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Abstract—In this paper, we report the major conduction
mechanisms of the gate leakage current (Ig) in AlGaN/GaN
HEMTs and develop an analytical model for it in a surface-
potential based framework. GaN HEMTs with higher Al mole
fraction in the AlGaN barrier layer experiences high electric field
across this layer in the strong reverse gate bias region, leading to
a significant Fowler-Nordheim (FN) tunneling current. Accurate
modeling of the FN tunneling component is very important for
this device along with the Poole-Frenkel (PF) emission current
which dominates in relatively lower negative bias. We have
demonstrated that the electric field across the barrier layer does
not saturate even in very high reverse gate bias and is sufficient
to increase reverse gate leakage current drastically by the FN
tunneling process. Thermionic emission (TE) mechanism plays
a major role in determining the forward gate current, whereas
trap-assisted tunneling (TAT) current acts in the vicinity of zero
gate bias. In this work, these components have been modeled and
validated with the experimental data for a wide range of bias and
temperature, demonstrating the weak and strong temperature
dependence of FN and PF components, respectively.

Index Terms—GaN HEMT, Gate Leakage Current, Fowler-
Nordheim Tunneling, Poole-Frenkel Emission, Compact Model.

I. INTRODUCTION

AlGaN/GaN HEMTs have many attractive properties such
as high breakdown voltage, high 2-DEG charge density and
high electron mobility, which make it a suitable candidate for
the high power as well as high frequency applications [1], [2].
Despite all these advantages, excessive reverse gate leakage
current is a limiting factor [3–5] in these devices and a topic of
research interest. High gate leakage current may significantly
reduce the breakdown voltage and increase the noise figure
[6]. Leakage of electrons from gate material is also responsible
for surface state trapping related current collapse phenomenon
observed in GaN HEMTs [7].

Recent studies [8], [9] show higher Al mole fraction in
AlGaN layer results in higher drain current density but at the
cost of increasing FN tunneling current due to the introduction
of high electric field across the barrier layer. This FN tunneling
current becomes pronounced even at room temperature and
above, and the inclusion of this component is immensely
important for the accurate modeling of the gate current. In this
work, we derive an analytical model for the total FN tunneling
current from its current density expression, which is a function

of electric field. This electric-field is calculated in terms of
surface potential (ψ), obtained in our surface potential (SP)
based GaN HEMT compact model named Advanced Spice
Model for High Electron Mobility Transistor (ASM-HEMT)
[10–14].

Although it has been reported [8], [9], [15] that the electric
field across the barrier layer saturates beyond the threshold
voltage (VOFF ), and hence, field dependent reverse gate
leakage current saturates in this region, we demonstrate that
the electric field gradually increases at a slower rate even
beyond VOFF , resulting in a drastic increase of the reverse
gate leakage current, which could be clearly observed through
the measured gate current plots in linear scale. This effect is
captured in this work through modified field calculation, which
is necessary for the GaN HEMT circuit design, operating in
the high negative gate bias region.

In our earlier work [13], we presented the model of gate
current which consists of three components; PF, TAT (in low-
to-medium reverse bias region) and TE (forward bias region).
This paper presents improved current expressions for these
three components, which are computationally more efficient
and have better convergence for a wide bias range compared
to the earlier model. The complete gate current model is
implemented in ASM-HEMT Verilog-A model code, which is
under consideration for standardization at the Compact Model
Coalition (CMC) [16].

II. GATE CURRENT MODEL DESCRIPTION

A. Fowler-Nordheim Tunneling Model

High reverse gate voltage increases the electric field across
the AlGaN barrier layer, which in turn reduces the thickness of
the barrier at the metal Fermi level. Electrons from gate metal
can easily tunnel across this thin triangular barrier, adding
FN tunneling current (see Fig. 1). AlGaN/GaN devices with
higher Al mole fraction introduces more electric field across
the barrier resulting in more FN tunneling current in this bias
range. This tunneling process is independent of temperature
and should be clearly visible at low temperature, where PF
emission current is low. However, for devices with higher
Al mole fraction, this FN component has significant role in
determining the reverse gate leakage current, even at room
temperature or above.
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Fig. 1: Conduction band diagram of AlGaN/GaN HEMT in high reverse gate voltage
shows the FN tunneling mechanism. High electric field reduces the thickness of the
barrier at the metal Fermi level, and from gate metal electron can easily tunnel across
this thin triangular barrier, resulting in FN current.

The FN tunneling current density (JFN ) can be expressed
as [9], [15]:

JFN = A · E2 · exp
(
−B
E

)
(1)

where B = 8π
√

2m∗
n(qφeff )3/3qh, A is a constant, E

is the electric field across the AlGaN barrier layer, m∗
n is

the effective mass of electron in semiconductor, φeff is the
effective barrier height, and h is the Planck’s constant. The
electric field at the metal-AlGaN layer is calculated as:

E =
qσp − Cg(Vgo − ψ)

εs
(2)

where σP is the sum of the piezoelectric polarization
charge in the barrier and the difference between spontaneous
polarization charge in the barrier and the buffer, Cg is the gate
capacitance, q the electron charge, and Vgo is the difference
between applied gate voltage and VOFF . To obtain the total
current, we have to integrate the current density along the
channel length from source to the drain.

IFN = W

∫ L

0

JFN · dx (3)

To integrate, we change the integration variable from x to
ψ using the expression [10]:

dx

dψ
=

L (Vg0 − ψ + Vth)

(Vg0 − ψm + Vth) (ψd − ψs)
= L · (K − s)

K ·∆ψ
(4)

where ψs, ψd, and ψm are source side, drain side and
average surface potential, respectively, K = (Vg0−ψm+Vth),
s = ψ−ψm, ∆ψ = ψd−ψs, and L is the channel length. Now
we can change the integral variable dx → dψ → ds and the
limits 0→ ψs → −∆ψ/2, and L→ ψd → +∆ψ/2. Equation
(3) can be written as:

IFN =
WLA

K∆ψ

∫ ∆ψ/2

−∆ψ/2

E2 · (K − s) · exp
(
−B
E

)
· ds (5)
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Fig. 2: Conduction band edge diagram of AlGaN/GaN HEMT for medium reverse gate
voltage showing the electric field-enhanced thermal emission of electrons from a trap
state to the continuum states associated with a conductive dislocation. Continuum of
states (Edis, marked in gray) is at a height φd from the metal Fermi level. The trap
states in the barrier are assumed to be very close to the metal Fermi level.

Before performing the integration appearing in (5), the
inverse of the electric field term in the exponential is ap-
proximated by the Taylor series expansion around the average
surface potential ψm, which results into a compact form of
solution. So the electric field and its inverse can be expressed
as E = Em+s/d and 1/E = 1/Em−s/(E2

m ·d), respectively.
where Em is the electric field calculated at ψ = ψm, and d
is the thickness of the barrier layer. Now substituting these
electric field terms in Eq. (5) and performing the integration,
we can obtain the final expression of the total FN tunneling
current as:

IFN =K
′

[(
K1

K5
− K2

K2
5

+
2K3

K3
5

− 6K4

K4
5

)
sinh (K5∆ψ/2)

∆ψ/2

+ ∆ψ/2

(
K3

K5
− 3K4

K2
5

)
sinh

(
K5∆ψ

2

)
+

(
K2

K5
− 2K3

K3
5

+
6K4

K3
5

+
K4

K5
· ∆ψ2

4

)
cosh

(
K5∆ψ

2

)]
(6)

where the variables are assigned as; K
′

=
(WLA/K)exp(−B/Em), K1 = KE2

m, K2 =
2EmK/d − E2

m, K3 = K/d2 − 2Em/d, K4 = −1/d2,
and K5 = B/(E2

md).
For the sake of simplicity, we have used 60:40 partitioning

scheme to the source and drain terminal, respectively.

B. Poole-Frenkel and Trap-Assisted Tunneling Components

Under low to medium negative Vg bias region, the reverse
gate leakage current is dominated by the PF emission and the
TAT mechanisms. PF emission is the electric field-enhanced
thermal emission of electrons from a trap state to the con-
tinuum states associated with a conductive dislocation [3–5],
[15]. Typical conduction band diagram at a medium applied
gate bias is shown in Fig. 2 describing this mechanism, where
the continuum of states (Edis, marked in gray) is at a height
φd from the metal Fermi level. The trap states in the barrier



are assumed to be very close to the metal Fermi level, from
where electrons can transport through the continuum of states
to the GaN 2-DEG layer by gaining thermal energy. The PF
conduction has a strong temperature dependence.

The relation between the current density (JPF ) and the
electric field (E) for PF conduction is given by [17]:

JPF = C · E · exp(α+ β
√
E) (7)

where α = −φd/Vth and β =
√
q/πεs/Vth, C is a

parameter dependent on the trap concentration, φd is the
barrier height for the electron emission from the trap state, εs
is the permittivity and Vth is the thermal voltage. The total PF
emission current is derived from the current density expression
in a similar manner described for FN tunneling current and is
expressed as:

IPF =K
′

[(
K1

K4
− K2

K2
4

− 2K3

K3
4

)
sinh (K4∆ψ/2)

∆ψ/2

− K3(∆ψ/2)

K4
sinh

(
K4∆ψ

2

)
+

(
K2

K4
+

2K3

K3
4

)
cosh

(
K4∆ψ

2

)]
(8)

where the variables are reassigned as; K
′

=
(WLC/K)exp(α+β

√
Em), K1 = KEm, K2 = K/d−Em,

K3 = 1/d, and K4 = β/(2d
√
Em).

TAT is the other trap-assisted transport mechanism which
becomes significant in the vicinity of zero gate bias to com-
pensate the non-zero PF current at this bias. In this process,
electrons tunnel from metal to semiconductor through a band
of localized traps [9] present in AlGaN layer. The trap-assisted
current density is expressed as [15]:

JTAT = JTAT0

[
exp

(
Vg − V0 − ψ

η1Vth

)
− 1

]
(9)

where JTAT0 is the reverse saturation current density, which
is calculated by equating JTAT to JPF at zero gate voltage,
η1 is the ideality factor and V0 is the voltage used to fit the
experimental data close to the origin. We get the TAT current
expression by integrating the current density along the channel
and is expressed in terms of ψ as:

ITAT =C1

[
exp

(
Vg − V0 − ψm

η1Vth

)
.η1Vth

[
cosh

(
∆ψ/2

η1Vth

)

− (η1Vth −K)
sinh (∆ψ/2η1Vth)

∆ψ/2

]
−K

]
(10)

where C1 is WLJTAT0/K.

C. Thermionic Emission Current
TE is the dominant mechanism in the forward bias range

and the current-voltage characteristics of a Schottky contact is
given by [18]:

JTE = JTE0

[
exp

(
Vg − ψ
η2Vth

)
− 1

]
(11)

Fig. 3: Experimental gate current density data [8] and model for a wide range of
temperature (from 333 to 453 K at a step size of 30 K), showing the three bias regions.
Weak temperature dependence in high reverse bias and strong temperature dependence
at medium reverse bias clearly distinguish the FN and PF current components for this
device (Al mole fraction 33 %); TE plays important role in forward bias region. Impact
of the gate-resistance is seen in high forward bias region.

JTE0 = A∗T 2exp

(
− φb
Vth

)
(12)

where JTE0 is the reverse saturation current density, A∗

the effective Richardson’s constant, φb the Schottky barrier
height, η2 the ideality factor. Integrated TE current expression
is similar to the TAT current, except the V0 term. In high
forward bias region gate current deviates from the exponential
increasing behavior which is modeled by adding a constant
gate resistor between intrinsic and extrinsic gate terminal.

III. RESULTS AND DISCUSSION

The total gate current for a wide bias range is obtained
by adding all the four components described earlier. These
components are added separately at source and drain side by
considering an appropriate partitioning scheme.

We have validated proposed gate current compact model
with measured gate current density vs Vg data [8] of Al-
GaN/GaN HEMT device with higher Al mole fraction (33
%). From Fig. 3, we can clearly distinguish the FN tunneling
current component in high reverse Vg bias region where
temperature dependence is less. At low to medium reverse
biases, PF emission current dominates. This PF component has
a strong temperature dependence, which has been accurately
captured through this model. Although the FN tunneling
current normally becomes more prominent at low temperature
where PF current should not show much effect; but in this
case we can see the significant effect of FN tunneling current
even above room temperature. In the forward bias region, the
TE current and its temperature dependence is well predicted
by the model.

To investigate the reverse gate leakage current behavior in
high negative Vg (beyond VOFF ), we have performed TCAD
simulation of a typical AlGaN/GaN HEMT structure and have
probed the electric field across the barrier layer which is
presented in Fig. 4 (left-Y axis). We can clearly observe that



Fig. 4: TCAD simulation result (Silvaco ATLAS) of a typical AlGaN/GaN HEMT
structure showing the electric field (left-Y axis) and surface potential (right-Y axis)
behavior with reverse gate bias. Inset plot clearly shows that the field does not saturate
even in a very high negative gate bias due to the non-unity slope of linearly varying
surface potential in this region (beyond VOFF ).

the rate of increase of field with Vg changes beyond VOFF ,
but it does not saturate even when the reverse gate bias is very
high. The surface potential plot (Fig. 4, right-Y axis) shows
that it varies linearly with Vg beyond VOFF and the slope
is less than unity (slope ≈ 0.979). This is the reason why
electric field continues to increase at a much slower rate with
gate voltage in high reverse bias region. The slowly varying
non-saturated field in this bias region is sufficient to increase
the reverse gate leakage current drastically by FN tunneling
mechanism which is clearly visible through the gate current
plot in linear scale shown in Fig. 5. Our surface potential
calculation used in electric field expression (2) is able to
capture this effect which is demonstrated in Fig. 5, showing
accurate fitting of reverse gate current (linear scale) up to a
high negative bias. In Fig. 6, we show the modeling result of
reverse gate current behavior at zero drain current (Id). Beyond
threshold voltage, gate leakage current increases rapidly and
to maintain Id = 0 condition, drain voltage starts to increase
sharply in the reverse direction. Good agreement between the
experimental data and model justifies the overall physics based
implementation of the proposed model.

The Verilog-A implemented model is tested with different
commercial simulators for a wide temperature and bias ranges,
signifies the computational efficiency and robustness of the
model due to its tricky formulations.

IV. CONCLUSION

The reverse and forward gate leakage current is modeled
and implemented in physical surface potential based GaN
HEMTs compact model. The importance of modeling FN
tunneling current is highlighted for the device with higher Al
mole fraction in the AlGaN barrier layer. The gate current
model is validated with experimental data for wide biases
and temperature range. This model is ready to be deployed
in a surface-potential-based GaN HEMTs model and is an
important step towards developing a complete compact model
for these devices.

Fig. 5: Measured gate current density data at T=333 K [8] in linear scale clearly shows
the non-saturating current beyond VOFF due to the slowly varrying field (FN conduction
mechanism). In high negative Vg bias region, model is able to accurately capture this
behavior.

Fig. 6: Gate current measurement at zero drain current condition for the IEMN
AlGaN/GaN HEMT (W=50 µm; Lg=200 nm; AlGaN layer thickness=14 nm; Al mole
fraction=0.29) showing sharp increase of negative drain voltage beyond VOFF to
maintain the measurement condition. Accurate fitting ensures the physical nature of the
proposed gate current model.
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