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InGaN/GaN ZiE ¥ (multiple quantum well,
MQW) A U8 X 454 & GaN & &k Sds 4 A% 0 45
P, SR e HE RN TAEMERE AY OG5, 5T
TR R Y BEPL G AR H B, WA R
P2 InGaN /GaN 2 i B a1 1Y A G HREE:
1) T In 2H 55 09 5K V& 22 AL 808 A4 1, InGaN/
GaN i BB B iy 25 i s 24 7 A
RS, SR R AL 2L T Y SR s
A TE SR R RR A 52, XA ARG 31 42
. 2) T InGaN 1 5% # ZUR T GaN 1 5 i
WL, InGaN - FBFZ 52 B RN IVER, FAFEEE
KA AL B X Fh 37 B AR S B
(A, A5 L 28 o I PRSI 25 T A A A
SR FAR N E G LR TR, G HLH,
KPR K BRI Stark 2400 (quantum confined
Stark effect, QCSE), XU 2 Ik ak 2 & Fid
T, FEARA U5 D0 OB ACR, SR Wit e
RN TR SRR TR =z —. DA 7 ] ) £ 2
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W7 T A R IR S A, BEREIIME JZE
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L BA EEAEH], e T F R RE. Li 5 1
TE7 In 4106 InGaN/GaN MQW Z5#4 % 1]
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Fig. 1. Schematic diagram of the device epitaxial structure:
(a) Traditional MQW structure; (b) MQW structure with a

superlattice interlayer.
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H Y RAEZ B PRIME R RO BT, X) IRh
FE A AE [R) 55 25 1T #EAT 1 A2 IRDEBUR O (photo-
luminescence, PL) (5255, FIHTHA A 325 nm (Ol
THER LN 3.81 eV) 1) He-Cd #LLHOGH R I T
R, TiER 20 mW. FHERAES BBOERHE 2
HEATERG, IFH & B O EEER K/ N T A, 15
FIBOEH R B ADOLRE R AZY 0.04 mm? FOLIIR
WHRER 50 W /em?, AR N AR, R AR T
PA] ) 2ok 0 B R 0 2V A i, AR S
PR LS, AT Sl i e R A 2 o ot i
B, SEELIRLEE M 10—300 K MLk, i8Rt
W% (electroluminescence, EL) ll & 5 4t 1Y% % 45
5 EBUROEI R 2R, F2 % DO A AR
JRE I E T |, IR st T 25 S A
SCHRE B B, P RS E B A P R AR
PL 5 b By F B9 A6 TR,

3 LBER5ITH

SEG A3 T 50 MQW 4544 FIEE SR i
A 2 G5 A R RE S AR I PL 3 i £k GRE Ve
10—300 K), anf& 2 ME 3 . JEE R 10 K
if, PL £k rp 050378 419 nm (14 2) #1393 nm
(18 3), X &K VE T InGaN/GaN L 1B A TR X
(&5, AT LA BB T i Pk R B g 2 Sh ik
A GaN JZ1 &I (360 nm Z2 47 1 /NIE), i
FEMGT 60 K BIFER] 3 Hifn] LIELEA T 381 nm
b AR AR 2 6. S A TFAT IR L GaN T, 25
ST R 2 SR, B AL T A - T,
InGaN/GaN & F B ) & g AR 2 T b i,
A e A R A R T i A IR A
AR, R A5, 3 PL kR R
1%, FEH B SRR O R F 10 K 328834 i 5
300 K M A28 PL 3%, — ok Ul IR IR &
HRFE N 100%, P F30CR (internal quantum
efficiency, IQE) 7] LAxE X & 300 K 5 10 K 2
4y PLSREZ HL 81 A0 R fis:
Nint = IpL(300 K) /IpL (10 K). (1)
X FAL G 2 T IR AL, THEH P RCR
Sk 22%, TR HAT A% AR 2 £ T PR
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Fig. 2. PL spectra of the traditional MQW structure at dif-
ferent temperatures. The inset shows the temperature de-
pendence of the integrated PL intensity with the best fit-
ting of the Arrhenius plot.
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Fig. 3. PL spectra of the MQW structure with a SL inter-
layer at different temperatures. The inset shows the temper-
ature dependence of the integrated PL intensity with the
best fitting of the Arrhenius plot.
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A, THEA SR Z G PR TR, Eyy Il Exs 57
53] 2 7 A TR A g I DX T e P A O
AE By MR TR4E6E, BRI BIERE By N
T BIF AR R T R A B e A S BR AT 2 A 4R
WEAE LTSNS 2R, EX NS
W, I B SRR RE Eag, B AR/ R T IR 38
AR

A S SR ME 15, N o F1 B HEE
ARSI, o BMEIZE/NT B, BR300
M 58 K ) 2 TG BB Elno, L A AR AR E i ) T
BE Exo(33.37 meV) HALGHESLIT) Eyo(47.80 meV)
AN TAR GRS, BRI GE Eay LK, BIR
B A B 2 5 B PR A R S T R A RO,
AN BRI BRSNS A oo e AR, [
3B TR 1 A I AR B v A N A8 1,
{RRALGE L5 N 280 22%, T8 AR AR AR i 1Y)
Wi FRCE A 26%. X B BR R3S i 2w 2 41
JE R A K4 L E B AE . A T BRI TS
RN (QCSE) HysZm T, AR B ik ik
SLEEFBr AR aemiR, FECRROREL. £
4 2 m B T ARG I QCSE BEIR T N i
FROR, Wi A% N AR 25 R 2R T QCSE, iz
HA BN EFRCR, WA QCSE
DLHEATIR A3l o 2.

£1 PESHa, B, By, By LAETHER

Table 1.  Fitting Parameters of «, B, E,;, and Ej, to-

gether with the internal quantum efficiency.
Sample IQE/% « B
MQW 22
MQW+SL 26

Eai/meV  Epr/meV

0.33 9.28 5.36 47.80
0.34 8.23 2.05 33.37

X PL St T =&, 7 LIS 3] InGaN/
GaN Z i 1B A& G I (B Al 5 Rl TRLEE i 28 fR B L.
mE 4 FioR, MR 10 K i, B2 2458 1) PL
TEIE(ERERL N 3.15 eV, 148 MQW 2514 I {H fE i
1 2.96 eV, AI LG A S s A2 2 I U8 (E BE i
1o, X B YR T A N AR R 451 22 ik QCSE
Fro R R . MM 10 K THEH] 200 K
i, 48 MQW S5 I BE R 5 R T 45 meV, I
TEN AR R A5 I E RE LIRS HA 16 meV. 7R
BRI o, AT AR R SRR d TR
RSB, MBI, RS, i
1 n =1 REHNMRER LIRS IE L T L9 BE e 1
7 AFE o« —2d* | A dE/de o —¢, Ui 2435

U/ [) AR IS, % A o i 3 35 ik ) 1 O 23
R BE & W F%. Takamasa Kuroda 55 16 &
InGaN B iy 2 i+ B s, 647 17 3he it
BAL, SR ISR ARIARA T AN 2 5 7 2 BTG A Y s
XIS R Ve BT WX (% shitb A it aa, 15
FHEL MR RS, B 4 PRy SC g 25 T I
T, B B T v AR AR T, R B
A F B IR ING:, LR, 35
ROVAR 2, WAL RS, AR N RS UL 5
AR AR IV AR A2 AT LA 55 BB R A Ak e 3.

3.20

3.15 _M
>
< 3.10 - MQW
& —o— MQW+SL
g 3.05
(]
A
g 3.00 -.’_H./././'/-"'._W
o

2.95

2.90

0 50 100 150 200 250 300
Temperature/K
K 4 Pish MQW %5 Ky PL 3% 06 {E B 12 6 I 19 28 1k
Fig. 4. Temperature-dependent variations of PL spectral

peak energy for two MQW structures.

N T RAEHRTE AR SRR, M T AR
i 100 mA B FRE S R L BOR OGRS WnE 5 BT
N RSV T RG99 8L G A R IR I K
g 418 nm, 5 Y5 N 23 nm, I A8 2 45 K 15
391 nm, =0 16 nm. N ASJZ 2R Y2 =
Vi LAL GERE i TS, X A P 1 R A, A
AR 2 5 A K T B A L 3 e BB P A g

5000
4500
4000
3500
3000
2500
2000
1500
1000
500
0

---MQW
— MQW+SL

EL spectrum intensity/arb. units

360 380 400 420 440 460 480
Wavelength /nm

5  TEAHLEHN 100 mA B PR MQW Z5H B BUR G HE
Fig. 5. EL spectra of two MQW structures at injection cur-
rent of 100 mA.
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/NI RETRE, B XN ARSI S A D B B A R
b R R N v o/ = 22 8 NN SR K% N [ T e RNTIN
/D i B A OGIE R e S AR N, S Ab, D
AR X QCSE Byl 35 5k, ol L 23 7T R
HESNEZ, Ly, X EL %484
SR, AR AR N AR R EE R EL BUR R B AR X R 5
FEmRF T 8.6%, UG A fhig 2 5 2 5+ B
) R GEREA B A

Ry itt— 243 RO R AT QCSE W55 A I,
XF 1B P A R F A A S R R A T R A 53 B B
WS AR R E 2 13 FHME K Crosslight 23 A4
BEAY APSYS A HEAT A0 B, SR FH AR TR I T
Pt kp FEIHREREN, IS BA R 2250 O i
HEATSR A, SEBLT 7S5 G5kl T R A ALY AR LRI
PR TR IX AR A . AT SR AR AL
BV AR R A, b e B AR R4
Schrodinger-Poisson 5 FEFIH i E L #E, I
TR - B A 191 LT o B AR AR 200 D R
Fiorentini $2& t 14 B % A6 A1 e B bl fh A5 2 121:22)
AR RS R . AEL R S
I R RACY Sk, [ AR B &AL R )
BB, XFF InGaN/GaN & FBF&H M5, T
BEAR 3, P ALA 22 rh Jo Ry Uy, ) 8 A fE
BEX, T InGaN [ A% & 5tk GaN K, InGaN
B2 32 (RS2 FE N ). FEX RS OL T, AR ) bk
AR FE A 17 R WA i B RN R BB Ak 3 BE 2 . X1
w2 EATE I, ISR R R,
MR AE S AN 2L, AT

el + Py =¢;E; + P, (3)

Horbrey, B, M P oy BICHES @ 2RO R4, Ha iz
FELA RARARSREE , T jAERAHLE S 5 2 AR
M. 5Ah, FIRR R B R A, 22T
R 2 B [ b R RN R 0, PRI

f: Eil; =0, (4)
i=1

Forh 1 s 2R i (3) R (4) KT AAE
2w TP § 2 L1 h 29

> (P - )=

i=1 '

Ej = B T
Syl

i=1

USRI L 7 T B AR AR 22 /B Z P, (5) AT
AT A

lw
Eg=———(Py — Pp), 6
i EwlB+€Blw( v ) (©)

I
Ew=—"2 (P — Py), 7
W swlB+sBlw(B W) (7)

Hr, By M By 50 5 &2 Bk R i s 4 1 M
by 400 22 2 RN BEZ B R . 6T 2 5 BE A
M AR SR, T RS L E (5) X—(7) RitfT
THA.

T EF R, ZEUL ERTHE S, S AR AR
HR AR PR HAE LA TR, A3 AR R
WAk L 338 5 L SE B AR B EERAR 2. 7R PR i
b, BT 5 Ak B SR A BB A A, S
TR R A — R R R, TR — R
FITELE 1) 30% 15 RS2 bR fb H 375 B (2429,

TEVHA R Se S 5 SEPR AR G b AR I (AL,
Wit —HEA LR Z T E e S
ZER, LA Ing 11 G, soN/GaN & FBF/E A X
Xt T SL 4 A JZ 25, AL AT IR X S5 F) NS
AT 3A B n A Ing 03Gag 9 N/GaN # i .
SR M SCHR U U 3 B 245 E AR S5
P RZBAUEEN 1.2x10' cm 3, n BUZBZIURE
BUR 510" em 3, 20 BITHE T 4 JCH fhas b A8 2
1) InGaN/GaN £ & ¥ P Y GE 7 4549 . Q& 6 fr
IR, YA 100 mA BRI AR
g &, T XA AR T B, AR n B2
P BRI QWL W AE K7 AR IKR  QW2,
QW3, QW4, QW5. 4 F 5E il w4 78 B2 v U155
TR RN, BB L R B R AL

6

—_—

— MQW [0001]

— MQW+SL
b A= |

% af

5 QW1 QW3 QW5

‘g 3} InGaN/ Qw2 QW4

= GalN SL P-side
S R T U U O
ﬂﬂ:ﬁﬂ:ﬁquq:/

1 1 1 1 1 1 1 1 1
0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
Position/pm
6 AR 100 mA B AR SRR 454
Fig. 6. Energy band diagrams of two samples at injection
current of 100 mA.
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F 2 BB g A PR BT S R A R

Table 2.

Simulation results of the electric field and wave function overlaps in each quantum well.

MQW Electric field E;/(kV-cm!) Overlap/% MQW+SL Electric field E,/(kV-cm™) Overlap/%
QW1 442.5 83.9 QW1 396.7 89.1
QW2 467.1 82.7 QW2 410.0 88.7
QW3 473.0 82.6 QW3 414.3 88.7
QW4 475.8 82.5 QW4 418.1 88.6
QW5 484.2 81.2 QW5 425.6 87.8

ZERFNIER 2, IS —A T BE QWL A H, 1£
45 MQW &5 44 i e 3702 442.5 kV /em, FLA7 8
AR A Z B R 396.7 kV /em, Hifth 4 4~
B A L 3 A A B ELA M TR A R 3 GIERA T HE AR
N ASEE RN 55 T AL N EE R, ] T X RO ARH]
F1%) i BIR T ST S R0, 3t 55 i T S 0 4 SR A
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Abstract

The strong piezoelectric field in InGaN/GaN heterostructure quantum wells severely reduces the light
emission efficiency of multiple quantum well (MQW) structures. To address this issue, a strain modulation
interlayer is commonly used to mitigate the piezoelectric polarization field and improve the luminescence
performance of the devices. To investigate the influence and mechanism of strain modulation in the
InGaN/GaN superlattice (SL), epitaxial wafers with an n-type InGaN/GaN SL interlayer sample, and their
corresponding control samples are prepared. The measured temperature-dependent photoluminescence (PL)
spectra of the epitaxial wafers, show that the introduction of an SL interlayer leads to a shorter-wavelength
emission and enhancement of internal quantum efficiency. As the temperature increases, a blue shift of the PL
peak is observed. However, for the sample with an SL interlayer, the blue shift of the PL peak with temperature
increasing is relatively small. Electroluminescence (EL) experiments indicate that the introduction of an SL
interlayer significantly increases the integrated intensity of the EL peak and reduces its full width at half
maximum. These phenomena collectively indicate that the incorporation of a superlattice interlayer can partly
suppress the quantum-confined Stark effect (QCSE) that affects the light emission efficiency. Theoretical
calculations show that the introduction of a superlattice strain layer before growing an active multiple quantum
well can weaken the polarization-induced built-in electric field in the active quantum well, reduce the tilt of the
energy band in the multiple quantum well active region, increase the overlap of electron and hole wave
functions, enhance the emission probability, shorten the radiative recombination lifetime, and promote
competition between radiative recombination and non-radiative recombination, thereby achieving higher
recombination efficiency and improving light emission intensity. This study provides experimental and
theoretical evidence that the strain modulation SL interlayer can effectively improve the device performance

and offer guidance for optimizing the structural design of devices.
Keywords: GaN, multiple quantum well, superlattice, strain modulation
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