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The threshold voltage (Vth ) of the p-channel metal–oxide–semiconductor field-effect transistors (MOSFETs) is investigated via Silvaco-Atlas simulations. The main factors which influence the threshold voltage of p-channel GaN MOSFETs
are barrier height Φ1,p , polarization charge density σb , and equivalent unite capacitance Coc . It is found that the thinner
thickness of p-GaN layer and oxide layer will acquire the more negative threshold voltage Vth , and threshold voltage |Vth |
increases with the reduction in p-GaN doping concentration and the work-function of gate metal. Meanwhile, the increase
in gate dielectric relative permittivity may cause the increase in threshold voltage |Vth |. Additionally, the parameter influencing output current most is the p-GaN doping concentration, and the maximum current density is 9.5 mA/mm with p-type
doping concentration of 9.5×1016 cm−3 at VGS = −12 V and VDS = −10 V.
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1. Introduction
N-type GaN transistors have been concerned widely
and developed rapidly due to the superior performance for
power switching. [1] However, p-channel devices have attracted less attention than n-channel counterparts for the
low mobility of holes (i.e., the reported maximum value is
about 24 cm2 /(V·s) [2] ) which leads to poor current characteristics and switching speed, and the performance of complementary metal–oxide–semiconductor (CMOS) is limited
by p-channel MOSFETs. In order to enhance the characteristic of hole-based devices, two-dimensional hole gas
(2DHG) is indeed needed for breaking through the limitation. Various authors have come up with the prototypes about polarization heterostructure inducing hole gas,
like GaN/AlGaN/GaN polarization superjunction device, [3]
GaN/AlN p-channel transistor, [4] and the advanced GaN
CMOS technology. [5] Simultaneously, Akira Nakajima et
al. [6] have demonstrated the methods to increase the concentration of 2DHG. So far, an E-mode GaN-based p-channel
MOSFET with a negative threshold voltage of −2.7 V is integrated with an n-channel counterpart. [7] Nadim Chowdhury
et al. [8] have demonstrated a p-GaN/AlGaN/GaN MOSFET
exhibiting a low on-resistance (RON ) of ∼ 2.3 kΩ·mm and an

output current of 1.1 mA/mm at VDS = −5 V and VGS = −11 V.
Zheng et al. [9] have investigated the device with a higher output current of 6.1 mA/mm at VDS = −10 V and VGS = −12 V,
a high ON/OFF ration of ∼ 107 , and a negative threshold voltage of −1.7 V. The formation of 2DHG is similar to that of
2DEG. The strong piezoelectric and spontaneous polarization
effect exists between the GaN/AlGaN interface, which results
to the accumulation of negative polarization charges, [10] and
2DHG is obtained over it.
With the development of GaN-based power transistors,
the application of p-channel GaN devices is expected to further exploit, such as single-stage GaN complementary logic
inverters and monolithic integration of GaN-based complementary circuits for driving, sensing, and control. Although pchannel GaN devices are not perfect candidates for high-speed
circuits, the advantages including reducing the inductance,
achieving larger wafer size, and having less operating speed
are needed for circuit design. As an important component in
CMOS, p-channel GaN/AlGaN/GaN MOSFETs deliver hole
current through 2DHG induced by polarization effect, so the
devices are intrinsically normally-on. However, normally-off
p-channel GaN transistors with high threshold voltage and low
leakage current highly improve the performance of circuits.
As for the great advantages of the enhancement mode (E-
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mode) MOSFETs compared to the depletion mode (D-mode)
MOSFETs in power switching application, [11] several measures are proposed to make E-mode operation achieved, such
as gate recessing, ion implantation, or polarization engineering. It is necessary to carry out the investigation on the factors
affecting threshold voltage of the E-mode p-channel MOSFETs.
In this work, the effects of the key parameters on threshold voltage of E-mode p-GaN MOSFET were investigated,
such as the thickness of p-GaN under the gate Lp , the doping concentration of p-GaN Np , the thickness of gate dielectric
tox , the dielectric relative permittivity of gate dielectric γ, and
the work-function of gate metal Wm . And then, output current
can be risen simultaneously by optimizing the parameters. According to the simulation results, the maximum output current
(−ID ) is about 9.5 mA/mm at VGS = −12 V and VDS = −10 V.
All the simulations are performed in Silvaco-Atlas simulation
software.

the doping concentration of 6.5×1016 cm−3 , and gated oxide
layer from bottom to top. The 2DEG and 2DHG are induced
by the strain of lattice mismatch between AlGaN/n-GaN and
p-GaN/AlGaN, respectively. Al2 O3 is utilized to form gated
oxide layer on the top of p-GaN layer to suppress the gate leakage current. SiO2 is introduced to define the length and width
of Al2 O3 around the side of the gate. Additional, recessed gate
makes E-mode operation achieved. The gate region is formed
with Ni whose work-function is 5.2 eV. Besides, both of the
source region and the drain region are ohmic contacts to the
p-GaN channel layer, in which the doping concentration of p
type is set to 2.0 × 1018 cm−3 . More details about structural
and physical parameters are listed in Table 1.
SiO2

G
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Lg
Lch

Al2O3

SiO2
tox

Lp

D

pGaN

AlGaN

2. Device structure

nGaN

Figure 1 depicts the cross-sectional view of p-channel
GaN MOSFETs, which includes recessed gate and pGaN/AlGaN/GaN double heterostructure. The structure of
this device consists of a 4.5-µm n-GaN buffer layer, a 12-nm
Al0.2 Ga0.8 N barrier layer, an 85-nm p-GaN channel layer with

Si substrate
Fig. 1. Cross-section of the recessed-gate E-mode p-GaN/AlGaN/GaN
MOSFET.

Table 1. Key structural and physical parameters of p-channel GaN MOSFET.
Parameters

Unit

Values

Description

Lch
Lp
Np
Lbar
NAlGaN
σh
tox
Wm
Lg
Lgs
Lgd

nm
nm
cm−3
nm
cm−3
cm−2
nm
eV
µm
µm
µm

85
31
6.5 × 1016 (p type)
12
3 × 1014 (n type)
6.5×1012
20
5.2
4
2
4

p-GaN layer thickness
p-GaN layer thicknesses under the gate
p-GaN layer doping concentration
AlGaN barrier thickness
AlGaN barrier doping concentration
2DHG density
gate dielectric thicknesses
gate metal work function
Gate length
distance between gate and source
distance between gate and drain

The energy band diagrams for the oxide/pGaN/AlGaN/GaN displayed in Fig. 2, in which the features
of conduction band and valence band are clearly presented.
When the thickness of p-GaN layer is 85 nm as shown in
Fig. 2(a), 2DHG and 2DEG are easily obvious in the interface
of p-GaN/AlGaN and AlGaN/GaN, respectively. The structure with thinner p-GaN layer causes a shaper band bending,
which prevents the intersection of valence band and Fermi energy at p-GaN/AlGaN heterointerface (Fig. 2(b)), thus E-mode
behavior is achieved.
The hole mobility under the recessed gate is defined at
10 cm2 /V · s in order to simulate the material damage caused
by the etching process. And the limiting effect of electronic

traps should be concerned because of the distribution of quasistatic charge. According to the analysis of trapping effects
in GaN material, [12] the energy level of 2.85 eV and 1.75 eV
below the conduction band (EC − 2.85 eV and EC − 1.75 eV)
are the important energy levels related to current collapse. In
this simulation, EC − 2.85 eV and EC − 2.9 eV are set as a
deep acceptor level (EDA ) and a deep donor level (EDD ), respectively. Other parameters completing the trap model are
listed in Table 2. Besides trap model, field-dependent mobility (FLDMOB) model, Shockley–Read–Hall (SRH) recombination model, and Fermi–Dirac statistics are also considered
in our simulation. The simulation parameters of p-channel
GaN MOSFET are calibrated with the reported experimental
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result. [9] Therefore, the simulating results of transfer and output characteristics are similar to that of reported experiment,
shown in Fig. 3.
4

Table 2. The parameters of trap model in this p-channel GaN.
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Fig. 2. The simulated band diagrams of a structure with an oxide/pGaN/AlGaN/GaN. It is clearly visible that the thickness of p-GaN in panels (a) and (b) are 85 nm and 31 nm, respectively.
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The model analysis and theoretical calculation to the typical double heterostructure with 2DHG and 2DEG have been
prepared to obtain an effective high threshold voltage |Vth | in
the p-channel structure. According to Poisson equations, carrier continuity, and Gauss laws, the function of 2DHG density
at interface and threshold voltage can be defined, and then the
factors influencing threshold voltage can be explained mathematically. According to the model put forward by Ashwani
Kumar, [13] the threshold voltage can be expressed as
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3. Results and discussion
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Fig. 3. (a) Transfer and (b) output characteristics of the E-mode p-GaNMOSFET. The doping concentration of p-GaN is set as 6.5×1016 cm−3 .

σb
Cb EG σox Φ1,p ∆E OV
−
−
−
+
,
Coc Coc e
Cox
e
e

(1)

where Φ1,p is the barrier height of the valence band at
gate/oxide interface, ∆E OV is the valence band offset between
the oxide and GaN channel, σox is the net sheet charge density at oxide/GaN interface and σb is the net polarization sheet
charge density at GaN/AlGaN interface. Cb and Cox are unit
area capacitance in AlGaN layer and oxide, respectively. And
Coc is the equivalent unite capacitance offered by the oxide and
channel layers, which is defined by Coc = (1/Cox + 1/Cch )−1 .
From expression (1), what it comes down to is that there are
three parameters influencing Vth most, namely, barrier height
Φ1,p , polarization charge density σb , and equivalent unite capacitance Coc .
The threshold voltage engineering can be performed by
changing these three parameters, such as p-GaN layer thickness, work-function of gate metal, oxide thickness, and so on.
The results of investigation on threshold voltage of p-channel
GaN MOSFETs will be described below in detail.
In this section, the impact on the threshold voltage of five
major parameters (Lp , Np , tox , γ, and Wm ) is discussed. In
principle, band diagrams and analytic calculation model can
distinctly emphasize the features, which are helpful to understand the changes of threshold voltage. Figure 4(a) shows the
transfer characteristic of the E-mode p-GaN MOSFETs shifts
with various doping concentrations of the p-GaN layer. It
is worth noting that variable parameter is the only one, under the premise of other parameters remaining constant. Specific values and structures follow Table 1 and Fig. 1. While
the doping concentration Np decreases from 9.5×1016 cm−3
to 4.0×1016 cm−3 , the threshold voltage |Vth | increases from
1.5 V to 2.25 V as well as the source current (−ID ) drops from
5.7 mA/mm to 1.6 mA/mm. The shift of |Vth | and −ID can
be explained by comparing the conduction band diagram of
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p-GaN/AlGaN/GaN structure at different p-GaN doping concentrations. As shown in Fig. 4(b), the conduction band of the
p-GaN/AlGaN/GaN with a high doping concentration makes
conduction band beyond the Fermi energy and valance band
near the Fermi energy at the same time, which makes Vth shift
to be positive.
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4
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EC (eV)

3.5

in permittivity γox will cause an increase in capacitance Cox
with a constant value of the thickness of oxide layer tox . Meanwhile, the ionized impurities in p-GaN layer are constant when
the doping concentration in p-GaN layer Np remains a certain
value. Therefore, the positive charge density generated under the gate Qs keeps a constant, too. According to the equation Voxide = Qs /Cox , the voltage added to oxide layer Voxide
drops followed by the increase in Cox . The results are that energy band bends gentle and valence band reaches a lower level.
Thus, the higher Cox makes the threshold voltage Vth more negative. Figure 6(a) presents the transfer characteristic of these
devices with different gate dielectrics, which reflects the relationship between gate dielectric relative permittivities γ and
threshold voltage Vth . Three kinds of gate dielectrics, such as
SiO2 , Al2 O3 , and HfO2 , with various permittivities γ of 3.9,
9.0, and 25.0, respectively, are considered in our simulation.
When the permittivities γ changes from 3.9 to 25, the threshold voltage |Vth | offsets from 1.5 V to 2.25 V, and the source
current (−ID ) increases from 3.3 mA/mm to 3.7 mA/mm.

0
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Fig. 4. Transfer characteristics of the E-mode p-GaN-MOSFET with various Np from 4.0×1016 cm−3 to 9.5×1016 cm−3 . (b) The simulating band
diagram of p-GaN/AlGaN/GaN structure.

-ID (mASmm-1)

When the thickness of the p-GaN layer under the gate
Lp varies from 35 nm to 10 nm, the threshold voltage |Vth |
shifts from 1.5 V to 2.5 V. And the source current (−ID ) decreases from 4.2 mA/mm to 2.2 mA/mm as shown in Fig. 5(a).
While the thickness of Al2 O3 tox varies from 30 nm to 10 nm,
the threshold voltage |Vth | increases, from 1.75 V to 2.25 V
with negligible change of source current (−ID ) as depicted in
Fig. 5(b). From the perspective of the energy band, thinner
p-GaN channel layer and Al2 O3 thickness make the energy
band bend more sharply in their layers, which makes the valence band at the interface of p-GaN/AlGaN lower than the
Fermi energy and the Vth is more negative. It is obvious that
the thickness of p-GaN layer Lp has a significantly greater effect on the threshold voltage Vth than the thickness of Al2 O3
layer tox from Figs. 5(a) and 5(b).
In addition, the threshold voltage |Vth |would increase not
only because of the reduction in gate dielectric thickness, but
because the gate dielectric relative permittivity increases. According to the direct proportion of oxide capacitance and permittivity, which can be expressed as Cox ∝ γox γo /tox . The rise

4.0

-6 -4 -2
VGS (V)

0

2

(b)
10 nm
20 nm
30 nm

3.0
2.0
1.0
0
-12 -10 -8

-6 -4 -2
VGS (V)

0

2

Fig. 5. Transfer characteristics of the E-mode p-GaN-MOSFET with various
(a) p-GaN layer thicknesses under the gate and (b) Al2 O3 thicknesses under
the gate.

Figure 6(b) shows the effect of gate metal work-function
on the threshold voltage Vth . The barrier height is directly affected by the work-function, from Eq. (1). Because of the ptype Schottky barrier, the reduction in gate metal work function Wm can lead to the increase in barrier height φ1,p , driving the device towards an E-mode regime. While the workfunction of gate metal drops from 6.0 to 4.2 in the threshold
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voltage |Vth | shows a significantly increase from 1 V to 3 V,
and the source current (−ID ) shows negligible change from the
simulation, which means that the work-function of gate metal
shows no effect on the source current of the device.
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Fig. 6. Transfer characteristics of the E-mode p-GaN-MOSFET with various
(a) gate dielectric relative permittivities and (b) gate metal work-functions.
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4. Conclusion
In this paper, an E-mode p-channel GaN MOSFET
is investigated by Silvaco-Atlas, in which 2DHG is induced by negative polarization charges at the interface of pGaN/AlGaN. Based on the theoretical analysis, the investigation on threshold voltage of p-channel GaN MOSFETs in pGaN/AlGaN/GaN heterostructure is carried out. It is found
that the structural parameters of the devices have an obvious
impact on threshold voltage. First, the threshold voltage |Vth |
increases from 1.5 V to 2.5 V with the decrease in p-GaN
layer thicknesses under the gate Lp from 35 nm to 10 nm.
And gate dielectric (Al2 O3 ) thicknesses tox shows the same
effect on threshold voltage as Lp . Meanwhile, the reduction
in p-GaN layer doping concentrationsNp from 9.5×1016 cm−3
to 4.0×1016 cm−3 will make an increase in threshold voltage
|Vth | from 1.5 V to 2.25 V. Besides, threshold voltage |Vth | may
rise from 1.5 V to 2.25 V with the increase in gate dielectric
relative permittivities γ from 3.9 to 25. In addition, the decrease in gate metal work functions Wm from 6.0 to 4.2 results
the boost in |Vth | from 1 V to 3 V. Finally, the output curve indicates that the maximum current density is about 9.5 mA/mm
at VDS = −10 V and VGS = −12 V in this device. These simulated results offer more understanding of threshold voltage
engineering of p-channel GaN MOSFETs.
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