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APPLYING AN IMPROVED PHONON CONFINEMENT MODELTO THE ANALYSIS OF RAMAN SPECTRAOF GERMANIUM NANOCRYSTALSV. A. Volodin a;b*, D. V. Marin a;b, V. A. Sahkov ,E. B. Gorokhov a, H. Rinnert d, M. Vergnat daRzhanov Institute of Semiondutor Physis, Siberian Branh, Russian Aademy of Sienes630090, Novosibirsk, RussiabNovosibirsk State University630090, Novosibirsk, RussiaOmsk Sienti� Center, Siberian Branh, Russian Aademy of Sienes644040, Omsk, RussiadInstitut Jean Lamour UMR CNRS 7198 � Université de Lorraine, B.P. 7023954506, Vand÷uvre-lès-Nany Cedex, FraneReeived April 20, 2013The improved phonon on�nement model developed previously [11℄ is applied for de�nition of germaniumnanorystal sizes from the analysis of its Raman sattering spetra. The alulations based on the model allowdetermining the sizes of germanium nanorystals more preisely from the analysis of their Raman spetra. Insome ases, the omparative analysis of Raman data and eletron mirosopy data is arried out, and goodagreement is observed.DOI: 10.7868/S00444510140100761. INTRODUCTIONSemiondutor nanorystals (NCs) in dieletri�lms have attrated the interest of researhers beauseof their eletrial and optial properties tunable by al-tering the size and also beause of their potential in newoptoeletroni and nonvolatile memory devies. Dueto eletron on�nement, the optial gap of semion-dutor NCs is size-dependent [1; 2℄, whih is usuallyalled quantum size e�et. A semiondutor NC em-bedded in a wide-gap insulating matrix has a disreteeletron spetrum due to loalization of the eletronwave funtion in three diretions [3℄. In germaniumNCs, the quantum size e�et should be stronger dueto a larger exiton Bohr radius in Ge ompared withSi. The vibrational spetra of quantum dots also dif-fer from the vibrational spetra of bulk materials, andthey are determined by the omposition, size, shape,*E-mail: volodin�isp.ns.ru

and mehanial stresses of the quantum dots. For thisreason, analysis of the vibrational spetrum of nanos-trutures based on Raman spetrosopy is widely usedfor studying the quantum dots and an give informa-tion about their struture (size and shape).Si NCs are studied more intensively than Ge NCs.For example, more than thirty years ago, it was ex-perimentally observed that Raman spetra of polyrys-talline Si and bulk Si are di�erent [4℄. The polyrys-talline Si studied in [4℄ ontains Si NCs, and the authorsexplained the shift and broadening of optial phononRaman peaks by softening of the onservation law ofthe quasimomentum of phonons due to phonon on�ne-ment in NCs. The quasimomentum onservation law issoftened aording to the Heisenberg unertainty prin-iple. The phonon on�nement model (PCM) proposedin [4℄ was developed and generalized in [5℄, where itwas also applied to one dimensional objets (quantumwell wires). In [5℄, the dependene of the alulatedRaman spetra on phonon weight funtions was �rstdisussed. Beause of its lear physial approah, the77



V. A. Volodin, D. V. Marin, V. A. Sahkov et al. ÆÝÒÔ, òîì 145, âûï. 1, 2014PCM is being developed up to now [6�11℄. The modelwas onsiderably improved for Si NCs by taking the an-gle dispersion of transverse and longitudinal phononsinto aount [11℄. The phonon dispersion was alu-lated with the Keating model instead of being approx-imated by empirial expressions, as was done in earlierapproahes. The PCM was also applied to the analysisof sizes of Ge NCs [12�18℄, but the above-mentionedfators were not taken into aount. The present workis devoted to applying the improved PCM to Ge NCsand to omparative analysis of alulated and experi-mental Raman spetra.2. EXPERIMENTALIn this study, the orretness of the model is veri�edby omparative analysis of the alulated and experi-mental Raman spetra. The triple Raman spetrom-eter T64000 (Horiba Jobin Yvon) with miro-Ramansetup was used. All experimental spetra were reordedin the baksattering geometry at room temperatureusing the 514.5-nm line of an Ar+ laser. The ini-dent light was polarized linearly, the polarization ofsattered light was not analyzed. The spetral resolu-tion was not worse than 1.5 m�1. The detetor was asilion-based CCD matrix, ooled with liquid nitrogen.The power of the laser beam reahing the sample was2 mW. To avoid heating by the laser beam, the samplewas plaed slightly farther than the fous, and the spotsize was about 30 �m.Films ontaining Ge NCs were obtained using twomethods. The �rst is deposition on a ooled substratefrom supersaturated germanium monoxide (GeO) va-por. The GeO is metastable in the solid phase and dis-soiates at the temperature about 300 ÆC (solid-statehemial reation):2GeO(solid)! Ge(solid)+GeO2(solid): (1)Depending on the substrate temperature, undis-soiated GeO �lms or Ge:GeO2 �lms with di�erentsizes of Ge lusters an be deposited. Using post-deposition thermal annealing treatments at di�erenttemperatures, Ge lusters an be rystallized to obtainGe NCs of di�erent sizes. The higher the annealingtemperature is, the bigger the Ge NCs are. The �rstmethod is desribed in more detail elsewhere [15; 19℄.If the deposition of GeO ours at higher tempera-tures, the solid-state hemial reation also takes plae,but in this ase the Ge NCs are formed, and post-growth annealing is not needed. Aording to the ele-tron mirosopy data, the sizes of Ge NCs an range

from 2.5 nm (growth at 450 ÆC) to 7�8 nm (growth at580 ÆC).The seond method is suessive evaporation ofGeO2 and SiO2 by an eletron beam in high va-uum (about 10�8 Torr) and deposition onto substratesmaintained at 100 ÆC. The pressure during the evap-oration inreases to 3 � 10�6 Torr due to the par-tial deomposition of GeO2. The deposition rate of0.1 nm/s was ontrolled by a quartz mirobalane. Infat, under eletron bombardment of GeO2, its par-tial deomposition into Ge, O2 and GeO ours. Thelast two omponents are more volatile, but, unlikeO2, GeO is easily deposited onto a ool substrate.Hene, the deposited germanium oxide is substoihio-metri, namely GeOx, where x is lose to 1 [20℄. Inthe same paper [20℄, it was also shown that silionoxide layers have a omposition very lose to SiO2.Three multilayer strutures ontaining 10 periods ofGeOx(4 nm)/SiO2(4 nm), GeOx(2 nm)/SiO2(4 nm),and GeOx(1 nm)/SiO2(4 nm) were overed by a SiO2ap layer with a thikness equal to 100 nm. The sam-ples were annealed in high-vauum quartz tube witha tubular oven. The heating rate was 10 ÆC/min.When the annealing temperature (600 ÆC) was reahed,the samples were held in the oven for 30 min, thenthe oven was removed and the �lms ooled naturally.The seond method is desribed in more detail else-where [21; 22℄.3. RESULTS AND DISCUSSION3.1. Improved PCM and Raman spetra forGe NCsAs mentioned above, the PCM allows alulatingthe Raman spetra for NCs of various sizes [9�11℄.The PCM was onsiderably improved by taking dis-persion of phonons into aount not only in the mag-nitude of the quasimomentum but also in its dire-tion [11℄. A signi�ant re�nement of the model wasreahed by using the widely approved Keating modelto alulate the phonon dispersion instead of approxi-mating it by empirial expressions as was done in ear-lier approahes [11℄. In general, for rystals with adiamond-type lattie (like Si and Ge), there are sixphonon branhes with dispersions !0i(q).The phonon dispersions of Ge and Si are simi-lar, and hene the �rst-order Raman spetrum forthe phonon weight funtion W (r; L) = exp(�4r2=L2)is [11℄78



ÆÝÒÔ, òîì 145, âûï. 1, 2014 Applying an improved phonon on�nement model : : :I(!) � 6Xi=1 qmaxZ0 exp��q2L28 ��� [n(!0i(q)) + 1℄ q2dq!0i(q) h(! � !0i(q))2 + (�=2)2i ; (2)where L is the diameter of NCs,n (!0(q)) = �exp�~!0(q)kT �� 1��1is the Bose�Einstein fator, and � is the full width athalf maximum of the Raman peak of a single phonon.Wavenumbers q range from 0 to qmax (an edge of theBrillouin zone). We note that for diretions with highsymmetry (h100i and h111i), some phonon branhesare degenerate. The density of states for phonons isproportional to q2dq.In some approahes, the phonon frequenies are de-termined using quantum mehanial alulations from�rst priniples [23; 24℄, but this method requires largeomputational resoures, while NCs with diametersmore than 5 nm ontain more than one thousandatoms. To alulate the phonon dispersion, the Keat-ing model of valene fores [25℄ was therefore used, asin [11℄. In this simple, but su�iently adequate model,the elasti energy of the rystal depends on the bondlength and on the deviation of the bond angle fromideal tetrahedral angles.We onsider interation only between nearest-neigh-bor atoms. For a rystal with a diamond-type lattie,the elasti energy of the unit ell isE = 316Xi Xj kla2 �(ri � rj)2 � 3a216 �2 ++ 38Xi 4Xk;j>k k'a2 �(ri � rj) � (ri � rk) + a216�2 ; (3)where kl and k' are elasti onstants (Hooke's oef-�ients) and a is the lattie onstant. TO and LOphonons at the Brillouin zone enter are degenerate forrystals with the diamond type lattie. The frequenyis given by !� =r8(kl + 3k')3m ; (4)where m is the mass of Ge atoms. For germanium,the frequenies of TO and LO phonons at the Bril-louin zone enter are equal to 301 m�1. Hene, theelasti onstants k' and kl are not independent (seeformula (4)). The elasti onstant kl was determined
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∆ Z Z Σ ΛFig. 1. Phonon dispersion for bulk germanium: exper-imental [26℄ (�gures) and alulated (lines) using theKeating modelfrom the approximation of alulated dispersions in di-retions h100i, h110i, and h111i to experimental disper-sions obtained from neutron sattering data [26℄.It is important to onsider phonons of di�erent di-retions, beause in experiment, Raman signal omesfrom a large number of randomly oriented NCs, andall phonon modes are intermixed. The exat expres-sions for phonon dispersions in diretions h100i, h110i,and h111i for the Keating model are published in [11℄and are very umbersome. But beause the energy ofthree-partile interation is muh lower than the energyof two-partile interation, k' � kl, the best approx-imation of the alulated dispersion to experimentalones (Fig. 1) is ahieved if the ratio k' to kl is equalto 8 � 10�2. We note that as we alulate Raman spe-tra for optial phonons, the approximation of optialbranhes was implemented with higher auray thanfor aoustial branhes. The frequenies of TO andLO phonons at the enter of the Brillouin zone (!�)are known with higher auray than the frequeniesof phonons at others points of the Brillouin zone. Wetherefore assume that the frequeny of long-wave opti-al phonons must exatly math !�. The Taylor seriesexpansion for the phonon dispersion (using the param-eter k'=m!2�) rapidly onverges. In what follows, wetherefore use the approximate expression only with thelinear term in the parameter k'=m!2� = 3:8 � 10�2.79



V. A. Volodin, D. V. Marin, V. A. Sahkov et al. ÆÝÒÔ, òîì 145, âûï. 1, 2014For the h100i diretion, the frequenies of LO andTO phonons depend on the wavenumber q as!LO(q; 0; 0) = !� ���os �q4 ��� �1 + 8 k'm!2� sin2 �q4 � ;!TO(q; 0; 0) = !� �1 + 2 k'm!2� (os(�q)� 1)� : (5)For the h110i diretion, one of the TO phonons is ex-atly transverse, but two optial phonon branhes withlow symmetry are intermixed, and marked as O1 andO2. For the h110i diretion, the frequenies of optialphonons depend on the wavenumber q as!O1(q; q; 0) = !� �1 + k'm!2� �� 3 os(�q) + os(2�q) + os(3�q)� 5os(�q) + 3 � ;!O2(q; q; 0) = !� "12pos(�q) + 3� k'm!2� �� 4 sin(�q=2) [9 os(�q) + 7℄[os(�q) + 3℄3=2 # ;!TO(q; q; 0) = !� �1� 4 k'm!2� sin2 ��q2 �� :
(6)

For the h111i diretion, the frequenies of LO and TOphonons depend on the wavenumber q as!LO(q; q; q) = !�qp6 os(2�q) + 10 + 4�� "p24 + k'm!2�  7p23 � 9 os(2�q) + 476p3 os(2�q) + 5 !# ;!TO(q; q; q) = !� �1� 2 k'm!2� sin2(�q)� : (7)
In this approximation, the maximum relative errorin omparison with the exat solution for the Keatingmodel does not exeed 2.5%.To alulate the �rst-order Raman spetrum, weshould use expressions (5)�(7) in formula (2). Disper-sion in di�erent diretions should be used with its or-responding weight. There are six physially equivalenth100i diretions, and hene the weight of this disper-sion is six. Similarly, the weight of dispersion alongthe h111i and h110i diretions is respetively equal to8 and 12. Thus, all alulations were performed withthe phonon dispersion in the Keating model, takingthe phonon dispersion for the three main diretions ingermanium into aount.
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Fig. 2. Raman spetra: solid line is the experimentalspetrum for bulk germanium; dashed and dotted linesare the alulated spetra for Ge NCs with the respe-tive diameters 50 and 20 nm. The spetra are alu-lated using the PCM, phonon dispersion is alulatedusing the Keating model, and the angular dispersion ofTO and LO phonons is taken into aount3.2. Calulation results in omparison withexperimentFigure 2 shows the alulated Raman spetra ofNCs with the diameter 50 and 20 nm and the exper-imental Raman spetrum of the bulk germanium foromparison. All spetra were alulated within the im-proved PCM, formula (2) was used to alulate the Ra-man spetra, and formulas (5)�(7) were used to alu-late the phonon dispersion. The spetra have been nor-malized. The alulated and experimental spetra arein good agreement. Beause the position and width ofthe experimental spetrum of bulk germanium are loseto the position and width of the alulated spetrumof Ge NC with the diameter 20 nm, we an onludethat the phonon orrelation length (in other words, thesize of the phonon wave paket) in bulk germanium isabout 20 nm or a little shorter.Figure 3 shows the results of alulations of the Ra-man spetra of germanium NCs of di�erent diameters.It is seen that for the germanium NC with a diameterof 10 nm, the e�et of phonon on�nement is signi�-ant. The peak shifted and broadened relative to thepeak in bulk germanium (see Fig. 2). For sizes below10 nm, the NCs Raman spetrum beomes asymmetri.The spetrum of the germanium NC with a diameter80
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Fig. 3. Normalized alulated Raman spetra of Ge NCs with di�erent diameters (from 10 to 1 nm, as indiated by numbersnear the urves). The spetra are alulated using the improved PCM
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Fig. 4. Experimental (�gures) and alulated (lines) Raman spetra of Ge NCs with di�erent diameters: 7:5 nm (1, 1 0),5:0 nm (2, 2 0), and 4:0 nm (3, 3 0). The spetra were alulated using the improved PCM6 ÆÝÒÔ, âûï. 1 81



V. A. Volodin, D. V. Marin, V. A. Sahkov et al. ÆÝÒÔ, òîì 145, âûï. 1, 2014

1 3 5 7 9�12�10�8
�6�4
�20

Ge NC diameter, nm
Ramanshift,m
�1

Fig. 5. Shift of the position of the Raman peak foroptial phonons on�ned in Ge NCs of various sizesis shown relative to the position of the Raman peakfor bulk Ge. Cirles orrespond to the data alulatedin [23℄; the solid urve orresponds to our results ob-tained using the improved PCM (dispersion is alu-lated in the Keating model taking the angular phonondispersion into aount); rosses show the experimentaldataof 1 nm is di�erent from the Raman spetrum of amor-phous germanium, whih is haraterized by a broadband with a maximum at 275�280 m�1.Figure 4 shows the normalized alulated Ramanspetra and experimental Raman spetra of the sam-ples. The average sizes of Ge NCs for these sam-ples were determined from high-resolution transmissioneletron mirosopy (HRTEM) data [19℄. The operat-ing voltage was 200 kV, the Si substrate was ethed, andthe �lms were thinned by Ar+ ion milling [19℄. Theequipment of the �Nanostrutures� Center, SB RAS,was used. The experimental spetra from Ge NCswith the sizes 7.5 and 4 nm (aording to HRTEMdata [19℄) were obtained for samples grown with theuse of the �rst method at the respetive tempera-tures 580 and 500 ÆC. The experimental spetrum fromGe NCs 5 nm in size was obtained for the samplegrown with the use of the seond method (sampleGeOx(4 nm)/SiO2(4 nm), annealed at 600 ÆC). In spiteof the high-temperature annealing, the NC size was lim-ited by the thikness of GeOx layers. The position,
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Fig. 6. Width of the Raman peak for optial phononson�ned in Ge NCs of various sizes. The urve repre-sents the results of alulation; rosses show the exper-imental datashape, and width of the alulated and experimentalpeaks oinide well. Hene, the use of phonon angulardispersion alulated aording to the Keating modelallows desribing the experiment very aurately.Figures 5 and 6 summarize the results of alula-tions ompared with experimental results. Figure 5shows the di�erene between the position of Ramanpeaks of Ge NCs and bulk germanium. As men-tioned above, the average sizes of the Ge NCs weredetermined from HRTEM data [19℄. All samples weregrown using the �rst and seond methods, exludingthe sample with the smallest Ge NCs. This sample isa sub-stoiheometri germanium oxide ontaining GeNCs [15; 19℄. As an be seen, the results of alulationsin the improved PCM agree well with experimentaldata, but di�er from the simulation results presentedin [23℄. We note that the results of alulations in theimproved PCM are orret for a broad range of Ge NCssizes (from about 1.3 to 10 nm). However, if the heatingof the sample under the laser spot ours during mea-surements, then the Raman peak experienes a shift(due to the anharmoniity of phonons). If the systemontains mehanial stress, it also auses a shift of theRaman peak [17℄. Figure 6 shows the dependene of theRaman peak width on the size of the NCs, for a al-ulation with the improved PCM and for experimentaldata. Some di�erenes between the experimental dataand the alulations are visible. In partiular, the largewidth of the experimental spetra ompared with thealulated spetra may be due to the dispersion of thesize of the Ge NCs. If the anharmoniity e�et due toheating or mehanial stress is not relevant, the presentimproved model allows determining the average size ofthe Ge NCs from the analysis of the Raman spetra fora wide range of sizes.82
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