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Abstract—This work proposes a computationally efficient two-
dimensional (2D) non-equilibrium Green’s function (NEGF)
framework based on the supercell mode-space (Super MS)
method to analyze quasi-bound-state (QBS) gate leakage tun-
neling in GaN devices. Unlike the one-dimensional (1D) optical
potential (OP) method, the proposed 2D NEGF framework
explicitly includes source, drain, and gate contacts. The OP
method requires empirical fitting of the broadening parameter
for different potential profiles, gate biases, or device geometries,
whereas the 2D NEGF approach describes these effects through
physical contact coupling. Therefore, QBS formation, carrier
injection, and state broadening can be described in a physically
consistent manner without adjustable parameters. The proposed
framework accurately captures QBS-assisted tunneling under
varying gate bias and device thickness, providing an efficient
and predictive platform for gate leakage analysis and structural
optimization of GaN devices.

Index Terms—2D NEGF, Gate leakage current, Optical poten-
tial

I. INTRODUCTION

GaN-based devices currently have played a pivotal role
in communication systems and power electronics owing to
their excellent material properties, such as high breakdown
field, high electron mobility, and high-frequency operation
capability [1]–[3] . In particular, AlGaN/AlN/GaN heterostruc-
tures can form a high-density two-dimensional electron gas
(2DEG) through strong spontaneous and piezoelectric po-
larization effects, enabling high-performance high-electron-
mobility transistors [4]. However, as device dimensions are
scaled and gate controllability becomes increasingly important,
gate leakage current becomes a critical factor that limits device
reliability and performance [5].

Forward gate leakage in GaN devices is strongly influenced
by tunneling from the channel toward the gate. In addition
to direct tunneling through the barrier, electrons confined in
the quantum well near the GaN-side interface can contribute
to leakage through quasi-bound states (QBS). Therefore, an
accurate treatment of QBS formation, broadening, and carrier
injection is essential for quantitatively evaluating gate leakage
current and optimizing GaN device structures. A 1D NEGF
approach adopting an optical potential (OP) has been pro-
posed for QBS analysis [6], where an imaginary potential
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Fig. 1. Schematic illustration of the three-terminal NEGF model. The
self-energies corresponding to the source, drain, and gate are indicated,
representing blocks 1, 3, and 4, respectively.

is introduced to emulate the finite lifetime and broadening
of QBS. Although this approach is computationally simple,
the OP parameter must be empirically adjusted depending on
device geometry and bias conditions, limiting its predictive
capability. By contrast, a multi-terminal 2D NEGF approach
can explicitly include source, drain, and gate contacts, al-
lowing QBS broadening and carrier injection to be described
more rigorously without empirical fitting parameters [7], [8].
However, the application of 2D NEGF to QBS gate leakage
analysis in GaN devices has rarely been explored because of
its high computational cost.

In this work, we present a three-terminal 2D NEGF frame-
work for GaN devices, enabling rigorous calculation of gate
leakage current including QBS effects. To overcome the
computational burden, the supercell mode-space (Super MS)
method and the coupled recursive Green’s function algorithm
are employed [9]. Based on the proposed 2D NEGF frame-
work, we investigate QBS-assisted tunneling characteristics
under different gate bias and device thickness conditions for
GaN gate leakage analysis.

II. METHOD

The QBS tunneling current is evaluated using the NEGF
formalism within the effective mass approximation, based on
the potential profile obtained from a self-consistent solution
of the Schrödinger–Poisson equations. The retarded Green’s
function is calculated as

Gr = (EI −H − Σ)
−1
, (1)
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Fig. 2. Schematic of the GaN-based device structure. The enlarged region
on the right represents the active simulation domain used in this work.
Polarization charges at the heterointerfaces are also indicated.

Fig. 3. Band profile of the GaN device. The black solid line represents the
band structure, while the red dashed line indicates the electron density.

where the self-energy for 1D NEGF approach is given by

Σ = Σgate +Σchannel. (2)

For the 2D NEGF calculation, the self-energy is expressed as

Σ = Σsource +Σdrain +Σgate. (3)

The 2D NEGF therefore explicitly accounts for carrier injec-
tion from the source into the QBS region [8], while in the 1D
NEGF, the OP term, −iη, is added to the on-site energies of
the Hamiltonian in the QBS region [6].

The coupled RGF method is applied for the three-terminal
2D NEGF calculation. The Schur complement method is
applied to block 2 in Fig. 1. The effective matrix of block
2 is given by

Ã22 = A22 −A21G
0
11A12 −A24G

0
44A42 −A23G

0
33A32, (4)

Fig. 4. Comparison of the current density spectra between real-space and
mode-space approaches at VG=0.4V. The black line represents the real-space
result, while the red dots denote the Super MS result.

where G0
ii denotes the retarded Green’s function of the isolated

i-th block [7]. By inverting Ã22, the retarded Green’s function
of block 2 is obtained as

G22 = Ã−1
22 . (5)

Subsequently, the Green’s functions of the adjacent blocks,
namely blocks 1, 3, and 4, are updated using the Dyson
equation:

Gii = G0
ii +G0

iiAi2G22A2iG
0
ii, i = 1, 3, 4. (6)

A key advantage of our approach lies in the application of
the Super MS method [9]. Using this method, the Hamiltonian
matrix of the channel block is reduced from approximately
10,000× 10,000 in real space to approximately 100× 100 in
mode space, enabling efficient calculation of the gate leakage
current.

III. NUMERICAL RESULTS

Three-terminal 2D NEGF simulations are performed for the
GaN device structure shown in Fig. 2. The potential profile
and electron density are first obtained from a self-consistent
Schrödinger–Poisson calculation, where polarization-induced
charges at the AlGaN/AlN and AlN/GaN heterointerfaces
are included in the Poisson equation. The parabolic effective
mass theory (PEMT) Hamiltonian is then constructed using
the calculated potential profile and employed in the NEGF
transport calculation. Material parameters, including polariza-
tion charge, conduction-band offset, dielectric constant, and
effective mass are adopted from previous studies [10], [11]. As
shown in Fig. 3, strong band bending occurs near the GaN-
side interface due to polarization discontinuity, resulting in
the formation of a triangular quantum well and a high-density
electron gas. These confined electrons can contribute to gate
leakage through QBS-assisted tunneling in addition to direct
tunneling through the barrier.

To verify the numerical accuracy of the proposed mode-
space approach, the current density spectrum obtained from
the Super MS method is compared with that from the full
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Fig. 5. Comparison of the 1D NEGF results with previous work. The black
line represents the previous study, while the red line corresponds to the results
obtained from our code. The optical potential is set to 5 meV. The inset shows
the band profile at VG=1.0V.

Fig. 6. Comparison of the 2D and 1D NEGF results for the GaN device.
The optical potential is set to 5 meV. The black line represents the 2D NEGF
result, while the red line corresponds to the 1D NEGF result.

real-space calculation, as shown in Fig. 4. The excellent agree-
ment in the current density spectrum indicates that the Super
MS method can accurately describe both direct tunneling
and QBS-assisted tunneling while significantly reducing the
computational cost.

Figs. 5 and 6 compare the QBS analysis obtained from
the proposed 2D NEGF simulation and the conventional 1D
NEGF method. For validation of the developed 1D NEGF
code, our result was compared with a previous silicon-device
study, as shown in Fig. 5 [6]. The agreement confirms that the
OP implementation can reproduce previously reported results
when an appropriate η value is selected.However, as shown
in Fig. 6, the 1D NEGF result with a single fixed η shows
noticeable deviation from the 2D NEGF result for the GaN
device, where a drain bias of VD = 1mV was applied in the
2D simulation. This discrepancy originates from the fact that
the OP parameter artificially represents QBS broadening and
carrier injection, whereas the actual broadening depends on the

Fig. 7. Variation of the current density with the OP value for the GaN device.
The inset shows the band profile at VG = 1V

Fig. 8. 2D NEGF results for the case of a 9 nm AlGaN layer, along with the
OP values used to tune the 1D NEGF results to match the 2D results.

potential profile, gate bias, and device geometry. In the 2D
NEGF framework, these effects are naturally determined by
the source, drain, and gate self-energies, without introducing
an empirical fitting parameter. For example, Fig. 7 shows the
variation in current density with respect to the OP value for
the GaN device.

Fig. 8 shows that the OP parameter required for the GaN
device differs from that used for the silicon device. In addition,
different η values are needed to reproduce the 2D NEGF refer-
ence results depending on the gate bias and AlGaN thickness.
This indicates that a single OP parameter cannot universally
describe QBS tunneling in GaN devices. In particular, because
the energy position and spatial extent of QBS change with
bias-induced band bending, the effective coupling between
the QBS region and the contacts also changes. Therefore, the
OP method must be recalibrated for each potential profile,
while the 2D NEGF approach provides a parameter-free and
physically consistent description of the same process.
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IV. CONCLUSION

In this work, a three-terminal 2D NEGF framework is
developed for the rigorous analysis of QBS-assisted gate leak-
age current in GaN devices.The proposed approach explicitly
includes the source, drain, and gate contacts. Therefore, carrier
injection into QBS and the corresponding state broadening
are determined by physical contact coupling, rather than by
empirically fitted optical-potential parameters. This feature
makes the framework applicable across different potential
profiles, gate biases, and device geometries compared with
the 1D NEGF method. The simulation results show that QBS
tunneling becomes increasingly dominant as the gate bias
increases, while direct tunneling mainly contributes at lower
gate bias. In addition, the gate leakage current is found to
be strongly affected by the barrier thickness, indicating that
geometrical optimization is essential for suppressing leakage
while maintaining channel charge density. This framework can
be further extended to other device structures where quasi-
bound-state-assisted leakage plays an important role.
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