4 I %  Acta Phys. Sin.

Vol. 60, No.5 (2011)

057902

B S5 ETF R GaN HABAR
S S 5

IREY ARV XL B

no KuEEY

FRRY HREY

D) (BMREE T RFEF TRESGHEBEARZER, B 210094)
2) (FERRFOGH TR, K 400030)
(2010 4E7 H 20 AWE];2010 4F 8 A 22 HUE &)

FIH & B A VLAY E AR (MOCVD) £ K T A S 2R R 150 nm BAEE N 1.6 x 107 cm ~* 9541
20 GaN e HL B , 70 o LA s R 40 PO FLE AT T 380G . sl it 245 B R R 4o AT T I, & BB X fi e
FHEMIA(NEA) GaN S BA Ay 52 F AR BHZR I — 4~ 117 BT IR, 78 255—355 nm 35 BeA 50K B30 i i ;| 78
290 nm AbBUS LKA R 13% , T AIN 28 vh)2 X6 I BEG RO Ml B 80, 75 /NT 255 nm BB BERFRICRHBL T
TR, S K KT 355 nm i, B FRCRWH LT TR, 7E GaN M BHE I K 365 nm AL 3.5% ,7F 385nm 4k R A7
0. 1% By EFRCR R I BER B T3 0L P ok iRl SRR R T RO B B2 S 7B 450 NEA GaN
St H B B TR A R AR A R ME S NEA GaN SEHL BB B FRCR Y R & B TR AR H T
PHUKE 5 PR AR RUR SRR BT T T RHE O R — B R SR I DAk T 855 T 3.

4. B, NEA GaN JGHLBAN, F5eR
PACS: 79.60.- i, 72.80.—r, 73.20.~r, 73.61.—r

1. 3| =

T LM (NEA) GaN GHLEAN BA & 1
SRR RGN O B AL AR R | R S T R
BRSO BT, A AR T ED
Wil 45 5 T A 2 LA R FH A (), LA NEA GaN ol
PV 1428 A1 235 00 25 7 T BRER AW | ok
T A S U A A 212 A

HAT® T 5 55 20 GaN e B iF R 5 %
Machuca 55 ll 1% Cs/0 036 J5 B9 GaN St i B Al 7
256 nm Ab Y B FALE R 25% 7, Oswald % 7E
120 nmAb3RA5 T Hik 70% H 1R E N 1E %
Dy AR I, TR RS S 5 X GaN S HL Bk
£ 230 nm H AT 37. 4% By EF RN SR AE LR
I 37 SRS SO O L A R i BRAR 2 A X A
S HL RN 25 2 1) S B il s v A o B SOR AT E 4
DL, B AME % ST NEA GaN YGH B 5 e
HEAT THSY , Mizuno 26057 & B1, 2K W) GaN 6

* [E K ARBFEIS (S 60871012 ,60701013 ) % B Ay 5.

+amETHE R . E-mail ; bkchang@ mail. njust. edu. cn
(€2011 FEHIEEFES Chinese Physical Society

LB A A 8 T 25% 7, Ulmer £E 270 nm
FEATARAS T 24 28% WY FRERN it R A 3 [H A
FEBE S CaN S B 7 T 9 AH D38 . AR SO 33
$5X NEA GaN JtHL [ i 3005 o i F i 7 RCR aE
IR, 4 th T 1 FROR A A 2, X 5% i 51 =X
NEA GaN St BB it F 08 B IR 47 1 20 B A

g,
2. L EER

BEUR S5 SR F Y2 4 8 A ML & 1 1k 2 <A
JEFL(MOCVD) A=K 1% p B GaN #1%L, LLE 2N 8
mm AL O, (W5 A ) AIIE, I o JhrmE bR —
JRIREEH 20 nm 1Y AIN AE R op )22, FRAME— 2 )R
JE 4 150 nm 1Y p B GaN, B4 CE N Mg, B2k JE
H 1.6 x10"7 em 7 FESINEE AR 1 Fios.

FEMTERE R B2 RG TR Cs/0 287k
AU, R G B BL 25 BEAE 2 x 10 ™° Pa 22145
WS AR H AT AR X5 ) B GaN 't HL B

http ://wulixb. iphy. ac. cn

057902- 1



4 I %  Acta Phys. Sin.

Vol. 60, No.5 (2011) 057902

GaN 150 nm 1.6x10'"cm™

AIN 20 nm

Algo;g @=8 mm

1 NEA GaN JGH IR o451 141

e, 38 3 O S FL 3 ) A A TT LIRS B B il i Cs, O
(i, JCHL YA L IR Qi 2 TR, IR AT LU
HOZETCEIRI R GAH 0.08 wA ZE A7 RS HL I, 3T
THRAT G GHIR M 0. 35 A, DB R BTG I GaN Ot
HL B B 845 0. 27 pA ZE A G HLIR. Bk Cs %
IG5, 6 HL I T 4f A 1 K, #E 28min B 3K F] T
1.53 pA Z4, IO i g © X DA a2 g PR 4R
Cs V5T, RIS FF R 2E O, 76 ' H 3t 36 B AR KA B ¢
O, FFF% =M KRAER 90% 247 I R TFF O, £3d 7SIk
RECHFIRE] T 1.76 pA 47, BiJG PG I
WK EAZEAEF /N, BLEE e 5 O I8, SR )5 1]
Cs 8, 500 3E 2, S BIK NEA GaN St H Bk
()T M 7

2.0
s _J\‘/VV A '}
N i |
g / : |
3:’; 1.0 / . :
k] / I cs/oxH
T t T
R s / _ | |
) BrtirCsid g | i |
T . ,
0 10 20 30 40 50
if{8] / min

K2 Cs/0 Widd Bt AL th £

W HETROR Y Chy) R VEAL G B B AR 19 1
fIE , 1717 S B v 0 e 4 2 O i e 17, 3 sk 28 3R] DA
W AT, AR

Y(hv) = 1.24S8,/A, (1)
AP S, OGN R (mA/W) A SHPEK (nm) . 3@ 5
(1) 2RI E B 55X NEA GaN o't HL B AR i) 1
TFROR, L& 3 fis , B R A bR ASHE T 8E
OB R TR, NR PR LUE % 5
NEA GaN Yt HL B 1) i FRCR -l — 1 117 5
AR 78 255—355 nm 3% BEHA & HAH X4

TR0 7E 290 nm AbIRE] T 13% M KAE, 24
ASHEH K KT 355 nm BHE TR T 4G o~
W, 76 355 nm A0 JE WG B 00 5 A, 76 B D% K
365 nmibEE TRUCRIE R 3. 5% A4, TEI K 385 nm
Ab B TFRCR A 0. 1% , R T8 AIK B
Pk, 5 R NEA GaN Y6 HL BB [R] (9 2 |, 3% 5t
KR TR BB T PR, NE T LA
F, 4K /N T 255 nm BHESF NEA GaN Y6 A
e 2 T 3R TF LR T T [, 240 nm &b 1 18508
e T 0. 6% A4, i 5 5 X 2 e B AT A 48 i 1Y
PR R R G 2 AR RS T
WFEARIE LW, SRR EEL ] AR EA
AEENIA GaN RITZE, T2 02 AIN (25 58 B
TR, R B 1 W M R B R, i A FE % 2 R
A O Y 2 1 WA, ME LA BI5A GaN kB2 Bk
K SEES A NEA GaN 6 HL B (108 780K 164
W B PR

lg

205
355

B

0‘01:-

365

(000 ) I IS SR N R R
3.0 3.5 4.0 4.5 5.0 5.5

JeFHER /eV

K3 A NEA GaN Str BIHL it 73R i 2%

3. 4T 5 3k

B NEA GaN St B A6 & S B dn
Kl 4 fios, B E, SRR E, W RE E,
NYVOKREH E,, WEZ R, E, 7 GaN AR 58
JE. MR Spicer YrL & BT = A ARG E A
3 NEA GaN St B 1) 6 H 2 8 2 vl DA 43 A D
T=4

E—%  GaN i P i T2 B B i &
Z G I FE EE S GaN AR I R o, AN
BEM S5 A ¢, YT HE R ho 1F 3.2—5 eV B

057902-2



4 I %  Acta Phys. Sin.

Vol. 60, No.5 (2011) 057902

B, W R AL o, BEA SIEFRE . Ay B3 i AR
K, TR R B A A, AN A BB 26 F 7 GaN
IS B2 A (], A O+ g Bl R, W il B2
R A, I B 1 D R 22 A A O iR A T Ak e
WL, PR O H T B 3R TR, AR R Dk B O
T HOMERTE 2 AR, X EE S NEA GaN JGH]
W B FRCRAE A B 2 R R — AN AL

EZH WO O Y HUE
FH R 1) 2% i iz, B ad 72 Hh o't f 72252 31 S T
SR VR 2% JOT RIS A AR T 2K RE A, VR AR A
JEHE, AL T 4R ZE1E GaN R P HE, ¥ #d 2
S S5 X E AR AT 1S B
AR AT A AR R G  HEs

F=% FAFWAOLEFIRBEES BT
JE PR A O i T L i R T RN T —
AR AR R AT 3% ) B s IR R A 16
L AR RE IR ) B 28 T2 A7 AE — A3 A% |/
HL 3% 2R AR I 422 1 05 O R A, IR I R R KON
LT 19 8 e R T A 22 T IR AT G, AR A8 LA
FAEAL NEA GaN Yt HL BRI R 1% 2% 1 35 22 th A~ 3 A
= fIE S i e 4 FR.

TEVHE T 51 NEA GaN G HL BIH O &
S s, AR S H 8 FROR 2 5L B
W TP HOs Ry

T g =0, @)

A (o) DB T (LT ) BB, 7 DSk
T (T A, D, TR RS g (x) A
HLT R R, B AR

Dn

P-(1-R)- L
Y(hv) = ( ) c L,

gx) =(1 =R) -1, -,

Xexp(_ahyx)s (3)
x s
£ :
\ ™~ Lo
N +\ N\,
T ah
| EESTC N

& S
K4 &SR NEA GaN JGHL B & 5= E K

AP 1, S ASGIREE R ZBIRATRR A ERY
SR SRR AR R R E R B B . i
(2) AARAGY HOE T AW EE n(x) , MR P R
WLt R T A AR O AR U A A B s v A R
TEE T N

_p.p dn(x)
sepep iRl @)
Xz GaN SGHLBAM , iR R B R 5k
dn(x) e .
D, M| s )|
n(x) ‘X:TP =0.

wEATH Y = J/1, K E G NEA GaN Dt Bk
= a3 & /N W

ahan + Sv

Oli,,L%) -1 (Dn/LI))

exp( - aIlVTe> : [Sv )

«cosh(T,/L,) + S, -
cosh(T./L,) + (D,/Ly)

sinh(T,/Ly)
« sinh(T,/Ly) ]

(Dn/LD>

A, L, AH TR, S, MR R E SR, T,
IR SR AR EE . (5) bl LUACBR, B2 iaZ At
U NEA GaN JGHL B 2 T 20R I W FE N P,
Ly,S, FI T, , NHEZEE (5) ARXX AR ZR AT H
PR3 AT,

3.1 BFRHEBRP
TE Spicer HYCHL & §F = AR Bg v S HL BH

»cosh(T./L,) + 8, -

- ahVLD . exp( - ahVTe) ’ (5)

sinh(T./L;)
|

A A T a e T B T 00k B A 3 T i, ey
FAE— SR LT W0 5 X > 5 22 4 BE
B ELA e R R AR P AR Y Bk
AT G FiL 1 2 i T A T R ) A A HE R
(5) APl UL B, P HOKR, & T RCR ok, A AE
B K, p BB IRIVIB AR EZ R R P Y
EENER, e — 2 W B N 2 R, St e BT
T A B BEAT 257 XA 98 B /N | Fi 1 BT 32 B Y

057902- 3



4 I %  Acta Phys. Sin.

Vol. 60, No.5 (2011) 057902

HIC BN | B R TG B 3R 1 BT L
AR P 2 BEB UL T AZ K.

3.2. BFHHKEL,

PR B T IS B G T Sl A T O FH ) R
T iz, 76X A R 8 A TS o R R
FRN TP BOKRBE Ly (5) P Al RUE R, Ly ok,
A RCRH I, MO & 5T 1 i R 2 45 o B i
(1), G HL iz 3 ) B B R K, S A R 2 i e i T
PLEIIE NEA GaN JGH IR R0 , & 9T 2 B2 i
e PR ZE. L, Z PP RS D, A T7#
i T, SR, A AR RR
Ly, = J/D,7,, (6)
L9 RS D, M Far 7, &85 b ik
SHEHIM G, BEE GaN Y p 4B Z ik BE (38 in , 14
PR B, 23 5 S0 7 H0R BRORN L 4 11
/N YR B2 AR

3.3. GREERERS,

B NEA GaN S B4R, AIN 22 o )22 il
GaN K52 Z A1) S AR 2 ok J5 A . B 4 o]
LIER], T AIN ZZ0h 2 192845 96 2 B GaN & 4t
R, FIL e G R E A — A T
BRI AEAE A2 B 1R A 5 )2 o AR O
FL - [l A0 IS T Tl 4 BT, i 2 Bl iz A 22 BHPY TR g
HEA AIN G2 o2 I Z 35 S i AH 2 T — 6L
SHE8 AT T GaN 218 J5 ) B4 . SR
5 BRI AEAE SR BE B, B A B S F A
A R SE B {7 4R, (045016 HL - AN RE - (0] &
BRI A B3k GaN £, J5 R A HOR S, 458
e GaN DG HLBAM J5 i A e e 7 19 & A 0%,
(5) AT LLE B FROR SR S, 1938 K
AN RIS, BRI, A8 I St A R AR G A 2K A Y Y
Ttk % BEWE B3k GaN F1H A G HL T kb | i
FRORM A BE Z BG4 S, AR /NS, 5 23 1 e
BT PP G AL T B E . S AR
GRS, 55 R AL G A O, e & ST NEA
GaN L B4R S AU b A7 A i i Y S 28 i R AIN
GEoPJZ R GaN K 512 Z R AF 78 S Bl AL 4, BT LATE
GaN Y BAMY (4 AN E o A v, 45 il i T 20, BRI 2R
BC AV % P AR T, T LU S N I AT
HEWHES,.

3.4. ARESHENERET,

XTI NEA GaN YGHL B , 24 % 51 2 5 %
T KRTHTFY B E L, i, X & TR K
KRS, 10 3% 5 O f B 0 R B 2R T, X
T RCR I RZ W AR X A — 2 3 5 O A
IS AT RS 7 1) ASF, AR B Xk 15 7 A Ol
HLF 25 GaN R I, J0 H &4 I Be ok, i T
WCREEE K TR B Jn LR AR ) GaN & T2k 25
B SE AR, BT IR G LT B GaN R,
PSR T KK L Tl 5 258 s B K W E 25 4 fig
Fik GaN KM, H FHRETYBKE L, AR, 6
F3IK GaN F DG TS0k b, S f B 9 T
RORBRSBEAR; W2 T K/, AFHEERREDE GaN
RTE T AR, B 22 0 25 if o R )2 T ik
ARFIH, & TFRORUMA K. FI, B 520 NEA
GaN YCHL B 1 & 52 IR B T AFAE— e EE, K
TN F XA fe AR R B T35 AR AL

AT T LA B DA SR 375 5 2 NEA GaN S HL B
W FRCRM EE RN R Z 5, 1 LUk B AR
B2k B (R B 520 2 L AR AR PRI T
BB Ly, 7 DL AFAE — D B BB 22 5, K
R BRAIR 15 2% e 5 0 AS BE AR A5 BRAR 1Y) 8 T R0R.
[ 2 S5 )2 ) B B A7 A — A e AR A, A 7R I
FEIERERT A RR IR UE B4 9t 5e 0 Wl H i 2 ok
TREMEY B GaN 1. 76 LU A9 TAF ool X i G
K NEA GaN J'GH AR 1Y e A48 2 Wk 5 i e 16 2 3
JZ R HATIR A IS

4. #  #

IS LB RS T iE S NEA GaN Y HL B
B, MR T 1 e I 2 ) T AR h 2, R
HRETRAR, #EH NEA GaN G HL [ 8T8
R T8 76 255—355 nm P B K HAF
HEIR N, 7E 290 nm $RAT 13% 247 1305, K
T EE I 9 B B T RCR R BN B, T
AIN 22 0 2 B WA, I8 B 1) - A50CR Al 1L
R BT RS 2 T B 5 NEA GaN St
Wi TR A, IE B b T m Had FReR R
AN BB R AL A SR 5 A R AR
T EO B AT i R, O DL TR R R
HBE SR NEA GaN SGHL BT R 5Lt

057902- 4



4 I %  Acta Phys. Sin.

Vol. 60, No.5 (2011)

057902

Qiao J L, Chang B K, Qian Y S, Du X Q, Zhang Y J, Gao P,
Wang X H, Guo X Y, NiuJ, Gao Y T 2010 Acta Phys. Sin. 59
3577 (in Chinese) [ 7 R W AR B2 AR 3K 4%
ZE RO ERRRE SR A ZE RA AL 2010 AU BEAE R
59 3577]

Jia L, Xie E Q, Pan X J, Zhang Z X 2009 Acta Phys. Sin. 58
3377 (in Chinese) [ B7 8t PR HE2E7F 3di% 2009 )
HE2E 4 58 3377 ]

Feng Q, Wang F X, Hao Y 2004 Acta Phys. Sin. 53 3587 (in
Chinese) [#% fif \(EWEHE G BR 2004 Hy32A4 53 3587 ]

Machuca F, Sun Y, Liu Z, Loakeimidi K, Pianetta P, Pease R
F W 2000 J. Vac. Sci. Technol. 18 3042

Machuca F, Liu Z, Maldonado J] R, Coyle S T, Pianetta P,
Pease R F W 2004 J. Vac. Sci. Technol. 22 3565

Zhou M, Zhao D G 2008 Acta Phys. Sin. 57 4570 (in Chinese)
[J8 A RXAERI 2008 H312£4R 57 4570]

Machuca F, Liu Z, Sun Y, Pianetta P, Spicer W E, Pease R F
W 2003 J. Vac. Sci. Technol. B 21 1863

(8]

(9]

[10]

(1]

[12]

[13]

[14]

[15]

057902- 5

Oswald H W, Siegmund, Anton S, Tremsin, John V, Vallerga,
Jason B, McPhate, Jeffrey S, Hull, James M, Amir M D 2008
Proc. SPIE 7021 70211B

Mizuno I, T Nihashi, T Nagai, M Niigaki, Y Shimizu, K
Shimano, K Katoh, T Thara, K Okano, M Matsumoto, M
Tachino 2008 Proc. SPIE 6945 69451N

Ulmer M P, Wessels B W, Han B, Gregie J, Tremsin A S,
Siegmund O H W 2003 Proc. SPIE 5164 144

Spicer W E 1958 Phys. Rev. 112 114

Spicer W E, HerreraGoémez A 1993 Proc. SPIE 2022 18

Qiao J L, Chang B K, Du X Q, Niu J, Zou J J 2010 Acta Phys.
Sin. 59 2855 (in Chinese) [ 7 # R # 4% . At 5 I
T ARYETE 2010 HHEEAAR 59 2855 ]

Antypas G A, James L. W, Uebbing J J 1970 J. Appl. Phys. 41
2888

Du X Q, Chang B K, Zong Z Y 2004 J. Vac. Sci. Technol. 24
195 (in Chinese) [ #HIBERG HARE Sk 2004 KB
R 24 195]



4 32 % i Acta Phys. Sin.  Vol. 60, No.5 (2011) 057902

Study of spectral response for transmission-mode
NEA GaN photocathodes

Wang Xiao-Hui"  Chang Ben-Kang"’ Qian Yun-Sheng”  Gao Pin"
Zhang Yi-Jun" Qiao Jian-Liangl) Du Xiao-Qingz)
1) (Institute of Electronic Engineering and Optoelectronic Technology ,Nanjing University of Science & Technology ,Nanjing 210094 , China )
2) ( College of Optoelectronic Engineering ,Chongqing University , Chongging 400030, China )
(Received 20 July 2010; revised manuscript received 22 August 2010)

Abstract

Transmission-mode GaN photocathodes with the emission layer thickness of 150 nm and the doping concentration of
1.6 x10" ¢cm ™ were grown by metal-organic chemical vapor deposition ( MOCVD) and were activated in ultra-high
vacuum system. The result was tested by Multi-information test system. The shape of transmission-mode NEA GaN
photocathode quantum yield curves looks like the Chinese charocter [] for “door” , the photocathode had flat and high
response between 255 and 355 nm, the highest quantum yield of 13% appeared at 290 nm. When the wavelength was less
than 255 nm the quantum yield was decreased because of the high absorption coefficient of AIN buffer layer at short
wavelengths. The quantum yield was also decreased beyond 355 nm and fell to 3. 5% at the threshold of 365 nm, the
quantum yield at 385 nm was reduced to 0. 1% and the cut-off character of long wave was well shown. The quantum yield
formula of transmission-mode GaN photocathode has been solved from diffusion equations, and the main factors affecting
the quantum yield mostly, including electron diffusion length, electron escape probability, active-layer thickness and the
back-interface recombination velocity, were analysed and discussed. The future work is optimizing the structure of the

photocathodes.

Keywords; transmission-mode, NEA GaN photocathodes, quantum efficiency
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