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Abstract: Due to the excellent optoelectronic properties, fast response time, outstanding power efficiency and high stability, mi-
cro-LED  plays  an  increasingly  important  role  in  the  new  generation  of  display  technology  compared  with  LCD  and  OLED  dis-
play. This paper mainly introduces the preparation methods of the GaN-based micro-LED array, the optoelectronic characterist-
ics, and several key technologies to achieve full-color display, such as transfer printing, color conversion by quantum dot and loc-
al strain engineering.
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1.  Introduction

From plasma display panel (PDP),  cathode ray tube (CRT)
to liquid crystal display (LCD),  and then to organic light-emit-
ting  diode  (OLED)  and  quantum  dot  light-emitting  diode
(QLED), the competition for the new generation of display tech-
nology  has  never  stopped  the  pace.  As  the  OLED  and  QLED
challenge  the  LCD  and  dominate  the  whole  display  market,
micro-LED has entered the field of vision because of its excel-
lent  properties  of  high brightness,  great  color  gamut,  fast  re-
sponse time,  outstanding power  efficiency,  high stability  and
so  on[1−5].  Micro-LED  display  has  promising  applications  ran-
ging  from  wearable  devices  such  as  wristbands  and  watches
to commercial billboards, public displays, and the virtual real-
ity (VR) or augmented reality (AR) devices[6−9].

As  shown in Table 1,  micro-LED has advantages of  excel-
lent  image  quality,  superior  stability  and  other  outstanding
factors  compared  with  LCD  and  OLED[1, 2, 10–12].  Firstly,  com-
pared  with  LCD,  self-emissive  micro-LED  could  decrease  the
device  thickness  because  of  the  absence  of  color  filters  and
backlight  units.  In  addition,  the  brightness  and  contrast  ratio
of micro-LED is as high as 100 000 cd/m2 and ∞, respectively.
Also the PPI of micro-LED display can be more than 1500 and
reaching 10 000[13, 14].  The response time of micro-LED is very
short  reaching  0.2  ns,  ~  104 times  shorter  than  that  of  OLED.
The  lifetime  of  micro-LED  is  estimated  by  the  Arrhenius  for-
mula indicating that  the lifetime is  more than 10 years,  more
competitive  compared  with  LCD  and  OLED.  Secondly,  there
are a wide view angle (~178°) and high color gamut (> 100%,
NTSC)  belonging to  micro-LED[10, 15, 16].  Due to  such excellent
properties,  micro-LED  is  regarded  as  the  promising  light
source in future display direction.

Sony, Apple, Samsung and many academic researchers re-
gard  micro-LED  as  the  next-generation  display,  and  continue

to  increase  the  research  investment.  However,  there  still  ex-
ist  several  challenges  of  micro-LED  display  technology,  such
as  massive  transfer  and  full-color  display  of  micro-LEDs.  At
present,  the  full-color  display  of  micro-LED  can  be  achieved
by transfer printing red, green and blue (RGB) micro-LED, excit-
ing  quantum  dots  (QDs)  to  achieve  full  color,  and  designing
RGB micro-LED pixels  on the same wafer  through local  strain
engineering and growth[19−21]. Here, we will introduce the ba-
sic preparation methods of the micro-LED array, the optoelec-
tronic characteristics, the modulation bandwidth and the typi-
cal techniques to achieve full-color display.

2.  The basic micro-LED processing techniques

For micro-LED processing, the metal-organic chemical va-
por  deposition  (MOCVD)  is  used  to  perform  the  epitaxial  lay-
er  growth  on  the  substrate.  For  example,  the  epitaxial  GaN
wafers  grown  on  silicon  substrate  are  introduced,  and  then
chip  fabrication  process  is  carried  out.  The  reason  of  making
use  of  silicon  as  substrate  here  is  that  it  has  the  advantages
of large size, low cost, high thermal conductivity and can be in-
tegrated with Si  based microelectronic  devices.  Also the silic-
on substrate has more advantages in the growth of high-effi-
ciency  LED  with  long  emission  wavelength,  such  as  red,
green  and  yellow[22].  A  cleaned  silicon  is  served  as  a  sub-
strate in MOCVD and the corresponding precursor gas is injec-
ted  to  grow  the  epitaxial  LED  layers.  As  shown  in Fig.  1(a),  it
can be seen that the epitaxial layers mainly include a GaN buf-
fer  layer,  an  n-doped  GaN  layer,  an  InGaN/GaN  multiple
quantum  well  (MQW)  layer,  a  current  block  layer  of  AlGaN,
and a p-doped GaN layer. Then, a current spreading layer of in-
dium  tin  oxide  (ITO)  was  evaporated  on  top  of  the  wafer.
Then,  the  chip  fabrication  will  be  adopted  to  process  the  epi
wafer,  as  shown  in Fig.  1(b).  ITO  current  spreading  layer  and
epitaxial  layer  are  patterned  and  etched  to  n-GaN  layer  by
self-alignment,  forming  micro-LED  mesa  array.  Then  the  SiO2

is deposited through plasma enhanced chemical vapor depos-
ition  (PECVD)  as  passivation  layer  and  at  last  Ti/Au  is  depos-
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ited to serve as electrodes as shown in Figs. 1(c)–1(d).

3.  The performances of micro-LED

Herein, many performance tests have been carried out to
verify the excellent characteristics of micro-LED. The I–V charac-
teristics  of  micro-LED  are  similar  to  those  of  p–n  junction  di-
ode in classical semiconductor theory. From the I–V curves of
blue  micro-LED  pixels  with  different  diameters  prepared  on
the same epitaxial  wafer,  series  resistance of  the  pixels  incre-
ase with the decrease of  chip size,  as  shown in Fig.  2(a)[23, 24].
The variation is  mainly  caused by the reduction of  micro-LED
size. Fig.  2(b) shows  the  curve  of  current  density  of  blue  mi-

cro-LED  versus  the  bias  voltage.  The  current  crowding  effect
of  small  pixel  is  smaller  and  the  current  distribution  is  more
uniform  under  the  same  bias  voltage,  so  the  current  density
of small pixel at the same voltage is higher.

Optical properties are one of the fundamental and import-
ant  properties  of  micro-LEDs,  so  other  tests  such  as L–I also
have  been  carried  out.  As  shown  in Fig.  3(a),  it  can  be  seen
from  the  curve  that  the  maximum  output  power  increases
with  the  increase  of  pixel  size  at  the  same  current.  And  the
curve  of  the  corresponding  light-output  power  versus  cur-
rent  density  is  shown  in Fig.  3(b).  The  smaller  size  of  micro-
LED devices,  the higher maximum optical  power density that

Table 1.   The comparison of main characteristics of micro-LED, LCD, and OLED.

Parameter LCD OLED micro-LED

Emission type Backlight/LED (thick) Self-emissive (thin) Self-emissive (thin)
Brightness (cd/m2) 3000 5000 100 000[1]

Luminescent material Inorganic Organic Inorganic
Contrast ratio 5000 : 1 ∞ ∞[1]

PPI >300 1500–6000[12] 1500–10 000[14, 17]

Color gamut 75%, NTSC >100%, NTSC >100%, NTSC[1]

Viewing angle Best (~178°)[18] Best (~178°) Best (~178°)[1]

Response time 5 ms, slow 10 μs, medium 0.2 ns, fast[1]

Lifetime Medium Medium Long[1]

Operating temperature 233–373 K 238–358 K 15–500 K[1, 12, 15]
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Fig. 1. (Color online) (a) The GaN-based epitaxial structure with silicon substrate. (b) Etching to n-GaN layer to form a micro-LED mesa array. (c)
The deposition of SiO2 through PECVD. (d) The deposition of Ti/Au to serve as electrodes.
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Fig. 2. (Color online) (a) I–V curves of blue micro-LED pixels with different sizes. (b) The curve of current density for blue micro-LED with different
sizes.
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can  be  output,  and  the  smaller  micro-LED  devices  can  sus-
tain  higher  injection  current  density  according  to  the Fig.  2.
The  results  also  indicate  that  micro-LED  has  the  advantages
of  high  saturation  current  density  and  high  light-output
power density.  Based on these performance tests,  the bright-
ness of micro-LED display can be up to 100 000 cd/m2[1]. There-
fore the high luminance of micro-LED can easily satisfy the re-
quirements for AR and other high-performance display applica-
tions.

After  the  corresponding  electrical  and  optical  properties
were tested, the external quantum efficiency (EQE) and band-
width were also analyzed[25, 26].  And the results indicated that
the  operating  temperature  of  micro-LED  can  reach  500  K.
Fig. 4(a) also shows the characteristic curve between EQE and

current  density  on  a  semi-logarithmic  scale  with  the  device
temperature varying from 300 to 500 K in 25 K increments.  It
can be seen that  with  the  increase  of  temperature  under  the
same  current  density,  the  EQE  peak  decreases  a  lot  and  the
peak of  EQE shifts  to the high current density.  At  low current
density,  less  than 10 A/cm2,  the EQEs drop obviously with in-
creasing  temperature.  The  curve  of  bandwidth  versus  cur-
rent  density  at  different  temperature  is  shown  in Fig.  4(b),
and it  can  be  seen that  the  bandwidth  shows different  trend
at  different  current  densities.  As  the  temperature  increases
from  300  to  425  K,  the  bandwidth  decreases  when  the  cur-
rent  density  is  below  2000  A/cm2.  With  the  current  density
above 2500 A/cm2,  the bandwidth increases with the increas-
ing temperature.
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Fig. 3. (Color online) (a) L–I curves of blue micro-LEDs with different diameters. (b) The curve of the light-output power density versus injection
current density for blue micro-LED with different sizes.
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Fig. 4. (Color online) (a) EQE versus current density from 300 to 500 K with 25 K temperature increment on a semi-logarithmic scale. (b) Band-
width versus current from 300 to 425 K to show the trend with temperature[25]. Copyright 2014, Applied Physics Letters.
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Fig. 5. (Color online) (a) The schematic of passive matrix micro-LED array[16]. (b) The schematic of active matrix micro-LED array[28]. Copyright
2015, IEEE Transactions on Electron Devices.
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4.  The key micro-LED technology in full color
display

The driving modes  of  micro-LED are  divided into  passive
matrix  and  active  matrix[27, 28].  As  shown  in Fig.  5(a),  during
the  dry  etching  of  GaN  down  to  the  sapphire  substrate  and
standard  photo-lithography,  the  individual  pixels  are  defined
and  a  group  of  horizontal  and  vertical  pixels  share  the  same
electrode  to  form  a  matrix  structure  respectively. Fig.  5(b)
shows an active matrix structure, and we can see that the cath-
ode of the pixel is connected through sharing n-GaN layer.  In
addition,  the  anode  of  all  pixels  is  bonded  with  the  Si-based
CMOS  driving  backplate  to  form  an  individually  addressable
micro-LED array.

Also for the full-color display scheme, because of the con-
tinuous  research  of  colorization  and  high  brightness,  many
full-color  display  techniques  have  been  developed,  including
RGB  tricolor  LED  method  by  transfer  printing  red,  green  and
blue  micro-LEDs,  UV  or  blue  LED  exciting  color  converters,
and RGB micro-LED pixel through local strain engineering.

As shown in Fig. 6, the transfer printing scheme will be in-
troduced. Capillary bonding is achieved by introducing an in-
termediate step to the transfer printing process,  in which the
substrate  of  the  micro-LED  being  transferred  is  underetched
by  KOH  solution[19].  After  pick-up  from  the  donor  wafer,  the
backside is wetted on an acetone impregnated standard clean-
room wipe as shown in Figs. 6(a)–6(b). Quick retraction of the
stamp removes the micro-LED die from the wipe with its back-
side  still  wet,  and  it  is  then  deposited  onto  the  receiver  sub-
strate.  After  thermal  curing,  the  micro-LED  is  bonded  to  the
new substrate as shown in Figs. 6(c)–6(d).

At present, the massive transfer of micro-LED is still a bot-
tleneck.  The  main  technical  challenges  include  the  require-
ment  of  very  high  stability  and  accuracy  of  the  transfer  pro-
cess.  For  RGB  full-color  display,  as  only  single-color  high-effi-
ciency micro-LED can be developed on the same substrate,  it
is necessary to transfer the RGB micro-LEDs separately from dif-
ferent substrates,  which requires very accurate technology to
transfer  a  large  amount  of  micro-LEDs  that  results  in  increas-
ing difficulty of the transfer process.

Due  to  the  high  efficiency  characteristics,  the  RGB  tech-
nique  may  be  the  mainstream  technique  in  the  future[29, 30].
However,  due  to  the  different  power  efficiency  and  driving
voltage of micro-LEDs with different colors, chromatic aberra-
tion  may  occur.  Other  full-color  display  schemes  have  been
proposed for research which may alleviate such problems.

Here  color  conversion  technique  has  also  been  re-
searched,  which  mainly  uses  UV  micro-LED  to  stimulate  red,
green  and  blue  luminescent  medium  such  as  phosphor  or

QDs  to  produce  light  of  specific  wavelength,  and  then  full-
color  display  can  be  achieved  through  matching  the
tricolor[31, 32].  Due  to  the  progress  of  QD  technology,  the
particle  size  of  QD  is  generally  1–10  nm,  which  can  be  ap-
plied  to  the  micro-LED  with  smaller  size,  and  the  lumines-
cence  color  is  determined  by  the  material  and  would  be  af-
fected  by  the  particle  size.  However,  QD  technology  still  has
some  drawbacks,  such  as  poor  stability,  short  life  and  pack-
aging.  At  present,  the  technology  of  spin-coating  and  mist
spraying  has  been  used  to  develop  hybrid  micro-LED/QD
device.  The atomizer  and airflow spray out  uniform QDs with
controllable  size,  to  coat  QDs  on  UV/blue  LED  to  achieve  full
color display[19]. As shown in Fig. 7(a), standard MQW LED epi-
taxial  layers  are  grown  on  sapphire  substrates  and  etched  to
form  UV  micro-LED  arrays.  In Figs.  7(b)–7(d),  the  aerosol  jet
printing  method  is  used  to  spray  the  RGB  QDs  on  the  micro
LED array.  The QDs solution is  aerosolized and entrained in  a
gas stream in this way. Therefore, the operation of spray is pre-
cisely controlled by the computer system, and the quantity of
the QDs can be monitored in real time. In addition, Kuo et al.
have performed another research to reduce the optical cross-
talk  effect  through  a  simple  lithography  method.  Photoresist
is  used to fabricate the mold,  which consists  of  a  window for
QDs  jetting  and  a  blocking  wall  for  optical  cross-talk  reduc-
tion[33].  Finally,  in Fig.  7(e),  a distributed Bragg reflector (DBR)
is  added  to  the  top  of  micro  LED  arrays  to  reduce  the  leak-
age of UV light in the display application. There are still sever-
al  disadvantages,  for  example,  the  phosphors  or  QDs  may
have low conversion efficiency as they are coated on the sur-
face of micro-LED pixel.

Growth  methods,  such  as  strain  engineering  method
after  the  growth  of  epitaxial  layer  and  chip  fabrication,  also
have  been  designed  to  achieve  full  color  on  the  same
wafer[21].  The  RGB  subpixels  are  fabricated  as  schematically
shown  in Fig.  8.  The  blue  and  green  colors  are  generated  by
local relaxation of the strain in the MQWs through using nan-
opillar structures, while the red color is generated by the mem-
brane  structure  itself.  Here  the  color  is  controllable  by  vary-
ing  the  nanopillar  diameter  of  the  MQWs.  In  this  study,  150-
nm  diameter  and  50-nm  diameter  nanopillars  for  the  green
emission  and  blue  emission  have  been  fabricated,  respect-
ively.  And  the  fabrication  process  of  the  full-color  LED  pixel
consisted of three major steps, including the fabrication of nan-
opillar structures by photolithography and etching, planariza-
tion and electrical insulation treatment, and finally the pattern-
ing  of  electrical  interconnects,  as  shown  in Figs.  8(a)–8(c).
Also,  there  still  exist  several  problems  need  to  be  solved,
such  as  the  optimization  of  epitaxial  growth  of  a  longer  (λ ~
650 nm) wavelength micro-LED structure, the fabrication pro-
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Fig. 6. (Color online) Schematic of transfer printing using capillary bonding. (a) Using an elastomeric stamp for the pick-up of a suspended micro-
LED. (b) Upon pick-up, micro-LED is compressed against an acetone-wetted cloth. (c) Released micro-LED when the backside contacts receiving
substrate. (d) After thermal curing, the micro-LED is bonded to the new substrate[19]. Copyright 2015, Optics Express.
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cesses  to  yield  better  electrical  properties  for  small-diameter
nanopillar  micro-LED,  and  an  improvement  of  the  subpixel
areas and so on.

There  are  also  many  other  full-color  display  schemes,
such as optical lens synthesis. The RGB micro-LED arrays were
packaged on three packaging boards respectively and connec-
ted  with  a  control  board  and  a  trichromatic  prism,  and  then
the  brightness  of  the  trichromatic  micro-LED  is  adjusted  to
achieve colorization[34].  At  present,  it  is  most likely to achieve
a large-scale full-color display, mainly based on transfer print-
ing  and  UV/blue  micro-LED  color  conversion.  Several  related
displays  have  been  demonstrated[35, 36].  Although  there  still
exist some technical problems to be solved, with the continu-
ous  research,  these  obstacles  will  be  solved  in  the  near  fu-
ture.

5.  Conclusion

This  review  paper  has  described  the  basic  characteristics

and techniques of micro-LED for next-generation full-color dis-
play, mainly including the preparation process, the characterist-
ics compared with LCD and OLED display, the related electric-
al  performance  and  optical  performance,  and  the  full  color
techniques.  With  the  development  of  micro-LED,  it  is  expec-
ted  that  micro-LED  will  play  an  important  role  in  academia
and industry in the future display.

Acknowledgements

This  work  was  supported  by  National  Natural  Science
Foundation  of  China  (NSFC)  (61974031,  61705041  and
61571135);  Shanghai  Sailing  Program  (17YF1429100);  Shang-
hai  Technical  Standard  Program  (18DZ2206000);  State  Key
Laboratory  of  Intense  Pulsed  Radiation  Simulation  and  Effect
Funding  (SKLIPR1607);  National  Key  Research  and  Develop-
ment Program of China (2017YFB0403603).

References

Lee H E, Shin J H, Park J H, et al. Micro light-emitting diodes for dis-
play and flexible biomedical applications. Adv Funct Mater, 2019,
29, 1808075

[1]

Lee  H  E,  Choi  J,  Lee  S  H,  et  al.  Monolithic  flexible  vertical  GaN
light-emitting diodes for a transparent wireless brain optical stimu-
lator. Adv Mater, 2018, 30, 1800649

[2]

Yang P, Zhang L, Kang D J, et al. High-resolution inkjet printing of
quantum  dot  light-emitting  microdiode  arrays. Adv  Opt  Mater,
2019, 8, 1901429

[3]

Yang W, Zhang S, McKendry J J D, et al. Size-dependent capacit-
ance  study  on  InGaN-based  micro-light-emitting  diodes. J  Appl
Phys, 2014, 116, 044512

[4]

Tian P, McKendry J J D, Gong Z, et al. Characteristics and applica-
tions of micro-pixelated GaN-based light emitting diodes on Si sub-
strates. J Appl Phys, 2014, 115, 033112

[5]

Li Y, Wu Q, Meng F Y, et al.  Enhanced performance of large-area
vertical  light-emitting  diodes  treated  by  laser  irradiation. Micro
Nano Lett, 2017, 12, 369

[6]

Chen X,  Kong F,  Li  K,  et  al.  Study of light extraction efficiency of
flip-chip GaN-based LEDs with different periodic arrays. Opt Com-
mun, 2014, 314, 90

[7]

Yao Y C, Hwang J M, Yang Z P, et al. Enhanced external quantum
efficiency in GaN-based vertical-type light-emitting diodes by local-

[8]

 

(a) (b)

(c)(d)(e)

P pads

n pads

p-GaN

n-GaN

u-GaN

Sapphire substrate

MOW

CSL

 

Fig. 7. (Color online) (a) Standard MQW LED was grown on sapphire substrates for the micro-LED arrays. (b) The using of aerosol jet printing
method to spray the red QDs on the micro-LED array. (c) The spraying of green QDs on the micro-LED array. (d) The spraying of blue QDs on the
micro-LED array. (e) The DBR was added to the top of micro LED arrays[20]. Copyright 2015, Optic Express.

 

(a)

(b)

(c)

p-GaNn-GaN MQWs

SOG

Ni masks

n-contactn-contact
Electrical interconnect

Planarization

Patterning

Fig. 8. (Color online) Schematic of the fabrication process for the RGB
LED  pixel.  (a)  The  fabrication  of  nanopillar  structures  by  photolitho-
graphy  and  etching.  (b)  Planarization  and  electrical  insulation  treat-
ment. (c) Formation of electrical interconnect[21]. Copyright 2017, Ap-
plied Physics Letters.

Journal of Semiconductors      doi: 10.1088/1674-4926/41/4/041606 5

 

 
Z Wang et al.: Characteristics and techniques of GaN-based micro-LEDs for application ......

 

http://dx.doi.org/10.1002/adfm.201808075
http://dx.doi.org/10.1002/adfm.201808075
http://dx.doi.org/10.1002/adma.201800649
http://dx.doi.org/10.1002/adom.201901429
http://dx.doi.org/10.1002/adom.201901429
http://dx.doi.org/10.1063/1.4891233
http://dx.doi.org/10.1063/1.4891233
http://dx.doi.org/10.1063/1.4862298
http://dx.doi.org/10.1049/mnl.2016.0699
http://dx.doi.org/10.1049/mnl.2016.0699
http://dx.doi.org/10.1016/j.optcom.2013.09.006
http://dx.doi.org/10.1016/j.optcom.2013.09.006
http://dx.doi.org/10.1016/j.optcom.2013.09.006
http://dx.doi.org/10.1002/adfm.201808075
http://dx.doi.org/10.1002/adfm.201808075
http://dx.doi.org/10.1002/adma.201800649
http://dx.doi.org/10.1002/adom.201901429
http://dx.doi.org/10.1002/adom.201901429
http://dx.doi.org/10.1063/1.4891233
http://dx.doi.org/10.1063/1.4891233
http://dx.doi.org/10.1063/1.4862298
http://dx.doi.org/10.1049/mnl.2016.0699
http://dx.doi.org/10.1049/mnl.2016.0699
http://dx.doi.org/10.1016/j.optcom.2013.09.006
http://dx.doi.org/10.1016/j.optcom.2013.09.006
http://dx.doi.org/10.1016/j.optcom.2013.09.006


ized surface plasmons. Sci Rep, 2016, 6, 22659
Liu  Z,  Chong  W  C,  Wong  K  M,  et  al.  GaN-based  LED  micro-dis-
plays for wearable applications. Microelectron Eng, 2015, 148, 98

[9]

Lin C C,  Fang Y H,  Kao M J,  et  al.  Ultra-fine pitch thin-film micro
LED  display  for  indoor  applications. SID  Symp  Dig  Tech  Pap,
2018, 49, 782

[10]

Yoon J K,  Park E M, Son J S,  et al.  The study of picture quality of
OLED  TV  with  WRGB  OLEDs  structure. SID  Symp  Dig  Tech  Pap,
2013, 44, 326

[11]

Katsui S,  Kobayashi H, Nakagawa T,  et al.  5291-PPI organic light-
emitting diode display using field-effect transistors including a c-
axis aligned crystalline oxide semiconductor. SID Symp Dig Tech
Pap, 2019, 50, 311

[12]

Liu Z,  Zhang K,  Liu Y,  et al.  Fully multi-functional GaN-based mi-
cro-LEDs for  2500 PPI  micro-displays,  temperature sensing,  light
energy harvesting, and light detection. 64th IEEE Annual Interna-
tional Electron Devices Meeting, 2018, 871

[13]

JBD  exhibits  2000000  nit  and  10000  PPI  micro-LED  displays
[EB/OL]. https://www.toutiao.com/i6705923322162446856/

[14]

Santos J M M, Jones B E, Schlosser P J, et al. Hybrid GaN LED with
capillary-bonded II–VI MQW color-converting membrane for vis-
ible light communications. Semicond Sci Tech, 2015, 30, 035012

[15]

Hori A, Yasunaga D, Satake A, et al. Temperature and injection cur-
rent  dependence  of  electroluminescence  intensity  in  green  and
blue  InGaN  single-quantum-well  light-emitting  diodes. J  Appl
Phys, 2003, 93, 3152

[16]

Chong W C, Cho W K, Liu Z J, et al. 1700 pixels per inch (PPI) pass-
ive-matrix  micro-LED  display  powered  by  ASIC.  2014  IEEE  Com-
pound  Semiconductor  Integrated  Circuit  Symposium  (CSICS),
2014, 978-1-4799-3622-9

[17]

Fei M Q, Fei Y. The wide view-angle technique of TFT-LCD. Adv Dis-
play, 2008, 11, 22

[18]

Trindade A J, Guilhabert B, Xie E Y, et al. Heterogeneous integra-
tion  of  gallium  nitride  light-emitting  diodes  on  diamond  and
silica by transfer printing. Opt Express, 2015, 23, 9329

[19]

Han H V, Lin H Y, Lin C C, et al. Resonant-enhanced full-color emis-
sion of quantum-dot-based micro LED display technology. Opt Ex-
press, 2015, 23, 32504

[20]

Chung K, Sui J, Demory B, et al. Color mixing from monolithically in-
tegrated InGaN-based light-emitting diodes by local strain engin-
eering. Appl Phys Lett, 2017, 111, 041101

[21]

Jiang  F,  Zhang  J,  Xu  L,  et  al.  Efficient  InGaN-based  yellow-light-
emitting diodes. Photonics Res, 2019, 7, 144

[22]

Tian P, McKendry J J, Gu E, et al. Fabrication, characterization and
applications of flexible vertical InGaN micro-light emitting diode
arrays. Opt Express, 2016, 24, 699

[23]

Tian  P,  Althumali  A,  Gu  E,  et  al.  Aging  characteristics  of  blue  In-
GaN micro-light emitting diodes at an extremely high current dens-
ity of 3.5 kA cm−2. Semicond Sci Tech, 2016, 31, 045005

[24]

Tian P, McKendry J J D, Herrnsdorf J, et al. Temperature-depend-
ent efficiency droop of blue InGaN micro-light emitting diodes. Ap-
pl Phys Lett, 2014, 105, 171107

[25]

Gong Z, Jin S, Chen Y, et al. Size-dependent light output, spectral
shift, and self-heating of 400 nm InGaN light-emitting diodes. J Ap-
pl Phys, 2010, 107, 013103

[26]

Zhang K, Peng D, Lau K M, et al. Fully-integrated active matrix pro-
grammable  UV  and  blue  micro-LED  display  system-on-panel
(SoP). J Soc Inf Display, 2017, 25, 240

[27]

Herrnsdorf J, McKendry J J D, Zhang S, et al. Active-matrix GaN mi-
cro light-emitting diode display with unprecedented brightness.
IEEE T Electron Dev, 2015, 62, 1918

[28]

Tull B R, Twu N, Hsu Y J, et al. Micro-LED microdisplays by integra-
tion of III–V LEDs with silicon thin film transistors. SID Symp Dig
Tech Pap, 2017, 48, 246

[29]

Cao  J,  Liu  X,  Khan  M  A,  et  al.  RGB  tricolor  produced  by  white-
based top-emitting organic light-emitting diodes with microcav-
ity structure. Curr Appl Phys, 2007, 7, 300

[30]

Sato Y, Takahashi N, Sato S. Full-color fluorescent display devices
using a  near-UV light-emitting diode. Jpn J  Appl  Phys,  1996,  35,
L838

[31]

Kim  B  H,  Nam  S,  Oh  N,  et  al.  Multilayer  transfer  printing  for
pixelated,  multi-color  quantum  dot  light-emitting  diodes. ACS
Nano, 2016, 10, 4920

[32]

Lin H Y, Sher C W, Hsieh D H, et al. Optical cross-talk reduction in
a  quantum-dot-based  full-color  micro-light-emitting-diode  dis-
play  by  a  lithographic-fabricated  photoresist  mold. Photonics
Res, 2017, 5, 411

[33]

Liu Z, Chong W C, Wong K M, et al. A novel BLU-free full-color LED
projector using LED on silicon micro-displays. IEEE Photonic Tech
Lett, 2013, 25, 2267

[34]

Display technology of micro-LED has the most potential applica-
tion  in  AR/VR  display  device  [EB/OL]. http://www.51touch.com/
lcd/news/dynamic/2017/1031/48607.html

[35]

Color conversion is a feasible way for micro LED display techno-
logy  to  achieve  mass  production  [EB/OL]. http://www.yejibang.
com/news-details-23615.html

[36]

6 Journal of Semiconductors      doi: 10.1088/1674-4926/41/4/041606

 

 
Z Wang et al.: Characteristics and techniques of GaN-based micro-LEDs for application ......

 

http://dx.doi.org/10.1038/srep22659
http://dx.doi.org/10.1016/j.mee.2015.09.007
http://dx.doi.org/10.1002/sdtp.12373
http://dx.doi.org/10.1002/sdtp.12373
http://dx.doi.org/10.1002/j.2168-0159.2013.tb06212.x
http://dx.doi.org/10.1002/j.2168-0159.2013.tb06212.x
http://dx.doi.org/10.1002/sdtp.12918
http://dx.doi.org/10.1002/sdtp.12918
https://www.toutiao.com/i6705923322162446856/
http://dx.doi.org/10.1088/0268-1242/30/3/035012
http://dx.doi.org/10.1063/1.1554475
http://dx.doi.org/10.1063/1.1554475
http://dx.doi.org/10.1364/OE.23.009329
http://dx.doi.org/10.1364/OE.23.032504
http://dx.doi.org/10.1364/OE.23.032504
http://dx.doi.org/10.1364/OE.23.032504
http://dx.doi.org/10.1063/1.4995561
http://dx.doi.org/10.1364/PRJ.7.000144
http://dx.doi.org/10.1364/OE.24.000699
http://dx.doi.org/10.1088/0268-1242/31/4/045005
http://dx.doi.org/10.1063/1.4900865
http://dx.doi.org/10.1063/1.4900865
http://dx.doi.org/10.1063/1.3276156
http://dx.doi.org/10.1063/1.3276156
http://dx.doi.org/10.1063/1.3276156
http://dx.doi.org/10.1002/jsid.550
http://dx.doi.org/10.1109/TED.2015.2416915
http://dx.doi.org/10.1002/sdtp.11680
http://dx.doi.org/10.1002/sdtp.11680
http://dx.doi.org/10.1016/j.cap.2006.09.002
http://dx.doi.org/10.1143/JJAP.35.L838
http://dx.doi.org/10.1143/JJAP.35.L838
http://dx.doi.org/10.1021/acsnano.5b06387
http://dx.doi.org/10.1021/acsnano.5b06387
http://dx.doi.org/10.1364/PRJ.5.000411
http://dx.doi.org/10.1364/PRJ.5.000411
http://dx.doi.org/10.1109/LPT.2013.2285229
http://dx.doi.org/10.1109/LPT.2013.2285229
http://www.51touch.com/lcd/news/dynamic/2017/1031/48607.html
http://www.51touch.com/lcd/news/dynamic/2017/1031/48607.html
http://www.yejibang.com/news-details-23615.html
http://www.yejibang.com/news-details-23615.html
http://dx.doi.org/10.1038/srep22659
http://dx.doi.org/10.1016/j.mee.2015.09.007
http://dx.doi.org/10.1002/sdtp.12373
http://dx.doi.org/10.1002/sdtp.12373
http://dx.doi.org/10.1002/j.2168-0159.2013.tb06212.x
http://dx.doi.org/10.1002/j.2168-0159.2013.tb06212.x
http://dx.doi.org/10.1002/sdtp.12918
http://dx.doi.org/10.1002/sdtp.12918
https://www.toutiao.com/i6705923322162446856/
http://dx.doi.org/10.1088/0268-1242/30/3/035012
http://dx.doi.org/10.1063/1.1554475
http://dx.doi.org/10.1063/1.1554475
http://dx.doi.org/10.1364/OE.23.009329
http://dx.doi.org/10.1364/OE.23.032504
http://dx.doi.org/10.1364/OE.23.032504
http://dx.doi.org/10.1364/OE.23.032504
http://dx.doi.org/10.1063/1.4995561
http://dx.doi.org/10.1364/PRJ.7.000144
http://dx.doi.org/10.1364/OE.24.000699
http://dx.doi.org/10.1088/0268-1242/31/4/045005
http://dx.doi.org/10.1063/1.4900865
http://dx.doi.org/10.1063/1.4900865
http://dx.doi.org/10.1063/1.3276156
http://dx.doi.org/10.1063/1.3276156
http://dx.doi.org/10.1063/1.3276156
http://dx.doi.org/10.1002/jsid.550
http://dx.doi.org/10.1109/TED.2015.2416915
http://dx.doi.org/10.1002/sdtp.11680
http://dx.doi.org/10.1002/sdtp.11680
http://dx.doi.org/10.1016/j.cap.2006.09.002
http://dx.doi.org/10.1143/JJAP.35.L838
http://dx.doi.org/10.1143/JJAP.35.L838
http://dx.doi.org/10.1021/acsnano.5b06387
http://dx.doi.org/10.1021/acsnano.5b06387
http://dx.doi.org/10.1364/PRJ.5.000411
http://dx.doi.org/10.1364/PRJ.5.000411
http://dx.doi.org/10.1109/LPT.2013.2285229
http://dx.doi.org/10.1109/LPT.2013.2285229
http://www.51touch.com/lcd/news/dynamic/2017/1031/48607.html
http://www.51touch.com/lcd/news/dynamic/2017/1031/48607.html
http://www.yejibang.com/news-details-23615.html
http://www.yejibang.com/news-details-23615.html
http://dx.doi.org/10.1038/srep22659
http://dx.doi.org/10.1016/j.mee.2015.09.007
http://dx.doi.org/10.1002/sdtp.12373
http://dx.doi.org/10.1002/sdtp.12373
http://dx.doi.org/10.1002/j.2168-0159.2013.tb06212.x
http://dx.doi.org/10.1002/j.2168-0159.2013.tb06212.x
http://dx.doi.org/10.1002/sdtp.12918
http://dx.doi.org/10.1002/sdtp.12918
https://www.toutiao.com/i6705923322162446856/
http://dx.doi.org/10.1088/0268-1242/30/3/035012
http://dx.doi.org/10.1063/1.1554475
http://dx.doi.org/10.1063/1.1554475
http://dx.doi.org/10.1364/OE.23.009329
http://dx.doi.org/10.1364/OE.23.032504
http://dx.doi.org/10.1364/OE.23.032504
http://dx.doi.org/10.1364/OE.23.032504
http://dx.doi.org/10.1063/1.4995561
http://dx.doi.org/10.1364/PRJ.7.000144
http://dx.doi.org/10.1364/OE.24.000699
http://dx.doi.org/10.1088/0268-1242/31/4/045005
http://dx.doi.org/10.1063/1.4900865
http://dx.doi.org/10.1063/1.4900865
http://dx.doi.org/10.1063/1.3276156
http://dx.doi.org/10.1063/1.3276156
http://dx.doi.org/10.1063/1.3276156
http://dx.doi.org/10.1002/jsid.550
http://dx.doi.org/10.1109/TED.2015.2416915
http://dx.doi.org/10.1002/sdtp.11680
http://dx.doi.org/10.1002/sdtp.11680
http://dx.doi.org/10.1016/j.cap.2006.09.002
http://dx.doi.org/10.1143/JJAP.35.L838
http://dx.doi.org/10.1143/JJAP.35.L838
http://dx.doi.org/10.1021/acsnano.5b06387
http://dx.doi.org/10.1021/acsnano.5b06387
http://dx.doi.org/10.1364/PRJ.5.000411
http://dx.doi.org/10.1364/PRJ.5.000411
http://dx.doi.org/10.1109/LPT.2013.2285229
http://dx.doi.org/10.1109/LPT.2013.2285229
http://www.51touch.com/lcd/news/dynamic/2017/1031/48607.html
http://www.51touch.com/lcd/news/dynamic/2017/1031/48607.html
http://www.yejibang.com/news-details-23615.html
http://www.yejibang.com/news-details-23615.html

