74T 47 ThHY, ERERE LS H
HLTWD [X8@a)].

B4 8(b)iE. 2 D DFEHIIEE L5y D HRIE % fih il |2
MLTFmry NLIEHOTH D, MHPDOEMRIET, i
ENDRESDOMIET 4~ b THY | ERRFER & Jv—
Hx g Tna,

X 8(c)iF. 2 Aoy DI DEhRLE ERFNETH 5,
J v R—=7® SITiOg IZHB W\ Tk, HhhEx+ UV 70
FOLRE KT T D 2 ERELAF I A
DRFZEN B SN2 > TS [32], v U THEEn
=10 cm3 DL Lo @@ E RN R TR A — Y = B S
DB & T2 D70, FHnt o« 1/n2 ORAEMEE R
[32], AREBROEKEHEEE 27.8 Im? 1%, 1.1 xX10%

20 T T T T T T R
a —27.8Jim
@ \ 232 Jim? |
\ —18.6 J/m?
a) \ 16.3 J/m
O 10+ ——13.9 J/m?
s —09.29 J/mz
o ——4.65 J/m
T —2.32Jim?]
0 o I_ _______ T PR A s 2| A g,
0 10 20 30
Delay Time (ps)
15f — T T T T 30 e I 1
%3’ - (b) o i (©)
S 10f o 1 g %1 I
<E( i [ s o ® o ®
C o ¢ e 10E ® L
a] - . )
C<) 5: : oo® ] | i
0." Lo 0 %0 ¢ 000 0. ©
0 10 20 30 0 10 20 30

Excitation Density (J/mz)

8: LSAT E#K _EIT/ER L 72 Rh*(5%):SrTiOs ik
DBEWIL L A F I 7 2ADRHEREEEEE, (@) FA
T AOREBERTFE, L7 AORIT, 27.8

JIm2 DFERITHT 5 2 DOBBBERSITED 7 4

T4 T, 074 T4 THEFLVELNT,

REMBES RH) . EFMERS (FH) ORIE, B
WRIIMET 4 v T 4 v T ORER, () 2 DD DF
., —EEOEMRIIERDZTA FRTH S,

ecmPZHRHET 5, EEICEHWVEBIREED-D, 4A—
T FAEA OB A 77—V ps A—F =122 D2 L b
EZBbND, L L, Rh¥SITIOs DS 5 O K
EHUT, WE L E O (<1.1X10% cm?®)
T—ETH o, T H 2 DDWEMI DRI,
Sehhkl SN T-E T & EALDOA— Y = S T
TERWAISLDLDOX Y v TNEMIZED T v 7T
bHEEZXOLND, N7y THEMOHEIZOW T
6.3 fiii Crleim I Do

T T VY RIORERIN Z R R v U T OB,
AT MVIBIR BRI 5 Z L ic X » Tl T & 5,
[ 9 I%. R®*:SrTiOs M5 0D it A 58 e PR fE A~y
NV ORIFE TH 5, FhEHEE 16.3 Im?2 1%, i



T T T T T
L 2ps | L ]
(61.).....““ Poseeny (b) 4ps
1000t @ °®°° - 10001 o.....o...........' 7
'uo“'"... I 0g 00000’ °
[ [ [ U P R [
T T T T T T T T
(© 6 ps - (d) 8ps
1000+ - 1000} —

Ac (S cm‘l)

O go0e0000e®® ™ T | ol geeuevetesee® T
T 17T 7717 1T 17T 7717
- (e) 10 ps () 12 ps
1000 - 1000 g
L 0...0000::‘:.'...:. 1 i 0"“"3:8....0..:. |
L e s i St Ofg et
05 1 15 2 25 05 1 15 2 25

Frequency (THz)

9: LSAT EMRK EIZ/ER L 7= Rh%(5%):SrTiOs &K
DIBEBER A BZLEER T MVOREIRE, (a)-(f)
X2, XEE# 2, 4,6, 8,10, 12 ps D A7
v, FRIITER., BHIIEHTHD, BRBAEL
16.3 J/m?,

S - FE 3.6% photon/Ti site (2595, YL 2 ps
%X, FFHTIETIZE—ETH Y |, M & JE I
1735 T FRA 2227 ML E 227 K9] =D
KO RART MV BHEF ¥ U7 ONTFINE il
9% Drude =5 /L [19] :

r 1_lw’

T
WCEMMNIC—ET %, 22T, I iZx v U7 O8ELH

RERTHETER, 0, 1377 A HAEETH
Do MR ERHEIA RIS T 5 & EIILXT T v MR
X7 MVIBRE RS T E E, MRHES /NS IR o T,
ZOZEIX, BHEX YU T OBMICHIET S, —H,
REERIEAE B30 O E RS> ToEETHHN, T
D DR T D, tg = 8 psLAETIE, EI L E
EITE U7 B P TR zE L 1K 9(d)-(F)].
KT £ D &, BHFEAREEOFER & A —E
T OREEEIE, CIZFE LY, DF Y EERICIE
R S RE T B IO T I L, ta= 8 ps

(2)

Gprude (@) =

VB CIX 2 THZ BREEIC A2 D, 2D X D722 % v U 7 HUs
P KB TR T SieTIO THEH B 5 [27],
Z ORI, BEOAREERH D, F—I1T, Si
TiO, DELED LD 2% v U T EWAIZ L DF v U 7 -
Xx U THEMREOBIO N T oNnd, £z, 7b
REFIAF R TICE D ¥+ U 7 HEOK TIZHED
T & CHELEROD OB E L NS, & R
— T AEHC R 2 E LUy U TR N T
TEINDZEILLDEEREZOND, ZHIZLD A
T AT 28 AL S dv, A A ARSI L O e
BRWDTHENIAN=ALTH D,

KT FHENLD AT RIVIER~D BT, A2
VDN BEARAEME 2 JET D Z & TH 2T
5 EWRES D, 1410 1L, Rh¥:SITiOs D b
% 2 ps OWMPEBEFNFALBEELE AT RV ORhE 5 E
KEMETH D, @R [X10(2)-(b)] Tix. EEBIX
FIEER Y DALY MvEipotz, £i2, FEEITIEIE
0.4-24 THz DHHILT—ETh o7, T, BHF ¥
U7 @ Drude €7V [RQ)]TEMEMICEE RSN D A
N7 MVBIRTH %,

— 7 AR FE [} 10(d)-(H] DALY bk
HETWY Eleofe, £z, FEMITE AN L TH
MUz, DX D72 AT VX, HifliZe Drude €7
JVTIFFLIR T E AR, BRI AL T A
UL THZ LD @BV R X —iFicn— 1 Vil
DFFEWRINA D D5 a2, ZDOHE LT THz # T
B2, RA*SITIOs #IEIZ BT, % E H
IZ 2ps INIZ) v v 7HNOENIZ T v TS d
BN —EBGEET D 2 L 2mEd 5, PRI OB IE
W AT NVERET H 2 LT, ZOIREDRIEN
oM D s EN D,

6.3. YA U OMEFRINEERINS S
6.3.1. EFNBERIRTAFIIR

4 1112, SrTiOs Hutlt BIC/ERLI L 72 Rh K —7" SITiOs
W O AT RSB PE WL A F X 7 A% RT, SITiOs
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Frequency (THz)

X 10 : LSAT EARK EIZ/ERE L 72 Rh¥(5%):SrTiOs #
EOBEERNFREE RS MIVORHIEEERT

. (@)-(HIxZFNFh, 16.3,13.9,9.29,4.65,2.32,1.16
JIm?, FRILITEL, BRIIBETH D, XhEE% 2 ps
THIE LT,

FERCIE, eIz & > T 1.58 eV DT xtd 5 WX
DML [ 11(a)], = OFFERILIL 30 ns FREED
Frfn TR Lz, A RIBLIN S nzFmiE, ey 17
27 ADFEATISE [32] TS SO EE S - E
FLxt O FREE IR (60 ns)&:iﬁb\ﬁ“f“a”oé Jhike Y-
TRILXF—NE (465 eV)TZDIT, ORHFMIE <

2ol BEZBNH[32], /v K—7 SITiOs HAR Tl

BrE b7y T THENITD WD Bl Sh -

TIHEEHROHBHETFOFERNTH L EEX LN

)

o

11(b)I%. SrTiOs £t EIZ/EHRL L 7= Rh®*:SITiO;
JEDIBPERIZ A F 2 7 AT D, E 400 nm (L5
EIEDR AR 25 nm K 0 +5r R Bt o EHED
X cE 5, 1.26eV & 158eVDOLELLTH, K
JHRC 1%\ B AN X AL 7z, SITiOs Bl & 1
27 AZHAFE LS EHMEL TR Y, 0.7 us O
THWEST DX 4TI 7 2L Te o7z, SITiIOs R DIE B
D 10ns TRE L TWDZ Enn, i L 5m
BORBETIIRNBEX vV TICHEKT 2 FHER
REZBZBND, Thbb, K SN/ZETFIT ps
F = —=TF v v THNOPERIEIZE EEo>TW 5D,

W ARIMEOFEHWRIUL N T > TN ARG ~D
BERBIZEKTHEBEZONDLZENDL BTE T v
T DN RE R DR H D7 L 1.26 eV LI
(ZAEAET 2 ATREMEDS BV,

Rh3¥*:SITiOs (IR T 28T T v TN OF J) 7ol
Hix, MEXETHD, RII TV A MEBE#RT D
72 ALZE BRI R O R E OB KIS FEAES
D, ORGSR, BEERBICER L TF v v 7NITHiZ

\ZHENL Vo 3 CT& 5, SITIOz IZHI1T D Vo I, fmEH
DE LY 03 eV KNTZ XK LF =& L TEY
[29,33,34]. Jilit S N7 AZEHDOEFIE Voll b T v
TEINDHEZEZBND,



T T T
SrTiO; Substrate |

10°A0D

10°A0D

10°A0D

Delay Time (us)
X 11: SrTiOs FEAR EIZ/ER L7z Rh F—7 SrTiOs #
RiCB T D~A 7 v BERMBERNS A FI 2
R, (a) SrTiOsZE#, (b) Rh*(5%):SrTiO3 (400 nm),
(c) Rh**(5%):SrTiOs3 (400 nm), JhE%E EE 1% 29.7 J/m?,

11(c)i%. Rh*:SrTiOs WEIE D@L & A F 2 7
A TH 5, 1.58eV TiE 0.28 us D FH A Dk B UL HEL
WENnz, —J.1.26eV D7 1 —7 TR )LX—TiL,
[Fl 5 ORI (70 —F 7)) Nl sz,
Rh*:SrTiOs (23T b S N2 E LM 520
WNLIZ N T v T EH, us A—F—TARY R¥ v v
WIZE EEoTWDH EEX B, RN*SITIO; DT
NX—HEE (K D)EEEXDLE N FEy v 7RO
HEEHA R EEN N E 2 8T v 7T HHENE LT
HHThHD, ZOHAE, M 110X A F 7 AL,
LIFO XS ICBfiESnb, 1.26 eV IXMiEFHE Lo

10

50 : . : . : . : .
LSAT Substrate 7]

o

10°A0D
w N P O P N

Delay Time (us)
B 12: LSAT AR BIZ/ER L7 Rh F— 7 SrTiOs # K
BT E~A 7 uBIERIMEERRNS AT I R,
(@) LSAT AR, (b) Rh*(5%):SrTiOs (400 nm), (c)
Rh**(5%):SrTiOs (400 nm), Ehi#s EEIX 29.7 JIm?,

A R HENL D> © FE 5 A R A UERL ~ DB IZ 3k
LTS (K1), —J7 158 eV L, FEEHAAMpUE
LN DAREHE~OERB IS T 2T NVF—ThH D,
HINEL T3 A RHMERLIC T v S END &
FE A RMDIERL O ST D, D&, 1.26
eV (ZHIET B IGER DR ITD (7)) —F
7) 25, —J5T, 158 eV X D EE A HTZIC
RSN D FGERN . Wb, Fv¥ v THOR
T HERL ) S E A ~DFE I L > THET 5
7o, RFEMERD EMFEIND, ZOMIT, TR
Rl L —ET 5,



WIZHRDB T VT XA F 7 RZEHE 2 DB

DN Tk g Do SITiOs MR LITIER L 72055

M & HA DN Ry TRE L WD R~
KX ¥ VT ORADAREMERS D, FFZ ps F—F —
TIXEH ¥ v U 7IXR A I8 T & D720 ER
REL D EEZOBND, £ T, BEROEELZH L
PICT DT, LSAT Ha BIC/ERIL 7 Rh F—7
SITiOs {5 1F 5~ A 7 v FOUraRIM PRI & A
F 7 AEPIE LTz, LSAT DN RX v v 71 4.65
eV [35]. SITiOsiX3.2eV ThH, Mi&IL Type | D~
TR ERT D720, LSAT ER~D%x ¥ ) 7
OBEENIEHATE 5,

[ 12(a)l%. LSAT Htk 2 tmhid L7 BRICBiil S 7z
1.58 eV OWEWIN Y A F I 7 A Th D, Bl
FERIIEEHE NS OEB THL EEZLND,
LSAT O EWIL DOFEFIL 2 us LV, X 12(b), (c)
T4, Rh**:SITiOs, Rh**:SrTiOg i[5 o it 1 % Y
HAFITATHD, LSATERDOK AT I 7 A LT
B FFMN R D720, LSAT i ~DYF v U
T ORANITE E TV £ 25, RhMSITIOs HEEELZ
BUWTIE, LSAT kD56 TH 1.58 eV DOFFENIN
L 126 eV OT I —F U TRBRIENTZ, T7bb,
Rh*:SrTiOs DIGEITIE EROFEIHIZ v UV 7 ¥ A
7 RZHEELRY,

Rh3**:SITiOs (23T h . SITiOs HAR il H R[4
11(b)] & [FIRRICFR BRI B S duf, 7272 L. Ffn
211 ps ERRRFML L, TORKE LTI,
LSAT Bt BT hl R S 5 BRI HAMR & MO R T E 5K
DIEND T2 DI RIAA A 27 <A1 & 3D R HENL
DIEESNTND ZENBZ BD, FmDZEICHE
LTI R DAL ETH D03, EIEOERIG A2
EEBIEDLZLICEVHALNIRD MRS
5,

11

6 I " T T I

L (a) l ) 4
a 4 —204J4m? |
o | | 7.54 Jjm?
A —1.33Jm?
= —027Jm?

o J

é g . 0I8?’0...'..£(i)'i

: s S0 ]

o P L

o) & 021 -
Okp.po,oqoo,oq'

0 10 20 30
Excitation Density (J/mg)

B 13 : SrTiOs ZEAR EIZ/ERL L 72 Rh%(5%):SrTiOs #
FEIZB1T 5. 1.58eV DBERINE A F I 7 ZADEHE
BEKRENE, @) #1737 2AOREHEKRFME, (b)
2 RSy DIRIE & Z Dt D FhiE s BRI, (¢) 2 Ry D
F i DR BEAK M,

6.3.2. REEEKREFE

¥ 13(a)lZ, SrTiOz HAR 2 fEHL L 7= Rh3*:SrTiO;
BEIZ 31T 2 3 RSN IE R & A T X 7 A D il %
KIFEZ R, 7 r—7 =R X —[L 1.58eV TH D,
FA T 7 ANF, F ORI D 2 SDOWEM Y DB
WENT=, £ T, 2 >OBEHEEREEE AT ¢
T 4 TR EIT o T2, X 13(a)D 29.4 IIm2 D 7 ¢
v T4 TRER (B 78 13, FERERE L SEE
LCW5, 2 BT DFEMTiast, Tsiow (F0 TALEIL 49 ns
& 073 ps LRHii STz,

M 13(0b)iX. 74 v T 4 THERNS 2 B OEIE
Apast, Aglow ZHEEEIZH LT r Yy FLIEHDOT
o5, WT IO HARE BRI (<5)m?) TITHIE
(AN L7z, UL, 10 J/m? (~2.4% photon/Ti site) LA
LR A R ST, SRR E LT,
S ¥ U THED b T v TN OE & Bl 72 A]
HEMENE Z DN D, 5% K—7 D Rh*SITIOg 121 5
Ti* & Rh®* DAMEL D 752§~ ClEH KRBT K - THiE 5



15 T T T ]
C) @ —296Jm? ]
a 1L 20.7Jm2 ]
o I —148Jm_ ]
SO f —5.923/m’
= 0_5: —1.48 J/m
0 4 6 8
Delay Time (us)
[ T T T T 2 ° T T T T T
(] B o_| c) T
s 1r® > 18 . O,
= | o ©
s L 4 w 1.6 o —
E . T
3 0.5 o’ 1 e 1_4__ -
9 I o ] 1.2t .
o 1o ] 1‘ R R R
0 10 20 30 0 10 20 30

Excitation Density (J/mz)
14: LSAT EMR EIZ/ER L 7= Rh**(5%):SrTiOs I
BT 5. 1.58eV DBERINEY A F I 7 ZADRHEE
B, () ¥4 F I 7 AOREEEEFSE, (b)
RiE., BEQ (c) FhnDRhEE ERIFME,

EF 25 L, Rh¥*:SITiOs X SrTiogsRhoosOs.0025 & & 5 1
Ind, T7hbbH, Ti A MO 25%DEF KIEN
FET Do Z OMEIE. @ EWRIARIE 23 B9~ 2 ik 2
L —HT5H, Vo BELTTRTHAEIND L, Vo
M OARER ~DOEB LR & T 5550
Do

13(0) D Pk & BALIE, 2 BSr D b Agow/ Afast TH
%o KL Clddgew S 2~3 fERE WV, L,
Jih 2 BE D HEINZ U723 © CApaee AR HIIC K & <
72V, 8.0J/m? (~1.8% photon/Ti site) T#x/ME 0.8 %
L olz, mNEEE T, MEAXIZFELI o7,
2 ODFMDRIR DWW DFET DI LMD, 2
O N7 v TENDFIET DB DbND, F—F
VTN R o T AR S VT iR 3R R YERL 23 % D
HHeBEM oD, 7272 L, BEXKBICL > TERS
NAEMN DT XL E—ZONWTITERN D D
[29,33,34], £7-. KT R L X —2B 1T HIRIELA S

12

T Tgow D b T v THERLDIE D DI F M Teaee D UENL K
DVEFE T TLRT WV E VR D, EEO AR
IS K7 & OFEF IR EHEE E o YR Tk =
DI Tgow? N7 v TGP BEE R E| 2 72 LT
WHEZEZ LD,

13(C)1 . Trasts Tsiow PN KT TH 5,
F LI EE OB AL > TR LT, Afast, Aslow P
fafnd L Hiz, FNZEN~50ns, ~0.7 pus O—EMEIZIY
WL, JAED N7y 7NN EFTEAIELZ L
IR A LT RDIENRBRIND, 725,
1.26 eV 7R —T7 BN\ Th, AR FhE K7
BIF BT, Fo, LSAT EROREHI B W T Rk
Thol,

WA Rh*:SITiO3 MERR O T AR M WL IR O il L 7
REMEIZ OV Cigim ™ 2. X 14(a)i2. Rh*":SrTiOs
B (LSAT Jtk) 12317 2 ARIMEIERIN & A F X 7
2 DR AR FEME 2 R T, 14(a) TE v 7 A TR
SITHRIT, H— DFEE AT K DR/ 7 4
VT AT DORRTH Y ERFERE L HEHL T
%o B 14(b),(c)iE. EIEIEITIZ K> TH LR
g, FmOREEERFETH D, Fmid, BEEE
2k L TR &2 IZHER L, 15.0 Ym2 LA ECliE 1.7 ps TlE
E—E Lol 12(c) T/r LTcfE R L 0 BFmik
LTWDJRAE L TIERAEIC K 2BEE IS
EDBNEZDLNDN, BRDOIBEEDLETH D,

MIRHRIE 1, v 7 O TR SNz BIRILR © &
<HBINTWD, RKREBE 29.4 Jm?* (~6.7%
photon/Ti site) T & IRME D EIFIN L & 72wy [[X
14(0)]. EFZ b7 > I DN OEERIEF &
ZLERET D, TORNRBEAHTHD RhDIELE
REHERLIX, 1V A BTV LBEOETE T v
TZ5 [7], 3722bb, 5% K—7D%H4E Ti 1 MK
D 5%DETH NIy TED, 5%EEXD 6.7%
photon/Ti site D JhELH I35\ C & b LI A3 fafn

L722ro Tl 2 & iE, R EE O/N S W~ F ¢ U
THHE T v I XD AHEMERH B,



6.4 FvUTEAFTIHRESMETYE

YL Eo3EEGERE 5F 2. Rh R—7 SITiOs 12317
%X VT HAF IR ERMETEEORRIZ O
Tifim 5. X 151%, Rh K—7 SITiO3 ® T F /L ¥ —
WG E XX VT4 AF I 7 AOHEKKTH 5,
Rh*:SrTiO; Ti, Jehihie S L7584 O EE 115 0.46 ps
DFEMTX v v 7ROk EERMPUERIZ ST v
Ens [IK15@)], FEFICHENEMOLD, BETDOS
SIHERMIZRET LR M Ty TENTLED
LEZOND, HEEAAMPENOEF 1T, 1 ps FRE
DOFm TMEFHOELEFHHEET D, hT7 vy T Eh

T~ EBTIE e RS A - TR EICELET S 2 L
TER, Ty THNMMRERDEND 1.5 eV &

W<, BICphECcCERWEDTH D, ok,
Rh**:SITiO; ML M W iR 2 E TIER S TWwW o 7z
W, BERKBOEBIVRNEEZLND,

— 77, RR*:SITiOs Tl Jlahid S 7oAy D&+
1%2ps H2DHWNE10ps DFEAM TE ¥ v THNOHENLIT b
Tyv7rEigd [K150)], =Dk, N7y INTE
F1EL 50 ns & HWNE 0.7 ps DFM CTHAEST D, 72
bbb, b T FOREIT 2 OIFET D 2 LRI S
Do TDOHNRBEROOE DITMRFERBUENTH 5,
Vo IHMEEH DIRITEWLEICH D720, B I13HMsE
HICEBOIZhE CE 5, 1T E A LD 7 v 7 &N
TWAH7e THz HOIE & L CIEERIZITEIR S
NERVREBEFE NI v 7&Y U —AMEEHITL > TH
EIZEIEE L D 5, BBRKIBOFEN Rh K—7 SITiO;
WCBTDXY VT HAF 7 AHABIEMEICEE
B EREL TS EBRIBEI D,

SITIOs 2%, SEIFRILEEA MM E LT F—T
THZENARTHD, T, KX r VT X AT
7 ADBLED G, SRR B 729D SITiOs 12
R—=T7F 5 FEONI T _EREE LTUUTD 3 1
IZDOWTEET S,

OFET AN FFx v FOHNE IR EAEE %
e LW LD b, EEFEEMNR T Y v 7

13

(a) Rh4*:SrTiO4 (b) Rh3*:SrTi0,
CB CB
~10 ps Thermal
~0.3eV ] Excitation
15eV ~1ps } Vo level
L;‘ N Er
27ev| “~lus 2.3eV ~1 ps
I
VB VB
Possibly Low Vo Possibly High
Y density yrig

X 15: Rh:SITiIOsDF ¥ U 7 ¥ A F I 7 ADOEKK,
(a) Rh*:SrTiOs. (b) Rh3*:SrTiOs, CB: f=i##, VB:
BT

HFUZIEVIE &, X v U 7 oFMITEL 25
[36]. £72. NI v TSN EBFITREWICNT v T %
WFHZ R TERWZD RECEET LEFHE
FELLEASED, ZhiE, AEBRO Rh:SITiOs D
X ¥ v TN LA RMDIEN OGS IRIRT D,
@WIz, R—,0 b3 W b T v TN E TR T D
ZERET BN D, RhSITIO DA IR KIANZ
DEFERIZLTWD LEZEZX DLNDH, BRITZEH
(L T & 2 RE DR WIEMITE - OEK T ~DBE)
T 7R AREHE ORI < AZFEHAIRREE KT D
AL, SEBETEVEE OB DR L 7 B &
b, ZOBEPDIE, L0 AL "N ITF AU F
721X 3 i B U A A F A& SITIO I K—E v
TN, BEXKENEAIND 2D (B
FEEROTZD) | ATHDL LEZZDND,
@IBIZ, A ¥ ¥ v 7D SITiOs (2, Al
EMEEAE LK AV X — BB Eam E S
L 72®IZi%, Rh¥* D X 95 el s 745 Lbisl 5 A AR
WML Z BT D R—80 RAMFE LU,



7. #EER
ABHETIE, ARG EEEZ AT S Rh K=

SITiOs [ZHI1T D HABITEME E T VT XA F 27
A D BREIZ DWW T AT, THz #F ORI 45 Y61

STHHF ¥ U 7 OINEZ RIS, e Shiz
X U 7, Rh*™:SITiOs DE 1 ps LA, Rh%*:SrTiO;
@%ﬁwmﬁfrTmmm BN FINE RS . T
BB Ry v THNO N7 TN S 1
D T ENH BT o T, ITARIMETER IS5 't DR
225, Rh*™SITIOs D ¥+ U 71X, F ¥ » 7 WIZ
FETDHZEOAMMMENIC N T v T END Z & &R
THERZ G2, T OARMPEMIIMRER DJENS 1.5
eV LW R XF—YERIAE(ET D7D, —E T
v I EINTF v U TR RER ISR S D
EWMTES, MBI HFE LRV, — .
Rh**:SITiOs IZ B W T AL P RN S EHAEET D &
EZONDOBERBENNETEZ N T v T TDHEE
26D, BRFEKBEMITIEBNEN T v 7 TH D
D EFIELFN7y7&Y V—RAEEIT L > TRET
& RS Z 2 REICEFEL O D, DED,
Hx v VT HAF I 7 ZADB A BT, Rh*:SITIO;
& Rh3*:SITiOs OIEAMBEIE M DR WL, N R
vy 7RO T v FEMOERSITERLTWD Z
ENRSRIBE D,

8. SHRORE
S AWEIZBIT A2 XY VT XA F I A% X

D EERNCHA S22 5 72012iE, RSN (0.2eV 72
) 1T 2RI a2 W ed v U 7 24 F 2
I ADBNEETHL LB BND, ¥ v U T ih
LT & 2 RS DI RN AL A B S 2 LT
Lo T RR*SITIO BT DET b7 » THEMOME
DL D EMFFEIND,

BB RBAHOEIL, SESERRTA—F %
RICANCHIIE T2 Z & NATRE T 0 | St o i<
ANZALEMATH-DICEHATHLEEZ LN

14

Do £z, AEAWIRHETFIEL, ¥ v VT H AT
R A EAEBITE D2 LD, Fa OO
ISRE 2 B 5 L CHERERE 5 2 D @RI
DL DFY VT HAFTI 7 ZADMPIZ L - T
fil i D JF BRI & &b I WEBRR ORI iER MG
o LHIffEND,

9. i

FEHE Ch L MAHRR., HHEERLR LY ¥
T — BRI RO x4 CTHERERE SET
W E BEL OME b WX E LR, WA - &
HAFFER BB D R FHiZ I3, THz @IS
WD TIECONTHE 2 W& E Lz, REZRND
ZOXHE E@%A%ﬁszttthmW7
07T ADORAEFITHLE SR L LT £,
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In the water splitting by photocatalyst, photo-excited electrons and holes reduce and oxidize water to

hydrogen and oxygen, respectively. Recently, photocatalytic activity was reported on transition-metal-doped

SrTiOs thin films. In particular, Rh®*:SrTiO3z shows high photocatalytic activiy, while Rh*:SrTiO; becomes

photocatalytically inert. To clarify the origin, we evaluated the dopant effects on the photocarrier lifetime

and dynamics by transient absorption spectrocopy. Results of the terahertz transient absorption spectroscopy

indicated that photoexcited electrons by ultraviolet light (4.65 eV) are trapped by in-gap states in ~1 ps for

Rh*:SrTiO; and ~10 ps for Rh3*:SrTiO3. Near-infrared transient absorption dynamics revealed that the trap

levels are unoccupied midgap Rh** states (~1.5 eV) and oxygen vacancy levels Vo (~0.3 eV) for Rh**:SrTiO;

and Rh3*:SrTiOs, respectively. Trapped electrons in the shallow Vo can be thermally excited to the

conduction band and reach the surface catalytic sites. The difference of photocatalytical activity in Rh-doped

SrTiOz should be ascribed to the difference in the deepness of electron trap levels.
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Judging from the results so far, he proposed that the dopant-
induced levels play crucial roles in the photocatalytic
activity, since the photocarrier lifetime should be strongly
influenced by the dopant levels.

Masato Sotome: his major is solid state spectroscopy
experiment. His current research is on the time- and space-
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MS. We deepened discussions through the several times of

sample fabrication and evaluation.
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Figure 1: Energy level structure of Rh-doped SrTiOs

[7]. The background pictures are powder samples.

3. Introduction

Photocatalytic water spitting offers a way for harvesting
solar energy by producing hydrogen from water. In the
water splitting by photocatalyst, photo-excited electrons
and holes reduce and oxidize water to hydrogen and oxygen,
respectively [1-3]. Such photocatalytic water splitting has
been investigated in various semiconductors with large
band gap energy, which exceeds the oxidation-reduction
potential of water. Among them, titanate such as TiO, and
SrTiOz shows high photocatalytic activity [1,4]. However,
the large band gap energy (3.2 eV in SrTiOgs) is a
disadvantage for the efficient conversion of solar energy,
which is mainly distributed in visible region [5]. Owing to
the optical transparency to visible light, only 6.8% of solar
energy can be used in water splitting by non-doped SrTiOs.

Impurity doping in wide band gap semiconductors
induces in-gap occupied states. The dopant-induced in-gap
states effectively reduce the band gap energy, and enable
the excitation of electron-hole pairs by visible light
illumination. This strategy has been widely applied for
various wide-gap semiconductors to enhances the
responsivity to visible light [2,3]. One of the authors (SK)
has investigated the dopant effects in SrTiO; with the

dopant of transition metal elements such as Rh and Ir [6].

In the study, epitaxial thin films were fabricated by pulse
laser deposition [6,7]. The valence of the dopant (+3 or +4)
was controlled by the oxygen pressure in the growth process.
Figure 1 shows the energy level structures of Rh**:SrTiO;
and Rh*:SrTiO; evaluated by soft X-ray spectroscopy [7].
Rh**:SrTiO3 and Rh3*:SrTiOs show purple and yellow color,
respectively (Fig. 1). Because of the formation of occupied
impurity levels just above the valence band maximum,
photo-excitation of electoron-hole pairs occurs by visible-
light illumination with the photon energy of >2.7 eV for
Rh*:SrTiOs, and >2.3 eV for Rh3*:SrTiOs. However, the
photocatalytic activity is strongly dependent on the Rh
valence; Rh®":SrTiOs shows high quantum efficiency of
hydrogen production by water splitting, while Rh**:SrTiOs;
becomes photocatalytically inert [7].

The photocatalytic activity strongly depends on the
dopant elements and their valence in SrTiOs [4,8-15].
Various reasons have been proposed for the dopant-
dependent activity: reduction of Ti** density by oxygen
vacancies, inactivation of recombination center, and doped
sites dependence [7,12-15]. However, those factors are
complex and mutually correlated, experimental evaluation
of the determining factors and clarification of optimum
doping conditions have been difficult.

Photocarrier transport to the surface is one of the
elementary processes of the photocatalytic water splitting
[4]. Thus, photocatalytic activity of a material should be
strongly influenced by the photocarrier lifetime and
dynamics. Observation of the photocarrier dynamics by
transient optical responses in various energy and time scales
will reveal the origin of the dopant valence dependence of

the photocatalytic activity in Rh-doped SrTiOs.



4. Purpose

The purpose of this work is to clarify the relation between
the photocarrier lifetime and the valence of the dopant (Rh**,
Rh%). We aimed to reveal the origin of the dopant-
dependent photocatalytic activity in Rh-doped SrTiOs; by
observation of the ultrafast photocarrier dyanamics. We
conducted optical-pump terahertz-probe ultrafast transient
absorption spectroscopy and microsecond near-infrared
transient absorption spectroscopy. Terahertz spectroscopy
enables us to reveal the ultrafast free photocarrier dynamics
in the conduction band with a time resolution of ~1 ps.
Microsecond  near-infrared  spectroscopy  provides
information on the roles of in-gap states in the

recombination process.

5. Experimental
5.1. Sample Fabrication

We fabricated non-doped and Rh-doped SrTiOs epitaxial
thin films by pulse laser deposition. Thin film samples are
suitable for the investigation of the intrinsic photocarrier
dynamics of a material compared to the powder samples,
since the undesirable effects such as grain boundaries and
surface defects can be made small. In addition, we can
regulate the shape and crystal quality among samples by
selecting appropriate growth conditions, even if different
elements are doped. Thus, epitaxial thin films are superior
to powder samples for the precise control and evaluation of
material properties.

SrTiOs; substrates cannot be used for the terahertz
transient absorption spectroscopy, since SrTiOsz has high
dielectric constants in terahertz region [16]. Thus, we used
(LaAlO3)o3(SrAlosTaos03)o.7 (LSAT) substrates (thickness
of 0.5£0.05 mm, Shinkosha) for thin film samples for the
terahertz spectroscopy. LSAT is transparent to the terahertz

waves [17]. We controlled the Rh valence by tuning the

1.55 eV
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regenerative
amplifier
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(4.65 eV)

Airplasma <7 THz pulse

Figure 2: Schematic illustration of experimental setup
of optical-pump terahertz-probe transient absorption

spectroscopy. THG: Third harmonic generation.

growth condition: temperature of 700 °C and oxygen
pressure of 10 Torr for Rh3 :SrTiO3, 700 °C and 10! Torr
for Rh**:SrTiOs [6].

5.2. Optical-pump Terahertz-probe spectroscopy
Free electrons in semiconductors show characteristic
optical response (Drude response) in terahertz region (0.1-
10 THz) by intraband transition [18]. Since the time
resolution of ~1 ps can be achieved, terahertz frequency
region is suitable for the observation of ultrafast
photocarrier dynamics in semiconductors [19]. We
conducted ultraviolet-pump terahertz-probe transient
absorption spectroscopy to clarify the ps-ns dynamics of
photo-excited carriers. Figure 2 shows schematic
illustration of the experimental setup. Electron-hole pairs
are generated by ultraviolet ultrafast laser pulse irradiation,
and probed by terahertz pulses after the time delay of tg.
This method enables the observation of photocarrier
dynamics in the conduction band with high time resolution

(~ 1 ps). We used a Ti:Al,O3 regenerative amplifier system
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Figure 3: Schematic illustration of the measurement of

terahertz transient conductivity spectrum.

(pulse power of 0.8 mJ, photon energy of 1.55 eV, pulse
width of 130 fs, repetition rate of 1 kHz) as a light source.

A part of the laser pulse was used to generate the
terahertz pulse. We employed laser plasma generation
method. In this method, a femtosecond laser pulse is
focused in air with its second harmonics generated by
passing through a BBO (beta barium borate) crystal,
making air molecules plasma. Electric field of the light
drives free electrons in the laser-induced plasma, which
generates transient current. The time variation of the current
causes emission of terahertz waves [20,21].

Terahertz waves passing through the sample were
detected by electro-optical (EO) sampling method. This
method utilizes the Pockels effect in non-centrosymmetric
crystals [22-24]. Electric field of the terahertz waves
induces birefringence in an optically isotropic EO crystal by
the  Pockels effect. The terahertz-field-induced
birefringence is probed by a femtosecond optical pulse; the
polarization state of the optical pulse is changed from that
without terahertz electric field by the birefringence. Since
the change of the polarization angle is proportional to the
terahertz electric field, we can measure the terahertz electric
field by analyzing the polarization angle. Since pulse width
of the sampling pulse (130 fs) is much shorter than the
period of the terahertz pulse (~1 ps), temporal waveform of

the terahertz pulse can be obtained by scanning the arrival

time of the sampling pulse. We used a 1.0-mm-thick ZnTe
crystal as EO crystal.

Figure 3 shows schematic illustration of the measurement
of the terahertz transient optical conductivity spectrum. To
observe the transient light absorption by photo-generated
carriers, we measured the temporal waveforms of the
terahertz electric field with and without the pulp light, and
obtained the amplitude difference AE..(t) . Third
harmonics (4.65 eV) of the laser pulse was used as the pump
pulse. Since the penetration depth of the pump pulse [L =
25 nm (Refs. 25,26)] is much shorter than the wavelength
of the terahertz waves, the transient complex optical
conductivity Aé(w) is given by [27]

2€,c\eE AE . (w)

AG(@) = ~—TF @)’

€y

where, €, ispermittivity of vacuum, c is the speed of light
in vacuum, and ¢ ~ 200 (Refs. 16) is the dielectric constant
of SrTiOzin terahertz region. Since the arrival time of the
pump pulse can be controlled by a delay stage (Fig. 2), this
method enables us to obtain A&(w) after t;. All the
experiments were conducted at room temperature. The
spectrum measurements were performed in dried air box to
eliminate the absorption of terahertz waves by water vapor.
5.3.  Microsecond Near-infrared Transient
Absorption Spectroscopy

The pump-probe spectroscopy using femtosecond laser
pulses enables the evaluation of ultrafast photocarrier
dynamics with high temporal resolution. However, the
measureable time range is limited by the length of the
mechanical delay stage, which is typically <10 ns.

In order to reveal the photocarrier dynamics after 10 ns,
we performed transient absorption spectroscopy using

continuous wave near-infrared light from a semiconductor
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laser diode [28]. Figure 4 shows the schematic illustration
of the experimental setup. We irradiated the pump pulse on
the sample monitoring the intensity of the transmitted probe
laser light. Photo-induced change of the transmittance was
recorded by an oscilloscope. The pump pulse was the third
harmonics (4.65 eV) of the femtosecond laser (1.55 eV) as
in the terahertz transient spectroscopy. The probe photon
energies were 1.58 eV and 1.26 eV. Time resolution of this
measurement was evaluated to be 3 ns, which is determined
by the response time of the electronic circuit (detector,

signal amplifier, and oscilloscope).

6. Results and Discussion
6.1. Optical Spectra

Figure 5(a) shows transmittance spectra of Rh-doped
400-nm-thick SrTiOsz thin films deposited on SrTiOs;
substrate. SrTiOs substrate is transparent to visible light,
because its band gap is 3.2 eV [25]. Thus, the decrease of
transmittance below the band gap energy is due to reflection
at the air interfaces. Rh-doping caused decrease of
transmittance in the visible region as shown by the purple
(Rh**) and yellow (Rh*) lines in Fig. 5(a). The absorption
coefficient o spectra of the thin films can be calculated from
the transmittance changes, because there is no impedance
mismatch between the thin films and the substrate.

Figure 5(b) shows calculated o spectra of the Rh-doped

films. a spectra agree well with the previous study [7] for
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Figure 5: (a) Transmittance spectra and (b)
absorption coefficient spectra of Rh-doped SrTiOs
thin films. Substrate is non-doped 0.5-mm-thick
SrTiOs.  Rh*  (5%):SrTiOs  (yellow). Rh*
(5%0):SrTiOs (purple).

both Rh**- and Rh%-doped samples. Rh**:SrTiO; showed
broad absorption peaks centered at 1.2 eV and 2.2 eV
[purple line in Fig. 5(b)]. Considering the energy level
structure illustrated in Fig. 1, the absorption peak at 1.2 eV
can be ascribed to the transition from the occupied ingap
state just above the valence band to the unoccupied midgap
state (d-d transition) [see Fig. 1]. The absorption at 2.2 eV
may be related to the transition from the valence band
maximum to the unoccupied impurity state. Increase of «
above 2.7 eV should be ascribed to the transition from the
occupied impurity level to the conduction band.

Regarding Rh3*:SrTiOs, o gradually increased above the
photone energy of ~2 eV. The imprity-induced absorption
should be assigned to the transiton from the occupied

impurity states to the conduction band (2.3 eV). Light
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absorption below 2.0 eV may be related to oxygen vacancy
levels. Similar midgap absorption in this wavelenth region

have been reported on reduced SrTiOs. [29].

6.2. Optical-pump Terahertz-probe spectroscopy
6.2.1. Waveform and Power Spectrum

Figure 6(a) shows the temporal waveform of the terahertz
probe pulse. Terahertz waves passing through the sample
(red line) showed delay of ~7 ps compared to the terahertz
wave without sample (black line). It is due to the increase
of optical path length by the LSAT substrate. Amplitude of
the terahertz waves became one fifth due to the reflection
loss and absorption in the LSAT substrate. We evaluated
time resolution of the transient absorption measurement to
be ~1 ps from the pulse width of the initial waveform. To
evaluate the measurable frequency range in the transient
spectroscopy, we performed the Fourier transform of the
waveforms in Fig. 6(a). Figure 6(b) shows obtained power
spectra. Compared to the initial spectra [black line in Fig
6(b)], Intensity above 2.5 THz decreased to the noise level
due to the absorption by the LSAT substrate (red line) [16].
The probe pulse contains intensity in 0.5-2.5 THz (2-10
meV).
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Figure 7: Transient terahertz absorption dynamics of
Rh-doped SrTiOs thin films. Excitation density is 27.8
J/m? (0.062 photon/Ti site). Non-doped SrTiOs (black),
Rh3*(5%):SrTiOs (red), Rh*(5%):SrTiOs (blue). Film

thickness is 100 nm.

6.2.2.  Transient Terahertz Absorption Dynamics
Figure 7 shows the transient absorption dynamics in 0.5-
2.5 THz for non-doped SrTiOs, and Rh*(5%):SrTiOs, and
Rh**(5%):SrTiOs. The optical density change AOD was
measured at the peak of the terahertz waveform scanning
the pump-probe delay tq4. After the photocarrier generation
at 0 ps, AOD increased in all the samples. Photo-induced
absorption (PIA) in the terahertz frequency region can be
interpreted as intraband transition of free electrons in the
conduction band [18]. However, the amplitude and the
decay time depend on the valence of the dopant. Two decay
processes with a lifetime of 2 ps and 10 ps can be discerned
for the dynamics in Rh3*:SrTiOs. AOD at 0 ps is close to
that of the non-doped thin film. Thus, most of the photo-
excited electrons reach conduction band minimum exhaling
excessive energy to phonons. In contrast, the AOD signal
became almost zero only 1 ps after laser irradiation for
Rh*:SrTiOs. The result of least square fitting by an
exponential decay considering the finite time resolution (~1
ps) suggests that the initial value AODy = 0.008, and the

lifetime 7 is 7 = 0.46 ps.



This indicates that electron trapping or recombination
process becomes very fact (<1 ps) in Rh**:SrTiOs.

AOD signal in non-doped SrTiOs decreased one third of
the initial value at 30 ps (Fig. 7). Previous studies on
photoluminescence of non-doped SrTiOsz evaluated the
carrier recombination time to be 60 ns [30,31]. One
possible reason for the short electron lifetime on the
conduction band minimum is the electron trapping by
oxygen vacancy levels (Vo). The non-doped SrTiOs thin
film was deposited with growth temperature of 700 °C and
oxygen pressure of 10 Torr. The low oxygen pressure
induces high Vo density [12]. The other reason may be
electron trapping by lattice defect levels. SrTiOs thin films
on LSAT substrate may have defect levels since there is
slight lattice mismatch (0.95%) between the substrate and
the thin film. The electron lifetime on the conduction band
will approach to 60 ns if appropriate growth condition

minimizes the number of those trap levels.

6.2.3. Excitation Density Dependence

Figure 8(a) shows the excitation density dependence of
the terahertz AOD dynamics in the Rh3*:SrTiOj3 thin film.
As the excitation density increased, the AOD amplitude
became larger, since the number of the photo-excited
electrons is proportional to the excitation density. We
observed two exponential decay components with a lifetime
of ~2 ps and ~10 ps for all excitation densities. To clarify
the excitation density dependences of the two components
in detail, we performed least square fitting of the AOD
dynamics by the sum of two exponential decay functions.
This well reproduces the AOD dynamics of 27.8 J/m? as
shown as the pink line [Fig. 8(a)].

Figure 8(b) presents the excitation density dependence of
the initial AOD amplitude of the two components. Linear
fits well reproduce the results as indicated by solid lines in
the Fig. 8(b).
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Figure 8: Excitation density dependence of the

terahertz photo-induced absorption (P1A) dynamics in
Rh*(5%0):SrTiOs thin film. (@) PIA dynamics for
various excitation densities. Pink line is the least square
fitting for the dynamics of 27.8 J/m? by two exponential
decays. (b) AOD amplitude of long (red) and short
(blue) lifetime components. Solid lines are linear fits.
(c) Excitation density dependence of the two decay

components. The solid lines are only guides to the eye.

Figure 8(c) shows the excitation density dependence of
the decay time of the two components. The previous study
on photoluminescence of non-doped SrTiO;z clarified that
the recombination time of electrons in conduction band and
holes strongly depends on the excitation density [32]. The
carrier density n depencece of the recombination time 1
becomes 7 « 1/n% for n > 10* cm®, since the Auger
recombination process becomes dominant above n = 10%°
cm® [32]. The maximum excitation density of our
experiment (27.8 J/m?) correspondston=1.1 X 10% cm?3,
Thus, it is possible that the Auger recombination time fall

to the order of 1-10 ps. However, both of the observed
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Figure 9: (a)-(f) Transient complex optical conductivity
spectra of Rh%(5%):SrTiOs thin film with a pump-
probe delay of 2, 4, 6, 8, 10, and 12ps, respectively.
Excitation density is 16.3 J/m?. Real and imaginary

part are indicated by red and black circles, respectively.

lifetimes were constant up to 1.1 X 10% cm™ [Fig. 8(c)].
Thus, the origin of the two signal decay cannnot be
explained by Auger recombination, but should be related to
elecron trapping by midgap states.

The characteristics of the photocarrier can be discussed
by transient absorption spectra. Figure 9(a)-(f) show
AG(w) spectra of Rh3*(5%):SrTiO; at 16.3 J/m? (3.6%
photon/Ti site) with t4 = 2. 4, 6, 8, 10, and 12 ps,
respectively. Real part of A6(w) spectrum at 2 ps kept
constant positive value, while the imaginary part increased
with frequency [Fig. 9(a)]. Such a spectrum can be
qualitatively exprained by the Drude model, which

describes the optical response of free carriers [19] :
cw; 1
ro_ie

r
where, I"is damping constant, w, is plasma frequnecy. In

(2)

Gprude (@) =

the later time, amplitude of the real part decreased keeping
the flat spectral shape. This corresponds to the AOD

dynamics and the decrease of the free electrons. The
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Figure 10: (a)-(f) Transient complex optical
conductivity spectra (ta = 2 ps) of Rh¥"(5%):SrTiOs thin
film with a excitation density of 16.3, 13.9, 9.29, 4.65,
2.32, 1.16 J/m?, respectively. Real and imaginary part

are indicated by red and black circles, respectively.

imaginary part spectra became small with time relatively
slowly compared to the real part. As a result, the real and
imaginary parts crossed each other in the measured spectral
window (0.5-2.5 THz) in tq > 8 ps [Fig. 9(d)-(f)]. The
crossing frequency corresponds to 7”in the Drude model [eq.
(2)]. Therefore, carrier scattering rate monotonically
decreases with time and becomes ~2.0 THz after 8 ps. Such
a carrier density dependent scattering rate was reported in
Si and TiO; [27]. There are three possible reasons. One is
decrease of the carrier-carrier scattering rate with the
dilusion of free carriers as in the case of Si and TiO; [27].
Secondly, decline in carrier density makes Fermi energy
decrease, resulting in the slower Fermi velocity and lower
photon scattering rate. Thirdly, it should be noted that
electron trapping by midgap states occurs in the highly
doped SrTiOs. If the electron traps are positively charged,
elctron trapping (free carrier reduction) neutralizes the trap,
resulting in the decrease of the ionized impurity scattering

rate.



Influences of trap levels on the AG(w) spectra can be

evaluated by the excitation density depencence of the specra.

Figure 10 shows excitation density depencence of the
AG(w) spectra of Rh3: SrTiOz at 2 ps. In the higer
excitation densities [Fig. 10(a),(b)], the imaginary part
increased with frequecy, while the real part shows flat
spectra. The results are in good qualitative agreement with
the Drude model [eg. (2)]. In lower excitation densities,
spectra of the imaginary part became flat and finally
decrasing spectral shapes [Fig. 10(c)-(f)]. Neverthless, the
real part kept the flat spectral shape. Those spectra cannot
be explained by the simple Drude model. Such a negative
imaginary part may be ascribed to photo-induced
absorption in mid-infrared region. The tail of the absorption
could be observed in the terahertz region. Those spectral
changes suggest that there are a certain number of electrons
trapped by midgap states within 2 ps for Rh®*:SrTiOs. Mid-
infrared transient shsorption spectroscopy will reveal the

origin of the AG'(w) spectra.

6.3. Near-infrared Transient Absorption
6.3.1. Transient Absorption Dynamics

Figure 11 shows time evolution of the near-infrared
transient absorption in Rh-doped SrTiOs thin films. We
also measured the dynamics in the non-doped SrTiOs;
substrate to evaluated the lifetime of carriers in the substrate
[Fig. 11(a)]. Photo-induced absorption was observed at 1.58
eV with a decay time of ~30 ns in the non-doped SrTiO3
substrate. This decay time agrees well with the electron-
hole recombination time (~60 ns) revealed by
photoluminessence [32]. The slight diffenrence may be
attributed to the excitation photon energy; higher photon
energy results in shorter lifetime [32]. The absorption
increase should be due to the intraband transitnon of free
electrons, since the non-doped SrTiOs has low densitiy of

electron traps.

SrTiO; Substrate |
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Figure 11: Transient absorption of (a) SrTiOs
substarate, (b) Rh®(5%):SrTiOs (400 nm), and (c)
Rh*(5%):SrTiOs (400 nm) on SrTiOz substarate.
Excitation density is 29.7 J/m2.

Figure 11(b) presents the transient absorption dyanmics
of Rh3*:SrTiO; on SrTiOs substrate. Since the thickness of
the film (400 nm) is much longer than the penetration depth
of the pump light (L = 25 nm), we can ignore the direct
photoexcitation of the substrate. After the photoexcitation,
AOD increased for both 1.26 eV and 1.58 eV. The decay
time is ~0.7 ps, which is much longer than that in the SrTiOs
substrate. The decay time difference indicates that the AOD
increase in Rh*":SrTiOs is not due to thermal effects, but
due to photoexcited carriers. This result clearly shows that
the photo-generated electrons are trapped by midgap states
up to ~0.7 ps. The energy of the trap levels from the
conduction band minimum may be within 1.26 eV, because
PIA was observed at 1.26 eV. Those PIA should be
attributed to the transition from the trap levels to the

conduction band.
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Figure 12: Transient absorption of (a) LSAT
substarate, (b) Rh%*(5%):SrTiOs (300 nm), and (c)
Rh*(5%):SrTiOs (300 nm) on LSAT substarate.

Excitation density is 29.7 J/m?,

A candidate for the electron trap in Rh®*:SrTiOs is oxygen
vacancy. Since Rh®* substitutes Ti** site, oxygen vacancies
should compansate the charge. Stoichiometrically, The
number of oxygen vacancy is half of the number of Rh3*
ions. Oxygen vacancies generate unoccupied midgap states
Vo. Experimental and theoretical studies showed that Vo
energy is ~0.3 eV below the conduction band minimum
[29,33,34], thus photo-excited electrons will by trapped by
Vo.

Figure 11(c) shows the near-infrared AOD dynamics of
Rh**:SrTiOs. We observed AOD increase (PIA) and decrase
(absorption bleaching) for 1.58 eV and 1.26 eV,
respectively. The decay time of the signals was 0.27 ps.
This result indicate that the photo-generated electrons fall
to midgap levels, and recombine with holes in ~0.27 ps. The

energy level structure of Rh**:SrTiO3 (Fig. 1) suggests that
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the midgap impurity level is the electron trap. In this case,
The experimental results are explained as follows. Photon
energy of 1.26 eV just corresponds to the transiton from the
occupied impurity levels to the unoccupied impurity levels
(Fig. 1). 1.58 eV is resonant energy of the transition from
the unoccupied midgap states to the conduction band
minimum. As the occupation number of the midgap states
increases by the photocarrier trapping, probability of the
optical transitions to the midgap states (~1.2 eV) decreases.
In contrast, optical transiton from the states (~1.5 eV)
appears. Since both signals decay with the recombination of
the electrons and holes, the PIA and bleaching signals have
the same decay time.

Next, we discuss the substrate effect on the photocarrier
dynamics. Carieer diffusion to the substrate may occur
when the thin film is deposited on SrTiOs with the same
band gap energy. Free carriers possibly diffuse long
distance in microseocnds. To clarify the substrate effects on
the carrrier dynamics, we also measured the microsecond
near-infrared AOD dynamics of the thin films on LSAT
substrate. The band gap energy of LSAT is 4.65 eV [35],
while that of SrTiOs is 3.2 eV. Photocarrier diffusion into
LSAT substrate can be ignored, since LSAT and SrTiO3;
forms type-1 heterointerface.

Figure 12 shows the near-infrared AOD dynamics of Rh-
doped SrTiOs thin film on LSAT substrate. Photocarrier
lifetime in LSAT substrate was ~2 ps [Fig. 12(a)]. AOD
dynamics of Rh3*:SrTiOs; [Fig. 12(b)] and Rh*:SrTiOs
[Fig. 12(c)] are different in decay time with that of LSAT
substrate, thus the photocarrier diffusion into the substrate
can be ignored. The amlitude, decay time (0.28 ps) and sign
of the dynamics of Rh**:SrTiOs [Fig. 12(c)] are in good
agreement with the sample on SrTiO; sustrate [Fig. 11(c)].
This result indicate that the photocarrier dynamics in

Rh**:SrTiOs is not influenced by the substrate possibly due
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Figure 13: (a) excitation density dependence of the
AOD dynamics of the Rh3"(5%):SrTiOs thin film on
SrTiO3 at 1.58 eV. Excitation density dependence of (b)
AOD amplitude and (c) decay time. Red and blue circles
represent the slow and fast components, respectively.

Open circle is amplitude ratio.

to the immediate electron trapping within the photo-excited
region.

Photo-induced absoption was also observed in
Rh%*:SrTiOs on LSAT substrate [Fig. 12(b)] for both 1.26
eV and 1.58 eV as that on SrTiOs[Fig. 11(b)]. However, the
decay time in LSAT became ~1.1 ps, while it is ~0.7 ps in
SrTiOs [Fig. 11(b)]. A possible reason is electron trapping
by defect levels induced by the lattice mismatch between
the thin film and the substrate. Growth condition control
may provide detailed infromation on the lifetime difference.
6.3.2. Excitation Density Dependence

Figure 13(a) shows excitation density dependence of the
AOD dynamics of the Rh®:SrTiO3 thin film on SrTiO; at
1.58 eV. Two decay components were discerned in the
observed dynamics. We performed least squere fitting by

double exponetial decay functions. This model well
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reproduced the result at 29.4 J/m?as shown in the pink line
in Fig. 13(a). The decay time g5 and 744, Were 49 ns
and 0.73 ps, respectively. In Fig. 13(b), we plot amplitude
of the two decay components Af,; and Agg, from the
fitting results. In the low excitation regime (<5 J/m?), They
increased linearly, but saturated above 10 J/m? (~2.4%
photon/Ti site). The high excitation density comparable to
the doping density may cause total occupation of the trap
levels, resulting in the saturation of PIA. If the valence
difference of Ti** and Rh3* are compansated only by
oxyigen vacancies, 5% doped Rh3*:SrTiOs is expressed as
SrTio.gsRho.0503-0.025. Namely, The oxygen vacancy density
is 2.5% of the number of Ti sites. This density just
corresponds to the excitation density of the AOD saturation.
This supports the view that the electron traps in Rh®:SrTiOs;
is Vo levels.

Black open circles in Fig. 13(b) represents the amplitude
ratio R = Agow/Afast- R is 2~3 below 5 J/m?, while it
decreases with the excitation density and took its minimum
0.8 at 8.0 J/m? (~1.8% photon/Ti site). In the saturate region,
R was constant (R~1). The two decay processes suggests
that there are two trap levels with different lifetime. As
discussed above, oxygen vacancies probably generate those
levels. However, there are controversy on the energy of
midgap states induced in reduced SrTiOs; [29,33,34]. The
long lifetime level is superior to the other level in electron
trapping efficiency, since R is larger than 1 in low excitation
densities. Thus, the long lifetime level should play
important role in the photocatalytic water splitting by solar
light, whose photon density is very low.

Figure 13(c) shows the excitation density dependence of
the decay time tg and g, - They decreased with the
excitation density, and became constant values of ~50 ns
and 0.7 us as the amplitudes saturate. Electron occupation
of surrounding trap levels may promote the recombination.

We observed similar excitation density dependence at 1.26
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Figure 14: (a) excitation density dependence of the
AOD dynamics of the Rh**(5%):SrTiOs thin film on
LSAT at 1.58 eV. Excitation density dependence of (b)
AOD amplitude and (c) decay time.

eV. Moreover, Rh3*:SrTiO; on LSAT substrate showed the
same saturation behavior both at 1.26 eV and 1.58 eV.
Figure 14(a) shows the excitation density dependence of
the near-infrared AOD dynamics of Rh**:SrTiOj3 thin film
on LSAT substrate. The experimetal result at 29.6 J/m?
was well reproduced by a single exponential decay
indicated by the pink line in Fig. 14(a). Figure 14(b) and
(c) show the extracted amplitude A and decay time g,
respectively. z slightly increased with exitation density,
and keeping a constant value of 1.7 ps above 15.0 J/m2.
This 7 value differs from that in Fig. 12(c). Crystal quality
variation in the film may explain the difference, but further
investigation is necessary to clarify this point. A showed
linear dependence on the excitation density without
saturation even for 29.4 J/m? (~6.7% photon/Ti site). This
suggests that the electron trap levels has high density of

states. The unoccupied midgap levels of Rh** can trap one
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electron per one site [7]. In the case of 5% doped sample,
The levels can trap electrons up to 5% of the Ti sites. The
reason for the no saturation above 5% may be the electron
diffusion to the depth direction and trapping in the deep
region of the thin film.
6.4. Photocatalytic Activity and Photocarrier
Dynamics

In the basis of the experimental results, we discuss the
relation between the photocatalytic activity and
photocarrier dynamics in Rh-doped SrTiOs. Figure 15
shows schematic illustration of the photocarrier dynamics
of Rh*: SrTiO; and Rh%*:SrTiOs;. Photo-generated
electrons in conduction band are trapped by the midgap
impurity states within 1 ps in Rh*:SrTiO; [Fig. 15(a)].
For the short lifetime in the conduction band, most of the
electrons will be trapped before reaching surface catalytic
sites. The trapped electrons cannot be thermally excited to
the conduction band, since the trap level is deep (1.5 eV
below the conduction band minimum). Rh*:SrTiO; is
deposited with the condition of high oxygen pressure (101
Torr), resulting in low Vo density. Thus the effect of oxygen
vacancy is ignorable in the photocarrier dynamics of
Rh**:SrTiOs.

On the other hand, photoecxited electrons in conduction
band are trapped by midgap levels in ~2 ps or ~10 ps for
Rh3*:SrTiO;3 [Fig. 15(b)]. The trapped electrons recombines
with holes in ~50 ns or ~0.7 us. There are probably two
types of electron trap levels, which originate from oxygen
vacancies. Trapped electrons in such Vo levels can be
thermally excited to the conduction band, because Vo is
shallow (~0.3 eV). The thermally excited electrons will not
be detected by terahertz transient absorption for thier short
lifetime in the conduction band. Nevertheless, the trap-and-

release transport enables electrons to reach the surface
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Figure 15: Schematic illustration of photocarrier
dynamicsf of Rh—doped SrTiOaz. (a) Rh*:SrTiOs. (b)
Rh%:SrTiOs. CB: conduction band. VB: valence band.

catalytic sites. Thus, Vo states possibly play important roles
in the high photocatalytic activity of Rh®":SrTiOs.

We can dope various elements in SrTiOz and modify its
energy level structure. Here, we discuss three required
conditions of dopants for the higher photocatalytic activity
from the viewpoint of photocarrier dynamics.

Firstly, the dopant should not form unoccupied states

near the center of the band gap as in the case of Rh**:SrTiOs.

When the unoccupied states are near the center of the band
gap, carrier lifetime tend to be short [36]. Moreover, trapped
electrons cannot be thermally excited to the conduction
band due to the deepness of the trap. This prevents the
photocarrier transport to the surface catalytic sites.
Secondly, it is favorable for the dopant to generate
shallow in-gap trap levels. If the trap levels are shallow
enough to allow thermal excitation of trapped electrons,
electrons can travel to the surface by trap-and-release
transport. While impurity states are the candidates, the
shallow traps also can be generated by oxygen vacancies as

in Rh3:SrTi0s. From this point of view, it is effective to
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dope lower valence cations such as univalent cations for A
site, or trivalent cations for B site. Oxygen vacancies are
generated to realize electronic neutrality.

Finally, it is advantageous for the dopant to form
occupied states just above the valence band maximum as in
Rh3*. This allows photoexcitation of electron-hole pairs by
visible light and improves the conversion rate of the solar

energy.

7. Conclusion

In this study, we investigated the relation between the
photocarrier dynamics and the photocatalytic activity of
Rh-doped SrTiOs. Transient absorption spectroscopy in the
terahertz region revealed that photocarriers are trapped by
unoccupied in-gap states in ~1 ps and ~10 ps for
Rh**:SrTiOs and Rh3:SrTiOs, respectively. The results of
near-infrared transiet absorption measurements clarified
that the electron trap levels in Rh*:SrTiO; are the
unoccupied impurity states with a recombination lifetime of
~0.3 ps. Trapped electrons loses photocatalytic activity,
since they cannot be thermally excited to the conduction
band due to the deepness of the level (~1.5 eV). In contrast,
oxygen vacancy levels trap photoexcited electrons in
Rh3:SrTiOs. Since the oxygen vacancy levels are relatively
shallow (~0.3 eV), trapped electrons may reach surface
catalytic sites by trap-and-release transport. Therefore, the
difference in photocatalytic activity between Rh**:SrTiO3
and Rh®*:SrTiO; can be asctribed to the difference in the

electron trap deepness.

8. Future Prospects

Mid-infrared transient absorption will provide detailed
information on the photocarrier dynamics in this material.
In particular, characteristics of the electron traps in
Rh3*:SrTiO; are expected to be clarified by the mid-infrared

response. Generally, thin films of transiton metal oxide has



an advantage in precise control of the material properties,
which enables the detailed clarification of the
photocatalytic characteristics. The evaluation methods in
this work are suitable for the invesitgation of photocarrier
dynamics and photocatalytic reaction processes in various

materials.
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