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FE AIN YRS IIE. (H B ALY AR i 5 A Z [ A7
FERCR I A R 5 AR BE R R, 3k 257 A e 5
M ZE B LR, XA — R E NIRRT E A
o i FHBORT O | T F A A A 2 010190 DT
AR RO PERE. O 1 4 i 5 B A E A4S 1 AIN 4
BH BT, Jo)5 BT BT & R A L A SATE
F (metal-organic chemical vapor deposition,
MOCVD) Wi K7k (two step growth, TSG)
M2 KL (multiple step growth, MSG) ., #&F
B A IC A ] SME 3 A K 4R (epitaxial lateral
overgrowth, ELOG) ., J& TR 42 W SF 1) v it 1 K 47
A (high temperature annealing, HTA), 3&F — 4
MR (1 S84 EL h-BN) Y 578 PL 53 S B4 R
(quasi-van der waals epitaxy, QvdWE) & ZFhJr
12: 2. TSG Jr ik 32 B AL HR AR U A% R s T A
LB, BIRT 5, (B4 M AL, £
R R AR L ATAE R A MSG BOR BAR
AP, AR T2 2w, JF BN 45 %% LY
FEARA PR, 255834 ELOG BRI = i /) AIN
AR, 5 AR R R AR B AR, SRAEET
TG AR HTA AR AR SEARAG 0 5 85 BE ALAR Y
AIN MR}, W B4R 22 w2, T QvdWE J5ik
T 2 B AR Y, OF BT 2P IR
O, U U HORTE W A R IR T
1) GaN D) e AlGaN #}, Hd o % ik 5 Ak s
TRBETHEA, TERNIRR T T K p) S,
XS N A% R, fEE T )0 R 2 e
AP AERIE AREHE Y R 5, SE T A5 92
il T AESGSER A I AR P AR AR R A | BRI
S BT ME R A AR B 4858 B P12 ERZ T
B AR Rk % AIN BHEL
M yE R BRI, ASCER T — 2R R
B A AR B A AR A5 e i AIN AR A F AR, B3 i
N BT AR BRI 0 5 A el IS A T T A 3,
Bl J5 3 F AL SIS A MOCVD AMZEA: K AIN FEA .
SICHEA RS E, X 94K B A0 F A IS
HEA 1x108 em 2 F &8 1) N &1, HA 4% E 1%
T 14%. I LAl 7 AR 295 395 nm /Y
UV-LED (ultraviolet light emitting diode, UV-
LED) #3F, 5IJCiE AR il % 9 UV-LED 1L,
BRI GHREESEE T 52%, JFTE 100 mA T AHLIT
T, J P % (light output power, LOP) M
71.1 mW H KR E 116.5 mW, HOCHEIRACE (wall-

plug efficiency, WPE) M 18.3% $2£F+31 29.6%,
iy 2 3 O EE HROR S il 4 T 63.8% Al
61.7%.

2 AIN Fu LED ¥ #| & K R A4E

A FH AT I R K B S A6 R B 5 A TS, &
B 24928 400 pm. f# ] Sumitomo NV-GSD/HE #!
TR DU R AL TR A AR
FARE LT NEFEA, NEFRE50h
1x10'2, 1x10" F1 1x10" em 2, B T A B RE &
¥k 30 keV. fEE M E FHEABGE T LG, #
Fl AIXTRON 2800 G4 %! MOCVD # %, L =H
JEAR (trimethyl aluminum, TMAIL) 1E & & Al
U8, NH, VE RN N, Hy 7B RS, R )
T 2D X RESL ST (EIEA)  BEM S2 (EA N B
FHRIEHN 1x10"2 em ), FEdh S3 (A N &7
BN 1x10% em ?), FEfh S4 (FEA N B 7l &N
1x10" cm 2) #H17 AIN(IG IR Z AL 57 % 2 (LT-
AIN) /5 i A A6 57 4 < 2 (HT-AIN)—40 nm/
700 nm) HMEA K, BARIME T2 544K LT-
AIN % 2, B A KRB 780 °C, A K i [H]
5 min, 2EKJEREF 40 nm; HT-AIN 4 K2, EAEK
TR 1150 °C, A KHHE] 50 min, AEKJEREE 700 nm.

XPRESL S1—S4 (1) AIN FEARAMES, L) TMAI
£ B ALTE, = H S8R (trimethy] gallium,
TMGa) Fl —H 345 (dimethyl gallium, DMGa) 1E
R Ga P, =H I (trimethyl indium, TMIn)
YRR In Y5, NHs ER N N &, i Hy 1N,
YEREA, SiH, i CP,Mg Z5WE AR Si iS5 Mg
J5. SR FHARTE T2 07 ¥ R RE i S1—S4 4T UV-
LED Z & TP NEE K. nE 1 iR, UV-
LED £5#4 T [a] EARIK A : 400 pm JERAK B4
RIS AR . 740 nm JEH AIN buffer JZ. 2 pm
ERAE Z B2 U-GaN JZ |, 1.7 pm JEAY N-GaN
JZ. 60 nm JE 1 BE AT A2 L9 A AT Ing
GagoN/Aly1;GaggN(3 nm/13 nm) H £ & FBFA
PIX, HIIXZ E~ 40 nm JE /) P-Al, 74Gag 9N
BT BHPY 2 . BEJS 4 100 nm JEH P-GaN J2 | 5
J54 5 nm JE K P RIE B¢ PT-GaN EAE %
finh 2

T

AIN JEARAE K 5E 2 5, ] Bruker ICON
Ji T 1 W8 (atomic force microscope, AFM)
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F1 Sigma-300 %4 49 4 B F 1 il % (scanning elec-
tron microscopy, SEM) X} AIN FAf () & 1 E S ik
TTZRAE, % H Bruke D8 Discover &I @/ #ER X 5
LAY (high resolution X-ray diffraction, HRX-
RD) WF5E T AIN FEM 9 AR i LED Z8 B
zEf 4 K 2 )5, i Horiba Jobin Yvon LavRam
HR800 A1 4T PL Ml Raman Uik, %} LED
Z i PR EE G R RN N AR BEHEAT T 347
FEdh i % UV-LED #1442 )5, R 4EW] LED-
617 AUURAYAFSE T LED 25 Fr G H AR,

K1 UV-LED #5#n 2 &l
Fig. 1. Schematic diagram of UV-LED.

3 ARGk
3.1 HRMFHERLE

TGS AIN SRR IHES, (] AFM /Y
B2 A 2 O6F DU AN i AT DN K, R A S1—S4 1Y
5 pmx5 pm R F A9 3D FE SR W18 2 s . k¢
S1—S4 1y K M ¥ 7 OB AE FE (root mean square
roughness, RMS) 4374 2.65, 4.00, 2.08, 3.16 nm.
[}, fdH SEM LSRR i R THE A, i S1—54
i SEM B 45 R AN & 3 firs. A 4h S3 i i
g b o i FL B R B/, SEM 4 45
F I DO it 1Y 2 A R R AN ] 29 X e T
YR N B AR T AIN 7EAMEAE Kt
R AR K S A I R

TELFRED 254 vh SRR AL I D0 v] LIARYERE
i fE HRXRD M T A9 X BF R 2R (rocking
curve, RC) [y 498 (full width at half maxi-
mum, FWHM) Sk, BAREkA 0 24
FWHM7,5y, FWHME, )

436670 436070,

N Doy TRIBALHE B L, Deogge TR T 5E 5
JE, biooz) F1 bprgz) 4312 (002) 17 A1 (102) i T
HIARS T i (Burgers vector), AIN f R it 4k Bt
{43504 4.982x 108 cm 1 3.112x10°® cm.

TD= Dscrew+Dedge =

13.7 nm

—24.6 nm

27.2 nm
—33.2 nm

j >
A
o0

B2 U~ AIN AR AFM KR () B db S1; (b) B S2; (c) AL S3; (d) FE il S4
Fig. 2. AFM images of four AIN buffers: (a) Sample S1; (b) sample S2; (c) sample S3; (d) sample S4.
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(a) BESH S1; (b) BES S2; () KA S3; (d) B fh S4

Fig. 3. SEM images of four AIN buffers: (a) Sample S1; (b) sample S2; (c) sample S3; (d) sample S4.

J T ERGTHME AT AIN S 194 K B 54
JIE AR T AR B Y G &, A HRXRD X ARk
FIrAR AIN BeMR E AT RAE, 245 14542 it 2 ik
Z5RNE 4 FR: (002) 1 RC gk FWHM {HAKIK
J& 827 arcsec, 1033 arcsec, 350 arcsec, 1913 arcsec;
(102) T RC hZkry FWHM {EMKUIE 1470 arcsec,
1619 arcsec, 1427 arcsec, 2589 arcsec. H2 & F 12
i 4Ry FWHM A, A LGS I A i S1—S4 1
U3 95 BE AR TR 1.48 %109, 2.32x 107, 2.66% 108,
7.95x10° cm%; J1 A 4 B BE IR B 1.20% 10",
1.46x10%, 1.13x 10" F1 3.73x10'° cm 2. H, i
AFESD S3 5I0UHE ARG S1AH LY, 807 55 9% FE %
T 82%, TINLHE B RERRAR T 6%, S5t 5 BE
KT 14%. AT WXF 9K B A0 I K = A R IR TEA
1x10" cm 2 (8§ N 51, A B TREARSME ) AIN
BEAR L5 3 B, 0 HOOE B AT MBS 4t 25 B2 R, ik
&, XATREZ N N B TRYTEA, M T 9140 i
TR AL R B R A5 A, A RO T AIN
FEAR BB s DA R T R B

N T WEFEHME ) 2241 B A IR,
BN 633 nm WIBOE A S1—S4 ##4T Raman
MR, TR AR T GaN Ay Ey(high) I AYHH N
567.6 cm'!, X4 GaN 32 2| ) g I % HUR A 2
i 5 FJf/T FEfL S1—S4 Y GaN 4 E, (high) 0§
R A2 5850 ) 570.5 cm ! 1 5.95 cm !
571.4 cm™ Ml 6.01 cm™, 568.9 cm™' A1 5.64 cm™!,
569.2 cm ' 1 7.53 cm L. PUAMEESLAY B, (high) W
WPRERR T 567.6 cmt, aBH PO A F4 40 F F g
JPRZS. XTHORER S1—S4 KBS S3 1Y Ey(high)

g 1) W 4 S A /)N, WA BT 567.6 cm !, BX U
BHRE S S3 B 45 5 T & de i, FRAR RN T dse /. Bt
S GaN 1y [0001] & A S Raman S, ik
iR T A W BEY Ey(high) 16, iR 7E 735 cm !
BHEAFTE A (LO) BT IE. X HLPOASEE S, A5 S3
i) Raman 51 A, (LO) HUEFIE A A7 I 4206 B/ )8,
BFE N 737. 9 cmt, FWHM 4 8.2 cm !, X %
BT RES S3 HA *ﬁﬁﬂﬂ?ﬂﬁ i U 25260,

| (a) (002)-RC — S1
10 —s2
— S3
0.8 F — 5S4
1913 arcsec
0.6
827 arcsec

0.4 1033 arcsec

0.2l 350 arcsec

Normalized intensity/arb. units

—-0.5 0

—-1.0 0.5 1.0
Aw/(°)
e (b) (102)-RC —s1
=z 1.0t 99
g — S3
P I
E 08¢ 2589 arcsec s
z
Z 061
% 1619 arcsec
2 041470 arcsec
N
'Té 0.2k 1427 arcsec
g
o
Z 0 1 1 1
—-1.0 —-0.5 0 0.5 1.0
Aw/(%)

Bl 4 HFdh S1—S4 By XRD % 42 i £ &
(b) (102) i

Fig. 4. XRD rocking curves of samples S1-S4: (a) (002)-RC;
(b) (102)-RC.

(a) (002) fff ;
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T

GaN B (high) |567-6 .
I

N o) S

Sappge Ay \

Y S

n I I | -1 I
300 400 500 600 700 800 900

Raman shift/cm~!

Raman intensity/arb. units

El 5 DA A ZE IR T Raman &

Fig. 5. Raman images of four samples at room temperature.

R T RAE DU R ANE TR LED £ F-Bf
SERIREAE R, SR (300 K) X PUAEES: S1—
S4 ##17 PL MR, (EFHATEARBOCRIE R 325 nm.
DR 45 R Al 6 Fr 7w, DA 10 06 % K 3
£ 395 nm 2247, I HLAE M S1—S4 1 &Gk
U4 FE 43 1R 391.9 nm Al 13.2 nm, 395.5 nm
F112.2 nm, 393.4 nm Fl 11.7 nm, 391.8 nm
12.1 nm. PL fIlL45 SRR W], A S3 19 FWHM
i/, HROGSREE R K, i S1 Y 152%, X K HIH
A e R A AR K

—S1
— S2
— 83
— S4
@ 300 K

PL intensity/(10* arb. units)

350 400 450 500 550 600
Wavelength /nm

6 POAFEA I ER T PL K

Fig. 6. PL images of four samples at room temperature.

3.2 LED =3#FiEsemlix

T RBP4 LED 4544, K JoiE ARE A S1
AR S3 4 n LED #30F, I3 B HoAf:
X} B2 (Control LED) A1 5L 55 41 (Treatment
LED), UiE—5600E AIN S A B il B i o
PERE R SEBRFE M. Q& 7 frs, 43 3R AE T LED
) -V R IR OB D3 5 R AR
BT AR AR 2. il 7(a) FoR, VR

itk T It 22 50, AP SR AR BT A = % LED (1)
FFE HL R AN, A& 7(b) FfR, 7E 100 mA 1)
WA T, Treatment LED #H . Control LED,
ek AR M 711 mW R EH 116.5 mW, Stk
HIPREETFT 63.8%. 41& 7(c) FizR, 100 mA )
AL g 0 OG8N 18.3% Ham %]
29.6%, @ T 61.7%. HILAYER H, B TFHEAT
Ab A S FE AR — RS = it AIN MARHA R

200
(&) —m— Control LED
—8— Treatment LED
150
<
g
~
= L
g 100
=
=
O
50
O " 1 " 1 " 1 " 1
0 1 2 3 4 5
Voltage/V
250
| (b) —m— Control LED
—@®— Treatment LED
200
E 150
g
~
5
= 100
50

0 50 100 150 200
Current/mA

50

| (c) —#— Control LED
—@— Treatment LED

40
X 30
~
/=
o
E 20t
10
0 1 1 1 1
0 50 100 150 200
Current/mA
Kl 7 SEES A LED A4 4L LED 1% 5 o R 1 I 45 21

(a) FVAFEMZE; (b) LOP B A ML M 25tk i £k ; ()
Bt R NG RTTR i DR Y B2

Fig. 7. Photoelectric performance of control device and
treatment device: (a) IV characteristic; (b) light output
power versus injection current; (c) wall-plug efficiency curve

versus injection current.
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Jrids, HIEETIZ AIN et o] ATt F-454h LED Ao EA E KRB

el FRITERE.

3.3 HRiTie

SCik [21] 1 [22) TS SR AR T GaN
1 AIGaN S 7 FF B R B0 T 6 1 5
R, L LT T AR ALY AL B T3
B S AR, B AR 4 LED (0%
TR, A SR T AR R AL A, T
A T N BT S A SC S SOl i TAE,
T L A AL B T L 4 8 R B 5
SNEFULHIATRY, 20 M HLAE T, 1 AR
TR T I AME S ) B 0 I T
K, I R AT (B T AR 1 B A
R0 R 5, AT 8E T AIN b B 0 2 5
BRI T UL
BPEHBR RS RN 7] (oA, B85 TRk

4 # #

ARSO GIK AR 1 5 5 A A I TR A TR 5
N BT (1x1012, 1x10%, 1x10 cm2), [F] i
BEE O AN IRFE 5. Bl S HT MOCVD 75 D94~
& EAME AIN Fetl, B e A= K 25 TR, R
il 25 Ik K 298 395 nm 19 UV-LED. %} AIN 3
W47 T HRXRD 5 AFM fillia, 4558 £ 247EA
N B FHIE N 1x1013 cm 2 i}, AMNEFTF R AIN FE
R B0 B I ) 26 TEDHLRE B2, RMS {3k 2.08 nm,
It HAVEE 5 B BeAIG, HETEIE AR RS T 14%. Ik
Hh, Xt TR ETT T Raman Al PL U3, 45
REBPEEA N BEFHRIEHR 1x10% cm 2 B, FE5
HA /MR AT FE R A K RSO sk i B
PTG ARE R 52%. JET FiRSE R BT N &
TIEAFNE R 1x1018 cm 2 BIRESE RS2 40, LA
K TCTEARIRE S R xd iR, 435 #1 4 T UV-LED
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Abstract

AIN materials have a wide range of applications in the fields of optoelectronic, power electronic, and radio
frequency. However, the significant lattice mismatch and thermal mismatch between heteroepitaxial AIN and its
substrate lead to a high threading dislocation (TD) density, thereby degrading the performance of device. In
this work, we introduce a novel, cost-effective, and stable approach to epitaxially growing AIN. We inject
different doses of nitrogen ions into nano patterned sapphire substrates, and then deposit the AIN layers by
using metal-organic chemical vapor deposition. Ultraviolet light-emitting diode (UV-LED) with a luminescence
wavelength of 395 nm is fabricated on it, and the optoelectronic properties are evaluated. Compared with the
sample prepared by the traditional method, the sample injected with N ions at a dose of 1x10"® cm2 exhibits an
82% reduction in screw TD density, the lowest surface roughness, and a 52% increase in photoluminescence
intensity. It can be seen that appropriate dose of N ion implantation can promote the lateral growth and
merging process in AIN heteroepitaxy. This is due to the fact that the process of implantation of N ions can
suppress the tilt and twist of the nucleation islands, effectively reducing the density of TDs in AIN.
Furthermore, in comparison with the controlled LED, the LED prepared on the high quality AIN template
increases 63.8% and 61.7% in light output power and wall plug efficiency, respectively. The observed
enhancement in device performance is attributed to the TD density of the epitaxial layer decreasing, which
effectively reduces the nonradiative recombination centers. In summary, this study indicates that the ion
implantation can significantly improve the quality of epitaxial AIN, thereby facilitating the development of
high-performance AIN-based UV-LEDs.

Keywords: AIN, ion implantation, metal-organic chemical vapor deposition, light emitting diode
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