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InN quantum dots (QDs) were grown on Si (111) by epitaxial Stranski-Krastanow growth mode

using plasma-assisted molecular beam epitaxy. Single-crystalline wurtzite structure of InN QDs was

verified by the x-ray diffraction and transmission electron microscopy. Scanning tunneling

microscopy has been used to probe the structural aspects of QDs. A surface bandgap of InN QDs

was estimated from scanning tunneling spectroscopy (STS) I-V curves and found that it is strongly

dependent on the size of QDs. The observed size-dependent STS bandgap energy shifts with

diameter and height were theoretical explained based on an effective mass approximation with

finite-depth square-well potential model.VC 2011 American Institute of Physics.

[doi:10.1063/1.3665639]

I. INTRODUCTION

InN is an interesting and potentially important semicon-

ductor material with superior electronic transport properties.1

Compared to all other group-III nitrides, InN possesses the

lowest effective mass, the highest mobility, and the highest

saturation velocity.2 InN is currently receiving much attention,

due to its recently observed narrow bandgap Eg of 0.7 eV.3

Such properties of InN as narrow bandgap, infra-red photolu-

minescence in the practical important optical communication

wavelengths, possibility of generation of THz emission and

superior electron transport properties are very promising for

numerous applications of this material. Among all III-nitride

semiconductors, InN remains one of the least studied materi-

als because of the difficulty in growing high-quality epitaxial

film, due to the low dissociation temperature and the

extremely high vapor pressure of nitrogen for InN, as com-

pared with those for AlN and GaN.4 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 confine-

ment in all three spatial dimensions. This gives rise to quan-

tized energy of the QDs and associated applications such as

lasers, photodetectors, light emitting diodes and in THz gener-

ations. Scanning tunneling microscopy (STM) has been used

in many prior studies to probe the structural aspects of QDs

and scanning tunneling spectroscopy (STS) measurements

describe a bandgap associated with the dots.5–7 The effective

mass approximation (EMA)8,9 model was employed by many

researchers to understand the size dependent bandgap of low-

dimensional systems, because of its simplicity. The other

treatments that are used to account for the bandgap of nano-

particles include the effective bond orbital model,10,11 the

tight binding approach,12,13 empirical pseudopotential

method,14,15 Wannier function method,16 and density func-

tional theory (DFT).17 We have studied the STM and STS

measurements of individual InN QDs grown on Si (111) sub-

strate. A surface bandgap of InN QDs was estimated from

STS I-V curves and found that it is strongly dependent on the

size of QDs. An EMA with finite-depth square-well potential

is used to investigate the size-dependent bandgap of InN QDs.

II. EXPERIMENTAL PROCEDURES

InN dots were grown in an ultrahigh vacuum (UHV)

MBE-SPM system (Omicron Nanotechnology), which con-

sists of two UHV chambers (surface probe microscopy

(SPM) and MBE) with base pressures better than 1� 10�10

mbar and an additional high vacuum load-lock chamber. The

MBE chamber is equipped with a K-cell for indium and an rf

plasma source for activated nitrogen. The undoped Si (111)

substrate were chemically cleaned followed by dipping in

5% HF to remove the surface oxide and loaded into the MBE

FIG. 1. XRD 2h-x pattern of the InN QDs grown on Si (111) substrate,

indicating the QDs are highly oriented along the [0001] direction.
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chamber via the load-lock chamber. The Si substrate was

thermally cleaned at 900 �C for several hours in ultrahigh

vacuum. The deposition of InN consists of a two step growth

method. The initial low temperature nucleation layer was de-

posited at 400 �C for 2min. Further, the substrate tempera-

ture was raised to 500 �C to fabricate the QDS. The duration

of QDs growth was kept for 30min. The beam equivalent

pressure, nitrogen flow rate, and plasma power were kept

1� 10�7 mbar, 0.7 sccm, and 350W. After growth, the sam-

ples of uncapped InN dots were transferred under UHV to

the adjacent SPM chamber for surface characterizations. STS

data and STM current mode images were collected using

commercially available Pt-Ir tips. Constant current mode of

STM was conducted at room temperature under the tunneling

current of 0.5 nA and sample bias �1.3V and STS was

measured simultaneously on the top of individual dots apply-

ing �1.5 to 1.5V. Topographic images of dots were col-

lected by scanning simultaneously in the forward and

backward directions together with constant current images,

to insure that no distortion of the dot shape occurred due to

tip effects. The structural and surface morphologies of these

QDs were characterized by x-ray diffraction (XRD) and field

emission transmission electron microscopy (TEM). The PL

spectra were recorded at 10K using a closed cycle optical

cryostat and He-Cd laser of 325 nm excitation wavelength

with a maximum input power of 30 mW.

III. RESULTS AND DISCUSSION

Structural characteristics of the as-grown InN QDs were

evaluated by XRD. Figure 1 shows 2h-x scan of the InN

QDs grown on Si (111) substrate. From the figure it can be

seen that except the substrate peaks, only (0 0 0 2) InN dif-

fracted peak at 2h¼ 31.35� is present, indicating the InN

QDs to be highly oriented along the [0 0 0 1] direction of the

wurtzite structures. Figures 2(a) and 2(b) show two-

dimensional and three-dimensional (3D) STM images of InN

QDs. The average size of InN QDs around �8 nm and den-

sity �6� 1011 cm�2 calculated from STM image. The STM

images were collected at room temperature under the tunnel-

ing current of 0.5 nA and sample bias �1.3V. Figure 3(a)

represents typical bright field TEM micrograph of InN QDs,

from which the size of the QDs was determined (�8 nm).

The corresponding high resolution TEM (HRTEM) image

and selected area electron diffraction (SAED) of InN QDs

are shown in Figs. 3(b) and 3(c). The HRTEM shows one of

the corner edges of a QD and the interplanar spacing, as

observed from the fringe pattern of the HRTEM image, is

0.305 nm, which corresponds to the (1 0 0 0) lattice spacing

of InN.18 The SAED pattern shows clearly visible bright

spots which represents that each QD is single crystalline.

These data clearly demonstrate that the as-grown QDs are

fairly single crystalline, and are crystallized hexagonally

FIG. 2. (Color online) (a) STM image and (b) 3D STM images of InN QDs. The STM images were collected at room temperature under the tunneling current

of 0.5 nA and sample bias �1.3V.

FIG. 3. (a) Typical TEM image of InN QDs. (b) HRTEM of InN QDs and the d spacing is measured 0.305 nm, which corresponds to the [1000] lattice spacing

of InN. (c) Selected area electron diffraction (SAED) pattern was taken along the [0001] direction.
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along the [0 0 0 1] direction with uniform geometry. The

InN QDs were grown by two step growth, first low tempera-

ture nucleation layer at 400 �C and further high temperature

growth at 500 �C. At higher growth temperature the surface

mobility of In atoms are higher and according to the theory

of surface growth, high mobility of In adatoms results ran-

domly distributed dots of different sizes. We have adopted

low-temperature “first-step” growth procedure, during

which, the nucleation of dots likely completed.

The I-V curves were measured on different sizes of InN

QDs using STS. Typical STM images of individual QDs and

normalized conductance curves, (dI/dV)/(I/V)�V, are shown

in Figs. 4(a) and 4(b). Diameters of these QDs are different

as shown in figure but heights are almost same. Figures 5(a)

and 5(b) show STM images of individual QDs and normal-

ized conductance curves of almost same diameter (�7 nm)

and different heights. In these profiles, the negative and posi-

tive tunneling current onsets represent the valence and con-

duction band edges, respectively.19 A surface bandgap was

found in the range 0.67 to 0.85 eV by measuring the differ-

ence between these tunneling onset voltages, and was found

to be strongly dependent on the size of QD’s. The

FIG. 4. (Color online) (a) STM images and (b) normalized conductance curves, (dI/dV)/(I/V)�V of InN QDs of different sizes: (a) 4.5, (b) 7, (c) 12.2, (d) 20,

(e) 25, and (f) 32 nm.
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normalized conductance curves, (dI/dV)/(I/V)�V curve in

Figs. 4(b) and 5(b) exhibit neither intense peaks in the

bandgap nor metallic properties. Thus, intrinsic surface

states within the bandgap can be ruled out. An electron accu-

mulation at the surface requires the Fermi level to be above

EC. However, in our case, EF is pinned �0.2 eV below EC.

Thus, accumulation current cannot arise from a charge car-

rier accumulation zone in the conduction band. Recently,

Ebert et al. (Ref. 20) reported a further possibility is the tip-

induced accumulation of electrons in the defect states pin-

ning the Fermi level. These defect states lie directly at the

Fermi energy and even a very small tip-induced band bend-

ing can induce a carrier accumulation in these states. How-

ever, the accumulation current and its (dI/dV)/(I/V) signal are

much smaller than those arising from the conduction and va-

lence band states.

A theoretical estimation of the quantum size effect on a

QD has been proposed by Nanda et al. (Ref. 21) based on a

finite depth square well model and can be described by the

following form:

ba cot ba ¼ 1�
m�

m0

� �

�

ffiffiffiffiffiffiffiffiffiffiffiffiffi

m�

m0

� �

s

V0

D
� b2a2

� �

(1)

with

b2 ¼
2m�ðEþ V0Þ

�h2
and D ¼

�h2

2m�a2
; (2)

where m* stands for the effective mass of the electron or

hole; the electron effective mass is 0.042 m0,
22 and the hole

effective mass is 0.1 m0,
23 respectively. The diameter of the

QD is d¼ 2 a, and V0 represents the confining potentials for

electrons or holes. The electron confining potential is the

electron affinity, which is 5.8 eV,24 while it is 6.47 eV for the

hole. The ground state transition between electrons and holes

in a QD with radius a can be written as

EgðaÞ ¼ EeðaÞ þ EhðaÞ þ Ee�hðaÞ þ EgðbulkÞ; (3)

where Eg(bulk) is the bandgap of bulk InN which is set to

0.67 eV in this work25 and Ee-h is coulomb energy. For the

FIG. 5. (Color online) (a) STM images and (b) normalized conductance curves, (dI/dV)/(I/V)�V of InN QDs of almost same diameter and different heights:

(a) 6, (b) 12.5, and (c) 20.4 nm.

FIG. 6. (Color online) Calculated bandgap energy for InN QDs of various

diameters and heights. The solid line represents the infinite potential theory,

and the dotted line represents the electron and hole confining potential of 5.8

and 6.5 eV. The stars indicate experimental bandgap tuning with diameters

and circles indicate experimental bandgap tuning with heights.
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coulomb interaction between an electron and a hole in a

semiconductor is evaluated by

Ee�h ¼�
16p2e2A2

eA
2
h

ea

ða

0

sin2ðbhrhÞdrh

�

�
1

2

ða

0

sin2ðbhrhÞ sinð2berhÞdrh=rh

�

: (4)

For an infinite square-well potential (V0 ! infinite), the

change in bandgap (DEg) can be approximately written as

DEgðaÞ ¼
�h2p2

2a2
1

m�
e

þ
1

m�
h

� �

�
1:75e2

4pee0a
; (5)

where me* and mh* are the effective mass of electron and

hole, respectively.

Figure 6 shows the calculated transition energy against

the diameter and height of the QD. The experimental results

are in good agreement with the theoretical calculations based

on an EMA with finite-depth square-well potential model [Eq.

(3)]. Experimental results do not follow the infinite potential

well [Eq. (5)], which is also plotted in Fig. 6. The blueshift in

the bandgap energy with the reduction in diameter and height

of QD, is dominated by the quantum size effect.

The strain in the QDs could be another factor that affects

the surface bandgap of InN QDs because it alters the elec-

tronic structures. In principle, the strain would tend to be

higher in smaller sized QDs, since strain energy increases

with volume thus prompting larger dots to relax. The

bandgap would thus shift to higher energy due to the higher

strain in smaller dots. The PL spectrum of the InN QDs

measured at 10K is shown in Fig. 7. Notably, the PL spec-

trum contained a broad peak around 0.80 eV which may be

due to the presence of InN QDs with different sizes in the

sample. The PL peak is blue shifted compared to the bulk

InN, due to size dependent quantum confinement effect.

IV. CONCLUSION

In conclusion, InN QDs were grown on Si (111) by epi-

taxial Stranski-Krastanow growth mode using plasma-

assisted MBE. Single-crystalline wurtzite structure of InN

QDs was verified by the x-ray diffraction and TEM. A sur-

face bandgap of InN QDs was estimated from STS I-V

curves and found that it is strongly depend on the size of

QDs. We observed a systematic blueshift in the bandgap

energy as the QD’s diameter or height was reduced. Theoret-

ical calculations based on an effective mass approximation

with finite-depth square-well potential model reveal the pos-

sibility that it is the quantum size effect that determines the

observed size-dependent STS shifts.
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