
224 IEEE ELECTRON DEVICE LETTERS, VOL. 42, NO. 2, FEBRUARY 2021

There is Plenty of Room for THz Tunneling
Electron Devices Beyond the

Transit Time Limit
Matteo Villani , Simone Clochiatti, Werner Prost , Nils Weimann , Member, IEEE,

and Xavier Oriols , Member, IEEE

Abstract— The traditional transmission coefficient
present in the original Landauer formulation, which is valid
for quasi-static scenarios with working frequencies below
the inverse of the electron transit time, is substituted by
a novel time-dependent displacement current coefficient
valid for frequencies above this limit. Our model captures
in a simple way the displacement current component of the
total current, which at frequencies larger than the inverse
of the electron transit time can be more relevant than
the particle component. The proposed model is applied
to compute the response of a resonant tunneling diode
from 10 GHz up to 5 THz. We show that tunneling electron
devices are intrinsically nonlinear at such high frequencies,
even under small-signal conditions, due to memory effects
related to the displacement current. We show that these
intrinsic nonlinearities (anharmonicities) represent an
advantage, rather than a drawback, as they open the path
for tunneling devices in many THz applications, and avoid
further device downscaling.

Index Terms— Displacement current, Landauer model,
resonant tunneling diode, THz technologies.

I. INTRODUCTION

FOR high enough frequencies, it is said that electron
devices behave as low pass filters. This behavior starts

beyond the so-called transit time limit. Microscopically, this
limit is reached when electrons crossing the device are not
affected by a static potential, but a time-dependent one. The
usual strategy to design electron devices working at high
frequencies is reducing their size to obtain smaller transit
times.
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We argue in this work that there is plenty of room for
quantum devices to reach higher working frequencies (without
further miniaturization) by designing them to work beyond the
transit time limit. Beyond such limit, the output signal is not
able to exactly follow the input signal, this produces nonlin-
earities that can be an advantage (rather than a drawback)
for many applications like frequency multipliers, rectifiers,
oscillators, and in general any signal modulator. Indeed, there
are already prototypes of resonant tunneling diodes (RTD)
as THz devices working at output frequencies close [1]–[4]
or even beyond [5], [6] the mentioned transit time limit.

The THz nonlinearity (anharmonicity) that will be shown
in this work appears in any ballistic device, as it needs to
avoid the randomness due to collisions in the active region.
Tunneling devices are chosen in this work, since they offer
enriched quantum coherent electron dynamics by engineer-
ing the active region under AC conditions. We stress that
the THz nonlinearity discussed in this work is unrelated
to any nonlinearity present in the static characteristics of
RTD devices.

The Landauer formula [7] based on the transmission coef-
ficient has been a very simple and powerful tool to predict
the response of tunneling devices below the transit time
limit. Beyond the transit time limit, the displacement current
component is known to become relevant over the particle one.
This contribution has been modeled previously using a master
equation [8] or a scattering matrix [9], [10] to deal with
electron transitions between different parts of the tunneling
device. In this work the electron is evolving in the whole
tunneling structure, while keeping its full-coherence [11]–[13].

A simple, general and accurate model is presented for
the computation of the total current in quantum coherent
devices that just substitutes the traditional static transmission
coefficient of the Landauer formula with the time-dependent
displacement current coefficient. The model presented here,
by construction valid beyond the transit time limit, shall
spread the message of the title of this paper, opening intuition
for quantum engineers to use the displacement current for
new THz applications in electron tunneling devices.

II. DISPLACEMENT CURRENT COEFFICIENT

We consider in this work a two-terminal device with an
active region of length L = b−a defined as the space between
source and drain contacts (a < x < b). For DC computations,
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the transmission coefficient T of the i−th electron injected
from the left (x < a), at time ti , is expressed by,

T =
∫ ∞

b
|ψi (x, ti + τ �)|2 dx =

∫ ti+τ �

ti
Ji (b, t)dt (1)

where |ψi (x, t)|2 is the quantum probability distribution of
a wave-packet, Ji (b, t) is the associated current density as
defined in [14] calculated at the drain contact surface x = b.
Finally τ � is a time interval large enough to ensure that the
i -th electron has completely crossed the active region. Notice
that we do not need to anticipate which is the exact electron
transit time τ (which can be larger than the tunneling time
[15], [16]) in Eq. 1 because the same value T will be obtained
with whatever τ � satisfying τ � > τ (for example τ � → ∞).
To capture the dynamic behavior of electrons in THz
scenarios, a Bohmian approach is here used [17]–[19] where
each electron is described by a defined trajectory xi (t). The
total current measured at the contacts of a two-terminal device
is described by the Ramo-Shockley theorem [20], [21] as

I (t) = q

L

N(t)∑
i=1

vi (xi(t), t) (2)

where q is the electron charge and N(t) is the number of
electrons inside the device. The velocity vi (x, t) = Ji (x, t)/
|ψi (x, t)|2 of each electron xi (t) is calculated [17], [18]
from the wavepacket ψi (x, t). We can see that (2) takes into
account the displacement current because the movement of
any i−th electron with xi(t) ∈ [a, b] contributes to the total
current at time t (by generating a time-dependent electrical
field everywhere [20]).

The parameter N(t) does not need an explicit calculation
because the number of electrons inside the active region given
by the sum in (2) can be transformed into an integral over
the probability of presence in the active region at time t for
every i -th electron entering at time ti < t . In other words:∑N(t)

i=1 → ∫ t
t−τ � γ dti

∫ b
a |ψi (x, t)|2 dx where γ is a parameter

proportional to the lateral area of the device [12]. Ignoring the
energy integrals in the evaluation of the current (that would
only obscure the conceptual discussion of this paper), the total
current in (2) can be written as I f (t) = q D f (t) with the
displacement current coefficient given by

D f (t) ≡ γ

L

∫ t

t−τ �
dti

∫ b

a
dx J f

i (x, t) =
∫ t

t−τ �
dti G

f (t, ti ) (3)

The exact evaluation of D f (t) in Eq. (3) is as follows:
• The i -th electron is represented by an initial Gaussian

wavepacket ψi (x, ti ) at time ti located outside of the
active region.

• The time-dependent Schrödinger equation with a potential
profile oscillating at frequency f is solved to get ψi (x, t)
and J f

i (x, t) at all times [ti , ti + τ �].
• The contribution of the i -th electron to D f (t) evaluated

from (3) is proportional to the amount of current density
J f

i (x, t) inside the active region at time t .
The above three steps are repeated for the train of electrons
with identical properties but different injecting times in the
range ti ∈ [ t , t − τ �]. The injection time ti is considered
a continuous variable with a numerical discretization for
practical computation. The G f (t, ti ) captures the “memory”

Fig. 1. (a) Band structure of GaAs/AlGaAs RTD device with 1.7 nm for
both, barrier thickness and well width. (b) DC I-V characteristic of the
RTD device.

effects and it quantifies the contribution of the i -th electron
entering at ti on the total current at time t for the external
input frequency f . We specify again that no value of the exact
electron transit time τ is needed in the computation of Eq. 3.
In fact, the same value D f (t) will be obtained for any value
of τ � as far as it satisfies τ � > τ . A reasonable estimation of
the physical transit time of the i -th electron can be obtained
by the usual expression τ = ∫ ti+τ �

ti
dt

∫ b
a dx |ψi (x, t)|2

with τ � > τ .

III. SMALL-SIGNAL AND THZ NONLINEARITY IN TIME

In a quasi-static discussions of device performance, only the
input signal amplitude becomes relevant to determine a linear
behavior. We anticipate that linearity in our high frequency
discussion will depend also on the input frequency f . The
same small input signal amplitude that gives a linear behavior
at a given low frequency can provide a non-linear one at higher
frequency. In this section, we compute the time-dependent
total current I (t) for a RTD device whose potential profile
Ec(x) at zero bias is plotted in Fig. 1 together with its
typical [1] DC characteristic with a current peak at 0.75 V .

A signal Vin(t) = V0 cos(2π f t +ρ) is applied at the drain
(with the source contact grounded) with V0 = 0.01 V , which
is a small enough value to have a linear I-V relationship. The
time-dependent potential profile given by Ec(x, t) = Ec(x)−
x · q V0

L cos(2π f t +ρ) is considered, with ρ the phase of the
Vin signal. A non self-consistent potential profile is simulated,
to avoid complications that will not change the main result
of this work. It is worth underlining that the time dependent
Schrödinger equation giving the evolution of the wavepackets
ψi (x, t) and J f

i (x, t) to compute D f (t) in Eq. 3 is driven by

the time dependent Hamiltonian H (x, t) = − h̄2

2m
∂2

∂x2 +Ec(x, t)
which has no energy eigenstates because the electron total
energy can vary locally during the electron transit along
the active region. Certainly, such electron dynamics cannot
be reached with the energy eigenstates linked to the time-
independent Hamiltonians used in the Landauer model.

The result in Fig. 2 (a) shows the D f (t) coefficient for
low input frequency of 10 GHz, here the response is linear
because f � 1/τ . For Fig. 2 (b)-(e), the nonlinear response
can be seen in time domain. Frequency multiplication is
observed in Fig. 2 (b)-(d) and confirmed in Fig. 2 (f), where
the Power Spectral Density (PSD) of (a)-(d) is shown for
every input frequency f . We recall that small signal conditions
around zero bias are applied so that the nonlinearities are not
due to the DC characteristics of the RTD exhibiting strong
nonlinearity in Fig. 1. The nonlinearity originates from the
fact that the i -th electron entering inside the device at time
ti ≈ t −τ and another i �-th electron entering at time ti � ≈ t are
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Fig. 2. (a)-(e) The displacement current coefficient Df(t), proportional to
the output current I(t), is plotted (in blue) as a function of time for different
input frequencies f, with the input small-signal AC voltage Vin(t) (dashed
black in arbitrary units). (f) Power spectral density (PSD) of the output
currents of (a)-(e) as a function of the output frequency fout confirming
the harmonic generation of a nonlinear response.

affected by different potential profiles during their evolution.
This produces different contributions to the total current I (t)
in Eq. 2. In other words, the quantum coherence of electron
and displacement current ensure that the current I (t) at time
t is influenced not only by the potential profile Ec(x, t), but
also by Ec(x, t − τ ). This is the “memory” effect leading to
nonlinearity for high input frequency, even when a very small
amplitude of the input signal is used.

IV. SMALL-SIGNAL THZ NONLINEARITY IN FREQUENCY

We investigate now the same small-signal nonlinear RTD
response in the frequency domain. If the RTD were a linear
system, then when it is excited by a steady-state sinusoidal
signal with frequency f , the output would be a sinusoidal
signal with the same output frequency fout = f but different
amplitude and phase. These would be described by a small
signal conductance Y11( f ) given by I f

R (t) + j · I f
I (t) =

V0 Y11 · e j2π f t , with I f
R (t) and I f

I (t) the real and imaginary
components of the response to the small-signal V0 · e j2π f t .
See [23] for further details. We now explicitly rewrite the real
part of the input signal V0 cos(2π f t) and the imaginary part
V0 cos(2π f t − π/2). Then, using I f (t) = q D f (t), one gets:

Y11 = I f
R (0)

V0
+ j

I f
I (0)

V0
= q

(
D f

0

V0
+ j

D f
−π/2
V0

)
(4)

where the subindex ρ = 0 and ρ = −π/2 indicates the
two phases (cosine and sine respectively) corresponding to the
real and imaginary parts of the input signal. To simplify the
notation, if t = 0, the t in D f (t) and G f (t, ti ) from Eq. 3
will be omitted.

In Fig. 3, the Y11 parameter defined in Eq. 4 is plotted.
The behavior between 50 GHz and 300 GHz of the real
(blue) and imaginary (red) components of Y11 is similar to
the response of a device with a delay due to the transit
(or switching) time τ [24]. In fact, it can be shown that
our model exactly reproduces the Landauer model when
f � 1/τ . In this quasi-static regime, it can be shown that
D f (t) = 1/L

∫ b
a dx

∫ t
t−τ γ Ji (x, t − ti )dti = γ T . The results

in Fig. 3 are related to the PSD shown in Fig. 2(f) by the
dashed black line at fout = f . With the small amplitude
condition applied here, in principle, a linear response could
be expected. However, it can be proved that this is not

Fig. 3. The displacement current coefficient Df of the RTD with an input
signal Vin(t) for different frequencies f estimated at phases: φ =0 (blue
line), φ = −π/2 (red line) and φ = −π (black line). For each phase,
the evolution of the potential profile Ec

(
x, t

)
of the RTD is shown. The

left and right top insets show in black the input signal before the present
time t for each of the three phases, and in colors the relevant times
involved in the evaluation of Df for low and high frequencies respectively.
Linear regime (top-left inset) is achieved when the signal value Vin(ti) at
ti ≈ t−ρ is equal to the one at the present time t, whereas a nonlinear
regime (top-right) is reached when Vin(t−ρ )	= Vin(t).

the case simply by computing the output current related to
the input signal V0 cos(2π f t − π), estimated with D f

−π
plotted in black in Fig. 3. For a linear small signal device,
one would expect D f

−π = −D f
0 because the input signals

satisfy cos(2π f t − π) = −cos(2π f t). This is true at
low frequencies but at f > 200 GHz differences appear,
proving nonlinearity. The frequency range f > 200 GHz is
recently being explored for real RTD-based THz sources and
detectors [2]–[4]. The physical and unavoidable reason of this
small-signal nonlinearity at f > 200 GHz is explained by
the function G f (ti ) in Eq. 3 and the evolution of the energy
potential profiles plotted in the insets of Fig. 3. It can be seen
how electrons injected at ti = −τ travel faster under the (blue)
potentials linked to G f

0 (−τ ) than under the (black) potentials
linked to G f

−π(−τ ). The blue potentials accelerate electrons
due to Ec(x,−ti ) > Ec(x, 0), while the black potentials
decelerate them due to Ec(x,−ti ) < Ec(x, 0). It follows that,
the memory-related effects appear at smaller frequencies for
D f

−π (as low as 100 GHz) than for D f
0 , as seen in Fig. 3.

V. CONCLUSION

In this paper, we present a model that substitutes the
transmission coefficient in the Landauer formula by a new
displacement current coefficient to capture realistic predic-
tions of the behavior of tunneling devices at frequencies
comparable or higher than the electron transit time (where
the displacement current matters). The model is then used to
show the nonlinear or anharmonic behavior of an RTD device
in small signal condition around zero bias in a frequency
window from 200 GHz to 5 THz. This frequency regime is
here defined as the nonlinear (THz) regime, and it remains
mainly unexplored by the scientific community. We argue that,
depending on the proper engineering of the device that tailors
the displacement current coefficient, different THz applications
can be envisioned, as frequency multipliers, rectifiers, oscilla-
tors, modulators etc.
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