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Herein, a successful elimination of the size-dependent efficiency decrease in GaN
micro-light-emitting diodes (micro-LEDs) is achieved using damage-free neutral
beam etching (NBE). The NBE technique, which can obtain ultralow-damage
etching of GaNmaterials, is used in place of the conventional inductively coupled
plasma to form the micro-LED mesa. It is found that all the fabricated micro-LEDs
with sizes ranging from 40 to 6 μm show external quantum efficiency (EQE)
versus current density characteristics similar to those of large-area GaN LEDs,
with a maximum in EQE curves at a current density of as low as about 5 A cm�2.
Furthermore, all the fabricated micro-LEDs, even the 6 μm one, show a similar
value of maximum EQE with a variation of less than 10%, clearly indicating a
negligible size dependence of emission efficiency of micro-LEDs fabricated by the
NBE technique at least down to the size of 6 μm. These results suggest that the
NBE process is a promising method of fabricating high-efficiency sub-10 μmGaN
micro-LEDs required for high-efficiency, high-brightness, and high-resolution
micro-LED displays.

1. Introduction

There is much current interest in developing micro-light-
emitting diode (micro-LED) display, which is expected as a low-
power consumption, high-brightness, and high-resolution display
for next-generation wearable information devices.[1–3] One of
the most serious technical obstacles toward the realization of
high-performance micro-LED displays is the strong decrease

in internal quantum efficiency (IQE) with
the decrease in chip size to below a few tens
of micrometers, especially at the current
density region lower than 20 A cm�2.[4–7]

In the fabrication of conventional GaN-
based micro-LEDs, inductively coupled
plasma (ICP) etching was typically used
to define the LED mesa, during which
high-density crystalline defects acting as
nonradiative recombination centers will
be inevitably generated on the sidewall sur-
face of the LED mesa over a depth of a few
tens of nanometers due to ion bombard-
ment and high-energy and high-density
(�50mW cm�2) UV photon irradiation
from the plasma.[8,9] These plasma-induced
defects will significantly reduce the IQE
value of micro-LEDs due to their very large
sidewall surface area to volume ratio com-
pared with the conventional large-area
LEDs, especially at low current densities.

For example, at the current density of 1 A cm�2, the external
quantum efficiency (EQE) of a 10 μm-sized GaN/InGaN
micro-LED is typically more than ten times lower than that of
a large-area (>100 μm) LED.[4,6] For high-performance displays,
light intensity needs to be varied over a dynamic range of as wide
as 100 000:1, meaning that a minimum luminance value as low
as �0.01 cd cm�2 is required for a display with a maximum
luminance of 1000 cd cm�2.[10] Therefore, a high IQE at the
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low current density region is a prerequisite for the realization of
high-performance micro-LED displays. To achieve this goal, a
low-damage mesa etching technique, which can significantly
reduce the nonradiative defects on the sidewall surface of a
GaN micro-LED compared with the conventional ICP process,
is highly required.

Samukawa and coworkers developed a novel defect-free
etching technique for semiconductor materials, that is, the
neutral beam etching (NBE) technique.[11,12] The neutral beam
suppresses the incidence of charged particles and UV photon
radiation onto the substrate, and is able to expose the substrate
only to energy-controlled neutral beam. This system consists of
an ICP source and a carbon aperture plate where the UV/vacuum
UV photon irradiation can be prevented and energetic ions can
be effectively converted to the neutral beam by passing through
the aperture from plasma. The beam energy can be controlled by
applying the bias power on the aperture plate. As a result, the
NBE process can suppress the charge accumulation and forma-
tion of UV photon-induced defects on the substrate surface. This
technique has been used to fabricate In0.3Ga0.7N/GaN nanodisks
with a diameter of as small as 10 nm, and enhancement in IQE
values of the nanodisk with respect to an unetched reference
sample by a factor of 100 times has been reported through photo-
luminescence study.[13]

The motivation of the present work is to realize GaN micro-
LEDs with efficiencies independent of chip size using the NBE
technique to fabricate the mesa structure of GaN micro-LEDs.

2. Experimental Section

A series of square-shaped GaN/InGaN micro-LEDs with mesa
sizes in the range of 40–6 μm was fabricated by the NBE process
using a blue-emitting (�440 nm) GaN LED wafer grown on a
c-plane sapphire substrate by metal organic vapor phase epitaxy.
A similar series of samples was also fabricated using the conven-
tional ICP process as a reference. Figure 1 shows a schematic
drawing of the fabricated device. The LED layer structure
contains a five-period InGaN (2 nm)/GaN (12 nm) multiple
quantum well (MQW) active layer and a 150 nm-thick Mg-doped
p-GaN layer. AlGaN electron blocking layer was not included for
simplicity. For the NBE etching, Cl2 was used as the etching gas.
An ICP and RF power of 400 and 5W were used. More detailed
information about NBE etching can be found in previous
studies.[12,13] The ICP etching was performed using a commercial

ICP machine (Samco, RIE-400iPS). A mixture of BCl3 and Cl2
was used as the etching gas, and an ICP and RF power of
150 and 30W were used.

After formation of the micro-LED mesa, a 200 nm-thick SiO2

layer was deposited on the sample surface by plasma-enhanced
chemical vapor deposition (PECVD) at 350 �C to serve as a pas-
sivation and electrical isolation layer. Tetraethoxysilane (TEOS)
was used as the Si precursor in PECVD. Next, square-shaped
Ni (2 nm)/Au (5 nm) semitransparent p-type electrodes were
formed on the mesa top surface in a window opened into the
SiO2 layer by vacuum evaporation and liftoff. The size of the
p-electrode was designed to be 1 μm smaller than the size of
the micro-LED mesa. Then, the sample was annealed in N2 at
500 �C for 2min to form ohmic contact. Next, Cr/Au p- and
n-type bonding pads were formed on the surface of the SiO2 elec-
trical isolation layer and the n-GaN layer, respectively. Finally,
a 2 μm-wide Au stripe was prepared to connect the Ni/Au
p-electrode and the Cr/Au p-type bonding pad. The wafer was
lapped to about 150 μm and cut into 1� 1mm2 chips. The
fabricated LED chips were bonded to TO-18 packages with Ag
paste without resin encapsulation and light was extracted from
the p-GaN side through the Ni/Au semitransparent electrode.
The light output power was measured using a calibrated Si
photodiode placed at a distance of 2 mm from the LED chip with
a receiving full angle of about 130� which could collect about 80%
of total emission assuming a Lambertian emission pattern.[14]

Herein, the device efficiency was discussed in terms of EQE
defined by the following equation

EQE ¼ Pout · e
hν · I

(1)

where Pout is the measured light output power, h is the Planck
constant, ν is the frequency, I is the injection current, and e is the
electron charge.

3. Results and Discussion

Figure 2a,b shows the low-magnification cross-sectional trans-
mission electron microscopy (TEM) image of a typical 6 μm
micro-LED mesa etched by the NBE and the ICP process, respec-
tively. The sidewall of the NBE-etched mesa showed an intersect-
ing angle of about 98� with respect to the mesa top (0001) surface
which is about 16� smaller than that of the ICP-etched sample
(�114 �C). The mesa height of the NBE and ICP samples was
about 370 and 650 nm, respectively. Figure 2c,d shows the
high-resolution lattice image near the sidewall surface of the
NBE- and ICP-etched samples, respectively. Clear lattice images
were observed on the outmost sidewall surface of both the NEB-
and ICP-etched samples, indicating that the etching quality of
both processes is reasonably high. However, we would like to
mention here that point defects, such as N vacancy, which are
known as the main defects of ICP-etched GaN layers are difficult
to be distinguished by TEM observation. The dark line appeared
near the sidewall surface in both the NBE- and the ICP-etched
samples was an artifact of TEM observation and is probably
related to thickness fluctuations of the TEM sample near the
surface.

Figure 1. Schematic illustration of the GaN/InGaN micro-LED fabricated
in this work.
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In the measurement of light output power, we observed a very
unusual behavior in the current density dependence of EQE of
the fabricated micro-LEDs. The EQE at the very beginning of cur-
rent injection was found to be very low. However, we found that
the EQE value increases rapidly after aged for a certain time
period under continuous current injection. Figure 3a shows
the current density dependence of EQE of the 6 μm micro-
LED fabricated by the NBE process, where a series of EQE versus
current density curves measured at different aging times was
given. A current density of 50 A cm�2 was used in the aging exper-
iment. Immediately after current injection (aging time¼ 0min),
the light output power below the current density of
10 A cm�2 was out of the measurement range of the Si power
meter (�10 nW). The EQE value at the current density of
10 A cm�2 was increased by more than ten times from 0.12%
to 1.38% after aged for 5min at the current density of
50 A cm�2. We would like to mention that it takes about 40 s
to finish one light output power versus current measurement
which is much shorter than the minimum aging time (5min)
used. The rate of EQE improvement becomes slower gradually
with further increase in the aging time, and the EQE value tends
to saturate after aged for about one and a half hours. To under-
stand this unusual behavior of EQE values, we also investigated
the variation of current density–voltage (I–V ) characteristics with
the aging time. Figure 3b shows three I–V curves of the 6 μm
micro-LED measured at the beginning of current injection, after
aged for 5 and 160min, respectively. One can see from the
logarithmic plot of Figure 3b that the device without current
injection aging showed a significant subthreshold turn on with

a voltage of as low as about 1.67 V at the current density of
0.001 A cm�2, which is a voltage much lower than that of a typical
GaN/InGaN LED (�2.4 V).[15] After aged for 5min, the I–V curve
shifts toward high voltage side by an amount of about
0.68 eV to 2.35 eV at the current density of 0.001 A cm�2, and
the I–V curve near the turn-on region stays stable with further
increase in the aging time. A diode ideality factor of about 2.47
was estimated from the I–V curve (near the turn-on region) aged
for 160min which is a reasonable value of a GaN LED.[15]

It is also worth to note that the series resistance (Rs) decreased
from 26.3 kΩ after 5 min aging to 13.1 kΩ after aged for 160min
(see the linear scale plot in the inset of Figure 3b). The low EQE
value and the significant subthreshold turn-on behavior in the
I–V characteristics clearly indicate that there is substantial carrier
transport through nonradiative defects in the initial stage of cur-
rent injection. As shown in Figure 3c, we also found that the EQE
value at the beginning of current injection increases with the
increase in chip size. The strong size dependence of initial
EQE values shown in Figure 3c clearly suggests that the nonra-
diative defects giving rise to the low EQE value and the sub-
threshold turn-on behavior in the I–V curves at the beginning
of current injection are mainly those located on the sidewall sur-
face of the micro-LED chip. It has been known for a long time
that certain types of nonradiative defects can be recovered by
current injection-induced annealing effect in III–V compound
semiconductors such as GaAs, InGaP, and InP.[16–18] Changes
of defect charge state induced by trapping injected carriers have
been proposed as the mechanism behind the observed defect
recovery effect.[17] We suppose that similar effect is probably

(a) (b)

(c) (d)

Figure 2. Cross-sectional TEM images of a 6 μmmicro-LED mesa fabricated by a) the NBE and b) the ICP process. c,d) The high-resolution lattice image
near the sidewall surface of the NBE- and the ICP-etched samples, respectively.
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responsible for the great current injection-induced improvement
in the EQE value and the I–V characteristics of the micro-LEDs
fabricated in this work, though we are not very clear about the
origin of the nonradiative defects formed on the sidewall surface
at this moment. Similar aging effect was also observed in sam-
ples fabricated by the ICP process. As will be discussed later
again, the nonradiative defects responsible for the aging effect
were most likely introduced during device processes after mesa
etching, but not during the mesa etching process by NBE or ICP.
One possibility is the plasma damage induced during the depo-
sition of the SiO2 electrical isolation layer by PECVD. Indeed,
Wong et al. reported that SiO2 passivation layer deposited on
the sidewall surface of GaN micro-LEDs by PECVD could reduce
and that deposited by atomic layer deposition (ALD) could
increase the light output power of GaN micro-LEDs with respect
to devices without a passivation layer.[7] Therefore, optimization
of the deposition process of the SiO2 passivation and electrical

isolation layer seems to be a possible way of suppressing the gen-
eration of the nonradiative defects responsible for the aging
effect. Anyway, as these defects can be recovered by current injec-
tion aging, we removed the influence of these defects by aging all
the devices used in this work at the current density of 50 A cm�2

until their optical and electrical properties became stable to inves-
tigate the effect of the NBEmesa etching process on the improve-
ment of micro-LEDs efficiencies.

Figure 4a,b shows the current density-dependent EQE charac-
teristics of micro-LEDs with different sizes fabricated by the ICP
and NBE process, respectively. As expected, the EQE of ICP-
etched samples showed significant decrease when the chip size
was reduced from 40 to 6 μm. At the current density of 5 A cm�2,
the EQE value decreased from 3.44% for the 40 μm device to
about 0.66% for the 6 μm device. In particular, the EQE of the
6 μm device increases monotonically with increasing current
density and never reaches a maximum up to the maximum

(a) (b)

(c)

Figure 3. a) EQE as a function of current density of the 6 μmmicro-LED fabricated by the NBE process measured after different times of current injection
aging. A current density of 50 A cm�2 was used in the aging experiment. The number in the figure indicates the aging time. b) Semilogarithmic scale plot
of three I–V curves of the same 6 μm micro-LED as in part (a) measured at the beginning of current injection, after aged for 5 min, and after aged for
160min. The inset shows the linear scale plot of the same I–V curves. c) EQE as a function of current density of micro-LEDs with different sizes fabricated
by the NBE process at the beginning of current injection.
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current density of 80 A cm�2 measured in this work, meaning
that nonradiative recombination is dominant even at a current
density as high as 80 A cm�2. These characteristics are similar
to those typically observed from GaN/InGaN micro-LEDs fabri-
cated using the ICP process.[4,6] In contrast, all the NBE-etched
devices showed current density versus EQE characteristic similar
to that of large-area GaN/InGaN LEDs. The EQE value of all the
four devices increases rapidly with increasing current density,
reaches a maximum at the current density of about 5 A cm�2,
and then decreases with further increase in the current density
due to the well-known efficiency droop effect in GaN LEDs grown
on c-plane sapphire substrates.[19] More importantly, the maxi-
mum EQE values at about the current density of 5 A cm�2 for
all the four devices varied only by an amount less than 10%.
The four devices also showed very similar EQE values at an even
lower current density of 1 A cm�2 which are about 2.58%, 2.63%,

2.74%, and 2.74% for the 40, 20, 10, and 6 μm micro-LEDs,
respectively. It is noteworthy that the 40 μm device showed
slightly lower (by about 10%) EQE values compared with the
other devices especially at higher current density region. This
can probably be explained by the fact that a smaller micro-
LED can sustain a higher current density due to a better thermal
dissipation and thus suffers from a weaker efficiency droop
effect.[20] Nevertheless, the results shown in Figure 4 clearly indi-
cate that the size-dependent efficiency decrease typically
observed in ICP-etched GaN micro-LEDs has been successfully
eliminated almost completely at least down to the chip size of
6 μm using the NBE process.

The size-independent feature of the EQE values of the NBE-
etched micro-LEDs suggests that nonradiative defects induced
during the NBE etching process can be essentially ignored,
which is a conclusion supported by the observation of enhanced
IQE values in In0.3Ga0.7N/GaN nanodisks fabricated by the NBE
process.[13] This result implies, in turn, that the nonradiative
defects responsible for the low EQE and the subthreshold
turn-on behavior in the I–V characteristics in the initial stage
of current injection shown in Figure 3 are not generated during
the mesa etching process by NBE or ICP but generated during
processes after mesa etching, most likely some kind of plasma
damage induced during PECVD deposition of the SiO2 passiv-
ation layer as discussed earlier. We hope that we could realize
GaN micro-LEDs with size-independent efficiencies by optimiz-
ing the deposition process of the sidewall passivation layer with-
out the necessity of initial current injection aging.

Finally, current density at peak EQE as a function of chip size
for micro-LEDs reported by several groups in the literature and
those fabricated in this work is shown in Figure 5. A lower cur-
rent density at the peak EQE indicates a higher IQE for LEDs
with a similar Auger recombination rate and can thus be used
as a figure of merits characterizing the IQE of a GaN LED.
All the devices shown in Figure 5 were grown on c-plane

Figure 5. Summary of current density as peak EQE as a function of chip
size of GaN micro-LEDs reported in the literature and those fabricated in
this work. Open squares, solid circles, and open triangles represent data
taken from the studies by Olivier et al.,[4] Tian et al.,[6] Hwang et al.,[21]

respectively. Solid triangles and solid stars are data obtained in this work.

(a)

(b)

Figure 4. EQE as a function of current density of micro-LEDs with different
sizes fabricated by a) the ICP and b) the NBE process. All the devices were
aged under current injection at the current density of 50 A cm�2 until the
EQE vs current density characteristics became stable.
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sapphire substrates with an emission wavelength around
450 nm. Therefore, it is reasonable to assume that all these
devices have a similar Auger recombination rate because the
Auger recombination rate of GaN/InGaN LEDs grown on c-plane
sapphire substrates was reported to depend mainly on the emis-
sion wavelength.[22,23] As can be seen in this figure, the current
density at peak EQE of micro-LEDs fabricated by the conven-
tional ICP process increases rapidly when the chip size was
reduced to below 10 μm. In contrast, the current density at peak
EQE of the micro-LEDs fabricated by the NBE process is essen-
tially independent of chip size at least down to the size of 6 μm.
This summary indicates again that the NBE process is a powerful
technique for fabricating high-efficiency sub-10-μm GaN micro-
LEDs required for high-resolution micro-LED displays.

4. Conclusions

In conclusion, the NBE etching technique, which can obtain
ultralow-damage etching of semiconductor materials, has been
applied to the fabrication of GaN micro-LEDs, aimed at eliminat-
ing the well-known size-dependent efficiency decrease issue of
conventional GaN micro-LEDs. The EQE value of all the NBE-
etched devices with sizes ranging from 40 to 6 μm increases rap-
idly with increasing current density, reaches a maximum at the
current density of about 5 A cm�2, and then decreases with fur-
ther increase in the current density, similar to the EQE versus
current density characteristics of conventional large-area GaN
LEDs grown on c-plane sapphire substrates. It was further
demonstrated that the maximum EQE value around the current
density of 5 A cm�2 only showed a less than 10% variation
among devices with different chip sizes, including the 6 μm
device, whereas reference devices fabricated by the conventional
ICP process showed a fivefold reduction in the EQE value at the
current density of 5 A cm�2 when the chip size was reduced from
40 to 6 μm. These results clearly indicate that the size-dependent
efficiency decrease issue generally encountered in GaN micro-
LEDs fabricated by the conventional ICP technique has been suc-
cessfully eliminated using the NBE technique. We believe that
results presented in this work represent a significant step toward
the realization of high-performance GaN micro-LED displays.

Acknowledgements
The authors thank Ryoichi Akimoto for valuable discussions.

Conflict of Interest
The authors declare no conflict of interest.

Keywords
efficiencies, GaN, micro-light-emitting diodes, neutral beam etching

Received: May 7, 2019
Revised: September 10, 2019

Published online:

[1] H. X. Jiang, S. X. Jin, J. Li, J. Shakya, J. Y. Lin, Appl. Phys. Lett. 2001, 78,
1303.

[2] J. Day, J. Li, D. Y. C. Lie, C. Bradford, J. Y. Lin, H. X. Jiang, Appl. Phys.
Lett. 2011, 99, 031116.

[3] V. W. Lee, N. Twu, I. Kymissis, Inf. Disp. 2016, 32, 16.
[4] F. Olivier, S. Tirano, L. Dupré, B. Aventurier, C. Largeron, F. Templier,

J. Lumin. 2017, 191, 112.
[5] F. Olivier, A. Daami, C. Licitra, F. Templier, Appl. Phys. Lett. 2017, 111,

022104.
[6] P. Tian, J. J. D. McKendry, Z. Gong, B. Guilhabert, I. M. Watson, E. Gu,

Z. Chen, G. Zhang, M. D. Dawson, Appl. Phys. Lett. 2012, 101,
231110.

[7] M. S. Wong, D. Hwang, A. I. Alhassan, C. Lee, R. Ley, S. Nakamura,
S. P. Denbaars, Opt. Express 2018, 26, 21324.

[8] M. Minami, S. Tomiya, K. Ishikawa, R. Matsumoto, S. Chen,
M. Fukasawa, F. Uesawa, M. Sekine, M. Hori, T. Tatsumi,
Jpn. J. Appl. Phys. 2011, 50, 08JE03.

[9] R. J. Shul, L. Zhang, A. G. Baca, C. G. Willison, J. Han, S. J. Pearton,
F. Ren, J. Vac. Sci. Technol. A 2000, 18, 1139.

[10] G. Tan, Y. Huang, M.-C. Li, S.-L. Lee, S.-L. Wu, Opt. Express 2018, 26,
16572.

[11] S. Samukawa, ECS J. Solid State Sci. Technol. 2015, 4, N5089.
[12] A. Higo, T. Kiba, Y. Tamura, C. Thomas, J. Takayama, Y. Wang,

H. Sodabanlu, M. Sugiyama, Y. Nakano, I. Yamashita,
A. Murayama, S. Samukawa, Sci. Rep. 2015, 5, 9371.

[13] A. Higo, T. Kiba, S. Chen, T. Tanikawa, C. Thomas, C. Y. Lee, Y.-C. Lai,
T. Ozaki, J. Takayama, I. Yamashita, A. Murayama, S. Samukawa,
ACS Photonics 2017, 4, 1851.

[14] E. F. Schubert, Light-Emitting Diodes, Cambridge University Press,
Cambridge, UK 2007, Ch. 5.

[15] D. S. Meyaard, G.-B. Lin, Q. F. Shan, J. H. Cho, E. F. Schubert,
H. W. Shim, M.-H. Kim, C. Sone, Appl. Phys. Lett. 2011, 99, 251115.

[16] C. E. Barnes, Phys. Rev. B 1970, 1, 4735.
[17] D. Stievenard, J. C. Bourgoin, Phys. Rev. B 1986, 33, 8410.
[18] M. Yamaguchi, T. Okuda, S. J. Taylor, Appl. Phys. Lett. 1997, 70, 2180.
[19] G. Verzellesi, D. Saguatti, M. Meneghini, F. Bertazzi, M. Goano,

G. Meneghesso, E. Zanoni, J. Appl. Phys. 2013, 114, 071101.
[20] Z. Gong, S. Jin, Y. Chen, J. McKendry, D. Massoubre, I. M. Watson,

E. Gu, M. D. Dawson, J. Appl. Phys. 2010, 107, 013103.
[21] D. Hwang, A. Mughal, C. P. Pynn, S. Nakamura, S. P. DenBaars,

Appl. Phys. Exp. 2017, 10, 032101.
[22] M. Zhang, P. Bhattacharya, J. Singh, J. Hinckley, Appl. Phys. Lett. 2009,

95, 201108.
[23] J. Piprek, F. Römer, B. Witzigmann, Appl. Phys. Lett. 2015, 106,

101101.

www.advancedsciencenews.com www.pss-a.com

Phys. Status Solidi A 2019, 1900380 1900380 (6 of 6) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.advancedsciencenews.com
http://www.pss-a.com

	Near-Complete Elimination of Size-Dependent Efficiency Decrease in GaN Micro-Light-Emitting Diodes
	1. Introduction
	2. Experimental Section
	3. Results and Discussion
	4. Conclusions


