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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, AIN,
GaN, high-electron mobility transistor (HEMT), MISHEMT,
MOSHEMT, polarization charge.

|. INTRODUCTION

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 [11, [2], [3], [4], [5], [6], [7], [8], [9], [101, [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 AlIGaN/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/AIN/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/MOSHEMTSs, 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.

Il. MODELING THE BARRIER-QW SYSTEM

A. Device Under Study

We consider an undoped Al,Ga ;_,N-/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 (opo) at
the heterointerface generates a 2DEG charge density (nyp) 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 nyp is lower or higher than
Opol» are depicted in Fig. 1(b) and (c), respectively.

In the literature, a constant electric field is often assumed in
the undoped Al,Ga ;_,N barrier layer [3], [4], [5], [10], [19],
[25], [28]. This approximation may be valid when np < o po1,
but we will show that this assumption becomes inapplicable at
relatively high overdrive gate voltages, where nyp can exceed
Opol and fails to predict saturation of the 2DEG in the QW.
This widely accepted approximation is removed in the present
work.

© 2025 IEEE The Authors. This work is licensed under a Creative Commons Attribution 4.0 License.
For more information, see https://creativecommons.org/licenses/by/4.0/
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Fig. 1. (a) lllustration of the charge distribution and band diagram for  jeve] is given by

(b) nap < opo @Nd (C) N2p > opol-

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

o) p@)

q
. e o (n(2) = p(2) (D

where ¢(z) is the electrostatic potential in the Al,Ga |_,N
barrier, p(z) is the charge density at z, &5, is the barrier dielectric
constant, and n(z) and p(z) are the electron and hole concen-
trations at z. We assume that Al,Ga ;_,N is nondegenerate,
meaning that n(z) and p(z) satisfy the Boltzmann statistics

1) = s exp (E‘”_k—';l’@) a)
Er — E;
p@=mpesp (-2 222 (2b)

E N
Eip(2) = AE. - ZG” + kT In (—V’) —q¢ (@) 3)

Ng,
where AE, is the conduction band offset between AlGaN and
GaN, Eg, is the bandgap of the AlGaN barrier layer, N¢, and
Ny, are the conduction and valence band effective density of
states of the barrier layer, and g¢(z) is the band bending, see
Fig. 1(b) and (c) and Table I for the parameters. Note that ¢(z)
is positive in Fig. 1(c).
Introducing (3) in (2a), relation (1) can be rewritten as

Lo g (‘/’(Z) -V, (nzD))

—— = —njp€eX
dZZ Ep ! P UT

“4)

where the potential V,(nyp) is defined by

E N
qVy () = AE. — =22 4 kT In (va) —Ep(np).  (5)

2 Cyp

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

12D 3
~1) oyl (6
soser) ~ ) e ©
We rewrite relation (4) by multiplying each member by

(dy(z)/dz) to obtain

d (de@) _2ms  (¢G) = Vo)) dp(2)

dz \ dz & Ur dz ~
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 Fj(z) depends uniquely on
the local potential ¢(z) once the potential and the electric field
at z = 0" are known, namely, ¢(0") and F,(0")

Er (nop) = kT In (exp (

)

2(0)-Vo(np)
— e Ur

\/ ¢@)-Vo(nyp)
Fy(@)=FVae o
where a = 2(qn; /) Ur.

Considering a Gauss surface passing through z = 07 [see
Fig. 1(a)], the electric field in the barrier at z = 07T is

Fy (0%) = g (0pot — n2p) /&5 )

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 F,(07) in (9) is
positive or negative, i.e., when nyp < o1, the sign is “-.”
otherwise “+.”

At this point, given that by definition ¢(0) = 0 and
considering (8) and (9), we define the parameter C,(nyp) as

2
C, (np) = (M) —aexp(—%’?")). (10)

+(Fp (0H)*  (8)

€p

In (10), we highlighted the dependence of C on nyp by noting
Co(n2p).
We rewrite (8) as

0
‘giz) =-F,(9)==+ \/aexp ((p( l)JT

)+C (np). (1)

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

de @) _i/zdt. (12)
0

tp(t) V("m)) +C, (nop)
The integral in the LHS of (12) can be solved analytically,
but the solution depends on the sign of C,(np). For a given
polarization charge density o1, the coefficient C,(nyp), as
shown in (10), depends on n,p, which in turn depends on the
bias.

1) Solution When C,(nop) > 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 = aexp((¢ — V,)/Ur) + Co(nop) then z = +fy,
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

/so(z)
¢(0)=0 \/
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Fig. 2. Calculation of Cy(nop) for two heterostructures:

A|0.3G3047N/G3N and GaN/Inoj Gao'gN.

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

_2UT th ( \/ 04 ¢(z)—‘l//n(nzD) I 1) ¥ + (13)
—————acCo a4 T = 7.
VC, (n2p) C, (n2p) 0

As we discussed for (8), when nyp > 001, 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 nyp, the electric field Fj(z) in the barrier
layer can be expressed with respect to z

Fy(2)

_ g (n2p = Tpol) VC, (nop)

= /C, (nyp) coth (acoth < o VC () ) T 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 nop greater than or lower than opr.

2) Solution When C,(nop) < 0: A trivial case for which C, is
negative when gnop = o7pol, 1.€., when the polarization-induced
fixed charges are compensated by the mobile 2-D charges in
the QW.

When C,(nyp) is negative, integration of (12) gives

@
¢(2)-Vo(np)
\/ae -+ C, (nap)

=4z
V=C, (mp) ¢

15)

0

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

V=C, (nap)
2Ur

q (i’lzD % pol)
+atan | ————=]]. (16)
(81) \ _Co (nZD) ))
To better illustrate the sign of C,(nsp), its dependence on the

ratio nyp/opet is shown in Fig. 2 for Alg3Gag7N/GaN and
GaN/Ing 1Gag 9N heterostructures.

Fp(z) = /—C, (nzp) tan (z
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We see that for practical values of nyp, i.e., close to the
polarization o1, the coefficient C,(n2p) 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 ¢(z, nyp) for a given nyp is

Fy (z,n2p)* = C, (nap)
@

¢(z,np) = Urln |: i| + Vo (nap) (A7)
where Fj(z, npp) is defined either by (14) or (16), depending
on the sign of C,(nyp).

4) Asymptotic Maximum of nop: We now comment on how
relations (13) and (15) predict an upper limit for the electron
density in the QW (nop_max) for a given barrier thickness (d).
To make this statement clear, we calculate the value of mobile
charge density when the surface potential ¢(z = d) goes to
infinity, which also means that the gate potential is infinite.
Rewriting relations (13) and (15) while imposing ¢(d) — oo,
and noting that acoth(co) — 0 and atan(co) — 7/2, we have

&acoth (qM) =d ifC,>0 (18)
VC, (n20) &» VC, (np) ’

2Ur (7T ( 2D _max — O pol )) .
—— | z —atan | g—————= =d if C,<0. (19
V-C, \2 &p V=C, (n2p)

Equations (18) and (19) state that for an “infinitely high”
voltage applied to the gate (p(d) — o0), we expect an
asymptotic maximum for the 2DEG density n,p max that can
be generated in the QW for a given barrier thickness d.

While (18) and (19) are nonexplicit expressions for 75p_max
since C,(nyp) also depends on nyp max, We can substitute nop
in (18) and (19) and calculate the corresponding thickness
Zmax(M2p) as the largest thickness permitting the generation of
the charge density nyp in the QW.

According to (18) and (19), nypmax 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 nypmax 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) E;g; = Fp(d)e,, where g;
and E; are the permittivity and the electric field (constant) in

0.01f
Al,;Ga, ; N/GaN peosoeResoeesseent 0.006

0.001 | 072403 @
- V,=0.1V —
= 1E-4f 0.005 &
5 1E-5 2
£ r 0.004 &
«~ 1E-6| -
5 5
2 ) 0.003 E
(3] Q
c 1E-8 c
® I 0.002 -3
O 4g- [a]

1E-9 ) Comsol 0.001

1E-10 | o Measur.[18] 1™

1E-11 1 L L

-5.0 -4.5 -4.0 -3.5 -3.0
Gate Voltage (V)
Fig. 8. Comparison of experimental data [18] with COMSOL
simulations.

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

Ve = ti;Fb (d,nap) + ¢ (d, nop) (20)

1

where Vi = Vg — Ay; having Vi as the gate voltage and Ay,
as the work function difference between the insulator gate and
the AlGaN layer, ¢; is the insulator thickness, and F(d, nop)
and ¢(d, nyp) 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.

[1I. 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 Si3Ny insulating
layer. Source and drain access regions were 0.75- and 1.5-
um length, respectively, and the gate length was 0.5 ym. 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 (Ay,) is calculated based on barrier
layer material parameters presented in Table L.
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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 Alp3Gag7N/GaN system.
According to [4], the fixed polarization charge density o is
1.58 x 107 C/cm™2, or equivalently 9.9 x 10'2 cm~2 in terms
of the elementary charge unit. Fig. 4 represents the potential
distribution in the Aly3Gag7N 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 n,p saturation voltage. The potential is calculated
with (17), where Fj(z,nyp) 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 nyp > 0pol
(it will be shown that the condition nop = o1, i.€., 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 = O 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

1.3
12}
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Fig. 5. Mobile charge density in AlyGa_xN barrier layer for x = 0.3 and
x = 0.7 with different barrier thicknesses.
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Fig. 6. 2DEG density versus gate voltage for 30-, 20-, and 10-nm barrier
thicknesses.

density in the QW. These maximum charge densities (n2p_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 npp 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 AIGaN/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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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 (n;p = 0po1). 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.€., nop = 0pol. 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 nop becomes higher than o, 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 op,. 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 (n2p.max/0pol) for a different
Opol- We observe that the lower o, the higher nop mMax /0 pol-
For instance, for a 5-nm barrier thickness imposing oo =
4% 10" cm™2 predicts that nyp max is about 1.807,1, Whereas
when oo = 10" cm™2, the normalized saturation is lower,
mpMax = 1.20p. For thick barriers, larger than 40 nm,
nop MAX/Opol 18 €ven 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.

Gate voltage (V)

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

To wverify the model, we also investigated the
GaN/Ing1GaggN heterostructure (note that GaN is now
the barrier and InGaN is the small bandgap semiconductor).
As for the AIN/GaN system, a polarization charge density
O pol, estimated to 6.46 x 10'2 cm™ (in terms of elementary
charge) [9], exists at the GaN/Inp;GagoN 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 o . 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.

V. 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]

Er-E,
nyp = DOSKT In (1 + exp (Fk—T))

where DOS = C(iieg Gan/7h?) is the 2-D density of states,
with meg_| 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 E, = a,F (0’)(2/ 3), where F(07) is the effective electric
field in the QW and ¢, = ((97hq/8(2meg gan)'/*))*3. The
experimental value for a, is given in [29]. For undoped or
unintentionally doped material, the effective field is F(07) =
(gmap/kegan) [11, 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).

(AL)
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