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We study the noise-induced effects on the electron transport dynamics in low-doped n-type
GaAs samples by using a Monte Carlo approach. The system is driven by an external periodic
electric field in the presence of a random telegraph noise source. The modifications caused by the
addition of external fluctuations are investigated by studying the spectral density of the electron
velocity fluctuations for different values of the noise parameters. The findings indicate that the
diffusion noise in low-doped semiconductors can be reduced by the addition of a fluctuating
component to the driving electric field, but the effect critically depends on the features of the
external noise source.
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1. Introduction

Semiconductor based devices are always imbedded into a noisy environment that can
strongly affect their performance. For this reason, to fully understand the complex
scenario of the nonlinear phenomena involved in the devices response, the analysis
of noise-induced effects on electron transport dynamics in low-doped n-type samples
is very relevant.

Recently an increasing interest has been directed towards the possible constructive
aspects of noise on the dynamical response of nonlinear systems. Previous investiga-
tions have shown that the addition of external fluctuations to systems, characterized
by the presence of intrinsic noise, may affect the dynamics of the system in a coun-
terintuitive way, inducing an enhancement of its stability and resulting in a less noisy
response [1-6]. The possibility of reducing the intrinsic noise in semiconductor bulk
materials, embedded in a constant electric field in the presence of a Gaussian noise
source with a characteristic time, has been theoretically investigated [7]. Detailed
studies of the electron transport dynamics in GaAs crystals have revealed that the
addition of a correlated fluctuating contribution to a driving sub-terahertz oscillating
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electric field, under specific conditions, can reduce the total noise power [8, 9]. This
result is explained in terms of the noise enhanced stability phenomenon [10, 11],
arising from the fact that the transport dynamics of electrons in the semiconductor
receives a benefit by the constructive interplay between the fluctuating electric field
and the intrinsic noise of the system [9]. Furthermore, by considering the integrated
spectral density (ISD), which coincides with the variance of the electron velocity
fluctuations, a nonmonotonic behaviour as a function of both the amplitude and the
correlation time of the external noise source has been found [9, 12].

In this paper we investigate the effects of a different type of external noise on
the spectral density on the spectral density of the electron velosity fluctuations. The
study is performed by considering a n-doped GaAs semiconductor sample driven by a
high-frequency periodic electric field. The electron dynamics is simulated by a Monte
Carlo technique which keeps into account all the possible scattering phenomena of the
hot electrons in the medium. In particular, we focus on the effect of a non-Gaussian
fluctuating contribution to the driving electric field: a random telegraph noise source.
This kind of external noise, superimposed to the intrinsic one, is used to tune the
dynamic response of the system. Random telegraph (RT) noise is generated by a
random process in which the random quantity takes only discrete values and randomly
switches between these values. RT noise is observed as two-level or multilevel
impulses. Specifically, we report on a preliminary analysis performed by using the
two-level random telegraph noise source, that is by considering only fluctuations of
equal height, in order to deal with a source of external noise which can be easily
generated in practical systems and whose tuning effects are more controllable.

The modifications caused by the addition of external fluctuations are investigated
by studying the correlation function of the velocity fluctuations and the integrated
spectral density, as a function of the characteristic parameters of the external noise
source [13, 14]. The results are discussed and compared with those obtained in the
presence of a correlated noise source. We find the possibility of obtaining a less
noisy response in the presence of a driving periodic electric field with random
telegraph fluctuations. However, this intrinsic noise reduction is strongly affected
by the features which characterize the dichotomous stochastic process, such as the
noise level, the frequency of the periodic term and the constant term of the jump
rate.

The paper is organized as follows: in Section 2 we present the details of both
the physical semiconductor model and the Monte Carlo procedure, together with the
statistical quantities used to investigate the electronic noise; in Section 3 the results
of our calculations are shown and discussed. Final comments and conclusions are
given in Section 4.

2.  Physical model and noise calculation method

The Monte Carlo code used here follows the procedure described in [15]. The
conduction bands of GaAs are the I' valley, four equivalent L-valleys and three
equivalent X-valleys. The parameters of the band structure and scattering mechanisms
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are also reported in [15]. Our code includes the effects of intravalley and intervalley
scattering of electrons in multiple energy valleys, and of the nonparabolicity of the
band structure. Electron scatterings due to ionized impurities, acoustic and polar
optical phonons in each valley as well as all intervalley transitions between the
equivalent and nonequivalent valleys are accounted for. We assume field-independent
scattering probabilities; accordingly, the influence of the external fields is only
indirect through the field-modified electron velocities. All simulations are performed
in a GaAs bulk with a free electrons concentration n = 10'3 cm™3. To neglect the
thermal noise contribution and to highlight the partition noise effects we choose
a lattice temperature 7 = 80 K. We assume that all donors are ionized and that
the free electron concentration is equal to the doping concentration.

The semiconductor bulk carriers are driven by a fluctuating periodic electric field

E(1) = Egcos(wt + ¢) + n(1) (D

with frequency f = w/2m and amplitude Eo; 7(¢) is the random component of
the electric field modeled with a dichotomous stochastic process, characterized by
two discrete levels, whose jump rate is a periodic function y(#) which obeys the
following equation [16]

0, At < 14,

y(t) = 2)

vo (1 4+ A|cos2mvtl), At > 14.

Here At is the the duration of the impulse, i.e. the time interval between two
consecutive switches, and t4 is the minimum delay between two jumps, that is
the time interval after a switch, before another jump can occur. A and v are,
respectively, the amplitude and frequency of the periodic term, and yy is the jump
rate in the absence of the periodic term. This causes 7(¢f) to jump between two
values, namely +D and —D. The time interval between two consequent pulses and
their duration are random, but in all runs we have assumed that the time delay 74
of the dichotomous noise is greater than half period T of the deterministic forcing
field. Because of the presence of the time delay 74 and differently from a standard
telegraph noise source, in which the probability of transition depends only on the
present state of the system and does not depend on its history [17], our peculiar
form of RT noise is not a Markovian process. We have set A = 20.

The motion of electrons in the presence of an electric field is characterized
by an average velocity, which depends on the external parameters of the system,
such as the amplitude of the applied field and its frequency. The fluctuations of
electron velocity around its mean value correspond to the intrinsic noise of the
system. The noise-induced changes of the intrinsic noise properties are investigated
by a statistical analysis of the autocorrelation function of the velocity fluctuations and
its mean spectral density. Although, due to the presence of the random component,
the single excitation is not periodic, our process exhibits cyclostationarity since
its average statistical properties vary cyclically with time, i.e. (E(t + mT)) =
(E(t)); (v(t +mT)) = (v(¢)), where the brackets (...) mean the average over an
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ensemble of different realizations of E(¢) and v(¢) histories. For systems operating
under cyclostationary conditions, the correlation function Cjsys,(f, T) of the velocity
fluctuations dv(t) = v(t) — (v(t)) can be calculated [14] as

R T R R

in which 7 is the correlation time and the average is done over a sequence of
equivalent time instants t = s +m7, with s belonging to the time interval [0, T'] (T
is the field period) and m is an integer [14]. This two-time symmetric correlation
function eliminates any regular contribution and describes only the fluctuating part
of v(¢). By averaging over the whole set of values of ¢ within the period T, the
velocity autocorrelation function becomes

1 T

Csvsn(T) = _/ Csvsu(t, T)dt- (4)
T Jo

According to the Wiener—Kintchine theorem, the spectral density can be calculated

as the Fourier transform of Cjsus,(7). In the computations of the autocorrelation

function we have considered 10 possible initial values of s and a total number of

equivalent time instants m = 10°.

If the semiconductor bulk is driven by a static electric field, the shape of the
spectral density of electron velocity fluctuations is exclusively determined by the
strength of the applied field. In particular, for amplitudes smaller than the threshold
field (Gunn field) Eg for intervalley transitions, the diffusion is the most relevant
source of intrinsic noise, while, for £ > Eg, the noise is mainly determined by
a partition noise, caused by stochastic carrier transitions between regions characterized
by different dynamical properties (intervalley transfers) in momentum space. The
partition noise is characterized by a pronounced peak in the spectral density at
a frequency vg, which is defined as the “natural” transition frequency of the system
between the valleys [18]. In the presence of a high-frequency oscillating field, the
noise behaviour depends on both the amplitude and the frequency of the applied
field [9, 19]. In particular, for frequencies f > vg, the intervalley transfers are
driven by the external field, the system enters in a forced regime of oscillations and
the velocity fluctuations become time correlated. In this case, the spectral density is
characterized by both a peak centered around the frequency of the periodic signal
and a significant enhancement in the low-frequency region [18].

3. Numerical results and discussion

As analytically shown in Eqs. 3 and 4 of [7], the electron average velocity is
modified by the presence of the external noise. In particular, the most favorable
condition to obtain a noise suppression effect in III-V semiconductors is reached
when d?Sy(E)/dE? is negative and the variance of velocity fluctuations exhibits
a maximum. On the base of a preliminary analysis on the behaviour of both the
variance of velocity fluctuations and the spectral density Sy(E) at zero frequency,
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as a function of the amplitude of the oscillating field (see Figs. 1 and 2 of [9]), we
choose a deterministic electric field with amplitude Ey = 10 kV/ecm and frequency
f =500 GHz. In the absence of external noise, the intensity of the driving field
is large enough to allow intervalley transitions from the I' valley to the L valleys
(Eg = 3.2 kV/cm) and, since the natural transition frequency vg for our system is ~
500 GHz, the spectral density of electron velocity fluctuations is mainly determined
by partition noise [20, 21], with the features described in Section 2.

o
N
o

Spectral density of velocity fluctuations [mZ/s]

0 500 1000 1500 2000

Frequency [GHZz]

Fig. 1. Spectral density of electron velocity fluctuations as a function of the frequency. D = 4 kV/cm and
v = 500 GHz. Dashed line is obtained in the absence of external noise; solid line describes the results obtained
with yg = 2 GHz; dotted line is obtained with yy = 20 GHz; dashed-dotted line is obtained with yy = 200 GHz.

In Fig. 1 we show how the spectral density of the electron velocity fluctuations
is modified by the presence of an RT source of noise, characterized by D = 4
kV/cm and v = 500 GHz, for different values of yy, namely yy = 2, 20, 200 GHz.
Dashed line, drawn for the comparison purpose, is obtained in absence of external
noise. The addition of an RT fluctuating component to the driving electric field
strongly affects the spectrum for frequency lower than 1.5 THz. In particular, if the
frequency v of the periodic term in the jump rate of the RT noise is the same of the
driving sub-THz field (v = f =500 GHz), we find changes on both the height of
the peak around 500 GHz and the values in the low-frequency region. Specifically,
these values critically depend on the value of yy. For all the considered values of
10, the spectral density of the electron velocity fluctuations in the low-frequency
region is strongly reduced and this effect increases with the decrease of 3. The
behaviour of the spectra, as the parameter y, decreases, resembles that observed in
the presence of a correlated noise source with increasing correlation time. However,
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a difference is observed: in the case of RT noise the height of the peak never
exceeds the height obtained in the absence of external noise (see Fig. 2(a) in [9]).
When the intrinsic noise is mainly due to the partition effect, the height of the peak
in the spectral density depends on the populations of the different valleys, reaching
a maximum when the populations are nearly at the same level [20, 22]. Since the
“effective” electric field experienced by electrons in the presence of a fluctuating field
is different, the number of intervalley transitions changes with respect to the case in
which the external noise source is absent. This fact, as in the case of a correlated
source of noise, can be responsible for the observed changes on both the height of
the peak at the resonant frequency and the spectral density values at low frequencies.

At the lowest value of 3y, the spectrum is characterized by (i) a very narrow
peak, the signature of a “strong” forced regime of intervalley transitions, in which
velocity fluctuations become time correlated, (ii) a distortion of the curve and (iii)
the appearance of two satellite peaks, which could be ascribed to a nonlinear
behaviour of the system. The shape of the curve found at the value yy =2 GHz
represents a very interesting result because of its features both in the low-frequency
region and at the “resonant” peak, and it needs of further investigations.

The dependence of the intrinsic noise reduction effect on the intensity of the
RT noise source has been investigated by studying the integrated spectral density
(ISD), that is the total noise power, as a function of the RT noise amplitude, for
three different values of yp, namely 2 GHz, 20 GHz and 80 GHz. In Fig. 2 the
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Fig. 2. External noise spectral density of electron velocity fluctuations as a function of the external noise
amplitude. Circles: y9 = 2 GHz; squares: yy = 20 GHz; triangles: yg = 80 GHz. v = 500 GHz.



EXTERNAL NOISE EFFECTS IN DOPED SEMICONDUCTORS OPERATING 177

reduction of the ISD in the presence of external noise is clearly evident for the
values of 3y up to 20 GHz, while the effect of the RT noise is less relevant for
higher values of yy. The intrinsic noise reduction due to the RT noise is similar
to that obtained in the presence of an external source of correlated noise, but it
does not show the nonmonotonicity with the noise amplitude found in the case
of correlated fluctuations. Moreover, the intrinsic noise suppression obtained in the
presence of RT noise is stronger than that found in the presence of correlated
noise with the same amplitude [8, 9]. From a microscopic point of view, also in
this case, the noise reduction can be explained as follows. The fluctuating electric
field, by changing the number of intervalley transitions proportionally to the noise
amplitude, forces the carriers to visit regions of the momentum space characterized
by a smaller variance with respect to the case of zero noise [3]. The behaviour of
the ISD curve, for decreasing 3y, shows that the positive effect of the RT noise
is more effective when the jump rate of the stochastic process is lower than the
“natural” frequency of the system. With the aim to elucidate how the noise effects
depend on the parameters which characterize the jump rate y(¢) of the electric
field fluctuations, we have calculated (i) the ISD as a function of the RT noise
amplitude D for the fixed value yp = 20 GHz and two different values of the
frequency of the periodic term, v = 500 GHz and v = 500 THz (see Fig. 3) and
(ii) the ISD as a function of yy with D =4 kV/cm and v = 500 GHz (see Fig. 4).
For a fixed value of yy the intrinsic noise reduction decreases as the frequency v
of the function y(¢) increases. This circumstance can be ascribed to the fact that,
when the frequency v becomes very high, the RT noise switching rate y(¢f) tends
to a constant average value and, as a consequence, the reduction effect becomes
smaller. On the other hand, if the frequency v of the periodic term is the same

ISD [10° m%/s?]

100 L L L L
0 2 4 6 8

External Noise amplitude [kV/cm]

Fig. 3. ISD as a function of the RT noise amplitude obtained with yp =20 GHz and two different values of
the frequency of the periodic term; black squares: v = 500 GHz, white squares: v = 500 THz.
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Fig. 4. ISD as a function of the constant term j{ obtained with D =4 kV/cm and v = 500 GHz.

of the driving oscillating field (v = f = 500 GHz), the reduction of the intrinsic
noise is present for y; values up to ~ 100 GHz, but disappears for higher values,
for which the ISD reaches the value obtained in the absence of noise (see Fig. 4).
This can be explained by noting that, when the jump rate y(¢#) becomes too high,
the “effective” electric field experienced by the electrons, in the presence of the RT
fluctuating field, tends to its deterministic value. In fact, for high values of y, the
ISD saturates to the value obtained in the absence of external fluctuations.

4. Conclusions

In previous studies the possibility of a suppression of the intrinsic noise in
semiconductor bulk materials, subjected to a driving periodic electric field containing
time-correlated fluctuations, has been observed. In that case, differently from the
static field case, it has been shown that the reduction of the electron velocity
fluctuations is not due to an overall effect of intervalley transfers. This is because
the velocity variance of an electron moving in the I'-valley is reduced by the presence
of correlated noise, independently on the transitions to upper valleys, giving rise
to longer residence times. This effect can be viewed as a noise enhanced stability
(NES) phenomenon [10, 11].

The results reported in this work show that, under specific conditions, the intrinsic
noise in n-type GaAs crystals could be also reduced, by adding a two-level RT
noise source to the driving high-frequency periodic electric field. These findings have
been obtained by numerically investigating the noise-induced modifications of the
spectrum of electron velocity fluctuations and the total power of the intrinsic noise.
The reduction arises from the fact that the transport dynamics of electrons in the
semiconductor receives a benefit by the constructive interplay between the fluctuating
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electric field and the intrinsic noise of the system. The intrinsic noise reduction
is strongly affected by the parameters characterizing the dichotomous stochastic
process, such as the noise level and the jump rate. In order to highlight on the
physical mechanisms responsible for the observed noise reduction and the possible
existence of a noise enhanced stability phenomenon, these preliminary results need
further investigations. This can be pursued by analyzing the occupation time and
the variance of the electron velocity fluctuations in each single energy valley of the
semiconductor, performing a detailed study of the correlation functions.
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