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Abstract 

We have grown GaN films on AlN/SiC templates for the fabrication of high electron mobility 

transistors (HEMTs) with thin GaN channel. GaN films with a step-terrace structure and 

smooth surface were obtained with a thickness of ~200 nm. The AlGaN/GaN (~400 nm) 

heterostructures were fabricated in a total growth time of 20 min without deposition of a thick 

and doped buffer layer. The interface quality was good enough for two-dimensional electron 

gas (2DEG) to exhibit Shubnikov-de Haas oscillation in the magnetic field at 1.8 K. The best 

mobility and sheet carrier density at room temperature were 2,100 cm2/Vs and 8.7×1012 cm−2, 

respectively. From C–V measurements, the carrier was pinch-off and no carriers were 

generated at the interface between the GaN and AlN layers. The GaN HEMTs with thin 
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channels on the AlN/SiC templates exhibited comparable properties to those on thick and 

highly resistive GaN buffer layers on SiC substrates. In view of both the shorter epitaxial-

growth time and higher thermal conduction, the AlN/SiC templates were suitable for the 

fabrication of GaN HEMTs. 
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Group III-nitride semiconductor based electron devices are promising for high-power 

and high-frequency applications due to their superior electrical properties such as high 

electric field breakdown and high saturation electron velocity. AlGaN/GaN high electron 

mobility transistors (HEMTs) can also be used in high-frequency power amplifiers for long-

distance and high-output power communication applications.1 

Conventional GaN HEMTs are prepared on Si or SiC substrates. To reduce the large 

mismatch in both the lattice constant and thermal expansion coefficient, AlxGa1-xN/GaN 

multilayers are deposited before depositing the GaN channel on Si substrate.2 Epitaxial film 

growth is continuously carried out to obtain a thick GaN buffer layer with higher resistivity 

and lower dislocation density. A semi-insulating GaN buffer is necessary for GaN HEMTs 

because it reduces parallel conduction and ensures good channel pinch-off. To suppress the 

leakage in the GaN buffer layer, the residual carriers are often compensated by doping 

impurities of carbon3,4 or iron.5,6 The thickness of the GaN HEMT on SiC substrate is 

limited by the growth time to eliminate the influence of doping memory in a reactor.7 Since 

the heat dispersion is suppressed due to the thicker GaN buffer, the advantage of the higher 

thermal conductivity of SiC is diminished. Also, electrons trapped at the deep level defects 

caused by Fe, C, and intrinsic impurities can be injected into the AlGaN surface at a high 

operating voltage, which is the widely accepted model for explaining the current collapse.8 

Regarding the cost of film growth, the thermal resistance, and the current collapse issue, it is 

important to obtain thin, high-quality GaN channel layers on SiC substrates without any 

compensation techniques. 

We previously fabricated GaN films by direct growth on an AlN template/sapphire 
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substrate by using metalorganic chemical vapor deposition (MOCVD).9 Compared to GaN 

film grown on c-sapphire substrate, GaN film grown directly on an AlN template forms a 

smoother surface and better crystalline quality with a thinner thickness. Also, the 

AlGaN/InGaN/GaN heterostructure on the AlN template was good enough to exhibit 

Shubnikov-de Haas (SdH) oscillations from the two-dimensional electron gas (2DEG) of the 

InGaN channel at the interface of AlGaN/InGaN.10 The AlN layer has high resistivity and 

excellent thermal conductivity. If a thin GaN channel for electron transport can be directly 

grown on the AlN template/SiC substrate, it could potentially achieve short growth time, high 

heat dispersion, and lower impurities (suppression of current collapse) in the HEMT on SiC 

substrate. 

In the present study, we developed a method for growing GaN films on an AlN 

template/SiC substrate, and investigated the behavior of the film growth to obtain a thin GaN 

channel layer suitable for HEMTs. The properties of the AlGaN/GaN heterostructure on the 

AlN template were evaluated with respect to the transport of electron in 2DEG in a magnetic 

field. GaN HEMTs were fabricated on the AlN templates and exhibited device properties 

comparable to those of conventional HEMTs despite the thin GaN channel. 

 

We used AlN templates with a thickness of 0.3 m grown by hydride vapor phase 

epitaxy on 6H-SiC substrate (SCIOCS Co., Ltd.). The lattice constants of a- and c- were 

0.3118 and 0.4974 nm, respectively. The tensile strain was applied to the AlN/SiC template, 

and compared to that on c-sapphire (a: 0.3099 nm, c: 0,4990 nm). The full width at half 

maximum (FWHM) of the (0002) and (10 1
_

2) rocking curve evaluated by X-ray 
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diffraction (XRD) was 160 and 310 arcsec, respectively. The surface of the AlN template 

had a rough appearance, as shown in Fig. 1(a), and the root mean square (RMS) estimated 

by atomic force microscopy (AFM) was 3.7 nm. GaN films were grown on the AlN 

template/SiC by metalorganic chemical vapor deposition (MOCVD) under atmospheric 

pressure after depositing the AlN layer on the template at the same temperature as that for 

GaN growth. GaN film was grown for various durations from 1 to 30 min at a growth rate of 

2.4 m/h to investigate the growth behavior on the AlN template. The FWHM of the rocking 

curve of 0002) and (101
_

2) was evaluated by XRD. 

AlGaN layers with various Al content and thickness were fabricated under 200 Torr 

after growing the GaN film with ~0.4 μm of thickness to form AlGaN/GaN heterostructure. 

The surface was capped with a GaN layer of several nanometers in thickness. The sheet 

carrier density and mobility were evaluated by Hall measurement (Hall System HL5500, Bio-

Rad Laboratories Inc.). The C–V property of the device was measured using a Keysight 

B1500A semiconductor analyzer. The sample area was isolated with 6×6 mm2 by scribing 

the sample surface, and the van der Pauw method was used. Magneto-transport experiments 

in magnetic fields were performed for the AlGaN/GaN heterostructures at the temperature of 

reduced-pressure helium to study the transport of 2DEG at the hetero interface. The ohmic 

contacts in the HEMT devices were formed by depositing conventional Ti/Al/Ni/Au metal 

stacks followed by rapid thermal annealing at 800 °C in an N2 atmosphere. Gate metal 

deposition was done with a Ni/Au Schottky gate (Lg = 20 μm). The DC characteristics of the 

device were measured using an Agilent 4284A LCR analyzer and a Keithley 2636A 

SourceMeter. 
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Considering the rough surface morphology of the AlN template (Fig. 1(a)), similar to 

that of AlN/sapphire,9 we attempted to grow GaN film directly on the AlN/SiC templates. 

However, we did not obtain GaN film with a smooth surface. Although it was realized by the 

low-temperature buffer layer on the AlN/SiC template, the value of 0002) was larger than 

300 arcsec. When an AlN layer was deposited on the AlN/SiC template at the same 

temperature as for GaN growth (990 °C), the AlN islands coalesced, exhibiting a smoother 

surface than that of the AlN template, as shown in Fig. 1(b). The thickness of the layer was 

approximately 80 nm. GaN film on the AlN layer grew laterally in the initial stage in Figs. 

1(c) and (d), and exhibited a smooth surface at 6 min, as shown in Fig. 1(e). The thickness 

was approximately 220 nm, which was thinner for achieving a smooth surface similar to the 

GaN grown on the AlN/c-sapphire template.9 GaN films grown after depositing the AlN layer 

on the SiC substrate were flattened to a thinner thickness, as also reported in the literature.11 

After 30 min of growth (~1.2 μm), a step-terrace structure was observed, and the RMS was 

0.31 nm. The lattice constants a- and c- were 0.3190 and 0.5184 nm, respectively. A slight 

tensile strain was applied to the GaN, compared to GaN strained compressively on the AlN 

template/c-sapphire (a: 0.3182 nm, c: 0.5189 nm). The number of pits on the surface was 

~5.0×108 cm−2, corresponding to the dislocation density of the AlN template. 
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Fig. 1 AFM images of (a) AlN/SiC template, (b) AlN layer (80 nm) on the AlN template, and GaN films 

grown on AlN template for (c) 1 min, (d) 3 min, (e) 6 min, and (f) 30 min. 

 

Figure 2 shows the variation in the FWHM for GaN on the AlN/SiC templates. The 

FWHM values decreased with an increase in the GaN growth time. The value of (101
_

2) 

was lower than 300 arcsec for GaN grown for 600 s (~0.4 μm). We deposited AlxGa1-xN 

barrier layers on the GaN layers with a thickness of 0.4 μm to fabricate the heterostructures 

as listed in Table 1. 
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Fig. 2 Variation in the FWHM values of the (0002) and (101
_

2) rocking curve as a function of the GaN 

growth time on the AlN/SiC templates. 

 

Table 1 List of GaN HEMT heterostructures on AlN/SiC templates and the sheet resistance, mobility, and 

sheet carrier density. The AlN interlayer at the interface of AlGaN/GaN was deposited for 5 s. 

 

No. 
GaN 

(nm) 
GaN (101

_

2) 

(arcsec) 

AlGaN Al comp./ 

thickness (nm) 

GaN cap 

(nm) 

Sheet resistance 

(/sq.) 

Mobility 

(cm2/Vs)  

Sheet carrier 

density (cm-3) 

A 400 330 0.22/24 2.0 336 1920 8.7e12 

B 340 280 0.22/16 2.0 400 1690 7.8e12 

C - 289 0.23/16 - 371 1790 8.5e12 

D 440 251 0.25/29 4.6 285 2100 8.7e12 

E 330 301 0.22/15 5.0 367 1890 7.4e12 

F 140 276 0.20/18 - 517 1780 6.8e12 

G 400 330 0.23/19 1.2 - 5830* 7.2e12* 

H 400 309 0.20/17 1.2 - 5820* 7.1e12* 

I 400 350 0.20/20 1.4 - 6550* 4.0e12* 
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* Evaluation from the SdH oscillation measured in the magnetic field at 1.8 K in Fig. 5. 

 

Improving the FWHM values of (101
_

2) was likely to enhance the mobility, as seen 

in the samples from A to E. Sample D exhibited the best mobility of 2,100 cm2/Vs and sheet 

carrier density of 8.7×1012 cm−2. In Sample F, the mobility was 1,780 cm2/Vs despite the 

GaN channel layer of 140 nm. The sheet carrier density was also reduced to 6.8×1012 cm−2 

probably due to the decrease in thickness. The mobility and sheet carrier density were 

comparable to those of thicker GaN film on SiC substrate or GaN bulk described in previous 

reports.12,13,14 

Figure 3 shows the depth profile of the carrier density evaluated by C–V measurement 

for samples G, H, and I. Electrons were accumulated and 2DEG was formed at the 

heterointerface. In sample H, the carrier density increased at the depth of 150–200 nm. 

Although this abnormal carrier profile was sometimes observed (unknown origin), the carrier 

density decreased monotonically similar to samples G and I. It is worth noting that the carrier 

density was pinch off and that no carriers were generated at the interface between the GaN 

and AlN layers. It is considered that the energy levels of the defects at the interface were too 

deep to generate carriers. From secondary ion mass spectroscopy (SIMS), Si impurity was 

lower than 1.0×1016 cm−3 for both samples, and O impurity was 1.3×1017 and 2.5×1017 cm−3 

for samples G and I, respectively. The oxygen impurity was attributed to the oxygen 

incorporated in the AlN template.15 The carbon impurity in sample I was 2–3×1017 cm−3, 

which was one order of magnitude higher than that of sample G, because sample I was grown 

at a temperature 960 °C lower than that for sample G. Since the electrons in sample I were 
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compensated by carbon, the sheet carrier density was lower. On the other hand, the carbon 

concentration (2–3×1016 cm−3) in sample G was not enough to compensate the electrons from 

oxygen impurity. We suppose that part of the hydrogen in sample G (7×1017 cm−3) positively 

charged could be trapped at Ga vacancies and play an acceptor-like role to compensate the 

electrons, as predicted by Van de Walle.16 

 

 

Fig. 3 Carrier depth profiles evaluated by C–V measurement for samples G (red), H (green), and I (blue). 

 

To understand the interface quality, the carrier transport was investigated under a 

magnetic field at low temperature for the three samples. The carriers generated from the 

impurities or defects in GaN or AlGaN were frozen out at low temperature, which suppressed 

the parallel conduction in the GaN and/or AlGaN layer. Although the GaN channel layer was 

as thin as 0.4 μm, the heterointerface at the AlGaN/GaN for all samples was so fine that the 

SdH oscillation of 2DEG transport was observed in the magnetic field up to 15 T at 1.8 K, 

as shown in Fig. 4(a). The mobility of the 2DEG can be roughly estimated from the crossover 

magnetic field between the magneto resistance (Rxx) and the Hall resistance (Rxy). Sample I 
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exhibits the highest mobility (lowest sheet carrier density). 

 

 

Fig. 4 Magneto-transport measurements for samples G (red), H (green), and I (blue) at high magnetic 

fields up to B = 15 T at 1.8 K. Inset shows the expanded plot near the cross point and Rxx and Rxy. 

 

Schottky-type HEMT devices were fabricated on samples G, H, and I with a gate width 

(WG) of 200 μm and a gate length (LG) of 20 μm without a field plate and surface passivation. 

Figure 5(a) and 5(b) shows the drain I–V characteristics and the transconductance (gm) at VDS 

= +15 V of the GaN HEMT of sample H, respectively. Although the self-heating effect was 

observed in the saturation region, the HEMT device exhibited the conventional I–V 

characteristics. The maximum current density was 480 mA/mm and the on-resistance was 

15.1 Ω mm. The peak value of gm at VDS = +15 V was 81 mS/mm. The current on/off ratio 

was ~105. Table 2 outlines the device structures and properties together with those from the 

literature, although the number of reports for GaN HEMT on SiC is not high. Although 
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sample H exhibited abnormal C–V properties, the HEMT properties were conventional. 

Sample I showed a higher on-resistance (Ron) of the device, reflecting a lower mobility and 

sheet carrier density. Despite the absence of a thick, highly resistive GaN buffer layer, the 

GaN HEMTs with a thin GaN channel exhibited comparable properties to those of thick GaN 

buffer layers on SiC with respect to the value of gm. The properties are expected to be 

improved by modifying the device processes such as passivation and contact. 

 

 

Fig. 5 (a) Drain I–V characteristics, (b) transfer characteristics under VDS = 15 V for the GaN HEMT 

device fabricated from sample H. 

 

Table 2 Comparison of the GaN HEMTs in this study with the device structures and properties on SiC 

substrates from the references. 

No. 

(Ref.) 

GaN buffer 

(μm) 

GaN 
channel 

(nm) 

AlGaN Al comp/ 

thickness (nm) 
gm (mS/mm) Vth (V) Ron (Ωmm) 

Sample G no 400 0.23/19 80 -1.8 14.3 

Sample H no 400 0.20/17 81 -2.0 15.1 

Sample I no 400 0.20/20 77  -1.5 19.7 

Ref.17 GaN (2.0) - 0.22/22 120 -4.0 7.0 
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Ref.18 GaN:Fe (3.0) 500 0.24/18 95 -4.0 16.0 

Ref.19 GaN:C (-) 1800 0.25/25 280* -2.0 2.6 

Ref.20 GaN:Fe (0.3) 900 -/18 - -1.5 5.8 

* Gate length: 0.2 μm. 

 

In summary, GaN films were grown on AlN/SiC templates for the fabrication of GaN 

HEMTs with a thin GaN channel. After depositing the AlN layer, the lateral growth of GaN 

nuclei was enhanced, and the formation of the surface with a step-terrace structure took place 

for a thickness of ~200 nm. The FWHM value of (101
_

2) was lower than 300 arcsec for 

GaN grown for 600 s (~400 nm). The AlGaN/GaN heterostructures were fabricated in 20 

min, and were good enough for the 2DEG to exhibit SdH oscillation in the magnetic field at 

1.8 K. The mobility and sheet carrier density at room temperature were 2,100 cm2/Vs and 

8.7×1012 cm−2, respectively. From the C–V measurement, the carrier density was pinch-off 

and no carriers were generated at the interface between the GaN and AlN layers. The GaN 

HEMTs with a thin channel on the AlN/SiC templates exhibited comparable properties to 

those on thick, highly resistive GaN buffer layers on SiC substrates. 
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