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ABSTRACT 

The application of transmission electron microscopy (TEM) to the investigation of In(Ga)As 
quantum dot (QD) structures grown on GaAs substrates is reviewed. Using various examples 
of the QD structures the advantages of using TEM for the analysis of QDs are presented. 
From plan-view TEM images the areal density of dots can be determined in real structures 
where QDs are embedded in the structure. Cross-sectional TEM images inform us about the 
real geometry of the structure, the shape, width and height as well as the distribution of QDs. 
It is especially useful for the investigations of multilayer QD structures. 

1. Introduction 

The demonstration that self-assembled In(Ga)As 
quantum dots (QDs) grown on gallium arsenide can 
emit at 1.3 μm [1] opened very promising opportu-
nities. Such heterostructures can be grown on a GaAs 
substrate using conventional, single-run epitaxial 
growth technique, fully compatible with industrial 
production. This is why significant efforts have been 
recently made to develop the growth of In(Ga)As 
QDs structures using both molecular beam epitaxy 
(MBE) [2−7] and metal-organic chemical-vapour 
deposition (MOCVD) [8−13]. 

In In(Ga)As QD structures one or few layers of 
In(Ga)As QDs are located  in a GaAs resonant cavity. 
During optimization of the growth process of QD 
structures it is very important to know the shape, the 
size and the density of dots as well as their 
distribution, since these parameters influence the 
device performance. A very useful tool for analysing 
such embedded objects like QDs is a transmission 
electron microscope (TEM). 

In this paper, the application of TEM to the 
investigation of In(Ga)As QD structures grown on 
GaAs substrates is reviewed. Employing various 
examples of QD structures grown both by MBE and 
MOCVD, benefits of using TEM for the QD analysis 
are demonstrated. 

2. Experimental 

QD samples were grown in two ways: i) by solid 
source molecular beam epitaxy (SS-MBE) and ii) by 
low-pressure MOCVD in both cases on (100)-
oriented GaAs substrates. 

The procedure of growing MBE InAs QD samples 
was as follows. After oxide removal, a 0.5 μm thick 
GaAs buffer layer was grown. QDs were then 
formed, by the deposition of 2.9 monolayers (ML) of 
InAs, as observed by the abrupt change from 
a streaky to a spotty RHEED diffraction pattern. 
These QDs may be covered by a 5 nm In0.15Ga0.85As 
capping layer in order to shift the wavelength to 
1.3 μm. Several samples have been grown, from 
single QD layer (with and without InGaAs capping 
layer), to several QD layers (up to seven) separated 
by 40 nm of GaAs. Each QD sample was enclosed in 
the same structure, i.e. inserted at the centre of 
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Fig. 1. Imaging of QDs in a TEM:  a) plan-view sample; b) cross-sectional sample. 

a 200 nm thick GaAs layer, surrounded by 20 nm 
thick AlAs layers. 

Low-pressure MOCVD InxGa1-xAs QD samples 
were grown at T = 550°C. The sample structures 
consist of a single InGaAs dot layer inserted into an 
InxGa1-xAs barrier, grown over an Al0.4Ga0.6As 
cladding layer (1.2 μm thick). In the samples studied 
in the present work the InAs mole fraction in the 
barrier is varied between x = 0.5 and x = 0.1. The 
island are formed after the deposition of 4 MLs of 
InxGa1-xAs, at a growth rate of 1 MLs/sec and AsH3 
partial pressure of 1.4⋅10−1 mbar. In the uncovered 
samples, the growth is stopped after the deposition of 
the QD layer and immediately cooled down under 
AsH3 stabilization. For the capped samples, the 
growth is stopped for 90 second before the deposition 
of the InGaAs barrier.  More details about the growth 
of the QD layers are described elsewhere [10, 11]. 
The described growth conditions lead to structures 
with a QD density of around 3⋅1010 cm-2 and narrow 
size distribution. 
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Currently, QDs can be grown in a controllable 
way. Under the Stransky-Krastanov growth mode the 
formation of QDs is driven by the strain during 
epitaxial growth of In(Ga)As on the GaAs substrate 
as the deposited layer exceeds a critical thickness. 
Then, the growth mode changes from a two-
dimensional growth to a three-dimensional growth 
and the strain is relieved elastically without formation 
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After the formation, QDs can be easily cha-
racterized by topographical techniques (for example: 
Atomic Force Microscopy − AFM). However, in 
a real structure subsequent layers are deposited on the 
QD layer and QDs are embedded in a matrix, 
Topographic techniques are, here, useless. In QD 
structures studied in our project quantum dots are 
typically located 100 − 200 nm below the structure 
surface. The electron beam in a transmission electron 
microscope operating at 200 kV can go through 
a thin-foil sample not thicker than 400 nm. A TEM 
plan-view sample from a QD structure can be 
prepared by thinning the sample from the back side. 
A schematic drawing of such a sample is shown in 
Fig. 1a. The orientation of the sample surface is of 
{100} type. Since during the TEM observation of the 
plan-view sample the electron beam traverses the 
specimen almost perpendicularly to the surface, the 
image visible on a TEM screen is the <100> type 
projection of the sample (Fig. 1a). From such an 
image we can learn about the areal density and 
distribution of QDs. 
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height, width (diameter) and the shape is missing, We 
can see a symmetrical dark contrast but the 
measurement of the QD width from this contrast is 
not sure. For this purpose, much better are TEM 
observations of cross-sectional samples prepared 
from QD structures. A schematic drawing of such 
a sample is shown in Fig. 1b. In this case, on a TEM 
screen an image being a cross-section of the structure 
is observed. From that kind of image one can 
measure geometrical parameters of the structures 
such as thicknesses of layers, sizes and the linear 
distribution of phase objects located in a TEM 
section. 
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GaAs 20 nm
AlAs 20 nm
GaAs 100 nm

In0.154Ga0.846As 5 nm
InAs QDs 0,888 nm

GaAs 100 nm
AlAs 20 nm

GaAs buffer 500 nm 

GaAs substrate

Fig. 2. Analysis of QDs in a TEM: a) schematic drawing;  b) cross-sectional image; c) plan-view image. 

distinguished since the contrast from AlAs layers is 
brighter than from layers of GaAs. The exact 
thicknesses of AlAs and GaAs layers measure from 
the TEM image are 19 nm and 100 nm respectively. 
A layer of InAs QDs is located between two GaAs 
layers. It is covered by a 5 nm thick In0.154Ga0.846As 
capping layer. In case of this sample QDs were 
grown directly on GaAs. Bright contrast from QDs is 
surrounded by dark contrast from strain formed in 
matrix around the dots (especially above and below 
the dots). The width of the QDs taken from the image 
is about 20 nm. 

Figure 2c shows a TEM plan-view image of the 
QD sample. In the sample being studied the QDs are 
located approximately 140 nm below the structure 
surface. Such a specimen requires thinning only from 
the back-side. The strain contrast around the dots is 
easily distinguishable. Such contrast can be obtained 
by setting two diffracted beams in exact Bragg 
conditions. It is visible as dark symmetrical shapes. 
The areal density of QDs can be determined by 
counting the number of QDs in a certain square area. 
The smaller magnifications are better for this purpose 
since the area from which we count is bigger and the 
accuracy of this measurement is better. For this 
sample the areal density of QD is 302 dots/μm2. From 
the TEM cross-section the linear density of QDs can 
be measure. In case of significant amount of dots this 
density is proportional to the areal density of dots. 
Similarly as in case of the areal density, the smaller 
magnification the better accuracy of measurement. 

We can assume that the thickness of a thin foil 
constituting a cross-section of the QD structure is 
below 50 nm. In order to better understand what we 
see in the cross-sectional image, on the plan-view 
image shown in Fig. 2c we can imagine two parallel 
lines, one 50 nm away from another drawn in Fig.2b. 
Since, as we found, the distribution of QDs is 
uniform and the QD density is high enough, without 
being mistaken we can say that a cross-sectional 
sample should contain in its bulk many full-sized 
QDs. 

In Fig. 3a a schematic drawing of another MBE 
grown QD sample is shown. The difference between 

this one and previously discussed (Fig. 2a) is that the 
QDs, here, were grown on a 5 nm thick 
In0.154GaAs0.846As layer, while in case of the sample 
discussed above (Fig. 2) the QDs were grown directly 
on GaAs. Similarly as in a sample previously 
discussed the QDs were covered by a 5 nm thick 
In0.154Ga0.846As capping layer. 

Figures 3b and 3c show bright-field (BF) and 
dark-field (DF) cross-sectional TEM images of this 
sample, respectively. In the BF image shown in 
Fig. 3b a contrast on QDs is dominated by strain 
contrast, which can be significantly decreased using 
DF images (Fig. 3c). In a DF image the QDs are 
white, while InGaAs “matrix” is black. From such an 

image a shape of dots can be determined. In this case 
it is typical for the MBE growth, a half-lens shape. 
Assuming that the QD located rightmost on the 
image (Fig. 3c) was totally included in a thin foil (so 
we see its full projection), we can measure its width. 
It is approximately 25 nm. 

GaAs 20 nm
AlAs 20 nm
GaAs 100 nm

In0.154Ga0.846As 5 nm
InAs QDs 0,888 nm

In0.154Ga0.846As 5 nm
GaAs 100 nm
AlAs 20 nm

GaAs buffer 500 nm 

GaAs substrate

Fig. 3. MBE grown QD samples: a) BF image; b) DF image; 
c) plan-view image. 

a) b) 
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In Fig. 3d a plan-view image of this sample is 
presented. Similar contrast as in Fig. 2c is observed. 
Please note that the magnification of this image is 
higher than ones shown in Fig. 3b and c but the same 
as in Fig. 2c. The areal density of QD is here 
450 dots/μm2. 

In order to compare the areal density of dots in 
two samples grown by MBE directly on a GaAs layer 
with (Fig. 4a)  and without (Fig. 4c) a 5 nm thick 
In0.15GaAs0.85As capping layer plan-view samples 
were prepared. Plan-view TEM images of dots with 
and without an In0.15GaAs0.85As capping layer are 
shown in Figs. 4b and d, respectively. The areal 
density of QDs in case of using an In0.15GaAs0.85As 
layer as a cap is 276 dots/μm2, while in case of 
uncapped dots it is 364 dots/μm2. We deduce that 
capping slightly reduces the dot density, possibly due 
to In diffusion along the growth plane during 
capping. We expect this mechanism to strongly 
depend on actual growth conditions. 

In case of QD structure with few layers of QDs, 
plan-view TEM images do not provide satisfactory 
information. Then, all necessary information like the 
density and distribution of QDs should be taken from 
cross-sectional TEM images. Cross-sectional TEM 
images deliver also additional information on 
alignment of dots and their presence on a certain 
level. 

In Fig. 5a a schematic drawing of a structure with 
three layers of QDs is shown. QD layers were 
separated, here, by a 10 nm-thick GaAs spacer layer. 
Each QD layer was grown on a GaAs layer and 
capped by a 5 nm thick In0.15GaAs0.85As layer. Two 
samples with this geometry were grown. The 

difference between these samples consists in the 
modification  of the growth stoichiometry in upper 
QD layers. In the samples with “modified” 
stoichiometry, the amount of InAs in the second and 
the third layer was decreased (in comparison to the 
first layer) while in the samples with “conventional” 
stoichiometry amount of InAs in all three layers was 
the same. In Fig. 5b and c cross-sectional TEM 
images of these samples are shown. In both samples 
QDs are vertically aligned. This is due to the residual 

strain in the spacer layer, which favours nucleation 
on top of existing dots. In the sample shown in 
Fig. 5c QD columns are distributed more regularly. 
In both samples we observed areas where QDs were 
formed only in the first layer, but in the second and 
the third layer they are absent. In the sample grown in 
“conventional” way one can observe that the upper 
layer dots are bigger than of those located in the first 
layer. The higher the dot is located the bigger it is. 
Modification of growth parameters decreased the 
differences between the dot size (Fig. 5c). 

GaAs 100 nm
In0.15Ga0.85As 5 nm

InAs QDs 1 layer
GaAs 10 nm

In0.15Ga0.85As 5 nm

InAs QDs 1 layer
GaAs 10 nm

In0.15Ga0.85As 5 nm
InAs QDs 1 layer

GaAs 100 nm
AlAs 20 nm

GaAs buffer 500 nm 

GaAs substrate 450 μm 

a)                                      b) 

Fig. 5. Comparison of the MBE growth of QDs: a) schematic 
drawing; b) conventional stoichiometry; c) modified stoichio-
metry. 
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GaAs 20 nm
AlAs 20 nm
GaAs 100 nm

In0.15Ga0.85As caping layer 5 nm

InAs QDs 1 layer
GaAs 100 nm
AlAs 20 nm

GaAs buffer 500 nm 

GaAs substrate 450 μm

GaAs 20 nm
AlAs 20 nm
GaAs 100 nm

InAs QDs (no InGaAs cup) 1 layer
GaAs 100 nm
AlAs 20 nm

GaAs buffer 500 nm 

GaAs substrate 450 μm 

a)                                       b) 

c)                                       d) 

Fig. 4. Comparison of the areal density of QDs in MBE
grown samples: a) InGaAs capped; b) no InGaAs cap. The sizes of QDs in subsequent layers of 

a specimen with “modified” stoichiometry are almost 
equal. In certain cases upper dots are absent. In Fig. 6 
a lattice image of a column (stack) of dots is shown. 
The lattice images were done in the [110] direction. 
No lattice defects are observed around dots. 

In Fig. 7a a TEM cross-section of an MBE grown 
structure containing 7 layers of QDs with 40 nm-
thick GaAs spacers is  presented. The QDs in this 
sample were grown directly on GaAs. Each layer of 
QDs was capped by a 5 nm thick In0.15GaAs0.85As 
layer. In Fig. 7b a schematic drawing of a sample is 
shown. The densities of dots in all layers excluding 
the top one are equal and no alignment of dots is 
observed, due to the thicker spacer layer. The QD 
density in the top layer is lower than in other ones. 
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The observation of TEM cross-sections of QD 
structures allows to determine a shape of the QDs. 
One method is the observation of DF images 
(Fig. 3c). Another method is the observation of lattice 
images of the dots. In Fig. 8a a cross-sectional TEM 
image of an as-grown QDs is visible. QDs in this 
sample were grown by MOCVD of 4ML of InGaAs 
on a 4nm thick In0.1Ga0.9As. Figure 8b shows 
a <110>-type lattice image of a single QD. 

After growing subsequent layers on QDs, the shape 
of QDs changes. The QDs become more flat. In 
Fig. 9a a <110>-type lattice image of a MOCVD 
grown QD is shown. QDs in this sample were grown 
by deposition of 4ML InGaAs layer on a 3 nm thick 
In0.05Ga0.95As layer and capped by a 5 nm thick 
In0.05Ga0.95As capping layer. In Fig. 9a a typical, for 
the MOCVD growth, shape of a truncated pyramid is 
observed. Symmetrical growth facets can be dis- 
tinguished. Similar shapes of MOCVD dots were 
found in [11] and [12] by observation of <100> type 
lattice images. Growth facets visible in Fig. 9a (<110> 
type projection) are not so steep as in case of <100> 
type projection, shown in ref. [12]. They are located in 
{551} type crystallographic planes which are inclined 
at an angle of 24° to the (001) plane (the dot basis). 

 
The shape of MBE grown QDs differs from the 

shape of those grown by MOCVD. For MBE grown 
QD samples, the typical shape of the QD is a half-
lens. In Fig. 9b a <110>-type lattice image of a MBE 
grown QD is shown. The description of this sample is 
given in Fig. 5a. The QD shown in Fig. 9b was 
grown directly on GaAs and was capped by a 5 nm 
thick In0.15GaAs0.85As layer. 

3. Conclusions 

In this paper the advantages of the application of 
transmission electron microscopy for optimization of  
QD growth is discussed. From plan-view TEM 

 

Fig. 6. Lattice image of 3-layer QD stack grown by MBE. 

Fig. 9. <110> type lattice images grown by: a) MOCVD and 
b) MBE. 

a) 
 
 
 
 
 
 
 b) 
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GaAs 100 nm

In0.15Ga0.85As caping layer 5 nm

InAs QDs 1 layer
GaAs 40 nm

In0.15Ga0.85As caping layer 5 nm

InAs QDs 1 layer
GaAs 100 nm
AlAs 20 nm

GaAs buffer 500 nm 

GaAs substrate 450 μm 

6x

Fig. 7. Seven-layers QD specimen grown by MBE. 

Fig. 8. As-grown MOCVD grown QDs: a) general cross-
sectional view; b) <110> type lattice image of a single dot. 
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images the areal density of dots can be determined. 
This technique allows to observe QDs both on the 
sample surface and embedded in the structure. Cross-
sectional TEM images inform us about the real 
geometry of the structure, the shape, width and height 
as well as the distribution of QDs. It is especially 
useful for the investigations of multilayer QD 
structures. 
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