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The present work explores the temperature dependent transport behavior of n-InN
nanodot/ p-Si(100) heterojunction diodes. InN nanodot (ND) structures were grown on a 20 nm InN
buffer layer on p-Si(100) substrates. These dots were found to be single crystalline and grown along
[001] direction. The junction between these two materials exhibits a strong rectifying behavior at
low temperatures. The average barrier height (BH) was determined to be 0.7 eV from
current-voltage-temperature, capacitance-voltage, and flat band considerations. The band offsets
derived from built-in potential were found to be AE-=1.8 eV and AE,=1.3 eV and are in close
agreement with Anderson’s model. © 2010 American Institute of Physics. [doi:10.1063/1.3517489]

InN is a promising material among the IIl-nitride semi-
conductors due to its narrow bandgap energy (~0.65 V)
and high carrier mobility (~3500 cm? V! s7!). Although
InN exhibits metallic behavior due to large background elec-
tron concentration," several studies on GaN heterojunctions
are reported earlier."” However, no report is evident on the
temperature dependent heterojunction behavior of InN nano-
structures grown on Si. Since silicon is the most sought
semiconductor material, it is very important to understand
the transport mechanism of InN nanostructure based devices
and their behavior at different temperatures prior to their
adoption in the fabrication of optoelectronic devices. In the
present study, we examine the results obtained from the het-
erojunction transport behavior of InN nanodot (ND) based
structures at different temperatures.

The fabrication of the InN NDs on p-Si(100) was carried
out by plasma assisted molecular beam epitaxy (PAMBE)
system. The deposition of InN consists of a two step growth
method. The initial low temperature buffer layer was depos-
ited at 410 °C for 10 min. Further, the substrate temperature
was raised to 500 °C to fabricate the nanodots. The duration
of ND growth was kept for 60 min. The general set of
growth conditions includes indium beam equivalent pressure,
nitrogen flow rate, and rf-plasma power, which were kept at
2 X 1077 mbar, 0.5 SCCM (SCCM denotes cubic centimeter
per minute at STP), and 350 W, respectively. The structural
evaluation of the as-grown NDs was carried out by the x-ray
diffraction, scanning electron microscopy (SEM), and trans-
mission electron microscopy (TEM). The aluminum contacts
were fabricated by thermal evaporation. The adequate Ohmic
nature of the contacts to InN and Si was verified. The device
transport characteristics were studied at various temperatures
using the probe station attached with the KEITHLEY-236
source measure unit and an LCZ-3330 meter.

Figure 1(a) shows a typical field emission scanning elec-
tron microscopy (FESEM) image of InN NDs and illustrates
that the as-grown NDs are vertically aligned and uniformly
grown over the entire substrate. The average height and di-
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ameter of these dots were found to be 100 nm. The x-ray
diffraction studies on InN NDs exhibited a peak at 26
=31.37° illustrating the (0002) reflection of wurtzite InN.
Figures 1(b)-1(d) represent typical transmission electron
micrographs, selected area electron diffraction (SAED), and
high resolution TEM (HRTEM) images of InN NDs, respec-
tively. In particular, the HRTEM [Fig. 1(d)] shows one of the
corner edges of a ND. From the TEM and SEM images, one
can conclude that the shape of the NDs corresponds to a
perfect hexagon in the film plane and a truncated pyramid in
the vertical direction with very clear crystallographic facets
of hexagonal structure. It can be described more accurately
as a truncated pyramid with hexagonal base with a base di-
ameter few times larger than the height. Such growth behav-
ior is in agreement with that reported earlier.” The SAED
pattern is indexed to the reflections of hexagonal InN crystal
along the [001] direction. The interplanar spacing, as ob-
served from the fringe pattern of the HRTEM image, is 0.308
nm, which corresponds to the (100) lattice spacing of InN.*
These data clearly demonstrate that the as-grown NDs are
fairly single crystalline, and are crystallized hexagonally
along the [001] direction with uniform geometry.

Studies of the current-voltage characteristics of the fab-
ricated n-InN ND/p-Si heterostructures revealed the pres-
ence of good rectifying characteristics. The carrier densities
of InN and Si were found to be 6.5X10'® and 2
X 10" cm™3, respectively, measured by Hall measurements.
However, the incidental doping in InN NDs was uninten-
tional. Figure 2(a) shows the temperature dependent I-V
characteristics of the junction in the temperature range of
173-473 K. An excellent rectifying behavior was observed at
lower temperatures with an on/off ratio of 206 at 10 V. The
deterioration observed in the rectifying nature at high tem-
perature may be due to thermally generated carrier tunneling.
Slight reduction in the forward current at higher voltages and
a temperature of 473 K was observed. This behavior can be
ascribed to pronounced diffusion current at high bias voltage,
arising from the linear reduction in the barrier for electron
and hole diffusion current. From the Einstein’s relation, D
=(kT/q)p, the diffusion current is strongly dependent on the
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FIG. 1. (Color online) (a) FESEM image of the InN NDs. (b) Typical TEM
image of a ND showing the hexagonal facets. (c) SAED pattern taken along
the [001] direction. (d) HRTEM of the corner edge of a ND.

mobility of the carriers. Thakur et al.® observed for InN that
mobility stays almost constant over a large temperature range
due to a negligible thermal activation. However, at higher
temperatures, the phonon population increases, resulting in a
reduction in the mobility.

The I-V curves were fitted by using the single carrier
thermionic emission expression,

Vv
I=Is[exp(q—) - 1] where I,=AA™T? exp(— ﬂ)
nkT kT
(1)

The zero bias (ZB) barrier heights (BHs) are evaluated at
each temperature, variation of ZB BH (¢,) and ideality fac-
tor » with temperature is shown in Fig. 2(b). A dependence
of ¢, and 7 on the temperature is clearly observed and is
attributed to the inhomogeneity at the interface.® A variation
of the ¢, as a function of # with a linear correlation was also
observed. Such behavior can be associated with a nonuni-
form Schottky interface.® Since the BH depends on the elec-
tric field across the interface and consequently on the applied
voltage, it is necessary to consider the standard field condi-
tions. The electric field is zero across the interface under flat
band (FB) conditions. The FB RH is given hy
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FIG. 2. (Color online) (a) Current vs voltage plots of the InN ND/p-Si
diode at different temperatures. The inset shows a schematic diagram of the
device and measurement method. (b) Variation of ZB, FB, and C-V barrier
heights and ideality factor with temperature.

Ppf= NPy — (7= 1)(kT/e)In(Ny/N,),

where Ny=1.04X 10" cm™ at room temperature is the ef-
fective density of states of the valence band of p-Si. The ¢,
values are plotted in Fig. 2(b). The Richardson’s constant of
54 A cm™2 K2 and barrier height of 0.7 eV were obtained
from the “modified” Richardson’s plot, which is in close
agreement with the effective Richardson’s constant of p-Si
(~32 Acm?2K™?).

Figure 3(a) shows the characteristic of C-V measure-
ments performed on the heterojunctions at 100 kHz in the
temperature range of 173—473 K. For a Schottky diode, C-V
relationship can be expressed as

1/C?=[(2/g)eN,A?)(Vy; — V= kTle],

where ¢ is the permittivity of silicon, Vy; is the built-in po-
tential, and N, is the doping density of Si. The built-in po-
tential V; can be determined by linearly extrapolating the
C2-V curve to the voltage axis. Therefore, the C-V BH is
©p=Vii+ (kT/e)In(Ny/N,). The @pc.y) values obtained are
plotted in Fig. 2(b), and it can be seen that the FB BH is
invariably larger than the ZB BH at low temperature. Fur-
ther, the FB BH mirrors C-V BH with slight reduction in BH
values at low temperature. This is possibly due to the tunnel-
ing and leakage through the dislocations and other defects
resulting in high values of ideality factor (%> 1), which in-
creases with decreasing temperature. In contrast to the case
of ZB, the field is zero under flat band conditions, which
eliminates the tunneling and image force lowering, and re-
moves the influence of lateral inhomogeneities. For these
reasons, /-V measurements would yield unreliable results in
barrier height and band offset determinations. Hence, the
band offsets of the present heterostructures were determined
using built-in voltage of C-V analysis for the room tempera-
ture by following the relations’
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FIG. 3. (Color online) (a) Reverse bias capacitance-voltage characteristics
of InN ND/p-Si diode at different temperatures. (b) Flat band energy band
diagram for InN/p-Si heterostructures.

AEC = EgSI + [(EC - EF)IHN + Vbi - (EF - Ev)Sl]
and
AEy=E,InN + [(E¢c— E)InN + Vi, - (Ep. - Ey)Si],

Where EC_EF: (kT/e)ln(Nc/ND) and EF_EV
=(kT/e)in(Ny/N4). The band offsets for InN/p-Si at flat
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band conditions are shown in Fig. 3(b). The band offset re-
sults showed a good agreement with Anderson’s model, i.e.,

AEC:XIHN_XSi and AEV: AEg_ AEc,

where X;y=5.8 eV and X=4.05 eV are the electron af-
finities of InN and Si, respectively. The nonsymmetry in the
band offsets would tend to make the potential barrier less for
holes than electrons. Hence, the single carrier thermionic
emission relation has been chosen in /-V data interpretation.

In conclusion, the Si heterojunction diodes were fabri-
cated by depositing InN NDs using PAMBE, the as-grown
ND structures are single crystalline and grown along the
[001] direction. The transport behavior of the diodes was
studied at various bias voltages and temperatures. The tem-
perature dependent ZB BH and ideality factors of the for-
ward /-V data are observed, while it was governed through
the modified Richardson’s plot. The modified Richardson’s
constant and barrier height were found to be 54 A cm™ K2
and 0.7 eV, respectively. The difference in FB BH and C-V
BH and the deviation of ideality factor from unity indicate
the presence of inhomogeneities at the interface. The average
Schottky BHs were determined to be 0.7 eV by C-V and flat
band considerations. The band offsets derived from C-V
measurements were found to be AE-=1.8 eV and AEy
=1.3 eV, which are in close agreement with Anderson’s
model.
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