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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 Typical examples are the transfer off 16r generation-
recombination low-frequency noise to the GHz region in
The notion ofpartition noisewas first introduced for mul- ~ voltage-controlled oscillatofsand systems driven by peri-
tigrid vacuum tubes, where this class of noise is generategdic large-amplitude excitatior{s? One can expect similar
due to random distribution of electrons and, hence, electricalpconversion phenomena appearing under hot-carrier condi-
currents between various positive electrotl@us, in this  tions when the carrier distribution in momentum space can
case the noise is caused by carrier number fluctuations b&e decomposed into two or more pafgroups, each of
tween different groups of carriers located in real space. Bghem with a quasi-independent dynamics of motion. The aim
contrast, in semiconductor materials and devices the partitiofif this paper is to theoretically investigate such a possibility
noise results from random transitions of carriers between twdy means of MC simulations of hot-carrier noise when a
or more physically distinct groups of electron states locatediarmonic microwave electric fieldMWEF) is applied to
in momentum space.® For such a subdivision into groups to bulk semiconductors. For this sake, we first consider a sim-
take place, the characteristic time of carrier exchange beplified model of partition-noise upconversion to obtain the
tween groups must be much longer than that for intragrougignature of the upconversion phenomenon within an analyti-
transitions. The usual physical examples are the trapping=al approachiSec. I). Then, by MC simulations we investi-
detrapping processes and intervalley transitions in multivalgate two cases of relevant physical interest when at least two
ley semiconductorgintervalley nois@¢ For two groups of groups of carriers can appear under hot-carrier conditions
carriers, the partition noise is characterized by a simpldSec. Il). The procedure for the noise analysis is based on
Lorentzian spectrurfiz® S(w) =S(0)/[1+ w’r2], wherer, ~ MC calculations of the two-time symmetric correlation func-
is the characteristic time of the intergroup transfer. In usuafion as detailed in Ref. 10. The signature of noise upconver-
conditions, partition noise can manifest itself merely as s5ion will be analyzed and validated by comparing the results
low-frequency noise atv<r,*. In the low-frequency re- ©f the simulations with those of the analytical model. The
gion, the presence of other noise contributions originated bji@in conclusions will be presented in Sec. IV.
other mechanisms complicates significantly the investigation

of partition npise not _or)Iy ex_perim_entally bu_t also theoreti- Il. MODEL
cally, when direct statistical simulations of noise phenomena,
for example, by Monte CarléMC) methods, are used. Here we use the conventional definition of diffusion noise

It is well known that in the presence of a periodic signalsource as applied to semiconductor materials and devices. It
of given amplitude an excess low-frequency noise compotmplies that an initialprimitive) fluctuation takes place only
nent can be transferred to a high-frequency region of thén momentum space and originates from the instantaneous
spectrum centered around the frequency of the periodic sigscattering of a carrier with lattice imperfectiofimpurities,
nal and its harmonicé&he so-calledupconversiorof noise. phonons, etg.!! As a consequence, fluctuations in real space
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must be considered as induced by a primitive random prois the relative population of this volume. Due to the condi-
cess in momentum space. To single out such a peculiarity dfon given by Eq.2), the instantaneous values of the relative
the diffusion noise source, the instantaneous carrier distribypopulations must satisfy the condition

tion function, f(p,x,t), is usually factorized with respect to

real and momentum spaces as p1(t) +pa(t) =1. (7)
In the framework of such a two-group decomposition, the

f(p.x,) =F(p.x,t)n(x,1), (D) fluctuations of the drift velocity can be decomposed as

wheren(x,t) andF(p,x,t) are, respectively, the carrier con- v 4(t) = 6v"®9(t) + suPAT(1) @)

centration and the density of the momentum distribution of
carriers placed at timein the neighborhood of pointin real ~ where
space(for simplicity, one-dimensional real space is consid-

ered. The representation off(p,x,t) given by Eq.(1) as- Sv"®9(t) = v 1(t)p1 + Sv (1) P, 9
sumes the invariance in time and space of the normalizatiopy the regular component describing fluctuations inside the
of F(p,x,t) given by groups, and
| Fioxndp=1, @ 50P(1) = (03-0) 5p(1) 10
Q

is the partition component describing fluctuations caused by

where(Q is the whole momentum space. Since during a scatlntergroup transitions induced by scattering events when the
tering event only the carrier momentum is changed, carrieaverage statistical velocities in the groups are different,
scatterings are equivalent to spontaneous fluctuations o;ﬁv_z_ Equation(10) takes into account that, due to the con-
F(p,x,t) which do not violate its normalization given by Eq. dition given by Eq.(7), fluctuations of the relative popula-
(2). At a macroscopic level it is convenient to describe suchijons of the two groups are entirely correlatesh,(t)=
fluctuations as fluctuations of the drift velocity, — 8p,(t) = 8p(t).

Such a formal decomposition of carriers in momentum
space is of physical meaning only in the case in which ve-
locity fluctuations inside the group8y;(t), and fluctuations
of the relative population®p(t) are statistically indepen-
wherev(p) is the carrier group velocity depending on.the dent, that isdv4(t) dv,(t) =0 andév,(t)dp(t)=0. Usually
value of the momenturp. To exclude from further consid- - s takes place when the characteristic time of the intergroup
eration flyctuatlons ob 4(x,t) induced by the_ self-consistent exchangery>7; (i=1,2), wherer, is the characteristic re-
electric field and nonlocal effects appearing on the meanpyation time of velocity fluctuations inside tieh group.
free-path length scale, let us consider the case of an homeyy e these conditions, the fluctuations of the relative occu-
geneous semiconductor with frozen, i.e., constantin time angagion of regions in momentum space manifest themselves as
space, carrier concentratior(x,t) =const. In such a case, an jndependent source of fluctuations with respect to the
the fluctuations of the drift velocity «(t) with respect to the  ysyaj velocity fluctuations. Such a situation can be expected
statistical average valugy, dv4(t)=v4(t)—vy, are caused when the character of carrier motion in momentum space
only by scattering events, which is the condition under whichchanges drastically between two kinds of dynamics that co-
they can be considered as the primitive source of diffusiorexist simultaneously. Here, we will not enter into the details
noise. of the processes occurring inside groups, assuming only that

Let us subdivide the momentum space into two nonoverthe intergroup exchange time is longer than any other char-
lapping volumeggroups (; and(), (Q;+Q,=() where acteristic times in the system. In this case, the two-time cor-
carriers can be characterized by some different properties. telation function describing the fluctuations of the relative
is easy to infer that because of this subdivision the instantapopulations of the two groups can be represented as
neous value of the drift velocity can be decomposed as

ba(xt) = Jﬂvm)F(p.x,t)dp, 3

Copoplt' 1) =p1poe™ 1 ~"1'7s, (11)
vg(t)=v1(t)pe(t) +oa(t)pa(t), (4) _ L = —
Under stationary conditiong; andv; are constant and the
where correlation function of drift velocity fluctuations takes the
form
U|(t):fQIU(p)F(p,t)dp/fQIF(p,t)dp (5) Cﬁvﬁv(tl_t”):C:S?;%y(tI_t,,)+(v_1_v_2)zal_32etlt’,zTg,)
12

is the instantaneous average velocity of carriers inside the .
momentum volume. and 9 y Where C% (t' —t") = sv"™®9(t") sv"°9(t"). By applying the
I

Wiener-Kintchine theorem to E@12), one obtains the spec-
tral density of velocity fluctuatiors® to be
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where transformation with respect to the correlation tiraeone
finally obtains the instantaneous spectral density, which de-
(01— 02)%PiPary » pends on the phase ting®
1+ wzrs re 1 cpant
Sﬁvﬁv(t!w)zsﬁvg&v(t’w)+ Z[ngﬁv(w_Zﬂ-f)
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 propor-
tional to a square of a group velocity difference and mani-
fests itself as an additional low-frequency noise at (17
<751. Since the intensity of the partition component of ve-where S32% () is the partition noise contribution given by
locity fluctuations is proportional to the statistical averagesEq. (14). As follows from Eq.(17), under cyclostationary
of the group occupancigsee Eq.(14)], this noise compo- conditions one-half of the low-frequency partition noise con-
nent exhibits the maximum contribution when the occupantribution is upconverted to the high-frequency region of the
cies are equal, i.eEl:Ezzo_& Therefore, in the transition Sstationary component of the instantaneous spectral density of
from one type of carrier dynamics in momentum spemge  velocity fluctuationsSy, 5,() (the term in square brackets,
group to the other ong¢second group the appearance of an which is subdivided into two parts shifted symmetrically to
extra noise is expected, in full analogy with a phase transipositive and negative frequencie3he remaining halflast
tion. In semiconductors, where some scattering mechanismerm in Eq.(17)] remains in the low-frequency region, but it
has a threshold charact@ptical-phonon emission, interval- corresponds to the nonstationary part of the spectrum,
ley scattering, etg.such a transition takes place with the S, 5 (1) = Ss, 5 (1, @) — S, 5,(w), Which in general is pe-
increase of the electric-field strength when the carrier energyoqic with the MWEF frequency and contains a pronounced
begins to exceed some threshold value. Usually such a traipe rmonic component at frequency.ZThis behavior is taken
sition manifests itself as a kink in the static velocity-field as the signature of the upconversion phenomenon and can be

i n12
relation: , . _ , used to identify the upconverted part of the spectrum,
Let us now generalize the partition noise described abovgpart

. L soep(@), IN the numerical simulation of fluctuation phe-
to the case of the so-calleyclostationaryconditions, when Pomena under cyclostationary conditions
carriers are heated by a strong monochromatic MWEF o Indeed, under these conditions the instantaneous spectral
frequencyf. Under these conditions, the statistical mdepen—density is always a periodic function of the phase tinaed
dence of velocity fluctuations inside the groufis; and of . (o decomposed into a Fourier series as
fluctuations in their populatiodp(t) will take place only

art
ng 511( w)

1
+ S0 (w+2mf) ]+ Esﬁ;j‘g)(w)cos(4m‘t),

whenf>r§1. In the opposite case, a modulation of the av- _ *
erage statistical value of the relative populatigngt) and, Sévév(t,w)ZS(suﬁv(szl Sn(w)cog2mint+ ¢y).
hence, ofép(t) during a MWEF period will take place. Un- (18)

der the condition‘>7-g’1, only the average statistical value )

of the group velocities will keep the dependence on time/Vhen the harmonics of the regular p&ff3, (. «) are neg-
during a MWEF period. Let us suppose, for simplicity, thatligible, the regular part and the upconverted spectftirat
the velocity response of each group to the MWEF is als@nd second terms in the right hand side of Ed), respec-

harmonic with frequency: tively] constitute the stationary paiSs,s,(w) term in Eqg.
(18)], while the partition noise spectrupfast term in Eq.
TN ‘ (17)] will determine the frequency dependence of the second
vi(t) =v; cog2mit+ ). (19 parmonic in Eq(18), Sy(e) = S22 (w).
Without loss in generality, in the following we takg =0. The situation considered above corresponds to the case in
Now the two-time correlation function of velocity fluctua- Which the average velocity of each group of carriers is of
tions takes the form pure harmonic type, as indicated by E@5). In a more

general case it can contain also higher harmonics. Then, in

It —t"] Eqg. (18) the stationary spectral density will contain upcon-

Coan(t' ) =CY (t' t")+ (01— v2)2P1p2e” 7 version peaks around harmonick (k=3,5, etc) of the fun-
) , damental frequencfy while the time-dependent spectral den-
X cog2mft’)cog2xft"), (16)  sity will contain contributions S,(w) at the doubled

. ) . frequenciesn= 2k.
which, because of cyclostationary conditions, cannot be re-

duced to a single-time dependence given by the time differ-
encet’ —t". In such a case it is convenient to use a correla-
tion function that is symmetric with respect to the current Below we investigate two cases of relevant physical in-
phase¢=2mft of the MWEF! By replacing in Eq.(16)  terest pertaining to bulk semiconductors subject to large-
t'=t—s/2 andt”"=t+s/2, wheret ands are the phase and amplitude MWEF, where the upconversion of partition noise
correlation times, respectively, and performing the Fourieiis clearly evidenced. As a first application, we consider bulk

I1Il. NUMERICAL RESULTS
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B (kV/cm) : 9.5 e ] FIG. 2. Stationary spectral density of velocity fluctuations cal-
10 ===an=- 1 culated for the same semiconductor of Fig. 1 under the application
~ 10F 11 4 of MWEFs with frequencie$= 133, 250, 500, 800, and 1000 GHz
mé b ] and amplitude€=2, 4, 9, 15, and 19 kV/cncurves 1-5 respec-
o tively.
=
; L plitude is sufficiently high for all the carriers to acquire an
|v°>% energy e>fwg during every half period of the MWEF.
b) Thus, carriers enter the so-called active region, where they
0.1 F . quickly emit an optical phonon, and return back to the center
: S . _— of the passive region.
10 100 1000 As follows from Fig. 1, the peak at the MWEF frequency
v (GHz) is practically superimposed to the Lorentzian part of the

) spectrum and can be considered as an extra noise attributed
FIG. 1. (a) Appearance an¢b) disappearance of the resonant-

like peak of the stationary spectral density of velocity quctuationst0 an upconversion phenomenon. To support this interpreta-
calculated by the MC method when a MWEF with frequericy tion, we have considered the dependence of the different

=500 GHz and different amplitudésis applied to bulk InN with a SpeACCtgrg%nTmetﬁeug?gt.;hneaireq:ing/ tohfetf}:a gvz\;tEcl):n spec-
donor concentratiop= 10" cm™2 at T,=80 K. Ingly, : yp uctuati P

trum §&,&,(v) and the upconverted noise spectrum, corre-
n-InN at a lattice temperatur§,=80 K when the MWEF  sponding to3 S575,(v) in Eq. (17), calculated for different
amplitude is sufficiently lower than that necessary for inter-frequencies and amplitudes= of the MWEF, are presented
valley transfer to occur and most of the electrons are locatet! Figs. 2 and 3, respectively. Since in a harmonic field the
at energies below that of the optical phonon. The parameter‘éha"‘ge of carrier momentum (;Iur|ng a free flight is propor-
of the n-InN band structure and scattering mechanisms usefional to (E/f)sin(2wft), calculations are performed, keeping
in MC simulation are taken from Ref. 14. the ratioE/f nearly constant to provide similar trajectories of
Figure 1 presents the stationary component of the spectrggrrier free motion in the passive region at different frequen-

density of velocity fluctuationsSs, 5,(v), calculated for in-  ciesf. Both S5,5,(v) and Sj, 5,(t,») are directly obtained
creasing values of the amplituéeof a MWEF of frequency

f=500 GHz. For the lowest valuE=2 kV/cm [solid line 15
in Fig. 1(a)] the carrier heating is insufficient for the electron
energy ¢ to reach the optical-phonon energyiwg
=89 meV. Accordingly, all the carriers remain in the energy “= 10 ¢
regione <#fiwq (the so-called passive regipwhere because
of the low lattice temperature the main sources of scattering =
are acoustic phonons and ionized impurities with an effective f>,;
relaxation time of about 3 ps. As a consequence, the spec
trum of velocity fluctuations is found to take the usual
Lorentzian shape with the cutoff frequency given by the av-
erage scattering rate. With the increaseEpfwe found the
onset of a peak at the MWEF frequeneys f, and of minor
peaks at higher harmoni¢see Fig. 1a)]. The peak reaches

the maximum value & =9 kv/cm[dotted line in Fig. 1a)] FIG. 3. Upconverted spectral densis}25 (v) calculated for
and then quickly disappears with a further increasg pfee  the same conditions of Fig. @urves 1-5 The inset shows the
Fig. 1(b)]. Finally, the spectrum takes again a near-time dependence @}, 5, (t,0) for case 3 during one period of the

Lorentzian shapégsolid line in Fig. 1b)]. Here the field am- MWEF.

/s)

0 500 1000 1500 2000 2500
v (GHz)
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from the MC simulations, whilg {25 (v) is calculated as 0.4 —
the second harmoni§,(v) of the Fourier decomposition
given by Eq.(18). 03 L

The peaks at the excitation frequency observed in theg
spectra of Fig. 2 are ascribed to the presence of an upcon_z
version process. To validate this interpretation, the inset ing 0.2 |
Fig. 3 reports the time dependence of the instantaneous pa-,
of the fluctuation spectrum at zero frequen8y, 5,(t,0), for = 0.1
a MWEF of 9 kV/cm andf=500 GHz. The inset clearly
evidences thasS}, ;,(t,0) exhibits a harmonic dependence
upont with frequency 2 and an amplitude that is twice 0 '

higher than the value d;, 5,(v) at v="f, in full agreement o
with the analytical model of upconversion previously de-

scribed. These results confirm that the peak in Fig. 1 origi- FIG. 4. Hot-electron distribution function in wave-vector space
nates from an upconversion phenomenon. As follows fromalong the field directionf(k,,t), calculated at different time mo-
Fig. 2, the upconversion peak appears at100 GHz as an ments corresponding to different phas@s =/4, =/2, 3w/4, ;
additional superposition on the Lorentzian spectrum whoseurves 1-5, respectivelyof the MWEF E sin(2xft), with E

net contribution is represented by the first term in the right-=9 kV/cm andf=500 GHz. Vertical lines ak=5.16x10° cm™*
hand side of Eq(17). With a further increase df the rela-  refer to the boundaries of the passive region.

tive contribution of the peak increases so that the maximum

value of the upconverted noise exceeds several times thgm space. In accordance with the above model, the transi-
value of the regular contribution that Originates from the Ve-tions between these two behaviors are responsib|e for the

R

|
N

locity fluctuations inside different groups. N partition noise contributiorithe second and third terms in
As demonstrated in Ref. 15, under the conditions forgq. (17)].
which we obtain the upconversion peak $3,5,(v), two Therefore, the low-frequency part of the upconverted

groups of carriers with different behavior in response to thespectrum presented in Fig. 3, which shows a near-Lorentzian
MWEF can be found in the passive region, i.e.,egk) shape, is caused by the stochastic transitions of carriers be-
<hwg. The first group consists of carriers that cannot reactiween the two groups. In the same figure, the presence of the
the optical-phonon energy during half a period of thepeaks at the double frequency & S,(v) is attributed to the
MWEF, so that their free motion always takes place insidestrong nonlinearity present in the system due to the coherent-
the passive region df space. The second group consists ofin-time emission of two optical phonons at every MWEF
carriers that synchronize their free motion with the field period.

phase in such a way that each carrier emits at least one op- The second application concerns with the upconversion of
tical phonon during every half period, i.e., it reaches thepartition noise related to the stochastic transitions between
active region boundarg =% wy. The transfer of electrons the lowest {") and upper X, L) valleys that occur in com-
between the two groups is a stochastic process driven bgound semiconductors when the amplitude of the MWEF is
strongly randomizing scattering events occurring inside thénigh enough for intervalley transitions to take place. To this
passive region. purpose, Fig. 6 shows the stationary spectral density of ve-

The formation and evolution of these two groups of car-locity fluctuations calculated by MC simulations in bulk
riers is illustrated in Fig. 4, which reports the distribution GaAs atT,=300 K for a MWEF of f=600 GHz and in-
function along the field directiofi(k, ,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 can-
not reach the active region boundary, and the lower plateat
corresponds to the group of carriers that emit an optical pho-
non 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 electrofsolid line). For comparison, the
dashed line plots the functioh sin(2#ft) with a proper am-
plitude that evidences the velocity time dependence of the
ballistic motion between scattering events. One can clearly
detect two types of velocity sequences, which correspond tc
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  FIG. 5. Piece of time history of the parallel velocityolid line)
period, from 5 to about 10 ps, the electron is in the otherand functionA sin(2xft) with a proper amplitudédashed ling f
group which performs a nearly ballistic motion in momen- =250 GHz;E=4 kv/cm.

[«

m/s)

v, (10

t (ps)
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FIG. 6. Stationary spectral density of velocity fluctuations cal-
culated when a MWEF with frequendy=600 GHz and different

FIG. 8. Upconverted spectral densiy(v)=3S%2% (v) calcu-
lated for the same conditions of Fig. 7 fé=600, 800, and 1000

amplitudesE is applied to bulk GaAs with donor concentration GHz (curves 1-3 respectively. The inset shows the time depen-

Np=10' cm™2 and T,=300 K.

dence ofSj, 4, (t,0) in case 1 during one period of the MWEF.

creasing amplitude values. MC simulations take into accoundence of the various components of the noise spectrum. The

three spherically symmetric nonparaboli¢ L, and X val-

behavior of the stationary noise spectr@gg s (V) when the

leys. The parameters of the band-structure and scatteringWEF frequency increases and the amplitude remains con-
mechanisms of GaAs are taken from Ref. 16.
As follows from Fig. 6, at low amplitudes of the MWEF reported as a solid line. To keep a similar heating of carriers,
the spectrum shows the usual Lorentzian shape. When thie steady-state calculations were performed at the static
field amplitude becomes sufficiently high for the onset ofelectric field E,=7 kV/cm~E/+/2. Note that in the static
intervalley transfer, a peak at the MWEF frequency appearssase, the correlation function of velocity fluctuations exhibits
|n|t|aIIy the more pronounced the hlgher the field amplitude.a Significant negative tail caused biy carrier transfer be-

Then, with the further increase & above 10 kV/cm the

stant is illustrated in Fig. 7. For comparison, the static case is

tween the lower and upper valleys, where carriers have on

peak starts to decrease and slightly shifts to higher frequenzverage opposite deviations from the mean velocity, @nd
cies (see the curve for 20 kvV/cm Such behavior is quite carriers that return to thE valley with wave vectok,<0,

similar to that exhibited by the two groups under low- cross thel™ valley practically ballistically, and then are scat-

temperature optical-phonon scattering considered atspe

tered back to upper valleys & >0.1>1""1°As a conse-

Fig. 1). Again, the observed peak is attributed to an upconguence, the spectral density of velocity fluctuations,
version process. In this case the two groups of carriers exs,, 5,(v), exhibits a significant reduction of the low-

respond to those populating the loweE) and upper i, X)

monotonous decrease in the highest-frequency region. With

valleys; therefore, the upconverted spectrum is associatafle increase of this hot-carrier peak first shifts to a higher-
with the random transitions between these groups.

_ To validate this interpretation, Figs. 7 and 8 provide ad-f~500 GHz) into a resonantlike peak arouhavhere the
ditional information about the frequency and time depen-correlation function of velocity fluctuations shows oscilla-

T
static case

frequency regiortFig. 7, dashed lingsand finally evolvegat

tions with frequency. This proves the resonant origin of the
peak. At a fixed value oE for =500 GHz the peak shifts

12 g £(GHz) : 200 ======= linearly with f and becomes less pronouncéthsh-dotted
10 400 -=-- . lines) since the raticE/f starts to deviate considerably from
Né ok 288 N the optimal value. Under optimal conditions, i.e., keeping the
o ratio E/f nearly constant at a value of about 15
2 6 kVem 1 THz 1, the peak is found to shift to a higher fre-
3 quency, keeping practically the same amplitude in full anal-
1L 4 ogy with the case of InN considered above. The peak origi-

N

v (THz)

nates from the upconversion process, as confirmed by the
results reported in the inset of Fig. 8. Here, the zero-
frequency value of the nonstationary part of the instanta-
neous spectral densi;, ;,(t,0) is found to exhibit purely
harmonic behavior at a frequencyf,2when this is higher
than 500 GHz. Forf <500 GHz the harmonic behavior of

FIG. 7. Stationary spectral density of velocity fluctuations cal- g 0) is found ish dth | .
culated for the same semiconductor of Fig. 6 and a MWEF with sa»(1,0) is found to vanish, and thus no clear upconversion

amplitude E=10 kV/cm and different frequencieb=200, 400, peak is observed i85, 5,(¥).
600, 800, and 1000 GHurves 1-5 respectively. As shown in Fig. 8, where the upconverted spectrum
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S,(v)=3Sh25 (v) is plotted for several frequencies of the
electric field, in the case of intervalley transt®(v) takes a
shape similar to that observed in Fig. 3 for the previous
example. However, in Fig. 8 all higher harmong v) with
n#2 are negligible when compared wig(v). 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 noiseS(w)=S(0)/(1+ wzrg
[see Eq.(14)] with S(0)=0.15, 0.13, and 0.8 ffs and Ty
=1.75, 2.1, and 2.3 ps for curves 1-3, respectively. This
further confirms that the spikes in Figs. 7 and 8f at500
GHz are due to partition noise upconversion. Since the char- FIG. 9. Electron distribution in energy space at different phases
acteristic timer of intergroup exchange is about 2 ps, the (#/4, w/2, 3m/4, curves 1-3, respectivglyof the MWEF. f
lower-frequency limit simply implies that to observe the up- =600 GHz;E=10 kv/cm.
conversion the applied signal frequency must be higher than

the characteristic rate of intergroup exchange, thatfis, confirms that carrier exchange between these groups satisfies

—
)

_

>
)

S’
w
=

e (eV)

=1l1y. the stochastic character required to justify the analytical
It should be emphasized that in the case considered hermodel.
the population oK valleys is very low(less than 1%so that To illustrate the existence of the different time scales of

main intervalley exchange is betweénand L valleys. By  carrier exchange, Fig. 10 shows the time dependence of the
considering the case &=10 kV/cm andf=600 GHz, we correlation function of fluctuations of the relative population
compare the value of the characteristic intergroup tirge of the I valley, C,,(s), calculated by the MC method for
~2 ps with the lifetimes id” andL valleys7+=1.27 psand E=10 kV/cm andf=600 GHz (solid line). In full agree-
7.=0.44 ps, respectively, as well as with the characteristianent with the analytical model of Sec. [see Eq.(11)],
intervalley time 7j,;,=0.33 ps. From this comparison we C,,(0)=nrn_, wheren-=0.74 andn_ =0.26 are the aver-
conclude that the obtained intergroup time is significantlyage relative populations df andL valleys, respectively. As
longer than the characteristic times of intervalley transferfollows from Fig. 10, the initial decay of the correlation
Therefore, in this case the intergroup exchange cannot bieinction is described by the short intervalley transfer time
reduced to the simple intervalley exchange. Moreover, the,..,=0.327 ps(corresponding to the inverse of the slope of
systematic transformation of the hot-carrier peak into a rescthe figure. It originates from high-energy electrons undergo-
nant peak with the increase of the MWEF frequerisge ing fast intervalley transitions. Then, the final decay is de-
Fig. 7) leads us to conclude that the same individual groupscribed by a long characteristic time=1.75 ps(correspond-
play an essential role in the formation of both kind of peaksing to the inverse of the slope of the dashed line in the figure
Thus, in full analogy with the first example considered pre-associated with low-energlj electrons. It is just this time
viously, one can suppose that the two groups are formed byhich is associated with the Lorentzian approximation of the
(i) low-energyl-valley electrons with insufficient energy for upconverted spectrum presented in Figs&e curve 1, and,
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 @ngall other
high-energy electrons that suffer very quick randomizing
scatterings due to intense intervalley and intravalieyup-

per valleys scattering.

To support this microscopic interpretation, Fig. 9 shows@;
the electron distributiom(e), normalized to unity in energy <
space:fn(e)de=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-energyelectrons, 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 mo-
tion in this group. The peak at high energy is related to  FiG. 10. Correlation function of fluctuations of the relative
L-valley electrons and to high-enerdy electrons involved population of thel™ valley as a function of correlation time(solid
into intervalley transfer. The change with phase of this peakine). Dotted and dashed lines show the short- and long-time slopes
is negligibly small and caused mostly by a small time modu-of C,,(s). Calculations refer to a MC simulation performedfat
lation of the average populations of the two groups. This=600 GHz, withE=10 kv/cm.

0.01 1 % 1 1 L 1 1
0 0.5 1 1.5 2 2.5 3 3.5 4

s (ps)
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FIG. 11. Piece of time history of the parallel velocigolid line) FIG. 12. Spgctral density of current fluctuations for two terminal
and functionA sin(2xft) with a proper amplitudédashed ling f  structures subjected to an applied voltadgcos(2rft) with U,
=600 GHz: E=10 kV/cm. =6, 1.2, and 0.6 \(curves 1-3andf =600 GHz. Calculations are

performed with a Monte Carlo simulator, self-consistently coupled
hence, it describes the electron exchange between the lowdth a Poisson solver. Curves 1 and 2 refer, respectively, to homo-
and high-energy groups. geneous-GaAs resistorsr(=10" cm™3) with L=6 and 1.2um,

The electron transitions between the two groups result iignd A=10"** and 2<10"'*m?. Curve 3 refers to a submicron
significant changes of the character of carrier motion in mo9-3— 2-6— 0é3',um n‘nn" GaAs structure withA=10"m?, n
mentum space which, in accordance with the model pre=10°cm ? andn®=2x10"cm °. Curve 4 refers 6y 5(w)
sented above, sets the basis of the upconversion phenoﬁ’i’-r the same resistor as in curve 1 calculated in accordance with
enon. This is illustrated by Fig. 11, which shows the velocityEd: (19 by using S;,s,(w) obtained for bulk GaAs ate
time history of a single electrogsolid line). For comparison, =10 kvicm.
the dashed line plots the functighsin(2#ft) with a proper

amplitude which evidences the amplitude modulation of thecontacts(curves 1 and 2 fol=6 and 1.2um and A
time history. . . =101 and 2x10 ¥ m?, respectively and a submicron
The upconversion phenomenon considered above dete6-3_0 6-0.3 um nnn* GaAs structure(curve 3, n
mines the behavior of the spectral density of velocity ﬂuc'z.lom.cm*é nlli=2>< 107 em 3, andA=10" 24 m?) caI,cu—

:Eatlonst_lnl the h?n:pgenfeouls Cf"tlsefi U?det_r congltlons n Wh'cl?alted directly by an ensemble MC simulator, self-consistently
€ spatial corretation ot veiocity fiuctuations becomes neg'coupled with a solution of the Poisson equation as described

Iigible_ (see, for_exan_]ple, Retf. ;EOth(_a spectral density of in Refs. 21-25. In the present case calculations were per-
velocity fluctuations is usually considered as the logal formed for an applied periodic voltadé(t)= U, cos(t) of
real spacgesource of carrier diffusion noise. In turn, through frequencyf =600 GHz. The amplitudes ,= 6 ?LZ and 0.6

. a=6, 1.2, .

the transfer fields this noise source determines the quctuav (curves 1—Bwere chosen to obtain the same conditions of
tions of either the voltage drop at the open terminals or the

current flow in the outside short circyihe so-called Norton carrier heating as in bulk GaAs &=10 kv/cm. For the
: ; sake of comparison, curve 4 shows the result calculated in
and Thenevin generators, respectiyelyhese voltagegor

. ; a i
curreny fluctuations are the quantities usually measured inaccordance with Eq19) with A/L =(1/6)>x10 " m (value

) . . valid for the three cases reported in the figuby using
experiments. In the simple case of a homogeneous semicog: (w) as obtained for bulk material at similar conditions
ductor resistor, the spectral density of current fluctuations; % @

S5 5(®), is given b (curve forE=10 kV/cm in F_ig. 6
siol@), 1S 9 y In all the cases shown in Fig. 12 the current spectrum
A Ssis1(w) contains the upconversion component, which ap-
Ss 5|(w):eZEnS§U§v(w)1 (19  pears around the frequency of the applied voltafje
=600 GHz. For homogeneous resistors witk=6 xm the
where e is the electron chargeA and L are the cross- frequency dependence of the spectral density of current fluc-
sectional area and the length of the resistois the carrier tuations is found to agree satisfactorflyithin 10% at worst
concentration, an&;, 5,(w) is the spectral density of veloc- in the low-frequency regionwith the result given by Eq.
ity fluctuations. As follows from Eq(19), the spectrum of (19) and presented by curve 4. With the decrease of the re-
Ss15(w) is determined entirely by the spectrumy, 5, (). sistor length, a systematic reduction of the power of fluctua-
In more complicated cases of inhomogeneous semiconducttions takes placésee curve 2 fo.=1.2 um). This reduc-
structures, the spectrum of current fluctuations is additionallyion is due to the fact that, by decreasinghe transit timer;
modified by the transfer fields2° but, in any case, it is necessary for a carrier to cross the resistor becomes compa-
strongly influenced by the peculiarities of t18y,s,(X, ) rable to the scattering time, thus suppressing the correlation
spectra at the different positiomsinside the structures. of fluctuations at times longer tham, i.e., a transition from
This property of the spectrum of current fluctuations isdiffusive to ballistic transport regime takes pl&€é’ In the
illustrated in Fig. 12, which presents the spectra of two hon*nn™ structure, along with a similar low-frequency noise

mogeneousn-GaAs resistors (=10 cm™3) with Ohmic
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reduction, an additional plasma peak at the highest frequen- We emphasize that since partition noise is intrinsic to the
cies (about 3 THz appears, originated from carrier fluctua- considered system, the upconversion process described in
tions around then™n homojunctiong? Thus, despite the this work is an unavoidable phenomenon at the values of the
various modifications of the current noise spectra, the upcorMWEF frequency and amplitude analyzed here, and thus
version phenomenon is confirmed in all cases as an outpwbnstitutes an intrinsic limitation for device applications.

measurable quantity in real structures. More precisely, as evidenced by MC calculations, the contri-
bution of the upconverted partition noise at high frequencies
IV. CONCLUSIONS is of the order of or even several times greater than the regu-

lar noise level. The range of frequencies and physical param-
We have reported a theoretical investigation of the upcongters considered in this work are accessible for an experi-
version of hot-carrier partition noise in bulk semiconductorsmental test of the predicted phenomena.
operating under periodic large-signal conditions. It is shown  Fingjly, we emphasize that the spectral density of velocity
that the low-frequency partition noise can result from fluc-fiyctuations in bulk materials calculated here constitutes, in
tuations of the relative populations of momentum space regm, the noise source that enters into the impedance field
gions(groups of carriefscharacterized by essentially differ- method®9%° used to evaluate electronic noise in semicon-
ent dynamics of the single carrier motie.g., ballistic- or  guctor devices. Thus, under the conditions for which the
diffusive-like). Such a subdivision into different regions nojse source exhibits the resonantlike peak, a similar behav-

(groups, takes place under the dynamical heating of carrier§gr could be expected in inhomogeneous dev€ess con-
by the microwave electric field when with the increase of anfjmed here by MC simulations in am*nn* structure.

average energy of carriers an intense scattering mechanism,

such as optical-phonon emission at low temperatures or elec-

tron transitions to upper \_/alleys, becomes_ ab_ruptly active ACKNOWLEDGMENTS
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