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InN quantum dots (QDs) were fabricated on silicon nitride/Si (111) substrate by droplet epitaxy.
Single-crystalline structure of InN QDs was verified by transmission electron microscopy, and the
chemical bonding configurations of InN QDs were examined by x-ray photoelectron spectroscopy.
Photoluminescence measurement shows a slight blue shift compared to the bulk InN, arising from
size dependent quantum confinement effect. The interdigitated electrode pattern was created and
current—voltage (/-V) characteristics of InN QDs were studied in a metal-semiconductor—metal
configuration in the temperature range of 80-300K. The /-V characteristics of lateral grown
InN QDs were explained by using the trap model. © 2011 American Institute of Physics.
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The InN compound has recently attracted much atten-
tion, largely due to its narrow direct bandgap energy of
~0.65-0.85eV."? This material, if alloyed with other III-
nitrides, is very promising for a variety of optoelectronic de-
vice applications, such as light-emitting diodes and solar
cells, operating from near-infrared to deep-ultraviolet.”*
With the rapid progress in epitaxial growth techniques, the
nanoscale InN dots with controllable size and density can be
grown using molecular beam epitaxy (MBE). InN quantum
dots (QDs) are highly interesting owing to nanometer-scale
charge carrier confinement in all three spatial dimensions.
This gives rise to quantized energies of the QDs leading to
applications such as lasers, photo-detectors, light emitting
diodes (LEDs), and THz generation. To fabricate InN dots,
the Stranski—Krastanow (SK) growth mode and recently the
droplet epitaxy (DE) technique has been utilized.”™® In DE
technique, indium (In) droplets are exposed to a subsequent
nitrogen (N) plasma beam to convert the In droplets into InN
dots. Compared with other growth techniques, size and den-
sity control of the dots are relatively easier in droplet epi-
taxy, by controlling by the amount of the supplied metals.
However, the transport of holes and electrons in QDs is rela-
tively slow. In contrast to bulk semiconductors, charge car-
riers have to migrate from dot to dot. The position of the
energy levels in quantum dots is size dependent. Because of
the size distribution in the quantum dot layer, the energy lev-
els are disordered. Charge carrier transport in QDs is, there-
fore, generally accepted to follow a nonresonant tunneling
process.”'” In this article, we discuss the fabrication of InN
QDs on silicon nitride/Si (111) substrates using an RF
plasma nitrogen source, and the results obtained from tem-
perature dependent carrier transport in InN QDs.

The InN QD samples were grown in an radio frequency
molecular beam epitaxy (RF-MBE) system. The semi-
insulating Si (111) substrates (resistivity > 3000 Q cm) were
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chemically cleaned followed by dipping in 5% HF to remove
the surface oxide. The substrates were thermally cleaned,
and nitrogen plasma was switched on for 1h at 700 °C sub-
strate temperature, forming a nitridation layer on the surface,
while keeping the plasma power and nitrogen flow rate at
350 W and 0.7 sccm, respectively. The substrate was then
exposed to an In molecular beam at 100 °C to form In drop-
lets and the exposed time was set to 120s. The In cell tem-
perature was kept at 830°C and corresponding beam
equivalent pressure (BEP) was 6.7 x 10’ mbar. Next, the In
droplets were exposed for 30 min with nitrogen plasma for
nitridation of the In droplets. The nitrogen flow rate and
plasma power were 0.7 sccm and 350 W, respectively. In
addition, a post-growth annealing at 400 °C was carried out
under nitrogen plasma for 30min. The optical properties
were investigated by photoluminescence (PL) measurements
using a closed cycle optical cryostat and Ar™" laser of 514 nm
excitation wavelength. Single-crystalline structure of InN
QDs is verified by transmission electron microscopy (TEM).
The interdigited electrode pattern was created on InN QDs
by using photolithography and lift-off techniques. The elec-
trodes were formed by thermal evaporation Al (thickness
~ 150nm). The distance between the two fingers was 5 um,
and the width of each finger was 5 um. The length of the fin-
ger was ~500 um. Variable temperature characteristics of
the devices were measured using a Keithley-236 source mea-
sure unit.

The x-ray photoelectron spectroscopy (XPS) spectrum
was acquired using AIK, radiation (hv=1486.6eV). Figs.
1(a) and 1(b) show the In3d and N1s XPS spectra of InN
QDs, respectively. All the binding energies were corrected
for the Cls contamination signal (285.0eV). The In3d core
spin-orbit is split to the 3ds,, at 444.2eV and 3d;/, peak at
451.7eV. The peak at around 396.5eV corresponds to N1s
of InN QDs. These results are close to the reported values of
InN films.'! PL spectra were recorded at 10K and shown in
Fig. 1(c), where a strong broad peak was observed at 0.8eV.
Notably, the PL spectrum contained broad peaks and slightly
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(a) In3d,, ik [(©) InN QDs Peak ~0.8 eV’ |

FIG. 1. (a) In3d and (b) N1s XPS spec-
tra of InN QDs. (c) PL spectra of the
InN QDs recorded at 10K and it shows a
strong peak emission around ~0.8 eV.

Counts (a.u.)
PL Intensity (a.u.)

Counts (a.u.)

) ] N f , \ L N P 1
440 444 448 452 456392 394 396 398 400 402 0.70 0.75 0.80 0.85 0.90 0.95

PR T I S NS N —

Binding Energy (eV) Binding Energy (eV) Energy (eV)
blue shifted compared to the bulk InN, which may be due to Fig. 3(a) shows the current—voltage (/-V) characteristics
the presence of InN QDs with different sizes in the sample of InN QDs at different temperatures in the range 80-300 K.
and the size dependent quantum confinement effect, respec- The density of InN QDs is very high, and in between the
tively. The InN QDs were removed from substrate by sonica- electrodes there are few paths in which the InN QDs are

tion in acetone and placed on TEM grids. Figs. 2(a) and 2(b) interconnected. The current flows through these connected
represent typical transmission electron micrographs and  InN QDs paths. The /-V characteristics has been analyzed in
selected area electron diffraction (SAED) of InN QD. The terms of space charge limited current (SCLC). Because of
SAED pattern was indexed along the [01-10] zone axis of  the size distribution of the InN QDs, the energy levels are
InN, which represents that InN QDs are single crystalline disordered. Due to this disorder, the energy distribution of
and the crystal structures of InN dots are hexagonal. The the carrier extended states shrinks and localized states are
schematic diagram of the device structure is shown in Fig. created. In charge carrier transport, both extended and local-
2(c). From the diagram it can be seen that InN QDs are iso- ized states should play a significant role. The increase in the
lated from the semi-insulating Si (111) substrate by forming current with temperature can be attributed to the increase in
a silicon nitride layer. Figs. 2(d) and 2(e) show the optical the carrier density due to excitation of carriers from the
microscope images, and Figs. 2(f) and 2(g) show the scan- localized states to the extended states. This is consistent with
ning electron microscopy (SEM) images at different magnifi- the trapping model, which relies on the presence of both the
cations. From the Fig. 2(f), it can be seen that the InN extended states and traps. Hence, the /-V characteristics of
QDs are uniformly distributed on the substrate. The size of  lateral InN QDs can be explained by using the trap
InN QDs is in 20-30nm range with an overall density of  model,'*'? considering the exponential distribution of traps
~5.7%10"%cm ™2 in energy and space, as
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FIG. 2. (Color online) (a) TEM image and (b) selected area electron diffraction (SAED) pattern of InN QD. (c) The schematic diagram of the device structure
(not to scale). (d) and (e) The optical microscope images at different magnifications, and (f) and (g) the SEM images at different magnifications. The width and
distance between the two fingers is 5 um and the length of the finger was ~500 um. From (g), it can be seen that the InN QDs are uniformly distributed between
the electrodes.
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FIG. 3. (Color online) (a) The -V characteristics of device in the tempera-
ture range of 80-300K. (b) The experimental curves and theoretical curves
of log—log I-V plot of the device are shown by symbols and dotted lines,
respectively.

N(E) = Hyexp (—E/E)), )]

where N(E) =n(E)E, is the electron trap density at an
energy level E below the conduction band edge. Here, n(E)
is the distribution function of electron trap density at an
energy level E below the conduction band edge (assuming
uniform spatial distribution), H,, is the density of traps at the
edge of conduction band, and E, is characteristic trap energy.
E, can also be expressed in terms of the characteristics tem-
perature of trap distribution T, (E,=kgT.), where kp is the
Boltzmann’s constant. The trap energy E=E, Eq. (1)
becomes N(E;) = Hp/e, which demonstrates that E, charac-
terizes the exponential trap distribution and defines the
energy level where the trap density has been reduced by 1/e
of its value at the conduction band edge. Hence, the charac-
teristic width of the exponential distribution is set by the
value of E,.

In case of an exponential distribution of traps (assuming
that the trapped electron carrier density (n,) > free electron
carrier density (7)) and using the Poisson equation together
with the transport equation'*

P — gine) + m) e @
I = 1/A= qua(F (), ®

along with boundary condition
V= JF(x)dx. “)

If there are no traps, the Poisson equation changes to

dF (x)
dx

= gn(x)/eseo, 5)

where F(x) is the electric field, d the pitch size of inter-digital
capacitor (IDC), n(x) the mobile charge carrier density
assumed to be electrons, n/x) the trapped electrons density,
q the electron charge, ¢, the permittivity of the material, & is
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the free-space permittivity, and u, is the electron mobility.
Area A =L x h, where L is the length of electrode and / is the
average height of InN QDs. Assuming n, > n and approxi-
mating the Fermi occupancy function by a step function the
final solution for /-V characteristics for exponentially distrib-
uted traps can be written as

A+ 1\ 1 g\ VI
_ 1-/ S
= “"N"(H—l) w1m,) @ ©

where | =E /kgT =T./T, V is applied voltage and N, is the
effective density of states.

It is seen from Fig. 3(b) that the experimental data at all
temperatures from 80 to 300K show a good agreement to
the above mentioned SCLC trap model. Symbols represent
the experimental data and dotted lines represent the theoreti-
cally generated curves using Eq. (6) at different tempera-
tures. The values of fitting parameters used for this case are:
6,=153, 5=885x10""" Flem, A=35x10" cm’,
N.=2x10cm™>, H,=52x10%cm™>, u,=300 cm?
V- !ls7! and T, =320K.

In conclusion, we have fabricated InN QDs on silicon
nitride/Si (111) substrate by droplet epitaxy using an RF

plasma-assisted MBE system. The size of InN QDs is in the

20-30nm range, and density of QDs is ~5.7 x 10'°cm ™2,

The TEM analysis shows that InN QDs are single crystalline
and the crystal structures of InN dots are hexagonal. The PL.
spectrum contained broad peaks around ~0.80eV, which
indicated a slight blue shift due to the size dependent quan-
tum confinement effect. The /-V characteristics of InN QDs
were studied in the temperature range of 80-300 K and were
interpreted in terms of space charge limited current using the
trap model considering the exponential distribution of traps.
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