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By means of Monte Carlo simulations of carrier transport in bulk semiconductors operating under periodic large-signal regime, we show the existence of upconversion of lowfrequency hot-carrier noise associated with velocity fluctuations into a high-frequency
region centered around the fundamental frequency of the large-signal. It is found that
the upconverted noise corresponds to long-time fluctuations of relative populations of two
groups of carriers characterized by different dynamical properties in momentum space.
The appearance of the upconversion process is related to kinks of the static velocityfield characteristic when the dynamics of carrier motion in momentum space undergoes
drastic changes.
Keywords: Monte Carlo simulation; hot-carrier noise; noise upconversion.

1.

Introduction

The phenomenon of noise upconversion consists in the transfer of an excess noise
component from the proper low-frequency region to a high-frequency region of
the spectrum under the presence of a periodic signal of given amplitude. Typical examples are the transfer of 1/f or generation recombination noise, inherent
to the sample under static conditions, from the low-frequency to the GHz region
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in voltage controlled oscillators [1] and systems driven by periodic large-amplitude
excitations [2–4]. Usually, upconversion processes are related with the existence
of two groups of carriers and the stochastic carrier exchange between them (e.g.
generation-recombination noise, etc.). One can expect that under a drastic change
of the dynamics of carrier motion in momentum space such a scenario of upconversion based on two or more groups of hot carriers also can take place.
The aim of this paper is to announce the existence of an upconversion of a noise
source that appears only as a result of strong carrier heating in the presence of
periodic large-signal conditions.
2.

Mathematical Model of Upconversion

Here we are concerned with a random process {x(t)} whose spectrum contains
the contribution of a noise upconversion phenomenon consisting in the amplitude
modulation of a periodic signal with frequency f by some stationary random process
{u(t)}. The simplest mathematical model to describe the fluctuations of such a
random process is {x(t)} = x0 cos(2πf t){u(t)} [5]. It is assumed that the random
process {u(t)} has zero average value and is characterized by the correlation function
Cuu (τ ) = hu(t − τ /2)u(t + τ /2)i, with the corresponding low-frequency spectral
density Suu (ν). The two-time symmetric correlation function of the random process
{x(t)}, Cxx (t, τ ) = hx(t − τ /2)x(t + τ /2)i, can then be expressed as
Cxx (t, τ ) =

x20
[cos(2πf τ ) + cos(4πf t)]Cuu (τ ) .
2

(1)

According to Eq. (1), the instantaneous spectral density of x(t) is decomposed
0
into two terms, Sxx (t, ν) = S xx (ν) + Sxx
(t, ν), corresponding, respectively, to the
stationary component
S xx (ν) =

x20
[Suu (ν + f ) + Suu (ν − f )]
4

(2)

and to the nonstationary component
0
Sxx
(t, ν) =

x20
cos(4πf t)Suu (ν) .
2

(3)

Due to the stochastic amplitude modulation of the harmonic signal, the noise spectrum of the stationary random process {u(t)} given in Eq. (2) is shifted (i.e. is upconverted) to the high-frequency region centered around the excitation frequency f .
As a signature of the upconversion process, Eq. (3) indicates that the low-frequency
0
nonstationary component of the instantaneous spectral density, Sxx
(t, ν), should
exhibit an harmonic behavior with frequency 2f .
3.

Physical Model of Upconversion

From a physical point of view, the stochastic amplitude modulation required by the
mathematical model can appear in bulk semiconductors subject to large-amplitude
microwave electric fields (MWEF) due to random transitions of carriers between two
or more physically distinct groups of states located in momentum (or wavevector)
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space [6–8]. In the case of two groups, the average value of carrier velocity, v d (t),
obtained by integration over the carrier distribution function in momentum space,
f (k, t), can be decomposed into two contributions as
Z
vd (t) = v(k)f (k, t)dk = [p1 (t)v1 (t) + p2 (t)v2 (t)] ,
(4)
where vi (t) and pi (t) are the instantaneous
values of the average velocity and relative
R
population of the i-th group. Since f (k, t)dk = 1, i.e. a carrier always is inside one
of the momentum space regions, it follows that p1 (t)+p2 (t) = 1, so that fluctuations
of the relative populations of the groups are correlated as: δp1 (t) = −δp2 (t) = δp(t).
As follows from Eq. (4), there are two components that determine fluctuations of
the total velocity, δvd (t) = δv r (t) + δv ig (t). The first (regular) component is given
by
δv r (t) = [hp1 iδv1 (t) + hp2 iδv2 (t)] ,
(5)
and describes velocity fluctuations inside the groups (here brackets h· · ·i mean statistical averaging). The second component is given by
δv ig (t) = [hv1 (t)i − hv2 (t)i]δp(t)

(6)

and describes the intergroup exchange, which corresponds to an amplitude modulation of the harmonic response (hv1 (t)i − hv2 (t)i) driven by the random fluctuations
of the relative group population δp(t). For such a decomposition into groups to
take place, the characteristic time of carrier exchange between groups, τg , must be
much longer than all other times, so that velocity fluctuations inside each group,
δvi (t), and fluctuations of the relative populations δp(t) can be considered to be
statistically independent, that is hδvi (t)δp(t)i = 0. In this case, due to the stochastic intergroup exchange, the low-frequency spectrum of fluctuations of the relative
population of one of the two groups is described by the usual Lorentzian expression
τg
.
(7)
Sδpδp (ν) = 4hp1 ihp2 i
1 + (2πντg )2
Within the two-group model, the random process {x(t)} corresponds to instantaneous fluctuations of the electron velocity δv ig (t), which are caused by the stochastic
intergroup exchange ({u(t)} ≡ {δp(t)} process) when groups of carriers characterized by different dynamics appear in momentum space in the presence of a
MWEF. In this case, the high-frequency modulating factor x0 cos(2πf t) is described
by the difference between the amplitudes of the average drift velocity in the two
groups, i.e. x0 ∼ (v1 − v2 ). As follows from Eq. (3), the low-frequency spectrum
ig
Sδvδv
(ν) = 12 x20 Suu (ν) corresponds to the amplitude of the nonstationary compo0
nent Sδvδv
(t, ν) of the instantaneous spectrum of fluctuations and, in accordance
with Eq. (2), it is the spectrum that is upconverted to the high-frequency range
multiplied by a factor of 21 .
Below we will investigate two cases of relevant physical interest pertaining to
bulk semiconductors subject to high-frequency large-amplitude MWEFs, when the
appearance of two groups of carriers is caused by a drastic change of the carrier
dynamics due to the threshold character of some scattering mechanism (e.g. carrier
transitions to upper valleys, optical phonon emission, etc.). Usually such a change
is accompanied by kinks of the static velocity-field characteristic.
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4.

Numerical Results
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The procedure for the noise analysis is based on the Monte Carlo (MC) calculation
of the two-time symmetric correlation functions and it is similar to that described
in [9]. In accordance with this procedure, the stationary and periodic parts of
0
the instantaneous spectral density of velocity fluctuations, S δvδv (ν) and Sδvδv
(t, ν),
respectively, are calculated by Fourier transform of the two-time symmetric correlation function directly obtained from the MC simulations [9], while the upconverted
ig
0
(ν) is calculated as the second harmonic of Sδvδv
(t, ν) with respect
spectrum Sδvδv
to time t.
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Fig. 1. Stationary spectral density of velocity fluctuations calculated when a MWEF of frequency
f = 600 GHz and different amplitudes E is applied to a bulk GaAs with donor concentration
ND = 1016 cm−3 at T0 = 300 K.

As first application, we consider the standard case of the so called intervalley
noise in compound semiconductors [6–8] when the amplitude of the MWEF is high
enough for intervalley transitions from the lowest (Γ) into upper (X, L) valleys to
take place. Here, electrons placed in the lowest and upper valleys can be naturally
considered as belonging to two groups characterized by different ac mobility due
to the strong difference in the effective mass and scattering time. To illustrate the
appearance of the upconversion process with the onset of the intervalley transfer,
Fig. 1 shows the stationary spectral density of velocity fluctuations calculated by
MC simulations in bulk GaAs at T0 = 300 K for a MWEF of f = 600 GHz at
increasing amplitude of the field, i.e. at increasing values of the carrier average
energy. The parameters of the band structure and scattering mechanisms used
in MC simulations are those of the strong intervalley coupling model [10]. When
the field amplitude becomes higher than the threshold field for intervalley transfer
(i.e. E > 5 kV/cm), the spectrum exhibits a peak at the MWEF frequency. With
a further increase of E, and hence of carrier heating, the peak increases, reaches
the maximum value at E ≈ 10 kV/cm, and then gradually disappears by showing a
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slight shift to higher frequencies. Numerical calculations performed for a constant
amplitude E show an analogous behavior of the peak with the increase of the MWEF
frequency f which is associated with the decrease of carrier heating. Such a behavior
agrees with the predictions of the two-group model given by Eq. (7). Indeed, the
peak is found to vanish when all the carriers are inside one of the two groups, and
to reach the maximum value when the relative populations of the groups are the
same, i.e. hp1 i = hp2 i = 0.5.
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Fig. 2. Stationary spectral density of velocity fluctuations calculated for the same semiconductor
of Fig. 1 under the application of MWEFs with frequency, f = 200, 400, 500, 600, 800, 1000, 2000,
4000 GHz and amplitude E = 7, 8, 9, 10, 12, 14, 24, 45 kV/cm (curves 1 to 8), respectively.

Figure 2 illustrates the modifications of the spectrum with the increase of the
frequency when the value of the ratio E/f is kept at the optimum level of about
15 kVcm−1 THz−1 which corresponds to the maximum value of the peak. In this
case, carrier heating remains nearly the same, as well as the relative populations,
i.e. hp1 i ≈ hp2 i. Here, the usual static hot-carrier peak [9] (curve 1) evolves into a
resonant-like peak around f , thus shifting with f for f ≥ 500 GHz (curves 3 to 7).
As evident from Fig. 2, the resonant-like peak is superimposed to the Lorentzian part
of the spectrum caused by velocity fluctuations inside the groups. This peak is the
consequence of an upconversion process, as confirmed by the results reported in the
inset of Fig. 3, corresponding to the case of f = 600 GHz. Here, the zero-frequency
0
value of the nonstationary part of the instantaneous spectral density Sδvδv
(t, 0) is
shown to exhibit a pure harmonic behavior with frequency 2f , the double of the
MWEF frequency f . (The same behavior is generally confirmed for f ≥ 500 GHz.)
Moreover, in full agreement with the mathematical model of Eqs. (2) and (3), the
0
amplitude of Sδvδv
(t, 0) is found to be twice higher than the amplitude of the peak,
considering the latter as an extra noise superimposed to the Lorentzian part of the
0
spectrum. For f < 500 GHz this harmonic behavior of Sδvδv
(t, 0) is found to vanish,
and thus no clear upconversion peak is observed in S δvδv (ν).
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Fig. 3. Upconverted low-frequency intergroup spectral density S ig (ν) calculated for the same
conditions of Fig. 2 for f = 400, 500, 600, 800, 1000 GHz (curves 1 to 5, respectively). The inset
0
(t, 0) for the case of curve 3 (f = 600 GHz) during one period
shows the time dependence of Sδvδv
of the MWEF.

The upconverted spectra presented in Fig. 3 are well described by the usual
Lorentzian expression [see Eq. (7)] with a characteristic time for the intergroup
exchange τg ≈ 1.9 ps common to all the curves. The increase of the spectrum
amplitude at increasing f is mainly caused by the simultaneous increasing of the
difference between the dynamics of the groups. Since the characteristic time τg
of intergroup exchange is in this case of about 2 ps, the low frequency limit f ≥
500 GHz necessary to observe upconversion simply means that the frequency of the
applied signal must be higher than the characteristic rate of intergroup exchange,
that is f ≥ 1/τg .
By comparing the value of the characteristic intergroup time τg ≈ 1.9 ps extracted from the spectra of Fig. 3 with the carrier lifetimes in the lowest and
upper valleys τΓ = 1.27 ps and τLX = 0.44 ps, respectively, as well as with the
characteristic intervalley time τinter = 0.33 ps (these values refer to the case of
E = 10 kV/cm and f = 600 GHz) we notice that τg is significantly longer than the
characteristic time of intervalley transfer, τinter = 0.33 ps. Therefore, in this case
the intergroup exchange does not represent the simple intervalley exchange. The
long intergroup time allows us to conclude that the first group of carriers consists of
Γ-valley electrons with energy below the value necessary for intervalley transfer to
take place, and the second group consists of all other high-energy electrons, which
undergo very quick randomizing intervalley scatterings. In some sense, the transfer
of electrons from the lowest to upper valleys is quite similar to the generationrecombination processes from shallow impurity centers into the conduction band
leading to trapping-detrapping noise [6, 7]. As follows from Fig. 2, the relative
contribution of the upconverted fluctuations to the total value of the spectral density of velocity fluctuations in the region ν ≈ f increases at increasing the MWEF
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frequency f and finally dominates. Such a dominant contribution is caused by the
large difference in the value of the high-frequency mobility pertaining to each group.
The situation considered above is associated with the static kink of the velocityfield characteristic which is caused by the onset of the intervalley transfer. It is well
known, that at low lattice temperatures an additional kink related to the threshold
onset of optical phonon emission processes appears at intermediate field values
considerably lower than the threshold value for intervalley transfer. Under these
conditions, most of the carriers are inside the optical phonon sphere in momentum
space where the carrier energy ε(k) is less than the optical phonon energy h̄ω 0 (the
so called passive region). As shown in Refs. [11-13], in such a case the carriers
placed in the passive region can be subdivided into two (or even more) groups,
so that one can expect the appearance of the intergroup noise upconversion under
proper conditions. The second application presented in the following considers this
possibility for the case of bulk n-InN at the lattice temperature T0 = 80 K when
the optical phonon energy h̄ω0 = 89 meV  kT0 = 6.9 MeV. The parameters of
the band structure and scattering mechanisms used in MC simulations are taken
from [14].
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Fig. 4. Hot-electron distribution function as a function of wavevector along the field direction,
f (kx , t), calculated at different time moments corresponding to different phases (0, π/4, π/2, 3π/4,
π, curves 1 to 5, respectively) of the MWEF Esin(2πf t), with E = 9 kV/cm and f = 500 GHz,
applied to InN at T0 = 80 K. Vertical lines at k = 5.16 × 106 cm−1 refer to the boundaries of the
passive region.

The formation and evolution of two groups of carriers under carrier heating by a
MWEF of proper amplitude is illustrated in Fig. 4, which reports the time behavior
of the distribution function along the field direction f (kx , t) during half a period of
the MWEF. Here, the peak of the distribution corresponds to the group of carriers
that cannot reach the active region boundary ε(k) = h̄ω0 , and the lower plateau
corresponds to the group of carriers that emit an optical phonon twice per period.
As follows from Fig. 4, the average velocities of each group (hv1 (t)i and hv2 (t)i,
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respectively), both exhibiting the periodicity of the MWEF, have amplitudes which
are significantly different, higher for carriers belonging to the peak.
The appearance in the noise spectrum of a peak caused by upconversion processes is illustrated in Fig. 5, which reports the stationary component of the spectral
density of velocity fluctuations, S δvδv (ν), calculated for three values of the amplitude of a MWEF of frequency f = 500 GHz applied to a bulk InN at T 0 = 80 K.
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Fig. 5. Stationary spectral density of velocity fluctuations calculated by the MC method when a
MWEF of frequency f = 500 GHz and different amplitudes E is applied to a bulk InN with a
donor concentration ND = 1016 cm−3 at T0 = 80 K.

At the lowest value E = 2 kV/cm (dashed line), carrier heating is insufficient
for the electron energy ε to reach the optical phonon value. Accordingly, all the
carriers are in the passive region ε(k) < h̄ω0 where, because of the low lattice temperature, the main sources of scattering are acoustic phonons and ionized impurities.
As a consequence, the spectrum of velocity fluctuations is found to take the usual
Lorentzian shape with the cutoff frequency being the value of the scattering rate.
At the highest value E = 15 kV/cm (dotted line) the field amplitude is sufficient
to enable all the carriers to reach the active region ε(k) > h̄ω 0 and then to emit an
optical phonon at least several times during every half a period of the MWEF. As a
consequence, the noise spectrum is found to take a double-Lorentzian shape determined by optical phonon emission in the active region and quasielastic scattering in
the passive region. At the intermediate MWEF amplitude of E = 9 kV/cm (solid
line), the spectrum is found to exhibit a significant peak at the MWEF frequency,
ν = f , and minor peaks at higher harmonics.
The upconversion origin of the peak is demonstrated by the results reported
in Figs. 6 and 7 which are analogous to Figs. 2 and 3 of the previous application.
Accordingly, Fig. 6 shows the stationary part of the fluctuation spectrum S δvδv (ν)
calculated by keeping the ratio E/f nearly constant to provide similar trajectories
of carrier free motion in the passive region at different frequencies f . By excluding
the frequency regions near 2f , the upconverted spectrum S ig (ν) presented in Fig. 7
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Fig. 6. Stationary spectral density of velocity fluctuations calculated for the same semiconductor
of Fig. 5 under the application of MWEFs with frequency, f = 133, 250, 500, 800, 1000 GHz and
amplitude E = 2, 5.5, 9, 15, 19 kV/cm (curves 1 to 5), respectively.
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is again well described by a Lorentzian shape with a characteristic intergroup time
τg ≈ 1 ∼ 2 ps. The additional peaks at the double frequency 2f in S ig (ν) are
attributed to the strong nonlinearity present in the system due to the coherent-intime emission of two optical phonons at every MWEF period.
5.

Conclusions

In this paper we have proven the existence of an upconversion of the low-frequency
hot-carrier noise in bulk semiconductors operating under periodic and large-signal
conditions. The upconversion is a consequence of the coexistence of two groups
of carriers characterized by different dynamics in momentum space, so that the
transition of carriers from one type of dynamics (one group) to the other type
(second group) leads to the appearance of an extra noise, in full analogy with what
occurs in phase transitions. In semiconductor materials, where some scattering
mechanisms have a threshold character (low-temperature optical phonon emission,
intervalley scattering, etc.) changes of carrier dynamics in momentum space usually
takes place with the increase of the electric field strength when the carrier energy
begins to exceed some threshold value. Because of the short time scale associated
with the intergroup exchange considered here, the upconversion takes place mostly
around the THz frequency range.
Finally, we notice that one can expect the appearance of upconversion phenomena related also to other kinds of hot-carrier kink appearing in the static velocityfield characteristic, as for instance that caused by impact ionization and occurring
at sufficiently high electric fields. However, in such a situation the upconversion is
caused mostly by fluctuations of the total carrier concentration, as is typical in the
case of the generation-recombination noise [15].
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[2] S. Pérez, T. González, S. L. Delage and J. Obregon, Microscopic analysis of
generation-recombination noise in semiconductors under dc and time-varying electric
fields, J. Appl. Phys. 88 (2000) 800–807.
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