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LEDs+}
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We present processed light emitting diodes (LED) devices based on GalnP core-branch nanowire (NW)
structures. The LEDs rely on the charge carrier diffusion induced light emitting diode concept. The
GalnP core has a higher Ga content than the branches to induce diffusion of carriers from the cores
into the branches. The branches play the role of the active region in the structure, where charge carriers
recombine to emit light. We investigate the impact of n-doping the branches on the performance of the
LEDs. Electroluminescence measurements provide insights on the emission spectrum with varying
dopant molar fraction. External quantum efficiency (EQE) measurements provide insights into the device
quality, and reveal the limitations encountered in processing, such as the high sheet resistance of the
indium tin oxide (ITO) transparent conductive top contact. Temperature dependent measurements allow

us to probe the effect of contact resistance by measuring the /-V curve as a function of temperature.

rsc.li/energy-advances

Introduction

Nanowires (NW) are promising structures for future optoelectronic
devices such as solar cells,"* photodetectors®* and LEDs.>® Their
radial strain relaxation property allows the combination of materi-
als with a large difference in lattice constants, otherwise impossible
in thin film structures.” The field of micro-LEDs has received a lot
of attention with potential applications in a multitude of categories
such as displays and augmented reality/virtual reality.*"® Further-
more, there is a need to improve the efficiency of LEDs for general
lighting applications. NWs are an excellent platform to provide
contributions in both areas. Recently, a new concept in LED
architectures has emerged: charge carrier diffusion induced
LEDs."""* The first experimental demonstration thereof was shown
by use of thin films structures.’®'* In such an architecture, the
active region is decoupled from the electrical contacts by being
located on the surface of the device, instead of being sandwiched
between the contact layers. The carriers are injected by bipolar
diffusion in the active region upon the application of a bias. Such
an architecture allows flexibility in designing the active region and
avoids light being reflected from the top contact. The architecture
has been taken one step further and been applied in NW
structures.”® In NWs, the active region can be decoupled from
the cylindrical shape of the NWs by growing branches on the
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The work identifies performance limitations and paths to overcome them.

sidewalls.'® The core-branch structures (hereon: nanotrees) com-
prise a high bandgap core material and a lower bandgap branch
material to enable the diffusion of carries under forward bias. In
NWs, their radial dimension plays a crucial role in the confinement
of light. Below a critical thickness, the electric field extends out of
the NWs physical boundaries,'” signifying an avenue to exploit for
efficient light extraction even though there is a big difference
between the refractive index of the semiconductor and that of
air. Such a system provides the possibility to increase the light
extraction efficiency by overcoming total internal reflection. Our
recent studies have shown that nanotree structures can be grown
with a high density of branches.'® Furthermore, we have shown the
feasibility of the nanotree structures using the gallium indium
phosphide (GaInP) materials system, where we obtained electro-
luminescence spectrum comprising of two main peaks corres-
ponding to the core and the branch.” In this work, we take the
structure one step further and introduce doping in the branches in
order to decrease the minority carrier lifetime in the branches
which quickly can recombine with majority carriers. We expect the
fast recombination to compete beneficially with non-radiative
decay and increase the total external emission. We varied the
concentration of the dopant in the branches and studied its effect
of the emission spectrum. We evaluate the efficiency of the devices
and provide a path to improving the performance of the devices.

Experimental methods

The indium phosphide (InP) substrate was decorated with gold
(Au) seed particles in a hexagonal pattern with a 1 pm pitch and
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150 nm diameter using Displacement Talbot Lithography,
e-beam evaporation and lift-off."® The substrates were inserted
into an Aixtron 200/4 MOVPE reactor to perform the NW
growth. The growth was initiated with a low temperature
nucleation step at 280 °C to preserve the hexagonal pattern,®
followed by a high temperature annealing step at 550 °C to
desorb the surface oxide before cooling down at the NW growth
temperature at 440 °C. To grow the pin GaInP NW cores,
triethylgallium (TEGa), trimethylindium (TMIn), and phos-
phine (PH;) were used as precursors. The total length of the
NWs is 2 pm. Diethylzinc (DEZn)** > and tetraethyltin (TESn)*?
were used as p and n-dopant, respectively. TESn was used
during the intrinsic segment growth to compensate for the
non-intentional p-type background doping of GaInP. Hydrogen
chloride (HCI) was used to avoid radial growth.>* The grown
core NWs were immersed in HAuCl, solution to decorate the
cores with Au particles via galvanic deposition.”> The Au
particles act as seeds for the subsequent growth of branches.
Prior to branch growth, the seed particle of the core NWs was
etched away to avoid lateral growth of the cores. The substrate
was coated with a photoresist, exposed in UV light, and the
photoresist was developed to reveal the tips of the cores.>®
A solution of potassium iodide (KI) was used to etch away the
tip Au/In particles. The photoresist was then dissolved in
Microposit Remover 1165 and flushed in deionized water (DI
H,0). To grow the doped branches, the molar fraction of TMIn,
TEGa and PH; were kept constant for the five samples, and we
varied the dopant molar fraction y. The precursor used to
n-dope the branches was hydrogen sulfide (H,S), as sulfur
atoms have a similar size compared to phosphor atoms,
incorporate efficiently and allows to control doping from low
to high levels.>® The growth temperature was 440 °C. The full
set of growth parameters for the cores and branches can be
found in Tables S1 and S2 in the ESI.{Fig. 1a shows a repre-
sentative scanning electron micrograph (SEM) of the nanotrees
from top view. The branches are observed to have grown along
the three-symmetry related (111) B directions of the cores,
because of their 3-fold symmetry. Twinning in the structures,
causes a 60° rotation of the crystal planes and a doubling of the
branch growth directions.>” The branches have a typical length
of about 200-300 nm and a diameter of 10-50 nm. In Fig. 1b a
tilted SEM image is shown, revealing branch growth along the
entire core structure. Fig. S1a (ESI) shows a TEM image of the
interface between a core and a branch where the propagation of
lattice planes from the core to the branch is observable.
Furthermore, Fig. S1b (ESIf) shows a branch where we have
carried out energy dispersive X-ray (EDX) to evaluate its com-
position. The results are reported in Table S3 in the ESIL, ¥ where
each measurement point corresponds to the points shown in
Fig. S1b (ESIt). In Fig. Sic (ESIf) results from the X-ray disper-
sion (XRD) measurements of the as-grown core NWs to evaluate
their composition is shown.

The grown nanotree arrays were processed into devices
using standard nanofabrication techniques. A SiO, layer was
deposited via atomic layer deposition to insulate the NWs and
protect them in the following processing steps. Spin coating

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 (a) SEM micrograph of the nanotree structure from top view.
(b) SEM micrograph of the nanotree structure from tilted view. Scale bar is
1 pum. (c) SEM micrograph of a processed sample showing several devices
of different active region areas. Scale bar is 100 pm.

S1818 was used as a planarization layer, and UV lithography
was used to reveal the tips of the NWs.*® The SiO, was etched
away from the tips by use of reactive ion etching (RIE). The NW
tips were contacted by sputtering 150 nm of ITO, which serves
as a top transparent contact. The processed devices are of
different active region sizes, namely 100 x 100-, 200 x 200-,
400 x 400-um’. Lastly a Ti/Au (20/400 nm) contact pad was
evaporated by e-beam evaporation. Fig. 1c shows an SEM image
of a portion of a processed sample with devices of each size.

For additional qualitative insight, 3D drift-diffusion simula-
tions were carried out to study the physics of an individual
model nanotree. This consisted of the core with n-, i- and p-type
sections, and branches spread evenly over the i-type section. We
have also carried out test simulations where some of the
branches are located in the n- and p-type regions of the
nanotree. Results from those simulations are not presented
in this paper, but as one may expect, the further away the
branch is located from the i-type region, the less it contributes
to the total recombination. To limit the computational cost, a
total of eighteen branches was included in the simulation.
Moreover, the full nanowire array and ITO were not included
in the simulation, as the purpose was to study the qualitative
trends from branch doping and temperature as expected from
the theory. The simulated geometry and the simulation para-
meters are specified in the ESL¥

Results and discussion

The electroluminescence spectra (EL) were measured at room
temperature using an Enlitech SLI-PE-200 setup, where the
devices were biased using a two-probe setup and the emitted
light was collected by a microscope lens (x10, NA = 0.25),
coupled to an optical fiber and analyzed by an SPR-3100-PQ
spectrometer and a CCD camera. In Fig. 2a, the spectra of a
100 x 100 um® device from sample 1 is shown. The EL
spectrum was measured from 5 V to 12 V in steps of 1 V and
the reported value in the legend is the corresponding applied

Energy Adv, 2024, 3, 2922-2928 | 2923
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Fig. 2 (a) EL spectra from sample 1 of a 100 x 100 pmz active region area device under different applied bias. (b) EL spectra from sample 5 of a
100 x 100 pm? active region area device under different applied bias. (c) Branch peak energy vs. H»S molar fraction used during growth. The inscribed
numbers indicate the average peak energy in eV. (d) Four bonded devices with different active region areas mounted on a DIL holder and biased

simultaneously, demonstrating white light emission.

current through the device. The EL spectra starts to reveal
emission peaks above an applied bias of 5 V, signifying high
series resistance losses. At 6 V (2 mA) we can notice the onset of
an emission peak at 800 nm, which originates from the
branches.’> A further increase in applied bias reveals the
emergence of additional peaks. The peak at 650 nm originates
from the cores. Having a higher bandgap than the branches, it
allows the diffusion of carriers into the branches. Initially the
branch peak is higher in intensity as compared to the core, but
as injection is increased, the core peak starts to dominate,
resulting in a two-peak LED. The appearance of the additional
peaks at higher energy, is suspected to originate from higher
state transitions such as perhaps from the conduction band to
the second valence band, which widens the emission spectrum,
resulting in a white emission without any phosphor down
conversion material. The peaks at 925 nm corresponds to the
InP segment grown before switching to GaInP and 976 nm
corresponds to a wurtzite-zinc blende InP emission originating
from the twinned InP crystal structure.® Increasing the dopant
concentration in the branches alters the overall emission
spectrum. Fig. 2b shows the EL spectra of a 100 x 100 pum?>
device from sample 5 with the highest doping concentration
with an applied bias from 5 to 10 V. We can observe that that
the emission spectrum corresponds to white light, although the
shape has slightly changed as compared to the EL spectrum in
Fig. 2a. The branch and core peak have merged together and
results in a single broadband emission. This indicates that
doping plays an effect in the emission dynamics. Fig. S2 (ESIt)

2924 | Energy Adv., 2024, 3, 2922-2928

shows the measured chromaticity of a nanotree LED and
compares it to the black-body locus. We observe that our LEDs
have a correlated colour temperature (CCT) of approximately
3000 K. The complete set of EL spectra for samples 1-5 is found
in Fig. S3 (ESIt). Although the expected explanation would be
that the branch peak is blue shifting with an increased dopant
concentration because of a Burstein-Moss shift,>® we do not
observe this. In Fig. 2c we have plotted the branch peak energy
of emission with respect to yys. The change in peak energy
between the different samples is insignificant to be attributed
to a Burstein-Moss shift. Previous research has shown that at
xn,s used in this work, the structure should be degenerately
doped, and we should obtain a carrier concentration in the
order of 10" cm® and observe a peak shift of more than
100 meV.*° On the other hand, compared to previous published
work, the branches are very thin and in a high density which
could influence the dopant incorporation.

Fig. 2d shows an image of four devices with different active
region areas biased simultaneously. The bright white light
emitted from the devices supports the obtained EL spectra.

The devices have been further characterized by measuring
the total radiant power and evaluating the external quantum
efficiency (EQE) of the devices to reveal potential limitations in
their performance. The radiant power was measured in a
Thorlabs 4P3 integrating sphere coupled with a calibrated Si
photodiode. In Fig. 3a we show the dependency between EQE
and the current density (J) applied for samples 1-5 with an
active region area of 400 x 400 um”. The current density on the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) EQE vs. J of samples 1-5 with an active region area of 400 x 400 um?. (b) EQE vs. J of sample 2 with varying active region area. The inset
shows the EQE vs. applied current for the same devices. (c) Radiance vs. J of samples 1-5 with an active region area of 400 x 400 pm?2. (d) Luminance vs.

J of samples 1-5 with an active region area of 400 x 400 pum?2.

X-axis is evaluated by calculating only the current that flows
through the total NW area instead of the active region area, as
only the NWs provide a carrier pathway. With an increase in
current density the EQE initially increases, before starting to
plateau.’"**> The performance of the devices is similar for
different doping concentration, indicating that the perfor-
mance is mostly limited by the device processing quality. This
can be observed by EQE values which are quite low as compared
to other state of the art LEDs.** This puts emphasis on
improving the processing quality of the devices. As we have
previously seen, the quality of the ITO plays a big role in the
performance of the device."® Fig. 3b shows a comparison of
EQE-J between the different active region areas for sample 2. In
the inset of Fig. 3b, the EQE is plotted with respect to the total
injected current in the device. We conclude that smaller active
area devices perform better than the big area devices as the EQE
is about 3 times higher while the injected current is 3 times
lower which we attribute to the quality of the ITO. In Fig. S4
(ESIT) the comparative EQE—J for different active region area at
each yy,s is shown. Furthermore, we have calculated the
radiance (R), which describes the radiant power emitted from
a source with area A, through a solid angle dQ in a given
direction, and luminance (L), which describes the radiance of a
source weighed by the eye responsivity function V;, of the
devices in Fig. 3c and d, respectively. Since the emission
spectrum covers visible to near-IR spectrum it is more infor-
mative to evaluate both. The luminance provides information
on how much of the emission resides in the visible as com-
pared to the total emission. For example, sample 1 has the
lowest radiance out of the 5 samples but has the highest

© 2024 The Author(s). Published by the Royal Society of Chemistry

luminance, signifying that it emits more strongly in the visible.
In the ESL{ Fig. S5-S7 provides additional data of the LEDs at
each yps: R-J, L/, Radiant Power - Input Power, respectively.
As we mentioned earlier, ITO has been identified as one of the
bottlenecks in the device performance of the nanotree LEDs. To
evaluate its effect, we have carried out temperature dependent
I-V measurements. All the measurements are carried out under
dark conditions. In Fig. 4a the I-V curves for a device with an
active region of 200 x 200 pum® at different temperatures are
shown. The voltage is applied from 0 to 20 V with a step of 0.2 V
and the corresponding current is measured. The temperature is
varied from 100 K to 220 K in steps of 10 K. The full set of
measurements starts from 10 K, but the I-V profile is similar for
measurements between 10-100 K. The full set can be found in
Fig. S8 (ESIt). The I-V characteristic shows a rectifying beha-
viour, typical of an LED. There is a substantial difference in the
I-V behaviour with an increased temperature. At 100 K the
maximum current at 20 V is on the order of 0.25 mA, while at
220 K the current reaches 3.8 mA. Low temperature leads to
freezing out of charge carriers in GaInP,** which partly can
explain the I-V behaviour that we observe. We have also
explored the possibility of an activation barrier at the contact
interface impeding carrier injection. We have plotted in Fig. 4b
a semi-log plot I-1/T, where T is the temperature. The I as a
function of 1/Tis plotted for current values I at every 1 V applied
bias. By fitting from 100 K to 220 K as shown in Fig. 4c, we have
extracted an average activation barrier of 69 meV. This value
does not indicate a sufficiently large barrier that the carriers
need to overcome to be injected in the NWs. An explanation for
the low quality of the devices can then be attributed to the

Energy Adv., 2024, 3, 2922-2928 | 2925
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Fig. 4 (a) /-V relationship of a 200 x 200 pm? device from sample 2 from
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in steps of 1 V. (c) Semi-log plot of / — 1/T from 2 V to 20 V in steps of 1 V
and the fitting of the / — 1/T relationship.

quality of the ITO itself which has a high sheet resistance and
contributes to large resistive losses. We highlight that an
improvement of the ITO quality is necessary to increase the
efficiency of the devices.

Fig. 5a shows internal quantum efficiencies (IQEs) predicted
by the simulations for the model nanotree with different sur-
face recombination velocities (v;), with and without doping the
branches (no specification of N denotes no doping, positive
N denotes donors, and negative N denotes acceptors). The
surface recombination velocities have been chosen to loosely
reflect the orders of magnitude reported experimentally for InP
353 The simulations highlight the importance of
minimizing surface recombination in the branches either
through passivation (targeting a smaller v,) or through doping
the branches in accordance with the experimental objectives of
this work. Doping of the branches generally suppresses trap
state recombination (incl. surface recombination) without
harming the radiative recombination process for a given
quasi-Fermi level separation in the branches, and it thereby
improves the efficiency. The effect has been demonstrated
through simulations for a conventional LED e.g., in ref. 37
without surface recombination considered explicitly. Studying
the simulations further also reveals that simulations indicate
practically ideal injection of charges from the contacts to the

nanowires.
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Fig. 5 (a) Internal quantum efficiency (defined as the radiative current
density divided by the total current density), simulated for the model
nanotree structure with different surface recombination velocities, with
and without doping the branches (no specification of N denotes no
doping, positive N denotes donors, and negative N denotes acceptors).
Symbols denote the operating points where the simulations were carried
out, and the lines represent spline interpolations between them. (b) Total
current of the model nanotree (v, = 0 and N = 0) with the labeling of (a)
simulated at different temperatures, with the applied biases given in the
legend. Note that the additional voltage loss taking place in the ITO is not
included in these applied biases. The dotted curve corresponds to an
activation barrier of 250 meV, which provides a good agreement with the
data at the smallest 1/T values. Symbols denote temperatures where the
simulations were carried out, and lines represent interpolations between
them. Qualitatively, the behaviour is reminiscent of the experimental data
for the highest voltages in Fig. 4c the current initially decreases as a
function of 1/T, but then the slope of the decrease diminishes, with the
currents eventually becoming almost constant as a function of T.

branches up to the onset of the efficiency droop visible in
Fig. 5a. The efficiency droop in the simulations is mostly
caused by electron leakage over the p-type section of the core,
inflicted through the elevated voltage over the nanotree. The
simulated efficiency droop could be mitigated by adding more
branches in the simulations in accordance with the experi-
mental samples. This increases the total integrated branch
recombination rate at any given applied bias, and thereby
decreases the share of electron leakage current that does not
increase by increasing the number of branches. Fig. S9 (ESIt)
shows the simulation domain for the 3D drift-diffusion simula-
tions that were carried out.

The temperature dependency can also be compared with the
qualitative trend from the simulations of the model nanotree.
Fig. 5b shows the current at selected voltages as a function of
temperature. The simulations have been carried out at high
injection levels with eV, (e elementary charge, V, applied bias)
always more than 100 meV larger than the branch band gap at
room temperature. Note that these voltages do not include the
voltage loss over the ITO contact that is expected to have a
major contribution in the experimentally measured voltages
listed in Fig. 4. Even so, Fig. 5b exhibits certain qualitative
similarities with the experimental data for the highest voltages
displayed in Fig. 4c. Most importantly, the current initially
decreases as a function of 1/7, but then the slope of the
decrease diminishes, with the currents eventually becoming
almost constant as a function of T. Exploring the simulations
further shows that at the voltage where the T dependence
vanishes, the quasi-Fermi level separation in the branches is
larger than the band gap at all the T values studied in the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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simulations. In that case, even with decreasing kzT and the
correspondingly diminishing Fermi-Dirac distribution width,
the carrier density effectively starts to lose its temperature
dependency, resulting in a constant current vs. temperature
behavior. Further studies are needed to find out whether such
an effect is behind the experimental curves, or whether the ITO
resistance still plays a larger role.

Conclusions

In summary, we have reported on n-doped GalnP nanotree
arrays for LED devices. We have processed devices of several
active region areas and varied yg s. The resulting LEDs demon-
strate two main emission peaks originating from the cores and
branches. Furthermore, they show a broad emission spectrum,
allowing white light emission without phosphor down conver-
sion, interesting for general lighting applications. The EQE of
the devices is low, around 3 x 10~ %%, highlighting the neces-
sity to improve the device processing quality. We have attrib-
uted the problems to the quality of the ITO and further
development is needed to improve processing, as well as work-
ing on passivation schemes to improve the surface recombina-
tion. Nanotree structures with an improved performance could
become a strong candidate for next-generation high efficiency
LEDs for general lighting and micro-LEDs.
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