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Fig. 1. Cross-sectional structure schematic of the cathode.
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Fig. 2. IV curves of the Scy,O3 doped rare-earth refractory yttrium salt cathodes: (a) Undoped ScyOj; (b) 3% ScyOs; (¢) 7% ScyOs;

(d) 11% Sc,0s.
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Fig. 3. Lifetime curve of the 3% Sc,04 doped cathode.
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Fig. 4. 1g j-U'/? curves of the cathode: (a) Undoped Sc,03; (b) 3% Scy0s.
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Fig. 6. SEM and XRD of the active material’s surface for the undoped Sc,03: (a) SEM; (b) XRD.
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Fig. 5. Richardson line of the cathode: (a) Undoped ScyOs; (b) 3% ScyOs.

200000

180000
160000
140000
120000
100000

80000

60000

T

20

40000
20000
0

157901-5

— Y,Hf,07

KAB 24 Sc,04 AL T W i 26 i SEM K XRD A

40 60 80
20/(%)

(a) SEMJES; (b) XRD i


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 74, No. 15 (2025)

157901

K7 Bl SEM JE 4 14
Sc,03 B24; (c) 7% Sc,03 B24; (d) 11% Scy04 542

Fig. 7. SEM morphology of the cathode’s surface: (a) Un-
doped Sc,03; (b) 3% Scy0s; (¢) 7% Scy03; (d) 11% ScyOs.
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Table 1. Element contents of the undoped, 3%,
7%, 11% Sc,03 doped cathode and their atomic per-
centage.

Element type/%
Cathode type

Sc Y Hf O

Undoped Scy,O4 0 19.88 25.23 54.89
3% Sc,05 doped 0 22.03 26.35 51.62
7% Scy,05 doped 6.37 16.99 18.25 58.39

11% Scy05 doped  15.10 12.81 18.98 53.11

343 MME®@ AES AL EAZRENH
DT

bR R SRS R AT, 3% Sc,04 1844
Bt BA S R SR T, S BH AR 300 V, i
FE2 1600 C B, T LAFR LR T 3.85 A /em? Ay HA
KT, I AR Z5%F 3% Scy04 1524 BT
AES 43#r. (B2, H 82| 1R 3% Scy,04 B 24BNk
i EDS A4 B, I8 H Sc i &, X
ARESEIN Ny, — 7 32 2 EDS RETE I kS B TR,
MIBIRIY ScyO5 Wi E+1% < & < 3% I, HHxf
RERAAETTLIAE] 30%; H—FHin GE2H T Sc
MY TR R ICERJF MR LA TR,
TS5 R A T HEA BB, SR T RSB
B R AR, BRE, BARLAXT 7% Scy05 824
FAM AT AES 4307, [ 8 s 4 it #A % Bisk
LIRS 7% ScoOg 822 IR TR H, B 4@ 2+
PZIRIE J 0 nm IS AES %18, d11& 8 a4, %
BRI & 47 O, C, Y, Hf, Sc Tifhcx, HIF T
AR 31.1%, 27.2%, 22.3%, 15.6%, 3.8%.
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Fig. 8. AES spectrum of the topmost layer on the cathode’s

surface.

22 2 0 7% Scy05 B2 O, Y, Hf, Sc,
C WA IR T A 53 5 & B F il 2R 22 H] i
KFRFE. E 9 FiRA L 5 FoLER & &S HE il
ZIREE Z [ iy e th 2. e 2 FE o W, B
S TR TR IR (0—300 nm), O JTEREF
HA A T T RERIZ# T 2 F RErad E,
Y A Hf SCERZN T EFEIZRET N EREr
A Sc TR EM B MR 10 nm AbA WG
TREZEEE LA HERE. CIuR &R EMmZIR
B 0 nm B IR B ARAE, Z 58T TR 2 R0E.
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#2 O,Y, Hf Sc, CTERTFHSLERET
T2 EE I G R
Table 2. O, Y, Hf, Sc, C atomic percentage as a

function of the depth using argon ion etching method.

Depth/nm  O/%  Y/% Hf/% Sc/% C/%

0 31.1 22.3 15.6 3.8 27.2
5 22.5 33.5 20.0 3.2 20.8
10 31.4 30.0 17.4 2.5 18.7
20 34.2 24.7 19.0 3.2 18.9
50 37.6 21.4 17.7 4.3 19.0
100 46.3 17.5 14.8 4.8 16.6
200 54.9 15.8 14.4 4.7 10.2
300 52.8 15.0 14.2 5.2 12.8
60
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5 30
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Fig. 9. Elements content as a function of the depth using

argon ion etching method.

MO ZI BN 0 nm B2 5 nm B, O TLEJR
T HA M 31.1% FRERISR/IME 22.5%. bt hZ]
TR K, O JER T H o g L7, M4kl
RN 200 nm B, O TR R F A o ik Bl &k
HR 54.9%, Z G FEA B TRE; Yk 2R E N
300 nm A}, O JTR I F A 53R 52.8%, T4
HECELAY 76.16%.

M ZIEREEM 0 nm 3 E 5 nm B, Y TR R
T EHA N 22.3% b F+ B KM 33.5%, Hf L&
JEFE 4 A 15.6% b T+ 2 e KAH 20.0%, UL
Y M Hf SCE BT EH L 1.7:1. BEE h 2R
JER IR, SR ZIREE N 50 nm B, Y Fl Hf SR
B RT3 21.4%, 17.7%, © &35 % #HE
WIGRTCEE 1:1; i 20 R B 4k 2238 K B 2 300 nm,
Y 1 HE JTER EF A 5 e TR D L.

Sc JTCR T H 43 UALAE I ZIBR BE ) 10 nm B
BRI R e, HAB A 2.5%, 78 HAt ik 20 78 5 s H:
JEFH 43 b A B B ARk, Y i 2 R

0 nm B, CIGEREF H 4 Hoh e KA 27.2%;
Bt 2R IR, C JCR IR T H 0 e i ~
R 4 ZIE B 300 nm B, C TR R 71 4>
ek 12.8%. A #r v 22 Br ARG I s K e C &,
B RO RE SR R TR C e, [T AES
BT TC R B HURIT L. W& M 2R r 3K
C JCRET H A HAEAWT N, 5 R A —3L.

3.4.4  ScyOq 5 ¢ 3t A £ x5 4 2 AR
R G At % A LI IR T

FHIE 6(b) AT, Fi o X 52 BA AR 4 4
J B B B — A AW YL HE,O,, EATY T2
A 1.80 A, Hf TR0 1.56 A, —FH ¥R
Feis e r (Y)/r (HE) = 1.15 < 1.21, R AT RLHERT
Y HE, O i 1A 25 ) S04 1] - Skt o 2 v 285 4 121
HR M ZE AR B 10(a) B, BIrhg @R+
Y, @ EAIEFN HE, LLAJFEFR O. BLAh, TEHEY) 5
(5 BRgs T2 A B RS N R AR AT e &5
M%) Y, HE,O; d A i A 254

10 FEEHAER (a) KBS S04 (b) B2 Scy0;
Fig. 10. Schematic diagram of unit cell structure: (a) Un-
doped Sc,03; (b) doped ScyOs.

H T, ScyOq EL 28I B & —Fh it S A ) B A
IS BF R 1) I 2 53 1 BB A 6 B R4 v P FH 1
A A 031 F SR i O S R B v o
BIHRGE. A TIRZR ScyO4 Xt MM 42 58 IR I &
SHERERIZ MR, B UCR AR BT 340 Sc,05 842
Fii - MERE A2 ER A £ B Hi L 2 AT, 3% Scy0y
5 2% B B R b it 12 A 1 XS 2 8 BT 1)
KSHRE ST, M FH Y 300 V, #REE N 1600 °C B, fE
B AR ABAR ScyO4 B A & ST REAS 12 T 132%.
B4 Richardson Fkik 5 40l &R IS 45 51
WEME, T RBR. 7%, 11% Sc,0, 2%, 3%
ScyOq 15 7% B HLAG f5e /N 1R 2 % 25 38 36 1 D) {E N
0.93 eV, BG5S A RAEA 3

HR A AH SCHE 22, v DIHEWT Sc,04 84476 +
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MERE AL AR IR AR AR S R, A T IR Y
BT 5 B

1
51’80203 + Y2Hf207

=S¢, Y (2—0)Hf20[7.4 (3/2)a] ({E{ZIS) +2Y. (3)

i (3) AT, B4 Scy04 F1 Y, HE,O, KA B ik
W SR, AT Se,Y o HEO 7 379y, ¥ 5.
X} SeyO5 BA BT ST, nTREiL 2
KM T3 Tl B

Sch27wa2O7+(3/2)z

=8¢ Y (2-2)HRO7 -+ (3/2)a1
1
+yVo?t + §y02 T +2ye”. (4)

KL 10(b) Fras B Z K O JTZJ5 Sc,Yo
HE,0(7 . (32)0 BRI A SR IB SR I, B
R B Y Z 50 Se, KOFETH E K
O ZJAH Vo4 55 .

HI 1] 10(b) AL, MR LA UV, ScyOy
Hi Sc JR T4k AR Y HE,O, fkg H, % &3] Sc
5 Y J5 A& R R i L EARAR R OT R, R
SR A T HEAT LB, H O X Sc BYRAIT R
T YPI Se JiE oy B Y R 7, 3 Y,HLELO;
An AR RS, A A TR BEARAS, AT BN R
T PR G 2, (A B R T B Stk . &5
B ScyOs 15 2% BB 1 4 % S 45 2R 1T L) 4R
24 Scy 05 B AR HLBIET Y, HE,O; A Y [ BE I
M2 Z IS b oA I RO S RE T AR A
FHSESCRIR [24-26] FTH1, AyBoO; FAHE ST AyO4 Y[
VS FE— L 3%—10% Z ] (Fo A — e Ay
JLE, B A IVBEILE). 12 Sc,04 524 LBl 1E
LRI, BAIRE 7 B BRI S RE T, i
T 5 S s SR A — B

X5 ScyO5 15 75 B A i 47 #4  k ) ak I)
Sc,Y o HEO 1 (3/2) A RRHIH 257 Vo 4R
Z3 L, WE 10(b) FiR, IRl —A Vo a2 1,
BT HBET o, I8 1724 0, 0 F
Vo4 23 AFT H L0 7 AR 2 B e A R T
() HLPERE, (75 B A SFHAC v i L - RE RS PR b
7o M BN R T b3 D R L, TR = T B Y
O SIRE ). AT LG BRAENT, 75— TAEIRE T
O Ji ¥ 7E [ & b A i 4 HGH AR A 32 A []
(1), AR R AE R B R B, BT RN (4) 1

AT, BRI H) O LK LA Oy 2 FHIE ik
NI FEBAW R E O LR & BTN A
S
He 2 FE 9 vl g0, M ZIE N 0 nm B,
O LEEF AT N 31.1%; M4 ZI%E N 5 nm
i, O JCE R F H 43 Fe il | [ 2 AR E 22.5%.
T2 PR kg BF AR T 1T W B T BR 5% R A O ST R AT
SEOLFEFE 5 2w B BT LS b 20
5nm i, O LR F H 4 A S TR, BE
TZREE R, O TTRET | 4 e e 1Tt
b ZITREE A 200 nm B, O JCRIAFH TR
e KAH 54.9%; M 21T B/ 300 nm B, O ST &R
R 43 B W s TR EE 52.8%, (HAIKT#)
HHCEERY 76.16%, SCE A S R B HERT EE A
—E.
2K A A [ NI, Se BT 4
Y HEO; ffilrf Y i, s ok my Y i)
RESx 25 o P LA A% I IE R B, oS R B B
1, EEVREIE LA Y. h3R 2 IR 9 %0, 24
PRZIREER 0 nm B, Y JTRIE T A 53k 22.3%;
M ZIVREE N 5 nm B, Y JCR R T (4 et k-
T I KAEN 33.5%; WA hZIR IR, Y o
RIRTH LW T % B2, ik 2%
300 nm B, Y JTRIEFH AR 15.0%. RIELL L
R T LLA BRI, BE e Ok Y R AR
DL @ O A, FUOATE IR T Y 4@
TE B A S A v g 47 I 23R K T oA 8, T
Y G JB HUBUE SO (R 1522 C), Y7EK
BORALTP BRI, Y TCE e AR i T
KA. JI5, T HFA B — AP AR A 0 R
FERE IR ) FIAR R TR R T, XY A Jm Y
A= A RN IE A IEVE FH Y. fe 2, I BRI A 3 T ek
I, Y SCRMWN AR oo, B HENT 5 SR
HA - EF N 2R TRRE Y SCE S 2
AR, X I TR, B 00
Y TR SR ZER. B RN R AR
Y & JE T, s T BAMR R A R (R
T IR A K S RE
IEAh, R 2 FIE 9 AT YR EEAE 20 nm
e, HE TR EFA A LR T Yo xR, H
Bl T ZITR BE 3 K, HE TR M Y SCEMIEF A
BTG T 101, SEGECHAHTE. Bk 2 FiE 9
AT, AR B AR TR 18 300 nm (ERBEE P,
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Sc TTER MR T H 43 LB IF A W, AUHEE 25 1]
e TR M 10 nm R EAL Sc T RIEF A AR
TR B, FLAE R 2.5%; Bl il 208 BE i3 K, Sc
JUR e F A R TR, BBl T 28] EDS
RETE I AR FE BT BR, Sc J0 2 & m 3R i T LA 1
AN, F7 e e — DR

4 # ®

1) AR BT 78 SepO5 B 44 L XERE 12
W BN, LUHARER Scy04 B4 L XERSZ
Th IR SR RE R RZ M. AR IS R R,

MEHE N 300 V, AN 1600 °C BF, K4B4R . 3%.

7% 11% ScyOg 158 74 H - MEKE 523 B (18 $0 & 5F
LS8 1.66 A /cm?, 3.85 A/ecm?, 3.12 A/cm?,
1.99 A/em? HH, 3% Sc,04 B4 BAMEA R
PR GTRE T, RENSAE M T ME I 52 £8 BA AR A % B
e 132%. BX4 Richardson H 26k S5 £l &
%, REFARBI . 3%, 7% 11% Sc,04 874 A Y
26 NF R 243 1.42 eV, 0.93 eV, 0.98 eV,
1.11 eV. 1T 3% Sc,04 824 B A i/ MYk
I, Bz I AT B KR S Re r, ST
5 g IR —8 FHamil g R, Mk
YA 0.5 A/em?, R 1500 C B, 3% ScyO4
B BAN B 223545 T Mt 4200 h (356 H Ay, H
AT W G 42

2) F|F SEM, EDS, XRD M AES %53 ¥ri%
2853 AN BFIR B G M I 2 I ROUE AL . A3 B
i AR L B B R T 300 nm AN TR K
a3 Ko 5 B A A A AR AT IR A A B, SRR,
ScoO5 1B 4= PN AE IR SH AR, — 7, $84%0)
ScyO3 Al Yo HE,O, A A T B 40 [V I N, A T
ScoY (o o HEO(r4(3/2) BT, Sc,O5 H1HY Se JiF
BT Y HEO0, M Y R+, B8 Y, HE0;
A g RS T AR A TR RRARAS, AR T BARER
AR 2, $Em T B A ST RE 7. 5 e R] A,
g R Y R DL AR S SO X e B K
FMEHATY W s T BIRER T A R, ]
FEVR S T IR R A SRR ). O3 — 7 T, AR I
ML T, Se,Y (o o HEOry 3/2) W R 27724
— R Vor A A A A BT, X s ks
BITHR 2 1T 1Y) SR PR R, B2 = DA R S RE ). itk
Gb, B A A H B TS B e — R AR Y
WA, e IR AR I A T, XY 4 R

B AR PR e R . e, FEIX 5 T Y
SEFEIVEIIT, ScyOy BBARFEAR T H L XERE SLER B
RIMAIR ), S 1 A AT e

S P [ B e s K AR BRI T S e E/NEBESE B
XIHESCRIBFFE 61 BIAE RIS BT ScyO5 B2 L XERTSL
AR A S LR EABUR A 25 R

S 30k
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Effect of Sc,05 doping on thermal emission properties of
rare-earth refractory yttrium salt cathode
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Abstract

To improve the thermionic emission performance of the rare-earth refractory yttrium salt cathode used in
the magnetron, the influence of ScyO5 doping on its thermionic emission properties is investigated. Cathodes are
fabricated by incorporating different weight percentages of Sc,O5 into the rare-earth refractory yttrium salt
matrix, and their thermionic emission properties are systematically evaluated. The experimental findings reveal
that the doping of ScyO4 significantly enhances the thermionic emission capability of the cathode. Notably,
ScyO5 with a doping concentration of 3% has the most significant improvement in emission performance. The
3% Scy05-doped cathode can achieve a thermionic emission current density of 3.85 A/cm? under an anode
voltage of 300 V at 1600 “C. In contrast, under the same conditions, the undoped cathode provides a current
density of only 1.66 A/cm?, indicating a 132% increase in thermionic emission efficiency when doped with 3%
Scy,05. By using the Richardson line method coupled with data-fitting algorithms, the absolute zero work
functions for undoped and Sc,05-doped cathodes (3%, 7%, and 11%) are determined to be 1.42; 0.93, 0.98, and
1.11 eV, respectively. The lifespan assessment indicates that at 1400°C the cathode doped with 3% Sc 404
remains stable for over 4200 h under an initial load of 0.5 A/cm? without significant degradation. Finally, those
cathodes are analyzed by the XRD, SEM, EDS, AES respectively. The analyses show that during thermionic
emission testing, the Sc,O; and Y,Hf;O; undergo substitutional solid solution reactions, forming the
Sc,Y (29 HE50(74(3/2)4 solid solution. This process causes lattice distortion in the Y,Hf;07, which makes it in a
high-energy state, thus reducing the work function on the cathode surface. At the same time, Sc from Sc,O4
displaces Y in the Y,Hf;O; unit cells, with the displaced Y existing in the form of metal, which enhances the
electrical conductivity of the cathode surface. Additionally, the Sc,Y ; ;Hf,07,(3/9)4 solid solution generates a
substantial number of Vo?* oxygen vacancies and free electrons, thereby further augmenting surface
conductivity. All in all, these mechanisms contribute to significantly improving the thermionic emission
capability of the cathode.

Keywords: Sc,O5; doping, thermionic emission, emission mechanism, magnetron
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