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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 focusedVe demonstrate efficient generation of IR emission through
on inorganic nanowires (NWs) and their properfiek. impact excitation by hot carriers under a high applied electric
Particular emphasis has been placed on the photonic andield. The emission intensity increases exponentially with
opto-electronic properties of NWs? Lasing from individual the drive current. We spectrally resolve the emission and
NWs?273 electrically induced emission from NWNW show that it involves strong interband and conduction-band
contacts’® and electroluminescenteé have been reported.  to conduction-band hot-carrier transitions. The spectra give
However, not many NWs are found to luminescence becausea band gap of the electroluminescent INN NWs that agrees
of surface and bulk traps that lead to nonradiative decay of well with that measured using photoluminescence (PL)
the excitons. techniques. Most importantly, we discuss the formation of a
Semiconducting group IlI nitrides have been the focus of surface plasmon from the intrinsic electron accumulation
much research in recent years because of their excellentayer at the INN NW surface, and its possible role in the

inherent electronic and optoelectronic properties. In particu- enhancement of the radiative electrdrole pair recombina-
lar, indium nitride (InN) was predicted to have the lowest tjon.

effective electron mass among all thedHitride compounds,
potentially leading to a high mobility semiconduct8rin
addition, InN has an unexpectedly low band gap of-0.7

0.9 eV} rather than 1.82.1 eV as previously believed, o jower energy compared with the rest of the conduction-
S0 that it emits in the wavelength range O#Z_“m’ which band edgé? As a result, the charge neutrality level is quite
is widely used by the telecommunication industry. Such high in the conduction-band at tHe point, leading to the

emission can extend the range of nitride-based LEDs from ; ; ; ; "
. . observed high unintentional n-type doping, positively charged
ultraviolet (UV) to infrared (IR), and the band gaps of alloys donor-type states, and an electron accumulation layer at the

of |nd|u_m nitride—such asmdlgm ga”'“”_‘ niiridecan span ._surfacet® This intrinsic electron accumulation layer at
the entire solar spectrum, leading to a wide range of potential : : L .
. L wurtzite InN surfaces, with a density significantly higher than

optoelectronics applications. . )

In thi K he fi dv electricall ited in any other of the IV semiconductors, has been
. fnt gvxllgr  We rgpor}t efirst ;tul yI SCtr'C"’l y.excr’[\TW substantiated by a number of experimental technidtiés.
infrared (IR) emission from a single INN nanowire (NW). For example, Hall measurements of the sheet carrier density
as a function of InN film thickness and capacitanweltage

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 zon& oint) is at
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us.ibm.com. (C—V) profiling have indicated the existence of an excess
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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 shigws Vg; (d) Emission intensity vs ¥ from an InN NW

transistor, and the inset shows a schematics of hot carrier emission.

valence-band maximu#d#.!® This means the surface Fermi NW/IPA suspension was then dispersed onto a Sy@idfer
level is 506-900 meV higher than the conduction-band with previously fabricated vias to the substrate back gate.
minimum, implying a significant band bending at the surface. Source/drain pads to the NWs were defined by 50 nm Ni/
Instead of the depletion layer that is usually found on most 200 nm Au. Figure 1b shows a field-emission scanning
other semiconductor surfacEsan electron accumulation electron micrograph (FE-SEM) of such a single InN NW
layer is formed on an InN surface and low resistance ohmic transistor and its device schematic in the inset. The single-
metal contacts to INN surfaces can be easily foriiedl. crystal hexagonal wurtzite structure of the INN NWs was
schematic of the carrier distribution and band-bending along revealed by both HRTEM and diffraction patterns (inset of
the radius of a highly doped InN NW is shown in Figure 1b). In these devices, the drain currknincreases
Figure 1a, where both the carrier density and the band- monotonically with increasing gate voltayg, indicative of
bending are the highest on the NW surface. n-type material, as seen in bulk IFRThe carrier mobility
The InN NWs used in this study were grown by a catalyst- u of the transistor can then be calculated as:
free vapor-solid (VS) proces$® A small quartz tube
containing indium and indium oxide powders in a 1:1 ratio _ 2-1
was loaded in the central part of a hot-wall CVD system. #= (VL) s/ NVep)lvgs
The tube was heated to 70Q under Ar gas, then ammonia
was introduced at a rate of 100 sccm for 30 min. The furnace whereC = 2zeeoL/In(4h/d), L is the channel lengthn is the
was then adiabatically cooled to room temperature in an SiO; thicknessd is the diameter of the NW, is the vacuum
ammonia atmosphere. This growth procedure reproducibly permittivity, ande¢ is the dielectric constant of InN. The
led to a large deposition of NWs on the wall of the growth n-type InN NWs fabricated here had an average mobility of
tube. The average NW lengths range from 3 tou8® and 29.24 5.4 cn?/Vs. Their carrier densities can be determined
diameters from 70 to 150 nm. InN NWs harvested from the by n = o/eu, and are in the range of 2.7 9 x 10/ cm3
growth tube were suspended in isopropanol (IPA). The InN in our samples. The large electron density is a result of
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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) (609 eV)io-1t
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 me\t;?? 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-
0.6 0.8 1.0 duction-band to conduction-band emisstérand hasnot
E (eV) been observed in bulk INN PL spectroscopy before. The only
relevant observation in the literature involves an exponen-
Figure 2. Emission spectrum from InN NW transistors using filters  tially decreasing weak absorption below the band 3ép.
covering different wavelength ranges. The filter cutoff energy for |n jonized impurity-assisted emissions, the intensity should
curve é((ssgmgllg g’)) - dogs(sz\r/ﬁp?:%)”:g g'g g\L;tOff energy for - gepend linearly on the ionized impurity concentration and
’ ' varies only weakly with carrier temperature and therefore is
) . nearly independent of electrical field, whereas for phonon-
the surface electron accumulation layer, as discussedaggisted conduction-band to conduction-band emission, car-
previously:0+715 _ rier temperature plays an important réterigure 3a gives
Infrared (IR) electroluminescence (EL) from the INN NW 10 intensity of this IR emission at various drain biases. The
transistors was imaged with a liquid nitrogen-cooled HgCdTe gmjssion intensity falls off exponentially with emitted photon
detector array mounted on the probe station, which was usedgnergy. The higher the drain bias is, the “hotter” the carriers
to measure the!r elgctrlc_al pr_opertles. The lateral resolution 5.6 The strong dependence of the intensity on the drain field
of the detector is diffraction-limited at_abouw.’m. The EL suggests a phonon-assisted origin. If we assume that the
was collected by a set of short-pass filters. The EL from an gjectrons obtain their energy by accelerating under the field
INN NW transistor is shown in Figure 3a, where both the g hefore being scattered by optical phonons, and that they
total intensity and the emission spectrum can be recorded.qqjilibrate through-ee scattering (and their energy distribu-
We found that the emission intensity increases exponentially tiony can be characterized by an effective electron tempera-
with drive current, while the current increases linearly with ture), we then havesiy, = ksTe, whereks is the Boltz-
drain voltage, as shown in Figure 1c and its inset. This ann's constant an is the electron temperature. We can
observation is similar to that reported in the case of single {haon estimate the temperature of the hot carriers in the InN
carbon nanotube emitters, where hot carriers impextite NW (Figure 3) to be in the range of 980270 K asV is
excitons under high electric fiel:*° In our experiment,  icreased from 0.85 to 1 V.
when an electron is accelerated to a sufficiently high energy  The hot electrons relax further by emitting LO phonons.
under the high drain field), and provided that it does not gy caiculating its energy-loss rate, we can obtain information
lose that energy by optical phonon scattering, it can createinig the carrier relaxation rate. Under a steady-state condition,
electron-hole pairs that then decay radiatively. The electron o power lost through LO phonon emission is equal to the

that lost energy to the_ generated exciton c_ould in turn pick power provided to the electrons by the electric fi&ld:
up energy from the field and continue this process. The

probability for an electron to travel without scattering a Ao Ao
distancel is given by exp{-l/A,), wherel, is the optical Lo ;{— Lo
phonon scattering length. Therefore, the probability to ksTe
accelerate an electron to eneigis ~ exp(—E/edAqn), where
e is the electron charge. The emission intensity generatedwherew o is the LO phonon frequency (73 meX/)? and
by the high drain field> should be proportional to the impact 7 is the electror-LO phonon scattering time. Figure 3b
excitation rate exp{E/eslyn) = exp(—EL/eVilpn).?t This shows that the inverse of the extracted carrier temperature
agrees very well with what is observed experimentally: an T.! varies linearly with In¢s?), from which we can
exponential dependence between the emission intensity andietermine the e-ph scattering time to be approximately 200
the inverse of the drain field as shown in Figure 1d. The fs, which agrees well with the results of Zanato et?al.
inset of Figure 1d shows a schematic of the impact excitation In our samples, which have carrier densities as high as
process discussed above. 107t cm 3 and the surface Fermi level is at 56900 meV

To understand the origin of the INnN NW EL, we measured higher than the conduction-band minimum, we also need to
the EL spectra, which are shown in Figure 2. We observed: consider the role of the Mos®Burstein effect on the optical
(1) interband transition with a band gap of about 0.85 eV transition energy?2¢ The Pauli exclusion principle requires
for sample B (curve B) and around 0.92 eV for sample C that the excited electrons must transit to unfilled states above
(curve C) (using a 1800 nm/0.67 eV short-pass (sp) filter in or near the Fermi energ¥§), therefore the valence band to
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Figure 3. (&) Hot carrier emission from an InN NW transistor under varivydiases. The straight lines are linear fits to the data; (b)
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Figure 4. (a) Emission spectra from an InN NW under variable temperatures; (b) emission intensifyfusni/an InN NW, the straight
line is a linear fit to the data.

conduction-band transition energy of an electron is increasedgap is usually observed with decreasing temperatuhe.

by Er. The corrected transition energy in a heavily doped general, PL emission is quenched at high temperatures
sample isEg + Er. The fluctuation of carrier concentrations because of increased nonradiative recombination pro-
in our samples leads to a variation of the transition energies cessed?!1On the contrary, here we observe a laimggease
(from 0.85 to 0.92 eV), as shown in Figure 2. In a highly in emission intensity with increasing temperature (Figure 4a).
doped sample, conduction-band renormalization effects dueThe intensity follows a I dependence, with an activation
to the electror-electron interaction and the electron-ionized paerier of 74 meV (Figure 4b), which coincides with the LO
impurity interactiod®2°have to be considered. They become phonon energy and is close to the reported value for the

quite significant at higher electron concentrations, resulting electron-impurity binding energy, suggesting phonon-assisted
in a red spectral shift of approximately 0.15 eV per decade hot-carrier emission

of change ofn beyond 1¢° cm=3.23

To further understand the interaction of phonons with the ~ 11€ strongly accumulated surface electron layer generates
hot carriers in INN NWs, we measured the emission spectra@ Surface plasmon excitation whose frequengy is a
at various temperatures. With decreasing temperature, thefunction of the free carrier concentrations 0 vn). Its
emission peak energy decreases, with around 0.8 mV/K,detailed profile has been probed using high-resolution
which is larger than the findings of PL experiments (0.2 mV/ electron energy loss spectroscopy (HREELS) by Mahboob
K).!! Its temperature dependence is contrary to that of mostet al'® On the basis of their study, we extrapolated the
direct band gap semiconductors, where a blue-shift in bandplasma frequency for a sample with carrier concentration of
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1072 cm 2 to be ~950 meV. At higher temperature, more

carriers are activated to participate in the emission process

(8) Thelander, C.; Agarwal, P.; Brongersma, S.; Eymery, J.; Feiner, L.
F.; Forchel, A.; Scheffler, M.; Riess, W.; Ohlsson, B. J.; Gosele, U.;
Samuelson, LMater. Today200§ 9, 28.

via phonon-assisted processes and the increased carrier gy pauzauskie, P. J.; Yang, Mater. Today2006 9, 36.

density shifts the peaks, to higher energy. In an electrolu-
minescent INN NW, plasmons can couple to the eleetron

hole pairs within its field penetration depth. The strongest

coupling occurs near the plasmon resonance enebgy (

where the plasmon density of states is high. This coupling (2
could lead to an increased EL emission intensity. As the

temperature is increasedis, 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 a8)

that e-h pairs can couple efficiently with plasmons at a metal
interface thus enhance PL intensity3* This unique property
could lead to valuable applications in operating electrolu-
minescent devices at elevated temperature.

(10) Bhuiyan, A.; Hashimoto, A.; Yamamoto, A. Appl. Phys2003
94, 2779.

(11) Wu, J.; Walukiewicz, W.; Yu, K. M.; Ager, W. J., lll; Haller, E. E.;

Lu, H.; Schaff, W. J.; Saito, Y.; Nanishi, YAppl. Phys. Lett2002

80, 3967.

Mahboob, I.; Veal, T. D.; Piper, L. F. J.; McConville, C. F.; Lu, H.;

Schaff, W. J.; Furthmuller, J.; Bechstedt,Ffhys. Re. B 2004 69,

201307.

(13) Veal, T. D.; Mahboob, I.; Piper, L. F. J.; McConville, C. F.; Lu, H,;
Schaff, W. J.J. Vac. Sci. Technol., B004 22, 2175

(14) Lu, H.; Schaff, W. J.; Eastman, L. F.; Stutz, C.Appl. Phys. Lett.
2003 82, 1736

(15) Rickert, K. A,; Ellis, A. B.; Himpsel, F. J.; Lu, H.; Schaff, W. J;
Redwing, J. M.; Dwikusuma, F.; Kuech, T. Appl. Phys. Lett2003
82, 3254.

(16) Mahboob, I.; Veal, T. D.; McConville, C. F.; Lu, H.; Schaff, W. J.
Phys. Re. Lett. 2004 92, 036804.

(17) Calarco, R.; Marso, M.; Richter, T.; Aykanat, A. |.; Meijers, R.; V.

D. Hart, A.; Stoica, T.; Luth, HNano Lett.2005 5, 981.

Cheng, G.; Stern, E.; Turner-Evans, D.; Reed, MA@pl. Phys.

Lett. 2005 87, 253103.

(19) Chen, J.; Perebeios, V.; Freitag, M.; Tsang, J.; Fu, Q.; Liu, J.; Avouris,
Ph.; Science2005 310, 1171.

(20) Perebeinos, V.; Avouris, PRhys. Re. B 2006 74, 121410(R).

(21) Okuto, Y.; Crowell, C. RPhys. Re. B 1972 6, 3076.

In conclusion, we have successfully demonstrated for the (22) Zanato, D.; Balkan, N.; Ridley, B. K.; Hill, G.; Schaff, W. J.

first time EL in a single InN NW by impact excitation,

measured its EL band gap, and observed interband and

Semicond. Sci. Techn&004 19, 1024.
(23) Onodera K.; Nishimura, K.; Furuta, [EEE Trans. Electron. Déces
1999 46, 2170.

conduction-band to conduction-band hot-carrier emission. We (24) Butcher, K. S. A,; Hirshy, H.; Perks, R. M.; Wintrebert-Fouquet,

propose that the surface plasmon formed from the electron
accumulation layer at the INnN NW surface enhances the

radiative e-h recombination in InN.
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