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Abstract In this paper, we demonstrate the excellent performance of InAIN/GaN high electron mobility transistors (HEMTSs) for
high-voltage radio frequency (RF) application. By using a composite cap layer structure of GaN cap layer and polycrystalline (PC)-AIN
cap layer, the gate leakage is effectively suppressed, resulting in a 0.5-pm InAIN/GaN HEMTs achieving a high current on/off ratio
(ON/OFF) of 7 x 107 as well as a record breakdown voltage (BV) of 270 V. The device yields a high peak transconductance (G ) of
350 mS/mm and a low sub-threshold swing (SS) of 80 mV /decade while virtually free of drain induced barrier lowering (DIBL) effect
(about 2.5 mV/V). Besides, the InAIN/GaN HEMTs with composite cap layer structure exhibit a current gain cut-off frequency/ maximum
oscillation frequency (f7/fmax) of 22/64 GHz. To the best of our knowledge, the device has the highest figure-of-merit (FoM = fiax X
BV X Lg) of 8.6 THz-V-pm compared to the InAIN/GaN HEMTs reported in the past. These results demonstrate that the design of the
composite cap layer structure extends the RF InAIN/GaN HEMTs for high voltage applications.
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1 Introduction

With the rapid spread of 5G/6G communication technologies and the increased demand for high-resolution detection
in radar systems, the performance requirements for high-frequency and high-power radio frequency (RF) devices
are becoming increasingly stringent [1,2]. Traditional silicon-based devices are limited by material properties (e.g.,
low electron saturation velocity, low breakdown electric field), making it difficult to meet the dual requirements of
high frequency and high power [3,4]. Gallium nitride (GaN)-based heterojunctions, on the other hand, with their
high two-dimensional electron gas (2DEG) density (>1x10'3 cm~2), high breakdown electric field (>3 MV /cm),
and high electron saturation velocity (>2.5x107 cm/s), have made their based high-electron-mobility transistors
(HEMTSs) the most popular choice for 5G base station power amplifiers, satellite communication terminals and
phased-array radars, and other scenarios [5-9].

Among them, InAIN/GaN HEMTSs have attracted much attention due to a multitude of advantages [10,11]. On
the one hand, InAIN and GaN can be lattice-matched, which enables InAIN/GaN HEMTSs to exhibit excellent
thermal stability and reliability [12,13]. On the other hand, a thin InAIN barrier layer (below 10 nm) alone
has strong spontaneous polarization leading to a high 2DEG density in the InAIN/GaN heterojunction, which is
conducive to enhancing the current density and output power of GaN-based HEMTs [14,15]. In addition, the
thinner barrier layer means that the operating frequency of GaN-based HEMTs can be expanded by scaling down
the gate length (L,) while avoiding the short-channel effect [16]. There is a plethora of outstanding work on high-
frequency InAIN/GaN reports. On the SiC substrate without a back-barrier structure, the 30-nm InAIN/GaN
HEMTsS achieved the highest current gain cut-off frequency (f7) of 400 GHz with a maximum oscillation frequency
(fmax) of 40 GHz [17]. The 55-nm InAIN/GaN HEMTSs on the Si substrate achieved a balanced fr/fmax of 205/
220 GHz through source-drain regrowth technique [18]. Although great progress has been made in high frequency
by scaling down Ly of the InAIN/GaN HEMTS, this has led to a non-negligible problem of increasingly high off-state
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gate leakage in the device [19]. This can negatively impact the device performance, such as current on/off ratio
(ON/OFF), sub-threshold swing (SS), power added efficiency (PAE), and noise figure [20-23].

There are many schemes such as cap layer structures, back barrier structures, and gate-recess etch that have been
reported to reduce the off-state leakage current in InAIN/GaN HEMTs [24,25]. These methods involve distinct
design trade-offs, which are critical for practical implementation. Back barrier structures suppress leakage by
confining carriers within the channel, but their high polarization mismatch with GaN buffer layers often degrades
vertical heat dissipation. This thermal limitation can lead to device overheating under high-power operation,
threatening long-term reliability [26]. Gate-recess etch enhances gate control by reducing the distance between
the gate and channel, but the plasma or chemical etching process inevitably introduces interfacial damage, which
may increase trap density and degrade subthreshold characteristics [27]. Cap layer structures are particularly
suitable for InAIN/GaN HEMTs due to the inherent indium segregation in InAIN barrier layers, which causes
surface roughening and leakage. A well-designed cap layer can both block indium diffusion and smooth the InAIN
surface, thereby minimizing leakage without introducing significant thermal or interfacial penalties [28,29]. Given
these considerations, cap layer structure design emerges as an effective and fabrication-friendly approach to reduce
off-state leakage in InAIN/GaN HEMTs.

In this study, we proposed a novel composite cap layer structure formed by GaN cap layer and polycrystalline
(PC)-AIN cap layer for suppressing the off-state leakage phenomenon of the InAIN/GaN HEMTs. The InAIN/GaN
HEMTS with composite cap layer structure with a Ly of 0.5 um achieved a high ON/OFF of 7x 107, low reverse gate
leakage current (below 0.3 pA/mm), and a record breakdown voltage (BV) of 270 V. Additionally, the InAIN/GaN
HEMT with excellent gate control achieved a peak transconductance (G,,) of more than 350 mS/mm with a low
drain induced barrier lowering (DIBL) of 2.5 mV/V. Besides, the InAIN/GaN HEMTSs obtained a f7/fmax of 22/
64 GHz and the highest figure-of-merit (FoM = fmax X BV x L) of 8.6 THz-V-um among present literature
reports for InAIN/GaN HEMTs. The composite cap layer presented here is believed to expand the application of
RF InAIN/GaN HEMTs in high voltage field.

2 Device structure and fabrication

As shown in Figures 1(a)—(e), the simulated off-state electric field distributions (—6 V, 15 V) of InAIN/GaN HEMTs
using Silvaco TCAD are presented for devices with different cap layer structures: without cap layer, 2 nm cap layer
(2 nm GaN), 4 nm cap layer (2 nm GaN + 2 nm PC-AIN), 8 nm cap layer (2 nm GaN + 6 nm PC-AIN), and
12 nm cap layer (2 nm GaN + 10 nm PC-AIN), respectively. The InAIN/GaN HEMTSs without a cap layer suffer
from severe current collapse and surface leakage [30]. As illustrated in Figure 1(a), a significant peak electric field
is observed beneath the gate region, which increases the risk of device breakdown. Introducing a 2-nm-thick GaN
cap layer can partially mitigate this issue: the negative polarization charges at the GaN cap/InAlIN barrier interface
deplete the channel underneath the gate and suppress the gate leakage current [31]. However, when the GaN cap
layer exceeds 2 nm in thickness, it begins to adversely affect the 2DEG in the InAIN/GaN channel [32]. Therefore,
a 2 nm GaN cap layer has become the mainstream choice in GaN HEMTs, as it effectively improves the electric field
distribution, as shown in Figure 1(b). However, only a 2 nm GaN cap layer is not enough to achieve a qualitative
change in the breakdown of GaN HEMTSs [33, 34].

The PC-AIN cap layer, with its ultra-wide bandgap, serves as an excellent gate dielectric that simultaneously
suppresses gate leakage current and improves surface morphology [35]. As demonstrated in Figure 1(d), the opti-
mized 6 nm-thick PC-AIN layer provides superior electric field modulation compared to uncapped devices. While
a thinner 2 nm PC-AIN layer proves insufficient for leakage suppression (Figure 1(c)), increasing the thickness to
10 nm (Figure 1(e)) leads to two critical trade-offs: (1) an enlarged gate-to-channel distance that suffers significant
short-channel effects [36]; (2) degraded gate coupling efficiency manifesting as reduced transconductance and ele-
vated contact resistance [29]. Based on these comprehensive considerations, a 6 nm PC-AIN layer was ultimately
selected as the optimal gate dielectric thickness, achieving the best balance between leakage suppression and gate
control efficiency.

The InAIN/GaN epitaxial structure is grown on a 3-inch semi-insulated SiC substrate by metal organic chemical
vapor deposition (MOCVD). As shown in Figure 2(a), the control sample consists of a 350-um SiC substrate, a
1-um AlGaN buffer layer, a 100-nm intentional undoped GaN layer, a 1-nm AIN spacer layer, a 1-nm InAIN barrier
layer, a 2-nm GaN cap layer, and a 6-nm AIN cap layer. Another InAIN/GaN epitaxial structure with a similar
structure (heterojunction distinguished by having an 8-nm InAIN barrier layer, and lacking the AIN cap layer) is
used as a reference sample, which is not shown. Two samples are observed with a Bruker AFM and the control
sample has a lower surface roughness. Both samples are manufactured using the same standard manufacturing
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Figure 1 (Color online) The simulated off-state electric field distributions (—6 V, 15 V) of InAIN/GaN HEMTs with different cap layer
structures: (a) no cap layer, (b) 2 nm cap layer (2 nm GaN), (¢) 4 nm cap layer (2 nm GaN + 2 nm PC-AIN), (d) 8 nm cap layer (2 nm GaN
+ 6 nm PC-AIN), and (e) 12 nm cap layer (2 nm GaN + 10 nm PC-AIN).
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Figure 2 (Color online) (a) Schematic diagram of the InAIN/GaN HEMT with PC-AIN cap. (b) HRTEM image of the gate foot region.
(c) Enlarged image of epitaxial layer structure at the gate foot region. (d) Angular Dark Field-Scanning TEM image of epitaxial layer structure.
The distribution of elements analyzed by EDX mapping of (e) indium, (f) allium, (g) gallium, and (h) silicon.
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process in the laboratory of Xidian University [37,38]. The two samples have a L, of 0.5 pm and a source-drain
spacing (Lsq) of 5.5 um.

For the control sample, the cross sections of the gate foot region (Figure 2(b)) and InAIN/GaN epitaxial structure
region (Figure 2(c)) are observed using high-resolution transmission electron microscopy (HRTEM). As shown in
Figure 2(c), the AIN cap layer growing above the GaN cap layer is polycrystalline. The elements in the InAIN/GaN
epitaxial layer, including indium (Figure 2(e)), allium (Figure 2(f)), gallium (Figure 2(g)), and silicon (Figure 2(h)),
are analyzed using energy dispersive X-ray spectroscopy (EDX). As shown in Figure 2(e), some of the indium from
the InAIN barrier layer has segregated into the GaN cap layer, whereas there is no diffusion of indium has occurred
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Figure 3 (Color online) Transfer characterization of the (a) control sample and (b) reference sample. The I-V output characteristics of the
(c) control sample and (d) reference sample. The devices feature the same dimensions, Ly = 500 nm and Lsq = 5.5 pm.

in the PC-AIN cap layer. Therefore, the GaN cap layer can be regarded as a protective layer, which prevents the
diffusion of indium elements into the AIN cap layer. Besides, the PC-AIN cap layer smooths the surface undulation
of the InAIN barrier layer due to the segregation phenomenon [25].

3 Results and discussion

DC characterization and three-terminal breakdown characterization of the two samples were performed. The transfer
characterization of both samples was featured when Vp = 10 V, the results were plotted in Figures 3(a) and (b),
respectively. The I-V output characteristics of the control sample and the reference sample are shown in Figures
3(c) and (d), respectively. The test bias voltages for the output characteristics of the two samples were V p from 0
to 10 V in 0.1 V steps and Vg from —4 to 2 Vin 1 V steps. Although the cap layer structure was introduced above
the InAIN barrier layer in both samples, the L, of 0.5 um resulted in an L, /tbr (distance between gate and channel)
exceeding 50. Good gate control resulted in a G, close to 350 mS/mm in both samples. Besides, due to the design
of the composite cap layer structure, the flattening of the surface of the InAIN barrier layer and the ultra-wide band
gap (UWBG) AIN acting as the gate dielectric layer together led to a reduction in the leakage current [25,39]. As
a result, the ON/OFF of the control sample was as high as 7x107, which was nearly three orders of magnitude
higher than the reference sample. In addition, the control sample achieved a low SS of 80 mV/decade whereas the
reference sample showed a SS of 225 mV /decade. The low SS of the control sample was mainly attributed to the
effective suppression of leakage by the composite cap layer structure [40].

In order to characterize the DIBL effect of the both devices, the I p-V & characterization of the two samples at
Vp =1,5, 10, 15, and 20 V were measured, and the variation of logarithmic Ip with V& was plotted in Figure
4(a). The DIBL effect of the two samples was analyzed at Ip = 1 mA/mm. The control sample achieved a low
DIBL of 2.5 mV/V, which was more than an order of magnitude lower than the values reported in [41,42], and
the DIBL of the reference sample was 20 mV/V. The reverse I of the control sample was reduced by more than
three orders of magnitude compared to the reference sample, and the forward I of the control sample was about
1 pA/mm@V g =2V (Figure 4(b)). Therefore, the flattening of the InAIN barrier layer by the composite cap layer
structure was beneficial in suppressing the gate leakage phenomenon of InAIN/GaN HEMTs.

In addition, the control sample achieved a high BV of 270 V, which was about three times that of the reference
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Figure 4 (Color online) (a) Transfer characteristics of the two samples at Vp = 1, 5, 10, 15, and 20 V; (b) Schottky characterization of V&
from —10 to 2 V for both samples.
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Figure 5 (Color online) (a) Variation of I¢ and Ip with Vp for both samples at Vg = —8 V; (b) a summary of the relationship between

BV and ON/OFF for InAIN/GaN HEMTs in recent years.

sample (Figure 5(a)). The current of the control sample showed an abrupt change near Vp = 100 V due to the
crossing of electrons from the source to the substrate caused by the undoped buffer [43], which may be expected
to be improved by Fe/C co-doped or other methods [44]. Figure 5(b) summarizes the ON/OFF versus BV for RF
InAIN/GaN HEMTs benchmarked against the other reports [15,45-49]. Thus, the design of the PC-AIN structure
boosted the application voltage of InAIN/GaN HEMTs by more than three times, while featuring a record ON/OFF
performance.

The S-parameters of the two samples were characterized from 0.1 to 40 GHz in steps of 0.1 GHz. Current gain
(h21), maximum available gain (MAG), and Mason’s unilateral gain (U) of the two samples are extracted from the
gate bias corresponding to the peak G, of the device when Vp = 10 V. The f1/fmax can be obtained by linear
extrapolation of the h21/MSG with a slope of 20 dB/decade. As shown in Figures 6(a) and (b), f1/fmax of the
control sample is 22/51.5 GHz and f1/fmax of the reference sample is 20/47.5 GHz. When V p = 10 V, the variation
of fr versus V¢ for the control sample was depicted in Figure 6(c). Figure 6(d) shown the variation of f,.x with
V p for both samples, and the f,.x of the reference sample was tested only up to 20 V due to the BV limitation.
Finally, the f7/fmax of the control sample and the reference sample were 22/64 and 20/54 GHz, respectively. We
introduce the FoM to evaluate the potential of the device operated at high-frequency and high-voltage applications.
The benchmark of the relationship between the BV and the FoM among the RF InAIN/GaN HEMTsS as illustrated
in Figure 6(e) [12,15,19,23,33,45,46,48-53]. Due to the effective suppression of leakage, the control sample with
composite cap layer simultaneously achieved the highest BV 270 V as well as a record FoM of 8.6 THz-V-um in
InAIN/GaN HEMTs. Thus, the composite cap layer structure design facilitated the development of RF HEMTs
towards higher voltage applications.

For next-generation high-power RF systems such as X-band radar and wireless base stations, RF power amplifiers
typically should meet the following application requirements. (1) Operating voltage less than one third of break-
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Figure 6 (Color online) Current gain (h21), maximum available gain (MAG), and Mason’s unilateral gain (U) of (a) the control sample and
(b) the reference sample when V p = 10 V. (c) The fr of the control sample varies with Vg at Vp = 10 V. (d) Variation of fiax with Vp
for both samples. (e) Benchmark of FoM with BV for all InAIN/GaN HEMTs.

down voltage (typical operating voltage for wireless base stations and radars is 48 V), to sustain large RF voltage
swings without device failure [54]. (2) Sufficient f7/fmax, or even higher, to cover dedicated frequency bands for
wireless communications (2-4 GHz) and radar (8-12 GHz) [8,55]. (3) Low gate leakage and high ON/OFF ratio,
ensuring high PAE and low standby power consumption [56]. (4) High FoM, to capture simultaneous voltage-
handling and frequency performance while scaling gate length [44,57]. The reported InAIN/GaN HEMTs with
a 0.5 pm Ly exhibit a high BV of 270 V, low SS of 80 mV/decade while virtually free of DIBL effect (about
2.5 mV/V), together with fr/fmax of 22/64 GHz and an ON/OFF ratio of 7x107 (gate leakage <0.3 pA/mm).
These achievements culminate in a superior 8.6 THz-V-um FoM, establishing these devices as premier candidates
for high-voltage RF power amplification. Critical to this performance is the innovative GaN/PC-AIN composite
cap layer, which uniquely enables simultaneous gate leakage suppression and high-frequency operation-exceeding
all essential application requirements for next-generation high-power RF systems.

4 Conclusion

We demonstrate the potential of RF InAIN/GaN HEMTs for high voltage through the design of composite cap
layer structure consisting of a GaN cap layer and a PC-AIN cap layer. Due to the effective suppression of gate
leakage, the device achieved a high ON/OFF of 7 x 107 and a record BV of 270 V. The device exhibited a low SS of
80 mV /decade and a low DIBL of 2.5 mV/V. In addition, the device had a f1/fmax of 22/64 GHz, and the highest
FoM of 8.6 THz-V-um. The design facilitates the future development of RF InAIN/GaN HEMTs at high voltage
RF application.
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