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Abstract: P-channel GaN Metal Oxide Semiconductor Heterostructure Field Effect Transistors (MOSHFETs) utilising a 

polarization induced two Dimensional Hole Gas (2DHG) operate inherently in depletion mode (D-mode). The condition for 

their conversion to E-mode operation is examined via analytical expressions for the threshold voltage and verified via TCAD 

simulations. Between the two heterostructures (i) conventional GaN/AlGaN/GaN and (ii) alternate AlGaN/GaN/AlGaN/GaN 

examined in this work, we demonstrate at higher threshold voltage (> |−𝟐| 𝑽), the alternate heterostructure can potentially 

achieve a higher on-current by a factor of 2 of (~𝟑𝟎 𝒎𝑨/𝒎𝒎), without degradation in the on-off current ratio, expected 

ideally to be of the order of ~𝟏𝟐. 

 

1. Introduction 

Spontaneous polarisation and piezoelectric strain 
along the [0001] orientation are main contributors to the high 
density of two dimensional sheet electron density 
(>1013𝑐𝑚−2) at an interface of AlGaN/GaN in GaN High 
Electron Mobility Transistors (HEMTs). Due to the high 
mobility of electrons, this two dimensional electron gas 
(2DEG) leads to high performance power and frequency 
applications [1–3], that have contributed to GaN being 
considered one of the fastest growing semiconductors today 
[4]. Similarly, a negative polarization charge at the 
GaN/AlGaN heterointerface can generate a two dimensional 
hole gas (2DHG), which behaves as a semiconducting field 
plate for effective control of electric field crowding at the gate 
edge of power devices [5]. This 2DHG has more recently, 
sparked interest towards realization of p-channel GaN 
heterostructure field effect transistors (p-HFETs), necessary 
for implementing power converter systems on a chip [6]. 

Despite a low mobility of holes in wurtzite GaN, ~16 𝑐𝑚2/𝑉𝑠  [7–9], because of a high density 2DHG of  ~5 × 1013 𝑐𝑚−2 , p-channel HFETs with a maximum on-
current |𝐼𝑂𝑁| of 150 𝑚𝐴/𝑚𝑚  in depletion mode (D-mode) 
were demonstrated by Li et al. in [10]. Nevertheless, it is 
precisely this high density that makes it difficult to deplete, 
and resulted in an on-off current ratio of ~1  order in 
magnitude for this device. For realising an enhancement 
mode (E-mode) p-channel HFET with a high |𝑉𝑡ℎ|, a low 
density of the 2DHG of ~6 × 1011 𝑐𝑚−2 led to a degradation 
in on-current by two orders of magnitude [11]. The maximum 
on-current for enhancement-mode (E-mode) p-channel 
HFETs reported experimentally to date, lies in the range of 0.3 − 10 𝑚𝐴/𝑚𝑚 [10–12], with a maximum reported |𝑉𝑡ℎ| 
of |−1.3| 𝑉 [12]. Nevertheless, an E-mode p-channel HFET 
with a |𝑉𝑡ℎ| of |−1| 𝑉  to |−2| 𝑉  is desirable for integrated 
gate drivers for fail-safe operation of power management 
integrated circuits (PMICs)  [13]. 

The current work consolidates our understanding of 
the mechanisms of achieving effective high |𝑉𝑡ℎ|  in p-
channel HFETs in GaN on a polarisation superjunction 

platform that is fully compatible with power device 
fabrication [5]. An analytical expression for the |𝑉𝑡ℎ|   in 
terms of material parameters and geometry is demonstrated 
for two potential candidate structures for p-channel E-mode 
operation, described as (i) a conventional heterostructure 
without an AlGaN cap and (ii) an alternate heterostructure 
with an AlGaN cap, that was shown to provide additional 
flexibility for addressing the trade-off between the |𝑉𝑡ℎ| and 
on-current by us in [14]. The expressions proposed in this 
work may be easily used in back-of-envelope calculations to 
design the 𝑉𝑡ℎ by adjusting the Al mole fraction in the AlGaN 
cap layer.  

2. Methodology  

The structures examined in this work are simulated via TCAD 
modelling of the Poisson equation coupled with carrier 
continuity [15]. Shockley-Read-Hall and Augur 
recombination are employed to model trap kinetics. The low 
field mobility is described by the Albrecht model [16] 
whereas a nitride specific field dependent model is used under 
high field [17]. The maximum hole mobility at room 
temperature is limited to 16 𝑐𝑚2/𝑉 ⋅ 𝑠 [18], while a contact 
resistance 𝜌𝑐  of 10−4 Ω𝑐𝑚2  is used for source and drain 
contacts to p-GaN [19]. 

The conventional and alternate heterostructures 
(without and with an AlGaN cap) are presented in Figs. 1 (a) 
& (b), respectively. The conventional structure from bottom 
to the top, consists of a GaN buffer, AlGaN barrier, and GaN 
channel layers, all grown along the [0001] direction, as shown 
in Fig. 1 (a) with an additional gated oxide layer at the top, 
with the GaN buffer in a relaxed state. Due to the lattice 
mismatch between AlGaN and GaN, a strain is developed 
within AlGaN barrier layer, during its pseudomorphic growth 
upon the buffer. The lattice constant 𝑎0 for AlGaN, with an 
Al mole fraction 𝑥  is estimated by linearly interpolating 
between the lattice constants for GaN and AlN, which are 

typically 3.189 Å  and 3.112 Å  [20]. Thus the strain in 

AlGaN can be described as (𝑎0,𝐴𝑙𝐺𝑎𝑁 − 𝑎0,𝐺𝑎𝑁) 𝑎0,𝐺𝑎𝑁⁄ ≈2.4𝑥 %.  
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Fig. 1. Schematic cross-sections beneath the gate of the 

conventional and alternate heterostructures (without and 

with AlGaN cap respectively) and corresponding band 

diagrams. 

(a) Conventional heterostructure from top to bottom 
consisting of oxide/insulator, undoped GaN channel, AlGaN 
barrier, and GaN buffer layers, (b) Alternate heterostructure 
from top to bottom consisting of oxide/insulator, AlGaN cap 
layer, undoped GaN channel, AlGaN barrier, and GaN 
buffer layers, (c) Energy band diagrams of the conventional 
heterostructure, (d) Energy band diagrams of the alternate 
heterostructure 
 

Since AlGaN is lattice matched to the GaN buffer, the 
GaN channel layer above the AlGaN remains relaxed. Owing 
to strain induced piezoelectric polarization and the difference 
in spontaneous polarization, a polarization sheet charge 
density 𝜎𝑏  is created at the bottom and top interfaces of 
AlGaN. In the alternate heterostructure an additional strain is 
developed within the AlGaN cap on top of the relaxed GaN 
channel, which depends upon the Al mole fraction in the cap 
layer. As a result of the polarization difference between the 
AlGaN cap and channel layer, an additional polarization sheet 

charge density 𝜎𝑐𝑎𝑝 is created along the cap/channel interface 

in Fig. 1 (b). By adjusting the Al mole fraction in the cap layer 𝜎𝑐𝑎𝑝 can be modified, providing an additional handle in either 

controlling or depleting the 2DHG in the GaN channel under 
the gate. 

The schematic band diagrams for the two 
heterostructures displayed in Figs. 1 (c) & 1 (d), emphasize 
the distinct features, such as conduction and valence band 
offsets at the interfaces of oxide/GaN and AlGaN/GaN 
heterointerfaces, and the electron and hole quantum wells that 
are not easily obvious in simulated band diagrams. In 
deriving an expression for 𝑉𝑡ℎ , a procedure similar to that 
employed by H. Hahn et al. in [21] is adopted. In this 
approach, first the charge densities at various interfaces are 
evaluated by the application of Gauss’ Law under the 
electrostatic constraints introduced by the heterostructure. 
The electron or hole densities are substituted to zero to obtain 
the gate bias which is defined as the threshold voltage. While 
deriving the threshold voltage, it is assumed that the 2DEG is 
grounded via the source terminal. This allows saturated 
device characteristics, since previously it has been shown that 
a floating 2DEG leads to non-saturation of the I-V curves [22]. 
This mechanism distinguishes the device from that reported 
in [23]. Moreover, the thicknesses of GaN channel and 
AlGaN cap layers are sufficiently small to prevent formation 
of any undesirable electron or hole quantum wells at any of 
the interfaces between the oxide, GaN channel, and the 
AlGaN cap layers. 

 
2.1.  Conventional Heterostructure 

 
Following the valence band in Fig. 1 (c) and moving 

from the gated surface of the oxide on the left to the interface 
of the GaN channel/AlGaN barrier, marked as (B), on the 
right, the energy relative to the Fermi level 𝐸𝑓  can be written 

as − 𝛷1,𝑝𝑒 − 𝑉𝐺𝑆 + 𝑡𝑜𝑥ℰ𝑜𝑥 + 𝛥𝐸𝑂𝑉𝑒 + 𝑡𝑐ℎℰ𝑐ℎ = 𝛥𝑝𝑒  (1) 

where Φ1,𝑝 is the barrier height of the valence band at the 

gate/oxide interface, 𝛥𝐸𝑂𝑉 is the valence band offset between 
the oxide and GaN channel, 𝑡𝑜𝑥 and 𝑡𝑐ℎ are thicknesses of the 
oxide and GaN channel respectively, ℰ𝑜𝑥  and ℇ𝑐ℎ  represent 
the electric field within the oxide and GaN channel layers, 
respectively, and Δ𝑝 is the height of the hole quantum well 

(QW). Applying Gauss’ law at interfaces (A)  and (B) , 
respectively, leads to 𝜖𝑐ℎℰ𝑐ℎ − 𝜖𝑜𝑥ℰ𝑜𝑥 = 𝜎𝑜𝑥 (2) 𝜖𝑐ℎℰ𝑐ℎ + 𝜖𝑏ℰ𝑏 = 𝜎𝑏 − 𝑒 ⋅ 𝑝𝑠 (3) 

where 𝜖𝑜𝑥 , 𝜖𝑐ℎ , and 𝜖𝑏  are the permittivities of oxide, GaN 
channel, and AlGaN barrier layers, ℇ𝑏  is the electric field 
within the barrier layer, 𝜎𝑜𝑥 is the unpassivated sheet charge 
or net sheet charge density along the oxide and channel 
interface, 𝜎𝑏  is the net polarization sheet charge density 
between the GaN channel and AlGaN barriers at interface (B), 
and 𝑝𝑠  represents the density of 2DHG. It can be inferred 
from Fig. 1 (c), that for both hole and electron quantum wells 
(QWs) (Δ𝑛 & Δ𝑝) to simultaneously exist, the electric field 

within the AlGaN barrier must be large enough to provide a 
band bending equivalent to the energy of the bandgap of GaN 
( 𝐸𝐺 ) over the thickness of the barrier 𝑡𝑏 , which can be 
expressed as 
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𝑡𝑏ℰ𝑏 ≈ 𝐸𝐺e  (4) 

In order to eliminate the explicit electric field dependence in 
(2) and (3), first ℇ𝑏 is substituted from (4) into (3) 𝜖𝑐ℎℰ𝑐ℎ = 𝜎𝑏 − 𝑒 ⋅ 𝑝𝑠 − 𝐶𝑏 𝐸𝐺𝑒  (5) 

where 𝐶𝑏 = 𝜖𝑏 𝑡𝑏⁄  is the unit area capacitance associated 
with the barrier layer. Rewriting (2) by substituting 𝜖𝑐ℎℇ𝑐ℎ 
from (5) gives 𝜖𝑜𝑥ℰ𝑜𝑥 = 𝜎𝑏 − 𝜎𝑜𝑥 − 𝑒 ⋅ 𝑝𝑠 − 𝐶𝑏 𝐸𝐺𝑒  (6) 

Finally, the dependence of the electric field in (1) can be 
eliminated by substituting ℇ𝑐ℎ  from (5) and ℇ𝑜𝑥  from (6), 
which results in 𝑉𝐺𝑆 = (𝜎𝑏 − 𝑒 ⋅ 𝑝𝑠 − 𝐶𝑏 𝐸𝐺𝑒 ) ( 1𝐶𝑜𝑥 + 1𝐶𝑐ℎ) − 𝜎𝑜𝑥𝐶𝑜𝑥− 𝛷1,𝑝𝑒 + 𝛥𝐸𝑂𝑉𝑒 − 𝛥𝑝𝑒  

(7) 

Where 𝐶𝑜𝑥(= 𝜖𝑜𝑥/𝑡𝑜𝑥) and 𝐶𝑐ℎ(= 𝜖𝑐ℎ/𝑡𝑐ℎ) are the unit area 
capacitances in the oxide and channel layers. Defining 𝐶𝑜𝑐 =(1 𝐶𝑜𝑥⁄ + 1 𝐶𝑐ℎ⁄ )−1  as the equivalent unit area capacitance 
offered by the oxide and channel layers, and following the 
definition of threshold voltage as the gate bias at which the 
height of the hole QW Δ𝑝 must be zero and 𝑒 ⋅ 𝑝𝑠 should be 

negligibly small compared to 𝜎𝑏 [21], (7) can be expressed as  𝑉𝑡ℎ = 𝜎𝑏𝐶𝑜𝑐 − 𝐶𝑏𝐶𝑜𝑐 𝐸𝐺𝑒 − 𝜎𝑜𝑥𝐶𝑜𝑥 − 𝛷1,𝑝𝑒 + 𝛥𝐸𝑂𝑉𝑒  (8) 

From (8), it can be inferred that a higher polarization charge 
at the GaN channel and AlGaN barrier heterointerface drives 
the threshold voltage upwards, i.e. a D-mode regime. 
Moreover, an increase in barrier thickness (i.e. reduction of 𝐶𝑏) means a relatively smaller band bending across the barrier 
required for the formation of both electron and hole quantum 
wells simultaneously, driving the device towards a D-mode 
regime. A detailed description of the impact of the other 
parameters is presented in the subsequent section. 

 
2.2. Alternate Heterostructure with an AlGaN cap 

 
A similar procedure can be followed to obtain an 

expression of the 𝑉𝑡ℎ in the heterostructure with the AlGaN 
cap layer (Fig. 1 (b)). Here we present only the key steps 
while highlighting important differences. Considering the 
band diagram in Fig. 1 (d), the variations of energy of the 
valence band, as before, can be represented as − 𝛷1,𝑝𝑒 − 𝑉𝐺𝑆 − 𝑡𝑜𝑥ℰ𝑜𝑥 + 𝛥𝐸𝑉1𝑒 − 𝑡𝑐𝑎𝑝ℰ𝑐𝑎𝑝+ 𝛥𝐸𝑉2𝑒 + 𝑡𝑐ℎℰ𝑐ℎ = 𝛥𝑝𝑒  

(9) 

Where 𝑡𝑐𝑎𝑝 is the thickness of the AlGaN cap layer,ℇ𝑐𝑎𝑝 is 

the electric field within this layer, Δ𝐸𝑉1 and Δ𝐸𝑉2 are valence 
band offsets at the interfaces of oxide/cap and cap/channel, 
respectively, Δ𝐸𝑉1 + Δ𝐸𝑉2 = Δ𝐸𝑂𝑉 , the net valence band 
offset between the oxide and GaN channel, as in the 
conventional structure. Moreover, as opposed to (1), the term 𝑡𝑜𝑥ℇ𝑜𝑥  in (9) bears a negative sign. This is owing to the fact 
that in this heterostructure, there is an additional polarization 
sheet charge density 𝜎𝑐𝑎𝑝, introduced by the AlGaN cap layer, 

which is responsible for a change in the direction of electric 

field in the oxide layer [14]. An application of Gauss’ law at 
the interfaces (A), (B), and (C) gives 𝜖𝑜𝑥ℰ𝑜𝑥 − 𝜖𝑐𝑎𝑝ℰ𝑐𝑎𝑝 = 𝜎𝑜𝑥 (10) 𝜖𝑐𝑎𝑝ℰ𝑐𝑎𝑝 + 𝜖𝑐ℎℰ𝑐ℎ = 𝜎𝑐𝑎𝑝 (11) 𝜖𝑐ℎℰ𝑐ℎ + 𝜖𝑏ℰ𝑏 = 𝜎𝑏 − 𝑒 ⋅ 𝑝𝑠 (12) 

Where 𝜖𝑐𝑎𝑝 is the dielectric constant of the AlGaN cap layer. 

Equation (4) is still applicable in the barrier layer, as long as 
the band bending is sufficient to form both electron and hole 
QWs simultaneously. Employing equations (4) and (10)-(12) 
to remove the electric field dependence in (9), leads to 𝑉𝐺𝑆 = (𝜎𝑏 − 𝑒 ⋅ 𝑝𝑠 − 𝐶𝑏 𝐸𝐺𝑒 ) ( 1𝐶𝑜𝑥 + 1𝐶𝑐𝑎𝑝 + 1𝐶𝑐ℎ)

− 𝜎𝑐𝑎𝑝 ( 1𝐶𝑜𝑥 + 1𝐶𝑐𝑎𝑝) − 𝜎𝑜𝑥𝐶𝑜𝑥− 𝛷1,𝑝𝑒 + 𝛥𝐸𝑂𝑉𝑒 − 𝛥𝑝𝑒  

(13) 

Where 𝐶𝑐𝑎𝑝(= 𝜖𝑐𝑎𝑝/𝑡𝑐𝑎𝑝) is the unit area capacitance offered 

by the AlGaN cap layer. Defining 𝐶𝑜𝑐𝑐 = (1 𝐶𝑜𝑥⁄ +1 𝐶𝑐𝑎𝑝⁄ + 1 𝐶𝑐ℎ⁄ )−1
, 𝐶𝑜𝑐𝑝 = (1 𝐶𝑜𝑥⁄ + 1 𝐶𝑐𝑎𝑝⁄ )−1

, and at 𝑉𝐺𝑆 = 𝑉𝑡ℎ substituting, Δ𝑝 as zero as well as assuming 𝑒 ⋅ 𝑝𝑠 

to be negligible in comparison with 𝜎𝑏, (13) reduces to the 
desired expression as 𝑉𝑡ℎ = 𝜎𝑏𝐶𝑜𝑐𝑐 − 𝐶𝑏𝐶𝑜𝑐𝑐 𝐸𝐺𝑒 − 𝜎𝑐𝑎𝑝𝐶𝑜𝑐𝑝 − 𝜎𝑜𝑥𝐶𝑜𝑥 − 𝛷1,𝑝𝑒 + 𝛥𝐸𝑂𝑉𝑒  (14) 

(14) is similar to (8) except for the additional term −𝜎𝑐𝑎𝑝/𝐶𝑜𝑐𝑝  which results from the additional polarization 

sheet charge introduced by the AlGaN cap layer that helps 
bring 𝑉𝑡ℎ down to the desired negative levels for a p-channel 
device. In order to compare the predicted threshold voltage 
from (8) and (14) with simulated results, all the parameters in 
the equations are kept same as mentioned in the user manual 
of the TCAD [24]. These parameters along with the 
polarization charge model are summarised in Table 1. 
 
Table 1. Parameters used in the calculation of the threshold 

voltage from equations (8) and (14) for the two 

heterostructures examined in this work 

Parameters Values 𝛷1,𝑝 (𝑒𝑉) 4.9 Δ𝐸𝑂𝑉  (𝑒𝑉) 2.15 𝐸𝐺  (𝑒𝑉) 3.43 𝜖𝑜𝑥 (𝐴𝑙2𝑂3) 9.3𝜖0 𝜖𝑐ℎ 8.9𝜖0 𝜖𝑏 or 𝜖𝑐𝑎𝑝 (𝐴𝑙𝑥𝐺𝑎1−𝑥𝑁) 8.5𝑥𝜖0 + 8.9(1 − 𝑥)𝜖0 𝜎𝑜𝑥 (𝑜𝑥𝑖𝑑𝑒/𝐺𝑎𝑁) 0.1𝜎𝑏 𝜎𝑜𝑥 (𝑜𝑥𝑖𝑑𝑒/𝐴𝑙𝐺𝑎𝑁) 0.1𝜎𝑐𝑎𝑝 𝜎𝑏 or 𝜎𝑐𝑎𝑝 = |Δ𝑃𝑠𝑝| + |Δ𝑃𝑝𝑧| 𝑃𝑠𝑝 (𝐺𝑎𝑁) (𝐶/𝑚2) −0.034 𝑃𝑠𝑝 (𝐴𝑙𝑥𝐺𝑎1−𝑥𝑁) (𝐶/𝑚2) −0.09𝑥 − 0.034(1 − 𝑥) 

           𝑃𝑝𝑧 (𝐴𝑙𝑥𝐺𝑎1−𝑥𝑁) = 2 𝑎(𝑥)−𝑎0𝑎0 (𝑒31 − 𝐶13𝐶33 𝑒33) 𝑎0 (Å) (𝐺𝑎𝑁) 3.189 𝑎 (𝐴𝑙𝑥𝐺𝑎1−𝑥𝑁) (Å) 3.112𝑥 + 3.189(1 − 𝑥) 𝑒33 (𝐴𝑙𝑥𝐺𝑎1−𝑥𝑁) (𝐶/𝑚2) 1.5𝑥 + 0.67(1 − 𝑥) 𝑒31 (𝐴𝑙𝑥𝐺𝑎1−𝑥𝑁) (𝐶/𝑚2) −0.53𝑥 − 0.34(1 − 𝑥) 𝐶13 (𝐴𝑙𝑥𝐺𝑎1−𝑥𝑁) (𝐺𝑃𝑎) 127𝑥 + 100(1 − 𝑥) 𝐶33 (𝐴𝑙𝑥𝐺𝑎1−𝑥𝑁) (𝐺𝑃𝑎) 382𝑥 + 392(1 − 𝑥) 
 



4 

 

 

Fig. 2. Transfer characteristics for the two heterostructures and validation of the expression for  𝑉𝑡ℎ via TCAD simulations 

using the 𝑔𝑚𝑎𝑥  method for the p-channel MOSHFETs with gate length of 1 𝜇𝑚, for two heterostructures. 

(a) 𝐼𝐷𝑆 − 𝑉𝐺𝑆 characteristics in a conventional heterostructure at different channel thickness 𝑡𝑐ℎ, (b) 𝐼𝐷𝑆 − 𝑉𝐺𝑆 characteristics in 
an alternate heterostructure at different Al mole fraction in the AlGaN cap 𝑥𝑐𝑎𝑝, (c) Comparison of 𝑉𝑡ℎ vs. 𝑡𝑐ℎ for the 

conventional heterostructure at different Al mole fractions in the barrier 𝑥𝑏 from simulation and Equation (8), (d) Comparison 
of 𝑉𝑡ℎ vs. 𝑥𝑐𝑎𝑝 in the alternate heterostructure with a channel thickness of 10 nm and an AlGaN cap at different oxide 

thicknesses 𝑡𝑜𝑥 from simulation and Equation (14)
 

3. Results and Discussions  

The derived threshold voltage expressions are verified 
with the threshold voltage extracted from the simulated 
transfer characteristics for the two heterostructures shown in 
Figs. 2 (a) and (b). In Figs. 2 (c) and (d), the predicted 
threshold voltage from (8) and (14) are compared with the 
threshold voltage obtained from the simulated transfer 
characteristics, where Al2O3 is used as the gate dielectric in 
all the results. As seen from the device geometries in the inset, 
an additional base contact, marked B, is employed here to 
keep the 2DEG connected to ground. 𝑉𝑡ℎ is extracted from the 
simulated transfer characteristics, by drawing a tangent to the 
drain current corresponding to a maximum transconductance 𝑔𝑚𝑎𝑥  in the transfer characteristics on a linear scale and 
checking its intercept at the axis of the gate bias (𝑔𝑚𝑎𝑥  
method). 

In the case of the conventional structure in Fig. 2 (c), 
the threshold voltage from the model, plotted as a function of 
thickness of the channel layer, for two distinct Al mole 
fractions in the barrier layer is in the good agreement with the 
simulated results. 

As opposed to the p-channel MOSFET in Si, |𝑉𝑡ℎ| of 
this device improves as the thickness of the channel is 
reduced. This contrasting behaviour is a result of the direction 
of the electric field between the gate and the 2DHG, as 
marked by the arrows in Fig. 1 (c), which is opposite in GaN 
to that of a p-channel MOSFET in Si. A reduction in the Al 
mole fraction in the barrier lowers the polarization sheet 
charge density, which in turn leads to a reduction in the 

density of 2DHG. Hence, an improvement in |𝑉𝑡ℎ|  is 
observed with a reduction in 𝑥𝑏, as seen in Fig. 2 (c). This 
behaviour of |𝑉𝑡ℎ| with a change in either 𝑡𝑐ℎ or 𝑥𝑏 has also 
been demonstrated experimentally in p-channel HFETs [11, 
12].  

For the alternate structure with the AlGaN cap from 
Fig. 2 (d), |𝑉𝑡ℎ| of the device becomes higher as the Al mole 
fraction in the AlGaN cap layer is increased. The figure also 
shows a cross-over point between the curves at different 𝑡𝑜𝑥, 
which corresponds to 𝑥𝑐𝑎𝑝 in the range of 10 − 14% , below 

which the device behaves similar to a conventional structure 
i.e. a smaller |𝑉𝑡ℎ| at higher 𝑡𝑜𝑥. An increase in 𝑥𝑐𝑎𝑝 beyond 

the cross-over point leads to an increase in the polarization 
sheet charge at the interface of the AlGaN cap/GaN channel 
which causes the electric field in the oxide and the cap layer 
to now point towards the gate (Fig. 1 (d)), resulting in an 
increased |𝑉𝑡ℎ|  at higher 𝑡𝑜𝑥 . To find out the polarization 
sheet charge density in the cap layer corresponding to the 
cross-over 𝜎𝑐𝑎𝑝,𝑐𝑜, we can solve for 𝜖𝑜𝑥ℇ𝑜𝑥  utilising (4), (10), 

(11), & (12) while assuming a negligible density of hole gas, 
which leads to 𝜖𝑜𝑥ℰ𝑜𝑥 = 𝜎𝑜𝑥 + 𝜎𝑐𝑎𝑝 − 𝜎𝑏 + 𝐶𝑏 𝐸𝐺𝑒  (15) 

The electric field within the oxide at the cross-over value of 𝜎𝑐𝑎𝑝  must vanish. Hence substituting ℇ𝑜𝑥  in (15) to zero, 

yields 𝜎𝑐𝑎𝑝,𝑐𝑜 = 𝜎𝑏 − 𝜎𝑜𝑥 − 𝐶𝑏 𝐸𝐺𝑒  (16) 

This change in the behaviour of threshold voltage with 
the oxide thickness at higher 𝑥𝑐𝑎𝑝 is also apparent in Fig. 3, 

which compares the threshold voltage obtained from 
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Equations (8) and (14) with a variation in 𝑡𝑜𝑥 . For the 
conventional structure, |𝑉𝑡ℎ| always reduces with an increase 
in 𝑡𝑜𝑥  and depends only upon the charges at different 
interfaces without being affected by the thicknesses of the 
oxide or channel. For the AlGaN cap structure, at small 𝑥𝑐𝑎𝑝 

the device shows a decrease in |𝑉𝑡ℎ| as 𝑡𝑜𝑥 becomes larger. 
However, as 𝑥𝑐𝑎𝑝  becomes greater than ~12% , which 

corresponds to cross-over value of polarization charge 
density in the cap 𝜎𝑐𝑎𝑝,𝑐𝑜, as defined in (16), the behaviour of |𝑉𝑡ℎ| vs. 𝑡𝑜𝑥  in the alternate structure becomes opposite to 
that observed in the conventional one.  

Results from Fig. 2 (c) and Fig. 3 for the conventional 
structure indicate that a reasonable level of 𝑉𝑡ℎ (~ − 1.5 𝑉) 
can be obtained either by reducing the thicknesses of oxide 
and channel layers to < 8 𝑛𝑚 and 𝑥𝑏 (~18 %), which can 
put considerable strain on manufacturing processes 
particularly due to the control of Mg doping required. A 
reduction in 𝑡𝑐ℎ  and 𝑡𝑜𝑥  increases the electrical field along 
the vertical direction and causes a higher gate leakage current, 
while a reduction in 𝑥𝑏   lowers the polarization charge, 
necessary for producing a high density of 2DHG, thus 
resulting in a degradation in the on-current. In contrast, the 
threshold voltage in the alternate structure is not restricted by 
these limitations. By adjusting the 𝑥𝑐𝑎𝑝  in the AlGaN cap 

layer, the term 𝜎𝑐𝑎𝑝 𝐶𝑜𝑐𝑝⁄  in (14), can be altered to produce a 

sufficiently large 𝑉𝑡ℎ. Moreover, once 𝜎𝑐𝑎𝑝 is higher than its 

cross-over value in (16), a thicker oxide layer can be used to 
further increase the |𝑉𝑡ℎ|. 

Figs. 4 (a) & (b) show the on-current (defined as drain 
to source current at −5 𝑉 of 𝑉𝐺𝑆 and 𝑉𝐷𝑆) and on-off current 
ratio with respect to change in the threshold voltage for p-
channel MOSHFETs with both structures (𝐿𝐺 = 1 𝜇𝑚). In 
the case of the conventional structure, the threshold voltage 
is varied by changing the Al mole fraction in the AlGaN 
barrier layer, while in the AlGaN cap structure, the 𝑉𝑡ℎ  is 
controlled by adjusting the Al mole fraction in AlGaN cap 
with 𝑥𝑏  kept fixed at ~23%, as shown. 

 

 
Fig. 3. A comparison of threshold voltage vs. oxide thickness 𝑡𝑜𝑥  at different channel thicknesses 𝑡𝑐ℎ  for the 

heterostructure without AlGaN cap, and at different Al mole 

fractions in the cap 𝑥𝑐𝑎𝑝 in the heterostructure with AlGaN 

cap and a channel thickness of 10 𝑛𝑚. 
 

 

Fig. 4. Comparison of electrical performance of p-channel 

MOSHFETs with and without the AlGaN cap layer as a 

function of threshold voltage. 

(a) On-current |𝑰𝑶𝑵| vs. threshold voltage 𝑽𝒕𝒉, (b) On-Off 
current ratio 𝑰𝑶𝑵/𝑰𝑶𝑭𝑭 vs. threshold voltage 𝑽𝒕𝒉 

With an increase in |𝑉𝑡ℎ| in Fig. 4 (a), the on-current 
reduces, as expected in a conventional device, due to the 
overall reduction in the density of 2DHG in all regions 
including the access regions. For the alternate structure, an 
increase in 𝑥𝑐𝑎𝑝 depletes the 2DHG only under the gate, thus 

not affecting the series resistance of the access regions of the 
contacts. Thus, |𝐼𝑂𝑁| drops more sharply with the increase in |𝑉𝑡ℎ| for the conventional device.  

On-off current ratio, which we have defined as the 
ratio of the currents in the on-state (𝑉𝐺𝑆 = −5 𝑉) and off-state 
(𝑉𝐺𝑆 = 0 𝑉) of a normally-off p-channel device, shows a rise 
by orders of magnitude with an increase in |𝑉𝑡ℎ| in Fig. 4 (b).  
Since the devices do not turn-off completely when 𝑉𝑡ℎ  is 
close to 0 𝑉 , hence a poor on-off current ratio of ~1  is 
observed. As |𝑉𝑡ℎ| increases, a higher on-off current ratio in 
the conventional structure arises from a smaller off-current or 
leakage current due to a low density of 2DHG. Additionally, 
the gate retains better electrostatic control in modulating the 
charge density in the channel giving an  𝐼𝑂𝑁/𝐼𝑂𝐹𝐹  ~3 order 
of magnitude higher compared to the AlGaN cap device for 𝑉𝑡ℎ in the range of [−0.75, −1.5] 𝑉. However, at even higher |𝑉𝑡ℎ|, > |−2.0| 𝑉, a higher polarization charge introduced by 
the AlGaN cap layer effectively depletes the 2DHG under the 
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gate, thus suppressing the off-current, which results in both 
the devices showing a similar on-off current ratio. 

4. Conclusion 

The threshold voltage characteristics of two candidate 
GaN heterostructures for p-type devices in GaN are examined 
with the help of analytical threshold voltage expressions 
derived in this work. The threshold voltage equation for the 
conventional heterostructure reveals that a sufficiently 
negative level of threshold voltage, which comes at the 
expense of employing ultrathin oxide and channel layers 
while reducing Al mole fraction in the AlGaN barrier layer. 
These methods however can increase the leakage and degrade 
the device performance. An alternate heterostructure is 
explored as a solution to these issues, which consists of an 
additional AlGaN cap layer on top of GaN channel. The 
derived threshold voltage equation for this geometry proves 
that this heterostructure can potentially achieve higher |𝑉𝑡ℎ| 
by adjusting the Al mole fraction in the AlGaN cap layer. The 
simulation results indicate that the trade-off present between 
threshold voltage and the on-current is weaker in the device 
with AlGaN cap, thereby resulting an on-current of ~30 𝑚𝐴/𝑚𝑚 at |𝑉𝑡ℎ| of |−2| 𝑉, which is more than double 
than that achievable in the device without the AlGaN cap 
layer. While the on-off current ratio for the AlGaN cap 
structure remains lower at threshold voltage below |−2| 𝑉, it 
shows an improvement with an increase in the |𝑉𝑡ℎ| , 
becoming equivalent to the one achieved for a conventional 
heterostructure without AlGaN cap, ~1012 , at |𝑉𝑡ℎ|  of 
greater than |−2| 𝑉.  
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