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Abstract: 240  nm  AlGaN-based  micro-LEDs  with  different  sizes  are  designed  and  fabricated.  Then,  the  external  quantum  effi-
ciency (EQE)  and light  extraction efficiency (LEE)  are systematically  investigated by comparing size and edge effects.  Here,  it  is
revealed  that  the  peak  optical  output  power  increases  by  81.83%  with  the  size  shrinking  from  50.0  to  25.0 μm.  Thereinto,  the
LEE increases  by  26.21% and the LEE enhancement  mainly  comes from the sidewall  light  extraction.  Most  notably,  transverse-
magnetic (TM) mode light intensifies faster as the size shrinks due to the tilted mesa side-wall and Al reflector design. However,
when  it  turns  to  12.5 μm  sized  micro-LEDs,  the  output  power  is  lower  than  25.0 μm  sized  ones.  The  underlying  mechanism  is
that  even  though  protected  by  SiO2 passivation,  the  edge  effect  which  leads  to  current  leakage  and  Shockley-Read-Hall  (SRH)
recombination  deteriorates  rapidly  with  the  size  further  shrinking.  Moreover,  the  ratio  of  the  p-contact  area  to  mesa  area  is
much  lower,  which  deteriorates  the  p-type  current  spreading  at  the  mesa  edge.  These  findings  show  a  role  of  thumb  for  the
design  of  high  efficiency  micro-LEDs  with  wavelength  below  250  nm,  which  will  pave  the  way  for  wide  applications  of  deep
ultraviolet (DUV) micro-LEDs.
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1.  Introduction

AlGaN  based  deep  ultraviolet  (DUV)  LEDs  are  extensively
studied  due  to  their  customizable  wavelengths,  small  size,
high  efficiency,  high  modulation  bandwidth,  long  lifetime,
and  friendly  to  the  environment[1−5].  Up  to  date,  DUV  LEDs
are widely used for non-light-of-sight optical communication,
sensing  systems,  sterilization,  and  medical  phototherapy[6−8].
However,  the  280  nm  wavelength  is  harmful  to  the  human
eyes  and  skin.  Recent  work  has  shown  that  shorter  wave-
lengths from 255 to 220 nm can be more effective at steriliza-
tion[9], while higher photon energies feature shallower penetra-
tion depth for the stratum corneum, which can avoid the dele-
terious  effects  of  the  human  beings  when  exposure  to  UV
light[10, 11]. Similarly, the DUV light for non-line-of-sight commu-
nications  always  travels  through  the  air  and  shorter  wave-
lengths  can  protect  human  beings  from  damage  by  DUV
light.  Moreover,  micro-LEDs  have  higher  modulation  band-
width,  which  is  essential  for  non-line-of-sight  communica-
tions.  Micro-LEDs  can  also  be  combined  with  face  recogni-
tion technology and programmed to keep away from human
faces during sterilization and disinfection. Given these promis-
ing  applications,  the  240  nm  AlGaN-based  micro-LEDs  are
grown and fabricated.

The  flip-chip  structured  micro-LEDs  always  have  a  cur-
rent  crowding  effect  at  the  mesa  edge,  which  leads  to  self-
heating  and  uneven  current  distribution[12, 13].  This  current
crowding effect derives from the flip-chip structure. As p-type
current  spreading  is  solved  by  the  metalized  current  spread-
ing  layer,  the  n-type  current  spreading  length  is  limited  by
the  relative  high  n-AlGaN  resistivity,  which  leads  to  the  elec-
trons  crowded  at  the  mesa  edge.  To  address  this  issue,  Mar-
tin Dawson’s  group studied the size effect  of  micro-LEDs and
found that smaller  sized micro-LEDs can relieve the self-heat-
ing  and  enhance  the  modulation  bandwidth[14, 15].  Sun et  al.
enhanced  the  optical  performance  of  deep ultraviolet  micro-
LEDs  through  the  perimeter-to-area  ratio  engineering[16].
Demir’s  group  put  forward  the  effective  n-electrode  length
model and found that mini-LEDs with longer effective n-elec-
trode length show lower self-heating and higher output opti-
cal power[12].  Long et al. demonstrated that smaller chip sizes
can  reduce  the  current  crowding  induced  self-heating
effect[17].

However, for n-AlGaN with high Al composition, the resis-
tance  is  higher  as  the  n-type  doping  concentration  is  lower.
This  high  resistance  contributes  to  much  shorter  n-type  cur-
rent  spreading  length  for  DUV  LEDs  than  that  in  conven-
tional GaN-based visible LEDs, and results in even higher cur-
rent  crowding  and  self-heating[13, 18].  This  severe  self-heating
caused  by  the  low  power  conversion  efficiency  of  DUV  LEDs
is  mainly  responsible  for  the  considerable  decrease  of  effi-
ciency  when  current  crowding  is  present[13].  Therefore,  it  is
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essential  to  systematically  study  how  to  reduce  the  current
crowding effect for 240 AlGaN-based micro-LEDs. 

2.  Theoretical consideration of the device design

To find the possible solutions for the severe current crowd-
ing,  we  calculated  the  current  density  distribution  based  on
the  current  spreading  model  in Fig.  1(a).  The  results  show
that this  high n-type resistance may also cause severe nonra-
diative recombination and current leakage at  the mesa edge.
The details are as follows: 

V = Vc + Vpn + Vp + Vn. (1)

Vc

Vpn

Vp

Vn

Vpn

Here,  stands  for  voltage  drop  across  metal  semiconductor
contact  barrier  for  both  p-&n-contact,  stands  for  voltage
drop across  pn junction,  stands for  voltage drop across  p-
GaN  and  p-AlGaN,  and  stands  for  voltage  drop  across  n-
AlGaN. Based on Shockley equation,  can be expressed as 

Vpn =
kTln ( J

J
+ )

e . (2)

x
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Here, k is Boltzmann constant, T is the temperature, J is the cur-
rent density, J0 is the reverse saturation current density, and e
stands  for  elementary  charge.  At  high  forward  current  den-
sity  area, Vpn changes  slightly  with J changing.  At  position ,
for a small distance , as  changes slightly at high for-
ward current area, the current  is: 

ΔI =
Vp + Vn

δRp + δRn
=

Vp + Vn

δRp + ρn ×
x + Δx

s

. (3)

δRp δRnHere,  and  stands  for  resistance  of  p-GaN  and  p-
AlGaN  across  the  thickness  of tp,  and  n-AlGaN  across  the  dis-
tance of x along x-axis,  respectively,  as shown in Fig.  1(a).  For

Δx δRp ρn
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a  certain  distance ,  we  can  get  is  constant.  is  the
resistivity  of  n-AlGaN,  and  is  the  cross-section  area  of  n-
AlGaN along  direction.  From Eq.  (1),  for  a  certain  and ,
as  is  nearly  constant,  is  also  nearly  constant.
From  Eq.  (3),  as , , ,  and  is  nearly  constant,  we
can  conclude  that  decreases  as  increases,  and 
decreases  faster  when  is  larger.  Similarly,  the  hole  density
will  also  decrease  from  the  p-contact  edge,  which  closes  to
mesa  edge,  as  exhibited  in Fig.  1.  Hence,  at  area  A,  is  the
highest,  and  is  the  highest.  As  and 
is the thickness of p-GaN and p-AlGaN, which is constant,  the
electric  field  is  the  highest  at  area  A.  The  electric  filed 
will  drive  the holes  into  the multiple  quantum wells  (MQWs),
and  similarly  for  the  electrons.  Therefore,  the  holes  and  elec-
trons will be the highest at area A, which results in severe cur-
rent  leakage  and  nonradiative  recombination.  If  the  mesa  is
surrounded  by  n-electrode  instead  of  at  one  side  of  the
mesa,  the  total  length  of  area  A  perpendicular  to  the  figure
plane  is  longer  and  the  current  density  in  area  A  can  be
reduced.  As  the  circular  mesa  disk  has  the  longest  perimeter
for  a  certain  mesa  area,  we  designed  circular  shaped  micro-
LEDs  to  relieve  the  current  crowding  of  the  micro-LEDs,  as
shown  in Fig.  1(d).  Moreover,  through  calculation,  we  find
that  smaller  sized  micro-LEDs  possess  longer  total  mesa
perimeter,  which  can  further  reduce  the  current  crowding  in
area  A.  However,  as  the  mesa  edge  is  close  to  or  in  area  A,
the  current  leakage  and  nonradiative  recombination  rate  is
high because of the edge effect. In addition to the size effect,
the edge effect should also be taken into consideration. There-
fore,  we  designed  and  fabricated  different  sized  micro-LEDs,
as illustrated in Figs.  1(c)−1(e).  Then the optical  and electrical
properties are systematically studied. 

3.  Experiment and numerical simulation details

The  AlGaN-based  micro-LED  epitaxial  layers  were  grown
on  a  2-inch  high  temperature  annealed  AlN/sapphire  tem-

 

Fig. 1. (Color online) (a) Schematic diagram of the current distribution for the flip-chip structured micro-LEDs. (b) Schematic illustration of the epi-
taxial layers. Different sized micro-LEDs: R = (c) 12.5 μm, (d) 25.0 μm, and (e) 50.0 μm. (f) Spectrum of 12.5 μm sized micro-LEDs under various cur-
rents.
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plate  by  our  high-temperature  metal−organic  chemical
vapour deposition (HT-MOCVD) system, as shown in Fig. 1(b).
Firstly,  a  few  periods  of  AlN/AlGaN  superlattices  were  pre-
pared, then followed a 1.2 μm thick Si-doped Al0.8Ga0.2N elec-
tron  injection  layer  and  five  pairs  of  Al0.7Ga0.3N/Al0.85Ga0.15N
multiple  quantum  wells  (MQWs),  next  was  a  Mg-doped  p-
Al0.8Ga0.2N  layer,  and  finally  a  p-GaN  layer  was  grown.  The
epi-wafers  were  subsequently  processed  into  micro-LED
chips  by  a  standard  microfabrication  process.  These  micro-
LEDs were designed in three sizes but all  have the same total
device  mesa  area:  a  4  ×  4  micro-LED  matrix  with  a  mesa
radius  of  12.5 μm,  a  2  ×  2  micro-LED  matrix  with  a  mesa
radius  of  25.0 μm, and a  1  ×  1  micro-LED matrix  with  a  mesa
radius  of  50.0 μm.  The  mesa  was  prepared  by  using  induc-
tively coupled plasma (ICP) etching. The mesa side-walls were
protected  by  a  layer  of  1.2 μm  SiO2,  which  acts  as  a  passiva-
tion layer  to  reduce the nonradiative recombination and cur-
rent  leakage.  To enhance the light  extraction efficiency (LEE),
the  mesa  sidewall  was  etched  30°  to  the  wafer  plane  as  this
angle  contributes  to  the  higher  LEE  based  on  previous
study[19−22].  Ti/Al based metal layers, annealed at 600 °C in N2

ambient  for  3  min,  were  used  as  n-contacts.  Ni/Al  alloys
annealed  at  500  °C  in  N2 ambient  for  3  min  were  used  as  p-
type  current  spreading  layers.  Here,  we  keep  a 5 μm  margin
between the p-contact edge and the mesa edge for all the dif-
ferent sized micro-LEDs. To further enhance the LEE, an Al over-
lay  reflector  was  placed on the  top of  SiO2.  Ti/Al/Ti/Au multi-
layers  were  used  as  p-&n-pad,  where  Al  is  1.3 μm  to  reflect
light  from  chip  side-walls  for  light  extraction.  After  fabrica-
tion,  the optical  output  power  is  measured by an integrating
sphere.  The I−V characteristics  of  different  sized  micro-LEDs
are carried out by Keithley semiconductor analyzer.

To  further  investigate  the  underlying  physics,  numerical
simulations were carried out by APSYS, where various mathe-
matical  equations  including  Schrödinger  equation,  Poisson’s
equation  and  drift-diffusion  equation,  etc.  are  self-consis-
tently  handled.  The  auger  recombination  coefficient  was  set
to  10−30  cm6/s[23].  The  Shockley-Read-Hall  (SRH)  lifetimes
were  set  to  2  ×  10−8,  1  ×  10−8,  and  5  ×  10−9 s  for  50.0,  25.0,
and 12.5 μm sized micro-LEDs, respectively[24−26]. The polariza-
tion level  and the band offset  between AlGaN/AlGaN hetero-
junction  materials  were  set  to  40%  and  50  :  50[27, 28],  respec-
tively.  The  LEEs  for  different  sized  micro-LEDs  were  calcu-
lated  by  utilizing  the  finite  different  time  domain  (FDTD)
method[29]. Then the calculated LEEs were taken into considera-
tion for the APSYS numerical simulation results. Other parame-
ters  on  AlGaN-based  semiconductors  can  be  found  else-
where[30]. 

4.  Results and discussion

Table  1 shows  the  LEE  results  for  different  sized  micro-
LEDs based on FDTD numerical  simulations.  From Table 1 we
can  observe  that  with  the  size  shrinking,  the  LEEs  for  both
the  transverse-magnetic  (TM)  polarized  light  and  the  trans-
verse-electric (TE) polarized light are enhanced. What is  note-
worthy is  that the LEE of TM-mode light increases faster than
that of TE-mode light.  This happens because we etched tilted
mesa  side-walls  for  these  micro-LEDs  and  these  tilted  side-
walls  enhance  TM-mode  light  more  efficiently  than  TE-mode
light.  In  addition,  there  are  more  side-walls  for  smaller  sized
micro-LEDs.

To  further  investigate  the  underlying  reasons  of  the  LEE
variation depends on the micro-LED size, the electric field dis-
tributions  of  the  TE-&TM-polarized  light  for  different  sized
micro-LEDs  are  analyzed  by  using  Lumerical  FDTD  solution.
Figs.  2(a)  and 2(b)  are  the  SEM  images  of  12.5 μm  sized
micro-LED  to  show  the  mesa  side-wall  slant  angle.  From
Fig.  2(b)  we  can  see  that  the  side-wall  is  inclined  at  an  angle
of  30°.  This  tapered  angle  contributes  to  the  side-wall  light
extraction,  especially  for  TM-mode  light  extraction  as
depicted in the inset figure within Fig. 2(b). The FDTD simula-
tion  model  for  different  sized  micro-LEDs  is illustrated  in
Fig. 2(c). The dipole source polarization direction was set paral-
lel to the Y-axis for TM-mode light or parallel to the X-axis for
TE-mode  light.  The  mesa  side-wall  tilt  angle  was  set  30°  to
the wafer plane as this angle contributes to higher LEE based
on previous study[21, 22].  Other  parameters  can be found else-
where[20, 29]. Figs. 2(d)−2(f) stand for the electric field distribu-
tion  of  TE-mode  light  for R =  50.0,  25.0,  and  12.5 μm  sized
micro-LEDs,  respectively.  From Figs.  2(d)−2(f)  we can observe
that  the  light  mainly  extracted  from  the  mesa  centers,  next
from  the  tilted  side-walls  between  two  mesas,  and  finally
from  the  chip  edges.  As  the  size  decreases  from  50.0  to
12.5 μm,  the  numbers  of  the  mesa  centers  and  side-walls
increase  rapidly,  which  results  in  more  light  extraction  cen-
ters  and  finally  enhances  the  LEE  for  smaller  sized  micro-
LEDs. Figs.  2(g)−2(i)  stand  for  TM-mode  light  distribution  of
FDTD results for R = 50.0, 25.0, and 12.5 μm sized micro-LEDs,
respectively.  From Figs.  2(g)−2(i),  we  can  see  that  different
from  TE-mode  light,  TM-mode  light  mainly  extracted  from
the tilted side-walls  between two mesas,  next  from the mesa
centers  and  chip  edges.  The  reason  is  that  as  TM-mode  light
mainly travels horizontally, the side-wall light extraction domi-
nates,  and  less  light  is  extracted  from  the  backside  of  the
chip.  This  is  also  the  main  reason  why  LEE  of  TM-mode  light
increases  faster  with  the  size  decreasing,  most  notably  the
12.5 μm  size,  for  which  the  LEE  of  TM  is  higher  than  that  of
TE as the side-wall length is the longest among them. For the
LEE  difference  of  TE  part  and  TM  part  for  the  50.0 μm  sized
micro-LEDs, as this size has less side-wall length for TM-mode
light extraction, the TE part of the LEE is higher than TM part,
as can be compared by Figs.  2(d) and 2(g).  Therefore, the LEE
enhancement  is  mainly  from  the  side-wall  light  extraction
both  for  TE  and  TM-mode  light  with  the  size  shrinking,  most
notably TM-mode light enhancing faster for this 30° side-wall
angle.

To  verify  whether  the  aforementioned  conclusion  is  suit-
able  for  different  angles,  we  further  studied  the  LEE  changes
depending on the micro-LED sizes and mesa side-wall angles,
as  shown  in Fig.  3.  From Fig.  3(a)  we  can  observe  that  with
the size shrinking the LEE for the TE-polarized light (LEE-TE) is
enhanced  for  both  45°  and  30°.  However,  for  60°,  the  LEE-TE
is  nearly  the same for  different  sized micro-LEDs.  For  75°,  the
LEE-TE is reduced with the size shrinking. Therefore,  the side-
wall  only  contributes  to  the  LEE-TE  with  small  angles.  From

 

Table 1.   LEE for different sized micro-LEDs based on FDTD numerical
simulations.

Size R = 50 μm 1 × 1 R = 25 μm 2 × 2 R = 12.5 μm 4 × 4

LEE_TM (%) 3.85 5.66 10.56
LEE_TE (%) 6.45 7.34 9.01
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Fig.  3(b)  we can observe that  with the size  shrinking,  the LEE
for the TM-polarized light (LEE-TM) is enhanced for all the simu-
lated  angles.  Comparing Fig.  3(a)  with 3(b),  we  can  find  that
with  the  size  shrinking  LEE-TM  enhancing  is  much  better
than LEE-TE for all the simulated angles.

After  the  LEE,  we  further  studied  the  optical  characteris-
tics of different sized micro-LEDs. Fig. 4 shows the optical out-
put  power  and  EQE  as  a  function  of  the  current  for  various
sized  micro-LEDs.  Here,  the  LEE  is  carefully  considered  in  the
numerical  simulation  results  in Fig.  4(b).  We  adopted  the
same intensity of the TM part and TE part for the 240 nm wave-
length  based  on  the  optical  light  polarization  study  of
Guttmann et  al.[31].  From Figs.  4(a)  and 4(b),  we  can  observe

that  the  numerical  simulation  results  match  well  with  the
experimental  results.  With  the  size  decreasing  from  50.0 to
25.0 μm, the peak optical  output power based on the experi-
mental  data  increases  81.83%.  One  of  the  reasons  is  that  the
LEE enhances 26.21% with the size shrinking.  Another reason
is  the  aforementioned current  density  distribution uniformity
property. To further explore the possible electrical reasons for
the  characteristics  of  the  output  power,  numerical  simula-
tions  are  conducted.  The  current  density  distributions  along
the  MQWs  are  shown  in Figs.  5(a)−5(d).  Comparing Figs.  5(a)
and 5(b),  we  can  find  that  the  current  density  uniformity  of
25.0 μm  sized  micro-LEDs  is  much  better  than  that  of  the
50.0 μm  sized  ones.  This  uniform  current  density  also  sup-

 

Fig. 2. (Color online) SEM images of 12.5 μm size micro-LED (a) mesa and (b) cross section of the side-wall tilt angle. The inset within (b) is the
schematic  diagram  of  micro-LED  30°  tilted  side-wall  light  extraction.  (c)  Schematic  diagram  of  2D-FDTD  simulation  model  for  different  sized
micro-LEDs.  Electric  field  distributions  in  the  XY cross  section of  the  TE-polarized light  for  (d) R =  50.0 μm ,  (e)  25.0 μm, and (f)  12.5 μm sized
micro-LEDs, and TM-polarized light for (g) R = 50.0 μm , (h) 25.0 μm , and (i) 12.5 μm sized micro-LEDs.

 

Fig. 3. (Color online) (a) LEE-TE and (b) LEE-TM for different sized micro-LEDs based on FDTD numerical simulations.
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presses  self-heating  and  benefits  the  internal  quantum  effi-
ciency (IQE). Fig. 5(e) is the wavelength as a function of the cur-
rent  for  different  sized  micro-LEDs.  As  the  current  increases,
the  wavelength  blue-shifts  first  due  to  quantum-confined
Stark effect (QCSE) screening and band filling by injected carri-
ers[32],  and  then  the  wavelength  red-shifts  because  of  the
increased  junction  temperature[33].  Moreover,  the  wave-
length  red-shifts  further  as  the  temperature  rises.  Hence,  the
wavelength red-shift can be used to compare the junction tem-
perature.  From Fig.  5(e),  it  is  obvious  that  the  wavelength  of
50.0 μm  sized  micro-LEDs  red-shift  more  than  that  of  the
25.0 μm sized ones,  indicating that  50.0 μm sized micro-LEDs
have a higher junction temperature. This high junction temper-
ature  will  further  restrain  the  IQE  and  output  power  at  high
current level. Therefore, the lower LEE, current density nonuni-
formity,  and  self-heating  are  the  main  factors  for  the  lower
optical output power for the 50.0 μm sized micro-LEDs.

However,  even  though  the  LEE  is  enhanced,  the  output
power for  12.5 μm sized micro-LEDs is  lower  than that  of  the
25.0 μm sized ones, as illustrated in Fig. 4. These results are dif-
ferent  from  the  individual  devices,  for  which  the  smaller  size
has  higher  optical  output  power  density[17].  This  happens
because  the  smaller  individual  device  generates  less  total
heat  and  its  heat  dissipation  sink  is  relatively  bigger.  With
regard to our devices, as the different sized micro-LEDs are fab-
ricated on the  same wafer,  the  only  differences  are  the  mesa
size,  the  mesa  side-wall  lengths,  and  the  p-contact  areas.
Hence,  we  analysis  the  optical  performance  from  three
aspects. Firstly, the edge effect depends on the mesa perime-
ter.  From Table 2 we can observe that  the mesa perimeter  of
12.5 μm  sized  micro-LEDs  is  twice  that  of  the  25.0 μm  sized
ones,  and that  of  the 25.0 μm sized ones is  also twice that  of
the  50.0 μm  sized  ones.  As  well  known,  the  mesa  side-wall
always  leads  to  edge  effect,  which  results  in  current  leakage

 

Fig. 4. (Color online) Optical output power and EQE for various sized micro-LEDs: (a) experimental results and (b) numerical simulation results.

 

Fig.  5. (Color online) Apsys simulation results of current density distribution along the MQWs for (a) 50.0 μm, (b) 25.0 μm, and (c)&(d) 12.5 μm
sized micro-LEDs based on the model of Fig. 1(a). Here, compared to (c), (d) is closer to the n-electrode. (e) Wavelength−current relationship for
different sized micro-LEDs.
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and  SRH  recombination.  From  the  inset  in Fig.  6,  we  can  see
that  the  12.5 μm  sized  micro-LED  shows  the  highest  leakage
current,  which  corresponds  to  the  shortest  SRH  lifetime.  The
50.0 μm  sized  micro-LED  shows  the  lowest  leakage  current,
which  corresponds  to  the  longest  SRH  lifetime.  The  SRH  life-
time  is  typically  set  to  10−8 s  level[34, 35].  Hence,  we  set  the
SRH  lifetime  for  the  50.0 μm  sized  micro-LEDs  to  2  ×  10−8 s,
the  25.0 μm  sized  ones  to  1×10−8 s,  and  12.5 μm  sized  ones
to  5  ×  10−9 s  in  the  numerical  simulations.  However,  the  SRH
values are complex and not easy to estimate,  so the SRH life-
times  are  not  the  real  values.  Here,  the  SRH  lifetime  is  just
used  to  estimate  the  size  effect  based  on  the  previous  study
method[36]. Secondly, besides the edge effect, the total p-con-
tact area difference due to the size effect also affects the out-
put  power.  From Table  2,  it  is  obvious  that  the  ratio  of  total
p-contact area to the mesa area for 12.5 μm sized micro-LEDs
is  much  smaller  than  that  of  either  25.0 μm  sized  ones  or
50.0 μm  sized  ones.  This  much  smaller  ratio  will  lead  to  cur-
rent  nonuniformity  and  lower  light  reflection,  which  result  in
lower  LEE  and  output  power  for  the  12.5 μm  sized  micro-
LEDs[37].  From Fig.  5(d),  it  is  clearly  that  the  current  density
reduces  dramatically  at  the  mesa  edge  margin  area  without
p-contact. Thirdly, as the distances to the n-electrode are differ-
ent  for  the  12.5 μm  sized  micro-LED  mesa  disks,  there  is  an
impressive  current  density  difference  for  these  two  types  of
mesa  disks,  as  illustrated  in Figs.  5(c)  and 5(d).  This  results  in
unevenness  of  current  density  for  the  12.5 μm  sized  micro-
LEDs and further leads to lower IQE and output power. There-
fore,  even  though  the  LEE  of  12.5 μm  sized  micro-LEDs  is
higher  than  that  of  the  25.0 μm  sized  ones,  because  of  the
severe  edge  effect  due  to  longer  side-walls,  much  smaller
ratio of p-contact area to mesa area, and nonuniformity of cur-
rent  density  on  account  of  different  n-electrode  distances,
the  optical  output  power  of  the  12.5 μm  sized  micro-LEDs  is
lower than that of the 25.0 μm sized ones.

We also studied the current-voltage characteristics for dif-
ferent sized micro-LEDs, as depicted in Fig.  6.  It  is  worth note
that  the  turn-on  voltage  is  high.  The  underlying  reason  is
that the 240 nm DUV LED needs high Al incorporation, which
leads  to  lower  doping  efficiency.  This  low  hole  and  electron

concentration  contributes  to  higher  contact  resistance  and
results  in  high  voltage  for  these  240  nm  micro-LEDs.  How-
ever,  this  high  turn-on  voltage  will  result  in  device  reliability
issue.  Therefore,  its  voltage  property  needs  to  be  optimized
in  the  future  research  work.  Nevertheless,  the  trend  of  the
I−V characteristics  can  still  be  used  to  reflect  the  underlying
physics.  From Fig.  6,  it  exhibits  that  at  the  same  current,  the
voltage  decreases  as  the  size  shrinks.  It  is  worth  noting  that
the  reverse  current  at −5  V  for  the  12.5 μm  sized  micro-LEDs
is  much  higher  than  that  of  either  25.0 μm  sized  ones  or
50.0 μm sized ones, as shown in the inset within Fig. 6(a). The
underlying  reasons  are  that  the  12.5 μm  sized  micro-LEDs
have  the  longest  mesa  side-wall  perimeter,  as  exhibited  in
Table 2 and higher current density at the mesa edge than the
50.0 μm sized ones, as illustrated in Figs. 5(b) and 5(d). This fur-
ther  clarifies  the  serious  edge  effect  of  the  12.5 μm  sized
micro-LEDs. 

5.  Conclusions

In  summary,  240 nm AlGaN based micro-LEDs are  grown
and  fabricated.  Based  on  FDTD  study,  we  found  that  the  LEE
increases with the size decreasing.  The tilted side-wall  and Al
overlay are the main factors that boost the light extraction effi-
ciency of the smaller sized micro-LEDs. It  is worth noting that
the LEE of TM-mode light enhancing faster with the size shrink-
ing and LEE of TM-mode light is  higher than that of TE-mode
light  for  the  12.5 μm  micro-LEDs.  This  is  important  for  the
LEDs  with  wavelength  shorter  than  240  nm,  for  which  TM-
mode  light  dominates.  On  the  other  hand,  the  total  mesa
perimeter  is  also  increasing  with  the  size  getting  smaller,
which  alleviates  the  current  crowding  and  self-heating.
Hence, the optical output power of 25.0 μm sized micro-LEDs
is  higher  than  that  of  the  50.0 μm  sized  ones.  However,  the
longer mesa perimeter is a double-edged sword. The 12.5 μm
sized micro-LEDs suffer from severe edge effect and results in
lower IQE because of this too long mesa perimeter.  However,
if  the  side-wall  is  further  protected,  such  as  being  treated  by
KOH and ALD Al2O3 instead of SiO2 that we used, the 12.5 μm
sized micro-LEDs may have high promising performance. More-
over,  the much lower ratio  of  the p-contact  area to the mesa

 

Table 2.   Total mesa perimeter and p-contact area for different sized micro-LEDs.

Size R = 50.0 μm 1 × 1 R = 25.0 μm 2 × 2 R = 12.5 μm 4 × 4

Total mesa perimeter (μm) 314.16 628.32 1256.64
P-contact area/mesa area (%) 81 64 36

 

Fig. 6. (Color online) The current−voltage characteristics of different sized micro-LEDs: (a) experimental results, (b) numerical simulation results.
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area is another essential factor that leads to nonuniformity cur-
rent  density  and  reduced  IQE  of  the  12.5 μm  sized  micro-
LEDs.  Apart  from  that,  the  longer  distance  of  the  centered
mesa disk to the n-electrode is  another factor for  the uneven
current  density  of  the  12.5 μm  sized  micro-LEDs.  Because  of
these  unfavorable  factors,  the  output  power  of  the  12.5 μm
sized micro-LEDs is lower than that of the 25.0 μm sized ones.
Therefore,  based  on  our  fabrication  process,  the  25.0 μm
sized micro-LEDs possess the highest optical output power. 
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