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Abstract: In this paper,the hole concentration in deep ultraviolet (DUV) light emitting diode (ILED) is
effectively improved by introducing hexagonal boron nitride (h-BN) structure in p-type region of LED.
The quantum well region is calculated by COMSOL software. The simulation results show that: 1) the
hole concentration in the p-type region is increased by about an order of magnitude, and the emissivity
and internal quantum efficiency (IQE) are also significantly improved after h-BN doping; 2) the hole
concentration in the p-type region increases significantly with the increment of h-BN thickness; 3) as the
band edge of h-BN moves upwards with respect to that of AlGaN material, this unique band gap ar-
rangement effectively blocks electron leakage,hence,further enhances the recombination of electrons and
holes in the quantum well region, and effectively improves the luminous efficiency of DVU LED. The
proposed structure may shed light on the improvement of hole concentration and quantum efficiency of
DVU LED.

Key words: quantum well; h-BN material; hole concentration; AlGaN material

= KEN . BHET, LED kG &% 4 09 3k K 0F 17 %5 48
= (07 1] K J L I B Wi & 8 B 42 4h (deep ultravio-

FE by [ 25 BB A I R 0 e AR A, RO TR let, DUV) % B 45 51 76 B b il 46 9 7 AS 7 & 4iE
% (light emitting diode, LED) LA 450 A 1 ¥ F 3£ %) (15 B0 T A BROOE T 3% R TH 35 7 a9 T RO W7 4

*  E-mail : iexuzhang(@zzu. edu. cn
W% H B :2022-05-29  &iT H#A:2022-09-19
BEE&TH : BER H AR S (62174148) B M K =R H (JC202033045 ,2018ZDGGIS035) % BT H



* 570 -

K. edE T DUV LED (9 &% B2, 5 HEy e
2T ORI DUV B TE A H L 5 F AlGaN 1 2F
SR DUV LED H R B3 AN,

RALY %4 LED B 5% e 45 1 20 42 90 4F
LA T 4 S T 210—400 nm 1Y 4 U Bt 4 Ah
LED™, ENAF 448 LED #5477 240158, B
BT &6 K76 280 nm UL F 9 DUV LED ) 4 &
TRHRERC R 5%, HUANG &7 H T —Fb
Wik AL p-AlGaN S E VIS T 2| 1
BER R Tk M TR E SR /I T
AlGaN #t DUV LED 0 & a4t . B WX F GaN
J LED M58 K35 b LLEE B K2 A0 R 1 ik
3 LED DL K K 2 800 58 ALK LA K 5 A0 o8 IS 1Y)
LED, [P+ 0t 5 m 00 58 IF i 15 Lt 4 i, (1
MR, MERFEITNEEH & T A IE In-
GaN % LED, OB 8 & ik 21. 5%, 4 T H
B 45 S K SEE . AlGaN 3 DUV LED A 772 i 1
FHAT 5%, (B 8K A A & F 20 % (internal quantum
efficiency, IQE) K p % ¥k FF . IR G Al E 48 41 &2
A& 4 T AlGaN £ LED By &k B,
AlGaN #t DUV LED B¢ 4 4e 5 p-AlGaN 1 4¥
PERYIMOC, W T RB B EMN A h S R E, B

Partial enlafgéd‘ —_—
detail

(a)

WEH T - W 20234 ¥k

FIAB KM Mg W B . {H Mg 76 GaN H 1 % i
AR, T REAR T p BB A A%

o] A R T p B A W FE AT R — AT
BRI ME A . A SCTE p-AlGaN H B A 4k
B J & AL B Chexagonal boron nitride, h-BN) ,
RILGENR p B2 Ok B — BT — DR R
5% T A h-BN J& |2 8O0 25 7Ok BE 1Y 5% i,
SR TR TR ) B X8R ST R AR A DL
XF T IQE W52 ,

1 #=Ehgt
1.1 BRRE

1t h-BN Al AIN FR I Z 84 K T 2452814
i 88 F B 73 5% (scanning electron microscope, SEM)
Bl 1R, 1) A Ch) 4332 1 5 A iR
A h-BN EA K R R 2T AIN @R, & 1(a)
FCh) A5 75 e 2 HE T 2 1Y 2 KUE B9 38 20 i R 1]
I A e R A SE AR K H R AT LLAE h-BN EAE K AL
GaN/GaN"" DL K 7 AlGaN #4 K} I K h-BN 4 4E
RN H AR SCR ITTE p-AlGaN 18 A h-BN, &
BT DLA SCH  p AL AR R B L 4R i T BE XA

Partial enlarged
detail

(b)

1 EEERAM BN LEKB S S AINH SEM BKU : (a) EER EAEKE AIN; (b) h-BN L&EKH AN
Fig. 1 SEM images of multistep AIN grown on sapphire and h-BN''"J: (a) AIN grown on sapphire; (b) AIN grown on h-BN
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Fig.2 The geometrical structure diagram of the LED device and the established doping model:
(a) Geometrical structure diagram of the LED; (b) Model of doped h-BN; (c¢) Undoped model
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Fig.3 Hole concentration diagram: (a) Hole concentration diagram of undoped and doped h-BN with different thickness;

(b) Enlarged view of the selected part of the square dotted line

BN A9 J5 B 5 s B R S Rt s £,

mE 4 IESLESA BN ZJ5,2kH In-
GaN )2 B & BT R AW F+ =, OF B % h-BN 19
JEEREOR 3G, S0 kG R R AE B e .
HEARRBL B2 2 nm.3 nm.4 nm i h-BN %
SR B RAE AR R 9. 2303 X107 s 1.1, 0268 X 10"
s 1 1,180 110" s71,1.3703X 10" s~ ', Bk
Ui, B A h-BN AR B 2 M . &R T KR4 —
Y

Bifi 25 TF 1) D B A 48 o n XORN p X2 ) B 34 48 5
| I S REIE A = i e U 1 S e | 2 A
W BEAE InGaN Hik 8 7 W8, [ 15 58 91 2 & R R 7E
T UL, AIN 18 N A% 580 4 £F daan = 4 X
3,112 A = 12. 448 A (1 A=0.1 nm) K% H F h-
BN S B B 5 45 Sanm = 5 X 2.504 A=12.52 A,
BEWER S N hBNEFHS o 5 44 AIN
JBEF XI55, 78 h-BN/w-AIN 5 R4 R mat 5/4 fY &
A AERKAE o 1 AIN RE 2 [ h-BN A 805 A% 2k
BE AN 19, 54 Y FEARF] 24 0. 58 %% . KK, daca
— 4%3.189 A = 12.756 A ,5 4 h-BN JFLFH1 4 4
GaN Jii A X 55 Rk, W &k % h-BN

5 AlGaN BFRFY A DT TC BE 5 i 5 7 A B oL 55 2L

WK, HFEERTERRN.
,a(Al‘,GaHN)Q,u(GaN)exp(ikATEA)o 5

7E h-BN = Mg H il ge 4 Ik, 22 il ol B A /N o
A5 A AT B (Y B R85, LED /) & G R0R #2
F. Hop K&k &R T InGaN ZHL - Fl
2R INE A B B2 h-BN JE B 50, B0 & 5
R AW T

5 BAFGE T p K25 7Ok BE 4 3 X T IQE 1Y 52
Mk B 5 AP LA R AT LR B, 5 RB AL,
BAKMBNZFIQEA TR E#RI. IHHEMGR Tk
B 2% 2 nm.3 nm.4 nm [ h-BN H IQE & K1H
43 5 2R 0. 260 84 ,0. 28748 ,0. 321 93.,0. 36339, A
Anm ) h-BN Al K 22 M 1L , IQE# F+ T K 4
39.32%.

WE 6 fFrzs, h-BN a7 BAH XS T AIN 1 %%, 5] 6
i AE. il AE, 53 Fos Sl A DL N i R, E,
FoRal B, ECFE, 43388 el fA . a5 —
PEJF A5 5] h-BN A1 AIN 22 [8] (045 i 5% 52 — Fb
11 29 (A48 B) B s X T BL R Ry A B B3



6 FRFS LT p A AL R Y % 44 LED it

WLl R L AR R s A SN T B R DX A
ZRME S RTH T IQE. MkEE # A h-BN R
S, H i R A D, S E AR £, AR
AR IQE #E— 5 .

IQE 2 FE A B #0175 #8154 58 55 52 5 80 1

= Sl N S
FE AR e, 7T AR N
- Bu® (6)
An + Bn® +Cn

> 14x10'®

=
%/ 18 ‘/‘,«»'
g 1.2x10" - e

e
Z 18 e -
S 1.0x10"% L A v
» * v o

— 17 ."'(‘ T et

= 8.0x107 | T T

fg [ s v -

2 60107 - e ol

g 17 el

Z 4.0%x10"7 - S —— Undoped
2 P7 %4 +— 2nm h-BN
5 2ox107k 2% « 3nm h-BN
s +— 4 nm h-BN
o

= 0.0 !

0 100 200 300 400 500 600 700
Current/mA

B4 KBEZEUKEZBZE BN EERRANZELZGE
Fig. 4 Total emissivity of undoped and doped h-BN

with different thicknesses

0.40
N 035} :/ o e ""'——‘,,—7«4 e,
Sosof S o
§ ::;f’ﬂ,,.*, N : v _— T
S 0B
¥ve oo o o
E 020}
E r
5 0151
o 3
= 0.10 —— Undoped
5 —— 2nm h-BN
E 005 « 3nm h-BN
+— 4 nm h-BN
0.00

0 20 40 60 80 100 120 140 160 180
Current density/(A-cm?)

5 KRBEUREZE BN EELREH IQE

Fig.5 IQE of undoped and doped h-BN

with different thicknesses

AE=0.57 eV T E-

h-BN(E.=6 V)

AIN(E,=6.1 eV)

E [T 2E=067eV
B 6 h-BN 0l AIN 2 8 /) & B2 HE 5 B 0
Fig. 6 Band gap alignment diagram between

h-BN and AIN("]

+ 573 -

KX, A BRI C ZE 5 FRoRE T SRH o B 1y AR5
FEAE N FiRE A MRKE A o0 FRER T
W, BEAE p XA U E R TQE L AE A B Y
. RN AB.C REOF T 1QE A 1R K
. BN A FC LR R B #RREA AR T IQE. H
TR A RELA RE W/ 23 3 8 B
KAB W9/

SRH & & MR K L 5w 205 + 7 4y, mi JE 7
i R T A T RS A AR R, 7R ]
BEAFKMT BRI TR LLERN .

T = % , 7
A, 6, RERAER TE R EEGHEE, EA
SO p XA SR B Y B R T H A A R i —
A R B T B L RSO i R B T

Al B BB K IQE $#27F,

A SCAG B A8 Ok R AR 107, =X (6) AT
HC REUEHEWZ WK R, M AEEBIE K,
WG IR e FENE G, 7EA R A, AR Bk
BEEBRMCE TR EZEZ KRR, LR AR
TH ML IE . T #E InGaN 2, K 7%
JE Bt S FEL A R 0BG K 8 D R B R A Y 3
Pl 2 o 1B S S N
2.2 h-BNEEN p BRTURENEIN

h-BN JEEE 1% 5k 4 nm, XF y #1471 B kb
ML B4 2 24 2.8 )2 h-BN ¥ iR 18 2% 7 & 5 i ik
B 0.2355 pm,0. 216 75 pm.0. 207 375 pm, {7 F%
31 E N 0.075 pm . 0. 0375 pm.0. 018 75 pm, M
K7 ] LUE o FIOR B A A L, Bl 15 2% )2 Sy 1
s B 7 (o) A ey BEAE R B T, 25 0Ok BE AR S
W, HETARBR BR2E.42.82hBNB
23U BE Ay M 1. 238 19 X 107 em ™ *, 2. 351 37 X
10" cm ¥, 2. 638 86 X 10" cm *, 2. 813 41 X 10"

3
cm °

WE 8 fiw 5 E T2k A InGaN J2 B & 5 R
SR ZEIRNCR, MARB 2 L, b5 525 2500
Bom, S RBAERW R ., AT kB B
F2)2  4)2 82 h-BN M & B R & K AH 40 N
9.2303X10"7 s7',1.3703X10" s7',1.4114 X 10"
s 1.1.5895X10% 71

BRI EH00 IQE 7 B4 KK 9 B, fi
KB L B 45 2% 2500 3 L TQE 78 AS I 3



* 574

e ABETFE T kB B2 24 )2.8 )2 h-BN
B IQE K AH 45k 0. 260 84.0. 363 39.0. 473 97,

Internal quantum efficiency

Carrier concentration/(1/cm?)

18
2 16x10 =
= >
I 14x10% o
o _» *
3 ol ;,;"
Z 12x10% o
< o
e * o

2 1ox10% | A
el /./ » v
g N T o
S 8.0x10'7 | o e -
& N e

4 e
2 P o
S 6.0x10"7 1 gl o
g . W : P - pe
‘7 4.0x107 1 A +— Undoped
é o —— 2 layers of h-BN
5 2.0x107 | gl 4 layers of h-BN
g

102]
1020 |
10]9 |
1013 - ‘ T /
1017 -
10° F ’ :
T |
104} H
N i - Undoped
107 | i 2 layers of h-BN
e b 4 layers of h-BN
10 8 layers of h-BN
10” L L L L L L L
020 022 024 026 028 030 032 034
x/um
(a)
7

Ye B F - W

2023 4F

e

“H

34 £

0.51217, Ht424 8 2 h-BN B3| R g it , 5
RIATHBIA L IQE £ F T K2 96.35%,

10°F

1019 | :.‘

10" o erzin e

1017 |

Carrier concentration/(1/cm?)

Undoped

2 layers of h-BN
4 layers of h-BN
8 layers of h-BN

! ! ! I !
028 029 030 031 032
x/um

(b)

1 1
033 0.34

ZURER:(a) RIBEURIZEHE BN EHARHENRER; (b) AREZIEZBSHHKE

Fig.7 Hole concentration diagram: (a) Hole concentration diagram of undoped and doped h-BN with different layers;
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