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ABSTRACT

Ing 15Gag.g5As strained layer on GaAs (001) sub-
strate is grown by molecular beam epitaxy (MBE).
An approach for understanding the misfit disloca-
tions aligned along two orthogonal <110>directions
at the interface of InGaAs/GaAs virtual substrate is
developed. Well-defined cross-hatch morphology on
the surface of the virtual substrate due to the pres-
ence of networks of misfit dislocations has been re-
vealed by means of atomic force microscopy (AFM).
The origin of the morphology is confirmed by cross-
sectional transmission electron microscopy (TEM).
Fast Fourier transform (FFT) analysis is performed
in order to deduce the average lateral periodicity of
the misfit dislocations. From the FFT measurement,
the average lateral periodicity of the misfit disloca-
tions along [110] is 890 nm in the perpendicular [1-
10] direction which is in a good agreement with the
average distance value between the two signal peaks
of line profile from AFM image.
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1. INTRODUCTION

The growth of self-assembled quantum dots
(SAQDs) formed in Stranski-Krastanov (SK) growth
mode is useful for electronic devices because of
their defects-free characteristics and uniform size.
Although the benefits of SAQDs are obvious for
some applications, their random distributions result
in poor qualities of electronic and optical devices.
Therefore, ordered QDs are necessary to overcome
these problems and also to achieve better QD-based
devices such as single transistor and quantum dot cel-
lular automata. There are various methods which can
be used to form laterally- and vertically-ordered QDs;
for examples, the use of high-index substrate [1], sub-
strate with insulated mask or anodic porous alumina
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mask [2,3], multi-layered vertical stacking grown at
elevated temperature [4,5] and multi-layered high-
stepped vicinal substrate or strained layer growth on
patterned substrate [6-10]. At present, no one best
technique has been claimed to be most suitable for
ordered-QDs growth but the development of cross-
hatch morphology is a powerful technique [11].

Most methods for ordering of QDs are generally
obtained from strained semiconductor heterostruc-
tures. Epitaxial growth of heterostructure is ac-
companied by strain in the epitaxial layer that re-
sults from the difference in lattice parameters be-
tween the substrate and the epilayer. For large
lattice-mismatched system, 3-dimensional (3D) self-
assembled islands growth mode can be formed af-
ter the epilayer thickness is over a critical thickness
(he). For small (< 2%) lattice-mismatched system,
the growth occurs layer-by-layer via a step flow mech-
anism, after which, 60° misfit dislocations (MDs) are
accompanied by threading dislocations which propa-
gate into the epitaxial layer [12]. A characteristic un-
dulating surface morphology due to the presence of
network of dislocations is known as cross hatch. The
characteristic surface morphology which is usually ob-
served in InGaAs/GaAs systems exhibit elongated
ridges and valleys along <110>directions [13,14]. In
this paper, we report on the growth of Ing 15Gag.g5As
strained layers on GaAs (001) substrates. Surface
morphology of epitaxial layer is studied by AFM and
TEM techniques. Specially, we reveal and propose a
model for the evolution of cross-hatch pattern onto
the InGaAs/GaAs virtual substrate.

2. EXPERIMENTAL DETAILS

All samples are grown on semi-insulating (001)
GaAs wafers by solid-source RIBER 32P molecular
beam epitaxial system. In order to control the surface
reconstruction in real time, in situ reflection high-
energy electron diffraction (RHEED) is used through-
out the growth. After oxide desorption of the sub-
strate, a buffer layer of GaAs with a thickness of 300
nm is grown to flatten the surface with a growth rate
0f 0.34 ML/s at 615 °C for sample A shown in Fig.1(a)
and at 600°C for sample B shown in Fig.1(b). The
substrate temperature is then reduced to 500°C to
grow 50 nm of Ing15GaggsAs. After that, a 30-
second growth interruption is introduced and the sub-
strate temperature is rapidly ramped down to 100°C



to maintain the surface morphology of the sample.
For the investigation of dislocation propagation, the
structure grown in the previous stage is extended by
the growth of 50 nm thick GaAs spacer layer at 500 °C
and followed by growth of 200 nm of GaAs layer
at 600°C. Finally, 50 nm of Ing 15Gag.gsAs layer is
grown at 500 °C. During growth, the growth rate of
Ing.15Gag.gsAs is 0.4 ML/s and the beam equivalent
pressure of As, is fixed at 6.11076 Torr. Schematic
diagrams of grown structures for this experiment are
shown in Fig.1.
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Fig.1: Schematic diagrams of the grown structures

for the studies of (a) sample A, cross-hatch morphol-
ogy and (b) sample B, dislocation propagation.

3. RESULTS AND DISCUSSION

In order to confirm the structure of the sample, the
surface morphology of the grown sample is observed
under an atomic-force microscope (AFM). The AFM
image of the surface of the sample shown in Fig.1(a)
is shown in Fig.2. A well-defined cross-hatch pat-
tern can be observed. The lattice mismatch between
Ing.15Gag.gsAs and GaAs layers is 1.07%. Since the
lattice mismatch is less than < 2% , the most prob-
able growth mode is 2D layer-by-layer. For 15% In
composition, the critical thickness is 10 nm accord-
ing to Matthews and Blakeslee’s model [15]. Since
the strained-layer thickness for this sample is consid-
erably larger than the he value for MDs (i.e. 5h,.),
the structure is partially relaxed by the formation of
MDs at the interface. These MDs can thread to the
surface at 60° angle which results in a cross-hatch

appearance when viewed from the top.

Fig.2: AFM image of the surface of Ing15Gag.gsAs
layer on GaAs (001) substrate.

The result is in a good agreement with existing
models in which cross-hatch morphology is derived
from MD generation and glide processes [16,17]. But,
this result is in contrast to other alternative mod-
els which suggest that the cross-hatch pattern results
from enhanced growth strained relaxed regions due
to lateral mass transport by surface diffusion [18], or
from composition fluctuations in the layer of ternary
compounds [19].
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Fig.3: Different orientation of AFM image of In-
GaAs/GaAs. Line profiles of InGaAs layer on GaAs
(001) substrate along (b) [110] and (c) [1-10] direc-
tions.

The line profiles of the Ing 15Gag.g5As taken along
the <110>directions indicated by the line marks
shown in Fig.3(a) is shown in Fig. 3(b) and (c). The
peak-to-valley amplitude of surface undulations along
the [110] direction is 1.07 nm while those along the [1-
10] direction is 1.17 nm. These two difference values
can be explained by a relation between ridges and dis-
location which depends on unequal stress on two dif-
ferent sides of the dislocation, which in turn depend



on oblique intersection of Burger vectors for 60°-type
dislocation [20]. The root-mean-square (rms) rough-
ness of this sample is 0.627 nm.

A lateral periodicity of MDs from AFM result is
detected by fast Fourier transform (FFT) analysis.
Therefore, the period (distance) T of signal can be
calculated by the relation between period and fre-
quency (f):

b -2 ]

[fum]

2 4
Fig.4: FFT analysis of 25x25 pum? Ing.15Gag.gsAs
layer on GaAs substrate along [110] direction.

Fig.4 shows the FFT result obtained from AFM
image of Fig.3(a). The average frequency of the sig-
nal between the original point and the first harmonic
signal (fundamental frequency) is 1.123um~! which
is deduced from FFT analysis. Therefore, the pe-
riod becomes 890 nm according to the formula shown
above. This means that the average lateral period-
icity of MDs oriented along [110] is 890 nm in the
perpendicular [1-10] direction, which is the evidence
of the results that we are already shown from the line
profile analysis in Fig.3(b).
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In order to confirm the formation of cross-hatch
pattern from the MDs, further investigation is ap-
plied by a cross-sectional transmission electron mi-
croscopy (TEM). Fig.5 is the TEM image of the struc-
ture shown in Fig.1(b). A network of dislocations
across the InGaAs/GaAs interface due to the misfit
strain of heteroepitaxial system can be clearly seen in
this figure. Most of the misfit dislocations are found
to be mixed dislocations that glide on {111} which

propagated along<110>directions as shown in Fig. 5.
This result is in consistent with the result of a surface
morphology study which used in AFM. Therefore, it
is clear that cross-hatch patterns develop after the
misfit dislocations are generated.
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Fig.6: Schematic diagram of the development of
cross-hatch morphology.

A model describing the evolution of cross hatch
is shown in Fig.6. When the deposition thickness of
the strained layer is comparable to h., small amount
of defects called point defects nucleated at the het-
ero interface. The misfit strain energy in the layers
increases with increasing the epilayer thickness. The
energy is released by the gliding of MDs, which thread
to the surface at 60° angle until they are annihilated
when met with other MDs, otherwise they thread to
the surface and appear as small steps which register
on the AFM image as cross-hatch pattern.

4. CONCLUSION

Ing15Gag.gsAs strained layer is grown on GaAs
(001) substrate. The structure of misfit disloca-
tions at the interface and the threading dislocations
that are terminated at the surface which appears
as cross-hatch morphology are studied by AFM and
TEM. The results indicate that well-defined cross-
hatch pattern is the consequence of threading dislo-
cations formed by the gliding (at 60° ) of misfit dislo-
cations. MDs with the average spacing of 890 nm are
detected by FFT analysis which is consistent with the
lateral periodicity of the MDs in the virtual substrate
determined by AFM.

5. ACKNOWLEDGEMENT

The authors would like to acknowledge ASEAN
University Network/Southeast Asia Engineering Ed-
ucation Development Network (AUN/SEED-Net)
and Thailand Research Fund (TRF) for financial sup-
ports.

References

[1] R. Notzel, J. Menniger, M. Ramsteiner, A. Ruiz,
H.P. Schonherr and K.H. Ploog., “Selectively of



growth on patterned GaAs (311)A substrates.,”
Appl. Phys. Lett., 68 (1996) 1132-1134.

[2] C. K. Hahn, Y. J. Park, E. K Kim, S.-K. Min,
S. K. Jung, J. H. Park., “Selective formation of
one- and two-dimensional arrayed InGaAs quan-
tum dots using GaO3 thin film as a mask mate-
rial.,” Appl. Phys. Lett., 73 (1998) 2479-2481.

[3] J. Liang, H. Chik, A. Yin and J. Xu., “Two-
dimensional lateral superlattices of nanostruc-
tures: Nonlithographic formation by anodic
membrane template.J.,” Appl. Phys., 91 (2002)
2544-2546.

[4] W. Ma, R. Notzel, A. Trampert, M. Ram-
steiner, H. Zhu, H.-P. Schoénherr and K.
H. Ploog., “Self-organized quantum wires
formed by elongated dislocation-free islands in
(In,Ga)As/GaAs(100).,” Appl. Phys. Lett., 78
(2001) 1297-1299.

[5] W. Ma, R. Notzel, H.-P. Schonherr and K.H.
Ploog., “Shape transition of coherent three-
dimensional (In,Ga)As islands on GaAs(100).,”
Appl. Phys. Lett., 79 (2001) 4219-4221.

[6] M. Kitamura, M. Nishioka, J. Oshinowa and Y.
Arakawa., “In situ fabrication of self-aligned In-
GaAs quantum dots on multiatomic steps by
metalorganic chemical vapor deposition.,” . Phys.
Lett., 66 (1995) 3663-3665.

[7] D. S. L. Mui, D. Leonard, L. A. Coldren and
P. M. Petroff., “Surface migration induced self-
aligned InAs islands grown by molecular beam
epitaxy.,” Appl. Phys. Lett. 66 (1995) 1620-1622.

[8] A. Konkar, A. Madhukar and P. Chen., “Stress-
engineered spatially selective self-assembly of
strained InAs quantum dots on nonplanar pat-
terned GaAs(001) substrates.,” . Phys. Lett. 72
(1998) 220-222.

[9] W. Seifert, N, Carlsson, A. Peterson and L.-
E.Wernersson and L. Samuelson., “Alignment of
InP Stranski-Krastanow dots by growth on pat-
terned GaAs/GalnP surfaces.,” . Phys. Lett. 68
(1996) 1684-1686.

[10] H. Lee, J. A. Johnson, J. S. Speck and P. M.
Petroff., “Controlled ordering and positioning of
InAs self-assembled quantum dots.,” J. Vac. Sci.
Technol. B. 18 (2000) 2193-2196.

[11] C. L. Zhang, B. Xu, Z. G. Wang, P. Jin, F.
A. Zhao., “Development of cross-hatch grid mor-
phology and its effect on ordering growth of quan-
tum dots.,” Physica E 25 (2005) 592-596.

[12] K. H. Chang, P. K. Bhattacharya and R. Gibala.,
“Characteristics of dislocations at strained het-
eroepitaxial InGaAs/GaAs interfaces.,” . Appl.
Phys. 667 (1989) 2993-2998.

[13] C. Lavoie, T. Pinnington, E. Nodwell, T. Tiedje,
R. S. Goldman, K. L. Kavanagh and J. L. Hut-
ter., “Relationship between surface morphology
and strain relaxation during growth of InGaAs

strained layers.,” . Phys. Lett. 67 (1995) 3744-
3746.

[14] F. K. LeGoues, B. S. Meyerson, J. F. Morar and
P.D. Kirchner., “Mechanism and conditions for
anomalous strain relaxation in graded thin films
and superlattices.,” . Appl. Phys. 71 (1992) 4230-
4243.

[15] J. W. Matthews and A. E. Blakslee., “Defects
in epitaxial multilayers 1.,” Misfit dislocations. J.
Cryst. Growth 27 (1974) 118-125.

[16] K. H. Chang, R. Gilbala, D. J. Srolovitz, P. K.
Bhattacharya, J. F. Mansfield., “Crosshatched
surface morphology in strained ITI-V semiconduc-
tor films.J.,” Appl. Phys. 67 (1990) 4093-4098.

[17] M. A. Lutz, R. M. Feenstra, F. K. LeGoues, P.
M. Mooney and J. O. Chu., “Influence of mis-
fit dislocation on the surface morphology of Sil-
xGex films.,” . Phys. Lett. 66 (1995) 724-726.

[18] W. P. Hsu, E. A. Fitzgerald, Y. H. Xie, P. J. Sil-
verman and M. J. Cardillo., “Surface morphology
of related GexSil-x films.,” Appl. Phys. Lett. 61
(1992) 1293-1295.

[19] F. Glas., “Elastic state and thermodynamical
properties of inhomogeneous epitaxial layers: Ap-
plication to immiscible ITI-V alloys. J.,” Appl.
Phys. 62 (1987) 3201-3208.

[20] C. L. Zhang, Z. G. Wang, F. A. Zhao, B. Xu and
P. Jin., “Ordering growth of InAs quantum dots
on ultra-thin InGaAs strained layer.J. Cryst.,”
Growth. 265 (2004) 60-64.

Cho Thet received the B.Sc. and
M.Sc. degrees in Physics from the Uni-
versity of Dagon, Myanmar, in 1998 and
2001. She is currently a Ph.D. student in
Electrical Engineering at Chulalongkorn
University. Her research interest is nan-

ﬂ otechnology.

Songphol Kanjanachuchai received
the M.Eng. Degree with first class hon-
ours in Electrical and Electronic Engi-
neering from Imperial College of Sci-
ence, Technology and Medicine, Univer-
sity of London, in 1995. He later went to
the Cavendish Laboratory, Cambridge
University, where in 1999 he received
Ph.D. degree in Physics for his work
in Si/SiGe-based single-electron- and
single-hole quantum dot transistors. His
interests include nanofabrication techniques, quantum-sized ef-
fects in silicon and compound semiconductor transistors, high
frequency devices and novel materials for (opto-) electronic ap-
plications such as self-assembled quantum dots, carbon nan-
otubes and molecular wires.



Somsak Panyakeow received the B.
Eng., M. Eng. and D. Eng. degrees, all
in electrical engineering from Osaka Uni-
versity, Japan in 1969, 1971 and 1974 re-
spectively. In 1974, he began to work at
the Electrical Engineering Department,
Faculty of Engineering, Chulalongkorn
University as a lecturer. He was a pio-
neer to set up the Semiconductor Device
Research Laboratory (SDRL) at Chula-
longkorn University in 1975. He was an
Assistant Professor and an Associate Professor in 1977 and
1980 respectively. He was appointed to be a Full Professor
of the department in 1982. He has been engaged in research
on photovoltaic devices and systems since 1975. His long re-
search experience on laser engineering since 1970 is another his
contribution. His recent research work is in the area of Molec-
ular Beam Epitaxy for quantum devices and nanoelectronics.
nanoelectronics.




