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INFRARED PHOTOLUMINESCENCE FROM GeSi NANOCRYSTALSEMBEDDED IN A GERMANIUM�SILICATE MATRIXV. A. Volodin a;b*, M. P. Gambaryan a;, A. G. Cherkov a;b,V. I. Vdovin a;b, M. Sto�el d, H. Rinnert d, M. Vergnat daRzhanov Institute of Semiondutor Physis, Siberian Branh, Russian Aademy of Sienes630090, Novosibirsk, RussiabNovosibirsk State University630090, Novosibirsk, RussiaNovosibirsk State Tehnial University630073, Novosibirsk, RussiadUniversité de Lorraine, Institut Jean Lamour UMR CNRS 7198, B.P. 7023954506, Vand÷uvre-lès-Nany Cedex, FraneReeived April 24, 2015We investigate the strutural and optial properties of GeO/SiO2 multilayers obtained by evaporation of GeO2and SiO2 powders under ultrahigh vauum onditions on Si(001) substrates. Both Raman and infrared ab-sorption spetrosopy measurements indiate the formation of GeSi nanorystals after post-growth annealingat 800 ÆC. High-resolution transmission eletron mirosopy haraterizations show that the average size of thenanorystals is about 5 nm. For samples ontaining GeSi nanorystals, photoluminesene is observed at 14 Kin the spetral range 1500�1600 nm. The temperature dependene of the photoluminesene is studied.DOI: 10.7868/S00444510151201601. INTRODUCTIONSemiondutor nanorystals (NCs) embedded in di-eletri matries have gained onsiderable sienti� in-terest during the last deade. The investigations weremainly driven by potential appliations in novel na-noeletroni and/or optoeletroni devies. Nanorys-tals are haraterized by physial properties that aresigni�antly di�erent from those of the bulk ounter-part materials. For example, Si NCs embedded in aSiO2 matrix are known to emit light in the visible�near-infrared at room temperature [1; 2℄ while bulk Siis unable to emit light. The Si NC related photolumi-nesene (PL) is well explained by harge arrier on-�nement in the NCs. In most ases, the optial prop-erties of statistial ensembles of Si NCs were studied,leading to the observation of rather broad PL spetraexhibiting a full width at half maximum of a few hun-*E-mail: volodin�isp.ns.ru

dreds of meV even at low temperatures. It was shownin [3℄ that single Si NCs are haraterized by extremelynarrow emission lines at low temperatures, thus demon-strating that Si NCs an be regarded as real quantumdots. While Si NCs have been extensively studied dur-ing the last deade, muh less work was devoted to GeNCs [4�8℄. This is quite surprising beause Ge NCshave several advantages ompared to silion NCs. Ger-manium has a lower melting point and onsequentlylower rystallization temperature than silion. More-over, germanium has a larger exiton Bohr radius (5 nmfor Si and 24 nm for Ge). Finally, the band alignmentin Ge/GeO2 and Ge/GeSiO2 heterostrutures is in fa-vor of harge arrier injetion. This important featurean inrease the injetion e�ieny for optoeletronidevies based on the Ge/GeO2 system. Only a fewworks are onerned with GeSi NCs embedded in di-eletri matries [9; 10℄. The properties of GexSi(1�x)NCs are known to depend on the stoihiometry param-eter x and on the NC size. Di�erent tehniques havebeen used to elaborate GexSi(1�x) NCs inluding either1225



V. A. Volodin, M. P. Gambaryan, A. G. Cherkov et al. ÆÝÒÔ, òîì 148, âûï. 6 (12), 2015Ge and Si implantation in SiO2 �lms and subsequentannealing [11℄ or o-evaporation of Ge, Si, and SiO2 byradio-frequeny sputtering [9℄.2. EXPERIMENTALIn this paper, we investigate the strutural and op-tial properties of GeO/SiO2 multilayers obtained byalternating evaporations of GeO2 and SiO2 powdersin high vauum (10�8 Torr) onto Si(001) substratesheated to 100 ÆC. The deposition rate of 0.1 nm/swas ontrolled by a quartz mirobalane. The sam-ple ontaining 10 periods of GeO(4 nm)/SiO2(4 nm)was overed by a 100 nm thik SiO2 ap layer. Thesample was annealed at 800 ÆC in a quartz tube inhigh vauum (the heating rate was 10ÆC�min�1) du-ring 30 minutes, after whih the oven was removedand the �lms ooled down naturally. The stoihiom-etry of the layers was determined using infrared ab-sorption spetrosopy. A Fourier transform infrared(FTIR) spetrometer FT-801 with the spetral resolu-tion of 2 m�1 was used. Raman spetra were reordedin the bak-sattering geometry and the 514.5 nm Ar+laser line was used as the exitation soure. The opti-al properties of the as-deposited and annealed sampleswere investigated by photoluminesene spetrosopy.A laser diode emitting at 488 nm was used to exitethe luminesene. The PL spetra were measured us-ing a monohromator with a grating of 600 lines/mmand a liquid nitrogen ooled InGaAs detetor. All PLspetra were orreted from the response of the dete-tor. The temperature dependene of PL was studiedusing a ryostat, the stability of the temperature was�0:5 K. The proedures used for the growth and formeasuring the PL are desribed in more detail else-where [10; 12℄. The strutural properties of the sampleswere investigated by transmission eletron mirosopy(JEM-2200FS, 200 kV aelerating voltage) using thehigh-resolution eletron mirosopy (HRTEM) and theenergy dispersive spetrosopy (EDS) modes. Cross-setional speimens were onventionally prepared bymehanial polishing with the use of Leia EM TXP,followed by ion milling.3. RESULTS AND DISCUSSIONFigure 1 shows the IR absorption spetra of bothas-deposited and annealed samples. We note that theSi substrate was used as a referene when measuring IRtransmission spetra. The spetra are dominated by amain line at about 1070�1080 m�1, whih may be as-
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Fig. 1. IR absorption spetra of as-deposited and an-nealed GeO/SiO2 multilayers. Inset: View of the as-deposited multilayer strutureribed to the Si�O�Si strething mode in the SiO2 lay-ers [13℄. Another peak is observed at 805 m�1 for theas-deposited sample. It may be due to the Ge�O�Gestrething vibration mode [4; 14℄. In the ase of GeOx�lms, this peak is known to shift approximately linearlywith the stoihiometry parameter x [4; 15℄. A relationbetween the vibration frequeny ! and the stoihiom-etry parameter x was established in [15℄ in the form! (m�1) = 72:4x+ 743:In our ase, the experimental peak position forthe as-deposited sample is about 810 m�1. We antherefore onlude that the GeOx �lms deposited at100 ÆC have a stoihiometry lose to that of germa-nium monoxide. Finally, a weak peak is observed at940 m�1. It may orrespond to Ge�O�Si vibrations.After annealing at 800 ÆC for 30 min, the Ge�O�Ge-re-lated peak vanishes and the Ge�O�Si-related peakshifts to higher wavenumbers. This observation in-diates that both SiO2 and GeO layers have inter-mixed, leading to the formation of germanium siliateGeySi(1�y)O2.The ross-setional HRTEM image of the annealedsample is shown in Fig. 2. We an learly reognizethe formation of a layer of NCs surrounded by anamorphous matrix. The average NCs size is about5 nm. The NCs are also observed in the upper part ofthe struture, but their distribution is not ordered. Wethen perform a hemial mapping for Ge using EDS.The inset in Fig. 2 shows the ourrene of two brightbands indiating two di�erent loations for Ge atoms.1226



ÆÝÒÔ, òîì 148, âûï. 6 (12), 2015 Infrared photoluminesene from GeSi : : :The �rst band at the right orresponds exatly to thelayer ontaining the NCs. The seond band at the leftmay be due to Ge aumulation at the Si/SiO2 inter-fae. A similar observation was already made in Ge+implanted Si/SiO2/Si heterostrutures [16℄.Figure 3 shows the Raman spetra of both as-de-posited and annealed samples. Sine our samples aresemitransparent, the Raman signal originating from theSi substrate an be observed in the studied spetral re-gion. It is known that there are peuliarities in therange 300�420 m�1 of Raman spetra that are due totwo-aousti-phonon sattering in Si substrate [17℄. Tosuppress the bakground from the Si substrate, its Ra-man spetrum was subtrated from the Raman spet-ra of the samples. The Raman spetrum of the as-deposited sample does not show any peak originatingfrom Ge�Ge bond vibrations. Therefore, the as-depo-sited sample does not ontain Ge lusters. After an-nealing at 800 ÆC, we an see sharp peaks at 300 m�1originating from Ge�Ge vibrations and at 417 m�1due to Ge�Si vibrations. By omparing the relativeintensities of these peaks [10; 18℄ using the formulaIGeGe=IGeSi = Bx=2(1 � x), we an estimate the av-

erage omposition of Ge and Si in the NCs. It was ob-served in [18℄ that the parameter B (the ratio of Ramanross-setions for Ge�Ge and Ge�Si bonds) depends onstoihiometry. In our ase, B = 1:8 and from the ex-perimental spetrum, we have IGeGe=IGeSi = 1:5, andhene we an onlude that NCs have the average om-position Ge0:6Si0:4. For nonstressed (totally relaxed)Ge0:6Si0:4 solid alloys, the position of the Ge�Ge peakshould be 290 m�1 [18℄. It is known that due to anhar-moniity, the sti�ness of distorted bonds is altered andthe phonon frequenies hange their values. To alu-late the dependene of phonon frequenies on the straintensor, the knowledge of anharmoniity parameters isrequired. This problem was solved for rystals witha diamond-type lattie [19℄. With the anharmoniityparameters (in the high-symmetry ubi-lattie rys-tal introdued into the equations for the fore matrix,there are only three suh parameters, to be referred tobelow as p, q, and r), the phonon frequenies at theenter of the Brillouin zone an be obtained from theso-alled seular equation. The determinant of the re-sulting matrix [19; 20℄ should be equal to zero:������� p"xx + q("yy + "zz)� � 2r"xy 2r"xz2r"xy p"yy + q("xx + "zz)� � 2r"yz2r"xz 2r"yz p"zz + q("xx + "yy)� � ������� = 0: (1)Here, "�� are the omponents of the strain tensor, � == 
2 � !20 , 
 is the phonon frequeny in the strainedrystal, and !0 is the phonon frequeny in the strain-free rystal. The di�erene between 
 and !0 (�
)being small, the phonon frequeny shift �
 an be ex-pressed as �
 = �=2!0. In the ase of a hydrostatistrained rystal ("xx = "yy = "zz = "HS) withouttwisting and shifting ("xy = "yz = "xz = 0), Eq. (1)an be solved: 2"q + "p� � = 0: (2)For the frequeny shift of the phonon modes with re-spet to the unstrained rystal, we then obtain�
HS � !02 �2 q!20 + p!20� "HS : (3)For Ge, the parameters are p=!20 = �1:47, q=!20 == �1:93, and !0 = 301:3 m�1 [19℄. Hene, for hyd-rostati stressed Ge we have �
HS = �803". Theanharmoniity parameters for Si and Ge are similar,and therefore, if we assume that these parameters arethe same for GeSi solid alloys as for Ge, from theexperimental shift of the Ge�Ge peak (10 m�1) we

�nd the strain "HS = �0:0125, or the ompressivestrain 1.25%.The inner struture of the NCs is a problem for fu-ture investigations, and we an also assume that the GeNCs have a Ge-rih ore and a GeSi shell. Beause theposition of Raman peaks depends not only on the sizeof NCs but also on the stoihiometry [21℄, we annotestimate the size, as it was done in [22℄.Figure 4 shows low-temperature PL spetra of theannealed sample. The as-deposited sample does notshow any PL in the IR region, and the orrespondingspetrum is not shown. We an see a broad peak with amaximum at 1555 nm (� 800 meV) and a narrow peakwith a maximum at 1613 nm (769 meV). The natureof the narrow line is not lear; presumably, it an bedue to GeSi/GeySi1�yO2 interfae states. This topirequires further researh. The broad PL band is quitesimilar to the well-known PL from Ge/Si quantum wellor QD strutures [23; 24℄. The PL intensity inreasesslightly when the temperature inreases from 14 K to30 K. When the temperature further inreases from30 K to 80 K, the PL intensity dereases and eventuallyquenhing ours at temperatures higher than 80 K.1227
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50 nm

5 nmFig. 2. HRTEM ross-setional image of annealedGeO/SiO2 multilayers. Inset: EDS map obtained forthe Ge signalIt is known [25℄ that bulk Ge0:6Si0:4 solid alloyshave the energy gap 0.95 eV (1300 nm). The om-pressive strain leads only to enlargement of the energygap [25℄, and the quantum-size e�et also leads to aninrease in the energy gap [6�9℄. Therefore, the ob-served peaks (1555 and 1613 nm) an be related todefet-onneted optial transitions or to optial tran-sition in Ge�GeSi heterostrutures (like ore�shell), aswe show in Fig. 5. If we suppose the ore�shell stru-ture, the o�set of band gaps of Ge and GeSi leads to thepossibility of optial transitions with the energy lowerthan the GeSi band gap (arrow Rad in Fig. 5). Thetemperature dependene of this transition an have anArrhenius-like dependene due to the small barrier onthe interfae for holes loalized in the Ge ore. Thisbarrier an be aused, for example, by Coulomb in-teration with the harge image on the interfae. Assupposed above, the narrow peak at 1613 nm an berelated to the optial transition between an eletron inthe GeSi shell and interfae states on the GeSi/GeSiO2interfae (arrow Rad? in Fig. 5). We note that the sur-rounding GeSiO2 matrix is amorphous, and thereforehas numerous defet states deep in the band gap andUrbah tailes in the density of states. We an supposethat there are possibilities for tunneling of eletronsand holes loalized in NCs and their nonradiative re-ombination (arrows NR in Fig. 5). It is known thatthe tunneling probability an depend on temperature,
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Fig. 3. Raman spetra of as-deposited and annealedGeO/SiO2 multilayersbeause the distane between tunneling-oupled entersdepends on the amplitude of vibrations [26�28℄.The evolution of the PL intensity as a funtion oftemperature is shown as an inset in Fig. 4. The in-tensity is plotted in a logarithmi sale. One the ex-itons are photogenerated, there is a ompetition be-tween radiative proesses and nonradiative relaxationof the photoexited harge arriers [26; 27℄. The PLintensity an be written asI(T ) = I01 + e�1rad(T )enr(T ) ; (4)where erad and enr are the radiative and nonradiativereombination rates, and I0 depends on the onentra-tion of radiative enters, the exitation photon �ux, andthe transition oe�ient of the emitted photon fromthe �lm to air. We an assume that the dependeneof the radiative reombination rate on temperature fol-lows the Arrhenius law [26; 27℄, i. e., erad(T ) / e�Ta=T(where Ta is the ativation energy expressed in Kelvin).Sine the experimentally measured PL intensity is1228
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Fig. 4. Photoluminesene spetra of annealed GeOx/SiO2 multilayers. Inset: Experimental and alulated temperaturedependenies of the PL intensityrather low, the ratio of enr to erad is muh greaterthan unity. Equation (4) an therefore be simpli�ed toI(T ) = I0erad(T )e�1nr (T ): (5)Finally, we an assume that the temperature depen-dene of the nonradiative reombination rate is de�nedas enr(T ) / eT=TB , where TB is the Berthelot tempera-ture [27�32℄. This equation has been suessfully usedto desribe the evolution of the PL intensity originatingfrom amorphous Ge quantum dots [33℄. Equation (5)then beomesI(T ) = I0 exp�� TTB � TaT � : (6)All parameters I0, Ta, and TB were obtained by �t-ting the experimental data (see the inset in Fig. 4). Thebest �t was obtained with Ta = 20 K and TB = 26 K.We note that there is no orrespondene between thealulated and experimental data if the nonradiativereombination rate also follows an Arrhenius-like law.The experimental and alulated data are similar tothe PL temperature dependene observed for pure-SiNCs embedded in SiO2 [28℄. This fat seems to indi-ate that the broad PL band an be related to radiativereombinations ourring in GeSi NCs. This is furthersupported by the following argument. We have growna sample onsisting of 100 nm GeO followed by 100 nmof SiO2. This struture, whih was annealed in the
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