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Shot-noise suppression in Schottky barrier diodes
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We give a theoretical interpretation of the noise properties of Schottky barrier diodes based on the
role played by the long range Coulomb interaction. We show that at low bias Schottky diodes
display shot noise because the presence of the depletion layer makes the effects of the Coulomb
interaction negligible on the current fluctuations. When the device passes from barrier to flat band
conditions, the Coulomb interaction becomes active, thus introducing correlation between different
current fluctuations. Therefore, the crossover between shot and thermal noise represents the
suppression due to long range Coulomb interaction of the otherwise full shot noise. Similar ideas
can be used to interpret the noise properties of other semiconductor device)O@®American
Institute of Physicg.S0021-897@0)03418-9

It is well known that, in the absence offldontributions, trolled by screening effects carrier number fluctuations give a
excess noise in Schottky barrier diod&BD) exhibits shot  negligible contribution to the total noise power, which is
noise followed by thermal noiséneglecting hot-carrier now practically given by only the velocity fluctuations, thus
effect.}? Shot noise is attributed to the presence of a barrieproviding thermal noise.
which controls the exponential increase of current with ap-  The starting point of our approach is the nondegenerate
plied voltage. By contrast, the thermal behavior is attributedluctuating drift-diffusion equation which, for the case of one
to the series resistance which controls the more or less lineaimensional geometries and low frequencie$, is
increase of the current at the highest voltages. A phenomeno-
logical approach to describe the cross over from shot to ther- @ —qn(x,t) uE(x,t)+qD dn(x,t) + Alx(1)
mal behaviors is to express the current spectral derSjty, A ' ’ dx A
as the partition between two noise generatofs as

2

where | is the instantaneous electric currei,the cross-

2qI_R2 4k TR, sectional arean the number density, the mobility, E the
S = ‘ , (1)  electric field, andD the diffusion coefficient. Moreover,
(Ri+Ry? (Rj+Ry)? 81,(t) is a Langevin diffusion noise source that accounts for
current fluctuations, and has zero mean and correlation

wherel is the average electric currewtthe electron charge,

R; the junction resistanceRs the series resistancekg

Boltzr_nann’s cpnstants, andthe temperature._ o m: 2Aq2DF(x) S(x—x")8(t—t"). 3)
Microscopic approaches at hydrodynaffiand kinetic

level$*® confirm the above expression without resorting toHenceforth, a bar denotes an averaged quantity. In previous

two independent noise sources, but providing a selfequations the time variable specifies that the quantities are

consistent solution of the dynamics together with the Poissoghanging with time due to the existence of fluctuations.

equation. However, a physical interpretation of the noisé=quation(2) must be completed with the Poisson equation

properties of SBD, and in particular of the crossover betwee@nd with appropriate boundary conditions to take into ac-

shot and thermal noise, is still lacking in the current literaturecount the long range Coulomb interaction and the thermionic

and constitutes an intriguing question. emission processes, respectively. For the rectifying contact
The aim of this article is to address this issue by showinghe boundary condition reatls

that the crossover between shot and thermal noise behaviors (1) = 81 (1)

represent the suppression due to long range Coulomb inter- no(t)—neq=—TE, (4)

action of the otherwise full shot noise. This suppression oc- qAv,

curs |n SBD when the device passes from barrigr to ﬂatba”%herevr is the recombination velocity of the contact®

conditions because of the following: By increasing the free_ Nce~ 9% %bn the contact equilibrium density, with being

carrier concentration the originally negligible screening ef- o affective density of states in the conduction bafyg, the
fects due to the Coulomb interaction become relevant, thuggrier height, and3=1/kgT, and &l1¢(t) is an additional

acting as a shot noise suppressor. Accordingly, when con-angevin noise source that accounts for the fluctuations due
to the random emission of carriers. It has zero mean and
dElectronic mail: gabriel.gomila@unile.it spectral density

function’
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STE=2q[1+2I¢], (5

with 1c=qn°%A. For the ohmic contact, if the sample is

long enough we can neglect their effects and take
nL(t)=Np. (6)
By dividing Eq. (2) by the Wronskian
W(x,1) = e~ 98I Dax’ Y

and integrating the result betwerrs 0 andx=L, whereL is
the sample length, one obtaifsee also Refs. 3 and 8

[(t)=1,(t)—1o(t)+ 6lp(1), (8)
where
_ _ B nu(t)
lo(t)=qAvp(t)ng(t); IL(t)—quD(t)m, 9
and
_— -
5ID(t)—vDL DW(x) (10

To arrive at the previous results we have made use of Ei
stein’s relationD = ukgT/q, and have introduced the diffu-

sion velocity as

1 J'L dx 11

vo0 ~ Jo DW D" v
From Egs.(8), the average current is given by

T=1 —To=14(e%V-1), (12

wherel =qn®%,vp/(v, +vp)A andV is the applied bias.
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— n(x) —
H(X)= — AG?Bvp —— = — G2 BAv o NePlFn) ~Ec(O)],

W(X)
(16)

Here E¢(0) is the edge of the conduction band aRg(x)

the quasi-Fermi level. By substituting the linearized version
of Egs.(4) and(6) into Eq. (14), and substituting the result
into Eq. (13), one finally obtains

U—D/Ur 1
Ol (t)= ——=——6lg(t) + 1?

= Slp(t)
1+vplu, +vplu, °

1
b SI(1).
1+UD/Ur .

17

The meaning of the different contributions to the current
fluctuations in Eq(17) is the following:

(i) The term involvingSlg(t) represents the contribu-
tion to the current fluctuations of the thermionic emission
processes.

(ii) The term involvingdl g(t) describes the current fluc-
tuations resulting from a response to an electric field fluctua-

Mfon. This term accounts for the effects of the long range

Coulomb interaction on the current fluctuations. To obtain
their statistical properties one needs to compute explicitly the
electric field fluctuationd* For this communication it is
enough to notice thadl g(t) is negligible wherH (x) is con-
stant(or nearly constant since thendl E(t)wabdxéEx(t)
=HsV(t) =0, where current fluctuations are calculated un-
der fixed bias conditions.

(ili) The term involving 8l (t) represents the current
fluctuations due only to diffusion processes since it is di-

In deriving Eq.(12) we have used the averaged version ofrectly related to the fundamental diffusion noise source,

Egs. (4), (6), and (9), and the fact thawV, =exd —qB(V
—Vpi) 1, with V,i=kgT/q In(Np /% being the built-in volt-
age.

Notice that in the definition Ou‘;_D we have included the

sample(and not only the depletion layerAs a result, the

Sly(t). From Egs.(3) and (10) it can be shown that the
current fluctuations associated &p(t) always display a
low frequency spectral densitﬁD=2ff§dt5I p(t)81p(0),
of the shot noise typésee Refs. 3 and)8

. = : _ T+ 1, _ AF
formal expression for thé—V characteristics holds in the sP:zq[|o+|L]:2qT(_L _°> =2ql cot%( ﬁ) (18
B

entire range of applied bias. For low applied biass nearly

constant, and the-V characteristic is exponential. At larger where AF, =F,(L)—F

applied biagabove flatband conditionsl ; depends oV in

L 0

n(0) is the quasi-Fermi level drop
across the sample.

such a way as to cancel the exponential behavior and give  gjnce thermionic emission and diffusion are independent

rise to a linear characteristiés.

processes, one can compute their joint contribution to the

The current fluctuations can be obtained by linearizingerrent fluctuations. We obtain
Eq. (8) around the stationary state. After some algebra one

arrives at
SI(t)= 817 (1) =Sl (1) + Sle(t)+8lp(t), (13

where

o3 (D=aAvpang();  AIE(=aAZZ on(D), (1)
L

and
L
olg(t)= fo H(x) SE4(1), (15

with

2
o= L
l+UD/Ur

— 2
vp v, ) STEL

1+U_D/Ur !

=2q[1+21]

=2ql cot av

—earcom )
which is of the full shot noise type. This result is just a
manifestation of the fact that both diffusion and thermionic
emission processes are in origin uncorrelated processes. No-

tice, that from the present derivation, this result is valid for
the whole range of applied bias.

(19
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We are now in a position to develop a physical interpre-odes. We have shown that the occurrence of shot noise at
tation of the noise properties of SBD, in particular of thelow bias has to be attributed to the fact that the density dis-
crossover between shot and thermal noise behaviors. We wiltibution is such as to make negligible the effects of the long
consider the case of low applied bias. As is well known, inrange Coulomb interaction. As a result the originally uncor-
this range of bias the device is controlled by the depletiorrelated diffusion and thermionic emission processes remain
layer present near the rectifying contact, where almost all ofincorrelated, thus giving rise to a shot noise spectrum. On
the applied potential drops. This implies that the quasi-Fermihe other hand, at higher applied bias the nearly uniform
level is nearly constant all over the sample, and hence, acarrier density profile induces considerable screening effects,
cording to Eq.(16), H(x) is also(nearly constant. There- which introduce correlation between the diffusion and ther-
fore, we may neglect the contribution of the long range Cou-mionic emission process. The resulting thermal noise spec-
lomb interaction termélg(t). Accordingly, the current trum is thus the result of the suppression of the intrinsic shot
fluctuations are determined by the diffusion and thermioniaoise of the device. The main ideas developed in this article
emission terms, thus giving rise to a spectrum of the shotan be extended to other devices, like n diodes, tunneling
noise typdsee Eq(19)]. On the contrary, for higher applied diodes, ballistic devices or mesoscopic devices, thus offering
bias the depletion layer disappears and the applied bias dropgw perspectives on what concerns the understanding of the
all over the sample. In this situation the quasi-Fermi level isnoise properties of semiconductor devices.
no longer constant, and the self-consistent tétg(t) plays .
a relevant role. This term introduces correlations between the Dr- T- Gonzéez and Dr. O. M. Bulashenko are thanked
otherwise uncorrelated thermionic emission and diffusionfOr Stimulating discussions on the subject. Partial support
processes, thus suppressing the shot noise. Therefore, tff@Mm the Italian MURST "Physics of Nanostructures,” from
thermal noise associated to series resistamy be inter- e Spanish SEUID and from the NATO Linkage Grant No.
preted as just suppressed shot noise due to long-range cddyECH.LG 974610, is gratefully acknowledged.
lomb interaction.
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In summary, we have developed a theoretical approach This last condition also impliesp<uv,, thus giving I ~qAuNg/

to interpret physically the noise properties of Schottky di- L(v—V,)exp-qsv).
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