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Catalyst-Free InGaN/GaN Nanowire Light
Emitting Diodes Grown on (001) Silicon by
Molecular Beam Epitaxy

Wei Guo, Meng Zhang, Animesh Banerjee, and Pallab Bhattacharya*

Center for Nanoscale Photonics and Spintronics, University of Michigan, Ann Arbor, Michigan 48109-2122

ABSTRACT Catalyst-free growth of (In)GaN nanowires on (001) silicon substrate by plasma-assisted molecular beam epitaxy is
demonstrated. The nanowires with diameter ranging from 10 to 50 nm have a density of 1—2 x 10'! cm™. P- and n-type doping of
the nanowires is achieved with Mg and Si dopant species, respectively. Structural characterization by high-resolution transmission
electron microscopy (HRTEM) indicates that the nanowires are relatively defect-free. The peak emission wavelength of InGaN nanowires
can be tuned from ultraviolet to red by varying the In composition in the alloy and “white” emission is obtained in nanowires where
the In composition is varied continuously during growth. The internal quantum efficiency varies from 20—35%. Radiative and
nonradiative lifetimes of 5.4 and 1.4 ns, respectively, are obtained from time-resolved photoluminescence measurements at room
temperature for InGaN nanowires emitting at A = 490 nm. Green- and white-emitting planar LEDs have been fabricated and
characterized. The electroluminescence from these devices exhibits negligible quantum confined Stark effect or band-tail filling effect.
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rogress in solid state lighting at the present time

primarily involves research and development of vis-

ible nitride-based light emitting diodes (LEDs) and
perhaps lasers in the future.'? However, this development
has been impeded due to a variety of reasons: the lack of
high-quality and low-cost GaN substrates, necessitating epi-
taxy on substrates with large lattice mismatch; poor ef-
ficiency of green-emitting LEDs, termed the “green gap”;>*
and the catastrophic drop in efficiency at high injection
currents, termed the “efficiency droop”.® The last two
deleterious effects are directly or indirectly related to the
high density of dislocations caused by lattice-mismatched
epitaxy. In addition, currently used “white” devices include
phosphor-coated LEDs,® dichromatic blue/green LEDs,” CdSe/
ZnS nanocrystals for conversion into red light,® prestrained
growth of InGaN wells,” structure-controlled GaN microfac-
ets,'®and so forth. However, the light generated from these
devices is generally bluish with poor color chromaticity and
low efficiency. Successful growth of GaN and InGaN nanow-
ires on silicon and other mismatched substrates has been
demonstrated recently.'' ~'* The nanowires exhibit signifi-
cantly reduced defect density due to their large surface-to-
volume ratio. A reduced strain distribution in the nanostruc-
tures also leads to a weaker piezoelectric polarization field.
Other advantages include large light extraction efficiency
and the compatibility with low-cost, large area silicon sub-
strates. Most of the work reported on [II—N nanowires has
focused on materials studies and optically pumped de-
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vices.'® Reports have also been made of electrically injected
single nanowire LEDs on foreign substrates and LEDs with
nanowire ensembles grown on (111) Si substrates.'®™'®
However, a single nanowire device involves complicated
nanowire transfer and low yield and (111) Si is not quite
compatible with complementary metal oxide semiconductor
(CMOS) technology.

In the study reported here, we have conducted a detailed
investigation of the molecular beam epitaxial (MBE) growth
of (In)GaN nanowires directly on (001) Si in the absence of
a foreign metal catalyst. The structural and optical charac-
teristics of the nanowires have been measured and are
discussed. P- and n-type doping of the nanowires is ac-
complished with Mg and Si, respectively. Finally, LEDs have
been fabricated with an ensemble of nanowires and the
characteristics of these devices are also presented.

GaN and (In)GaN nanowires were grown on (001) Si
substrates in a Veeco plasma-assisted molecular beam epi-
taxy (PA-MBE) system. The native oxide was removed from
the substrate surface before epitaxy by the standard tech-
nique, which involves a rinse in HF-H,O solution and heat
treatment in the growth chamber at 900 °C for 30 min under
avacuum of 1 x 1072 Torr. The substrate temperature was
lowered to 800 °C and a few monolayers of Ga were
deposited with a Ga flux of 1.5 x 1077 Torr in the absence
of N. GaN nanowires were then grown at 800 °C at a rate of
300 nm/h under N-rich conditions. The Ga flux was main-
tained at 1.5 x 1077 Torr and the N flow rate was held
constant at 1 sccm. To grow (In)GaN nanowires, 300 nm of
a seed GaN nanowire was first grown under the conditions
outlined above. The growth temperature was then lowered
to 550 °C. The Ga flux was held constant at 1 x 1077 Torr
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FIGURE 1. (a) Cross-sectional SEM image of catalyst-free InGaN NWs
grown by plasma-assisted MBE on (001) Si. The vertically aligned
InGaN nanowires are 10 —50 nm in diameter and 2 gm long. The
density of the nanowires varies in the range of 1-2 x 10'' cm™
under the growth conditions described in the text; the inset oblique
view SEM image of n-GaN/InGaN/p-GaN nanowires shows that the
nanowires are vertically aligned and separated at the top. (b) HRTEM
image of InGaN nanowire of 20 nm diameter. The inset shows the
selective area diffraction pattern. Defects are generally not observed.

and the In flux was varied from 3.5 x 1078 to 2.5 x 1077
Torr to grow (In)GaN nanowires with different In composi-
tions. In some samples, the In composition was continuously
varied along the length of the nanowires to provide a broad
luminescence spectrum. To study a single nanowire by
transmission electron microscopy (TEM), the nanowires
were stripped off from the substrate into an ethanol solution
and subsequently dried on a carbon-coated copper grid.

A cross-sectional scanning electron microscope (SEM)
image of an InGaN nanowire sample grown on (001) Si is
shown in Figure 1a. It is apparent that the nanowires with
an areal density 1—2 x 10'' cm™2 are vertically aligned. The
inset oblique view SEM image of n-GaN/InGaN/p-GaN nanow-
ires shows that the nanowires are vertically aligned and
separated at the top. The structural properties of the nanow-
ires were investigated by high-resolution TEM (HRTEM)
imaging. Figure 1b shows such an image of an InGaN
nanowire indicating that it is structurally uniform with a
constant diameter of ~20 nm along the length and free of
dislocations. The bright line in the middle is the boundary
between two nanowires, since both appear in this image.
The selected area diffraction (SAD) pattern in the inset
reveals that the entire wire is single crystal with wurtzite
structure and the c-plane is normal to the growth direction.
It is derived from the diffraction pattern that the lattice
constant of this nanowire is 5.4 A that corresponds to an In
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FIGURE 2. (a) The indium composition distribution along a InGaN
nanowire obtained from energy dispersive X-ray (EDX) measure-
ment. A small variation of indium composition along the length of
the nanowire is observed. The inset shows a low magnification TEM
image of a single InGaN nanowire which illustrates that the nanowire
has uniform diameter and no observable defects are present. (b) A
TEM image of a n-GaN/InGaN/p-GaN p-i-n nanowire heterostructure
and the indium composition along the entire length, as measured
by EDX. The indium composition was continuously varied in the
InGaN section during epitaxy, which is confirmed by the data. Also
noticeable is the fact that the diameter of the nanowire increases
slightly in going from GaN to InGaN at the n-GaN/InGaN heteroint-
erface. This is probably a consequence of the lower growth temper-
ature of InGaN compared to that of GaN. The inset shows a higher
magnification TEM image of the n-GaN/InGaN interface, where no
defects are observed.

composition of 25% ' Figure 2a shows the indium distribu-
tion along a InGaN nanowire obtained from energy disper-
sive X-ray (EDX) measurement. A small variation of indium
composition along the length of the nanowire is observed.
The inset of Figure 2a shows a low-maghnification TEM image
of a single InGaN nanowire that illustrates that the nanowire
has uniform diameter and no observable defects are present.
Figure 2b shows a TEM image of a n-GaN/InGaN/p-GaN p-i-n
nanowire heterostructure and the indium composition along
the entire length, as measured by EDX. The indium compo-
sition was continuously varied in the InGaN section during
epitaxy, which is confirmed by the data. It is worthy to notice
that the EDX measurement is not calibrated and the actual
indium composition may be varied from the measured data.
Also noticeable is the fact that the diameter of the nanowire
increases slightly in going from GaN to InGaN at the n-GaN/
InGaN heterointerface. This is probably a consequence of the
lower growth temperature of InGaN compared to that of
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FIGURE 3. Room-temperature photoluminescence spectra of InGaN
NWs with varying In content. The PL is shifted to longer wavelengths
by increasing the In composition. The broad spectrum is obtained
from a nanowire sample in which the In composition was continu-
ously varied (along length) during epitaxy. The inset shows the
temperature dependence of the broad luminescence with emission
peak at 580 nm from a 300 nm long nanowire with continuously
varying In composition.

GaN. The inset shows a higher magnification TEM image of
the n-GaN/InGaN interface, where no defects are observed.

The optical properties of the nanowires were investigated
by temperature-dependent photoluminescence (PL) and
time-resolved PL (TRPL) measurements. Figure 3 shows
room temperature PL spectra from InGaN nanowire en-
sembles having different In content. It is noticed that a large
tunability of the output spectrum can be obtained by varying
the In content in the nanowires. The emission line width
(fwhm) progressively increases in going to longer wave-
length emission, which is largely due to increased alloy
broadening with higher In content in the nanowires. It is also
important to note that no defect-related yellow band is
observed in the emission spectra, which is further evidence
of the good crystalline quality of the nanowires. The figure
also depicts the PL spectrum obtained from a sample in
which the In composition is continuously varied. The line
width is 150 nm. From temperature-dependent PL measure-
ments made with a “white” nanowire sample emitting with
peak at 580 nm, as shown in the inset, an internal quantum
efficiency (IQE) of 30 % is derived, assuming that the IQE is
100% at 10 K. We also find that the IQE decreases from 30
to ~20% with increasing the wire length, which we believe
is due to increasing strain accumulation.

Time-resolved PL measurements were made on InGaN
nanowire samples as a function of the emission energy with
a frequency-tripled (260 nm) mode-locked Tsunami Al,Os5:
Ti laser (pulse width 130 fs; repetition rate 80 MHz). The
beam was focused to a ~10 um? spot through a long working
distance 20x microscopic objective. PL was analyzed by an
Acton SpectraPro-2558 spectrometer (resolution 0.05 nm)
and detected by a Picoquant Single Photon Avalanche Diode
with a time resolution of 40 ps. The measured data are
shown in Figure 4a. The decay times were fitted by a
stretched exponential model I = I, exp[ —(t/7)*].%° For the
peak energy (490 nm), the decay time is 1.12 ns and the
stretching parameter is 0.74 (Figure 4b). Nanoscale fluctua-
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FIGURE 4. Results obtained from time-resolved photoluminescence
measurements: (a) color chart depicting decay of luminescence from
a nanowire with emission peak at 490 nm; (b) variation of PL peak
intensity with time; and (c) variation of calculated and measured
recombination lifetimes with wavelength.

tions of In mole fraction are responsible for the nonmonoex-
ponential decay.”' Shown in Figure 4c are the decay times
as a function of emission energy, varying from 0.31 to 1.98
ns. It may be noted that the PL decay is faster at higher
photon energies. This is due to the larger radiative recom-
bination rate in the nanowires with smaller In mole fraction
(larger bandgap). Furthermore, by using equations 1/t =
1/t + 1/t and nyn = 1/(1 + /74, the radiative (r,) and
nonradiative (ty,) lifetimes for the peak emission wavelength
were calculated as 5.4 and 1.4 ns, respectively. Here the IQE
(Min) Was calculated to be 20.6 % from temperature depend-
ent PL measurements. The radiative lifetimes in InGaN NWs
measured here are smaller than that measured in quantum
wells,** possibly due to the confinement of carriers in the
radial direction and weaker piezoelectric field due to reduced
strain in the wires. However, the nonradiative lifetime is also
small, which is attributed to surface states arising from the
large surface-to-volume ratio.

Light-emitting diodes were fabricated with epitaxially
grown p-i-n InGaN/GaN green- and “white”-emitting nanow-
ires. The diode samples were grown on n-type (001) Si.
Three hundred nanometers of Si-doped GaN nanowire is first
grown, followed by 300 nm undoped InGaN with fixed or
continuously varied In composition and 150 nm Mg-doped
p-type GaN on top. The nanowires were planarized with a
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FIGURE 5. (a) Room temperature current—voltage characteristics of
nanowire LEDs. The fabricated device on (001) Si is schematically
shown in the inset; (b) measured electroluminescence showing
variation of peak intensity with injection current. The corresponding
variation in the output spectrum is shown in the inset. There is no
observed shift of the emission peak with increased injection current.

100

parylene-insulating layer and covered with 5 nm/5 nm Ni/
Au and 250 nm indium tin oxide (ITO) as the top ohmic
contact to the p-GaN nanowires. Aluminum was deposited
on the n-type Si to form the bottom electrode. Both parylene
and ITO are nearly transparent to visible light. Figure 5
depicts the measured room temperature current—voltage
(I—V) characteristics of a typical diode, which is schemati-
cally shown in the inset. A turn-on voltage of has been varied
from 15 to 100 mA. There are several important features in
the data of Figure 5b. No saturation is observed in the
light—current (L—I) characteristics up to 100 mA (which
translates to an approximate current density of 54 A/lcm?
with the mesa dimension of 600 x 600 um and 50 % filling
factor of the nanowires). The measurements have been
made without any heat-sinking or cooling. The emission
peakis at 520 nm and the line width (fwhm) is ~50 nm (250
meV). In particular, the emission peak does not exhibit
neither red nor blue shift with increasing carrier injection,
which are usually observed in InGaN/GaN quantum well
(QW) or quantum dot heterostructures due to piezoelectric-
ity-induced quantum-confined Stark effect,>>** or band-tail
filling effect,”* 7 respectively. Since bulk InGaN nanowires
form the active region of the LEDs characterized in this
study, quantum confinement is very weak along the growth
direction (c-axis). Thus the Stark effect is expected to be
small. Band-tail filling effect due to compositional inhomo-
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FIGURE 6. Measured light—current characteristics of “white” InGaN
nanowire LED in which In composition varies along the length of
nanowires. Insets show the electroluminescence spectrum and
microscope image of white light emission.

geneity and alloy disorder can be present in the nanowires,”®
but the invariant emission peak wavelength with respect to
injection current suggests that such effects are negligible. It
is also confirmed by narrower emission line width compared
with normal epitaxial grown InGaN layers with the same
indium composition.*® Figure 6 shows the L—I characteris-
tics of the “white” LED made with compositionally graded
InGaN nanowires. The electroluminescence spectrum and
an image of the emitted white light are shown in the inset.
The Commission Internationale de I’Eclairage (CIE) chroma-
ticity coordinates of x = 0.31 and y = 0.36 are derived by
analyzing the electroluminescence spectrum of our “white”
nanowire LEDs under a forward-bias current of 300 mA. The
correlated color temperatures (CCT) of 5500—6500 K are
also derived from the Planckian locus.

In conclusion, experimental results on catalyst-free growth
of InGaN nanowires are presented. The nanowires grow
vertically aligned and with a high density of 1—2 x 10"
cm™2. Structural characterization with SEM, TEM, HRTE-
M,and electron diffraction indicates that the nanowires
crystallize in the wurtzite structure with the ¢-plane normal
to the growth direction and are relatively defect-free. The
emission of the nanowires can be tuned from UV to red by
varying the In composition. InGaN nanowires with very
broad (white) emission spectra can be obtained by varying
the In composition continuously during epitaxy. Short radia-
tive and nonradiative lifetime of 5.4 and 1.4 ns, respectively,
at room temperature, are measured in the nanowires by
TRPL measurements. P- and n-doped nanowires and p-i-n
nanowire LED heterostructures were also grown and the
fabricated devices were characterized. Green and white
LEDs exhibit good electroluminescence characteristics and
the emission peak position of green LEDs remains invariant
in wavelength with increasing current injection. Further
work is under way to characterize the device efficiencies.
Nonetheless, the characteristics reported here indicate that
nanowire LEDs after some improvement in growth and
fabrication can become serious contenders in silicon pho-
tonics and solid-state lighting applications.
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