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ABSTRACT

A local so-called laser-micro-annealing (LMA) conditioning technology, which is suitable for the fabrication of a large range of hybrid nano-
optoelectronic devices, was applied to III-nitride-based nano-light emitting diodes (LEDs). The LEDs with a diameter of ~100 nm were fabri-
cated in large area arrays and designed for hybrid optoelectronic applications. The LMA process was developed for the precise local condi-
tioning of LED nano-structures. Photoluminescence measurements reveal the enhancement of nano-LED properties, which is in very good
agreement with a simple model introduced based on the reduction of the defect layer depth by the LMA process. The experimental data con-
firm the reduction of the defect layer depth from ~17 nm to ~5 nm determined. In consequence, an increase in work currents up to 40 nA at
5V bias after the LMA procedure as well as high electroluminescence (EL) and output optical power up to 150 nW in the ~440-445 nm
emission wavelength range corresponding to ~75% wall-plug efficiency were achieved. Additionally, the LEDs’ electroluminescence intensi-
ties reach the desired values by conditioning the contact/annealed regions of individual LEDs accordingly. Furthermore, the LMA process
affects the long-term stability of the electroluminescence (EL) intensity of single nano-LED devices. A study of the EL during 5000 h in the
continuous wave operation testing mode revealed a moderate ~15% decrease in the intensity in comparison to ~50% for their non-LMA
counterparts. Finally, Raman measurements indicate that the “work” temperature for nano-LED conditioned structures decreases.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0038070
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Currently, there is growing interest in the development of nano-
optoelectronic devices. ° The small dimensions of such nano-
structures are advantageous for obtaining a high integration density,
on the one hand, and for the utilization of quantum size effects, on the
other hand.” Furthermore, nano-structures exhibiting different physi-
cal, chemical, optical, and electrical properties could be combined into
hybrid circuits for novel devices with enhanced functionality.” During
the last few decades, light emitting diodes (LEDs) based on different
material systems were implemented in a broad range of optoelectronic
applications.” '” The miniaturization of the LEDs toward micro-
LEDs'' """ led to a wealth of additional applications'’ such as in

display technology'®'” and sensing.'® A further size reduction toward
the nano-scale' >’ allows applications, for example, in Li-Fi communi-
cation”' and/or as few photon sources.””*”’ Recently, we proposed
that nano-LED arrays emitting at short wavelengths down to the
ultraviolet (UV) range can be used as key elements for future nano-
LED-assisted lithography.”  Group-III-nitride-based nano-LEDs
arranged in arrays are the essential part of this lithographical tech-
nique. The realization of stable and reliable nano-LEDs with uniform
intensity, however, is still a challenge and obstructs their broader
application: on the one hand, from a materials point of view, fluctua-
tions in the alloy composition of the InGaN/GaN multi-quantum well

Appl. Phys. Lett. 118, 043101 (2021); doi: 10.1063/5.0038070
© Author(s) 2021

118, 043101-1


https://doi.org/10.1063/5.0038070
https://doi.org/10.1063/5.0038070
https://doi.org/10.1063/5.0038070
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0038070
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0038070&domain=pdf&date_stamp=2021-01-27
https://orcid.org/0000-0001-7210-611X
https://orcid.org/0000-0003-0445-6489
mailto:m.mikulics@fz-juelich.de
mailto:h.hardtdegen@fz-juelich.de
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1063/5.0038070
https://scitation.org/journal/apl

Applied Physics Letters

structures can affect their electronic and optical properties.”* On the
other hand, the preparation of the nano-LEDs, for example, by etching
nano-wires (NWs) from layers”*° as one of the most critical steps in
the nano-LED fabrication process affects their radiative recombination
because of the formation of etching-induced defects. Earlier work dealt
with the influence of etching parameters on the nano-LEDs’ optical
properties and, especially, on radiative recombination.”” This Letter
focuses in contrast on the local laser annealing of the nano-LEDs in
arrays as an additional step after they were fabricated by the reactive
ion etching (RIE) approach and subsequent device fabrication. The
aim was to improve their electrical and optical parameters.

In general, the spatial and temporal control for processing and
material modification using lasers as the energy sources emerged as a
new field in materials science in the late 1970s. Laser annealing was
employed to heal ion implantation damage””** as well as in the proc-
essing of nano-structures and the annealing of contacts to nano-wire
and thin film transistor devices.”’ ' This is in analogy to recently
demonstrated post metallization annealing in the processing of group
I1I-N-based transistors,””” which led to the reduction of electronic
states at the Al,O;/AlGaN interface. The goal of the studies was to
reduce the contact resistance and—for practical and industrial applica-
tions—to use as small as possible annealing times. In this report, we
will center our attention to the effect of a so-called laser-micro-anneal-
ing (LMA) process’* developed for the precise local conditioning of
Ni/Au on p-GaN Ohmic contacts and the curing of etching defects in
the Multi Quantum Well (MQW) region important for an increase in
radiative recombination, which is essential for the improvement of the
electrical and optical performance of the devices.”” " It was imple-
mented to determine the charge transport and light emission of the
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nano-LEDs.”® The effect of LMA on the electroluminescence (EL)
intensity of the nano-LEDs was investigated and the long-term stabil-
ity of their EL under the continuous wave (cw) operation testing mode
was studied in comparison to non-locally conditioned nano-LED devi-
ces. We demonstrate that the local laser-micro-annealing (LMA) pro-
cess and its tuning for the conditioning of individual nano-LEDs
(whilst focusing on their optically transparent p-GaN Ni/Au Ohmic
contact) are the key to improving their performance and to achieving
stable and reliable nano-LEDs down to the tens of nm size range.

The fabrication process started with the MOVPE growth of the
n-GaN, the InGaN/GaN Multi Quantum Well (MQW), and the
p-GaN LED layers in a homemade MOVPE reactor.””*" Arrays of
hexagonally arranged Ni caps with a diameter of 100 nm served as the
etching mask and were defined using e-beam lithography. Details to
the device fabrication have been described earlier.”””” RIE was carried
out in an Oxford Plasmalab 100 reactor with an inductively coupled
plasma (ICP) 180 source at a pressure of 4 pibar, a sample temperature
of 5°C, a chlorine:argon gas mixture of 16:4, and an ICP power of
750 W [schematics in Fig. 1(a)], resulting in arrays of single nano-LED
structures as depicted in Figs. 1(d) and 1(e). For electrical isolation, the
etched nano-structures were buried in hydrogen silsesquioxane, which
formed SiO, upon annealing. The nano-LEDs were integrated into a
vertical device layout, which serves for their biasing and which allows
for the subsequent DC electrical measurements and device operation.
Details have been described earlier.””” The protruding Ni caps were
removed wet-chemically in a solution of HCL:H,O, and transparent
Ni/Au (5/5 nm) top contacts’' were prepared using conventional opti-
cal lithography and a conventional rapid thermal annealing process."”
Subsequently, single nano-LEDs were conditioned locally using a

locally metallization

annealed

top contact

LED structure
»buried“ in SiO,

100 nm

FIG. 1. (a) Fabrication schematics of the group-Ill nitride-based nano-LED defined with the help of the reactive ion etching (RIE) approach. A nickel cap serves as the protect-
ingletching mask.”*** (b) Schematics of the so-called laser-micro-annealing (LMA) process. Precise local annealing of the nano-LEDs is carried out above the Ni/Au transpar-
ent top contact. (c) Optical micrograph of a nano-LED array with a pitch of 3 um. A single nano-LED is annealed locally (structure centered in the middle) by the LMA process.
The laser (HeCd, 325 nm) input power was kept constant at ~0.8 kW/cm?. Scanning electron micrographs (SEM) of (d) a single nano-LED with its nickel mask for RIE, (e) the

nano-LED array, and (f) the nano-LED buried in SiO, with its top contact.
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laser-micro-annealing process shown schematically in Fig. 1(b). The
laser (HeCd, 325 nm) input power was kept constant at ~0.8 kW/cm®.
Figure 1(c) presents an optical micrograph of the nano-LED array in
which the locally conditioned nano-LED is in the center of the image
and Fig. 1(f) shows the nano-LED buried in SiO, with its transparent
Ni/Au annealed top contact.

Before the nano-LEDs were conditioned by the laser-micro-
annealing process, they were first “tested” by micro-photoluminescence
(micro-PL) spectroscopy at room temperature. The samples were
excited with the 325 nm line of a HeCd laser.

The laser input power was kept constant at ~0.1 kW/cm® to pre-
vent any further local laser-micro-annealing. The PL spectra recorded
at room temperature of LMA conditioned nano-LEDs with a diameter
of ~100nm [Fig. 2(a)] exhibit a large increase in luminescence inten-
sity in the blue region of the spectra attributed to the MQWs in com-
parison to their non-LMA conditioned counterpart by more than a
factor of two. Additionally, the intensity of the peak related to the GaN
band edge luminescence and the defect luminescence at 564 nm corre-
sponding to ~2.2 eV increases by ~8% and decreases by ~9%, respec-
tively. Here, it must be noted that the photon penetration depth of the
325nm laser in GaN is on the order of 80-100 nm (Refs. 43 and 44)
and since the laser excitation spot size is ~0.5 um in diameter, the
measured defect luminescence has its major contribution from the
etched device material surrounding the nano-LED structure. This indi-
cates that the LMA process at least partially cures” etching related
defects, which are responsible for the suppression of radiative recom-
bination in the nano-LEDs. The micro-PL mapping presented in
Fig. 2(b) describes graphically (in colors) the “overall” distribution
from the single nano-LEDs in the array-the etching process is respon-
sible for the suppression of radiative recombination from the MQW
region: the blue color with inhomogeneous intensity corresponds to
an emission wavelength of ~440-445 nm. Furthermore, the “defect”
luminescence: green-yellow and red corresponds to emission maxima
in the PL spectra of ~540-600 nm at the individually measured points.
The experimental results indicate that radiative recombination is sup-
pressed, which is attributed to damage induced by the etching process
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as was previously reported.””” A comparison between the emission
from the central region of a single nano-LED before and after the
annealing process [Figs. 2(c) and 2(d)] discloses that the PL intensity
increases greatly upon local annealing. A model for the enhancement
of nano-LED properties is discussed in the following. The etched
nano-LEDs in this study were fabricated additionally from the same
MQW layer (parent) structure. The nominal volume of the MQW
structure can be expressed in the simple form as Vyqw = 71/4 X dnom”
x h, where h is the total height/the thickness of the MQW region. In
our simplified model (Fig. 3), we assume in contrast to Ryu et al.*’
“ideal” material for Vyqw. However, the effective nano-LED volume
contributing to radiative recombination is smaller than Vyqw due to
the formation of a defect layer with a depth (depthgr) induced by the
etching process forming non-radiative recombination centers.
Furthermore, for the sake of simplification, we introduce the virtual
equivalent of the effective volume (V¢), which is in analogy to Vyiqws
therefore, Veg=7/4 X (dpom — 2 X depthdef.)2 x h.

Since the respective laser excitation density was kept constant, we
assume that the integrated photoluminescence intensity (Ip) is related
to the virtual Vg and, therefore, to (dyom — 2 X depthdef_)z. The inte-
grated photoluminescence intensity (Ip;) normalized to the as-grown
MQW (parent) structure was investigated for different nano-LED
diameters (d,om). The experimental data are presented in Fig. 3(b) for
non-locally annealed and laser-micro-annealed nano-LEDs with dif-
ferent diameters. We determined values for the defect layer depth
(depthdef) of ~17nm. This value is in the same range reported
earlier.”” After laser-micro- annealing, an enhancement of the inte-
grated photoluminescence intensity is observed related to Ve 1ma
> Vewiorma- A reduction of defect layer depth (depthger) from
~17nm to ~5nm was determined. Hence, the origin of the observed
enhanced integrated photoluminescence intensity is in good agree-
ment with the simplified model presented.

For the sake of comparison, current-voltage measurements were
performed on single non-locally annealed and locally annealed nano-
LED structures using different annealing conditions I and II (laser
power: ~0.8kW/cm® and annealing time: 2 s and 4 s, respectively).

FIG. 2. Micro-photoluminescence measurements (a) performed on a single nano-LED (diameter ~100 nm) before and after LMA. A significant increase (more than 100%) is
observed in the “blue” luminescence range centered around 440-445nm MQW. (b) Micro-PL mapping: from the single nano-LEDs in the array—the etching process is respon-
sible for the suppression of radiative recombination from the MQW region: blue color with inhomogeneous intensity corresponds to ~440-445nm of the emission maxima in
the PL spectra, green-yellow and red to (~540-600 nm) at the individually measured points. Comparison of (c) a non-locally annealed vs (d) an LMA conditioned nano-LED: a
significant increase in photoluminescence intensity (blue/turquoise color) from the central region of the single nano-LED is observed in the ~440-445 nm emission wavelength
range and a moderate increase is found in GaN band edge luminescence at ~362.8 nm (3.418 eV/) corresponding to the “pink” color after LMA conditioning. Note that colors
chosen for these micro-PL graphics serve only as a guide to the eye to help understand the distribution of emission from the region with the MQW structures and the surround-

ing etched regions.

Appl. Phys. Lett. 118, 043101 (2021); doi: 10.1063/5.0038070
© Author(s) 2021

118, 043101-3


https://scitation.org/journal/apl

Applied Physics Letters

a
(@) Veit < < Vimaw Verr > 0
dpom~ 2xdef.depth  d,,m> 2xdef.depth

defect
region

defect
region

dnom.

defect
region

ARTICLE scitation.org/journal/apl

(b)

Vet~ Vmaw
dpom> > 2xdef.depth

o™ (Ao, - 2xdepthye)?

Integrated PL intensity (a.u.)

dnom.

diameter (nm)

FIG. 3. (a) Simple model showing the effect of the defect layer depth on the virtual equivalent of the effective volume (Veg): the effect is the larger the smaller the nominal diam-
eter dnom- (b) Integrated photoluminescence intensity normalized to the as-grown MQW (parent) structure as a function of dq, for different nano-LED diameters. After laser-
micro-annealing (LMA), an enhancement of the integrated photoluminescence intensity is observed (Ve Lma > Vefr, wio Lma)- A reduction of defect layer depth (depthger) from

~17nm to ~5nm was determined.

Representative curves for the identical nano-LED structure before and
after LMA are shown in Fig. 4(a) after 1 min of operation. The current
increase after applying LMA and at 5V bias is ~3.7 times higher for
the condition IT annealed nano-LED. Figure 4(b) presents an example
of a micro-EL mapping of the nano-LED array in which ensembles of
individual nano-LEDs were locally annealed with conditions I and II
as presented in the current-voltage characteristic [Fig. 4(a)] reaching
the intended EL intensities E1 and E2. The locally conditioned nano-
LEDs’ intensity increases with respect to that of their non-locally
annealed counterparts (E0) according to the LMA-process conditions
used. These results could be attributed to the Ohmic contact improve-
ment as well as to a curing of defects in the nano-LEDs. It also demon-
strates the potential of the LMA conditioning procedure, which can be
applied to intentionally reach the appropriate optical properties of
nano-LED hybrid photon sources™ and nano-LEDs in arrays for

(@)
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3x1084

<
= annealed Il
19 by LMA annealed |
£ -8
3 2x10 by LMA
1x10°8 non-locally
annealed

0 14 2 3 4 5 6 7 8
bias voltage (V)

FIG. 4. (a) Current-voltage characteristic behavior for three stages of an annealed
single nano-LED. Significant Ohmic contact improvement is discerned: more than
three times higher currents at 5V bias voltage were evaluated after the LMA proce-
dure Il was applied in comparison to the non-locally annealed structure. (b) Micro-
EL performed on nano-LEDs in an array with three different annealing conditions:
non-locally annealed EO and locally E1 and E2 annealed [with conditions | and I,
see (a)]. The LEDs’ EL intensity becomes higher according to the LMA process car-
ried out.

single photon-assisted lithography, on the one hand,” and especially
for creating patterns of optical gate sources functionally arranged for
future logical circuits based on transmistor devices™® currently under
development, on the other hand.

Micro-EL studies of a nano-LED with a diameter of ~100 nm
were performed at 5V bias voltage before and after the local condi-
tioning was carried out. The ultimate reliability test for the nano-LEDs
is the study of their electroluminescence under continuous wave (cw)
operation™’ for 5000 h. Spectra recorded at the beginning of the reli-
ability study (time 1 min) are presented in Fig. 5(a). The maximum of
the intensity is a factor of close to four lower for the non-locally
annealed nano-LED. For both nano-LEDs, a sudden and large inten-
sity drop is observed within the first 100 h of operation and a slower
intensity decrease up to 5000 h of operation thereafter [Fig. 5(b)]. This
corresponds to an intensity reduction of ~9% and ~20% within the
first 100 h and by ~15% and ~50% in total after 5000 h for the locally
conditioned and non-locally annealed nano-LEDs, respectively. It is
apparent that the stability and reliability of the nano-LEDs are higher,
when LMA conditioning is applied. The difference in EL-intensity
increases from close to four to more than six.

At last, Raman spectroscopy was performed on the nano-LEDs
under 5V bias voltage. It is well known that besides changes in chemi-
cal specific information in materials such as bonding, environment,
and strain/stress, this method can be employed for thermography and,
therefore, to discern possible differences of the device temperatures
during operation.”” > In GaN, the line position of the Raman shift of
the E,™ mode™ would be an indication of the difference in device tem-
perature during operation: the increase in the position of the Raman
shift is related to a lower temperature in the nano-LED device. A com-
parison of the Raman spectra of the nano-LEDs in operation which
were not additionally treated with LMA [i.e., those only non-locally
(thermally) annealed] with those which were locally annealed [Fig. 5(c)]
disclosed that the shift of the E,™ mode increases from ~570 cm™" to
~571.3cm " after local conditioning, The increase could relate to a
reduction of the work temperature of up to ~60 K (Refs. 51, 52, and 55)
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FIG. 5. (a) Micro-EL measurements performed on single nano-LEDs (diameter ~100nm) at 5V bias voltage, (b) reliability/long-term micro-EL measurements performed on
nano-LED devices during 5000 h under cw operation testing mode, and (c) Raman measurements at different work temperatures performed on single nano-LEDs (diameter
~100 nm) before and after laser-micro-annealing (condition Il). A significant EL-intensity increase and an improved emission reliability operation are observed. The line position
of the Raman shift of the E," mode increases for the locally LMA conditioned nano-LED, indicating a reduction of work temperature after LMA conditioning.

after annealing. This results in a higher efficiency of the nano-LED and
is advantageous for its stable and reliable operation.

In conclusion, a laser-micro-annealing (LMA) technology was
introduced and developed for group I1I-nitride-based nano-light emit-
ting diodes (LEDs) and applied locally to the Ohmic Ni/Au contacts to
p-GaN. The charge transport and light emission of the annealed devi-
ces were determined and compared to their non-LMA conditioned
counterparts. PL studies revealed an increase in radiative recombina-
tion by more than a factor of two, which is attributed to a curing of
RIE-induced defects. The enhancement of nano-LED properties is in
good agreement with a simple model introduced based on the reduc-
tion of the defect layer depth by the LMA process. A decrease from
~17 nm to ~5nm, i.e, an increase in effective nano-LED MQW vol-
ume contributing to radiative recombination, was determined. By
applying appropriate annealing conditions, different nano-LED char-
acteristics can be achieved intentionally. An increase in work currents
up to 40nA at 5V bias and a high electroluminescence and output
optical power up to 150 nW in the ~440-445 nm emission wavelength
range corresponding to ~75% overall efficiency were achieved. The
conditioned nano-LEDs exhibit a reduction of work temperature of up
to ~60K and an improved long term stability under cw operation
compared to their non-LMA conditioned counterparts. Laser-micro-
annealing conditioning of nano-LEDs results in the enhancement of
their performance and is the key to stable and reliable nano-LED
operation.
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