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Abstract: Hybrid white micro-pillar  structure light emitting diodes (LEDs) have been manufacture utilizing blue micro-LEDs ar-
rays  integrated  with  580  nm  CIS  ((CuInS2-ZnS)/ZnS)  core/shell  quantum  dots.  The  fabricated  hybrid  white  micro-LEDs  have
good electrical properties,  which are manifested in relatively low turn-on voltage and reverse leakage current.  High-quality hy-
brid white light emission has been demonstrated by the hybrid white micro-LEDs after a systemic optimization, in which the cor-
responding color coordinates are calculated to be (0.3303, 0.3501) and the calculated color temperature is 5596 K. This result in-
dicates  an  effective  way  to  achieve  high-performance white  LEDs  and shows great  promise  in  a  large  range of  applications  in
the future including micro-displays, bioinstrumentation and visible light communication.
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1.  Introduction

III-nitride  materials  are  direct  bandgap  semiconductors,
the bandgap crosses from the infrared to the ultraviolet spec-
tral range[1] stimulating optoelectronic devices for many applic-
ations. As the source of light, semiconductor chips are mainly
used  for  semiconductor  solid-state  lighting  technology,  and
directly  convert  electric  energy  into  light  energy  with  a  high
conversion efficiency. As the core component of semiconduct-
or light source, LEDs have the advantages of low energy con-
sumption,  long  work  lifetime,  compact  size,  environmentally
friendly, safe, and can work in various harsh environments[2, 3].
They are  a  new generation filled with anticipation of  lighting
sources  behind the incandescent  lamp and fluorescent  lamp.
GaN-based  LEDs  have  a  large  range  of  applications  in  gener-
al  lighting,  display  screens  and  communication,  etc[4, 5].  The
typical  size  of  LED  chips  is  frequently  in  the  millimeter  scale.
With  the  continuous  developments  in  basic  science  and  mi-
cro-manufacturing  technology,  solid-state  lighting  techno-
logy  will  replace  the  existing  lighting  technology  in  the  fu-
ture,  ushering  in  a  new  era  of  lighting  technology.  Tradition-
al  white  LED  lighting  chips  use  blue  InGaN/GaN  multi-
quantum wells  LEDs and yellow phosphors (such as Y3Al5O12:
Ge3+ (YAG))  to  mix  with  the  white  light[6, 7].  Despite  that
much  related  research  has  been  done  in  this  regard,  the
white LEDs obtained by this method show high color temperat-

ure (CCT) and low color rendering index (CRI)  due to the lack
of  efficient  red  light,  which  limit  the  applications  of  white
LEDs in many fields[8, 9].

In  order  to  expand  the  applications  of  GaN-based  LEDs
to display, visible light communication, optogenetics and oth-
er advanced applications, researchers are concentrating on de-
veloping  high  power  and  luminous  efficiency  III-nitride
LEDs[10, 11].  Such  high-power  white  LEDs  have  been  widely
used  in  solid-state  lighting  and  display.  However,  their  large
size  stops  the  development  steps  of  high-resolution  LEDs,  so
there is an urgent need for smaller size GaN-based LEDs[12, 13].
In contrast to the standard LEDs, the micro-LEDs with a lumin-
ous  area  of  only  a  few  tens  of  square  microns  can  not  only
achieve  high-resolution  display,  but  also  have  the  advant-
ages of fast response, small energy consumption and high effi-
ciency[14, 15].  However,  the  development  of  micro-LEDs  is  still
ongoing, and there are a number of issues to be solved, such
as  manufacturing  process  challenges,  high  energy  conver-
sion  efficiency  and  integration  difficulties.  For  example,  the
sidewall  defect  caused by dry  etching leads  to  a  large reduc-
tion in the efficiency of the chip[16].  Therefore, high efficiency,
high  CRI  micro-LEDs  have  been  of  wide  concern  in  recent
years.

In  this  work,  a  hybrid  white  micro-LED  array  integration
with inorganic quantum dots is designed and fabricated. Elec-
trical  and  optical  characterization  of  this  hybrid  white  micro-
LED  array  shows  that  the  devices  have  a  lower  turn-on
voltage  and  reverse  leakage  current.  With  the  current  dens-
ity is increasing from 3.2 to 1114 A/cm2, and the peak of elec-
troluminescence (EL)  of  the device has a  small  blue shift.  The
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photoluminescence  spectra  (PL)  of  hybrid  white  LEDs  was
measured  experimentally,  and  the  calculated  color  tempe-
rature  was  5596  K.  This  result  indicates  an  effective  way  of
achieving  high-performance  devices  for  illumination  and
display applications.

2.  Device fabrication

The  blue  micro-LED  array  with  micron-pillar  structures  is
fabricated  from  planar  LED  wafers  grown  by  metal  organic
chemical  vapor  deposition  (MOCVD)  on c-plane  (0001)  sap-
phire  substrates.  The  epitaxial  structure  is  shown  in Fig.  1(a).
Firstly,  the  micron-pillar  array  structures  were  formed  by  a
standard  lithography  and  inductively  coupled  plasma  (ICP)
etching  process.  By  optimizing  the  etching  conditions,  we
can reduce the  side-wall  damage caused by  etching.  The mi-
cron-pillars  were  etched  through  the  P-type  GaN  layer  to  N-
type  GaN  with  depth  of  about  1.2 µm,  as  shown  in Fig.  1(b).
For  this  structure,  the unit  of  the micro-LED array  has  a  com-
mon N-contact electrode while the P-contact electrode is inde-
pendent.  A  100  nm  SiO2 layer  was  developed  by  plasma  en-
hanced chemical vapor deposition (PECVD) to use as a passiva-
tion  layer  for  reducing  leakage  channels  and  protecting
devices. Then the pattern of N-type and P-type electrodes are
formed  by  photolithography  and  the  N-type  and  P-type
Cr/Au  electrodes  are  fabricated  by  electron  beam  evapora-
tion  simultaneously,  as  shown  in Fig.  1(c).  The  process  of  N-
type  and  P-type  electrodes  in  one-step  evaporation  simpli-
fies  the  processes,  compared  to  the  fabrications  of  N-  and  P-
contact  metals,  separately.  Finally,  the  CIS  ((CuInS2-ZnS)/ZnS)
core–shell  quantum  dots  with  a  luminescent  peak  wave-
length  of  580  nm  dispersed  in  methylbenzene  organic  solu-
tion  were  spin-coated  on  the  sample  with  micron-pillar  ar-
rays to fill  the gaps between the micron-pillars. The sample is
then  placed  on  a  hot  table  to  evaporate  the  methylbenzene
organic solvent to stabilize the quantum dots on the sample.
By  this  way,  we  obtained  the  hybrid  white  micro-LEDs,  as
shown in Fig. 1(d).

For device observations, a bird’s eye view microscope im-
age  of  the  blue  micron-pillar  LED  array  is  shown  in Fig.  2(a).
Each  cell  of  the  array  contains  16  ×  16  pixels,  and  each  pixel
is  a  circle  with  a  diameter  of  20 µm  with  a  period  of  25 µm,
and the diameter of the P-type electrodes is 10 µm, as shown
in Fig. 2(b). Figs. 2(c) and 2(d) show the scanning electron mi-

croscope  (SEM)  image  of  the  blue  micro-LEDs  array  with  mi-
cron-pillar  structures.  It  can  be  seen  that  this  micro-array  has
good  periodicity  and  uniform  size.  As  shown  in Fig.  2(d),  the
etching depth of the micron-pillar is measured as ~ 1.2 μm as
designed,  and  the  sidewalls  look  straight  and  smooth,  which
indicates less etching damage after optimizations.

3.  Results and discussion

Firstly,  the current and voltage (I–V) characteristics of the
hybrid  white  micro-LEDs  array  are  analyzed,  and  the  results
are  shown  in Fig.  3(a).  It  can  be  obtained  from  the I–V curve
that, the turn-on voltage of the hybrid LEDs is 3.5 V and the re-
verse  leakage  current  is  about  5  ×  10–10 A  (1.6  ×  10–4 A/cm2)
when  the  reverse  voltage  is  5  V.  It  should  be  pointed  out
that,  the  turn-on  voltage  of  hybrid  white  micro-LED  is  close
to  that  of  the  standard  planar  LEDs,  and  the  reverse  leakage
current is on a smaller magnitude. It indicates that the device
has a  good electrical  performance[17]. Fig.  3(c) and Fig.  3(d) is
the  appearances  of  hybrid  white  micro-LEDs  array  emission
at the injection current of 3.2 and 320 A/cm2,  respectively.  As
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Fig. 1. (Color online) (a) Epitaxial structure of blue LED. (b) The micron-pillar array structures after lithography and ICP etching. (c) N-type and P-
type Cr/Au electrodes are manufactured in only one step. (d) Micron-pillar structures with the CIS ((CuInS2-ZnS)/ZnS) core-shell quantum dots.
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Fig. 2. (Color online) (a) Bird’s eye view microscope image of the blue
micron-pillar LED array. (b) The enlarged picture of micron-pillar struc-
tures. (c) SEM image of the blue micron-pillar LED array. (d) The cross-
sectional view SEM image of blue micron-pillar LED array.
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the current density increases, it shows better white light emis-
sion.

Then  the  room  temperature  electroluminescence  (EL)
spectra  of  the  hybrid  white  micro-LED  arrays  were  acquired
when  the  current  density  increased  from  3.2  to  1114  A/cm2,
the  results  are  shown  in Fig.  3(b).  The  emission  peak  of  blue
micro-LEDs  moves  slightly  from  476  to  472  nm  as  the  injec-
tion  current  density  increases,  it  shows  great  emission  wave-
length stability.  This  is  mainly  attributed to the decreasing of
quantum  confined  Stark  effect  (QCSE),  consequently,  the  re-
combination efficiency of carriers gets a great increase[11].

Finally,  the  room  temperature  photoluminescence  (PL)
spectra  of  the  hybrid  white  micro-LEDs  were  obtained  using

a Renishaw InVia  Micro-PL system.  From Fig.  4(a),  we can see
that  the peak at  478 nm corresponds to  the luminescence of
InGaN/GaN  MQWs,  and  the  peak  at  580  nm  corresponds  to
the  luminescence  of  CIS  quantum  dots.  Both  the  lumines-
cence  sources  combine  to  give  a  mixed  nearly  white  color,
the  corresponding  color  coordinates  of  which  are  calculated
to  be  (0.3303,  0.3501),  and  the  color  temperature  is  to  be
5596  K.  The  data  points  in  the  CIE  chromaticity  diagram  are
shown in Fig. 4(b).

4.  Conclusions

In  summary,  the  blue  micro-LED  array  with  micron-pillar
structures have been fabricated using micromachining techno-
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Fig. 3. (Color online) (a) I–V characteristics of one hybrid micro-LED. The inset is the leakage I–V curve in semi-log scale. (b) The EL spectra of the
hybrid white micro-LED array at the different injection current density. (c) The picture of hybrid white micro-LED array emission at the injection
current of 0.1 mA. (d) The picture of hybrid white micro-LED array emission at the injection current of 1 mA.
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Fig. 4. (Color online) (a) The PL spectra of CIS quantum dots and one pixel in the hybrid white micro-LEDs array. (b) The locations of hybrid white
LEDs in the CIE 1931 chromaticity diagram.
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logy,  and then integrated with 580 nm CIS  quantum dots  for
white emissions and display application. The electrical proper-
ties of hybrid white micro-LEDs are manifested by I–V charac-
teristics, which show good electrical performance. The EL spec-
tra  of  the  hybrid  white  micro-LEDs  at  the  injection  current
density ranging from 3.2 to 1114 A/cm2 shows that the emis-
sion  peak  is  stable,  but  still  has  a  small  blue  shift  due  to  the
QCSE.  From the  PL  spectra  of  the  hybrid  white  micro-LED ar-
ray,  better  white  light  emission  with  color  coordinates  of
(0.3303,  0.3501)  and  color  temperature  of  5596  K  have  been
achieved. This work provides an effective way for high-perform-
ance applications of illumination and display.

Acknowledgments

We  would  like  to  thank  Prof.  Haizheng  Zhong  and  his
graduate students at Beijing Institute of Technology, for provid-
ing high-quality CIS quantum dots. This work is supported by
National Key R&D Program of China (2016YFB0400100), Nation-
al  Nature  Science  Foundation  of  China  (61921005,  61674076,
61674081,  61605071,  61974062),  Nature  Science  Foundation
of  Jiangsu  Province  (BY2013077,  BK20141320,  BE2015111),
Six  Talent  Peaks  Project  of  Jiangsu  Province  (XYDXX-081),
Open  Fund  of  the  State  Key  Laboratory  on  Integrated  Opto-
electronics (IOSKL2017KF03), Innovation Project of Postgradu-
ate  Training  in  Jiangsu  Province  (KYCX18_0031),  Fundament-
al  Research  Funds  for  the  Central  Universities
(021014380096),  Collaborative  Innovation  Center  of  Solid
State Lighting and Energy-saving Electronics.

References

Nakamura S,  Mukai  T,  Senoh M,  et  al.  Candela-class  high-bright-
ness  ingan/algan  double-heterostructure  blue-light-emitting  di-
odes. Appl Phys Lett, 1994, 64(13), 1687

[1]

Jiang H X, Lin J Y. Nitride micro-LEDs and beyond — a decade pro-
gress review. Opt Express, 2013, 21(9), A475

[2]

Li  J  M,  Liu  Z,  Liu  Z  Q,  et  al.  Advances  and  prospects  in  nitrides
based light-emitting-diodes. J Semicond, 2016, 37(6), 061001

[3]

McKendry J J D, Massoubre D, Zhang S, et al. Visible-light commu-[4]

nications using a CMOS-controlled micro-light-emitting-diode ar-
ray. J Lightwave Technol, 2012, 30(1), 61
Qian H, Zhao S, Cai S Z,  et al. Digitally controlled micro-LED array
for  linear  visible  light  communication systems. IEEE Photonics  J,
2015, 7(3), 7901508

[5]

Liu W R, Yeh C W, Huang C H, et al. (Ba, Sr)Y2Si2Al2O2N5: Eu2+: a nov-
el near-ultraviolet converting green phosphor for white light-emit-
ting diodes. J Mater Chem, 2011, 21(11), 3740

[6]

Nguyen H P T, Cui K, Zhang S, et al. Controlling electron overflow
in  phosphor-free  InGaN/GaN  nanowire  white  light-emitting  di-
odes. Nano Lett, 2012, 12(3), 1317

[7]

Zhuang Z,  Guo X,  Liu B,  et  al.  High color rendering index hybrid
III-nitride/nanocrystals white light-emitting diodes. Adv Funct Ma-
ter, 2016, 26(1), 36

[8]

Lin T H, Wang S J, Tu Y C, et al. Enhanced light emission in vertic-
al-structured GaN-based light-emitting diodes with trench etch-
ing and arrayed p-electrodes. Solid-State Electron, 2015, 107, 30

[9]

Tsai M A, Yu P, Chao C L, et al. Efficiency enhancement and beam
shaping of GaN–InGaN vertical-injection light-emitting diodes via
high-aspect-ratio  nanorod  arrays. IEEE  Photonics  Technol  Lett,
2009, 21(1–4), 257

[10]

Tan G, Huang Y, Li M C, et al. High dynamic range liquid crystal dis-
plays with a mini-LED backlight. Opt Express, 2018, 26(13), 16572

[11]

Gossler  C,  Bierbrauer C,  Moser R,  et  al.  GaN-based micro-LED ar-
rays on flexible substrates for optical cochlear implants. J Phys D,
2014, 47(20), 205401

[12]

Qi C L, Huang Y, Zhan T,  et al. Fabrication and characteristics of ex-
cellent  current  spreading  GaN-based  LED  by  using  transparent
electrode-insulator-semiconductor  structure. J  Semicond,  2017,
38(8), 084005

[13]

Smith R, Liu B, Bai J, et al. Hybrid III-nitride/organic semiconduct-
or nanostructure with high efficiency nonradiative energy trans-
fer for white light emitters. Nano Lett, 2013, 13(7), 3042

[14]

Sun Q, Yan W, Feng M, et al. GaN-on-Si blue/white LEDs: epitaxy,
chip, and package. J Semicond, 2016, 37(4), 044006

[15]

Chen W, Hu G, Lin J, et al. High-performance, single-pyramid mi-
cro light-emitting diode with leakage current confinement layer.
Appl Phys Express, 2015, 8(3), 032102

[16]

Li G, Wang W, Yang W, et al. GaN-based light-emitting diodes on
various  substrates:  a  critical  review. Rep  Prog  Phys,  2016,  79(5),
056501

[17]

4 Journal of Semiconductors      doi: 10.1088/1674-4926/41/3/032301

 

 
F F Xu et al.: High performance GaN-based hybrid white micro-LEDs integrated with quantum-dots

 

http://dx.doi.org/10.1063/1.111832
http://dx.doi.org/10.1364/OE.21.00A475
http://dx.doi.org/10.1088/1674-4926/37/6/061001
http://dx.doi.org/10.1109/JLT.2011.2175090
http://dx.doi.org/10.1109/JPHOT.2015.2424398
http://dx.doi.org/10.1109/JPHOT.2015.2424398
http://dx.doi.org/10.1039/c0jm03573d
http://dx.doi.org/10.1021/nl203860b
http://dx.doi.org/10.1002/adfm.201502870
http://dx.doi.org/10.1002/adfm.201502870
http://dx.doi.org/10.1002/adfm.201502870
http://dx.doi.org/10.1016/j.sse.2015.02.021
http://dx.doi.org/10.1109/lpt.2008.2010556
http://dx.doi.org/10.1109/lpt.2008.2010556
http://dx.doi.org/10.1364/OE.26.016572
http://dx.doi.org/10.1088/0022-3727/47/20/205401
http://dx.doi.org/10.1088/0022-3727/47/20/205401
http://dx.doi.org/10.1088/1674-4926/38/8/084005
http://dx.doi.org/10.1088/1674-4926/38/8/084005
http://dx.doi.org/10.1021/nl400597d
http://dx.doi.org/10.1088/1674-4926/37/4/044006
http://dx.doi.org/10.7567/APEX.8.032102
http://dx.doi.org/10.1088/0034-4885/79/5/056501
http://dx.doi.org/10.1088/0034-4885/79/5/056501
http://dx.doi.org/10.1063/1.111832
http://dx.doi.org/10.1364/OE.21.00A475
http://dx.doi.org/10.1088/1674-4926/37/6/061001
http://dx.doi.org/10.1109/JLT.2011.2175090
http://dx.doi.org/10.1109/JPHOT.2015.2424398
http://dx.doi.org/10.1109/JPHOT.2015.2424398
http://dx.doi.org/10.1039/c0jm03573d
http://dx.doi.org/10.1021/nl203860b
http://dx.doi.org/10.1002/adfm.201502870
http://dx.doi.org/10.1002/adfm.201502870
http://dx.doi.org/10.1002/adfm.201502870
http://dx.doi.org/10.1016/j.sse.2015.02.021
http://dx.doi.org/10.1109/lpt.2008.2010556
http://dx.doi.org/10.1109/lpt.2008.2010556
http://dx.doi.org/10.1364/OE.26.016572
http://dx.doi.org/10.1088/0022-3727/47/20/205401
http://dx.doi.org/10.1088/0022-3727/47/20/205401
http://dx.doi.org/10.1088/1674-4926/38/8/084005
http://dx.doi.org/10.1088/1674-4926/38/8/084005
http://dx.doi.org/10.1021/nl400597d
http://dx.doi.org/10.1088/1674-4926/37/4/044006
http://dx.doi.org/10.7567/APEX.8.032102
http://dx.doi.org/10.1088/0034-4885/79/5/056501
http://dx.doi.org/10.1088/0034-4885/79/5/056501
http://dx.doi.org/10.1063/1.111832
http://dx.doi.org/10.1364/OE.21.00A475
http://dx.doi.org/10.1088/1674-4926/37/6/061001
http://dx.doi.org/10.1063/1.111832
http://dx.doi.org/10.1364/OE.21.00A475
http://dx.doi.org/10.1088/1674-4926/37/6/061001
http://dx.doi.org/10.1109/JLT.2011.2175090
http://dx.doi.org/10.1109/JPHOT.2015.2424398
http://dx.doi.org/10.1109/JPHOT.2015.2424398
http://dx.doi.org/10.1039/c0jm03573d
http://dx.doi.org/10.1021/nl203860b
http://dx.doi.org/10.1002/adfm.201502870
http://dx.doi.org/10.1002/adfm.201502870
http://dx.doi.org/10.1002/adfm.201502870
http://dx.doi.org/10.1016/j.sse.2015.02.021
http://dx.doi.org/10.1109/lpt.2008.2010556
http://dx.doi.org/10.1109/lpt.2008.2010556
http://dx.doi.org/10.1364/OE.26.016572
http://dx.doi.org/10.1088/0022-3727/47/20/205401
http://dx.doi.org/10.1088/0022-3727/47/20/205401
http://dx.doi.org/10.1088/1674-4926/38/8/084005
http://dx.doi.org/10.1088/1674-4926/38/8/084005
http://dx.doi.org/10.1021/nl400597d
http://dx.doi.org/10.1088/1674-4926/37/4/044006
http://dx.doi.org/10.7567/APEX.8.032102
http://dx.doi.org/10.1088/0034-4885/79/5/056501
http://dx.doi.org/10.1088/0034-4885/79/5/056501
http://dx.doi.org/10.1109/JLT.2011.2175090
http://dx.doi.org/10.1109/JPHOT.2015.2424398
http://dx.doi.org/10.1109/JPHOT.2015.2424398
http://dx.doi.org/10.1039/c0jm03573d
http://dx.doi.org/10.1021/nl203860b
http://dx.doi.org/10.1002/adfm.201502870
http://dx.doi.org/10.1002/adfm.201502870
http://dx.doi.org/10.1002/adfm.201502870
http://dx.doi.org/10.1016/j.sse.2015.02.021
http://dx.doi.org/10.1109/lpt.2008.2010556
http://dx.doi.org/10.1109/lpt.2008.2010556
http://dx.doi.org/10.1364/OE.26.016572
http://dx.doi.org/10.1088/0022-3727/47/20/205401
http://dx.doi.org/10.1088/0022-3727/47/20/205401
http://dx.doi.org/10.1088/1674-4926/38/8/084005
http://dx.doi.org/10.1088/1674-4926/38/8/084005
http://dx.doi.org/10.1021/nl400597d
http://dx.doi.org/10.1088/1674-4926/37/4/044006
http://dx.doi.org/10.7567/APEX.8.032102
http://dx.doi.org/10.1088/0034-4885/79/5/056501
http://dx.doi.org/10.1088/0034-4885/79/5/056501

