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Band alignment of heterostructures with pseudomorphic GaSb1−xPx/GaP self-assembled quantum dots

(SAQDs) lying on wetting layer was studied. Coexistence of type-I and type-II band alignment was found

within the same heterostructure. Wetting layer has band alignment of type-I with the lowest electronic state

belonging to the XXY valley of GaSb1−xPx conduction band, in contrast to SAQDs, which have band align-

ment of type-II, independently of the ternary alloy composition x. It is shown that type-I – type-II transition

is a result of GaP matrix deformation around the SAQD.
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Heterostructures with self-assembled quantum dots

(SAQDs) are interesting for novel light-emitting device

application [1]. The size-dependent emission of SAQDs

allows one to fabricate light-emitting devices for a wide

wavelength range. Up to date, the main attention has

been devoted to SAQDs formed in GaAs matrix that

emit in the near infrared spectral range, for example,

(In,Ga)As/GaAs [2]. At the same time, SAQDs emit-

ting in the visible wavelength range receive much less

attention. Changing the GaAs matrix for a wide band-

gap semiconductor provides a shift of SAQDs emission

to the visible wavelength range. At present, the best-

studied heterostructures are those formed in the wide-

gap (Al,Ga)As matrix [3]. Nevertheless, Al-mediated

defects result in reduced light-emitting efficiency [4–6].

The use of the GaP wide-gap matrix allows one to avoid

the negative influence of Al-mediated defects and takes

the advantage of well-developed Al-free light-emitting

diode technology [7]. Recently, we have considered

the atomic structure and band alignment of Ga(As,P)

SAQDs and quantum well (QW) formed in GaP ma-

trix [8, 9]. In the present report Ga(Sb,P)/GaP het-

erostructures are discussed. Since the lattice constants

of GaSb and GaP are strongly mismatched (10.5% [10]),

fully relaxed GaSb islands formed in Volmer–Weber

growth mode on GaP surface have been solely stud-

ied [11–15]. In this letter we demonstrate the formation

of the pseudomorphic Ga(Sb,P)/GaP SAQDs lying on

wetting layer (WL). The band alignment of pseudomor-
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phic Ga(Sb,P)/GaP SAQDs as well as WL is revealed.

The coexistence of two different band structure types

has been found.

The investigated structures were grown on the semi-

insulator GaP (100)-oriented substrates by molecular

beam epitaxy. The GaP buffer layer 160 nm thick was

grown on the substrate at the temperature TS = 600
◦C.

The deposition of GaSb was performed in the atomic

layer epitaxy mode. The nominal amount of deposited

GaSb equals to a bi-layer. The growth started with ex-

posing to gallium for 10 s up to the formation of 1.0

monolayer Ga layer before any Sb deposition. Then, the

Ga flux was turned off, and 1.0 monolayer of Sb was

deposited. Two structures with SAQDs A and B were

grown at TS = 420 and 470 ◦C, respectively. A capping

30-nm GaP layer was grown at the same TS as the GaSb

layer. Additionally, a test structure with the unstrained

30 nm GaP layer was grown in the same manner.

The investigation of the atomic structure and energy

spectrum of SAQDs heterostructures was performed by

means of transmission electron microscopy (TEM) and

photoluminescence (PL) spectroscopy, together with

computational work. TEM images were obtained using

JEM-4000EX operated at 400 keV. Steady-state (cw)

PL was excited by the GaN laser diode (hν = 3.06 eV),

the excitation power density was varied within the range

of 0.05–50 mW/cm2 by a set of neutral optical filters.

Time-resolved PL was excited by the third harmonic

of Nd:YAG laser (hν = 3.59 eV) with the pulse dura-

tion of 5 ns and pulse energy density of 1µJ/cm2. The

PL was analyzed with a spectrometer equipped with a
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Fig. 1. TEM plan view and cross-section (in the inset) images of GaSb/GaP structures grown at 420 ◦C (a) and 470 ◦C (b),

respectively

nitrogen-cooled CCD-camera for cw measurements and

a cooled photomultiplier operated in the time-correlated

photon-counting mode for time-resolved measurements.

Calculation of GaSb1−xPx/GaP SAQDs and WL band

alignment was performed using a Nextnano++ program

package [16].

The plan view and cross-section TEM images of

GaSb/GaP heterostructures with SAQDs grown at 420

and 470 ◦C are presented in Fig. 1a and b, respectively.

One can clearly see that SAQDs are lying on WL in

each structure. The thickness of wetting layer estimated

from TEM images is of about 0.7–1.3 nm. The forma-

tion of the WL indicates that the SAQDs are formed

in the Stranski–Krastanov growth mode independently

of TS. That is quite different from the Volmer–Weber

growth mode for GaSb/GaP islands discussed in litera-

ture till now [11–14]. The SAQDs have lens-like shape

with the aspect ratio of 1:10. The SAQDs height and di-

ameter vary within the range of 8–12 and 80–120 nm, re-

spectively. The SAQDs density is lower than 108 cm−2.

The main feature of the TEM images is pseudomorphic

strain of the SAQDs. Since the GaSb/GaP heterosystem

has a huge lattice mismatch, 10 the formation of large-

sized and dislocation-free pseudomorphic SAQDs in the

Stranski–Krastanov growth mode allows us to conclude

that the SAQDs are not pure GaSb but consist of the

ternary alloy GaSb1−xPx. We assume that the lateral

diffusion of adatoms during SAQDs formation results in

materials intermixing [17, 18], which leads to a reduc-

tion of SAQD/matrix lattice mismatch and the change

in the growth mode.

Low-temperature (5 K) cw PL spectra of the

GaSb1−xPx/GaP and test GaP/GaP structures mea-

sured at excitation power density (Pex) of 50 mW/cm2

are demonstrated in Fig. 2a. The spectrum of the

test structure contains the bands at 1.40 and 2.20 eV,

associated with impurity-related recombination in

GaP [19, 20]. Additional PL bands with the intensity

one-two orders of magnitude higher than that of the

impurity-related PL bands appear in the spectra at

1.58 and 1.87 eV for structure A and 1.85 and 2.14 eV

for structure B (marked in Fig. 2a as “QDs” and “WL”,

respectively). The low- and high-energy PL bands are

connected with exciton recombination in quantum dots

and wetting layer, respectively. The high PL efficiency

at low Pex evidences the quality of the studied het-

erostructures. The increase of the WL band intensity

with increase in the growth temperature is a result of

decrease in concentration of nonradiative centers in the

WL and GaP matrix [21, 22].

Steady-state PL spectra of the GaSb1−xPx/GaP

structures with SAQDs grown at 420 and 470 ◦C are

presented in Fig. 2b and c, respectively, as a function

of excitation power density within the range of 0.05–

50 mW/cm2. The blue shift of the QDs band is propor-

tional to P
1/3
ex as it is clearly shown in the upper insets of

Fig. 2b and c. Deconvolution reveals that the WL bands

consist of two bands with energy 1.87 and 1.92 eV for

the structure A, and 2.13 and 2.17 eV for the structure

B. Low-energy and high-energy bands connected with

exciton recombination in ground and excited states, re-

spectively. The increase of Pex in 3 orders of magnitude
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Fig. 2. (a) – Steady-state PL spectra of the A and B GaSb1−xPx/GaP structures and the test GaP/GaP structure, measured

at T = 5K and excitation power density of 50 mW/cm2; Steady-state PL spectra of the structure A (b) and B (c), measured

at T = 5K and excitation power density Pex changing within the range of 0.05–50 mW/cm2. The upper insets show the PL

bands energy position as a function of excitation power density. The dynamics of WL exciton photoluminescence measured

at T = 5K is shown in the lower insets

does not result in any spectral shifts of these PL bands.

Saturation of the ground states population with increas-

ing of excitation power density leads to increase in rela-

tive intensity of the high-energy bands. As a results WL

band are distorted that manifested as a weak blue shift.

The blue shift proportional to P
1/3
ex allows us to un-

ambiguously define the band alignment of type-II for

the SAQDs [23, 24]. On the other hand, we can conclude

that the WL have the band alignment of type-I. Thus,

the coexistence of two different types of energy spec-

trum is detected: GaSb1−xPx/GaP SAQDs have band

alignment of type-II, while GaSb1−xPx/GaP WL has

band alignment of type-I. It is necessary to note that

despite the spatial localization of electrons and holes in

the wetting layer, the WL band demonstrates a long

(about 100µs for structure A and about 1 ms for struc-

ture B) decay as it is shown in the bottom insets of

Fig. 2b and c. An acceleration of WL PL decay with

changing of TS from 470 to 420 ◦C, as well as quenching

of cw WL PL intensity, is ruled by increase of defect

concentration in the WL and GaP matrix. A long PL

decay in heterostructures with band alignment of type-I

points to optical transition indirect in the momentum

space as it was demonstrated in our recent studies [25–

27].

In order to clarify the reason of the difference in

the GaSb1−xPx/GaP SAQDs and WL band alignment,

their energy spectra were calculated as a function of

ternary alloy composition x. Band-structure parame-

ters for the ternary alloy were determined by a linear

approximation between GaSb and GaP parameters pre-

sented in [10, 28, 29]. Elastic strain for the SAQD and

WL was calculated via elastic energy minimization [16].

Lattice constants for unstrained materials were taken

in [10]. We took into account the strain effect on the

band alignment by using macroscopic theory of elas-

ticity: (i) change of band gaps due to change in the

unit cell volume and (ii) splitting of the degenerate va-

lence bands and of the degenerate indirect X minima

in the conduction band induced by the biaxial com-

ponent of the strain [30]. The technique of calculation

was described previously in [25], 31]. The energy lev-

els of electrons and holes were calculated in the simple

band effective mass approach [26]. The WL thickness

(0.7–1.3 nm) and the SAQDs size (height and diameter

of 8–12 and 80–120 nm, respectively, with aspect ratio

1:10) were taken from the TEM data. Strain distribu-

tion in heterostructures is determinated by geometry

factor. Since the WL is an ultra-thin quantum well, it

is modeled as a pseudomorphic GaSb1−xPx slab. The

strain is fully localized within the GaSb1−xPx layer in

this configuration (two-dimensional strain distribution

occurs), since the slab is matched with GaP matrix in

the growth plane as it is shown in Ref. [32]. On the other

hand, three-dimensional strain distribution takes place

for lens-like shape of SAQD [33]. Thus, GaP matrix is

deformed around the GaSb1−xPx SAQD. For the sake

of simplicity, the Coulomb interaction between electron

and hole (exciton effect) was neglected.

The band edges and ground energy levels for electron

and heavy holes in WL of 1 nm thickness, calculated as a

function of alloy composition x, are presented in Fig. 3a.

One can see that the GaSb1−xPx/GaP WL has band

alignment of type-I and indirect band-gap with electron

belonging to the XXY valley of conduction band in-

dependently of ternary alloy composition x. In order

to check robustness of this result we calculate energy

spectrum of WL with thickness in range from 0.6 (cor-
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Fig. 3. Band edges (circles) and ground energy levels of electron and hole (triangles) as a function of ternary alloy composi-

tion x for: GaSb1− xPx/GaP WL (a) and GaSb1− xPx/GaP SAQD (b). The values of d and x corresponded to the optical

transition energy of 1.87 and 2.13 eV (marked as “A” and “B”, respectively) are shown in the insert to Fig. a. The optical

transition energy for SAQDs as a function of x is shown in the insert to Fig. b. “A” and “B” mark change in composition x

corresponds to change in optical transition energy within QDs bandwidth for heterostructure A and B, respectively

respond to one monolayer of GaSb) to 2 nm. Change

in the thickness leads to shift of electron and hole en-

ergy levels however do not change the type of WL band

alignment.

Band lineups calculated for the SAQD is presented

in Fig. 3b. In this case, the biaxial strain of the matrix

(having the opposite sign to the strain in SAQD) splits

the states of the X valley of the GaP conduction band,

the energy of the XXY states increases and that of XZ

decreases with respect to their unperturbed position.

As a result, SAQD has band alignment of type-II, since

the energy of matrix XZ states lies below that of XXY

states of SAQD, independently of ternary alloy compo-

sition x. Due to weak quantum confinement a variation

of the SAQD height in the range of 8–12 nm results in a

weak shift of optical transition energy (about 10 meV)

and not change the type of the band alignment.

A comparison of the PL emission energy with the

energy of calculated optical transitions allows us to es-

timate the ternary alloy composition x in the WL and

SAQDs. For thin WL energy of optical transition is con-

trolled not only by alloy composition x but also by thick-

ness of WL (d). The inset to Fig. 3a shows sets of values

d and x corresponded to energy of optical transition

equaled to 1.87 eV (structure A) and 2.13 eV (structure

B), respectively. Taking into account uncertainty in the

WL thickness (0.7–1.3 nm) we estimate the alloy compo-

sition x as 0.54–0.67 and 0.75–0.84 for WL formed at 420

and 470 ◦C, respectively. Band lineups corresponded to

GaSb0.2P0.8/GaP WL is presented in Fig. 4a. The case

of the SAQDs is essentially different. Since the SAQD

height variation has weak effect on energy of optical

transition that is controlled by ternary alloy composi-

tion x. Thus, the peak position and bandwidth of the

QDs band is mainly ruled by dispersion in the alloy com-

position. The energy of optical transition for SAQDs of

10 nm height as function of x is presented in the in-

set to Fig. 3b. Taking into account parameters of the

QDs bands we estimate dispersion in alloy composition

x of the SAQDs as 0.52–0.64 and 0.70–0.78 for the A

and B heterostructures, respectively. Band lineups cor-

responded to GaSb0.25P0.75/GaP SAQD is presented in

Fig. 4b.

One can see that increasing of TS leads to increase in

the GaP fraction inside WL and SAQDs. There are two

possible reasons for temperature dependence of WL and

SAQDs composition. On the one hand, GaSb and GaP

can be intermixed during surface interdiffusion similar

to GaAs and GaP intermixing discussed in Ref. [9]. On

the other hand, GaSb and GaP can be intermixed dur-

ing growth of GaP capping layer by Sb segregation. In-

deed, Sb atom has the largest radius among P, As, and

Sb [34]. As a result, strong segregation of Sb occurs in

III–V and VI semiconductors [35, 36] and the composi-

tion of buried SAQDs and WL can be differ drastically

from that during the process of SAQDs formation. The

determination of intermixing mechanisms is out of the

framework of our study.

It needs to note that the driving force of the transi-

tion from two-dimensional to three-dimensional growth
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Fig. 4. Band lineups calculated for GaSb0.2P0.8/GaP WL (a) and GaSb0.25P0.75/GaP SAQD (b)

mode (2D–3D transition) of heteroepitaxial systems in

Stranski–Krastanov mode is relaxation of the elastic en-

ergy of strained layer through the islands nucleation.

The elastic energy depends on the lattice mismatch be-

tween the GaSbP (that formed SAQDs) and the sub-

strate (GaP), whereas lattice mismatch between SAQDs

and WL materials do not affect on dots formation.

In conclusion, pseudomorphic SAQDs in GaSb/GaP

heterosystem were formed in the Stranski–Krastanov

growth mode. The SAQDs consist of the ternary alloy

GaSb1−xPx as a result of materials intermixing during

their formation. The energy spectra of wetting layer and

quantum dots have been determined. GaSb1−xPx/GaP

WL has band alignment of type-I with the lowest elec-

tron state belonging to the XXY valley of GaSb1−xPx

conduction band, while GaSb1−xPx/GaP SAQDs have

band alignment of type-II and the lowest electron state

belonging to the XZ valley of GaP conduction band for

any value of ternary alloy composition 0 < x < 1. Thus,

the coexistence of two different types of band align-

ment in the same heterostructure has been revealed.

The change of the SAQDs band alignment in compari-

son with that of the WL is explained by splitting the X

valley of GaP conduction band due to the deformation

of GaP matrix around the SAQD.
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