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Abstract. We explore and discuss the complex electron dynamics inside a low-
doped n-type InP bulk embedded in a sub-THz electric field, fluctuating for the
superimposition of an external source of Gaussian correlated noise. The results
presented in this study derive from numerical simulations obtained by means
of a multi-valley Monte Carlo approach to simulate the nonlinear transport of
electrons inside the semiconductor crystal. The electronic noise characteristics
are statistically investigated by calculating the correlation function of the
velocity fluctuations, its spectral density and the integrated spectral density,
i.e. the total noise power, for different values of both amplitude and frequency
of the driving oscillating electric field and for different correlation times of the
field fluctuations. Our results show that the nonlinear response of electrons is
strongly affected by the field fluctuations. In particular, crucially depending on
the relationship between the correlation times of the external Gaussian noise
and the timescales of complex phenomena involved in the electron dynamical
behavior: (i) electrons self-organize among different valleys, giving rise to
intrinsic noise suppression; (ii) this cooperative behavior causes the appearance
of a resonance-like phenomenon in the noise spectra.
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1. Introduction

The electron velocity fluctuations of hot electrons, moving inside semiconductors struc-
tures owing to static or oscillating voltages, have been extensively investigated during
recent decades as the growing miniaturization process of microelectronic components
causes charge carriers to be driven by increasingly intense electric fields and exhibit a
highly nonlinear response [1-18].

The presence of intrinsic noise both limits the performance of semiconductor based
devices and affects their sensitivity. Moreover, electronic devices are often imbedded
into noisy environments that also can affect their performance.

Recently, noise-induced complex phenomena in nonlinear systems and, in particular,
cooperative effects between the noise and the intrinsic interactions inside the system,
have gained more and more interest [19-27]. As a matter of fact, most investigations
have been oriented towards the possible positive effects of noise on nonlinear systems
since several theoretical studies have revealed that, under specific conditions, the addi-
tion of external fluctuations to intrinsically noisy systems may induce an increase of
the dynamical stability of the system, resulting in a less noisy response [28—40]. This
counterintuitive effect is universal and, under suitable conditions, it has been found in
different physical areas, ranging from the generation of spin currents [41], the enhance-
ment of electron spin decoherence times and lengths [42, 43], the aggregation kinetics
of Brownian particles [21, 25], the translocation dynamics of polymers [44, 45], the
ultra-fast magnetization dynamics of magnetic spin systems [46, 47], to the noise redis-
tribution in quasi 2D silicon MOS inversion layers [48].

Noise enhanced stability and the possibility of suppressing the diffusion noise by
the addition of a random fluctuating contribution to the driving ciclostationary electric
field, has been extensively investigated in GaAs semiconductor bulks [49-51]. Very
recently preliminary results abut the possibility of tuning the dynamic electron response
and obtaining noise enhanced stability phenomena in the electron transport also in
low-doped n-type InP crystals have been reported in [52]. In particular, under specific
conditions, we have found that the presence of time Gaussian correlated fluctuations
makes the hot-carrier peak strictly resonant at the frequency of the driving periodic
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field. This fact can be seen as evidence of self-organization of the system of electrons.
They are driven by the external fluctuations to oscillate among the different energy val-
leys exactly at the same frequency of the applied field in a cooperative way and reach
a new more stable equilibrium state [52].

The aim of the present work is to deeply explore the occurrence of this stochastic
resonance-like phenomenon in the noise spectra, for both (i) different frequencies of
the deterministic periodic field and (ii) different intensities of the external fluctuations.
Moreover, we discuss the dependence of these noise-induced positive effects on the
characteristic times of the the external fluctuations. In order to simulate the nonlinear
electron dynamics inside the low-doped n-type InP bulk, embedded in a sub-THz elec-
tric field, fluctuating for the presence of an external Gaussian correlated noise source,
we employ a semi-classical Monte Carlo (MC) approach. Our code accounts for all the
possible collisions of carriers in the crystal, the band structure details, as well as the
heating effects. The electronic noise features are statistically investigated by computing
the correlation function of the velocity fluctuations, its spectral density and the total
noise power.

The paper is organized as follows. In section 2 we present the physical model for the
InP band structure and the details of the MC procedure for the electron transport sim-
ulation, together with the statistical quantities used to calculate the electronic noise.
In section 3 the results of our simulations are given and discussed. Final comments and
conclusions are drawn in section 4.

2. The model

2.1. InP structure and Monte Carlo approach

The transport of electrons in InP bulks is simulated by using a single-particle MC algo-
rithm which follows the standard procedure described elsewhere [53, 54]. In this work
we use a three-valley model; accordingly the conduction bands of InP are represented
by the central I" valley, by four equivalent L-valleys and by three equivalent X-valleys.
All most relevant scattering events of electrons in the medium, as well as the heating
effects, are taken into account. The scattering rates are calculated by using the Fermi
Golden Rule and the collisions are considered instantaneous. Scattering probabilities
are assumed to be field-independent; therefore, the influence of the external fields is
accounted for through the field-induced modifications of the electron velocities [55].
Since the sub-THz frequencies are below the absorption threshold, in our model we
consider electrons in the conduction band as the only source of nonlinearity. Moreover,
nonlinear interactions of the field with the lattice and with bound carriers are neglected.
The parameters used in the present work together with the included scattering mech-
anisms are listed in table 1 of [56]. All the results reported here have been obtained in a
steady-state regime, after that a transient time of a few ps has elapsed. All simulations
run for an impurity concentration n equal to 103 cm™ (non-degenerate n-type) and a
lattice temperature 71, = 77 K (in order to make negligible the thermal noise contrib-
ution). We assume that all donors are ionised and that the free electron concentration
is equal to the doping concentration.
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2.2. Intrinsic electronic noise calculation and its features

In our numerical simulations the electrons inside the InP crystal are subjected to a
fluctuating periodic electric field E(t) = Ecos(wt) + n(t), where the deterministic term
has amplitude E and frequency f= w/2m. The stochastic component 7(t) is modelled by
an Ornstein—Uhlenbeck (OU) process which obeys the following stochastic differential
equation [57]

dy(ty ) | [2D
PP D (1)

where 7. and D are the correlation time and the intensity of the stochastic comp-
onent, respectively [50]. The autocorrelation function of the OU process is
(n(t)n(t") = Dexp(—|t— t'| /%), and &(t) is a Gaussian white noise with zero mean
(€(1)) = 0 and (S(HEE)) = 6(¢t — ).

The fluctuations of the electron velocity around its average value coincide with the
intrinsic noise of the system. Therefore, to characterize the stochastic properties of the
electron transport, we statistically analyze the velocity autocorrelation function and
the mean spectral density of the velocity fluctuations. Since our sample is driven by a
periodic electric field, in order to eliminate any regular contribution and describe only
the fluctuating part of v(%), we exploit a two-time symmetric electron velocity autocor-
relation function [6]

Csuso(t, 7) = (vt — 7/2)v(t+ 7/2)) — (v(t — 7/2)){(v(t + 7/2)) (2)

in which 7 is the correlation time and the average is computed over a sequence of equiv-
alent time instants t = s+ m7, with s belonging to the time interval [0, T'] (T is the
field period) and m is an integer. In the calculation of the autocorrelation function we
have considered 10% possible initial values of s, and a total number of m ~ 105 equiva-
lent time instants. By averaging over the whole set of values of ¢ within the period T,
the velocity autocorrelation function becomes

1 T
C&vév(T) - ?J; C&Uﬁu(ty T)dt (3)

The spectral density of the electron velocity fluctuations, related to the correlation
function through the Wiener—Kintchine theorem, is then calculated as the Fourier
transform of Cs,s,(7). We emphasize that, although each single excitation is not periodic
because of the presence of the Gaussian correlated component, our process exhibits
cyclostationarity since its average statistical properties vary cyclically with time, i.e.
(E(t+nT))y = (E()); (v(t+ nT)) = (v(t)), where the brackets (...) stand for the aver-
age over an ensemble of different realizations of F(f) and v(t) [51]. Therefore, in order
to calculate the noise features, we make use of the two-time symmetric correlation func-
tion described above (equations (2) and (3)).

In the case of application of a static electric field, if its amplitude is less than the
threshold field needed to allow intervalley transitions (known as Gunn field, Eq =
9.7 kV cm ! in InP), the noise spectral density shows a Lorentzian shape with a cut-off
frequency related to the mean scattering frequency of the electron system [1]. The
intrinsic electronic noise, knows as diffusion noise, is mainly due to the fluctuations in
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the k-space, originating from the collisions of electrons with phonons, impurities, etc
[68]. If the field strength becomes greater than the Gunn field, it is no longer possible
to disregard the InP band structure. Consequently, the stochastic electron transitions
in momentum space among valleys, characterized by different dynamical properties,
must be correctly taken into account. In this case, in addition to the diffusive term,
the intrinsic electronic noise contains an extra contribution, due to fluctuations in the
number of carriers in the valleys, known as partition noise [1]. The spectral density of
the partition noise assumes a Lorentzian shape characterized by the average velocities
in the I' valley and in the L- and X-valleys and by a characteristic intervalley exchange
time known as 7y (see equations (8) and (9) in [11] for details). The partition noise is
characterized by a pronounced peak in the spectral density at frequency vy = 1/7, which
can be considered as a natural transition frequency of the system between the different
energy valleys. The height of the peak depends on the population of the different val-
leys and reaches a maximum value when the populations are nearly the same [11]. In
particular v increases with the increasing strength of the external field since the grow-
ing of available energy of the carriers causes the rising of the characteristic intervalley
exchange rate. Further increasing the strength of the applied field, the population of
the I" valley becomes negligible with respect to that of the higher energy valleys and the
main noise source becomes the diffusion in the L- and X-valleys, the mean scattering
frequency raises and therefore we observe an increasing of the cut-off frequency and a
decreasing in the value of the spectral density in the low-frequency range.

When the driving electric field is oscillating, the characteristic transition frequency
of the system 14 may depend also on the frequency f of the forcing field. Thus, in cyclo-
stationary regime, depending on the ratio between the frequency f of the forcing field
and the transition frequency of the electron system, different dynamical responses are
expected. If the electrons are subjected to a small-amplitude electric field, indepen-
dently from the excitation frequency, a Lorentzian diffusion noise is always expected,
because all carriers are located in the I' valley. For low-frequency fields (f< vy, where
1 is the natural transition frequency calculated in the static case), a noise behavior
similar to that found in the static field case is expected, i.e. a spectrum exhibiting a
Lorentzian shape for weak field (F < Eg) and a hot-carrier peak for F> Eg. In this
case, the frequency of the hot-carrier peak is not related with the excitation frequency.
If the driving field frequency f becomes greater than vy, the system becomes forced to
exchange electrons among the valleys at a frequency close to that of the external field,
vy shifts towards higher values closer to the applied field frequency, making the velocity
fluctuations time-correlated. In this forced response regime, the spectral density can
significantly differ from the typical partition noise behavior [11].

3. Numerical results and discussion

In [52] the spectral density of the electron velocity fluctuations along the direction of
application of a static electric field has been investigated. In particular, with the same
values of lattice temperature and doping concentration used in the present work, the
natural transition frequency v of the system between the different energy valleys has
been found at about v~ 500 GHz [52].
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In panels (a)-(d) of figure 1 we show the spectral density of the electron velocity
fluctuations along the direction of a cyclostationary applied field, for different values
of the amplitude of the driving field, at four frequencies (namely, f= 100, 500, 800,
1000 GHz) and a lattice temperature 7;, = 77 K. In all panels dashed lines show the spec-
tra without any external electric field applied. As expected, the spectral density com-
puted at the lowest frequency (f= 100 GHz—panel (a)) is analogous to that obtained
in the static field case (see for comparison figure 1 of [52]), except for an increase in
the low-frequency region. The spectra obtained at field amplitudes greater than the
threshold field for intervalley transitions, show the typical shape characterized by the
presence of a hot-carrier peak at a frequency close to the natural frequency found in the
static case (r= 500 GHz). A very similar noise spectra has been found if the frequency
of the oscillating field varies in the range f= 200-400 GHz.

Conversely, when the external frequency f approaches to or overcomes the natural
frequency of transitions among the valleys (as for f= 500, 800 and 1000 GHz—panels
(b)—(d)), we may observe different behaviors. In particular, for the weakest field inten-
sity (F=10kV cm™!) the intrinsic noise results essentially to be due to the diffusion
process, and, as expected, the spectral density shows a typical Lorentzian shape.

By increasing the field amplitude up to values strong enough to trigger intervalley
transitions, the noise spectra significantly change, showing a prominent enhancement
of the density in the low-frequency region and a forced hot-carrier peak, located closely
to the frequency of the external field. The occurrence of this forced regime may be
related to the ratio E/f, which can be considered a discriminating parameter quantify-
ing the change of carrier momentum during a free flight. In particular, if £/f> 0.025kV
cm~! GHz ™!, the external field oscillations drive the intervalley tranfers and the hot-
carrier peak moves close to the frequency of the driving field, otherwise the system is
in the usual hot-carrier regime. Further increasing the field amplitude, the electron
system moves away from the forced transfer regime and the spectral density of the
velocity fluctuations exhibits a relevant noise suppression in the low- frequency region.
At even higher voltages, since the electrons spend most of the time in the upper val-
leys, the main source of intrinsic noise becomes again diffusion; therefore the spectral
density assumes again a Lorentzian shape. Moreover, since in the - and X-valleys the
diffusion coefficient reduces its value with respect of that of the I' valley, the spectral
density further reduces.

In a previous paper [52] it has been shown that, strictly depending on the timescales
characterizing the external noise source, the superimposition of Gaussian time-corre-
lated fluctuations to a forcing electric field oscillating at f= 500 GHz makes the forced
peak strictly resonant at the frequency of the driving periodic field.

Here the occurrence and dependence of this stochastic resonance-like phenomenon
has been investigated for different frequencies of the deterministic periodic field, different
amplitudes of the external fluctuations and different noise correlation times. Panels (a)
and (b) of figures 2—4 show how the spectral density of the electron velocity fluctuations
modifies at about the frequency of the driving field in the presence of Gaussian corre-
lated fluctuations, for different values of the noise correlation time 7., superimposed to
a field oscillating at f= 500, 800 and 1000 GHz, respectively. In particular, the spectra
drawn in panels (a) have been computed with D2 equal to 20% of the value of the
field amplitude; those in panels (b) with a D'/? equal to 40% of E. The amplitude of the
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Figure 1. Spectral density of the electron velocity fluctuations, along the direction
of the ac applied voltage, obtained in the case of a driving periodic electric field
having frequency f: (a) 100 GHz, (b) 500 GHz, (c¢) 800 GHz, (d) 1 THz, for different
values of its amplitude; dashed lines show the spectra without any external electric
field applied. Ty, = 77 K.
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Figure 2. Spectral density of the electron velocity fluctuations, along the direction
of the fluctuating applied electric field, obtained when Gaussian time-correlated
fluctuations are superimposed to the forcing oscillating voltage, for different values
of the noise correlation time 7.. The other parameter values are: Fy=25kV cm ™,
f=500 GHz, T}, = 77 K, (a) D'/?=5kV cm ™', (b) D'?2 = 10kV cm ..

deterministic periodic field has been chosen in order to allow the intervalley transitions
and to maximize the forced response regime, namely E;=25kV cm™! at f= 500 GHz,
Ey=30kV cm ! at f= 800 GHz, Ey=40kV cm ! at f=1 THz. In all cases, we find that
the spectrum calculated in the absence of external fluctuations is modified in a way that
strongly depends on the relationship among the period T of the ciclostationary electric
field and the correlation time 7. of the stochastic OU process. At short correlation times
(. = 0.1, 0.5 T), the changes observed in the height of the peak are due to the circum-
stance that, because of the presence of the external time-correlated fluctuations, the
effective electric field experienced by the electrons changes, implying a modification in
the number of intervalley transfers with respect to the case in which the external noise
is negligible. Obviously, the changes are most evident in all panels (b), where the ampl-
itude of the stochastic component is set equal to 40% of the value of the field amplitude.
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Figure 3. Spectral density of the electron velocity fluctuations, along the direction
of the fluctuating applied electric field, obtained when Gaussian time-correlated
fluctuations are superimposed to the forcing oscillating voltage, for different values
of the noise correlation time 7. The other parameter values are: Fy=30kV cm ™,
f=800 GHz, T}, = 77 K, (a) D'/? = 6kV cm ', (b) D'?2 =12kV cm™ ..

The spectra obtained at . = 1 T (green line in all panels) show different features,
crucially depending on the frequency of the driving field. In particular, at f= 500
GHz (figure 2), the spectra are only slightly modified, as described above for the cases
of .=10.1,0.5 T. On the other hand, the spectra obtained at f= 800 GHz (figure 3)
and f=1 THz (figure 4) are characterized by different shapes, showing a narrower
hot-carrier peak not centered at the frequency of the driving periodic field. This
finding highlights the beginning of a transition towards a different noise-induced sys-
tem response regime.

The most interesting effect has been found for noise correlation times equal to or
greater than 10 T. Indeed in such cases, for all the three investigated frequencies, the
superimposition of Gaussian time-correlated fluctuations modifies entirely the noise
spectra. The hot-carrier peak narrows and becomes strictly resonant at the frequency of
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Figure 4. Spectral density of the electron velocity fluctuations, along the direction
of the fluctuating applied electric field, obtained when Gaussian time-correlated
fluctuations are superimposed to the forcing oscillating voltage, for different values
of the noise correlation time 7. The other parameter values are: Ey= 40kV cm ™!,
f=1THz, T, = 77 K, (a) DY/? =8kV cm ™, (b) D'/2 = 16kV cm™ ..

the driving periodic field. Moreover, (i) harmonic peaks appear, whose height increases
with the increasing of the noise correlation time and (ii) the spectral density in the low-
frequency range decreases. This resonance-like phenomenon could be an evidence that
electrons transfer among the different energy valleys exactly at the same frequency of
the applied field in a cooperative way, reaching a new more stable equilibrium state.
This can be interpreted as an example of self-organization of the electron system pro-
moted by the presence of external fluctuations having suitable correlation times.

In order to investigate the occurrence of a noise-induced intrinsic noise suppression,
we have calculated the Integrated Spectral Density (ISD), which corresponds to the
variance of the electron velocity. We show in figure 5 our numerical outcomes of ISD,
normalized to the value obtained in the deterministic case, as a function of the ratio
between the noise correlation time 7. and the period of the driving field 7, for all the
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Figure 5. ISD of the electron velocity fluctuations (normalized to the value
obtained in the deterministic case) as a function of the ratio between the noise
correlation time 7. and the period T of the oscillating driving field. Ty, = 77 K.

three investigated frequencies and the two values of noise intensity. When the Gaussian
correlated contribution is added to the periodic electric field it is possible to observe a
clear reduction of the ISD, i.e. a less noisy response. This suppression enhances with the
increase of the amplitude of the external fluctuations, up to about 20%. Moreover, the
total noise power reduces for values of noise correlation time up to 50 T. This reduc-
tion, previously observed in GaAs bulks [50], could be ascribed to a noise enhanced
stability, arising from the the cooperative interplay between the fluctuating electric
field and the intrinsic fluctuations in the complex dynamics of electron system inside
the semiconductor crystal. Our findings suggest that the external noise constructively
force the electrons to oscillate at exactly the same frequency of the driving field, per-
forming a more ordered dynamics confirmed by a lower total noise power. As discussed
in [33], the noise suppression may be due to the fact that the fluctuating electric field
forces the electrons to visit regions of the momentum space characterized by a smaller
variance with respect to the case of zero external fluctuations.

4. Conclusion

In the present work we report the results from a many-valley Monte Carlo investigation
of the electron nonlinear transport in low-doped n-type InP crystals operating under
a fluctuating sub-THz electric field, at three different frequencies of the driving field.
The electronic noise properties were statistically investigated by computing the spec-
tral density of the electron velocity fluctuations and the total noise power. The noise
spectra obtained with a deterministic oscillating driving field exhibit some interesting
peculiarities depending on both the amplitude and the frequency of the applied electric
field. In particular, if the amplitude of the driving field is strong enough to switch on
intervalley transitions from the lower valley (I') to the upper valleys (L and X), the
noise spectra show a peak shifting towards higher frequencies and a significant noise
enhancement in the low-frequency region.
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This behaviour can be modified if the driving periodic electric field is affected by
Gaussian time-correlated fluctuations, where the noise amplitude, the ratio between the
correlation time 7. of the OU stochastic process and the period T of the oscillating elec-
tric field appear to be the crucial quantities to tune for studying this effect. First, a less
noisy response is observed in the presence of a fluctuating periodic electric field. This
noise-induced effect suggests that, under suitable timescales, the complex dynamics of
electrons in the crystal benefits from the cooperative interplay between the fluctuating
electric field and the intrinsic fluctuations of the system itself. Then, for noise correla-
tion times equal or greater than 10 T, a resonance-like phenomenon in the noise spectra
is found. The addition of the time-correlated fluctuations affects the electron dynamics,
forcing a cooperative nonlinear behaviour of carriers which self-organize. They, driven
by the external fluctuations, oscillate among the different energy valleys exactly at the
same frequency of the applied field and reach a less noisy equilibrium state. This means
that time-correlated fluctuations externally superimposed to a driving electric field
could play an important role on controlling and tuning the electronic noise in InP based
electronic devices. In fact, by using noise sources with suitable characteristic times, it
could be possible to select the favorable conditions for the best operating of InP elec-
tronic structures, for example in terms of an increase of the signal to noise ratio.

The results described in this paper leave several open problems on the intrin-
sic physical mechanism beyond these cooperative effects. Further studies are needed
to deeply investigate why, under suitable conditions, the external fluctuations con-
structively contribute to force the electrons to perform a more ordered dynamics.
Furthermore, it could be very interesting to study these noise-induced effects also for (i)
different typologies of the external fluctuations, such as symmetric dichotomous noise,
colored noise, etc, and in (ii) different semiconductors structures in order to investigate
the role played by the band structure.
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