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ABSTRACT: Semiconductor  nanowires  (NWs)  offer  unique
opportunities  for  next-generation  optoelectronic  devices.  In
this  work,  we  investigate  charge  carrier  diffusion  induced
branched  NW  light-emitting  diodes  (LEDs)  with  designed
bandgap  heterojunctions.  Emission  from  epitaxially  grown
arrays  of  direct  bandgap  branch  NWs  on  indirect  bandgap
GaInP core NWs is characterized. We significantly suppress
radiative  recombination  in  the  indirect  bandgap  core  while
promoting  carrier  diffusion  toward  the  branches.  Temperature-dependent  electroluminescence  measurements  reveal
different  recombination  mechanisms  in  the  indirect  bandgap  core  and  direct  bandgap  branch  NWs.  Dominant  branch
emission  is  achieved  by  use  of  indirect  bandgap  core  NWs,  which  enables  the  design  of  monochromatic  branched  NW
LEDs with potentially high light extraction efficiency. These results demonstrate an attractive pathway toward high efficiency
NW-based LEDs.
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 1    Introduction
Nanowires (NWs) have attracted researchers’ interest as nanoscale
building  blocks  for  next-generation  optoelectronic  devices
including  solar  cells  [1−3],  photodetectors  [4, 5],  light-emitting
diodes  (LEDs)  [6−8],  and  lasers  [9, 10].  Compared  to  traditional
planar  structures,  strain  release  can  occur  radially  in  NWs  due  to
their  small  diameter  [11, 12].  Therefore,  complex  heterostructure
synthesis to tune the bandgap for novel applications, without lattice
mismatch  limitations  is  feasible  [13].  Several  studies  have  been
conducted  on  the  formation  of  axial  junctions  along  NWs  with
quantum  wells  embedded  by  tuning  the  material  compositions
[14, 15],  as  well  as  radial  junctions in core–shell  structures [7, 16].
In  addition,  by  enhanced  electro-optical  properties  at  nanoscale,
much  less  semiconductor  material  is  typically  needed  for  device
structures relying on geometrically enhanced light interaction [17].
For  example,  the  surface  coverage  of  1  μm  pitch  hexagonal
patterned  NWs  with  a  diameter  of  130  nm  is  only  1.53%  of  the
substrate area.

With these advantages, NW LEDs have been widely investigated
using  different  material  combinations  for  light  emission  in  the
visible  range  for  applications  such  as  displays  [18−20],  and  with
varied  geometries  in  terms  of  diameters  and  densities  for  better
light  extraction  efficiency  and  emission  [21, 22].  We  recently
reported  on  a  novel  type  of  architecture  for  LEDs,  charge  carrier
diffusion  induced  NW  LEDs  [8, 23]  designed  like “nanotrees”
where  lower  bandgap  branch  NWs  are  grown  on  the  sidewalls  of
higher bandgap core NWs allowing light emission directly into free
space  instead  of  having  the  active  area  as  multi  quantum  wells
embedded in  semiconductor  material.  The  core  NWs were  axially
pin-doped  and  by  applying  a  forward  bias  over  the  core  NWs,
injected charge carriers diffuse from the core to branch NWs where
carrier  recombination  and  light  emission  occur.  Light  emission
from  both  the  core  and  the  branch  NWs  were  observed,  with
transition energy corresponding to that of the bandgap of the cores
and the  branches.  Owing  to  the  subwavelength  size  of  the  branch
NWs,  the  light  extraction  efficiency  of  the  branched  NW LEDs  is
expected  to  be  enhanced  [17]  as  compared  to  traditional  planar
LEDs that  suffer  from total  internal  reflection because  of  the  large
difference in refractive index of the light emitting material and that
of the air.

In  this  study,  indirect  bandgap  core  NWs  were  designed  and
synthesized  to  enhance  the  light  emission  from  the  branch  NWs
rather  than  from  the  core  NWs.  This  increases  the  diffusion
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induced  by  the  bandgap  differences  between  the  core  and  branch
NWs and impedes light emission from the core NWs due to their
indirect  bandgap  nature  [24].  We  fabricated  branched  NW  LEDs
with  83.7%  Ga  in  the  indirect  bandgap  GaxIn1−xP  core  NW  array
and  direct  bandgap  branch  NWs  emitting  at  approximately
810 nm. Light emission was observed from the branch NWs only,
until  the  bias  voltage  exceeded  approximately  12  V  at  room
temperature.  We  compared  the  performance  of  branched  NW
LEDs  made  from  direct  and  indirect  bandgap  cores.  We
investigated  the  carrier  recombination  mechanism  by  use  of
temperature-dependent  electroluminescence  (EL)  characterization
to  further  increase  our  understanding  of  the “nanotree” structure
and its LED performance.

 2    Experimental methods

 2.1    Branched NW synthesis
Talbot  displacement  lithography  was  applied  to  a  2-inch  p-doped
(Zn) InP(111) B wafer to produce a hexagonal pattern of holes [25]
with a diameter of 200 nm and a pitch of 1000 nm (Eulitha) in the
photoresist. A 65 nm thick Au thin layer was evaporated by e-beam
evaporator (Temescal) on the wafer, followed by a lift-off step. The
wafer was then diced into 9 mm × 11 mm rectangular pieces to be
used as substrates for NW-synthesis. The axially pin-doped indirect
bandgap core wire array was grown by use of metal-organic vapor
phase  epitaxy  (MOVPE,  Aixtron  200/4)  at  100  mbar  with  a  total
flow of 13 L/min using hydrogen as carrier gas.  The substrate was
prepared  for  NW synthesis  using  a  low temperature  nucleation at
280  °C  for  1  min  for  pattern  fidelity  [26]  and  high  temperature
annealing  at  550  °C  for  10  min  to  desorb  surface  oxides.
Subsequently,  the  reactor  temperature  was  reduced,  and  NW
synthesis  was  performed  at  440  °C.  The  molar  fractions  of  each
precursor  during  growth  are  shown  in  Tables  S1  and  S2  in  the
Electronic  Supplementary  Material  (ESM)  for  the  indirect  and
direct  bandgap  core  NWs  separately.  Triethylgallium  (TEGa),
trimethylindium  (TMIn),  and  phosphine  (PH3)  were  used  as
precursors for synthesis [27, 28]. Diethylzinc (DEZn) and hydrogen
sulfide (H2S) were used as precursors for p-type and n-type doping,
respectively.

To enable the growth of branch NWs on the sidewall of the core
NWs, Au nanoparticles were first deposited on the sidewall of core
NWs by  use  of  galvanic  displacement  [29],  immersing  the  sample
into 0.4 mM HAuCl4 solution for 30 s. The sample was then spin-
coated  with  photoresist  and  exposed  to  ultraviolet  (UV)  light  to
reveal  the  tip  of  the  core  wires  [30]  and to  cover  (protect)  the  Au
nanoparticles deposited on the sidewalls. Native oxide etching using
H2SO4:H2O  (1:400)  for  25  s  was  followed  by  25  s  of  Au  etchant
(potassium iodide, KI) to etch away the seed Au particles used for
the  core  wire  growth  to  avoid  axial  growth  during  subsequent
branch  synthesis.  After  cleaning  the  photoresist,  the  sample  was
transferred  into  the  MOVPE  for  growth  of  the  branches.  The
branches are nominally intrinsic GaxIn1−xP, as depicted in Figs. 1(a)
and 1(b).  The molar fractions of  the precursors are listed in Table
S3 in the ESM.

 2.2    Charge  carrier  diffusion  induced  NW  LEDs
fabrication
The  samples  were  fabricated  into  LEDs  after  the  core  and  branch
NWs synthesis. We used atomic layer deposition (ALD, Savannah)

to  deposit  a  30  nm  silicon  oxide  (SiOx)  layer  to  electrically  isolate
the  NWs  and  prevent  short  circuiting  of  the  devices.  Then  the
samples  were  spin-coated  with  photoresist  for  the  purpose  of
planarization and exposed by UV light to reveal the NW tips [30].
Reactive ion etching (RIE, Trion) was used to etch back the SiOx to
open the coated NW tips for deposition of  electrical  contacts.  The
first  photolithography  defined  the  active  areas  of  multiple  LEDs,
with  different  sizes  of  100  μm  ×  100  μm  (Fig.  1(c)),  200  μm  ×
200  μm,  400  μm  ×  400  μm,  and  800  μm  ×  800  μm.  There  are
approximately  11  thousand NWs in  the  100 μm × 100 μm device
that will be connected in parallel by sputtering (AJA Orion 5) of a
150  nm  thick  indium  tin  oxide  (ITO)  as  transparent  conducting
layer,  followed  by  a  second  photolithography  step  to  isolate  each
LED.  The  final  photolithography  step  defined  the  metal  contact
area for each LED. The metal contact was 20 nm Ti and 400 nm Au
evaporated via an e-beam evaporator (Temescal). An overnight lift-
off  step in acetone was used.  The final  view of  a  finished device is
shown in Fig.  1(c) with a schematic drawing of the cross-sectional
view in Fig. 1(d).

 2.3    LED characterization
X-ray  diffraction  (XRD,  Bruker  D8 Discover)  was  used  to  analyse
the  Ga  composition  of  the  core  NW  arrays  after  growth.  The
morphology of the sample surface was investigated using scanning
electron  microscopy  (SEM,  Zeiss  LEO  1560).  Current–voltage
characterisation  was  carried  out  using  a  probe  station  (Cascade
11000B)  to  evaluate  the  electrical  performance  of  the  fabricated
LED  devices.  The  EL  measurements  were  performed  using  a  PL
mapper (Enlitech) integrated with a two-probe biasing setup, where
light  was  collected  through  a  microscope  and  coupled  to  a
spectrometer.  Temperature-dependent  EL  measurements  were
performed  using  a  cryogenic  probe  station  (Janis),  equipped  with
microprobes  for  bias  injection  and  an  optical  fiber  for  light
collection,  which  was  coupled  to  a  spectrometer  (Andor
Technology).

 3    Results and discussion
To  achieve  the  design  of  charge  carrier  diffusion  from  indirect
bandgap  core  NWs  to  direct  bandgap  branch  NWs,  we  first
synthesized core NW arrays with indirect bandgap GaInP by using
a TEGa molar  fraction of  11.94 × 10−5 during MOVPE growth,  as
compared  to  a  TEGa  molar  fraction  of  5.97  ×  10−5 for  direct
bandgap core NW growth with the same molar fraction of TMIn as
in Tables S1 and S2 in the ESM. According to Ref. [33], GaxIn1−xP is
a  direct  bandgap  material  with x in  the  range  of  0  to  0.68,  which
corresponds to a bandgap of 1.34 to 1.97 eV, and wavelength from
925 to 624 nm. The XRD data (Fig. S1 in the ESM) from bare core
NW  array  show  a  Ga  composition  of x =  83.7%,  which  indicates
indirect  bandgap  GaInP.  Another  sample  with  direct  bandgap
GaInP NWs with x = 52% Ga in the core was synthesized for the
purpose of comparison.

EL measurements under varied bias voltages were performed on
both  samples  to  evaluate  the  emission  from  core  and  branches
respectively.  Both  samples  are  functionally  working  as  charge
carrier  diffusion induced NW LEDs.  The relatively  high operating
voltage  of  the  LED  devices  indicates  voltage  loss  through  the
structure. We previously observed a spatial variation in EL intensity
that we attributed to voltage drop in the ITO layer due to its sheet
resistance [8].
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Room temperature EL spectra for branched NW LEDs having a
direct  bandgap  core  exhibit  two  dominant  emission  peaks  at
approximately 645 and 810 nm, as presented in Fig. 2(a). According
to the XRD data and previous studies,  the 645 nm peak originates
from the core NWs, where the GaInP with 52% Ga in the core has
a bandgap of  1.92 eV [34],  corresponding to 645.8  nm. The other
peak  at  approximately  810  nm  is  attributed  to  the  emission  of
branched NWs. At low bias, branch nanowire emission dominates,
whereas  increasing  bias  results  in  a  gradual  enhancement  of  the
core  emission.  This  arises  from  the  preferential  carrier  diffusion

into  the  lower  bandgap  branch  NWs,  followed  by  carrier
accumulation  in  the  higher  bandgap  core  NWs  once  the  branch
states become saturated.

In  contrast,  branched  NW  LEDs  with  indirect  bandgap  core
exhibit markedly different EL characteristics, as shown in Fig. 2(b).
At  bias  lower  than  12  V,  the  EL  spectrum  of  the  branched  NW
LED with indirect bandgap core is dominated by a single emission
peak originating from the branch NWs.  Because  the  branch NWs
for  both  the  direct  and  indirect  bandgap  core  NWs  were  grown
under  the  same  molar  fractions  for  all  precursors,  they  ended  up

 

Figure 1    Overview of branched nanowire LEDs: schematic design, morphology, device fabrication, and architecture. (a) Schematic drawing of branched NWs. The inset
shows a schematic drawing of the band gap of the heterojunction [31, 32]. (b) SEM image of as-grown branched NWs from a tilted view; the image was obtained at 30°
towards the normal of the substrate plane. The inset shows a top-view SEM image with a scale bar of 500 nm. (c) SEM image of three fully processed LED devices with an
active area of 100 μm × 100 μm. (d) Schematic drawing of a fully processed device in a cross-sectional view, as indicated by the orange line in (c).
 

Figure 2    Room temperature EL spectrum of LEDs. (a) EL spectra of branched NW LEDs with direct bandgap core under varied bias. (b) EL spectra of branched NW
LEDs with indirect bandgap core under varied bias.
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with the same Ga composition, and both emitted at approximately
810 nm. Notably, the branch NW emission is significantly stronger
than  that  of  the  core  NW  for  the  indirect-direct  bandgap  core-
branch  architecture.  Weak  core  NW  emission  was  observed  at
biases above 12 V. With a Ga composition of x = 83.7% in the core
GaxIn1−xP  NWs,  it  corresponds  to  an  indirect  bandgap  of  2.24  eV
(554 nm ) [34], which fits with the first peak from the left, as shown
in Fig.  2(b).  Another  peak  appeared  at  approximately  650  nm,
which  is  approximately  0.33  eV  smaller  than  the  peak  from  the
indirect GaInP bandgap. We suspect that this peak originates from
donor–acceptor transitions [35, 36].

It  is  straightforward  to  compare Figs.  2(a) and 2(b) and
determine that the relative intensity of branch emission with respect
to  core  emission  is  significantly  enhanced  in  branched  NW LEDs
with  an  indirect  bandgap core  as  compared to  those  with  a  direct
bandgap core. The indirect bandgap core NWs have a bandgap of
2.24 eV, while the direct bandgap NWs is about 1.92 eV. Since the
branch  NWs  for  both  types  of  LEDs  emit  around  the  same
wavelength,  the  bandgap  difference  between  the  core  and  branch
NWs in the branched NW LED with indirect bandgap core is larger
than  with  direct  bandgap  core.  Consequently,  the  diffusion  of
charge carriers,  mainly electrons,  will  be greater  on branched NW
LEDs with indirect bandgap core due to a larger band offset, mainly
in the conduction band for the used materials system, which leads
to  the  preferred  branch  NW  emission.  In  indirect  bandgap
materials,  the  light  absorption  is  weaker  and  the  charge  carrier
lifetime  is  longer  [37],  which  promotes  carrier  diffusion  to  the
branches  and  consequently  enhances  light  emission  from  branch
NWs.

One may speculate that the branch NW emissions can arise from
the  absorption  of  the  light  emitted  from  the  core  NWs  to  be  re-
emitted  in  the  branch  NWs  instead  of  being  a  result  of  charge
carrier diffusion from the core to the branch where recombination
will  give  rise  to  EL.  The  absence  of  the  core  NW peak  but  with  a
strong  emission  peak  from  branch  NWs  demonstrates  that  the
luminescence  from  these  NW  LEDs  is  induced  by  charge  carrier
diffusion  instead  of  secondary  branch  emissions.  Devices  with
direct  bandgap  cores  exhibit  higher  total  integrated  emission
intensity compared to those with indirect bandgap cores. However,
it  should be noted that  indirect  bandgap materials  are  intrinsically
more resistive, resulting in higher operating bias voltages and lower
injection  currents  through  these  NWs,  as  shown  in  Fig.  S2  in  the
ESM.  Consequently,  the  absolute  emission  counts  from  branch
NW LEDs with indirect bandgap core appear lower.

To investigate the mechanism of carrier recombination and light
emission  from  indirect  to  direct  bandgap  material  in  more  detail,
temperature-dependent  EL  measurements  were  performed,  as
displayed  in Fig.  3.  A  constant  current  of  20  mA  was  applied  for
characterization  of  the  NW  LEDs  with  direct  bandgap  cores  to
avoid  the  temperature-dependent  contact  resistance.  This  current
was too high for the indirect bandgap cores due to the higher NW
resistivity,  and  limits  of  the  source  measure  unit  (SMU,  Keithly
2636B), which is why we opted for the use of a constant voltage. It
can be observed that the intensity of  both the direct bandgap core
NWs  and  the  branch  NWs  peak  decrease  with  increased
temperatures,  as  shown  in Fig.  3(a).  While  in Fig.  3(b) only  the
branch  NWs  peak  shows  the  same  trend  and  the  other  peaks
coming from the indirect bandgap core NWs showed the opposite

 

Figure 3    Temperature-dependent EL spectra of LEDs. (a) Branched NW LED with direct bandgap core under applied current of 20 mA, and (b) branched NW LED
with  indirect  bandgap  core  under  applied  bias  of  14  V.  The  inset  is  a  zoomed  in  picture  of  this  EL  spectra  in  wavelength  range  of  500  to  730  nm.  (c)  Normalized
temperature-dependent EL spectra of branched NW LEDs with indirect bandgap under varied bias.
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as  depicted  in  the  inset.  Direct  bandgap  materials,  as  in  both  the
core  and  the  branch  NWs  in Fig.  3(a) and  the  branch  NWs  in
Fig.  3(b) generally  show  strong  direct  bandgap  recombination  at
low temperatures. At higher temperatures, the peak redshifts owing
to  shrinkage  of  bandgaps  and  its  intensity  decreases  owing  to
increased  Shockley-Read-Hall  (SRH)  recombination  via  the
nanowire  free  surface  at  higher  temperatures  [38].  Surface  defects
can  freeze  out  at  lower  temperatures,  enhancing  radiative
recombination  at  low  temperatures  but  act  as  nonradiative
recombination centers in semiconductor materials, resulting in low
device  efficiency.  Since  the  surface  recombination  centers  are
thermally  activated,  the  contribution  of  surface  defect  mediated
recombination  is  strongly  suppressed  at  low  temperature  [39].
Thus,  the  peak  intensity  decreases  as  the  temperature  increases.
However,  as  the  peaks  at  approximately  554  and  650  nm  are
resulting  from  the  indirect  bandgap  core  NWs,  both  peaks  are
thermally  activated  [40].  Therefore,  their  intensity  increased  with
increasing  temperature  owing  to  an  increase  in  the  phonon
population.  In  the  low-temperature  regime  (10–30  K),  a  slight
increase in emission intensity from the branch NWs is observed for
both direct and indirect bandgap core NW LEDs. This behavior is
attributed to more efficient carrier injection upon heating, resulting
from  reduced  carrier  localization  and  decreased  electrical  contact
resistance with increasing temperatures.

Figure  3(c) shows  the  normalized  temperature-dependent  EL
spectra  of  the  branched  NW  LED  with  indirect  bandgap  core
measured from 10 to 300 K under bias from 8 to 15 V. The peaks at
longer wavelength originating from the branch NWs show up at all
temperatures  and  applied  voltages.  However,  the  peak  at  the
shortest wavelength originating from the core NWs was only visible
at  temperatures  higher  than  75  K.  It  seems  that  the  core  peak  is
slightly stronger than the branch peak at room temperature for bias
voltages  below  9  V,  which  we  attribute  to  inefficient  current
injection  resulting  in  less  carrier  diffusion  into  branches.  The
branch  emission  dominates  once  the  bias  voltage  is  increased
beyond 9 V.

The relationship between the EL peak energy and the linewidth
from the branch NWs to the temperature is displayed in Figs. 4(a)
and 4(b).  The  EL  peak  red  shifts  as  the  temperature  is  increased.
The  red  shift  with  increasing  temperatures  originates  from  the
shrinkage  of  bandgap  as  described  by  Varshni  relation  [38].  At
constant  temperature,  increasing  the  applied  voltage  and  injection
current  leads  to  a  slight  blueshift  of  the  emission  peak,  which  is
attributed  to  band  filling  in  the  branch  nanowires.  The  plot  of

relationship  between  the  peak  energy  of  the  branch  NWs  to  the
current  density  is  displayed  in  Fig.  S3  in  the  ESM,  where  a  peak
shift  less  than  40  meV  was  observed  with  2  orders  difference  in
current  density.  The  emission  linewidth,  characterized  by  the  full
width at half maximum (FWHM), increases with temperature due
to thermal broadening.

Current–voltage  (I–V)  characteristics  have  been  carried  out  on
multiple devices on the same sample for branched NW LEDs with
direct and indirect bandgap core. Figure 5(a) displays the I–V curve
of one 100 μm × 100 μm LED, with a semilogarithmic plot in the
inset  where  data  were  fitted  by  use  of  the  ideal  diode  equation  to
extract  the  ideality  factor  and  dark  saturation  current.  Both  the
LEDs  with  direct  and  indirect  bandgap  core  exhibit  rectifying
behavior,  confirming  the  functional  pin  junction  in  the  array  of
core NWs. As compared to the I–V curve for the LED with direct
bandgap core, the LED with indirect bandgap core NWs presents a
premature turn-on, while the LED with direct bandgap core NWs
has  a  more abrupt  onset.  This  is  attributed to  shunt  leakage paths
arising from surface-related defects that exist in parallel with the p-
n  junction.  Such  leakage  paths  account  for  the  current  in  the
indirect  bandgap  core  device  to  be  higher  than  in  the  direct
bandgap  core  device  at  bias  voltages  below  5  V.  At  higher  bias
voltages, the effect of series resistance becomes dominant, leading to
a reduced current through the indirect bandgap NWs as compared
to the direct bandgap one, as discussed previously.

After  fitting  by  using  the  voltage  range  between 0.3  to  0.6  V in
the linear part of the semi logarithmic I–V curve, as highlighted red
and green color in the inset of Fig. 5(a) to the ideal diode equation,
the  distribution  of  ideality  factor  and  saturation  current  is  plotted
and  shown  in Fig.  5(b).  The  wide  distribution  of  ideality  factors
originates from local defects during synthesis and fabrication of the
devices,  most  probably  due  to  inhomogeneities  in  core  NW
synthesis. For LEDs on the sample with direct bandgap core, most
of  the  ideality  factors  distribute  between  3  to  4,  while  they  were
evaluated to be in-between 4 to 6 for  LEDs with indirect  bandgap
core. The higher Ga composition in the indirect bandgap core NWs
leads to more deep traps and increased nonradiative recombination
[41],  which  results  in  higher  ideality  factors.  The  higher  ideality
factor  can  originate  from  higher  series  resistance  as  well,  due  to
difficulties  making  electrically  transparent  contacts  to  the  indirect
bandgap  material.  The  increased  dark  saturation  current  in  LEDs
with indirect bandgap cores provides additional evidence for shunt
leakage  paths,  in  agreement  with  the  earlier  turn-on behavior  and
elevated  current  at  low  bias  voltages.  It  should  be  noted  that

 

Figure 4    Temperature  and  bias  dependence  of  peak  energy  and  spectral  linewidth  in  branched  nanowire  emission.  Relationship  of  (a)  branch  NWs  peak  energy  to
temperature under varied bias and (b) branch NWs peak linewidth to temperature under varied bias.
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challenges remain in forming high-quality electrical contacts to the
GaInP NW tips [27], especially for nanowires with a relatively high
and  indirect  bandgap  that  results  in  non-ideal  LED  performance.
The  observed  electrical  characteristics  highlight  the  need  for
improved  contact  engineering  and  more  effective  surface
passivation strategies.

Relative  external  quantum  efficiency  (EQE)  is  calculated  by
normalizing  the  value  of  integrated  EL  intensity  over  current
density at different temperatures and biases to the maximum value,
as shown in Fig. 6. Here, the current density is calculated depending
on the total area of the footprints of core NW arrays. Conventional
planar  nitride-based  LEDs  are  often  affected  by  efficiency  droop
with  increasing  current  density,  owing  to  significant  Auger
recombination and current overflow [42]. However, this effect was
not observed on our branched NW LEDs. At this point, we cannot
rule out that nonradiative surface recombination is the dominating
loss process.

 4    Conclusions
In  conclusion,  we  have  demonstrated  charge  carrier  diffusion
induced  NW  LEDs  using  indirect  bandgap  GaInP  core  NWs  and
with  direct  bandgap  GaInP  branch  NWs.  EL  predominantly
originating  from  the  branch  NWs  was  observed.  Owing  to  the
larger  bandgap  difference  between  the  core  and  branch  NWs,  as
well as the longer carrier lifetime in indirect bandgap materials, the

charge carrier diffusion is enhanced. Therefore, a strongly enhanced
branch  emission  and  effective  suppression  of  core  emission  were
achieved  using  an  indirect  core  NW  in  the  LEDs.  Temperature-
dependent  EL  measurements  reveal  fundamentally  different
recombination  behaviors  in  the  direct  and  indirect  bandgap  core
NWs.  The  EL  intensity  decreases  for  direct  bandgap  core  and
branch  NWs  with  increasing  temperatures,  while  it  increases  for
indirect  bandgap  NWs  due  to  increased  population  of  thermally
activated phonon. The branch emission exhibits a modest red shift
and  linewidth  broadening  with  temperature  increasing,  which
indicates  a  good  spectral  stability.  Moreover,  the  branched  NW
LEDs  show  increasing  EQE  with  current  density.  While I–V
characteristics  suggest  that  further  improvements  in  surface
passivation  and  contact  optimization  are  needed,  this  work  opens
the  possibility  of  building  branched  NW  LEDs  for  quasi-
monochromatic  light  emission  with  tunable  wavelength  and
establishes  charge  carrier  diffusion  induced  NW  LEDs  as  an
attractive candidate for high efficiency light emitters.

 Electronic  Supplementary  Material: Supplementary  material
(precursor  molar  fractions  used  for  nanowire  synthesis,
corresponding  XRD  characterization,  electrical  characterization,
and  analysis  of  branch  emission  peak  energy)  is  available  in  the
online  version  of  this  article  at https://doi.org/10.26599/NR.2026.
94908799.

 

Figure 5    Electrical  characteristics  of  branched nanowire LEDs with direct  and indirect  bandgap cores.  (a)  Current–voltage characteristic  of  branched NW LEDs with
direct and indirect bandgap core NWs. Inset is the data plotted using a semi logarithmic scale. (b) Distributions of fitted ideality factor and dark saturation current.

 

Figure 6    Relative EQE and the relationship between (a) temperature and (b) current density.
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