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Abstract Wide bandgap GaN-based HEMTs have shown great potential as key components in various

power electronic systems but still face challenges in the pursuit of devices with stable operation capability

especially in harsh environments. Here, we report a high-performance double heterojunction (DH) based

AlGaN/GaN HEMT by incorporating a decreasing-Al-composition (DAC) graded AlGaN back barrier (BB)

beneath the GaN channel. Thanks to the improved electron confinement enabled by graded BB, the DH-

HEMT exhibits significantly improved on-state drain current density and off-state breakdown voltage com-

pared with a single heterojunction (SH) based HEMT. More intriguingly, with an additional SiNx passivation

layer, the surface states of the DH-HEMTs can be effectively suppressed, leading to an almost constant off-

state leakage current and negligible gate contact degradation across the temperature range from 25◦C to

150◦C. These results highlight the superiority and reliability of the proposed graded AlGaN BB to boost

device characteristics for applications under high temperatures and harsh conditions.
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1 Introduction

Wide bandgap semiconductor Al(Ga)N alloys possess superior intrinsic properties, such as large break-
down electric field, high electron mobility, and decent thermal conductivity [1–3]. Particularly, by taking
advantage of the polarization effects of III-nitrides, we can construct AlGaN/GaN-based heterojunc-
tion field-effect transistors (HFETs), also well-known as high-electron-mobility transistors (HEMTs),
with high-concentration two-dimensional electron gases (2DEGs) as conductive channels [4–6]. These
material properties have fundamentally established AlGaN/GaN HEMTs as one of the most promising
technologies for next-generation power electronics systems with compact sizes, higher power efficiency,
and faster switching speed to achieve a carbon-neutral future [7–9]. Currently, AlGaN/GaN HEMTs have
achieved preliminary implementations in the fields such as consumer electronics and wireless communi-
cation. For the benefit of mass production, the mainstream HEMT structure is simply based on a single
heterojunction (SH) incorporating a GaN channel and an AlGaN barrier, whose Al composition, doping
concentration, and layer thickness are relatively fixed. However, further device optimizations, such as
band engineering and channel modulation of such SH-HEMTs, are largely limited. To continuously propel
the development of GaN HEMT technologies, researchers have put forward multiple strategies to tailor
the simple AlGaN/GaN SH and exploit the device characteristics toward targeted applications [1,10–12].
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One of the popular approaches for SH optimization is to insert a back barrier (BB) layer beneath the
GaN channel and construct a double heterojunction (DH) HEMT. In principle, the BB is designed to
lift the band structure beneath the 2DEG channel and thereby realize better carrier confinement under
high-voltage or high-frequency operation [13,14]. Recently, a DH-HEMT incorporating BBs with different
layer thicknesses [15], various group-III elements (B, Al, Ga, and In) [16–18], and special profiles of alloy
compositions [19,20], have been proposed and intensively investigated. Among various BB structures, one
particular design scheme is to adopt a decreasing-Al-composition (DAC) graded AlGaN BB layer along
the growth direction to build a DH-HEMT. Numerical studies have confirmed that such graded BBs
can suppress electron concentration in the buffer layer by avoiding forming parasitic channels [20–22].
Besides, it has been reported that the DAC graded BBs can tune the internal strain in the epilayers [23].
However, the impacts of DAC graded AlGaN BB on the high-temperature electrical performance of
HEMTs, together with the additional device-level optimizations, for example, by introducing a surface
passivation layer to improve the device stability, still require experimental explorations and verification.

In this work, we comprehensively investigated and evaluated the device characteristics of the DH-
HEMT with a DAC graded AlGaN BB and compare these results with the SH-HEMT by operating them
over a wide temperature range from 25◦C to 150◦C. It is found that the DH-HEMT can outperform SH-
HEMT significantly by possessing higher on-state drain current density (JD), a larger off-state breakdown
voltage (VBD), and effectively suppressed current dispersion under high temperature, confirming the
advantages of the improved carrier confinement facilitated by the DAC graded BB. Furthermore, with an
additional SiNx passivation layer, the on-state JD and off-state VBD of devices can be further enhanced.
More importantly, we found that the BB-improved carrier confinement and SiNx-suppressed surface
states can mutually improve the device stability operating under high temperature, featuring a nearly
negligible temperature-induced off-state leakage current dispersion, suppressed Schottky gate contact
inhomogeneity, and complete elimination of gate degradation under the high-temperature operation of
the DH-HEMT. These results highlight that the proposed DH-HEMT with a properly designed DAC
graded BB and an additional SiNx passivation layer can significantly improve device stability under
harsh environments.

2 Material characterization and device fabrication

Figures 1(a) and (b) show the schematic illustration of the two devices, i.e., SH- and DH-HEMT, inves-
tigated in this study. Both devices were grown by metal-organic chemical vapor deposition (MOCVD)
on the 2-inch flat sapphire substrate (FSS) with a 100-nm-thick physical vapor deposited (PVD) AlN
nucleation layer. The epitaxial structure of the SH-HEMT consists of a 5 µm GaN buffer layer, a 1.7 µm
unintentionally doped GaN buffer layer, a 300 nm GaN channel layer, a 1 nm AlN spacer layer, a 20 nm
Al0.25Ga0.75N barrier layer, and a 2 nm GaN cap layer. As for the DH-HEMT, a 1 µm BB with a
decreasingly graded Al composition from 0.2 to 0 was inserted between the GaN buffer and 100 nm GaN
channel, as shown in Figure 1(b). To epitaxially grow the DAC graded AlGaN BB, we initially injected
sufficient Al flux (Trimethylaluminum, TMAl) to grow AlGaN alloy with 20% Al content based on our
growth calibration. Thereby, we slowly decreased the Al flux to zero while simultaneously increasing the
Ga flux (Trimethylgallium, TMGa) with a linearly increased flow rate to obtain a decreasingly graded
Al composition profile. This Al grading scheme was intended to realize energy band lifting under the
2DEG channel and avoid the formation of a parasitic p-type conductive channel [20]. Figure 1(c) shows
the electron density (ND) extracted from 100 kHz C-V measurements for both SH- and DH-HEMT. It
can be found that DH-HEMT has a steeper decrease at the AlGaN/GaN heterointerface and reduced
electron density at the buffer region compared with SH-HEMT, verifying the functionality of the DAC
graded AlGaN BB.

Then, we characterized the material properties of the as-grown SH- and DH-HEMT by X-ray diffraction
(XRD) analysis. Figures 2(a) and (b) present the (102) and (002) rocking curves of both samples,
respectively. It can be found that although the values of the (102) FWHM (full width half maximum)
for both samples are similar, a higher (002) FWHM value is observed in DH-HEMT, indicating that the
screw-type threading dislocation, which normally acts as the leakage path in GaN-based devices [24,25],
is higher in the DH-HEMT than that in the SH-HEMT. The corresponding impacts on the electrical
performance of the two devices will be discussed later. Figure 2(c) further compares the high-resolution
XRD results of both SH- and DH-HEMT. Obviously, the DH-HEMT has multiple low-Al-composition
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Figure 1 (Color online) (a) and (b) depict the epitaxial structures of SH- and DH-HEMT, respectively (not in scale). The

GaN cap and AlN spacer are not displayed. (c) shows the extracted electron concentration (ND) of the two devices from C-V
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Figure 2 (Color online) (a) and (b) show the (102) and (002) rocking curves of SH- and DH-HEMT. (c) demonstrates the (002)

high-resolution XRD results of SH- and DH-HEMT, revealing the existence of low-Al% peaks of the DAC graded AlGaN BB.

peaks between the main peak (GaN) and the labeled peak (Al0.25Ga0.75N barrier layer), indicating the
existence of the DAC graded AlGaN BB.

The device fabrication process started with rinsing in organic solvents before Cl2-based inductively
coupled plasma (ICP) etching for mesa definition. The etching depth was 200 nm to fully separate any
possible conductive channel at the AlGaN/GaN or GaN/BB interface for better device isolation. Then,
the wafer was treated with a 25% tetramethylammonium hydroxide (TMAH) solution to remove sidewall
etching damage. The metallization schemes of the Ohmic contacts for the source/drain electrodes and
the Schottky contact for the gate electrode were set as Ti/Al/Ni/Au (20/100/40/50 nm) and Ni/Au
(20/100 nm), respectively. The devices under test (DUTs) feature the same device dimensions of gate
width (WG) of 50 µm, gate length (LG) of 3 µm, and source-drain spacing (LSD) of 10 µm. For the
passivated devices, 200-nm-thick SiNx was deposited on the device surface by plasma-enhanced chemical
vapor deposition (PECVD) at 350◦C and 1000 Torr chamber pressure. The gases and flow rate for SiNx

deposition were set as 5%SiH4/N2 (30 sccm), NH3 (45 sccm), and N2 (1000 sccm).

3 Results and discussions

3.1 Room-temperature DC characteristics of SH- and DH-HEMTs

Figure 3 compares the room-temperature direct current (DC) electrical characteristics of both SH- and
DH-HEMT with or without SiNx passivation. At the on-state, it is found that the drain current density
(JD) of the unpassivated DH-HEMT is higher than that of SH-HEMT, as compared in both transfer
curves (Figure 3(a)) and output curves (Figure 3(b)), verifying stronger carrier confinement in the DH-
HEMT enabled by the graded AlGaN BB. Furthermore, the additional SiNx passivation layer can boost
the on-state device performance of both devices, featuring increased maximum output JD and reduced
on-resistance (RON), as shown in Figure 3(b). These improvements should be attributed to the external
tensile strain, as well as passivation effects on the net polarization charges on the device surface, facilitated
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Figure 3 (Color online) DC characteristics of SH- and DH-HEMT with or without SiNx passivation. (a) Transfer curves at VDS

= 10 V in linear and semi-log scales; (b) output curves at VGS = 2 V; (c) VBD measured under VGS = −10 V.

by the introduction of the SiNx layer, which can further increase the 2DEG concentration [26]. For the
off-state device performance, the transfer curves in Figure 3(a) reveal that the unpassivated DH-HEMT
(blue dot line) has a higher reverse drain leakage current (JD,off) than the unpassivated SH-HEMT (red
dot line). However, after the device passivation, the SH-HEMT exhibited an increased JD,off (red solid
line), which can be attributed to the plasma damage during the PECVD process. Meanwhile, JD,off of
the passivated DH-HEMT (blue solid line) was almost identical to that of the bare device with negligible
degradation. Combining the BB-improved carrier confinement and SiNx-suppressed surface states, the
passivated DH-HEMT can achieve the highest off-state breakdown voltage (VBD, defined as VDS at JDS

= 1 mA/mm), as compared in Figure 3(c).

3.2 Effect of SiNx passivation on HEMT characteristics

To comprehend the effect of SiNx passivation on the device performance of the SH- and DH-HEMT, we
further analyze the mechanisms from the perspective of the gate current (IG) by decomposing it into
three components, including:

(1) Thermal emission (TE), which is the dominant phenomenon in the forward bias range, as given by

JTE = J0

{

exp

(

qV

ηkT

)

− 1

}

= A∗T 2 exp

(

−

qΦB

kT

){

exp

(

qV

ηkT

)

− 1

}

, (1)

where A∗ is the effective Richardson constant, T is the temperature, q is the electron charge, k is the
Boltzmann constant, η is the ideal factor and ΦB is the Schottky barrier height.

(2) Poole-Frenkel (PF) emission, which accounts for the main component of the reverse gate current,
as given by

JPF = CE exp



−

q
(

Φt −
√

(qE /πεi)
)

kT



 , (2)

E =
q (σb − ns)

ε
, (3)

where C is a constant, Φt is the barrier height for the electron emission from the trap state, εi is the
permittivity of the semiconductor at high frequency, σb is the bound charge at the hetero-interface, ns is
the 2DEG concentration at the hetero-interface and ε is the permittivity of the barrier.

(3) Trap-assisted tunneling (TAT) current flowing from the gate to the channel as given by

JTAT = J02

{

exp

(

q (V − V0)

η2kT

)

− 1

}

, (4)

where J02, V0, and η2 are the parameters used to fit the experimental characteristics near zero bias.
Figures 4(a) and (d) demonstrate the measured IG-VGS curves (VDS = 0 V) of both DH- and SH-HEMT

before and after SiNx passivation. The experimental results were fitted with TAT, PF, and TE models.
It can be found the unpassivated DH-HEMT exhibited a distinct “double-barrier” phenomenon at 0 V
< VGS < 1 V due to the spatial inhomogeneity at the Schottky/semiconductor interface [27]. The fitting
results shown in Figure 4(b) reveal that there existed a large component of TAT current at this VGS
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Figure 4 (Color online) (a) The experimental IG-VGS curves of DH-HEMT without/with passivation. Their fitting results by

three current components are shown in (b) and (c), respectively. (d) The experimental IG-VGS curves of SH-HEMT without/with

passivation. Their fitting results by three current components are shown in (e) and (f), respectively.

regime. With an additional SiNx layer to passivate the surface states, the TAT current can be suppressed
and this non-ideal behavior of Schottky contact was effectively eliminated, as confirmed by the fitting
results in Figure 4(c). In contrast, the double-barrier effect observed in the SH-HEMT (Figure 4(d)) can
hardly be improved by the passivation process, indicating that the TAT process is mainly caused by the
buffer-induced defects [28] instead of surface states, and the SiNx surface passivation process is ineffective
in this case. The observed surface states evolution of SH- and DH-HEMT before and after passivation
can be further confirmed by the extracted subthreshold swing (SS) values from Figure 3(a), which are
mainly determined by the surface states [29–31]. For the unpassivated devices, DH-HEMT has a larger
SS value of 105.45 mV/dec compared with SH-HEMT (SS = 94.28 mV/dec). After SiNx passivation,
the SS values of DH-HEMT can be reduced to 82.58 mV/dec, while that of SH-HEMT is only slightly
changed to 90.64 mV/dec, conforming to the conclusion from the IG-VGS analysis.

Furthermore, to quantitatively evaluate the evolution of surface defect density and distribution of the
SH- and DH-HEMT before and after passivation, we employed the frequency-dependent capacitance-
voltage (C-V-f ) measurements based on Mercury C-V platform (Material Development Corporation,
MDC 802B). Thereafter, the parallel conductance (Gp/ω) under frequencies ranging from 1 kHz to
1 MHz was extracted and plotted in Figure 5(a1) (SH-HEMT w/o SiNx), Figure 5(a2) (DH-HEMT w/o
SiNx), Figure 5(b1) (SH-HEMT w/ SiNx), and Figure 5(b2) (DH-HEMT w/ SiNx). The interface trap
density (DT ), time constant (τ), and corresponding energy level (ET ) can be obtained by fitting the
experimental Gp/ω-ω relationship, as given by [32]

Gp

ω
=

qDT

2ωτ
ln
[

1 + (ωτ)
2
]

, (5)

τ =
1

vthσnNC
exp

(

ET

kT

)

, (6)

where q is the elementary charge; T is the Kelvin temperature; NC = 4.3 × 1014
× T 3/2 cm−3 is the

effective density of states in the conduction band in GaN, vth = 2 × 107 cm/s is the average thermal
velocity of electrons, and σn = 1× 10−14 cm2 is the capture cross section of the trap states. Figure 5(c)
concludes the extracted interface state density and distribution of four devices. For the unpassivated
devices, the density of relatively shallow surface defects is close, on the order of 1014 cm−2

· eV−1, as
labelled by red dots (SH-HEMT) and blue dots (DH-HEMT). After SiNx passivation, the shallow traps
of the DH-HEMT can be largely reduced (purple dots) and become lower than that of the passivated SH-
HEMT (orange dots). It has been reported that TAT current and resulted in double barrier phenomenon
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Figure 5 (Color online) Measured Cp(ω)/ω-ω relationship of (a1) SH-HEMT without SiNx, (a2) DH-HEMT without SiNx, (b1)

SH-HEMT with SiNx, and (b2) DH-HEMT with SiNx. (c) extracted surface defect density and distribution from (a) and (b).

in IG-VGS curves are mainly caused by shallow trap states [33, 34], which agrees well with the observed
evolution trend of the IG behavior and fitted TAT current component of our investigated devices.

In addition, we further studied the PF current to analyze the reverse leakage current behavior of the
devices. It can be found that the PF current of the SH-HEMT is reduced after SiNx passivation, as shown
in Figure 4(d). According to (2) and (3), a lower PF current can be attributed to the higher electron
concentration (ns) in the conductive channel, confirming the increased 2DEG concentration enabled by
SiNx layer. In contrast, the PF current of the DH-HEMT with SiNx is only reduced at VGS> − 4 V
region and is identical with that of the unpassivated device at the off-state (VGS< − 4 V), as shown in
Figure 4(a). This behavior indicates that even though the equilibrium 2DEG concentration is increased
in the passivated DH-HEMT, the inserted DAC graded AlGaN BB can confine the electrons under large
reverse VGS bias and prevent them from penetrating into the buffer region to form the parasitic leakage
current path. As a result, the JD,off degradation of the DH-HEMT is negligible while that of SH-HEMT
can be obviously observed, as labelled by the red solid line and red dash line in Figure 3(a).

3.3 High-temperature characterizations of HEMTs

Furthermore, the carrier confinement capability of the graded AlGaN BB, as well as the surface passivation
effects provided by the PECVD-SiNx, were evaluated under high temperatures to demonstrate the device
stability enabled by the rational device design. Figures 6(a) and (b) compare the temperature-dependent
transfer curves of the unpassivated SH- and DH-HEMT. Both devices suffered from the on-state current
drop at high temperatures, as shown in Figure 6(e), which should be attributed to the increased phonon
scattering effects [35]. Interestingly, the deterioration of the off-state leakage current of the DH-HEMT
was largely suppressed compared with that of SH-HEMT. The statistical comparisons are concluded in
Figure 6(f), where distinct differences can be found between the SH-HEMT w/o SiNx (red lines) and DH-
HEMT w/o SiNx (blue lines). The improvements revealed that the DAC graded AlGaN BB can provide
sufficient carrier confinement under large reverse VGS even at elevated temperatures. Furthermore, when
the DH-HEMT is passivated with SiNx, the temperature-induced JD,off dispersion was almost eliminated
within the temperatures from 25◦C to 150◦C, as shown in Figure 6(d) and the purple line in Figure 6(f).
This superior property proves that the surface traps of the DH-HEMT can be well suppressed by a proper
surface passivation scheme, and is unambiguously effective under high temperatures. In comparison, the
passivated SH-HEMT still exhibits obvious JD,off degradation at higher temperatures (Figure 6(c) and
orange line in Figure 6(e)) even though SiNx can suppress the surface traps, conforming to the discussions
and conclusions in the previous sections.

Figures 7(a) and (b) further compare the temperature-dependent IG-VGS curves of the passivated SH
and DH-HEMT. It can be found that SH-HEMT suffers from large gate current dispersion and undesired
Schottky gate contact degradation at high temperatures. In contrast, the device with graded AlGaN BB
exhibits an almost constant gate current and a completely suppressed “double-barrier” behavior under
all the measured temperatures. Here, we further employed two-dimensional variable range hopping (2D-
VRH) (7) [36,37] to characterize the gate current components after SiNx passivation within the measured
temperatures.

σ ∝ exp

[

−

(

1

T

)
1

3

]

, (7)
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Figure 6 (Color online) Temperature-dependent transfer curves of the (a) unpassivated SH-HEMT, (b) unpassivated DH-HEMT,

(c) passivated SH-HEMT, and (d) passivated DH-HEMT. (e) and (f) show the evolution of JD,2V and JD,off of the SH- and

DH-HEMT with/without SiNx passivation along with operation temperatures.
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Figure 7 (Color online) Temperature-dependent IG-VGS curves of the passivated (a) SH-HEMT and (b) DH-HEMT. The insets

demonstrate the extracted lnσ values within the measured temperatures characterizing the 2D-VRH transport process.

where σ is the conductance. The inset of Figures 7(a) and (b) demonstrate the evolution of lnσ at
VGS = −2 V (reverse region of TAT) and VGS = 0.5 V (forward region of TAT) along with 1/T 1/3 for
the passivated SH- and DH-HEMT, respectively. It can be found that the lnσ values of the passivated
SH-HEMT exhibit a linear correlation with 1/T 1/3 from 25◦C to 150◦C, revealing that 2D-VRH is the
main transport mechanism of IG. In comparison, the lnσ of DH-HEMT is independent of the operating
temperatures in both the reverse and forward regions, indicating that SiNx passivation can effectively
restrain the surface-hopping-induced gate leakage current of DH-HEMT with graded AlGaN BB.

4 Conclusion

In this study, a high-performance AlGaN/GaN-based DH-HEMT with superior device stability under
high temperatures is demonstrated. With a rationally designed decreasing-Al-component graded AlGaN
BB, the DH-HEMT can outperform its counterpart SH-HEMT featuring higher on-state current, larger
off-state breakdown voltage, and smaller current degradation under high temperatures, thanks to the
improved carrier confinement abilities provided by the BB. Additionally, with further surface passivation
by PECVD-SiNx, the high-temperature current dispersion and Schottky gate contact degradation can
be almost eliminated within the temperature from 25◦C to 150◦C. These significantly improved device
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performance and high-temperature stability have highlighted the great potential of graded AlGaN BBs to
tailor the characteristics of AlGaN/GaN heterojunctions and improve device stability for possible device
applications in harsh environments in the future.
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