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ABSTRACT

We report electrically excited infrared emission from a single InN nanowire transistor. We report on: (1) the generation of IR emission by
impact excitation of carriers under a high electrical field, (2) the size of the fundamental band gap of InN NW by measuring its emission
spectra, (3) the observation of interband and conduction-band to conduction-band hot-carrier emission, and the carrier relaxation rate, and
finally, (4) we present evidence that suggests that the electron accumulation layer at the InN NW surface forms a surface plasmon that
couples to and enhances radiative electron −hole pair recombination.

In the past few years, we have seen intense interest focused
on inorganic nanowires (NWs) and their properties.1-9

Particular emphasis has been placed on the photonic and
opto-electronic properties of NWs.1-9 Lasing from individual
NWs,2-3 electrically induced emission from NW-NW
contacts,4-5 and electroluminescence5-7 have been reported.
However, not many NWs are found to luminescence because
of surface and bulk traps that lead to nonradiative decay of
the excitons.

Semiconducting group III nitrides have been the focus of
much research in recent years because of their excellent
inherent electronic and optoelectronic properties. In particu-
lar, indium nitride (InN) was predicted to have the lowest
effective electron mass among all the III-nitride compounds,
potentially leading to a high mobility semiconductor.10 In
addition, InN has an unexpectedly low band gap of 0.7-
0.9 eV,11 rather than 1.8-2.1 eV as previously believed,10

so that it emits in the wavelength range of 1-2 µm, which
is widely used by the telecommunication industry. Such
emission can extend the range of nitride-based LEDs from
ultraviolet (UV) to infrared (IR), and the band gaps of alloys
of indium nitridessuch as indium gallium nitridescan span
the entire solar spectrum, leading to a wide range of potential
optoelectronics applications.

In this work, we report the first study ofelectrically excited
infrared (IR) emission from a single InN nanowire (NW).

We demonstrate efficient generation of IR emission through
impact excitation by hot carriers under a high applied electric
field. The emission intensity increases exponentially with
the drive current. We spectrally resolve the emission and
show that it involves strong interband and conduction-band
to conduction-band hot-carrier transitions. The spectra give
a band gap of the electroluminescent InN NWs that agrees
well with that measured using photoluminescence (PL)
techniques. Most importantly, we discuss the formation of a
surface plasmon from the intrinsic electron accumulation
layer at the InN NW surface, and its possible role in the
enhancement of the radiative electron-hole pair recombina-
tion.

Being a strongly polar semiconductor, InN has a unique
band structure. In wurtzite-type InN, the conduction-band
minimum at the center of the Brillouin zone (Γ point) is at
much lower energy compared with the rest of the conduction-
band edge.12 As a result, the charge neutrality level is quite
high in the conduction-band at theΓ point, leading to the
observed high unintentional n-type doping, positively charged
donor-type states, and an electron accumulation layer at the
surface.13 This intrinsic electron accumulation layer at
wurtzite InN surfaces, with a density significantly higher than
in any other of the III-V semiconductors, has been
substantiated by a number of experimental techniques.13-16

For example, Hall measurements of the sheet carrier density
as a function of InN film thickness and capacitance-voltage
(C-V) profiling have indicated the existence of an excess
sheet electron density along its surface.14 Valence-band X-ray
photoelectron spectroscopy (XPS) revealed that the InN
surface Fermi level lies at 1200-1600 meV above the
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valence-band maximum.13,15 This means the surface Fermi
level is 500-900 meV higher than the conduction-band
minimum, implying a significant band bending at the surface.
Instead of the depletion layer that is usually found on most
other semiconductor surfaces,17 an electron accumulation
layer is formed on an InN surface and low resistance ohmic
metal contacts to InN surfaces can be easily formed.14 A
schematic of the carrier distribution and band-bending along
the radius of a highly doped InN NW is shown in
Figure 1a, where both the carrier density and the band-
bending are the highest on the NW surface.

The InN NWs used in this study were grown by a catalyst-
free vapor-solid (VS) process.18 A small quartz tube
containing indium and indium oxide powders in a 1:1 ratio
was loaded in the central part of a hot-wall CVD system.
The tube was heated to 700°C under Ar gas, then ammonia
was introduced at a rate of 100 sccm for 30 min. The furnace
was then adiabatically cooled to room temperature in an
ammonia atmosphere. This growth procedure reproducibly
led to a large deposition of NWs on the wall of the growth
tube. The average NW lengths range from 3 to 30µm and
diameters from 70 to 150 nm. InN NWs harvested from the
growth tube were suspended in isopropanol (IPA). The InN

NW/IPA suspension was then dispersed onto a Si/SiO2 wafer
with previously fabricated vias to the substrate back gate.
Source/drain pads to the NWs were defined by 50 nm Ni/
200 nm Au. Figure 1b shows a field-emission scanning
electron micrograph (FE-SEM) of such a single InN NW
transistor and its device schematic in the inset. The single-
crystal hexagonal wurtzite structure of the InN NWs was
revealed by both HRTEM and diffraction patterns (inset of
Figure 1b). In these devices, the drain currentId increases
monotonically with increasing gate voltageVg, indicative of
n-type material, as seen in bulk InN.10 The carrier mobility
µ of the transistor can then be calculated as:

whereC ) 2πεε0L/ln(4h/d), L is the channel length,h is the
SiO2 thickness,d is the diameter of the NW,ε0 is the vacuum
permittivity, and ε is the dielectric constant of InN. The
n-type InN NWs fabricated here had an average mobility of
29.2( 5.4 cm2/Vs. Their carrier densities can be determined
by n ) σ/eµ, and are in the range of 2.7- 9 × 1020 cm-3

in our samples. The large electron density is a result of

Figure 1. (a) Schematics of carrier distribution and band-bending along the radius of a highly doped InN NW; (b) An FE-SEM image of
a representative InN NW device, and the inset shows a schematic of the back-gated FET configuration and a diffraction pattern; (c) Emission
intensity vs drive current from an InN NW transistor, and the inset showsId - Vd; (d) Emission intensity vs 1/Vd from an InN NW
transistor, and the inset shows a schematics of hot carrier emission.

µ ) (CVSD/L2)-1(∂ISD/∂VGD)|VSD)1
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the surface electron accumulation layer, as discussed
previously.10,12-15

Infrared (IR) electroluminescence (EL) from the InN NW
transistors was imaged with a liquid nitrogen-cooled HgCdTe
detector array mounted on the probe station, which was used
to measure their electrical properties. The lateral resolution
of the detector is diffraction-limited at about 2µm. The EL
was collected by a set of short-pass filters. The EL from an
InN NW transistor is shown in Figure 3a, where both the
total intensity and the emission spectrum can be recorded.
We found that the emission intensity increases exponentially
with drive current, while the current increases linearly with
drain voltage, as shown in Figure 1c and its inset. This
observation is similar to that reported in the case of single
carbon nanotube emitters, where hot carriers impact-excite
excitons under high electric field.19,20 In our experiment,
when an electron is accelerated to a sufficiently high energy
under the high drain field (E), and provided that it does not
lose that energy by optical phonon scattering, it can create
electron-hole pairs that then decay radiatively. The electron
that lost energy to the generated exciton could in turn pick
up energy from the field and continue this process. The
probability for an electron to travel without scattering a
distancel is given by exp(-l/λph), whereλph is the optical
phonon scattering length. Therefore, the probability to
accelerate an electron to energyE is ∼ exp(-E/eEλph), where
e is the electron charge. The emission intensity generated
by the high drain fieldE should be proportional to the impact
excitation rate exp(-E/eEλph) ) exp(-EL/eVdλph).21 This
agrees very well with what is observed experimentally: an
exponential dependence between the emission intensity and
the inverse of the drain field as shown in Figure 1d. The
inset of Figure 1d shows a schematic of the impact excitation
process discussed above.

To understand the origin of the InN NW EL, we measured
the EL spectra, which are shown in Figure 2. We observed:
(1) interband transition with a band gap of about 0.85 eV
for sample B (curve B) and around 0.92 eV for sample C
(curve C) (using a 1800 nm/0.67 eV short-pass (sp) filter in

both cases), (2) hot-carrier intraband transition, curve A
(sample B, below its band gap, using a 2200 nm/0.58 eV sp
filter). This is the first time EL spectra of InN have been
reported and the measured band gaps are very close to those
obtained from photoluminescence (PL) (0.7-0.9 eV).10-11

In both samples, we observed an additional peak around
80 meV higher than the main peak. The energy difference
(80 meV) is very close to the longitudinal optical (LO)
phonon energy in InN (73 meV),10,22 suggesting the occur-
rence of phonon-assisted emission above the band gap. The
emission below the band gap can be due to either Bremsstrahl-
ung (ionized impurity-assisted) and/or phonon-assisted con-
duction-band to conduction-band emission,23 and hasnot
been observed in bulk InN PL spectroscopy before. The only
relevant observation in the literature involves an exponen-
tially decreasing weak absorption below the band gap.24,25

In ionized impurity-assisted emissions, the intensity should
depend linearly on the ionized impurity concentration and
varies only weakly with carrier temperature and therefore is
nearly independent of electrical field, whereas for phonon-
assisted conduction-band to conduction-band emission, car-
rier temperature plays an important role.23 Figure 3a gives
the intensity of this IR emission at various drain biases. The
emission intensity falls off exponentially with emitted photon
energy. The higher the drain bias is, the “hotter” the carriers
are. The strong dependence of the intensity on the drain field
suggests a phonon-assisted origin. If we assume that the
electrons obtain their energy by accelerating under the field
E before being scattered by optical phonons, and that they
equilibrate through e-e scattering (and their energy distribu-
tion can be characterized by an effective electron tempera-
ture), we then haveeEλph ) kBTc, wherekB is the Boltz-
mann’s constant andTc is the electron temperature. We can
then estimate the temperature of the hot carriers in the InN
NW (Figure 3) to be in the range of 900-1270 K asVd is
increased from 0.85 to 1 V.

The hot electrons relax further by emitting LO phonons.
By calculating its energy-loss rate, we can obtain information
into the carrier relaxation rate. Under a steady-state condition,
the power lost through LO phonon emission is equal to the
power provided to the electrons by the electric field:26

whereωLO is the LO phonon frequency (73 meV)27-28 and
τ is the electron-LO phonon scattering time. Figure 3b
shows that the inverse of the extracted carrier temperature
Tc

-1 varies linearly with ln(Vd
2), from which we can

determine the e-ph scattering time to be approximately 200
fs, which agrees well with the results of Zanato et al.22

In our samples, which have carrier densities as high as
1021 cm-3 and the surface Fermi level is at 500-900 meV
higher than the conduction-band minimum, we also need to
consider the role of the Moss-Burstein effect on the optical
transition energy.10,26The Pauli exclusion principle requires
that the excited electrons must transit to unfilled states above
or near the Fermi energy (EF), therefore the valence band to

Figure 2. Emission spectrum from InN NW transistors using filters
covering different wavelength ranges. The filter cutoff energy for
curve A (sample B) is 0.58 eV, and the filter cutoff energy for
curve B (sample B) and C (sample C) is 0.68 eV.

pωLO
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conduction-band transition energy of an electron is increased
by EF. The corrected transition energy in a heavily doped
sample isEg + EF. The fluctuation of carrier concentrations
in our samples leads to a variation of the transition energies
(from 0.85 to 0.92 eV), as shown in Figure 2. In a highly
doped sample, conduction-band renormalization effects due
to the electron-electron interaction and the electron-ionized
impurity interaction10,29have to be considered. They become
quite significant at higher electron concentrations, resulting
in a red spectral shift of approximately 0.15 eV per decade
of change ofn beyond 1019 cm-3.23

To further understand the interaction of phonons with the
hot carriers in InN NWs, we measured the emission spectra
at various temperatures. With decreasing temperature, the
emission peak energy decreases, with around 0.8 mV/K,
which is larger than the findings of PL experiments (0.2 mV/
K).11 Its temperature dependence is contrary to that of most
direct band gap semiconductors, where a blue-shift in band

gap is usually observed with decreasing temperature.29 In
general, PL emission is quenched at high temperatures
because of increased nonradiative recombination pro-
cesses.10,11On the contrary, here we observe a largeincrease
in emission intensity with increasing temperature (Figure 4a).
The intensity follows a 1/T dependence, with an activation
barrier of 74 meV (Figure 4b), which coincides with the LO
phonon energy and is close to the reported value for the
electron-impurity binding energy, suggesting phonon-assisted
hot-carrier emission.

The strongly accumulated surface electron layer generates
a surface plasmon excitation whose frequencyωsp is a
function of the free carrier concentration (ωsp ∝ xn).16 Its
detailed profile has been probed using high-resolution
electron energy loss spectroscopy (HREELS) by Mahboob
et al.16 On the basis of their study, we extrapolated the
plasma frequency for a sample with carrier concentration of

Figure 3. (a) Hot carrier emission from an InN NW transistor under variousVd biases. The straight lines are linear fits to the data; (b)
1/kBTc vs ln(Vd

2), with Tc extracted from Figure 3a. The straight line is a linear fit to the data.

Figure 4. (a) Emission spectra from an InN NW under variable temperatures; (b) emission intensity vs 1/T from an InN NW, the straight
line is a linear fit to the data.
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1022 cm-3 to be ∼950 meV. At higher temperature, more
carriers are activated to participate in the emission process
via phonon-assisted processes and the increased carrier
density shifts the peakωsp to higher energy. In an electrolu-
minescent InN NW, plasmons can couple to the electron-
hole pairs within its field penetration depth. The strongest
coupling occurs near the plasmon resonance energy (ωsp)
where the plasmon density of states is high. This coupling
could lead to an increased EL emission intensity. As the
temperature is increased,ωsp increases and the coupling
results in an increased spectral weight of the emission at
higher energy, i.e., a blue-shift at the emission. We note that
the surfaces of our InN NWs are not perfectly flat, the
average roughness is 20 nm, and the average grain size is
approximately
120 nm. The roughness helps to scatter surface plasmons
and allow them to couple to the light field. It the past, it has
been shown in quantum wells and organic semiconductors
that e-h pairs can couple efficiently with plasmons at a metal
interface thus enhance PL intensity.30-34 This unique property
could lead to valuable applications in operating electrolu-
minescent devices at elevated temperature.

In conclusion, we have successfully demonstrated for the
first time EL in a single InN NW by impact excitation,
measured its EL band gap, and observed interband and
conduction-band to conduction-band hot-carrier emission. We
propose that the surface plasmon formed from the electron
accumulation layer at the InN NW surface enhances the
radiative e-h recombination in InN.
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