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Three-dimensional strain mapping of InAs self-assembled nanowires on an InP substrate using
grazing incidence x-ray diffraction is reported. A remarkable anisotropy was observed for the strain
components, parall¢-220] and perpendiculai22(] to the wire axis. The highest strain relaxation

was measured along tig20] direction. The relationship between the interatomic distances along
the[-220] and[220] directions, for eaclz position(heighy in the nanostructure, was obtained by
angular scans in the vicinity of th@40) reciprocal lattice point. €004 American Institute of
Physics [DOI: 10.1063/1.1808493

The strain distribution is one of the significant factors z position(heighy in the nanostructures. In this way, one can
that determine the shape, size, and facet formation in selfeonstruct a three-dimensional strain map of a self-assembled
assembled nanostructures obtained from strained heteroepianostructure system.
taxial growth. For coherently strained islands, the continuous The InAs self-assembled nanowires were grown by
variation of the lattice parameter inside the nanostructureéhemical beam epitaxy.Semi-insulating (001) InP sub-
(from bottom to top makes it energetically stable against the Strates, misoriented by 2° towaf@11], were used. After
formation of a uniform(flat) strained layer. The characteriza- growth of the InP buffer layer, six monolayers of InAs were
tion of the strain distribution can be performed using grazingdeposited at approximately 1.3 A/s at 500 °C. The samples
incidence x-ray diffraction(GIXRD), an accurate method Were then cooled in vacuum in order to avoid postgrowth
sensitive to both local lattice parameter variation and nanosurface redistributiod. Details of the growth process were
structure lateral size. Kegelt al® demonstrated, assuming Published elsewheréReflection high-energy electron  dif-
iso-strain disk scattering, that three-dimensional strain map§action (RHEED) was carried ouin situ on the growing
can be obtained in dots with full symmetry around the axisSurfaces. After removal from the growth chamber, in-air
perpendicular to the substrate surface. Strain distribution an@F™ was used to analyze the surface morphology of the
composition profiles of self-assembled nanostructures of@mPles. Cross-section TEM images were obtained by using
InAs/GaAd 2 and Ge/Si have been well characterized us- & JEM 3010 URP 300 kV TEM.
ing GIXRD. Earlier x-ray studies of InAs/InP nanowires
also revealed the presence of strain relaxatio. far, how-
ever, there are no detailed studies of the anisotropic strair 7
distribution in self-assembled nanowires. In particular, InAs e (001)
self-assembled nanostructures on an InP substrate is a vel ~<g,
attractive system for optoelectronic applications. In this case, W
both InAs quantum-wires and/or dots can be obtained by
changing the buffer layer propert?e7$or by tuning the
growth condition$:® Recently, it has been shown that aniso-
tropic strain relaxation could play an important role not only
during the formation of InAs nanowirgsbut also in deter-
mining their optical behavior*

In this letter, we report the study of strain distribution of
InAs self-assembled nanowires on an InP substrate as show
schematically in Fig. 1. A remarkable anisotropy was ob-
served for the strain components, parallel and perpendicula
to the wires. The highest strain relaxation was measurec
along the[110Q] direction, perpendicular to the wires. Here,
we describe a procedure to obtain the correlation between thac. 1. Scheme of the GIXRD scattering geometry. Our InAs nanowires are

strain components parallel to the substrate surface with thefiriented along th¢-220] directions as previously report¢Refs. 8 and 2
For the case presented, the diffraction fr@220) crystalline planes can be
studied. Diffraction from(-220 planes can be obtained by rotating the
¥Electronic mail: hur3@psu.edu sample 90° in thev direction.
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The x-ray experiments were performed at XRD2 beanrepresents the nanostructure length along the direction per-
line of the Brazilian National Synchrotron Laborat&?yThe pendicular to the vectoG,. For instance, the sizes along
experimental setup was described in Ref. 4. All measurethe (220) direction are obtained from angular scans in the
ments were done in GIXRD geometry, as a function of thevicinity of the (-220) reciprocal lattice point and vice versa.
scattering angl€26, radia) and the sample rotatiofw, an-  For symmetric quantum dots both directions are equivalent
gulan. The wavelength and the incidence angle of the x-rayand the island strain map can be obtained assuming iso-strain
beam were set ta=1.192 A anda;=0.3°, respectively. planes parallel to the substrate surface for eacheighy

In the GIXRD geometry, the measured x-ray intensitiesposition.l’5 However, our InAs nanowires are very asymmet-
are due to diffraction from atomic planes perpendicular toric in shape and exhibit significant strain anisotropy. In this
the substrate surface. In Figa®, the x-ray scattered inten- case, two problems are encounter@fiwe cannot determine
sites measured as a function  Of Qugia=0qr the length of the wires since the lower measurable full width
=(4m/\)sin(26/2) are shown. The radial scan, which is sen-at half maximum(FWHM) of the angular scans is limited by
sitive to the strain in the sample, is performed by coupling experimental error andii) the assumption of iso-strain
to 26 (Fig. 1). We mapped the vicinity of InR220) and  planes parallel to the substrate surface for each value of
(=220 reciprocal lattice points that correspond to crystallinecannot be made, and must be extended to the case in which
directions (Gy,,;) perpendicular and parallel to the InAs the in-plane lattice constants are different due to anisotropic
nanowires, respectivelysee the inset in Fig. (8)]. The strain relaxation.
spreading of the intensity distributions is associated to the To solve these problems, we found a relationship be-
strain relaxation; it can be understood qualitatively fromtween the interatomic distances alof&R0] and[-220] di-
Bragg’s law[\ =2d sin(26/2)]. Regions of the nanostructure rections(dy,o andd_,,, respectively for eachz position in
with slightly different interplanar spacingy,) diffract the the nanostructure. In this sense, angular scans in the vicinity
beam at slightly different angle6). Thus, from Fig. 2a), of the (040) reciprocal lattice point were made. The scheme
we can see that strain relaxation inside the InAs nanowires i) Fig. 2(b) shows the deviatioriwith respect to thg040Q]
highly anisotropic. The highest relaxation occurs infthe0]  crystalline direction for the fcc structuref the angular scan
direction, perpendicular to the wires. Notice that at positionmaximum peak position when anisotropic strain relaxation is
(g,) corresponding t@¢220) and (-220 points of bulk InAs, present in the nanostructures. This peak position shift was
the intensity is very low, indicating that InAs nanowires areobserved experimentally as shown in Figd)2 using Gauss-
coherently strained. ian fits we obtained the peak positioftg) for each value of

In order to determine the interdependence of strain andd,). For small variations of the angle, the componeut, is
shape we obtained angular scans for different valueg.dh  perpendicular ta,. Therefore, taking in account thgi40] is
this case, the scattered intensities are measured as a functié®® rotated with respect tf220] and[-220] [see Fig. 2b)],

Of Qanguia=Ya=0 SIN(26/2) - w]. The sizeL of the nano- we calculated the, components along these last directions
structure region associated withcp value (and thus to a using a coordinate rotation transformation. In this way, we
strain valug is determined from the full width at half maxi- obtained the relationship betweeh,,, and d,,, for each
mum Ag, in the angular scan, i.eL,=27/Aq,. This size “iso-strain plane”[d_,,0=F(dy0 ] that is plotted in Fig. 3.
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FIG. 3. The data(closed diamondsfor the relationL,,0=F;(d_,) was
obtained from the FWHM's of curves in Fig(@. The datawhite squares  FIG. 4. (Color onling. (a) Cross-section TEM image of an InAs nanowire.
for the relationd_,50=F»(d,20) was obtained from the maximum peak posi- (b) Strain maps along thi220] and[-220] crystalline directions. The strain
tion in curves of Fig. &). Solid curves are linear and exponential fittings, along each direction[hkl] was defined as:en,=[(dnas—dh)/ dinas
respectively. The data points and the solid curve for the relation betweerx 100%. Thez dependence was obtained correlating the RHEED and TEM

L,,0 and d,5o were obtained making the composed functionFefand F,. results with curves in Fig. 3.
The vertical dashed line indicates the bulk InP interplanar distance
(substratg

reciprocal lattice points of the substrate in two crystalline
directions parallel to the substrate surface. These results can

The F, function is an exponential growth-type fitting func- P!y & very important role in not only understanding the
tion with optimized parameters given by_,.,=2.074 metastability of the InAs nanowires with respect to quantum
+0.00026 EXP(dy50—2.08/0.0067. dots, but also to study the influence of strain in the electronic

On the other hand, the lateral size along 220 direc- properties of these asymmetric nanostructures.

tion as a function 0l [L220=F1(d-220), shown in Fig. 3 H.R.G. and J.R.R.B. acknowledge financial support from
was obtained from the FWHM of angular scdis},) in Fig.  FAPESP. This work was supported by FAPESP, CNPg, and
2(c) for eachq, value. In this case, a linear fitting function FINEP. The HRTEM and GIXRD measurements were made
(L22g=10429-486815,9 was used. If we consider the at the National Laboratory of Synchrotron Light
function Ly=F1(F2(d;20)), we can obtain the relationship (LNLS-Brazil).'?
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