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llI-nitride nanowire structures have been
intensively studied and shown tremendous promise
for applications in solid state lighting. Comparted
their conventional planar counterparts, lll-nitride
nanowires can exhibit greatly reduced dislocation
densities and polarization fields, due to the diffec
lateral stress relaxation.  Additionally, the
incorporation of quantum dots in the nanowire LED
active region may effectively provide superior @arr
confinement, promising high efficiency LEDs with
tunable emission [1]. To date, however, the quantum
efficiency of nanowire LEDs generally exhibits a
very slow rise with injection current, indicatinbet
presence of significant nonradiative carrier
recombination  processes.  Through  detailed
temperature-dependent  electroluminescence and
simulation studies of GaN-based nanowire white
LEDs, we have found that nonradiative
recombination at the nanowire surface plays a
dominant role in limiting the nanowire LED
performance [2]. We have further shown that the
guantum efficiency at low injection current can be
significantly enhanced by employing a suitable
ammonium sulfide passivation technique, due to the
greatly reduce nonradiative surface recombination.

Catalyst-free InGaN/GaN dot-in-a-wire
nanoscale LED heterostructures are grown by RF
plasma-assisted molecular beam epitaxy on Si(111).
We have recently demonstrated ultrahigh efficiency
intrinsic white light emission by varying the sizes
and/or compositions of the dots. The LED active
region consists of 10 vertically aligned InGaN/GaN
guantum dots, and a p-doped AlGaN electron
blocking layer (EBL) is incorporated between the
guantum dot active region and the p-GaN to reduce
the electron overflow. Shown in figure 1(a) is the
scanning electron microcopy (SEM) image of a
typical nanowire LED sample. It is seen that the
nanowires are highly uniform and vertically aligned
to the Si substrate. Ten InGaN/GaN dots and an
AlGaN EBL can also be clearly identified in the
TEM image shown in figure 1(b). The nanowire LED
fabrication process includes standard
photolithography, surface passivation  with
polyimide, and contact metallization techniquesDLE
devices with areal size of 300x300 fiwere used for
detailed characterization.

Electroluminescence and quantum efficiency of
these nanowire LEDs were measured under pulsed
biasing conditions (duty cycle of ~ 0.1%) to
effectively reduce junction heating effect. lllwgtd
in figure 2(a), strong white light emission witholad
spectral linewidths  (full-width-half-maximum ~
155nm) was measured, which is attributed to the
compositional/size variations of the dots in thévac
region. Figure 2(b) shows the relative external
guantum efficiency of an InGaN/GaN dot-in-a-wire
LED measured at various temperatures. It is sesn th
the nominal maximum EQE is first reached at
relatively high injection current of ~ 150A/énat
80K and at ~ 250A/cmat 300K. Such values are
much higher compared to those of conventional

InGaN/GaN quantum well blue LEDs, which are
generally reported in the range of ~ 10 to 20A/cm
We have further calculated the nonradiative
recombination coefficient (A) by analyzing the
internal quantum efficiency of nanowire LEDs using
the ABF model, which are estimated to be in the
range of ~ 18" at room temperature. The large
values of A can be well explained by the nonradéati
recombination related to the surface states/defbrcts
nanowire devices, the presence of surface statds an
defects, due to the large surface-to-volume ratias,
contribute significantly to the carrier loss. Howey
surface states/defects of nanowire LEDs can be
effectively passivated by using ammonium sulfide
solution, which can lead to drastically reduced
surface recombination velocity. We have studied the
fabrication and performance characteristics of such
passivated LED devices. Shown in figure 3(a), i th
temperature range of 80 to 300K, the injection
currents at which the quantum efficiency reaches ~
80% of its peak value are measured to be in rafge o
50 to 200A/crh and 35 to 61A/ct for the
unpassivated and passivated devices, respectively.
The derived A coefficient varies from ~ 8.4%11®
1.83x10s” from 80K to 300K for the unpassivated
LED and is greatly reduced to the range of 0.78x10
to 4.63x10s’ for the passivated LED. The
significantly reduced A values are attributed te th
much reduced nonradiative recombination at the
nanowire surface due to the effect of ammonium
sulfide passivation technique [3,4].

The achievement of high power, highly reliable
dot-in-a-wire white LEDs is being investigated and
will be presented.

(a) (b)
Figure 1. (a) Scanning electron microscopy image of a
typical dot-in-a-wire LED sample. (b) Bright fie[dEM
image and EDXS analysis of a single InGaN/GaN ded-i
wire structure.
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Figure 2: (a) Room-temperature electroluminescence

spectra of a nanowire white LED. (b) Variations thé
relative EQE with injection current measured afedént

temperatures.
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Figure 3: (a) Injection current density at which the relativ
EQE reaches its 80% peak value vs. temperature. (b)
Derived nonradiative recombination A vs. tempematfor
both unpassivated and passivated LED devices.
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