
Chin. Phys. B Vol. 24, No. 2 (2015) 028101

Defect reduction in GaAs/Si film with InAs quantum-dot dislocation
filter grown by metalorganic chemical vapor deposition∗
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The growth of GaAs epilayers on silicon substrates with multiple layers of InAs quantum dots (QDs) as dislocation
filters by metalorganic chemical vapor deposition (MOCVD) is investigated in detail. The growth conditions of single and
multiple layers of QDs used as dislocation filters in GaAs/Si epilayers are optimized. It is found that the insertion of a
five-layer InAs QDs into the GaAs buffer layer effectively reduces the dislocation density of GaAs/Si film. Compared with
the dislocation density of 5×107 cm−2 in the GaAs/Si sample without QDs, a density of 2×106 cm−2 is achieved in the
sample with QD dislocation filters.
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1. Introduction
High-quality GaAs/Si epilayers combine the advantages

of both Si and GaAs materials, and can be used in many impor-
tant fields. Firstly, monolithic integration chip with the GaAs-
based optoelectronic and Si-based microelectronic devices has
been realized.[1,2] Secondly, due to the brittleness and higher
cost of GaAs wafers, GaAs/Si epilayers could replace GaAs
substrates for applications in high-speed microelectronic[3–5]

and optoelectronic devices.[6–10] Finally, optoelectronic inte-
grated circuits on silicon chips attract ever-increasing attention
in the need of high-bandwidth optical interconnects.[11–13]

Due to the large differences in lattice constant and thermal
expansion coefficient between GaAs and Si, and the differ-
ence between their polar/non-polar surface incompatibilities,
the density of dislocations in the GaAs/Si epilayer is up to
108 cm−2–109 cm−2.[13,14] In order to improve the crystalline
quality, various defect reduction methods have been proposed
in the past two decades, such as the two-step growth, thermal
cycle annealing, strained-layer superlattices (SLS), and pat-
terned substrates.[15–22]

According to dislocation theory, the strain field can bend
dislocations, and result in their interaction or propagation to-
ward wafer edges. Owing to the fact that the strain field around
quantum dots (QDs) is much stronger than that of SLS, the
built-in strain field of QD is recently introduced into epilayers
to impede or bend threading dislocations generated at large
misfit interfaces. When a threading dislocation propagates
close to a quantum dot, a very strong Peach–Koehlor force
will bend the dislocation energetically because the strain en-

ergy released is greater than the dislocation self-energy.[23,24]

Through the insertion of a set of multiple quantum-dot
layers into a buffer layer, Huang et al.[23] effectively re-
duced the dislocation density from ∼ 1010 cm−2 to ∼ 3 ×
107 cm−2 in the GaN epilayer grown by molecular beam epi-
taxy (MBE) on a sapphire substrate. By using multiple layers
of In(Ga)As/GaAs QDs grown by MBE as a dislocation filter
to impede the propagation of dislocation in the GaAs/Si epi-
layer, an In0.5Ga0.5As/GaAs QD laser structure was grown on
silicon, and the laser device was fabricated. The laser exhib-
ited a threshold current density of 900 A/cm2 at 273 K, a high
characteristic temperature of 278 K in the temperature range
5 ◦C–85 ◦C, and an output slope efficiency of 0.4 W/A.[24,25]

Although thick GaAs/Si epilayers have great advantages
to grow by metalorganic chemical vapor deposition (MOCVD)
technology, seldom has work been reported to study quan-
tum dot layers used as dislocation filters in GaAs/Si epilayers
grown by MOCVD.

In our previous investigations, the two-step growth
of GaAs/Si epilayers[15–17] and InAs/GaAs QDs on GaAs
substrates,[26] have been studied in detail by MOCVD. In the
present paper, based on our typical MOCVD-growth condi-
tions of InAs QDs on GaAs substrates, the process parameters
of growth conditions for a single layer of InAs QDs on a Si
substrate are explored and optimized by combining with the
two-step growth of GaAs layers on Si. Then, based on the
growth conditions of a single quantum dot layer, growth con-
ditions for multiple InAs quantum dot layers on Si substrates
are determined. Finally, by using multiple layers of InAs QDs
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as dislocation filters, the effect of improving the crystalline
quality of GaAs/Si epilayers is studied.

2. Experimental procedures
The growth of InAs QDs on GaAs/Si epilayers is carried

out in a Thomas Swan 3×2-inch (1 inch = 2.54 cm) close-
coupled showerhead MOCVD system. The carrier gas is
pd-cell purified hydrogen, and high-purity trimethylgallium
(TMGa), trimethylindium (TMIn), and arsine are used as
source materials. The 2-inch (100)-oriented Si wafers with
4◦-misorientation toward the [011] direction are used as the
substrates.

The detailed experimental procedure and sample struc-
tures are shown in Fig. 1. After chemical cleaning, the Si
wafers are loaded into the reactor chamber of the MOCVD
system, and baked at 220 ◦C for 30 min, and then arsenic is
passivated at 750 ◦C for 15 min in an arsine and hydrogen am-
bient. Afterwards, a two-step growth process is performed to
deposit the GaAs buffer layer. The temperature is first reduced
to 420 ◦C for growing the low-temperature GaAs nucleation
layer with a thickness of 15 nm, then a moderate-temperature
(630 ◦C) and a high-temperature (680 ◦C) GaAs layer with
thickness values of 300 nm and 1500 nm are grown on the
nucleation layer in sequence. After growing the buffer layer,
a thermal cycle annealing is performed between 350 ◦C and
750 ◦C in the arsine and hydrogen ambient three times. Sub-
sequently, a GaAs layer with a thickness of 200 nm is grown at
680 ◦C. For the nucleation layer, the molar flow rates of TMGa
and arsine are 2.7×10−5 mol/min and 6.7×10−3 mol/min.
For the moderate- and high-temperature GaAs layers, the mo-
lar flow rates of TMGa and arsine are 4.0×10−5 mol/min
and 2.7×10−3 mol/min respectively, and the growth rate is
36.0 nm/min.

GaAs (1000 nm, 680 C)

GaAs (200 nm, 680 C)

GaAs (30 nm, 600 C)

GaAs (8 nm, 480 C)

GaAs (300 nm, 630 C)

GaAs (15 nm, 420 C)

GaAs (1500 nm, 680 C)

Si substrate

thermal cycle annealing

nTInAs/GaAs QD

(a)
(b)

nT

InAs QD

Fig. 1. Schematic diagrams of the growth process for GaAs/Si samples with
InAs QDs serving as dislocation filters.

The epilayer structure shown in Fig. 1(a) is used to adjust
and optimize the growth conditions of InAs QDs. For multi-
ple InAs quantum dot layers, each layer structure includes an

InAs quantum dot layer, an 8-nm GaAs cap layer, and a 30-nm
GaAs space layer as shown in Fig. 1.

Based on our previous growth conditions for InAs/GaAs
QDs on a GaAs substrate, the molar flow rates of TMIn and
arsine are 8.6×10−7 mol/min and 4.9×10−6 mol/min, and
the growth temperature is 480 ◦C for the InAs quantum dot
layer. For the GaAs cap layer, the molar flow rates of TMGa
and arsine are 4.0×10−5 mol/min and 2.7×10−3 mol/min,
and the growth temperature and growth rate are 480 ◦C
and 3.0 nm/min, respectively. For the space layer, the mo-
lar flow rates of TMGa and arsine are the same as for the
cap layer, and the growth rate is 36.0 nm/min at a growth
temperature of 600 ◦C. The reactor pressure is 100 Torr
(1 Torr = 1.33322×102 Pa) for the whole growth process of
samples.

When adjusting the growth conditions for QDs, the sur-
face quantum dot layer is uncapped for observing its surface
morphology. The growth process and the detailed structure of
GaAs/Si epilayers with QDs as dislocation filters are shown in
Fig. 1(b).

3. Optimum growth conditions for InAs QDs on
Si
According to our experience in growing the InAs QDs on

GaAs substrates, the nominal thickness (NT) is more sensitive
to the surface morphology of QDs. Hence, we mainly opti-
mize the NT of InAs as the growth parameter of InAs QDs
on a Si substrate. The other growth conditions are as fol-
lows: the growth temperate and growth rate are 480 ◦C and
0.036 ML/s respectively, and the V/III ratio is 6. The InAs
QDs with different NT values of 2.16 ML, 2.34 ML, 2.52 ML,
and 2.88 ML are grown on Si substrates by MOCVD. After
growing, surface morphological characteristics of the samples
are measured by atomic force microscopy (AFM) and the re-
sults are shown in Fig. 2.

As seen from Fig. 2, for the InAs deposition of NT of
2.16 ML, QDs of low density are distributed sporadically on
the atomic steps. When the NT increases to 2.34 ML, the den-
sity of QDs increases, and their size and in-plane distribution
become homogeneous. For the NT of 2.52 ML, the dot den-
sity of QDs increases, and big clusters begin to occur. When
the NT increase to 2.88 ML, the size of QDs become more
nonuniform, and the phenomenon of clusters becomes serious.
Owing to lattice relaxation in these big clusters, dislocations
can be generated in the larger QDs themselves. Therefore, the
optimized NT of InAs is chosen to be 2.34 ML in the next
experiments.

The effect of the QD dislocation filter depends strongly
on the number of dot layers. For the dislocation filter with
less dot layers, the ability to bend dislocations is weak, while
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for the dislocation filter with too many dot layers, the qual-
ity of QDs should deteriorate due to the formation of big re-
laxed QDs, and the crystalline quality of GaAs/Si epilayers
decreases greatly. Especially for the MOCVD growth process,
big clusters can be generated easily. In order to optimize the
number of dot layers, the three- and five-layer QDs are grown
with an NT of 2.34 ML. The surface morphological character-
istics of both samples are shown in Fig. 3.

(a) (b)

(c) (d)

Fig. 2. (color online) AFM images (1 µm×1 µm) of the single layer
QD sample with different nominal thickness values of (a) 2.16 ML, (b)
2.34 ML, (c) 2.52 ML, and (d) 2.88 ML.

(a) (b)

Fig. 3. (color online) AFM images (1 µm×1 µm) of the samples with
(a) three-dot layers and (b) five-dot layers.

As can be seen from Fig. 3, the size of dots is homoge-
nous in the sample of three-layer QDs, and the phenomenon
of big clusters hardly occurs. For the five-layer QDs, the dot
density increases obviously. The size of dots becomes larger,
but few of the big clusters occur. Since the more dot layers,
the larger strain stress can be accumulated, the phenomenon
of big clusters becomes serious, and those clusters should re-
lax and generate dislocations. Taking account of the effects of
both the layer number and surface morphology according to

the results, the five-layer QDs are determined to be used as the
optimized dislocation filters.

4. Multiple dot layers serving as dislocation fil-
ters in GaAs/Si epilayers
Using five-layer QDs as dislocation filters, the sample

of GaAs/Si epilayers is grown by MOCVD according to the
growth process and the detailed structure as shown in Fig. 1(b).
That is, after growing the dislocation filter structures, another
GaAs layer with a thickness of 1000 nm is grown, and the
growth conditions are similar to those of the high-temperature
GaAs layer. For comparison, another sample of GaAs/Si epi-
layers without a dot dislocation filter is also fabricated under
the same growth conditions. Both samples display smooth
mirror-like surfaces after having been grown.

The etch pit densities (EPDs) of the two samples are mea-
sured by scanning electric microscopy (SEM) after the sam-
ples have been etched by molten KOH with an etching depth of
about 300 nm. The results of the sample without and with QDs
are shown in Figs. 4(a) and 4(b). The dense etch pits hardly al-
low us to reliably count the pit density in Fig. 4(a), while a few
pits occur in Fig. 4(b). As can be seen, the EPD of the sample
without QDs is greater than that with QDs. The dislocation
density can be estimated from Fig. 4(b) to be 2×106 cm−2 for
the sample with QDs, while for the sample without QDs, it is
infeasible to estimate the dislocation density from Fig. 4(a),
whose dislocation density is measured to be 5×107 cm−2 by
transmission electron microscopy (TEM) instead. That is, the
dislocation density of the sample of GaAs/Si epilayers can be
reduced by more than one order of magnitude through using
QDs as dislocation filters.

(a) (b)

Fig. 4. SEM images of etched surfaces of the GaAs/Si samples (a) with-
out and (b) with the QD dislocation filter.

In order to further study the effect of a dot dislocation
filter on GaAs/Si epilayers, dislocations in the sample with
the dislocation filter of five-layer QDs are observed directly
by cross-sectional TEM. Generally, there are two types of
threading dislocations in GaAs/Si heteroepitaxy. One is the
pure-edge dislocation, and the other is the 60◦ mixed dislo-
cation. Generally, the former can be annihilated easily by
thermal cycle annealing, while the situation of the latter is
reversed. Figure 5 shows the interreaction between disloca-
tions and the dislocation filter in a typical region. Figure 5(b)
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shows an amplified image of the region marked by the white
frame in Fig. 5(a). As shown in Fig. 5(a), the dislocations
generated from the GaAs/Si interface propagate toward and
encounter with the dislocation filter. When dislocations propa-
gate through the dislocation filter, which is shown in Fig. 5(b),
they bend and are suppressed, and do not propagate continu-
ously to the upper epilayers anymore.

(a) (b)

growth direction

Fig. 5. Cross-sectional TEM images of dislocation propagation in the five-
layer QD dislocation filter, and (b) amplified image of the labeled region in
panels (a). The scale bar is 200 nm in both images.

5. Conclusions
In this paper, through experimental study of the multi-

ple QD layers serving as dislocation filters for GaAs/Si epi-
layers, the growth conditions and the number of dot layers
grown by MOCVD are optimized. Using the dot dislocation
filters, the dislocation density of the GaAs/Si film reduces up
to 2×106 cm−2 easily. The results demonstrate that the dis-
location density of GaAs/Si epilayers can be reduced by more
than one order of magnitude, and multiple dot layers can ef-
fectively bend and suppress dislocations in GaAs/Si films for
obviously improving the crystalline quantity. Based on our
experimental results, proposed is an effective method to fur-
ther reduce the dislocation density in III–V compound semi-
conductors grown on silicon, which is the key factor to realiz-
ing high-reliability Si-based optoelectronic devices and mono-
lithic integration chips.

References
[1] Won R 2010 Nat. Photon. 4 498
[2] Jalali B 2006 J. Lightw. Technol. 24 4600
[3] Zhou X J, Tang C W, Li Q and Lau K M 2012 Phys. Stat. Sol. A 209

1380
[4] Shi Y B, Guo H, Ni H Q, Xue C Y, Niu Z C, Tang J, Liu J, Zhang W

D, He J F, Li M F and Yu Y 2012 Materials 5 2917
[5] Li J, Guo H, Liu J, Tang J, Ni H Q, Shi Y B, Xue C Y, Niu Z C, Zhang

W D, Li M F and Yu Y 2013 Nanoscale Res. Lett. 8 218
[6] Ma K, Urata R, David A M and James S H 2004 IEEE J. Quantum

Electron. 40 800
[7] Chen R, Tran T, Ng K, Ko W S, Chuang L, Sedgwick F and Chang C

2011 Nat. Photon. 5 170
[8] Liang D and Bowers J 2010 Nat. Photon. 4 511
[9] Han L S, Zhu H L, Zhang C, Ma L, Liang S and Wang W 2013 Chin.

Phys. Lett. 30 108501
[10] Li L, Zhao D G, Jiang D S, Liu Z S, Chen P, Wu L L, Le L C, Wang H

and Yang H 2013 Chin. Phys. B 22 068802
[11] Liu H, Wang T, Jiang Q, Hogg R, Tutu F, Pozzi F and Seeds A 2011

Nat. Photon. 5 416
[12] Michel J, Liu J and Kimerling L C 2010 Nat. Photon. 4 527
[13] Bolkhovityanov Y B and Pchelyakov O P 2008 Physics-Uspekhi 51

437
[14] Linder K K, Phillips J, Qasaimeh O, Liu X F, Krishna S and Bhat-

tacharya P 1999 Appl. Phys. Lett. 74 1355
[15] Huang H, Ren X M, Lv J H, Wang Q, Song H L, Cai S W, Huang Y Q

and Qu B 2008 J. Appl. Phys. 104 113114
[16] Wang J, Deng C, Jia Z G, Wang Y F, Wang Q, Huang Y Q and Ren X

M 2013 Chin. Phys. Lett. 30 116801
[17] Wang Y F, Wang Q, Jia Z G, Li X Y, Deng C, Ren X M, Cai S W and

Huang Y Q 2013 J. Vac. Sci. Technol. B 31 051211-5
[18] Lee S C, Dawson L R, Huang S H and Brueck S R J 2011 Cryst. Growth

& Design 11 3673
[19] Cheng S F, Gao L, Woo R L, Pangan A, Malouf G, Goorsky M S, Wang

K L and Hicks R F 2008 J. Cryst. Growth 310 562
[20] Kataria H, Metaferia W, Junesand C, Zhang C, Julian N, Bowers J and

Lourdudoss S 2014 IEEE J. Sel. Top. Quantum Electron. 20 8201407
[21] Kazi Z I, Egawa T, Jimbo T and Umeno M 1999 IEEE Phton. Technol.

Lett. 11 1563
[22] Lee S C and Brueck S R J 2009 Appl. Phys. Lett. 94 153110
[23] Huang D, Reshchikov M A, Yun F, King T, Baski A A and Morkoc H

2002 Appl. Phys. Lett. 80 216
[24] Yang J, Bhattacharya P and Wu Z 2007 IEEE Phton. Technol. Lett. 19

747
[25] Yang J, Bhattacharya P and Mi Z 2007 IEEE Trans. Electron. Dev. 54

2849
[26] Li T H, Wang Q, Guo X, Jia Z G, Wang P Y, Ren X M, Huang Y Q and

Cai S W 2012 Physica E 44 1146

028101-4

http://dx.doi.org/10.1038/nphoton.2010.189
http://dx.doi.org/10.1109/JLT.2006.885782
http://dx.doi.org/10.1002/pssa.v209.7
http://dx.doi.org/10.1002/pssa.v209.7
http://dx.doi.org/10.3390/ma5122917
http://dx.doi.org/10.1186/1556-276X-8-218
http://dx.doi.org/10.1109/JQE.2004.828234
http://dx.doi.org/10.1109/JQE.2004.828234
http://dx.doi.org/10.1038/nphoton.2010.315
http://dx.doi.org/10.1038/nphoton.2010.167
http://dx.doi.org/10.1088/0256-307X/30/10/108501
http://dx.doi.org/10.1088/0256-307X/30/10/108501
http://dx.doi.org/10.1088/1674-1056/22/6/068802
http://dx.doi.org/10.1038/nphoton.2011.120
http://dx.doi.org/10.1038/nphoton.2011.120
http://dx.doi.org/10.1038/nphoton.2010.157
http://dx.doi.org/10.1070/PU2008v051n05ABEH006529
http://dx.doi.org/10.1070/PU2008v051n05ABEH006529
http://dx.doi.org/10.1063/1.123548
http://dx.doi.org/10.1063/1.3035843
http://dx.doi.org/10.1088/0256-307X/30/11/116801
http://dx.doi.org/10.1116/1.4820914
http://dx.doi.org/10.1021/cg101363q
http://dx.doi.org/10.1021/cg101363q
http://dx.doi.org/10.1016/j.jcrysgro.2007.11.056
http://dx.doi.org/10.1109/JSTQE.2013.2294453
http://dx.doi.org/10.1109/68.806847
http://dx.doi.org/10.1109/68.806847
http://dx.doi.org/10.1063/1.3117366
http://dx.doi.org/10.1063/1.1432445
http://dx.doi.org/10.1109/LPT.2007.895429
http://dx.doi.org/10.1109/LPT.2007.895429
http://dx.doi.org/10.1109/TED.2007.906928
http://dx.doi.org/10.1109/TED.2007.906928
http://dx.doi.org/ DOI:10.1016/j.physe.2012.01.002

	1. Introduction
	2. Experimental procedures
	3. Optimum growth conditions for InAs QDs on Si
	4. Multiple dot layers serving as dislocation filters in GaAs/Si epilayers
	5. Conclusions
	References

