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Impedance field and noise of submicrometer nTnn* diodes: Analytical
approach
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A theoretical model for the noise propertiesrofnn® 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 submicrométen™ diodes, in which the

diode baserf parh and the contactsn(" part9 are coupled in a self-consistent way, are obtained.
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I. INTRODUCTION the possibility of avoiding the second step in the calcula-
tions. Indeed, in the DD framework the transport equation is
The noise analysis of submicron semiconductor devicesieduced to a second-order differential equation with respect
in which both space-inhomogeneous and hot-carriers condio the electric field. This results in the possibility of finding
tions may be involved, has recently attracted much attentioranalytical formulas for the Green functions of the linearized
In particular, considerable efforts have been devoted to theperator, and once the steady-state field distribution is found,
theoretical investigation of noise inr@ nn™ diode, which, the local impedance and noise can be immediately obtained
on the one hand is the simplest example of a nonhomogesy simple integration over the steady-state quantities, with-
neous semiconductor device and on the other forms the basitit computing numerically the evolution of perturbations
for various devices such as field-effect transistors, switchershroughout the device. The effectiveness of this technique
photodiodes, etc. The modeling of noiseriinn®™ diodes has been demonstrated on various nonhomogeneous struc-
has been recently performed by numerical procedures: theires such asn™n homojunctions;® Schottky barrier
Monte Carlo(MC) method? and the hydrodynami¢HD)  contacts, and Schottky diode$.
approach* While the former is a stochastic technique, The aim of this article is to apply the DD framework to
which intrinsically includes the microscopic fluctuations, thethe local noise analysis of submicrori nn™ diodes and to
latter is a deterministic procedure calculating the noise spembtain in a closed analytical form the impedance field and
tral density by means of the impedance field methddhe  the local noise characteristics. In long diodeslum), the
HD approach is a promising tool, since it takes into accountiffusive part of the current may be neglected and only the
all the necessary kinetic information on almost the samalrift part is usually considered. For that case the analytical
grounds as the MC method but, in addition, is able to comformulas for the impedance field in the diode béte con-
pute the local impedance and noise distributions, which areacts are excluded from the considerajiovere calculated
of importance to evaluate the device performance. The locahany years agd.In submicron diodes, the length of the di-
quantities are usually computed in two steps. In the first stemde base is on the order of the screening length in the mate-
the stationary profiles of the transport characteristit® rial, and the space-charge near-contact layers extend over the
electric field, electron density, mean velocity, gtre calcu- whole sample leading to a strong inhomogeneity of the elec-
lated. Then, in the second step, the evolution of perturbationson transport. Under these conditions, the diffusion current
around the steady states located in various points of theannot be neglected. Taking into account both the diffusive
structure are considered from which the Green function, thend drift current components, we have obtained closed ana-
impedance field, and the voltage noise spectral density argtical expressions, which describe the transport and noise
computed. Within the HD approach the calculation of thecharacteristics of tha*nn* diode, in which the diode base
evolution of perturbations is a numerical procedure. (n parh and the contactsn(" part9 are coupled in a self-
Recently, the drift-diffusion(DD) approach has been consistent way. Moreover, the mobility and the diffusion co-
proposed for the local noise analysis of nonhomogeneougfficient are considered to be electric-field dependent, so that
structures:® Although the DD model is based on the local the hot-carrier regime is also included. The comparison be-
field approximation, i.e., the kinetic coefficientsobility,  tween the drift-diffusion model and the Monte Carlo simula-
diffusion coefficient are functions of the local electric field, tion will be taken as validating proof of the DD model.
the system of equations to be solved is simpler, which gives The article is organized as follows. In Sec. Il the basic
equations for the description of transport and fluctuations in
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oVo dE dE
l l — -— =9(N5—N5), (2b)
n+ n n+ dx x=0% dx x=0- €
dE dE q .
. = x| Tad T Z(N-Np). (20
d 0 L L+ x=L* x=L-

Hereafter, we use the subindex @0*) when a discontinu-
ous quantity is evaluated at the contact-sample interface at
x=0 from the left(right). The similar notationsl{~ andL*)

are used for the poimt=L.

(I-V) characteristics are numerically obtained for the par-  Finally, at the ends of the diode the quasineutrality con-
ticular case of a Sh*™nn* diode of different lengths and ditions impose
under different applied voltage biases. The analytical expres- dE
sions for the impedance and noise characteristics are derived — =— =0. (3
in Sec. IV. These expressions are evaluated by making use of dXlyo g AXlioiiq

the steady-state profiles obtained in Sec. lll. Finally, in SecThe contact lengthsl are chosen to be large enough, i.e.,
V we sum up the main contributions of the article. much larger than the Debye screening length)
=(ekgT/g?NJ)Y? to guarantee the quasineutrality condi-
tions.

It should be emphasized that the continuity of both the
electric field and electron density at the interfafggs. (2)]
cannot be fulfilled simultaneously if the diffusion current is
not taken into account and only the drift component of the

Consider am™ nn™ diode in which the low-doped diode current is considered. For the latter case the transport equa-
basen of the lengthL is sandwiched between two heavily tion is of the first order, and once the electric field is assumed
doped contacta™® each of the lengtldl (Fig. 1). The doping to be continuous, the electron density must have a jump at
concentrations in the base and the contactdNgyeandNj,,  the interface to fulfill the continuity of the current, which is
respectively. unphysical. So, if the diffusion current is neglected, it is

We are interested in modeling the noise at low frequenimpossible to couple self-consistently the diode base with the
cies corresponding to the time scale much longer than theontacts.
dielectric relaxation time. Therefore, the displacement cur-
rent may be neglected. In the DD approximation, combining
the current and Poisson equations, the electric transport . Fluctuations
t_he diode is governed b_y the secor_ld-order differe_ntial equa-  The noise properties of the diode may be analyzed by
tion for the steady electric-field profig(x).>® We write this  cajculating the fluctuations of the electric field along the
equation for then andn™ regions as structure. We assume from the current-driven operation con-

dition, under which the diode is placed in a high-impedance

external circuit that the current is maintained constant and

the voltage fluctuations are computed. In the Langevin ap-
(18 proach, the fluctuations of the electric fiefE, at a slicex

FIG. 1. Geometry of the diode.

II. DRIFT-DIFFUSION MODEL: TRANSPORT AND
FLUCTUATIONS

A. Steady-state transport

DEdZE e9E_a,-)_
( )@ﬂ)( Nax " eNo /=~

€

0<x<L,

satisfy the linearized version of Eq4) with a noise source
term for the curren®l, .>®

Consider then region, 0<x<L. By linearizing Eq.(1a),
one gets a linear nonhomogeneous equation for the electric-

Cdex<0, L<x<lL+d, (1b)  field fluctuationsE, in the form
where | is the steady-state electric curreatthe electron LoE,=—dli/(eA), @)
charge, e the dielectric permittivity,A the sample cross- with the operaton: given b)ﬁ
sectional areaD (E) the diffusion coefficient, and (E) the
electron drift velocity. These equations are nonlinear, since
the drift velocity v(E) and the diffusion coefficienD (E)
depend on the electric field. For tme region we marked
them by a tilde to distinguish them from those for the
region.

At the interfacesx=0 andx=L from the continuity of
the electric field and electron density we obtain the following
boundary conditions:

L=D(E d2+ E d+D’Ed2E
_()Q U()d—x ()E

dE q__
a2\l (5)

+v'(E)

Note thatL is a second-ordeifferential operator, in con-
trast to the previous simpler studié¥ where it was of the
first order, since the diffusion has not been included. Here,
Eo-=Eqo+, E_-=E_.+, (29 6l represents the stochastic current. When the noise is due
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mainly to velocity fluctuations of carrieriffusion noise¢
and spatial correlations are neglected, it has zero mean an
S-type correlation function( 51,81,/ )=AK(x)AfS(x—x")
with!?

K(x)=49°n(x)D(x), (6)

with Af being the frequency bandwidth. For thé parts of
the diode, one may write the similar transport equation for

the fluctuationsL SE,= — 61,/(eA), with the operatorL
given by the formula similar to Eq5) (marking the corre-
sponding quantities by a tilde and changing the doping con-
centrationNy to Np).

The boundary conditions for the fluctuations at then
interfaces follow from those for the steady state given by Eq.
(2) and the continuity conditions for the fluctuating electric
field and electron density

20 . .

E (kV/cm)

5E07=6E0+55E0, (7a)
5EL’:5EL+55EL! (7b)
doE,|  _doE, N
dx dx 8
x=0" x=0% :Q
Z
doE,|  _ doE, —_—
dx x=L~ dx x=L*.

At the diode ends, we suppose
5E—d: 5EL+d:01 (8)

since the contribution to the noise from distances much

larger than the Debye length is screened out.

Equations(4)—(8) constitute a complete set of equations
to analyze the noise properties of@nnn* diode in the DD
framework.

Ill. STEADY-STATE SPATIAL PROFILES AND |-V
PLOTS

To analyze the local and global noise properties of a
diode we must first find the stationary spatial profiles. To this

purpose, we solve numerically Egdl) with the boundary
conditions(2) and (3) by making use of a finite difference
scheme. For the field-dependent mobiljiy and diffusion
coefficientD we use the analytical approximatidhs

_ Mo
w(E)= [1+(E/E,)FTYE’
5 9
D(E) 0

[+ (E/E)F DB’

whereE.=v¢/uq is the critical field determined by the satu-
ration drift velocityv, wug is the low-field mobility, ang3 is
a dimensionless parameter chosen to give the best possible

over the entire field range. Below we shall use the following

analytical approximations giving a good fit for the data ob-
tained from the MC simulations far-Si:1?~4

0.0

-0.2 0.0 0.2 0.4

X (um)

FIG. 2. Stationary profiles for electric fiel(x) (a), electron density(x)
(b), and electric potentiag(x) (c) for n-Sin*nn* diode of lengthL=0.2
nm for different applied voltage¥. The Monte Carlo results of Ref. 15 are
shown for comparisoiisymbols.

7.12x10°T22%-55.24
1+0.177T/300) 738

wo(T)=55.24+
fit
2.4x10

-7  B=15 (10)
1+ 0.8T/600)

vs(T)
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10° e : - e tures of different lengthk is shown in Fig. 3. At low biases
the -V curves are linear for anly. At high biases the char-
acteristics become sublinear due to the hot-electrons effect.
0.2 pm This effect is pronounced for long diodes €1.6 um),
whereas for submicrometer diodes the deviation from the
linear dependence is not large in the range of voltages inves
tigated. The results fdr=0.2 um are in excellent agreement
with the MC simulations?

L6 um We have also studied how the spatial profiles are
changed when the diode lendthis scaled down, while the
length of the contactsl is fixed. The results for the same
current density)=2x 10" A/cm? are shown in Fig. 4. It is
clearly seen from Fig. @), where the electric-field distribu-
Drift—diffusion tions are plotted, why the hot-electron effects are not pro-
+ Monte Carlo nounced in submicrometer diodes. The spillover effect is
also important for short dioddsee Fig. 4b)].

JATcm')

10° +

102 A 0 L Ll L - L
1072 10™ 10° 10’

V() IV. IMPEDANCE AND NOISE

. P . ) ] ) )
FIG. 3. 1-V characteristics fon"nn™ diodes of different lengths. To characterize the noise properties ofrdmn™* diode,

we have to solve a second-order stochastic differential Equa-
tion (4) with the differential operator Eq(5) containing
where the lattice temperatufeis in K, the saturation veloc- space dependent coefficierithis space dependence comes
ity is in cm/s, and the mobility is in ch(V's). With the  through the space dependence of the electric Egid |. The
purpose of obtaining the steady-state solutions consisteigieneral scheme to solve this equation analytically has been
with the MC results, we consider the same set of parameter@utlined in Ref. 6. We write the solution for thepart of the
used in Ref. 15: the temperatufie=300 K, the dielectric ~diode in the form
permittivity e=11.8, the doping concentration in the diode
base 18 cm™3, in then® contacts 1& cm 3, the length x u(é)
of the diode basé =0.2 um, and the length of the contacts OEx=p(Xx) Wfﬂg dé
d=0.2 um (the contacts are sufficiently long to guarantee €1

the quasineutrality conditions at=—d andx=L+d). For x p(&)

this set of parameters we have the screening lengths in the —u(x) c Wﬂg dé, (11)
contact and the bade)~0.013 um andLp~0.04 um, re- 2

spectively.

The stationary electric-field profiles(x) obtained from Where p(x)=dE/dx and U(X):P(X)féW(X'_)/PZ(X’)dX’ _
the DD model, Egs(1)—(3), with the field-dependent coef- &€ the solutions of the homogeneous equation cqrrespondlng
ficients Eq.(9), are shown in Fig. @) for different applied 10 Ed. (4), and W(X)=p(u’(x) —u(x)p’(x) is the
voltage biase¥. Since the curreritis the input parameter in  Wronskian. The similar solutions may be written for the con-
our model, and the biav:fL_ng(x)dx is the result, in tacts, with the functions, D, W, andu marked by a tilde.
order to make a comparison with the MC simulations, inThen, the integration constants can be determined from the
which the bias is the input parameter, we make iterations bjpoundary conditions, Eqs7) and(8), at the interfaces and at
changing the current until the desired biass achieved. The the ends of the diode. The solution for each part of the diode
results are seen to be reasonably close to those obtained frddecomes
the MC simulationg?® The electron density(x) found from
the field profiles is also in a good agreemgFig. 2(b)]. It is B oT(&) «
seen that the charge is redistributed near the interfaces to 5EX=—p(X)f —5I§ dé—u( )f
equilibrate the Fermi levels of the regions with different dop-
ing, forming dipole layers with a positive charge at e

side, and a negative charge at theside [Fig. 2(b)]. The +5E0p( ), —d<x<0, (123

dipoles produce two spikes of the electric field at the con- Po-

tacts[Fig. 2(a)], which extend over several Debye lengths

Ly into then™ regions and severdl, into the n region. (&)

These spikes produce a voltage drdpuilt-in voltage be- SE,= (x)f Vo 5I§ dé+u(x )f Vo 5I§ dé¢

tween the contacts and the diode base, which gives rise to the

formation of the potential minimum when the bias is applied (%)

[see Fig. c) for the potential profilep(x) = [FE(x")dx’]. +5E0p +yu(x), 0<x<L, (12b)
A comparison of the—V characteristics for the struc- Po+
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FIG. 4. Stationary profiles for electric field(x) (a) and electron density
n(x) (b) for n*nn* diodes of different lengths for the same current
densityJ=2x10* Alcm?.

L+dp(§)

SE,=p(X) f:% Sl ¢ dé+U(x) L o Sl dé

X
+5ELP( ),

pL+
where ¥ (x) = eAD(X)W(x), ¥(x)=eAD(X)W(x), W(X)
= exp{— [ou[E(¢)/DIE(£)1dg}, W) =exp{~ D[EQY
DIE(&)]d& with C=0, for —d<x<0, andC=L for L<x
<L+d, and we have imposed(0~)=u(0*)=u(L*)=0
(the boundary conditions for the auxiliary functiongndu
do not affect the resufts Thus, we have three unknowns:

L<x<L+d, (120

6Eqy, OE,, andvy, and in order to find them we use three

conditions: Eqs(7h), (7¢), and(7d). We find

1| SEX oE}
y=g| ——+—-ax|,
pPo+  PL-
5E0:5E3(1— P4 sEr 2 prox,
Po+ pL-

Bulashenko et al. 4713
SE, = 65 Lt sEX| 1- 2| 17X,
Po+ PL-
where we have denoted
LW, (o L, (L
SEx=—" OJ pd) 3, de+ —- p(ﬁ&gdg,
po-Wo/ —d ¥ (¢) po+Jo V(&)
LW, [L+d
SEF =—" Lf p&) 8¢ dg,
pLWLJL W (€)
Lu(é)
OX=| ——=9l.d¢,
o W(g et
o por]
- +
*:ann:WOL_O 1
Po+ Po- Pot
r p/ p/ -1
% — L= L+
S
pL-A pPL- P+
L, L, L Wi
A=—- Tn+f 2(§)d§,
por P 10 p(§)
q - q .
pOi:E(ND_nO)a pLi:;(NB_nL)-

In the last equationsy andn,_ are the steady-state electron
densities at the interfaces. It is seen from H4®), that the
fluctuating field in our approach is globally coupled through-
out the diode and the correlation effects between the diode
base ( region and the contactsn(* regions are included.
Apart from allowing us to derive explicit expressions for the
impedance field and voltage fluctuatiofsee below, Egs.
(12 may be used to evaluate the spatial correlations of the
electric-field fluctuationg SE,SE, ) between two different
points, between the sample and the contact, between the con-
tacts, etc., under nonhomogeneous transport conditions.
These correlations are active over the characteristic screen-
ing length of the system.

The fluctuation of the terminal voltage is found as the
sum of the voltage fluctuations on the connected in series

regions (see Fig. 1 6V=06V,:+6V,+ 5Vn2+=f9d6~EX dx

+ [58E, dx+ [-195E, dx. Substituting the expressions for
the electric-field fluctuations and changing the order of inte-
gration, we get

0 L
5v=f VZ2 ()8l dx+f VZ°(x) 81, dx
—d 1 0

L+d
X _
+fL VZp:(x) 3l dx+Le, 0ES +Le, OE}
+(E,—E,)8X, (13)

where
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Y X 0_
VZ2;<x)=—% y p(f)df—% Uce)dé,
L X
V20 go | podes - [uas, aa

b . U(X) [L+d p(X) X~
Vzn;(x)_ q’(x) fx p(g)dg"f‘ q}(x) JL U(g)dg,

Bulashenko et al.

vided the noise sourcds(x) are known. Note that the ob-
tained formulas Eq€$16)—(18) are valid not only for the case
of the diffusion noise sources given by E®&), but for the
more general case, when other noise sourdesy.,
generation—recombination nojsare essential. In this case,
the corresponding expressions f6(x) should be used in
Eq. (18). The final expression Eq18) clearly distinguishes
the origin of fluctuations, represented by the local source
K(x) from their transmission toward the termindlshere

are the bulk impedance fields corresponding to each “decouh® fluctuations are measujedescribed by the impedance
pled” region, and the characteristic length constants are dei€ld VZgoadX). It should be noted that the latter is deter-

termined by
En — — Ea
LEA:LE+_, LEA:LE__,
Po+ pL-
. 1 1 E_4
LE=Eo| ———|~—,
Po- Pot Po-
— 1 1 E
5 :EL(__ , Evea
PL-  PLT pL*

The parameter

1

Loly  LoLE
EA:K -

L E(X)W(X)
+f > dx
pL-  por Y0 pi(X)
has a meaning of the characteristic “coupling” electric field.

(15

It appears due to the long-range Coulomb interaction on the

lengthL of the diode base that is comparable with the screen
ing length. As long ad >L, E,—0, and the twon*n
junctions may be viewed as decoupled.

Combining in Eq.(13) the terms corresponding to the

noise sources located in the same region, we obtain the im

pedance field of the@"nn™ diode as

VzdiodéX)ZVZn;(X)JFVZn(X)+VZn;(X), (16)
with
p(X) 0 W(¢)
VZ.+(X)= ——| B+ | [E(&)—E_ dé¢|,
l(X) T B1 L[ (&) d]pz(g) 4
_p(X) L W(¢)
VZn(X)——q,(X) :8n+JO[EA E(%)]pz(f)di ,
p(X) X W(é) 0
VZn;(X)=m Bat JL[EHd—E(&)]pZ(g)dfl,
LoLe,Wo LaLe, LoLe, W,
B1= ) n= ' = :
! po-Wo Po+ ? pL+WL

Having found VZ4,4dX), one can obtain the spectral
density of the voltage fluctuations on the diode as

L+d

S\/=AJ_d [VZaioad ) 12K (X)dx. (18)

F

mined by the particular form of the differential operators,

which are the operators and L in our case of the DD
model. Such consideration is very useful in order to charac-
terize the local contribution of different space regions to the
net noise, by introducing the quantigy(x), such thatS,
=AS"9s(x)dx.

By using the Poisson equation, the fluctuation of the
carrier densitysn, at the pointx can be expressed through
that for the electric fielddn,= —(e/q)[d(SE,)/dx]. Then
the spatial correlatofsn,én,.) can also be computed. Note

(a)

VZ(x), Q*cm

sy(x) 1 4k, T, Q*cm
S

0
-0.2

04

X (um)

IG. 5. Spatial profiles for impedance fie¥Z(x) (a) and local noise dis-

Thus, the spectral density of the voltage ﬂUCtuation_s_iS COMgripution sy(x) (b) for different voltagesv obtained from the steady-state
pletely expressed through the steady-state quantities, prdistributions of Fig. 2.
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10° : . : . 107

s,(x) / 4k, T, Q*em Eoo Z, - 1
- — - Vz{(x), Q*cm - z, L=1.6 wm

3 ]
ES
W
iy
Nl
N |
>
107 .
L s
10° 10°* , 10°
‘ . ‘ . J(A/cem)
0.0 0.5 1.0 1.5 2.0
X (Wm) FIG. 7. Impedancé& vs current density for different diode length&. The

relative contributions from the contacts and from the diode base are com-
FIG. 6. Spatial profiles for the local impedance fi&#(x) and noises(x) pared.
for n*nn* diodes of different lengths obtained from the steady-state
distributions of Fig. 4.

that the contact$0.2 um) are longer than the diode base
(0.05 um).
that the fluctuations of the total number of carriers in differ- ~ The noise temperaturél,, estimated from KgT,
ent parts of the diode are&Nn=f55nX dx=(e/q)(SE, =S, /Z, is shown in Fig. 9. It is seen that, as the diode
_ ~ _ length is scaled down, the noise temperature maintains its
—8E,), ONy+=[°46n, dx=—(e/q)dE,, and &N : o
H"Z Bt [=adn .(E ) 5Eq _ n equilibrium value to much higher currents, which is of im-
=J""on,dx=(e/q)6E_. Their sum vanishes,oN,+  portance from the point of view of applications.
+ON,+ 5Nn2+=0 in accordance with a conservation of the

total number of particles and the total charge. V. SUMMARY

h ;I'helspalltial prof_iles for ;thedi_rf?pedanbc_e fiél’(i(g() _anc(ij In this work we have presented the analytical procedure
the local voltage noisey(x) for different biases/ obtaine to compute the local impedance and noise distributions in

from the steady-state distributions of Fig. 2 are shown in Figg \ nicrometem*nn* diodes. which are characterized by
5. At high biases the distributions become asymmetrical Witrhighly inhomogeneous electron transport conditions, for

the maximum displaced toward the injecting contact for bo”\/vhich both the drift and diffusive current components are
the impedance field and noise. At the receiving contact th‘?elevant

noise is lower, but it penetrates much deeper inside the con-
tact in comparison with the same effect for the injecting con-

tact. As the device length is scaled down, the magnitude of
the local impedance and noise decreases, while the spati
profiles become more symmetrical, which is seen from

Fig. 6.

The total impedancg and the voltage terminal noisg, —
are found by integrating the corresponding spatial profiles £
along the device. The relative contributions of different parts é} 107
of the diode(the diode basen and the contact®™) are =~
shown in Figs. 7 and 8 for different diode lengthsand o
different current densitied=1/A. For all the contributions ~ J 10
the behavior is similar: they are constant at low currents 3"
(biase$ and increasing functions at high currents. The rela-
tive contribution however differs for long and short diodes. 3
For the 1.6um diode the noise and the impedance of the C
diode base dominate and the contribution of the contacts is L L
negligible, whereas for submicrometer diodes the contribu- 10° 10° ) 10°
tion from the contacts becomes appreciable. For theutn2 J(Alcem)
diode this is S.een for low and mOderat.e currents, Whll.e fOIi:IG. 8. Voltage fluctuationsS, vs current densityd for different diode
the 0.05um diode the contact contributions even dominate|engthsL. The relative contributions from the contacts and from the diode
in almost the entire current range. The latter is due to the fadiase are compared.

-2

107°
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tuation problem may be solved in a way similar to that de-
] scribed in this article. Therefore, our technique can be
incorporated into any device model based on the DD ap-
proach and its modificatiort$ for which the spatial distribu-
tions of the electric field and the carrier concentration are
strongly nonuniform.
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