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Abstract

:

We demonstrate the versatility of magnetron sputter epitaxy by achieving high-quality GaN nanorods on different substrate/template combinations, specifically Si, SiC, TiN/Si, ZrB2/Si, ZrB2/SiC, Mo, and Ti. Growth temperature was optimized on Si, TiN/Si, and ZrB2/Si, resulting in increased nanorod aspect ratio with temperature. All nanorods exhibit high purity and quality, proved by the strong bandedge emission recorded with cathodoluminescence spectroscopy at room temperature as well as transmission electron microscopy. These substrates/templates are affordable compared to many conventional substrates, and the direct deposition onto them eliminates cumbersome post-processing steps in device fabrication. Thus, magnetron sputter epitaxy offers an attractive alternative for simple and affordable fabrication in optoelectronic device technology.
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1. Introduction


Gallium nitride (GaN) and related III-nitride semiconductor alloys represent the dominating technology in solid-state lighting (SSL) for fabrication of light-emitting diodes (LED), laser diodes (LD), and power devices [1,2,3,4]. These devices are usually fabricated on sapphire or silicon carbide (SiC) substrates. Regrettably, sapphire exhibits a large lattice mismatch (~16%) to GaN, resulting in GaN epitaxial films with a high density of dislocations. SiC, on the other hand, only has a ~3% lattice mismatch and exhibits a high thermal conductivity that simplifies device fabrication procedures but is associated with a high cost [5,6]. Alternatively, Si is an attractive substrate due to its ultra-high crystal quality, low cost, large wafer size (up to 18 inches) availability, and easy integration in integrated circuits industry. However, large mismatches in lattice and thermal expansion coefficients between Si and GaN lead to the formation of poor quality GaN film and generation of cracks, and the high reactivity of atomic nitrogen to Si tends to form an amorphous SiNx layer at the interface [7] that would impede local epitaxial GaN growth and result in growth inhomogeneity [8].



These problems can potentially be solved if nearly lattice-matched conductive layers are employed. For example, the hard, refractory and conductive transition metal diboride ZrB2 with an AlB2 type-structure (C32) exhibits a lattice mismatch of only 0.6% to GaN and possesses a low thermal expansion coefficient difference of 5.3% to GaN [9]. Another ceramic material with a similar property envelope as ZrB2 is the NaCl structured (B1) TiN, with a moderate lattice mismatch of 6% to GaN and with a work function matched to the Fermi level of n-GaN for forming a low-resistant ohmic contact [10]. An additional advantage for ZrB2 and TiN as electrodes in optoelectronic devices is that both ceramics exhibit low electrical resistivity with less than 10 μΩ–cm for ZrB2 [11] and 18 μΩ–cm for TiN [12] compared to medium doped Si that shows a resistivity in the range of 106 μΩ–cm. Other attractive templates/substrates are metals, such as Ti, Mo, and Cu, which present excellent properties as optical reflectivity, low electrical resistivity (in the range of a few μΩ–cm), and high thermal conductivity for the development of optoelectronic and electronic devices [13,14,15].



Another strategy to overcome the effects of lattice mismatch like threading dislocations formation and substrate-film strain is by growing low-dimensional structures like nanorods (NRs). The high crystal and optical quality of NRs make them qualified for building blocks in SSL. Many devices based on c-axis oriented GaN NRs have been successfully demonstrated recently [16,17,18].



There are many reports on one-dimensional GaN NRs obtained by methods such as chemical vapor deposition (CVD) [19,20,21] or molecular beam epitaxy (MBE) [22,23,24], but less on magnetron sputter epitaxy (MSE) [25,26,27,28]. MSE is the standard process for the deposition of a wide range of industrially relevant coatings, operating with a low-energy (~20 eV) ion assistance to minimize ion damage of the material, thus enabling fabrication of semiconductor materials for the optoelectronics.



Here, we demonstrate the versatility and capability of the MSE technique to produce high-quality GaN NRs on various template/substrate combinations. GaN NRs were grown directly on Si and SiC substrates, conductive templates of TiN and ZrB2 grown on Si, and metal substrates of Mo and Ti. The influence of growth temperature upon the resulting size and optical properties of the NRs was investigated. By applying a kinetic model, average diffusion length was calculated in correlation with growth temperature. It was observed that diffusion length increases with temperature, explaining the change in NRs’ morphology with temperature. Transmission electron microscopy (TEM) studies revealed the formation of a high number of stacking faults in the beginning of the growth for the NRs grown on ZrB2/Si. The NRs grown on TiN/Si, on the other hand, show exceptional crystalline quality, with no crystal defects present. Room-temperature cathodoluminescence (CL) measurements revealed strong bandedge emissions of all well-separated NRs. An observed decrease of peak intensity in yellow band to bandedge emissions with growth temperature is attributed to the improved crystal quality. In particular, NRs grown on TiN/Si template exhibit negligible yellow band emission. The exemplified MSE of GaN NRs on different substrates/templates paves way for drastically simplifying the production process for fabrication of optoelectronic devices.




2. Experimental Details


The growth of GaN NRs was performed by direct current (dc)-MSE in an ultrahigh vacuum (UHV) chamber with a base pressure of 1 × 10−8 Torr. The sputtering target consists of a liquid Ga (99.99999% pure). Details may be found elsewhere [28,29]. For the GaN NRs deposition, the only change in parameters was the deposition temperature which was tuned between 700 and 1000 °C in order to get NRs growth, depending on the underlying template/substrate. The working pressure was kept constant at 20 mTorr N2. TiN and ZrB2 layers were prior deposited on Si substrates also using MSE. An around 50-nm thick TiN film was deposited at 850 °C in a mixture gas of 4 mTorr Ar and 1 mTorr N2. The ZrB2 templates were deposited at 900 °C in a UHV chamber on 4H-SiC(0001) and Si(111) substrates, using sputtering from a ZrB2 compound target in pure Ar plasma held at 4 mTorr. The films were grown for 5 min to a thickness of ~400 nm. For further details of the deposition conditions for ZrB2, the reader is referred to [30,31].



Sample morphologies were characterized in cross-sectional and top-view scanning electron microscopy (SEM) with a Zeiss Leo 1550 field-emission gun SEM (Oberkochen, Germany). The SEM is equipped with a Gatan MonoCL4 spectroscope (Pleasanton, CA, United States) used for performing CL spectroscopy. The acceleration voltage of the electron beam was set as 10 kV. The emission from the samples was dispersed by a monochromator with a 150 lines/mm grating blazed at 500 nm and detected by a Peltier-cooled photomultiplier tube. 500 μm/500 µm entrance/exit slits were used for acquiring CL spectra.



The crystalline structures and epitaxial relationship were analyzed by θ/2θ scan and pole-figure X-ray diffraction (XRD) using a Philips 1820 Bragg-Brentano diffractometer and a Philips X’Pert Materials Research Diffractometer (Eindhoven, Nederlands), respectively.



Microstructural analyses were performed by high-resolution TEM, using the double-corrected Linköping FEI Titan3 60-300 (Hillsboro, OR, United States), operated at 300 kV. TEM samples were prepared by dispersing NRs on amorphous carbon films suspended on Cu-grids.




3. Results and Discussion


3.1. Growth of GaN NRs Directly onto Si Substrates


Figure 1 shows top- and cross-sectional view SEM images of GaN grown on Si substrate at 800, 900, 950, and 1000 °C for 2 h. As can be seen, the increase in temperature conducts to the formation of NRs with increasing aspect ratio (proportional relationship between NR width and height). At a growth temperature of 800 °C (Figure 1a), a columnar film with a thickness of approximately 300 nm is obtained. At higher temperatures, discrete NRs start to develop, initially with low aspect ratio and nearly coalesced, as can be observed in the 900 °C sample (Figure 1b). At 950 °C (Figure 1c), the NRs outline becomes better defined from the top view, with less coalescence taking place. This process is further enhanced at 1000 °C (Figure 1d), when well-separated NRs are formed even during the initial stages of growth. No exfoliation is visible for the film grown at 800 °C, and in all the samples, a clear interface with good adhesion of the NRs to the substrate is observed.



Figure 2 shows the temperature dependence upon the dimensional distribution (length vs. diameter) of the GaN NRs. The data was obtained from measurements done on the cross-sectional SEM images of the NRs. The sample grown at the lowest temperature, 900 °C, presents the widest diameter spread of more than 100 nm (with a range in between 75 and 175 nm). The length spread is also large—from 240 to 490 nm. The average diameter and length are 128 and 355 nm, respectively. At higher growth temperature, 950 °C, both dimensional distributions get narrower, but particularly the diameter, ranging from 70 to 115 nm, with an average of 95 nm. A small variation is also observed in length, from 450 to 650 nm, with a pronounced maximum at around 528 nm. This trend of decreasing diameters and narrower diameter spread gets more pronounced at higher temperatures. The samples obtained at 975 °C and 1000 °C exhibit similar characteristics: very narrow diameters, of less than 70 nm and a size distribution of around 35 nm. The diameter decrease is correlated with the increase in length so that the NRs measure around double in length when compared to the samples grown at temperatures lower than 950 °C, but also with larger variations.



From the fitted curve in Figure 2, it becomes apparently that the NRs grow with an approximately inverse relation in between length and width with growth temperature. This complies with the kinetic models of Johansson et al. [32,33], where there is a linear dependence of the NR length (L) on the inverse diameter (1/d):


L = C1 (1 + C2/d),



(1)




where C1 and C2 are sample specific constants. The value C1 is related to the thickness of a film (280 nm from our previous experiments). The value of C2 is related to diffusion-induced growth and is two times the diffusion length. By fitting this formula to the experimental data, we obtain the average diffusion length, which decreases with the decrease in growth temperature: 57 nm, 54 nm, 41 nm, and 18 nm respectively, for 1000 °C, 975 °C, 950 °C, and 900 °C, respectively. In the case of a film the diameter tends to infinity and the effective redistribution of average diffusion length is approached to 0 (negligible). The diffusion length increases with temperature and adatoms can consequently reach the peak of the NRs. The result is that vertical growth rate becomes larger than the axial growth rate, which favors NR formation. Consequently, the aspect ratio of the NRs increases with the increase of the diffusion length. Also, since we still obtain a high density of NR, the residence time of the adatoms at 1000 °C is large enough so that the majority of adatoms are incorporated in the growth and do not desorb.




3.2. Growth of GaN NRs on TiN and ZrB2 Conductive Layers


Figure 3 shows comparatively cross-sectional and top views SEM images of GaN NRs grown on (a) TiN/Si and (b) ZrB2/Si templates at different temperatures. As can be seen for the sample grown at 700 °C, NRs were formed on the TiN template but with high non-uniformity in terms of sizes and shapes. At 800 °C, well-separated NRs with small diameter in the range of 40 nm were obtained. The NRs grow perpendicular on the template and have a higher length homogeneity than the NRs grown at lower temperature. When increasing the growth temperature to 900 °C, well-separated and highly homogenous NRs with very narrow diameters of approximately 20 nm are obtained.



The corresponding growth on ZrB2 at 700 °C, resulted in a columnar thin film with column diameters of approximately 150 nm. At 800 °C, the growth results in separated NRs that are tilted with respect to template’s surface normal. There is also a tapering on the top of the rods, which have a smaller diameter at the base in comparison with the top. At 900 °C, no NRs were formed, resulting from the temperature being too high for growth on the template so that the process is dominated by desorption, similar to the TiN template at 950 °C (not shown).



Figure 4 displays the statistical dependence of the dimensional distribution (length and diameter) of the GaN NRs for various templates/substrates. The data was obtained by measuring the NRs visible in the high magnification cross-sectional SEM image. The samples grown in optimized conditions at 800 °C on ZrB2/Si and 900 °C on TiN/Si are presented in comparison with the GaN NRs grown at 1000 °C for one hour on bare Si.



As can be seen, the NRs grown on Si show the widest diameter distribution and smallest length. On ZrB2/Si, the NR diameter distribution range is getting narrower, of only 25 nm, with an average situated at around 45 nm. Correlated with the diameter reduction is the increase in length, the NRs exhibiting a uniform length, of around 550 nm. On TiN/Si, the NR diameter decreases even more, to an average of only 20 nm, confined in a range of only 15 nm. On the other hand, the length variation is larger in this case (of approximately 200 nm, with lengths comprised in between 500 and 700 nm), if compared with the previously discussed case, and the average length is also larger, of around 600 nm, due to the increase in aspect ratio correlated with the decreased diameter. Diameters and size distribution can be tailored by increasing temperatures on Si. On the other hand, if is necessary to achieve very narrow diameters and a better size uniformity, growth on a different material can be employed with better results, for example TiN/Si, in this case.




3.3. Growth of GaN NRs on Metal and SiC Templates/Substrates


Figure 5 shows GaN NRs grown on different templates/substrates. NRs grew on metallic Ti (Figure 5a) only on specific domains of certain orientations of the polycrystalline Ti. They grew tilted with respect to substrate’s surface normal and have an average diameter of approximately 100 nm. In a previous study [34], the growth of GaN NRs is reported on the whole surface of a polycrystalline Ti foil, unaffected by the differently oriented domains. A tilted growth is also observed in this case, and is attributed to the reaction between Ti and Ga, which conducts to the formation of a rough interface. The NRs are uniform both in height and diameter. On the Mo metallic substrate (Figure 5b), NRs do not grow as uniform as in the previous case. Although the tendency is to form NRs with a similar diameter as the previous sample, the sample is characterized by NRs with irregular shapes and sizes, which resulted from the pronounced coalescence. Previous reports of GaN NRs grown on Mo films attribute the tilted growth and coalescence to the rough metal surface underneath [13,14]. On SiC (Figure 5c) the resulting growth is comparable to growth on Si. The growth temperature is the same, 1000 °C, and have a similar aspect: straight NRs with narrow diameters of less than 70 nm. TiN/SiC templates were not used since the quality of the TiN layer would be affected by the larger lattice mismatch and different crystal structure of SiC in comparison to Si. On ZrB2/SiC (Figure 5d), the NRs were grown at the same temperature as on ZrB2/Si, 800 °C. The growth is similar to ZrB2/Si, where tilted NRs are obtained, but in this case, the diameters are almost double, with an average of 80 nm.



MSE is a versatile technique that can be employed for growing nanostructures, which can be used in different applications based on the substrate that they are grown onto. The NRs grown on metallic seed layers, like Ti and Mo, can be used as electrodes because of their excellent optical and electronic properties when integrated in optoelectronic devices. On the other hand, the serious problem of device performance degradation owing to the heat generated during operation can be solved by using SiC substrates. The use of a ZrB2/SiC template makes it possible to combine the excellent heat dissipation feature offered by the SiC with the high electrical conductivity of ZrB2.




3.4. Structural Characterizations


Semi-logarithmic plotted XRD θ/2θ scans of the GaN NRs grown on different template/substrates are shown in Figure 6. When depositing GaN NRs on bare Si (Figure 6a), except for the strong Si 111 and 222 peaks located at 28.6° and 58.8° and the GaN 0002 and 0004 peaks located at 34.6° and 72.9°, no other distinct peak is found over the long range. The diffractogram looks similar for the sample grown on TiN/Si templates (Figure 6b), except of the two new peaks associated with TiN 111 (36.7°) and TiN 222 (78°) that emerge. On the other hand, the diffraction pattern of the sample grown on ZrB2/Si is more complicated (Figure 6c). The ZrB2 film shows a preferential growth along c-axis, evidenced by the intense ZrB2 0001, 0002, and 0003 peaks, located at 25.3°, 51.8°, and 82°, respectively. Two weak peaks, located at 32.7° and 41.8° and corresponding to 10    1 ¯  0    and 10   1 ¯   1 reflections of ZrB2, respectively, can be observed, indicating minor inclusion of other oriented grains as reported in our previous study [30,31]. In addition, only GaN 0002 and 0004 reflections are present in the diffraction patterns, indicating that wurtzite GaN NRs were preferentially grown along 0001 direction in all three samples. The full-width at half-maximum (FWHM) of GaN 0002 reflections is similar in the 3 samples, of around 0.7° indicating similar crystal quality.



To further study the epitaxial relationship between GaN NRs and templates, XRD pole figure measurement was employed. Figure 7 displays the pole figures of (a, b) 10   1 ¯   1 GaN, (c) 220 TiN, (d) 10   1 ¯   1 ZrB2, and (e, f) 220 Si reflections. In Figure 7a,b, the six reflections located at psi (Ψ) ~ 62°, corresponding to the angle between 0001 and 10    1 ¯  1    planes, are attributed to the six-fold symmetry of hexagonal GaN showing that the NRs were grown epitaxial on the templates, with an epitaxial relationship GaN [0001]//Si [111] and GaN [11   2 ¯   0]//Si [1   1 ¯   0]. In the 220 TiN and 220 Si pole figures, three sharp reflections distributed with a 120° phi angle, ϕ, spacing presented at Ψ ~ 35° are shown in both pole figures, indicating an epitaxial growth of TiN layer on the Si substrate. The out-of-plane epitaxial relationship is GaN [0001]//TiN [111]//Si [111] and in-plane GaN [11   2 ¯   0]//TiN [1   1 ¯   0]//Si [1   1 ¯   0]. The intensity of the six reflections becomes more diffuse on the ZrB2/Si template on the other hand, see Figure 7b. The elongation along the ϕ angle is attributed to a broad in-plane misorientation, meaning that the NRs exhibits a small-angle twist with respect to each other. The elongation along Ψ angle is due to the tilted growth of the NRs in respect to template’s surface normal, as it can be observed also from the SEM images. The ZrB2 pole figure shown in Figure 7d displays 12 peaks located at Ψ ~ 50°, indicating that the ZrB2 layer was grown as two domains with a 30° in-plane orientation difference. The ZrB2 reflections are not as sharp as the reflections in the TiN pole figure, see Figure 7c, which may result in a poor epitaxial growth of GaN NRs. This is due to a reaction between the Si substrate and ZrB2 film resulting in an amorphous substrate-film interface which affects the quality of the ZrB2 film [30]. The out-of-plane epitaxial relationship is GaN [0001]//ZrB2 [0001]//Si [111] and GaN [11   2 ¯   0]//ZrB2 [11   2 ¯   0]//Si [1    1 ¯  0   ] for the preferential orientation and GaN [11   2 ¯   0]//ZrB2 [11   2 ¯   0]//Si [210] for the minority orientation. However, all the grown samples exhibit high crystalline quality according to XRD θ/2θ scans, which show sharp peaks with very narrow linewidths in all samples.



Figure 8 shows an overview TEM image of the free standing GaN NRs that were grown on the different substrates/templates at high temperatures. For NRs grown on Si (Figure 8a), except for a small number of stacking faults (SFs) that develop in the beginning of the growth in some of the NRs (the first 50–100 nm), no additional structural defects were observed. The NRs have an average length of 900 nm and diameters of 30–40 nm. NRs grown on TiN/Si (Figure 8b) resulted in small diameter NRs in the range of 10–15 nm, with an average length of 500 nm and possessing high crystal quality with no obvious structural defects, including SFs. On ZrB2/Si (Figure 8c), on the other hand, the NRs contain a high number of SFs that develop in the beginning of the growth and are present only in the bottom part of the NRs (the first 100–150 nm of the total of 600 nm NRs’ length) as it can be observed in the high-resolution TEM image presented in Figure 8d. Also, the NRs do not have a uniform diameter, a gradually increase with increasing NRs length being visible. The broadening of the NRs in this case can be related with the high number of SFs present. The surface stress induced by the crystal quality, where the ZrB2 film consists of epitaxial columns approximately 20 by 20 nm wide in the x-y direction and 400 nm in the z direction, [30] induces SF formation. With each occurrence of a twin boundary, a step is added in radial direction (Figure 8d). This mechanism is reported in the literatures in the case of III-V and III-nitride NRs grown by vapor-liquid-solid (VLS) method [35,36].




3.5. Optical Properties


The comparative CL spectra for the temperature series grown on Si is presented in Figure 9a. The spectra reveal that the GaN NRs grown on Si at 1000 °C exhibit the strongest bandedge emission, which is centered at around 362 nm. An additionally broad yellow band emission, centered at approximately 560 nm, can also be observed, which is thought to originate from the impurities incorporated during growth [24]. For lower growth temperatures, the NRs possess weak luminescence, which is dominated by the yellow band emission. The improvement of optical and electrical properties for higher growth temperatures was also observed in MOCVD grown NRs. In this case, the measurements on GaN NRs grown at different temperatures showed faster carrier relaxation through the states responsible for defect-related band for lower in comparison to higher growth temperature, attributed to more impurity sites present at lower growth temperature [37,38]. The emission spectra of the samples grown on different substrates/templates are presented in Figure 9b. The luminescence of the samples changes when growing on other templates. On ZrB2/Si, although the sample was grown at a lower temperature of 800 °C, the bandedge emission is still strong, but is comparable in relative intensity with the yellow band emission. On the other hand, the sample grown on TiN/Si at 900 °C has better quality, preserving the strong bandedge emission, but with a barely measurable yellow band. The good optical properties of the sample grown on TiN/Si can be correlated with improved crystal quality observed in the TEM analysis, which can be due to the very narrow diameter of the NRs, making it easier for both line and point defects to be depleted to the NR surfaces.





4. Conclusions


Initially, we report on a temperature series of GaN NRs grown on Si substrates. Lower temperatures result in continuous GaN thin films, while NRs with a low aspect ratio start to form at 900 °C. With increasing growth temperature (up to 1000 °C), the NR’s diameter is reduced and consequently attain higher aspect ratios. By curve-fitting the experimental results, a trend of decreasing diffusion length with increased temperature was observed in agreement with established models.



GaN NRs were also grown on two templates: TiN/Si and ZrB2/Si. TiN layer enables a larger temperature growth window (of more than 200 °C), NRs being obtained at growth temperatures from 700 to 900 °C, in comparison with ZrB2 (less than 100 °C), where NRs grow only at growth temperatures higher than 800 and lower than 900 °C. The aspect ratio of the NRs again increases with temperature on both templates, and a narrower diameter distribution is obtained with increasing growth temperatures. Epitaxial NRs were obtained on both templates, with a higher degree of preferred orientation on TiN. Also, due to the roughness of the ZrB2 layer, the NRs grow tilted, and a tapering effect can also be observed. The GaN NRs grown on ZrB2/Si present a high number of SFs, while the very narrow NRs obtained on TiN/Si show almost crystal perfection, with no structural defects observable by TEM. Our MSE-grown GaN NRs possess strong bandedge emission at high growth temperature on Si and almost no yellow band emission on TiN/Si.



This paper emphasizes the versatility of MSE by proving the growth of GaN NRs on a range of different templates and substrates, each offering alternatives for simpler and more affordable processing in device technology on an industrial scale.
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Figure 1. Top-(up) and cross-sectional (bottom) view SEM images of GaN NRs grown on Si at different temperatures: (a) 800 °C, (b) 900 °C, (c) 950 °C, and (d) 1000 °C. The same scale applies to all images. 
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Figure 2. GaN NR length versus diameter distribution as a function of temperature (2 h growth on Si). 
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Figure 3. SEM images of GaN NRs grown on (a) TiN/Si and (b) ZrB2/Si templates at different temperatures. The same scale applies to all images. 






Figure 3. SEM images of GaN NRs grown on (a) TiN/Si and (b) ZrB2/Si templates at different temperatures. The same scale applies to all images.



[image: Energies 10 01322 g003]







[image: Energies 10 01322 g004 550] 





Figure 4. Length versus diameter distribution of GaN NRs grown at optimized temperatures on different templates (1 h growth). 
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Figure 5. Tilted-view SEM images of GaN NRs grown on various template/substrates (a) polycrystalline Ti, (b) polycrystalline Mo, (c) SiC, and (d) ZrB2/SiC. The figures have the same scale. 
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Figure 6. θ/2θ scan XRD patterns of GaN NRs grown on various template/substrates (a) Si, (b) TiN/Si, and (c) ZrB2/Si. 
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Figure 7. Pole-figure XRD measurements of GaN NRs grown on TiN/Si and ZrB2/Si templates shown in (a, c, e) and (b, d, e), respectively. The corresponding pole figures in these two samples are (a) 10   1 ¯   1 GaN, (c) 220 TiN, and (e) 220 Si, as well as (b) 10   1 ¯   1 GaN, (d) 10   1 ¯   1 ZrB2, and (f) 220 Si, respectively. 
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Figure 8. TEM images of free-standing GaN NRs grown on: (a) Si at 1000 °C, (b) TiN/Si at 900 °C, and (c, d) ZrB2/Si at 850 °C substrates, respectively. 
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Figure 9. Room-temperature cathodoluminescence spectra of GaN NRs grown (a) at different temperature on Si and (b) on different templates. 
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