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Modeling the Electrical Characteristics of Schottky
Contacts in Low-Dimensional Heterostructure

Devices
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Abstract—This paper deals with the modeling of the electronic
characteristics of semiconductor devices based on Schottky con-
tacts in low-dimensional systems. For the capacitance–voltage
characteristics, a quasi-two-dimensional quantum mechanical
model is developed and validated. For the current–voltage char-
acteristics, a unified model is presented, considering both the
tunneling as well as the thermionic emission mechanisms. Our
theoretical predictions suggest that for photodetection applications
the use of these contacts, replacing conventional metal-semicon-
ductor junctions, can reduce the dark current by at least one order
of magnitude.

Index Terms—Quantum-effect semiconductor devices, Schottky
barriers, semiconductor device modeling, semiconductor–metal
interfaces.

I. INTRODUCTION

THE properties of electrons in an inversion layer have
attracted interest since the invention of the field-effect

transistor. Further attention has been motivated by the enhanced
transport properties of the two-dimensional (2-D) electron gas
(2-DEG) formed at modulation doped heterointerfaces, where
the inversion layer is quantized in the growth direction. Already
in the early 1990s high electron-mobility transistors (HEMTs)
based on this principle displayed power amplification well
above 100 GHz with outstanding noise performance.

Here, we focus on the electrical characteristics of Schottky
contacts in low-dimensional systems, where electronic and op-
tical properties may differ considerably from the usual con-
tacts with bulk semiconductors. The interface of particular in-
terest for this paper (Fig. 1) is a Schottky contact between a
three-dimensional (3-D) metal and a 2-DEG, arising from an
Al Ga As–GaAs modulation doped heterostructure grown
on top of a GaAs substrate, the same layer structure of an HEMT
transistor. Other configurations, beyond the scope of this paper,
are also possible, including the contact between a quantum wire
one-dimensional (1-D) electron gas (1-DEG) and a three-di-
mensional (3-D) Schottky metal [1].

In fact, since their first proposal [2], devices relying on the
contact of a Schottky metal to a low-dimensional system dis-
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Fig. 1. Schematic view of the 3-D/2-D contact, also showing the depletion
region which appears between the metal and the 2-DEG channel. The
semicondutor layers above and below the 2-DEG channel are not shown.

played several attractive features, such as low capacitance due
to the small effective cross section, excellent noise and trans-
port characteristics due to the 2-D electron gas as well as a high
breakdown voltage, making them very promising for applica-
tions in ultrahigh-frequency and low-power electronics [3].

Despite the significant amount of device related work,
the number of investigations on the modeling of the capaci-
tance–voltage (C–V) and current–voltage (I–V) characteristics
of these metal to 2-DEG interfaces is still limited. In the fol-
lowing section, we develop a novel quasi-2-D model for the
C–V characteristics, by starting from a self-consistent solution
of the Schrödinger and Poisson equations in the growth direc-
tion. Next, we investigate the I–V characteristics, discussing
the behavior of Schottky contacts where the Schottky metal
contacts directly the 2-DEG. Our formalism includes both
tunneling and thermionic emission mechanisms in an unified
fashion, extending most of the previous formulations [4]–[6],
which generally address each mechanism separately. The
obtained results are contrasted with those for conventional
Schottky devices and the expected performance advantages
of using low-dimensional Schottky contacts in photodetection
applications are highlighted.

II. C-V MODELING

The formulations available in the literature to study the C–V
characteristics of metal to 2-DEG interfaces can be divided into
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two classes. On one hand, Gelmont and collaborators [7] ex-
tended the work by Petrosyan and Shik [4] to obtain, by using
the conformal mapping technique, an analytical expression for
the junction capacitance between a bulk p-type semiconductor
and a 2-DEG. However, their expression becomes progressively
less accurate as the contact depth R is made much smaller than
the depletion width, as in the limiting case of an ideal metal to
2-DEG junction. Also, changes in the layer structure or the con-
duction band diagram are accounted for only through the 2-DEG
carrier concentration, .

On the other hand, fully numerical techniques are also avail-
able. Such implementations use either the boundary element
method [8] or the finite-element method [9] for the resolution
of the Schrödinger and Poisson equations. Both methods are
very time consuming from the computational point of view, but
they often do not yield self-consistent solutions. Although the
problem of interest here is intrinsically 2-D, due to the presence
of the lateral Schottky terminal, usually only the Poisson equa-
tion is solved in two dimensions. The Schrödinger equation is
still written as a function of the growth direction only.

The novel method proposed here builds on those previous in-
vestigations, in an attempt to combine the attractive features of
both classes of formulations discussed above. Specifically, in
the next section, we use the analytical description proposed by
Petrosyan to represent the longitudinal potential along the
2-DEG channel [4] in order to develop a quasi-2-D extension of
the self-consistent Schrödinger-Poisson solver presented by the
authors in [10]. In this way, it is possible to explicitly incorpo-
rate the layer structure in the formulation. However, the compu-
tational effort is much smaller than required by fully numerical
techniques [8], [9].

A. Theoretical Formulation

The model presented in this section is a quasi-2-D extension
of work previously published by the authors [10]. We start by
self-consistently solving Schrödinger and Poisson equations
in the growth direction. The quantum–mechanical formalism
is based on the effective mass approximation, where the elec-
tron wavefunction is taken as the product of a Bloch function
and an envelope function, solution of the time-independent
Schrödinger equation

(1)

where is the direction perpendicular to the epitaxial layers.
The utilized Hamiltonian is based on a generalized expression
suited for both conventional as well as strained quantum-well
devices, since it is able to account for position-dependent effec-
tive mass and lattice constant. It is given by

where the potential includes not only the band-diagram dis-
continuities and the Hartree term due to the electrostatic poten-
tial but also an exchange-correlation term as well as strain com-
ponents caused by lattice mismatch [10]. Specifically, the effec-
tive potential operator is given as the sum of four terms

(2)

where represents the conduction-band edge potential of
the undoped structure, i.e., the band-diagram discontinuity, and

is the Hartree term due to the electrostatic potential. For
completeness, we have also included an exchange-correlation
term , while the strain caused by lattice mismatch, if any,
can be account for the second term of the right-hand side of (2).
In this term, is the conduction band deformation potential,
and , , and are the strain components [10].

The Poisson equation, which yields the Hartree term, is given
by

(3)
where is the electronic charge, is the position depen-
dent dielectric constant of the semiconductor, is the ion-
ized donor concentration, is the ionized nonintentional
background acceptor concentration, and is the free-elec-
tron concentration in the conduction band (the free hole con-
centration has been neglected). We write , in terms of the
electronic eigenfunctions , as

(4)
where is the electron effective mass in the 2-DEG channel,

is the Boltzmann constant, is the absolute temperature,
is the reduced Planck constant, is the Fermi-level energy,
and represents the th eigenvalue. Summation is carried out
over all subbands.

The ionized donor concentration is described by

(5)

where is the position-dependent donor concentration,
is the donor level spin degeneracy factor, taken as equal to 2,
and is donor ionization energy.

The Fermi-level position is computed from the usual
charge neutrality condition in the bulk material, and the above
formulation (1)–(5) must be solved self-consistently in real
space. In particular, the eigenstates of the Schrödinger equation
are numerically calculated by using a split-operator algorithm
through a nonuniform finite-difference discretization scheme
[10], under the boundary conditions that the wavefunction
must vanish at the substrate and at the device top surface. The
boundary conditions for the Poisson equation are given by the
surface potential at the top of the device (taken as )
as well as by the position of the conduction band with respect
to the Fermi-level in the bulk semiconductor, presenting a
nonintentional background ionized doping density .

The solution yields the charge control relation between the
surface potential , which is the surface potential on the Al-
GaAs layer in the absence of a gate contact, and the sheet elec-
tron density into the channel. Now, this charge control re-
lation is used as an input to develop a quasi-2-D model for the
C–V characteristics of metal to 2-DEG junctions.
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Fig. 2. Schematic view of the geometry and associated calculation procedure
for the C–V characteristics. The lateral Schottky contacts, in black, directly
contacting the 2-DEG channel, are the same indicated in Fig. 1. On the top of
the device a surface potential is assumed, which is the surface potential on the
top of the AlGaAs layer in the absence of the usual gate electrode of a HEMT
device.

B. Two-Dimensional Extension and Results

In the framework outlined previously, if the sheet electron
density into the 2-DEG channel is obtained above as a
function of the surface potential , i.e., , then the

-component of the potential distribution along the channel
can be taken into account assuming, as usually done in the

modeling of other 2-DEG-based devices [11], [12], assuming
that , preserves the same functional
dependence.

Therefore, according with our procedure, schematically de-
picted in Fig. 2, for a given terminal voltage applied to the
Schottky contact , the channel is initially divided into sev-
eral segments of width . Next, the capacitance contribution
of each segment is computed by solving the unidimensional
Schrödinger–Poisson problem in the growth direction, but now
under an “effective” surface potential , where

is a coordinate position the located in middle of each segment
. A quasi-static approach was used, giving the capacitance per

unit area as the total charge variation caused by a small voltage
change around a given bias point. Then, the capacitance com-
ponent due to the free carriers is given by the summation
of the capacitance contribution for each segment .

We have previously published a preliminary theoretical anal-
ysis, which served as guideline for device optimization [13].
Here, we conduct a much more detailed model validation, com-
paring our results with the experimental data provided by Shur
and coworkers [2]. Their layer sequence is given as follows:
on top of a semi-insulating GaAs substrate 20 000 of

cm GaAs buffer layer were deposited, followed by a
30- undoped Al Ga As spacer layer and 300 of

cm doped n-type Al Ga As supply layer. The topmost
layer is a 200- cap layer. All growth was done by molecular
beam epitaxy, and total device area is 1.5 40 m.

It should be noted that independently of the physical mecha-
nism responsible for charge modulation by the applied bias, if

Fig. 3. Theoretical predictions (solid lines) and experimental data (dots) for
the free carrier capacitance of the HEMVAR device.

the voltage is high enough to fully deplete the semiconductor,
the capacitance between the electrodes will reach a strictly geo-
metrical lower value related to the configuration of the elec-
trodes as well as to the dielectric constant of the semiconductor
material. Therefore, the overall capacitance is given by the con-
tribution of two terms. In what follows, the geometrical value
is already extracted from the experimental data, and the discus-
sion is concerned only with the free electron contribution
to the device capacitance.

Thus, in our computational procedure, to obtain the theoret-
ical results we used the method described above, employing the
Petrosyan approximation for the longitudinal potential [4]

(6)
where is the electon charge, is the density of 2-DEG, in
equilibrium, is the depletion region in the metal to 2-DEG
juntion (see Fig. 1), and is the dielectric constant of the GaAs.

We simulated exactly the same layer structure discussed pre-
viously and calibrated the surface potential , due to surface
states causing Fermi-level pinning at the semiconductor/air in-
terface, in such way that our quantum-mechanical simulator
yielded the measured value of cm for the 2-DEG
carrier concentration [2]. Therefore, the only unknown param-
eter is the height of the Schottky barrier contacting the 2-DEG
channel, taken here as 0.8 eV. Even using no fitting parameters,
the agreement between our theoretical predictions and the ex-
perimental findings of [2] can be considered to be quite satis-
factory. In fact, as indicated Fig. 3 and Table I, both results are
very close, and the relative error increases only for high values
of bias voltages, when the measured capacitance is very small.

III. I–V CHARACTERISTICS

In this section, we develop a model for the I–V characteris-
tics of metal to 2-DEG contacts. Unlike most of the previous
formulations [4]–[6], we made an effort to address both tun-
neling and thermionic emission in a unified fashion. Therefore,
in this more general framework, the carrier transport across the
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TABLE I
EXPERIMENTAL (EXP) AND THEORETICAL (NUM) C–V CHARACTERISTICS FOR

THE HEMVAR DEVICE. THE RELATIVE ERROR IS ALSO SHOWN

metal—2-DEG interface is characterized by the quantum-me-
chanical transmission coefficient , defined as the ratio of the
transmitted to the incident current. Carriers can traverse from
the 2-DEG to the metal and vice-versa, corresponding to cur-
rent densities designated by and , respectively. The
expression for , for a parabolic energy-momentum rela-
tion, is proportional to the transmission coefficient mul-
tiplied by the occupation probability in the 2-DEG, , the
Fermi-Dirac distribution function in the gas, and the unoccupied
probability in the metal,

(7)

where is the Planck’s constant, is the electron charge,
is the electron energy, is the electron velocity in the

-direction, is the electron moment component normal to
the direction of the current flow, and is the carrier kinetic
energy in the -direction. is the probability that an elec-
tron with energy will pass through the barrier, which can be
determined by the WKB approximation [14], described by the
following semiclassical expression:

where , given by (6), is the potential energy barrier for
an electron within the depletion region of a heterodimensional
metal–2-DEG system.

It is worth mentioning that the arguments used to construct
(7), the same starting point chosen by Tait [15], are essentially
the same developed when the tunneling phenomena between
solid conductors was first studied by Frenkel [16]. However, due
to the low-dimensional nature of the 2-DEG, the electron mo-
tion is confined to the quantum well at the Al Ga As–GaAs
interface, where the first available energy state is above the con-
duction band by the amount of the first confined state . Based
on this boundary condition, the equation above was obtained by
restricting ourselves to the case where that the electron popu-
lation is low enough so that only the first energy level of the
2-DEG presents a significant carrier concentration.

Then, treating the potential barrier as 1-D, so that the trans-
mission probability can be written in terms of only

one dimension, and considering that the tangential compo-
nent of electron momentum is conserved during the transition
metal–semiconductor [17], can be replaced by ,
where repre-
sents the component of energy associated with the direction
parallel to the barrier, direction. The integration over can
be carried out over the variable , due to the presence of the
velocity factor in (7), while the integration over
can be performed by relating to , so that (7) becomes

(8)

The net current is now obtained by taking into account the
two components flowing in opposite directions

(9)

The above equation is a unified and general expression valid
for all energy range. In the next subsection, we obtain a analyt-
ical expression to the limiting case where the thermionic emis-
sion is the dominant transport process.

A. Thermionic Emission

Restricting ourselves to the case where the velocity of inci-
dent carriers is greater than the minimum velocity , corre-
sponding to the threshold energy above built-in-potential, with

, in the high-temperature range where the
Fermi statistics reduces to the Boltzmann statistics, the Fermi
distribution can be written as

. After some approximations, such as
and , in (7), (8) becomes

Changing coordinates once again and using the same mathemat-
ical manipulations performed previously, we write
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with , where
. The current density results

(10)

where .
Equation (10) yields the current density traversing a

metal-2-DEG interface due to electron flow from the 2-DEG
to the metal in the thermionic approximation framework. The
complete expression for the current density can be obtained
considering that, in equilibrium, equals . Thus,

can be found by

The net current density is finally given by

(11)

Equation (11) resembles the result obtained for a standard
Schottky contact, according to Bethe in his seminal work [18].
However, it should be stressed that the term in , the energy
of the first confined state, is not a phenomenological factor but
rather arises directly from the derivation. Independent experi-
mental evidence of this barrier enhancement effect due to en-
ergy level quantization was already provided in [19].

Comparing the results yielded by the complete formulation
(7) and the thermionic approximation (11), our simulations in-
dicate that both equations produce essentially the same results
at room temperature, demonstrating that electron transport is
dominated by thermionic emission. However, for low-tempera-
ture cryogenic operation, the tunneling component starts to be-
come significant and must be accounted for, in particular for
high values of 2-DEG carrier density, approaching cm .

B. Thermionic Emission Current: Comparison to Conventional
Schottky Contacts

As discussed above, essential differences do exist between
the transition from a bulk metal to a bulk semiconductor versus
the transition from a bulk metal into a 2-D system. From the
device-level point of view, the effect of the first confined state

emerging from (11) is to produce an exponential reduction
of the reverse saturation current by an increase in the effective
Schottky barrier height. The ratio for the saturation currents in
both systems, can be obtained from (11) and by the well-known
expression for the saturation current in a conventional Schottky
contact, as given by the Dushmann–Richardson equation. One
can show that

(12)

Fig. 4. Ratio of thermionic emission currents for conventional and metal to
2-DEG Schottky contacts, as function of (a) doping level N and thickness d
of the layer AlGaAs and (b) thickness d of the layer AlGaAs and thickness d
of the undoped AlGaAs spacer layer. The parameter L was taken as 1.0 �m.

where is associated to the contact geometry and , the posi-
tion of the first energy level, which can be readily calculated by
using the quantum–mechanical formalism previously described
in Section II.

The behavior of the ratio between the thermionic emission
for conventional and Al Ga As-GaAs Schottky contacts, as
a function of the doping level, the thickness of the Al Ga As
layer and the thickness of the Al Ga As undoped spacer layer
is shown in Fig. 4(a) and (b). The large values achieved represent
a strong suppression of thermionic emission current, essentially
due to the exponential term in . This term acts as an effec-
tive Schottky barrier enhancement due to energy quantization.
By itself, this feature certainly makes these structures very at-
tractive as low-noise photodetectors as well in low-leakage gate
contacts.

There are fabrication issues still to be solved concerning
the fabrication of high-quality metal to 2-DEG contacts, in
order to completely eliminate the current flow through the
adjacent semiconductor layers. However, our experimental
data, shown in Fig. 5 where we compare the two metal–semi-
conductor–metal (MSM) photodetectors with identical layer
structures, one of them employing metal to 2-DEG Schottky
contacts, shows that effective dark current reduction, by almost
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Fig. 5. Dark current characteristics of two MSM photodetectors employing
identical layer structure. The device labeled CMSM uses conventional Schottly
contacts, while the device labeled HMSM uses metal to 2-DEG contacts.

one order of magnitude, was achieved, in fair agreement to our
theoretical expectations.

IV. CONCLUSION

In this paper, we focused our interest in devices based on
the contact between a metal and a 2-DEG. A model for the
C–V characteristics was implemented and validated by com-
parison to reported experimental data. A novel model for the
I-V characteristics, considering both tunneling and thermionic
emission mechanism. was also developed. The model suggests
that such contacts can be very attractive for the fabrication of
ultralow-noise Schottky or MSM photodetectors.
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