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Equivalent Circuit Model for a THz Detector
Based on the Double-Electron Layer Tunneling

Transistor (DELTT)
Majid M. Khodier, Member, IEEE, Christos G. Christodoulou, Fellow, IEEE, and Jerry A. Simmons

Abstract—An equivalent circuit model for the double-electron
layer tunneling transistor (DELTT) integrated with an antenna is
presented in this paper. This device is used basically for THz de-
tection, and the antenna is used to efficiently couple THz radia-
tion into the device for processing. Developing an equivalent circuit
model is extremely helpful in matching the antenna to the device.

Index Terms—Circuit model, double-electron layer tunneling
transistor (DELTT), THz detector.

I. INTRODUCTION

SINCE the first theoretical work on GaAs–AlGaAs super-
lattices and experimental work on resonant tunneling (RT)

double-barrier, and later triple-barrier heterostructures, there
has been much interest in these devices for high frequency
applications in oscillators, detectors, switches, etc. Attracted by
the high-frequency detection and room-temperature operation
of the RT device, theoretical investigation as well experimental
work have been performed to study the device [1].

In the last decade, there has been much interest in realizing
THz detectors based on the idea of photon-assisted tunneling
(PAT) between confined states inside double-quantum well
(DQW) device, and considerable work has been done in this
direction [2]–[5]. A proposed THz detector, utilizing two-
dimensional–two-dimensional (2-D–2-D) PAT in double
quantum wells, has the structure depicted in Fig. 1. The core
of the detector is a double-electron layer tunneling transistor
(DELTT), the first quantum tunneling transistor whose behavior
is not sensitive to lateral dimensions of the device, and the only
critical dimension is the vertical growth direction. The DELTT
is typically fabricated from a modulation-doped DQW het-
erostructure, made from Al Ga As/GaAs material system. A
complete review of the principle of operation of the device can
be found in [4]. Since the active area of the DELTT structure is
very small, alone it is not efficient in collecting THz radiation,
and an antenna is needed to increase the coupling efficiency.
The bowtie antenna structure is chosen to be integrated with the
device because of its broadband characteristic, easy design, and
compatibility with the detector fabrication process. The resultant
structure of the THz detector is shown in Fig. 1.
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Fig. 1. Overview of the DQW THz detector integrated with a bowtie antenna.
The top and bottom bows are connected to the top and bottom control gates,
respectively. The control gates are used to change the density of electrons in
each QW, and therefore provide the electrical tunable characteristic through a
dc bias. The depletion gates are used to deplete the QW the one does not wish
to contact. The top QW contact is called the source, and the bottom QW contact
is called the drain. The structure without the bowtie antenna is called DELTT.

In order to achieve maximum coupling between the device
and the incoming beam, the device impedance should be
equal to the complex conjugate of the antenna impedance. For
this purpose, a method to estimate the frequency dependent
impedance of the DQW well device is required. This can be
achieved by developing an equivalent circuit model of the
device which incorporates all the important physical processes
and geometrical dimensions that affect the device operation.

A lumped circuit model for the DELTT, valid at dc, is
presented in [6]. Another equivalent circuit model for a single
2-D electron gas (2-DEG), which is capacitively contacted
to metallic gates was presented in [7], based on the concept
of kinetic inductance. The circuit model consists of either
lumped elements or distributed elements (i.e., transmission
line), depending on the structure dimensions. The validity of
the model at microwave frequencies was also experimentally
verified in [7]. In [8], an equivalent model for a DQW was
developed using transmission line theory. However, the model
did not take into consideration the presence of a gate on top
or below (or both) of the DQW structure. The subject of this
paper is to develop a general equivalent circuit model for the
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Fig. 2. Cross section of the DELTT showing the three regions used in the
calculation of the equivalent circuit.

DELTT structure, which has both top and bottom gates. This
work represents an extension to the work found in [7] and [8]
to include the effect of the top and bottom gates.

Using the equivalent circuit models in [6]–[8], and the one
developed in this paper, circuit models for more complex ge-
ometries can be easily built by connecting these simple circuit
models in series or parallel.

II. K INETIC INDUCTANCE OFELECTRONSINSIDE A 2-DEG

The Drude model for the frequency dependent resistivity of a
single 2-DEG layer is [7]

(1)

where is the electron density, the electron charge, the
effective mass, and the momentum scattering time. Equa-
tion (1) is the sum of a real part, which is the resistance, and
a positive, frequency-dependent, imaginary part, which can be
considered as an inductive reactance. This inductance is known
as the kinetic inductance, because the inductive energy is stored
in the kinetic energy of the electrons. At low frequencies, the
imaginary part of is very small and usually neglected when
developing circuit models for the 2-DEG. At THz frequencies,
however, the imaginary part becomes dominant, and it is nec-
essary to include in any circuit model. It should be mentioned
that the momentum scattering time in modulation doped
MBE-grown, high-mobility GaAs/AlGaAs structures at low
temperatures (4 K) is 3–4 orders of magnitude larger than in
conventional, bulk doped semiconductors at room temperature.

To ease the calculation of the equivalent circuit model for the
DELTT, its cross section is divided into three different regions,
as shown in Fig. 2. These regions are as follows.

Region 1: This region consists of a section of either the top
or the bottom QW, and extends from the source (or drain) con-
tact to the end of the bottom (or top) depletion gate. In this re-
gion, there is no tunneling. The equivalent circuit for this region
is composed basically of a resistance in series with inductance.
The length of this regions is .

Region 2: This region consists of the section of the DELTT
between the control gates and the depletions gates where there
is overlap between the top and the bottom QWs, and in this re-
gion tunneling can occur. The equivalent circuit for this region
is a transmission line of length . An incremental length of this

region consists of a resistancein series with an inductance,
to model each QW, and a shunt capacitanceand conductance

to model the capacitance and the tunneling conductance be-
tween the top and bottom QWs. The values of the elements in
this region are per unit length.

Region 3: This region consists of the section of the DELTT
where there is overlap between the top and bottom QWs, and
covered by the top and bottom control gates, and in this region
tunneling can occur. The equivalent circuit for this region is also
a transmission line of length . An incremental length of this
region has a similar circuit as that of region 2, but with an extra
top and bottom capacitors, and , to model the contact ca-
pacitances between the top control gate and top QW, and be-
tween the bottom control gate and bottom QW, respectively. The
values of the elements in this region are per unit length.

It should be mentioned that the DELTT structure studied here
is symmetrical, i.e., electron densities in both QWs are the same.
The overall equivalent circuit model for the DELTT transistor,
with an antenna connected between the top and bottom control
gates, is shown in Fig. 3. In terms of mobility, areal density

, the width , dielectric permittivity of the material between
the QWs, and distance between the two QWs, , , and
in Fig. 3 are given by

(2)

(3)

(4)

The small signal tunneling conductancecan be obtained from
the – curve of the DELTT by taking the derivative of the cur-
rent with respect to the applied bias. The element values, ,

, and shown in Fig. 3 can be calculated from (2) and (3)
by multiplying the result from each equation by the length.
The remaining elements, and , represent the geometrical
capacitance between the top gate and the top QW and that be-
tween the bottom gate and bottom QW, respectively, and can be
calculated as follows:

(5)

(6)

where and are the distances between the top gate and the
top QW, and the bottom gate and bottom QW, respectively, and

is the dielectric permittivity of the material between each gate
and the corresponding QW. The antenna is modeled as a cur-
rent source in parallel with the antenna impedance as
shown in Fig. 3. The current source is related to the antenna
directivity, radiation resistance, and the incident power through
the following relation [9]:

(7)

where is the antenna directivity, is the radiation resistance,
and is the incident power. We should mention that before the
equivalent circuit model of the device was developed, an exten-
sive static analysis (based on the numerical solution of Poisson’s
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Fig. 3. Equivalent circuit model of the DELTT with an antenna connected between the top and bottom control gates.

equation) and full-wave electromagnetic simulations using the
finite difference time domain (FDTD) method, were performed
on the device structure. The purpose of these simulations was
to investigate the electric field distributions inside the device
both as a function of frequency and the dc voltage applied to the
gates or the source and drain. Based on these simulations and
other published work, we decided that the simplest, and yet ac-
curate, equivalent circuit model for our device is the one shown
in Fig. 3.

III. A NALYSIS OF THE EQUIVALENT CIRCUIT

It is clear that the circuit model as depicted in Fig. 3 is very
complex and difficult to analyze. The analysis can even be more
complicated if the condition of symmetrical QWs is relaxed, and
the effect of the control gates voltages on the electron density in
each QW is taken into consideration. It should be mentioned
here that we attempt to develop a first-order circuit model for
the DELTT that incorporates the most important parameters of
the device (gate width, electron density, separation between the
gates and the QWs, and the separation between the QWs them-
selves, etc.) We also tried to make the circuit model semi-an-
alytical as much as possible. Measurements on a single QW
with a top gate in the frequency range 1–10 GHz [7] showed a
good agreement with a circuit model similar to ours, without in-
cluding the discontinuity effects. Moreover, since in our device
the separation between the gates and the QWs is very small (1

m), the electric field is almost entirely distributed beneath the
gate region, and the fringing field at the edges is very small (this
was also verified by our full-wave simulations and static anal-
ysis). Due to these reasons, we decided that the discontinuity ef-
fects are not important in our model. Certainly, more complete

and accurate models would take a serious look at these effects,
especially if variations of our device are considered. The circuit
model can also be improved by performing some measurements
at relatively high frequencies (50 GHz).

We can analyze the structure shown in Fig. 3 by assigning po-
sition dependent voltage and current for each transmission line,
and then solve the resulting coupled differential equations. The
input impedance between any two points in Fig. 3 can be found
by applying the appropriate boundary conditions and solving
for the unknown coefficients, and then divide the appropriate
voltage and current. Before starting the analysis, the following
variables are defined. For , we have : voltage
on the top QW, : voltage on the bottom QW, : cur-
rent on the top QW, : current on the bottom QW. For

, we have : voltage on the top control
gate, : voltage on the bottom control gate, : cur-
rent on the top control gate, : current on the bottom con-
trol gate, : voltage on the top QW, : voltage on the
bottom QW, : current on the top QW, : current on the
bottom QW. For , we have : voltage on
the top QW, : voltage on the bottom QW, : cur-
rent on the top QW, and : current on the bottom QW,
where , , and . It is
also useful to define the following parameters in terms of the
circuit elements shown in Fig. 3. This is useful because it re-
duces the notation of the resulting solution. We define:

, ,
, , ,
, ,

, and .
It is relatively easy to formulate the transmission line equa-

tions for each region [10]–[12], and solve the resulting system of
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differential equations, although the solution involves a consid-
erable amount of mathematical manipulations. A mathematical
software like Matlab or Mathematica can be used to solve the
resulting differential equations for each region. The details are
skipped here, and we quote only the final results.

For , we have

(8)

(9)

(10)

(11)

For , we have

(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

Finally, for , we have

(20)

(21)

(22)

(23)

Equations (8)–(23) contain 16 unknown coefficients, ,
, , , and we need 16 independent boundary con-

ditions to find these coefficients. The unknown coefficients can
be found by imposing the appropriate boundary conditions at

, , , and . For example, at , the boundary
conditions are: , , , and .
We have similar boundary conditions at .

TABLE I
SAMPLE PARAMETERS FORDELTT DEVICESG1717AND EA255. THE LISTED

PARAMETERS ARE QW WIDTHS (w ), TUNNEL BARRIER THICKNESS(d ),
ELECTRON DENSITIES FOR THETOP AND BOTTOM QWS (n AND n ),

DISTANCE FROM TOPCONTROL GATE TO TOPQW (d ) AND DISTANCE FROM

BOTTOM CONTROL GATE TO BOTTOM QW (d ), DEVICE CHANNEL

WIDTH (w ), LENGTH OF THECONTROL GATES (L ), LENGTH OF THE

DEPLETION GATES (L ), AND THE SEPARATION BETWEEN THECONTROL

GATES AND DEPLETION GATES (L )

IV. NUMERICAL RESULTS AND DISCUSSION

In this section, we present numerical results for the input
impedance of the DELTT between different points. Mainly,
we will be concerned with impedance calculation between the
source and the drain, and between the top and bottom control
gates. These are the two possible locations were an antenna can
be connected to the DELTT device. Sample parameters values
for two DELTT devices (G1717 and EA255) will be used in
the calculations, and these parameters are shown Table I. The
DELTT devices used here are the same devices used in [3],
and are chosen because the electron densities in the QWs are
close from each other, so that a symmetrical device is assumed
for impedance calculations. In all of the following results, the
tunneling conductance is assumed to be zero; , unless
mentioned otherwise. Even if the tunneling conductance is not
zero, the reactance of the capacitorwill short out at high
frequencies of our interest, and the same simulation results will
be obtained.

A. Calculating

To calculate the input impedance between the source and the
drain , (8)–(23) are solved for the unknown coefficients
using the boundary conditions of a voltage source at point, and
a ground at the drain, . After finding the unknown coefficients,
the input current at the source is found from (9), and then the
voltage is divided by the current at the source to obtain .
Element values like , , , , , , , , and are
calculated from the parameters in Table I using (2)–(6). The
tunneling conductance is calculated from the– curve of the
DELTT device by evaluating the slope of the current–voltage
( – ) curve at a certain bias point.

Applying the previous procedure, we calculated as a
function of frequency and the result is shown in Fig. 4 for the
G1717 sample. The imaginary part of increases slowly
with frequency because of the source and drain conductances
( and ). The results show that the high frequency limit is
basically that of an inductor. Each extra peak with increasing
frequency corresponds to fitting one more wavelength into the
combined length of regions 2 and 3.

At this point, we want to verify the accuracy of the simulation
results of the input impedance based on the implementation of
(8)–(23). This is done by calculating for the DELTT device
but without control gates. The DELTT equivalent circuit without
the top and bottom control gates is similar to that shown in Fig. 3
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Fig. 4. Simulation results ofZ for the G1717 sample.

Fig. 5. Simulation results (left plot) and theoretical results (right plot) ofZ for the G1717 sample. The simulation results are obtained usingd andd = 1:0m.

but now and are zero. Therefore, the equivalent circuit of
the DELTT reduces to that of a DQW (similar to the one in re-
gion 2) but now it extends from to . The voltages
and currents that exist in the DQW structure are given by equa-
tions similar to those in (8)–(11). For this case, a closed-form
solution for can be obtained and it is given by [8]

(24)

where and . The DELTT
structure without top and bottom control gates can be simulated
by using large values of and so that and are very
small as if they do not exist in the circuit model of the DELTT.

The simulation results and predicted results based on (24) for
this case are shown in Fig. 5. These results are virtually indis-
tinguishable, which verifies the validity and generality of our
circuit model for the DELTT structure.

The above calculations are repeated for the EA255 sample
and the results are shown in Figs. 6 and 7. The dimensions of
this device are much smaller than the dimensions of the G1717
device, and therefore the resonances are more separated and
shifted to higher frequencies. We also note that exhibits
large, sharp resonance peaks (around 0.75 and 2.25 THz), sur-
rounded by many smaller resonances. These resonances, large
and small, are observed both in the real and imaginary parts of

, as can be seen from Fig. 6.
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Fig. 6. Simulation results ofZ for the EA255 sample.

Fig. 7. Simulation results (left plot) and theoretical results (right plot) ofZ for the EA255 sample. The simulation results are obtained usingd andd = 1:0m.

B. Calculating

The impedance represents the impedance of the DELTT
between the top and the bottom control gates where an antenna
can be connected. This impedance can be calculated by applying
a voltage source at point 1, grounding points 3,, and in
Fig. 3, solving (8)–(23) for the unknown coefficients, and then
dividing the voltage by the current at point 1. Simulation results
for the G1717 sample are shown in Fig. 8 for different values
of . The input impedance has a very small real part (neg-
ligible and not shown in the figure), and a negative imaginary
part that resembles the reactance of a capacitor. We propose that

is simply the reactance of the series combination of the ca-
pacitors , , and , and therefore is given by

(25)

where is the length of the control gate(s). The calculated
values of using (25) are also shown in Fig. 8 for different
values of . The simulation results and the theoretical results
agree very well, which suggests that (25) is accurate enough
to predict of the DELTT structure. Simulations and calcu-
lations are repeated for the EA255 sample, and the results are
shown in Fig. 9.
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Fig. 8. Simulation (dashed line) and predicted (solid line) results ofZ for the G1717 sample at different values ofd .

Fig. 9. Simulation (solid line) and predicted (dashed line) results ofZ for the EA255 sample.

For antenna matching purposes, the behavior ofas a ca-
pacitor is not good. Assuming a bowtie antenna of self sim-
ilar design connected between the top and bottom control gates
as shown in Fig. 1, then its input impedance is about 74on
top of a GaAs substrate. To have maximum coupling between
the DELTT and the antenna, the DELTT impedance should be
the complex conjugate of the antenna impedance. This suggests
that connecting the antenna between the top and bottom con-
trol gates is not good and should be avoided. We propose con-
necting the antenna between the source and drain terminals. It

should be mentioned here that connecting the antenna between
the source and drain is as effective as connecting it between the
top and bottom control gates, and the device should retain its
full functionality. In this case the antenna will collect the THz
radiation and transform into a voltage difference between the
source and drain such that, with the correct photon energy (or
THz frequency), resonant tunneling can be initiated between the
two QWs. The location of the peak in the *– characteristic
of the DELTT will be proportional to the source–drain voltage,
which is in turn proportional to the frequency of the THz radia-
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tion through the relation: , where is the
dc voltage, is Planck’s constant, is the frequency, andis the
electron charge. From Fig. 4, we see that a bowtie antenna of 74

input impedance could be matched to the real part of at
some frequencies. However, the presence of a big inductive re-
actance in complicates any further matching between the
antenna and the DELTT. More investigation is required to see
if it is possible to change the DELTT parameters and dimen-
sions, or find a new antenna so that a better matching between
the DELTT and the antenna can be obtained.

V. CONCLUSION

This paper presented a general equivalent circuit model for
the DELTT device. Measurements at very high frequencies are
not available since it is extremely difficult to obtain accurate
measurements of impedance at such high frequencies. How-
ever, the presented circuit model, based on the most important
physical interactions that affect the device operation, can be
utilized at THz frequencies, assuming that the device param-
eters (like density and mobility) at these high frequencies can
be determined accurately. Moreover, the simulations results of
sample devices revealed that it is extremely difficult to match
the DELTT impedance to the broadband band bowtie antenna
impedance.
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