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Abstract: We investigated the electrical and optical performances of semipolar (11-22) 
InGaN green µLEDs with a size ranging from 20 × 20 µm2 to 100 × 100 µm2, grown on a low 
defect density and large area (11-22) GaN template on patterned sapphire substrate. Atom 
probe tomography (APT) gave insights on quantum wells (QWs) thickness and indium 
composition and indicated that no indium clusters were observed in the QWs. The µLEDs 
showed a small wavelength blueshift of 5 nm, as the current density increased from 5 to 90 
A/cm2 and exhibited a size-independent EQE of 2% by sidewall passivation using atomic-
layer deposition, followed by an extremely low leakage current of ~0.1 nA at −5 V. 
Moreover, optical polarization behavior with a polarization ratio of 40% was observed. This 
work demonstrated long-wavelength µLEDs fabricated on semipolar GaN grown on foreign 
substrate, which are applicable for a variety of display applications at a low cost. 

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction 

III-nitride based micro-light-emitting-diodes (µLEDs) are promising candidate for next-
generation display applications, including near-eye displays and head-up displays. µLEDs 
offer advantages in high brightness, long operating lifespan, chemical robustness, and high 
luminous efficiency, compared to the current display technologies [1–3]. For high-resolution 
display applications that require ultra-small µLEDs, utilizing phosphor-free red, green and 
blue µLEDs is desired. Although high performance c-plane µLEDs have been developed and 
demonstrated [4–6], those LEDs experience a large blue-shift in wavelength with increasing 
current [7,8], which can be problematic for any display applications. The significant blue-
shift in wavelength in conventional c-plane LEDs is due to the quantum confined Stark effect 
(QCSE), which corresponds to a high built-in electric fields in the c-plane direction [9–12]. 
One alternative approach is to employ LEDs grown on semipolar or nonpolar crystallographic 
orientations to alleviate or eliminate the influences of the QCSE. Semipolar LEDs also have 
several advantages such as low efficiency droop, high indium incorporation for long-
wavelength emission and polarized light emission, which are beneficial for a variety of 
display applications [12–17]. Efficient semipolar LEDs on bulk GaN have been 
demonstrated, however, the use of semipolar bulk GaN substrates for µLED production 
remains impractical, since the substrates are too expensive and only commercially available 
in small area, while an enormous number of µLEDs is needed for display applications. On the 
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other hand, typical semipolar GaN materials grown on foreign substrates suffer from high 
density of basal stacking faults (BSFs) and other threading dislocations (TDs), which results 
in poor performance and low efficiency of the devices. Only a few groups have reported the 
efficient semipolar LEDs grown on foreign substrate. In our previous studies, we show that 
efficient long-wavelength semipolar (11-22) LEDs can be obtained by growing on low defect 
density and large area (11-22) GaN/sapphire template [18]. 

In this work, we investigated the electrical and optical properties of 520 nm semipolar 
(11-22) InGaN µLEDs with size ranging from 20 × 20 µm2 to 100 × 100 µm2, fabricated on 
low defect density and large area (11-22) GaN grown on sapphire substrate. To our 
knowledge, this is the first comprehensive study on the optical and electrical performances of 
efficient semipolar green µLEDs fabricated on foreign substrate. Structural characterization 
by atom probe tomography (APT) was carried out to investigate the grown materials 
microstructures. 

2. Experimental 

The LEDs were grown on a 2-inch (11-22) GaN/sapphire template by metal-organic chemical 
vapor deposition (MOCVD) at atmospheric pressure. Trimethylgallium (TMG), 
triethylgallium (TEG), trimethylindium (TMI), Trimethylaluminum (TMA), ammonia (NH3), 
disilane (Si2H6), and magnesium (Cp2Mg) were used as precursors and dopants. The growth 
and preparation details of the template have been reported elsewhere, which involved with a 
3-step growth process on patterned r-plane sapphire substrates [18,19]. The semipolar (11-22) 
GaN/sapphire template was chemo-mechanically polished before the growth of the LEDs 
structure. Figure 1(a) is a 2 × 2 μm2 atomic force microscopy (AFM) image of the semipoalr 
GaN/sapphire template, which shows a surface roughness of 0.1 nm. The X-ray diffraction 
(XRD) measurements (not presented here) show a full width at half maximum (FWHM) of 
302 and 353 arcsec along [1-100] and [-1-123] direction, respectively, suggesting a high 
crystal quality of the semipolar (11-22) GaN/sapphire template. The final TDs density of the 
semipolar GaN/sapphire template is around 5 × 107 cm−2 with an BSFs density estimated to 
be around 0-70 cm−1. The LEDs epitaxial structure consists of a 2.5-µm n-type GaN with Si 
concentration of 7 × 1018 cm−3, a 150-nm In0.03Ga0.97N strain-relaxed layer, 3 pairs 
InGaN/GaN multiple quantum wells (MQWs), a 15-nm p-type AlGaN electron-blocking 
layer (EBL), a 120-nm p-type GaN and a 15-nm p + GaN. The µLEDs were fabricated in 
squares with the edge length ranging from 20, 40, 60, 80, and 100 µm [4–6]. First, 110-nm 
indium-tin oxide (ITO) was deposited as a transparent and ohmic p-contact layer using 
electron-beam evaporation. The µLED mesas were defined using etching to the n-GaN layer 
using silicon tetrachloride in a reactive-ion etching (RIE) chamber. An omnidirectional 
reflector (ODR) consists of silicon dioxide and tantalum pentoxide, followed by aluminum 
oxide as the capping layer. 50-nm of silicon dioxide was blanket deposited by atomic-layer 
deposition (ALD) as a sidewall passivation layer, and buffered hydrofluoric acid was used to 
open a window for metal deposition [6]. A common metal contact consists of Al/Ni/Au 
(700/100/700 nm) was deposited using electron-beam evaporation. Finally, the µLEDs were 
diced, packaged onto silver headers, encapsulated using Dow Corning OE-6650 resin with a 
refractive index of 1.54, and measured in a calibrated integrating sphere. 

                                                                                                Vol. 27, No. 17 | 19 Aug 2019 | OPTICS EXPRESS 24155 



Fig. 1
Schem

3. Results a

The composit
investigated u
preparation o
performed wi
pulse mode (
temperature o
respectively s
using a geome

Fig. 2
AlGaN
(b) 1D
direct
nm. 

Figure 2(
reconstruction
optimized. Th
barriers (QBs
also be observ
the two othe
concentration
[11–22] direc
measured from
Al fraction o
ramping durin
direction (ave
± 0.2 nm, is 
reason for th
conditions (bi
2(a), a fractio
during the gro

1. (a) 2 × 2 μm2 A
matic image of the 

and discussio

tion, morpholo
using APT. A
f the needle sh
ith a Cameca 3
13 ps pulse, 5

of 30 K. The la
set to 0.5 nJ an
etrical based al

2. (a) APT 3D volu
N EBL layer, the 
D concentration pr
ion. The sampling

(a) shows an 
n where the 
he active region
) and AlGaN E
ved. In the rec

ers. Also, In a
n profiles extrac
ction. The Al, 
m this profile. 

of 0.13 can be
ng the growth 
eraged over 17
thicker than w

he thinner top 
iaxial stress) as
on of In around
owth of the ba

AFM image of th
epitaxial structure

on 

ogy and alloy 
A FEI Helios 
haped samples
3000X HR Loc
532 nm green 
aser pulse ener
nd 0.005 atom
lgorithm imple

ume extracted in th
three InGaN/GaN
rofile extracted fr
g volume dimensio

APT 3D vo
spatial resolut
n can be clearly
EBL. The InGa
construction, th
atoms are also
cted from the A
In and Ga III 
In Fig. 2(b), a

e observed alo
[18,22]. A 1D

 lateral atomic
wells two and 
two QWs is 

s compared to 
d 0.02 is meas
arrier layers is 

he semipolar (11-2
e and µLEDs desig

distribution in
600 dual beam
 for the APT a

cal Electrode A
laser, 10 µm 

rgy and the de
ms per pulse. Th
emented in the 

he center of the gl
N MQWs and the 
rom the APT reco
on is 30 × 30 × 6

olume extracte
tion of the in
y observed wit
aN buffer laye
he first grown 
o visible in th
APT reconstru
site fractions i

a concentration
ong the depth 
D line profile 
c columns) con

three 2.6 ± 0
that these QW
the first one [2
sured in the Q
suspected and

22) GaN/sapphire
gn. 

n the active reg
m FIB instrum
analysis [20]. 

Atom Probe (LE
laser spot size

etection rate fo
he 3D reconst
commercial so

lobal tip reconstru
top part of the In

onstruction in (a) 
60 nm3 and the sam

ed in the cen
nstrument in 
th defined InG

er underneath th
 InGaN QW a

the GaN QBs
uction in Fig. 1
in the differen

n gradient in A
direction sinc

of the image 
nfirms that the 
.2 nm and 2.5

Ws grow unde
23]. Finally, as

QBs. A signific
d was already o

 

e template and (b)

gion of the LE
ment was used
APT experime
EAP) operated
e) with a samp
or the experime
truction was ca
oftware IVAS 

 

uction showing the
nGaN buffer layer
along the [11–22]
mpling step is 0.1

nter of the g
the depth dir

GaN/GaN QWs/
the first InGaN
appear to be w
. Figure 2(b) 

1(a) and taken 
nt layers can be
AlGaN EBL wi
ce the TMA f
intensity in th
first quantum 

5 ± 0.2 nm. A
er more lattice
s already notice
cant incorporat
observed in ou

) 

EDs were 
d for the 
ents were 
d in laser-
ple-based 
ents were 
arried out 
[21]. 

e 
. 
] 
1 

global tip 
rection is 
/quantum 

N QW can 
wider than 

is a 1D 
along the 
e directly 
ith a peak 
flow was 

he growth 
well, 3.5 

A possible 
e-matched 
ed in Fig. 
tion of In 
ur similar 

                                                                                                Vol. 27, No. 17 | 19 Aug 2019 | OPTICS EXPRESS 24156 



growth on se
epitaxial optim

Fig. 3
of In a

Figure 3(a
and poor regi
this 2D view 
segregation o
distribution an
distributions (
in Ref [24]. S
investigated la

Fig. 4
inset a
The in

The curren
have consisten
the forward v
20 μm2 to 10
presented in t
show an extre
density in our
the fabricated
and 80 × 80 µ
smaller size d

emipolar direc
mization and Q

. (a) 2D In concen
and comparison w

a) is a 2D top v
ons can be obs
are respective

r clustering co
nalysis (SDA)
(blues bars) ar
SDAs were pe
ayers are rando

4. (a) Forward curr
are the reverse ch
nset are the lumiou

nt density-volt
nt current dens
oltages were ra
0 × 100 μm2. A
the inset figure
emely low leak
r semipolar (1

d devices. The 
µm2 devices. V
dimension dev

ctions [22,24]. 
QB design. 

ntration map in the
with the binomial d

view of the In d
served. The vo
ely 0.5 nm is X
ould be extracte
 for the In allo
e compared to
erformed on th
om alloy and n

rent density-voltag
haracteristics. (b) E
us image of 40 × 4

tage characteri
sity-voltage ch
anged from 2.8
Also, the rever
e. At a reverse 
kage current o
1-22) GaN/sap
inset figures i

Very uniform e
vices, which is

This can be 

e second QW and (
istribution for the 

distribution in 
oxel size and de
X, Y, and Z a
ed from this 2D
oy fluctuation 
 the binomial 

he 3 InGaN Q
no clustering of

ge characteristics 
EQE versus curren
40 and 80 × 80 µm

stics of µLED
haracteristics w
8 to 3.2 V at 60
rse characterist
voltage of −5 
f ~0.1 nA, wh
pphire templat
n Fig. 4(b) sho
electricial lumi
s ascribed to th

likely better c

(b) Distribution of
case of random al

the second InG
elocalization p
and 1.5 nm [2
D view. The c
is shown in F
distribution (d

QWs and the In
f In is observed

of µLEDs with di
nt density for diffe

m2. 

Ds are shown in
with turn-on vo
0 A/cm2 for the
tics for the dif
V, all the µLE

hich is a strong
te as well as le
ow the lumiou

mious image are
he effective cu

controlled wit

 

f bin compositions
lloy. 

GaN well, whe
parameters used
5,26]. No patt

corresponding 
ig. 3(b) [27]. T

dotted line) as d
nGaN buffer l
d. 

ifferent sizes. The
ferent size µLEDs

n Fig. 4(a). Th
oltage around 2
e µLEDs size f
fferent µLEDs 
EDs with differ
g evidence of l
ess sidewall da

us image of the
e observed eve
urrent spreadin

th further 

s 

ere In rich 
d to draw 
tern of In 
statistical 
The alloy 
described 
layer. All 

 

e 
. 

he µLEDs 
2.5 V and 
from 20 × 

sizes are 
rent sizes 
low BSFs 
amage of 
e 40 × 40 
en for the 
ng across 

                                                                                                Vol. 27, No. 17 | 19 Aug 2019 | OPTICS EXPRESS 24157 



smaller mesa
recombination
different size 
less than 10%
is a consequen
in the QWs [1
shrinks, whic
attributed by t
µLED size re
2%, which be
Typically, th
recombination
size-independ
constrained b
damage and s
grown on cry
value demons
believe that fu
the active re
semipolar gre

For the op
wavelength b
semipolar (11
to 517 nm as 
of 16 nm from
green LEDs w
is dramaticall
property of th
bulk GaN sub
polarized emi
wave operatio
[32]. The pola
electrolumine
22) µLEDs w
ratio is simila

Fig. 5
and c-
100 ×

a areas and 
n by sidewall p
µLEDs were p

% until 100 A/c
nce of lowering
11,12,16]. Mor
ch is a key fe
the effects of n
educes. Finally
ehaved distinc
e peak EQE 
n generated fro
dence in peak
by other non-r
surface recomb
ystal perfect se
strated for sem
urther improve
egion and oth
een µLEDs on s
ptical propertie
etween our sem

1-22) green µL
the current de

m 536 to 520 
was observed. T
y reduced in th
he semipolar µ
bstrates have b
ission [28–31]
on at room tem
arization ratio 

escent intensity
was about 40%
ar to the blue-gr

5. (a) Blueshift in 
-plane green LED 
 100 µm2 at variou

the reductio
passivation usin
plotted in Fig. 
cm2, which has
g the carrier de
reover, the peak
feature of µLE
non-radiative re
y, all µLEDs e
ctly from what

drops as the 
om the sidewa
k EQE in our
radiative recom
bination. Altho
mipolar bulk G

mipolar green µ
ements such as
her TDs woul
sapphire substr
s, Fig. 5(a) sho
mipolar (11-22

LEDs exhibit ve
nsity increases
nm with a sig
These results s
he semipolar (1
µLEDs was inv
been reported w
. Polarization 

mperature. Deta
is defined as ρ

y [29]. From Fi
% and was ind

reen LEDs rep

wavelength comp
and (b) Polarizati

us current densitie

on of surface
ng ALD [6]. T
4(b). All the µ

s been observe
ensity due to th
k current densi

EDs [2,4,6]. T
ecombination, 
exhibited a siz
t has been dem

µLED dimen
all damage and
r µLEDs indi

mbination sites
ough such EQE
GaN [15] or c
µLEDs grown 
defect manage

ld dramatically
rate. 
ows a comparis
2) green µLED
ery narrow wa
s from 5 to 90 

gnificant shift a
suggest that the
11-22) µLEDs.
vestigated. Sem
with high pola
measurements

ails of the polar
ρ = (I[1-100] – I[-

ig. 5(b), the po
ependent on th
orted on semip

parison between th
on ratio of the sem
s. 

e recombinati
The EQEs versu
µLEDs demons
ed in other sem
he large overla
ity increases a

The shift in p
such as surfac

ze-independent 
monstrated in 
nsions shrinks
d the surface re
icates that th
s and is not l
E is still low a
-plane substrat

n on foreign su
ement of misfi
y enhance th

son of electrici
D and typical c-
avelength blue-

A/cm2. Meanw
at low current 
e piezoelectric 
. Furthermore, 
mipolar and no
arization ratio d
s were carried
rization setup 
-1-123])/(I[1-100] +
olarization rati
he current den
polar bulk GaN

he semipolar (11-
mipolar (11-22) µL

ion and non-
us current dens
strated efficien

mipolar GaN L
apping of wave
s the µLED dim

peak current d
ce recombinatio
t EQE peak EQ

the literatures
s due to non-
ecombination 

he µLED effic
imited by the 
as compared to
te [7,8], this is
ubstrate to date
it dislocations 
e efficiency f

ial lumious blu
-plane green LE
-shift of 5 nm 
while, a large b
density for th
field within th
the optical po

on-polar GaN 
due to their an

d out under con
can be found e

+ I[-1-123]), wher
o of our semip

nsity. Such po
N [28]. 

-22) green µLEDs
LED with a size of

-radiative 
sity of the 
ncy droop 

LEDs, and 
efunctions 
mensions 

density is 
on, as the 
QE about 
s [2,4–6]. 
-radiative 
[33]. The 
ciency is 

sidewall 
o the one 
s the best 
e. We do 
(MDs) in 
for those 

ue-shift in 
EDs. The 
from 522 
blue-shift 

he c-plane 
he MQWs 
larization 
LEDs on 

nisotropic 
ntinuous-
elsewhere 
re I is the 
polar (11-
larization 

 

s 
f 

                                                                                                Vol. 27, No. 17 | 19 Aug 2019 | OPTICS EXPRESS 24158 



In conclusion, we demonstrate the semipolar (11-22) green µLEDs grown on low defect 
density semipolar (11-22) GaN/sapphire template. The µLEDs show a small blue-shift of 5 
nm from 5 to 90 A/cm2 and a high optical polarization ratio of 40%. Also, the µLEDs exhibit 
size-independent peak EQE of 2%. With further improvements in the materials quality, 
epitaxial structure and fabrication process, long-wavelength semipolar µLEDs fabricated on 
high quality, large area and low cost GaN/sapphire template is a promising candidate for 
µLED display applications due to the advantages such as size-independent EQE, extremely 
low leakage current, small wavelength blue-shift, low efficiency droop and high polarization 
ratio. 
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