
JOURNAL OF APPLIED PHYSICS VOLUME 88, NUMBER 8 15 OCTOBER 2000
Impedance field and noise of submicrometer n¿nn ¿ diodes: Analytical
approach

O. M. Bulashenko,a) P. Gaubert, L. Varani, J. C. Vaissiere, and J. P. Nougier
Centre d’Electronique et de Micro-optoe´lectronique de Montpellier, Universite´ Montpellier II,
place E. Bataillon, 34095 Montpellier cedex 5, France

~Received 8 May 2000; accepted for publication 11 July 2000!

A theoretical model for the noise properties ofn1nn1 diodes in the drift-diffusion framework is
presented. In contrast with previous approaches, our model incorporates both the drift and diffusive
parts of the current under inhomogeneous and hot-carrier conditions. Closed analytical expressions
describing the transport and noise characteristics of submicrometern1nn1 diodes, in which the
diode base (n part! and the contacts (n1 parts! are coupled in a self-consistent way, are obtained.
© 2000 American Institute of Physics.@S0021-8979~00!06820-1#
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I. INTRODUCTION

The noise analysis of submicron semiconductor devic
in which both space-inhomogeneous and hot-carriers co
tions may be involved, has recently attracted much attent
In particular, considerable efforts have been devoted to
theoretical investigation of noise in an1nn1 diode, which,
on the one hand is the simplest example of a nonhomo
neous semiconductor device and on the other forms the b
for various devices such as field-effect transistors, switch
photodiodes, etc. The modeling of noise inn1nn1 diodes
has been recently performed by numerical procedures:
Monte Carlo ~MC! method1,2 and the hydrodynamic~HD!
approach.3,4 While the former is a stochastic techniqu
which intrinsically includes the microscopic fluctuations, t
latter is a deterministic procedure calculating the noise sp
tral density by means of the impedance field method.4 The
HD approach is a promising tool, since it takes into acco
all the necessary kinetic information on almost the sa
grounds as the MC method but, in addition, is able to co
pute the local impedance and noise distributions, which
of importance to evaluate the device performance. The lo
quantities are usually computed in two steps. In the first s
the stationary profiles of the transport characteristics~the
electric field, electron density, mean velocity, etc.! are calcu-
lated. Then, in the second step, the evolution of perturbat
around the steady states located in various points of
structure are considered from which the Green function,
impedance field, and the voltage noise spectral density
computed. Within the HD approach the calculation of t
evolution of perturbations is a numerical procedure.

Recently, the drift-diffusion~DD! approach has bee
proposed for the local noise analysis of nonhomogene
structures.5,6 Although the DD model is based on the loc
field approximation, i.e., the kinetic coefficients~mobility,
diffusion coefficient! are functions of the local electric field
the system of equations to be solved is simpler, which gi
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the possibility of avoiding the second step in the calcu
tions. Indeed, in the DD framework the transport equation
reduced to a second-order differential equation with resp
to the electric field. This results in the possibility of findin
analytical formulas for the Green functions of the lineariz
operator, and once the steady-state field distribution is fou
the local impedance and noise can be immediately obta
by simple integration over the steady-state quantities, w
out computing numerically the evolution of perturbatio
throughout the device. The effectiveness of this techniq
has been demonstrated on various nonhomogeneous s
tures such asn1n homojunctions,5,6 Schottky barrier
contacts,7 and Schottky diodes.8

The aim of this article is to apply the DD framework t
the local noise analysis of submicronn1nn1 diodes and to
obtain in a closed analytical form the impedance field a
the local noise characteristics. In long diodes~*1mm!, the
diffusive part of the current may be neglected and only
drift part is usually considered. For that case the analyt
formulas for the impedance field in the diode base~the con-
tacts are excluded from the consideration! were calculated
many years ago.9 In submicron diodes, the length of the d
ode base is on the order of the screening length in the m
rial, and the space-charge near-contact layers extend ove
whole sample leading to a strong inhomogeneity of the e
tron transport. Under these conditions, the diffusion curr
cannot be neglected. Taking into account both the diffus
and drift current components, we have obtained closed a
lytical expressions, which describe the transport and no
characteristics of then1nn1 diode, in which the diode bas
(n part! and the contacts (n1 parts! are coupled in a self-
consistent way. Moreover, the mobility and the diffusion c
efficient are considered to be electric-field dependent, so
the hot-carrier regime is also included. The comparison
tween the drift-diffusion model and the Monte Carlo simu
tion will be taken as validating proof of the DD model.

The article is organized as follows. In Sec. II the ba
equations for the description of transport and fluctuations
n1nn1 diodes in the DD framework is described. In Sec.
the steady-state spatial profiles for the electric field, car
density, and electric potential, as well as the current–volt

ss:
,

9 © 2000 American Institute of Physics

IP license or copyright; see http://jap.aip.org/jap/copyright.jsp



ar

re
riv
e
ec

e
ly

en
th
u
in
rt
u

-

nc

ng

e at

n-

e.,

i-

he

is
he
qua-
ed
at

is
is
the

by
he
on-
ce
nd

ap-

tric-

re,
due
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~I–V! characteristics are numerically obtained for the p
ticular case of a Sin1nn1 diode of different lengths and
under different applied voltage biases. The analytical exp
sions for the impedance and noise characteristics are de
in Sec. IV. These expressions are evaluated by making us
the steady-state profiles obtained in Sec. III. Finally, in S
V we sum up the main contributions of the article.

II. DRIFT-DIFFUSION MODEL: TRANSPORT AND
FLUCTUATIONS

A. Steady-state transport

Consider ann1nn1 diode in which the low-doped diod
basen of the lengthL is sandwiched between two heavi
doped contactsn1 each of the lengthd ~Fig. 1!. The doping
concentrations in the base and the contacts areND

2 andND
1 ,

respectively.
We are interested in modeling the noise at low frequ

cies corresponding to the time scale much longer than
dielectric relaxation time. Therefore, the displacement c
rent may be neglected. In the DD approximation, combin
the current and Poisson equations, the electric transpo
the diode is governed by the second-order differential eq
tion for the steady electric-field profileE(x).5,6 We write this
equation for then andn1 regions as

D~E!
d2E

dx2
1v~E!S dE

dx
2

q

e
ND

2D52
I

eA
,

~1a!
0,x,L,

D̃~E!
d2E

dx2
1 ṽ~E!S dE

dx
2

q

e
ND

1D52
I

eA
,

~1b!
2d,x,0, L,x,L1d,

where I is the steady-state electric current,q the electron
charge,e the dielectric permittivity,A the sample cross
sectional area,D(E) the diffusion coefficient, andv(E) the
electron drift velocity. These equations are nonlinear, si
the drift velocity v(E) and the diffusion coefficientD(E)
depend on the electric field. For then1 region we marked
them by a tilde to distinguish them from those for then
region.

At the interfacesx50 andx5L from the continuity of
the electric field and electron density we obtain the followi
boundary conditions:

E025E01, EL25EL1, ~2a!

FIG. 1. Geometry of the diode.
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dE

dx U
x501

2
dE

dxU
x502

5
q

e
~ND

22ND
1!, ~2b!

dE

dx U
x5L1

2
dE

dxU
x5L2

5
q

e
~ND

12ND
2!. ~2c!

Hereafter, we use the subindex 02 (01) when a discontinu-
ous quantity is evaluated at the contact-sample interfac
x50 from the left~right!. The similar notations (L2 andL1)
are used for the pointx5L.

Finally, at the ends of the diode the quasineutrality co
ditions impose

dE

dx U
x52d

5
dE

dxU
x5L1d

50. ~3!

The contact lengthsd are chosen to be large enough, i.
much larger than the Debye screening lengthLD

1

5(ekBT/q2ND
1)1/2 to guarantee the quasineutrality cond

tions.
It should be emphasized that the continuity of both t

electric field and electron density at the interfaces@Eqs.~2!#
cannot be fulfilled simultaneously if the diffusion current
not taken into account and only the drift component of t
current is considered. For the latter case the transport e
tion is of the first order, and once the electric field is assum
to be continuous, the electron density must have a jump
the interface to fulfill the continuity of the current, which
unphysical. So, if the diffusion current is neglected, it
impossible to couple self-consistently the diode base with
contacts.

B. Fluctuations

The noise properties of the diode may be analyzed
calculating the fluctuations of the electric field along t
structure. We assume from the current-driven operation c
dition, under which the diode is placed in a high-impedan
external circuit that the current is maintained constant a
the voltage fluctuations are computed. In the Langevin
proach, the fluctuations of the electric fielddEx at a slicex
satisfy the linearized version of Eqs.~1! with a noise source
term for the currentdI x .5,6

Consider then region, 0,x,L. By linearizing Eq.~1a!,
one gets a linear nonhomogeneous equation for the elec
field fluctuationdEx in the form

L̂dEx52dI x /~eA!, ~4!

with the operatorL̂ given by6

L̂5D~E!
d2

dx2
1v~E!

d

dx
1D8~E!

d2E

dx2

1v8~E! S dE

dx
2

q

e
ND

2D . ~5!

Note thatL̂ is a second-orderdifferential operator, in con-
trast to the previous simpler studies,9,10 where it was of the
first order, since the diffusion has not been included. He
dI x represents the stochastic current. When the noise is
IP license or copyright; see http://jap.aip.org/jap/copyright.jsp



a

fo

on

Eq
ric

c

ns

f
hi

e

-

le
ng
b

e

4711J. Appl. Phys., Vol. 88, No. 8, 15 October 2000 Bulashenko et al.
mainly to velocity fluctuations of carriers~diffusion noise!
and spatial correlations are neglected, it has zero mean
d-type correlation function̂ dI xdI x8&5AK(x)D f d(x2x8)
with11

K~x!54q2n~x!D~x!, ~6!

with D f being the frequency bandwidth. For then1 parts of
the diode, one may write the similar transport equation

the fluctuationsL̂̃dẼx52d Ĩ x /(eA), with the operatorL̂̃
given by the formula similar to Eq.~5! ~marking the corre-
sponding quantities by a tilde and changing the doping c
centrationND

2 to ND
1).

The boundary conditions for the fluctuations at then1n
interfaces follow from those for the steady state given by
~2! and the continuity conditions for the fluctuating elect
field and electron density

dE025dE01[dE0 , ~7a!

dEL25dEL1[dEL , ~7b!

ddEx

dx
U

x502

5
ddEx

dx
U

x501

, ~7c!

ddEx

dx
U

x5L2

5
ddEx

dx
U

x5L1.

~7d!

At the diode ends, we suppose

dE2d5dEL1d50, ~8!

since the contribution to the noise from distances mu
larger than the Debye length is screened out.

Equations~4!–~8! constitute a complete set of equatio
to analyze the noise properties of ann1nn1 diode in the DD
framework.

III. STEADY-STATE SPATIAL PROFILES AND I–V
PLOTS

To analyze the local and global noise properties o
diode we must first find the stationary spatial profiles. To t
purpose, we solve numerically Eqs.~1! with the boundary
conditions~2! and ~3! by making use of a finite differenc
scheme. For the field-dependent mobilitym and diffusion
coefficientD we use the analytical approximations12

m~E!5
m0

@11~E/Ec!
b#1/b

,

~9!

D~E!5
D0

@11~E/Ec!
b# (b21)/b

,

whereEc5vs /m0 is the critical field determined by the satu
ration drift velocityvs , m0 is the low-field mobility, andb is
a dimensionless parameter chosen to give the best possib
over the entire field range. Below we shall use the followi
analytical approximations giving a good fit for the data o
tained from the MC simulations forn-Si:12–14
Downloaded 08 Jun 2010 to 161.116.168.169. Redistribution subject to A
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m0~T!555.241
7.123108T22.3255.24

110.177~T/300!23.8
,

vs~T!5
2.43107

110.8~T/600!
, b51.5, ~10!

FIG. 2. Stationary profiles for electric fieldE(x) ~a!, electron densityn(x)
~b!, and electric potentialf(x) ~c! for n-Si n1nn1 diode of lengthL50.2
mm for different applied voltagesV. The Monte Carlo results of Ref. 15 ar
shown for comparison~symbols!.
IP license or copyright; see http://jap.aip.org/jap/copyright.jsp



te
te

e

ts
ee

t

-

in
b

fr

s
p

on
hs

t
ed

-

-
fect.

the
ves-
t

re

e

-
ro-
is

ua-

es

een

ding

n-

the
t
de
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where the lattice temperatureT is in K, the saturation veloc-
ity is in cm/s, and the mobility is in cm2/~V s!. With the
purpose of obtaining the steady-state solutions consis
with the MC results, we consider the same set of parame
used in Ref. 15: the temperatureT5300 K, the dielectric
permittivity e511.8, the doping concentration in the diod
base 1016 cm23, in the n1 contacts 1017 cm23, the length
of the diode baseL50.2 mm, and the length of the contac
d50.2 mm ~the contacts are sufficiently long to guarant
the quasineutrality conditions atx52d andx5L1d). For
this set of parameters we have the screening lengths in
contact and the baseLD

1'0.013mm andLD
2'0.04 mm, re-

spectively.
The stationary electric-field profilesE(x) obtained from

the DD model, Eqs.~1!–~3!, with the field-dependent coef
ficients Eq.~9!, are shown in Fig. 2~a! for different applied
voltage biasesV. Since the currentI is the input parameter in
our model, and the biasV5*2d

L1dE(x)dx is the result, in
order to make a comparison with the MC simulations,
which the bias is the input parameter, we make iterations
changing the current until the desired biasV is achieved. The
results are seen to be reasonably close to those obtained
the MC simulations.15 The electron densityn(x) found from
the field profiles is also in a good agreement@Fig. 2~b!#. It is
seen that the charge is redistributed near the interface
equilibrate the Fermi levels of the regions with different do
ing, forming dipole layers with a positive charge at then1

side, and a negative charge at then side @Fig. 2~b!#. The
dipoles produce two spikes of the electric field at the c
tacts @Fig. 2~a!#, which extend over several Debye lengt
LD

1 into the n1 regions and severalLD
2 into the n region.

These spikes produce a voltage drop~built-in voltage! be-
tween the contacts and the diode base, which gives rise to
formation of the potential minimum when the bias is appli
@see Fig. 2~c! for the potential profilef(x)5*0

xE(x8)dx8].
A comparison of theI–V characteristics for the struc

FIG. 3. I–V characteristics forn1nn1 diodes of different lengths.
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tures of different lengthsL is shown in Fig. 3. At low biases
the I–V curves are linear for anyL. At high biases the char
acteristics become sublinear due to the hot-electrons ef
This effect is pronounced for long diodes (L51.6 mm!,
whereas for submicrometer diodes the deviation from
linear dependence is not large in the range of voltages in
tigated. The results forL50.2mm are in excellent agreemen
with the MC simulations.15

We have also studied how the spatial profiles a
changed when the diode lengthL is scaled down, while the
length of the contactsd is fixed. The results for the sam
current densityJ523104 A/cm2 are shown in Fig. 4. It is
clearly seen from Fig. 4~a!, where the electric-field distribu
tions are plotted, why the hot-electron effects are not p
nounced in submicrometer diodes. The spillover effect
also important for short diodes@see Fig. 4~b!#.

IV. IMPEDANCE AND NOISE

To characterize the noise properties of ann1nn1 diode,
we have to solve a second-order stochastic differential Eq
tion ~4! with the differential operator Eq.~5! containing
space dependent coefficients@this space dependence com
through the space dependence of the electric fieldE(x)#. The
general scheme to solve this equation analytically has b
outlined in Ref. 6. We write the solution for then part of the
diode in the form

dEx5r~x!E
C1

x u~j!

eAD~j!W~j!
dI j dj

2u~x!E
C2

x r~j!

eAD~j!W~j!
dI j dj, ~11!

where r(x)5dE/dx and u(x)5r(x)*C
x W(x8)/r2(x8)dx8

are the solutions of the homogeneous equation correspon
to Eq. ~4!, and W(x)5r(x)u8(x)2u(x)r8(x) is the
Wronskian. The similar solutions may be written for the co
tacts, with the functionsṽ, D̃, W̃, andũ marked by a tilde.
Then, the integration constants can be determined from
boundary conditions, Eqs.~7! and~8!, at the interfaces and a
the ends of the diode. The solution for each part of the dio
becomes

dẼx52r~x!E
x

0 ũ~j!

C̃~j!
dI j dj2ũ~x!E

2d

x r~j!

C̃~j!
dI j dj

1dE0

r~x!

r02

, 2d,x,0, ~12a!

dEx5r~x!E
0

x u~j!

C~j!
dI j dj1u~x!E

x

L r~j!

C~j!
dI j dj

1dE0

r~x!

r01

1gu~x!, 0,x,L, ~12b!
IP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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4713J. Appl. Phys., Vol. 88, No. 8, 15 October 2000 Bulashenko et al.
dẼx5r~x!E
L

x ũ~j!

C̃~j!
dI j dj1ũ~x!E

x

L1d r~j!

C̃~j!
dI j dj

1dEL

r~x!

rL1

, L,x,L1d, ~12c!

where C(x)5eAD(x)W(x), C̃(x)5eAD̃(x)W̃(x), W(x)
5exp$2*0

xv@E(j)#/D@E(j)#dj%, W̃(x)5exp$2*
C̃

x
ṽ@E(j)#/

D̃@E(j)#dj% with C̃50, for 2d,x,0, andC̃5L for L,x

,L1d, and we have imposedũ(02)5u(01)5ũ(L1)50
~the boundary conditions for the auxiliary functionsu and ũ
do not affect the results6!. Thus, we have three unknown
dE0 , dEL , and g, and in order to find them we use thre
conditions: Eqs.~7b!, ~7c!, and~7d!. We find

g5
1

D S 2
dE0*

r01

1
dEL*

rL2

2dXD ,

dE05dE0* S 12
r!

r01
D 1dEL*

r!

rL2

2r!dX,

FIG. 4. Stationary profiles for electric fieldE(x) ~a! and electron density
n(x) ~b! for n1nn1 diodes of different lengthsL for the same current
densityJ523104 A/cm2.
Downloaded 08 Jun 2010 to 161.116.168.169. Redistribution subject to A
dEL5dE0*
r̄!

r01

1dEL* S 12
r̄!

rL2
D 1 r̄!dX,

where we have denoted

dE0* 5
LnW̃0

r02W0
E

2d

0 r~j!

C̃~j!
dI j dj1

Ln

r01

E
0

L r~j!

C~j!
dI j dj,

dEL* 5
L̄nW̃L

rL1WL
E

L

L1d r~j!

C̃~j!
dI j dj,

dX5E
0

L u~j!

C~j!
dI j dj,

r!5
Ln

r01D
, Ln5W0F r028

r02

2
r018

r01
G21

,

r̄!5
L̄n

rL2D
, L̄n5WLF rL28

rL2

2
rL18

rL1
G21

,

D5
Ln

r01
2 1

L̄n

rL2
2 1E

0

L W~j!

r2~j!
dj,

r065
q

e
~ND

72n0!, rL65
q

e
~ND

62nL!.

In the last equationsn0 andnL are the steady-state electro
densities at the interfaces. It is seen from Eqs.~12!, that the
fluctuating field in our approach is globally coupled throug
out the diode and the correlation effects between the di
base (n region! and the contacts (n1 regions! are included.
Apart from allowing us to derive explicit expressions for th
impedance field and voltage fluctuations~see below!, Eqs.
~12! may be used to evaluate the spatial correlations of
electric-field fluctuationŝ dExdEx8& between two different
points, between the sample and the contact, between the
tacts, etc., under nonhomogeneous transport conditi
These correlations are active over the characteristic scr
ing length of the system.5

The fluctuation of the terminal voltage is found as t
sum of the voltage fluctuations on the connected in se
regions ~see Fig. 1! dV5dVn

1
11dVn1dVn

2
15*2d

0 dẼx dx

1*0
LdEx dx1*L

L1ddẼx dx. Substituting the expressions fo
the electric-field fluctuations and changing the order of in
gration, we get

dV5E
2d

0

¹Zn
1
1

b
~x!dI x dx1E

0

L

¹Zn
b~x!dI x dx

1E
L

L1d

¹Zn
2
1

b
~x!dI x dx1LED

dE0* 1L̄ED
dEL*

1~ED2EL!dX, ~13!

where
IP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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¹Zn
1
1

b
~x!52

ũ~x!

C̃~x!
E

2d

x

r~j!dj2
r~x!

C̃~x!
E

x

0

ũ~j!dj,

¹Zn
b~x!5

u~x!

C~x!
E

x

L

r~j!dj1
r~x!

C~x!
E

0

x

u~j!dj, ~14!

¹Zn
2
1

b
~x!5

ũ~x!

C̃~x!
E

x

L1d

r~j!dj1
r~x!

C̃~x!
E

L

x

ũ~j!dj,

are the bulk impedance fields corresponding to each ‘‘dec
pled’’ region, and the characteristic length constants are
termined by

LED
5LE* 1

ED

r01

, L̄ED
5L̄E* 2

ED

rL2

,

LE* 5E0S 1

r02

2
1

r01
D 2

E2d

r02

,

L̄E* 5ELS 1

rL2

2
1

rL1
D 1

EL1d

rL1

.

The parameter

ED5
1

D S L̄nL̄E*

rL2

2
LnLE*

r01

1E
0

L E~x!W~x!

r2~x!
dxD ~15!

has a meaning of the characteristic ‘‘coupling’’ electric fie
It appears due to the long-range Coulomb interaction on
lengthL of the diode base that is comparable with the scre
ing length. As long asL@LD

2 , ED→0, and the twon1n
junctions may be viewed as decoupled.

Combining in Eq.~13! the terms corresponding to th
noise sources located in the same region, we obtain the
pedance field of then1nn1 diode as

¹Zdiode~x!5¹Zn
1
1~x!1¹Zn~x!1¹Zn

2
1~x!, ~16!

with

¹Zn
1
1~x!5

r~x!

C̃~x!
Fb11E

x

0

@E~j!2E2d#
W̃~j!

r2~j!
djG ,

¹Zn~x!5
r~x!

C~x! Fbn1E
0

x

@ED2E~j!#
W~j!

r2~j!
djG ,

~17!

¹Zn
2
1~x!5

r~x!

C̃~x!
Fb21E

L

x

@EL1d2E~j!#
W̃~j!

r2~j!
djG ,

b15
LnLED

W̃0

r02W0

, bn5
LnLED

r01

, b25
L̄nL̄ED

W̃L

rL1WL

.

Having found¹Zdiode(x), one can obtain the spectra
density of the voltage fluctuations on the diode as

SV5AE
2d

L1d

@¹Zdiode~x!#2K~x!dx. ~18!

Thus, the spectral density of the voltage fluctuations is co
pletely expressed through the steady-state quantities,
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vided the noise sourcesK(x) are known. Note that the ob
tained formulas Eqs.~16!–~18! are valid not only for the case
of the diffusion noise sources given by Eq.~6!, but for the
more general case, when other noise sources~e.g.,
generation–recombination noise! are essential. In this case
the corresponding expressions forK(x) should be used in
Eq. ~18!. The final expression Eq.~18! clearly distinguishes
the origin of fluctuations, represented by the local sou
K(x) from their transmission toward the terminals~where
the fluctuations are measured! described by the impedanc
field ¹Zdiode(x). It should be noted that the latter is dete
mined by the particular form of the differential operator

which are the operatorsL̄ and L̃̄ in our case of the DD
model. Such consideration is very useful in order to char
terize the local contribution of different space regions to
net noise, by introducing the quantitysV(x), such thatSV

5A*2d
L1dsV(x)dx.

By using the Poisson equation, the fluctuation of t
carrier densitydnx at the pointx can be expressed throug
that for the electric fielddnx52(e/q)@d(dEx)/dx#. Then
the spatial correlator̂dnxdnx8& can also be computed. Not

FIG. 5. Spatial profiles for impedance field¹Z(x) ~a! and local noise dis-
tribution sV(x) ~b! for different voltagesV obtained from the steady-stat
distributions of Fig. 2.
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that the fluctuations of the total number of carriers in diffe
ent parts of the diode are:dNn5*0

Ldnx dx5(e/q)(dE0

2dEL), dNn
1
15*2d

0 dñx dx52(e/q)dE0 , and dNn
2
1

5*L
L1ddñx dx5(e/q)dEL . Their sum vanishes,dNn

1
1

1dNn1dNn
2
150 in accordance with a conservation of th

total number of particles and the total charge.
The spatial profiles for the impedance field¹Z(x) and

the local voltage noisesV(x) for different biasesV obtained
from the steady-state distributions of Fig. 2 are shown in F
5. At high biases the distributions become asymmetrical w
the maximum displaced toward the injecting contact for b
the impedance field and noise. At the receiving contact
noise is lower, but it penetrates much deeper inside the c
tact in comparison with the same effect for the injecting co
tact. As the device length is scaled down, the magnitude
the local impedance and noise decreases, while the sp
profiles become more symmetrical, which is seen fr
Fig. 6.

The total impedanceZ and the voltage terminal noiseSV

are found by integrating the corresponding spatial profi
along the device. The relative contributions of different pa
of the diode ~the diode basen and the contactsn1) are
shown in Figs. 7 and 8 for different diode lengthsL and
different current densitiesJ5I /A. For all the contributions
the behavior is similar: they are constant at low curre
~biases! and increasing functions at high currents. The re
tive contribution however differs for long and short diode
For the 1.6mm diode the noise and the impedance of t
diode base dominate and the contribution of the contact
negligible, whereas for submicrometer diodes the contri
tion from the contacts becomes appreciable. For the 0.2mm
diode this is seen for low and moderate currents, while
the 0.05mm diode the contact contributions even domina
in almost the entire current range. The latter is due to the

FIG. 6. Spatial profiles for the local impedance field¹Z(x) and noisesV(x)
for n1nn1 diodes of different lengthsL obtained from the steady-stat
distributions of Fig. 4.
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that the contacts~0.2 mm! are longer than the diode bas
~0.05mm!.

The noise temperatureTn , estimated from 4kBTn

5SV /Z, is shown in Fig. 9. It is seen that, as the dio
length is scaled down, the noise temperature maintains
equilibrium value to much higher currents, which is of im
portance from the point of view of applications.

V. SUMMARY

In this work we have presented the analytical proced
to compute the local impedance and noise distributions
submicrometern1nn1 diodes, which are characterized b
highly inhomogeneous electron transport conditions,
which both the drift and diffusive current components a
relevant.

FIG. 7. ImpedanceZ vs current densityJ for different diode lengthsL. The
relative contributions from the contacts and from the diode base are c
pared.

FIG. 8. Voltage fluctuationsSV vs current densityJ for different diode
lengthsL. The relative contributions from the contacts and from the dio
base are compared.
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Our method allows one to solve analytically the seco
order differential equation for the field fluctuations throug
out the diode in such a way that the contacts are taken
account self-consistently for any applied bias.

We would like to emphasize, that including the diffusio
current into consideration allows one to analyze the no
properties of highly inhomogeneous systems, where accu
lation and/or depletion layers are present. The present t
nique is quite universal. Even at strong electric fields, wh
the standard DD model is no longer valid, one can use
augmented DD model16 to take into account some of th
nonlocal effects, e.g., the drift-velocity overshoot. The
sultant equation is again of the second order, and the fl

FIG. 9. Noise temperatureTn vs current densityJ for different diode
lengthsL.
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tuation problem may be solved in a way similar to that d
scribed in this article. Therefore, our technique can
incorporated into any device model based on the DD
proach and its modifications,16 for which the spatial distribu-
tions of the electric field and the carrier concentration
strongly nonuniform.
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