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The effect of thin GaP insertion layers on the structural and optical properties of InP/Ing 49Gag 51P self-assembled quantum dots (SAQDs) on GaAs
(001) substrate grown by metal-organic vapour phase epitaxy has been reported. The properties of InP/Ing 49Gag 51 P SAQDs are modified when
a thin (1-4 ML) GaP layer is inserted underneath the InP quantum dots (QDs). Deposition of the GaP insertion layer affects the dot dimension
and improves the size uniformity. The density, dimension and uniformity of InP QDs strongly depend on the GaP insertion layer thickness. This
variation in QD size is a result of a material nucleation effect caused by atomic intermixing between the InP QDs and underlying GaP insertion
layer and surface energy. The insertion of GaP layer led to tuning the emission wavelength and narrowing of full width at half maximum (FWHM)

when they are characterised by PL measurements at room temperature.
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INTRODUCTION

any efforts were spent in recent years on the realisation
Mof formation and physical properties of self-assembled

quantum dots (SAQDs) for a variety of device appli-
cations like semiconductor lasers, photodetectors and quantum
computation (Bayer et al., 2001; Li et al., 2003; Shchukin et al.,
2004). One of the approaches used to achieve single-photon gen-
eration is based on the emission by semiconductor quantum dots
(QDs). In the future, one can think of a simple QD device for
computer or networking applications. For these purposes, opti-
cally or electrically addressable single QD would be needed on a
mass production scale which favours metal-organic vapour-phase
epitaxy (MOVPE) due to its several advantages (DenBaars et al.,
1994; Lie and Wang, 2001). Current silicon based single-photon
detectors have their highest photon detection efficiency in the
red spectral range (Lie and Wang, 2000). Therefore, it is prefer-
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able to fabricate single QDs emitting at such wavelengths. The
light source in this spectral region can be obtained from InP QDs
embedded in Ing49Gags P structures (Eberl et al., 1997; Parssi-
nen et al., 1999). However, InP/Ing 40Gay 5P SAQDs on GaAs are
usually formed with poor size uniformity compared to that of
InAs/GaAs QDs. As a consequence, inhomogeneous broadening
in optical spectra due to the randomness in the dot sizes has
been a difficult issue limiting potential benefits. In the theoret-
ical model of the Stranski-Krastanow (S-K) growth mode, QD
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growth depends both on the strain and the surface condition of
the layer upon which the dots are grown. In practical, the growth
parameters, such as growth temperature (Jung et al., 2006) and
QD layer thickness (Lee et al., 2004), affects the QD dimension
and size distribution. Another method to avoid the bimodal size
distribution is an introduction thin insertion layer between the
QD and matrix layers to compensate the strain in QDs and to
modify the surface. In the case of MOVPE grown InP/Ing 49Gag 5 P
SAQDs, a bimodal size distribution for the coherent islands has
often been observed at low coverage of InP (Zhang et al., 2003).
Nevertheless, the island size still remains large and hence the
areal density is low. Since large dots may introduce misfit dislo-
cations and low areal density of dots gives poor optoelectronic
efficiency, growth of small size, high density and highly uniform
InP/Ing 49Gap 51 P SAQDs becomes imperative (Mishra and Shealy,
1994; Seifert et al., 1997). The strain in InP/Ing49Gags;P SAQD
structure is a compressive strain. GaP, with a smaller lattice con-
stant than that of Ing49Gags P, and InP should be preferable to
compensate for the strain in InP/Ing49Gag s, P system due to the
tensile strain of GaP/Ing49GagsP. Hence, insertion of GaP lay-
ers between Ing49Gags; P and InP QDs layers is also expected to
change the morphology, characteristics and optical properties of
the InP SAQDs.

In this article, we present an experimental study of the effect of
GaP insertion layer thickness on the structural and optical prop-
erties of InP QDs in Gay 5;Ing 49P matrix grown on GaAs substrates
by MOVPE via S-K growth mode. The structural and optical prop-
erties of InP QDs are examined via atomic force microscope (AFM)
and photoluminescence (PL).

EXPERIMENTAL DETAILS

In this study, the samples composed of InP embedded in
Ing49Gags; P matrix were carried out on nominally (001) ori-
ented GaAs substrate in a horizontal MOVPE reactor (AIXTRON,
AIX200/4) with a rotating substrate holder. The inlet of the reac-
tor is divided into two parts: group III precursors were introduced
through the upper inlet and group V precursors were introduced
through the lower inlet. Hydrogen gas was used as the carrier
gas for precursors and as coolant between the inner reactor and
the outer tube. The reactions performed in a rectangular inner
liner tube, which had a graphite rotator as a sample susceptor.
During MOVPE growth, GaAs substrates were placed at the cen-
tre of the susceptor. Trimethylgallium (TMGa), trimethylindium
(TMIn), tertiarybutylarsine (TBAs) and tertiarybutylphosphine
(TBP) were used as precursors.

Epitaxial growth conditions were a total pressure of 100 mbar,
H, total flow rate of 13000sccm (cubic centimetre per minute
at standard temperature and pressure), temperature of 610°C and
V/III ratio of source precursors of 18 for InP. Firstly, 120 nm GaAs
buffer layers were grown on semi-insulating GaAs (001) substrates
at 610°C. After the growth of GaAs buffer, the growth of 150 nm
lattice-matched Ing 49Gag 5; P layers was followed at the same tem-
perature. Then, a 0-4 ML thick GaP insertion layer was deposited.
Next, the formation of self-assembled InP QDs was performed at a
growth rate of 0.5 ML/s by depositing 4 ML of InP. For the PL mea-
surement, other samples with an additional 50 nm Ing49Gags; P
cap layer were grown repeatedly under the same conditions. We
examined the effect of GaP insertion layer thickness on structural,
morphological and optical properties of InP QDs by AFM and PL.
Schematic representation of the InP QDs structure was depicted
in Figure 1.
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Figure 1. Schematic diagram of the vertical layer structure of InP QDs
embedded in InGaP barrier grown on (001) GaAs substrate.

RESULTS AND DISCUSSION

Effect of GaP Insertion Layer on Size and Density of
InP SAQDs

In order to investigate the role of GaP insertion layer on the char-
acterisation of size and density of InP SAQDs, we have performed
the measurement of AFM. Figure 2a-e shows 1 pm x 1 pm AFM
images of InP QDs grown with 0-4 ML GaP insertion layer. Both
height and diameter generally decrease with increasing the thick-
ness of GaP insertion layer. The average height and diameter of
InP QDs without GaP sample are 27 and 87 nm. The distribu-
tion of the dots’ widths and heights on GaP samples reveals that
average height and diameter of smallest (biggest) QDs are 13 nm
(27nm) and 66 nm (87 nm), respectively. These average values
are extracted from all 0-4 ML GaP samples. This result is verified
that the insertion of the GaP layer give rise to the opportunity to
control size of QDs. Figure 3 summarises the changes in the den-
sity and mean diameter of QDs with varying GaP insertion layer
thickness. Initially, the mean diameter of the QDs is decreased
continuously with increasing GaP thickness from 0 to 2 ML. The
mean diameter of the QDs at 0, 1 and 2 ML GaP are 87, 73 and
63 nm, respectively. In case of 3-4 ML GaP insertion layer, the
mean diameter increases to 78 and 80 nm, respectively. This effect
is considered that the material nucleation step at 2D-3D transi-
tion caused by atomic intermixing between the InP QDs and the
underlying insertion layers (Zhang et al., 2003; Lever et al., 2004).
The difference in nucleation enthalpy between InP QDs and GaP
insertion layer is responsible for the difference QD size on these
samples. Because the morphology of InP QDs depends on the dif-
ference of surface energy and strain of each conditions. In this
case, the GaP layer thickness variation affects the strain energy
and surface energy (Park et al., 2004). Therefore, GaP surface
energy will be difference from that of Ing 40Gay 5; P, which changes
the nucleation of the QDs.

Another important parameter in the growth of semiconduc-
tor III-V QDs is the dot density. The dot density increases from
2.3 x10° to 4.2 x 10° cm™2 due to the insertion of 0-2 ML and
then decrease again to 3.6 x 10° and 3.3 x 10° cm~? due to inser-
tion of 3 and 4 ML GaP layers, respectively. The maximum density
of 4.2 x 10°cm~2 and the small uniform InP QDs were obtained
with 2 ML GaP. When the thickness of GaP is over 2 ML, the QDs
density decreased again. QDs density first increased with increas-
ing of GaP insertion layer thickness and then saturated at 2 ML
GaP. It is also shown that two (2D)-to three dimension (3D) transi-
tion occurred sooner on the GaP layer while the QD size become
smaller. The nuclei centres first increased with the increase of
GaP thickness from 0 to 2 ML, the nucleation was performed
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Figure 2. Typical (1 om x 1 wm) scan range AFM images of InP QDs
embedded in InGaP barrier with (a) 0 ML, (b) 1 ML, (c) 2ML, (d) 3ML
and (e) 4 ML GaP layers.

with increasing density until entering saturation. The InP QDs
grown on GaP layer are slightly smaller in diameter with increase
GaP layer thickness. Because GaP layer causes increase the sur-
face energy and strain energy. Then, the density decreases due to
the increasing of dislocation cluster with the increase GaP thick-
ness (GaP > 2 ML). The interdiffusion between InP QD and GaP
layer during growth also reduces the strain In QDs and modifies
the composition of QDs. The interdiffusion also depends on GaP
thickness. In this condition, the density decreases with increas-
ing diameter. This observation indicated that the size and density
of InP QDs strongly depends on the GaP thickness due to the
strain and surface energy difference of each condition (Lever et
al., 2004).
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Figure 3. The average diameter and density of InP QD as a function of
GaP insertion layer thickness.
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Figure 4. The room temperature PL spectra of the InP QDs grown on
the InGaP barrier with 0-4 ML thick GaP insertion layer between the InP
QDs and the InGaP barrier.

Optical Characterisation

In order to further investigate the phenomenon related to the effect
of GaP insertion layer, we have characterised the optical properties
by PL measurements at room temperature (298 K). The evolution
of the PL spectra of InP QDs as a function of the thickness of the
GaP insertion layer is shown in Figure 4. It shows that the InP
QDs give strong PL, which in fact dominated the spectra from
the samples. The InP QDs without GaP insertion layer shows PL
peak centred at 1.52eV and this PL peak is a superimposition
of GaAs buffer layer and InP QDs PL peaks. After insertion of
1-4 ML GaP layers, InP QDs PL peaks are observed separately with
GaAs buffer layer PL peaks. The split in the spectrum is caused
by the improvement of QD size distribution with GaP interlayer.
When a GaP layer is introduced, the PL peak blue-shifts notice-
ably with PL peak centred at 1.59 eV. This is mainly attributed to
the reduction in the QD sizes arising from the effect of the inser-
tion of GaP layer. Since lattice constant of GaP is smaller than
that of InP and Ing49Gag s P. Thus, the strain in GaP is a tensile
strain while the InP QD layer suffers a compressive strain. The
strain caused by the lattice mismatch between InP QDs and GaP
layers on Ing49Gags; P is concentrated partly in the InP dot and
partly in the surrounding GaP layer. Therefore, the strain com-
pensation between compressive strain in the InP QDs and the
tensile strain in the GaP layer is shifted towards the surround-
ing Ing 49Gag 5; P matrix. The reduced dimension in these InP QDs
causes a blueshift. However, the variation in PL peak dependence
on the thickness of the GaP interlayer, could not be observed in
this case because of the smaller valence band offset of InP/GaP
(Kent et al., 2002) than that of InP/Ing 49Gag s; P and the interdiffu-
sion of group III at InP/GaP interface. The FWHM of the PL peaks
are measured to be 123 and 84 meV for the samples without and
with GaP insertion layers, respectively. A narrower FWHM value
indicates that the samples with GaP insertion layer have a greater
degree of dot size uniformity than that of the sample without
insertion layer. Due to the insertion of GaP layer, a better unifor-
mity and a smaller QD size leading to a narrower FWHM and a
blueshift of the PL peaks might influence the optical properties of
possible quantum optic devices which have to be carried out in
future work.

CONCLUSION

The role of GaP insertion layer on the properties of MOVPE
grown InP/Ing49Gaps;P QDs has been studied by atomic force
microscopy and PL. The density and size of InP QDs strongly
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depends on the GaP insertion layer thickness. The effect of thin
GaP insertion layers on InP QDs led to a blue-shift of the PL peak.
The blueshift of the PL peak is observed from 1.52 to 1.58 eV for
without GaP layer and with GaP interlayer, respectively. In addi-
tion, the FWHM of the PL peak decreases by inserting the GaP
insertion layer.
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