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ARTICLE INFO ABSTRACT

Available online 29 May 2012 InN quantum dots (QDs) were grown on 1 um thick GaN/(0001) sapphire substrates by low pressure metal
organic chemical vapor deposition. A single crystalline 10-nm thick GaN capping layer was achieved on the
Keywords: InN QDs by the flow-rate modulation epitaxy method at 650 °C. The (002) /26 scans of the X-ray diffraction
InN ) ) . measurements show that the reduction of the lattice constant with a capping thickness indicate that the GaN
Metal organic chemical vapor deposition capping process exerts a compressive strain on the InN QDs. The residual strain was reduced from 0.245% to
;;%pmg layer —0.245% as the GaN cap thickness increases from 0 to 20 nm. In addition, the analysis of the photo-
PL luminescence peak energy estimated that the free electron concentration (i.e. density of indium (In) vacan-
cy) decreased from 1.62x10'® cm ™3 to 1.24x10'® cm 3. The suggestion here is that the increase of the
compressive strain on InN QDs due to the increased GaN capping layer thickness provides the high driving
force for the interdiffusion of the In atom and gallium (Ga) atoms between the interface of InN QDs and
the GaN capping layer. Thus, we believe that more Ga atoms can diffuse from the GaN capping layer and sub-

stitute the high density of In vacancy in the InN QDs, resulting in a decrease of the free electron concentration

in the InN QDs with the increase in the GaN capping layer thickness.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Revising the InN band gap energy to ~0.7 eV [1], has promised many
additional applications of optoelectronic devices in the infrared range,
including high efficiency solar cells and light emitting diodes. The InN
quantum dots (QDs) are formed through self-assembly in the highly
mismatched InN/GaN system (i.e., with a lattice mismatch of ~11%) by
means of the “Stranski-Krastanov (SK: layer-plus-island)” growth
mode [2]. The relaxation of the misfit strain was shown to be initiated
by the formation of misfit dislocations (MDs) at the hetero-interface be-
tween InN and GaN [3-5]. The introduction of a low temperature GaN
capping layer induces a rearrangement of the MDs at the InN/GaN
capped interface [6]. In addition, the growth temperature of the GaN
capping layer is limited, because of the low dissociation temperature
of InN and the extremely high equilibrium vapor pressure of nitrogen.
Generally speaking, low-temperature GaN film has poor crystal quality
and a high defect density. These defects act as carrier trapping centers
and limit the light-emitting and photo-voltaic efficiency of optoelec-
tronic devices. Thus, it is essential that a systemic investigation of the
strain distribution in InN QDs is carried out for high performance opto-
electronic devices. Therefore, this paper presents a systematic study of
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the effect of GaN cap thickness on the structural and optical properties
of InN/GaN QDs structures.

2. Experimental details

The InN/GaN QDs structures were grown on 1 pm thick GaN/(0001)
sapphire substrates by metal organic chemical vapor deposition
(MOCVD). The InN QDs were grown by pulsed mode (PM) method at a
temperature of 650 °C to achieve higher density. The gas flow sequence
for the PM method basically consists of four steps: 20 s trimethylindium
(TMIn) 4+ ammonia (NHs) growth step, 20 s NH3 source step with 10 s
purge steps in between. During the growth step, the mole flow rates of
TMIn and NH; are 1.53x 10" and 8.04x 10° pmole/min, respectively.
The InN QDs layer is then covered with a thickness of 10 nm or 20 nm
at 650 °C respectively, using the flow-rate modulation (FME) method.
The mole flow rates of trimethylgallium (TMGa) and NHs3 are
2.21x 10" umole/min and 1.79x 10° pmole/min, respectively for FME
growth of GaN capping layer. The X-ray diffraction (XRD) was measured
using a high resolution X-ray diffraction system—BRUKER D8
DISCOVER. This instrument is based around a two circle goniometer,
enclosed in a radiation safety enclosure. The X-ray source is a 2.2 kW
Cu anode long fine focus ceramic X-ray tube with Cu (Kot) radiation
at 154 A. The transmission electron microscopy (TEM) images of
these samples were acquired by JEOL 2010F operated at 200 kV
with a Gatan Orius 832 charge-coupled device. The specimen was
prepared using a dual-beam focused ion beam facility with great
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care treatment. Because there were no obvious amorphous layers
on the edge, we consider that there was little ion damage during
our preparation. The photoluminescence (PL) measurements were
performed using the 488-nm line of an argon-ion laser as the exci-
tation source. The PL signals are dispersed by an ARC Pro 500
monochromator and were detected by a cooled InGaAs photodiode
with a cutoff wavelength of 2.05 pm.

3. Results and discussion

The TEM image of the un-capped InN QDs is shown in Fig. 1(a). In
Fig. 1(b), the high-resolution TEM (HRTEM) image shows the atomi-
cally sharp and flat 3 monolayers-thick InN wetting layer on top of
the GaN buffer layer. The critical thickness for forming an InN QDs
is about 0.86 nm. We believe that the InN QDs formation in this
study was via the SK growth mode. However, the low dissociation
temperature of InN and the extremely high equilibrium vapor pres-
sure of nitrogen hindered the growth temperature of the GaN capping
layer. Since the GaN capping layer is grown at a low temperature, the
Ga adatom can't migrate to form a layer-by-layer growth, and instead
leads to islanding. In this study, we attempted to grow the GaN cap-
ping layer by the FME technique (i.e. migration enhancement meth-
od). The precursor of TMGa and NHs; were separately injected into
the reactor in order to enhance the migration length of the Ga adatom
[7]. The atomic layer epitaxy (ALE) method for GaN films grown at
550 °C by the MOCVD system has been reported to show good optical
quality GaN films [8]. Fig. 1(c) shows the TEM image of the 10 nm
thick GaN capping layer grown on the InN QDs by the FME technique.
It has been found that a smooth GaN capping layer can be grown on
the InN QDs. The enlarged HRTEM image of Fig. 1(d) was selected
from the red-boxed area in Fig. 1(c). Obviously, the feature on the in-
terface of the InN QDs and the GaN capping layer is differentiable. In
order to confirm the single crystalline of GaN capping layer, we have
examined the diffraction pattern and HRTEM micrographs. Fig. 2(a)
illustrates a fast Fourier transform (FFT) of the image. The spots in

the FFT image correspond to a diffraction pattern of the wurtzite
structures of GaN-w and InN-w in the [1127 0] zone axis. It is worth
noting that the sample does not contain any appreciable volume of
other phases in the GaN or InN QDs regions. Fig. 2(b) shows a cross-
sectional HRTEM micrograph viewed along the [1127 0] direction.
The misfit dislocations appear at the interface between the InN QDs
and the GaN capping layer. We also evaluated the GaN capping pro-
cess on InN QDs. Fig. 1(a) shows that the height (h) and width (w)
of the uncapped InN QDs are 19.6 nm and 103 nm, respectively, i.e.
the aspect ratio (AR) h/w is about 1/5.3. After capping with a 10-nm
thick GaN layer, the QDs width increases to 110 nm, while the dot
height decreases to 17.8 nm (AR=1/6.2). The change in morphology
and the size changes of the QDs during capping have been widely
reported for many material systems [9-11], and are usually explained
as being the result of intermixing or the atomic exchange process.
However, the change in aspect ratio of the InN QDs may be related
to the strain in the InN QDs.

In order to study the strain level in the single-stacked InN QDs, we
performed an X-ray diffraction measurement. Fig. 3(a) shows the
(002) ®/26 scans of the uncapped InN QDs and the InN QDs covered
with various thicknesses of GaN capping layer. Combining Bragg's
law with the expression for the inter-planar spacing in hexagonal
structures, we find the lattice constant in the growth direction to be
c=1xN\/(2 sin 0g), for any allowed (00 ) reflection of X-rays of the
wavelength N. For this calculation, the lattice constant (c axis) of
the GaN buffer layer is 5.185 A, and the lattice constant (c axis) of
the uncapped InN QDs is 5.717 A. The values of the lattice constants
for the case of stain-free InN are estimated to be in the range of
c¢=5.703 A [12]. The larger lattice constant, c, is attributed to the
biaxial compressive stress/strain in the basal plane, which is relieved
to a large extend by plastic relaxation and results in a tensile strain
along the c-axes. In contrast, the lattice constant is 5.689 A for InN
QDs covered by a 20-nm thick GaN capping layer. The reduction of
the lattice constant with a capping thickness for a single-layer sample
indicates that the GaN capping process exerts a compressive strain on
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e
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Fig. 1. TEM images of (a) un-capped InN QDs, and (b) the HRTEM image of un-capped InN QDs, and (c) InN QDs covered by a 10-nm thick GaN capping layer, and (d) the HRTEM
image of InN QDs covered by a 10-nm thick GaN capping layer. Enlarged HRTEM images of (b) and (d) are from the red-boxed area in (a) and (c), respectively.
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Fig. 2. (a) FFT image shows the characteristic wurtzite patterns for GaN and InN QDs. (b) HRTEM image of the GaN capping layer on the InN QDs interface viewed along [10].

The MDs marked by “L” are also shown.

the InN QDs. In addition, the residual strain relaxation in the InN QDs
with different thickness of GaN capping layer were also studied. The
strain (&,,) along the z axis was estimated from the relation,

szzzc%oc‘)x 100% (1)

where C denotes the lattice constant of the InN QDs and Cy is a strain-
free InN films. The residual strain is reduced from 0.245% to 0.07% as
the GaN cap thickness increase from 0 to 10 nm. However, the resid-
ual strain of the InN QDs reduced to —0.245% for the 20-nm thick
GaN capping layer.

Fig. 4 shows the 17K-PL spectra of the un-capped InN QDs, as well as
the InN QDs covered with various GaN capping thicknesses. The Gauss-
ian fitting of the PL spectrum for uncapped InN QDs shows a peak ener-
gy at 0.807 eV, with a full width at half maximum (FWHM) of 104 meV.
In order to extract the InN QDs band gap energy (i.e. E;), we consider
the strain effect [13], confinement effect [ 14] and we calculate the elec-
tron Fermi energy (i.e. AEg(n)) [15] which is determined by the residual
electron concentration in the InN QDs. The calculated results are sum-
marized in Table 1. In InN/GaN system there is a large in-plane lattice
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Fig. 3. The (002) XRD measurement of (a) un-capped InN QDs, InN QDs covered by
(b) a 10-nm thick GaN capping layer, and (c) a 20-nm thick GaN capping layer. The

Gaussian fitting curve of the XRD curve is shown by a red line.

mismatch, which is 98% of the initial compressive strain is relieved by
the introduction of the misfit dislocation network [16,17]. The calcula-
tion of the strain effect on the InN/GaN QDs band gap (i.e. AEg) is in
the order of several meV, and is not the dominant effect on the PL
peak energy. Since the height/width of uncapped InN QDs is 19.6/
103 nm, the quantum confinement effect induced confinement energy
(i.e. AEcont) is about ~33.3 meV. Thus, the PL peak energy can be rough-
ly estimated by Ep, = Eg + AEg; + AEcons. + AER(n). The Ep taken from
the PL spectra, Eg, is assumed to be a constant value of 0.7 €V, AEcons,
which also can be calculated by the effective mass theory. The AEg(n)
is equal to Ep; — Eg— AEg— AE on¢. Finally, we can calculate the electron
density in the InN/GaN QDs. The electron density is estimated to be
1.62x10'® cm 3 for uncapped InN QDs. The electron density decreased
to 1.24x10'8 cm™3 by increasing the GaN capping layer thickness to
20 nm. In addition, the PL FWHM can be decreased to 77 meV increas-
ing the GaN capping thickness to 20 nm. The empirical relationship be-
tween the PL FWHM and the free-electron concentration provides a
convenient formula to determine the free-electron concentration in
InN films by PL, and was reported by Fu et al. [18]. There are many pos-
sible reasons that can influence the free carrier concentration in the
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Fig. 4. The 17K PL spectra of (a) un-capped InN QDs, InN QDs covered by (b) a 10-nm
thick GaN capping layer, and (c) a 20-nm thick GaN capping layer. The Gaussian fitting
curve of the PL spectrum is shown by a red dashed line.
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Table 1
The calculated results of the strain effect, confinement effect and the Fermi energy for
the samples in this study.

QDS hﬂght EPL Est AEconf. AEF(n)/ne
(nm) (eV) (meV) (meV) (meV)/(cm~3)
Uncapped 19.6 0.807 2.7 333 71
1.62x10'®
10 nm 17.8 0.804 0.8 399 63.3
1.36x10'8
20 nm 19.7 0.789 —28 32.6 59.2
1.24%10'8

uncapped InN QDs, such as surface states, oxidation [19] and/or surface
near doping by oxygen. For capped InN/GaN QDs, the high atomic mo-
bility and temperature instability of InN QDs may be caused by the
intermixing. In addition, band bending due to the heterointerface and
piezoelectric polarization charges in the InN/GaN QDs could play a
role as well. Cimalla et al. [20] reported that the high surface electron
concentration generated by the high surface density of states is due to
the high ratio of surface area to volume of the QDs. It is well known
that the thermal instability is due to the low InN dissociation tempera-
ture and high equilibrium N, vapor pressure over the InN, implying ni-
trogen desorption from the QDs [21]. Thus, we believe that GaN capping
avoids InN decomposition and decreases the surface defect density.

In addition, the analysis of the PL peak energy does indicate a de-
crease of the free electron concentration in the InN QDs with the in-
creasing GaN capping layer thickness. In this study, the aspect ratio
of the uncapped InN QDs is about 1/5.3 and increases to 1/6.2 after
being capped with a 10-nm thick GaN layer. The change in morphol-
ogy of the QDs during capping for many material systems has been
explained as being the result of intermixing or the atomic exchange
process [9-11]. Some possible mechanisms including the group-III
vacancy-related [22], impurity enhanced [23], or built-in field driven
[24] mechanisms were proposed to be the driving force for the inter-
diffusion. Chyi et al. indicated that the high concentration of gallium
vacancy was responsible for the interdiffusion of indium (In) and gal-
lium (Ga) out of and within the InGaN/GaN quantum wells [25]. The
analysis of the PL peak energy estimated that the electron concentra-
tion was about 1.62x 10'® cm~2 for uncapped InN QDs. It also im-
plied a high concentration of In vacancy in the uncapped InN QDs,
since the In vacancy density was found to be correlated with free
electron concentration of InN films [26]. The high concentration of
In vacancy in the InN QDs indicated a high probability of interdiffu-
sion between the interface of InN QDs and the GaN capping layer. In
addition, the XRD results showed that the compressive strain in-
creased with the increase in the thickness of the GaN capping layer.
This increase in compressive strain enhances the driving force for
the In and Ga atom interdiffusion between the interface of InN QDs
and the GaN capping layer. We believe that the high density of In va-
cancy in the InN QDs can be substituted by more Ga atoms diffused
from the GaN capping layer. Thus, the concentration of In vacancy
in the InN QDs can be reduced by increasing the GaN capping thick-
ness. The experimental results clearly indicate that the GaN capping
layer grown by the FME method can be used for improving the optical
properties of InN QDs. The present results are important for the
multi-stack InN/GaN QDs structure.

4. Conclusions

In summary, we have investigated the structural and PL properties
of InN/GaN QDs. A single crystalline 10-nm thick GaN layer was capped

on the InN QDs by the flow-rate modulation epitaxy (FME) method. The
XRD measurements showed that the reduction of the lattice constant
with a capping thickness indicate that the GaN capping process exerts
a compressive strain on the InN QDs. The increasing compressive strain
enhanced the driving force for the In and Ga atom interdiffusion be-
tween the interface of InN QDs and the GaN capping layer. This suggests
that more Ga atoms can be diffused into the InN QDs and substitute the
inside In vacancy. Thus, the free electron concentration which relates to
the In vacancy density can be reduced by increasing the thickness of the
GaN capping layer. The GaN cap thickness is not only very important for
the QDs strain but also for the emission properties of the InN QDs.
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