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T RS AR, 1995 4F | Lee 55 19 % FH 9.0 mm x
0.5 mm Y& (100) By gk, 455 & 7 HhiE
5 H T B (Auger electron spectroscopy,
AES), KB i pARh sR B e RS B = N7
FHEITR, MR Zr-0O B A )2 A w458 1 A&
FHENITE. A SCHE BN Zr/O/W ¥ Rl & 4t
AR AT I A, 55 5 — PRI B R 50k, B
UL T —Ff Ze/O /W 1 R ka3 S B St D
B, DU R Zr/O/W I k37 R A B A 5
KM AR FF AT A AP BEALR, AR R
R A S AR i SR A LB 5 B (H ) S Bt

2 MHAMH &G LRt
2.1 PAthEI&

SRR HAR ©0.12 mm By B 2248 R K
SRS CARL, FHOREHEUE S (100) Al A 44T 5
IR 1E Pl G JA e o X P 1 7, S8 VIR 2
P28 SRR AT AN W sy, A B S 22 R
TEfE) VIE 2 fh i 22 TV 2, i n i 1 s i)
PR ZH A iy, HG v B ) 22 A iy 2 R s I
5 1.1—1.2 mm.

S
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Fig. 1. Schematic diagram of field emission cathode assembly!'!l.

A 5T R A2 ok 5 TR be 2 A A A
[ T2 M 4% Zr/O/W 1 5L R 3037 & 5T B
e, HARSZIR AR AT B, RAPRUE L2208
ol 3 X B B 22 (Sl 99.95%) BEAT AT I A
2L 1 mol/L NaOH i W AE A LMW, 75 10 V
Uit L R AT H AL ik, B R 22 R A TR
0.2—0.4 mm, 38 3 75 ] Tl [R] g A5 i 28 A2 2
300 nm FYIRBLENREEH. S, B &4l ZoH, #
K (99.9%) SH M 1:1 Bl HLOR S, Hl Wy
SIHORE RSB TR AR . RS I B

W R B B R G (AR R T 2%
106 Pa) Hrif A7 i e g b #: 1) B L VRS [
WAL IMAAZE 1800 K CRH PV11 AF1 &R %
TR ThRAE), [RIHE A R 44 (99.999%), HL28
JEFEHIAE 10 Pa 2, MilRBELhtFLE 10—15 h.

K H ES100 A #3755 H T R Ge x4
S5 A RE A T AR AR I AL B DATEEF SRR AR
FRARE AT W(100) ShifT. 2872 10 38 4
VA AR AGRBE (P kT 22 sl ) |« ARG Hh e
Sl RS S B8, St ITIE S & (100) &
T R AR .

KRGS IR R, 7R A AR R0 T2 A
T T a 4UR b 4L PHER AR (230 il # 2 12
R = 600 nm). 1, a A TIFAG 3 & S0
A (GLHG L - R M £ | R AR e M) Ak
[ FME (T SEM, EDS Fl AES 25 AR 43 Hr & 1
FE SR A3 4041 ) b 4LRE b A7 300 75 Al
X (FEARE TAE S50 T Wil & S Fi T k).

2.2 SLIGTEE

ARWFER RGN RAE T X Zr/O/W H
TR K S IRGIEA T 28 B PR REVEAL . IR
il 85 58 WU, T84 45 1 PR 85 25 1 1 ATl
(IR 20—30 °C, X2 E 40%—60%) 4, F H
ES100 #4375 B F- IR R 40 0 X a 4 (1
REDRZE) A1 b 4 (FFamia ) A5 ATl 1
BT, BT A IR IR 2t bR A il 20 s e
PRIAL B AR, DA CRas B de A B T PR 12

TR ST PERE I I B B, R G8H 25 AR FR TR
T 2x107 Pa BYHE S H A PGS, AR IR a 41
FFVRR (R AR B2 AN S | U RS, R Gl i & B SR Ui ot
JFE, FFTTHSRAS f i it 28 3 AR R S Pl U P A DG
PERES L. F IR I 2 S8, X b 4
IR A THRRSL I, F SR Snc sk dg H & 514k
P AL s BT O

SERCH AR REINNILS , SR 22 RO RAEEAR X
a ARG T AT B 5E R B4 g & il X
FHZE i (energy dispersive X-ray spectroscopy,
EDS) #9Z&r5 CLARA GMH A7 & 544 7
5% (thermal field emission scanning electron
microscopy, TF-SEM) X [ & [ i ¥ 35 F1 ot
RA AT RAE; BRI AES RGN EK
B PHIT10 #4547 S5 H AR ST (in-situ scanning
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Auger nanoprobe, SANP) HEA 71X 5% 4373 B R
FERITEESE. IR A R L, AR 5T 05T
S5z pRPES, R Materials Studio X {24F#4) 4 B
W 2 33 v s BELASE A 3 3 B — e DR B AR v
Zr/O/W ¥ FEH T A it B BT SR Ty pR U
HATHFSE.

3 SR
3.1 XHRESUK

X510 a 2l Zr/O/W 53k X3 & B B
HEATH T R S PERB I, BRI X & rh i S2Br £
F, AL %65 3 R S vl Tt 285 BE T BRI it L AR 4
FIZE (B A 9 BDOG BR B BT b, DG LR
1 r) . BAIR AR b R AR R AR b SE AR B I
EENY MR AR RAS 1 0L

IR S AN [ IRAGR 2 1 45 380 1% S Pl i 28
B (J) 5 (B) Z B H R4 an &l 2 s,
A h = 1.00 mm, r = 0.05 mm, R = 600 nm,
M H R IR 300 V. H & 2 Al %0, BAML & 5l
Ui 5 J3E T BRI R R 3 5 Y T v T S .
B, 51 H R R AE R 6000 VI, 3758 R 8.2x
105 V/cm, fNFGEEH 1700 K F+E 1750 K, F3
1800 K, & 4 FL L% & M 4.3x10° A/em? $2 T+ &
6.2x10% A/cm?, FE] 8.8x10% A /cm?, ffiHL L% &
M 0.47 mA /st $2FZ 0.68 mA /sr, FiF] 0.96 mA /sr;
PAAE B2 1800 K i, 5| i Hi #2000 V FH 2
4000 V, -] 6000 V, FisH 2.2x10° V/cm F+ 2
5.2x100 V/cm, 53] 8.2x 105 V/em B}, & S HL I
WM 2.2x10% A/cm? $2THE 1.8x103 A /em?, F
F| 8.7x10% A/cm?, ff1 HL I % & M 0.03 mA /s $
F+Z 0.20 mA /sr, B3] 0.96 mA /sr. [FR}, & 2
InJ 5 EV2 Z M H)IE PR R 54y i Y
Fi 3L & SIS RISE &, IR K S AL I B 2 5 AR
FRAE: 7RI (<2.0x 109 V/em), InJ 5 EV/2
BEARRRME R R, RPN IBIR) H R 5B 5 1E
X (>2.0x100 V/cm) 5256508 5 10 88 InJ
] 25, 3k R BH A SRAILTR TG I B e A i 3 08
ik U 2 % BUER ST (Fowler-Nordheim emission)
5, BRI GECR FREE 1,

TR R BT, AR A
%% I PR BCN (2.8040.05) eV, 5B A Zr/O/W
RS 37 & S AR ™ i AR HEEL ((2.940.1) eV)

A, X

— G RAUESE T AT il 4 B BAT

LS - A S RE 1.
—= 1700 K
10r o 1750 K
—a- 1800 K
— 8 B
g
§ ot
=
S o4l
2 L
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EI/Z/(V,Cm—l)l/Z

K2 Zr/O/W ¥ Fede X FAg K IR (R = 600 nm) 764
I7i) 3l B2 #) A ol 2%
Fig. 2. Schottky plots of Zr/O/W Schottky thermal field

emission cathode at three tip temperatures (R = 600 nm).

b 20 [FIA% EL A S A i SR A S 400
3, BRSSPSR AR E] 60 pA
H R GRGERE, F- e 75ariiiat; W8 S i+
TR R SGPRAS, Wl AN IR R 5 R RIRIFHL, W E
WA s RS, T & SHEEBUEHLAT A EE R, FHT
Ja Az Bt THRNLAER A Slid sk i R & AL
(B 28 B Y BAME & S R PR & 30 pA i
15 1R, B A i T 2024 48 4 7 iR, 8
20254F 6 H & #17T T 8655 h (2024 4 5 J
28 H—2024 4F 6 A 10 H FIMR B T ks,
B RS FFamiiat, B AT B S R B R A A i
SEAEM 145.0 pA, RE G IRICRE N 146.7 pA;
ORI ] 2% 2 AR AR 5t G 2 oA DA S5 s 7 v i
W, WIR TR T 1.0x10 7 Pa HASHREIH),
DUt A oA s B B S8 1 S s, ) SR B &
FHHRIAZAET 100 pA.

3.2 PAREEEIESH

T G T BT Zr/O/W AL
37 St BR e S5 vt P SOOI S0 e ol R R A 7 3
fiE. &l 3(a) F1E 3(b) 40 45 3 T [6l—A4> Zr/O/
W RERE ) & S B AE SR i | 280 31 & 56 U
K 100 h J5 A9 SEM &, & 4 45 T iz B & Sl
iR 100 h 5o . W& 3(a) B, WILRASF
W s 5 BAR S S AR AE, TR T 5 T
SHIL AN 100 h &GS (B 3(b) K&l 4), FIRER
Uit A T B R ZE A T AL AR T RO R T R B
XFARIEIE W(100) &b (B4R 2 150 nm), J& i
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T T T8 T{ 110} b I ) DU A6 B i, (] g
BB B A 00 1y ity T o3 B 1 I A T 5 B A 190,
X 2 HARIE B B OA BIAR 2 & PR 2 B
AL AT E T, TEA R TAR 5 A I N B
RIFREA AL,

500 nm
L

500 nm
[

K3 Zr/O/W H %5 5 303 & 5 9 #% SEM [ (20000 )
(a) ASHMHT; (b) KB WILIE

Fig. 3. SEM images of Zr/O/W Schottky thermal field
emission cathodes (20000x): (a) Before emission testing;

(b) after emission testing.

200 nm
|

4 Zr/O/W ¥ 452 3037 K 55 AR & 3 o1 SEM 4R <]
(50000 )

Fig. 4. Top-view SEM image of the emission tip on Zr/O/
W Schottky thermal field emission cathodes (50000 ).

3.3 [ARFTERS A

3.31 % (100) dh @

N T FHALE Zr/O /W H 555037 5 55 IR 5
TGRSR, AWFSEAERE R UL S 12 h Py (ki

o KT Y520 RGBT a 21
FA# W (100) & I & 55 X #6417 T EDS 33 9 #r
(MRRREE 1 pm). 2 150t T W(100) fHIAIFE
A TAEREE T 1Y FE TR AR ARLRAE. 76 IR
FERGHX W(100) fhif, O TR LK (DL TN
JRF L) BBt Ze TR 3 4%, VA —E A TERR
AAbEE Z AN RS2 BiE AR E 1700 K
FHEZE 1800 K, Zr Al O JTZ 1Y & & ¥ S 3 it
P W Zr TTERSEW NG 445, O TR F iy
gy 2.5 4%, BEHH Zr A1 O JEE [ W AR PR
TR IR B T e, EL s RO T O A A
T Zr 7E W IR NS
# 1 RRITAERE W(100) MEFIICE A

Table 1.  Elemental composition of the W(100) crystal

plane at various working temperatures.

o IR W atomic O atomic 7r atomic
ig
7 K ercent /% ercent /% ercent /%
p p p
110503 1700 96.91 2.59 0.51
120902 1750 95.22 3.78 1.01
122804 1800 91.54 6.49 1.98

3.3.2  FAAA KA &

A 3 SRS, 45 R R T e — 25 2 T BA
) AR (T IR 5—50 A, 25 ] 4y FE %
8 nm). [#l 5 4 a A & SIHERE RIFHY Zr/O/W B
R T A I B AR, B AR A S AR e S
= (BT 1x107 Pa) T 1750 K UG, o & 4T
100 h J5 V330, B IR, B2 A PHIT10 BUJ5EA f94%
BRI ET 7 AT BA AR 26 1w T 2 43 A 00 1. B 5
FESH G RO 2 i, FE G 5 1) LBURE 30° 28 &
ST, BT ELZS BE 3.1x10 7 Pa, %4 HAT A 3
S ERERTIRE.

100.0 pm
—_—y

& 5 BISRIRZE 2 &S IX SEM [ (300%)
Fig. 5. SEM image of coating-to-emitter transition region
(300x%).
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WX E 5 BAAR R 1 DU A RAAE X (a—d )
[ 5E 1 AES 4387 (36 2), #8787 BAMENRIITTER
A ARACRAE. thae 2 AL IrA RIS O
P ET Ze &, ULBHER SRR i A7 7E AL
B2 WA SRR Z ORI K (ae 55,
Zr BT AR T11% R 5.17%, O R 1
I E N 34.66% FEZE 29.92%, SR AYICEDY
B, RICE FELLEERE N P
AR BRI TR TR R/ d S
JEIX, O A /& (32.46%) JIMiE T c 4
(29.92%), PRI EH /NS KISAETE AT R B 4R
4.

# 2 FABORIZZERSIX AES /3Hrsh

Table 2. AES analysis results of the cathode coating-to-

emitter transition region.

e O atomic Zr atomic W atomic
percent/% percent /% percent /%
a 34.66 7.11 58.22
b 29.86 6.78 63.35
c 29.92 5.17 64.9
d 32.46 4.6 62.94

6 M 5 AR g 2 5T X, A EE RS
X W(100) THIHCA 1, M0 %2 569 XU 2, JEBRAR & 55
XHUS 3, 4 Al 5, EFFRIAT AES 4307, A 4s SR an
72 3 g, AR B B S A (R D e X B TT R A3
AR 76 E B R SHIX W(100) T (A5 1) Fm % 5t
X (8 2), O RFHEASTEEERT WIEFHS
i M2 T, AEEAURGIX (A5 3.4, 5) I
MR R, HWIEFE & EET O BT
T &g, BASKE, (100) HH Zr TTE (10.39%)
1O JEE (70.27%) JET B o0& wfe s, O & St i
W2, ¥R B AR B AR T X X R A 2
SR B ATIX, FRBE W(100) 1, B T & Zr
JCE O JCE MR L5, 11 3E FRAR & 5F DX £
BT AW JCE A O JEE N EAY L.

3.3.3 A W(100) @K Z 7 &

TEREIA 6 Hh 32 R ST ——W(100) R HREE
L EE AR 1KV 2 mmx2 mm, SiO, TS
M 2.5 nm/min PSR, XA [R] IR s 1] F) B
RFMIAT AES 208, db— 25 U BE H T B P38
YR AR. FARFAE S 1 AR BE A A I L (18 7)
AN, W(100) ff i AR T2 3 nm 3 270 Fl N 2
R AR B TR B BE A FERI IR R T E (0—

1.0 nm), O R FEEEEST W IR &, Bk
B A RME. BEE WS EE RN E 3 nm, Zr f
W Y L AR S B B v ARk, O 1y
L 451 e 8 0 20 PR PR s . (AR T R, 7R
0.5—2.5 nm FEE XA, Zr #1 O Jfi & R EE
W gh; 7€ 0—3 nm IRE X [H], Wl O Ji+ &2

K6 KEimgem SEM & (50000x) 1) W(100) il 1;
2) % S5 DI, 2; 3) AF BEAE RS X IR 3. 4 I 5

Fig. 6. Surface SEM morphology of emitter tip (50000x)
with selected analysis points: 1) Take point 1 from the
W(100) surface; 2) take points 2 from the side emission
area; 3) take points 3, 4 and 5 from the non-ideal emission

area.

#* 3 RHIWRTE AES rHraiR

Table 3.  AES analysis results of emitter tip surface.

F O atomic Zr atomic W atomic
5 percent /% percent/% percent /%
1 70.27 10.39 19.34
2 65.04 4.54 30.42
3 33.13 2.2 64.67
4 43.31 2.15 54.54
5 47.92 2.51 49.58
- 0
80 | —o— Zr
e\
X
S 60
2
k3]
g
= 40 F
g
2
<
20 F
0

0 0.5 1.0 1.5 2.0 2.5 3.0
Depth/nm
B 7 1B 6 BRI A 1R TR A A
Fig. 7. Composition depth profile at Point 1 of Fig. 6 on

surface.
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IR R AR S OC A 2 W LT3 i s 3 R il
e /AMERT, Zr JRF B AR R B, HPE
()57 E AT (20N T 4%). X R ITER A
PRGHHEULEAZE W(100) T Zr JTTEM O TR E
2P Zr-O E WIS TE, H W-2r-0 = TR Z
[T BT 4R 1 A DE L C R

4 THitE L
4.1 [AR& SR EIERK

H & 2, 2 3 A 7 AT, 7E 1700—1800 K T
YEIRETERIN, Zr/O/W I 5337 & 5 BT i 4
B TRIZ L) Ze-O B AW 2GE o A L ) B
WA TR, Z W R ) iR AR | iR ss
PO B RN ZE A 155 R R B2 19 FE AT SR b
T n 25w . RO T (3R 1) BUR, BEE
TREEM 1700 K F+ & 1800 K, W AR Y Zr-O
HEVAREREISINZ) A %, X5 K0 i % T
T B0 b 2 ARG (] 2).

FEE R (1700—1800 K) FlsEHLg (=107 V/m)
PAEE T, SO I R AR FRE M R T, H
KA R 3 FE 4 TR (100) T AT H: A AR 48 250
M45H. 3 3 v, T &4 X (F#ilJE W(100)
1) B T DL Ze-O AWk ER R AL,
A BRAE 2 5 XU 4EFS W-O 3 B9 R FFE. X Fil
VEPEIE AT R IR T =AU RALE: 1) Zr-O B A
Y S T FLAON 5| 5 A TR L 2) WA B 3
S HBE R e, 3) Rmpes/Mb
KB B 2=l e e 10

M Zr-W ZJCAHEI AT 0, 78 1773 K B, Zr 75
W G STV A BE AU 0.9%, LBl I R A1 i 2
JF B, R T 0T G — A B E AT
TAWFSE ML R Zr 76 W LR o 1 S2 BRI 17
JE (1.3 2), XFh2= R R O WAFT7E B 15
T W BLIEXS Ze B RE T 1. T Ze IR T
£ (29 160 pm) KT W IR 72142 (29 139 pm),
BT LA EF ROBE S0 #r, 78 W 3tk Zr-O A9
T ) Ze—O S b AT 225 — 5 W B T, T
FEAR Ze A RUEF RS, i Ze-O E A4 5
i 3o 8 ARG R, Zr—O S AT DR AR/
D1 eREI I T BB A AR ).
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K8 Zr/O/W i fr B R IR T2 AR (a) WaZryOy; (b) WoZr Og; () WO
Fig. 8. Unit cell models of surface layer in Zr/O/W Schottky thermal field emission cathodes: (a) WyZryOy; (b) WyZr Os; (¢) WyO4.

T

9 Zr/O/W H Fp5k k0 AR 1A )2 T il i 7 4
Fig. 9. In-situ surface layer of Zr/O/W Schottky thermal field emission cathodes under thermal activation.
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Abstract

The Zr/O/W Schottky-type thermal field emission cathode is a key component in advanced electron beam
instrumentation, with its unique interfacial emission mechanism remaining a focus of research in cathode
technology. Traditional understanding attributes the decrease of work function at the cathode tip to a
monolayer adsorption of Zr-O dipoles on the W(100) facet, with the electropositive orientation directed
outward, perpendicular to the surface. This study successfully fabricats a high-performance Zr/O/W Schottky-
type thermal field emission cathode that exhibits exceptional emission characteristics, including a current
density of 2.5x10* A/cm? and operational stability exceeding 8000 h. Comprehensive microstructural
characterization of the activated emission zone is performed utilizing energy-dispersive X-ray spectroscopy
(EDS) and Auger electron spectroscopy (AES), thereby precisely determining elemental distribution profiles
across both surface and subsurface regions. The results reveal that during cathode preparation, the zirconia
coating diffuses in the form of Zr-O complexes within the tungsten matrix, forming nanoscale enrichment zones
specifically on the W(100) facet. Under operational conditions combining elevated temperature (1700-1800 K)
and high electric field (>107 V/m), the W(100) surface develops not an adsorbed Zr-O dipole monolayer, but a
nanoscale Zr/O/W(IOO) composite oxide structure. This multilayer structure consists of three coherently
integrated components: 1) an oxygen-enriched diffusion layer beneath the W(100) interface, 2) the crystalline
W(100) substrate, and 3) an overlying Zr-O thin film with multiatomic-layer thickness. First-principles
calculations simulating the dynamic evolution of the W(100) emission interface during thermal treatment
corroborate the experimental findings. The computed work function of the cathode emission surface decreases
significantly from 5.02 eV (characteristic of nano-WO;) to 2.85 eV, showing excellent agreement with
experimental measurements. When the emission interface becomes unbalanced due to external perturbations,
the continuous diffusion of the zirconia coating toward the tip region, combined with the diffusion of Zr-O
complexes from the subsurface of the W(100) crystal plane to the interface, enables autonomous replenishment
of surface-active sites. This dynamic process effectively maintains a stable low-work-function emission surface.
Both theoretical and experimental evidence consistently demonstrate that the Zr/O/W ) oxide film serves as
the fundamental material basis for the exceptional emission current density, remarkable stability, and extended
operational lifetime of Zr/O/W cathodes.
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