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Implementing transition metal nitride (TM-nitride) layers by epitaxy into group-III nitride semiconductor layer structures may solve substantial persisting problems for electronic and optoelectronic device configurations and subsequently enable new device classes in the favorable nitride semiconductor family. As a prominent example, the integration of the group-III-transition metal nitride AlScN enabled an improved performance of GaN based transistor structures due to stronger polarization fields as has been recently demonstrated. For other transition metal nitrides (TMNs) and their alloys with group-III nitrides a range of other interesting properties is expected to enable novel devices and applications. We investigated the compatibility of TM-nitride layers with the growth of GaN-based structures on silicon substrates. As we show TiN layers are compatible and particularly suited as highly conducting, metallic-like buffer layer enabling true vertical conduction without elaborate backside processing. Also, we demonstrate epitaxial growth of alloys based on ScN and AlN as well as of HfN layers on Si(111) substrates by reactive sputtering using high purity gases and targets. Particularly, we analyzed the crystal structure and the quality of Sc-rich AlxSc1-xN. For HfN layers, we find a unique impact on the growth polarity of MOVPE-grown GaN layers on Si(111) which changes to N-polar growth. This represents a simple and technologically scalable approach for N-polar GaN-based layers on Si substrates.
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INTRODUCTION
In the past decades group-III-nitrides have changed our daily live, as GaN based light emitting diodes (Nakamura et al., 1993) are nowadays the source of energy efficient light emission in general lighting but also in most display technologies. In addition, GaN electronics has become a serious competitor to Si but also to SiC in applications up to 1200 V as an energy efficient material (Abid et al., 2022). In particular, lateral high electron mobility transistors (HEMT) are often based on AlGaN/GaN heterostructures where an electron channel forms at the interface due to inherent polarization effects (Mohammad et al., 1995). AlInN/GaN heterostructures provide even higher channel conductivity (Dadgar et al., 2004) although devices thereof have not made it into market. Another material that recently came into focus is AlScN, which is ferroelectric in a wide composition range and can be integrated with GaN-based structures. For example, high power AlScN/GaN based HEMTs were demonstrated (Ligl et al., 2020; Krause et al., 2023). Still, this material has only been scarcely investigated as the epitaxial growth across the full compositional range is challenging. When grown by MOVPE, a columnar morphology and high surface roughness appear (Wolff et al., 2024; Streicher et al., 2024) in contrast to growth of AlGaN or AlInN layers, which yields contiguous, smooth films. It can be therefore expected that structural improvements over the whole composition range will lead to a better understanding of materials properties. To investigate these properties from the Sc-rich side we have prepared AlScN on ScN buffer layers. As ScN crystallizes in the rock-salt structure (Mihalic et al., 2023) one would expect a transition to the wurtzite crystal structure with increasing Al-content in AlScN. The transition itself as well as the resulting structural properties can be compared with the growth of AlScN with increasing Sc content on wurtzite AlN buffers.
Due to constraints set by heteroepitaxy of group-III nitrides on foreign substrates, most GaN-based devices are either lateral (HEMTs) or pseudo vertical devices (LEDs) (Nakamura et al., 1993; Mohammad et al., 1995). The use of expensive GaN substrates enables true vertical conduction (Kanechika et al., 2007; Chowdhury et al., 2013). GaN-on-Si technology allows for labor-intensive layer transfer technologies and backside-etching of Si substrates and Al-rich buffer layers (Hamdaoui et al., 2024a; Hamdaoui et al., 2024b). If a member of the TMN family could be applied as a metallic compliant interlayer, it could provide unprecedented electrical conductivity, which would allow to homogenize vertical current flow through epitaxial layer stacks grown on non-conductive buffer layers or substrates. Armitage et al. demonstrated in 2002 the usage of a HfN buffer for the growth of GaN (Armitage et al., 2002). HfN is a mechanically hard and thermally as well as chemically robust metal. TiN is also well known as hard surface coating on drilling tools but also known for metallic behavior. Therefore, TiN and HfN bear great potential as conducting buffer layer or interlayer in GaN layer structures. However, little is known about the preparation steps necessary for these TMN in order to facilitate their implementation into MOVPE processes for nitride devices. We first introduce general considerations regarding issues for the implementation of TMN in nitride epitaxy. A crucial point for epitaxy is the in-plane atomic distance of the rock-salt (111) and wurtzite (0001) planes. As seen in the map in Figure 1, best suited seems ScN which lies between GaN and AlN, but also ZrN, HfN, NbN and TaN show low a mismatch of <1–2%. Apart from these obviously low lattice mismatch compounds, the mismatch of TiN to AlN is not much larger than between AlN and GaN. As the metal nitrides all have larger thermal expansion coefficients compared to Si, in typical growth processes tension will build up in grown films which may lead to cracking (Dadgar et al., 2000) and wafer bow (Dadgar et al., 2013). Thus, layer stacks with increasing lattice parameter or atomic distance have to be considered to build up compression in the growing film. TiN is in principle interesting for overgrowth with high Al-content layers as a buffer layer provided that compressive growth of, e.g., AlN on top is successful. This motivates our choice of TiN among the TMN binaries. ScN, showing semiconducting behavior, and HfN, showing metallic behavior, are promising due to their particularly low lattice mismatch to AlN and GaN, respectively.
[image: Figure 1]FIGURE 1 | Map of potential transition metal nitrides and their in-plane atomic distance in comparison to AlN and GaN. ScN and HfN show lowest lattice mismatch to AlN and GaN while TiN and ZrN are also interesting for group-III-nitride growth on top. NbN as superconducting material is perfectly suited for low temperature applications but shows a high reactivity with oxygen. ScN is a semiconductor while TiN, HfN and ZrN show metallic properties.
EXPERIMENTAL
Growth of transition-metal-nitride layers was performed in a custom-built UHV sputtering system originally designed for group-III-nitride epitaxy with a heated and rotating 4 inch sample holder (up to 1000°C) and several 2 and 4 inch magnetrons being spherically placed at about 15 cm distance from the sample position. The base pressure of the system is 5 × 10−9 mbar. All targets were pure metallic targets with highest purity available ranging from 7N for Ga, via 6N for Al to 4N for Ti and 3N5 for Hf and Sc. As gases one can use getter purified Ar, H2, N2, and NH3. Sample growth was performed on (111) oriented p-Si substrates. Some of the HfN and TiN layers were overgrown by MOVPE in an AIX 200/4 RF-S system to investigate their compliance with group-III nitride epitaxy. In case of HfN, the MOVPE process comprised a first layer of ∼100 nm AlN followed by ∼400 nm GaN. MOVPE overgrowth of TiN started with an initial 2 nm thin AlN:Si layer followed by two thicker AlGaN:Si layers with increasing Ga-content and a final GaN layer doped with either Si or Ge to enable vertical electrical measurements. The usage of AlN is required to achieve a good seeding on the transition metal nitride buffer. Without this initial layer, no homogenous GaN layer could be grown yet. The AlGaN layers are helpful for strain engineering to avoid cracking of GaN (Dadgar et al., 2013). It has to be pointed out that all layers show c-plane orientation in growth direction but also low twist of grains around the surface normal which manifests in x-ray diffraction ω-full widths at half maximum (FWHM) comparable to or even better than for some of the best MOVPE-grown AlN layers on Si(111) (Dadgar et al., 2006).
ScN and AlScN
Commercially available precursors for MOVPE of ScN, namely, oxygen-free Sc-precursors, generally have a low vapor pressure. Thus, they require high precursor temperatures, heated gas lines and still yield low growth rates (<250 nm/h) of AlScN particularly for Sc-rich alloys (Streicher et al., 2024; Leone et al., 2019). As an alternative we developed a process by sputter epitaxy (SpE) that offers higher growth rates (typically 0.5–1 μm/h) thus enabling thicker layers and a high crystalline quality. For mapping the growth of AlScN over the full range, we consider the choice of AlN or ScN as buffer layer as important since the initial layer AlScN structure will be forced onto a rock-salt structure (for ScN) or a wurtzite structure (for AlN). A structural transition of the AlScN crystal lattice from rock-salt to wurtzite is expected in the range of [Al] = 40–60%. Here we present AlScN layers grown on ScN. Sputtering of ScN was optimized first to obtain a high crystalline quality, namely, low XRD ω-FWHMs for the out-of-plane and in-plane reflections, as well as a smooth surface quality. Growth temperatures of 800°C–900°C yield the best (111) XRD FWHM of around 2° for a layer thickness of 100 nm. Further optimization was achieved by introducing a metallic Sc layer on the Si surface with a nominal thickness of about two monolayers. This is similar to SpE as well as to MOVPE of AlN on Si where we also include a thin nucleation layer (Hörich et al., 2021). This reduced the XRD FWHM to about 1.3°. Further, the choice of the reactive gas (e.g., the nitrogen supply gas) is critical. Similar to our earlier observations for the case of AlN SpE (Dadgar et al., 2022) it is imperative to start sputtering of ScN on Si with nitrogen. After the growth of about 50 nm it is beneficial for obtaining smoother layer surfaces to use ammonia. Although evidence from a microscopic analysis has yet to be demonstrated, we assume that the high reactivity of ammonia with Si is leading to a fast nitridation at the early stage of growth. Surface nitridation of Si destroys the epitaxial relationship with the layer. Figure 2 shows the cross sectional scanning electron microscopy (SEM) image of a ScN layer followed by a nearly identically thick AlScN layer. As can be seen, ScN grown on Si shows a columnar structure (Figure 2A) which continues for the AlScN grown on top. For AlScN growth on ScN at various power levels applied to the Al-target we observe a power dependent shift of the Θ-2Θ AlScN(0002) diffraction peak (Figures 2B, C) which monitors the molar composition. At an Al-content of ∼45% the diffraction peak intensity significantly decreases indicating the beginning of unstable growth of AlScN on cubic ScN. This is also reflected by the AlScN(111) ω-FWHM (Figure 3) which starts at 1° for an Al-content close to 0% (20 W target power), reaches a minimum of 0.8° at an Al-content around 8% (50 W) and then slowly increases up to 1.2° for an Al-content of ∼41% (100 W). It then jumps to a much higher value of 1.85° at an Al-content of ∼45% (120 W) likely due to the beginning instability of the cubic and an increasing stability of the wurtzite phase. Here also the peak intensity decreases significantly and one can conclude that the highest Al-composition of stable cubic AlScN on ScN is between 41% and 45%.
[image: Figure 2]FIGURE 2 | (A) SEM cross section image of AlScN on ScN with approximately identical layer thicknesses. (B) XRD Θ-2Θ scans of the samples and (C) determined AlScN concentration up to an Al content of 45% for AlScN grown on ScN(111). At 45% a degradation of the diffraction signal can be observed.
[image: Figure 3]FIGURE 3 | Dependence of the AlScN ω-FWHM on the Al-content in AlScN, see also Figure 2C.
HfN
The suitability of HfN as a buffer for molecular beam epitaxy of GaN on Si was already demonstrated by Armitage et al. (2002). They demonstrate crack free GaN on nearly lattice matched magnetron sputtered HfN on Si(111) and Si(001) with a crack-free thickness of 1 and 1.2 µm, respectively. The crystalline quality was reasonably good with an XRD FWHM of ∼1140“. The rms roughness was 10 nm and thus much inferior to state-of-the-art GaN. Unfortunately, no surface image was shown as we have strong indications that HfN can switch the polarity of GaN to N-polar. With the Hf-precursor tetrakis(dimethylamido)hafnium, having a reasonable vapor pressure when used at precursor temperatures above 60°C in MOVPE systems, one can in principle grow HfN by MOVPE. On Si there is the problem that Hf in this precursor is directly bound to four N-atoms thus standard growth schemes, similar to the initial phase of growth in SpE with a nominally metallic deposition on Si is likely difficult to achieve. In addition, because of the lack of heated precursor lines, we have grown HfN by SpE as this method is cheaper, offers higher growth rates and, in particular, very good crystallographic properties are achieved with this method. The growth of HfN by SpE is similar to the growth of other metal nitrides. A nominally two monolayer thin, metallic nucleation layer is deposited followed by the growth of HfN with a N2/Ar mixture. Growth temperatures of 900°C improve the crystalline quality to values of 0.68° for the (111) HfN ω-FWHM (Figure 4A). As reported before (Sproul, 1984), increasing the amount of nitrogen leads to a slight color change from light gold to golden. We also grew HfN with NH3 to compare the reactivity of the nitrogen precursor. As described in reference (Perry et al., 1988) we also observe a color change, now from golden to transparent films with interference fringes. This indicates the formation of an energy gap. A change of the lattice structure from rocksalt HfN to the nitrogen-rich orthorhombic semiconductor Hf3N4 (Salamat et al., 2013) could explain this observation.
[image: Figure 4]FIGURE 4 | (A): Nomarski microscope image of ∼400 nm of GaN on AlN on SpE HfN. The surface structure is typical for N-polar GaN as confirmed by KOH etching (Weyher et al., 2003). (B): ω-scan of the GaN (0002) and HfN(111) reflections demonstrating the good crystalline quality. (C): Θ-2Θ scan of the sample.
Overgrowth of HfN with GaN was performed by MOVPE. The surface morphology observed (Figure 4B) is typical for nitrogen polar GaN as confirmed by KOH etching (Weyher et al., 2003). Although only 400 nm thick, large islands with flat surfaces and diameters up to ∼20 µm are visible. Being able to control the polarity of GaN on Si substrates in a simpler way as compared to excessive Mg-doping (Pezzagna et al., 2004) makes HfN a very interesting material for N-polar GaN based devices. For device structures an improvement of the surface morphology is required, however. By XRD measurements, in particular taking into account the low thickness of the MOVPE grown GaN layer, a good GaN quality is confirmed with FWHM values as low as 0.25° (900“) in ω-scans around the (0002) reflection (Figure 4A). Figure 4C displays corresponding Θ-2Θ scans where two diffraction peaks are observed along with a very small diffraction peak from AlN at larger angles (not shown).
TiN
As compared to ScN and HfN to GaN, TiN shows a relatively high lattice mismatch to AlN, but comparable to the one between AlN and GaN. In particular, its high chemical stability makes it suited to replace AlN in typical GaN device stacks, which include Al-rich strain engineering layers in the buffer. Such AlGaN layers, if the Al-content is chosen not too high, can be doped with Si or Ge, enabling good vertical conduction. The growth of TiN can be conducted by MOVPE or SpE. With TiCl4, a suited liquid high vapor pressure precursor for MOVPE of TiN is available. However, strong pre-reactions with ammonia can occur and, in our experiments, the quality of MOVPE TiN is still inferior to sputtered TiN. We measured FWHM values for ω-scans around the (111) reflection of 2.1° (MOVPE) and 0.13° (SpE) and around the (220) reflection of 1.5° (MOVPE) and 0.33° (SpE), respectively.
For SpE of TiN one has to pay attention to the high reactivity of Ti with many other elements. For instance, it makes Ti an often used getter material in UHV systems. Thus, an ultra-high vacuum chamber and high purity sources are required to avoid contaminations with, e.g., oxygen. As in the case of Sc and Hf a thin metallic Ti layer is first deposited before nitrogen is supplied. In regard of nitrogen supply a rather low flow rate or a few percent of N2 in Ar is beneficial to achieve low FWHMs. This is supported by the known high reactivity of Ti with nitrogen, which can even lead to self-ignition of Ti in pure nitrogen atmosphere at high temperatures. Also elevated temperatures, limited in our system to ∼950°C are beneficial for achieving low XRD FWHMs of the (111) reflection (Figure 5). The in-plane orientation, namely, the (220) reflection, is typically slightly broader. Upon optimization of the growth process which includes the thickness of the metallic Ti deposition, the nitrogen flow rate, the substrate temperature and the plasma power, it is possible to achieve XRD ω-FWHM values of 0.16° and 0.33° for the (111) and (220) reflections, respectively, for layers that are only about 60 nm thin. This is even superior to the best AlN on Si layers by MOVPE and SpE (Dadgar et al., 2006; Hörich et al., 2021).
[image: Figure 5]FIGURE 5 | Dependence of the TiN XRD ω-FWHM on substrate temperature during SpE.
With the quality achieved, much better than for HfN, a successful growth of GaN on top can be in principle expected. When testing GaN overgrowth on TiN by MOVPE the direct growth on top fails due to poor seeding, similar to GaN on sapphire growth. Since doping of GaN is imperative to achieve a good conductivity for vertical devices a process using a low-temperature GaN seed and the GaN overgrowth, similar to a standard GaN-on-sapphire process is not preferred. Doping by Si will reduce the lateral growth rate required in this process for defect reduction. In addition, strain engineering is mandatory for thick crack-free GaN due to the thermal expansion coefficient mismatch between Si and GaN. We have therefore chosen a layer structure starting with 2 nm AlN:Si followed by two AlGaN:Si layers with decreasing Al-content and a Si-concentration in the upper 1018 cm-3 range. After this GaN:Si was grown on top. In-situ reflectometry already indicates that this approach is successful in regard of compressive strain (Figure 6A) on GaN during epitaxy, but it also leads to surface roughening. As in MOVPE processes, Si doping at high concentrations is known to lead to surface roughening and in addition promotes the loss of compression (Fritze et al., 2012; Nenstiel et al., 2015). We therefore switched to Ge as n-type dopant which can be doped at much higher concentrations (Fritze et al., 2012; Nenstiel et al., 2015) (Figure 6B). The surface roughness is reduced but still requires optimization. In XRD Θ-2Θ scans (Figure 6C) four separate peaks from TiN, the two AlGaN layers and GaN are visible with no visible difference for Si or Ge doped GaN. The 800 nm thick GaN:Ge layer results in XRD ω-FWHM values of 0.16° (576“) and 0.3° (1080“) for the (0002) and (10 [image: image] 0) reflections, respectively. The most important parameter for vertical devices is vertical resistance. In a first attempt, we measured the current-voltage characteristics between a single In-dot contact applied on the GaN surface and an integral backside contact applied on the Si substrate (Figure 7). Here the lowest resistivity achieved is around 30 Ω but the characteristics represents a non-ohmic contact behavior of the In-dot. In part, the non-ohmic characteristics might be due to the usage of p-Si substrates, which are known to form rectifying contacts to TiN (Finetti et al., 1983). New experiments using better suited n-type Si substrates (Mäenpää et al., 1981) are already launched.
[image: Figure 6]FIGURE 6 | (A): Nomarski image of the sample surface. (B): in-situ measurement during AlGaN and GaN growth with the reflectivity change due to Fabry-Pérot interference and the curvature measurement demonstrating compressive growth of the GaN layer required for thick GaN device growth. (C): XRD Θ-2Θ scan of the whole structure showing the TiN(111) reflection and the (0002) reflections of the two AlGaN and the GaN layer.
[image: Figure 7]FIGURE 7 | I–V current-voltage measurements between the bottom p-Si substrate and an In-dot on the sample surface as well as between two In-dots on the surface for samples where GaN was doped with Si or Ge. When using n-Si substrates better values can be expected.
SUMMARY
In summary, we have investigated the growth of transition metal nitrides, namely, ScN, TiN, and HfN on Si substrates and the ternary compound AlScN on ScN on Si substrates by reactive magnetron sputter epitaxy. The epitaxial quality achieved for such layers is high although for AlScN on ScN still the pronounced columnar structure requires further improvement. In the case of TiN the crystalline quality is even better than the best AlN on Si layers, however still the morphology requires improvement to be better suited for group-III-nitride overgrowth. As potential application cases HfN has been demonstrated to switch the polarity of GaN grown on top and in the case of TiN we have shown the principle suitability for vertical devices on Si substrates.
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