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hite
ture des Syst�emes-CNRS, 7 avenue du Colonel Ro
he, 31077 Toulouse 
edex, Fran
eRe
eived: date / Revised version: dateAbstra
t. We have determined by 
omputer simulations, some stru
tural properties of Ge 
lusters em-bedded in a Si 
rystalline host matrix for 
luster sizes varying from �0.5 to 1.5 nm. In order to des
ribeinter-atomi
 for
es we have 
hosen a Valen
e For
e Field(VFF) semi-empiri
al potential. Next we have
al
ulated the density of vibrational states by diagonalization of the dynami
al matrix de�ned with thesame potential. The in
uen
e of the volume/interfa
e ratio of Ge on the vibrational properties is dis
ussed.PACS. 61,46+w Clusters, nanoparti
les, and nano
rystalline materials { 63, 50+x Vibrational states indisordered systems1 Introdu
tionIn re
ent years, an in
reasing e�ort has been developedtowards the understanding of surprising physi
al proper-ties of 
lusters. An example of potential appli
ations forsemi
ondu
tor 
lusters is their nonlinear opti
al propertiesthat usually do not appear in the bulk materials[1℄. Manytheoreti
al and parti
ularly "Ab Initio" 
al
ulations havebeen made in order to determine the stru
ture of these
lusters[2,3℄. These ab initio 
al
ulations generally dealwith only few atoms. While small semi
ondu
tor 
lustersexhibit parti
ular geometries due to important surfa
e ef-

fe
ts, large ones seem to adopt the 
rystal stru
ture. Oth-erwise, experimental observations of 
lusters in a host ma-trix generally show large 
luster (few nanometers) with
rystalline stru
ture[4,5℄. But the stru
ture, in parti
ularat the interfa
e between the matrix and the 
luster, 
anbe strongly modi�ed by the 
hemi
al nature of the ma-trix, the elaboration te
hnique and the elaboration 
on-ditions, annealing temperature, et
. Raman spe
tros
opy
an be useful to de
ribe stru
tural and dynami
 proper-ties of su
h 
lusters[1,5℄. Our purpose in this paper is toshow that using simple Valen
e For
e Field (VFF) poten-
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alization of the states insidethe 
lusters. In this study, we have 
onsidered Ge 
lus-ters embedded in a Si 
rystalline host matrix 
ontaining432 atoms. Even if the 
luster sizes dis
ussed here 
an beprodu
ed experimentally[4℄, a more typi
al size is about2 to 5 nm[1,5℄. So, 
ontrary to the alloy 
ase, the num-ber of atoms in the super
ell must be very large in orderto des
ribe 
orre
tly the large defe
ts. With a 432 atomsuper
ell, we have been able to treat 
lusters of radius upto 1.5 nm. This 
luster sizes are somewhere between thesizes used in ab initio models and those in real experi-ments, but 
ontain the general information, parti
ularlyon the lo
alization of the states at the interfa
e. We 
om-pare our results to experimental data obtained in a similar
ase where the Si matrix is poly
rystalline[4℄. The inter-fa
e between the Ge 
lusters and the Si matrix is takento be perfe
t with no dangling bonds. The organization ofthe paper is as follows. In se
tion II we present the modelused in this paper and des
ribe the parameters employedin our 
al
ulations. In se
tion III, we present and dis
ussthe results obtained. Finally in se
tion IV, we summarizeour main 
on
lusions.2 ModelThe frame of our model has been presented before[6℄ inthe 
ase of amorphous Si and we sket
h here only thene
essary ba
kground to understand the pro
edure. Oursimulation pro
edure 
an be divided in three main stages:

Table 1. Parameters for the di�erent distributions understudy. Number of Ge atoms in a 
luster, size of the 
lusters,number of 
lusters and resulting proportion of Ge in the Simatrix.Number of atoms/
luster 5 17 29 47 87Clusters diameter(nm) 0.49 0.80 0.94 1.23 1.47Number of 
lusters 18 5 3 2 1% of Ge 20.1 19.7 20.1 21.8 20.1
(a) The �rst one is the 
onstru
tion of the system un-der study. The super
ell approa
h is 
hosen in order todes
ribe the stru
tural and the 
hemi
al disorder. A
tu-ally, in disordered materials the 
rystal symmetries arebroken due to the introdu
tion of non periodi
 and ex-tended heterogeneities in the pure 
rystal. As a result, adisordered material should be modeled by a unique ma
ro-s
opi
 
ell, but be
ause of the 
omputational limitations,it is approximated by a super
ell with periodi
 boundary
onditions keeping in mind that the size and the densityof the heterogeneities are limited by this super
ell size.So we have de�ned a 6[110℄x6[1-10℄x12[001℄=432 atoms
rystalline super
ell and we have introdu
ed at randompositions, Ge spheri
al 
lusters with sizes varying from �0.5 to 1.5 nm (see table I) with a diamond-like 
rystallinestru
ture (�g. 1a)).(b) As the Ge latti
e parameter is larger than the Sione, atomi
 positions must be relaxed. For this, the totalelasti
 energy is minimized and thus the super
ell volumeis 
hanged. The strain des
ription is made by a VFF po-
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Fig. 1. a) stru
ture representation of a 87 atoms 
luster. b)(001) plane of the 1024 atoms super
ell, passing through the
enter of the 
luster, darkest and biggest spheres are Ge atoms.tential in the Martins' harmoni
 formulation [7℄:Es = Xbonds kr(r � rbond)2 + Xbond angles k�(� � �0)2 (1)where r is the a
tual bond length, rbond is the equilibriumbond length 
orresponding to the pure materials and wehave taken rSi�Gebond = (rSibond + rGebond)=2 for the heteroge-neous Si-Ge bonds. � is the a
tual angle between two adja-
ent bonds and �0 is the angle between two adja
ent bondsin the diamond perfe
t stru
ture. kr and k� are the for
eparameters related to the elasti
 
onstants of the pure ma-terials Si and Ge[7℄, and as a �rst approximation we have

taken for mixed parameters, kSi�Ger = (kSir + kGer )=2 andk dX�Y�Z� = kbY� (X;Y; Z = Si or Ge).(
) After the minimum total strain energy is rea
hed,the vibrational eigenstates or normal mode frequen
iesare determined by diagonalization of the dynami
al ma-trix obtained with the same VFF inter-atomi
 potential.Finally, an approximation of the Density of VibrationalStates(DVS) is obtained by sampling the vibrational fre-quen
ies spe
trum.3 Stru
tural and dynami
al 
al
ulationsIn this paper, we have fo
used our 
omputations on the
ase of a 20% parti
ular 
on
entration of Ge atoms inthe Si matrix. In this 
ase, Si 
hara
ter of the matrix isalmost preserved and the number of Ge atoms inside issuÆ
ient to introdu
e di�erent ratios of disorder depend-ing on their relative arrangement. This allows the studyof distributions of di�erent size and number of su
h 
lus-ters(see table I). The 
enter of the 
luster is randomlydetermined at a Si site, a radius is de�ned with a se
ondSi atom and all the atoms in this sphere are substitutedby Ge atoms.First, we are interested in the stru
ture 
al
ulationsto evaluate the strain near the 
luster boundaries. This isperformed through the relaxation of the stru
ture. How-ever, it should be pointed out that the relaxed stru
tureonly 
orresponds to a metastable 
on�guration, i.e. a lo-
al minimum of the elasti
 energy. This results from thede�nite positive nature of the dynami
al matrix in VFFapproximation. In other words, our relaxation s
hema al-
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Fig. 2. Average bong lengths of Si-Si, Si-Ge and Ge-Ge typesas a fun
tion of the 
lusters size while the total Ge 
ompositionis kept 
onstant. The dark diamonds are their values for the
al
ulated Si0:8Ge0:2 alloy.lows relatively small atomi
 displa
ements, but not foratomi
 migrations along a few interatomi
 distan
es.The result is in agreement with experimental 
on�gu-rations whi
h are also in metastable states. The questionof whether in
lusions are thermodynami
ally stable or not
an only be adressed through a thermal annealing pro
e-dure, both in experimental and simulation grounds. Thisquestion is beyond the s
ope of this paper.As a �rst 
he
k of our 
al
ulations we have 
al
ulatedthe average bond length(noted average in �g. 2) over allkind of bonds.As one 
an observe, the result is in total agreementwith the expe
ted value from the Vegard's law (Laverage =0:2(LGe � LSi) + LSi � 2:37�A). This average value is al-most the same whatever is the distribution of Ge atoms,a lot of small 
lusters or a few big ones. Moreover wehave reported in �gure 2 the average bond length overea
h spe
i�
 bond, Si-Si, Ge-Ge and Si-Ge as a fun
tion
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Fig. 3. Strain 
al
ulation along the [110℄ dire
tion passingthrough the 
enter of a 87 Ge 
luster as a fun
tion of the atomnumber along this dire
tion (�g. 1b)).of the 
luster diameter. The 
al
ulated bond lengths ofa Si0:8Ge0:2 alloy where Ge are randomly distributed inthe matrix are represented by dark diamonds and are inagreement with previous similar results[8,9℄. The interest-ing point is that as a �rst approximation, bond lengths are
onstant and independent of the 
luster sizes for the threekind of bonds. This means that the relaxation for ea
hkind of bond is the same from the alloy 
ase to that of amatrix with a 87 atoms 
luster. This indi
ate that due totheir 
ovalent nature, ea
h kind of bond keeps its spe
i�

hara
ter independently of the distribution.Figure 3 presents the bond strain with respe
t to Si,along the [110℄ dire
tion of the super
ell passing throughthe 
enter of the Ge 
luster. Be
ause of the dis
rete andnon 
ompa
t nature of the material at this s
ale the strainis 
al
ulated over a very few number of atoms and the(001) se
tion passing through the 
enter of the 87 
lus-ter(�g. 1a)) is a 3x3 atoms square(�g. 1b)).
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s 5We have de�ned this strain at an i site by "i = (Æxi �Æxi+1)=dSi, where Æxi is the variation of the atomi
 posi-tion along the [110℄ axis(�g. 1b)) and dSi is the distan
ebetween two atoms in this dire
tion in the Si pure 
rystal.In order to evaluate the lo
al strain due to the 
luster inthe Si matrix over a larger range, we have enlarged the su-per
ell by few monolayers in ea
h dire
tion. This in
reasehas been limited to keep a low time 
ost of our 
al
ulation.In this 
al
ulation the Ge proportion is lower than in theprevious 
ases as this is a 87 Ge atoms in a 8x8x16=1024atoms matrix (� 8:5%). We 
an observe a rapid variationof the strain from approximately 3.5% to -3.5% whi
h ismade over two atoms. The strain rea
hes � 3.5% in theGe 
luster, whi
h is 0.5% less than the latti
e mismat
hbetween Ge and Si. This 
orresponds to a residual 
om-pression of the Ge 
luster by the Si matrix. Otherwise, thestrain for the Si matrix rea
hes �-3.5% at the neighbor-hood of the 
luster whi
h 
orresponds to a 
ompression ofthe Si atoms. The absolute value of strain for Si appears tode
rease with the distan
e to the 
luster. These results arein quantitative good agreement with 
al
ulations made by
ontinuum theory[10℄.Next, we are going to dis
uss the vibrational states ofthe previous systems. As we are in the super
ell method, itwould be 
onvenient to de�ne a new wave ve
tor 
on
eptrelated to the new periodi
ity, leading so to a new Brillouinzone.In order to obtain a smooth Density of VibrationalStates (DVS), we 
an either average the DVS over a setof di�erent 
on�gurations 
hosen at random[11℄, or to use
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ulated DVS for di�erent 
lusters size, from 5 to 87atoms. The Ge 
omposition is kept 
onstant to �20%, so thenumber of 
lusters varies (see table I). The noted "C" DVSis a linear 
ombination of the pure Ge and Si DVS. Opti
albands asso
iated to the Ge-Ge, Si-Ge and Si-Si are indi
atedby arrows.few waveve
tors in the super
ell Brillouin zone[6℄. We haveadopted this se
ond s
heme and have used 10 values ofthe waveve
tor randomly distributed inside the super
ellBrillouin zone. In Fig. 4, we have reported the DVS fordi�erent 
lusters of various sizes, 
ontaining from 5 to 87atoms. The Ge 
ontent is kept 
onstant, and equal to 20of
lusters present in the super
ell. To 
ompare our resultsfor di�erent distributions of Ge 
lusters, we have also pre-sented in �g.4 the linear 
ombination of the DVS of pure Siand Ge. Its intensity is given by I
ombi = 0:8:ISi+0:2:IGe,this 
urve is noted C in �g.4. The 
urve C represents the
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sDVS of a hughe Ge 
luster in Si and is used as a referen
eto observe the size e�e
ts, preferably to a pure Ge or SiDVS referen
e. Con
erning the general aspe
t of the DVS,we observe an important di�eren
e between this 
ombina-tion and the DVS for small 
lusters. This is a 
onsequen
eof the disorder indu
ed by the dispersion of the Ge atomsin the Si matrix. This la
k of symmetries split o� the de-generate eigenstates and as a result smoothes the DVS.So, when the 
luster sizes be
ome larger, the DVS 
ome
loser to the 
ombination DVS, showing a "phase segre-gation" of Ge and Si spe
ies. We 
an parti
ularly observein Fig. 4 that the Ge-Ge mode shifts to higher frequen
ieswhen 
luster sizes in
rease. A 
lear shift is seen when go-ing from the 87 atom 
luster to the referen
e 
urve. Theresults are in good agreement with experimental Ramanspe
tra of Ge 
lusters in Si matrix whi
h show a peak at270 
m-1 attributed to the amorphous Ge-Ge mode[1,5℄.Moreover, we 
an see the typi
al "3 modes"[12℄ behavior,of SiGe 
ompounds for the opti
al bands(�g. 4). Ea
h op-ti
al band is asso
iated with one kind of bond: Si-Si (�520 
m�1), Si-Ge (� 380 
m�1) and Ge-Ge (� 270 
m�1).The e�e
ts of the interfa
e/volume ratio of Ge are parti
-ularly visible in the di�erent intensities of DVS and shouldbe observed in the 
orresponding Raman spe
tra. As thenumber of 
lusters de
reases i.e. their size in
reases, thenumber of Ge-Ge bonds in
reases whi
h is dire
tly ob-served in the intensity of the Ge-Ge band. But while in-
reasing the 
luster size, the number of Si-Ge bonds atthe interfa
es de
reases and as a result, the Si-Ge signa-ture vanishes.

4 Con
lusionIn 
on
lusion, we have 
al
ulated some stru
tural and dy-nami
al properties of Ge 
lusters in an Si matrix by asemi-empiri
al VFF potential. In this study the numberand the size of the 
lusters are varying in order to keepthe Ge proportion approximatively equal to 20%. Despitethe small size of the super
ell used in the 
al
ulations,we have shown that even for large 
lusters, the averagebonds are roughly the same as alloy values with the sameGe 
omposition and in good agreement with experimentalobservations. We have observed a rapid variation of strainat the 
luster interfa
e and we have shown that in the1.47 nm 
lusters, the 
ore has a latti
e parameter 
loseto the Ge pure 
rystal. Finally, we have dis
ussed the Si-Ge interfa
e e�e
ts in the DVS. A
tually, we have shownthe de
rease of the Si-Ge and the in
rease of the Ge-Geband intensities for large 
lusters as a result of the inter-fa
e/volume ratio of 
lusters. A shift of the Ge-Ge band,
lose to experimental results, has been obtained.Referen
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