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Abstract We report the use of partially relaxed tensile as

well as compressively strained GaInP layers for lateral

ordering of InAs quantum dots with the aid of misfit dis-

location networks. The strained layers and the InAs QDs

were characterized by means of atomic force microscopy,

scanning electron microscopy, and X-ray reciprocal space

mapping. The QD-ordering properties of compressive

GaInP are found to be very similar with respect to the use

of compressive GaInAs, while a significantly stronger

ordering of QDs was observed on tensile GaInP. Further-

more, we observed a change of the major type of dislo-

cation in GaInP layers as the growth temperature was

modified.

Keywords Molecular beam epitaxy � III-V

semiconductors � Quantum dots � Ordering � InAs � GaInP

Introduction

The fabrication of high-quality, coherently strained quan-

tum dots (QDs) is necessary for numerous electronic and

photonic applications. Self-assembled QDs obtained from

the Stranski–Krastanov (SK) growth mode fulfill the quality

requirements for fabrication of devices, such as QD-based

laser diodes and detectors. A disadvantage of the self-

organizing SK growth is that the QDs are randomly dis-

tributed. Ability to create ordered QD structures, i.e.

deterministically positioned QDs, is essential for enabling

new optical and electronic applications, such as single-

photon emitters, single-electron transistors, or QD-based

memory devices. One way to affect the distribution of SK

QDs is to exploit the strain sensitivity of the growth process

[1, 2], which can be utilized as a tool for ordering the QDs.

The strain field around misfit dislocations (MDs) in a

partially relaxed compressively strained (CS) GaInAs layer

grown on a GaAs substrate has been shown to be promising

in ordering InAs QDs [3–6]. Nevertheless, GaInAs has a

relatively low band gap difference with respect to InAs,

GaInAs, or InP QDs, while a strong confinement of charge

carriers would be desirable in most optical applications. As a

solution, we here propose using partially relaxed GaInP

layers, which not only have a higher band gap than GaInAs

but also enable both compressively (CS) as well as tensile-

strained (TS) growth on a GaAs substrate. Non-relaxed

GaInP layers grown on GaAs substrates have been success-

fully used as templates for InP and InAs QDs [7, 8] and as a

tool for engineering the properties of InAs QDs [9]. Fur-

thermore, a strong ordering of InP QDs has been observed on

partially relaxed CS-GaInP [10]. In this article, we present

lateral ordering of InAs QDs on TS- and CS-GaInP layers

and compare these two cases with CS-GaInAs. So far, it has

been shown that the ordering of QDs can be achieved by

exploiting the strain field of a MD [3–6] or surface mor-

phology [11], but here we show that these two effects can be

combined together in order to enhance ordering of QDs.

Experiment

A set of four QD samples was grown on GaAs(100) sub-

strates by solid-source molecular beam epitaxy. All the QD

samples were comprised a 60-nm thick partially relaxed,

strained layer capped with a GaAs layer and covered with
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InAs QDs. The materials of the strained layers investigated

here are CS-Ga0.85In0.15As (sample A), CS-Ga0.38In0.62P

(samples B and C), and TS-Ga0.66In0.34P (sample D), all

being 1% lattice mismatched to the GaAs substrate, the first

two compounds being compressively and the third tensile-

strained. The CS-Ga0.85In0.15As and CS-Ga0.66In0.34P layers

in samples A and B, respectively, were grown at 520�C. The

TS-Ga0.66In0.34P layer in sample D was grown at a lower

temperature of 430�C in order to avoid transition from 2D to

3D growth mode, which is typical for this material when

grown at higher temperature [12]. For the sake of

comparison, we also prepared a QD sample C with a

CS-Ga0.38In0.62P layer grown at 430�C. The strained layers

in the QD samples were covered with 30-nm thick GaAs

cap layers, which served as templates for 2.2 monolayers

(ML) of InAs QDs grown with a growth rate of 0.02 ML/s.

The GaAs cap layers and QDs were grown at 540�C. Fur-

thermore, 60- and 80-nm thick TS-Ga0.66In0.34P layers

(samples E and F) without the GaAs cap layer and QDs

were grown 430�C in order to determine the critical layer

thickness for the formation of dislocations in this TS

material. Further details of the samples are listed in Table 1.

For post-growth characterization, we used atomic force

microscopy (AFM), scanning electron microscopy (SEM),

and high-resolution X-ray diffractometry (HR-XRD). AFM

was used for analyzing the surface morphology of the

samples as well as for determination of the average heights

(hQD) and densities (qQD) of the QDs. The lateral ordering

of QDs on dislocations was investigated with SEM. HR-

XRD reciprocal space maps (RSM) were measured around

(004) and (113) reflections for both [011] and [0–11]

sample orientations in order to determine the crystal

quality, In composition (xIn) and relaxation state (R[hkl]) of

the strained layers.

Results and Discussion

Before discussing the lateral ordering of QDs on the MD

networks induced by the TS- and CS-GaInP and -GaInAs

layers, it is necessary to evaluate the critical thickness and

the type of dislocations generated. The critical thickness

for the TS-Ga0.66In0.34P was estimated based on the SEM

observations of the dislocation induced lines on the sample

surfaces (not shown) and RSM results. The values of

relaxation as well as major dislocation types for each

sample are listed in Table 1. According to the RSM mea-

surement, sample E was fully strained and no lines were

observed in the SEM pictures. On the other hand, sample F

showed a very low density of [0–11]-oriented b-disloca-

tions indicating an early stage of strain relaxation. Thus,

the critical thickness of TS-Ga0.66In0.34P was estimated to

be around 80 nm. The critical thicknesses of the CS layers

were not determined in this study. However, according to

Ref. [4], 50 nm is a sufficient layer thickness to produce a

MD network in a Ga0.85In0.15As layer grown at 520�C.

Based on similar surface morphologies (Fig. 3a–c) and

values of strain relaxation (Table 1), we assume that

CS-Ga0.38In0.62P and CS- Ga0.85In0.15As layers investi-

gated here have a critical thickness below 60 nm.

According to Table 1, the major dislocation type in

CS-Ga0.38In0.62P changes from a to b as the growth tem-

perature is decreased from 520 to 430�C. The thickness of

the TS-Ga0.66In0.34P layer in sample D is lower than the

critical value. Hence, the dislocations were actually gen-

erated after the GaInP layer growth either during the

temperature ramp from 430 to 540�C or during the growth

of the GaAs layer. The fact that samples D and F have

different major dislocation types suggests that also

TS-Ga0.66In0.34P experiences a change of the major dislo-

cation type as the temperature is increased. What makes

this observation interesting is that a-dislocations have been

assumed to be the predominant dislocation type in all cases

due to their larger glide velocity [14].

The strain relaxation values on Table 1 show that the

strained layers in all of the QD samples are at the early

stage of strain relaxation. This is also observed in the RSM

of sample D shown in Fig. 1. Both GaAs and GaInP peaks

as well as satellite peaks are well observable, indicating

good crystal quality and low strain relaxation. The RSMs

Table 1 Details of the investigated samples. xIn and R[hkl] were calculated from RSM peak data, and hQD and qQD were determined for

1 lm 9 1 lm and 10 lm 9 10 lm AFM images, respectively [13]. The major dislocation type was determined based on several

20 lm 9 20 lm SEM pictures

Sample Material Strain Tg (�C) XIn R[011] (%) R[01-1] (%) hQD (nm) qQD (cm-2) Maj. Dislocation type

A GaInAs CS 520 0.142 1.60 1.40 13 5.0 9 109 a[0–11]

B GaInP CS 520 0.618 1.50 1.60 14 5.1 9 109 a[0–11]

C GaInP CS 430 0.617 1.70 1.60 13 5.6 9 109 b[011]

D GaInP TS 430 0.354 2.60 1.90 16 4.2 9 109 a[011]

E GaInP TS 430 0.34 0.00 0.00 No QDs No QDs No dislocations

F GaInP TS 430 – – – No QDs No QDs b[0–11]
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of the other samples (not presented here) showed similar

features.

Figure 2 shows SEM pictures illustrating the ordering of

QDs on CS and TS layers. On the CS layers (Fig. 2a–c),

the QDs are gathered on MDs, but the ordering is relatively

weak. However, on the TS layer (Fig. 2d), the QD accu-

mulation on the MDs differs with respect to the CS layers.

On TS layers, the QDs on the MDs are ordered in narrow

single-dot wide chains. Furthermore, according to the

quantitative data extracted from the AFM pictures and

summarized in Table 1, the height and density of the QDs

depend on the properties of the strained layer below them;

compared to the TS-Ga0.66In0.34P, the QDs on the CS

samples are larger and less dense. This can be explained by

a reduction of the critical InAs coverage for QD formation

due to the compressive strain of the underlying Ga0.38

In0.62P or Ga0.85In0.15As layer.

In order to interpret the differences of QD accumula-

tions on MDs on TS and CS layers, we analyzed the surface

morphology around the QD chains by AFM. The AFM

images in Fig. 3, show a clear difference between com-

pressive and tensile strain; the QDs on CS layers are

gathered on ridges (Fig. 3a–c), which is consistent with

Ref. [2] and [10], while on the TS-Ga0.66In0.34P (Fig. 3d)

the narrow QD chains are formed in grooves.

We try to explain the observed differences in ordering

by calculating the stress field on the film surface above a

MD for both CS and TS layers. The magnitude of the

Burgers vector of a mixed 60� MD is b ¼ bk k ¼ a
� ffiffiffi

2
p

,

where a is the lattice constant [15]. The edge component of

b can be decomposed into parts parallel and perpendicular

to the layer/substrate interface: bedge = b|| ? b\. The

magnitudes of the in-plane and out-of-plane components of

the Burgers vector are

bjj ¼ bjj
�� �� ¼ b

2
; ð1aÞ

b? ¼ b?k k ¼ b
ffiffiffi
2

p : ð1bÞ

The formation of MDs at the layer/substrate interface

induces a local stress field that affects the QD nucleation at

Fig. 1 XRD reciprocal space map measured from a 60-

nm Ga0.66In0.34P/GaAs layer (Sample D) around (004) reflection in

[011] direction

Fig. 2 SEM pictures (3.5 lm 9 3.5 lm) of QD chains on 60-nm

partially relaxed GaInP and GaInAs layers. Figures a–d correspond to

samples A–D, respectively. The layer material and growth temper-

ature of each sample are indicated in the figure

Fig. 3 AFM pictures of QDs on MDs. Figures a–d correspond to

samples A–D, respectively. The color height scale in each image is

5 nm
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the sample surface. The tangential stress component of

pure edge dislocation lying at the distance h below the

surface is

rMD
xx ¼ 4G

p 1 � vð Þ �
hx hb? � xbjj
� �

x2 þ h2ð Þ2
; ð2Þ

in which G is the shear modulus, v is the Poisson’s ratio,

and x is the lateral distance from the MD. Figure 4 shows

strain profiles calculated with Eq. (2) for a MD in TS and

CS layers using values for G and v indicated in Table 2 and

a layer thickness h of 90 nm. The in-plane and out-of-plane

components of the Burgers vector were assumed to be

b|| = -b/2, b? ¼ �b
� ffiffiffi

2
p

for the CS layers and b|| = b/2,

b? ¼ �b
� ffiffiffi

2
p

for the TS layer.

In both the CS (Fig. 4a) and the TS layer (Fig. 4b),

positive and negative maxima of the stress are formed on

the adjacent sides of the MD. This local strain fluctuation

affects the growth of the strained layer and GaAs capping

layer. In Ref. [2], the authors suggested that the surface

corrugation above a MD in an un-capped CS-GaInAs layer

is caused by formation of In-rich alloy on the tensile part

of the stress field of the MD (Fig. 4a). The growth of InAs

QDs is also favored in this area of the MD due to their

larger lattice constant; hence, the QDs are accumulated on

the ridge. The growth of a GaAs cap may also affect the

surface morphology. GaAs will most probably avoid the

In-rich ridge, which experiences local tensile stress [2] and

favor the Ga-rich grooves. The correlation between the

stress field of a MD and surface profile for a CS-GaInP is

shown in Fig. 4a. It appears that after growth of the GaAs

cap the surface corrugation is formed by a ridge and a

groove located above the tensile and compressive sides of

the MD, respectively. In sample D, the surface corrugation

is formed solely during the GaAs layer growth because the

MDs are formed after the growth of the strained layer. The

compressive stress of a MD locally compensates the ten-

sile strain of the GaInP layer on the right side of the

dislocation (Fig. 4b). Therefore, this area is favored by

GaAs and a ridge is formed. Correspondingly, GaAs tends

to avoid the tensile side of the MD, which becomes a

groove. Thus, the groove is formed above the tensile side

of the dislocation (Fig. 4b), not above the compressive

side as in the CS-GaInP layer. The InAs QDs, however,

accumulate on the tensile part of the dislocation. Thus, the

ordering of QDs on TS-GaInP is guided not only by the

strain field of the dislocation but also by the shape of

the groove, while on the CS-GaInP and CS-GaInAs layers,

the QDs accumulate on the ridges solely due to stress field

of the MDs.

Conclusions

It was shown that misfit dislocation networks obtained

from partially relaxed CS- and TS-GaInP layers can be

utilized for lateral ordering of InAs QDs. The strongest QD

ordering was observed on TS-GaInP, because of the

accumulation of QDs on narrow grooves that are formed

during the growth of the GaAs cap layer. The MDs on

CS-GaInP and CS-GaInAs layers, in which QDs are mainly

gathered on ridges, were shown to have similar QD

ordering properties including line distribution and direction

as well as QD height and density. Concluding, GaInP is a

good candidate for replacing GaInAs in order to align QDs

on MD networks and when a material of a higher band gap

is required.
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Table 2 Elastic properties of TS-GaInP and CS-GaInP. Elastic

constants C11 and C12 are calculated with Vegard’s law using values

from Ref. [16] for binary compounds. The Poisson’s ratio is v = C12/

(C11 ? C12), and the Shear modulus is G = (C11 - C12)/2

Material xIn C11 (GPa) C12 (GPa) m G (GPa)

TS-GaInP 0.34 127.1 60 0.321 33.55

CS-GaInP 0.62 116.1 58.4 0.335 28.86

Fig. 4 Tangential stress component above a misfit dislocation

calculated for a CS-GaInP and b for TS-GaInP layers. The AFM

cross-sections in (a) and (b) are measured along the lines in Fig. 3c

and d, respectively
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