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NiO/GaN p-n 2 5MRMZF K B HEBE AR

EWRADD  EEAD HFEAUN FEEY x| U
1) (WL TRFYIR R, LA e AR A 00w, SR 5884l Fi 310018)
2) (&RENRHEAR AR, 4% 321015)
(2021 4E 1 A 22 HUk#; 2021 4£ 2 A 7 HikZIENR)

SEHMRI EHAE IR TVE | T B R D B 58 AN I TRTH 75 1 R0 s A O T A B AR T AVE D, 5 N AR TR
JBUEBAHIC. Bl PRI R Ge A LA R R, X I 25 1 RUST L BB AR 55 5 THT 1 B SRR K ™A, R AN EL R AR
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ST 0 7 0k, A6 95 Bt 9 n-GaN B8 F (H1 & s A ALAE 2 SO DT AR KRAE I A DK ) DT — 2 p-NiO, #4 #
T NiO/GaN p-n %5, 76 + 0.5 V T Sos B i A S s e . IR &5 DX A i N L g, A  n] DAZE IR
A AN B 2544 T TAE. 0 VR X 365 nm (9 %5 4P R 272.3 mA /W 1w 57 B LK% &5 ik 2.83 x 10
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HL PR I Y A p-n S5 BRI A8 0 BE 2 BORAE
BB FITF AN | m Rk R R IR Y A
KR

BT GaN #BHY p-n S5 25 tBAT —
SRS, il Su A5 MR 4 R A ALY A2 SO
J#E 1 (metal-organic chemical vapor deposition,
MOCVD) 43T HAME 1) 7 155 BT p-GaN
1 n-ZnO F AL p-n Z58%04F, 76 0 V I X} 358 nm [
SR H0.68 mA /W I N BE 5 Zhu & 1958 4
MOCVD 7 p-GaN #Ji [ il £ n-ZnMgO 4 1
p-n 45EefE, 0 V X 362 nm #OEEAT 196 mA /W
RO 1 . T ) B AT, AEL SR g St 1y 1
AE. JEF e A B THE n-ZnMgO 15 4%l
FL R RIME. NiO fE A —Fh KRG p Al
PRBERE, T A 5 2 GRS RN 1 IS /X
FREAPARL 1), R AR PN = B B, DL AT
A 07 IR (REHE L ENR) A% NiO ich—Fh &
&AL TR pn G585 14

ZHIIAFFE R, NiO 5 GaN Z i HA3 B if
) 7INIE S 21 A B DG i ) Ry 25 44 7191, L 4 120)
fIiE T NiO/GaN p-n &5 7L A% J7 1 1 1 H, 5
JEWATIESE A B R BE, 55 AR SR AR Ni 4
16 NiO W25 il 25 i, AN T 52 44m B G i
PRIE Ni 58 24 0 h NiO.

AR S A WE A 9 T, AE 500 C Rl
T NiO #iEE. GaN Fl NiO Wil B 419 45 S fdif5
FEPFIE LA 10710 A, DETE 4 R AT 245 #1541
%1 GaN/NiO p-n 25 HA BB 09 — W 5 3 i e
PE. EBAAMIMR BT, SEIER X 365 nm
fRI2E AN WS Y 272.3 mA /W IR R S J3E LA R 5 ik
2.83 x 10 Jones FHRINZ.

2 I
2.1 NiO FHRERH&

I FE R4 0 S5 1) 7 s 4 p-NiO WL, #EAF
& 40 S 99.99% B NiO P %40 Wk 5 514 K
500 °C, Ar JiiE "~ 20 scem (1 scem = 1 mL/min),
O, Wi ' A 20 sccm, 58K 2.0 Pa, Ik 5 IR K
50 W. Hof JIE 16 1 102 5 M 4 4 B A BR 2 ) e
LY n-GaN JE I H 3 R, R ] MOCVD 7
2 BT Y (0001) I 5 B AR Ll & JREZA R
4.5 pm, IR FWE N 3.2 x 1018, ZEUTH NiO 3

JEZ R, B GaN VI 1 em x 1em B/NF. T
AR EE, RIBEEEL T (0001) i 5 A VE N
PUR NiO T

2.2 HJHFHIFIFEERIE

S AITE GaN 5 NiO I b J7 w45 Ik 5 Ti/Au
YERE A, i X LA (X-ray diffrac-
tion, XRD, D8Discovery). £ #h-AT W43 66 B i1
(UV-2600) . 37 & 33 HLF /5 (scanning ele-
ctron microscope, SEM, HITACHI S-4800) 47 %)
XF NiO N GaN JEEHEATRAE. IS4 & &
4t (4200-SCS) X #5141 o s M sE R4 73k, i
FEIRE A 70 ) 254 A1 365 nm.

3 #XR5it%m

7E AL Og #H AR BRI 1] ) NiO jHi
#) XRD 255Kl 1(a) iR, 7F 36.5° T s
HH I8 P RR AR AT S 06 I L ISR 1he =2 AP JE A AT S 0
VERR 5 1) NiO M ELAT R AP 45 eIt HLiE
(111) AR AR K il 5 W0 59 ) ) Ay 56 o,
YR FERG R, A A4 S DA 5 8 TRy, 1 fe U ik
AN, FHR 2 AR L. TR 1(a) RHAY 3 MV ERY
TTSTEEARIE T 85 T A RTIS, Horp 41.7°X5 1 AL O,
1) (0001) T, 37.5°F1 40°0 B 1) /IMEIXF i AlOq
£ (004) F1 (200) 1. & 1(b) & NiO 5 25 #h-w]
W, AT LA 3 NiO JEE xS 4N A & Fl
AW, FIIFH Tauc 842 H A Y
(ahv)? = A (hv — Ey) (1)
AT LAITHEAS ) NiO R E BA Egxio = 3.24 eV.
E 1(c) ATE GaN % A KA NiO #AEH) XRD
K, BT GaN BIATH IR A NiO B, LA
AWM SR IR ST 2 h 59 NiO MEEAY (111) &1 AY
b, nIEFLE GaN A4 KA NiO FIFE AlO,4
EAKM NiO B MHEIMERA K I . KB 1(d)
9 GaN A1 GaN/NiO 42 £ 1 5 A8 W it 3%
Al A F] GaN #IEXT 365 nm Fi T A28 486 B AT 5%
AU, I HE ST NiO Wil 5, HxF KK
T 365 nm WG A B B AR 4L, (EXF/NT 365 nm
(1) 28 A6 A B S e . 1 7 35 1Y NiO
PR R o] WGBS B G5
o SRR TR, AR T A pn S AR
Bl 1(d) #EE/R GaN 52 Bl Eggan =3.36 eV .
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(a) . 4 «: NIiO(111) (b) —o— NiO
a: AlLOs 3
wn
" Bs
Bs E
=] =
=3 .
; 2
2 roa o - 2
& 500 “C-2 h-NiO )
Z g
= . 3
g 500 °C-1.5 h-NiO 2
£ /\ H 2 2 3 1
=] o N @
= 500 "C-1 h-NiO ﬁ Photo energy (eV)
Al l 500 “C-0.5 h-NiO
_____‘_______‘__LJ\J Al,O3 substrate T
1 1 1 1 1 1 1 1
25 30 35 40 45 50 55 60 300 400 500 600 700 800
20/(°) Wavelength/nm
(c) m %: NIIO(111) (d) —e— GaN —o— NiO/GaN
4
wn
2 E 3t
E U = PR
S >
g GaN i 52
] ~—
< P
= Uy 500 °C-0.5 h-NiO | g 1r
= a
wn
g 500 °C-1 h-NiO 2 .
g w A | P 00 3.5
= 500 °C-1.5 h-NiO = Photo energy/eV
\d W 500 °C-2 h-NiO

25 30 35 40 45 50 55 60 65 70
20/(°)

300 400 500 600 700 800
Wavelength/nm

Bl 1 AARKAEREEARE LA NIO MY XRD EE (a) FE50-A] WIS (b) DL & NiO J62:7 B (1 &1 ); A2 K 7E GaN it -
B9 NiO #ifE ) XRD &35 (c) 1 Hh-nl WIS 3 (d) PA K GaN (5t 254 B (5 41)

Fig. 1. (a) XRD patterns and (b) UV-vis absorption spectra of the NiO film deposited on sapphire substrate (0001) plane. (panel
(b) insert) Plots of (whv)? versus photon energy of the NiO film; (¢) XRD patterns and (d) UV-vis absorption spectra of the NiO
film deposited on GaN film. (panel (d) insert) Plots of (ahv)? versus photon energy of the GaN film.

ZJ5Xf NiO/GaN p-n Z5 ¥ HL-HLE (EV) $F
PEVEAT TR, WA 2(c) Fis, TR AT s
IR UE SR E e I S SR S E RO = 3
R T BRI A R AN S A ORI T GaN 5 NiO
F R p-n &, 4306 L2 NiO MSM 45 #4) i1 H
JZ GaN MSM ZE5H7EM R 2544 F k4T T £ VIR,
LERANE 2(a) A1 2(b) iR, Hid NiO BRH T
KPR I i, GaN s i T ERK AR Al 4714
AR T P EETE 0 V R T X 365 nm
e UMY LRI E] (1-T) S B A 2k, AT LA
B B M P B AE AR SN e B A5 R LT %
AHF A DR RE 2(c) FrE 1Y
AR IR T GaN 5 NiO B8R p-n 45, [Fm
+ 0.5 V N KT 102 & 2(d) 2Rt T AR
JEIR Y 365 nm $EAMEIRST T NiO/GaN p-n 45
PERY I-VEEYE, ATLOUWEERITE 0 V T e BA W
TG, I H RS GHR A IOCH ERE .

FF NiO/GaN p-n 251G LRI 1 25 K0 7
HEE 3(a) s, TR ALOs R, HrlE m)

GaN |22y 4.5 pm J&, 77 NiO J245 70 nm J&
(K 3(b)), Ti/Au HLRZ 70 nm JB (U E FiR),
AN JZ Z 0] B W M ) i 7L
FEBCA A I F PGB, g8 X 2240 E
AR R, FIANTE 700 pW /cm? 9 365 nm YGIR
SN, M BEE AT A 0.17 nA MR BT
% 275 nA, 7F 1300 pW/cm? 1Y 254 nm YR T, Ol
LA 0.17 nA B | TF 2 223 nA. XHIEIR
J , BRI A ) L I (R BRI A 7K (] 4(a)).
HrpXtF 365 nm Fl 254 nm SGHIFFEEE (Lon/ Lot )
3R E] 1617 A1 1311, 22 J RHEIN 2% 8 6 0 7 4
FEHEAT T IR, S50 4(b) B, Hodn/ra 25
37 ms/31 ms. K Ti#H—F THE NiO/GaN p-n &5
BB T s g oL, [ 4(c) 45 T NiO/GaN
p-n HIREHFZE MY . Hid GaN 1 NiO B 73 FlRE
(x) 553~ 4.2 eV Fl 1.8 eV, F M Exio =
3.24 eV, Egan = 3.36 eV, B LI H A S
W (AEc) M2 (AEy):
AFEc = Xgan — Xnio = 2.4 €V, (2)
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NP SN0 —— 365 nm « GaN
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5 060p BlassoV £5.50 | Bias: 0 v
E | e
1F & 02t £
5 048 % 5 5.25
< <
E F
s 0 5
) )
= =]
O 1 (:) o 0
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-3 L L L —0.2 L L i
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4 0.05
() e (d)
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3L
< < 0
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::..x?‘?‘ 400
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it: 2
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—0.10 .
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Bl 2 (a) #£ 365 nm O B8 T A2 B ) NiO MSM £5 4 1) -V il £k, i &l NiO MSM 25 /R MEFI OV Ry -T i £k ; (b) 7
365 nm YR T RIEL S H Y GaN MSM 4544 19 I-V il 28, 3 & S GaN MSM Z5 /R B f1 0 V R 1 I-T i 4R 5 () SR+ NiO/GaN
p-n 450 I- VR, i &y NiO/GaN p-n &5 #4258 & & (d) ANl B Y 365 nm Y6 I T NiO/GaN p-n 251 I- Vi

Fig. 2. (a) LV curves of the NiO MSM structure in dark and under 365 nm light illumination, (insert) diagram of the NiO MSM
structure and I-T curve under zero bias; (b) I-V curves of the GaN MSM structure in dark and under 365 nm light illumination,
(insert) diagram of the GaN MSM structure and I-T curve under zero bias; (c¢) I-V curve of the NiO/GaN p-n junction in dark, (in-

sert) diagram of the device based on NiO/GaN p-n junction; (d) I-V curves of the NiO/GaN p-n junction under 365 nm light with
various light intensities.
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Fig. 3. (a) Schematic illustration of the fabricated prototype NiO/GaN p-n junction photodetector; (b) cross-sectional SEM image of

the NiO/GaN p-n junction, where the insert is the enlargement cross-sectional SEM image of p-n junction with electrode plating.
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Fig. 4. (a) I-T curves of the photodetector under a zero bias at 254 and 365 nm illumination; (b) enlarged view of the rise/decay

edges and the corresponding exponential fitting; (c¢) energy band diagrams of NiO/GaN p-n junction; (d) I-T curves of the photode-

tector under various biases with a 365 nm light illumination.

F 1 JET GaN (1 HALLERM S ERES R EL

Table 1. Self-powered device parameters comparison of photodetectors based on GaN from previous works and this work.

Photodetector Wavelength  Responsivity/(mA-W!)  Detectivity/Jones  Rise/Decay time/ms Ref.

GaN/ZnO 350 nm 95.8 2.9 x 1012 730/50 [22]

GaN/r-GO:Ag NPs 360 nm 266 2.62 x 10" 680/700 [23]

GaN/NiO 365 nm 150 — [20]

GaN/Ga,04 365 nm 54.49 — [24]

1-GO/GaN 350 nm 1.54 1.45 x 101 60/267 [25]

ZnO nanoarrays/CdS/GaN 300 nm 176 2.5 x 102 350 [26]
NiO/GaN 365 nm 272.3 2.83 x 10" 31/37 This work
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Fig. 5. (a) Time-dependent photoresponse of the photodetector under zero bias and a 365 nm light with various light intensities;

(b) photocurrent and responsivity as a function of light intensity; (c) detectivity as a function of light intensity.
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NiO/GaN p-n junction ultraviolet photodetector and
self-powered technology”
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Devices, Department of Physics, Zhejiang Sci- Tech University, Hangzhou 310018, China)
2) (Jinhua Zizin Technology Co., Ltd., Jinhua 321015, China)

( Received 22 January 2021; revised manuscript received 7 February 2021 )

Abstract

Ultraviolet photodetector plays an important role in fire warning, missile tracking and dose detecting of
ultraviolet sterilization and disinfection, which is closely related to human lives. With the development of
integrated detection system, the requirements for the size and energy consumption of the detector are becoming
more and more stringent. Traditional detector that requires an external power supply can no longer meet these
requirements. Moreover, a traditional ultraviolet detector is mainly composed of first-generation semiconductors
and second-generation semiconductors. These semiconductors have small band gaps and large cut-off
wavelengths, and are more suitable for infrared detection. When used for implementing the ultraviolet
detection, an additional layer is often required, which increases not only the volume but also the cost.

Gallium nitride (GaN), as a third-generation semiconductor, has a band gap of 3.4 eV and a corresponding
absorption edge of 365 nm. It is a natural ultraviolet detection material. At the same time, the excellent
physical and chemical properties make the devices prepared by GaN have high stability. In recent years, some
studies have shown that the GaN-based ultraviolet photodetectors have excellent responsiveness, but each of
these detectors usually requires an external bias and has a slow response speed. Here, we propose a high
responsivity, fast response speed and self-powered ultraviolet photodetector based on NiO/GaN p-n junction. By
using the magnetron sputtering, a layer of 70 nm thick p-NiO film is deposited on a high-quality n-GaN film
that has been grown on a sapphire substrate by the metal-organic chemical vapor deposition. The fabricated p-n
junction shows obvious rectification characteristics at 4+ 0.5 V. Due to the existence of the built-in electric field,
the device can work without externally applied bias. Under zero bias, the detector shows a responsivity of
272.3 mA/W for 365 nm ultraviolet light while the intensity is 50 pW/cm?, and has a detectivity as high as
2.83 x 10" Jones. This indicates that the detector has a high sensitivity even for very weak light. Owing to the
good crystallinity of the film, the dark current is as low as 10" A, the switching ratio is > 103, and the
response speed reaches 31 ms. These excellent properties show the broad application prospects of the devices
based on NiO/GaN p-n junctions in the field of self-powered ultraviolet detection, and thus providing new ideas

for the future development of intelligent integration.

Keywords: ultraviolet photodetector, self-powered technology, GaN, NiO
PACS: 85.30.—z, 85.60.Gz, 78.66.—w, 42.70.Qs DOI: 10.7498/aps.70.20210154
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