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Secondary Electron Emission Performance of Zr-doped MgO-Au Thin Films
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Abstract With the development of vacuum electronics technology, electron multipliers with high gain, fast
response and long service life are required by a variety of instruments and devices to improve their overall
performance. To meet the demand for high-performance electron multipliers in the field of vacuum electronics, this
paper investigates a Zr-doped MgO-Au thin film. First-principles calculations for Zr-doped MgO were performed
using the CASTEP module embedded in Materials Studio. Analysis of the electronic structures of geometrically
optimized supercells reveals that Zr doping reduces the band gap of MgO crystals and lowers the work function of
specific crystal facets. This provides theoretical guidance for subsequent experimental investigations. The films
were prepared by magnetron sputtering, and their secondary electron emission performances were measured and
compared with those of the MgO-Au thin film. Through various characterization techniques, in-depth analyses of
film performance were carried out. The results show that, compared with MgO-Au thin films, Zr doping
concentrations in the range of 0.06% to 0.18% can effectively improve the secondary electron emission performance
of the film. Gradually increasing Zr doping concentrations causes such performance improvement to first increase
and then decrease, with the optimal effect achieved at a Zr doping concentration of 0.12%. This provides an
important process window reference for the engineering application of this film.
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Tab. 1 Volume change ratios and total energies of MgO super-

cells with different Zr substitutional doping sites
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Tab. 2 Band gaps and work functions at specific crystal planes

of Mg-Zr-O crystals with different Zr doping concentra-

tions
L Bt/ EAETER/ (200) SAE (22 0) i
% eV Yiek%ev  Thkev
Mg;,0;, 0 4.68 3.19 4.59
Mg;Z1,05, 1.4 451 1.96 4.08
Mg Zr,0-, 2.8 4.40 2.47 3.58
Mg Zr;O-, 42 437 2.15 3.13

XA Ze 18 2% 55 B 0 R RE R AT 208 — 1 i
MR . HET Mgy,0y, #57 Mg y,O,, 8 Fh L1
MgO 1y 3 x 3 x 4o K Mga,O, H I Y



%07 W WRatse % BB A AL BE- el 0ol TR S RER ST 623

—~ Mg BN Zr, TE Y Mg, 432104 i L, H Zr
BT R 0.3% K WIASHT ST 0 M A LR AT L
A )G, 43 3845 E R AR 56 8 fHAE (2 0 0)
(22 0) SRSy eREL, N3 3 Pros . WEEHR 3 7]
PLE B, X MgO iR EAT Ze 8220, BIAH 2 764K
Ze BT, MR IH AT DU 5 A i 2845 96 B AR A8 |
A RTE (2 0 0) F1 (2 2 0) 7 1 A 2y R ER B AR, TG
bR TR SR

£3 KRZr BREET Mg-Zr-0 BENEHEESHER
ERE R R
Tab.3 Band gaps and work functions at specific crystal planes

of Mg-Zr-O crystals at low Zr doping concentrations

RILA-EL ok s ez B =] =)
o BaRoR iR (200)}.35@ (220)'3.5@
% eV Eev  HiRgev
Mg;4:01a 0 4.66 2.99 430
Mg, ZrO,., 0.3 4.59 1.34 4.17

3 XWERSHM

BT Y HL A A T E AR B MgO-Au
WEIEE, FIH] Ze AT R Z B 5%, #il & 1 (Mg-Zr-0)/
(MgO-Au) AR, JFIF58 H R i & SR, R
gty 3 PR . H, Mg-Zr-O JZ2 5 MgO-Au 2
(R EE 4351208 10 nm 5 100 nm!™,

O Mg-Zr-O layer
0 MgO-Au layer
O Substrate

[ |
F3  (Mg-Zr-O)/(MgO-Au) ML R =K
Fig. 3 Schematic of (Mg-Zr-O)/(MgO-Au) thin film structure

il B T i 75 e X IS AT IR B R . —
Fe oy PR DL PR AW A 5k R RN
il 28 T RS AA ARk (1) A S, — R R A S5 S ) B ) %336
J o S Hp AR RS A AN B A R 118 I 0 3 A 1
TRHLT R SRR, RO R B I a5 AR Sk A
7 P R FH T R A R AT RAE . B A, KIS
2T B PR AT R 7 P T 15 min, ZJRRIET
TR B AT A 75 P T 15 min, A TTTA 2L 2B
PR R A 22 BT HR, B35 5 5 ARt iR I,
FH 45 23 Sk 2 T Ja BABERS, 72 115°C I IREE
THERE 40 min, PTITA R0ZS BR A IS 2 IHT 9 4% BA TR AR

BT IR AT ST U, Xt IR Fre T HE =
500°C J&, MG A B R RA Ar 5 0, R

AR, TR IR 1T SRR )7 o il Az IR R Y
Mg 1, Au §L, Zr #0040 B2 13K 5] 99.99%, LAkt G
GIAZTT . WA A8 i, Se bk S Mg #L AT Au 4
F 45 % L #5 MgO-Au 2, FFEE 1.5 hy J 34 0k 5
Mg LA Zr #1F MgO-Au 2 il % Mg-Zr-0 JZ, #§
£ 10 min, 78 8IS0 4l . Hod, Mg L Au §,
Zr FLRY TR S T A B 150 W, 26 W, 30 W, Tk 5
FE AR E T Ar 5 0, I HLBIRIE & LR 2515,

Zr RIS )R] A9 K e R W A R Y Ze 45
Je ik, R SV R A R T R SR RE . R,
T AR Z B R S BT ) ke A R ) Ze 3844
i, ST H Ze SRS IE A 05, 255, 50 s, 75 s, il
% AH B (Mg-Zr-0)/(MgO-Au) 5, BF9Y Zr
ZR & B (Mg-Zr-0)/(MgO-Au) MR — W, 1 & 5
PERERI R . R T I8 (Mg-Zr-0)/(MgO-Au) 78 fiF
(R Ak 25 41 R, B X5 26O B F BB 3% 3 R (Xeray
Photoelectron Spectroscopy, XPS ) X 3¢ 4 i i 4 470
E, 13 Ze BRI ST B[] 535028 0s. 255, 508, 75's
IF A 45 HY B (Mg-Zr-0)/(MgO-Au) 5T 13 1) Zr $8
ZRE AN 0, 0.06%, 0.12%., 0.18%. X Ik
(Mg-Zr-0)/(MgO-Au) 3 B8 (1) — I HL - & 5 M g iF
AT, RS Y R L R S R AR A TR
PSR BL AN & 4 TR o 76 HL TR G 2% T AR AH 4R
FT S B] 1 B TR R G R FE 200 V 22T, BERE A
HL T RES £, 24 200 eV IR U 5 A5 R A
oo ey THABMSAR -1l S5 Bl F T~ 3 284 T AR I 2
P TAERT B R R 5 25 AT v a2
BCTE. AP (Mg-Zr-0)/(MgO-Au) ¥ [l 75 H,
5 1 5 BB ) R B R S R B DL, SR

12
10 4
8_
<
6 -0
~ 0.06%
41 - 0.12%
~0.18%
2 : : : : .
0 500 1000 1500 2000 2500

E/eV

K4 RlH Zr B2 & 5T (Mg-Zr-0)/(MgO-Au) #i I — K i
TR REBEAST L T RE R AR 5L

Fig. 4 Variation of secondary electron emission yield with inci-

dent electron energy for (Mg-Zr-O)/(MgO-Au) thin

films at different Zr doping concentrations



624 H = B

ST 5 I NI S

o 46

HETERE R E, b 200 eV (I ASTH F IO R E T
TR TR I FR B T D (] A AR LA B, AN TR S
IR

5.0 4
4.6 1

424

3.8

0 3I0 ()‘0 9I0 1I20
t/min
K5 A zr BA &R T (Mg-Zr-0)/(MgO-Au) Hi i —
TR ARG L [E] AL A A B
Fig. 5 Variation of secondary electron emission yield with de-
cay time for (Mg-Zr-O)/(MgO-Au) thin films at differ-

ent Zr doping concentrations

BEAb, Xof F 0k B & S R L, R TR A S H
THEE E, NI KT 2 5 R B0 5 KA S
WA AZ BEHN 200 eV I A ST FHF&E S 2h 5
TR R RE Ry, MR NS AL
O e FE 5 L XL B 3461 5 1140 A0 IR — W F 7 & B R B0
P T T R fr B R A0, SRR R T R I R A
SN AT 3k M AR SR AR, TP A 2R ARG Y i
RE 0% fiff 22 B07E 0 K ek 10 ) 48 5 7 0 v A 2 B, T
FIF n,, I MBS AR Z AN RO . BRI, — ek i,
00 ev A Ormax %N Non BN, AR KT R
SEPEREREE o LIRSS S Y Sa00 e Omans 720 W
4 FiR.

R4 AEZriBEESET (Mg-Zr-0)/(MgO-Au) 5 18
KBH
Tab.4 Relevant parameters of (Mg-Zr-O)/(MgO-Au) thin

films with different Zr doping concentrations

Zr B 1% Frnoev O /%
0 4.63 9.20 14.54

0.06 4.86 10.19 14.94

0.12 4.94 10.35 15.76

0.18 4.83 10.26 15.78

WL 4, 5, £ 4TTLLRIR, BEE Zr B4
AT, A ST FRER R 200 eV AR A) YK
T BRI RZE Groev SE LTHE TBE, M Zr B EEN
0.12% I, 6,00 o B K, 4 4.94, FHHL KB D4 Ze 1)
MgO-Au W TF T 6.70%; AR A ST T e T

TN K LT R R B I RAE 0,0 S B THIE B,
M Zr B2 N 0.12% B, 6, K, A 10.35, AH
R ABAR Zr 1) MgO-Au 3 IR T+ T 12.50%; 9 Ji5
ZHEE R 200 eV I AT FHFEEE L 2h 5 K
LTS RO IR o, R BTF, S Zr B0
HN 0.06% I}, n,, /1N, N 14.94%, L KRB LR Zr
) MgO-Au MR TH T 0.4%., RSB £,
K HIE M) Zr B4 5 w4 MgO-Au RIETT Zr
%%, REASHR T U TR B R AL, HoE R
PETHIRBE R/, AR B R T T M A R
R ATERE

XPS 5T K HL - & S T ROR R Y E L3R
fE T Bz —" FI H XPS il 15 MgO-Au i i 5
(Mg-Zr-0)/(MgO-Au) [ () XPS 43 &1, W&l 6 iy
Mo WK 6 1] LA & B, MgO-Au i H 5 (Mg-Zr-
0)/(MgO-Au) # & Mg 5 O &t WA HER | H
/T 1. fE (Mg-Zr-0)/(MgO-Au) # 1, Mg, O,
Zr W T4y R 47.31%, 52.57%. 0.12%, Zr %
5 Zr, Mg & Z I HLE R 0.25%, £ Zr 195
AL, R4 G RN 49 eV Ab I v] LX)
| Mg 2p 1SR 0%, TEZ5 AR M 305 eV AbFHE T LA
ML Mg ()45 3L -5 06, 3X 5 Mg A5 fE K rh
AR 4 S 08 A7 B — 2 XU, R R A Mg
B MO B E. T Zr BAE B, Zr
3d TEL G TN, 255 S TR, A
g anE 7 iR o

| 3 $ H - 5. 5#0%5% (Scanning Electron Micro-
scope, SEM) X AN[A] Zr #8244 & 1 T (Mg-Zr-O)/(MgO-

—— MgO-Au

Element At%
—— (Mg-Zr-0)/(MgO-Au)
. Mg 4731
5 Mg KLL 0 5257
A Zr 0.12
]| I ,
< 3 B
= 5 =
7 N =
=
5]
3
.8
Element At%
4805
M""’"”J\"\J HES
T T

700 600 500 400 300 200 100
binding energy/eV

Fl6 MgO-Au # X 5 (Mg-Zr-0O)/(MgO-Au) # JIF i) XPS 4=
s
Fig. 6 XPS survey spectra of MgO-Au and (Mg-Zr-O)/(MgO-
Au) thin films

(=]



w07

Wiatoe A5 i B A A AL BE- S — i T R S RERIT T

625

Au) T 5 (%) 2 1T E AT S, A58 15 3R T SEM &
P8 BT 7, AH R A ok R ST 5 L 7 TR G & 9
FR o

WELPE 8, & 9 FTLLK R, S5RBA: Zr ) MgO-
Au HEEAH F, $B2% Zr ) (Mg-Zr-0)/(MgO-Au) 3 fi5
FERMAE TR, B, KB4 Zr RE R
THIAEAE IR S ™ kS, AR 53 A 438, Ao i T REDRE ; T
B4 Zr B PR AOGH T RE, dki i 345 B
BN, AR R . K, KRB A% Ze B A
F T2 SR RSN, Oy 41.92 nmy 17748 2% Zr B
THE AR T 2 Ao RT3 K, R 53.24 nm,

intensity/a.u.

194 192 190 188 186 184 182 180 178 176
binding energy/eV

7 (Mg-Zr-0)/(MgO-Au) #IKrh Zr 3d 1) XPS KA iE R

Fig. 7 High-Resolution XPS Spectrum of Zr 3d for (Mg-Zr-O)/
(MgO-Au) thin films

100 nm

100:nm

.’ £ 4

A ZrB 2 &'/ T (Mg-Zr-0)/(MgO-Au) # I 55 17
SEM [, (a)Zr BZe& 1 0, (b)Zr B & 0.06%, (¢)
Zr B2 AR 0.12%, (d)Zr B2 0.18%

Fig. 8 Surface SEM images of (Mg-Zr-O)/(MgO-Au) thin fil-

&8

ms at different Zr doping concentrations. (a) 0 Zr dopi-

ng, (b) 0.06% Zr doping, (c) 0.12% Zr doping, (d) 0.18%
Zr doping

(a) ()30

25 ean size: 25 mean size:
N 20 1.92 nm 20
g15 Z15
§ 10 § 10

5 5

0 - 0

20 30 40 50 60 70 30 40 50 60 70 80

grain size/nm grain size/nm

(© 20 mean size: (430 mean size:
. \_ 52.06nm 25 53.24 nm
<15 7 = 20
“ A A
< 10 7 ; s 15
: 5 % . 510 ’ :

30 40 50 60 70 80 30 40 50 60 70 80

grain size/nm grain size/nm

9 A Zr BAREET (Mg-Zr-0)/(MgO-Au) FHifis ks R~
BERETTE (a)Zr 7581 0, (b)Zr 22811 0.06%,
(e)Zr B i 0.12%, (d)Zr B2 E 1 0.18%

Fig.9 Probability histograms of grain size for (Mg-Zr-O)/

(MgO-Au) thin films at different Zr doping concentra-
tions. (a) 0 Zr doping, (b) 0.06% Zr doping, (c) 0.12%
Zr doping, (d) 0.18% Zr doping

HH AT U, Ze 38 2% A T W PRIk,
PR EE TR ki T R S PERE. BT MgO 5
Au (SRR MR 22, F A2 T 130 oA ey A A 25
SIS R BUE K IS, 5T 80RRL B A AR
KIATER, FEHCAHRE . Mg™ 5 Ze BB 742 4%
UL, Y28 0.72 A, Ze" S [ EA MO 377 ik
JE % Mg-Zr-O, A 3035 T MgO 5 Au 2 [8] i i
A HR AT S — M R B ST, 6T Ze B
Z i R it M P A FRZE AL R B AIR, R A L S e
XEWE Mg-Zr-0O AT E, 5 LR R G .
R L, X R AT Ze #8405, IR 1 Aok P TG
AR AR N A 1 PR I A K, R R ST AR R,
VTS % DT RO T o REDRE 19 3 R 3R TR 25 ) ol o
TR AE B R LT TR R I ok L, PR I R
WAL, 3 B3 U R I a5 TP Y T T
RE A% AR - bkt G i I G2 1 A, A B 13 R v A
SRS K L T b SR, A B TR R
TR REEET .

JEWN L, T Ze 5 A4 ZeO,, 3 R 1Y Ze
Bt S SRR S R E 21 20, flif
I MgO 7 LMK, % 183 ZrO, i IR ML+ & 4T
PEREMI L MO 525, NG B Y Zr B &4l
il R T A SRR PR TR . L, e A
W Ze BA e, USRS B m o — i1



626 H o= B2 5 #H K % # i 46 ¥
KSR A ERE dynode electron multiplier for mass spectrometers[J].
Chinese journal of vacuum science and technology, 2024,
4 Hig 44(12): 1033-1039 (18, XIRI, 223, . FRiBAUT 43
I 4 B 2L 2 P AT LT 4 58 T BT ML TR B AL 1], SARhE S AR
(TR, A SCER T4 T —Fh LT MgO-Au 1 i 2, 2024, 44(12): 1033—1039 (in Chinese) )
HEFT Zr 1824 ) (Mg-Zr-O)/(MgO-Au) T i, %4 3 — [7] LilJ,HuW B, Wang K, et al. Au doping effect on the sec-
Vi LT S R AT I S 0 o S ondary electron emission performance of MgO films[J].
e Materials, 2018, 11: 2104
SEFRMITEATBELTIRATIHT . BEICERR [8] WeiQ,WuSL,FuM L, etal. Attenuation mechanism of
W, X (Mg-Zr-0)/(MgO-Au) W, 0.069%~0.18% secondary electron effect of MgO film under electron
() Zr 18 7% & B RBAE A 0 WA A9 — UL 7 R At bombardment[J]. Journal of Xi’an Jiaotong University,
e 2017, 51(11): 125-129 (B, SRR, D0, 45 BT
GAARTE Zr B2 1, S MR 0O Tk il T MgO WMERR 9 — Y SR Y REBMLER 0], 74
SHERE AL FLEE S TH B IR VR . Horh, Ze $7% or it TG KA, 2017, 51(11): 1257129 (in Chinese))
9 0.12% WAL, 78 AT TR K 200 eV it [9] Austin L, Starke H. Ueber die reflexion der kathoden-
VI 0 — R L T R 5 R BOA 4.94, AR L TRE strahlen und eine damit verbundene neue erscheinung secu-
RS U T R B R Bk 1035, 1% nddrer emission[J]. Annalen der physik, 1902, 314(10):
WF 52 o W TR T R T e |
%T - 5%’ Xﬂ‘%:{j{ Eﬁ??’jﬁﬂ“l’iﬁ‘é?ﬁﬁ% E’{]T]ﬁ%'@ﬁ]‘ﬂ [10] LiJ, YangJ S, L%u H L, et al. Performance 1mp.r0\./ement
technology of discrete dynode electron multipliers[J].
& HA—E 3 SRR Vacuum electronics, 2023(1): 18—24 (Z=3%, ¥ i, X
5 = ¥ o FEAR, 5. 70 BT S AL A0 1 2 1k RE £ TH BRI
[1] Shan Y Z. Discrete electron multiplier[J]. Physics, 1986, 5E ). HAz TR, 2023(1): 18-24 (in Chinese) )
15(10): 638-639 (MLLITE. 437 s Hs FAEHESE (1], M8, [11] Dekker A J. On the escape mechanism of secondary elec-
1986, 15(10): 638-639 (in Chinese)) trons from insulators[J]. Physica, 1954, 21(1): 29-38
[2] Cao Y M. Wang Z. Fang P Y. lon mass spectrum and its [12] Liu L, Li J, Xia Z C, et al. Enhanced secondary electron
application[J]. Physical testing and chemical analysis emission properties of sputter-deposited MgO-Au com-
(part A: physical testing), 2002(6): 271-275 (# &8, T posite film via Cr doping[J]. Vacuum, 2024, 229: 113545
e, J7 R B TR BN (0], FRAL AR 5 (B4 [13] Wei, Q, Wu S L, Wei K T, et al. Preparation of MgO/Au
1), 2002(6): 271-275 (in Chinese) ) multilayer composite films and related studies on sec-
[3] Wu Z L. Studies of energy resolution of electron spec- ondary electron emission effect[J]. Journal of electronic
troscopy and channeltron characteristics using elastic sec- materials, 2018, 47: 385-393
ondary electrons[J]. Chinese journal of vacuum science [14] Wen P, Li C F, Zhao Y, et al. First principles calculation
and technology, 2003, 23(2): 101-103 (5 iF J&. FH bk of occupancy, bonding characteristics and alloying effect
H, - I B 1% A B 5 4 0% 2 T ey T A 10 2% 1 T i of Cr, Mo, Ni in bulk a-Fe(C)[J]. Acta Physica Sinica,
2 ], L2 RRE SRR, 2003, 23(2): 101-103 (in Chi- 2014, 63(19): 197101 (3CF, Z2H 44, 83, 55, Cr, Mo,
nese)) Ni 7E o-Fe(C) 15 i HEAHERR A 4 LA O 56—
[4] ChenlJ, Li D T, Wang J, et al. Development and trend of PEEBEOIST [J]. 90 B~ 4l , 2014, 63(19): 197101 (in
navigation cesium atomic clock[J]. Space international, Chinese))
2016(4): 20-24 (BRIT, 245K, FI0, 2 S e i T4h [15] Wang R, Zhou F, Wang J S, et al. Enhanced secondary
By & SR IR B #add [7]. bR K 2%, 2016(4): 2024 (in electron emission properties of Zn doped MgO thin films
Chinese) ) prepared by aerosol assisted chemical vapor deposition[J].
[5] XiaZC,WangY R, Peng Y W, et al. 3D Structure of box- Materials science in semiconductor processing, 2023, 157:
and-grid electron multiplier with higher electron collec- 107323
tion efficiency[J]. Journal of vacuum science & technolo- [16] Khairallah F, Glisenti A. XPS study of MgO nanopow-
gy B, 2023, 41(6): 064205 ders obtained by different preparation procedures[J]. Sur-
[6] LiN,LiuL,LiJ, et al. Structural optimization of discrete face science spectra, 2006, 13(1): 58—71


https://doi.org/10.1116/6.0003162
https://doi.org/10.1116/6.0003162
https://doi.org/10.1116/6.0003162
https://doi.org/10.3390/ma11112104
https://doi.org/10.1002/andp.19023141003
https://doi.org/10.16540/j.cnki.cn11-2485/tn.2023.01.03
https://doi.org/10.16540/j.cnki.cn11-2485/tn.2023.01.03
https://doi.org/10.1016/s0031-8914(54)90162-7
https://doi.org/10.1016/j.vacuum.2024.113545
https://doi.org/10.1007/s11664-017-5768-2
https://doi.org/10.1007/s11664-017-5768-2
https://doi.org/10.7498/aps.63.197101
https://doi.org/10.7498/aps.63.197101
https://doi.org/10.1016/j.mssp.2023.107323
https://doi.org/10.1116/11.20060601
https://doi.org/10.1116/11.20060601

	1 实验原理与方法
	2 第一性原理计算
	3 实验结果与分析
	4 结论
	参考文献

