Chinese Physical Society

M!l ﬂ Acta Physica Sinica

. Institute of Physics, CAS

InGaN/GaN ¥ ig R EXT Si#f ik GaN BEIEN & X IR E LB RIS
Foesh e O EH E0E KEs IRE
Influences of InGaN/GaN superlattice thickness on the electronic and optical properties of GaN based
blue light-emitting diodes grown on Si substrates
Qi Wei-Jing Zhang Meng Pan Shuan Wang Xiao-Lan Zhang Jian-Li Jiang Feng-Yi

5| Fi{5 & Citation: Acta Physica Sinica, 65, 077801 (2016) DOI: 10.7498/aps.65.077801
{E£815%)1% View online: http://dx.doi.org/10.7498/aps.65.077801
AP 4R View table of contents: http://wulixb.iphy.ac.cn/CN/Y2016/V65/17

{ piad /\LE?E&E?E

Artlcles you may be interested in

BT 2R G 5 5 RS ORI Oy BHAL I F B S H O

Circuit parameter calculation based on characteristic parameters and pseudo-impedance of damped os-
cillation signal

VP22 4%.2014, 63(9): 098403  http://dx.doi.org/10.7498/aps.63.098403

PERR A I T F G H B B 7 MR AR 1 23

Analyses of wavelength dependence of the electro-optic overlap integral factor for LINbO3 channel waveg-
uides

YyH%4.2014, 63(7): 077801  http://dx.doi.org/10.7498/aps.63.077801

Cu JI 84 e AL B B = #4838 37 F) TR T AU 9
Atomistic simulation study on the local strain fields around an extended edge dislocation in copper
PP 2242014, 63(7): 076103  http://dx.doi.org/10.7498/aps.63.076103

P B A X BT HUBE RS R 5200

The influence of the excition recombination zone on the organic magnetic-field effect
YE=4.2013, 62(6): 067801  http://dx.doi.org/10.7498/aps.62.067801


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml
http://dx.doi.org/10.7498/aps.65.077801
http://dx.doi.org/10.7498/aps.65.077801
http://wulixb.iphy.ac.cn/CN/Y2016/V65/I7
http://wulixb.iphy.ac.cn/CN/abstract/abstract58923.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract58923.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract58923.shtml
http://dx.doi.org/10.7498/aps.63.098403
http://wulixb.iphy.ac.cn/CN/abstract/abstract58452.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract58452.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract58452.shtml
http://dx.doi.org/10.7498/aps.63.077801
http://wulixb.iphy.ac.cn/CN/abstract/abstract59293.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract59293.shtml
http://dx.doi.org/10.7498/aps.63.076103
http://wulixb.iphy.ac.cn/CN/abstract/abstract52815.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract52815.shtml
http://dx.doi.org/10.7498/aps.62.067801

32 % R Acta Phys. Sin. Vol. 65, No. 7 (2016) 077801

InGaN/GaN {818 B E Xf Sifi ik GaN Z
AR ESB MR
FeEED VAT FH Tk

1) (F B K%, EZEHRE LED TREAT .0, BME  330047)

2) (F B R2EMERL 2 5 T2, B& 330031)

BN TR 3Y

(20154 9 A 30 HUR#; 2016 4 1 H 12 HUEEEH )

KA B a4 2 ST EORFE Si(111) MR EAEKEDEZ & PO W (LED) 45k, il fE &
TBET 7 20 AR AT 2 L) InGaN /GaN i i i, ELE T8 MS 2 20 LED JG iU PERERIE . 45 2R &
e AR R FRE R, AR PR S T LN, 300 KR B BUROGAC AT BEAE FIALIE N, LED KOGk gAE
£ % 2 A A% PG I T b, (ELAN [ A 5232 R PSR R 7E 300 KR IR FELERCAO 5 BE J LT e 22 5
S5 v R XL AT A T R T R OB B T SR BT A i O L EAN VR SURRIE AT, B TR
P it S e P 2 K 22 5 1) i AL T i R T SR A i LA SR VRS VIR ST, 10 V ST
AR IR T FAI S X E S % BB AR ot B v Y FEL VR R, 385 R it ARG R (105) T8I PR H XA 26
TS5 5 2 1] B 43 H, B4 A JEE FEE R AR i InGaN - FBIHE GaN _E (i 745 oK, BIVEE ft i T P2 38
AR T/ InGaN T BT IR /). 454 L B2 LED ROGRCR MK B2, B0 R R 24 RO 5R
FEAHIE.

KA AR, AR, VRS, B

PACS: 78.20.Jq, 84.37.4q, 61.72.Lk, 83.85.5t DOTI: 10.7498/aps.65.077801

1 58 =

In,Ga;_,N/GaN Z & F [ (MQW) 1F R &%
T (LED) s iz O g5, BT R A B
456 1 Y5 BBl (0.7—3.4 V) DRI i 1) O ol 3%
(IQE > 75%), HILm A FH 3z, 2R, &
K BA @RI RCR K InGaN/GaN MQW 1554 17
FEAR 22 52 B 1) 5 ). FLrpotfi 2 — /& LED 57 Ji 4%
HHh InGaN/GaN & 7 BHEE B KRR R HLg. sk
HL37 2 T InGaN 5 GaN 2 [8] ] & 4% B [ Bir
FPL AT LI R AR AE B F BRI Stark 2N .
Stark B4 LED (1) & 6 8503 B A R K I /R H,
FERIAE LMK LED W & 7 ROR F 8 T 1 4R 5
AR 129,

* [HX H AR S ER S (IS 21405076) FBIRTERE.

T #E/E#H. E-mail: tiegang zm@sina.com

© 2016 FEYIEF S Chinese Physical Society

T k> Stark 8L, B NSRBI FTN GO0
i 7 AR 2 A0 KB FE, Foh — b & 52 QR 1 T vk
B i DU NS Y L ST Y R el U SR D
77, CARE BN % = 7T AR 2,
FiE 5 1) 3@ 3 51 N n 7 InGaN /GaN # di i 2, 2R
TETHERX PN, 53 7TAREXTE
S, ST+ T 45% 19 88 1 K6 3R, Tsai & [
i it A4 K InGaN/AIGaN 8 & 1 1E o~ 22 2, B/
TInGaN & TP R By, 5 T 22.3% 14
PR 6% Noh %5 5] B A0l J 724 & 1 BF v 11
JEHIZH 1.5 MV /cm FEAIKE 0.33 MV /em, F)
T “droop RLM”; CaiZ Pl A ] InGaN/GaN 8 &
ARE GaNE AR T2, W55 T IEX T2 M /17,
KOG BB, g 7SR S

http://wulizb.iphy.ac.cn

077801-1


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.65.077801
http://wulixb.iphy.ac.cn

38 % 3k Acta Phys. Sin.

Vol. 65, No. 7 (2016) 077801

ik [10, 11] 2r B8R H A1GaN/GaN/InGaN Fl p-
InGaN/AlGaInN i i % BUAR AL 42 16 p-AlGaN fE
NHTIHE R, 5% 7 EE -2 g, #
BT BRI R, Ryu s 2@ S B
T InGaN/GaN i i #% o AN [F] In 1 53 F1 45 2% Wk T
X LED Yt B RE RS2 M. & Y AN 78 N B2 2 BT BA
b EE AN P it S R AT A AR g 4, AR K
— 003 JE LRl S E TR A T A R AN 2 1 )R AR
W, SRR LS, HOARARSEM, EAMEA K AL
FINBAL RS, wT LA B 0 A U5 X R 7 1 H
(. SR, IX e 5T K 2 I B T AN AR A% 4L A0 1
S, 0] R R B E el 5 e LED 14 g 1) A DG
FOIL M LR IE. AR SCIE IS 24 InGaN /GaN i fh %
JERE, WEFC T HAE Si 4K GaN L 6 LED Y6 H it
CiAR

KH B TR ANLERA S SRTTR RS,
75 Si(111) 44 i -4 & GaN 2 InGaN/GaN MQW

FEShA

p-GaN: Mg (130 nm)

InGaN/GaN MQW
(3 nm/10 nm) X9

K GaN(33 nm)

InGaN/GaN# itk
(1.5 nm/3 nm) X 20

n-GaN: Si (2.4 pm)

AIN(150 nm)

Si

JEEE: 90 nm

Efﬁ: 180 nm

WG LED R Rghty, HAMEAEK BT F KA HLE O
A e (1 AR S8 ¥ F R R [F] 1 i % LED #¥
d. FEAR A B J6TE Si(111) 44 FAE K 150 nm AIN
ZME, BEJETE 1195 °CA K 2.4 pm n-GaN, A5
7930 °C 4K InGaN/GaN i fi#% (JE £ 4 90 nm,
AN AR FE N 4.5 nm) #1133 nm flK#R GaN, FrE
H EAK InGaN/GaN MQW (HA+ InGaN FE N
3 nm, GaN £ & 410 nm), 5 7E£ 1035 °CH K
130 nm p-GaN £filt 2. i B R di ks 5 58 n
%180 nm (HF InGaN/GaN FHEE AL, H4
HEMAEKTZH 5 M ATAME. BRI
LERE 1 PR, SMEAKTERE, BIRE R
FHAR R RS o L2 MR8 B 5B R Ni/Ag
B AE p-GaN LA £ i, B8 5 R FLR R 20
AR EIFE T SRR AT b, FE P n-GaN
FHRIET. AR JE, I Al/Ti/Au4 )& 7 n-GaN |
R e fh. BN R/ T mm x 1 mm, KA
LUXEON LED ¢ 45 ¥ AT 35 %¢. B35, FIH
HLEUROE (EL) MHAASCOR HO6 R At REREAT I, EL
MRS Fe 4 ) R 48 O o 1914,
FESLB

p-GaN: Mg (130 nm)

InGaN/GaN MQW
(3 nm/10 nm) X9

{E#GaN(33 nm)

InGaN/GaN# s
(1.5 nm/3 nm) x40

n-GaN: Si (2.4 ym)

AIN(150 nm)

Si

1 (MTIR ) FEmAME LS 7R 2 A

Fig. 1. (color online) Schematic of epitaxial structures of two samples.
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Fig. 2.

curves of two samples with different superlattice thick-

(color online) Reverse-bias current-voltage

ness: (a) Reverse-bias current-voltage curves for sam-
ple A under various temperatures; (b) reverse-bias
current-voltage curves for sample B under various tem-
peratures; (c) reverse-bias current-voltage curves for
sample A and B at 300 K.
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Fig. 3. (color online) The measurement and fitting re-
sults of the full width at half maximum of sample A
and B (solid black points indicate measurement result,

and red curves indicate fitting results).
B3 PIRE S TE G 45 R AT
A, A 45 RN 564.11 arcsec, FEfh B A 7, 1Y
A 25N 551.85 arcsec. H4E (2) A1 (3) X,

Dgcrow :7'5/(21112-Tt-b2

screw /?

(2)
Dcdgc = Z2/(2 In2-m- bzdge>7 (3)

BV AT SR A5 RE D U0 A B O MR A B R . A
H1, Dycrew, Dedge 73 99 9 88 50 55 A1 T) 47 B 3 J,

077801-3


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

38 % 3k Acta Phys. Sin.

Vol. 65, No. 7 (2016) 077801

bscrew %D bedge ﬁj\ %[J ?'\j é?: 'fﬁ %jEiI: *H 9:] 'fj %ltElh E/‘J Burgers
9%% GaN *j- *"I‘ ':F' bscrew = 0.519 nm, bedge =
0.3189 nm 19, 38 1 NP RE T A 48 2 B i S

R PEEEIEAR

Table. 1. The calculation of dislocation density.
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Fig. 4. (color online) SEM images of the surface morphology: (a) MQW A and (b) MQW B. TEM images of

cross-sectional: (¢) MQW A, (d) and (¢) MQW B.
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Table 2. The size and density of V-pits.
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Fig. 5. (color online) Schematic of V-defects and side-

wall quantum well barrier.
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Fig. 6. (color online) Room-temperature EL spectra

of two sample under various injection currents (the ex-

tent of blueshift is indicated by the two vertical dash

lines): (a) Sample A; (b) sample B.
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Fig. 7. (color online) Reciprocal space mapping of
X-ray diffraction intensity around the asymmetrical
(105) for GaN: (a) Sample A, superlattice thickness is
90 nm; (b) sample B, superlattice thickness is 180 nm.

S InGaN TLE W 007 B, GaN fi7 S
5 5 A e, InGaN TR W IR 58 5 i 5 Q, (A b
TN, Ak, HRE B InGaN T2 0§ H 0 [ iE 2%
(B R 2R) A GaN £7 5 06 (1 Hh 0 28 (406 s 28) 7]
B, A, BBFE G GaN T4 i 0 5 InGaN 7 4
W iy 0 R AE — 2 L2k 1, £ W] InGaN & 1 P
i RLAR AN A 5E A RS, T Ry s . TR K
/NG InGaN PR IEHOEL R B GaN f7 i i o
ORFEEE A 55, RIEE 7 (a) M 7 (b) P R 2R 1]
(1) PH B8 K PRSIz )UPE AR 5 2 R] (1 Ak A, A5 B AE
i InGaN & 1 BHE GaN B 5t ¥ N 40%, A #f
Al (5t TR BE A 34.55%, AR R B #iaE 128
AT REEFTRR, ASOEn ik, wF e pA o

InGaN & T BF#E GaN L (it ¥ B K, InGaN fir
52 JE NN, 8 BRI Stark 2N /N, itk
AL, B 6 RS RO G AR R A [ (1 A
T2 RE R T H P 52 B AR AE 22 e BT 8, BRI
R, AR InGaN &= T P2 N 1 E KT B
FEdh. 25 EFTR, 7F InGaN/GaN MQW LED i
ik, InGaN/GaN ik JE B39 A F1 1 o%
InGaN &TBf 32 18 7).

K8 A, BFER 300 K T () EL 58 5 B L A8
TR 2E, AT 3 i i AR Bk s A T
FH R ik B, KB RD A 1 ms. AN 8 ]
DI A, BEFES R JLFAHH R EL &t
F£; 350 mA T, A ARG EZ A 358.1 mW, B
B &0 R 638 N 360.3 mW. BF 7L €M 1Y) GaN
FLED K & 658 & B InGaN & 1 BF BT 52 B /7 ik
ANTRT I AN, SR, AR SREE PR S R O6 IR B L T A
. AT G LT A ER: 1) B In-
GaN/GaN # i #% JE L 0, InGaN &7 Bk T %2 &
FIRL IS, Stark 08 AR RN, HHF 545 9K
(12 [B) 9% bR B B &2 39 0, ¥ LED 585t H &3, &
ORI IN; 2) LED KG9 E S5 VIEGTK K
INRVES FEAT O, TE/NELIRR, VIESUE B 7 1)
MA@, B P ES VIR, SRV RS
I AEEE S 2 A N, I BRI LED #0638 B
FHEL T A BES, BRES T InGaN &7 B i s2 5 782
N ABFFTE VBNV IB B EEOR, 4480 L
A LED ROGRCRTH K F &R, M5 5B F 5
5 A FEM RO EE AR

700

—FESRA
600 | —FFahB

500
400

300

BRI /mW

200

0 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800

HL /mA
B8 (MTIEE) 300 KT, Hf AR B EL #EEREHE
iR e
Fig. 8. (color online) EL intensity of sample A and B

under pulsed injection at 300 K.
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Abstract

GaN based light-emitting diodes (LEDs) are subjected to a large polarization-related built-in electric field in ¢-plane
InGaN multiple quantum well (MQW) during growth, which causes the reduction of emission efficiency. To mitigate
the electric field, a superlattice layer with a numerous good characteristics, such as a small thickness, a high crystalline
quality, is embedded in the epitaxial structure of LED. However, the effect of the superlattice thickness on the properties
of LED is not fully understood. In this paper, two blue-LED MQW thin film structures with different thickness values of
InGaN/GaN superlattice inserted between n-GaN and MQW, are grown on Si (111) substrates by metal-organic chemical
vapor deposition. Electronic and optical properties of the two kinds of samples are investigated. The obtained results are
as follows. 1) Comparing two samples, it is observed that more serious reverse-bias leakage current exists in the one with
thicker superlattice; 2) Room temperature electroluminescence (EL) measurement shows that the emission spectrum peak
between two samples is blue-shifted to different extents as the injection current increases. With superlattice thickness
increasing, the extent to which the peak is blue-shifted decreases. Nevertheless, there is no obvious discrepancy in the
EL intensity between two samples with different thickness values at 300 K. In addition, the V-shaped pit characteristics
including density and size, and the dislocation densities of two samples are studied by high-resolution X-ray diffraction,
scanning electron microscope, and transmission electron microscope. The experimental data reveal that the reason for
a tremendously different in reverse-bias leakage current between two samples is that there are larger and more V-pits in
the superlattice sample with a large thickness. Whereas, V-pits also act as preferential paths for carriers, resulting in the
fact that the thicker superlattice suffers more serious reverse-bias leakage current. According to reciprocal space X-ray
diffraction intensity around the asymmetrical (105) for GaN measurement, the relaxed degree of InGaN quantum well
on GaN is proportional to the superlattice thickness. On the other hand, it is useful for increasing superlattice thickness
to reduce a huge stress in c-plane InGaN. Owing to joint effects of above factors, the EL intensities of the superlattice
sample with different thickness values are almost identical. Our results show the functions of superlattice thickness
in electronic and optical characteristics. What is more, the conclusions obtained in the present research indicate the

practical significance for improving the performances of LED.

Keywords: superlattice thickness, reverse leakage current, V-pit, stress relaxation
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