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Thermally Stimulated Evolution of Optical and Structural Properties of Germanium-Doped Alumina Films

Ge-doped Al 2 O 3 films were deposited on long, non-rotated quarts substrate by magnetron co-sputtering of Ge and Al 2 O 3 space-apart targets. This approach allowed to vary Ge content along the film length in the range 5-85 at.%. Simultaneous annealing treatment of such long samples permitted to investigate the evolution of optical and structural properties of the films with different Ge content. It was observed that all as-deposited films and those annealed at T A =550 °C during 50 min in nitrogen atmosphere were amorphous whatever Ge content. The formation of Ge nanocrystals was observed after treatment at T A =600 °C during 1-15 min. The higher Ge content, the shorter annealing time was required to form Ge nanocrystals. This annealing stimulated also an appearance of photoluminescence in visible-near infrared spectral range. Three specific bands centered at about 580-600 nm, 620-630 nm and 700-730 nm were detected. Their relative contribution was depended on Ge content determining the shape and peak position of luminescence spectrum. Two former components were ascribed to the carrier recombination via the defects in Ge oxide shell covered Ge nanocrystals, whereas the latter one was assumed to originate from carrier recombination in amorphous Ge clusters or via defects at Ge-cluster/Al 2 O 3 interface. This statement was supported by the heat treatment of the films at T A =700-800 °C caused significant decrease of Ge content due to Ge out-diffusion from film volume via formation of volatile GeO.

10.

Introduction

In recent decades, significant attention of research groups has been focused on silicon or germanium nanostructured materials. Since the first report on nanostructured Si-based materials (1,2), optical and structural properties of free standing silicon nanocrystallites (Si-ncs) or those embedded in dielectric hosts were widely studied (3)(4)(5)(6)(7)(8)(9)(10). A lot of efforts were concentrated on the development of different technological approaches for fabrication of Si-ncs, monitoring their size distribution and surface chemistry. An optical gain and electroluminescent emission were achieved offering the perspective to create all-in-one-chip Si-based optoelectronic devices. Significant knowledge on the light emission processes of Si nanostructured materials was obtained. The mechanisms of Sincs formation in different hosts were proposed.

It is interesting that size-dependent optical properties of germanium nanocrystals (Ge-ncs) were reported by Hayashi et al. much earlier than those of Si-ncs (11). Although the Ge-ncs were also studied by different research groups (see, for instance, [12][13][14][15][16][17][18][19][20][21][22], the corresponding publications were not so numerous unlike those on the Si-ncs embedded in different hosts. Recently, the attention of the researchers has been particularly renewed towards the Ge-ncs since they are environmentally friendlier alternatives to classical compound semiconductor nanocrystals being nontoxic, biocompatible, electrochemically stable and compatible with current microelectronics. The investigation of either freestanding Ge-ncs or those embedded in dielectric hosts was reported (23)(24)(25)(26)(27)(28).

As compared to silicon, germanium is especially appealing due to the larger dielectric constant, higher electron and hole mobility, smaller effective masses of electrons and holes. A narrower bulk band gap (0.66 eV for Ge against 1.1 eV for Si) and a larger absorption coefficient offered a possibility for tuning of light emission in wider spectra range. Bohr exciton radius of germanium, r B Ge =24.3 nm, is significantly larger than that of silicon (r B Si =4.5 nm) (12). This means that Ge-ncs will impart stronger, more easily identified quantum confinement effects than Si-ncs with the same sizes. Moreover, quantum confinement effects will emerge for larger Ge-ncs than that for Si-ncs (25). Due to this property, the Ge-ncs are considered to be ideal nodes for memory devices (17,21,23,26). Being crystallized at lower temperature and offering a negative conduction band offset with respect to the Si substrate, the Ge-ncs provide a larger memory window than devices based on Si-ncs with improved retention time (16,21).

The Ge-ncs embedded in SiO 2 host were mainly studied. However, Al 2 O 3 is an interesting material not only for microelectronic application, but also for optical communication due to its relatively higher refractive index (1.73 at 1.95 eV) in comparison with that of SiO 2 (1.46 at 1.95 eV) offering better light confinement. Although Al 2 O 3 waveguides doped with Si or Ge and rare-earth ions were developed for optical communications (28,31), such materials are still less addressed. The present paper reports the fabrication of Ge-doped Al 2 O 3 films with different Ge content by magnetron co-sputtering and the effect of post-deposition processing on the structural and optical properties of these materials.

Experimental details

Ge-rich Al 2 O 3 films were deposited on long non-rotated quarts substrates by radiofrequency magnetron sputtering of two spatially separated targets, pure Ge and pure Al 2 O 3 . The diameter of each target was 2 inches. The length of quartz substrate was 15 cm. The distance between the targets and the substrate was 13 cm. The sputtering was performed in an argon atmosphere at a pressure of 1.1 Pa for 250 minutes. The power densities applied to Al 2 O 3 and Ge targets were 0.98 and 0.49 W/cm 2 , respectively. The substrate temperature was 15 °C. Using this deposition approach, the films with variation of Ge content along the film length were obtained. Besides, pure Ge and pure Al 2 O 3 films were also produced by the sputtering of corresponding target only at the same conditions. More details about this approach can be found in (27). To form Ge-ncs, the heat treatment of the films was performed in conventional horizontal furnace at T A =500-800 °C during 1-50 min in nitrogen atmosphere.

Optical and structural properties of the films were studied by spectroscopic ellipsometry, Raman scattering, X-ray diffraction (XRD) and photoluminescence (PL) methods. Spectroscopic ellipsometry measurement was performed by means of a Jobin-Yvon ellipsometer (UVISEL, HORIBA Ltd., Kyoto, Japan), where the incident light was scanned in the range of 1.5 to 4.5 eV under an incident angle of 66.3°. The fitting of the experimental data was performed using DeltaPsi2 software (HORIBA Ltd., Kyoto, Japan). The refractive indexes are reported being taken at 1.95 eV. Raman scattering and photoluminescence spectra were recorded with a double grating monochromator equipped with CCD camera. Solid-state laser with the 532-nm wavelength was used as excitation source. The power density of this excitation light was chosen to prevent any heating of the films during spectrum recording. XRD data were collected in a 2θ range of 20°-80° with Cu K α radiation (0.1514 nm) of a Philips X'PERT HPD Pro device. An asymmetric grazing geometry (ω~0.5°) was chosen to increase the volume of material interacting with the X-ray beam. The data were compared with standard cards of Powder Diffraction File Database (#4-0545 for cubic Ge). All measurements were performed at room temperature. The combination of these non-destructive methods allows information about microstructural and optical properties of the films to be obtained.

Results and discussion

Spectroscopic ellipsometry

Being a fast, sensitive, and non-destructive method, spectroscopic ellipsometry is used for the determination of the thickness of thin film and its optical parameters (such as refractive index, n, and absorption coefficient, α). The fitting of experimental data obtained for Ge-Al 2 O 3 films as well as pure Ge and pure Al 2 O 3 counterparts was performed using the approach described in (4,7). For pure Ge and pure Al 2 O 3 films the refractive indexes (taken at 1.95 eV) were estimated as n Ge =4.21±0.01 and n Al2O3 =1.75±0.01, respectively. The fitting of the spectra of Ge x (Al 2 O 3 ) 1-x film deposited on long substrate revealed the variation of the refractive index (taken at 1.95 eV) from n=1.81±0.01 (Al 2 O 3 -rich side) up to n=3.85±0.01 (Ge-rich side) along the film length. The thickness of the films was varied from 450±5 nm (Al 2 O 3 -rich side) up 1300±10 nm (Ge-rich side). This thickness variation was caused by the higher sputtering yield of Ge target in comparison with that of Al 2 O 3 one.

Earlier, we have shown that for composite Si-rich Al 2 O 3 and Si-rich HfO 2 thin films grown by magnetron sputtering, the use of the effective medium approximation permits to determine the relationship between the refractive index n and film stoichiometry x (4,7,30,31). The same procedure was applied in present study for Ge-rich Al 2 O 3 films. Since the experimental spectra were featureless, this allowed assuming that the films are amorphous and can be considered as an effective medium which dielectric constant is determined by the relative contribution of Ge and Al 2 O 3 components as
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where ε eff is the dielectric permittivity of composite material, ε Ge and ε Al2O3 are the dielectric permittivity of Ge and Al 2 O 3 , respectively, and x is the fraction of the Ge component. Thus, our Ge-rich films can be considered as Ge x (Al 2 O 3 ) 

Raman scattering spectra

As-deposited Ge x (Al 2 O 3 ) 1-x films were found to be amorphous. For the films with x>0.6, the peak position of Ge TO phonon was found at ω TO ≈270-274 cm -1 (Fig. 1,a). This spectral position is similar to that observed in amorphous germanium. When Ge content decreases to x=0.1, the broadening of Raman scattering spectrum and shift of the ω TO down to 268 cm -1 were observed. This shift is the evidence that the structure of the films was unrelaxed. This can be caused by the presence of point defects as well as by the tensile stress appeared due to mismatching between the lattice parameters of Ge (a=0.566 nm) and Al 2 O 3 (a=0.792 nm for cubic; a=0.475 nm, c=1.299 nm for hexagonal alumina (32)). It should be noted that Raman scattering spectra for the films with x<0.1 were not recorded due to high transparency of the films. Significant contribution of amorphous Ge phase in the films with x≥0.2 (Fig. 1,a) testifies to the formation of Ge amorphous inclusions during deposition process similar to the effect reported for Si-rich Al 2 O 3 films (4,7,10,27). The heat treatment of the films at T A =500 °C did not affect film structure. Whatever annealing time, all these films kept amorphous nature. The T A rise up to 550°C led to the increase of the intensity of Raman signal and its narrowing accompanied by the shift of peak position towards higher wavenumbers (ω TO ≈272-275 cm -1 ) that is the evidence of the stress relaxation. This transformation of Raman spectra was more pronounced for the films with x<0.6 (Fig. 1,b). The longer annealing time enhanced this effect. It should be noted that these annealed films became more transparent that can be caused by the formation of Ge clusters as well as appearance of GeO 2 due to phase separation process. It is worth to point out that the formation of volatile GeO can be ruled out for this annealing temperature.

Annealing of the films at T A =600 °C resulted in further narrowing of Raman signal and its shift towards ω TO ≈275 cm -1 for x<0.6 (Fig. 1,c). However, this final peak position showed that whatever annealing time, the Ge inclusions are rather amorphous than nanocrystalline. This result demonstrates that in the contrast to the ability of aluminum to enhance Ge crystallization (33), in our films with x<0.6 and annealed at T A =600 °C amorphous Ge phase is stable. This result was similar to those reported in (34) for Ge-Al 2 O 3 /Al 2 O 3 superlattices. At the same time the shift of peak position to higher wavenumbers than that of amorphous Ge is the evidence of full relaxation of tensile stresses and, even, an appearance of compressive ones that can be caused by the transformation of Al 2 O 3 as well as by underlying quarts substrate.

In the films with x>0.6, the Raman peak showed its narrowing and shift towards ω TO ≈295 cm -1 (Fig. 1,c) that is the evidence of the crystallization of Ge clusters. It should be noted that the higher Ge content, the more pronounced Ge crystallization takes place and the shorter time is required for Ge-ncs formation. Further increase of T A up to 700-800 °C caused not only Ge-ncs formation, but also the decrease of Raman signal intensity (not shown here). This phenomenon was explained by the Ge out-diffusion from the films via formation of volatile GeO. The results described above were supported by XRD data.

XRD data

Figure 2,a shows the XRD patterns of as-deposited films with different Ge content. All films demonstrate abroad scattering peak indicating its amorphous nature. Similar XRD patterns were recorded for the films with x<0.5 annealed at T A =550 and 600 °C (Fig. 2,b) At the same time, for the films with x>0.5, the appearance of the features at 2θ=27.23° and 50.0° as well as their enhancement after film annealing at 600 °C was observed testifying to the formation of Ge inclusions via phase separation. This result is in agreement with Raman scattering data. As one can see from Fig. 2, the higher Ge content, the shorter time is required for the formation of Ge crystallites.

Three peaks marked as (111), ( 220) and (311) in Fig. 2b,c are the signature of Gencs formation that are randomly oriented. However, corresponding peak positions are observed at 2θ=27.23, 45.36 and 53.70° for x=0.58 (Fig. 2,b) and 2θ=27.32, 45.49 and 53.80° for x=0.85 (Fig. 2,c) being shifted in comparison with those reported for Ge standard (2θ=27.28, 45.30 and 53.68°). This indicates in the presence of residual compressive stress in the films with x=0.85. This finding is in agreement with the data that obtained from Raman scattering method (Fig. 1,c). The estimation of coherent domain sizes, d, using Scherrer formula revealed that in the films with x=0.58 annealed at T A =600 °C during 15 min d=3.8-4.0 nm. At the same time, for the film with x=0.85 annealed at T A =600 °C during 1 min d=4.9-5.0 nm. Longer annealing time (5 min) resulted in the d increase up to 8.0-8.2 nm. The analysis of the intensities of XRD peaks showed that the Ge-ncs in these films may have elongated shape with large size in (111) direction.

The comparison of XRD and Raman scattering data revealed the discrepancy between Ge-ncs sizes and corresponding Raman peak positions. This is an additional confirmation of the presence of residual stress in Ge-doped Al 2 O 3 films that brings some difficulty in the estimation of Ge-ncs sizes from Raman scattering spectra. Similar effects have been reported for Ge-doped HfO 2 and Si-doped Al 2 O 3 films by different groups (7,8,18,27). To determine real sizes of Si or Ge crystallites embedded in these hosts, the investigation of such films with transmission electron microscopy was performed. These studies for our Ge-doped Al 2 O 3 films are in progress.

Photoluminescence

Photoluminescence (PL) study of as-deposited films revealed a weak PL emission only for the samples with low Ge content (x<0.2). It is peak position was observed at 560-570 nm and this band was found to be similar to the PL band reported in (4,7,35) for the F 2+ centers in Al 2 O 3 host. The heat treatment at T A =500-550 °C did not changed the PL spectra of the films (whatever annealing time and Ge content). Further T A increase up to 600 °C caused an appearance of three PL bands peaked at 580-600 nm, 620-630 nm and 700-730 nm (Fig. 3). Thus, it is clear that several recombination channels contribute to PL emission. The shape and the intensity of PL spectrum are determined by their relative contribution.

Usually, for the films with embedded Si or Ge nanocrystals, the shift of PL peak position with variation of nanocrystal sizes is expected because of quantum confinement effect. Thus, the increase of nanocrystal sizes has to result in the shift of PL peak position towards longer wavelengths (1)(2)(3)(4)7,18). The increase of Ge content from x=0.05 up to x=0.30 caused the non-monotonic variation of the intensity of the PL component at 700-730 nm and its quenching with further x rise (Fig. 3,a). The intensities of other two PL bands changed also nonmonotonically with Ge content whereas for the samples with x>0.3 only these bands were detected being significantly overlapped (Fig. 3,b). Similar PL emission centered at about 600 nm was reported in (36) for large Ge-ncs. It was shown that this PL band is due to Ge oxide shell covered Ge-ncs. Thus, one can assume that in our films with x≥0.58, the PL emission at 580-620 nm (Fig. 3b) is due to Ge oxide shell covered Ge-ncs. This statement can be supported by the fact that the variation of the Ge-ncs sizes from 3.8 nm (x=0.58) up to 8.2 nm (x=0.85) results in the variation of PL intensity only without any significant shift of PL peak position (Fig. 3,b). The higher PL intensity for x=0.58 can be caused by the larger amount of corresponding emitting centers located in Ge oxide shell.

The PL band centered around 700-730 nm was found to be similar to PL emission reported for Ge-ncs embedded in Al 2 O 3 host in (18). In that work, this PL band was ascribed to exciton recombination in Ge-ncs with the sizes d=6.6-7.1 nm. However, simple confinement model did not consider that the carriers confined in the nanocrystals are under a finite potential (18). At the same time, the band at 700-730 nm (1.69-1.77 eV) is significantly shifted in comparison with Ge bandgap (0.66 eV). This fact was explained by the dependence of confinement potential on surrounding matrix caused by the conduction and valence band offsets between the Ge-ncs and Al 2 O 3 matrix. Besides, the modification of Ge-ncs bandgap induced by the polarization interface charge was also taken into account since it may also play an important role due to the difference in dielectric constant of the host matrix and the Ge nanocrystals.

As it was shown by XRD and Raman scattering study described above, our samples did not demonstrate the formation of Ge-ncs in the films with x<0.3. In this regard, one can assume that the PL band at 700-730 nm can be caused by the recombination of carriers in amorphous Ge clusters being affected by surrounded Al 2 O 3 host. At the same time, this PL band can originate also from the defects located in the vicinity of Ge-cluster/Al 2 O 3 interface. Since PL band centered at 700-730 nm was not observed in pure Al 2 O 3 films, one can assume that the defect responsible for such emission is constructed from Ge, Al and O atoms. Based on the obtained results one can concluded that the complex nature of PL spectrum is determined by the contribution of different recombination channels. However, additional study of PL emission in infrared spectral range as well as temperature behavior of PL spectrum can help to discriminate the contribution of carrier recombination via the Ge-ncs and different defects in light emission process. These experiments are in progress.

Conclusions

The evolution of optical and structural properties of Ge-doped Al 2 O 3 films with different Ge content was investigated. As-deposited films and those annealed at T A =550 °C were found to be amorphous whatever Ge content. The formation of Ge nanocrystals was observed after treatment at T A =600 °C during 1-15 min. The higher Ge content, the shorter annealing time was required to form Ge nanocrystals. This annealing stimulated also an appearance of photoluminescence in visible-near infrared spectral range. Three PL bands peaked at about 590-600 nm, 620-630 nm and 700-730 nm were detected. Their relative contribution was depended on Ge content determining the shape and peak position of luminescence spectrum. Two former components were ascribed to the carrier recombination via Ge oxide shell covered Ge-ncs. The band peaked at 700-730 nm was assumed to originate from carrier recombination in amorphous Ge clusters or via defects at Ge-cluster/Al 2 O 3 interface. The approach for the rough express estimation of the Ge excess content in the films based on the application of the spectroscopic ellipsometry technique was proposed.
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 1 Figure 1. Raman scattering spectra of as-deposited samples (a) and those annealed at T A =550 °C for 50 min (b) and 600 °C for 15 min (c). The Ge content is mentioned in the figures. The spectra are vertically shifted for clarity. The vertical dashed lines show the peak position of Raman signal for amorphous (a-Ge) and bulk (c-Ge) germanium.

Figure 2 .

 2 Figure 2. XRD patterns as-deposited (a) and annealed (b,c) films. Annealing parameters and Ge content in the films are mentioned in the figures. The patterns are vertically shifted for clarity.

Figure 3 .

 3 Figure 3. PL spectra of the films with different Ge content annealed at 600 °C for 15 min in nitrogen atmosphere. The Ge content is mentioned in the figures. Curves 4 in both figures correspond to the same sample. Excitation wavelength is 532 nm.

  1-x medium. Taking into account the n values obtained by the fitting of experimental ellipsometry spectra, the x values of Ge x (Al 2 O 3 ) 1-x films were found to vary from x=0.05 (at Al 2 O 3 -rich side) up to x=0.85 (at Ge-rich side). It should be noted that the films with х>0.7 can be considered rather as a Ge film enriched with Al 2 O 3 , than Al 2 O 3 host doped with Ge.
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