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Table 1 Model parameters for uniform increase of In

component x

In component &

Model

S Sz S S S
1 0.02 0.04 0.06 0.08 0.10
2 0.03 0.06 0.09 0.12 0.15
3 0.04 0.08 0.12 0.16 0. 20
4 0.05 0.10 0.15 0.20 0.25
5 0.06 0.12 0.18 0.24 0.30
6 0.07 0.14 0.21 0.28 0.35
7 0.38 0.38 0.38 0.38 0.38
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Table 2 Model parameters of In component x at top layer of

gradient layer

In component x

Model
S Sue Sus N Sus
8 0.05 0.10 0.15 0.20 0.23
9 0.05 0.10 0.15 0.20 0.25
10 0.05 0.10 0.15 0.20 0.27
11 0.05 0.10 0.15 0.20 0.29

WIS 0T LA 7 78 J2 T0UJ2 A0 Ak R A 5 58 B S s
A2 V2 In 20 0 19 Mg 3 K s Wi AR = TR 5 A E 4 )
Iny sGay N JZ 22 8] (9 45 1 i i 25 1 B S0 722 )2 T
JZ In 20 73 B 3G 9 /0N, 302 PN S, #7728 2 TR In
H I3RS EE In 2150 (19 Tng Gay N JZ 1Y 2%
e Sl /1N A0 T A5, A Al R ey 2 R AT

& 43 % 2 4 H1/2023 4 2 B /KR

100+ I
& 50t [\
gbg I ) o DO ) — ._/
g 0 B o
52 |
g5
RE -100F
Eag=]
g § -150 ——model 8
[ S 200 - model 9
1} —— model 10 |
_950+ - model 11 |

~300 L L ! ! !
4390 4.392 4394 4396 4.398 4.400
H/pum

KIS i )= TR In 2103 A [ 4 A Ha fif 2 S5
Fig. 5 Diagram of polarization charge density for different In

component at top layer of gradient layer

[=2)

—— model 8 electron concentration
—— model 8 hole concentration

~— model 9 electron concentration
model 9 hole concentration

(e
T

-— model 10 electron concentration
—— model 10 hole concentration
—— model 11 electron concentration
| —— model 11 hole concentration

DO wWw =

Carrier concentration /(10* cm-?)
—

0 . . . . .
4390 4.392 4394 4396 4.398 4.400
H/pum

6 WA T2 In 20 73 AN [ 18 N 90 80t 7 9k 3
Fig. 6 Distribution of internal carrier concentration for different

In component at top layer of gradient layer

—— model 8

10 - model 9
—— model 10
8 - model 11

Power spectral
density /(W-cm™-eV)
IS o
T
\\

[\
T

0.50 0.55 0.60

Wavelength /um

O 1
0.40 0.45

7 W8 A T60)2 In 20 43 AN [7) 114 ) 54335 4 1]
Fig. 7 Power spectral density for different In component at top

layer of gradient layer

M6 R LA i 7E Su~S,s X8, 2000 1k 3 Bl
S WL JZ T 20 73 (8 38 0 1 3 K 5 A2 48 5E T2 Ing 1Gag N
Ak, BT BE S, W78 JE TR T 21 0 089 38 i i ik
AN XRM T ER T RS I HE A ROREE S,
A J2 THUZ In 21 20 B3 Jnn i 42 55

ML TR LA W A 2 SR305  5E 55 o 0 4 AT
BE S 772 J2 T2 I 21 0 9 39 00 700 384 O, 7 A2 X A

0416002-4



MG IR B E S, 8T8 2 T2 In 41 43 1y 35 K, 1
T BFUREE SN, A0 80 0 S s, T R 0 R AR
KRBT, B In 2050 A 35 K IR K R B LR ik 4k
PR 5L
4 AR )2 R RE N A A e Y 5
4.1 HTZEMEEENRUBEEE KR FRE
AR Ih 2 i % R I

Ianal z»N {Zﬁﬁl\);:': 5/|\¥);:'§ Sum'\’suhs E"J In Zﬂﬁ\fﬁ
SEL0.05.0.10.0.15.0.20.0.25,S,,~S... T2 & &
ﬁ%UEKleHz:H;s:HJ,:l nm,i n Subsiﬁ/}jE]ﬁFi’
JERE H, (% 3) , 4 Fopsd B B0 A Ak H for 2% BE L2800+
VRN ) R 8 BUE T B2 R P 8~ 10 IR o

FE 3 AR IO IR R AR T SRR

Table 3 Model parameters for increasing thickness of top layer

of gradient layer unit: nm
Model H, H, H, H, H;
12 1 1 1 1 2
13 1 1 1 1 3
14 1 1 1 1 4
15 1 1 1 1 5
1001 I
\gf % ()| S N 1.4
20 “ ‘ | “
O | | |
§ g -100r \H\ I
‘E ﬁ H i
5 £ _200} (-
Rt ——model 12 | ‘l
g - model 13 |
© -300F . model 14 |
- model 15

—400 L ! ! ! L L
4.390 4.392 4.394 4.396 4.398 4.400 4.402
H/pm

P8 A 22 T2 J5E B AN ] ) A b v Ay 2 2
Fig. 8 Polarization charge density for different thickness of top

layer of gradient layer

——model 12 electron concentration
——model 12 hole concentration
[~ model 13 electron concentration
model 13 hole concentration
| ——model 14 electron concentration ;
—.model 14 hole concentration I
- model 15 electron concentratio: il
L model 15 hole concentration “3 |

N W s ol & =

LIPS

4.390 4.392 4.394 4.396 4.398 4.400 4.402
H/pym

Carrier concentration /(10* cm-?)

PO A J2= T2 J5E B2 A ) A9 1N 90 28 0 1 VR 32 o A
Fig. 9 Distribution of internal carrier concentration for different

thickness of top layer of gradient layer

& 43 % 2 4 H1/2023 4 2 B /KR

10 —— model 12
I AT - model 13
—— model 14
£ gl /N ~ model 15
B
E z 4'::
/g
S 9f
0 1 1 1
0.40 0.45 0.50 0.55 0.60
Wavelength /um

L0 782 O L A 1 30 6 1
Fig. 10 Power spectral density for different thickness of top

layer of graded layer

ML 8 T AT Y s 7E Syi~Sy, DI, FEAR Ak v fip v
BEAH 25 80/ B AE S, W A8 2 T )2 545 2 In 41 70 19
In, sGa, N FETATAD A5 A FEL o7 Ve BE BE A5 S, 87 A8 )22 T2
S 110 358 AN Wk /0, I EL VR /0N W R A R 9 AR )N,
B R R + S, A8 )22 T00 23 J5 5 (04 34 0 e 4% i1 45 A R
JC 77 A= 1 W T A5 3 78 43 R, AR Ak ek 55, B Ak FE i % BE
/N

M 9] LA, 7E Sui~Sus X 38, 2% 5 7 1k B bifi
S s 772 J22 TOUJ2 JEE 52 1 488 KT el /1N | SR/ e B 30N
EREZEZIE, M H=2nm B A5E 5 KR 7T
WEE X ATRESE T W2 R, R A TR, &
B RORBEAR

MEN 1O AT DA 2 B AT S, W07 A8 2 T2 2 BT 1) 1
NN RIS R R N =R WA N (O
HE E 9, 20 7 B A SOR & W 4 m B S #EaE
AR 2%, D) R0 0 B e b O T2 R B Y E — 20 3 L
2 P IR, 25 7Ok BEREAR, NI S B0 & o R B
%, Dy R4 25 B /N
4.2 HTEIEMEEEXMNRUBETEE R FRE

MR I EEZER

In,Ga, N #i 2 )2 54 F 2 Sui~Sus I In 20 53 x 43
HIHL0.05.0.10.,0.15.0.20.,0. 25, B F #2482 Sur S
o In 20 4 3/ T R B AR AR AN L 55, I A AN R
AT Mo SunSwe TR JE 2 51 H,=1 nm |
H,=1 nm L} S, i 48 J2 T 2 )2 I H=3 nm, A8
Sus S TIRIERE(FR 4) 5 FELRLE 50T WA Ak L oy 25
BE LA R B DL K D Rk R RO TR 4 R i ]
11~13/R .

M 1T ] DL A )2 AR T2 2 B 35 &) 45 4
model 16 H1 1 b H for 25 5 5 4R 257 19 45 449 model 17~
20T B 2200 . HOATE S, Wi 2 R TZE 51 & In4H 71
1Y Ing 5sGay N A AL, model 16 4 4% £k H, faf 1% /0 F H
A — Ty T2 T AR 2 AR TR R R 5 A5 R
model 16 HbAH A 55 5% BE BEAR, W T B /0N, B AR 3500 D8
555 59— J7 12 T model 16 i A8 2 3E T 2 J5 B #

0416002-5



Fd W R AR TR JE R kR R SRR
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Effect of Material and Structure of Quantum Well Gradient Layer on
Performance of GaN-Based LED

Wang Jinjun’, Yang Yanying, Bai Binhui, Xu Chenyu
School of Electronic Information and Artificial Intelligence, Shaanxi University of Science & Technology, Xi'an
710021, Shaanxi, China

Abstract

Objective The active region of conventional GaN-based LEDs mostly adopts the InGaN/GaN quantum well structure.
However, due to the large size difference between In and Ga atoms, there is a large lattice mismatch between InN and
GaN, which leads to the generation of polarized electric field and tilted energy band. On the one hand, some holes escape,
which results in decreased radiation recombination efficiency, thus inducing the quantum-confined Stark effect. On the
other hand, since the bond energy of In—N is smaller than that of Ga—N, it is easy to form in gap atoms, thereby
introducing crystal defects and reducing the internal quantum efficiency. The In composition gradient InGaN/GaN
quantum well structure can solve the LED luminous efficiency reduction caused by lattice mismatch. However, the effects
of In composition and thickness of the gradient layer on polarization charge concentration, carrier concentration, and LED
power spectral density are still unclear. It is particularly important to study the effects of the material and structure of the

quantum well gradient layer on the performance of GaN-based LED for improving the efficiency of GaN-based LEDs.

Methods The numerical calculation model of GaN-based LED with In component gradient quantum well structure is
built by Silvaco TCAD software. Based on the composite model, carrier statistical model, carrier transport model, self-
consistent Schrodinger Poisson equation, and spontaneous polarization and piezoelectric polarization model of the built-in
electric field, the effects of In component in the gradient layer and thickness of the top layer of the gradient layer on the
polarization charge concentration, carrier concentration, and power spectral density are simulated and calculated. Firstly,
the thickness of the gradient layer keeps constant, and the In composition of the gradient layer is changed. The changes of
polarization charge concentration, carrier concentration, and power spectral density with In composition are calculated and
analyzed. Secondly, the influence of the In composition on the top layer of the gradient layer is analyzed by keeping the In
composition of other layers unchanged. Finally, the better In component in the above results is selected to analyze and

calculate the influence of the thickness of the top layer of the graded layer.

Results and Discussions The polarization charge concentration at the non-top layer of the gradient layer increases with
the rising In composition of the gradient layer, and the polarization charge concentration at the top layer of the gradient
layer gradually decreases with the increase in the In composition (Fig. 2). This is mainly because the lattice mismatch in
the non-top layer increases, the polarization electric field improves, and the polarization charge concentration increases
with the rising In composition. However, the larger In composition at the top layer of the gradient layer leads to a smaller
lattice mismatch with the In, ;sGa, N layer, weaker polarization, and lower polarization charge concentration. The carrier
concentration and power spectral density increase with the rising In composition in the gradient layer (Figs. 3 and 4),
which is mainly because the increase in In composition increases the depth of InGaN/GaN quantum well and the carrier
concentration, and enhances recombination efficiency. The interface charge between the top layer of the gradient layer and
In, ;sGa, N decreases with the increasing thickness of the top layer of the gradient layer (Fig. 8). This is mainly because
the increase in the thickness of the top layer of the sub5 gradient layer can fully release the stress generated by the lattice
mismatch, weaken the polarization, and reduce the polarization charge density. The carrier concentration also decreases
with the increase in the thickness of the top layer of the gradient layer (Fig. 9), and the peak power spectral density
increases first and then decreases with the rising thickness of the top layer of the gradient layer (Fig. 10). This is because
when the thickness of the top layer of the gradient layer is too small, electron tunneling may occur to reduce the carrier
concentration and the recombination efficiency. On the contrary, when the thickness of the top layer of the gradient layer is
too large, it will lead to the electron leakage, hole concentration and recombination rate will be reduced, and the power
spectral density decreases. The peak power spectral density of the non-uniform thickness structure of the gradient layer is
smaller than that of the non-uniform thickness structure of the top layer (Fig. 13). This is mainly because the dislocation
and defect of the non-uniform thickness structure of the gradient layer are relatively small, which can reduce non-radiative

recombination and increase the power spectral density.

Conclusions  The thickness of In component in the gradient layer exerts a significant effect on the performance of
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GaN-based LED with In component gradient quantum well structure. With the increasing In component in the gradient
layer, the peak power spectral density of LED decreases gradually with the increase in In component. The power spectral
density first increases and then decreases with the rising thickness of the top layer of the gradient layer. The power spectral
density for the not uniform thickness of the non-top layer of the gradient layer is smaller than that for the uniform thickness.
Reasonable control of the In composition and thickness of the gradient layer can address LED luminous efficiency reduction
caused by lattice mismatch. The results can provide guidance for the design and development of high-efficiency GaN-based

LEDs.

Key words materials; GaN-based LED; quantum well; gradient layer; power spectral density
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