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We present a study of self-assembled In0.5Ga0.5As quantum dots on GaP(001) surfaces linking

growth parameters with structural, optical, and electronic properties. Quantum dot densities from

5.0 � 107 cm�2 to 1.5 � 1011 cm�2 are achieved. A ripening process during a growth interruption

after In0.5Ga0.5As deposition is used to vary the quantum dot size. The main focus of this work lies

on the nature of optical transitions which can be switched from low-efficient indirect to

high-efficient direct ones through improved strain relief of the quantum dots by different cap

layers.VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4870087]

The direct-bandgap semiconductor InGaAs represents

the basis of the active area of a multitude of commercial pho-

tonic devices, mostly on GaAs and InP substrates. InGaAs

based quantum dots (QDs), confining charge carriers in all

three dimensions of space largely improve laser properties

like material gain, threshold current density, or temperature

stability.1 Recently, GaP has attracted research interest

for its potential to realize defect-free III/V semiconductor

heterostructures on silicon substrates.2,3 Being an indirect

semiconductor, GaP cannot serve as active medium for effi-

cient photonic devices. Consequently, several studies of

InGaAs4–8 and InGaAsN9 QDs on GaP have been published

during the last years, including an InGaAs/GaP QD light

emitting diode on Si substrate.10 The extreme lattice mis-

match of 11.2% between InAs and GaP on the one hand repre-

sents a challenge for the growth of dislocation-free QD

structures. On the other hand, together with a strong quantum

confinement, it produces indirect bandgaps in (In, Ga)As/GaP

nanostructures,7,11–13 yielding poor luminescence unsuited

for photonic devices. Here, we report on direct-bandgap

In0.5Ga0.5As/GaP(001) QDs with strong optical emission via

strain engineering by different QD cap layers.

Another promising application are QD-based memory

cells, combining fast access times with long retention times.14

1.6 s hole retention time were demonstrated for InAs/GaAs

QDs with additional Al0.9Ga0.1As barrier. In order to increase

retention times decisively, little explored material combina-

tions like InGaAs QDs in (Ga, Al)P must be considered.15 We

determined the hole retention time in In0.25Ga0.75As/GaP QDs

to 3ls,4 more than 3 orders of magnitude longer than in

InAs/GaAs QDs,16 validating the potential of InxGa1�xAs/

(Ga, Al)P QDs as a basis for nanomemories. The retention

time of charge carriers in QDs is proportional to the inverse of

their capture cross-section, which varies over 3 orders of mag-

nitude for different QD materials.15 Yet, methods modifying

the capture cross-section in favor of retention time for a given

material system are still missing. The switching between

indirect and direct QDs in the same material system reported

in this paper allows for future studies of the impact of the

electronic QD structure on the capture processes of charge

carriers into QDs.

In our previous work,4,17 we demonstrated the growth of

In0.25Ga0.75As QDs on GaP(001) by metalorganic vapour

phase epitaxy (MOVPE). To initiate the three-dimensional

growth (Stranski–Krastanow mode) of InxGa1�xAs on GaP,

the GaP surface needs to be covered by 2-3 monolayers

(ML) of GaAs prior to InxGa1�xAs deposition. Here, we

present a systematic study of growth parameters affecting

density and size, as well as, emission wavelength and inten-

sity of the QDs, based on photoluminescence (PL) spectros-

copy, atomic force microscopy (AFM), and transmission

electron microscopy (TEM). Finally, we propose a model of

the electronic structure of In0.5Ga0.5As/2.2 ML GaAs/GaP

QDs based on experimental results and eight-band k�p

calculations.

Samples are grown in a horizontal MOVPE reactor on

GaP(001) substrates using H2 as carrier gas. First, 500 nm

thick undoped GaP buffer layers are grown at a substrate

temperature of 750 �C. The temperature is then lowered to

500 �C for the growth of GaAs and In0.5Ga0.5As layers. If

not mentioned otherwise, after deposition of the In0.5Ga0.5As

layer, growth interruptions (GRI) ranging from 1 s to 400 s

without any precursor supply are applied, followed by the

deposition of 6 nm GaP. Buried QDs for PL and TEM meas-

urements are additionally overgrown by 50 nm GaP at

600 �C. The TEM measurements were performed at the FEI

TITAN 80–300 Berlin Holography Special operated at

300 kV.

Fig. 1 shows AFM images of samples with varying

In0.5Ga0.5As coverage on 2.2 ML GaAs/GaP. No additional

cap layers were grown after In0.5Ga0.5As deposition. For 0.42

ML In0.5Ga0.5As, the surface has a smooth two-dimensional

structure (Fig. 1(a)). QD formation sets in for deposition of

0.52 ML In0.5Ga0.5As. QD densities rapidly increase from 5.0

� 107 cm�2 to 1.5 � 1011 cm�2 for increasing deposition

from 0.52 ML to 0.90 ML In0.5Ga0.5As (Fig. 1(d)). Average
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QD height and base length are 3.16 0.5 nm and 21.7

6 2.0 nm, respectively. For >1.0 ML In0.5Ga0.5As coverage

large defective clusters are observed (Figs. 1(c) and 1(d)). The

defect density is 4.2 � 108 cm�2 for 1.14 ML In0.5Ga0.5As.

These defects have an average height and diameter of

7.66 1.2 nm and 42.36 2.9 nm, respectively.

Room temperature PL spectra of buried In0.5Ga0.5As

layers with varying thickness grown on 2.2 ML GaAs/GaP

are shown in Fig. 2. For �0.41 ML In0.5Ga0.5As, the emis-

sion around 685 nm is attributed to a wetting layer (WL)

formed by the GaAs and In0.5Ga0.5As layers. The PL peak

shifts abruptly to 739 nm for 0.46 ML In0.5Ga0.5As (Fig.

2(b)), in good agreement with the onset of QD formation

observed in AFM (Fig. 1). Thus, this second peak is attrib-

uted to QD luminescence and the critical In0.5Ga0.5As cover-

age for QD formation is determined to 0.46 ML. Upon

increasing the In0.5Ga0.5As coverage to 1.03 ML, the QD lu-

minescence shifts to 800 nm, and the intensity rises, reflect-

ing increasing QD size and density also observed in AFM

(Fig. 1). The integrated PL intensity plotted in the inset of

Fig. 2(a) drops for >1.03 ML In0.5Ga0.5As indicating

non-radiative recombination caused by the onset of cluster

formation as seen in the AFM images. Fig. 2(c) depicts the

peak wavelength versus In0.5Ga0.5As coverage.

Fig. 3 shows AFM images of two QD samples with

1.27 ML In0.5Ga0.5As/2.2 ML GaAs/GaP. The structures are

capped by 6 nm GaP after a GRI without any precursor sup-

ply of 10 s and 200 s, respectively. For a GRI of 10 s, only

small modulations <1 nm of the surface are visible, indicat-

ing that the underlying QDs are very small. For a GRI of

200 s, the surface exhibits distinct hills with a height of

1.36 0.4 nm. This implies a ripening process during the

GRI resulting in larger QDs for longer GRIs.18 Fig. 4

shows a TEM micrograph of a sample containing 0.85 ML

In0.5Ga0.5As on 2.2 ML GaAs in GaP. The GRI was set to

200 s. The micrograph was obtained under strong-beam dark

field conditions using the {200} reflection in growth direc-

tion. The image intensities under these conditions are inter-

pretable as specimen composition projected along the beam

direction (InGaAs dark; GaP bright). The specimen was

rotated by 13.25� with respect to the beam in order to visual-

ize the QD in-plane distribution and avoid overlapping of

several QDs in the micrograph. The QDs exhibit the typical

shape19 of a truncated pyramid and comparable size as the

not-overgrown QDs.

The impact of the GRI on the QD luminescence is shown

in Fig. 5 for QDs without (a) and with (b) an additional 1.6 ML

FIG. 1. AFM images of (a) 0.42 ML, (b) 0.57 ML, and (c) 1.03 ML

In0.5Ga0.5As deposited on 2.2 ML GaAs on GaP. (d) QD and defect density

versus In0.5Ga0.5As coverage.

FIG. 2. (a) Room temperature PL spectra of buried In0.5Ga0.5As layers of

varying thickness on 2.2 ML GaAs/GaP. The In0.5Ga0.5As is capped by

1.6 ML GaAs and 56 nm of GaP to improve the PL intensity (see Fig. 6).

The curves are offset vertically for better visualization. The inset shows the

integrated PL intensity versus In0.5Ga0.5As coverage. (b) Spectra for low

In0.5Ga0.5As coverage of 0 to 0.52 ML reflecting the 2D-3D transition. (c)

Spectral position of WL and QD PL peaks.

FIG. 3. AFM images of 1.27 ML In0.5Ga0.5As/2.2 ML GaAs/GaP, capped

with 6 nm GaP after a GRI of (a) 10 s, (b) 200 s.

123107-2 Stracke et al. Appl. Phys. Lett. 104, 123107 (2014)
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GaAs layer above the QDs. The additional GaAs layer is

grown after the GRI and before the low temperature 6 nm

GaP cap layer and will be motivated below. The insets show

the integrated luminescence versus GRI. The luminescence

of QDs without additional GaAs layer exhibits a rapid evolu-

tion of the QD luminescence intensity with the GRI duration

up to 30 s and remains nearly constant up to GRIs of 300 s.

The drop of the PL intensity for GRIs >300 s indicates the

formation of defects. The luminescence of QDs with addi-

tional GaAs layer increases continuously with the GRI dura-

tion and reaches a maximum for a GRI of 150 s. For longer

GRIs the intensity drops quickly. The luminescence of QDs

with additional GaAs layer shifts from 754 nm for a GRI of

1 s to 828 nm for a GRI of 180 s. Such a red-shift for longer

GRIs is also observed for InAs/GaAs QDs,18 caused by a

size increase of the QDs. For QDs without additional GaAs

layer, no such wavelength shift is observed. It is noted that

the additional GaAs layer is grown after the GRI and, thus,

cannot influence the QD ripening during the GRI.

Fig. 6 shows PL spectra of samples containing buried

0.83 ML In0.5Ga0.5As/2.2 ML GaAs/GaP QDs capped by 1

ML to 5 ML GaAs after a GRI of 150 s, followed by 56 nm

of GaP. The additional GaAs layer has strong impact on PL

wavelength and intensity. The PL peak shifts from 722 nm

for QDs without additional GaAs layer to 843 nm for QDs

capped with additional 3 ML of GaAs. Such a red-shift can

be attributed to a redistribution of the strain inside the QDs

and was previously observed for InAs/GaAs QDs when over-

grown with InxGa1�xAs
20 (Dot-in-a-Well structures) or

GaAsxSb1�x layers.
21

The integrated PL intensity shown in the inset of Fig. 6

is 13 times higher for QDs capped with 2 ML of GaAs as

compared to QDs without GaAs capping. The intensity drop

for >2 ML GaAs indicates the formation of defects which

might form due to the additional strain introduced to the

structure by the GaAs layer.

Quantum confinement and strain effects in a QD can

cause a crossing of the electronic level derived from the C

state of the bulk material above those derived from the X

and L states. Tight-binding calculations7 of InGaAs/GaP

QDs predict that for the QD size found in our work and

an indium amount of 50% the C-derived level lies above the

X- and L-derived levels, resulting in a weak overlap of electron

and hole wave functions. In highly compressively strained

QDs, the lowest electron level can even be pushed above

that of the surrounding matrix, resulting in a type II band

alignment with electrons residing in the matrix and holes in

the QD.12 If additionally the matrix has an indirect bandgap

like GaP, with the lowest electron states at the X point of the

Brillouin zone, the X level splits at the QD interface due to

strain effects, forming a localized well for electrons at the

interface of QD and matrix (Fig. 7). The resulting bandgap

of the system is indirect in both real and reciprocal space.

Such a switching from a direct to an indirect bandgap along

FIG. 4. Cross-sectional TEM image of 0.85 ML In0.5GaAs/2.2 ML

GaAs/GaP QDs, (strong-beam {200} darkfield). Darker contrasts correspond

to InGaAs rich areas. The specimen was tilted by 13.25� with respect to the

beam as indicated by the sketch on the right hand side to avoid imaging

overlapping QDs.

FIG. 5. Room temperature PL spectra

of buried QDs with varying GRI after

In0.5Ga0.5As deposition. (a) without

and (b) with additional 1.6 ML GaAs

above the QDs. The spectra in (b) are

vertically offset for better visualiza-

tion. The insets show the integrated PL

intensity versus GRI.

FIG. 6. Room temperature PL spectra of buried 0.83 ML In0.5Ga0.5As/2.2

ML GaAs/GaP QDs with an additional GaAs layer of varying thickness

directly above the QDs. GRI¼ 150 s. Dotted lines represent Gaussians fitted

to the data. The spectra are vertically offset for better visualization. The inset

shows the integrated PL intensity versus the additional GaAs layer

thickness.
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with a decrease in PL intensity by more than two orders of

magnitude was observed for InP/GaP QDs upon increasing

the pressure on the QDs.22

In0.5Ga0.5As/2.2 ML GaAs/GaP QDs without GaAs cov-

erage exhibit luminescence between 1.66 eV and 1.72 eV, in

good agreement with the transition energy of 1.67 eV between

the GaP X valley and the QD hole level determined from

eight-band k�p calculations. For the calculation, a truncated

pyramid shaped In0.5Ga0.5As/2 ML GaAs/GaP QD with

12 nm base length and 10 ML height was assumed, according

to the size and shape of In0.25Ga0.75As/3 ML GaAs/GaP QDs

measured by cross-sectional scanning tunneling microscopy.17

The absence of a size-dependent wavelength shift (Fig. 5) for

this type of QDs supports the interpretation of an indirect type

II band alignment, as the QD size has negligible impact on the

GaP-X-valley to QD-hole-level transition energy.

The overgrowth of the QDs by GaAs allows for strain

relief of the QDs, eventually lowering the C-derived electron

levels in the QD below the X- and L-derived levels and

below the X states in the GaP matrix. Eight-band k�p calcu-

lations yield a direct bandgap type I transition energy of

1.51 eV for In0.5Ga0.5As QDs encapsulated in GaAs on GaP

substrate. This result agrees very well with the emission at

1.48 eV from In0.5Ga0.5As/2.2 ML GaAs/GaP QDs with

additional 2 ML GaAs on top. The size-dependent wave-

length shift and the increased PL intensity observed for these

QDs are further indications for a direct type I band align-

ment. Upon capping the QDs with GaAs, the PL peak splits

into a doublet which can be fitted by two Gaussians, as repre-

sented by the dotted lines in Fig. 6 for 2 ML GaAs capping,

indicating that additional recombination channels are being

activated or a bimodal QD distribution exists.

In conclusion, we have studied in detail In0.5Ga0.5As/2.2

ML GaAs/GaP QDs grown by MOVPE. The critical cover-

age for QD formation is determined to 0.46 ML In0.5Ga0.5As

on 2.2 ML GaAs on GaP. The QD density lies between 5.0

� 107 cm�2 and 1.5 � 1011 cm�2 depending on the depos-

ited In0.5Ga0.5As amount. During a GRI after In0.5Ga0.5As

deposition, a ripening of the QDs leading to increasing QD

size is observed. Improved relief of the high strain in the

InGaAs/GaP QD system is achieved by introduction of a thin

GaAs layer directly above the QDs. The strain relief results

in a strong red-shift of the QD luminescence and an increase

of the luminescence intensity by more than one order of

magnitude. These effects can be explained by a strain

induced switching between indirect and direct band align-

ment both in real and reciprocal space, thus proving the im-

portance of strain engineering for device fabrication using

InGaAs/GaP QDs.
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