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Interparticle collisions and hot-electron velocity fluctuations in GaAs at 80 K
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The microwave spectral density of longitudinal current fluctuations in silicon-doggde GaAs at 80 K at
moderate electric fields<(1 kV/cm) is calculated. Electron collisions with phonons, impurities, and among
themselves are taken into account by a modified Monte Carlo procedure. The important role of interelectron
collisions is disclosed, and velocity-velocity cross correlation under nonequilibrium conditions is calculated.
The quantitative fitting to the available experimental data on the spectral density of current fluctuations is
achieved, and the range of fields is defined for interparticle collisions to manifest themselves in the noise.
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I. INTRODUCTION perature approximation. However, by definition, only the

corrections quadratic in electric field strength were taken into

Investigation of fluctuations is indispensable while seek-account in Ref. 11. Regretfully, the experimental investiga-
ing a deeper understanding of relations between microscopfion of E* terms in noise characteristics is not an easy task,
processes in a physical system and its macroscopic prope\pl_lth most of the experimental results being obtained at in-

. . . '6
ties. Fluctuation phenomena in a nonequilibrium electron garserggd:ltse ;réfnhé%r;re]trefr'géﬁdm hot electrons being known
contain information difficult to obtain in other ways, and - asy g 9

technigues based on hot-electron noise measurements ha ehave fluctuation properties differing from those in equilib-

been demonstrated to be a powerful tool of diagnostics oF"ch';“’OS:é‘SB ?ﬁsqrueastlflts Ncl)?m?actci:c:;rllointé?gZ?lglrJ:Ssel?E;]g
solid state plasm&? Electron velocity fluctuations in doped prop ' P

semiconductors are predicted to be strongly influenced b{gﬂi;ethgejlt:gige' Iélljegclltr?)rr]ld 5;gg;§ﬁ"\éirt%_th2:é‘°’té?oss_
interelectron collisions responsible, in particular, for addi- : parately "y
tional correlationt3* correlation at different electron densities, but only a new

We report an attempt to interpret results of microW(,jwegeneration of computers ensured safe resolving of equal-time

. . cross correlation specific to a nonequilibrium system of in-
noise measurements in doped GaRefs. 5 and pby com- o -~ ,
paring them with those of s?mulation berformed, by means ofercolliding electron$®~1” Nevertheless, no effect of inter-

a specially adopted Monte Carlo technique, within a frame l€ctron collisions on the total correlation function and the

work of the model sufficient to evaluate effects of interelec—SIDeCtraI density of velocity fluctuations was obtained for the

tron collisions. The theoretical investigation of effects quonS|dered model oh-type GfiAS in investigated electric
fields over 1 kV/cm at low lattice temperatures.

carrier-carrier scattering on high-electric-field properties of )
r rier s ng '9 e broperies On the other hand, the experimental restfist moderate

semiconductors goes back to Rlich and Paranjageand . X . .. )
Stratton® Interelectron collisions, though conserving energyf'glgir:]o,r 3()j%Z?]T(;:ybp:e(\isﬁsq(ﬂlﬁg:%I?/eiztseltrISrse%Xde(iati?rllng

and momentum in the electron system, have an indirect ef1 T -
fect on high-field transpoft® and—even more direct—on a framework of the model neglecting interelectron collisions.

velocity fluctuationS? In the limiting cases when electron Thus, microscopic simulation at moderate fields outside the

distribution in energy or even in energy and momentum is warm electron region and belpw 1 kvicm W.'th necessary
cattering mechanisms taken into account is called for in

shaped by frequent interelectron collisions, the Boltzmanr? der t | fects of interelect lisi b
equation, though initially nonlinear in electron density, cano[)ler 0 Lefo .V? € ect ‘:’ho n e_rlek;alc ron co 'S'O?SI 3”,[0 Serv-
be treated analytically in terms of “electron temperature” or @P'€s and fo interpret the avallable experimental data.

“drifted Maxwellian” approximation. This allows an ana- Definitions of correlation functions are given in Sec. Il.
lytic treatment of hot-electron fluctuation problem with the The combined scattering rate technique is described in Sec.

important physical features of fluctuations in nonlinear-in-1I- Section IV considers the dependence of calculated corre-

density nonequilibrium systems being preserved in these limlation functions and spectral densities of velocity fluctuations
iting cased:*1° upon the electron number under simulation. In Sec. V, the

However, investigation of the analytically tractable mog- calculation of current fluctuations for a realistic model of an
' electron gas in a doped semiconductor is performed and the

els is not sufficient for understanding of field-dependent ' ;
noise behavior over a wide range of electron densities. Aesults of computation are compared to the experimental

semianalytical seminumerical method has been proposed %ata.

Ref.' 11to |IIum|nate.a role of mter?‘lectro,r’\ collisions in flL!C- Il. CORRELATION EUNCTIONS AND THEIR

tuation phenomena in the case of “warm” electrons. A wide

. " PROPERTIES

interval of electron densities was covered, from those low

enough for interelectron collisions to be neglected up to Let us introduce the time-dependent drift velocity Nf
those high enough to ensure the validity of the electron temfree electrons weakly interacting among themselves and with
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an unperturbed thermal bath, i.e., the velocity of the masslecreases withh due to interelectron collisions mainly: any
center of the electron system: collision causes a loss of one-electron velocity autocorrela-
N tion, and the shortest time constant., dominates the rate
1 of decay of the autocorrelation functieh,,{t) in a short
va(t)= Nizl vi(t), @D time scale.

In equilibrium there is no equal-time cross correlation:
wherev;(t) is the instantaneous velocity of thth electron. & .(0)=0. On the other hand, any interelectron collision,
Under a steady statat equilibrium as wejl the drift veloc-  conserving energy, and momentum, cause the correlation of
ity of the electron system fluctuates around its aver@ger  velocities of the two electrons involved, and, for sntalihe

time, or over an ensemble of the systemalue cross-correlation functiod ,,.{t) grows proportionally to
t. The opposite tendencies in the evolutiondof,{t) and
Vg=vg(1). 2 d0s{t) counterbalance each other, and the resultant total

The total electron energy and momentum of the electronédrift-velocity to drift-velocity) correlation function®(t)
being conserved during an interelectron collision, the flucchanges slowly, its decay being caused only by the interac-

tuations of the drift velocity, tion of the electrons with the thermal bath. So, frequent in-
terelectron collisions tend to redistribute the correlation be-
Svg(t)=vq4(t)—Vyq, €)] tween the diagonal and off-diagonal terms in favor of the

cross correlation, the total correlation function fet 7, be-
'ﬂ1g kept approximately constant.

At t>r1,. the autocorrelation function becomes small
enough, and the cross-correlation functig,,s{t) follows
closely the total correlation functiod®(t), both decaying

Svi(H)=v(t)— Vg, 4) \é\/riézstrl%r';ienlwaeﬂ(;:r?nfsl;[ﬁ(r:];[iodnetermined mainly by . SQ, the '
- passes over the maximum, its
is influenced by all scattering mechanisms in action. As famaximum value being undé(T/m at equilibrium?®®
as electron velocity fluctuations are considered along a cho-
sen direction(that in which a constant electric field will be
applied, the vector indices are omitted. lll. MODIFIED MONTE CARLO TECHNIQUE
The time-displaced drift-velocity to drift-velocity correla- [ et us simulate motion in a uniform electric field df

tion function is electrons undergoing different types of scattering events. All
electrons move without scattering for the time between two
D (t)=Ndvg(t;+1)dvg(ty), (5)  successive “events in the electron system.” By the event we
where the average is taken ovirwith the time interval ~M€an either a scattering of an electron by the thermal bath or
between two observations, being kept fixed. The function & mutual col!lsmn betw_een two electrons. The time between
two successive events in the electron system will be referred
®(t) can be presented as s : #
to as the “time of free flight of the system.
D (1) =P gud ) + Drosd ), (6) For independent scattering events the time of free flight of
the system is defined by the combined scattering fate:

are caused only by electron interaction with the thermal bat
(phonons and impurities in the case of semicondycton
the other hand, the instantaneous velocity ofittmeelectron
v;(t) in respect to its long-time averadg,,

where
1 N
Paudt) = 2 S0i(t+0)8v(t) (7) Neom V1 Vz, -+ V) = 24 Ni(Vi)
N—-1 N
" g S A,
1 =1 ST+
Parosf1)= 2 O0i(ty+)80;(t) ® (10

will be referred to as autocorrelation and cross-correlationwhere\; and \&® are the integral rates of scattering of the

functions. ith electron by the thermal bath and by tjéa electron,
The main features of time-displaced correlation of therespectively. The factorN—1)~! normalizes thes-e scat-

electron velocities in the presence of interelectron coIIisionqering rate, so that each electron under simulation is

can be illustratetf by the case when the interaction of elec- weighted byn/N wheren is the electron density. Equation

trons with the thermal bath is weak as compared to that beg1 ) reduces to that written down in Ref. 20 fsi=2.

tween themselves, i.e., when the interelectron relaxation time The combined scattering rate,,, depends on the elec-

Tee IS shorter than that of the electron momentum relaxationron velocity distribution. Our Monte Carlo procedure deals
time 7, caused by an interaction with the thermal bath:yith the instantaneous velocity distribution rather than its
Tee<T7p. In this case the autocorrelation function, startingtime-average function. Thus the fluctuations of electron dis-
from its equal-time (= 0) value, tribution are not ignored. In order to cope with the time-
— dependent combined scattering rate the Rees self-scattering
D, d 0) =07, (9 procedurdis applied: a fictious “scattering rate” is added to
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the instantaneous combined scattering rate to make the re- 25

sultant total scattering rate independent of time. GaAs

a 80K
20} b
\ n=3 10" cm?
: 100 Viem
1

Now, the simulation of synchronous motion bf elec-
trons is straightforward. The procedure starts from a chosen
electron velocity distribution. A random number is generated
to simulate a realization of the “time of free flight of the
system” determined by the total scattering rate. Since all
electrons move without any scattering during the time of free
flight, the velocities of all electrons before the scattering
event are available, and this is sufficient to calculate the in-
tegral scattering rates of each possible scattering event, to
make up the combined scattering rate, and to determine the
self-scattering rate. Now, another random number is gener-
ated to select a type of the scattering event in proportion to
its integral scattering rate. Provided the choice falls on the
self-scattering, nothing happens in the system, and another
free flight is simulated. Provided the choice falls on ke
electron to be scattered by one of the lattice-related mecha-
nisms (phonon, impurity the consequences of the collision
are simulated in the standard W%,y-the pair collision of the FIG. 1. Time-displaced hot-electron velocity correlation func-
ith electron with theth electron is selected, then a random ons for a different number of electrons under simulatibi= 10
number is generated to choose the scattering angle in théneg andN=2 (symbols. Drift-velocity correlation functions: to-
(vi,v)) plane according to the differential interelectron scat-tal (solid line and closed circlgsautocorrelationdashed line and
tering rate, and the final velocities of the two electrons in-triangles, cross correlatior{dotted line and open circlesPhonon
volved are determined respecting the energy and momentuend interelectron scattering mechanisms are taken into account, im-
conservation. purity scattering is neglected.

The final velocity of the electron, or those of the electrons
of the pair are used to renew the set of initial velocities fordescribed in Sec. II, except for the nonzero equal-time cross
the next free flight. So, the velocities of all electrons arecorrelation appearing in the nonequilibrium steady state due
known at any time, and the simulation continues as long ao interelectron collision&®171°
required. The correlation function®, &, and® . presented

The simulated realization of the events in the electronin Fig. 1 are obtained for electron systems with different
system contains information on fluctuations around thenumbers of simulated electrori$=2 andN=10. It is note-
steady state. The velocity correlation functior(t), worthy that the results on the total correlation function
Dudt), and D os{t) [Egs. (6)—(8)] are obtained as aver- &(t) almost coincide for these two-electron numbgiig. 1,
ages over the simulation tinte for any fixed time difference closed circles and solid line
t. Knowledge of the correlation function®, &, and

The proposed “combined scattering rate” techniqued ., makes the calculation straightforward of the spectral
avoids the short-time-step procedure inherent to converdensities of electron velocity fluctuations. Figure 2 illustrates
tional ensemble Monte Carlo methotf§*3?'Since in the the results on the corresponding spectral densitis,
ensemble Monte Carlo technique the time step should bg, ,,, andS,,.in their dependence on the electron number
chosen essentially shorter than the mean time of free flight afi. In consistence with the results of Fig. 1, the results for the
the system, while each step is accompanied by a selection @ftal spectral density demonstrate a weak if any dependence
a type of scattering evefithe latter procedure is the same in on N (Fig. 2, closed circlés In a similar way(and it has
both techniques the combined scattering rate techniquebeen checked during the simulatjpithe results on macro-
seems to be beneficial. scopic variables such as electron drift velocity and average

Evidently, Eq.(10) can be modified to consider interpar- energy do not depend on the number of simulated electrons.
ticle collisions of different quasiparticles: electrons and On the other hand, the partial spectral densitg, and
holes, light and heavy holes, and X electrons, etc. Seross are found to be linear functions ofNl/as expected
from the analytic treatment of the electron system in thermal
equilibrium?® The limits of S, and S¢ressfor N tending to
infinity can be obtained by extrapolating the simulation data
obtained for lowN.

In this section we consider the possibility of reducing the  Simulation of 3x 1P real interelectron collisions within
number of electrons under simulation without a loss of infor-the above model leads to the value $f with 4% rms de-
mation on fluctuation properties of the system. In order toviation when the number of simulated electronsNis-10.
demonstrate the effect of interelectron collisions on fluctuaThe rms deviation of the toteh, comes mainly from the
tions, we show in Fig. 1 the calculated velocity correlationcross correlation. The CPU time on 100 MHz Pentium, being
functions in a heating electric field for a model correspond-150 min for 3< 1P real interelectron collisions &= 10,
ing to n-type GaAs at 80 K with the impurity scattering increases almost proportionally to the product\ofand the
neglected. The curves in Fig. 1 have similar features to thoseumber of real events. These estimations suggest simulation

-
(8]
T

0.5

Correlation functions (10" cmzlsz)

o
o

Time difference ps

IV. DEPENDENCE ON NUMBER OF ELECTRONS UNDER
SIMULATION
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FIG. 2. Spectral density of hot-electron drift-velocity fluctua- FIG. 3. Electron energy distribution function intype GaAs at
tions (closed circlesversus the number of electrons under simula- g4 (n=3x 10 cm~3, N,=7.5x 107 cm™3) at different applied

tio_n, N. Triangles and open cir(_:leg are conFributipns of autocorre 4 |actric field: 1-50 Viem, 2—250 Viem, 3—500 Viem.
lation and cross correlation; solid lines are fitted linear functions of

1/N. Phonon and interelectron scattering mechanisms are taken inments(see Refs. 23 and 24For example, in the range of

account, impurity scattering is neglected. electron densities over 1bcm 2 the typical degree of com-
pensation in Sn-dopedi-type GaAs was fourfd to be

of N~10 electrons in order to obtain the correct results oy, /n32.

all three correlation functions with a reasonable consumption " \ye estimated the degree of partial compensation of do-

of CPU time. As a result, the proposed procedure seems, ¢ by acceptors in the silicon-dopedtype GaAs samples
eff|C|ent in comparison to those ensemble Monte Ca_rlo tech, the following way?® The dependence of electron drift ve-
niques where a large number of electrons are to be simulategliw, on the electric field was calculated for electron density
3x10'cm ™3 at different densities of the ionized impurities.
V. COMPARISON TO EXPERIMENTAL DATA The low-field mobility a_r_nd the deviations from the Ohm_law
were found to be sensitive to the degree of compensation. A
It remains to perform calculations for a realistic model of reasonable fit to the experimental data of Refs. 5 and 25
an electron gas in a doped semiconductor in the case whewgas obtained for the ionized impurity density,~ 7.5
experimental data on microwave noise are available, x 107 cm 3.
namely, for silicon-dopeah-type GaAs,n=3x 10 cm™3, Figure 3 presents the hot-electron energy distribution ob-
at an 80 K lattice temperature. Since interelectron collisionsained in the framework of the above model. Interelectron
are expected to be important at not too high electric fiédds collisions set a rather good one-temperature distribution at
is well known, the Coulomb scattering mechanisms gradus0 V/cm (Fig. 3, curve 1. At higher fields a kink develops at
ally switches off with an increase of electron enerpiesl-  the optical phonon energ¥.036 eV, curves 2 and)3
culations are performed within a framework of a parabolic The results on the spectral density of drift-velocity fluc-
one-valley ("-valley) model, thus ignoring intervalley tran- tuations are presented in Fig. 4. The spectral density of cur-
sitions. Nonelastic acoustic and optical scattering byrent fluctuations was measured at 10 GHz frequéntiie
phonons(acoustic deformation potential, polar opticaé  frequency was high enough to avoidf 1and generation-
considered, with the phonons remaining in thermal equilibrecombination noise, but it was low in comparison to the
rium. The ionized impurity scattering and interelectron pairinverse time constants of the kinetic processes related to
collisions are taken into account in the screened Coulomlelectron scattering in the conduction band. The experimental
approach. The effect of electron heating on the screening idata on the spectral density of drift-velocity fluctuatigR).
neglected. 4, squares are obtained from the current fluctuation data
The experimental data on noise are availabBldor through normalization at zero field by using mobility data
silicon-dopedn-type GaAs demonstrating mobility of elec- and the Nyquist formula in the way described elsewHére.
trons, u = 4000 cn?/V's at 80 K, essentially lower than The results are available in the field range embracing the
predicted for acceptor-free-type GaAs(see Ref. 2P It is intermediate fields where the interelectron scattering is ex-
evident that acceptors are present, and the compensation jpécted to be most efficient. The closed circles in Fig. 4 give
donors is importantsilicon is an amphoteric impurity in the electric field dependence of the spectral density resulting
GaAs, and Si atoms in Ga sites act as donors while thosom the calculated total correlation function. For compari-
occupying As sites act as accepjorBhe technique to evalu- son, the results of the simulation neglecting interelectron col-
ate the degree of compensation in GaAs and other compourions are showriFig. 4, diamonds
semiconductors is based on the low-field mobility measure- One can see that the interelectron collisions have little
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T T 3 sions taken into accouriFig. 4, closed circlesfits the ex-
perimental oneg(Fig. 4, squares These results indicate an
GaAs 10 GHz important role of the Coulomb scattering mechanigmter-
80K electron and ionized impurity scatterjnip the formation of
o the spectral density of current fluctuations at the intermediate
electric fields.
200 | n=310""cm3 The spectral density of velocity fluctuations remains
N=7.510""cm™ A nearly constant at fields up to 200 V/c(iig. 4, closed
circles and squargsThis behavior can be explained by en-
hanced energy loss by electrons on optical phonons in the
presence of interelectron scatterfifgithe interelectron-
collision-dependent energy losses include spontaneous opti-
cal phonon emission by the electrons having acquired
enough energy in the result of collisions with other electrons.
The role of interelectron scattering diminishes at higher
100 . , o fields: an increase of electron energy causes the interelectron
1 10 100 1000 scattering rate to decrease and the spontaneous optical pho-
Electric field (V/cm) non emission to become the dominant scattering mechanism.

300

Spectral density S, (cm?/s)
[m]

FIG. 4. Dependence of the spectral density of electron drift- V1. CONCLUSIONS

velocity fluctuations at 10 GHz for silicon-dopeetype GaAs at 80

K (n=3%10cm™3, N;=7.5x 10" cm~3). Monte Carlo simula-
tion: with phonon, impurity, and interelectron scattering taken into
account (closed circley without interelectron scatteringdia-
mondsg. Experimental data—open squar@ef. 5. Solid and dot-
ted lines are guides to the eye.

The proposed Monte Carlo procedure was demonstrated
to be an efficient tool for studying hot-electron noise in the
presence of carrier-carrier scattering. The fluctuation proper-
ties of nonequilibrium electron gas in a semiconductor are
shown to be sensitive to the presence of interelectron colli-
sions. Taking them into account is crucial for an explanation

influence on the fluctuation spectra at very low- and at high-Of experimental data on microwave noise in doped GaAs at

electric fields(cf. diamonds and closed circles in Fig. Zhe 80 K at moderate electric fields ... 500 Vicm.

most pronounced effect is obtained at intermediate fields

ranging from 5 V/cm to 500 V/cm. The interelectron colli-

sions cause an essential increase in the field strength required This work was supported by the European Commision

for the excess hot-electron fluctuations to manifest themthrough the projects East ELEN 940020 and COPERNICUS

selves. 941180, and the Lithuanian State Science and Studies Foun-
The calculated dependence with the interelectron colli-dation(Grant No. P5/94
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