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Abstract
In this paper, polarization-graded AlGaN back-barrier nanolayer has been introduced to improve the DC and RF param-
eters of gallium nitride-based high electron mobility transistors (HEMT). To explore the characteristics, both graded and 
non-graded double heterojunction high electron mobility transistor (DH-HEMT) structures are optimized using SILVACO-
ATLAS physical simulator. Enhanced DC and RF parameters have been observed in the optimized graded DH-HEMT. In 
this paper, we have also studied the development of the quantum wells at the AlGaN/GaN interfaces due to the conduction 
band discontinuity in both structures.

1 Introduction

Due to the high breakdown field and high mobility, AlGaN/
GaN single heterojunction high electron mobility transistors 
(SH-HEMT) are an excellent choice for high-frequency and 
high-power applications. Apart from that, due to the higher 
band gap of GaN, these devices can be used at higher tem-
peratures and voltages. Recently, few authors have theoreti-
cally reported the consequence of self-heating and different 
gate lengths on drain current in gallium nitride-based (GaN) 
single heterojunction high electron mobility transistors (SH-
HEMT) [1–3]. Again, Chattopadhyay et al. have focussed on 

the effect of temperature and non-linear polarization on the 
gate capacitance of AlGaN/GaN SH-HEMT [4].

The existence of aluminium nitride (AlN) nano-spacer 
layer in GaN-based SH-HEMTs enhances the device perfor-
mance by increasing the conduction band discontinuity [5, 
6]. Piezoelectric polarization, pyroelectric properties, and 
other material properties are reported to raise the device 
performance of GaN-based HEMTs as quantum well het-
ero-structures [7–11]. In addition to that, multiple HEMT 
structures using different semiconductor materials, such as 
AlGaN, InN, InAlN, etc., have been optimized by various 
authors to get an enhanced device performance [12–15].

Although SH-HEMTs have countless advantages, their 
performance may be degraded due to factors like parasitic 
leakage, hot electron stress, etc. To improve the performance 
further, a few authors reported a new HEMT structure, 
known as a double heterojunction high electron mobility 
transistor (DH-HEMT). Recently, Kalita et al. have studied 
different DC and RF parameters of GaN-based SH-HEMT 
and DH-HEMT. From that study, it has been observed that 
the DC as well as RF performance upsurges in DH-HEMT 
[16]. It has been reported that the DH-HEMT with back bar-
rier provides enhanced carrier confinement and better leak-
age protection [17]. In 2017, A. Mohanbabu et al. designed a 
full wave bridge inverter circuit using an enhancement mode 
DH-HEMT with boron-doped GaN gate cap layer [18].

Again, despite the DH-HEMT's remarkable perfor-
mances, an unwanted parasitic channel is generated at the 
back-barrier/buffer interface due to the existence of abrupt 
heterojunction. This device limitation can be overcome with 
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more advanced device design strategies that utilize polariza-
tion engineering beyond the typical abrupt-junction designs. 
Recently, a few authors have observed the improved device 
performance using polarization-graded AlGaN back-barrier 
nanolayer in InAlN/GaN HEMT [17].

In this work, we have introduced a new GaN-based 
graded DH-HEMT structure and studied different proper-
ties using two-dimensional drift–diffusion simulation. Both 
graded and non-graded DH-HEMTs are examined for the 
influence of gate length on the drain current. Moreover, in 
both graded and non-graded DH-HEMTs, the changes in 
transconductance are also investigated. The conduction band 
engineering is also studied in both graded and non-graded 
DH-HEMTs. Finally, we have examined the RF properties 
extracted from the simulation results for both devices.

2  Designs of simulated devices

As shown in Fig. 1a, b, the following are the dimensions for 
multiple layers of the proposed nano-electronic DH-HEMT 
devices:  Al0.3Ga0.7N barrier layer of thickness 20  nm, 
1 nm thick AlN spacer layer, main GaN channel of 59 nm, 
 Al0.1Ga0.9N back-barrier layer of 60  nm thickness, and 
GaN buffer layer of 60 nm. At the bottom of the structure, 
100 nm sapphire is used to provide additional mechanical 
strength. Apart from that, both the source and the drain have 
200 nm (length) × 40 nm (height) dimensions. Gate has the 

dimension of  LG (length) × 100 nm (height). The designated 
values of gate length (LG) are 0.3 and 0.5 microns. The struc-
ture has a fixed source to gate distance of 500 nm, and the 
gate and drain distances are variable with variations in gate 
length. For both the device structures, there is a fixed source 
to drain spacing of 1300 nm. In both structures, to reduce the 
current collapse, a 10 nm thick  Si3N4 layer is used [17]. In 
the non-graded HEMT structure (Fig. 1a), the Al composi-
tion is fixed as 0.1 in the AlGaN back-barrier nanolayer. In 
the graded HEMT structure, the Al composition is 0.1 near 
the GaN main channel boundary and steadily decreases to 
zero through the 60 nm vertical thickness of AlGaN up to 
the GaN buffer layer as shown in Fig. 1b. Dimensions of 
all the layers of proposed structures are optimized in SIL-
VACO-ATLAS physical simulator to achieve the maximum 
drain current. In both cases, the doping concentration of the 
AlGaN layers is 2 ×  1018  cm−3.

Normally, GaN layers are used to grow on the (000 1 ) 
sapphire  (Al2O3) substrates using molecular beam epitaxy 
(MBE). Similarly, the AlGaN back barrier can be grown 
above the GaN layer. In this paper, we have introduced a 
60-nm-graded AlGaN back barrier with an Al content that 
changed linearly from 0% (bottom) to 10% (top). The thick-
ness on each AlGaN layers with different Al mole fraction 
is of 10 nm. According to available reports, several research 
teams have used a variety of growing approaches to create 
the multi-layered devices. The multi-layered HEMT device 
was created in 2017 by Ren et al. using both the molecular 

Fig. 1  2D structures of the nano-electronic DH-HEMT a with a non-graded back-barrier layer; b with a polarization-graded back-barrier layer. 
(LG = 0.3 µm)
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beam epitaxy (MBE) and metal organic chemical vapour 
deposition (MOCVD) techniques [19]. Using metal organic 
chemical vapour deposition (MOCVD), Zhang et al. recently 
created an AlGaN double-channel HEMT, and they inves-
tigated the electrical characteristics of the device [20]. 
Therefore, the proposed structure of this present work can 
be experimentally fabricated on the basis of performed simu-
lation studies.

The idea of the proposed structure for graded HEMT is 
obtained from various available literature. In 2011, Das et al. 
designed a graded barrier AlGaN/GaN HEMT to reduce the 
gate leakage current. In that work, three layers of the AlGaN 
barrier were used with mole fractions of 0.50, 0.35, and 0.20, 
respectively [21]. Again, Rahman et al. optimized the graded 
AlInN/AlN/GaN HEMT structure to perform high-power 
applications [22]. In 2017, Bajaj et al. fabricated a graded 
nanolayer-based AlGaN/GaN HEMT including the use of a 
graded AlGaN channel layer [23]. Also, in 2019, Othaman 
et al. optimized the graded nanolayer-based HEMT with dif-
ferent channel materials [24]. In the same year, for X-band 
applications, a graded InGaN sub-channel nanolayer was 
introduced in the AlGaN/GaN SH-HEMT [25]. Recently, 
in 2020, Moon et al. studied the effect of graded AlGaN 
nanolayer in AlGaN/GaN HEMT and performed the linear-
ity analysis [26]. In this present paper, to get a maximum 
of DC and RF performances, a graded AlGaN back-barrier 
nanolayer is used in the AlGaN/AlN/GaN/AlGaN/GaN 
DH-HEMT structure. This structure is optimized to get 
maximum performance. All the dimensions of this HEMT 
structure are based on current fabrication standards. Any 
change in the dimensions of this HEMT structure may result 
in changes in DC and RF characteristics.

In 2017, Ahmeda et al. studied the polarization and self-
heating effect of AlGaN/GaN HEMT using drift–diffusion 
model [27]. In the same year, the self-heating effect on nano-
electronic AlGaN/GaN HEMT was studied extensively by 
performing simulations using drift–diffusion model [28]. 
Again, using drift–diffusion model, the consequences of gate 
lengths on the cutoff frequency of HEMT were observed 
by Ubochi et al. [29]. In addition to that for a faster and 
more computationally efficient result, DD simulations can be 
used [30]. Therefore, according to the published literature of 
other authors, the drift–diffusion (DD) energy balance model 
is used in the simulation studies of this work which shows 
approximately similar results during calibration with respect 
to already published experimental results. Also, Monte Carlo 
simulation model may show better accuracy in simulation 
results for the nano-electronic range of HEMTs [31]. Apart 
from the drift–diffusion transport models, several physical 
models such as Fermi–Dirac, low field electron mobility, 
high-field mobility, Shockley–Read–Hall (SRH), and polari-
zation have been used to simulate the proposed device. The 
value of trap density is 1.1 ×  1011  eV−1  cm−2.

As the first phase of simulation studies in this work, the 
DH-HEMT structure is calibrated using the same structural 
dimensions, biasing conditions, and doping concentrations 
based on the published experimental results of Wang et al. 
[32]. Figure 2 and Fig. 3 show the changes in the drain cur-
rent of calibrated HEMT structure with respect to drain volt-
age (Vd) and gate voltage (Vg), respectively. Similar DC char-
acteristics are observed in the simulation with respect to the 
comparison with published experimental results [32]. All the 
simulation results of this research paper are obtained accord-
ing to this optimized calibration in Silvaco-Atlas physical 

Fig. 2  Changes in drain current with respect to drain voltage at vari-
ous gate voltages shown by the calibration of simulation parameters 
based on the already published experimental results

Fig. 3  Changes in drain current with respect to gate voltage at a con-
stant drain voltage of 5 V are shown by the calibration of simulation 
parameters based on the already published experimental results
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simulator [33–35]. Hence, all the simulation results of this 
research paper are verified according to the already pub-
lished experimental results.

3  Results and discussion

3.1  Investigations on drain characteristics

According to Fig. 4a, at a particular gate length (LG) of 
0.3 µm and at any specific gate voltage (VG), the drain cur-
rent increases with drain voltage for both non-graded HEMT 
and polarization-graded HEMT. It has been found that the 
drain current is higher in graded HEMT than in non-graded 
HEMT. At a gate voltage of 1 V and drain voltage of 14 V, 
a peak drain current of 1.3A/mm has been witnessed. Due 
to the presence of 2DEG, this device behaves like a normal 
ON device. For this reason, at greater than and equal to zero 
gate voltage  (VG), a higher drain current is observed than 
negative gate voltage [1, 4].

Similarly, in Fig. 4b, at 0.5 µm gate length (LG), the drain 
current rises with drain voltage in polarization-graded 
HEMT than in non-graded HEMT at any specific gate volt-
age. Again it has been observed that, both in non-graded 
HEMT and polarization-graded HEMT, at any specific drain 
voltage, the drain current is increased with respect to gate 
voltage (VG) corresponding to the 0.5 µm gate length (LG) 
[1, 4]. As mentioned earlier, the proposed DH-HEMT struc-
ture added a 60 nm graded AlGaN back barrier with an Al 
mole fraction varying from 0 to 0.1. It has been reported 
that a polarization-graded back barrier can counteract the 

effects of parasitic channels [17]. Because of this, the con-
finement of 2DEG can be improved, which is advantageous 
for increasing the electron mobility in the channel of DH-
HEMTs with graded AlGaN back barriers. So, the increased 
electron mobility can result in higher current densities and 
quicker switching rates in the proposed DH-HEMT with a 
graded AlGaN back-barrier layer.

When comparing Figs. 4a, b, it can be seen that both 
polarization-graded and non-graded HEMTs have greater 
drain currents corresponding to shorter gate lengths (LG). 
The drain current (Ids), according to a recent publication by 
Charfeddine et al., is stated as follows [1]:

where L, Vth, Vgs, Vds, µ, Z, and e are the gate length, thresh-
old voltage, gate voltage, drain voltage, mobility of carriers, 
channel width, and charge of an electron, respectively. β is a 
constant which is directly proportional to the saturation drain 
voltage (Vdsat) [1]. Therefore, Eq. (1) states that a shorter 
gate length will result in a greater drain current. As a result, 
both polarization-graded and non-graded HEMTs show 
larger drain currents in our studies when the gate length 
(LG) is shorter [1]. In Fig. 4, the drain current curves are not 
saturating because of channel length modulation [36, 37].

According to Fig. 5a, at a specific drain voltage (VD) of 
5 V, the drain current rises with gate voltage referring to 
the 0.3 µm gate length (LG) in the case of both polarization-
graded HEMT and non-graded HEMT [1, 4]. Again Fig. 5a 
shows a higher drain current in polarization-graded HEMT 

(1)Ids =
Z��e

L

(
Vgs − Vth −

Vds

2

)
Vds

Fig. 4  Comparative observation on V–I characteristics of non-graded HEMTs and polarization-graded HEMTs a at 0.3 µm gate length (LG); b at 
0.5 µm gate length (LG)
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than in non-graded HEMT. A cutoff voltage of − 4 V has 
been found for both polarization-graded HEMT and non-
graded HEMT. Similarly, according to Fig. 5b, at 0.5 µm 
gate length (LG), the drain current increases with gate volt-
age at 5 V drain voltage (VD) in the case of both polarization-
graded HEMT and non-graded HEMT [1, 4]. Additionally, 
Fig. 5b shows that polarization-graded HEMTs have a larger 
drain current than non-graded HEMTs. It has been found 
that a parasitic channel is formed in the GaN buffer layer 
of AlGaN/GaN HEMT. In Figs. 4 and 5, the drain current 
is higher in polarization-graded HEMTs as the effect of the 

parasitic channel on 2DEG is weak in polarization-graded 
HEMTs than in non-graded HEMTs. Hence, the mobility of 
2DEG is increased in polarization-graded HEMTs than in 
non-graded HEMTs.

Figure 6a presents the changes in transconductance with 
gate voltage at a 0.3 µm gate length (LG) and fixed drain volt-
age (VD) of 5 V in the case of polarization-graded HEMTs 
and non-graded HEMTs. Figure 6b illustrates the changes 
in transconductance for polarization-graded and non-graded 
HEMTs with a gate voltage corresponding to a 0.5 µm 
gate length (LG) and a 5 V fixed drain voltage (VD). When 

Fig. 5  Comparative observation on transfer characteristics of non-graded HEMTs and polarization-graded HEMTs a at 0.3 µm gate length  (LG); 
b at 0.5 µm gate length (LG)

Fig. 6  Comparative observation on variations of transconductance with a gate voltage corresponding to non-graded HEMTs and polarization-
graded HEMTs a at 0.3 µm gate length (LG), b at 0.5 µm gate length (LG)
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comparing Figs. 6a, b, it can be seen that the peak transcon-
ductance for a 0.3 µm gate length (LG) is greater than the 
peak transconductance for a 0.5 µm gate length (LG) because 
for a shorter gate length, the drain current is higher. Due to 
the gradual Al composition in the AlGaN back-barrier layer, 
we can observe a weaker parasitic channel effect, which 
increases the mobility of the 2DEG. Increase in mobility 
results in higher transconductance [17].

3.2  Analysis of conduction band engineering 
and RF performance

In this work, the aluminium nitride (AlN) spacer layer is 
used to enhance the band gap discontinuity in HEMT struc-
tures. Figure 7a is direct evidence of the development of a 
quantum well for 2DEG corresponding to the non-graded 
HEMT and polarization-graded HEMT in the case of gate 
length (LG) of 0.3 µm. Also, Fig. 7b provides a clear illus-
tration of the formation of a quantum well for 2DEG corre-
sponding to the non-graded HEMT and polarization-graded 
HEMT in the case of gate length (LG) of 0.5 µm. The con-
duction band diagrams shown in Fig. 7 are obtained from 
SILVACO-ATLAS physical simulator at zero bias voltage 
[38]. The potential well in polarization-graded DH-HEMT is 
slightly deeper and wider than the conventional one. This is 
due to the negatively polarized field generated by the back-
barrier layer, which results in better 2DEG confinement [17]. 
A deeper quantum well in polarization-graded HEMT struc-
ture than in non-graded HEMT structure results in higher 
carrier confinement. Moreover, the HEMT structure with the 

shorter gate length has a greater quantum well depth. Higher 
carrier confinement produces a larger drain current [38].

Again, 2DEG is developed at the junction of the AlGaN 
and GaN layers, due to the presence of spontaneous and 
piezoelectric polarization in GaN-based materials. Because 
of this 2DEG, a quantum well is formed at this junction. 
The quantum well depth is related to the 2DEG sheet charge 
density (NS).

where ε(m) is dielectric constant, Vg is the gate voltage, VC 
is the channel potential, d is the AlGaN barrier depth, Δd 
is the 2DEG mean distance from the heterointerface, Vth is 
the threshold voltage, EF is the Fermi energy, and m is the 
aluminium mole fraction [39, 40]. The threshold voltage is 
given by,

where σ(m) is the total polarization, Nd is the doping con-
centration of AlGaN layer, фb is the Schottky barrier height, 
and ΔEC is conduction band discontinuity between AlGaN 
layer and GaN layer [39, 40].

The frequency characteristics of designed HEMTs 
are shown in Figs. 8 and 9, which are extracted by the 
small-signal AC simulation. From Figs. 8 and 9, it has 
been observed that in polarization-graded HEMTs, the 
radio-frequency characteristics are boosted more than in 

(2)NS =
�(m)

e(d + Δd)

(
Vg − Vth − Vc −

EF

e

)

(3)Vth = �b −
ΔEC

e
−

eNdd
2

2�(m)
−

|�(m)|
�(m)

(d + Δd)

Fig. 7  Demonstration on the formation of quantum wells for 2DEG 
corresponding to non-graded HEMTs and polarization-graded 
HEMTs a at 0.3 µm gate length  (LG), b at 0.5 µm gate length (LG). 

These conduction band diagrams are extracted from the SILVACO-
ATLAS simulation at zero bias voltage
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non-graded HEMTs. According to Fig. 8a and Fig. 8b, the 
current gain cutoff frequency (FT) rises in polarization-
graded HEMT devices than in non-graded HEMT devices 
both having 0.5 µm gate length (LG). Again, the power 
gain cutoff frequency (Fmax) also increases in polarization-
graded HEMT devices than in non-graded HEMT devices 
both having gate length (LG) of 0.5 µm.

The mathematical expressions of transconductance (gm), 
current gain cutoff frequency (FT), and power gain cutoff fre-
quency (Fmax) are provided as follows [41],

(4)gm =
�Ids

�Vgs

Fig. 8  Comparative observation on changes in current gain cutoff 
frequency(FT) and power gain cutoff frequency(Fmax) with respect to 
the gate voltage at a 0.5 µm gate length(LG) and fixed drain voltage 

(Vd) of 5 V a device having non-graded AlGaN layer; and b device 
having polarization-graded AlGaN layer

Fig. 9  Comparative observation on changes in current gain cutoff fre-
quency  (FT) and power gain cutoff frequency (Fmax) with respect to 
gate voltage at a 0.3  µm gate length (LG) and a fixed drain voltage 

(Vd) of 5  V a device having non-graded AlGaN layer and b device 
having polarization-graded AlGaN layer
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Similarly, the current gain cutoff frequency (FT) is more 
in polarization-graded HEMT devices than in non-graded 
HEMT devices, as illustrated in Fig. 9. Furthermore, as 
shown in Fig. 9, the power gain cutoff frequency (Fmax) is 
relatively large in polarization-graded HEMT devices than in 
non-graded HEMT devices with gate lengths (LG) of 0.3 µm. 
Increase in mobility results in higher transconductance. As 
from Eqs. (5) and (6), we can observe that the Ft and Fmax 
are directly proportional to the transconductance of the 
device. So, in DH-HEMT with a graded AlGaN back bar-
rier, we have observed better current gain cutoff frequency 
as well as better power gain cutoff frequency. Table 1 shows 
the comparison amongst this present work and other recent 
similar works performed by different research groups.

4  Conclusion

Improved drain characteristics are demonstrated by two-
dimensional drift–diffusion simulations. To reduce the 
parasitic channel (formed in the GaN buffer layer) electron 
concentration, an AlGaN back-barrier layer with polariza-
tion-graded nanolayers is introduced resulting in a higher 
drain current. As a result, more drain current is observed in 
the polarization-graded HEMTs than in non-graded HEMTs. 
The highest drain current of 1.28 A/mm has been observed 
at a gate length of 0.3 µm in polarization-graded HEMT. The 
higher transconductance has been observed in the HEMT 
structure having a shorter gate length. In polarization-graded 
HEMT devices, the current gain cutoff frequency is more 
than in non-graded HEMT devices. Furthermore, the power 
gain cutoff frequency in polarization-graded HEMT devices 
is more than in non-graded HEMT devices. As a result, 
the DC and AC performances of HEMTs can be improved 

(5)FT =
gm

2�(Cgs + Cgd)

(6)
Fmax =

FT

2

√
Rg+Ri+Rs

Rds

+ 2�FTRgCgd

by employing polarization-graded AlGaN back-barrier 
nanolayers.
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