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Spontaneous growth of an InAs nanowire lattice in an InAs /GaSb
superlattice
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We describe a lattice of InAs nanowires that spontaneously organizes in three dimensions within an
InAs/GaSh superlattice grown under high ,ABBux. As characterized by x-ray diffraction and
cross-sectional scanning tunneling microscopy, the periodic nanowiresIdexm high, 120 nm

wide, and many microns long alohg10], with face-centered cubic-like vertical ordering within the
superlattice. The unusual vertical ordering creates a lateral composition modulation with half the
period of the nanowires. The structure appears to arise from the InAs misfit stress combined with
specific InAs and GaSb growth kinetic effects. ZD02 American Institute of Physics.
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The growth of a strained-layer superlattice is inherentlyrecorded with constant currents of 0.1-0.2 nA. Additional
unstable, leading to a variety of possible modulations in theletails of the growth and sample preparation procedures
film morphology*? Depending on the number of compo- have been reported elsewhére.
nents in a heterostructure and the growth conditions, lateral In a previous study of the effects of pAsersus Ag on
modulations may be exhibited in the film thickness or el-InAs/GaSb heterostructures, we reported that the use of high
emental composition. Moreover, the long-range strain field#s, fluxes can lead to unusual morphological modulations in
associated with these modulations may exert an influence die SL# For SLs grown with an AsIn flux ratio greater
subsequent growth, vertically correlating the lateral modulathan 2:1, modulations were evident in the occurrence of “ex-
tions within the superlattice; these correlations are well extra” satellite peaks in the XRD spectra and film thickness
plained by linear stability theory? Although growth insta- variations apparent from XSTMmodulations never ob-
bilities are often detrimental to the desired superlatticeserved with Ag). As observed in the XRD spectrum in Fig.
material properties, it is now widely recognized that they canl(a), satellites occur midway between the principal SL dif-
be used to create potentially useful low-dimensional nanofraction peaks, indicating a doubling of the expected 8 nm
structures, e.g., quantum dots and wires that are ordered period. The specific nature of the period doubling can be
three dimensions. For Si—Ge and IlI-V strained-layer superseen in STM images of th¢110 cross-sectional plane
lattices, quantum dots and wires caused by growth instabilithrough the SL(Fig. 1). Figure 1b) reveals the nanoscale
ties typically align vertically one-atop-the-othletdere we  structure starting from the GaSb buffer layer through the first
describe the spontaneous organization of a periodic lattice &0 SL periods. Under these imaging conditions, the GaSh
microns-long InAs nanowires within an InAs/GaSh superlat-layers appear as bright bands and the InAs as dark bands. It
tice, where the vertical ordering has an unusual face-centerdd apparent that the growth became unstable almost immedi-
cubic-like structure, i.e., the wires are vertically anticorre-ately, because a lateral modulation in the InAs layer thick-
lated. ness is already evident in the second and third InAs periods.

InAs/GaSb superlatticdSLs) were grown by molecular A well-ordered modulation is in place by about the 20th SL
beam epitaxy(MBE) on GaSb substrates at390 °C using Period, with a lateral period of 120 nm in each layer, and a
Sh, and either As or As, from a valved arsenic cracker. Vertical period of 16 nmexactly twice the SL period
Except where otherwise noted, each SL was comprised of ~The doubling of the SL period is caused by an unusual
>100 periods of 13 monolayerdiL) of InAs alternating vertical alignment of the thickness modulations. Typically,
with 13 ML of GaSb, with InSb bonds at each interface. Thelateral thickness modulations in SLs composed of materials
growth rate for both materials was 0.5 ML/s. The sampled* @nd B develop in one of two waysin the “in-phase’
were characterized by double-crystal x-ray diffractigiRD) ~ Mode (=0°), B's modulation occurs directly on top of A,
and cross-sectional scanning tunneling microsco¢gTM).  leading to progressively rough¢and unstablegrowth. In
For XSTM, each sample was scribed and cleaved in the ulthe “out-of-phase” mode ¢=180°), layer B is thickest

trahigh vacuum chamber immediately prior to characterizaWVhere A is thinnest(and vice versa, creating a periodic,
tion. All STM images shown are of filled electronic states lateral segregation of the two materials that maintains the SL

period. In our case, each InAs layer has a strong lateral thick-
ness modulation, nearly vanishing at its thinnest point. The
GasSb layers have a much smaller thickness modulation, with
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FIG. 2. Three-dimensional structure of the InAs nanowire latti@eAtomic
force microscopy image of the growth surfagy illustration of the struc-
ture (traced from actual lateral modulationgc) XSTM image of a (1.0)
surface;(d) (110) surface.

along the stepped edge of the InAs mound that is character-
istic of a vertically well-ordered structure.

The three-dimensional structure of the SL was deter-
mined by examining three orthogonal lattice plaf€ig. 2).
FIG. 1. Vertically organized, lateral composition modulation observed in anThe StrUCtur_al mod_ulatlon is highly anisotropic, cons!stln_g of
InAs/GaSb superlattice grown with an Adn flux ratio of 2.7:1.(a) X-ray ~ INAs nanowires oriented along tfi#10] crystallographic di-
diffraction spectrum plotted relative to the Bragg angle for bulk GaSb. Therection, as illustrated in Fig.(B). This structure is most clear

“extra” satellite peaks corresponding to twice the intended period are indi-; ;
cated;(b) XSTM image of the(110) cleavage plane through the first 80 in the topography of the growth surface, as shown in the

periods of the superlatticé;) atomic resolution imag€illed states at 2.1V, at_omic fprce microscopy image in Fig(&, where 1?0'nm'
120 pA. The outlined area highlights the thickening of the GaSh along thewide “wires” are observed to extend for many microns of

stepped edge of the InAs mound that is characteristic of a vertically We'Hength. Because of the wire-like structure, in XSTM images
ordered structure. of the (110) face the modulation is only evident as a verti-
cally periodic variation of the films’ thicknesséBig. 2(c)].
modulation, but thickeon the sidesf the InAs modulation The unusual fcc-like vertical alignment creates an overall
(¢=90°). Each GaSb layer has the effect of slightly flatten-lateral composition modulation with a peribeilf that of the
ing the amplitude of the underlying InAs morphological r_nodL_JIation within each layer. The_net com_posit@on modulf_;l-
modulation while maintaining its lateral phase. However, thelin iS very apparent in the prominent artifact it causes in
next InAs layer shifts 180° from the previous InAs layer, XSTM images of the110 surfaces: a 60-nm-period wave
growing thickest where the previous InAs layertisnnest across the surfac_e where the InAs- and GaSb-rich regions
As viewed across thé110) plane, the net effect is a face- structurally relax inward and outward from the surface, re-

center cubidfcc)-like structure with a vertical period twice spectively, in order to accommodate the local stfal. our

that of the SL, in the sequence thick InAs—thin GaSb—thinkn(?WIedge’ only one other lll-V'SL structure has been de-
. scribed that even resembles this one, an InAs/InAlAs SL on
InAs—normal GaSb-thick InAs.

. . INP(001),” where shorter “wires” oriented perpendicular to
. The atomic scqle §tructure of the com.p03|t.|on mOdl_Jla'those we observe occur with less consistent vertical ordering.
tion can be seen in Fig.(d). Under these imaging condi- Because misfit stress is often the cause of growth insta-
tions, XSTM essentially shows a cross section through ongjjiry in heteroepitaxy, variations of the original InAs/GaSh
As and Sb lattice plane of every-other InAs or GaSb monox) g characterized above were grown with the sameflis
layer grown, i.e., every 26 ML SL period is observed as 13yt different periods or substrates, with interesting results
rows in the image. A number of observations can be madqpig_ 3. One SL was grown with GaSb layers 26 ML thick
First, with the exception of some Sb cross incorporated intgnstead of 13 ML. As shown in Fig.(8), a qualitatively
the InAs (intrinsic to this material systetr), there is no  similar vertically ordered composition modulation is ob-
wide-scale lll-V segregation or alloying between or within served, but with darger lateral period,~150 nm. Another
the layers. It is also clear that the InAs modulation reducesample was grown on a relaxed AISb buffer layer on the
the InAs thickness to as little as 1-2 ML in the troughs.GaSb substrate, increasing the effective substrate lattice con-
Although the modulation is not well ordered in this particular stant by 0.66%. The same compaosition modulation structure

region, the area outlined highlights thickening of the GaSkis again observefFig. 3(b)], with a relativelysmallerlateral
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morphology to be reached. Assuming this morphology is a
near-equilibrium structure, the wire-like shape must arise
from the inherent structural anisotropy of tk@01) IlI-V
surface. There is theoretical evidence that InAs steps parallel
to the [110] direction preferentially reduce the strain
energy'® possibly accounting for the shape.
FIG. 3. XSTM images of110) cross sections through superlattices grown The unusual vertical alignment of the lateral morpho-
with the same Asflux but different periods or buffer layers, as follows) ; Hlati ; ° ; _
doubled GaSb layer®@6 ML thick); (b) relaxed AlSb buffer(c) InAs buffer I:agtlga};;esgnlaglczﬁz grll_s.e_?hgorenatshbe gl’(l)ift %hnaiﬁesrr:i;foigﬁ:s
and substrate.
because the GaSb preferentially grows on {th¢1} vicinal
sides of the InAs wires. Although little is known about the

period,~100 nm. The final sample examined, shown in Fig.growth of GaSb on faceted surfaces, there is at least one
3(c), was grown on an InAs buffer and substrate, which deygport that growth is indeed faster on such facets then on the
creases the lattice constant by 0.61% compared with GaS@OOl) surface(albeit for metalorganic MBE The 90° GaSb
In addition, the InAs and GaSb layers were coupled withghitt forces the subsequent InAs modulation to shift 90° as
GaAs interfacial bonds instead of InSh, reducing the averag@e|| in order to maintain the energetically favored volume
vertical lattice constant in the SL. Under these strain CondiSegregation of the two SL components. If this were not the
tions, the growth instability caused by high Agressure is  case, the lateral modulation amplitude would grow and the
not observed, just the expected SL heterostructure. SL growth would become unstable. Therefore, it is possible

The unusual structure of the InAs/GaSh SLs results fronpay the kinetics of GaSb growth on vicinal surfaces is the

a complex convergence of strain-related thermodynamic angey component in the organization of this most unusual self-
growth kinetic effects. Although a definitive explanation is organized nanostructure.
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