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We carry out a self-consistent analytical theory of unipolar current and noise properties of metal—
semiconductor—metal structures made of highly resistive semiconductors in the presence of an
applied bias of arbitrary strength. By including the effects of the diffusion current we succeed in
studying the whole range of carrier injection conditions going from low level injection, where the
structure behaves as a linear resistor, to high level injection, where the structure behaves as a space
charge limited diode. We show that these structures display shot noise at the highest voltages.
Remarkably the crossover from Nyquist noise to shot noise exhibits a complicated behavior with
increasing current where an initial square root dependéfmable thermal noigas followed by a

cubic power law. ©2003 American Institute of Physic§DOI: 10.1063/1.1525863

I. INTRODUCTION For departures from equilibrium, when an external bias
. voltage or currentis applied, the Nyquist relation no longer
Metal-semiconductor-metal structures have been qﬁmlds and deviations from E¢l) are expected. These devia-
fundamental and applied interest since the birth of the physgons have been studied in detail in two limiting cases,
ics of semiconductor devices. Here we concentrate on thﬁamely: (i) when the structure behaves as a space charge
relevant case of high resistivity semiconductors where metalgited diode (with a strong inhomogeneous profile of the
usually form ohmic or injecting contact$\ common feature free carrier density*~® and (i) when the structure behaves
of these structures is that carrier transport is mainly limited,q 5 jinear resistofwith a homogeneous profile of the free
by diffusion, with thermionic emission playing a negligible ., iar density.”
role. Furthermore, when a bias voltage is applied to these |, the former caséi) the current displays a quadratic
structures, they can behave either as a linear redi$toar- dependence on the applied voltaggMott—Gurney law |
rier injection from the contacts is negligibly smabr as =BV2, whereg is a sample dependent parameter. Accord-

nonlinear space charge limited deviié carrier injection gy the low frequency spectral density of current fluctua-
from the contacts is extremely highTherefore, these struc- tions was found to take the fofATe

tures still offer excellent opportunities to study current noise

properties induced by diffusion noise in a variety of transport 8kgT

conditions. S(0)= Z(0) =16k TS, @
The present knowledge of the noise properties of these _ . . _

structures can be summarized as follows. At thermodynami#hereZ(0) is the low frequency impedanceifferential re-

equilibrium, the low frequency spectral density of currentsistance Considering the form of the first equality, this type
fluctuations,S*40), is given by of noise was called double thermal nofs&he crossover

between Nyquist noise and high voltage space charge limited
conditions is summarized by the formula

S40)= Red 1) V[ dl\2
in agreement with the Nyquist theorehtere, R*¥ is the  Highly resistive structures under strong carrier injection con-
equilibrium device resistanc&,the bath temperature, alld  ditions have been used to successfully test experimentally

the Boltzmann constant. this predictiorf

In the latter casdii) the structure behaves as a linear
dElectronic mail: ggomila@pch.ub.es resistor and displays a resistariRe L/(qAun), whereA is
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the cross sectional areqthe carrier chargey the mobility,  positionsx=0 andx=L, and the contacts can be excluded
and n the free carrier densitythe bar denotes an average from consideration. Depending on the parameter values of
with respect to fluctuationsWhen the applied bias is high the contacts homogeneous as well as inhomogeneous condi-
enough to make the transit time due to drift=L2/uV sig-  tions will be studied.

nificantly shorter than the dielectric relaxation timg We assume that inelastic scattering processes with
— e/q,uﬁ, wheree is the dielectric permittivity, the structure phonons are dominant, so that car_rier thermqlization at the
was predicted to exhibit shot nofseith bath temperature holds at any point. Accordingly, for the
. applied bias considered here no carrier heating takes place
S (0)=2ql. (4) which allows us to use a field independent electron mobility

The above results show two completely different behav—and diffusivity.

iors for the nonequilibrium current noise properties of

metal-semiconductor—-metal structures depending on

whether the stationary free carrier distribution is strongly in-1ll. PHYSICAL MODEL

homogeneousgdouble thermal noigeor homogeneousshot

noise. The physical reason for such a discrepancy of behav'?\' Charge transport

ior is an intriguing problem at present. In the authors opinion ~ The transport approach appropriate to describe the elec-

its origin can be traced back to the theoretical difficulty oftrical properties of the metal-semiconductor—metal structure

accounting for the effects of the diffusion current on theunder study consists of the standard drift-diffusion current

nonequilibrium current fluctuations in the whole range ofequation self-consistently coupled to the Poisson equation

different carrier injection conditions. and supplemented by appropriate boundary conditions. The
The purpose of the present paper is to overcome such eurrent drift-diffusion equation reatls

difficulty by developing an analytical theory for the nonequi- — —

librium current noise properties of metal-semiconductor— _:qﬁ(x)ﬂg(x)+qun(X)

metal structures made of highly resistive semiconductors that A dx

includes properly the effects of the diffusion current. TheWhereA is the cross sectional areE(x) the local carrier

the_ory is valid in the whole range of physical conditions density, u the mobility (assumed to be field independgnt
going from homogeneous to highly inhomogeneous free car—

rier distributions, thus allowing us to describe in a continu—E()I() tfgje Ioca;]l electrl;(_:l.fleldr; amﬂ)hthEe_ dn‘fgs]on clogfgl;:;ent

ous manner the current spectral density as a function of thgeka_tl_e/ to ht € modl Ity t rom:g ¢ t!n?telns relat anrﬁe

applied bias for different levels of current injection. —Kg 110, Where nondegenerale stalistics are "?‘Ssm :
The article is organized as follows. Section II describesbar denotes an average with respect to fluctuations. The Pois-

the system under study. Section Il presents the physiceﬁOn equation is as usual
model used to describe the low frequency transport and the dE(x) q
nonequilibrium current fluctuation properties. Section IV is ax e
devoted to analyzing the charge transport properties of the

device, while Sec. V analyzes its nonequilibrium currentwith e the static dielectric constant of the semiconducting
noise. In particular, we analyze the effects of space charge amaterial. The appropriate boundary conditions to describe
the shot noise properties. Section VI draws the main concluthe ohmic injecting contacts are given tsee Appendix A
sions of our investigation. Two appendixes provide the most

®)

[Np—n(x)], (6)

technical derivations. n(0)=n(L)=nc, 7
where the carrier density at the contaetss independent of
Il. SYSTEM UNDER STUDY the applied bias and given tigee Appendix A
The system under study consists of an active region _ _ Abun
. . . n.=N¢ ex . (8
made by a nondegeneratetype semiconducting material kgT

sandwiched between two metal plates that act as COmaCtﬁ'ere,Nc is the effective density of states in the conduction

The semiconductor is assumed to be lightly doped with %and andg¢y,,, the metal-semiconductor barrier height. For

:Jhonor dg25|tyl:let. Al do?or;hare assurfnedtto be |0n|zed at values of the contact parameters sucmas N the station-
€ considered temperalurdsae case of g-lype semicon- ary free carrier distribution is homogeneous, while for values

g_uctor can Ib? atnaI(:g:_)ustly ionm?@reg(;_]ust;_fy a 0;?' such asn,>Np there is net carrier injection from the con-
'mensional electrostatic treatment in rection and 10 acts and the stationary carrier distribution is inhomoge-

neglect the effects of the boundaries in thendz directions COUS.

the transversal size of the sample is assumed to be muc Equations(5) and (6) can be combined into a single
larger than the characteristic Debye screening length. Thgquation for the electric field
metals are assumed to form ohmic injecting contacts so that

the voltage drop inside them, or equivalently, the contact d’E(x) — |dE(x) qNp| I
resistance, can be neglected to a good approximation. Ac- —D —pE(X) dx e I ™A
cordingly, when a voltage is applied to the structure, all the

potential drop takes place inside the semiconductor betweesubject to the boundary conditions

(€)
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dE(O) dE(L) q IV. STATIONARY SPATIAL PROFILES AND
- ax - —[Np—n¢]. (10) CURRENT-VOLTAGE CHARACTERISTICS
X X €

In this section we present the results concerning the
transport properties for the structure under study calculated
from the model presented in Sec. Il A. In particular we will
focus on the transition from homogeneous to inhomogeneous

The only source of fluctuations in the system is related tgconditions. To this end, for given properties of the semicon-
the diffusion of carriers inside the structure. Accordingly, theductor we will vary the contact density from=Np, (corre-
low frequency noise propertiedbeyond 1f nois@ can be sponding to an homogeneous condition with ohmic contacts
described through a drift-diffusion-Langevin modet! It ~ to valuesn.>Np (corresponding to inhomogeneous condi-
consists of the linearized version of the transport model pretions with injecting contacis Note that for given properties
sented in the previous section supplemented by the approp@f the semiconductor, varying. corresponds to varying the
ate Langevin source which describes the diffusion noise. Theontact barrier heighgy,,, i.e., changing the material for the
current equation in explicit form reatig! metal contact.

In what follows, the results are conveniently discussed in

B. Current fluctuations

ol (t) — — terms of the values of two dimensionless parameters
A =GRE() SN0 +An(x) uSE,(1) P
I=L/Lp and a=n./Np, (18
+qu5”x(t) L9 x() 1y With Lo=(kgTe/g?Np) 2 being the Debye screening length
dx A associated with the semiconducting material. The pararheter

depends only on the properties of the given semiconductor,
while « depends also on the contact properties, thus being
independent variables. Since the nonequilibrium current

istently with the low-f limit taken h the di noise properties of devices with homogeneous stationary free
consistently wi € low-requency fimit taken Nere, e diS-q gy density profiles were shown to change qualitatively

placement current is neglected. Moreowdr(t) is a Lange- when passing fromi<1 to I>1, in what follows we will

vin source associated with the fluctuations of the current Nt eat these two cases separately.

duced by the diffusion of carriers inside the sample. It has

where SE,(t) and on,(t) refer to the fluctuations of electric
field and number density at poirt respectively, andl (t)
refers to the fluctuations of the total current. In Egl),

zero mean and low frequency spectral deriity, A. Homogeneous solution
o For a=1 (n,=Np), and any value of, there exists a
Zf dt( Sl (t) Sl (1)) =K(x) 8(x—x"), (12 trivial homogeneous solution to the model presented in Sec.
e Il A, namely

with brackets indicating ensemble average, and - - T
— _ n(X)= ND y E(X): .
K(x)=4qAksTun(x)=4Ag?Dn(x), (13) qAuNp

Al ingly, th t—volt V) ch teristi
where in the last equality use is made of the Einstein rela- cordingly, the current-voltagel €V) characteristics are

. . e . o linear and satisfies Ohm’s law=V/R with R
tion. Finally, the linearized Poisson equation is given b ; . bulk bulk
y g g o2 L/(qAuNp) being the semiconductor resistance.

(19

déEx(t) g
————=——=n,(1), (14 )
dx € B. Inhomogeneous solution
and the linearized boundary conditions (®ge Appendix A For a>1 (n.>Np) the solution to the model presented
in Sec. Il A is spatially inhomogeneous and cannot be ob-
on,(t)=dno(t)=0. (19  tained in a closed analytical form. Only under asymptotic

é:onditions it is possible to derive approximate analytical
expressiorns® (see also Appendix B In any case, an exact
solution of the transport model can be obtained by numerical
integration following this procedure. One first solves numeri-
SI()— 81 (1) d26E, (1)  _ )d(SEX(t) cally Eg. (9) subject to the boundary conditions in EGO).

In analogy with the case of the transport equations, w
can combine Eqg11) and(14) into a single equation for the
electric field fluctuation of the form

A = A2 HE(X dx Having fouid the electric field profilE(x), the carrier den-
sity profile n(x) is obtained from the Poisson equati(8).
Furthermore, for a given value of the currdntthe applied
voltage is found alvzfgde(x), from where thd -V char-
acteristic is obtained.
In what follows we discuss the main features of the in-
doE,(t) homogeneous solution. To this end we will consider two par-
= =0. (17)  ticular values ofl, namelyl =0.1 andl =50, as representa-
0 dx |L tive examples of the behavior observed ferl and|>1,

dE(X) qNp

OB — T T

: (16)

with boundary conditions

dSE(t)
dx
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qV/k,T=2050 (the corresponding value ¢f is displayed for each curyeThe dashed line
8000 B corresponds to the homogeneous solution.
o 243

Z 6000 —

z resulting in an increase of the valuesrdfx) and in a rather
4000 1 v T asymmetric profile. Finally, for the highest applied biases
2000 | 9 ] carrier injection no longer takes place, and the density distri-

0.01 bution is almost homogeneous with a value close to the con-
0 : : : . tact valuen.. Similar behaviors are observed for other val-
000 002 0-04X/L 0.06 008 0.0 ues ofl<1 anda>1 as long ag.=la'>>1.
D

The current—voltage characteristics fer0.1 and fora
FIG. 1. Free carrier density profiles normalized to the donor density forranging from 1 to 16 are displayed in Fig. 2. Fog< 10,
several values of the applied bias, fer0.1 and(a) «=10 (I,=0.3) and(b) the | -V characteristics are found to remain linear with a
=10 (1.=10). resistance given byR.=L/(qAun.). This linear behavior
can be understood by noting that for these values dhe
free carrier density profile is quasihnomogeneous with a value
respectively. In both cases, the valuesaoWill be varied in  approximately equal to. and almost independent of the
the range Ea<10% thus allowing us to explore both applied biagsee Fig. 18)]. Similar behaviors are found for
slightly and highly inhomogeneous situations. other values of <1 anda>1 as long as.=|a'?<1. For
Figure 1 displays the stationary free-carrier density pro-«=10° and 10 the | -V characteristics in Fig. 2 display a
files for1=0.1 for several values of the applied bias and forsuperlinear behavior in an intermediate range of applied volt-
a=10[Fig. 1(a)] anda =10 [Fig. 1(b)]. As can be seen, the ages, while it is linear at the lowest and highest applied bias.
stationary free carrier density profiles are inhomogeneou$he resistance at the lowest bidg,,, satisfiesSR.<R,q,
and depend on the applied bias value. <Ry, Since in this range of bias the free carrier density
For «=10 [Fig. 1(@)] the degree of inhomogeneity is profile is almost independent of bias and satisfigs:n(x)
rather small being at most about 1%, and the free carriek N, [see Fig. {b)]. Furthermore, the resistance for high
density departs more significantly from. the lower the applied biasRyq, is almost equal t&R., since in this range
value of the applied voltage. The physical reason for thisof bias the density profiles are almost independent of bias
behavior can be found in the fact that the characterlgtlc Dezng given bﬂx)~nc [see Fig. 1b)]. Finally, the superlin-
bye screening length gf thlelzsa}mple, roughly determined bya; pehavior is due to the net injection of carriers taking
ne, i.e., Lpc.=(kgTelq rllcz) , IS Iar/%er than the sample place in this bias regimgsee Fig. 1b)] thus resulting in an
length L (Ic=L/Lp.=la""=0.1X 10 ~0.3) thus not al- jncrease of the conductivity of the sample. Similar behaviors
lowing the free carrier density to relax from its contact Valueappear for other values dfi<1 and @>1 as long asl,
nc to its bulk valueNp , i.e., to the local charge neutral state. _| 12~ 1
Similar behaviors appears for other valueslefl and « Let us now consider the case lof 50. Figure 3 reports

>1 aslong a3 =| a'’<1. _ _ the stationary free carrier density profile fer= 10° and sev-

For 0‘:104_ [Fig. 1(b)] the degree of inhomogeneity be- g5 yalues of the applied bias. The qualitative behavior of
comes appreciable being up to about a factor of 10. For lowhe profiles is similar to those observed in Figb)l since
applied biasn(x) is almost symmetric and departs signifi- hoth cases correspond to situations in whigh1 (in the
cantly fromn.. The reason is that the characteristic Debyepresent casé,=1a'?=50x 10°?~1581). The main differ-
screening length, which can be roughly approximated byence between these figures is that in Fig. 3 relaxation to the
Lpc, is shorter than the sample length(I.=1a™?=0.1  |ocal charge neutral state can take place for low bias, since
X10°=10), thus allowing relaxation towards the chargethe value ofl, is high enough. Similar behaviors are ob-
neutral state. However, due to the small valud gf com-  served for other values of>1 anda>1.
plete relaxation ofh(x) to the valueNp is not reached. At The current—voltage characteristics fer50 and several
increasing applied bias, a net injection of carriers takes placealues ofa are plotted in Fig. 4. Thé—V characteristics are
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agreement with the well-known Mott and Gurney law for
space charge transport in diffusive conducfots.this bias
range, a strong injection of carriers from the contacts takes
place, as illustrated in Fig. 3. Finally, at the highest voltages
the resistance is given B¥,i;n= R, , since the density profile

is almost homogeneous and equahto(see Fig. 3.

V. CURRENT NOISE PROPERTIES

We characterize the low frequency current fluctuation
properties by means of the low frequency current spectral

FIG. 3. Free carrier density profiles normalized to the donor density for density defined as
=50 anda=10° (I,.=1581), for several values of the applied bias.

+ oo

s,(0)=2f_m (81(0)81(1))dt. (22)

linear at the lowest bias, superlinear at intermediate bias and

again linear at the highest bias. This behavior is similar t
that reported in Fig.

2 for the curves with=10° and 10,

since both cases correspond to situations wherel.

In the present casd ¥ 1) one can reach an asymptotic
limit for I>1 and a>1 in which the following analytical
asymptotic expression for tHe-V curve can be derivetsee

%or the model presented in Sec. I1IB,(0) can be given a

closed analytical expression that takes into account in an
exact way the effects of the diffusion current on the nonequi-
librium current fluctuations and hence is applicable to the
whole range of system parameters. Below we discuss sepa-
rately the cases corresponding to homogeneous and inhomo-

Appendix B: geneous stationary density profiles, since they involve rather
(1 qV qVv different mathematics.
-, 0=——==xI?
| kgT’ kgT A. Homogeneous stationary profiles
I 91/qV\? 2= qVv —al? When the stationary profiles are homogeneous,(E6).
I | 813 kgT) = kB_T“‘“ ' (200 consists of a second order differential equation with constant
coefficients. The solution of this equation, as well as an ana-
a qv al?= qv lytical expression foiS,(0), hasbeen derived recently:
([ TkeT' @ TkeT o
where we have defineth,=lkgT/(qR,y). Equation (20) S,(0)= 4ksT (\o—\p (Mt -1)(e - 1)
gives a good description of the-V curves forl=10 and Rouk  2L2A2\3  (elb—eMh)?

a=100, as can be seen in Fig. 4 where the symbols repre-
sent Eq.(20).1? Note that in the asymptotic limit, the low

bias resistance is given bR ,,=Rpuk, independent from

any contact parameter since at low bias a state of local
charge neutrality is achieved in the bulk of the samgkee whereK=4quBT,uF, and
Fig. 3. Furthermore, in the intermediate bias regime, the
|-V characteristics display a quadratic bias dependence, in

X[Np(eh2t+1)(ert—1)

— N (eMh 1) (ert—1)], (22

1 L2
)\1’2:_2_LE 1+ 1+4L—2 , (23)

D
101 . . -
o | /=50 s ' with Le=kgTL/(qV). In Eq. (23 the subscript 1 corre-
-F0S sponds to the plus term and the subscript 2 to the minus
107 4 gt term.
. \0\\36%)63\/ Forl<1, Eq.(22) takes the forrh
= 10° | //Té
- // 4\\0 —
w0 ] s ¢ S,(0)=2ql coth(qV/2kgT). (24)
10" Equation(24) predicts a standard crossover between Nyquist
o noise[Eq. (1)] and shot nois¢Eq. (4)] for qV/kgT~3. The

10 102

108 10* 105 108 107 10°
qV/kgT

physical reason for the appearance of shot noise is the ab-
sence of long range Coulomb correlations due to the fact that
the sample lengthiL is smaller than the Debye screening

FIG. 4. Current—voltage characteristics fer 50 and several values ef

7
(the corresponding value ¢f is displayed for each curyeThe dashed line lengthLp . . . .
corresponds to the homogeneous solution. The symbols correspond to the FOr I>1 the noise properties change considerably. Ac-
asymptotic expression of tHe-V characteristics given in EG20). cordingly, in the limitl>1 Eq.(22) is well approximated by
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r — T
/ =0.1

4 I 105 _ Sshot=2qll
— for 0= —=<|'3 » '
I l'h S/ Ak TR,
3 _
21 I 10° - l
S(0)=S"{ — | for |13< =, (25) ¢ |a=10(f=10)
<\ th =
% 10%

N N
2(—) for I=—
SR '
wheres}hquth. The above expression gives: Nyquist noise
at low bias (6=qV/kgT=I9), a.cuBic dependenc;e on cur- 100 102 104 108 108
rent of noise at intermediate biat*f<qV/kgT=<I?), and
shot noise at the highest biag\(/kgT=12). The physical
reason for the appearance of shot noise in this case is thmG. 5. Low frequency current spectral density normalize8,fp=ql, as a
vanishing of long range Coulomb correlations because of &inction of the current normalized 1g, for | =0.1 and several values of
drift transit time shorter than both the diffusion transit time (the corresponding value ¢f is displayed for each curyeThe dashed line

102 4 1(0.1) 7

",

. . . . corresponds to the homogeneous solution. The symbols correspond to the
and the dielectric relaxation tinfe. coth-like expression in Eq24).

B. Inhomogeneous stationary profiles

When the stationary profile is inhomogeneous, Ed)

From Eq.(27), the low frequency spectral density of the
voltage fluctuations is given by

consists of a second-order stochastic differential equation
with nonconstant coefficients. To obtain an analytical solu-
tion of this equation, we use a method developed in Refs.

13-15. The method is based on the fact that where use is made of Eq€l2) and(13). The low frequency
spectral density of current fluctuations is then evaluated

from®°

S4(0) = 4A¢?D foL[vzu)]ZF(x)dx, (31

p(x)=dE(x)/dx (26)

constitutes a particular solution of Ed@.6). On this basis one

can find an analytical expression for the electric field fluc- ,
tuationsSE,(t) that solves Eq(16) and satisfies the bound- 2(0)?
ary condition in Eq(17)."> From the expression of the elec- Equations(28)—(32) constitute an exact solution of the

tric field fluctuations we evaluate the voltage fluctuations,npise model presented in Sec. Ill for the general case of an
8V(t)=[SE,(t)dx. Following a procedure similar to that inhomogeneous stationary profile. They represent the main
outlined in Ref. 15, the voltage fluctuations can be expressegbsult of this article. Note that the solution incorporates the

Sv(0)

S1(0)= (32

as

SV(t)= fOLVZ(x) Sl (t)dx, 27)

with

p(x)
eAD

fL E(E)—EAe_

vae= 02(8)

a(60) ~ #(&)/keTf £

BB g ¢(x))/kBTl ,

p (28)
pLPL

and

L e7 qV/kBT— E
pLPL PoPo

elIP()/keTy g+ ——

f E(X)
B 0 p?(x)

AT
f — U (/keTy+ ——
0 p*(x)

e qVikgT _

PoPé
(29

Here, ¢(x) is the electric potential. The functionZ(x) is
referred to as the impedance fiéitf" since it satisfies

L dl
Z(0)=JO VZ(x)dx=(£)

pLoL

-1
(30)

effects of the diffusion current without any approximation,
thus allowing us to investigate the transition from homoge-
neous to highly inhomogeneous stationary profiles.

In order to evaluate Eq928)—(32) we will use the
steady-state profiles calculated in Sec. IV B. As for the case
of transport we will consider the valués-0.1 andl =50, as
representative examples of the behavior observed 4t
and|>1.

Figure 5 reports the low frequency spectral density of
current fluctuationss;(0) as a function of the current as ob-
tained from Eqs(28)—(32) for | =0.1 and several values of
«a. For comparison the results for the homogeneous case, as
calculated from Eq(22), are also displayeddashed ling
We note that for the lowest degree of inhomogeneity (
<10%) the nonequilibrium current noise results can be well
approximated by Eq.24) (symbols in Fig. . The reason is
that for these values af the profiles are quasihomogeneous
with free carrier density, and with Debye screening length
satisfyingl .<1, which are the conditions for the validity of
Eq. (24). Similar behaviors are observed for other values of
|<1 anda>1 for whichl <1.

By contrast, for a high degree of inhomogeneity (
=10® and 10) the results deviate from E¢4), and regions
where the current noise is suppressed below the shot noise
limit are observed at intermediate biases values. The bias
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FIG. 6. Low frequency current spectral density normalize8ip=qlyp,asa  FIG. 7. Electric curren{dashed ling and low frequency current spectral
function of the current normalized 1g, for | =50 and several values @f density(solid line) as a function of applied bias for=50 anda=10°. The

(the corresponding value of is displayed for each curyeThe dashed line  different behaviors are schematically indicated. The current is normalized to
corresponds to the homogeneous solution. The symbols correspond to thg and the spectral density &'=ql,. For comparison the results obtained
approximate expression in E(B3). from Eg. (3) are also displayed as triangles.

e from the double thermal noise behavior and start resem-

values where shot noise suppression takes place are foundqb th dina to h ditionbi
correspond to those applied biases for which significant nelf INg those corresponding to homogeneous conaditonsic

carrier injection from the contacts takes pl@see Fig. 1b)]. curtrert\tc;d'ep'e:pde? cehfollowed by shottrr:()ns'émstfact IIS'E - fth
The physical origin of the shot noise suppression should b%us rated in F1g. 7 WHere we compare e exact resutts ot the
traced back to the correlations induced by the long rangg_resent articlgcontinuous ling with those of existing theo-

Coulomb interaction which are active in this range of bias.”eslforf doILE)L_)eO the(;millrg)gls: reprebsented k;)y &), I(m:c'
Similar behaviors are observed for other value$ofl and ~ 2"9 93 ori=sbanda=1. AS can be seen by negiecting
a>1 for whichl>1. the diffusion current, existing theories can only be applied up

Figure 6 reports the low frequency spectral density ofLo. blasbvaluetrs].below tthtathonzgftf of_the cubic :egllon. At apl)plledt
current fluctuation$;(0) as a function of the current as ob- las above 1his onset, the diliusion current piays a reievan

tained from Eqs(28)~(32) whenl =50 and for several val- role and the exact theory presented here must be used. It is

ues of . For comparison, the results for the homogeneoué’vorth remarking that for devices operating under strong cur-

lcul ¢ 5 | il h rent iqjection ' conditions 4.2 10%) Fhe guasi-homogenous
case, as calculated from E@2), are also displayedtiashed behavior predicted at the highest bias can be hardly observed

line). As can be seen, a qualitative new behavior at interme: : X 4
) d in practice because of hot-carrier effettddowever, in the

diate current values is identified with respect to the homogel- ¢ iniecti X Za=10" this behavi
neous behavior for all values af. The new behavior is OW current injection regime (2 a=107) this behavior

found to tend to a square root dependence on the current aﬁgould be experimentally accessible as discussed in the fol-

to cover broader current intervals ads increased. This fact lowing suggested example.
can be quantitatively evaluated by means of the following
explicit expression valid for=10 anda=100: C. Example

As an example to illustrate the experimental accessibility

4 0= l_Sl_ of the theoretical predictions described above we consider
I ly, 18 the following particular case. As semiconductor material we
120271 220 T 9 1/5 consider high resistivp-type CdTe at room temperature with
(—) , == —S(—agl) a free carrier densitgholeg p=10° cm 3. These low values
S(0) 132 18 1w 12 33 of the free carrier density can be obtained by means of
g 8 [T\ /9 \¥5 T a2 33 compensation? The hole mobility is taken to bes~40
?(I_> , (Eagl) SI_ST cn?/Vs, the effective hole mass* =0.8m,, wherem, is
a’l” th the electron mass, and the dielectric constamt10.3¢,,
1 A1 with €, being the vacuum permittivity. The sample length is
Z(E) 75|—th assumed to bé=4 mm and the cross sectional aréa

=40 mnt. As metal for the contacts we consider gold,
(see Fig. 6 where the symbols correspond to the approximatghich has been reported to form almost ideal metal—
expression Otherwise, for :1<10 and . a<100 the ex-  semiconductor junctions on Cd¥®The value for the Au/
act result should be used. CdTe barrier height for holes, deduced from that for elec-

The dependence of the noise power as the square root @bns, is $1p=0.55 V, where use has been made of the
the current corresponds to the well known double thermatelationship bop=Eg— dpn With E;=1.48 eV and ¢y,

noise regime found in space charge limited devicdsee  =0.93 V2 According to the value oy, the contact density
Eg. (2)]. We note that the double thermal noise beh_avior iSfor holes is p,=10 cm 2, where we used thap,
restricted to current values in the rangél8<I/ly, =Ny exd —qepp/(kgT)], with Ny=1.8X 10* cm™® being

=(4.5¢®1)Y®. For higher currents the noise properties devi-the CdTe effective density of the states in the valence band at
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102 -t 10% ear resistgr with low frequency noise properties given by

s s - 10° _S,(Q):2ql_ cotigqV/(2ksT)]. In Fhe intermediate carrier in-

_ L 10 jection regime, roughly determined byl .= 100, the struc-
Ni' 10-25 - | 107 ture displays linear-superlinear-linear current—voltage char-
<:1o-26 /// 106 <_t: acteristics. In this regime, the current spectral density
=) 7 displays a crossover from Nyquist noise to shot noise medi-
P 107 d 10® ated by a region depending first as the square root of the

102 | e P10 current(double thermal noigeand then as the third power of
ad 10" the current. Finally, under strong carrier injection conditions
10% 102 107 10° 10" 102 107 I.>1 the standard theory of space charge limited diodes is
Vvl recovered. In this limit the current—voltage characteristics

. . are first linear and then quadratic. Accordingly, the current
FIG. 8. Electric curren{dashed ling and low frequency current spectral

density(solid line) as a function of applied bias for a highly resistiyeype spectral denSity displays NyquiSt thermal noise at low bias
CdTe metal-semiconductor—metal structure. Parameters: free carrier defPllowed by double thermal noise at higher applied bias. We
sity 10 cm™3, sample length 4 mm, cross sectional area 4C°tempera-  suggest that high resistivetype CdTe is one of the best
ture 300 K, and contact density faem-*. suited materials to provide an experimental test of the theo-
retical predictions in the small and moderated injection re-

room temperature. The metal contact described above forn%mes'

an ohmic injecting contact in the terms described in the

present articldsee also the end of Appendix A ACKNOWLEDGMENTS
For the set of parameters considered above, we have

Lp=0.4 mm andLp.=0.04 mm, from wherel=L/Lp

=10, «=n./Np=100 andl.=L/Lp.=100. Figure 8 dis-

plays the calculated currehf(right axi9 and low frequency

current spectral densitjeft axis) as a function of the applied 0138 is gratefully acknowledged. Professor T. Gonzalez of

bias. According to the calculations, the predicted/ char- Salamanca University and Professor M. Sambietro of Po-
acteristic is linear up to bias voltages around 0.6 V. For Y ' P

higher bias it tends to be quadratic, up\e-300 V, from litecnico di Milano are acknowledged for stimulating discus-

where it returns to linearity. Furthermore, the calculated cur>'ons carried out on the subject.

rent spectral density5(0) displays the Nyquist thermal
value up to voltages around 0.3 V. Then, it increases witlAPPENDIX A: METAL-SEMICONDUCTOR
voltage according to the double thermal noise behavior up ttMODEL CONTACT

around 20 V. At further increasing voltage3(0) increases

sharply with voltage according to the cubic dependence Witr()ilonln :E;S;rzgleeng ;( g/\(/) ?Aiﬁg%;ﬁ bgrutng%;ygﬁg?:'eogzigzw
applied current up t&/~1 kV, where shot noise appears. It 9 port, '

is worth noting that the calculated values of the low fre_propertles, Eq(15). Following Refs. 1, 22, and 23, the gen-

guency current spectral density are well inside the range O?ral boundary conditions for the transport through a metal-—

experimental accessibilitystate-of-the-art correlation spec- semiconductor contact read

Partial support from the MCyT-Spain through the Ra-

mon y Cajal program and Projects No. BFM2000-0624 and
No. BFM2001-2159 and from the Italy-Spain Joint Action of

the MIUR-Italy (Ref. IT109 and MCyT-Spair(Ref. HI2000-

trum analyzers are able to reach noise levels as low as __ T+12 —1+It
10%° A%/Hz). Moreover, the electric fields reach maximum ~ n(0)= 20’ n(L)= AL (A1)
values up tE,,=V/L=5 kV/cm, which are still below that qAv, qAvy

for the onset of hot electron effects jitype CdTe. We con-  with v? andlg (respectively,urL andlg) being the recombi-
clude that such an example shows that the theoretical predigration velocity and saturation current, respectively, of the
tions presented in this article are accessible to an experimeontact located at=0 (respectivelyx=L). The currentsté

tal confirmation. and1? are given byl 2=qAv’nS?and15=qAvinfY, where

VI. CONCLUSIONS n§h=Nce™ 9brf*eT,  nfi=Nge~ I5ike, (A2)

We have carried out an analytical theory of transport and€"€:Nc 1S ghe etfect_lve density of states in the conduction
current fluctuation properties in metal—semiconductor—metapand andoy, (¢y) is the barrier height at contast=0
structures made of highly resistive semiconductors. ThéX=L). For the case of ideal metal-semiconductor junc-
theory includes the effects of the diffusion current in an exacf!o"S: t[1e barrier heights are given byp,= ém—x and
way, thus allowing us to study the whole range of physical®tn™~ ‘{m_X' with x being the semiconductor affinity and
conditions concerning the strength of the applied bias and thém (¢m) the work function of the metal located &t=0 (x
level of carrier injection from the contacts. It is shown that in =L)-  For highly resistive materials the diffusion
the low carrier injection limit for whichl,=L/Lp.<1, approximatioh can be applied. In this approximation it is
whereL is the sample length anid,, the Debye screening assumed that the current_takes values much smaller than the
length associated with the free carrier density at the metalthermionic current, i.e.l<ls. This condition implie¥'

semiconductor interface,, the structure behaves like a lin- I/Ith<|_sllth= al B, where
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B 27Npm* ~ n®
PrUNTT T TRy

(A3)
In this limit, one can approximate E¢AL) by
. 0 . L
n(0)~—>5=ng% n(L)~—r=n, (A4)
Ap? ° qAvf :

which for the case of a symmetric structure corresponds to

the boundary conditions in Eq7). This result also implies

that the resistance of the metal-semiconductor interface is
negligibly small in comparison to the bulk resistance. As a
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To end up with an explicit expression for theV character-
istics, we impose the boundary conditith =1/« in Egs.
(B3) and (B2), thus giving thel -V characteristics in para-
metric form:

V=

result, the fluctuations generated at the metal—-semiconductor

interface can be completely neglected. This is equivalent to

approximaté&*
Sng(t)~0, é&n.(1)~0,

in agreement with the boundary conditions in EpH).

(A5)

: : (B5)
—+1In
o

1
1- Z) —Ug—In(1—up)

For the concrete example considered in Sec. V C, on&vhere the parametany=E, /| satisfies the condition &/
hasB=9x10 %<1, which allows us to apply the diffusive <ug<1. By further expanding the previous expression for

approximation up to currents satisfying the conditiQl y,

=alB=1.1x10, well above the current values required to

observe the different behaviors here identified.

APPENDIX B: ASYMPTOTIC TRANSPORT THEORY

In this appendix we derive the asymptotic expression for

thel -V characteristics used in E(RO) of Sec. IV B. To this
purpose, we start by considering the limit whHenl. In this
limit, one can neglect the diffusive contribution in E®),

thus obtaining a first order differential equation for the elec-

tric field of the form

=1, (B1)

subject to the boundary conditidB(L)=1/a. In Eq. (B1),

a>1 one then arrives at E§20).
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