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The presented article contains the numerical calculations of the InGaAs/AlAs resonant tunneling diode’s (RTD) response to the AC
electric field of a wide range of amplitudes and frequencies.These calculations have been performed within the coherent quantum-
mechanical model that is based on the solution of the time-dependent Schrödinger equation with exact open boundary conditions.
It is shown that as the field amplitude increases, at high frequencies, where ℏ𝜔 > Γ (Γ is the width of the resonant energy level), the
active current can reach high values comparable to the direct current value in resonance. This indicates the implementation of the
quantum regime for RTD when radiative transitions are between quasi-energetic levels and the resonant energy level. Moreover,
there is an excitement of higher quasi-energetic levels in AC electric fields, which in particular results in a slow droop of the active
current as the field amplitude increases. It also results in potentially abrupt changes of the operating point position by the ℏ𝜔
value. This makes it possible to achieve relatively high output powers of InGaAs/AlAs RTD having an order of 105W/cm2 at high
frequencies.

1. Introduction

The resonant tunneling diode is a two-barrier nanostructure.
It operates on the principle of electron transport through
resonant energy levels. These energy levels are formed in
a quantum well due to the interference of electrons. Such
electron transport leads to the appearance of the negative
differential conductivity (NDC) area at the current-voltage
characteristic (I-V curve) of RTD. This I-V curve enables
the generation of an electromagnetic field. The fact that the
resonant tunneling diode has NDC area was experimentally
demonstrated at liquid nitrogen temperatures (77P) in [1]
and the same at room temperature in [2].

A resonant tunneling diode is a compact solid electronic
device operated at room temperature and is a possible
candidate to be a source of terahertz radiation.Thegeneration
of electromagnetic waves within an RTD was obtained at
about 200K in 1984 [3], wherein the frequency and output

power were low 18GHz and some microwatts, respectively.
In recent years, through the reduction of the thickness of
the quantum well and barriers [4], the optimisation of the
collector spacer layer thickness [5], and the size of the slot
antenna [6], a significant growth of frequency has been
achieved. Currently, the oscillation frequency of GaAs-based
RTD equal to 1.92 THz has been achieved [7]. It is the highest
one ever recorded for electronic devices operating at room
temperature. The output power in the latter case was about
0.4 𝜇W.

Despite the obvious recent progress in the frequency
characteristics of InGaAs/AlAs resonant tunneling diodes,
the output powers within a terahertz range are still low
(some microwatts). Also, there is still a pending problem of
RTD’s high-frequency features. This results in the growing
importance of theoretical studies aimed at researching the
behaviour of a resonant tunneling diode in a high-frequency
electromagnetic field.
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Since an RTD works based upon quantum effects, the
most consistent model for the theoretical description thereof
is the so-called coherent model based upon the solution
of the time-dependent Schrödinger equation with open
boundary conditions. For the first time, RTD was described
using this model in [8, 9] that used numerical calculations.
Furthermore, it is also necessary to note analytical work
[10] that developed an effective method to research RTDs in
strong electromagnetic fields.

An important result obtained within the coherent model
is the assumption that there does exist a quantum regime for
RTD [11] associated with photon emission through resonant
transitions between quasi-energetic levels appearing in anAC
electric field [12] and resonant energy level in a quantumwell.
In this case, active current 𝐽𝑐 reaches itsmaximumat the finite
frequency when the condition 𝜀 − 𝜀𝑅 ≈ ℏ𝜔 > Γ is complied
with, that is, beyond the area of the maximum NDC. Here, 𝜀
is the energy of the emitter’s electrons, 𝜀𝑅 and Γ are the energy
and the width of the resonant level, respectively, and 𝜔 is the
frequency of the AC electric field. However, in a “classical”
regime (as defined in [11]), where the operating point position
is selected in the maximum NDC, 𝐽𝑐 is at its highest within
the low-frequency limits, whereas its value drops as the
frequency increases as 1/𝜔4. Thus, at high frequencies, ℏ𝜔 >
Γ active current in quantum regime is much higher than the
active current in “classical” regime. Subsequently, the results
of [11] obtained for a weak field having the field potential
amplitude𝑉ac ≪ Γwere confirmed by numerical calculations
of [13] and summarised in [14] for a wider range of field
amplitudes limited by the condition 𝑉ac < 𝜀𝑅. The latter
condition is always complied with RTD. It resulted that, in
quantum regime, the dependence of the active current on the
amplitude of the AC electric field coincides with the intensity
distribution at the Fraunhofer diffraction, which indicates
the interference of electrons absorbing and emitting photons.
Moreover, current 𝐽𝑐 reaches a high value approximately
equal to half of the maximum direct current of the RTD.
The results of [11, 13, 14] were obtained in a simplified model
with 𝛿-functional barriers and monoenergetic electrons (i.e.,
it was believed that the structure was bombarded by a flow of
electrons having the assigned density with a fixed value of the
energy) and in the absence of the DC voltage.

Subsequently, [15, 16] using computer simulation studied
the behaviour of InGaAs/AlAs RTD in an AC electric field in
themodel thatmore accurately coincideswith the experiment
with square barriers of the finite width and height, with the
Fermi distribution of electrons over the energy states as well
as in the presence of the DC voltage. They used a numerical
solution of the time-dependent Schrödinger equation based
upon the expansion of the wave function under the Floquet
modes. However, in these studies, much attention is paid
to double-well structures of RTDs and the opportunities to
detect the alternating current signal using these double-well
structures.

The purpose of this work is to calculate, using computer
simulation, the InGaAs/AlAs RTD response to an AC electric
field within a wide range of frequency and field amplitudes,
taking into consideration the Fermi distribution of electrons
over the energy states and in the presence of the DC voltage.
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Figure 1: Potential of a double-barrier heterostructure.

2. The Model

We consider a one-dimensional two-barrier nanostructure
schematically depicted in Figure 1. From the left of the emitter
and from the right of the collector, the structure is bombarded
by a flow of electrons. The RTD is exposed to the direct
current 𝑉(𝑥) = −𝑉dc(𝑥/𝐿) and alternating current 𝑉𝑡(𝑥, 𝑡) =−𝑉ac ⋅ (𝑥/𝐿) cos(𝜔𝑡) electric fields.The electron wave function
matches the time-dependent Schrödinger equation:

iℎ𝜕𝜓𝑘 (𝑥, 𝑡)𝜕𝑡 = − ℎ2
2𝑚∗

𝜕𝜓𝑘 (𝑥, 𝑡)
𝜕𝑥

+ (𝑉str (𝑥) + 𝑉𝑡 (𝑥, 𝑡) + 𝑉 (𝑥)) 𝜓𝑘 (𝑥, 𝑡)
(1)

The open boundary conditions for the time-dependent
Schrödinger equation are used [17–19]. The current through
the RTD is determined according to the following formula:

𝑗 (𝑥, 𝑡) = 𝑒ℎ
𝑚∗ ∫
𝐸max

0

𝑔 (𝐸𝑘) Im (𝜓∗𝑘 (𝜕𝜓𝑘/𝜕𝑥))
√(2𝑚∗/ℎ2) 𝐸𝑘

𝑑𝐸𝑘,

𝑔 (𝑘) = 𝑚∗𝑘𝐵𝑇
2𝜋2ℎ2 ln(1 + exp(𝐸𝑘 − 𝐸𝐹𝑘𝐵𝑇 )) ,

(2)

where 𝑔(𝑘) is the Fermi function integrated over the trans-
verse impulse, 𝑚∗ is the effective electron mass, 𝐸𝐹 is the
Fermi energy, 𝑇 is the temperature, 𝐸max = 𝐸𝐹 + 7𝑘𝐵𝑇, and𝐸𝑘 = ℎ2𝑘2/2𝑚∗.

After reaching the steady state when the current is
periodically time-dependent, the expressions for an active
component of the current 𝑗𝑐 with the same phase as the AC
field and the reactive 𝑗𝑠 with the phase opposite to the phase
of the AC field shall be determined as follows [11]:

𝑗𝑐 (𝑥) = 𝜔
𝜋 ∫
2𝜋/𝜔

0

𝑗 (𝑥, 𝑡) cos (𝜔𝑡) 𝑑𝑡

𝑗𝑠 (𝑥) = 𝜔
𝜋 ∫
2𝜋/𝜔

0

𝑗 (𝑥, 𝑡) sin (𝜔𝑡) 𝑑𝑡.
(3)

We take into consideration the alternating currents’ val-
ues averaged with respect to the coordinates 𝐽𝑐,𝑠 =
(1/𝐿) ∫𝐿

0
𝑗𝑐,𝑠(𝑥)𝑑𝑥.The active current determines the real part

of admittance (𝜎 = Re(𝑌) = 𝐽𝑐/𝑉ac) and the power delivered
by the electrons to the field per period:

𝑃𝑐 = 𝜔
2𝜋 ∫
2𝜋/𝜔

0

𝐽 (𝑡) 𝑉ac cos (𝜔𝑡) 𝑑𝑡 = 𝑉ac ⋅ 𝐽𝑐
2 = 𝑉2ac ⋅ 𝜎

2 . (4)
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The reactive current determines the imaginary part of admit-
tance (Im(𝑌) = 𝐽𝑠/𝑉ac). This component is equivalently
expressed as a reactance connected in parallel with 𝜎. Here,
we are interested in the negative values of 𝐽𝑐 corresponding to
the electromagnetic field generation.

Also, we investigate the dependence of the active current
𝐽𝑐𝐸 on the energy of the electrons. In this case, we write the
expression for 𝑗(𝑥, 𝑡) substituting solely the electron contri-
bution with the preset value of the energy; that is, 𝑗(𝑥, 𝑡) =
Im(𝜓∗𝑘 (𝜕𝜓𝑘/𝜕𝑥))/√(2𝑚∗/ℎ2)𝐸𝑘 ⋅ ln(1 + exp((𝐸𝑘 − 𝐸𝐹)/𝑘𝐵𝑇))
instead of the total current 𝑗(𝑥, 𝑡) integrated over the energy
of the electrons. In the model with monoenergetic electrons
we assume that 𝑔(𝐸𝑘) = (𝑚∗/𝑒ℎ) ⋅ 𝛿(𝐸𝑘 − 𝐸). This leads
to the following dimensionless expression for the current
through RTD: 𝑗(𝑥, 𝑡) = Im(𝜓∗𝑘 (𝜕𝜓𝑘/𝜕𝑥))/√(2𝑚∗/ℎ2)𝐸𝑘 and
the values of 𝐽0, 𝐽𝑐 ∈ [0, 1].

The numerical calculations were carried out using the
Crank-Nicolsonmethod. In order to prevent the nonphysical
reflections of the calculation area boundaries, we used the
discrete transparent boundary conditions obtained for the
Schrödinger difference equation [17–19]. The methods of
numerical calculation are set out in detail in [17].

We consider the InGaAs/AlAs RTD structures described
in [15]. These structures have an equal width of the quantum
well 𝐿QW = 4.5 nm and equal heights of the barriers 𝑉bar =1.2 eV, but different widths of the quantumwell’s barriers.The
thickness of the barriers for structure number 1 is 𝐿𝑏 = 2 nm.
The thickness of the barriers for structure number 2 is 𝐿𝑏 =1.4 nm. The contacts’ donor density is 𝑛𝑑 = 1.3 × 1018 cm–3

(Fermi energy is 𝐸𝐹 = 0.1 eV).
3. Results and Discussion

3.1. The RTD Behaviour in aWeak AC Electric Field. Now, we
shall consider the cases where the AC electric field is weak,
that is, when the amplitude of its potential is 𝑉ac = 0.01Γ ≪
Γ. We shall compare the calculations in the model with the
monoenergetic electrons and in the model with the Fermi
distribution.

The results of the numerical calculations in the model
with monoenergetic electrons showed that, at low frequen-
cies, ℏ𝜔 ≪ Γ, the active current is exactly described by the
behaviour of the differential conductivity of the direct current
𝐽𝑐 = (𝑉ac/2)(𝜕𝐽0/𝜕𝐸) (in this model, the role equivalent to
the DC voltage is played by the energy of the electrons).
Consequently, the maximum absolute value of the negative
active current is reached in the maximum NDC. At high
frequencies ℏ𝜔 > Γ, the active current is not described
through the behaviour of the differential conductivity and
reaches its maximum absolute value at the energy 𝜀 ≈ 𝜀𝑅 +ℏ𝜔. This energy is beyond the area of the maximum NDC.
Moreover, the value of the high-frequency active current in
the area of the maximum NDC turns out to be less than
the same in quantum regime (see Figure 2). These results
are exactly consistent with the analytical theory [11] and are
associated with the presence of quasi-energetic states that
arise in an AC electric field and with the emitting transitions
between these states.
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Figure 2: Direct current (solid black line, left 𝑦-axis) and active
current 𝐽𝑐 (right 𝑦-axis) as a function of 𝜉 = (𝜀 − 𝜀𝑅)/Γ in the
model with monoenergetic electrons at the following frequencies:
ℎ𝜔 = 0.1Γ (red line), ℎ𝜔 = 2Γ (green line), and ℎ𝜔 = 4Γ (blue line).
Vertical dashed line indicates the area of maximum NDC.
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Figure 3: Direct current (solid orange line, left 𝑦-axis) and active
current 𝐽𝑐 (right 𝑦-axis) as a function of DC voltage for RTD
heterostructure number 1 at the following frequencies: ℎ𝜔 = 4Γ
(black line), ℎ𝜔 = 8Γ (red line), and ℎ𝜔 = 14Γ (blue line). Vertical
dashed line indicates the area of maximum NDC.

Now, we shall consider the model that takes into account
the Fermi distribution of electrons over the energy states
and the presence of the DC voltage. This model is more
consistent with the experiment. At low frequencies ℏ𝜔 ≪ Γ,
the behaviour of the active current is still described by static
differential conductivity, 𝐽𝑐 = 𝑉ac(𝜕𝐽0/𝜕𝑉dc), and the position
of the maximum absolute value of the negative active current
𝐽𝑐 (operating point position) coincides with the maximum
NDC. Whereas, at high frequencies ℏ𝜔 > Γ, the Fermi
distribution “smears” the regularities noted above, which is
illustrated in Figure 3, the operating point position begins to
depend on the relations 𝜀𝐹/Γ and 𝜔/Γ and the temperature 𝑇.

Figures 4 and 5 depict the dependence of the operating
point position relative to the maximum NDC which is
designated by 𝜉0 (𝜉0 = 0 corresponds to the maximum
NDC), on the Fermi energy for different frequencies and
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Figure 4: Operating point position relative to the maximum NDC
as a function of the Fermi energy for RTD heterostructure number 1
at the following frequencies and temperatures: ℎ𝜔 = 4Γ, 𝑇 = 300K
(green line); ℎ𝜔 = 4Γ, 𝑇 = 0K (purple line); ℎ𝜔 = 8Γ, 𝑇 = 300K
(orange line); ℎ𝜔 = 8Γ, 𝑇 = 0K (blue line); ℎ𝜔 = 14Γ, 𝑇 = 300K
(black line); ℎ𝜔 = 14Γ, 𝑇 = 300K (red line).
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Figure 5: Operating point position relative to the maximum NDC
as a function of the Fermi energy for RTD heterostructure number 2
at the following frequencies and temperatures: ℎ𝜔 = 2Γ, 𝑇 = 300K
(orange line); ℎ𝜔 = 2Γ, 𝑇 = 0K (blue line); ℎ𝜔 = 4Γ, 𝑇 = 300K
(black line); ℎ𝜔 = 4Γ, 𝑇 = 0K (red line).

temperatures 𝑇 = 300K, 𝑇 = 0K.We consider the structures
number 1 and number 2 having different resonant energy
level widths. The value of Γ for the Structure number 2 is
approximately 3.5 times higher than the corresponding value
for the structure number 1. In the case of structure number
1 (see Figure 4) that has the less value of Γ, for the AC field
frequency ℏ𝜔 = 4Γ it results that, at high values of the
Fermi energy 𝜀𝐹 = 0.1 eV (corresponds to the contacts’ donor
density 𝑛𝑑 = 1.3 × 1018 cm–3), the operating point is located
to the left of the maximum NDC area (i.e., at a lower DC
voltage). Moreover, the decrease of the Fermi energy does
not significantly change the operating point position until
the Fermi energy reaches a certain value 𝜀𝐹(0) that depends
on the temperature. Upon reaching 𝜀𝐹(0), the operating point
position will jump onto the area to the right of the maximum
NDC. In the case of high frequencies ℏ𝜔 = 8Γ, 16Γ, the
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Figure 6:Maximumabsolute value of the negative active current 𝐽𝑐𝑚
(black line, left 𝑦-axis) and its position relative to the energy of the
resonant level 𝜉𝑚 = (𝜀− 𝜀𝑅)/Γ (red line, right 𝑦-axis) as a function of
amplitude of the AC electric field in the model with monoenergetic
electrons at the frequency ℎ𝜔 = 0.1Γ.

operating point position for all values of the Fermi energy
under consideration is beyond the area of the maximum
NDC to the right thereof. Reducing of 𝜀𝐹 leads to the increase
of 𝜉0.

Moreover, this increase for 𝑇 = 0 is stronger than the
corresponding value for𝑇 = 300K.The dependence of 𝜉0(𝜀𝐹)
for structure number 2, having a higher resonant energy level
width, is shown in Figure 5. It can be seen that the operating
point position already for ℏ𝜔 = 2Γ is beyond the area of the
maximum NDC.

Thus, when taking into account the Fermi distribution
in the case of high frequencies ℏ𝜔 > Γ, the increase of
the resonant energy level width (i.e., the decrease in the
ratio 𝜀𝐹/Γ) leads to the result corresponding to the one
obtained within the framework of the relevant model with
monoenergetic electrons. Also, the temperature does only
have an effect for low values of the Fermi energy.

3.2. The RTD Behaviour in a Strong AC Electric Field. We
shall investigate the RTD behaviour in a strong AC electric
field when the amplitude of its potential is 𝑉ac > Γ. First,
we shall study the basic features specific to the model of
the monoenergetic electrons. We shall take into account the
behaviour of the maximum absolute value of the negative
active current that will be denoted as 𝐽𝑐𝑚 and its position
relative to the energy of the resonant level 𝜉𝑚 depending on
the amplitude of the AC electric field 𝑉ac.

At low frequencies ℏ𝜔 ≪ Γ (see Figure 6), the absolute
value of 𝐽𝑐𝑚 increases as the AC field amplitude increases
and reaches its maximum value at 𝑉ac ≈ 4Γ. The further
increase of 𝑉ac reduces 𝐽𝑐𝑚. Moreover, the operating point
position 𝜉𝑚 monotonically tends toward higher values as the
field amplitude increases.

In the case of high frequencies, as opposed to [14], we shall
not fix the operating point position 𝜉 = ℏ𝜔. Instead, the oper-
ating point position will be determined in accordance with
the position of the maximum absolute value of the negative
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Figure 7: Maximum absolute value of the negative active current
𝐽𝑐𝑚 (solid line, left 𝑦-axis) and its position relative to the energy
of the resonant level 𝜉𝑚 = (𝜀 − 𝜀𝑅)/Γ (red circles, right 𝑦-axis) as
a function of amplitude of the AC electric field in the model with
monoenergetic electrons at the frequency ℏ𝜔 = 4Γ.

active current 𝐽𝑐. The numerical calculations are summarised
in Figure 7 for frequency ℏ𝜔 = 4Γ. The dependence of
the absolute value of current 𝐽𝑐𝑚 on the AC electric field
amplitude 𝑉ac is characterised with a series of maximums
with the amplitude decreasing as the field increases, wherein
the operating point position 𝜉𝑚 at the transition from one
maximum to another maximum abruptly changes by the
value ℏ𝜔. Thus, at an increase in the alternating current
amplitude, the larger contribution to the active current 𝐽𝑐 is
being provided by the electrons with energies 𝜀 = 𝜀𝑅 + 𝑛ℏ𝜔,𝑛 = 2, 3, . . .; that is, there is an excitement of the higher quasi-
energetic levels. Consequently, in strong AC electric fields
the best regime is the quantum regime associated with the
presence of transitions between the states with quasi-energies
𝜀𝑅 +𝑛ℏ𝜔. It is worth noting that the maximum absolute value
of the negative active current is ≈0.42 of the direct current
in resonance, which allows reliance on achieving high output
powers at high frequencies.

Now, we shall consider the case of the Fermi distribution
of electrons over the energy states in the presence of the DC
voltage. In this case, as above, we shall denote the maximum
absolute value of the negative active current 𝐽𝑐, through 𝐽𝑐𝑚,
and shall denote the corresponding DC voltage as 𝑉dc𝑚.

First, we investigate RTD nanostructure number 2 having
the highest resonant energy level width of all the structures
under our consideration. Figure 8 shows the dependence of
𝐽𝑐𝑚 and 𝑉dc𝑚 on the field amplitude 𝑉ac for the frequenciesℏ𝜔 = 0.1Γ and ℏ𝜔 = 2Γ. Taking into consideration the
Fermi distribution of electrons over the energy states leads
to the fact that the character of the dependence 𝐽𝑐𝑚 on the
field amplitude is qualitatively similar to these frequencies.
Moreover, at high amplitudes of the AC electric field, the
operating point position behaves in the same way for both
frequencies. Within the entire range of the considered field
amplitudes, 𝐽𝑐𝑚 is lower for the higher frequency but its
droop with the increasing field amplitude is also lower. This
is because, at ℏ𝜔 = 2Γ, the quantum regime is implemented.
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Figure 8: Maximum absolute value of the negative active current
𝐽𝑐𝑚 (solid line, left 𝑦 axis) and its position relative to the energy
of the resonant level 𝜉𝑚 = (𝜀 − 𝜀𝑅)/Γ (dashed line, right 𝑦
axis) as a function of amplitude of the AC electric field for RTD
heterostructure number 2 at the following frequencies: ℏ𝜔 = 0.1Γ
(black line) and ℏ𝜔 = 2Γ (red line).

The features of this quantum regime are “smeared” by the
Fermi distribution. At high field amplitudes, the contribution
into the active current is being provided by the higher quasi-
energetic levels. This effect is much stronger for structure
number 1 with a lower resonant energy level width (see
Figure 9(a)). Figure 9(b) shows the dependence of active
current 𝐽𝑐𝐸 on the energy of the electrons corresponding to
the amplitude of the field 𝑉ac = 25Γ for RTD heterostructure
number 1 at the frequency ℏ𝜔 = 4Γ. This dependence makes
it clear that there are several maxima of 𝐽𝑐𝐸 absolute value
distanced from each other by ℏ𝜔.

In investigating RTD structure number 2, the increase
in the AC electric field frequency to ℏ𝜔 = 4Γ leads to
a qualitative change of the dependence 𝐽𝑐𝑚 on 𝑉ac (see
Figure 10) comparedwith ℏ𝜔 = 0.1Γ, 2Γ. Now, similarly to the
case of the monoenergetic electrons, there is a series of 𝐽𝑐𝑚
absolute value maxima with the amplitude decreasing with
the increasing field and the operating point position at the
transition fromonemaximum to anothermaximumabruptly
changes by ≈4Γ for the first maximum and by ≈3Γ for the
second maximum, that is, by the value close to the AC field’s
frequency ℏ𝜔 = 4Γ.

An important result is that, within a wide frequency
range, the active current reaches a high value comparable
with the maximum direct current in the absence of the AC
electric field (𝑗0max ≈ 6 ⋅ 109 0/m2). The active current
can reach high values in a strong field for high frequencies
that indicates the implementation of the quantum regime of
the RTD. The second important result is the stability of the
maximum 𝐽𝑐 to the strong electromagnetic fields; that is, 𝐽𝑐𝑚
drops slightly as the field amplitude increases.

4. Conclusion

In the presented study, we analyse the behaviour of
InGaAs/AlAs double-barrier nanostructure in AC electric
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Figure 9: (a) Maximum absolute value of the negative active current current 𝐽𝑐𝑚 as a function of amplitude of the AC electric field for RTD
heterostructure number 1 at the frequency ℏ𝜔 = 4Γ. (b) Dimensionless electron contribution to the active current as a function of the energy
of the electron for amplitude of the AC electric field 𝑉ac = 25Γ, frequency ℏ𝜔 = 4Γ, and RTD heterostructure number 1.
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Figure 10: Maximum absolute value of the negative active current
𝐽𝑐𝑚 (solid line, left 𝑦 axis) and operating point position (red circles,
right 𝑦 axis) as a function of amplitude of the AC electric field at the
frequency ℏ𝜔 = 4Γ for RTD heterostructure number 2.

field in wide range of frequencies and field amplitudes using
coherent quantum-mechanical model with open boundary
conditions.

Within the low-frequency limit ℏ𝜔 ≪ Γ for weak AC
electric fields, the current’s active component of the RTD
shall be determined by the differential conductivity. In strong
fields when the field potential amplitude is higher than the
resonant energy level width 𝑉ac > Γ, the active current
reaches its maximum absolute value at a certain value of
the field amplitude which depends on the ratio 𝜀𝐹/Γ, that is,
on the parameters of the active region and on the contacts’
donor density. Moreover, the value of the DC voltage that
results in the maximum absolute value of the active current
monotonically increases as the field amplitude increases.

In the case of high frequencies ℏ𝜔 > Γ, it is shown
that the maximum absolute value of the active current is
associated with the implementation of the quantum regime.
At the same time, ratio 𝜀𝐹/Γ also has a significant impact on
the behaviour of the active current 𝐽𝑐. The structures with a
lower value of this ratio at lower frequencies begin to present
features typical for monoenergetic distribution. At a small
signal approximation 𝑉ac ≪ Γ, these features are associated

with the displaced operating point position from the area
of the maximum NDC towards the higher values of the DC
voltage. In strong AC electric fields, the RTD active current at
high frequencies can reach significant values comparable to
the maximum direct current. Moreover, at high amplitudes
of the field the impact to the active current gives the higher
quasi-energetic levels that results in a slow droop of the active
current as the field amplitude increases. In addition, this
leads to the abrupt changes of the operating point position
by the value ℏ𝜔. This ensures the achievement of relatively
high powers of the RTD generation order 105W/cm2 at high
frequencies.
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