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a  b  s  t  r  a  c  t

This  paper  reports  the structural  and  photoluminescence  (PL)  characteristics  of single-layer  and  multi-
stack  InN/GaN  quantum  dots  (QDs)  with  varying  spacer  thickness.  A single  crystalline  10-nm  thick  GaN
capping  layer  is grown  on  the  InN  QDs  by the  flow-rate  modulation  epitaxy  (FME)  method.  The  PL peak  is
red shifted  down  to 18  meV  and  its full width  at half  maximum  (FWHM)  was  narrowed  from  104  meV to
77 meV  as increasing  GaN  capping  layer  thickness  to 20-nm.  The  red-shift  and  the linewidth  narrowing
of  the  PL  spectra  for the single-layer  InN  QDs  as  a result  of  the  increase  in  capping  thickness  are  believed
to be  due  to  the  fact that  the  GaN  capping  layer  decreases  the  surface  defect  density  thereby  decreasing
the  surface  electron  concentration  of  the  InN  QDs.  However,  the  PL  intensity  decreases  rapidly  with  the
increase  in  GaN  spacer  thickness  for the  three-layer  stacked  InN/GaN  QDs.  Because  of  kinetic  roughen-
train ing, the  20-nm  thick  GaN  capping  layer  shows  a roughened  surface.  This  roughened  GaN  capping  layer
degrades  the InN  QDs  growth  in the  next  layer  of multi-stack  InN  QDs.  In addition,  the  increased  com-
pressive  strain  on the  InN QDs  with  the  increase  in  GaN  spacer  thickness  increases  the  defect  density  at
the InN/GaN  capped  interface  and  will  further  decrease  the  PL  intensity.  After  the  GaN  spacer  thickness
is  modified,  the  PL  intensity  of the  three-layer  stacked  sample  with  a 10-nm  thick  GaN spacer  layer  is

single
about  3 times  that  of  the 

. Introduction

Revising the InN band gap energy to ∼0.7 eV [1],  has promised
any additional applications of optoelectronic devices in the

nfrared range, including high efficiency solar cells. In recent years,
he benefits of multiple exciton generation have been demon-
trated in colloidal suspensions of PbSe, PbS, PbTe, CdSe, and GaAs
Ds by achieving high-efficiency nanostructured solar cells [2,3].

n order to increase the absorption of nanostructured solar cells, it
s necessary to increase the volume of the nanostructure. In other

ords, the growth technique for high density QDs [4,5] or for the
tacking the QD layers plays an important role in increasing the
ensity of the dot volume. These findings motivate studying the
tructural and optical behaviors of the multi-stack InN/GaN QDs
tructure.
The InN QDs are formed through self-assembly in the highly mis-
atched InN/GaN system (i.e., with a lattice mismatch of ∼11%) by
eans of the “Stranski–Krastanov (SK: layer-plus-island)” growth
ode [6].  The relaxation of misfit strain was shown to be initiated

y formation of misfit dislocations (MDs) at the heterointerface
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E-mail address: wcke@saturn.yzu.edu.tw (W.-C. Ke).
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-layer  sample.
© 2012 Elsevier B.V. All rights reserved.

between the InN and GaN [7–9]. The introduction of a low tem-
perature GaN capping layer also induces a rearrangement of the
MDs  at the InN/GaN capped interface [10]. In addition, due to the
thermal instability the low InN dissociation temperature and high
equilibrium nitrogen vapor pressure over the InN limits the growth
temperature of the GaN capping layer. Generally speaking, low-
temperature GaN film has poor crystal quality and a high defect
density. The kinetic roughening due to the low Ga adatom surface
mobility at low growth temperature increases with the increase
in layer thickness. A high-defect density and/or roughened sur-
face of the GaN capping layer acts as a favorable nucleation site
that influences the nucleation of QDs in the growth of the next
layer of multi-stack InN/GaN QDs. Thus, it is necessary to modify
the spacer thickness in order to obtain a high crystal quality and
a smooth surface of the GaN spacer layer in the stacked InN/GaN
QDs. It is therefore essential that a systemic investigation of the
effect of spacer thickness on the structural and optical properties
of multi-stack InN/GaN QDs.

2. Experimental details
The InN/GaN QDs structures were grown on 1 �m thick
GaN/(0 0 0 1) sapphire substrates by low pressure metal organic
chemical vapor deposition. The InN QDs were grown by pulsed

dx.doi.org/10.1016/j.jallcom.2012.01.158
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:wcke@saturn.yzu.edu.tw
dx.doi.org/10.1016/j.jallcom.2012.01.158
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ig. 1. AFM images of (a) un-capped InN QDs, single-layer InN QDs covered by (b) a
 10-nm thick GaN spacer, and (e) a 20-nm thick GaN spacer.

ode (PM) method at a temperature of 650 ◦C to achieve higher
ensity. The gas flow sequence for the PM method basically consists
f four steps: 20 s TMIn + NH3 growth step, 20 s NH3 source step
ith 10 s purge steps in between. During the growth step, the mole
ow rates of TMIn and NH3 are 1.53 × 101 and 8.04 × 105 �mol/min,
espectively. The InN QDs layer is then covered by a series of
aN capping layers with a thickness of 10 nm, 15 nm or 20 nm
t 650 ◦C respectively, using the FME  method, respectively. The
ole flow rates of TMGa and NH3 are 2.21 × 101 �mol/min and

.79 ×105 �mol/min, respectively for FME  growth of GaN capping
ayer. The same InN/GaN bilayer is then deposited two  more times
uch that a stacked structure is created comprising of three InN
Ds planes separated by three GaN barriers. The PL measurements
re performed using the 488-nm line of an argon-ion laser as the
xcitation source. The PL signals are dispersed by an ARC Pro 500
onochromator and are detected by a cooled InGaAs photodiode
ith a cutoff wavelength of 2.05 �m.

. Results and discussion

Fig. 1 shows the atomic force microscopy (AFM) images of the
ncapped InN QDs, the single-layer and the three-layer InN QDs.
he QDs density is ∼1.5 × 109 cm−2 for both the uncapped InN
Ds and single-layer InN QDs. The GaN capping morphology plays
n important role in achieving a well stacked multilayered struc-
ure. The flat surface and high quality of the GaN capping layer is
elpful for achieving high PL intensity of multi-stack InN QDs. In
ig. 1(c) and (d), the root mean square (RMS) surface roughness
re 0.542 nm and 1.284 nm respectively for 10-nm thick and 20-
m-thick GaN capping layer. The AFM line scan profiles indicated
hat the surface morphology of the 10-nm thick GaN capping layer
hows a truncated pyramid shape and changes to a dome shape
hen the thickness of the capping layer increases to 20-nm. In

ig. 1(d), the QDs density remains at ∼1.5 × 109 cm−2 for the three-
ayer InN QDs with a 10-nm thick GaN spacer layer. However, the
Ds density increases to 2.1 × 109 cm−2 when the spacer thickness

ncreases to 20 nm (see Fig. 1(e)). Additionally, the size of the InN
Ds for the three-layer samples shows a decreasing trend with the

ncrease in thickness of the GaN spacer. The density and size of
he InN QDs depend not only on the stacking layer but also on the
hickness of the spacer.

The transmission electron microscopy (TEM) images shown in

ig. 2 were used to study the structural properties of the uncapped
nN QDs, and of the single-layer samples. The insert in Fig. 2(a),
hows the atomically sharp and flat 3 monolayers (MLs)-thick InN
etting layer on the GaN layer. The critical thickness for the SK
m thick and (c) a 20-nm thick GaN capping layer, and three-layer InN QDs with (d)

mode forming InN QDs is about ∼0.86 nm.  In comparison with
Fig. 2(b) and (c), the surface morphology of the 10-nm thick GaN
capping is smooth, changing to a rough surface when the capping
thickness increases to 20-nm. The surface roughness of GaN  cap-
ping layer evidence from these TEM images in agreement with
AFM observations. Fig. 2(d) shows that a smooth and single crys-
talline GaN capping layer can be grown on the InN QDs by FME
method to increase the migration length of the Ga adatoms at the
lower growth temperature. However, because the kinetic rough-
ening becomes greater as the layer thickness increases, the 20-nm
thick GaN capping layer shows a roughened surface. This rough
GaN capping surface will form more favorable nucleation sites to
increase the QDs density but decrease the size of InN QDs growth in
the next layer, since the total amount of InN deposited is the same.
Thus, the dot size of the three-layer samples shows a decreasing
trend with the increase in GaN spacer thickness (see Fig. 1(d) and
(e)).

In order to study the strain level in the multi-stacked InN QDs,
we performed an X-ray diffraction (XRD) measurement. Fig. 3(a)
shows the (0 0 2) ω/2� scans of the uncapped InN QDs, the single-
layer and the three-layer InN QDs. Combining Bragg’s law with
the expression for the inter-planar spacing in hexagonal struc-
tures, the lattice constant in the growth direction is found to be
c = l × �/(2 sin �B), for any allowed (0 0 l) reflection of X-rays of the
wavelength �. For this calculation, the lattice constant (c axis) of the
GaN buffer layer is 5.185 Å, and the lattice constant (c axis) of the
uncapped InN QDs is 5.717 Å. The values of the lattice constants
for the case of stain-free InN are estimated to be in the range of
c = 5.703 Å [11]. The larger lattice constant, c, is attributed to the
uniaxial tensile stress in the growth direction of the uncapped InN
QDs. In contrast, the lattice constant is 5.689 Å for InN QDs covered
by a 20-nm thick GaN capping layer. Fig. 3(b) shows the reduction
of the lattice constant with a capping thickness for a single-layer
sample indicating that the GaN capping process exerts a compres-
sive strain on the InN QDs. In addition, the residual strain relaxation
in the InN dots with different thickness of GaN capping layer were
also studied. The strain (εzz) along z axis was estimated from the
relation

εzz = C − C0

C0
× 100% (1)
where C denotes the lattice constant of the InN dots and C0 is strain-
free InN films. The residual strain is reduced from 0.245% to 0.07%
as the GaN cap thickness increased from 0 to 10 nm. However, the
residual strain of InN dots reduced to −0.245% for 20-nm thick GaN
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ig. 2. TEM images of (a) un-capped InN QDs, single-layer InN QDs covered by (b) a
hows  the HRTEM image of the InN wetting layer on the GaN films, and (d) the HRT

apping layer. We  also used Scherrer’s equation [12] to calculate
he size of the InN QDs as follows.

 · cos �B = k�

d
(2)

here  ̌ is the full width at half maximum (FWHM) values of (0 0 2)
RD peak, and d denotes the height of the InN QDs. Constant k is 0.8,
nd � denotes the wavelength of the incident X-ray. In Fig. 3(c), the
eight of the dots for the three-layer samples shows a decreasing
rend with the increase in GaN spacer thickness. It should be noted
hat a double peak is found for the three-layer sample with a 20-
m thick GaN spacer layer, indicating the dot size non-uniformity

n the multi-stack InN/GaN QDs.
Fig. 4 shows the 17K-PL spectra of the un-capped InN QDs, as

ell as the single-layer and three-layer InN QDs with various GaN
pacer thicknesses. Note that the PL of the sample with 20-nm-thick
aN spacer is too weak to be measured. The Gaussian fitting of the
L spectrum for uncapped InN QDs shows a peak energy at 0.807 eV,
ith a FHWM of 104 meV. The PL peak energy red shifted to a lower
nergy of 0.789 eV with increasing GaN capping layer thickness to
0-nm. In addition, the PL FWHM can be decreased to 77 meV  by

ncreasing of GaN capping thickness to 20-nm. In order to under-
tand the changes in PL peak energy with the increase in GaN
 thick GaN capping layer, and (c) a 20-nm thick GaN capping layer. The inset in (a)
age of InN QDs covered by a 10-nm thick GaN capping layer.

capping thickness, we assume that the InN QDs bandgap energy
(i.e. Eg) is 0.7 eV, we  take the strain effect (i.e. �Est

g ) [13] and the

piezoelectric effect (i.e. �EQCSE
g ) [13] as well as the quantum con-

finement effect (i.e. �Econf.) [14], and calculate the electron Fermi
energy (i.e. �EF(ne)) [15,16] which is determined by the residual
electron concentration in the InN QDs.

The total change in band gap due to strain could be estimated
as sum of the contributions from change in conduction and valance
bands (heavy hole), as in Eq. (3)

�Est
g = �Est

c − �Est
v,hh (3)

The change in conduction band due to strain is calculated [17,18]
as:

�Est
c = az

c

(
−2C13

C33
�εxx

)
+ ax,y

c (2�εxx) (4)

where az
c and ax,y

c are hydrostatic deformation potential constants.
The calculation [18,19] of valance band shift due to strain is as
follows:

�Est
v,hh = [D1�εzz + D2(�εxx + �εyy)]

+ [D3�εzz + D4(�εxx + �εyy)] (5)
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The change in the band gap due to electric field, quantum-
onfinement Stark effect (QCSE), could be approximated as [20]:

EQCSE
g = C1(m∗

e + m∗
h)m0e2ε2L4

2
(6)
h̄

here C1 = −2.19 × 10−3, L is InN QDs height, m0 is the electron
ass, and e is the unit charge.
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(7)
2d me mh

where h̄, m∗
e = 0.07m0, m∗

h = 0.1m0 are Planck’s constant and the
effective masses of an electron and a hole, respectively.
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Table  1
The calculated results of the confinement effect and the Fermi energy for the samples of this study. The dot height for the different samples are shown for comparison.

QDs height (nm) EPL (eV) �Econf. (meV) �EF(ne) (meV) ne (cm−3)

Uncapped 19.6 0.807 33.3 77.4 1.84 × 1018

1 layer (10 nm) 17.8 0.804 39.9 76.5 1.79 × 1018
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1 layer (20 nm) 19.7 0.789 

3 layers (10 nm)  17.2 0.827 

3 layers (15 nm)  17.5 0.825 

The Burstein–Moss shift of the Fermi energy �EF(ne) is
xpressed as follows [16]:

EF(ne) = 3.62 × 10−3
(

m0

m∗
e

)
(ne × 10−24)

2/3
(8)

The calculation of the strain effect on the InN/GaN dots band
ap is in the order of several meV, and is not the dominant effect
n the PL peak energy. Due to the large height of the InN QDs, the
hange in bandgap via electric field, quantum-confined Stark effect,
s in the order of several eV, which is not reasonable in these sam-
les. Since the height/width of uncapped InN QDs is 19.6/103 nm,
he quantum confinement effect induced confinement energy is
bout ∼33.3 meV. Cimalla et al. showed that the high surface elec-
ron concentration generated by the high surface density of states
s due to the high ratio of surface area to the volume of nanodots
21]. It is well known that the thermal instability is due to the low
nN dissociation temperature and high equilibrium N2 vapor pres-
ure over the InN implies nitrogen desorption from the dots. We
elieve that GaN capping avoids InN decomposition and decreases
he surface defect density. The high resolution TEM (HRTEM) image
hows the sharp interface between the InN QDs and the GaN cap-
ing layer (see Fig. 2(d)). The surface lattice imperfection of the
ncapped InN QDs (not shown here) can be repaired by the cap-
ing process. The GaN capping decreases the surface defect density
nd therefore decreases the surface electron concentration of the
nN QDs. Thus, the PL peak energy can be roughly estimated by
PL ≈ Eg + �Econf. + �EF(ne) in these samples. The calculated results
re summarized in Table 1. The decrease in PL peak energy and the
WHM for the single-layer InN QDs can be well explained by the
ptimal GaN capping process.

Fig. 4 shows that the PL peak energy of the three-layer samples is
igher than that of the single-layer sample with a 10-nm thick GaN
pacer. The electron concentration is estimated to increase from
.79 × 1018 cm−3 to 2.07 × 1018 cm−3. It has been reported that the
aN capping layer is fully relaxed by the introduction of a mis-
t dislocation (MD) network, while the dots increase the residual
train [10]. Thus, it can be realized that there is a higher electron
oncentration in the three-layer InN QDs than in the single-layer
ample. Fig. 3(c) shows that the average height of three-layer InN
Ds with 10-nm thick spacer layer is 17.2 nm,  which is smaller than

he 17.8 nm of the single-layer InN QDs covering a 10-nm thick cap-
ing layer. We  believe that the quantum size effect also contributes
o the blue-shift of the PL spectra. In Fig. 4(b), it must be noted that
he increase in GaN spacer thickness to 15-nm for three-layer sam-
les results in a decrease in the PL intensity, since the generation of
Ds  during epitaxial growth is gradual, depending on the thickness

f the capping layer [10]. In Fig. 3(b), the lattice constant decreases
ith the increase in spacer thickness for the three-layer samples,

ndicating that more compressive strain is being exerted on the
nN QDs. Thus, more MDs  are formed at the interface between the
aN spacer and InN QDs in order to balance the stress between

he layers. This decrease in PL intensity may  be due to the fact that
he thicker GaN spacer induces a high density non-radiation cen-

er such as misfit dislocation between the InN QDs and the GaN
pacer. In this study, the optimal spacer thickness is 10-nm for the
tacked InN/GaN multilayer QDs. The PL intensity of the 10-nm-
hick GaN spacer of the three-layer sample increases about 3-fold,
32.6 56.4 1.14 × 10
43.0 83.9 2.07 × 1018

41.6 85.4 2.12 × 1018

compared with that of the single-layer sample. The experimental
results indicated that the PL intensity of multi-stack InN QDs is
not only dependent on the stacking layer but also on the spacer
thickness. Controlling GaN spacer thickness to obtain high crystal
quality and smooth surface of GaN spacer layer are critical points
for achieving a well multi-stack InN/GaN QDs structures.

Finally, we  measure the temperature dependent PL of the three-
layer InN QDs with a 10-nm thick GaN spacer. Fig. 4(c) shows that
the measured PL peak energy increases with the increase in temper-
ature. This phenomenon is explained by the higher surface electron
concentration of the InN QDs, generated by the high surface density
of state, having a tendency to substantially increase when the tem-
perature increases [4].  The number of trapped surface electrons
that become thermally excited to the conduction band increases
substantially. This then of course results in an increase of the Fermi
energy and subsequently a higher measured temperature for the
blue-shifted PL energy of the emitted photons. The carrier local-
ization effect of the InN QDs is further investigated using reduced
thermal quenching of the PL from the QDs. The thermal activation
energy is estimated to be ∼74 meV, indicating a strong localization
effect in the multi-stack InN/GaN QDs.

4. Conclusion

In summary, a single crystalline and smooth surface of 10-nm
thick GaN capping layer is successfully grown on the InN QDs  by
FME  method at 650 ◦C. The TEM and PL results indicated that the
high crystal quality GaN capping layer decreases the surface defect
density and therefore decreases the surface electron concentration
of the InN QDs. However, the surface morphology of GaN capping
layer becomes rough when the thickness increases to 20-nm. The
roughened GaN capping layer then degrades the InN QDs  growth
in the next layer of multi-stack InN QDs. In addition, the increased
compressive strain on the InN QDs due to the increased GaN spacer
thickness will increase the defect density at the InN/GaN interface.
The surface morphology and thickness of GaN spacer layer play
important roles for achieved high PL intensity of the multi-stack
InN/GaN QDs structures.
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