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Abstract: Besides high-power light-emitting diodes (LEDs) with dimensions in the range of mm,
micro-LEDs (LLEDs) are increasingly gaining interest today, motivated by the future applications of
HLEDs in augmented reality displays or for nanometrology and sensor technology. A key aspect of
this miniaturization is the influence of the structure size on the electrical and optical properties of
nLEDs. Thus, in this article, investigations of the size dependence of the electro-optical properties of
uLEDs, with diameters in the range of 20 to 0.65 um, by current-voltage and electroluminescence
measurements are described. The measurements indicated that with decreasing size leakage currents
in the forward direction decrease. To take advantage of these benefits, the surface has to be treated
properly, as otherwise sidewall damages induced by dry etching will impair the optical properties. A
possible countermeasure is surface treatment with a potassium hydroxide based solution that can
reduce such defects.

Keywords: GaN; uLED; size effect; electroluminescence; efficiency

1. Introduction

In recent years the size dependent investigation of the electro-optical properties of
micro-LEDs (LLEDs) has gained more and more interest [1-7]. While most of the present
publications on this topic [1,3] cover only uLEDs with rather large cross-sectional areas,
ranging between 500 x 500 pm? and 10 x 10 um?, an investigation of smaller uLLEDs
allows evaluating the potential of addressing submicron or even nano-LED structures.
These structures are desirable because they can be used in the form of nano-LED arrays,
which may open the way to controlling light at the nanoscale, e.g., for realization of a new
type of super resolution microscopy [8]. In this sense, tLEDs with diameters in the range
of 20 to 0.65 um were investigated by electroluminescence (EL) and current-voltage (IV)
measurements in this study.

The optical evaluation of tLEDs is based on external quantum efficiency (EQE), which
can be used to characterize the interplay between the different recombination mechanisms,
namely the Shockley—Read-Hall (SRH) recombination, the radiative recombination, and the
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Auger recombination. The EQE is related to the optical output power P and the injection
current [ as follows: . p
B = o T @

Here e is the electron charge and Wpy, .y is the photon energy averaged over the
emission peak. Obviously, the optical power for a given current and hence the EQE can
be determined by means of a calibrated optical detector, like an integrating sphere. A
disadvantage of this method is that it requires fully processed uLEDs.

Nevertheless, under certain assumptions EQE curves in relative, non-quantitative
units can be used to analyze uLEDs regarding their internal quantum efficiency (IQE). The
theoretical background for this purpose provides the well-known ABC model which has
been analyzed by many others before [9-17]. The ABC model is based on a rate equation,
which connects the injection current I with the recombination coefficients A, B, and C, rep-
resenting the non-radiative SRH recombination, the bimolecular radiative recombination,
and the non-radiative Auger recombination, respectively [11].

Ninj I

=A BN? 3, 2
Ve N+ BN? +CN )

Here i is the injection efficiency, VR is the recombination volume, and N is the charge
carrier concentration. Under rather strict assumptions, like a balance between electron and
hole concentration in the quantum well, an ideal injection efficiency and the independence
of the recombination coefficients from the electron and hole concentration, the ABC model
delivers the following expression [12,16]:

EQEma _ Q , VPH1/VP
EQE Q+2' Q+2 ’

®)

where EQE,,,, is the maximum external quantum efficiency achieved at a particular current
density and hence carrier concentration, p = P/P(EQE = EQE,,.) is the normalized
optical power, and Q = B/+/AC is the quality factor. As both EQE,,,,/EQE and p are
normalized parameters, this equation can be analyzed even with a data set of output power
vs. current density taken in arbitrary units. Hence, for a pLED that follows the ABC-model,
a linear relationship between EQE/EQE,,, and ,/p + 1/,/p is expected, with the quality
factor being the only fitting parameter. As the quality factor contains information about the
different recombination mechanisms, it can be used to determine the maximum internal
quantum efficiency IQE ., [11,16]:

Q

I(Q]Emax = m

(4)

Additionally, the ABC model allows the evaluation of the current dependence of the

IQE [11]:
_ 1- IQEmax IQE ] | IQE ] ]max
IQE =1 2] (1 * I(QEmax ]max) IQEmax ’ (5)

where ] is the current density and Jmax = J(IQE = IQE,,,) is the current density at maxi-
mum IQE. Jiax is not directly measurable, but can be approximated by the current density
of maximum EQE if it is assumed that the light extraction efficiency (LEE) is indepen-
dent from the current density. This implicit equation only depends on the parameters
IQE ,ax and Jmax, so that the IQE curve can be calculated without explicit knowledge of
the rather complicated to determine recombination coefficients. Therefore, the ABC-model
allows an in-depth analysis of the optical properties of uLEDs, although it relies on major
assumptions, and the results should always be interpreted carefully.

While the extraction of IQE, ., and Jmax is relatively straightforward, their size de-
pendence is still controversial, as different tendencies have been published. While some
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contributions have indicated that with decreasing size the maximum quantum efficiency
decreases and [max increases [1,3,5], other publications showed that with the correct surface
treatment both parameters remain more or less the same with decreasing size [2,7]. This
topic is clearly highly relevant to the future of uLED display technology, when uLED
diameters are reduced below 10 pm. Therefore, this topic was further analyzed here, based
on a larger parameter range than previously published. One important aspect, explained
in more detail later, should be pointed out here: reasonable information can only be drawn
from high quality pLEDs showing a reasonable droop behavior. Only then the assumptions
made above can be viewed as being fulfilled.

In addition to the analysis of quantum efficiency vs. size, other aspects turn out to be
beneficial in uLEDs, like a reduction of leakage current paths in the forward direction with
decreasing size. Furthermore, our analysis indicated that the light extraction efficiency
increases with smaller size towards the top side, which is probably connected to light
scattering at the etched sidewalls and the light guidance by waveguide modes. Additionally,
it will be shown that IQE,,,,, and Jmax are nearly size independent for the investigated
sizes if the surface is treated carefully with a potassium hydroxide (KOH) based solution.
These aspects suggest that submicron LED structures are feasible and that a further size
reduction is possible and promising.

2. Materials and Methods
2.1. Samples and Fabrication

In this publication we investigated planar blue indium gallium nitride (InGaN)/gallium
nitride (GaN) LEDs grown by metalorganic vapor phase epitaxy (MOVPE) on (0001)-
sapphire substrates. These planar LED wafers were used to fabricate uLEDs, applying a
top-down approach that combines photolithography and etching of the sidewalls. In the
following a short summary of the uLED fabrication is presented. Details on LED growth
can be found in a recent publication [18].

In a first step, palladium (Pd)/gold (Au) layers were deposited by electron beam
evaporation on the p-GaN of the planar LEDs, which later serves as the p-contact. In order
to obtain pLEDs with different sizes, a circularly shaped chromium (Cr) mask array with
diameters between 20 and 0.8 pm was patterned onto the p-contact of the planar LED using
photolithography and lift-off. After etching the whole structure down to the n-GaN by
SF¢ /Hjy inductively coupled plasma—reactive-ion etching (ICP-RIE), the Cr mask array was
removed via commercially available chromium etchant and the resulting vertical tLEDs
were treated with a 1 molar solution of potassium hydroxide for approximately 20 min at
80 °C. Finally, titanium (Ti)/ Au n-contact pads were deposited by e-beam evaporation and
patterned by photolithography between the pLEDs.

The KOH treatment removes surface damage that occurs during the ICP-RIE and
smoothens the sidewalls [19], which should diminish the influence of sidewall defects.
Moreover, it allows reducing the diameter of the pnLEDs below even the limit imposed by
the photolithography step; but in return, leaves the surface faceted due to its anisotropic
etching behavior, as shown in Figure 1 for different uLED sizes. One possible measure to
reduce the impact of surface facets is to reduce the initial size of the uLEDs before etching.
This could be possible with the recently proposed nanosphere lift-off lithography, where
the uLED size is mainly determined by the size of the used nanospheres [20].

2.2. Instrumentation

The characterization of uLEDs was performed in a Mira 3 GMH field emission—
scanning electron microscope (FE-SEM; TESCAN GmbH, Dortmund, Germany) under
high vacuum conditions. The FE-SEM system was equipped with MMB3A piezo-driven
micromanipulators (Kleindiek Nanotechnik GmbH, Reutlingen, Germany), which enabled
precise positioning of tungsten metal tips on the corresponding contacts. These probe
tips have a nominal tip radius of around 100 nm, so even the smallest structures with a
diameter of around 650 nm can be contacted without problems. Furthermore, each probe
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tip was placed in a low-current measurement kit electro-mechanical tip holder that was
connected to a Source Measure Unit 2636 (SMU; Keithley Instruments, Solon, OH, USA)
via a triaxial cable to reduce electrical noise. While in this publication for current-voltage
measurements a voltage was applied and the current was measured, the opposite was true
for electroluminescence measurements. The emitted light was collected by a parabolic
mirror, which was placed above the sample. The collected light was then coupled into
a Mono CL 4 cathodoluminescence system (Gatan Inc., Pleasanton, CA, USA), where it
passed through a Czerny-Turner monochromator and was directed to an iDus 420 BV
CCD camera (Andor Technology Ltd., Belfast, Northern Ireland, UK), which recorded the
EL spectrum.

(a)

(b) (c)

Figure 1. Secondary electron images in 30° tilted view of fabricated micro-LEDs (uLEDs) with a diameter of about (a) 18 um,

(b) 8 um, and (c) 650 nm, respectively. The sidewalls are faceted due to the surface treatment with a KOH based solution,

which has an anisotropic etching behavior, and partially due to the roughness of the Cr mask.

2.3. Measurement Methods

Each pLED was investigated in a precisely predefined way. First, the diameter of the
uLED was extracted from the secondary electron (SE) image. The pLED diameter serves
as a parameter representing the size of the pLED and was used to calculate the current
density, assuming a circular cross-section of the uLED. Second, the nLED was treated with
a high current density of around 100 A/cm? for about 1 min to ensure a homogenous
p-contact, since the p-contact metal is only thermally deposited and therefore does not
automatically form an alloy with the p-GaN. Third, the EL measurement was performed.
For this purpose, the current values were selected in such a way that the current density of
the maximum EQE can be estimated as accurately as possible. Typically, this means that the
current density is swept between 0.01 A/cm? and 100 A/cm?. Fourth, the current-voltage
curve was recorded by sweeping the voltage from —10 to +6 V and measuring the current.

3. Results and Discussion
3.1. Electrical Properties

The size dependence of the electrical properties was determined by studying IV curves
(Figure 2) for different uLED diameters. At very low voltages, the IV curves (Figure 2a)
revealed a strong noise that corresponds to the current measurement limit of the low-
current measurement kit electro-mechanical tip holder. The smaller structures showed a
characteristic behavior: for low voltages the forward current increases exponentially with
the forward voltage, and for voltages above about 2.5 V the exponential increase of current
was limited by a series resistance, typically attributed to the contact resistances and the
high resistivity of the p-GaN layer. In contrast to this, the IV curves of the larger structures
rose prematurely at approx. 1V, with a much smaller slope. The slope became steeper
and similar to the slope of the IV curves of the smaller structures for voltages above 2V,
indicating that a change in current injection mechanisms occurred. The excess current
at low voltages, which is particularly common for larger structures above 10 um, cannot
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be attributed to a parallel resistance, since the reverse current for comparable reverse
voltages was smaller by orders of magnitude. It can rather be explained by a parasitic
parallel diode, or more precisely leakage current paths through the pLED that support the
current flow preferably in the forward direction. As the forward current does not contain
a component that scales linearly with the diameter, surface leakage currents do not seem
to be a reasonable approach to describe the excess current. Even though the origin of this
excess current may not be completely clear, it does not jeopardize the key conclusions
drawn from the analysis of the small pnLEDs.

10° . 1 ) L . 4.0 L L

= 14V<Voltage<1.7V
381 « 2v<Voltage<23V R r

E

10°4

Forward Current / A
=)

1 10
Voltage / V Diameter / ym

(a) (b)

Figure 2. (a) Size-dependent IV curves of uLEDs with a diameter between 1 and 20 um under
forward-bias and (b) extracted ideality factors for different sizes and voltage ranges. The larger
nLEDs show a premature rise of current for low forward voltages, which is accompanied by a large
ideality factor. This indicates that for low voltages tunneling current dominates the carrier injection,
while for moderate voltages diffusion-recombination current mainly contributes to carrier injection.

A typical way to investigate the current injection mechanisms consists of fitting an
exponential equation I(V) = I exp(ﬁ) to the measured data [21], where [j is a
pre-exponential factor, 11;4¢,) is the ideality factor, and V7t is the thermal voltage that has
a value of 25.86 mV at a temperature of 300 K. The extracted ideality factors for different
sizes and for voltages between 1.4 V and 1.7 V, respectively 2.0 V and 2.3 V, are shown in
Figure 2b. Regarding the leakage current, the ideality factor lies between 3 and 4, which
is outside the range of 1 to 2 predicted by the simple theory and therefore indicates that
additional current paths dominate the carrier injection, being interpreted as tunneling
current in [22]. This is in agreement to similar publications on this topic [23-25], which
showed that the current leakage at low voltages could be caused by carrier tunneling to
deep level traps within the space-charge region followed by a recombination step. For
the second region, the ideality factor is always near the value 2, or even slightly below,
indicating that diffusion-recombination current dominates. As a contribution to tunneling
current in the forward direction, deep level states associated with threading dislocations
(TDs) were supposed by other working groups [23,24]. Accordingly, the weaker tunneling
behavior of the smaller structures is reasonable because the number of TDs per uLED
decreases with the size. For the investigated LEDs the density of TDs was typically at about
108 cm~2, so for the smaller uLEDs the expected number of TDs per average lies within the
range of one or even zero. Nevertheless, since the current for low voltages, and thus the
tunneling region, could not be resolved for the smaller structures, it cannot be excluded
that tunneling currents also dominate the carrier injection in this region.

3.2. Optical Properties

The normalized EL spectra for different sizes are plotted in Figure 3 for two different
current densities. Obviously, the shape of the spectra changes not only with current density
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but also with size of the uLEDs. At low current densities of 10 A/cm? (Figure 3a), the
shorter wavelength regime of the spectrum was almost identical for all pLEDs, whereas in
the longer wavelength regime of the spectrum the intensity declines faster with increasing
wavelength as the size decreases. At higher current densities of 100 A/cm? (Figure 3b) this
decline at longer wavelengths was even more pronounced and the same phenomenon was
also visible at shorter wavelengths. This behavior was mainly attributed to a small shift in
the peak of photon energy and to a broadening of the spectrum with current density. The
broadening could be associated with local heating of the sample during the measurement,
because the full width at half maximum (FWHM) increased with temperature due to the
influence of the carrier distribution function. In this sense, a smaller temperature rise, and
thus better heat dissipation, for smaller uLEDs might be caused by surface heat radiation
that scales with the surface to volume ratio. Furthermore, the inhomogeneity of indium
content within the four quantum wells is expected to be lower for smaller structures, which
in turn also means that a lower FWHM is expected with smaller structure sizes.

Photon energy / eV
310 295 282 270 258 248 238 230 221
L 1 " 1 N L " 1 " 1 " 1 1

1 " 1 " L

100+

102 /

Normalized EL Intensity

10° 4

104 /

1 "
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12 um

4.5 pmg
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Figure 3. Size-dependent normalized EL spectra at a current density of (a) 10 A/ cm? and (b) 100 A/cm? for uLEDs with a
diameter between 0.8 and 18 um. A semilogarithmic scaling was selected to show the small changes in the curve shape for
different sizes. At a current density of 100 A/ cm?, the emitted light of the uLED with a diameter of 18 pum saturated the
CCD camera so that the spectrum was omitted.

Using the methods described in the introduction, the EL spectra measured for different
current densities and pLED sizes were evaluated to determine the size-dependent behavior
of IQE ,.x and Jmax, which are shown in Figure 4a,b, respectively. For all values in Figure 4
the ABC model with the underlying assumptions seems to be a reasonable approach, as the
measured data does not significantly deviate from the linear fit according to Equation (3).
While IQE, ., as well as Jmax varied only moderately for larger structures (d 2 2 pm),
both varied strongly for smaller structures (d < 2 pm). For larger structures IQE, .,
was between 50 and 70%, and Jmax lies within the range of 1 to 9 A/ cm?, whereas at
least for some of the smaller structures IQE, ., decreased to about 5 to 30%, and [max
increased to approximately 25 to 65 A /cm?. With regard to the occurring recombination
mechanisms, possible explanations for an increase of Jmax with decreasing size are an
increase in SRH recombination, an increase in radiative recombination, or a decrease in
Auger recombination. Only the increase in SRH recombination is consistent with the
observed decrease in IQE,,,, for small LEDs. An increase in SRH recombination with
decreasing size most likely corresponds to the fact that the influence of surface states or
sidewall defects acting as SRH recombination centers increases, since both scale with the
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surface-to-volume ratio. Both contributions are associated with dangling bonds occurring
at the surface, whereas their physical origin is different. While surface states describe
dangling bonds that occur because the crystal periodicity is not continued at the surface,
sidewall defects are caused by the breaking of bonds due to ion bombardment during ICP

etching. Therefore, the latter can reach even further into the semiconductor.

Surface-to-volume ratio / pm*’'

Surface-to-Volume ratio / pm

4.0 0.4 4.0 0.4
80 L ' 8.0 70 : :
° L]
70 ) . » i 4.7 60 - L
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Figure 4. Size-dependent (a) maximum internal quantum efficiency IQE, ., and (b) current density at the maximum internal
quantum efficiency Jmax derived from the EL spectra by using the ABC model. With decreasing nLED diameter, IQE .4
and quality factor Q decrease, while Jmayx increases.

It is interesting to note that even with small sizes some ULEDs still show the typical
values for IQE ,,, and Jmax, indicating that the performance of uLEDs depends strongly
on the manufacturing process. It is reasonable to assume a correlation with the density
of defects occurring during ion etching. It is well known that KOH wet etching can
substantially reduce such defects. Wong et al. showed that the treatment of the uLED with
KOH recovers their performance by removing leakage current paths at the sidewall [7].
In addition, the surface structure is modified due to the anisotropic etching behavior of
KOH for GaN, as shown in Figure 1. Therefore, the decrease of IQE,,,, and increase of
Jmax strongly depends on how much of the surface volume, which has been prone to ion
bombardment, was removed during wet etching and how the surface shape was changed.
These processes are not yet well under control and differ significantly even for uLEDs of
identical size. Comparing the influence of surface states and sidewall defects, the latter is
considered to be the main contribution to the observed phenomenon. This can be traced
back to the strong increase of surface recombination velocity by sidewall defects caused
by dry etching, as observed by Boroditsky et al. [26]. To sum up, by carefully treating the
surface with KOH, the internal quantum efficiency of the uLED, represented by IQE,,,
and [max according to Equation (5), can recover very well for all investigated sizes. We
conclude from our results that there is obviously no intrinsic mechanism that automatically
reduces the IQE,,,, in tLEDs as the dimensions are reduced down to 1 um and below.

From this it follows that an analysis of the external quantum efficiency is quite inter-
esting, because a size-dependent investigation of pLEDs with similar IQE curves reveals
changes in the light extraction efficiency with size. In this spirit, Figure 5 shows the size-
dependent EQE for nLEDs which had similar values for IQE ., and Jmax. As the measured
EQE contains only the light that is coupled into the spectrograph through the parabolic mir-
ror above the sample, an evaluation of the light extraction efficiency in absolute numbers is
not possible. Nevertheless, Figure 5 shows that the EQE curves in arbitrary units merge for
small, as well as for high, current densities and increase with decreasing size, indicating
that a change in the radiation characteristics occurs. For smaller structures light seems to
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be preferably coupled out to the top, which is in good agreement with the results of Choi
et al., who suggested that smaller uLEDs have better top and sidewall light extraction,
because the light is scattered from the etched sidewall and can propagate in resonant cavity
modes [27].

3‘0 1 1 1 1 1 1 1 18| 3-0 18 1 1 1 1
{ e Hm —— um I
h\ 10 ym 10 pm \'\\
2.5 S 6um 2.5 6 pm \ r
‘\. ——2um ——2 um e \\
H e —
2.0- \ 1.7 Hm 2,0 L b \\ L L
:i \'\\. \-\_\- S / .\\\\
© . ———— © 1“
~1.5- - Y~ 154 T
% . \.\"\,__._._. 8 -‘.\
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Figure 5. Size-dependent external quantum efficiency curves in arbitrary units displayed with (a) linear, and (b) semiloga-

rithmic, scaling. The measured external quantum efficiency (EQE) increases with decreasing size, which can be explained

by an increase of light extraction at the sidewall.

4. Conclusions

A thorough analysis of current-voltage and electroluminescence measurements showed
that the electro-optical properties of blue InGaN/GaN pLEDs change significantly with
size in a range of diameters from 0.65 to 20 um. The IV curves indicated that smaller
ULEDs show less current leakage in the forward direction, whereas this current leakage is
strong for the larger tLEDs, and can probably be attributed to the presence of threading
dislocations. From the evaluated EL spectra it follows that the uLEDs had an improved
light emission towards the top side. Furthermore, using the ABC model, a decrease of
IQE,,.x and an increase of [max with decreasing size was observed, which can mainly be
explained by an increased SRH recombination at sidewall defects induced by ICP-RIE. The
measurements also showed that a careful treatment of the surface with KOH improves the
IQE and could possibly recover the optical properties of the pLEDs after dry etching. The
key message is that no intrinsic mechanism was observed which automatically decreases
the IQE of pLEDs for diameters below 1 pm. In particular, this also means that an investiga-
tion of even smaller structures will be of interest in the future, since the influence of surface
states was low for the currently investigated structures and therefore of no concern. This
should at least change when the size of the HLED lies in the range of the depletion region
induced by the surface states, where surface passivation becomes necessary to maintain a
current path within the LED.

Author Contributions: Conceptualization, SW., H.S,, ].G. and A.L.; Data curation, S.W.; Formal
analysis, S.W. and H.S.; Investigation, S.W. and H.S.; Project administration, J.H., H.-].L. and M.S,;
Supervision and discussion of results, H-HW., AW., A A, H-].L.,, N.vM,, J.-].D. and M.S.; Validation,
S.W.; Visualization, S.W.; Writing—original draft, S.W.; Writing—review & editing, SW., H.S,, ].G.,
JH, H-HW, AW, AL, AA,H-JL,NvM, J-].D. and M.S. All authors have read and agreed to
the published version of the manuscript.

Funding: We gratefully acknowledge the support of the epitaxy competence center ec?, the Braun-
schweig International Graduate School of Metrology B-IGSM, the DFG Research Training Group



Nanomaterials 2021, 11, 836 90of 10

1952 Metrology for Complex Nanosystems, the German Research Foundation and the Open Access
Publication Funds of Technische Universitdt Braunschweig. Additionally, we acknowledge the
financial support of the Research Ministry of Lower Saxony and the Volkswagen Foundation in
the frame of the Quantum Valley Lower Saxony initiative. This work was partly supported by the
European Union’s Horizon 2020 research and innovation program within the project of ChipScope
under grant agreement no. 737089. Furthermore this project was funded by the Deutsche Forschungs-
gemeinschaft (DFG, German Research Foundation) under Germany’s Excellence Strategy—EXC-2123
QuantumFrontiers—390837967.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data available in a publicly accessible repository. The data presented
in this study are openly available in the repository of the Technische Universitdt Braunschweig at
doi:10.24355/ dbbs.084-202103240746-0.

Acknowledgments: The authors would like to thank C. Margenfeld and I. Manglano Clavero for
sample growth in the epitaxy competence center (ec?) and A. Schmidt, J. Breitfelder, and A. Michalski
for their technical support processing the samples.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Tao, Y.B.; Wang, S.Y.; Chen, Z.Z.; Gong, Z.; Xie, E.Y.; Chen, Y.J.; Zhang, Y.F.; Mckendry, J.; Massoubre, D.; Gu, E.D,; et al. Size effect
on efficiency droop of blue light emitting diode. Phys. Status Solidi Curr. Top. Solid State Phys. 2012, 9, 616-619. [CrossRef]

2. Tian, P; McKendry, ].].D.; Gong, Z.; Guilhabert, B.; Watson, LM.; Gu, E.; Chen, Z.; Zhang, G.; Dawson, M.D. Size-dependent
efficiency and efficiency droop of blue InGaN micro-light emitting diodes. Appl. Phys. Lett. 2012, 101. [CrossRef]

3.  Olivier, E; Tirano, S.; Dupré, L.; Aventurier, B.; Largeron, C.; Templier, F. Influence of size-reduction on the performances of
GaN-based micro-LEDs for display application. J. Lumin. 2017, 191, 112-116. [CrossRef]

4.  Olivier, F; Daami, A.; Licitra, C.; Templier, F. Shockley-Read-Hall and Auger non-radiative recombination in GaN based LEDs: A
size effect study. Appl. Phys. Lett. 2017, 111. [CrossRef]

5. Daami, A,; Olivier, F,; Dupré, L.; Henry, F; Templier, F. 59-4: Invited Paper: Electro-optical size-dependence investigation in GaN
micro-LED devices. SID Symp. Dig. Tech. Pap. 2018, 49, 790-793. [CrossRef]

6. Konoplev, S.S.; Bulashevich, K.A.; Karpov, S.Y. From Large-Size to Micro-LEDs: Scaling Trends Revealed by Modeling. Phys.
Status Solidi Appl. Mater. Sci. 2018, 215, 1700508. [CrossRef]

7. Wong, M.S,; Lee, C.; Myers, D.J.; Hwang, D.; Kearns, J.A.; Li, T.; Speck, ].S.; Nakamura, S.; Denbaars, S.P. Size-independent peak
efficiency of IlI-nitride micro-light-emitting-diodes using chemical treatment and sidewall passivation. Appl. Phys. Express 2019,
12, 097004. [CrossRef]

8. Wasisto, H.S.; Prades, ].D.; Giilink, J.; Waag, A. Beyond solid-state lighting: Miniaturization, hybrid integration, and applications
of GaN nano-and micro-LEDs. Appl. Phys. Rev. 2019, 6. [CrossRef]

9. Ryu, HY,; Ha, K.H,; Chae, ].H.; Kim, K.S.; Son, ] K,; Nam, O.H.; Park, Y.J.; Shim, J.I. Evaluation of radiative efficiency in InGaN
blue-violet laser-diode structures using electroluminescence characteristics. Appl. Phys. Lett. 2006, 89, 171106. [CrossRef]

10. Schubert, M.E; Chhajed, S.; Kim, ].K.; Schubert, E.F.; Koleske, D.D.; Crawford, M.H.; Lee, S.R.; Fischer, A.].; Thaler, G.; Banas,
M.A. Effect of dislocation density on efficiency droop in GaInNGaN light-emitting diodes. Appl. Phys. Lett. 2007, 91. [CrossRef]

11. Ryu, HY,; Kim, H.S.; Shim, ].I. Rate equation analysis of efficiency droop in InGaN light-emitting diodes. Appl. Phys. Lett. 2009,
95,2007-2010. [CrossRef]

12.  Dai, Q.; Shan, Q.; Wang, J.; Chhajed, S.; Cho, ]J.; Schubert, E.E; Crawford, M.H.; Koleske, D.D.; Kim, M.H.; Park, Y. Carrier
recombination mechanisms and efficiency droop in GaInN/GaN light-emitting diodes. Appl. Phys. Lett. 2010, 97. [CrossRef]

13. Piprek, ]J. Efficiency droop in nitride-based light-emitting diodes. Phys. Status Solidi Appl. Mater. Sci. 2010, 207,
2217-2225. [CrossRef]

14. Dai, Q.; Shan, Q.; Cho, J.; Schubert, E.F.; Crawford, M.H.; Koleske, D.D.; Kim, M.H.; Park, Y. On the symmetry of efficiency-
versus-carrier-concentration curves in GaInN/GaN light-emitting diodes and relation to droop-causing mechanisms. Appl. Phys.
Lett. 2011, 98, 96-99. [CrossRef]

15.  Cho, ].; Schubert, E.E; Kim, J.K. Efficiency droop in light-emitting diodes: Challenges and countermeasures. Laser Photon. Rev.
2013, 7, 408-421. [CrossRef]

16. Karpov, S. ABC-model for interpretation of internal quantum efficiency and its droop in Ill-nitride LEDs: A review. Opt. Quantum
Electron. 2015, 47, 1293-1303. [CrossRef]

17. Nippert, E; Karpov, S.; Pietzonka, I.; Galler, B.; Wilm, A.; Kure, T.; Nenstiel, C.; Callsen, G.; Straburg, M.; Lugauer, H.J.;

et al. Determination of recombination coefficients in InGaN quantum-well light-emitting diodes by small-signal time-resolved
photoluminescence. Jpn. J. Appl. Phys. 2016, 55. [CrossRef]


http://doi.org/10.1002/pssc.201100483
http://doi.org/10.1063/1.4769835
http://doi.org/10.1016/j.jlumin.2016.09.052
http://doi.org/10.1063/1.4993741
http://doi.org/10.1002/sdtp.12325
http://doi.org/10.1002/pssa.201700508
http://doi.org/10.7567/1882-0786/ab3949
http://doi.org/10.1063/1.5096322
http://doi.org/10.1063/1.2364273
http://doi.org/10.1063/1.2822442
http://doi.org/10.1063/1.3216578
http://doi.org/10.1063/1.3493654
http://doi.org/10.1002/pssa.201026149
http://doi.org/10.1063/1.3544584
http://doi.org/10.1002/lpor.201200025
http://doi.org/10.1007/s11082-014-0042-9
http://doi.org/10.7567/JJAP.55.05FJ01

Nanomaterials 2021, 11, 836 10 of 10

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Bezshlyakh, D.D.; Spende, H.; Weimann, T.; Hinze, P.; Bornemann, S.; Giilink, J.; Canals, J.; Prades, ].D.; Dieguez, A.; Waag, A.;
et al. Accepted Article Preview: Published ahead of advance online publication Directly addressable GaN-based Nano-LED
arrays: Fabrication and electro-optical characterization. Nature 2020. [CrossRef]

Yu, F; Strempel, K.; Fatahilah, M.F,; Zhou, H.; Romer, E; Bakin, A.; Witzigmann, B.; Schumacher, H.-W.; Wasisto, H.S.; Waag,
A. Normally off Vertical 3-D GaN Nanowire MOSFETs with Inverted p-GaN Channel. IEEE Trans. Electron Devices 2018, 65,
2439-2445. [CrossRef]

Mariana, S.; Giilink, J.; Hamdana, G.; Yu, F,; Strempel, K.; Spende, H.; Yulianto, N.; Granz, T.; Prades, J.D.; Peiner, E.; et al. Vertical
GaN Nanowires and Nanoscale Light-Emitting-Diode Arrays for Lighting and Sensing Applications. ACS Appl. Nano Mater.
2019, 2, 4133-4142. [CrossRef]

Schubert, E.F. Light-Emitting Diodes; Cambridge University Press: Cambridge, UK, 2006; ISBN 9780511790546.

Perlin, P,; Osiniski, M.; Eliseev, P.G.; Smagley, V.A.; Mu, J.; Banas, M.; Sartori, P. Low-temperature study of current and
electroluminescence in InGaN/AlGaN/GaN double-heterostructure blue light-emitting diodes. Appl. Phys. Lett. 1996, 69,
1680-1682. [CrossRef]

Cao, X.A; Stokes, E.B.; Sandvik, PM.; LeBoeuf, S.F; Kretchmer, J.; Walker, D. Diffusion and tunneling currents in GaN/InGaN
multiple quantum well light-emitting diodes. IEEE Electron Device Lett. 2002, 23, 535-537. [CrossRef]

Lee, SW.; Oh, D.C.; Goto, H.; Ha, ].S.; Lee, HJ.; Hanada, T.; Cho, M.W.; Yao, T.; Hong, S.K.; Lee, H.Y,; et al. Origin of forward
leakage current in GaN-based light-emitting devices. Appl. Phys. Lett. 2006, 89. [CrossRef]

Yan, D.; Lu, H.; Chen, D.; Zhang, R.; Zheng, Y. Forward tunneling current in GaN-based blue light-emitting diodes. Appl. Phys.
Lett. 2010, 96, 94-97. [CrossRef]

Boroditsky, M.; Gontijo, I.; Jackson, M.; Vrijen, R.; Yablonovitch, E.; Krauss, T.; Cheng, C.C.; Scherer, A.; Bhat, R.; Krames, M.
Surface recombination measurements on III-V candidate materials for nanostructure light-emitting diodes. J. Appl. Phys. 2000, 87,
3497-3504. [CrossRef]

Choi, HW.,; Jeon, C.W.; Dawson, M.D.; Edwards, P.R.; Martin, R.W.; Tripathy, S. Mechanism of enhanced light output efficiency in
InGaN-based microlight emitting diodes. J. Appl. Phys. 2003, 93, 5978-5982. [CrossRef]


http://doi.org/10.1038/s41378-020-00198-y
http://doi.org/10.1109/TED.2018.2824985
http://doi.org/10.1021/acsanm.9b00587
http://doi.org/10.1063/1.117026
http://doi.org/10.1109/LED.2002.802601
http://doi.org/10.1063/1.2357930
http://doi.org/10.1063/1.3327332
http://doi.org/10.1063/1.372372
http://doi.org/10.1063/1.1567803

	Introduction 
	Materials and Methods 
	Samples and Fabrication 
	Instrumentation 
	Measurement Methods 

	Results and Discussion 
	Electrical Properties 
	Optical Properties 

	Conclusions 
	References

