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Growth mechanisms of highly mismatched AISb on a Si substrate

G. Balakrishnan, S. Huang, L. R. Dawson, Y.-C. Xin, P. Conlin, and D. L. Huffaker®
Center for High Technology Materials, University of New Mexico, 1313 Goddard SE,
Albuquerque, New Mexico 87106

(Received 21 May 2004; accepted 1 December 2004; published online 13 January 2005

We describe the growth mechanisms of highly mismatcheal,/a,=13%) defect-free AISb on
Si(001) substrates. Nucleation occurs during the first few monolayers of AISb 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 AISb/Si interface is dissipated by
crystallographic undulations in the zinc-blende lattice, as confirmed by high-resolution transmission
electron microscopyTEM) images. Reciprocal space analysis of the TEM images corroborates a
crystallographic rotation associated with the undulations. The resulting AISb materie08%0
relaxed according to x-ray diffraction analysis.2005 American Institute of Physics
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The growth of IlI-V materials on Si has been pursued forthe substrate to 500 °C in vacuum. A thermal cycle at 800 °C
two decades to facilitate the monolithic integration of light ensures that any remnants of the oxide are removed. The
emitters with existing Si device technolob‘)? Research ef- removal of the hydrogen is verified by reflection high-energy
forts in the late 1980s culminated in the demonstration oflectron diffraction(RHEED). The substrate temperature is
room-temperature GaAs/AlGaAs lasersnd even vertical reduced and stabilized at 500 °C followegd5 min soak in
cavity lasers grown on 5[00).3 While these results were an Sb overpressure.
encouraging at the time, the device characteristics were only  Figures 1a)-1(c) show atomic force microscopyAFM)
marginal due to microcracks and high dislocation density indata after 3, 18, and 54 monolay¢ksL ) of AISb deposition,
the GaAs buffef. Several growth methods were developed torespectively. At 3 ML, the QD density is ¥QD/cn? with
improve the GaAs buffer, the two most notable of which aredot height and diameter of 1-3 nm and 20 nm, respectiVely.
a low As/Ga ratio andn situ thermal cycling More re-  Figure 1b) shows the growth at 18 ML. The effect of this
cently, off-axis substrates and low-temperature growth techcontinued deposition causes the individual islands to coa-
niques were invoked to nucleate GaAs growth on Si forlesce, but they remain crystallographic, in contrast to
InGaAs quantum dot(QD)-based laser. However, the InAs/GaAs QD growth, in which island coalescence leads to

GaAs buffer was dominated by dark-line defects that origi-large defective islands:** Figure ic) shows continued coa-
nate at the GaAs/Si interfade. lescence towards planar growth with 54 ML deposition. The

In comparison with GaAs and other Ill-V materials, insets show corresponding RHEED patterns at each stage of

AISb has been shown to produce defect-free buffers on latthe nucleation layer growth. At 3 ML, the RHEED pattern is
tice mismatched substratésn previously published work, SPOtty with overlald_qhevrons characteristic of QD growth.
growth of AISb on GaA€Aa,/a,=7.8%) results in optically After 54 ML deposition, the spotty/chevr_on cha.racter has
smooth surfaces as viewed by Nomarski microscopy an ansformed to astreaky>€_1_ pattern associated with planar
very few threading dislocations according to transmissiorf"oWth after 54 ML deposition. , ,
electron microscopyTEM) analysis. The growth of AISb on Figure 2 shows a cross-sectional high-resolution TEM
Si was first explored in the mid-1980s by Van der Ziel and_(HR'TEM) image of the(110 crystal_ p_Iane at_the AISt.)/S'
co-workers. This work led to double-heterostructure Iaser%?terface' The image shows three distinct regions labgled

(Jn=13 kA/cr?) and photodetectorsHowever, the growth i), and(iii), respectively. Regiofi) is the white line along

mechanisms of the highly lattice mismatched epitaxy havéhe mterface thqt IS an artlfact.of the |n|t|al AISb nucleation
not been identified. on Si. The deteriorated resolution in this region compared to

In this letter, we explain both the nucleation and thethe surrounding material makes analysis of this region is

strain-relief mechanisms in high quality AlSb growth on Si. difficult. The white appearance in contrast to the surrounding

. . ) ) material indicates a higher density of atoms compared to the
First, we show that the nucleation layer is comprised of a 9 y P

crystalline AISb QD ensemble. With continued deposition,
the islands coalesce into a bulk material in which the strain
energy from the AISb/Si interface is dissipated by crystallo- §
graphic undulations. Crystallographic undulations provide
additional surface area to accommodate strain and have beé!
noted as a strain-relief mechanism in the compliant substrats
technology'-%*2 ;
Prior to growth, the Si substrate surface is hydrogen pas{ ——

sivated in an HF etch. The hydrogen is removed by heating

FIG. 1. AFM images showing surface structure af@r3 ML, (b) 18 ML,
and(c) 54 ML of AISb deposition on Si(a) and(c) RHEED images for the
dElectronic mail: huffaker@chtm.unm.edu corresponding growths.
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(c) 84 ML AlSb
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(a) AISb/Si interface HR-TEM

a) FFT of AISb/Si interface
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FIG. 3. Fast Fourier transform of a HR-TEM image of AISb/Si interface.
(b) Schematic of(a), showing the presence of an additional AlSb lattice

rotated by 20° clockwise to thel00) plane. The(-1-11) component has
been used to illustrate the effect.

FIG. 2. Cross-sectional HR-TEM image of the AISb/Si interface, showing

the (110 plane. (b) Magnified section of parta), showing a change in

crystallographic orientation and a misfit dislocation that results from it. plane of growth from th€100 plane. A range of crystallo-
graphic rotations, both clockwise and counter-clockwise, are

. . . . measured at other locations within this sample. The crystal-
surrounding(110) plane, possibly due to a twisted lattice. b y

Artificially induced ' t-bonded b h b lographic rotations measured in the reciprocal image are in-
rtificially - induced twist-bon ed su s_trates nave DEENy;rative of undulations in the AISb bulk and corroborate the
known to accommodate considerable interfacial mismatc

Real- TEM analysis of Fig. 2.
and lead to undulations, as described by Ejeclral® % ' l;gi(r:g 4 shoevsa'IYISEl\S/l c?mages of the undulations at the
Region(ii), about 5 ML in thickness, represents the nucle- gy, gyrface after 70 ML of AISb growth on Si. The figure
ation layer formed by QD growth and coalescence. This Mag s, shows a layer of native oxide on the sample surface that
terial is defect free and shows a planar, homogeneous Zingsrms quickly during atmospheric exposure. The surface un-
blende crystal structure in which the arrangement of theyjations are~10 nm wide and 1 nm high. We estimate the
atoms is in the form of consecutiv&00) planes. In contrast, misfit dislocation density to be-101%/cn? at this point in
region (i) contains undulating bulk material, denoted by ape growth process. With continued growth1 um), the
measurable rotation of the zinc-blende crystal lattice. RegioR,iface undulations merge, become shallower and consider-
(iii ) is magnified in Fig. &) to elucidate the clockwise ro- 4y broader until they can no longer be detected by TEM.
tation of the lattice(8°) with respect to th¢111] direction.  However, evidence of the undulation is still visible in the

The crystallographic undulations or bending lead to misfitRHEED pattern for very thick~10 wm) AISb layers. Misfit
dislocations that propagate parallel to the substrate. One such

misfit dislocation is visible in Fig. @) and has been labeled.
In other material systems, such as growth of InAs on GaAs, Undulating AISb on Si
misfit dislocations lead to vertical propagating defects, such
as threading or screw dislocations. However, the AlSb does
not propagate these vertical defects due to the strong Al-Sh
bond at these growth temperatures. AISb surface with
Figure 3 shows the reciprocal space analysis of Fig). 2 oxide layer
that includes region§), (i), and(iii). The schematic illus-
trates the components associated with the reciprocal view of
a[110] plane within the zinc-blende and diamond lattice. In
analyzing the-1-11) component, three spots are indicated.
One spot indicates the @00) lattice. A second spot, located
closer to the(000 point, corresponds to the AIS00). A
third spot corresponds to the AISb point on a rhombus ro-

tated clockwise by 20°. This indicates a completely differentFIG. 4. Cross-sectional TEM of AlSb on Si, showing the undulating surface.
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