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Intrinsic Limitation of 2DEG Modulation in
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Abstract— This article presents an analytical model of
the barrier layer in GaN-MISHEMT that predicts a limitation
of the channel charge density that is expected to reach
an asymptotic value under high gate voltages, a feature
that was not reported before. We find that this behavior is
very sensitive to the device parameters such as the AlGaN
barrier thickness, composition, and polarization-induced
charge density. Explicit relationships for charge saturation
in the quantum well (QW) are proposed and can be used to
optimize GaN-MISHEMT architectures.

Index Terms— 2-D electron gas (2DEG), AlGaN, AlN,
GaN, high-electron mobility transistor (HEMT), MISHEMT,
MOSHEMT, polarization charge.

I. INTRODUCTION

H IGH-ELECTRON mobility transistors (HEMTs) made
of GaN emerged in the 90s and are still considered as

outstanding devices for high-frequency, high-power applica-
tions [1], [2], [3], [4], [5], [6], [7], [8], [9], [10], [11], [12],
[13], [14], [15], [16], [17], [18], [19], [20], [21], [22], [23],
[24], [25]. In contrast to AlGaAs HEMTs, heterostructures
based on AlGaN semiconductors host an intrinsic charge sheet
layer at the AlGaN/GaN interface due to spontaneous and
piezoelectric polarization-induced charges [3], [4], [5], [6], [7],
[8], [9]. This fixed charge induces a 2-D electron gas (2DEG)
in the quantum well (QW) created by the conduction band
discontinuity at the AlGaN/GaN interface. The AlGaN barrier
layer can then be undoped, in contrast to AlGaAs HEMTs [26],
[27], which has several advantages, such as a higher mobility
due to reduced impurity scattering and a lower interface trap
density. However, the gate leakage current remains an issue
for HEMTs [11], [12], [13], [21], [23] due to the Schottky
contact property of the gate electrode. In order to suppress the
gate leakage current, the introduction of an additional dielec-
tric layer in form of metal–insulator–semiconductor (MIS)
or metal–oxide–semiconductor (MOS) architectures was pro-
posed as it offers significant improvement in terms of gate
leakage [14], [15], [16], [17], [18], [19], [20], [21], [22], [23].
In addition, it was reported that adding the gate insulator
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does not significantly impact the threshold voltage [17]. Still,
the introduction of MIS/MOS structures leads to a higher
capacitance equivalent thickness (CET) that may reduce the
electrostatic control and enhance short-channel effects (SCEs).
The threshold voltage variation with the barrier thickness in
ungated AlGaN/AlN/GaN heterostructures was studied in [24],
and it was outlined that thinner barriers result in a positive shift
of the threshold voltage. Thus, the influence of the barrier layer
thickness on the device performances is quite critical.

Even though the leakage current issue is mostly resolved
in MISHEMTs/MOSHEMTs, the saturation of the transfer
characteristics at low drain voltages is still evidenced in
literature [17], [22], [23]. Until now, the saturation of the drain
current versus gate voltage curves has been mainly attributed
to the resistance of the ungated access regions at low drain
voltages. However, as we will evidence in this work, the
resistance of ungated access regions might not be the only
cause for this saturation.

In the following sections, we present a theoretical analysis
of the barrier layer-QW system of GaN-MISHEMT and antic-
ipate that for a given barrier thickness and composition, the
2DEG carrier density is expected to become almost indepen-
dent of the bias at high gate voltages.

II. MODELING THE BARRIER-QW SYSTEM

.A. Device Under Study

We consider an undoped AlxGa 1−xN-/GaN-MISHEMT, and
we focus on the dependence of the mobile charge density in
the QW on the gate voltage. Since we are not interested in
calculating the drain current as we restrict the analysis to the
MISHEMT “capacitor,” we ignore the source and drain.

The polarization-induced positive charge density (σpol) at
the heterointerface generates a 2DEG charge density (n2D) in
the QW, making these devices normally-ON. A sketch of a
charge distribution in the structure is shown in Fig. 1(a). The
schematic band diagrams, where n2D is lower or higher than
σpol, are depicted in Fig. 1(b) and (c), respectively.

In the literature, a constant electric field is often assumed in
the undoped AlxGa 1−xN barrier layer [3], [4], [5], [10], [19],
[25], [28]. This approximation may be valid when n2D < σpol,
but we will show that this assumption becomes inapplicable at
relatively high overdrive gate voltages, where n2D can exceed
σpol and fails to predict saturation of the 2DEG in the QW.
This widely accepted approximation is removed in the present
work.
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Fig. 1. (a) Illustration of the charge distribution and band diagram for
(b) n2D < σpol and (c) n2D > σpol.

.B. Poisson–Boltzmann Equation in the Undoped AlGaN
Barrier

In this section, we solve the Poisson–Boltzmann equation
in the barrier and apply the boundary conditions arising from
the QW at the AlGaN/GaN interface.

The Poisson equation in the undoped barrier layer is given
by

d2ϕ (z)
d2z

=
ρ (z)
εb

=
q
εb

(n (z) − p (z)) (1)

where ϕ(z) is the electrostatic potential in the AlxGa 1−xN
barrier, ρ(z) is the charge density at z, εb is the barrier dielectric
constant, and n(z) and p(z) are the electron and hole concen-
trations at z. We assume that AlxGa 1−xN is nondegenerate,
meaning that n(z) and p(z) satisfy the Boltzmann statistics

n (z) = ni b exp
�

EF − Ei b (z)
kT

�
(2a)

p (z) = ni b exp
�
−

EF − Ei b (z)
kT

�
(2b)

TABLE I
MATERIAL PARAMETERS USED IN THE MODEL

where EF is the Fermi level (constant in the z-direction since
no current flows across the heterostructure in the equilibrium),
ni b and Ei b(z) are the intrinsic carrier density and intrinsic
Fermi level in the barrier, and other symbols having their usual
meaning. Note that the assumption of nondegeneracy is valid if
the mobile charge density is lower than the effective density of
states (the values of the effective density of states for the con-
duction band (Nc) and valence band (NV ) are listed in Table I).

In our analysis, we consider that the QW is populated with
electrons, meaning that the Fermi level stands “close” to the
ground state of the QW, i.e., in the vicinity of the conduction
band edge of GaN, EF > Ei b(0). In addition, the intrinsic
carrier density in GaN and AlGaN, calculated at 300 K with
the data presented in Table I, is as low as 10−10 and 10−16

cm−2, respectively, meaning that according to relation (2b),
holes can be neglected in (1).

For simplicity, the energy reference is taken as the conduc-
tion band edge of GaN at the heterointerface, Ec GaN(0) = 0.
According to the band diagrams in Fig. 1, the intrinsic Fermi
level is given by

Ei b (z) = ∆Ec −
EGb

2
+ kT ln

�
NVb

NCb

�
− qϕ (z) (3)

where ∆Ec is the conduction band offset between AlGaN and
GaN, EGb is the bandgap of the AlGaN barrier layer, NC b and
NV b are the conduction and valence band effective density of
states of the barrier layer, and qϕ(z) is the band bending, see
Fig. 1(b) and (c) and Table I for the parameters. Note that ϕ(z)
is positive in Fig. 1(c).

Introducing (3) in (2a), relation (1) can be rewritten as

d2ϕ

d2z
=

q
εb

ni b exp
�
ϕ (z) − Vo (n2D)

UT

�
(4)

where the potential Vo(n2D) is defined by

qVo (n2D) = ∆Ec −
EGb

2
+ kT ln

�
NVb

NCb

�
− EF (n2D) . (5)

The potential Vo(n2D) depends on the difference between the
intrinsic Fermi level and the Fermi level at z = 0, see Fig. 1(c)
(Vo takes negative values). The Fermi level is uniquely linked
to the 2-D charge density n2D (see the Appendix for details),
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which justifies the implicit dependence of Vo on n2D

EF (n2D) = kT ln
�

exp
� n2D

DOSkT

�
− 1
�
+ γn

2
3
2D. (6)

We rewrite relation (4) by multiplying each member by
(dϕ(z)/dz) to obtain

d
dz

�
dϕ (z)

dz

�2

=
2qni b

εb
exp

�
ϕ (z) − Vo (n2D)

UT

�
dϕ (z)

dz
. (7)

Integrating (7) from z = 0+ [corresponding to AlGaN/GaN
interface from the AlGaN side, see Fig. 1(a)] to any coordinate
z in the barrier, the electric field Fb(z) depends uniquely on
the local potential ϕ(z) once the potential and the electric field
at z = 0+ are known, namely, ϕ(0+) and Fb(0+)

Fb (z) = ∓
q
αe

ϕ(z)−Vo(n2D)
UT − αe

ϕ(0)−Vo(n2D)
UT + (Fb (0+))2 (8)

where α = 2(qni b/εb)UT .
Considering a Gauss surface passing through z = 0+ [see

Fig. 1(a)], the electric field in the barrier at z = 0+ is

Fb
�
0+
�

= q
�
σpol − n2D

�
/εb. (9)

From (9), the sign of the electric field in the barrier layer is
defined by the imbalance between the charge density in the
QW with respect to the polarization charge density. The sign
in relation (8) will then depend on whether Fb(0+) in (9) is
positive or negative, i.e., when n2D < σpol, the sign is “−,”
otherwise “+.”

At this point, given that by definition ϕ(0) = 0 and
considering (8) and (9), we define the parameter Co(n2D) as

Co (n2D) =

 
q
�
n2D − σpol

�
εb

!2

− α exp
�
−

Vo (n2D)
UT

�
. (10)

In (10), we highlighted the dependence of C on n2D by noting
Co(n2D).

We rewrite (8) as

∂ϕ (z)
∂z

= −Fb (z) = ±

s
α exp

�
ϕ (z) − Vo

UT

�
+ Co (n2D). (11)

We separate potentials from coordinate in (11) and integrate
from z = 0+ to z, where z is any point inside the barrierZ ϕ(z)

ϕ(0)=0

dϕ (t)r
α exp

�
ϕ(t)−Vo(n2D)

UT

�
+ Co (n2D)

= ±
Z z

0
dt. (12)

The integral in the LHS of (12) can be solved analytically,
but the solution depends on the sign of Co(n2D). For a given
polarization charge density σpol, the coefficient Co(n2D), as
shown in (10), depends on n2D, which in turn depends on the
bias.

1) Solution When Co(n2D) > 0: Before proceeding toward
the solution of (12), we focus on the resolution of the integral
since this can be misleading. Applying two successive changes
of variables, y = α exp((ϕ − Vo)/UT ) + Co(n2D) then z =

√
y,

we can find that the arctanh function is the common solution
proposed in textbooks. However, using the arctanh function
implicitly assumes that the argument range is [−1; 1], in con-
tradiction with the term in the square root of (12) that is always

Fig. 2. Calculation of Co(n2D) for two heterostructures:
Al0.3Ga0.7N/GaN and GaN/In0.1Ga0.9N.

greater than unity when Co(n2D) > 0. This contradiction can be
removed by noting that the arccoth function is also a solution,
while its argument range is [−∞;−1]U[1;∞], compatible with
our conditions. Therefore, the solution of (12) is

−2UT
√

Co (n2D)
acoth

�r
α

Co (n2D)
e
ϕ(z)−Vo(n2D)

UT + 1
�ˇ̌̌̌ϕ

0
= ±z. (13)

As we discussed for (8), when n2D > σpol, the positive sign is
applied in the RHS of (13); otherwise, the negative sign must
be used.

From relations (9), (11), and (13), for a given electron
density in the QW n2D, the electric field Fb(z) in the barrier
layer can be expressed with respect to z

Fb (z)

=
p

Co (n2D) coth

 
acoth

 
q
�
n2D − σpol

�
εb
√

Co (n2D)

!
−

√
Co (n2D)
2UT

z

!
.

(14)

Since coth/arccoth functions are odd, relation (14) gives the
correct sign of the electric field in the barrier that depends on
whether n2D greater than or lower than σpol.

2) Solution When Co(n2D) < 0: A trivial case for which Co is
negative when qn2D ≈ σpol, i.e., when the polarization-induced
fixed charges are compensated by the mobile 2-D charges in
the QW.

When Co(n2D) is negative, integration of (12) gives

2UT
√
−Co (n2D)

atan

0B@
q
αe

ϕ(z)−Vo(n2D)
UT + Co (n2D)
√
−Co (n2D)

1CA
ˇ̌̌̌
ˇ̌̌
ϕ

0

= ±z. (15)

As before, since tan/arctan functions are odd, relation (15)
gives the correct sign of the electric field in the barrier

Fb (z) =
p
−Co (n2D) tan

 
z
√
−Co (n2D)

2UT

+ atan

 
q
�
n2D − σpol

�
εb
√
−Co (n2D)

!!
. (16)

To better illustrate the sign of Co(n2D), its dependence on the
ratio n2D/σpol is shown in Fig. 2 for Al0.3Ga0.7N/GaN and
GaN/In0.1Ga0.9N heterostructures.
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We see that for practical values of n2D, i.e., close to the
polarization σpol, the coefficient Co(n2D) changes sign.

As we will see, the analyses of these two cases are necessary
to predict the charge density from below to above threshold.

3) Potential Distribution in the Barrier: According to relation
(11), the potential distribution ϕ(z, n2D) for a given n2D is

ϕ (z, n2D) = UT ln
�

Fb (z, n2D)2 −Co (n2D)
α

�
+ Vo (n2D) (17)

where Fb(z, n2D) is defined either by (14) or (16), depending
on the sign of Co(n2D).

4) Asymptotic Maximum of n2D: We now comment on how
relations (13) and (15) predict an upper limit for the electron
density in the QW (n2D MAX) for a given barrier thickness (d).
To make this statement clear, we calculate the value of mobile
charge density when the surface potential ϕ(z = d) goes to
infinity, which also means that the gate potential is infinite.
Rewriting relations (13) and (15) while imposing ϕ(d) → ∞,
and noting that acoth(∞)→ 0 and atan(∞)→ π/2, we have

2UT
√

Co (n2D)
acoth

�
q

n2D max − σpol

εb
√

Co (n2D)

�
= d if Co > 0 (18)

2UT
√
−Co

�
π

2
− atan

�
q

n2D max − σpol

εb
√
−Co (n2D)

��
= d if Co < 0. (19)

Equations (18) and (19) state that for an “infinitely high”
voltage applied to the gate (ϕ(d) → ∞), we expect an
asymptotic maximum for the 2DEG density n2D MAX that can
be generated in the QW for a given barrier thickness d.

While (18) and (19) are nonexplicit expressions for n2D MAX
since Co(n2D) also depends on n2D MAX, we can substitute n2D
in (18) and (19) and calculate the corresponding thickness
zmax(n2D) as the largest thickness permitting the generation of
the charge density n2D in the QW.

According to (18) and (19), n2D MAX is defined by het-
erostructure material parameters but, most importantly, by the
barrier layer thickness. In the case of high bandgap insulators,
it is almost independent of the insulator layer properties and
thickness.

This maximum 2DEG density corresponds to the onset
of a marked increase of electrons density at the bar-
rier/insulator interface. By screening the electric field, this
electron “accumulation” weakens gate modulation of the
channel potential and 2DEG density. As we will observe,
numerical simulations predict that the charge density in
the QW can still slightly increase beyond n2D MAX for a
given barrier thickness when using Fermi–Dirac statistics in
simulations. Unfortunately, introducing Fermi–Dirac statistics
in our analytical approach prevents finding an analytical
solution.

.C. Including the Gate

Thus, the electrostatic analysis focused on the AlGaN–GaN
heterostructure only, ignoring the gate insulator and the con-
tact electrode. The gate potential is easily introduced by
imposing the electrical displacement field continuity at the
barrier/insulator interface (z = d) Eiεi = Fb(d)εb, where εi

and Ei are the permittivity and the electric field (constant) in

Fig. 3. Comparison of experimental data [18] with COMSOL
simulations.

the insulator. Then, the effective gate potential is introduced
as

V∗G = ti
εb

εi
Fb (d, n2D) + ϕ (d, n2D) (20)

where V∗G = VG − ∆ψi having VG as the gate voltage and ∆ψi
as the work function difference between the insulator gate and
the AlGaN layer, ti is the insulator thickness, and Fb(d, n2D)
and ϕ(d, n2D) are the electric field and potential at the barrier
surface, respectively (note that in principle, the relationship
between the voltages and the 2DEG density can be used to
evaluate the drain current based on the equations presented in
[27] that rely on source and drain charge densities. However,
this is not at aim of this work.

It is important to note that the model remains valid what-
ever the nature of the gate electrode, i.e., metal–insulator or
Schottky contact, provided a constant Fermi energy across the
AlGaN–GaN heterostructure is satisfied.

III. DISCUSSION

We present simulations on some relevant AlGaN HEMT
structures and validate the results with COMSOL Multi-
physics, which were also validated against experimental data.
Concerning the analytical model, calculations have been per-
formed in PTC Mathcad Prime 8.

The 2-D simulations were then tuned to match with exper-
imental data provided by IMEC for MISHEMT. As described
in [18], the devices consist of a 3-nm barrier layer with 70%
aluminum content, followed by a 5-nm-thick Si3N4 insulating
layer. Source and drain access regions were 0.75- and 1.5-
µm length, respectively, and the gate length was 0.5 µm. The
I–V transfer characteristics computed from simulations and
extracted from experimental data are presented in Fig. 3.

Since in the model we focus on MISHEMT capacitors, we
will rely on 1-D simulations, using the same setup validated for
2-D simulations. Three semiconductor heterostructures with
different semiconductor compositions are investigated. For
each case, the barrier thickness is varied.

The gate metal work function is set to 4.3 V, and then the
work function difference (∆ψi) is calculated based on barrier
layer material parameters presented in Table I.
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Fig. 4. Electric potential along the z-axis in the barrier for different
barrier thicknesses and gate voltages.

We start the analysis with the Al0.3Ga0.7N/GaN system.
According to [4], the fixed polarization charge density σpol is
1.58× 10−6 C/cm−2, or equivalently 9.9× 1012 cm−2 in terms
of the elementary charge unit. Fig. 4 represents the potential
distribution in the Al0.3Ga0.7N barrier layer along the z-axis
for different barrier thicknesses, namely, 30, 20, and 5 nm. In
addition, two gate voltages (VG = 1.2 and 1.6 V) are chosen
well above of threshold voltage (−2 V for this structure) and
close to the n2D saturation voltage. The potential is calculated
with (17), where Fb(z, n2D) is defined from (14) or (16).
The agreement between the analytical model and COMSOL
simulation is confirmed (dots: COMSOL and lines: model).
This photograph corresponds to the case where n2D > σpol
(it will be shown that the condition n2D = σpol, i.e., interface
neutrality, for 30% Al content takes place at VG ≈ 0.8 V).

We observe a pronounced bending of the potential for
barrier thicknesses of 20 and 30 nm that starts to rise sharply
close to the barrier/insulator interface (note that z = 0 cor-
responds to the AlGaN/GaN interface). This variation gets
more pronounced as the gate voltage is increased. From
relation (1), the curvature of the potential means that a charge
builds up in the layer and suggests that the AlGaN barrier
cannot be treated anymore as an insulator, but behaves as a
semiconductor. This is further confirmed in Fig. 5, where the
mobile charge density in the AlGaN layer increases above
a certain value of the gate voltage. This photograph looks
like the characteristics of an MOS capacitor, except that the
channel in our device is located at the AlGaN/GaN interface,
i.e., d nanometers away from the AlGaN–insulator interface.
The onset of charge enhancement in the barrier is higher for
thicker barrier layers (see Fig. 5). The increase of gate voltage
is causing accumulation of electrons in the whole barrier, but
more specifically at barrier/insulator interface (z = d), as can
be anticipated in Fig. 4 by the potential curvature near z = d
for different structures. However, when the barrier thickness
is 5 nm, we observe a linear dependence of the potential with
z, meaning that at this thickness accumulation of charges in
the barrier reaches at higher voltages (see Fig. 5).

The density of 2DEG in the QW is plotted versus the gate
voltages in Fig. 6 for different barrier thicknesses. For each
barrier thickness, relation (18) predicts a maximum charge

Fig. 5. Mobile charge density in AlxGa1−x N barrier layer for x = 0.3 and
x = 0.7 with different barrier thicknesses.

Fig. 6. 2DEG density versus gate voltage for 30-, 20-, and 10-nm barrier
thicknesses.

density in the QW. These maximum charge densities (n2D MAX)
calculated from (18) are indicated with dashed lines. For 20-
and 30-nm-thick barrier layers, the correspondence between
the analytical model and COMSOL simulations is accurate,
whereas for 10-nm-thick barrier, we start observing a slight
mismatch at high voltages. This mismatch comes from the
model limitation where we used Maxwell–Boltzmann distribu-
tion while at VG = 1.4 V, the conduction band already crosses
the electron quasi-Fermi at the edge of the AlGaN barrier. This
situation also exists for thicker barrier layers; however, the
ratio of the degenerated extension of the barrier with respect
to the total thickness is smaller in that case, leading to a better
matching between the model and simulations. It is interesting
to note that the “saturation” of n2D for the 10-nm barrier
device, for instance (see Fig. 6), occurs at a gate voltage where
the charge density in the barrier starts increasing, see the plot
in Fig. 5 for 30% aluminum content. As we explained before,
the excess charge in the barrier screens the gate potential at
the AlGaN/GaN interface, i.e., in the QW.

The 2DEG density in the QW versus the gate voltage
for thinner barrier layers (7, 5, and 3 nm) and for two
aluminum contents of the AlGaN barrier, 30% and 70%, is
shown in Fig. 7. The good agreement between the model
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Fig. 7. 2DEG density versus the gate voltage for 7-, 5-, and 3-nm AlGaN
barrier thicknesses, with aluminum content of (a) 30% and (b) 70%.

and simulations for both barrier compositions supports the
validity and soundness of our approach. Dashed lines, in either
Fig. 7(a) or (b), indicate the position when the 2DEG density
equals the polarization charge density (n2D = σpol). Whatever
the barrier thickness, all the curves cross at almost the same
gate voltage that corresponds to the channel neutrality state
at the heterojunction, i.e., n2D = σpol. Below this value, the
charge in the QW varies almost linearly with the gate voltage.

As we commented, for this range of bias, the barrier behaves
as an insulator (no significant mobile charges in the barrier).
When n2D becomes higher than σpol, we observe the same
trend as in Fig. 6, where the 2DEG tends to saturate, and this
asymptote is very dependent on the barrier thickness.

The saturation in the QW predicted by relations (18) and
(19) depends on the polarization charge σpol. This is illustrated
in Fig. 8, where the “saturation,” anticipated by the analytical
model, is expressed as the maximum 2DEG density normal-
ized to the polarization charge (n2D MAX/σpol) for a different
σpol. We observe that the lower σpol, the higher n2D MAX/σpol.
For instance, for a 5-nm barrier thickness imposing σpol =

4× 1012 cm−2 predicts that n2D MAX is about 1.8σpol, whereas
when σpol = 1013 cm−2, the normalized saturation is lower,
n2D MAX ≈ 1.2σpol. For thick barriers, larger than 40 nm,
n2D MAX/σpol is even close to unity, meaning that we can
hardly exceed the polarization charge density in the QW, which
is not the case for ultrathin AlGaN barriers.

Fig. 8. Maximum 2DEG density normalized to the polarization charge
density versus the barrier thickness for a different σpol. The inset
illustrates the same plots with nonnormalized n2D MAX.

Fig. 9. 2DEG density versus gate voltage for 20-, 10-, and 5-nm GaN
barrier thicknesses for GaN-/InGaN-MISHEMT.

To verify the model, we also investigated the
GaN/In0.1Ga0.9N heterostructure (note that GaN is now
the barrier and InGaN is the small bandgap semiconductor).
As for the AlN/GaN system, a polarization charge density
σpol, estimated to 6.46 × 1012 cm−2 (in terms of elementary
charge) [9], exists at the GaN/In0.1Ga0.9N heterojunction.
Fig. 9 shows the density of the 2DEG versus the gate voltage
for 20-, 10-, and 5-nm GaN barrier thicknesses, below
and above σpol. Still, the agreement between the analytical
model and COMSOL simulations is good. As for the AlGaN
system, well above the neutrality condition, a slight mismatch
between the numerical simulations and the analytical model is
observed for the thinner barrier layer (5 nm), which is again
attributed to the use of Fermi–Dirac statistics in COMSOL,
while Boltzmann statistics are used in the model.

IV. CONCLUSION

We proposed a physics-based analytical model that predicts
the potential screening arising from the accumulation of elec-
trons at the insulator-AlGaN barrier interface on the charge
density in the QW of AlGaN-/GaN-MISHEMTs, a result that
was not anticipated before. An explicit expression of the
asymptotic mobile charge density involving the polarization
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charge density and the barrier thickness was developed and
validated by numerical simulations. It is likely that this work
can be extended to predict the gate leakage current in GaN
HEMT.

APPENDIX

The first excited state in GaN/AlGaN heterostructure lies
mainly the above Fermi level, as evidenced in [1]. Since we
consider only the ground state, as in [24], we introduce a
correction factor C in the density of states in order to emulate
the occurrence of the second confined level.

The 2DEG sheet density is then given by [1]

n2D = DOSkT ln
�

1 + exp
�

EF − Eo

kT

��
(A1)

where DOS = C(meff GaN/π}
2) is the 2-D density of states,

with meff 1 being the effective mass of electrons in GaN and
C = 1.1 according to [24]. Referring to our reference energy
level (the conduction band edge of GaN at the interface), we
have Eo = αqF(0−)(2/3), where F(0−) is the effective electric
field in the QW and αq = ((9π}q/8(2meff GaN)1/2))2/3. The
experimental value for αq is given in [29]. For undoped or
unintentionally doped material, the effective field is F(0−) =

(qn2D/kεGaN) [1], where k is a fitting parameter used to calcu-
late the effective field from the surface electric field. The Femi
level (EF) is calculated from (A1) and is introduced in (6).
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