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Abstract. The heterostructures with ultrathin (~220 nm) InxGa1−xAs/GaAs(001) 
metamorphic buffer layers with a convex indium composition profile were grown by 
molecular beam epitaxy and studied using structural characterization techniques. Analysis 
of atomic force microscopy images revealed a relationship between the surface roughness 
and the growth conditions of the graded layer. The density of threading dislocations in the 
structures with a ultra-thin graded layer was estimated as ~107 cm−2, which is consistent 
with the high average grading rate of ~90% In/μm. The reciprocal space maps of high-
resolution X-ray diffraction measured for both symmetric (004) and asymmetric (224) 
reflections in grazing exit geometry are presented.
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Аннотация. Гетероструктуры со сверхтонкими (~220 нм) метаморфными бу-
ферными слоями  InxGa1−xAs/GaAs(001) с корневым профилем изменения соста-
ва по индию выращены методом молекулярно-пучковой эпитаксии и исследованы 
с использованием методов структурной характеризации. Из анализа изображений 
атомно-силовой микроскопии установлена взаимосвязь между шероховатостью по-
верхности и условиями роста градиентного слоя. Оценена плотность прорастаю-
щих дислокаций в структурах со сверхтонким градиентным слоем ~107 см−2, что 
согласуется с высокой средней скоростью изменения содержания In ~90% In/мкм. 
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Представлены карты обратного пространства высокоразрешающей рентгеновской 
дифрактометрии, измеренные для симметричных (004) и асимметричных (224) от-
ражений в геометрии скользящего отражения.
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Introduction

One of the key requirements in growing heterostructures for device applications is a small 
lattice mismatch between the structure layers and the substrate to provide the conditions of 
pseudomorphic growth, since strain relaxation with the formation of misfit dislocations (MDs) 
also leads to the appearance of numerous threading dislocations (TDs), which can significantly 
degrade the characteristics of semiconductor devices. If the growth of pseudomorphic structures is 
not possible, an approach based on metamorphic buffer layers (MBLs) with graded composition 
profiles is widely used. In this case, MBL provide a smooth transition from the substrate lattice 
constant to the specified lattice constant. One of the possible ways for implementing a single-
photon source emitting in the telecom O-band or C-band (λ = 1.3 and 1.55 μm, respectively) is 
also associated with the use of InxGa1−xAs/GaAs(001) MBL followed by the formation of InAs 
quantum dots (QDs) in an InGaAs matrix [1 – 3]. The advantage of this approach is the ability 
to use Al0.9Ga0.1As/GaAs distributed Bragg reflectors, which potentially allows the fabrication of 
micropillars using photolithography and ion etching.

Reducing the thickness of the MBL is extremely important for the fabrication of microcavity 
structures with a small mode volume, as it leads to an increase in the Purcell factor and, 
consequently, to an increase in the rate of spontaneous radiative recombination from QDs. The 
key challenges are the selection of a suitable MBL design, as well as finding the optimal growth 
conditions that ensure both a sufficiently smooth surface morphology and low TDs density in the 
active region of the structure.

In this work, we study the structural properties of heterostructures with InAs/InGaAs QDs 
grown on top of ultrathin InxGa1−xAs/GaAs(001) MBL with a square-root (“convex”) indium 
composition profile. Transmission electron microscopy (TEM), energy-dispersive X-ray 
spectroscopy (EDS), atomic force microscopy (AFM), X-ray diffraction both in 2θ-ω- scanning 
mode and reciprocal space mapping (RSM) mode were used as characterization techniques.

Materials and Methods

The heterostructures with ultrathin InxGa1−xAs/GaAs(001) MBL were grown by molecular 
beam epitaxy (MBE) on semi-insulating GaAs(001) epi-ready substrates and contain InxGa1−xAs 
MBL layer, a QD layer and an inverse layer. Standard Ga and In effusion cells, as well as an As 
valve cracker cell were used as molecular beam sources. The growth of all heterostructures began 
with the deposition of a homoepitaxial GaAs buffer layer (dGaAs ~ 0.2 μm) at a temperature of  
TS ~ 590–600°C. The thickness of the InxGa1−xAs MBL with a convex composition profile was 
as low as dMBL ~ 220 nm with initial In step of xmin = 0.18 and maximum In content at the end 
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of graded layer xmax = 0.38. In this case the average In composition grading rate is as high as 
~90% In/μm. The variable parameters during MBE of the graded layer were both the substrate 
temperature and the V/III flux ratio: the substrate temperature varied from ~380 to 470°C, while 
the JV/JIII flux ratio varied correspondingly in the range of ~2–6.5. InAs/InGaAs QDs were 
deposited directly on top of the graded layer using the Stranski-Krastanov growth mode followed 
by the deposition of a uniform composition layer with a thickness ~200 nm at a temperature of 
TS ~ 420°C [4]. The indium content in this so-called “inverse” layer (xinv) is lower than xmax, 
since this layer reduces the residual strain accumulated in the upper part of the graded layer. The 
thickness of the inverse layer is dinv ~ 200 nm, and the indium content in this layer is xinv ≈ 0.28. 
The parameters of the heterostructures under study, as well as the MBE growth conditions of the 
graded layer are listed in Table.

Tab l e

Parameters of the studied heterostructures

Type of 
structure dMBL, μm dinv, μm xmin xmax xinv JⅤ/JⅢ TS(MBL), ℃ TS(inv), ℃

#1
0.22 0.2 0.18 0.38 ~0.28

2 380
420#2 4 420

#3 6.5 470
Nota t i on s : dMBL is the thickness of graded layer, dinv is the thickness of inverse layer, xmin and xmax are the 
minimum and maximum In content in the InxGa1−xAs MBL with square-root profile, xinv is In content in the 
inverse layer, JⅤ/JⅢ is V/III flux ratio during MBE growth of the graded layer, TS(MBL) and TS(inv) is the substrate 
temperature during MBE growth of the graded and inverse layer, respectively.

TEM measurements were performed using a JEOL-2100F electron microscope at an accelerating 
voltage of 200 kV. The specimen was prepared using a standard technique, including mechanical 
grinding and polishing to a thickness of ~10 μm and subsequent Ar+ ion milling. A cross section 
was prepared to study the heterostructure in the vicinity of zone axis 〈110〉. Microanalysis of the 
composition of heterostructures with MBL was carried out by EDS technique using a Bruker 
XFlash 6TI30 solid-state energy-dispersive X-ray detector. A DRON-8 (Bourevestnik, Russia) 
X-ray diffractometer was used for high-resolution X-ray diffraction measurements. The surface 
morphology of the metamorphic heterostructures was explored using an AFM Dimension 3100 
(Veeco) microscope.

Results and Discussion

Fig. 1, a shows a bright-field TEM image of the structure #2. The cross-section in the image 
corresponds to the {110} crystallographic plane. The image demonstrates that the dense array of 
MDs is shifted towards the GaAs substrate presumably due to efficient strain relaxation at the 
initial growth stages of InxGa1−xAs MBL with a large initial indium step (xmin = 0.18) and a high 
grading rate (~90% In/μm) of the graded layer with convex compositional profile.

The sheet of InAs/InGaAs QDs is clearly visible due to the strain contrast. The TDs density 
in heterostructure #2 can be estimated at a level of ρTD ~ 107 cm−2. The In composition profile 
in structure #2 measured using EDS technique is close to the technologically specified profile 
(see Fig. 1, b). The step in the thickness between points of the profile is as low as ~ 6 nm. To 
improve the accuracy of the analysis, the specimen was mounted so that its surface, (001) plane, 
was perpendicular to the first (longitudinal) axis of the TEM double-tilt specimen holder. The 
holder was tilted at an angle of approximately 15° towards the detector, and a second tilt was 
used to achieve an orientation at which the (002) and (00-2) reflections were observed with equal 
intensity in the electron diffraction pattern. This configuration allows for an increase in the level 
of X-ray signal reaching the detector while still providing sharp boundaries between the layers 
during measurement. The experimentally measured MBL profile exhibits extended tails near the 
interfaces with GaAs and inverse layer, which are presumably caused by local overlapping of the 
regions during measurements. 
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a) b) c)

Fig. 1. Bright-field cross-sectional TEM image of the heterostructure #2 obtained in a two-beam 
diffraction contrast mode with strong excitation of reflection g = 2−20 (a). In composition profile 
measured using the EDS technique (black curve) and the technologically specified one (red curve) in 

structure #2 (b). 2θ-ω X-ray diffraction curve around GaAs (004) symmetric reflection (с)

Fig. 1, c shows the diffraction curve measured around the GaAs (004) reflection for the same 
structure. The narrow peak near θ ≈ 33.03° corresponds to the (004) reflection of GaAs, while the 
broad peak at smaller angles originates from the InxGa1−xAs MBL. The asymmetric shape of this 
peak is a direct indication of a non-linear composition profile of the graded layer [5]. The intense 
peak at θ ≈ 32.3° corresponds to the inverse layer. 

The surface morphology and roughness of the samples were characterized by AFM. Surface 
roughness is one of the main criteria for the optimization of MBL because it has a significant impact 
on InAs QDs growth. The AFM topographical images for all the studied structures with a surface 
area of 100×100 μm are shown in Fig. 2. It can be seen that all structures are characterized by a 
“cross-hatch” morphology with surface corrugations along the ⟨110⟩ directions. This morphology 
is a sign of a two-dimensional growth mode and is usually associated with the formation of a 
network of MDs, since the average period of surface undulations corresponds to the separation 
of MDs projected into the interface [6]. A.M. Andrews et al. proposed a model according to 
which the cross-hatch is associated with the formation of an array of MDs and, accordingly, with 
the appearance of steps on the growth surface due to the gliding of TDs [7]. The asymmetric 
character of the surface undulations reflects the asymmetric distribution of MDs and is caused by 
the anisotropic surface migration of In adatoms in two mutually perpendicular directions [110] 
and [1−10]. The root mean square (RMS) surface roughness exhibits a rise from 2.89 nm to  
4.23 nm with increasing substrate temperature, which agrees well with previous works showing 
that the surface roughness associated with cross-hatch may be reduced by low-temperature growth 
[8]. In segregation is important even at a growth temperature of TS = 380 °C. To reduce the effect 
of In segregation on the surface, the V/III flux ratio should be increased with increasing TS. 

Fig. 2. AFM topographical images for structures #1 (a), #2 (b) and #3 (c). 
The dimensions of the surface area are 100×100 μm

a) b) c)
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RSMs are commonly used to estimate the state of strain and crystallographic tilt in 
heterostructures with MBLs. Fig. 3 demonstrates the X-ray diffraction reciprocal space maps 
measured for both symmetric (004) and asymmetric (224) reflections in grazing exit geometry for 
the structure #2. The symmetric (004) RSMs were measured for two orthogonal azimuth angles 
perpendicular to ⟨110⟩ directions designated here as Φ = 0° and Φ = 90°.

a) b) c)

Fig. 3. The reciprocal space maps for both symmetric (004) (a, b) and asymmetric (224) reflections (c) 
measured in grazing exit geometry for the structure #2

RSMs demonstrate three clearly resolved peaks. The peak with the highest qz coordinate 
corresponds to the GaAs substrate, and the second most intense peak corresponds to the inverse 
InGaAs layer. The graded layer in Fig. 3, a and Fig. 3, b appears as a less intense band extending 
along the qz axis. The peak with the lowest qz coordinate is associated with the upper part of the 
graded layer due to the lower grading rate in the upper part of the MBL with a convex composition 
profile. The shift of the peaks from inverse and MBL layers along the qx axis in symmetrical 
RSMs reflects the crystallographic tilt of these layers with respect to the GaAs substrate. The 
tilt arises due to an imbalance of MDs with positive and negative tilt components because of an 
imbalance in the dislocation populations on the various slip systems [9]. The broadening of the 
peaks in the direction perpendicular to the scattering vector (i.e., perpendicular to the vertical 
line) is associated with the mosaicity of the crystal. 

The asymmetric (224) RSM is shown in Fig. 3, c. The RL denotes the relaxation line, which 
shows the positions of fully relaxed InxGa1−xAs alloys with different lattice constants in reciprocal 
space. The SL line shows a set of elastically strained alloys with in-plane lattice constants equal 
to the lattice constant of GaAs. The center of the peak corresponding to the MBL is close to the 
RL line, indicating the lattice relaxation around 90–95%. The qx coordinate of the MBL and 
inverse layers are the same, indicating that the in-plane lattice constants of these layers are equal. 
In other words, the inverse layer is coherently grown on the relaxed MBL layer. 

Conclusions

To summarize, heterostructures with ultrathin InxGa1−xAs/GaAs(001) MBLs with a convex 
composition profile were grown by MBE and studied using structural characterization techniques. 
AFM images of all studied structures reveal a cross-hatch morphology, confirming the two-
dimensional growth mode during MBE. The RMS surface roughness increases with increasing 
substrate temperature, indicating that low-temperature MBL growth is preferable for the subsequent 
deposition of InAs/InGaAs QDs to create single photon emitters in the telecom O-band or 
C-band. RSM maps show that strain relaxation in ultrathin InxGa1−xAs/GaAs(001) MBL layers is 
partially achieved by layer tilting. The inverse layer is well matched to the upper part of the MBL.
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