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Abstract 

 We developed high-power and high-reliability 

quaternary InAlGaN/GaN HEMTs via TCVD SiNx 

passivation. This passivation technique achieves lower 

sheet resistance and higher-voltage operation for an 

InAlGaN/GaN HEMT compared with PECVD SiNx 

passivation. Moreover, it yields a record-high output 

power density of 31.0 W/mm in the X-band. Furthermore, 

we demonstrated that the InAlGaN/GaN HEMT with 

TCVD SiNx passivation is highly reliable. 

 

INTRODUCTION 

 
Indium (In)-based nitride semiconductor HEMTs have 

garnered considerable attention as promising alternatives to 

conventional AlGaN/GaN HEMTs. Initially, the ternary alloy 

InAlN was proposed as a barrier layer [1] because it is lattice-

matched to GaN at an In composition of approximately 0.18. 

This lattice-matched InAlN/GaN structure results in two to 

three times higher 2DEG density than conventional 

AlGaN/GaN HEMTs [2-4] owing to large spontaneous 

polarization difference between InAlN and GaN. For In-based 

nitride semiconductors, the In composition decreases as 

growth temperature rises [5]. Therefore, low-temperature 

growth is required for the lattice-matched InAlN, which leads 
to surface morphology degradation and an increase in 

impurity content. From the perspective of reliability, a high 

growth temperature is preferable. However, a high growth 

temperature can lead to a reduction in In composition, 

resulting in increased strain and decreased breakdown voltage 

owing to excessive 2DEG density. The quaternary alloy 

InAlGaN has been proposed to address these challenges [6] 

because it allows for adjustment of lattice strain and 2DEG 

density independently of In composition. Although many 

studies have been conducted on InAlGaN/GaN HEMTs for 

over a decade [7-10], the highest output power performance 
of InAlGaN/GaN HEMTs has yet to exceed that of 

AlGaN/GaN HEMTs [2-4]. This is because the surface 

quality of In-related nitrides can easily deteriorate during 

fabrication [11] owing to the weak In–N bond [12, 13]. To 

overcome these issues, several studies have investigated low-

damage passivation techniques [14-16]. The electrical 

properties of InAlGaN/GaN HEMTs have been reported to be 

considerably improved by plasma-free TCVD SiNx 

passivation [17]. 

In this study, we used TCVD SiNx passivation for 

InAlGaN/GaN HEMTs to suppress surface degradation and 
compared it with conventional PECVD-based passivation. 

We successfully demonstrated state-of-the-art high output 

power density GaN-based HEMTs with an InAlGaN barrier 

and TCVD SiNx passivation. In addition, we evaluated the 

reliability of an InAlGaN/GaN HEMT with TCVD SiNx 

passivation. 

 

EXPERIMENTAL PROCEDURE 

  

A schematic cross-sectional view of the InAlGaN/GaN 

HEMT used in this study is shown in Fig. 1. The samples were 
grown using a horizontal flow metalorganic vapor phase 

epitaxy (MOVPE) reactor. The epitaxial structures comprised 

a 6-nm In0.05Al0.39Ga0.56N barrier, a 2-nm AlN spacer, a 30-

nm GaN channel, a 1-nm In0.10Ga0.90N back barrier, and a Fe-

doped GaN buffer on a 3-inch semi-insulating SiC substrate. 

The InAlGaN barriers were grown at 755°C using nitrogen 

(N2) as a carrier gas. To enhance 2DEG mobility, an AlN 

spacer was inserted between the InAlGaN barrier and GaN 

channel to reduce the influence of alloy scattering caused by 

the barrier. The AlN spacers were grown at 980°C using H2 

as a carrier gas. The InGaN back barrier was inserted beneath 

the GaN channel to reduce off-state drain leakage current. The 
InGaN back barriers were grown at 735°C using N2 as a 

carrier gas. 

We used two methods for ex-situ SiNx passivation: TCVD 

and conventional PECVD SiNx. TCVD SiNx was deposited in 

 
 

Fig. 1.  Schematic cross-sectional view of InAlGaN/GaN 

HEMT 
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the MOVPE reactor at 730°C (a temperature less than the 

growth temperature of the InAlGaN barrier) using SiH4 and 
NH3 as precursors to prevent In desorption. PECVD SiNx was 

deposited at 250°C. Furthermore, an n+-GaN regrown ohmic 

contact was employed to minimize ohmic contact resistance. 

The n+-GaN layer was grown at 715°C and ohmic electrodes 

were formed on this layer via an evaporation and lift-off 

technique. The SiNx passivation layer in the gate region was 

selectively etched using SF6-based dry etching. Next, Ni/Au 

Schottky gate electrodes were formed via evaporation and 

lift-off techniques. Two gate lengths (Lg) of 0.20 and 0.25 μm 

were used. 

 

RESULTS AND DISCUSSION 
 

We evaluated sheet resistance, 2DEG mobility, and 2DEG 

density using a contactless measurement system. The 2DEG 

density increased after passivation via PECVD and TCVD. In 

particular, the 2DEG density increased from 7.29 × 1012 to 

1.04 × 1013 cm−2 for TCVD and from 7.54 × 1012 to 1.22 × 

1013 cm−2 for PECVD. However, a considerable decrease in 

2DEG mobility was observed after PECVD SiNx passivation 

(from 2197 to 1290 cm2V−1s−1). By contrast, TCVD SiNx 

passivation resulted in only a slight reduction in 2DEG 

mobility (from 2198 to 2048 cm2V−1s−1). Consequently, the 
sheet resistance decreased from 389 to 293 ohm/sq. for TCVD, 

while it increased from 377 to 398 ohm/sq. for PECVD. We 

attribute the decrease in 2DEG mobility after PECVD SiNx 

passivation to an increase in the number of SiNx/InAlGaN 

interface traps. Thus, TCVD SiNx passivation reduces the 

number of interface traps, suppressing the decrease in 2DEG 

mobility. This result indicates that InAlGaN is thermally 

stable at 730°C. Therefore, we achieved a low sheet resistance 

of 293 ohm/sq. with a high 2DEG mobility of 2048 cm2V−1s−1 

using TCVD SiNx passivation. 

Figure 2 shows the static drain current versus gate voltage 

(Id–Vgs) curves. The Id–Vgs characteristics revealed a threshold 

voltage and maximum transconductance (gmmax) of −0.72 V 

and 637 mS/mm with TCVD SiNx passivation and −0.81 V 
and 500 mS/mm with PECVD SiNx passivation, respectively. 

The gmmax of TCVD was higher than that of PECVD owing to 

enhanced 2DEG mobility. The maximum Id of TCVD was 

also observed to be higher than that of PECVD owing to lower 

sheet resistance for TCVD. 

To evaluate the current collapse characteristics, pulsed I–

V measurements were conducted under two quiescent gate 

and drain voltage conditions (Vgsq, Vdsq) of (0 V, 0 V) and (−5 

V, 50 V), which repres ent the “without-stress” and “with-

stress” conditions, respectively [17]. We observed that the 

current collapse of TCVD SiNx was smaller than that of 
PECVD SiNx. This result indicates that TCVD SiNx 

passivation effectively suppressed threshold voltage (Vth) 

shift under “with-stress” conditions compared with PECVD. 

Under applied stress, electrons are injected from the gate into 

the SiNx/InAlGaN interface and are captured in the electron 

traps, causing Vth to shift. For PECVD SiNx, an increase in 

plasma-induced electron traps at the interface increased the 

Vth shift. Therefore, TCVD SiNx passivation could suppress 

electron trap generation in the SiNx/InAlGaN interface. 

InAlGaN exhibits a higher leakage current than AlGaN 

owing to its higher 2DEG concentration. This leads to a 

reduced breakdown voltage., making passivation a critical 
factor in improving the output power of InAlGaN/GaN 

HEMTs. Figure 3 shows the I–V characteristics of the three-

terminal off-state condition. These characteristics indicate 

that off-state leakage current is approximately an order of 

magnitude larger for PECVD than for TCVD owing to the 

higher 2DEG density for PECVD. TCVD achieves a higher 

breakdown voltage (260 V) than PCVD (169 V) owing to its 

lower leakage current. Although TCVD exhibits a lower 

2DEG concentration than PECVD, its higher mobility results 

 
Fig. 2. (a) Id–Vgs curves of the InAlGaN/GaN HEMTs 

with TCVD and PECVD SiNx passivation. 

 
Fig. 3. Three-terminal off-state I–V characteristics of the 

InAlGaN/GaN HEMTs with TCVD and PECVD SiNx 

passivation. 
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in a lower sheet resistance. Consequently, InAlGaN/GaN 

HEMTs with TCVD SiNx passivation achieve both low sheet 

resistance and high breakdown voltage simultaneously, 

indicating their suitability for high-power device applications. 

Figure 4 shows the RF output power characteristics of the 

InAlGaN/GaN HEMTs with TCVD and PECVD SiNx 

passivation in the X-band. The load–pull measurements were 

performed at 8 GHz under pulsed operation, using a pulse 
width of 10 μs and a duty cycle of 1% to suppress self-heating 

effects. The bias current was set to 10 mA/mm, with a gate 

length Lg of 0.20 m and a total gate width of 1 mm. The 

operating drain voltage (Vds) was 60 V. As shown in fig. 4, the 

output power (Pout) and power-added efficiency (PAE) were 

improved using TCVD SiNx passivation compared with those 

of PECVD. We achieved a peak PAE of 54.0%, a linear gain 

of 12.4 dB, and an output power of 43.49 dBm with the TCVD 

SiNx passivated device. Furthermore, InAlGaN/HEMTs with 
TCVD SiNx passivation could operate at high voltages up to 

90 V, while those with PECVD SiNx passivation could 

operate up to 60 V. The Psat for TCVD SiNx increased linearly 

with increasing Vds. Finally, we successfully achieved a PAE 

of 52.6%, a linear gain of 12.7 dB, and a Pout of 44.91 dBm, 

corresponding to an output power density of 31.0 W/mm. 

Figure 5 benchmarks the RF saturated output power 

densities (Psat) versus Vds of GaN-based HEMTs in the X-

band [6, 15, 18-30]. Notably, the output power density of 31.0 

W/mm is the highest among all X-band GaN-based HEMTs 

reported to date. 

To evaluate the reliability of InAlGaN/GaN HEMTs, we 
conducted high-temperature DC current tests. The test 

devices were assembled in a package and heated to ambient 

temperature (Ta). Moreover, Vds = 30 V, Id = 30 mA/mm, Ta = 

230°C and Vds = 50 V, Id = 50 mA/mm, Ta = 245°C were 

applied to achieve junction temperatures (Tj) of 252°C and 

307°C through self-heating. Figure 6 shows the value of 

maximum drain current (Idmax) normalized to prestress values 

when biased at Vds = 10 V and Vgs = 2 V during the reliability 

test. We observed rapid Idmax degradation in the 

InAlGaN/GaN HEMT with PECVD SiNx passivation at Tj = 

252°C. Furthermore, in the InAlGaN/GaN HEMT with 
TCVD SiNx passivation at Tj = 252°C, we observed a slight 

initial degradation at 10 h, with no degradation of Idmax 

observed over 900 h. Furthermore, the InAlGaN/GaN HEMT 

with TCVD SiNx passivation showed no degradation of Idmax 

over 900 h even at Tj = 307°C, while the InAlGaN/GaN 

HEMT with PECVD SiNx passivation failed immediately 

after measurement started. These results indicate that 

InAlGaN/GaN HEMTs with TCVD SiNx passivation are 

highly reliable. 

 

 
Fig. 4.  RF power characteristics of the InAlGaN/GaN-

HEMT with TCVD and PECVD SiNx passivation. 

 
Fig. 6.  Degradation of maximum drain current (Idmax) 

normalized to prestress values when biased at Vds = 10 V 

and Vgs = 2 V during the reliability test. 

 

 
Fig. 5.  Benchmark of the RF saturated output power 

densities (Psat) versus Vds of GaN-based HEMTs in the X-

band. [3, 8, 18-30] 
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CONCLUSIONS 

  

We have successfully demonstrated high-power and high-

reliability quaternary InAlGaN/GaN HEMTs using TCVD 

SiNx passivation. Results confirm that TCVD SiNx 

passivation is suitable for the InAlGaN barrier as it realizes 

low sheet resistance and high breakdown voltage, likely 

owing to the suppression of defect generation at the 
SiNx/InAlGaN interface. Large-signal RF measurements 

exhibited an output power density of 31.0 W/mm at an 

operational voltage of 90 V. To the best of our knowledge, 

this result establishes a new benchmark for state-of-the-art 

GaN-based power amplifiers. Furthermore, we confirmed that 

TCVD SiNx passivation improves the reliability of 

InAlGaN/GaN HEMTs. The results of this study have 

demonstrated that InAlGaN/HEMTs are superior to 

AlGaN/GaN HEMTs in output power density. We believe 

that this study paves the way for commercialization of 

InAlGaN/GaN HEMTs. 
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ACRONYMS 

 

2DEG: Two-Dimensional Electron Gas 

HEMT: High-Electron-Mobility Transistor 

TCVD: Thermal Chemical Vapor Deposition 

PECVD: Plasma-Enhanced Chemical Vapor Deposition 

MOVPE: Metalorganic Vapor Phase Epitaxy 


