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In AlGaN/AlN/GaN heterostructures, as a result of spontaneous and piezoelectric polarization with
the occurrence of donor surface states, a triangular potential well is formed on the interface, filled with
two-dimensional electron gas with a concentration of 1013 cm−2 and a mobility of 2000 cm2/(V s).
An increase of the potential in the channel of an AlGaN/AlN/GaN high electron mobility transistor,
caused by the flow of the drain current, results in: a decrease of the two-dimensional electron gas
concentration, an increase of electric field and an increased drift velocity of electrons. At the drainage
end of the gate, the electrons reach their maximum drift velocity which is correlated with the material
limitations. Consequently, a rapid nonlinear increase of the channel potential, a decay of the two-
dimensional electron gas channel, and pushing of the electrons towards the buffer occurs. The vertical
current component starts to increase then while the horizontal current component decreases. Moreover,
between the gate and the drain electrodes the two-dimensional electron gas channel is gradually rebuilt
due to the presence of a low electric field. The Advanced Physical Models of Semiconductor Devices
software was used to simulate these phenomena in the structure of an AlGaN/AlN/GaN high electron
mobility transistor.

topics: APSYS, AlGaN/GaN, HEMT, simulation

1. Introduction

Unique properties of gallium nitride [1] mean that
it is now in demand to supplement silicon technol-
ogy. To achieve this goal, semiconductor materi-
als from AIIIBV group have been of great interest
to researchers since the 1980s [2]. This group in-
cludes the AlGaN/AlN/GaN type high electron mo-
bility transistor (HEMT) heterostructures [3]. The
technology of AlGaN/AlN/GaN type HEMT het-
erostructures involves the metal organic chemical
vapor epitaxy (MOVPE) technique [4–6] for the fab-
rication of the devices.

Two-dimensional electron gas (2DEG) resulting
from the charges introduced by spontaneous and
piezoelectric polarization [7, 8] combined with the
donor surface states [9, 10] forms a conductive chan-
nel in AlGaN/AlN/GaN HEMTs. During the op-
eration of an AlGaN/AlN/GaN type HEMT het-
erostructure, the key role is played by the electron
drift velocity, which varies with the electric field in
GaN [11–13].

The transport properties are also influenced by
the increase of the temperature resulting from self-
heating effects [14–16]. The role and influence
of a high electric field on transport properties in
AlGaN/GaN has been extensively studied [17–29].

To study the transport properties of
AlGaN/AlN/GaN type HEMT heterostructure in
high electric field, advanced physical models of
semiconductor devices (APSYS) simulations were
performed. A rapid increase of the potential in the
channel was observed, caused by the current flow
from source to drain and the saturation of electron
drift velocity. This study reveals that the electrons
from the quantum well are pushed towards the
buffer and the 2DEG channel has to temporarily
disappear in order to satisfy Kirchhoff’s first law.

2. AlGaN/AlN/GaN type HEMT
heterostructures

The schematic drawing of the simulated
AlGaN/AlN/GaN type HEMT heterostructure is
shown in Fig. 1. The 2DEG channel is formed
in the 2 µm GaN buffer layer, which is separated
from a 20 nm AlGaN barrier by a 2 nm thin
AlN spacer. The channel is created as a result of
the compensation of charges of the donor surface
states with charges introduced by the spontaneous
and piezoelectric polarization. The donor surface
states, with the concentration of 1014 cm−2, are
placed 0.4 eV above the conduction band [30].
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Fig. 1. Schematic drawing of a basic
AlGaN/AlN/GaN type HEMT heterostructure.
Source to gate distance LSG = 1 µm, gate to drain
LGD = 1.5 µm. Length of source/gate/drain elec-
trodes is 1 µm. Size of the structure is L = 5.5 µm.
Surface states (red triangles) with energy of 0.4 eV
are passivated by SiN.

The area between the source (S), gate (G), and
drain (D) electrodes is passivated by SiN mate-
rial. The distance between the source and gate elec-
trodes is equal to LSG = 1 µm and the distance be-
tween the gate and drain electrodes corresponds to
LGD = 1.5 µm. The measured length of each elec-
trode is 1 µm. Therefore, the size of the whole struc-
ture amounts to L = 5.5 µm. This kind of structure
allows us to obtain a high drain current and it en-
sures repeatability by using UV lithography.

3. Transport in low and high electric field

The distribution of potential in the channel is
shown in Fig. 2. Between the source and gate con-
tacts, the potential increases linearly according to
Ohm’s law. Beneath the gate electrode, the poten-
tial starts to increase nonlinearly due to a nonlinear
increase of drift velocity, similarly as in the GaN
material. When the electrons reach their maximum
drift velocity, to satisfy the current continuity, the
potential has to increase rapidly. Due to the very
high electric field (E > 600 kV/cm), electrons will
leave the channel because they are pushed towards
the buffer layer where electrons possess bulk GaN
mobility.

In the area between the gate and drain electrodes,
the potential obeys Ohm’s law again, therefore the
electric field in this region decreases from high to
low. As a result, the electrons will return to the
channel. However, their mobility could be reduced
due to the injection into the buffer and temporary
decay of a quantum well.

It is possible to distinguish two characteristic
regions. The first is where the drift velocity of
electrons is proportional to the electric field and
lower than their maximum value in GaN. In this
low electric field region, a linear increase of po-
tential along the channel (caused by the current

Fig. 2. The distribution of potential in the channel
of AlGaN/GaN HEMT. The 1D GCA model and
2D Poisson equations were used in the low and high
electric field region, respectively.

flow from source to drain) will reduce the surface
carrier concentration. Therefore, to calculate the
surface electron concentration, it is essential to use
the one-dimensional gradual channel approximation
(1D GCA) model [31]:

ns(x) =
CGch

q

(
VG − Vch(x)− Vp

)
, (1)

where CGch is the gate–channel capacitance, q is the
elementary charge, and VG, Vch, Vp are the poten-
tials of gate, channel, and pinch-off voltage, respec-
tively.

In the second region which is correlated with
a high electric field, the electrons reach their max-
imum drift velocity, according to observations of
negative differential resistance (NDR), in GaN [32].
A further increase of drift velocity is not possible,
therefore the GCA model cannot be used in this
region. The determination of concentration distri-
bution requires then more sophisticated methods,
for example two-dimensional Poisson equations [33].
Namely,

∂2ψ

∂x2
+
∂2ψ

∂y2
= − 1

ε0εs
ρ(x, y), (2)

where ψ(x, y) and ρ(x, y) are the electric potential
and charge density in x and y directions, ε0 stands
for the permittivity of vacuum, and εs is the static
permittivity of GaN.

In the high electric field region, the 2DEG chan-
nel disappears, but the current continuity is still
satisfied because of electrons flow through the un-
doped buffer.

For better understanding of the influence of high
electric field on the operation of AlGaN/AlN/GaN
HEMT the electron concentration was calculated at
every point of the simulated heterostructure. The
results are shown in Fig. 3. The electron concentra-
tion is presented in a logarithmic scale with units
of cm−3. Source, gate and drain electrodes are
marked as S, G, and D, respectively. For clar-
ity — the SiN passivation is shown in the inset
of Fig. 3 only.
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Fig. 3. Electron concentration n [cm−3] in
AlGaN/AlN/GaN HEMT, UDS = 20 V and
UGS = 0 V. The black line shows a symbolic “path”
of the electrons from the source towards the drain
electrode.

Fig. 4. Horizontal current near the drainage end
of the gate at x = 2.72 µm.

It is clear that the whole GaN buffer layer is half-
insulating, due to the presence of electrons in the
range of 1012 to 1019 cm−3. In the inset of Fig. 3
a symbolic “path” of the electrons from source to-
wards the drain electrode is shown. Due to the pres-
ence of a high electric field the electrons are pushed
towards the buffer layer (a current in the y direc-
tion starts to increase while that in the x direction
decreases). At the drain end of the gate electrode
where the quantum well is disappearing, the elec-
trons stop being quantized in the y direction and
start to spread into the buffer, reaching the typical
value of mobility in GaN.

The current in the x and y directions near the
drain end of the gate is shown in Figs. 4 and 5.
Two horizontal dashed black lines highlight the re-
gion where the quantum well disappears and elec-
trons are pushed into the buffer. The horizontal
current component (see Fig. 4) values were evalu-
ated from a cross-section at x = 2.72 µm. Between
the pink lines there is a 2 nm thin AlN spacer and
on the left a part of an AlGaN barrier. The vertical
current component values (see Fig. 5) were evalu-
ated below the “quantum well” from a cross-section

Fig. 5. Vertical current near the drainage end of
the gate at y = 1.96 µm.

Fig. 6. Integrated horizontal current component
near the drain end of the gate from cross-sections
in different points at the AlGaN/AlN/GaN het-
erostructure.

at y = 1.96 µm. It is apparent that the verti-
cal current component starts to increase below the
gate electrode and electrons are pushing towards
the buffer layer (positive values). The maximum
positive value in Fig. 5 corresponds to the decay
of the quantum well. Subsequently electrons near
the gate ends start moving in the opposite direction
(negative values) and the process of rebuilding the
quantum well will take place.

The region where the electrons leave the quantum
well in Fig. 5 is marked by solid black lines. The ver-
tical current component changes its sign which cor-
responds to its change of direction. At x ≈ 2.7 µm
the electrons start to leave the quantum well and at
x ≈ 2.96 µm they return to the 2DEG channel.

In order to calculate the current in the 2DEG
channel at a different point below the gate elec-
trode it is essential to integrate the horizontal cur-
rent component shown in Fig. 4. The result of
such an integration of the horizontal current compo-
nent for nine different points is presented in Fig. 6.
A dashed black line highlights the distance from
the AlN spacer, here 10 nm, near the end of the
quantum well.
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Fig. 7. Normalized value of current Ix evaluated
for ten points of cross-sections.

Taking the value of current Ix at 10 nm from
the AlN spacer for x = 2.63 nm as the reference
value of the maximum current in the 2DEG chan-
nels (respectively far away from the high electric
field region, where its impact is negligible), a nor-
malized value of current Ix could be obtained. It is
presented in Fig. 7.

4. Conclusion

The transport of the 2DEG in the channel of
an AlGaN/AlN/GaN type HEMT heterostructures
was studied. Kirchhoff’s first law (current continu-
ity, i.e., the current at the input of a device must
equal the current at its output) has to be satisfied,
therefore the 1D GCA and the 2D Poisson equations
had to be used. It was found that the unintention-
ally doped buffer, which is normally an insulating
material, becomes highly conductive due to the car-
rier injection from the channel during the operation
of the device. Beneath the gate electrode, the trans-
port of the 2DEG can be affected by trapping cen-
ters in the buffer or on the surface.
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