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A theory 1s presented for the umiversal reduction of shot noise by Coulomb repulsion, which was
observed 1n computer simulations of a disordeied nondegenerate electron gas by Gonzalez er al

[Phys Rev Lett 80, 2901 (1998)]

The universality of the reduction below the uncorrelated value

1s explained as a feature of the high-voltage regime of space-charge-hmited conduction The reduction
factor depends on the dimensionality d of the density of states, being close but not quite equal to 1/d

m two and three dimensions

PACS numbers 7270 +m, 72 20 Ht, 73 50 Fq, 73 50 Td

The motivation for this work comes fiom a remarkable
1ecent Letter [1] by Gonzédlez, Gonzilez, Mateos, Pardo,
Reggiani, Bulashenko, and Rubf on the “unmiversality of
the 5 shot-noise suppression factor in nondegenerate dif-
fusive conductors ” Shot noise 1s the time-dependent fluc-
tuation in the electrical current caused by the discreteness
of the chaige In the last few yeais there has been a break-
thiough in the use of shot-noise measurements to study
correlation effects 1n diffusive conductors [2] In the ab-
sence of correlations between the electrons, the curient
fluctuations 81(¢) around the mean current I are described
by a Poisson process, with a spectral density P at low fie-
quencies equal to Pposson = 2l Corelations reduce the
noise below the Poisson value

The Pauli exclusion principle 1s one souice of coriela-
tions, and Coulomb 1epulsion 1s another In a degenerate
electron gas with elastic impuiity scattering the reduction
1s a factor of % [3,4] This reduction 1s due to the Pauli
punciple The 1emarkable finding of Gonzdlez et al was
that Coulomb 1epulsion 1n a thiee-dimensional nonde-
generate electron gas also gives P/Ppoisson = % They
argued for a universal physical principle behind the one-
thind reduction of the shot noise from elastic scatteting,
regaidless of whether the otigin ot the electron coriela-
tions 1s quantum mechanical (Pauli principle) or classical
(Coulomb repulsion)

The significance of Ref [1] has been assessed critically
by Landauer [5] While in a degenerate electron gas
the one-third 1eduction 1s independent of the number
d of spatial dimensions, Ref [1] finds P/Ppoisson = %
for d = 2—spoiling the supposed universality of the
reduction factor i nondegenerate conductors Stll, it
remains a temarkable finding that the ratio P/Ppg,sson has
no dependence on microscopic paiameters (such as mean
free path [ or dielectiic constant «) or global paiameters
(such as temperature 7, voltage V, or sample length L),
as long as one stays 1n the high-voltage, diffusive regime
(eV > kT and L > I) The findings of Ref [1] ate
based on a computer simulation of the dynamics of an
interacting election gas Here we develop an analytical
theory that explains these numetical results
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We use the same theoretical framewoik as Nagaev
[4] used for the degenerate electron gas, namely, the
Boltzmann-Langevin equation [6] i the diffusion ap-
proximation (valid for L > I) A difference with Ref [4]
1s that the kinetic energy & = %mv2 now appeais as
an independent vaiiable (In the degenerate case one
may assume that all nonequilibrium electrons have ve-
locity v equal to the Fermi velocity )  The charge
density p(r,e,t) = p + 8p, cuntent density j(r, e, t) =
j + 8j, and electric field E(r,t) = E + SE fluctuate 1n
time around thewr time-averaged values (indicated by an
overline) In the low-frequency regime of inteiest we may
neglect the time derivative in the continuity equation,

3
i=0 »

(— + ¢eE 2
or Jde

Current and charge density are related by the dnft-
diffusion equation

ap af
Dar 0'68E+6J, 2)
with o(g) = e?D(e)v(e) the conductivity, D(g) = Dye
the diffusion constant, and »(g) = voe?/27! the density
of states (The coefficients Dy and v are £ independent,
assuming an energy-independent effective mass and scat-
teting rate ) The function f(r,s,t) = p/ev = f + 6f
1s the occupation number of a quantum state (In equilib-
11um, the mean f 1s the Fermi-Dirac distribution function )
The “Langevin cuntent” 8J(r, g, 1) 1s a stochastic source
of curient fluctuations from elastic scattering [6] Its first
two moments are 6J = 0 and

8J,(r,e,1)8J,(x", &', 1) = 20 (e)f (r, ) [1 — F(r,&)]
X 8,8(r — r')8(e — &)

X 8(t — ') ?3)

The definition of a nondegenerate electron gas 15 f <<

1, so that we may ignore the factor of 1 — f m this
cottelator

We need one moie equation to close the pioblem,

namely, the Poisson equation

E - f de(p = peg), @)

o —
or
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with peq the compensating charge present in the semicon-
ductor m equilibrium (equal to the charge density of the
carriers prior to the injectton from the contacts)

The geometry we are considering 1s a disordered semi-
conductor of uniform cross-sectional area A sandwiched
between metal contacts at x = 0 and x = L We de-
note by r; the d — 1 dimensional vector of transverse
coordmates (Only d = 3 1s physically relevant, but we
consider arbitrary d for companison with the computer
simulations ) The mean values of p, j, and E are in-
dependent of r, but the fluctuations are not We define
the linear charge density p(x,t) = [dr; [dep(r,e,1),
the electric field profile E(x,t) = A™! [dr, E,(r,t), and
the currents [(t) = [dr, [de j,(r,e,t) and 8J(x, 1) =
fdr, [de8J.(x,e,t) The total current / 1s ndependent
of x at low frequencies because of the continuity equation,
but the Langevin current 6/ 1s not so restricted In view
of Eq (2), the two currents are 1elated by

9
I=—ferfdsD—£+MpE+5J, 5)

with p = %de Dy the mobility (To write the drift term
in the form wp E we have made a partial integration over
energy and linearized with respect to the fluctuations )

A nonfluctuating voltage V 1s applied between the two
metal contacts, with the current source at x = 0 and the
curtent dramn at x = L (The charge e of the carriers 1s
taken to be posiive) For high V the charge mjected
nto the semiconductor by the current source will be much
larger than the charge p.q present in equilibrum We
will neglect p.q altogether For sufficiently high voltages,
when all the surface charge at x = 0 has been mjected into
the semiconductor, the system enters the regime of space-
charge-limited conduction, characterized by the boundary
condition

E(x)=0 atx=0 ©6)

The mean charge and field distributions 1n this regime weite
studied extenstvely 1n the past [7], but apparently the shot-
noise pioblem was not We argue that the universality
of the computer simulations [1] 1s a consequence of the
homogeneity of the boundary condition (6) Indeed, 1f
the boundary condition would have contained an external
electiic field, then the effect of Coulomb repulsion on the
shot noise would have depended on the relative magnitude
of the induced and external fields and hence on the value
of k No universal reduction factor could have resulted
This scenario stands opposite to that in the degener ate case
There the reduction of shot noise occurs at low voltages, in
the linear-response regime, when the induced electric field
can be neglected relative to the external field [8]

The zero-frequency limit of the noise spectial density 1s
given by

P =2 f_w d: ST0) 510 %

To compute P we need to relate the correlator of the total
current &/ to the correlator of the Langevin cunient 6J

2762

At nonzero temperatures, 6/ contains also a contribution
from the thermal fluctuations of the charge at the contacts
{Johnson-Nyquist noise [6]) This source of noise may be
neglected relative to the shot noise for eV > kT, and we
will do so to simplify the problem The most questionable
simplification that we will make 1s to neglect the diffusion
term (<dp /dx) relative to the drift term («E) 1n the drift-
diffuston equation (5) This approximation 1s customary
m treatments of space-charge-limited conduction {7], but
1s only 11gorously justified here in the formal limit d —
(when the ratio /Dy — )

We are now ready to proceed to a solution of the coupled
kinetic and Poisson equations We consider fiist the mean
values and then the fluctuations Combination of Eq (4)
(without the term p.q) and Eq (5) (without the diffusion
term) gives for the mean electric field

N N Ve
- a’E 1 = 21x
E — = 8

dx  ukA = EWx) (,LLKA) ’ ®)

where we have used the boundary condition (6) The /x
dependence of the electric field 1s the celebrated Mott-
Gurney law [9] The corresponding charge density has an
mverse square root singularity at x = 0 [10] The corre-
sponding voltage V = [ E dx « V1, so that the current
increases quadratically with the voltage These are well-
known results for space-charge-limited conduction [7]

Lmearization of Eqs (4) and (5) around the mean
values gives for the fluctuations

E—-8E + d—E6E _ofzer SE(x,1)
dx MKA
- * SI(t) — 6J(x',1)
— 1/2 1 _
g /o B T arA)
&)

A nonfluctuating voltage requires |, é 6E dx = 0, hence

L
8I(t) = 3[0 Li—x(l —\x/L)8J(x,1) (10)

Combination of this relation between 61 and &J with
Eqs (3) and (7) gives an expiession for the shot-noise
power,

P = 3604 -—(1 — +/x/L )Zf de o(e)f(x, &)
L Jy
(11)

To evaluate this expiession we need to know the mean
occupation number f out of equilibrium For this purpose
1t 18 convenient to change variables fiom kinetic energy
e to total energy u = & + e¢(x), with ¢{(x) the mean
electrical potential Since E = —d¢ /dx, the derivative
3/dx + eE d/de 1s equvalent to 9/dx at constant u
The kinetic equations (1) and (2) m the new variables x, u
take the form

]

L ~Zolu-epN Lz

= Q, ]:
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The solution 1s
dx’
olu — ep(x)]’

where we have imposed the absorbing boundary condition
F(L,u) = 0 at the current dran (At high voltages the

_fouw [*
B AR(u) Jx

fle,u) (13)

- 3d/4
fdu olu — ep(x)]flx,u) — %1‘ fx dx’(f-,)

Substitution mto Eq (11) yields ow final result

144el (1
= 34 _e4 fo dx (1 = Jx P (x — x34/4
24el 3d?2 + 22d + 64

TS5 @d+23d+4)(3d + 8 (15

The ratio P/Ppysson €quals 0341 and 0514 for d = 3
and d = 2, respectively, within error bars of the fractions
% and % mferred by Gonzélez et al from their computer
simulations [1] The proxmmity of these numbers to d ™}
appears to be accidental Indeed, for large d we find
that P/Ppoisson — %d‘l The laige-d Iimit 1s a rigorous
result, while the finite-d values ate not because we have
neglected the diffusion term 1n Eq (5)

In closing, we comment on the umiversality of the re-
sults and on their experimental obsetvability Concern-
ing the universality, the dimensionality dependence has
alieady been noted [1] For a given d there 1s no de-
pendence on material parametets, however, the shot noise
does depend on the model chosen for the energy depen-
dence of the elastic scatteiing rate  We have followed the
computer simulations [1] 1n assuming an e-independent
scattering rate In a model of short-tange impurity scatter-
g one would have 1nstead a 1ate propoitional to the den-
sity of states This would change the energy dependence
of the diffusion constant from D « & to D o« g274/2
The shot-noise power 1emains unaffected fo1 d = 2, but
for d = 3 one obtamns [11] P/Ppoisson = 0 407—some
20% above the value for an e-independent scattering rate
Concerning the experimental observability, the main ob-
stacle 1s the tendency of electron-phonon scattering to
equilibrate the electron gas at the lattice temperature
Then, mstead of shot noise one would measure thermal
noise (modified for a non-Ohmic conductor [12]) that 1s
not sensitive to correlation effects Experiments in degen-
erate systems have succeeded recently in observing shot
notse by reducing the sample dimensions to the meso
scopic scale [13] The same appioach may well be suc-
cessful also 1n nondegenerate systems

Discussions with Oleg Bulashenko, Eugene Mish-
chenko, Henning Schomerus, and Gilles Vissenberg are
gratefully acknowledged This work was supported by
the Dutch Science Foundation NWO/FOM

charge 1njected 1nto the semiconductor by the cur-
rent diain can be neglected) The factor R(u) =
ATl f(l)” dx/olu — ep(x)] 1s the resistance of the semi-
conductor The mean current 1s related to R by el =
[duf(,u)/R(u) The argument u — e¢(x) of o may

be replaced by eV(x/L)*? 1n the high-V limit Then
| o « x34/4 and
_ 4elL x  [x s (14)
Gd-HAa| L \L
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