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Si,.,Genanocrystals (NCs) of different composition and Si-Ge and Ge-Ge) modes is investigated by analysing
size were generated using the Molecular Dynamid3)(M their inverse participation ratio. The dependentehe
method by minimizing NC'’s total energy calculatest u corresponding Raman spectra, obtained by empldiieg
ing Tersoff's empirical potential and applying dgi bond polarisability model, upanand the NC size is pre-
boundary conditions. The dynamical matrix of the re sented and compared to previous calculated reanlis
laxed NC was constructed and the NC phonon modes available experimental data.

were calculated. The localisation of the princifitSi,

Copyright line will be provided by the publisher

1 Introduction One of the promising ways to achievesence of translational symmetry, the use of morerateu
direct band gap structure in silicon and its alloys with tla initio models is limited to small NCs [8-10], while em-
germanium is to use the 3D quantum confinement effgitical potential models used in [6, 7, 11, 12] can be ap-
characteristic of semiconductor quantum dots (QDs). Baied to larger systems and still can provide quite adgo
yond self-assembled QDs [1], Si-Ge alloy nanocrystagreement with experimental data.

(NCs), either embedded in SiOnatrix [2-4] or free-

standing [5], have been obtained and studied, showing 0.246
size-dependent optical spectra.
Raman spectroscopy, a method of choice to investigate 0.244 1
nanomaterials, was used in all these works on Si-Ge NCs, € oous |
as well as it was applied to studyGe , alloys in bulk [6] c -
and epitaxial thin film [7] forms.In all cases, the dpec E 024 |
are characterised by three dominant peaks centred near 300, =4
400 and 500 cih associated with optical phonons involv- % 0.238 -
ing Ge-Ge, Si-Ge, and Si-Si stretching motions, respec- S
tively [6]. However, the precise positions and the ampli m 0236 ¢
tudes of these peaks depend on several factors, such as o234 L
crystal lattice relaxation, alloy composition and details 0 02 04 06 08 1
atomic distribution over the lattice (correlations) amd, i Ge fraction
the case of NCs, size effect. For their correct preation,
theoretical and computational work is required. Figure 1 Calculated variation of bond lengths with Ge fiatt

Several computational works have been performed iforelaxed SiGe,NCs: Si-Si (squares), Si-Ge(circles), andGe-
far, devoted to the calculation of phonon properties ag(triangles) bonds. Straight line correspondsegard’s law.
Raman spectra of SiGealloys [6-12]. Because of the ab-
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However, probably the most popular empirical potentiahodelled by applying periodical boundary conditions. We
scheme, the valence force field (VFF) model, relied/e- can conclude that in SiGgNCs, likewise in the bulk alloy,
gard’s law (i.e. linear variation of the lattice constaith bond lengths depend on composition much weaker than
composition) when applied to random alloys [11, 12prescribed by Vegard's law and that these variatiops ar
whereas it is known that the bond length distribution in Sifpe specific.

Ge alloys is trimodal and only the average of theeghr

types of bonds follows the Vegard's law [13]. 3Lattice dynamics and Raman spectra

In this work, we calculate the phonon properties, 3.1 Phonon DS and IPRThe phonon modes of the
namely, the density of states (DS) and the inverse partigénerated NCs were calculated by finding the eigenstates
pation ratio (IPR), as well as the Raman scatteringtspeef the dynamical matrix whose elements were obtained b
of SikGey crystallites of different composition and size bMifferentiating theTersoff potential with respect toraio
using a three-particle empirical potential proposed by Tebordinates. The density of states versus frequency was
soff [14]. Its advantage in comparison with the VF&d®@l  cajculated as a sum of Lorentzian functions (with a homo-
IS that it can be Used fOI‘ I‘e|aXIng the NC to thermodynar@bneous broadening of 10 '&)Tcentred at each eigenfre_
cal equilibrium (for a given composition) before consideauency. Figure 2 presents the total DS averaged over a

ing the lattice dynamics. number of samples for each composition. These results
correspond to the largest crystallites studied (12 atomi
2 Relaxed Si-Ge NCs shells).

2.1 NC building algorithmCrystallites consisting of In general, the shape of the phonon DS obtained in our
up to N=1647 atoms were built by randomly distributingalculations is similar to the previously calculated data fo
somexNGe and (1xN) Si atoms over the sites of a diaSixGel-x alloy NCs [11, 12]. In the optical phonon range
mond lattice, starting from a central atom and fillirgit (w/wmae> 0.5) we clearly see three bands corresponding to
st, 2-nd, ... coordination shells. Initially, the latticeneo the experimentally observed Raman scattering peaks
stant was chosen according to Vegard's law. This way W& wmna= 0.6, 0.8 and 1), well known for the bulk alloy.
obtained “nearly spherical” crystallites ©fsymmetry. The feature atw/wma= 0.15 corresponds to the Brillouin

Interactions between the atoms were defined accordirane edge TA phonons of germaniumB0 cm'). Some of
to the Tersoff potential [14]. Relaxation to the minimuim dhe smaller features in the middle of the spectrum can be
the total energy of the crystallite was achievedllpneng associated with surface vibrations but we have not been
the atoms to move in response to the forces producedable to doubtlessly identify them.
their neighbours. Having in mind NCs embedded in a ma-
trix, rigid boundary conditions were applied, which means 06
that the positions of the atoms in two outer shells were
fixed although they were considered interacting with the 0.54
(movable) atoms in the interior shells. By using the MD
method (Verlet algorithm [15]) with integration of the 0.4
equations of motion at each temporal step (not excgedin
10" s) we obtained equilibrium crystallites that no longer & 0.3
possessed the, symmetry (except foix =0 or 1).

2.2 Bond length distributionThe variation of the 0.2
average bond lengths, for Si-Si, Si-Ge and Ge-Ge fond
with alloy composition is shown in Fig. 1. The dependence 0.1
on x is rather weak for the three types of bonds. It is in
agreement with the idea that the relaxation of the micro-  0.04
scopic strain related to the difference between thedbo 00 02 04 06 08 10
lengths in pure Si and Ge, occurs mostly via distortion of
the bond angles and to a lesser extent by changingtite b ]
lengths [13]. The relative contribution of these two mech§i9ure 2(colour online) Phonon DS calculated fop e NC,
nisms of strain relaxation can be quantified in terms of @4£raged over several NC configurations (full cjiremd IPR of
called topological rigidity parametea**() [13, 16]. When Vi r_at|ona| mo_des fo_r a single NC configurationotpdd against
a’ =1, the lattice is flexible, i.e. every bond adjusts o jfheir frequencies (points).

natural length (so called Pauling limit), whie =0 corre- In order to investigate the localisation of some charac

tsr?gi?dIZntgﬂ?spE) rf??&:?ﬁfggﬁéSflé?atoﬂ bcg?gﬁj;ttio rggristic modes,4we calculated their inverse participation r
yield a”=0.73, 0.64 and 0.50 for Si-Si, Si-Ge and Ge_C{IO, IPR =X(u;)", whereuis the normalised eigenvector of

) ﬁ considered mode and the sum runs over all lattice sites.
bonds, respectively. These values are close to those

OoD- -
. . L Large IPR values are characteristic of strongly liaed
tained in theab initio study [16] where the bulk alloy Was _ des with only few atoms vibrating [17]. As expected,

w » (6]
Density of States, arb. units

N

=

)
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the optical phonon modes are stronger localised thgmows in intensity and becomes narrower with the inereas
acoustical vibrations (see Fig. 2). IPR results obtained bf Ge contents. For the Si-Si mode, the tendency isghe o
other Ge contents (not shown) indicate that the Si-Si mquiesite. The spectral positions of the Ge-Ge and Si-Si modes
becomes much less localised %87 0.3, as does the Ge-Gdor different x can be approximated quite well by linear
mode forx> 0.7. On the contrary, the Si-Ge mode alwayanctions. For the latter, our results practically coincide
remains strongly localised. By analysing the correspondinith the previously published data [7, 10], while for the
eigenvectors, we established that theDS peak designaedGe mode we found

“Si-Ge mode” @/wmn,= 0.8) is associated with vibrations

of Si atoms surrounded by 3 or 4 almost motionless Ge at- @se-ce = 298+ 66x [cm™], (1)

oms.

3.2 Raman spectraNon-resonant Raman spectr
were calculated within the bond polarisability model [18
Assuming that the deviations from the perfect tetrahed
bonding are small in our relaxed NCs, only éherm was
taken into account since the other two vanish for aeperf
diamond lattice. The unpolarisedRaman scattering inten- 375
sity spectra, averaged over several NC configuratioith (w
the same size and composition) and normalised by the NC’
volume, are shown in Fig. 3.

hich is weaker than obtained for relaxed,Sigepilayers

]. It should be pointed out that we could clearlynitify
ms mode in our spectra only fae 0.2, even for the larg-
est NC size, which can be the cause for the discrgpanc
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Figure 4 (colour online) Raman spectrum of silicon calogtht
with rigid (NC) and periodic ¢¢Si) boundary conditions. Inset
shows the position of the pewrsus size for silicon NCsx=0).
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The Si-Ge mode also becomes noticeable only for
Figure 3(colour online) Raman spectra of, §6e, NCs of three x>0.2. Its intensity reaches a maximunmxat0.75 and then
different compositions. NC size 3.9 nm. Minor featl are decreases and vanishes.So, our results do not confirm the
marked by arrows. intuitive idea that it should be simply proportional to the
fraction of Si-Ge bonds,X¢1-x), as it has been suggested
The spectra of Fig. 3 are in qualitative agreement Wiy some authors [3]. Thespectral positionof the Sbéed

both previously calculated [11, 12] and experimented,[2 peakversus xcan be approximated by a quadratic polyno-
8] results. The shape of the spectra is determined by bgia|,

small size (confinement) and alloy disorder effedtse
size effect is clearly seen in Fig. 4 for0. The phonon
confinement moves the Si-Si Raman peak downwards, ) ) ) .
with the shift with respect to bulk peak position scaliny converges to the Si local vibrational mode (385°cm
approximately aD? with the NC size ), in agreement 0]) in the limit x— 1. However, it sho_uld be noted that,
with the macroscopic model predictions [19] and expefl general, the Si-Ge band probably is composetivof
mental data [2]. The existence of the phonon confinemd@§@ks, as can be seen also in Fig. 2 and has beentecp
effect in alloy NCs means that the fundamental (Si-&i aif SOme previous studies [7]. .
Ge-Ge) modes are sufficiently delocalised, at leastiera Smaller features that are clearly seen in the NC_Raman
tain range ok[20]. spectra have also been observed in previous studies, both
The dependence of the positions and heights of @féoerimgntal and cqmputational, of bqlk crystals and re-
main Raman peaks upon the alloy composition qualifgxed epilayers of siGealloys, and their assignment has
tively follows the trends known for bulk SiGealloys and attraqted con5|deraple attention (see [10] and referepces
relaxed epilayers [6, 7, 10]. As expected, the Ge-Ge mdherein).The three minor peaks marked by arrows in Fig, 3

Wy, =400+ 342x-502%°  [cm™]. @
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were observed by Alonso and Winer [6], together with th§ll] S.-F. Ren, W. Cheng, and P. Y. Yu, Phys. .RBW9,
three major peaks giving rise to a “six-oscillator model” 235327(2004).

[1x(Ge-Ge), 1x(Si-Ge), 4x(Si-Si)] of the,Sie., Raman [12] W. Cheng, D. Marx, and S.-F.Ren, Front. Ptghina3,
pattern. In the recent work [10], it was suggested to con- 165 (2008). _

sider 7 oscillators, [1 x (Ge-Ge), 4 x (Si-Ge), 2 x (S]-Si) [13] C. Tzoumanekas and P. C. Kelires, Phys. R2\66,
As far as experiments performed oRGah ., NCs are con- 195209 (2002).

cerned, onlyone minor mode (at 430 cm?) has been ob- 141 J: Terls‘m' Ehys' Rev. 8, 5566 (1988).

served so far [4], while e.g. Raman spectra of self[-ig]l‘lsv\%ﬁé’ Pe?:'ge&‘r’g’a?sgggz)d 3. R. dasSPhys. Re
assembled SBe,, QDs presented in [21] are clearly free! ]B & 19322u02 (2001). pian, s yS. Rev.
from any extra features. We plan a more detailed study 7] M. L Vasilevskiy, oV Vikhrova, and S. Ershov, Phys.
the minor Raman features and the Si-Ge band fine struc- “gyiq statess, 1154 (2003).

ture in the future. [18] R. Alben, D. Weaire, J. E. Smith, and M.Btodsky, Phys.
Rev. B11, 2271 (1975).
4 ConclusionsWe have shown the potential of our[19] A. G. Rolo and M. I.Vasilevskiy, J. Ramane8posc.38,
approach using three-particle empirical potentials fod-mo 618 (2007).
elling the lattice dynamics of &e,_,NCs. It has some ad- [20] E. S. FreitasNeto, S. W. da Silva, P. C. dM&rM. I. Vasi-
vantages in comparison with both tlab initio density levskiy, M. A. Pereira-da-Silva, and N. O. DanthsRaman
functional theory approach (the possibility of considering Spectrosc42, 1660 (2011).
larger crystallites) and the popular empirical VFBdel  [21] V. O. Yakhimchukt.al., Semiconductor Physics, Quantum
(the incorporation of relaxation to equilibrium structure  Electronics & Optoelectronic 456 (2004).
leading to the realistic trimodal distribution of bond
lengths).
By considering crystallites with rigid boundary condi-
tions, we modelled NCs embedded in a matrix (e.9)SiO
We found that the quantum confinement effect is present
for the fundamental (Si-Si and Ge-Ge) modes, consisting
in a red shift of the mode frequencies in NCs with very
small size.The intermediate (Si-Ge) mode is shown to be
related to the vibrations of solitary Si atoms surrounded b
3 or 4 almost motionless Ge atoms. These vibrations are
strongly localised and should be less influenced by the
guantum confinement effect.
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