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 2012 April 25Anomalous temperature dependence of photoluminescence in GeOx�lms and GeOx/SiO2 nano-heterostructuresD.V.Marin, V.A.Volodin1), H.Rinnert+, M.Vergnat+Rzhanov Institute of Semiconductor Physics SB RAS, 630090 Novosibirsk, RussiaNovosibirsk State University, 630090 Novosibirsk, Russia+Institut Jean Lamour UMR CNRS 7198 { Nancy Universit�e { UPV Metz, Facult�e des Sciences et TechnologiesB.P. 70239, 54506 Vandoeuvre-l�es-Nancy Cedex, FranceSubmitted 15 March 2012The optical properties of GeOx �lm and GeOx/SiO2 multilayer heterostructures (with thickness of GeOxlayers down to 1 nm) were studied with the use of Raman scattering and IR spectroscopy, ellipsometry andphotoluminescence spectroscopy including temperature dependence of photoluminescence. The observed pho-toluminescence is related to defect (dangling bonds) in GeOx and interface defects for the case of GeOx/SiO2multilayer heterostructures. From analysis of temperature dependence of PL intensity, it was found that rateof nonradiative transitions in GeOx �lm has Berthelot type, but anomalous deviations from Berthelot typetemperature dependence were observed in temperature dependences of PL intensities for GeOx/SiO2 multilayerheterostructures.Optical properties of silicon and germanium sub-oxide �lms with or without embedded semiconductornanocrystals has been studied last time because of thepotential applications in nanoelectronics and optoelec-tronics. Photoluminescence of Si suboxide �lms is quitewell studied [1{4], but similar Ge suboxide �lms arepoorly studied. Optical properties of Ge suboxide �lmscontaining Ge nanocrystals were studied experimentally[5{8]. It is known, that defects play important role inphotoluminescence of dielectrics. Di�erent groups haveinvestigated point defects in germanium dioxide [9] andgermanium suboxide [10]. Photoluminescence intensityof dielectric �lms is de�ned by the competition betweena radiative process and nonradiative relaxation of pho-toexcitations [11]. Rate of both processes has it's owntemperature dependence and studies of temperature de-pendence of photoluminescence intensity can give infor-mation about thermal activation energy of processes andso on. The purpose of this study is to elucidate thetemperature dependence of rates of radiative and nonra-diative processes in defect induced photoluminescence ofGeOx �lms and GeOx/SiO2 multilayer heterostructures.GeOx �lms and GeOx/SiO2 multilayer heterostruc-tures were prepared by evaporation of GeO2 powderor alternate evaporation of GeO2 and SiO2 powders inan ultrahigh-vacuum chamber from an electron beamgun onto (100) oriented silicon substrates maintained at100 �C. The base pressure was 10�8Torr. The pressureduring the evaporation increases until 3 � 10�6Torr due1)e-mail: volodin@isp.nsc.ru

to the partial decomposition of GeO2. The depositionrate of 0.1 nm/s was controlled by a quartz microbal-ance. In fact, under electron bombardment of GeO2,its partial decomposition onto Ge, O2, and GeO takesplace. The last two components are more volatile, but,unlike O2, GeO is easily deposits onto cool substrate.So, the deposited germanium oxide is sub- stoichiomet-ric, namely GeOx, where x is close to 1 [7]. In the work[7] was shown, that silicon oxide layers have composi-tion SiO2. The set of samples was deposited. Relativelythick (100 nm) layer of GeOx was covered by SiO2 caplayer with thickness 100nm. Two multilayer structurescontaining 10 periods of GeOx(4 nm)/SiO2(4 nm) andGeOx(1 nm)/SiO2(4 nm) were also covered by SiO2 caplayer with thickness 100nm. So, in the �rst case totalthickness of GeOx was 40nm, in the second case it was10nm.The obtained �lms were studied with the use of pho-toluminescence spectroscopy, Raman scattering spec-troscopy, IR-spectroscopy techniques. The Raman spec-tra were registered in quasi back-scattering geome-try, the 514.5 nm Ar+ laser lines was used. Ramanspectrometer T64000 (Horiba Jobin Yvon) with micro-Raman setup and the liquid nitrogen cooled CCD ma-trix detector were used. The spectral resolution wasnot worse than 1.5 cm�1. All Raman spectra were mea-sured at room temperature. To avoid heating of the�lms, the laser beam was slightly defocused; the spotdiameter was about 4{6�m; the laser power reachingthe sample was within the 1{2mW range. To study thestoichiometry of GeOx �lms, the Fourier Transformed472 �¨±¼¬  ¢ ���� ²®¬ 95 ¢»¯. 7 { 8 2012



Anomalous temperature dependence of photoluminescence : : : 473Infrared Spectroscopy (FTIR) was applied. The FTIRspectrometer FT-801 was used. The spectral range ofthe spectrometer is from 550 to 5500 cm�1. The spectralresolution was 4 cm�1. Ellipsometry was applied to de-tect the thickness and optical constant of the �lms. Laser(He{Ne, � = 632:8 nm) scanning and spectral ellipsome-ters were used. The range of spectral ellipsometer waswithin 250 to 900nm, xenon lamp was used as a lightsource, and the spectral resolution was 2 nm. The pho-toluminescence spectra were registered at room and lowtemperatures using a line of mercury lamp (312.6nm)for pumping. All photoluminescence spectra were nor-malized taking into account the spectral characteristicsof the spectrometer and detector (CCD matrix). Forstudy of temperature dependence of photoluminescencestandard Linkam thermo-cell was used.It is known that Raman signal from amorphous Geis a broad peak with maximum at 270{280cm�1. TheRaman signal from crystalline Ge is narrower peak withposition depending on nanocrystal sizes. The con�ne-ment e�ect shifts the position of Raman peak to lowfrequencies from bulk-Ge Raman peak position (about301 cm�1). The nanocrystal sizes can be estimated fromposition of Raman peaks [5]. The Raman spectra ofthe �lms and mono-crystalline Si substrate are shown inFig. 1. One can see no Raman peak due to scattering byvibration of Ge-Ge bonds. All peculiarities that one cansee in Raman spectra are due to two-acoustic phononscattering in Si substrate. Peak at 305 cm�1 is due to2-TA scattering, peak at 420{430cm�1 is due to TA-LAscattering [12]. In two-phonon scattering process quasi-impulse of phonons can be change in broad range, so,due to acoustic phonon dispersion, there is broad pecu-liarity from two-phonon Raman scattering from Si sub-strate (from 225 to 450 cm�1). From Raman spectra onecan conclude, that GeOx �lms are not de-compositedand do not contain Ge clusters at least in quantity thatcan be detected by Raman spectroscopy technique.Fig. 2 presents the IR absorption spectrum of GeOx�lm in range from 700 to 1250 cm�1. The observed peakat 815 cm�1 is assigned to Ge-O-Ge stretching vibra-tion mode. It is known, that in GeOx �lms this peaksapproximately linearly shift depending on stoichiometryparameter x [7, 13]. In article of Jishiashvili and Kutelia[14] there is formulae connecting vibration frequency !(in reversed centimeters) and the stoichiometry parame-ter x: ! = 72:4x+ 743: (1)In our case, the experimental peak position is about815 cm�1, so, one can assume, that deposited at lowtemperature GeOx �lms are close to germanium monox-

Fig. 1. Raman spectra of the �lms: 1 { 100 nm GeOx �lm;2 { multilayer �lm GeOx(4 nm)/SiO2(4 nm); 3 { multilayer�lm GeOx(1 nm)/SiO2(4 nm); 4 { Si substrateide. According to position of peak due to absorption bySi-O-Si stretching vibration mode (1072 cm�1), the sto-ichiometry of silicon oxide �lm is close to silicon diox-ide [15].Ellipsometry was applied to detect the thickness andoptical constants of the GeOx layer. For this case,the multi-angle measurements were carried out for thedi�erent angles of incidence (45, 50, 55, 60, 65, and70�), the sets of experimental ellipsometic parameters(	 and � angles) were obtained. Then, a special com-puter approximation was carried out. The ellipsometicparameters for the model of many-layers (native SiO2oxide/GeOx/SiO2) on the mono-crystalline Si substratewere approximated using the experimental ellipsometicdata. The optical constants for mono-crystalline Si weretaken from the work of Aspens and Studna [16], spectraldependence of refractive index for SiO2 was taken fromwork [17]. The spectral dependences of refractive andabsorption indexes for GeOx �lm are shown in Fig. 3.According to ellipsometry data, the thickness of GeOx�lm is 115nm, what is in good agreements with data es-7 �¨±¼¬  ¢ ���� ²®¬ 95 ¢»¯. 7 { 8 2012
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Fig. 2. IR transmission spectrum of the 100 nm GeOx �lmtimated from deposition rate (100nm). Comparing therefraction index of the GeOx �lm with refractive indexof GeO2 �lm [18], one can conclude that our �lm is sub-stoichiometric, and close to germanium monoxide, as itwas already obtained from analysis of IR spectroscopydata.The PL spectra in visible and near-IR diapason ofthe studied samples are shown in Fig. 4. One can seebroad peak with the maximum at 680nm from rela-tively thick (100nm) GeOx �lm. The broad PL bandat 800nm was observed earlier from GeOx �lms [10].Ardyanian et al. have interpreted origin of this bandto optical transitions conditioned by with O-de�ciency-related defects or oxygen dangling bonds [10]. Someshift of this band in our case can be caused by alittle di�erence in GeOx stoichiometry of the studied�lm, compared with the �lms studied earlier [10]. Itis known, that optical gap of sub-stoichiometric oxidesstrongly depends on stoichiometry. One can see that PLpeaks from GeOx/SiO2 multilayer structures are blue-shifted. Note that in spite of 4 time di�erence in to-tal thickness of GeOx in GeOx(4 nm)/SiO2(4 nm) andGeOx(1 nm)/SiO2(4 nm) samples, the PL intensities donot di�er much. One can assume that, in the case of

Fig. 3. Optical constants of the 115 nm GeOx �lm. The�lm was covered by SiO2 (100 nm) cap layerthin GeOx layers, the PL is mainly originated by opticaltransitions conditioned by interface O-de�ciency-relateddefects or oxygen dangling bonds. The PL intensities forall case were relatively low, so, we assume that rate ofnonradiative recombination is much higher than rate ofradiative recombination. To elucidate the role of radia-tive and nonradiative processes in defect induced PL ofGeOx �lms and GeOx/SiO2 multilayer heterostructures,temperature dependence of PL was studied.The results of temperature dependence of PL inten-sities are shown in Fig. 5. The intensity is presentedin logarithmic scale. The PL intensity from excitedelectron-hole pairs (excitons) is de�ned by the compe-tition between a thermally dependend radiative processand nonradiative relaxation of photoexcitations [11]:I(T ) = I01 + e�1rad(T )enr(T ) ; (2)here, erad and enr are the radiative and nonradiative re-combination rates, and I0 do not depend on tempera-ture, and depend on concentration of radiative centers,the excitation photon 
ux and transition coe�cient ofthe emitted photon from the �lm to air. We have as-sumed that in our temperature range the dependence ofradiative recombination rate on temperature is negligi-�¨±¼¬  ¢ ���� ²®¬ 95 ¢»¯. 7 { 8 2012
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Fig. 4. PL spectra at 83K: 1 { 100 nm GeOx �lm; 2 { mul-tilayer �lm GeOx(4 nm)/SiO2(4 nm); 3 { multilayer �lmGeOx(1 nm)/SiO2(4 nm)ble. According to our estimation, the quantum e�ciencyof PL is low, so the nonradiative recombination rateis high, and one can neglect unity in the denominatorin (2). If we approximate the temperature dependenceof the nonradiative recombination rate using Arrhenius-like activation dependence enr(T ) / exp(�Ea=kT ), noagreement with experimental and calculated dependen-cies was observed. So, we used the modi�ed tempera-ture dependence of the nonradiative recombination rateusing Berthelot type function enr(T ) / expT=TB, whereTB is Berthelot temperature [19, 20]. The modi�cationwas assumption of the possibility of changing the degreeof T=TB. So, the approximation formula is:I(T ) = I0 exp[�(T=TB)� ]: (3)In Fig. 5 one can see, that calculated temperaturedependencies are in good correlation with experimen-tal ones. According to approximation of calculated dataBerthelot temperature (TB) is 36K for GeOx �lm, and9K for GeOx/SiO2 multilayer heterostructures. Theproposed parameter � is close to 1 for GeOx �lm (as

Fig. 5. Temperature dependence of PL intensities, �g-ures are experimental data, lines are approximations.Circles { 100 nm GeOx �lm; squares { multilayer�lm GeOx(1 nm)/SiO2(4 nm); triangles { multilayer �lmGeOx(4 nm)/SiO2(4 nm)it should be in Hurd theory [20]), but for GeOx/SiO2multilayer heterostructures it is close to 0.4.The Berthelot temperature dependence can appearnot only in experimental dependencies of PL inten-sity [11, 21{24], but also in experimental dependen-cies of conductivity of materials with low conductiv-ity [20, 25]. If there is possibility of electron tunnelingbetween two point states (centers), the probability fortunneling should depend on temperature. Wave func-tion of an electron localized near one of the centers, (r) / exp(�r=a), where a is parameter of localiza-tion. Hurd have calculated [20], that if these centersvibrate with frequency !, then at relatively high temper-ature (kT � h!) the standard deviation of them fromequilibrium is proportional to the temperature. In adi-abatic (or Born{Oppenheimer) approximation the timeof tunneling much lower than period of vibrations, prob-ability for tunneling is highest when both centers areclosest to one another position. The closest distancebetween them depends on the standard deviation, con-sequently, the probability for tunneling depends on tem-�¨±¼¬  ¢ ���� ²®¬ 95 ¢»¯. 7 { 8 2012 7�



476 D.V.Marin, V.A.Volodin, H.Rinnert, M.Vergnatperature as exp(T=TB). So, if one assume that elec-tron is tunneling to center of nonradiative recombina-tion, the rate of nonradiative recombination should beproportional to exp(T=TB), and if one can neglect unityin the denominator in (2) and also neglect the tempera-ture dependence of radiative recombination rate, temper-ature dependence of PL will be approximated by (2) with� = 1. If one estimate localization parameter a using ap-proaches of Hurd [20] and Calcott [11], this parameterin our case is close to 1.5 nm for GeOx �lm. The depen-dence of Berthelot temperature on vibration frequency! is inverse quadratic dependence [20], so, it is quitereasonable that Berthelot temperature for GeOx/SiO2multilayer heterostructures is lower than that for GeOx�lm. Frequency of Ge-O-Ge bonds vibration in GeOx is815 cm�1 (see Fig. 2). As it was assumed above, the PLfrom GeOx/SiO2 multilayer heterostructures is interfacedefect induced. The vibration frequency of Ge-O-Si orSi-O-Si bonds is higher than that of Ge-O-Ge bonds. De-crease of the parameter � for GeOx/SiO2 multilayer het-erostructures is not yet fully clear. It can be connectedwith that Hurd theory taken into account \isotropic" vi-brations, but the interface GeOx/SiO2 has anisotropy.One can assume that tunneling take place mainly alongthe interface, but atomic displacement due to vibrationshave both directions { along and normal to the interface.It can be a subject for further analysis.The optical properties of GeOx �lm and GeOx/SiO2multilayer heterostructures were studied, the defect in-duced PL was observed. In the case of GeOx/SiO2 mul-tilayer heterostructures we suppose that it is interface re-lated defect induced PL. From temperature dependenceof PL intensity, it was found that rate of nonradiativetransitions in GeOx �lm has Berthelot type. Accordingto estimation, localization parameter for wave functionis about 1.5 nm for GeOx �lm. Some anomalous devia-tions from Berthelot type temperature dependence wereobserved in temperature dependences of PL intensitiesfor GeOx/SiO2 multilayer heterostructures.V.A.V. is grateful to Nancy-Universite for visitgrant.1. T. Shimizu-Iwayama, S. Nakao, and K. Saitoh, Appl.Phys. Lett. 65, 1814 (1994).
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