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Upconversion of partition noise in semiconductors operating under periodic large-signal conditions
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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 ofpartition noisewas first introduced for mul-
tigrid vacuum tubes, where this class of noise is genera
due to random distribution of electrons and, hence, electr
currents between various positive electrodes.1 Thus, in this
case the noise is caused by carrier number fluctuations
tween different groups of carriers located in real space.
contrast, in semiconductor materials and devices the part
noise results from random transitions of carriers between
or more physically distinct groups of electron states loca
in momentum space.2–5 For such a subdivision into groups t
take place, the characteristic time of carrier exchange
tween groups must be much longer than that for intragr
transitions. The usual physical examples are the trapp
detrapping processes and intervalley transitions in multiv
ley semiconductors~intervalley noise!. For two groups of
carriers, the partition noise is characterized by a sim
Lorentzian spectrum:2–5 S(v)5S(0)/@11v2tg

2#, wheretg

is the characteristic time of the intergroup transfer. In us
conditions, partition noise can manifest itself merely as
low-frequency noise atv<tg

21 . In the low-frequency re-
gion, the presence of other noise contributions originated
other mechanisms complicates significantly the investiga
of partition noise not only experimentally but also theore
cally, when direct statistical simulations of noise phenome
for example, by Monte Carlo~MC! methods, are used.

It is well known that in the presence of a periodic sign
of given amplitude an excess low-frequency noise com
nent can be transferred to a high-frequency region of
spectrum centered around the frequency of the periodic
nal and its harmonics~the so-calledupconversionof noise!.
0163-1829/2003/67~16!/165201~10!/$20.00 67 1652
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Typical examples are the transfer of 1/f or generation-
recombination low-frequency noise to the GHz region
voltage-controlled oscillators6 and systems driven by peri
odic large-amplitude excitations.7–9 One can expect simila
upconversion phenomena appearing under hot-carrier co
tions when the carrier distribution in momentum space c
be decomposed into two or more parts~groups!, each of
them with a quasi-independent dynamics of motion. The a
of this paper is to theoretically investigate such a possibi
by means of MC simulations of hot-carrier noise when
harmonic microwave electric field~MWEF! is applied to
bulk semiconductors. For this sake, we first consider a s
plified model of partition-noise upconversion to obtain t
signature of the upconversion phenomenon within an ana
cal approach~Sec. II!. Then, by MC simulations we investi
gate two cases of relevant physical interest when at least
groups of carriers can appear under hot-carrier conditi
~Sec. III!. The procedure for the noise analysis is based
MC calculations of the two-time symmetric correlation fun
tion as detailed in Ref. 10. The signature of noise upconv
sion will be analyzed and validated by comparing the res
of the simulations with those of the analytical model. T
main conclusions will be presented in Sec. IV.

II. MODEL

Here we use the conventional definition of diffusion noi
source as applied to semiconductor materials and device
implies that an initial~primitive! fluctuation takes place only
in momentum space and originates from the instantane
scattering of a carrier with lattice imperfections~impurities,
phonons, etc.!.11 As a consequence, fluctuations in real spa
©2003 The American Physical Society01-1
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must be considered as induced by a primitive random p
cess in momentum space. To single out such a peculiarit
the diffusion noise source, the instantaneous carrier distr
tion function, f (p,x,t), is usually factorized with respect t
real and momentum spaces as

f ~p,x,t !5F~p,x,t !n~x,t !, ~1!

wheren(x,t) andF(p,x,t) are, respectively, the carrier con
centration and the density of the momentum distribution
carriers placed at timet in the neighborhood of pointx in real
space~for simplicity, one-dimensional real space is cons
ered!. The representation off (p,x,t) given by Eq.~1! as-
sumes the invariance in time and space of the normaliza
of F(p,x,t) given by

E
V

F~p,x,t !dp51, ~2!

whereV is the whole momentum space. Since during a sc
tering event only the carrier momentum is changed, car
scatterings are equivalent to spontaneous fluctuations
F(p,x,t) which do not violate its normalization given by Eq
~2!. At a macroscopic level it is convenient to describe su
fluctuations as fluctuations of the drift velocity,

vd~x,t !5E
V

v~p!F~p,x,t !dp, ~3!

wherev(p) is the carrier group velocity depending on th
value of the momentump. To exclude from further consid
eration fluctuations ofvd(x,t) induced by the self-consisten
electric field and nonlocal effects appearing on the me
free-path length scale, let us consider the case of an ho
geneous semiconductor with frozen, i.e., constant in time
space, carrier concentrationn(x,t)5const. In such a case
the fluctuations of the drift velocityvd(t) with respect to the
statistical average valuev̄d , dvd(t)5vd(t)2 v̄d , are caused
only by scattering events, which is the condition under wh
they can be considered as the primitive source of diffus
noise.

Let us subdivide the momentum space into two nonov
lapping volumes~groups! V1 andV2 (V11V25V) where
carriers can be characterized by some different propertie
is easy to infer that because of this subdivision the insta
neous value of the drift velocity can be decomposed as

vd~ t !5v1~ t !p1~ t !1v2~ t !p2~ t !, ~4!

where

v i~ t !5E
V i

v~p!F~p,t !dp/E
V i

F~p,t !dp ~5!

is the instantaneous average velocity of carriers inside
momentum volumeV i and

pi~ t !5E
V i

F~p,t !dp ~6!
16520
-
of
u-

f

-

n

t-
r
of

h

n-
o-
d

h
n

r-

It
a-

e

is the relative population of this volume. Due to the con
tion given by Eq.~2!, the instantaneous values of the relati
populations must satisfy the condition

p1~ t !1p2~ t !51. ~7!

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

dvd~ t !5dv reg~ t !1dvpart~ t !, ~8!

where

dv reg~ t !5dv1~ t ! p̄11dv2~ t ! p̄2 ~9!

is the regular component describing fluctuations inside
groups, and

dvpart~ t !5~ v̄12 v̄2!dp~ t ! ~10!

is the partition component describing fluctuations caused
intergroup transitions induced by scattering events when
average statistical velocities in the groups are different,v̄1

Þ v̄2. Equation~10! takes into account that, due to the co
dition given by Eq.~7!, fluctuations of the relative popula
tions of the two groups are entirely correlated,dp1(t)5
2dp2(t)5dp(t).

Such a formal decomposition of carriers in momentu
space is of physical meaning only in the case in which
locity fluctuations inside the groups,dv i(t), and fluctuations
of the relative populationsdp(t) are statistically indepen
dent, that is,dv1(t)dv2(t )̄50 anddv i(t)dp(t )̄50. Usually
this takes place when the characteristic time of the intergr
exchangetg@t i ( i 51,2), wheret i is the characteristic re
laxation time of velocity fluctuations inside thei th group.
Under these conditions, the fluctuations of the relative oc
pation of regions in momentum space manifest themselve
an independent source of fluctuations with respect to
usual velocity fluctuations. Such a situation can be expec
when the character of carrier motion in momentum sp
changes drastically between two kinds of dynamics that
exist simultaneously. Here, we will not enter into the deta
of the processes occurring inside groups, assuming only
the intergroup exchange time is longer than any other ch
acteristic times in the system. In this case, the two-time c
relation function describing the fluctuations of the relati
populations of the two groups can be represented as

Cdpdp~ t8,t9!5 p̄1p̄2e2ut82t9u/tg. ~11!

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

Cdvdv~ t82t9!5Cdvdv
reg ~ t82t9!1~ v̄12 v̄2!2p̄1p̄2e2ut82t9u/tg,

~12!

whereCdvdv
reg (t82t9)5dv reg(t8)dv reg(t9). By applying the

Wiener-Kintchine theorem to Eq.~12!, one obtains the spec
tral density of velocity fluctuations2–5 to be

Sdvdv~v!5Sdvdv
reg ~v!1Sdvdv

part ~v!, ~13!
1-2
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UPCONVERSION OF PARTITION NOISE IN . . . PHYSICAL REVIEW B67, 165201 ~2003!
where

Sdvdv
part ~v!5

4~ v̄12 v̄2!2p̄1p̄2tg

11v2tg
2

~14!

is the contribution of the intergroup fluctuations to the to
spectral density of drift velocity fluctuations. Thus, und
stationary conditions the source of partition noise is prop
tional to a square of a group velocity difference and ma
fests itself as an additional low-frequency noise atv
,tg

21 . Since the intensity of the partition component of v
locity fluctuations is proportional to the statistical averag
of the group occupancies@see Eq.~14!#, this noise compo-
nent exhibits the maximum contribution when the occup
cies are equal, i.e.,p̄15 p̄250.5. Therefore, in the transition
from one type of carrier dynamics in momentum space~one
group! to the other one~second group!, the appearance of a
extra noise is expected, in full analogy with a phase tran
tion. In semiconductors, where some scattering mechan
has a threshold character~optical-phonon emission, interva
ley scattering, etc.! such a transition takes place with th
increase of the electric-field strength when the carrier ene
begins to exceed some threshold value. Usually such a t
sition manifests itself as a kink in the static velocity-fie
relation.12

Let us now generalize the partition noise described ab
to the case of the so-calledcyclostationaryconditions, when
carriers are heated by a strong monochromatic MWEF
frequencyf. Under these conditions, the statistical indepe
dence of velocity fluctuations inside the groupsdv i and of
fluctuations in their populationdp(t) will take place only
when f @tg

21 . In the opposite case, a modulation of the a

erage statistical value of the relative populationsp̄i(t) and,
hence, ofdp(t) during a MWEF period will take place. Un
der the conditionf @tg

21 , only the average statistical valu
of the group velocities will keep the dependence on ti
during a MWEF period. Let us suppose, for simplicity, th
the velocity response of each group to the MWEF is a
harmonic with frequencyf:

v̄ i~ t !5 v̄ i cos~2p f t1f i !. ~15!

Without loss in generality, in the following we takef i50.
Now the two-time correlation function of velocity fluctua

tions takes the form

Cdvdv~ t8,t9!5Cdvdv
reg ~ t8,t9!1~ v̄12 v̄2!2p̄1p̄2e2

ut82t9u
tg

3cos~2p f t8!cos~2p f t9!, ~16!

which, because of cyclostationary conditions, cannot be
duced to a single-time dependence given by the time dif
encet82t9. In such a case it is convenient to use a corre
tion function that is symmetric with respect to the curre
phasef52p f t of the MWEF.13 By replacing in Eq.~16!
t85t2s/2 and t95t1s/2, wheret and s are the phase an
correlation times, respectively, and performing the Fou
16520
l
r
r-
i-

-
s

-

i-
m

y
n-

e

f
-

-

e
t
o

e-
r-
-
t

r

transformation with respect to the correlation times, one
finally obtains the instantaneous spectral density, which
pends on the phase timet:13

Sdvdv~ t,v!5Sdvdv
reg ~ t,v!1

1

4
@Sdvdv

part ~v22p f !

1Sdvdv
part ~v12p f !#1

1

2
Sdvdv

part ~v!cos~4p f t !,

~17!

whereSdvdv
part (v) is the partition noise contribution given b

Eq. ~14!. As follows from Eq. ~17!, under cyclostationary
conditions one-half of the low-frequency partition noise co
tribution is upconverted to the high-frequency region of t
stationary component of the instantaneous spectral densi
velocity fluctuationsS̄dvdv(v) ~the term in square brackets
which is subdivided into two parts shifted symmetrically
positive and negative frequencies!. The remaining half@last
term in Eq.~17!# remains in the low-frequency region, but
corresponds to the nonstationary part of the spectr
Sdvdv8 (t,v)5Sdvdv(t,v)2S̄dvdv(v), which in general is pe-
riodic with the MWEF frequency and contains a pronounc
harmonic component at frequency 2f . This behavior is taken
as the signature of the upconversion phenomenon and ca
used to identify the upconverted part of the spectru
Sdvdv

part (v), in the numerical simulation of fluctuation phe
nomena under cyclostationary conditions.

Indeed, under these conditions the instantaneous spe
density is always a periodic function of the phase timet and
can be decomposed into a Fourier series as

Sdvdv~ t,v!5S̄dvdv~v!1 (
n51

`

Sn~v!cos~2p f nt1fn!.

~18!

When the harmonics of the regular partSdvdv
reg (t,v) are neg-

ligible, the regular part and the upconverted spectrum@first
and second terms in the right hand side of Eq.~18!, respec-
tively# constitute the stationary part@S̄dvdv(v) term in Eq.
~18!#, while the partition noise spectrum@last term in Eq.
~17!# will determine the frequency dependence of the sec
harmonic in Eq.~18!, S2(v)5 1

2 Sdvdv
part (v).

The situation considered above corresponds to the cas
which the average velocity of each group of carriers is
pure harmonic type, as indicated by Eq.~15!. In a more
general case it can contain also higher harmonics. Then
Eq. ~18! the stationary spectral density will contain upco
version peaks around harmonicsk f (k53,5, etc.! of the fun-
damental frequencyf, while the time-dependent spectral de
sity will contain contributions Sn(v) at the doubled
frequenciesn52k.

III. NUMERICAL RESULTS

Below we investigate two cases of relevant physical
terest pertaining to bulk semiconductors subject to lar
amplitude MWEF, where the upconversion of partition no
is clearly evidenced. As a first application, we consider b
1-3
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n-InN at a lattice temperatureT0580 K when the MWEF
amplitude is sufficiently lower than that necessary for int
valley transfer to occur and most of the electrons are loca
at energies below that of the optical phonon. The parame
of the n-InN band structure and scattering mechanisms u
in MC simulation are taken from Ref. 14.

Figure 1 presents the stationary component of the spe
density of velocity fluctuations,S̄dvdv(n), calculated for in-
creasing values of the amplitudeE of a MWEF of frequency
f 5500 GHz. For the lowest valueE52 kV/cm @solid line
in Fig. 1~a!# the carrier heating is insufficient for the electro
energy « to reach the optical-phonon energy\v0
589 meV. Accordingly, all the carriers remain in the ener
region«,\v0 ~the so-called passive region!, where because
of the low lattice temperature the main sources of scatte
are acoustic phonons and ionized impurities with an effec
relaxation time of about 3 ps. As a consequence, the s
trum of velocity fluctuations is found to take the usu
Lorentzian shape with the cutoff frequency given by the
erage scattering rate. With the increase ofE, we found the
onset of a peak at the MWEF frequency,n5 f , and of minor
peaks at higher harmonics@see Fig. 1~a!#. The peak reache
the maximum value atE59 kV/cm @dotted line in Fig. 1~a!#
and then quickly disappears with a further increase ofE @see
Fig. 1~b!#. Finally, the spectrum takes again a ne
Lorentzian shape@solid line in Fig. 1~b!#. Here the field am-

FIG. 1. ~a! Appearance and~b! disappearance of the resonan
like peak of the stationary spectral density of velocity fluctuatio
calculated by the MC method when a MWEF with frequencyf
5500 GHz and different amplitudesE is applied to bulk InN with a
donor concentrationND51016 cm23 at T0580 K.
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plitude is sufficiently high for all the carriers to acquire a
energy «.\v0 during every half period of the MWEF
Thus, carriers enter the so-called active region, where t
quickly emit an optical phonon, and return back to the cen
of the passive region.

As follows from Fig. 1, the peak at the MWEF frequenc
is practically superimposed to the Lorentzian part of t
spectrum and can be considered as an extra noise attrib
to an upconversion phenomenon. To support this interpr
tion, we have considered the dependence of the diffe
spectral densities upon the frequency of the MWEF.

Accordingly, the stationary part of the fluctuation spe
trum S̄dvdv(n) and the upconverted noise spectrum, cor
sponding to1

2 Sdvdv
part (n) in Eq. ~17!, calculated for different

frequenciesf and amplitudesE of the MWEF, are presented
in Figs. 2 and 3, respectively. Since in a harmonic field
change of carrier momentum during a free flight is prop
tional to (E/ f )sin(2pft), calculations are performed, keepin
the ratioE/ f nearly constant to provide similar trajectories
carrier free motion in the passive region at different frequ
cies f. Both S̄dvdv(n) and Sdvdv8 (t,n) are directly obtained

s

FIG. 2. Stationary spectral density of velocity fluctuations c
culated for the same semiconductor of Fig. 1 under the applica
of MWEFs with frequenciesf 5133, 250, 500, 800, and 1000 GH
and amplitudesE52, 4, 9, 15, and 19 kV/cm~curves 1–5!, respec-
tively.

FIG. 3. Upconverted spectral density1
2 Sdvdv

part (n) calculated for
the same conditions of Fig. 2~curves 1–5!. The inset shows the
time dependence ofSdvdv8 (t,0) for case 3 during one period of th
MWEF.
1-4
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UPCONVERSION OF PARTITION NOISE IN . . . PHYSICAL REVIEW B67, 165201 ~2003!
from the MC simulations, while1
2 Sdvdv

part (n) is calculated as
the second harmonicS2(n) of the Fourier decomposition
given by Eq.~18!.

The peaks at the excitation frequency observed in
spectra of Fig. 2 are ascribed to the presence of an up
version process. To validate this interpretation, the inse
Fig. 3 reports the time dependence of the instantaneous
of the fluctuation spectrum at zero frequency,Sdvdv8 (t,0), for
a MWEF of 9 kV/cm andf 5500 GHz. The inset clearly
evidences thatSdvdv8 (t,0) exhibits a harmonic dependenc
upon t with frequency 2f and an amplitude that is twic

higher than the value ofS̄dvdv(n) at n5 f , in full agreement
with the analytical model of upconversion previously d
scribed. These results confirm that the peak in Fig. 1 or
nates from an upconversion phenomenon. As follows fr
Fig. 2, the upconversion peak appears atf >100 GHz as an
additional superposition on the Lorentzian spectrum wh
net contribution is represented by the first term in the rig
hand side of Eq.~17!. With a further increase off, the rela-
tive contribution of the peak increases so that the maxim
value of the upconverted noise exceeds several times
value of the regular contribution that originates from the v
locity fluctuations inside different groups.

As demonstrated in Ref. 15, under the conditions
which we obtain the upconversion peak inS̄dvdv(n), two
groups of carriers with different behavior in response to
MWEF can be found in the passive region, i.e., at«(k)
,\v0. The first group consists of carriers that cannot rea
the optical-phonon energy during half a period of t
MWEF, so that their free motion always takes place ins
the passive region ofk space. The second group consists
carriers that synchronize their free motion with the fie
phase in such a way that each carrier emits at least one
tical phonon during every half period, i.e., it reaches
active region boundary«5\v0. The transfer of electrons
between the two groups is a stochastic process driven
strongly randomizing scattering events occurring inside
passive region.

The formation and evolution of these two groups of c
riers is illustrated in Fig. 4, which reports the distributio
function along the field directionf (kx ,t) during half a period
of the MWEF at different time moments. Here, the peak
the distribution corresponds to the group of carriers that c
not reach the active region boundary, and the lower plat
corresponds to the group of carriers that emit an optical p
non twice per period.

The quite different dynamics of carriers inside the tw
groups is illustrated in Fig. 5, which shows the velocity tim
history of a single electron~solid line!. For comparison, the
dashed line plots the functionA sin(2pft) with a proper am-
plitude that evidences the velocity time dependence of
ballistic motion between scattering events. One can cle
detect two types of velocity sequences, which correspon
different groups. During the initial time period, from 0 t
about 5 ps, the electron is in the group that emits an opt
phonon each half of the MWEF period. During the final tim
period, from 5 to about 10 ps, the electron is in the ot
group which performs a nearly ballistic motion in mome
16520
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tum space. In accordance with the above model, the tra
tions between these two behaviors are responsible for
partition noise contribution@the second and third terms i
Eq. ~17!#.

Therefore, the low-frequency part of the upconvert
spectrum presented in Fig. 3, which shows a near-Lorent
shape, is caused by the stochastic transitions of carriers
tween the two groups. In the same figure, the presence o
peaks at the double frequency 2f in S2(n) is attributed to the
strong nonlinearity present in the system due to the coher
in-time emission of two optical phonons at every MWE
period.

The second application concerns with the upconversion
partition noise related to the stochastic transitions betw
the lowest (G) and upper (X, L) valleys that occur in com-
pound semiconductors when the amplitude of the MWEF
high enough for intervalley transitions to take place. To t
purpose, Fig. 6 shows the stationary spectral density of
locity fluctuations calculated by MC simulations in bu
GaAs atT05300 K for a MWEF of f 5600 GHz and in-

FIG. 4. Hot-electron distribution function in wave-vector spa
along the field direction,f (kx ,t), calculated at different time mo
ments corresponding to different phases~0, p/4, p/2, 3p/4, p;
curves 1–5, respectively! of the MWEF E sin(2pft), with E
59 kV/cm andf 5500 GHz. Vertical lines atk55.163106 cm21

refer to the boundaries of the passive region.

FIG. 5. Piece of time history of the parallel velocity~solid line!
and functionA sin(2pft) with a proper amplitude~dashed line!. f
5250 GHz;E54 kV/cm.
1-5
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P. SHIKTOROVet al. PHYSICAL REVIEW B 67, 165201 ~2003!
creasing amplitude values. MC simulations take into acco
three spherically symmetric nonparabolicG, L, and X val-
leys. The parameters of the band-structure and scatte
mechanisms of GaAs are taken from Ref. 16.

As follows from Fig. 6, at low amplitudes of the MWE
the spectrum shows the usual Lorentzian shape. When
field amplitude becomes sufficiently high for the onset
intervalley transfer, a peak at the MWEF frequency appe
initially the more pronounced the higher the field amplitud
Then, with the further increase ofE above 10 kV/cm the
peak starts to decrease and slightly shifts to higher frequ
cies ~see the curve for 20 kV/cm!. Such behavior is quite
similar to that exhibited by the two groups under low
temperature optical-phonon scattering considered above~see
Fig. 1!. Again, the observed peak is attributed to an upc
version process. In this case the two groups of carriers
hibiting a very different velocity response to the MWEF co
respond to those populating the lowest (G) and upper (L, X)
valleys; therefore, the upconverted spectrum is associ
with the random transitions between these groups.

To validate this interpretation, Figs. 7 and 8 provide a
ditional information about the frequency and time depe

FIG. 6. Stationary spectral density of velocity fluctuations c
culated when a MWEF with frequencyf 5600 GHz and different
amplitudesE is applied to bulk GaAs with donor concentratio
ND51016 cm23 andT05300 K.

FIG. 7. Stationary spectral density of velocity fluctuations c
culated for the same semiconductor of Fig. 6 and a MWEF w
amplitude E510 kV/cm and different frequenciesf 5200, 400,
600, 800, and 1000 GHz~curves 1–5!, respectively.
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dence of the various components of the noise spectrum.
behavior of the stationary noise spectrumS̄dvdv(n) when the
MWEF frequency increases and the amplitude remains c
stant is illustrated in Fig. 7. For comparison, the static cas
reported as a solid line. To keep a similar heating of carrie
the steady-state calculations were performed at the s
electric field E057 kV/cm'E/A2. Note that in the static
case, the correlation function of velocity fluctuations exhib
a significant negative tail caused by~i! carrier transfer be-
tween the lower and upper valleys, where carriers have
average opposite deviations from the mean velocity, and~ii !
carriers that return to theG valley with wave vectorkx,0,
cross theG valley practically ballistically, and then are sca
tered back to upper valleys atkx.0.12,17–19 As a conse-
quence, the spectral density of velocity fluctuation
Sdvdv(n), exhibits a significant reduction of the low
frequency noise, a hot-carrier peak atn'300 GHz, and a
monotonous decrease in the highest-frequency region. W
the increase off this hot-carrier peak first shifts to a highe
frequency region~Fig. 7, dashed lines! and finally evolves~at
f '500 GHz) into a resonantlike peak aroundf where the
correlation function of velocity fluctuations shows oscill
tions with frequencyf. This proves the resonant origin of th
peak. At a fixed value ofE for f >500 GHz the peak shifts
linearly with f and becomes less pronounced~dash-dotted
lines! since the ratioE/ f starts to deviate considerably from
the optimal value. Under optimal conditions, i.e., keeping
ratio E/ f nearly constant at a value of about 1
kV cm21 THz21, the peak is found to shift to a higher fre
quency, keeping practically the same amplitude in full an
ogy with the case of InN considered above. The peak or
nates from the upconversion process, as confirmed by
results reported in the inset of Fig. 8. Here, the ze
frequency value of the nonstationary part of the instan
neous spectral densitySdvdv8 (t,0) is found to exhibit purely
harmonic behavior at a frequency 2f , when this is higher
than 500 GHz. Forf ,500 GHz the harmonic behavior o
Sdvdv8 (t,0) is found to vanish, and thus no clear upconvers

peak is observed inS̄dvdv(n).
As shown in Fig. 8, where the upconverted spectr

-

-
h

FIG. 8. Upconverted spectral densityS2(n)5
1
2 Sdvdv

part (n) calcu-
lated for the same conditions of Fig. 7 forf 5600, 800, and 1000
GHz ~curves 1–3!, respectively. The inset shows the time depe
dence ofSdvdv8 (t,0) in case 1 during one period of the MWEF.
1-6
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S2(n)5 1
2 Sdvdv

part (n) is plotted for several frequencies of th
electric field, in the case of intervalley transferS2(n) takes a
shape similar to that observed in Fig. 3 for the previo
example. However, in Fig. 8 all higher harmonicsSn(n) with
nÞ2 are negligible when compared withS2(n). As follows
from Figs. 6–8, the maximum contribution of partition noi
upconverted to the high-frequency range has practically
same magnitude of the regular noise.

The spectra presented in Fig. 8 are well described by
usual formula for partition noiseS(v)5S(0)/(11v2tg

2)
@see Eq.~14!# with S(0)50.15, 0.13, and 0.8 m2/s andtg

51.75, 2.1, and 2.3 ps for curves 1–3, respectively. T
further confirms that the spikes in Figs. 7 and 8 atf >500
GHz are due to partition noise upconversion. Since the c
acteristic timetg of intergroup exchange is about 2 ps, t
lower-frequency limit simply implies that to observe the u
conversion the applied signal frequency must be higher t
the characteristic rate of intergroup exchange, that isf
>1/tg .

It should be emphasized that in the case considered h
the population ofX valleys is very low~less than 1%! so that
main intervalley exchange is betweenG and L valleys. By
considering the case ofE510 kV/cm andf 5600 GHz, we
compare the value of the characteristic intergroup timetg
'2 ps with the lifetimes inG andL valleystG51.27 ps and
tL50.44 ps, respectively, as well as with the characteri
intervalley timet inter50.33 ps. From this comparison w
conclude that the obtained intergroup time is significan
longer than the characteristic times of intervalley trans
Therefore, in this case the intergroup exchange canno
reduced to the simple intervalley exchange. Moreover,
systematic transformation of the hot-carrier peak into a re
nant peak with the increase of the MWEF frequency~see
Fig. 7! leads us to conclude that the same individual gro
play an essential role in the formation of both kind of pea
Thus, in full analogy with the first example considered p
viously, one can suppose that the two groups are formed
~i! low-energyG-valley electrons with insufficient energy fo
intervalley transfer to take place, which move in nearly
straight line while crossing theG valley due to the forward
character of polar optical-phonon scattering and~ii ! all other
high-energy electrons that suffer very quick randomiz
scatterings due to intense intervalley and intravalley~in up-
per valleys! scattering.

To support this microscopic interpretation, Fig. 9 sho
the electron distribution,n(«), normalized to unity in energy
space:*n(«)d«51, at three values of the MWEF phas
Two peaks in the energy distribution, corresponding to
two above-mentioned groups, are evident. The peak at
energy and its tail originate from low-energyG electrons, the
energy of which is insufficient for intervalley transfer. Th
significant change of this peak with the MWEF phase i
consequence of the quasiballistic character of the carrier
tion in this group. The peak at high energy is related
L-valley electrons and to high-energyG electrons involved
into intervalley transfer. The change with phase of this pe
is negligibly small and caused mostly by a small time mod
lation of the average populations of the two groups. T
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confirms that carrier exchange between these groups sat
the stochastic character required to justify the analyti
model.

To illustrate the existence of the different time scales
carrier exchange, Fig. 10 shows the time dependence o
correlation function of fluctuations of the relative populatio
of the G valley, Cnn(s), calculated by the MC method fo
E510 kV/cm and f 5600 GHz ~solid line!. In full agree-
ment with the analytical model of Sec. II@see Eq.~11!#,
Cnn(0)5nGnL , wherenG50.74 andnL50.26 are the aver-
age relative populations ofG andL valleys, respectively. As
follows from Fig. 10, the initial decay of the correlatio
function is described by the short intervalley transfer tim
t inter50.327 ps~corresponding to the inverse of the slope
the figure!. It originates from high-energy electrons underg
ing fast intervalley transitions. Then, the final decay is d
scribed by a long characteristic timet51.75 ps~correspond-
ing to the inverse of the slope of the dashed line in the figu!
associated with low-energyG electrons. It is just this time
which is associated with the Lorentzian approximation of
upconverted spectrum presented in Fig. 8~see curve 1!, and,

FIG. 9. Electron distribution in energy space at different pha
(p/4, p/2, 3p/4, curves 1–3, respectively! of the MWEF. f
5600 GHz;E510 kV/cm.

FIG. 10. Correlation function of fluctuations of the relativ
population of theG valley as a function of correlation times ~solid
line!. Dotted and dashed lines show the short- and long-time slo
of Cnn(s). Calculations refer to a MC simulation performed atf
5600 GHz, withE510 kV/cm.
1-7
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P. SHIKTOROVet al. PHYSICAL REVIEW B 67, 165201 ~2003!
hence, it describes the electron exchange between the
and high-energy groups.

The electron transitions between the two groups resu
significant changes of the character of carrier motion in m
mentum space which, in accordance with the model p
sented above, sets the basis of the upconversion phen
enon. This is illustrated by Fig. 11, which shows the veloc
time history of a single electron~solid line!. For comparison,
the dashed line plots the functionA sin(2pft) with a proper
amplitude which evidences the amplitude modulation of
time history.

The upconversion phenomenon considered above d
mines the behavior of the spectral density of velocity flu
tuations in the homogeneous case. Under conditions in w
the spatial correlation of velocity fluctuations becomes n
ligible ~see, for example, Ref. 20!, the spectral density o
velocity fluctuations is usually considered as the local~in
real space! source of carrier diffusion noise. In turn, throug
the transfer fields this noise source determines the fluc
tions of either the voltage drop at the open terminals or
current flow in the outside short circuit~the so-called Norton
and Thenevin generators, respectively!. These voltages~or
current! fluctuations are the quantities usually measured
experiments. In the simple case of a homogeneous semi
ductor resistor, the spectral density of current fluctuatio
SdIdI(v), is given by

SdIdI~v!5e2
A

L
nSdvdv~v!, ~19!

where e is the electron charge,A and L are the cross-
sectional area and the length of the resistor,n is the carrier
concentration, andSdvdv(v) is the spectral density of veloc
ity fluctuations. As follows from Eq.~19!, the spectrum of
SdIdI(v) is determined entirely by the spectrum ofSdvdv(v).
In more complicated cases of inhomogeneous semicondu
structures, the spectrum of current fluctuations is addition
modified by the transfer fields,3,20 but, in any case, it is
strongly influenced by the peculiarities of theSdvdv(x,v)
spectra at the different positionsx inside the structures.

This property of the spectrum of current fluctuations
illustrated in Fig. 12, which presents the spectra of two

FIG. 11. Piece of time history of the parallel velocity~solid line!
and functionA sin(2pft) with a proper amplitude~dashed line!. f
5600 GHz;E510 kV/cm.
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mogeneousn-GaAs resistors (n51016 cm23) with Ohmic
contacts ~curves 1 and 2 forL56 and 1.2 mm and A
510213 and 2310214 m2, respectively! and a submicron
0.320.620.3 mm n1nn1 GaAs structure~curve 3, n
51016 cm23, n15231017 cm23, andA510214 m2) calcu-
lated directly by an ensemble MC simulator, self-consisten
coupled with a solution of the Poisson equation as descri
in Refs. 21–25. In the present case calculations were
formed for an applied periodic voltageU(t)5Ua cos(vt) of
frequencyf 5600 GHz. The amplitudesUa56, 1.2, and 0.6
V ~curves 1–3! were chosen to obtain the same conditions
carrier heating as in bulk GaAs atE510 kV/cm. For the
sake of comparison, curve 4 shows the result calculate
accordance with Eq.~19! with A/L5(1/6)31027 m ~value
valid for the three cases reported in the figure! by using
Sdvdv(v) as obtained for bulk material at similar condition
~curve forE510 kV/cm in Fig. 6!.

In all the cases shown in Fig. 12 the current spectr
SdIdI(v) contains the upconversion component, which a
pears around the frequency of the applied voltagef
5600 GHz. For homogeneous resistors withL>6 mm the
frequency dependence of the spectral density of current fl
tuations is found to agree satisfactorily~within 10% at worst
in the low-frequency region! with the result given by Eq.
~19! and presented by curve 4. With the decrease of the
sistor length, a systematic reduction of the power of fluct
tions takes place~see curve 2 forL51.2 mm). This reduc-
tion is due to the fact that, by decreasingL, the transit timet t
necessary for a carrier to cross the resistor becomes com
rable to the scattering time, thus suppressing the correla
of fluctuations at times longer thant t , i.e., a transition from
diffusive to ballistic transport regime takes place.26,27 In the
n1nn1 structure, along with a similar low-frequency nois

FIG. 12. Spectral density of current fluctuations for two termin
structures subjected to an applied voltageUa cos(2pft) with Ua

56, 1.2, and 0.6 V~curves 1–3! and f 5600 GHz. Calculations are
performed with a Monte Carlo simulator, self-consistently coup
with a Poisson solver. Curves 1 and 2 refer, respectively, to ho
geneousn-GaAs resistors (n51016 cm23) with L56 and 1.2mm,
and A510213 and 2310214 m2. Curve 3 refers to a submicron
0.320.620.3-mm n1nn1 GaAs structure withA510214 m2, n
51016 cm23, andn15231017 cm23. Curve 4 refers toSdIdI(v)
for the same resistor as in curve 1, calculated in accordance
Eq. ~19! by using Sdvdv(v) obtained for bulk GaAs atE
510 kV/cm.
1-8
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UPCONVERSION OF PARTITION NOISE IN . . . PHYSICAL REVIEW B67, 165201 ~2003!
reduction, an additional plasma peak at the highest frequ
cies ~about 3 THz! appears, originated from carrier fluctu
tions around then1n homojunctions.22 Thus, despite the
various modifications of the current noise spectra, the upc
version phenomenon is confirmed in all cases as an ou
measurable quantity in real structures.

IV. CONCLUSIONS

We have reported a theoretical investigation of the upc
version of hot-carrier partition noise in bulk semiconducto
operating under periodic large-signal conditions. It is sho
that the low-frequency partition noise can result from flu
tuations of the relative populations of momentum space
gions~groups of carriers! characterized by essentially diffe
ent dynamics of the single carrier motion~e.g., ballistic- or
diffusive-like!. Such a subdivision into different region
~groups!, takes place under the dynamical heating of carri
by the microwave electric field when with the increase of
average energy of carriers an intense scattering mechan
such as optical-phonon emission at low temperatures or e
tron transitions to upper valleys, becomes abruptly ac
above about a given amplitude of the electric-field streng
Under cyclostationary conditions, the subdivision in
groups is proven to be invariant for a given value of the ra
between the amplitude and the frequency of the MWEFE/ f .
We show analytically, and validate by Monte Carlo simu
tions, that a purely harmonic behavior of the second h
monic of the instantaneous spectral density of velocity fl
tuations at the double fundamental frequency should
considered a signature of the noise upconversion. In ac
dance with the picosecond time scale characteristic of
carrier partition noise, the upconversion takes place mo
around the THz frequency range.
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We emphasize that since partition noise is intrinsic to
considered system, the upconversion process describe
this work is an unavoidable phenomenon at the values of
MWEF frequency and amplitude analyzed here, and t
constitutes an intrinsic limitation for device application
More precisely, as evidenced by MC calculations, the con
bution of the upconverted partition noise at high frequenc
is of the order of or even several times greater than the re
lar noise level. The range of frequencies and physical par
eters considered in this work are accessible for an exp
mental test of the predicted phenomena.

Finally, we emphasize that the spectral density of veloc
fluctuations in bulk materials calculated here constitutes
turn, the noise source that enters into the impedance fi
method,3,9,20 used to evaluate electronic noise in semico
ductor devices. Thus, under the conditions for which
noise source exhibits the resonantlike peak, a similar beh
ior could be expected in inhomogeneous devices,28 as con-
firmed here by MC simulations in ann1nn1 structure.
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23T. González and D. Pardo, Solid-State Electron.39, 555 ~1996!.
1-9



-

P
el,

ds

P. SHIKTOROVet al. PHYSICAL REVIEW B 67, 165201 ~2003!
24P. Shiktorov, V. Gruzˇinskis, E. Starikov, L. Reggiani, and L. Va
rani, Phys. Rev. B54, 8821~1996!.
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