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A comparison of ultra-thin insertion layers (GaP and GaP/In0.4Ga0.6P) on InP self-assembled quantum dots
(SAQDs) grown on GaAs (001) substrates using metal-organic vapor phase epitaxy (MOVPE) was studied.
Atomic force microscopy (AFM) and photoluminescence (PL) were employed to characterize the optical
and structural properties of the grown InP QDs. It is found that the QD dimension, size distribution and
density strongly depend on the insertion layer thickness which led to tune the emission wavelength and
narrowing of full width at half maximum (FWHM) at low temperature (20–250 K) and at room-temper-
ature PL measurements. This result is attributed to the improved QD size and quantum confinement
effect arising from the insertion of the GaP and GaP/In0.4Ga0.6P layers.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Indium phosphide (InP) has generated much interest in the past
decade due to its superior advantages for application in optoelec-
tronic integrated circuits, high speed microwave, and millimeter
wave circuits, solar cells, and wireless applications [1–6]. For these
purposes, optically or electrically addressable self-assembled QDs
would be needed on a mass production scale which favors metal-
organic vapor-phase epitaxy (MOVPE) due to several advantages
[7,8]. One of the remaining issues in forming QDs is how to
increase their effective density. Many researchers have already at-
tempted to create high density QD heterostructures. III-phosphide
QD heterostructures have been a promising for visible-light
emitting applications because of their larger band gap energies
[9]. Although a room-temperature injection laser has been realized
in InP QDs devices [10,11], the threshold current densities are still
much higher than those reported in the III-arsenide QD system
[12]. The main problem is that the size of the InP QDs is not
uniform. A bimodal size distribution was observed when growing
InP QDs on InGaP matrices [12–14]. By inserting a few monolayer
(ML) of GaP between the InP QDs and the InGaP matrix layer, it
was found that the critical thickness of the wetting layer increases
and the size uniformity is improved [14]. Improvement of size
homogeneity of MOCVD InP QDs on In0.48Ga0.52P via growth of an
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inserted GaP layer has also been reported [15–17] In the case of
metal-organic vapor phase epitaxy (MOVPE) growth InP/GaInP
SAQDs, bimodal size distribution for the coherent islands can be
overcome by using a GaP insertion layer (IL) yet, the island size
is still large and the areal dot density is low [18,19]. Since large
dots may introduce dislocations and low density leads to poor opti-
cal efficiency, growth of small size, high density and uniformity InP
dots becomes imperative. In this work, we have an objective to
study the effects of inserted GaP and GaP/In0.4Ga0.6P layers on
the structural and optical properties of InP QDs grown by metal-
organic vapor phase epitaxy (MOVPE). We have grown 2 series of
InP QDs samples with GaP (0–4 ML) and GaP (2 ML)/In0.4Ga0.6P
(0–4 ML) ILs on In0.48Ga0.52P matrices lattice matched to GaAs. In
the theoretical model of the S-K growth mode, QD depends both
on the strain and the surface condition of the layer upon which
dots are grown. Therefore, insertion of GaP and GaP/In0.4Ga0.6P lay-
ers between In0.49Ga0.51P buffer and InP QDs layer is also expected
to change the morphology and optical properties of the InP SAQDs.

2. Experimental details

In this study, the growth of quantum dots composed of InP
embedded in In0.49Ga0.51P matrix was carried out on nominally
(001) oriented GaAs substrate in a horizontal MOVPE reactor (AIX-
TRON, AIX200/4) with a rotating substrate holder. The reactor has
two inlets. Group-III precursors are introduced through the upper
inlet and group-V precursors are introduced through the lower
ttp://dx.doi.org/10.1016/j.mee.2013.01.026
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Fig. 1. Schematic diagram of the vertical layer structure of InP QDs grown on (001) GaAs substrate with (a) GaP insertion layer and (b) GaP/In0.4Ga0.6P insertion layers.
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inlet. Hydrogen gas was used as the carrier for precursors and as
the coolant between the inner reactor and the outer tube. The reac-
tions occur in a rectangular inner liner tube, which has a graphite
rotator as a sample susceptor. During MOVPE growth, GaAs sub-
strates were placed at the center of the susceptor. Trimethylgalli-
um (TMGa) and trimethylindium (TMIn), tertiarybutylarsine
(TBAs), and tertiarybutylphosphine (TBP) were used as precursors.

Epitaxial growth conditions were a total pressure of 100 mbar,
H2 total flow rate of 13,000 sccm (cubic centimeter per minute at
standard temperature and pressure), temperature of 610 �C, and
V/III ratio of source precursors of 18 for InP. 120 nm GaAs buffer
layers were first grown on semi-insulating GaAs (001) substrates
at 610 �C. After the growth of GaAs buffer, growth of 150 nm lat-
tice-matched In0.49Ga0.51P layers was followed at the same temper-
ature. Then, a GaP (0–4 ML) insertion layer was deposited. The
formation of self-assembled InP QDs was performed at a growth
rate of 0.5 ML/s by depositing a 4 ML InP QDs layer. For the photo-
luminescence (PL) measurement, other samples with 50 nm In0.48-

Ga0.52P cap layer were grown repeatedly under the same
conditions. For GaP IL comparison, a In0.4Ga0.6P (1–4 ML) IL was in-
serted between GaP and In0.48Ga0.52P. All the growth conditions are
the same as the GaP IL samples except a 2 ML-thick GaP stabilize
layer was sandwiched between the InP QDs and the GaP/In0.4Ga0.6P
IL. We examined the morphological and optical properties of InP
QDs due to insertion of GaP and GaP/In0.4Ga0.6P ILs by using atomic
force microscopy (AFM) and photoluminescence (PL) measurement
at room-temperature and at low-temperature (20–250 K). PL mea-
surement was carried out using a 532 nm line of solid state laser
and the luminescence signal was collected by an InGaAs photo-
detector. Temperature dependent PL spectra were measured using
a 488 nm line Ar-ion laser. The schematic representation of InP
QDs structures are depicted in Fig. 1.

3. Results and discussion

The influence of GaP and GaP/In0.4Ga0.6P ILs on the structural
properties of InP SAQDs was investigated by AFM measurement.
Fig. 2(a) shows (1 � 1 lm2) AFM images of InP quantum dots
grown with (0–4 ML) GaP and GaP/In0.4Ga0.6P ILs. Histograms of
the InP QD diameter are shown in Fig. 2(b). The results show that
GaP/In0.4Ga0.6P IL samples have a better uniformity. The average
height and diameter of the reference InP QDs (without IL) are
25 nm and 85 nm, respectively. The comparison of diameter,
height, and density of InP QDs grown with GaP and In0.4Ga0.6P
insertion layers are shown in Fig. 3(a), (b), and (c). We note that
the density of the InP QDs increases and the height of the QDs de-
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creases with increasing the GaP and InGaP ILs’ thicknesses, which
is also consistent with the finding in the literature. Initially, we
see that the size of the QDs decreases and the density increases
with an increase in the thickness of GaP and In0.4Ga0.6P ILs from
0 to 2 ML. The dot density increases from 2.3 � 109 cm�2 to
4.2 � 109 cm�2 due to the insertion of 0 ML to 2 ML and decreases
from 3.6 � 109 cm�2 to 3.3 � 109 cm�2 due to the insertion of
3 ML to 4 ML for the GaP IL samples. For GaP/In0.4Ga0.6P samples,
the thickness of In0.4Ga0.6P IL is increased from 3 ML to 4 ML, with
a slightly increase in density from 3.4 � 109 cm�2 to
3.6 � 109 cm�2 and an increase in the sizes of QDs. These results
verified that the insertion of GaP and GaP/In0.4Ga0.6P ILs had an ef-
fect on the size and density of InP QDs. This effect could be ef-
fected by the material nucleation step at 2D-3D transition
caused by atomic intermixing between the InP QDs and the
underlying insertion layers. The difference in nucleation enthalpy
between InP QDs – GaP IL and InP QDs – GaP/In0.4Ga0.6P IL is
responsible for the difference sized QDs on these ILs. The signifi-
cantly improved density was achieved at 2 ML GaP IL thickness.
It is also shown within the InP QD nucleation effect on ILs. The
nuclei centers first increased with an increase in density of QDs
due to insertion of GaP thickness from 0 ML to 2 ML, afterwards
nucleation was completed and further increased in the thickness
did not increase the density of QDs. Through a close examination
of the effect of the GaP and GaP/In0.4Ga0.6P ILs on the surface mor-
phology of InP QDs, the latter gives the smaller QD sizes and
slightly larger in density due to the strain-induced inter-diffusion
process. InP QDs formation must be driven by the total strain field
of the system including the strain field due to the lattice-
mismatched between InP and ILs. The introduced strain in the
lower ILs influences the InP QD growth, in a sense that the same
amount of material is deposited but is rearranged into more num-
bers of smaller QDs. During the inter-diffusion process, In from
the In0.4Ga0.6P IL intermixes with Ga from the stabilizing GaP layer
and the underlying InGaP layer. Depletion of In in the insertion
layer due to the inter-diffusion provides the driving force for
diffusive transport of In away from the islands and compensating
the In loss of InP QDs due to inter-diffusion. The morphological
results obtained from GaP and GaP/In0.4Ga0.6P ILs offer an oppor-
tunity to control sizes and densities of QDs, which is essential
for applications of QDs to be succeeded. The density and dimen-
sion of QDs depends on the thickness and strain effect of insertion
layers. However, the density is not high density (�1010 cm�2) due
to the low growth rate of QD (0.5 ML/s) in this work. We use a low
growth rate to clearly observe the change of morphology and
avoid the density saturation effect.
ttp://dx.doi.org/10.1016/j.mee.2013.01.026
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Fig. 2. (a) Typical (1 � 1 lm2) scan range AFM images of InP QDs with a various thickness of GaP and GaP/In0.4Ga0.6P insertion layers and (b) Diameter distribution histograms
of InP QDs for all samples.
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In order to further investigate the phenomena related to the ef-
fect of GaP and GaP/In0.4Ga0.6P ILs, we have characterized the opti-
cal properties by PL measurements at room-temperature and at
low-temperature (20–250 K). The low-temperature measurement
was performed so that the PL peaks associated with the GaP and
GaP/In0.4Ga0.6P ILs were discernible. Meanwhile, the room-
temperature measurements were carried out for the fact that
practical devices must be able to operate at room-temperature
[20]. It is found that PL spectra associated with the GaP and GaP/
In0.4Ga0.6P ILs have a narrower FWHM compared with that of the
Please cite this article in press as: S.S. Han et al., Microelectron. Eng. (2013), h
PL spectrum without IL. The results in Fig. 4(a) and (b) show that
the FWHM of the PL peaks were measured to be 123 and 84 meV
for the samples without and with GaP and GaP/In0.4Ga0.6P ILs,
respectively. A narrower FWHM value indicates that the samples
with GaP and GaP/In0.4Ga0.6P ILs have an improvement of dot size
uniformity than that of the sample without IL. The PL peak of the
sample without ILs is at about 1.51 eV while that of the samples
with GaP and GaP/In0.4Ga0.6P ILs blueshifted to 1.58 and 1.59 eV
because the samples with ILs have smaller dot sizes. The FWHM
of the GaP IL samples was similar to that of the InGaP IL samples.
ttp://dx.doi.org/10.1016/j.mee.2013.01.026
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Fig. 3. Effect of GaP and GaP/In0.4Ga0.6P insertion layers on InP SAQDs grown at 610 �C (a) comparison of diameter, (b) comparison of height and (c) comparison of density.

Fig. 4. The room temperature normalized PL spectra of the InP QDs grown on the
InGaP barrier with 0–4 ML thick (a) GaP insertion layer and (b) GaP/In0.4Ga0.6P
insertion layer.

4 S.S. Han et al. / Microelectronic Engineering xxx (2013) xxx–xxx

Please cite this article in press as: S.S. Han et al., Microelectron. Eng. (2013), h
The presence of GaP and GaP/In0.4Ga0.6P ILs results in better
uniformity and smaller QD size, leading to a narrower FWHM
and a blueshift of the PL peaks, it might affect optical properties
of potential quantum optic devices which have to be carried out
in future work. However, the room-temperature measurement
was found not to fully describe the role of thickness of these ILs.

To accurately extract more detailed information of these two ILs
on the optical properties, we carried out temperature-dependent
PL measurement in the 20–250 K range. Figs. 5(a) and (b) show
the characterization of PL spectra measured at 77 K with an excita-
tion power of 20 mW. What is particularly noteworthy in Fig. 5(a)
is the disappearance of the bimodal size distribution of QDs due to
insertion of GaP and GaP/In0.4Ga0.6P ILs. The inset in this figure
shows the peak convolution of two peaks due to the bimodal size
distribution of QDs. The inset also shows the Gaussian fitting of
large (L) and small (S) QDs’ PL peaks at 1.57 and 1.62 eV, respec-
tively, indicating that the bimodal size distribution is dominant
in no IL sample. Moreover, the blueshift of PL spectra of GaP/In0.4

Ga0.6P IL samples, compared with that of GaP ILs, convinces that
the smaller QD sizes are obtained. Consequently, the PL peak is
greatly blueshifted in additional to the largely FWHM narrowing
due to the insertion of GaP and GaP/In0.4Ga0.6P layers, as can be
seen in Fig. 5(b). This is confirmed that the QDs size becomes smal-
ler as already described by AFM and the better uniformity. Without
the ILs, the PL peak is observed at 1.574 eV and the FWHM is
73 meV. When the 1 ML IL is introduced, the PL peak is blueshifted
to 1.636 eV with GaP IL and 1.640 eV with GaP/In0.4Ga0.6P IL,
respectively. In case of GaP IL with 2 and 3 ML thickness, the PL
peak is continuously blueshifted and then the peak shift is changed
to redshift (1.620 eV) at 4 ML. Besides, the PL peak of GaP/In0.4

Ga0.6P IL samples is also blueshifted at 2 ML and the shift is chan-
ged to redshift 1.638 eV at 3 ML and 1.635 eV at 4 ML, respectively.
This PL peak shift coherently reflected the AFM characterization, in
ttp://dx.doi.org/10.1016/j.mee.2013.01.026
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Fig. 5. Comparison of (a) normalized PL spectra from samples with GaP IL (solid
lines) and GaP/In0.4Ga0.6P ILs (dashed lines) measured at 77 K. The inset represents
the Gaussian fitting of 0 ML IL PL peak with dominant size in large and small QDs (L
and S QDs) and (b) the peak position (eV) and FWHM (meV) for samples with ILs.

Fig. 6. (a) Temperature dependences of the peak energies of the PL spectra of
samples with GaP and InGaP ILs. The continuous lines are calculated according to
the Varshni law using the parameters of InP and the peak energies are shifted along
the energy axis and (b) The integrated PL intensity as a function of 1/kBT measured
from samples with GaP and GaP/In0.4Ga0.6P ILs (each graph was scale up or down to
avoid overlapping).
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which the PL peak blueshift of the GaP/In0.4Ga0.6P IL was higher in
comparison with that of the GaP IL. This phenomenon can be
attributed to the reduction of QD size due to In and Ga interdiffu-
sion provides the strain relaxing process between InP and GaP/
In0.4Ga0.6P IL. The FWHM of 1 and 2 ML GaP IL samples are nar-
rowly noticeable leading to a better QD uniformity. There was no
significant difference between the FWHM of 3 and 4 ML in both
ILs’ samples. Although the dimension of samples depends on the
insertion layer thickness in each condition, the PL peaks at the
same temperature are clearly different because of the smaller va-
lence band offset of InP/GaP than that of InP/In0.49Ga0.51P [21].

The transition of PL peak energy as a function of the tempera-
ture (20–250 K) is reported, as shown in Fig. 6(a). The figure shows
that the peak energies nicely suit the Varshni law with the InP
parameters, over the whole temperature range. Consequently, the
temperature dependence of the bandgap is confirmed typical for
III-V semiconductors. Moreover, the redshift of the PL peak energy
in InP bulk is attributed to the electron–phonon scattering owing
to the increase of temperature which are frequently observed in
a bulk semiconductor [22]. The emission shift is attributed to the
thermal excitation [23]. While rising temperature, electrons local-
ized in the small dots are thermally activated to the wetting layer
and migrate to larger dots. In the cases of GaP and GaP/In0.4Ga0.6P
samples, the energy transition was similar being 55, 51, 48 and
56 meV (for 1, 2, 3 and 4 ML GaP ILs) and 41, 37, 40 and 43 meV
(for 1, 2, 3 and 4 ML InGaP ILs), respectively, at temperature range
from 20 to 250 K. However, the change of the peak energy with
Please cite this article in press as: S.S. Han et al., Microelectron. Eng. (2013), h
temperature in the case of 0 ML IL was about 84 meV at the same
temperature range. This result could be explained by the fact that
the activation is quite different for the dots of different size. The
QD with lower activation energy should be excited less at the same
temperature. This results in the redshift of the PL peak and the de-
crease of the PL intensity due to the activation mechanism.
Fig. 6(b) is the integrated intensity as a function of 1/kBT on the
temperature dependency taken from two series of samples. The
intensity follows the equation [22]:

I ¼ C expðEa=kBTÞ; ð1Þ

where I is the integrated intensity, C is a constant, Ea is the activa-
tion energy, and kB is the Boltzmann constant. The activation ener-
gies obtain through Eq. (1) are 64.9 meV (0 ML), 67.7, 71.9, 69.4, and
70.3 meV (for 1, 2, 3, and 4 ML GaP ILs) and 71.4, 78.4, 69.5, and
71.9 meV (for 1, 2, 3,and 4 ML InGaP ILs). As a result, there was
no significant difference in the activation energies in spite of the
thickness difference of the GaP and GaP/In0.4Ga0.6P ILs. This means
that the exciton in the grown InP QDs is strongly localized at a cer-
tain potential minimum. Consequently, a strong PL quenching was
observed at high T, which is attributed to the evacuation of carriers
from the QDs to non-radiative recombination centers through the
ILs and barriers. Accordingly, it is confirmed that non-radiative
ttp://dx.doi.org/10.1016/j.mee.2013.01.026
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defects in the active region which may result from using the GaP
and GaP/In0.4Ga0.6P ILs can be compensated for QDs and the density
of the InP QDs can be also increased.

4. Conclusion

Comparison of GaP and GaP/In0.4Ga0.6P ILs indicates that not
only the size and density can change, which leads to the improve-
ment of optical properties of InP QDs. As a result, when the GaP
and GaP/In0.4Ga0.6P ILs were employed, the size of the QDs was re-
duced and the effective density of QDs was increased. A change of
dot size was also led to a blueshift of the PL peak. The bimodal size
distribution was overcome due to insertion of GaP and GaP/In0.4

Ga0.6P layers. The best compromise between the structural and
optical properties is observed for a GaP/In0.4Ga0.6P IL in comparison
with a GaP IL. The GaP and GaP/In0.4Ga0.6P ILs can also give the
opportunity to ‘‘tune’’ the luminescence wavelength by altering
the islands size.
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