Chinese Physical Society

%fg%"—jﬁActa Physica Sinica

Institute of Physics, CAS




#) 32 2 3R Acta Phys. Sin. Vol. 70, No. 17 (2021) 178503

N B 2%t 3-Ga,0, HIE H H £ 5
RS e AY =2 A

BRE kit EE2 xBX HTH
£ % AEM cPAHE EFAE

(T PRIME R 1 TR, EERTDG R IIREM R B 900 %, TR 401331)
(2021 4E 3 A 6 HYzl; 2021 45 4 A 22 HikEIENR)

HRVAALER (8-GayOs) B4R A i A 5 B G B Rp PR 7E B B SR AN 0l s 2L AT 7 R i 1, T, 32 %)
E AR B2 R AP TAER A SR AR 78 c I E AR LH& T REBRHMEA
(N) B4 3-GayOs i, BF5E T N B4R 8-GayOy WAL 5 14 G2 Rk i R w5 2 L8 RE I, M T KRB 42
N B2 3-GayOF I 4 8 -2 F1K-4 )8 (metal-semiconductor-metal, MSM) %I H & £ 4RI 2%, 31418
T NBAEm 2Tk fe 0 P B AL 25 1R, N B 724 23 -GayO W3R 1 TE 51 AR 15 A0 X M R, H 251
i 3-GayOs WENE iy L H27 BRI Al 2 R AL AR . IR S R B B m i fe e B 55k, k2 T, N
%% B-GayOq T I 251 58 Ji 2 5 0% 09 165 B 3 R B8 A (9% S i 17 9 38 (o o AsF ] 0P &2 B 1) 43 5310 k9 40 1 8 ms),

58S A SRR 8 DIARL G AR S0 T B B Y e M RE H S AMR I A% BT — € M SR .

R (G0, WL, N 875, FFTESMEINTE, Yotz

PACS: 85.30.-z, 85.60.Gz, 78.66.-w, 61.82.Fk

1 5

HH 4% (200280 nm) 78 #EA K2 HF
SR ELEUZ R, SO IRER L A FEAEZ % B
St B, HE SRS RIR EA  m  RAE
FIMERG R 02 7E SRR | il (e, AT
T 2K T R0 45 = R B A 58 R 1 g FH i
B RIS, HE SN SE AN ST
4.4 eV PSR, BT EZERTE AL Ga, NP,
ZnMgOUl 4= Wi £ 7 A1 B S AL 8K (8-GayO4)lF)
b AR RO B SE AR AR R}, 5-Gay0,

ail%

DOI: 10.7498/aps.70.20210434

P ANE AR AT S (4.9 eV) W LUk B 240 &
bt A, R B B B IR E P R
PERVE e R 58 % (<8 MV /em) S50 A, #E
AR AR RN H B MR AR 8-GayO 1
A ER G 001 ok ghify MU 02 SRS, HAET
AFEPEZERT H 5 2Mas g AR BIUESE B18], AR
JCRLARINZS, RLEAT F A AT | il A T TS
B I FH AR A T 32 DT . 76 UL TR AR F )
ek, &JE- 23R4 )8 (metal-semiconductor-
metal, MSM) 544 (1) 't HL AR I 25 B A7 i 45 J7 32 1
BRI RE AR T =5 AL 34 03 SR, B-GayOg 1Y
ARSI RSP I —E A AL (Vo) A

*ERHRFIER S (S 11904041), TR A R FFER S (HHES: cstc2020jcyj-msxmX0557, cstc2020jcyj-msxmX0533)
ME KT HE R A SRR ARPIHE (S KIQN202000511, KIQN201900542) ¥t B ftigHE.

T HEfEMEH. E-mail: zhh 2016@163.com
1 EEMFEH. E-mail: y1j2592924@163.com
1 BIEVE# . E-mail: liwj@cqnu.edu.cn

©2021 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

178503-1


http://doi.org/10.7498/aps.70.20210434
mailto:zhh_2016@163.com
mailto:zhh_2016@163.com
mailto:ylj2592924@163.com
mailto:ylj2592924@163.com
mailto:liwj@cqnu.edu.cn
mailto:liwj@cqnu.edu.cn
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. 70, No. 17 (2021) 178503

g 1) AR B AR O AR S A R
IR AV o 7 S, g B LA, R A BRI T R AR
TEIPERE 191, B IL, Qnfalisi b Vo AH S B X 36
PUEVERE AR A L. FS b BT R K
T2 AUE G T AL B A1 1617)) 57 2%
5 4 O B UE BH 2 800 5 5 A AE AR AR o
Vo WAROTEEIS=21_ fil0, Guo ZE18 KIN, 7E Zn 5
A B-GayOy 1, Vo WREEBE Zn 824 BE T+ i
REAR, DT 30 Zn 358 2445 140 1) I8 H 3 SR AIG, i
FU B G, G 7 5 TR Chen 25 19 F FH Mg 5
A B-GayOs AR THENERE) Vo WRIE, B4
Jei A AR B RO A S /. 28U, Yao 45 1200 3
it N 48 7% ZnO Wi, (RN &R Vo KEmD.
Balasubramaniam %% 21 &8, it AN $£45 ZnO
A DAREAIR Vo AHOGERIA, o g Gms L KR R4 =,
GRS RN AN, N3 A B T2RAR FIf 451
B2 O, #OIA N & —Fh A 2 52 F 18 2% 5 122
WAE 2011 4F, Chang %5 2 i N B T &
S p Y GayO4 GPKER. SRIT, FET N 824 3-Ga,0,4
R H T SR M I A O T A 5 ) e A R T 2,
BB Z B, N BAR Gt A Vo HOCHE, I
FEIH iR B IR ISCRT B S A L T L A T GER R
5 22 ATREA B TR TS R PERE.

SR, A SCHRIE T ) FH S R s e S R AR
T B F A AR FAMEA KRB N B 5
GayO M, LK MSM 25445 H B0 2% A 1l 25
FRAE; R T N B4X} B-Ga,04 IS5 FIE 2
R L LA R I Gl B A R S s, RN
e T N B2t H vk s f s L. 4558
FW, SIAN 220l B-GayOs IR A4 B R 1 Ak
FRENE AT, R — b EL I FH A1 55 A PRk i iy
H 5 &AM G .

2 SLinitAE
2.1  HRIFNSEEE

ARSI B0 28 A SRR A e R A R A A A 2
T2, 78 cifif (0001) ¥ A+ EUUR T KB
N $B4% 3-GayOq M. T 580 R 158 ] #e Mk Ak 1)
GayO4 PR (99.99%). VUARHT, #F KI5 7Rl A
FIPERH EAT 10 min B THTE; 228 FKIE
YEE, HCE TS 4l N, SR T4, 78 s
ARt B, ST AN, ik (Ar:N, = 40:0,

32:8, 28:12, 24:16, SN 40 scem) SEIA ]
W N 48254 3-Ga, O il AR 5.0 x
104 Pa, Wk 5 D% | A B B[R] 43 518 150 W,
2 Pa Fl1 1.5 h. B, B BT A RE S ilcE 145 0GR ok
b AT 900 °C, 2 hiaR K, IR KA FEN Ar. &5,
FIFH 4 SRR AE B-GanO, W F T IR EHITT AR
=XF Ti/Au FE M (F8EIEE R 200 pm), %
H MSM ZE ] 5-Gay04 H H /MM g1

2.2 HmRIESHIGHEREET

KM FEI Inspect F50 B4 HL 1 B B = 1E
IS . 18 1 Bruker DSADVANCE A25X #!
X-BFATHMY (Cu Koy, A = 0.1540598 nm) 43 Hr
W A ZERY . i ] LabRAM HR Evolution 3
TR AR ZOGIESCR B & BUHOGIE FOEEU
i, B IR B 532 F1 325 nm FOELE. K
FH U-4100 B AN-A] W-T 2T A8 Y66 TR A
FESF325 S T AN GRS . SR Keithley 2450 WK
BT B-GayO IR H I 28 IR & (1-V) Bt
MARFRFAE (I-t) BHER. LaRRTa MR 7E 0 T k7.

3 R

Kl 1(a)—(d) 4t TARFMREE N 4% 8-Gay04
WY SEM [E. WA 1(a) HATLIF Y, RIB2: -
Ga,Og WA (FESL A) FR1H H REER 510/ INBURL
B H A, M Z T, N 844 8-Gay04 HKY
FH MRS, AnI& 1(b)—(d) Frzs. Hrp, #85 C
(Ar:N,=28:12) {4 & i & &0 & F ¥, iAo B
(Ar:N, = 32:8) fil D (Ar:N, = 24:16) A1 H 2
TRER R FR. SEM Mk 2s BEH, N, 7
it AR BT S AN R TR R T N 5
H B-Ga,O5 Wi, U R A Luan 45 PIpT
. E 1(e) R TAFWE N 844 3-GayOs i i
) XRD &%, B RERAE 18°, 38° 1 58 FHITHI N
IR AT, A3 BIXT I B-GayO5 fiARIY (—201),
(—402) F1 (—603) &nTH 29, F34h, FEdh A BRI T
(-313), (-113), (-801), (-020) FHEATENE, 5 5-Gay0;
PR (JCDPS # 43-1012) Hfr B —%, F WM
Tt G s T B RS AR T2 A i A N -
Ga,O5 W, HE—L &M, N TEMGI AL FHUT
ARV I 5 BE IR FE IS5, HLBEE Ny Jitt i b
B, N8B 4& 8-Ga,O5 WY (-201), (-402) fl

178503-2


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. 70, No. 17 (2021)

178503

(e) g 2 _=
n | ¢ 5Ga0, Tz
5| * c-ALOg substrate * 38
=} L
. *
o
—
B
~
= h . . ;
:‘% a01) 56 58( 60 0 62
2 - (-402) —
2 M A 2 D
: A ¥ . A c
= A /UJ K e B
>< -
5\ A
1 e n

20/(%)

Bl 1 NiBZR 5-GayOs IR A 2 T T 500 A0 it 1A 285 £

(f) *

* 3-GayOy
* c-Al,O3 substrate

Low-freque:
modes

<

High-frequency
modes

Raman intensity/arb. units

100 200 300 400 500 600 700 800

Raman shift/cm~—!

(a)—(d) SEM H; (e) XRD Eli; (f) Raman Y63

Fig. 1. Surface morphology and crystal structure of N-doped 3-Ga,0j films: (a)—(d) SEM; (e) XRD; (f) Raman spectra.

(~603) AHTEATSTIERR AR PE (full width at half
maximum, FWHM) /N3l 2 80585 K5 100N |
SN R ARG (K] 1(e)). Bl 1(E) AR
N $B7% 3-Ga,05 B RFIE 0. BRefIRIES, X
MEEF] 5-Gay04 T 15 RSN Y 9 Fh,
WA T 145.7, 170, 201.4, 319.2, 347.9, 474.4,
630.3, 653.1, 768.4 cm ' Ab 27 jE— 5 41E 52 ) £
(1) LRSS R BRAH B-GagOs AR, LU A BT 43
S A L A =T - (1 7 - A
200 cm ) IHHF GaO, MU i 4 /Ga,O, /\ T 1A 4%
1E# S54R3h, T (300500 cm ™) 5 Gay0y
JNHR B AR TE A K, =il (500—800 cm ) JE T
GaO, MUY AR 7. 5540, 7F 230.7 cm
AR SR N TLLAMR S E,(TO/LO)R.
XHECIE 1(e) AL 1(f) AT LAE H, Bl N i & e
Hm, N % 5-Ga,O5 WK 201.4 cm ! 47 2 ¢
TRV SR B AN FWHM K/MERS XRD (—201) A
AR — B, BARERT 2 03 10 DL B3 pr
AL, N TGRS ARZ T B-Gay,O5 I AHHE, 5200
T AR A O FLRE N S I, N B
A2 3-GayO, RS i T S 0 e AR d AR 22 1
B (BEAh C g s et

El 2(a) AR N 848 8-Gay,O5 FE 5 05
SP . AR T DL X, R A LA R A R
CFELES R > 95%); TEERAMDGIXEL, Fra+Em7E

# 1 AR NBIRKE 5-GayO, WK (-201) i
HHIEFT 201.4 cm L PR G A R T

Table 1.  Full width at half maximum (FWHM) of
XRD diffraction peak and Raman peak.

FWHM of 201.4 cm!

Sample T WHM of (-201)

peak/(°) peak/cm !
A 0.38 2.6
B 0.51 3.08
C 0.39 2.9
D 0.58 3.14
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Fig. 2. (a) Transmission spectra of (-GayOs films doped
with different N concentrations; (b), (¢) Tauc plots for

samples under assumptions of an indirect bandgap and a
direct bandgap.
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Fig. 3. (a) Room temperature PL spectra of N-doped -Ga,Oj films; (b) local enlarged view ranging from 350 to 500 nm.
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Fig. 4. Photoresponse performance of the (-Ga,Oj film MSM photodetectors: (a), (b) I-V curves of the MSM photodetector;
(c), (d) transient light response characteristic curve under the bias voltage of 10 V; (e), (f) exponential fitting of a single cycle at

10 V illuminated with 254 nm light.

R e B 5 R 2 ) DA BB Ak 091, L, P AR
Dl FL AR B D' B iR SR IR O, X PR T R D

HR FE Qe 7 1 H -5 O 0 7 AR PO TR 4(c), (d)
3R TAE 10 VAR, dl i TR OG5 A

178503-5


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. 70, No. 17 (2021)

178503

VR (254 F1 365 nm) AR I B Rk 2. A
Kl 4(c), (d) AT LAE R, L0 ZA06TF /630G,
B AR CABSRAERT 254 nm EAMERER LA
[7] B G 0 17, T % 365 nm Y6 IR JLF- T mi g, i B
A AR SRR AT R, IR
T H B RRE. AR, AR R () Rk
S (GEEURL) HSF [F) 357 i PS8 e 37 10 3k i 7 9 45 73 2
B 4(e), (f) 41T 254 nm LAME IR T BRAS
IVEER AN SR 9 ONEEIPYE R CiliN: Sap -t ey
k. METBaT:

I =1+ Ae”"/™ + Be7'/™, (2)
Horr ) I, ARSI, A BESAEEL, ¢ ],
7y Fl 7y A sth R ] H R TR R [T B 7
) 3 RO A 7 B g AHER IR, WA Eh i
Ty R4 M 22 5 A e 7 R 1 e A AR s 48L&
FREE (B 4(e), (f). B TEe4F A 1 C (4 mm Rz B[]
o1/ Too 53 5 A 0.51/3.04, 0.04/2.38 s, FE Ui B[]
Ta1/Tae S3 4 0.09/0.14, 0.008/0.29 s. ] L, N 45
%% 3-Gay,O3 H B S HMAI 25 7] 345 TP D't i iy
R, HIU A ] 7 AR E] ms FO. A AT
YEP BT MSM 454 3-Ga, O 1 2% 74 Y > it
fig, R 2 X T ENAMEEE B-GayO5 i MSM 45
PRI g IS LU . THISHIA] (2,) ARSI TA] ().
SR, A TAET Y H B 2NN g 52 90 A
PR B P AL AR PP 7 PR S B (), SR 3 rh FoK
P A, Gl N AR AR S TR I Y B-GayOj
W H O SR AMEI 25 1) — P A R

R ETF LN E — N E 2 AR, W
R F-25 SO B PR A B AR A i AR
S iE FE B N 8240 g R 2 28 B R r M RE 1Y
SR, K 5 A T EME A R C B R REH R .
— PR, PR AL AR AL TR Ah SR AT A — BB TR
X B A B A, I HL A A 0% B R A
F B AR AR 2 T DR A A R SR R R e . AR TAE
o R AL O HLRE B9 2 T Aa Bh T8 A i A A
W, BRI () 2%, {2t T H T/
EHEREZE (18 5(d)), WAL T RickHEfh (& 4(b)).
2, FEAh A B R TE A, AR R
(\y) B8, P R B LI F & 5 s 42
B, WA T80 UL S Ak fil (] 4(a)).
WAN, Vo B2 5-GayOs i 520 I, Bk
FE T B-GayOs HENFRANMEZ I FHREE. | PLOG
TEAT AT, BEE N 51, B-GayOy 15 P
Vo W BEFRAR, i AR 30000 7 VR B ek /D, B &
FRAR T #8040 C RYME L D4 e R A 7= A K22 1
HLFAAEBGE S8, 28R, oAt 32 B PE e 0T
LTI DTSR AN REZ WG Y. 7 254 nm HEIRT
(El 5(b), (e)), RKEIEA B F-25 7O BRI & 7=
Az, SRIG L BIAARL A F . [RIE, Vo AHOCHERBEA
ILRBAE M B A RE B b, I REAVE AR P Co
PR T 2. K, #8344 A hRER Vo HHE
Bt TR Z T, RO AR, EIFE R
BEAS T AR 400 740 B, Wil g B[R]0 . AH i i,
W C TR Vo MOEBE, SBOEE R
i AT LA 3 g (2090 5L A A PR A g 7

#* 2 ENS GayO5 WS GHL TN R0 EZMERERSbrxT 1L

Table 2. Comparison of the representative photoresponse metrics based on Ga,Oj film photodetectors.
Samples Growth Tgare/nA T./s T4/8 Ref.
B-GayO3 Sputtering 0.11 (10 V) 0.31/1.52 0.05/0.91 9]
B-GayO3 MOCVD 34 (10 V) 7.30 8.05 [40]
B-GayO3 PLD ~1.2 0.59/2.4 0.15/1.6 [41]
a-GayO4 Sputtering 0.3386 (10 V) 0.41/2.04 0.02/0.35 [42]
Gay03:Zn Sputtering 45 (10 V) 17.2/1.23 4.03/46.10 [38]
Gay03:Zn MOCVD 23 (30 V) 3.2 1.4 [43]
GayO3:N CVD ~0.1(5V) 0.01 0.01 [24]

GayO3:Mg Sputtering 0.0041 (10 V) 0.33/8.84 0.02 [34]
Gay03:Ce PLD — 0.87/10.81 0.54/13.98 [32]

a/B-Gay03 Sol-gel 0.125 (15 V) 0.04/0.87 0.02/1.00 [44]
B-GayO3 Sputtering 0.56 (10 V) 0.51/3.04 0.07/0.08 This work
GayO4:N Sputtering 0.0108 (10 V) 0.04/2.38 0.008/0.29 This work
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Effect of N-doping on performance of 3-Ga,04 thin film
solar-blind ultraviolet detector”

Zhou Shu-Ren  Zhang Hong’ Mo Hui-Lan  Liu Hao-Wen
Xiong Yuan-Qiang Li Hong-Lin  Kong Chun-Yang
Ye Li-Juan* Li Wan-Jun '
(Chongqing Key Laboratory of Photo-FElectric Functional Materials, College of Physics and Electronic Engineering,

Chongging Normal University, Chongging 401331, China)
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Abstract

B-GayO3-based deep-ultraviolet photodetector (PD) has versatile civil and military applications especially
due to its inherent solar-blindness. In this work, pristine and N-doped [-Ga,Os thin films are prepared on c-
plane sapphire substrates by radio frequency magnetron sputtering. The influences of N impurity on the
micromorphology, structural and optical properties of [5-Ga,O5 film are investigated in detail by scanning
electron microscopy, X-ray diffraction, and Raman spectra. The introduction of N impurities not only degrades
the crystal quality of 8-Ga,O; films, but also affects the surface roughness. The 8-GayO;3 films doped with N
undergoes a transition from a direct optical band gap to an indirect optical band gap. Then, the resulting
metal-semiconductor-metal (MSM) PD is constructed. Comparing with the pure 5-Ga,Os-based photodetector,
the introduction of N impurities can effectively depress dark current and improve response speed of the 8-Gay,0O4
device. The N-doped (3-Gay,0O5-based photodetector achieves a dark current of 1.08 x 10! A and a fast response
speed (rise time of 40 ms and decay time of 8 ms), which can be attributed to the decrease of oxygen vacancy
related defects. This study demonstrates that the acceptor doping provides a new opportunity for producing

ultraviolet photodetectors with fast response for further practical applications.

Keywords: 3-GayOj5 films, N-doped, deep-ultraviolet photodetectors, fast response
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