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The nature of the ground optical transition in an (In,Ga)As/GaP quantum dot is thoroughly

investigated through a million atoms supercell tight-binding simulation. Precise quantum dot

morphology is deduced from previously reported scanning-tunneling-microscopy images. The

strain field is calculated with the valence force field method and has a strong influence on

the confinement potentials, principally, for the conduction band states. Indeed, the wavefunction of

the ground electron state is spatially confined in the GaP matrix, close to the dot apex, in a large

tensile strain region, having mainly Xz character. Photoluminescence experiments under

hydrostatic pressure strongly support the theoretical conclusions.VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4861471]

The development of nanostructures on GaP has been

extensively studied for the past decade to meet the needs for

an efficient light emitter/absorber on Si substrates. Indeed,

thanks to the small lattice-mismatch between GaP and Si

(0.37% at 300K), the coherent growth of a low defect den-

sity GaP buffer layer onto Si(001) substrate has been demon-

strated by several groups,1–4 opening the route towards a

relevant platform for the development of reliable optoelec-

tronic devices compatible with nowadays Si technology.

Among the nanostructures grown on GaP substrates and/or

GaP/Si pseudo substrates, dilute nitride quantum wells (QW)

(GaAsPN and InGaPN) appear among the most reported in

the literature.5–7 Nevertheless, further optimization is still

required to decrease the threshold current densities in the

laser devices based on such nanostructures (4 kA.cm�2 in

pulsed mode at 300K on GaP substrate8 and 4.4 kA.cm�2 in

pulsed mode at 120K on Si substrate9).

Quantum dot (QD) based active zones offer a reliable

alternative to QW-based laser structures, as it may take

advantage of the lower dimensionality to reduce the thresh-

old current densities. In this way, the InGaAs/GaP QD sys-

tem has recently attracted much attention. If the first report

on metalorganic chemical vapor deposition (MOCVD)

grown InGaAs/GaP QD already takes back ten years,10 the

major progresses have been achieved in the last three. MBE-

growth of low density In0.5Ga0.5As QD was reported in

2010.11 The first room temperature photoluminescence (PL)

was measured in 2011 from high QD density12 and single

QD type-I emission from In0.5Ga0.5As/GaP QD was obtained

in 2012.13 Room temperature electroluminescence has been

demonstrated recently on both GaP substrate14 and Si

substrate.15 Meanwhile, the QD structural properties have

been analysed by both plane-view16 and cross sectional

scanning-tunneling microscopy (STM).17 The issue of

InGaAs/GaP QD electronic band structure has also been

raised. First, Fukami et al. have calculated the heavy hole

(HH) and electron quantum levels at the C point with a sim-

ple model-solid theory approach and pointed out the prox-

imity of the C electron confined state with the X conduction

band of GaP.18 This result was refined by calculating the

first HH and electron state at the C point with an eight band

k�p model.16,19 In addition, the positions of the first con-

fined states in the X and L valleys were deduced from an

extended spds tight-binding (TB) model assuming a QW

with a thickness equal to the height of the QD and disre-

garding the possible mixing between C, X, and L valleys.16

From this mixed k�p/TB simulation, an indirect to direct

crossover was predicted for the ground optical transition in

large QD and for In content above 30%. Nevertheless, this

simple model misses some important features, especially in

the low In content range, where the proximity of both QD

and barrier states has to be analysed carefully. In this work,

we simulate a realistic GaAs QD buried in a GaP matrix

with a full supercell tight binding model at the atomistic

level. The simulation results are supported by pressure de-

pendent PL experiments on an (In,Ga)As/GaP QD sample

with a low In content.

The extended spds tight binding model is a state of the

art atomistic simulation method able to describe the elec-

tronic band structure throughout the entire Brillouin zone of

bulk semiconductors and heterostructures. We use the TB

parameters determined in Ref. 20, which are known to repro-

duce well the experimental band gaps and the effective

masses of the main cubic bulk semiconductors. Thanks toa)Electronic addresses: cedric.robert@insa-rennes.fr and cedric.robert@tyndall.ie.
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their excellent transferability, they have been demonstrated

to correctly describe more complex structures such as indi-

rect band gap heterostructures,21 short-period superlattices,22

impurity states,23 and surfaces.24 The simulation of embed-

ded QD has also been demonstrated25 although it adds the

computational difficulty of the broken translational symme-

try which often requires dealing with a large number of

atoms. Indeed, the typical dimensions of a QD are around a

few nanometers in height and a few 10 nm in diameter corre-

sponding to a total of about 105 atoms. Moreover, the barrier

material in which the QD is embedded has also to be consid-

ered, leading to a supercell size containing a few millions

atoms. Dealing with a high number of atoms (up to 108) has

been possible since recently thanks to the huge advances in

massively parallel high performance computing.26,27 In this

letter, we limit the size of the supercell to about one million

in order to perform the TB computation feasible on a moder-

ately parallel 12 CPUs machine.

One of the advantages of the fully atomistic supercell

TB model is that it does not require any approximation on

the QD shape leading to simulations using very realistic geo-

metries, provided, for instance, by STM with atomic resolu-

tion.16 The dimensions of the chosen QD are extracted from

the plane-view STM image published in Ref. 16 and are

summarized in Fig. 1. Since the capped QD generally do not

exhibit a sharp edge at the apex as the one observed in plane-

view STM, the simulated QD is truncated at a height of

3.4 nm, leaving a small flat surface at the top of the QD as

suggested by X-STM images.17,28 Finally, a 1 monolayer

(ML) thick wetting layer (WL) is added to the supercell

to account for the Stranski-Krastanov mode. The issues of

indium content and its spatial inhomogeneity require a

specific investigation as the one of Prohl et al. with X-STM

fine analysis.17 In order to compare the simulation results

with our experimental results on (In,Ga)As/GaP QD display-

ing low In content (below 15%),16 we choose to simulate a

pure GaAs/GaP QD assuming similar morphology. The

effect of In content will be discussed separately at the end of

this letter. The GaAs QD and the WL are embedded in a

GaP supercell with a lateral size of 132 square MLs (around

36� 36 nm2) equivalent to a QD areal density of

7.7� 1010 cm�2. The height in the [001] direction is 86 MLs

accounting for a GaP buffer layer below and a GaP cap layer

above the QD with both thicknesses roughly equal to three

times the QD height.

An initial supercell is first built with all atoms, regularly

placed on the sites of an unstrained zinc-blende structure

with the GaP lattice constant. The atomic positions are then

relaxed with a valence force field (VFF) method29 using two

parameters to fit the C11 and C12 macroscopic elastic con-

stants of both GaAs and GaP,30 while committing a small

error on the C44 values. This procedure has been demon-

strated to be relevant for [001] grown QD.31 The boundary

conditions are periodic along the three supercell basis vec-

tors. To model the biaxial strain imposed by the substrate,

the two in-plane supercell basis vectors are set fixed during

the VFF relaxation and the out-of-plane component is able to

relax. Fig. 2(a) shows the calculated hydrostatic and biaxial

strain components along the [001] direction through the QD

centre. The strain field vanishes when going away from the

QD, indicating that the GaP buffer thickness is enough to

avoid vertical strain coupling between adjacent supercells.

Both hydrostatic and biaxial strain components are found

negative inside the QD in agreement with the expected result

for a compressively strained QD. Furthermore, the biaxial

part is significantly positive in the vicinity of the QD, espe-

cially in the GaP region at the apex of the QD.

Before reporting the confined electron and hole states

for this supercell computation, it is interesting to use a sim-

ple and didactic representation of confinement potentials, to

solely understand the role of the strain field. Fig. 2(b) shows

the potentials in the C, X, and L conduction valleys as well

as the HH and light hole (LH) potentials along the [001]

direction through the QD centre calculated with the linear

deformation potential theory.32,33 Only the effects of the

hydrostatic and biaxial strain components are considered in

this simplified representation. We clearly see that the band

alignment should favour a strongly confined HH state inside

the QD, as predicted in previous theoretical studies.16,18

Concerning the conduction valleys, the C potential is found

to be well above the X potentials which confirms the impos-

sibility of obtaining a C-type ground electron state inside the

QD in the low In content range.16 The case of X valleys is

the most interesting. Due to the negative biaxial strain inside

the QD, the XXY and XZ potentials are split with a downward

shift of the XXY component. In the GaP matrix surrounding

the QD, the situation is reversed: because of the positive

(tensile) biaxial component, a shallow XZ confinement

potential is present at the apex and at the base of the QD. It

is important to notice that this shallow XZ confinement

potential could not be considered in previous theoretical

studies,16,18 because it requires to use a model taking into

account both QD geometry and lateral conduction bands.

After having highlighted the band alignment issue, we

present the results of the TB simulation of both hole and

electron ground states in this supercell. The Hamiltonian

eigenvalues are calculated combining a Lanczos algorithm34

with a folded spectrum method.35,36 The Coulomb interac-

tion, leading to exciton formation, is not taken into account

FIG. 1. Geometry of the GaAs/GaP QD for the TB simulation as measured

on the plane-view STM image of Ref. 16. The QD height is truncated at

3.4 nm according to X-STM image of a buried QD.28
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in this study. Fig. 3(a) shows that the ground hole level wave

function is confined inside the QD and located 458meV

above the valence band maximum (VBM) of unstrained bulk

GaP, in good agreement with the simple 8� 8 k�p calcula-

tion on QD with similar dimensions.16 From the analysis of

the wave function decomposition onto the orbitals of the

spds basis, we may infer that 75% of the weight is carried by

the px and py orbitals, whereas less than 4% is carried by the

pz orbital. It shows unambiguously that this state is predomi-

nant of HH type. Fig. 3(b) shows the ground electron level

wave function. Interestingly, the wave function is not con-

fined in the GaAs QD but at the top of the QD, in the GaP

matrix, located 2.248 eV above the VBM and 119meV

below the conduction band minimum of unstrained bulk

GaP. The decomposition of the wave function shows that the

main part of the weight (90%) is on the pz, dxy, and d3z
2
�r

orbitals. This state is predominant of XZ type and related to

the shallow confinement potential highlighted in Fig. 2(b).

According to Fig. 2(b), a confined electron state should also

exist in the XXY potential of the QD. The TB simulation

indeed predicts such a state located 62meV above the ground

electron state (not shown here), in good agreement with the

estimation given in Ref. 16. The reduced quantum confine-

ment effect on the XZ-like state as compared to the XXY-like

state may be attributed to the smoother confinement potential

profile in the GaP matrix and the stronger X-effective mass in

GaP than in GaAs.30 Such strain-induced interface localized

states have also been predicted in InP/GaP QD37–39 and

SiGe/Si QD.40–42 Nevertheless, it differs from a true type-II

band alignment such as GaSb/GaAs QD43 in which the elec-

tron wave function is delocalized in the whole GaAs barrier

when the Coulomb interaction is not taken into account.

To support this theoretical result, we present an experi-

mental study of the dependence of the PL on external hydro-

static pressure. An (In,Ga)As/GaP QD sample, with one QD

sheet layer and with low In content (typically below 15%,

thus, below the indirect/direct crossover threshold) is analysed.

Growth details are presented elsewhere.12,16 Measurements

are performed at room temperature employing a gasketed dia-

mond anvil cell enabling to apply hydrostatic pressure up to

10GPa. The sample is excited using a 405 nm line of a contin-

uous wave laser diode and the PL signal is collected using a

LabRam HR800 spectrometer equipped with a charge-coupled

device detector. Additional descriptions of the pressure setup

can be found in Ref. 44. Fig. 4 shows the PL spectra of

(In,Ga)As/GaP QD for various values of hydrostatic pressure.

The rough data are represented by thin lines. The interference

fringes due to multiple reflections of the emitted light between

both parallel-plane faces of the polished sample are readily

observed. The thick lines represent the smoothed spectra. A

first important result is the monotonic red-shift of the PL

peak maximum with increasing pressure, which unambigu-

ously proves that the PL peak involves X-type conduction

states.44 In first approximation, the expected pressure depend-

ence for an XZ-like level confined in GaP may follow the

pressure dependence of the indirect band gap in GaP

(�13meV.GPa�1).45 This is actually what is observed in the

inset of Fig. 4, where the energy of the PL peak maximum as

a function of pressure is depicted (red circle points) and

matches well with a pressure coefficient of �13meV.GPa�1

(red line), supporting the theoretically predicted nature of the

ground optical transition. Moreover, Fig. 4 also highlights the

PL quenching with hydrostatic pressure. This results from

the difference in compressibility between GaP and the QD

FIG. 2. (a) Hydrostatic (ehydro¼ exx

þ eyyþ ezz) and biaxial (ebiax
¼ 1=2(exxþ eyy) � ezz) strain compo-

nents along the z [001] direction

through the GaAs/GaP QD centre.

(b) Confinement potentials along the z

[001] direction through the QD centre

calculated with the linear deformation

potential theory using the hydrostatic

and the biaxial strain components.

Calculations are performed at 0K.

FIG. 3. (a) Ground hole state and

(b) ground electron state calculated

with the TB model in a GaAs/GaP

QD at 0K. The representation of wave

functions considers volumes corre-

sponding to 80% of the hole/electron

densities. The wave function decompo-

sition is indicated by a percentage on

each orbital of the spds TB basis.
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material. Indeed, the bulk modulus of GaP (88GPa) is higher

than the bulk modulus of GaAs (75GPa) and InAs (58GPa).46

Thus, when applying high hydrostatic pressure, the

lattice-mismatch between the QD material and GaP decreases,

leading to a reduction of the shallow XZ potential shown in

Fig. 2(b). The confinement of the electrons at the GaP barrier

close to the apex of the QD is thus reduced with increasing

pressure. The PL quenching may consequently be related to a

more favourable escape of carriers into unstrained, extended

zones of the GaP barriers.

In conclusion, we have thoroughly simulated a

GaAs/GaP QD with a million atoms supercell spds tight

binding code. The use of such a sophisticated model is man-

datory to infer the nature of the ground electron state.

Indeed, due to the strain field surrounding the GaP matrix,

the wave function is found to be quantum confined in the

GaP barrier almost at the apex of the QD. Pressure depend-

ent PL experiments on low In content (In,Ga)As/GaP QD are

in agreement with the electronic band structure computation.

Finally, it is important to notice that the result presented in

this letter does not question the prediction of an indirect to

direct crossover occurring in large QD and for In content

above 30%.16 However, it shows that in the indirect region,

the ground electron state is an XZ-like state “mechanically”

confined at the apex but outside the QD rather than being a

XXY-like state confined in the QD. Increasing In content

below the indirect/direct crossover should even enhance this

strain induced confinement as the lattice-mismatch between

the QD material and GaP increases and consequently as the

positive biaxial strain at the apex of the QD increases.
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