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By means of Monte Carlo simulations of bulk semiconductors operating in the periodic large-signal regime,
we show the existence of upconversion of hot-carrier partition noise associated with the fluctuations between
different groups of carriers in momentum space, characterized by different dynamical properties. The signature
of the upconversion phenomenon is predicted by an analytical model and confirmed by the spectral analysis of
the instantaneous spectral density of velocity fluctuations. As applications, we investigate the cases in which
the two groups of carriers pertain to a single band in the presence of strong low-temperature optical-phonon
emission and to lowest- and upper-valley populations in compound semiconductors.
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I. INTRODUCTION

The notion of partition noise was first introduced for multigrid vacuum tubes, where this class of noise is generated
due to random distribution of electrons and, hence, electrical
currents between various positive electrodes.1 Thus, in this
case the noise is caused by carrier number fluctuations between different groups of carriers located in real space. By
contrast, in semiconductor materials and devices the partition
noise results from random transitions of carriers between two
or more physically distinct groups of electron states located
in momentum space.2–5 For such a subdivision into groups to
take place, the characteristic time of carrier exchange between groups must be much longer than that for intragroup
transitions. The usual physical examples are the trappingdetrapping processes and intervalley transitions in multivalley semiconductors 共intervalley noise兲. For two groups of
carriers, the partition noise is characterized by a simple
Lorentzian spectrum:2–5 S(  )⫽S(0)/ 关 1⫹  2  2g 兴 , where  g
is the characteristic time of the intergroup transfer. In usual
conditions, partition noise can manifest itself merely as a
low-frequency noise at  ⭐  ⫺1
g . In the low-frequency region, the presence of other noise contributions originated by
other mechanisms complicates significantly the investigation
of partition noise not only experimentally but also theoretically, when direct statistical simulations of noise phenomena,
for example, by Monte Carlo 共MC兲 methods, are used.
It is well known that in the presence of a periodic signal
of given amplitude an excess low-frequency noise component can be transferred to a high-frequency region of the
spectrum centered around the frequency of the periodic signal and its harmonics 共the so-called upconversion of noise兲.
0163-1829/2003/67共16兲/165201共10兲/$20.00

Typical examples are the transfer of 1/f or generationrecombination low-frequency noise to the GHz region in
voltage-controlled oscillators6 and systems driven by periodic large-amplitude excitations.7–9 One can expect similar
upconversion phenomena appearing under hot-carrier conditions when the carrier distribution in momentum space can
be decomposed into two or more parts 共groups兲, each of
them with a quasi-independent dynamics of motion. The aim
of this paper is to theoretically investigate such a possibility
by means of MC simulations of hot-carrier noise when a
harmonic microwave electric field 共MWEF兲 is applied to
bulk semiconductors. For this sake, we first consider a simplified model of partition-noise upconversion to obtain the
signature of the upconversion phenomenon within an analytical approach 共Sec. II兲. Then, by MC simulations we investigate two cases of relevant physical interest when at least two
groups of carriers can appear under hot-carrier conditions
共Sec. III兲. The procedure for the noise analysis is based on
MC calculations of the two-time symmetric correlation function as detailed in Ref. 10. The signature of noise upconversion will be analyzed and validated by comparing the results
of the simulations with those of the analytical model. The
main conclusions will be presented in Sec. IV.
II. MODEL

Here we use the conventional definition of diffusion noise
source as applied to semiconductor materials and devices. It
implies that an initial 共primitive兲 fluctuation takes place only
in momentum space and originates from the instantaneous
scattering of a carrier with lattice imperfections 共impurities,
phonons, etc.兲.11 As a consequence, fluctuations in real space
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must be considered as induced by a primitive random process in momentum space. To single out such a peculiarity of
the diffusion noise source, the instantaneous carrier distribution function, f (p,x,t), is usually factorized with respect to
real and momentum spaces as
f 共 p,x,t 兲 ⫽F 共 p,x,t 兲 n 共 x,t 兲 ,

共1兲

where n(x,t) and F(p,x,t) are, respectively, the carrier concentration and the density of the momentum distribution of
carriers placed at time t in the neighborhood of point x in real
space 共for simplicity, one-dimensional real space is considered兲. The representation of f (p,x,t) given by Eq. 共1兲 assumes the invariance in time and space of the normalization
of F(p,x,t) given by

冕

⍀

where ⍀ is the whole momentum space. Since during a scattering event only the carrier momentum is changed, carrier
scatterings are equivalent to spontaneous fluctuations of
F(p,x,t) which do not violate its normalization given by Eq.
共2兲. At a macroscopic level it is convenient to describe such
fluctuations as fluctuations of the drift velocity,

冕

⍀

v共 p兲 F 共 p,x,t 兲 dp,

共3兲

where v (p) is the carrier group velocity depending on the
value of the momentum p. To exclude from further consideration fluctuations of v d (x,t) induced by the self-consistent
electric field and nonlocal effects appearing on the meanfree-path length scale, let us consider the case of an homogeneous semiconductor with frozen, i.e., constant in time and
space, carrier concentration n(x,t)⫽const. In such a case,
the fluctuations of the drift velocity v d (t) with respect to the
statistical average value v̄ d , ␦ v d (t)⫽ v d (t)⫺ v̄ d , are caused
only by scattering events, which is the condition under which
they can be considered as the primitive source of diffusion
noise.
Let us subdivide the momentum space into two nonoverlapping volumes 共groups兲 ⍀ 1 and ⍀ 2 (⍀ 1 ⫹⍀ 2 ⫽⍀) where
carriers can be characterized by some different properties. It
is easy to infer that because of this subdivision the instantaneous value of the drift velocity can be decomposed as
v d共 t 兲 ⫽ v 1共 t 兲 p 1共 t 兲 ⫹ v 2共 t 兲 p 2共 t 兲 ,

共4兲

where
v i共 t 兲 ⫽

冕

冕

p 1 共 t 兲 ⫹ p 2 共 t 兲 ⫽1.

共7兲

In the framework of such a two-group decomposition, the
fluctuations of the drift velocity can be decomposed as

␦ v d 共 t 兲 ⫽ ␦ v reg 共 t 兲 ⫹ ␦ v part 共 t 兲 ,

共8兲

␦ v reg 共 t 兲 ⫽ ␦ v 1 共 t 兲 p̄ 1 ⫹ ␦ v 2 共 t 兲 p̄ 2

共9兲

where

is the regular component describing fluctuations inside the
groups, and

␦ v part 共 t 兲 ⫽ 共 v̄ 1 ⫺ v̄ 2 兲 ␦ p 共 t 兲

共2兲

F 共 p,x,t 兲 dp⫽1,

v d 共 x,t 兲 ⫽

is the relative population of this volume. Due to the condition given by Eq. 共2兲, the instantaneous values of the relative
populations must satisfy the condition

共10兲

is the partition component describing fluctuations caused by
intergroup transitions induced by scattering events when the
average statistical velocities in the groups are different, v̄ 1
⫽ v̄ 2 . Equation 共10兲 takes into account that, due to the condition given by Eq. 共7兲, fluctuations of the relative populations of the two groups are entirely correlated, ␦ p 1 (t)⫽
⫺ ␦ p 2 (t)⫽ ␦ p(t).
Such a formal decomposition of carriers in momentum
space is of physical meaning only in the case in which velocity fluctuations inside the groups, ␦ v i (t), and fluctuations
of the relative populations ␦ p(t) are statistically indepen¯
dent, that ¯
is, ␦ v 1 (t) ␦ v 2 (t) ⫽0 and
␦ v i (t) ␦ p(t) ⫽0. Usually
this takes place when the characteristic time of the intergroup
exchange  g Ⰷ  i (i⫽1,2), where  i is the characteristic relaxation time of velocity fluctuations inside the ith group.
Under these conditions, the fluctuations of the relative occupation of regions in momentum space manifest themselves as
an independent source of fluctuations with respect to the
usual velocity fluctuations. Such a situation can be expected
when the character of carrier motion in momentum space
changes drastically between two kinds of dynamics that coexist simultaneously. Here, we will not enter into the details
of the processes occurring inside groups, assuming only that
the intergroup exchange time is longer than any other characteristic times in the system. In this case, the two-time correlation function describing the fluctuations of the relative
populations of the two groups can be represented as
C ␦ p ␦ p 共 t ⬘ ,t ⬙ 兲 ⫽ p̄ 1 p̄ 2 e ⫺ 兩 t ⬘ ⫺t ⬙ 兩 /  g .

共11兲

Under stationary conditions, p̄ i and v̄ i are constant and the
correlation function of drift velocity fluctuations takes the
form

共5兲

2
⫺ 兩 t ⬘ ⫺t ⬙ 兩 /  g
,
C ␦ v ␦ v 共 t ⬘ ⫺t ⬙ 兲 ⫽C reg
␦ v ␦ v 共 t ⬘ ⫺t ⬙ 兲 ⫹ 共 v̄ 1 ⫺ v̄ 2 兲 p̄ 1 p̄ 2 e
共12兲

is the instantaneous average velocity of carriers inside the
momentum volume ⍀ i and

reg
where C reg
(t ⬘ ) ␦ v reg (t ⬙ ). By applying the
␦ v ␦ v (t ⬘ ⫺t ⬙ )⫽ ␦ v
Wiener-Kintchine theorem to Eq. 共12兲, one obtains the spectral density of velocity fluctuations2–5 to be

⍀i

v共 p兲 F 共 p,t 兲 dp/

p i共 t 兲 ⫽

冕

⍀i

⍀i

F 共 p,t 兲 dp

F 共 p,t 兲 dp

共6兲
165201-2

part
S ␦ v ␦ v 共  兲 ⫽S reg
␦ v ␦ v 共  兲 ⫹S ␦ v ␦ v 共  兲 ,

共13兲
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transformation with respect to the correlation time s, one
finally obtains the instantaneous spectral density, which depends on the phase time t:13

where
S ␦part
v␦v共  兲 ⫽

4 共 v̄ 1 ⫺ v̄ 2 兲 2 p̄ 1 p̄ 2  g
1⫹  2  2g

共14兲

is the contribution of the intergroup fluctuations to the total
spectral density of drift velocity fluctuations. Thus, under
stationary conditions the source of partition noise is proportional to a square of a group velocity difference and manifests itself as an additional low-frequency noise at 
⬍  ⫺1
g . Since the intensity of the partition component of velocity fluctuations is proportional to the statistical averages
of the group occupancies 关see Eq. 共14兲兴, this noise component exhibits the maximum contribution when the occupancies are equal, i.e., p̄ 1 ⫽p̄ 2 ⫽0.5. Therefore, in the transition
from one type of carrier dynamics in momentum space 共one
group兲 to the other one 共second group兲, the appearance of an
extra noise is expected, in full analogy with a phase transition. In semiconductors, where some scattering mechanism
has a threshold character 共optical-phonon emission, intervalley scattering, etc.兲 such a transition takes place with the
increase of the electric-field strength when the carrier energy
begins to exceed some threshold value. Usually such a transition manifests itself as a kink in the static velocity-field
relation.12
Let us now generalize the partition noise described above
to the case of the so-called cyclostationary conditions, when
carriers are heated by a strong monochromatic MWEF of
frequency f. Under these conditions, the statistical independence of velocity fluctuations inside the groups ␦ v i and of
fluctuations in their population ␦ p(t) will take place only
when f Ⰷ  ⫺1
g . In the opposite case, a modulation of the average statistical value of the relative populations p̄ i (t) and,
hence, of ␦ p(t) during a MWEF period will take place. Under the condition f Ⰷ  ⫺1
g , only the average statistical value
of the group velocities will keep the dependence on time
during a MWEF period. Let us suppose, for simplicity, that
the velocity response of each group to the MWEF is also
harmonic with frequency f:
v̄ i 共 t 兲 ⫽ v̄ i cos共 2  f t⫹  i 兲 .

共15兲

Without loss in generality, in the following we take  i ⫽0.
Now the two-time correlation function of velocity fluctuations takes the form
2
⫺
C ␦ v ␦ v 共 t ⬘ ,t ⬙ 兲 ⫽C reg
␦ v ␦ v 共 t ⬘ ,t ⬙ 兲 ⫹ 共 v̄ 1 ⫺ v̄ 2 兲 p̄ 1 p̄ 2 e

⫻cos共 2  f t ⬘ 兲 cos共 2  f t ⬙ 兲 ,

兩 t ⬘ ⫺t ⬙ 兩
g

共16兲

which, because of cyclostationary conditions, cannot be reduced to a single-time dependence given by the time difference t ⬘ ⫺t ⬙ . In such a case it is convenient to use a correlation function that is symmetric with respect to the current
phase  ⫽2  f t of the MWEF.13 By replacing in Eq. 共16兲
t ⬘ ⫽t⫺s/2 and t ⬙ ⫽t⫹s/2, where t and s are the phase and
correlation times, respectively, and performing the Fourier

1 part
S ␦ v ␦ v 共 t,  兲 ⫽S reg
␦ v ␦ v 共 t,  兲 ⫹ 关 S ␦ v ␦ v 共  ⫺2  f 兲
4
1 part
⫹S ␦part
v ␦ v 共  ⫹2  f 兲兴 ⫹ S ␦ v ␦ v 共  兲 cos共 4  f t 兲 ,
2
共17兲
S ␦part
v␦v(  )

is the partition noise contribution given by
where
Eq. 共14兲. As follows from Eq. 共17兲, under cyclostationary
conditions one-half of the low-frequency partition noise contribution is upconverted to the high-frequency region of the
stationary component of the instantaneous spectral density of
velocity fluctuations S̄ ␦ v ␦ v (  ) 共the term in square brackets,
which is subdivided into two parts shifted symmetrically to
positive and negative frequencies兲. The remaining half 关last
term in Eq. 共17兲兴 remains in the low-frequency region, but it
corresponds to the nonstationary part of the spectrum,
S ⬘␦ v ␦ v (t,  )⫽S ␦ v ␦ v (t,  )⫺S̄ ␦ v ␦ v (  ), which in general is periodic with the MWEF frequency and contains a pronounced
harmonic component at frequency 2 f . This behavior is taken
as the signature of the upconversion phenomenon and can be
used to identify the upconverted part of the spectrum,
S ␦part
v ␦ v (  ), in the numerical simulation of fluctuation phenomena under cyclostationary conditions.
Indeed, under these conditions the instantaneous spectral
density is always a periodic function of the phase time t and
can be decomposed into a Fourier series as
⬁

S ␦ v ␦ v 共 t,  兲 ⫽S̄ ␦ v ␦ v 共  兲 ⫹

兺

n⫽1

S n 共  兲 cos共 2  f nt⫹  n 兲 .
共18兲
S reg
␦ v ␦ v (t,  )

When the harmonics of the regular part
are negligible, the regular part and the upconverted spectrum 关first
and second terms in the right hand side of Eq. 共18兲, respectively兴 constitute the stationary part 关 S̄ ␦ v ␦ v (  ) term in Eq.
共18兲兴, while the partition noise spectrum 关last term in Eq.
共17兲兴 will determine the frequency dependence of the second
harmonic in Eq. 共18兲, S 2 (  )⫽ 21 S ␦part
v ␦ v (  ).
The situation considered above corresponds to the case in
which the average velocity of each group of carriers is of
pure harmonic type, as indicated by Eq. 共15兲. In a more
general case it can contain also higher harmonics. Then, in
Eq. 共18兲 the stationary spectral density will contain upconversion peaks around harmonics k f (k⫽3,5, etc.兲 of the fundamental frequency f, while the time-dependent spectral density will contain contributions S n (  ) at the doubled
frequencies n⫽2k.
III. NUMERICAL RESULTS

Below we investigate two cases of relevant physical interest pertaining to bulk semiconductors subject to largeamplitude MWEF, where the upconversion of partition noise
is clearly evidenced. As a first application, we consider bulk
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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 frequencies f ⫽133, 250, 500, 800, and 1000 GHz
and amplitudes E⫽2, 4, 9, 15, and 19 kV/cm 共curves 1–5兲, respectively.

FIG. 1. 共a兲 Appearance and 共b兲 disappearance of the resonantlike peak of the stationary spectral density of velocity fluctuations
calculated by the MC method when a MWEF with frequency f
⫽500 GHz and different amplitudes E is applied to bulk InN with a
donor concentration N D ⫽1016 cm⫺3 at T 0 ⫽80 K.

n-InN at a lattice temperature T 0 ⫽80 K when the MWEF
amplitude is sufficiently lower than that necessary for intervalley transfer to occur and most of the electrons are located
at energies below that of the optical phonon. The parameters
of the n-InN band structure and scattering mechanisms used
in MC simulation are taken from Ref. 14.
Figure 1 presents the stationary component of the spectral
density of velocity fluctuations, S̄ ␦ v ␦ v (  ), calculated for increasing values of the amplitude E of a MWEF of frequency
f ⫽500 GHz. For the lowest value E⫽2 kV/cm 关solid line
in Fig. 1共a兲兴 the carrier heating is insufficient for the electron
energy  to reach the optical-phonon energy ប  0
⫽89 meV. Accordingly, all the carriers remain in the energy
region ⬍ប  0 共the so-called passive region兲, where because
of the low lattice temperature the main sources of scattering
are acoustic phonons and ionized impurities with an effective
relaxation time of about 3 ps. As a consequence, the spectrum of velocity fluctuations is found to take the usual
Lorentzian shape with the cutoff frequency given by the average scattering rate. With the increase of E, we found the
onset of a peak at the MWEF frequency,  ⫽ f , and of minor
peaks at higher harmonics 关see Fig. 1共a兲兴. The peak reaches
the maximum value at E⫽9 kV/cm 关dotted line in Fig. 1共a兲兴
and then quickly disappears with a further increase of E 关see
Fig. 1共b兲兴. Finally, the spectrum takes again a nearLorentzian shape 关solid line in Fig. 1共b兲兴. Here the field am-

plitude is sufficiently high for all the carriers to acquire an
energy ⬎ប  0 during every half period of the MWEF.
Thus, carriers enter the so-called active region, where they
quickly emit an optical phonon, and return back to the center
of the passive region.
As follows from Fig. 1, the peak at the MWEF frequency
is practically superimposed to the Lorentzian part of the
spectrum and can be considered as an extra noise attributed
to an upconversion phenomenon. To support this interpretation, we have considered the dependence of the different
spectral densities upon the frequency of the MWEF.
Accordingly, the stationary part of the fluctuation spectrum S̄ ␦ v ␦ v (  ) and the upconverted noise spectrum, corresponding to 21 S ␦part
v ␦ v (  ) in Eq. 共17兲, calculated for different
frequencies f and amplitudes E of the MWEF, are presented
in Figs. 2 and 3, respectively. Since in a harmonic field the
change of carrier momentum during a free flight is proportional to (E/ f )sin(2 ft), calculations are performed, keeping
the ratio E/ f nearly constant to provide similar trajectories of
carrier free motion in the passive region at different frequencies f. Both S̄ ␦ v ␦ v (  ) and S ⬘␦ v ␦ v (t,  ) are directly obtained

FIG. 3. Upconverted spectral density 21 S ␦part
v ␦ v (  ) calculated for
the same conditions of Fig. 2 共curves 1–5兲. The inset shows the
time dependence of S ␦⬘ v ␦ v (t,0) for case 3 during one period of the
MWEF.
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from the MC simulations, while 21 S ␦part
v ␦ v (  ) is calculated as
the second harmonic S 2 (  ) of the Fourier decomposition
given by Eq. 共18兲.
The peaks at the excitation frequency observed in the
spectra of Fig. 2 are ascribed to the presence of an upconversion process. To validate this interpretation, the inset in
Fig. 3 reports the time dependence of the instantaneous part
of the fluctuation spectrum at zero frequency, S ⬘␦ v ␦ v (t,0), for
a MWEF of 9 kV/cm and f ⫽500 GHz. The inset clearly
evidences that S ⬘␦ v ␦ v (t,0) exhibits a harmonic dependence
upon t with frequency 2 f and an amplitude that is twice
higher than the value of S̄ ␦ v ␦ v (  ) at  ⫽ f , in full agreement
with the analytical model of upconversion previously described. These results confirm that the peak in Fig. 1 originates from an upconversion phenomenon. As follows from
Fig. 2, the upconversion peak appears at f ⭓100 GHz as an
additional superposition on the Lorentzian spectrum whose
net contribution is represented by the first term in the righthand side of Eq. 共17兲. With a further increase of f, the relative contribution of the peak increases so that the maximum
value of the upconverted noise exceeds several times the
value of the regular contribution that originates from the velocity fluctuations inside different groups.
As demonstrated in Ref. 15, under the conditions for
which we obtain the upconversion peak in S̄ ␦ v ␦ v (  ), two
groups of carriers with different behavior in response to the
MWEF can be found in the passive region, i.e., at (k)
⬍ប  0 . The first group consists of carriers that cannot reach
the optical-phonon energy during half a period of the
MWEF, so that their free motion always takes place inside
the passive region of k space. The second group consists of
carriers that synchronize their free motion with the field
phase in such a way that each carrier emits at least one optical phonon during every half period, i.e., it reaches the
active region boundary ⫽ប  0 . The transfer of electrons
between the two groups is a stochastic process driven by
strongly randomizing scattering events occurring inside the
passive region.
The formation and evolution of these two groups of carriers is illustrated in Fig. 4, which reports the distribution
function along the field direction f (k x ,t) during half a period
of the MWEF at different time moments. Here, the peak of
the distribution corresponds to the group of carriers that cannot reach the active region boundary, and the lower plateau
corresponds to the group of carriers that emit an optical phonon twice per period.
The quite different dynamics of carriers inside the two
groups is illustrated in Fig. 5, which shows the velocity time
history of a single electron 共solid line兲. For comparison, the
dashed line plots the function A sin(2 ft) with a proper amplitude that evidences the velocity time dependence of the
ballistic motion between scattering events. One can clearly
detect two types of velocity sequences, which correspond to
different groups. During the initial time period, from 0 to
about 5 ps, the electron is in the group that emits an optical
phonon each half of the MWEF period. During the final time
period, from 5 to about 10 ps, the electron is in the other
group which performs a nearly ballistic motion in momen-

FIG. 4. Hot-electron distribution function in wave-vector space
along the field direction, f (k x ,t), calculated at different time moments corresponding to different phases 共0,  /4,  /2, 3  /4,  ;
curves 1–5, respectively兲 of the MWEF E sin(2 ft), with E
⫽9 kV/cm and f ⫽500 GHz. Vertical lines at k⫽5.16⫻106 cm⫺1
refer to the boundaries of the passive region.

tum space. In accordance with the above model, the transitions between these two behaviors are responsible for the
partition noise contribution 关the second and third terms in
Eq. 共17兲兴.
Therefore, the low-frequency part of the upconverted
spectrum presented in Fig. 3, which shows a near-Lorentzian
shape, is caused by the stochastic transitions of carriers between the two groups. In the same figure, the presence of the
peaks at the double frequency 2 f in S 2 (  ) is attributed to the
strong nonlinearity present in the system due to the coherentin-time emission of two optical phonons at every MWEF
period.
The second application concerns with the upconversion of
partition noise related to the stochastic transitions between
the lowest (⌫) and upper (X, L) valleys that occur in compound semiconductors when the amplitude of the MWEF is
high enough for intervalley transitions to take place. To this
purpose, Fig. 6 shows the stationary spectral density of velocity fluctuations calculated by MC simulations in bulk
GaAs at T 0 ⫽300 K for a MWEF of f ⫽600 GHz and in-

FIG. 5. Piece of time history of the parallel velocity 共solid line兲
and function A sin(2 ft) with a proper amplitude 共dashed line兲. f
⫽250 GHz; E⫽4 kV/cm.
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FIG. 6. Stationary spectral density of velocity fluctuations calculated when a MWEF with frequency f ⫽600 GHz and different
amplitudes E is applied to bulk GaAs with donor concentration
N D ⫽1016 cm⫺3 and T 0 ⫽300 K.

FIG. 8. Upconverted spectral density S 2 (  )⫽ 21 S ␦part
v ␦ v (  ) calculated for the same conditions of Fig. 7 for f ⫽600, 800, and 1000
GHz 共curves 1–3兲, respectively. The inset shows the time dependence of S ⬘␦ v ␦ v (t,0) in case 1 during one period of the MWEF.

creasing amplitude values. MC simulations take into account
three spherically symmetric nonparabolic ⌫, L, and X valleys. The parameters of the band-structure and scattering
mechanisms of GaAs are taken from Ref. 16.
As follows from Fig. 6, at low amplitudes of the MWEF
the spectrum shows the usual Lorentzian shape. When the
field amplitude becomes sufficiently high for the onset of
intervalley transfer, a peak at the MWEF frequency appears,
initially the more pronounced the higher the field amplitude.
Then, with the further increase of E above 10 kV/cm the
peak starts to decrease and slightly shifts to higher frequencies 共see the curve for 20 kV/cm兲. Such behavior is quite
similar to that exhibited by the two groups under lowtemperature optical-phonon scattering considered above 共see
Fig. 1兲. Again, the observed peak is attributed to an upconversion process. In this case the two groups of carriers exhibiting a very different velocity response to the MWEF correspond to those populating the lowest (⌫) and upper (L, X)
valleys; therefore, the upconverted spectrum is associated
with the random transitions between these groups.
To validate this interpretation, Figs. 7 and 8 provide additional information about the frequency and time depen-

dence of the various components of the noise spectrum. The
behavior of the stationary noise spectrum S̄ ␦ v ␦ v (  ) when the
MWEF frequency increases and the amplitude remains constant is illustrated in Fig. 7. For comparison, the static case is
reported as a solid line. To keep a similar heating of carriers,
the steady-state calculations were performed at the static
electric field E 0 ⫽7 kV/cm⬇E/ 冑2. Note that in the static
case, the correlation function of velocity fluctuations exhibits
a significant negative tail caused by 共i兲 carrier transfer between the lower and upper valleys, where carriers have on
average opposite deviations from the mean velocity, and 共ii兲
carriers that return to the ⌫ valley with wave vector k x ⬍0,
cross the ⌫ valley practically ballistically, and then are scattered back to upper valleys at k x ⬎0. 12,17–19 As a consequence, the spectral density of velocity fluctuations,
S ␦ v ␦ v (  ), exhibits a significant reduction of the lowfrequency noise, a hot-carrier peak at  ⬇300 GHz, and a
monotonous decrease in the highest-frequency region. With
the increase of f this hot-carrier peak first shifts to a higherfrequency region 共Fig. 7, dashed lines兲 and finally evolves 共at
f ⬇500 GHz) into a resonantlike peak around f where the
correlation function of velocity fluctuations shows oscillations with frequency f. This proves the resonant origin of the
peak. At a fixed value of E for f ⭓500 GHz the peak shifts
linearly with f and becomes less pronounced 共dash-dotted
lines兲 since the ratio E/ f starts to deviate considerably from
the optimal value. Under optimal conditions, i.e., keeping the
ratio E/ f nearly constant at a value of about 15
kV cm⫺1 THz⫺1 , the peak is found to shift to a higher frequency, keeping practically the same amplitude in full analogy with the case of InN considered above. The peak originates from the upconversion process, as confirmed by the
results reported in the inset of Fig. 8. Here, the zerofrequency value of the nonstationary part of the instantaneous spectral density S ⬘␦ v ␦ v (t,0) is found to exhibit purely
harmonic behavior at a frequency 2 f , when this is higher
than 500 GHz. For f ⬍500 GHz the harmonic behavior of
S ⬘␦ v ␦ v (t,0) is found to vanish, and thus no clear upconversion
peak is observed in S̄ ␦ v ␦ v (  ).
As shown in Fig. 8, where the upconverted spectrum

FIG. 7. Stationary spectral density of velocity fluctuations calculated for the same semiconductor of Fig. 6 and a MWEF with
amplitude E⫽10 kV/cm and different frequencies f ⫽200, 400,
600, 800, and 1000 GHz 共curves 1–5兲, respectively.
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S 2 (  )⫽ 21 S ␦part
v ␦ v (  ) is plotted for several frequencies of the
electric field, in the case of intervalley transfer S 2 (  ) takes a
shape similar to that observed in Fig. 3 for the previous
example. However, in Fig. 8 all higher harmonics S n (  ) with
n⫽2 are negligible when compared with S 2 (  ). As follows
from Figs. 6– 8, the maximum contribution of partition noise
upconverted to the high-frequency range has practically the
same magnitude of the regular noise.
The spectra presented in Fig. 8 are well described by the
usual formula for partition noise S(  )⫽S(0)/(1⫹  2  2g )
关see Eq. 共14兲兴 with S(0)⫽0.15, 0.13, and 0.8 m2/s and  g
⫽1.75, 2.1, and 2.3 ps for curves 1–3, respectively. This
further confirms that the spikes in Figs. 7 and 8 at f ⭓500
GHz are due to partition noise upconversion. Since the characteristic time  g of intergroup exchange is about 2 ps, the
lower-frequency limit simply implies that to observe the upconversion the applied signal frequency must be higher than
the characteristic rate of intergroup exchange, that is, f
⭓1/ g .
It should be emphasized that in the case considered here,
the population of X valleys is very low 共less than 1%兲 so that
main intervalley exchange is between ⌫ and L valleys. By
considering the case of E⫽10 kV/cm and f ⫽600 GHz, we
compare the value of the characteristic intergroup time  g
⬇2 ps with the lifetimes in ⌫ and L valleys  ⌫ ⫽1.27 ps and
 L ⫽0.44 ps, respectively, as well as with the characteristic
intervalley time  inter ⫽0.33 ps. From this comparison we
conclude that the obtained intergroup time is significantly
longer than the characteristic times of intervalley transfer.
Therefore, in this case the intergroup exchange cannot be
reduced to the simple intervalley exchange. Moreover, the
systematic transformation of the hot-carrier peak into a resonant peak with the increase of the MWEF frequency 共see
Fig. 7兲 leads us to conclude that the same individual groups
play an essential role in the formation of both kind of peaks.
Thus, in full analogy with the first example considered previously, one can suppose that the two groups are formed by
共i兲 low-energy ⌫-valley electrons with insufficient energy for
intervalley transfer to take place, which move in nearly a
straight line while crossing the ⌫ valley due to the forward
character of polar optical-phonon scattering and 共ii兲 all other
high-energy electrons that suffer very quick randomizing
scatterings due to intense intervalley and intravalley 共in upper valleys兲 scattering.
To support this microscopic interpretation, Fig. 9 shows
the electron distribution, n(), normalized to unity in energy
space: 兰 n()d⫽1, at three values of the MWEF phase.
Two peaks in the energy distribution, corresponding to the
two above-mentioned groups, are evident. The peak at low
energy and its tail originate from low-energy ⌫ electrons, the
energy of which is insufficient for intervalley transfer. The
significant change of this peak with the MWEF phase is a
consequence of the quasiballistic character of the carrier motion in this group. The peak at high energy is related to
L-valley electrons and to high-energy ⌫ electrons involved
into intervalley transfer. The change with phase of this peak
is negligibly small and caused mostly by a small time modulation of the average populations of the two groups. This

FIG. 9. Electron distribution in energy space at different phases
(  /4,  /2, 3  /4, curves 1–3, respectively兲 of the MWEF. f
⫽600 GHz; E⫽10 kV/cm.

confirms that carrier exchange between these groups satisfies
the stochastic character required to justify the analytical
model.
To illustrate the existence of the different time scales of
carrier exchange, Fig. 10 shows the time dependence of the
correlation function of fluctuations of the relative population
of the ⌫ valley, C nn (s), calculated by the MC method for
E⫽10 kV/cm and f ⫽600 GHz 共solid line兲. In full agreement with the analytical model of Sec. II 关see Eq. 共11兲兴,
C nn (0)⫽n ⌫ n L , where n ⌫ ⫽0.74 and n L ⫽0.26 are the average relative populations of ⌫ and L valleys, respectively. As
follows from Fig. 10, the initial decay of the correlation
function is described by the short intervalley transfer time
 inter ⫽0.327 ps 共corresponding to the inverse of the slope of
the figure兲. It originates from high-energy electrons undergoing fast intervalley transitions. Then, the final decay is described by a long characteristic time  ⫽1.75 ps 共corresponding to the inverse of the slope of the dashed line in the figure兲
associated with low-energy ⌫ electrons. It is just this time
which is associated with the Lorentzian approximation of the
upconverted spectrum presented in Fig. 8 共see curve 1兲, and,

FIG. 10. Correlation function of fluctuations of the relative
population of the ⌫ valley as a function of correlation time s 共solid
line兲. Dotted and dashed lines show the short- and long-time slopes
of C nn (s). Calculations refer to a MC simulation performed at f
⫽600 GHz, with E⫽10 kV/cm.
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FIG. 11. Piece of time history of the parallel velocity 共solid line兲
and function A sin(2 ft) with a proper amplitude 共dashed line兲. f
⫽600 GHz; E⫽10 kV/cm.

hence, it describes the electron exchange between the lowand high-energy groups.
The electron transitions between the two groups result in
significant changes of the character of carrier motion in momentum space which, in accordance with the model presented above, sets the basis of the upconversion phenomenon. This is illustrated by Fig. 11, which shows the velocity
time history of a single electron 共solid line兲. For comparison,
the dashed line plots the function A sin(2 ft) with a proper
amplitude which evidences the amplitude modulation of the
time history.
The upconversion phenomenon considered above determines the behavior of the spectral density of velocity fluctuations in the homogeneous case. Under conditions in which
the spatial correlation of velocity fluctuations becomes negligible 共see, for example, Ref. 20兲, the spectral density of
velocity fluctuations is usually considered as the local 共in
real space兲 source of carrier diffusion noise. In turn, through
the transfer fields this noise source determines the fluctuations of either the voltage drop at the open terminals or the
current flow in the outside short circuit 共the so-called Norton
and Thenevin generators, respectively兲. These voltages 共or
current兲 fluctuations are the quantities usually measured in
experiments. In the simple case of a homogeneous semiconductor resistor, the spectral density of current fluctuations,
S ␦ I ␦ I (  ), is given by
S ␦ I ␦ I 共  兲 ⫽e 2

A
nS
共  兲,
L ␦v␦v

共19兲

where e is the electron charge, A and L are the crosssectional area and the length of the resistor, n is the carrier
concentration, and S ␦ v ␦ v (  ) is the spectral density of velocity fluctuations. As follows from Eq. 共19兲, the spectrum of
S ␦ I ␦ I (  ) is determined entirely by the spectrum of S ␦ v ␦ v (  ).
In more complicated cases of inhomogeneous semiconductor
structures, the spectrum of current fluctuations is additionally
modified by the transfer fields,3,20 but, in any case, it is
strongly influenced by the peculiarities of the S ␦ v ␦ v (x,  )
spectra at the different positions x inside the structures.
This property of the spectrum of current fluctuations is
illustrated in Fig. 12, which presents the spectra of two ho-

FIG. 12. Spectral density of current fluctuations for two terminal
structures subjected to an applied voltage U a cos(2 ft) with U a
⫽6, 1.2, and 0.6 V 共curves 1–3兲 and f ⫽600 GHz. Calculations are
performed with a Monte Carlo simulator, self-consistently coupled
with a Poisson solver. Curves 1 and 2 refer, respectively, to homogeneous n-GaAs resistors (n⫽1016 cm⫺3 ) with L⫽6 and 1.2  m,
and A⫽10⫺13 and 2⫻10⫺14 m2 . Curve 3 refers to a submicron
0.3⫺0.6⫺0.3- m n ⫹ nn ⫹ GaAs structure with A⫽10⫺14 m2 , n
⫽1016 cm⫺3 , and n ⫹ ⫽2⫻1017 cm⫺3 . Curve 4 refers to S ␦ I ␦ I (  )
for the same resistor as in curve 1, calculated in accordance with
Eq. 共19兲 by using S ␦ v ␦ v (  ) obtained for bulk GaAs at E
⫽10 kV/cm.

mogeneous n-GaAs resistors (n⫽1016 cm⫺3 ) with Ohmic
contacts 共curves 1 and 2 for L⫽6 and 1.2  m and A
⫽10⫺13 and 2⫻10⫺14 m2 , respectively兲 and a submicron
0.3⫺0.6⫺0.3  m n ⫹ nn ⫹ GaAs structure 共curve 3, n
⫽1016 cm⫺3 , n ⫹ ⫽2⫻1017 cm⫺3 , and A⫽10⫺14 m2 ) calculated directly by an ensemble MC simulator, self-consistently
coupled with a solution of the Poisson equation as described
in Refs. 21–25. In the present case calculations were performed for an applied periodic voltage U(t)⫽U a cos(t) of
frequency f ⫽600 GHz. The amplitudes U a ⫽6, 1.2, and 0.6
V 共curves 1–3兲 were chosen to obtain the same conditions of
carrier heating as in bulk GaAs at E⫽10 kV/cm. For the
sake of comparison, curve 4 shows the result calculated in
accordance with Eq. 共19兲 with A/L⫽(1/6)⫻10⫺7 m 共value
valid for the three cases reported in the figure兲 by using
S ␦ v ␦ v (  ) as obtained for bulk material at similar conditions
共curve for E⫽10 kV/cm in Fig. 6兲.
In all the cases shown in Fig. 12 the current spectrum
S ␦ I ␦ I (  ) contains the upconversion component, which appears around the frequency of the applied voltage f
⫽600 GHz. For homogeneous resistors with L⭓6  m the
frequency dependence of the spectral density of current fluctuations is found to agree satisfactorily 共within 10% at worst
in the low-frequency region兲 with the result given by Eq.
共19兲 and presented by curve 4. With the decrease of the resistor length, a systematic reduction of the power of fluctuations takes place 共see curve 2 for L⫽1.2  m). This reduction is due to the fact that, by decreasing L, the transit time  t
necessary for a carrier to cross the resistor becomes comparable to the scattering time, thus suppressing the correlation
of fluctuations at times longer than  t , i.e., a transition from
diffusive to ballistic transport regime takes place.26,27 In the
n ⫹ nn ⫹ structure, along with a similar low-frequency noise
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reduction, an additional plasma peak at the highest frequencies 共about 3 THz兲 appears, originated from carrier fluctuations around the n ⫹ n homojunctions.22 Thus, despite the
various modifications of the current noise spectra, the upconversion phenomenon is confirmed in all cases as an output
measurable quantity in real structures.
IV. CONCLUSIONS

We have reported a theoretical investigation of the upconversion of hot-carrier partition noise in bulk semiconductors
operating under periodic large-signal conditions. It is shown
that the low-frequency partition noise can result from fluctuations of the relative populations of momentum space regions 共groups of carriers兲 characterized by essentially different dynamics of the single carrier motion 共e.g., ballistic- or
diffusive-like兲. Such a subdivision into different regions
共groups兲, takes place under the dynamical heating of carriers
by the microwave electric field when with the increase of an
average energy of carriers an intense scattering mechanism,
such as optical-phonon emission at low temperatures or electron transitions to upper valleys, becomes abruptly active
above about a given amplitude of the electric-field strength.
Under cyclostationary conditions, the subdivision into
groups is proven to be invariant for a given value of the ratio
between the amplitude and the frequency of the MWEF E/ f .
We show analytically, and validate by Monte Carlo simulations, that a purely harmonic behavior of the second harmonic of the instantaneous spectral density of velocity fluctuations at the double fundamental frequency should be
considered a signature of the noise upconversion. In accordance with the picosecond time scale characteristic of hotcarrier partition noise, the upconversion takes place mostly
around the THz frequency range.
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S. Pérez, T. González, S. L. Delage, and J. Obregon, J. Appl.
Phys. 88, 800 共2000兲.
8
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