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BE, AIARSEH LR T (synchrotron radiation photoemission spectroscopy, SRPES) B fr, % 4
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15min G, YWMRABEETN A THFELZ 2.8X10° ions/cm? B, BES CST WG BEFEW i, 4+
R CST B EXAXE MM, A" B EF CeO, XAHRTR, BRHTHERANERETUR LA BT £
W, 23 15 min® Ar" B4, BREXGHERT AL 0.74 nm 1§ CeO,. B. HEE®R. Ar" BEE—F
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Reduction of Ce0,(111) film by low energy Ar™ sputtering

WANG Guodong, KONG Dandan, PAN Yonghe, PAN Haibin, ZHU Junfa

(National Synchrotron Radiation Laboratory s University of Science &
Technology of China, Hefer 230029, China)

Abstract: The structure and electronic properties of epitaxial grown CeQ, (111) thin films before and
after Art bombardment have been systematically studied in situ with synchrotron radiation
photoemission spectroscopy (SRPES). Under the condition of the energy of Ar ions being 1 keV and a
constant current density of 0. 5 pA/cm®, Ar't bombardment of the surface causes a new emission
appearing at 1. 6 €V above the Fermi edge, which is related to the localized Ce 4 orbital in the
reduced oxidation state Ce**. With increasing time of sputtering, the intensity of the reduced state
Ce®" increases and reaches a constant value after 15 min sputtering, which corresponds to the surface
being exposed to 2. 8 X 10" ions/cm?. The reduction of CeQ, is attributed to a preferential sputtering
of oxygen from the surface. Ar" bombardment leads to a gradual buildup of an, approximately 0. 74
nm thick, sputtering altered layer after 15 min sputtering. These studies have demonstrated that Ar*
bombardment is an effective method for reducing CeO, to CeO,., and the degree of the reduction is
related to the energy and amount of Ar ions been exposed to the CeO, surface.

Key words: physical chemistry; Ar" sputtering; synchrotron radiation; cerium oxide;
preferential sputtering
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BT RENRESEMDAE, XSE R M RTERL, JeBE. &R M RMHER S
HAEREMNAY, BFRATUEEBEAY RO RRKENESA, MXEESNESBERT
M TF RSN SR R TAEENRNEEM, Bk, FIASTFRIBERABHSRESE L
YRE, MEEMWEE. Y8R, X THREAVELFRREMPRHEALE T 4EEW

Sibsi e FRAMRS AT/ BB tkeE, 76 E AR B R ZE Tl i =34k m i i 7 1
SEEMNACE ], Hi, CeoT M Cett ZRM T HEA RS M NE BRI CERER, UELSH
AP Au 1 Pt FEBEAFI ZMHFAK-KER Y, ZEKKRERE FIGNE CO S FEE
MR BEZRS, &5k, AT XREAR W EE SEMERRHER ., BAEEP.OHAE,
k54 B A A BRI AR B DA B A0 I N 76 3R T & AR MWL S5 — R 30 B AR ) LA 3% A8 HA B 1 TA
W, He, SsREBFES I RE I R R B IR,

REFFARIRE K | PRI MEREE " FHE LUIEF CeO, BIFEAEM CeO,.., HEZ
FIF Art 385 2 RGBS CeO, (1D RN A RS BRA R NME, XEEL SRPES R, R&iH
HEE Art RS XTTE Ru(0001) REMEA KA CeO, (111D HEREEWHE M, 4347 CeO, (111) R
BFEMMTRAFNSHEL, TTRERTE Ar B RSB P BRI thi 32, HFH O s
FeEERBENEMITERALRRENEE.

1 SCI§

AP EMEEARAREERFAS BN LEREEHE FREIEN (U200 . REBEERERNIER
LMBHTIH, FREEBEBEEEEN 60~1 000 eV, BEESPR (E/AE) BT 1000, SLuuk 47
E. HEEMNEHHEE 3 NESKEEAR, HPSOHEESERN 2X107"° Torr, & T ML VG
SCIENTA AR # R3000 B FREE /A8, WFHMR X STRIE (Mg A0 AL #), [REEH T A7 5HY
(LEED), EEFHRMMUEFEN, HHHSEMESERN 5X107° Torr, FAEE SPECS A
EBE+4 B FREZEAR ., SIREENE{ANSIER.,

Ru(0001) B G4 AL 3K T8 MaTeck AF], HERHK 10 mm, E4 2 mm ZEEEN T ZEE4E
Mo & |, REH K A AMUEN, RuBHREMEERA ActRE5M 1 400 KIBAERLE, HE X
BB FRBIE (X-ray photoelectron spectroscopy, XPS) #l SRPES WMIAZ| C A AbZef, {KAEH T47
& (low energy electron diffraction, LEED) M SR AEWIRT (1X1) Rigt#eRE CE 1a Bias) .,

A CeO, (111) HEMHI &S CHR[ 18 |~ 19 1 FE, BEEHEERFHN. 7 2X10 7 Torr &
SAAA 600 K R RATRIEE T, BTFRELXERE Ce E Ru(000D) BB ERME, FHFEETE 700 K ESR
B, LB Ce BEIEF, Ce WELBEHETRET Ce Wr=ANE TRAILLH B, Eidk
J&E Ru .53 Ru 3d S HIER, TR H CeO, Q1D EREAEKHERK 0. 09 nm/min (FEAT, Ru3d B
T3 B HEMBHE Tanuma-Powell-Penn AR ITEA 1 nm*2~2)), X% CeO, (111) R HIREE X F]
4.5 nm (BJ 15 ML) J&, XAF, CeO,(111) WM 1 F Z 4 JE Ru W REAT DL Z B2,
A 1bkEd B EHI & CeO, 111D LEED fi5tEEE,

Art ST . EREAELR 2X1078 Torr, TR TIERER 1.0 kV i, BLERSTE
FEMBEMN Art BRBEELN 0.5 pA/em?. AFBIHERREH Art SHEHREIELRIA R 60°.

5L SRPES RAIE S8, FeT SRR Au ki 47 8%, FATFISEBREMNHE—L
MEERRMENRIE, DWHRNELEEN 20 V. AEMGEZRHAARRNIETFRERE: Ruid,
650 eV; Ce 4d, 450 eV; O ls, 650 eV; VB (), 170 eV. KR Art WG 51 AR B R E BB
THREERERER, 78 Art IS 15 min /&, BT EHSH SRPES L4, BRET SREER T M
B 45°f8 B 5T SRPES 3%,
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a b

. ASTHEFHSIEE E,=90 eV. BRI 512 Ru(0001) F1 CeO, (111) 3R MY i il

Bl 1 1% Ru(000D)HBAFISNE CeO, (111) WAL LEED A4t El#E
Fig. 1 LEED patterns for Ru(0001) single crystal and epitaxial grown CeQO, (111) film
a—Bf; b— W
a-Single crystal; b-Film

2 HR5WR

B 2 4 4.5 nm JEMY CeO, Q1D HERRTE 1 keV Y
F10.5 pA/em? B9 Art BSTEMT Ce 4d WS d
Art RS EI AR, TEREI CeO, (111)
MR Ce 4d 1, &R, AR\ A, B, C,
W, XX 51 CeO, FRfEM, I 2 HEHHEL
KRR, Hb, WRIX 2 MERSEERES BN
F125.1 eVHI 121. 8 eV, HETF Ce*™ W 4dy),

T 4ds,2 A BHEAVBUE 1 | SRR 5 W
LB Cor EALMM Ce 4d HHEE (TSR M L nin
W, ‘v' v*“ 0 _min

SR /a. u.

2, X 2 MEERLEFE CS ALY P
HAFTE, BT Ce WKL, HILRIE W T .

—T — T
130 125 120 115 110 105 100

X PR R, WAMES Cett Lh AR /eV
B, T A, BAMC 37, BRI MULLINS &, Eiscdses CeO, (1MW Ce 4d MMRH, TLLER

[16] X, g % 4t WH 15 min J5 45°HI BT BY Ce 4d 3; TIMBR R ZLAES
f 9 " ixl ﬂﬁ:ﬁgﬂ ’f‘cjf C;Pj**z; Cet* 1 Ce 4d i, SbFHERY 450 &V

edd’ 02" Ced f' Ml Cetd® O2p* Ced f* 2 FhZ% B2 4.5 nm B CeO, (111 MMLE 1 keV 1 0.5 pA/crd
SHLSGTH . y Art BB AE T Cedd HEBEWRSTAT I 602 1t
HE 2 WUFEH . FEE At JRSTETE] 53 Fig. 2 Ce 4d core level spectra of a 4. 5 nm CeO, (111)

I, W X 2 ANEHEREBRER/DN, AR film at different sputtering time periods under

0.5 uA/em® Art sputtering condition

AHE 105 eV AEHBL T Ce*t MR DV, X
Y Art WATE S RER R Ce" BEWEFR Ce'™. 15 min /5, WA BIREA R M At BO53 T
2.8X10" ions/cm®, W F1 X 2 PIEHIIR BV IRMESR B 5050, LA LUTHEH CeO, REHIER
B CeOy.rs. BEBF, MBT E, FHAG 3P HE, X 3 MESER2EM, CeO, RHEN A, B C 3 ikt
B, MUEERIABERETHS, MAKRERAERRHEM, 5ELEES Cet Ce 4dik L
B, X 3MENIHRET Co™ MAREE, RHIE MULLINS &3 RFEE D CeO, H Ce 4d 17, A
HE, FMG 3 MERT Ce*™H Cedd® 02p°Ced f* T Cedd® O2p°Ced f2 2 FpZL B NADLEN , Haks:
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BN Art SRSTHRTIE], Ce 4d IEMTBRABREHEA FRAZL, HEHRE L Cet™ M Cet MM IR B
FHRE, WH 15 min J5, RAMNEE R 45° B S E Ce 4d BEHK, XI5 Cet SRMAXH W A
X 2 MR TEAELIE B 5T BN, ULBIRE SR X IR A Cett WX B, Cem IEMXER,
B Art BESHA S CeO, IR EE R A fERH X,

B 34 4.5 nm B CeO, (111) HETE 1 keV 0.5 pA/cm? B Art WS4 T MRS Art IR 5T
AHEREEAL . SEREALM CeO, HMBLM M S0 5881 XM BE MG R —F 7, FRBRUT
6.5 eVl 4.1 eV ALK 2 NMESFIFEET O 2p 5 Ce 5d, O 2p 5 Ce 45° HIZALIET], FH 4.1 eV
ik Ce 41° HIZ2ALIEBA B 6.5 eV 4 Ce 5d AR EERMLE. WX TRERESH Ce,0; K, B
Ve R AR BE R R AR, Art ISR FORRER LT 1.6 eV AAHBT Cedt FRIER Ce 411
WU P BEBRE R R 9 Cetm BER B Ce®t. BEE WRSTIT IR B3 b, Ce 41 WE5R BE R H7H4 i,
MALT 4.1 eV ALH Ce 47° A LIERSREHFEZ /DN, 15 min J5, EREZ Ce®™ 1Y 47" IR BERHHE N,
U Ce*t MR TRE, SHTERIIN Ce 4d R, HILET Cedf* EMRETIIR L Ce 5d F¢
1bigaE, P CeO, (111) HEH-BA B LB Ce, 0. B, mE 3N, ArtIRH5IRIAKEE
KU 10 eV BT —NF vy &, HIRFTEIRTF 1 min 5, v ERBERRRREALE, XU v
¥R TRMBERR, £HT CeO, REWETETIR™ , WS 15 min /5, SEHHFHELL, 45°HFHH
W 1.6 eV &b Ce 47" TR BIMIR, T 4.1 eV AL Ce 40 ZeAbsfysm B NS5, #E— P8
ArTIREER CeO, HIRE (AR CeT) FEEPEREMNERR XS,

B 4 4 4.5 nm B CeO, (111) HREFE 1 keV F1 0. 5 pA/em? B ArT IRHAHT O 1s %56 Art k5T
ATE AR fL, SEREALI CeO, 11D HERA —MIF 529. 8 eV AL O 15 I, JTZ5TF CeO, (111) B
FH A (BRiEA O, WE 4 PIEFME TR, BEE Act BRSTETRIR AN, O U4 /Y58 B 7 B
/AN, TFRBHEE 531. 8 oV ALHBE—FTE BRIEHR On), H O WA SR B B A IR 5T B 5] fX) 384 0 2R o7 3 5%

oy hv=170 eV O1s hv=650 eV
A Ce 4f! .

Ce 4f°

er/ ) 15 min
LN ™ : ' A ]
= . V/T\ 9 min
& ¢ L\
B : :
s} : ' 3 min

2 min

— T T T T T T T T T
4 2 0 -2 534 532 530 528

12 10 8 é
giate/ev ghiErhe/ev
. TESHR RS 15 min 5 45°H RN, BTHRE . TR RERS 15 min /5 45°HETH O 1s . JBTRE
#4170 eV BH 650 eV
B3 4.5 nmEH CeO, Q1D HAETE 1 keV 0.5 pA/em’ B4 4.5 nm JEH CeO, (11D HWAETE 1 keV F1 0. 5pA/ e’
B9 Art SRS AR AT i i BE R S A IR R AR 4L B Art SRS T O Ls iGRETRST BT RIS Ik
Fig. 3 Valence band spectra of a 4. 5 nm CeO, (111) film Fig. 4 O 1s core level spectra for a 4. 5 nm CeO, (111)
recorded at different sputtering time periods film at different sputtering time periods

Wi 15 min J7, Ou F Oy 2 MERTERFAX R EEARIIAZE, 45°HEH O 1s iEBRH Oy KR
B RRWIE SRR, T OL WEHSRBEMIE/D, FEA IR B O Y L ERIET RS R
HET, XF 531.8 eV Ak Oy BEHJE M —EAESRIE. RIBURICORIRE, Oy EHIHERFEUT
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3FEM: 1) Ox MHETHS BIEA T BEFFTER B KRR REHRM AR ZEE (—OH) ;%
H,O"7"7%15 2) Oy AR FHMRE SES AR O 15 3) Oy MHB T Ce, O, THIMAIEES,
SFUUE 3FELR, EEEGETE 2 HEE, Witk oy BEAREMETSESMHESK 0.
KUNDAKOVIC % 5@ st A . AE5e2E AR CeO, (111) F i g 2 F AL CeO, (111) E R 5 ik
F, LW, SRERREE Art ST 15 min 5, RIAPEEFR CeO. 15, BEAFT K FERERE
TET AR B . e R T IR B T LS AR I BR B Ik 43 F, IR ABEE 1 i 7E R 5 BB BRI A3 B, On
VERREDE SR, (B LRSS RIEN . IR R Oy SRR IE . BHIk, 7TLAHEBREERPIER
B H,O A FERSRERNRME R O WMAER, o, BT —MERZERHR Ar KBIALER
H,O A FAERERMM A REY: . ZERELE— N B2E AN CO, 11D HERMBARBIEY Ar K,
FEREFY . —BRETRIETE 531. 8 eV I EA B Oy W, FIL, FTLIHERR Oy IR B H,O 43 F KM .
Fo, ZH Oy BIHE FRIED CeO; PHISEEMARKTRE, H A MULLINS & #5250 7 ¥,
£ 2X107° Torr ERET, #HE&TRIREEBH Ce,Os (111) WM, H A EALT 530.5 eV L, T
531.8 eV AbIHWA O, ML, 531.8 eV MEEHBLK Oy N IHJE FHMERE SESMAESK O .
H—HE, 7 At ISR P, O 1s ERE oo
AR — B U T Oy EARTTRER A T .
H,O 4 FHIRME, B 58 Art a2 2 fR %1 X
FEYF SR SHIME O 1s WE5R B A L A K8 06
SREER L, B 5 P Ei Ceo,
A1DFMH O 1s BEEEARIEN ,(0), Art i 16,3770}
BHE, CeO, HTHE UM BERIET L) Oy IR s
BEAHIFRIEN I,(O A I,(Op). 1 5 B FE
F ArTIRETHEIRGE AN, I, (OL) /1, (O) B LA &
B/, T I,(Og) /1, (O) By HLAEH BB, 3%

ITEHEE. KK AT BAF R CeO, (11D HEL R 611

[L(0+1(0,]/1(0)
C C
\\\ 1(0) /1{0)
—
.
0.4

O 1simfELL

04

| L L L L L L U
o 2 4 6 8 10 12 14 16

W] /min

15 min J5, 2 M HETRER FRE, HP,
I,(OL) /1, (O) W LA R 38 /N A BT 3R 16 ) 60%4,
M I,(Ou) /I, (O) M LB RGN T 20%, FH
Z ML RVIIAE R 8096, X Ui HH Ik 5T 13 72 e
FEWERETERA T, ArRAcZbhis T
REMFTEET, SBEERREHIS Cet #
BIFERE Ce’t.

B Ar™ 98 5 X o 2R T 9 220 i A P R 3 S
W, ATLAES —MRIBRE ArT ST AR MNERE
AR (il 6 i), FHRHE O 1s i+ O, 1E5E
ERER, YRR TELESREOLRER
CeO,. MEE . BREEEENITEART .

I[,(Ce') = I, (Ce")exp(— dupex/A) s (1)

Her, L (Ce*HF [(CetHArH1R Act RIS
Ce' M INRBR M IESR B ; A A FRIEEM A
H# (inelastic mean free path, IMFP); R &
Seah-Dench AR 8, AIHl A=2co, =Accar =
1 nm; due ARFERIEE. BT CO, (11D #

#: L O, I, (O I (O 43IR% O 1s I E T 531.8 &V,
529. 8 eV HIRAIRT O 1s MEWBREE . ArtIRSTAG-S5E 2 HHF
M5 ArWSEES, KO 1 MIEEER 2

SR O Ls MR SHIM O Lo MRBE
HAEBE Art SRS AT R 4L
Fig. 5 The intensity ratios between the two O species
(Oy and Op) and that of the initial O 1s peak as a

function of sputtering time
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Fig. 6 Schematic drawing of the Ar"
sputtering altered layer
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B O 5 Ce " WETHR—EK (Bl 2: D),
HRATEA O 1s i O, R REHARX (D #
Cet B RERIIEIREE, Mk, ATLLKX (D Bl

I,(OL) = I, (OL) exp(— dpox/A). (2)

BHERX (2, ALUHE Arf RS BRPEFERE
BEERAZA, mE 7 Fin, HE7HAUEN. HEE
ArtIRSTEF A3, REEEE GBS M. 4
515 min j5, BJEE CeO,, BEREARNEAL,
EE 0.74 nm B,

3 Hig

FIF SRPES JBfi, REHBIGE T IRAE Art PRt
XTFE Ru (0001) REIEAE KK 4.5 nm FE K
Ce0, (111) BRI B FEMAILZER S HZ MW,
it Ce 4d AU IGSHT, B At A IEFHR

0.9

o SLIGMH
0.8 e
0.74

0.6+
0.5+

0.4+

W JE 2R /nm

0.34

0.24
0.1+

AN L S NN B NN NN SN SN BN BN A |

‘ é 4 6 8 10 12 14 16
IS TE] /min
. BEATRE; TRAVEZHBRAWINE. Act ik
HHEFSHE 28R
E7 RIEEEER Art BT R 2L
Fig. 7 Thickness of the sputtering altered layer as
function of the time of sputtering

REW Ce' BHRJER Ce*. O 1s R RABRE AR Art S5 & fRE M EE T2
M, IHFE CeO, AIDREER T KEMEA S AL, W ERE T, 531.8 eV MHEHILKFT O 1s IRL Tt
mRESE SN OF. 7E 1 keV 0.5 pA/cm? B Art WRIT AT, 15 min 5, WA BIEMRE
MR B T B EIAF) 2. 8X10" jons/cm’®, MRS RH CeO, REEFE T4, ERNEREREE

298 0. 74 nm.
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