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Nonlithographic epitaxial Sn ,Ge;_, dense nanowire arrays
grown on Ge(001)

Regina Ragan,® Channing C. Ahn, and Harry A. Atwater
Thomas J. Watson Laboratory of Applied Physics, California Institute of Technology, Pasadena,
California 91125

(Received 26 March 2002; accepted 29 January 2003

We have grown Iazm-thick SnGe,_,/Ge(001) epitaxial films with 6:x<<0.085 by
molecular-beam epitaxy. These films evolve during growth into a dense array ,&eSnp
nanowires oriented alon§001], as confirmed by composition contrast observed in scanning
transmission electron microscopy in planar view. The Sn-rich regions in these films dominate optical
absorption at low energy; phase-separatedGen , alloys have a lower-energy band gap than
homogeneous alloys with the same average Sn composition20@ American Institute of
Physics. [DOI: 10.1063/1.1563834

Self-assembly as a means of nanostructures fabricatiolower misfit than homogeneous &¥,_,/Ge(001) films
is receiving considerable attention for producing regular arhaving the sameaverageSn composition.
rays of dots and wires with feature sizes on the order of 1-20 Shown in Fig. 1(a)is a TEM two-beam image of a
nm. A wide variety of methods are employed to fabricatel-um-thick S odGey g7 film taken with (220) diffraction
self-assembled structures, such as DNA templdting,Planes excitedd=[220]). This TEM image exhibits bands
Langmuir—Blodgett molecular assemBfy, and epitaxial of contrast alond001]. The dark bands are measured as 23
growth. The latter is further developed than the former twoM in diameter with a period of 65 nm. The 3HGe, o7 film
methods. Epitaxial growth of quantum wires is achieved'S single (.:ryst.allme, as seen in the dlffractlpn patterns along
along step edgdsand via phase separatiérour investiga- e [110] in Fig. 1(c), and[001] zone axes in Fig. 1(d). In

tion of phase-separated &g, _, alloys is also motivated by F'|g. .fl_(b),ﬂa ;cwo-beartn TFch m;}geTvI\él'lt\?z_[OOAf] eXh'b!tS Fi
interest in Si-compatible optoelectronic materials. significantly 1ess contrast than the IMage seen In F1g.

Alloying Sn with Ge in a random solid solution induced 1(a). Contrast observed in conventional TEM images is due

. . . to both strain and composition. In kinematical theory for
an indirect-to-direct energy band-gap transition near a Sn P y

o . = “diffracted intensity under two-beam conditichstrain con-
composmop of 10% for 100-nm-thick, coherently Str"’}'nedtrast arises from an interaction between the lattice distortion
SnGe,_, films on Ge(001f, as well as for 300-nm-thick

- _ g : > (6r) and the reciprocal lattice vectdg) in the mathematical
strain-relieved SyGe, _, films on Si(001): These metastable ¢, of 5 dot product. If Sn segregates along the elastically
films were grown by molecular-beam epitaIBE). The  g4ft (100) and (010) planes, then the larger Sn atoms coher-
details of the SgGe; _, growth were described elsewhérd. ently distort the lattice andr=[100] and[010]. Sincesr
dramatic change in morphology occurred during MBE andg are orthogonal wheg=[004], strain contrast is mini-
growth of 1um-thick SnGe,_,/Ge(001) films under the mized and the remaining contrast is mainly compositional
same growth conditions. In this letter, microstructure analycontrast. Hence, the decrease in contrast observed experi-
sis of 1um-thick SnGe, ,/Ge(001) films demonstrates
that Sn segregated during growth to form Sn-richGa _,
nanowire arrays oriented alofg01]embedded in a Ge ep- _
itaxial film. The microstructure was characterized with trans- Lis B4 1 | 24) 13 (004}
mission electron microscopyTEM) and atomic force mi- AR . 2 oy
croscopy (AFM), and the average composition of the ; .
SnGe, _, nanowire arrays and the surrounding Ge matrix
was determined by Rutherford backscattering spectroscop
In addition, Fourier transform infrare@FTIR) transmittance |
measurements demonstrate a decrease in the direct ener ¥ « 1) . .
band gap with phase separation, and indicate the onset of & A (040) (D200
indirect to direct band-gap transition at a lower average S . * ™
composition than homogeneous alloys. Therefore, Sn phas (240 (2207 (2000
separation can be exploited to obtain,Sm,_, nanowire ¥ (440)  (420) {00)
arrays on Ge(00lhaving a direct energy band gap but a :

dPresent address: Quantum Science Research, Hewlett-Packard LaborafdG. 1. Cross-sectional TEM analysis ofudn-thick Sr o6G& o7 alloy im-
ries, 1501 Page Mill Road, Palo Alto, California 94304; electronic mail: aged under two-beam conditions with) g=[220] and(b) g=[004]. Dif-
Regina Ragan@hp.com fraction patterns alon¢c) [110] and (d) [001]zone axes.
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FIG. 2. Planar view STEM images of Am-thick Sn, ,{Ge&) o7 alloy taken
under (a) bright-field and(b) dark-field conditions. The Sn-rich nanowires FIG. 4. (a) FTIR transmittance vs wave number forutn-thick SnGe,

are seen as dark circular regions(m) and bright circular regions iiib) alloys with 0< x< 0.085.(b) Energy band gap vs Sn composition fopuin-
when observed in planar view. The same feature in both images is circled, phase-separ;‘:lted.)SEl alloys (closed squaresand 0.1um-thick
) —x .
homogeneous alloy®pen triangles Inset estimates the Sn composition in

. L the Sn-rich regions from the band gap energy.
mentally underg=[004] two-beam conditions indicates Sn

phase separation alorig00) and (010) planes.

In order to prove Sn phase separation, the technique aisterisks in Fig. 3(b), was calculated to determine the domi-
Z-contrast imaging was employed using scanning TEM nant wave vectorK=2/\) of the nanowire arrays that is
(STEM) in planar view with a spot size of 5 nm. The bright- exhibited as the maxima d@&(k). In order to establish that
field image was taken with electrons having scattering anglethe periodic surface undulation was not due to stochastic
<80 mrad. It includes diffracted and transmitted beamsoughening as a result of the low growth temperature, but
yielding both strain and composition contrast in the imagerather to strain and composition effects, a curve for un-
During dark-field imaging, an annular detector was placed tstrained Ge/Ge(00Igrown at the same growth temperature
allow only elastically scattered electrons with scattering(T=433 K) was plotted as open squares in Figh)3G(k)
angles>80 mrad to contribute to the image. The contrastfor this unstrained Ge film did not have a maxima, as is
observed in dark-field images is mainly due to compositiontypical for a stochastically roughened surface, and the peak
because diffraction intensity is attenuated at wide scatteringecayed a& 2.1° G(k) provides additional information; the
angles’ A bright-field STEM image, shown in Fig.(8), has power dependence of the wave vectoiGdk) decays is the
dark circular regions with approximately the same periodicsignature of the physical mechanism dominating surface
ity, 70 nm, observed in cross-sectional THHMig. 1(a)]. In  smoothing.G(k) for the strained SiGe, _, films decayed as
the dark-field STEM image, seen in Fig. 2(b), Sn phase sepa 3. A decay ofk 2 of G(k) and the absence of Sn phase
ration is evident as Sn-rich regions appear as bright circulageparation for thinner films is agreement with a linear insta-
regions. The higher electron intensity in Figb2is due to  bility model for phase separation during dynamic growth.
the higher cross section of Sn versus Ge for elastically scat- It is well known that a film in compression, as is
tered electrons. The interface between the Sn-rich and Ge&snGe, _,/Ge(001), can relieve coherency energy without
rich regions does not appear to be abrupt. dislocation introduction by forming a surface undulation

A periodic surface undulation with feature heights on thewith a larger lattice parameter at the crest of the
order of 1-2 nm was measured in AFM and was found to baindulation**** During dynamic growth, Sn, the larger atom,
well correlated to the periodicityh) of the SpGe;_, nano-  may segregate to regions with the larger lattice parameter via
wire arrays observed in TEM. An AFM image of a surface diffusion. In turn, these compositional fluctuations
Shy.015&.082 film is shown in Fig. 3(a). The autocorrelation across the surface of the film introduce additional strain
function G(k) of the topographical AFM image, plotted as fields that amplify the driving force for Sn phase

separatiort’'** STEM images confirm Sn phase separation
A (om) and TEM two-beam images give evidence of Sn segregation
1000 100 20 along elastically sof100)and(010) planes. In addition, the

P —— decay ofk 2 of G(k) portends Sn phase separation during
dynamic growth. The effect of strain and composition on the
experimentally measured periodicity of &®, _, nanowire

o ) _ arrays was compared to that predicted by a linear instability

stochestic roughening model and shows good agreeméht.

EI 3 FTIR transmittance of S&e,_,/Ge(001) nanowire ar-
0Ge &= rays was performed between 2000 and 8000 %rshown in
e, =0 . . . .

¥ Sno016Ge0.082/Ge, & = 0.26% Elg. 4(a). Vlsiual analysis of Flg_.(A) rt_ave_als that_ the absorp-

10 Lt . e tion edge shifts to lower energies with increasing Sn compo-

sition and the Sgy/Gey g3 alloy exhibits a sharper absorption
edge, indicative of a direct energy band-gap material, than
FIG. 3. (a) Planar view AFM image of SiGe,_,/Ge with x=0.018, ¢ the Sp o5& g5 alloy. In agreement with previous measure-

6,7 :
=0.26%. (b) autocorrelation functionG(k), vs wave vector withT ments of homogeneous_ m—x aII_oys, the dwec_t_energy
=433 K: Ge(open squarésand SpGe, _,/Ge, x=0.018(asterisks). band gap decreases with increasing Sn composition. In con-

K2z (nmi'")
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trast to previous measurement, the indirect to direct band-gagrgy band gap as well as a direct energy band gap at lower
transition appears to occur in phase-separated alloys at averageSn compositions with Sn phase separation in com-
average Sn composition &k 0.07, compared t8<<0.10 for ~ parison to homogeneous &g, ,/Ge(001) alloys.
homogeneous alloys. For=0.085, the transmittance curve ) ) ) ]
appears to have two distinct points for the onset of absorp- "€ National Science Foundation supported this work.
tion. Previous measurements of homogeneouy&sn , al- One author(R_. R.) acknowledges support in the form of an
loys demonstrated that the energy band gap varies with Siite! fellowship.

composition; therefore, the observation of multiple points for

the onset of absorption is attributed to a distribution of Sn
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