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Growth mechanisms of highly mismatched AlSb on a Si substrate
G. Balakrishnan, S. Huang, L. R. Dawson, Y.-C. Xin, P. Conlin, and D. L. Huffakera!

Center for High Technology Materials, University of New Mexico, 1313 Goddard SE,
Albuquerque, New Mexico 87106

sReceived 21 May 2004; accepted 1 December 2004; published online 13 January 2005d

We describe the growth mechanisms of highly mismatchedsDao/ao=13%d defect-free AlSb on
Sis001d substrates. Nucleation occurs during the first few monolayers of AlSb deposition by
crystalline quantum dot formation. With continued growth, the islands coalesce into a bulk material
with no vertically propagating defects. Strain energy from the AlSb/Si interface is dissipated by
crystallographic undulations in the zinc-blende lattice, as confirmed by high-resolution transmission
electron microscopysTEMd images. Reciprocal space analysis of the TEM images corroborates a
crystallographic rotation associated with the undulations. The resulting AlSb material is.98%
relaxed according to x-ray diffraction analysis. ©2005 American Institute of Physics.
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The growth of III-V materials on Si has been pursued
two decades to facilitate the monolithic integration of li
emitters with existing Si device technology.1–6 Research e
forts in the late 1980s culminated in the demonstratio
room-temperature GaAs/AlGaAs lasers2 and even vertica
cavity lasers grown on Sis100d.3 While these results we
encouraging at the time, the device characteristics were
marginal due to microcracks and high dislocation densi
the GaAs buffer.4 Several growth methods were develope
improve the GaAs buffer, the two most notable of which
a low As/Ga ratio andin situ thermal cycling.5 More re-
cently, off-axis substrates and low-temperature growth t
niques were invoked to nucleate GaAs growth on Si
InGaAs quantum dotsQDd-based lasers.6 However, the
GaAs buffer was dominated by dark-line defects that o
nate at the GaAs/Si interface.7

In comparison with GaAs and other III-V materia
AlSb has been shown to produce defect-free buffers on
tice mismatched substrates.8 In previously published work
growth of AlSb on GaAssDao/ao=7.8%d results in optically
smooth surfaces as viewed by Nomarski microscopy
very few threading dislocations according to transmis
electron microscopysTEMd analysis. The growth of AlSb o
Si was first explored in the mid-1980s by Van der Ziel
co-workers. This work led to double-heterostructure la
sJth=13 kA/cm2d and photodetectors.9 However, the growt
mechanisms of the highly lattice mismatched epitaxy h
not been identified.

In this letter, we explain both the nucleation and
strain-relief mechanisms in high quality AlSb growth on
First, we show that the nucleation layer is comprised
crystalline AlSb QD ensemble. With continued deposit
the islands coalesce into a bulk material in which the s
energy from the AlSb/Si interface is dissipated by crysta
graphic undulations. Crystallographic undulations pro
additional surface area to accommodate strain and have
noted as a strain-relief mechanism in the compliant subs
technology.10–12

Prior to growth, the Si substrate surface is hydrogen
sivated in an HF etch. The hydrogen is removed by hea
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the substrate to 500 °C in vacuum. A thermal cycle at 80
ensures that any remnants of the oxide are removed
removal of the hydrogen is verified by reflection high-ene
electron diffractionsRHEEDd. The substrate temperature
reduced and stabilized at 500 °C followed by a 5 min soak in
an Sb overpressure.

Figures 1sad–1scd show atomic force microscopysAFMd
data after 3, 18, and 54 monolayerssML d of AlSb deposition
respectively. At 3 ML, the QD density is 1011QD/cm2 with
dot height and diameter of 1–3 nm and 20 nm, respective14

Figure 1sbd shows the growth at 18 ML. The effect of th
continued deposition causes the individual islands to
lesce, but they remain crystallographic, in contras
InAs/GaAs QD growth, in which island coalescence lead
large defective islands.13,14Figure 1scd shows continued co
lescence towards planar growth with 54 ML deposition.
insets show corresponding RHEED patterns at each sta
the nucleation layer growth. At 3 ML, the RHEED pattern
spotty with overlaid chevrons characteristic of QD grow
After 54 ML deposition, the spotty/chevron character
transformed to a streaky 331 pattern associated with plan
growth after 54 ML deposition.

Figure 2 shows a cross-sectional high-resolution T
sHR-TEMd image of thes110d crystal plane at the AlSb/
interface. The image shows three distinct regions labelesid,
sii d, andsiii d, respectively. Regionsid is the white line alon
the interface that is an artifact of the initial AlSb nuclea
on Si. The deteriorated resolution in this region compare
the surrounding material makes analysis of this regio
difficult. The white appearance in contrast to the surroun
material indicates a higher density of atoms compared t

FIG. 1. AFM images showing surface structure aftersad 3 ML, sbd 18 ML,
andscd 54 ML of AlSb deposition on Si.sad andscd RHEED images for th

corresponding growths.
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surroundings110d plane, possibly due to a twisted latti
Artificially induced twist-bonded substrates have b
known to accommodate considerable interfacial mism
and lead to undulations, as described by Ejeckamet al.10–12

Region sii d, about 5 ML in thickness, represents the nu
ation layer formed by QD growth and coalescence. This
terial is defect free and shows a planar, homogeneous
blende crystal structure in which the arrangement of
atoms is in the form of consecutives100d planes. In contras
region siii d contains undulating bulk material, denoted b
measurable rotation of the zinc-blende crystal lattice. Re
siii d is magnified in Fig. 2sbd to elucidate the clockwise r
tation of the lattices8°d with respect to thef111g direction.
The crystallographic undulations or bending lead to m
dislocations that propagate parallel to the substrate. One
misfit dislocation is visible in Fig. 2sbd and has been labele
In other material systems, such as growth of InAs on G
misfit dislocations lead to vertical propagating defects, s
as threading or screw dislocations. However, the AlSb
not propagate these vertical defects due to the strong A
bond at these growth temperatures.

Figure 3 shows the reciprocal space analysis of Fig.sad
that includes regionssid, sii d, and siii d. The schematic illus
trates the components associated with the reciprocal vie
a f110g plane within the zinc-blende and diamond lattice
analyzing thes−1−11d component, three spots are indica
One spot indicates the Sis100d lattice. A second spot, locat
closer to thes000d point, corresponds to the AlSbs100d. A
third spot corresponds to the AlSb point on a rhombus

FIG. 2. Cross-sectional HR-TEM image of the AlSb/Si interface, sho
the s110d plane. sbd Magnified section of partsad, showing a change
crystallographic orientation and a misfit dislocation that results from it
tated clockwise by 20°. This indicates a completely different
Downloaded 12 Aug 2005 to 64.106.37.130. Redistribution subject to AIP
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plane of growth from thes100d plane. A range of crystallo
graphic rotations, both clockwise and counter-clockwise
measured at other locations within this sample. The cry
lographic rotations measured in the reciprocal image ar
dicative of undulations in the AlSb bulk and corroborate
real-space TEM analysis of Fig. 2.

Figure 4 shows TEM images of the undulations at
AlSb surface after 70 ML of AlSb growth on Si. The figu
also shows a layer of native oxide on the sample surface
forms quickly during atmospheric exposure. The surface
dulations are,10 nm wide and 1 nm high. We estimate
misfit dislocation density to be,1010/cm2 at this point in
the growth process. With continued growths,1 mmd, the
surface undulations merge, become shallower and con
ably broader until they can no longer be detected by T
However, evidence of the undulation is still visible in
RHEED pattern for very thicks,10 mmd AlSb layers. Misfi

FIG. 3. Fast Fourier transform of a HR-TEM image of AlSb/Si interf
sbd Schematic ofsad, showing the presence of an additional AlSb lat
rotated by 20° clockwise to thes100d plane. Thes−1−11d component ha
been used to illustrate the effect.
FIG. 4. Cross-sectional TEM of AlSb on Si, showing the undulating surface.
 license or copyright, see http://apl.aip.org/apl/copyright.jsp



s th
igh-
-

be
al-

ines
n

ha-
le-
n o
s in
f th
on-
r,

dis
I-V

Lett.

n, R.

Appl.

ano,

rgent,

tta-

ov,
ni-

Lett.

pl.

ons,

tron.

hat,

. L.

034105-3 Balakrishnan et al. Appl. Phys. Lett. 86, 034105 ~2005!
dislocation density should also decrease significantly a
undulations become shallow and broad. Analysis by h
resolution x-ray diffractionsdata not shownd using a combi
nation of s004d and s115d scans of an AlSb layers500 nmd
grown on Si indicates the relaxation of the AlSb to
,98%. As a general indication of AlSb buffer material qu
ity, we have demonstrated room-temperature photolum
cence at 1.7µm from In0.10Ga0.90Sb quantum wells grown o
AlSb/Si.

In conclusion, we have identified the growth mec
nisms of highly mismatched AlSb on Si. The initial nuc
ation occurs by self-assembled QDs. The continuatio
growth leads to QD coalescence followed by undulation
the AlSb. The undulations increase the surface area o
AlSb and provide strain relief. The undulating material c
tains misfit dislocations parallel to thes100d plane; howeve
these do not propagate vertically as threading or screw
locations. The AlSb layers provide a template for future II
devices on Si.
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