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By an analysis of the exchange of carriers through a semiconductor junction, a general relationship
for the nonequilibrium population of the interface states in Schottky barrier diodes has been derived.
Based on this relationship, an analytical expression for the ideality factor valid in the whole range
of applied bias has been given. This quantity exhibits two different behaviours depending on the
value of the applied bias with respect to a critical voltage. This voltage, which depends on the
properties of the interfacial layer, constitutes a new parameter to complete the characterization of
these junctions. A simple interpretation of the different behaviours of the ideality factor has been
given in terms of the nonequilibrium charging properties of interface states, which in turn explains
why apparently different approaches have given rise to similar results. Finally, the relevance of our
results has been considered on the determination of the density of interface states from nonideal
current-voltage characteristics and in the evaluation of the effects of the interfacial layer thickness
in metal-insulator-semiconductor tunnelling diodes. 1897 American Institute of Physics.
[S0021-897€07)06305-9

I. INTRODUCTION lar resultst>**and to the use of some restricting approxima-
tions, no general agreement has been reached regarding the

~ Metal-semiconductor(MS) Sontacts have been exten- correct way to describe the non-equilibrium charging behav-
sively studied in the literaturk:® For low doping concentra- iour of interface states.

tions and moderate temperatures, the interfacial layer-
thermionic- diffusion(IL-TE-D) theories, which emerged as
a synthesis of Bardeen’s interfacial layér),* Bethe’s ther-
mionic emission(TE)® and Schottky’s diffusionD)® theo-
ries, have shown to constitute a powerful tool to analyze, an

The purpose of this paper is to present the derivation of
a general model for the nonequilibrium population of the
interface states. This derivation will be based on a complete
gmalysis of the carrier exchange processes through a semi-
conductor junction. In particular, no restriction on the ex-

eventually, self-consistently characterize such junctions. : ) .
. : : - cthange of carriers between interface states and either the
Despite their success in predicting some of the most relevan . .

metal or the semiconductor will be assumed. As a conse-

properties of M-S contacts, they still contain some points . . . ;
which are not well understood or which are still under 9uence, the model will shown to be directly applicable in the

debate? In most of the cases, the discussion is centered oi/N0le range of applied bias. This fact will turn out to be
the way interface states must exchange carriers under nof4it€ important when analyzing the effects of interface states
equilibrium conditions with either the semiconductor or the©" the bias dependence of the ideality factor. Important re-
metal, and correspondingly on how the interface parameter§,“|t5 regarding the general behaviour of the bias dependent
as for instance the density of interface states, can be detefleality factor and the nonequilibrium charging properties of
mined from the transport properties of the contact, i_e_, noni.nterface states will be derived. In particular, it will be ex-
ideal current-voltage(I-V) or capacitance-voltag¢C-V)  Pplained why apparently different approaches have given rise
characteristics. To this end, basically two different ap-to similar results in a limited range of bias. In order to
proaches have been proposed in the literature, namely, thopgesent a more complete view of the interfacial properties,
which in some way assume the interface states to be totallpoth the equilibrium and non-equilibrium formulations of the
or partly in equilibrium(depending on the conditions consid- model will be introduced, although here we will mainly fo-
ered with either the metal or the semiconductér*® and  cus on the non-equilibrium case.

those for which the interface states are described by means of The organization of the paper is as follows: In Section I,
a surface quasi-Fermi level, whose position and bias depenke equilibrium formulation of the model is presented, to-
dence is determined from a given kinetic motfet’In both  gether with the introduction of some quantities of interest.
cases, the expressions for the I-V or C-V characteristics irhe generalization of the model to nonequilibrium condi-
terms of the interface parameters have been derived and tligns is developed in Section Iil, where the new relation for
corresponding procedures to obtain these parameters, hayg nonequilibrium population of interface states is pre-
been proposed. However, due to the fact that in their comsented. Section IV is devoted to the derivation of the effects
mon special cases both approaches seem to give rise {0 singit interface states on the bias dependence of the ideality
factor and to its experimental corroboration. Finally, in Sec-
dElectronic mail: gabriel@hermes.ffn.ub.es tion V we sum up our main results.
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Il. EQUILIBRIUM BARRIER HEIGHT IN IL-TE-D where the Fermi level for the surface statBg, is used.
THEORIES Furthermore, in Eq(4) Nps is given by

The equilibrium barrier height of M-S junctions is one of
the most important parameters used to characterize such
junctions*~3In IL-TE-D theories, one assumes the presence q ) i
of a thin insulating layer sandwiched in between the metalVith Ds(E) being the density of donor type surface states.
and the semiconductor, and surface states to be present at tH8der  equilibrium  conditions, ~and  provided the
semiconductor surface. Under these circumstances, the eq¢miconductor-insulator interface is abrupt, the surface and
librium barrier heighi?,, defined as the difference between Sémiconductor Fermi levels coincide, that Es=Eg,. In
the semiconductor conducting band edge and the meté_ﬁ‘a_t case we may relate the surface Fermi level to the equi-
quasi-Fermi levelwe will neglect in this paper image-force llorium barrier height as follows:

_eﬁects), is_ shovgnlgo d_epend stro_ngly on the properties of_the Ere— ES: _q¢gn+(Eg_ E?,), (8)
interface itself'®1°A simple relationship between the barrier 0 —0 . }
height and the interface properties can be derived as followd/hereEc—Ey is the semiconductor band gap. It should be

EO
Nps= f SDI(E)dE, ™
EV

Due to the presence of the insulating layer one*fias noted that, in the present formulatioNps and E¢—Ey ap-
pear, in principle, as two independent parameters. Only un-
A= (b= x)~ dpn, (1)  der special circumstances they can be gathered into a single

parameter, as for instance, in the case in which one assumes
that the density of surface statd,, is a constant through
the semiconductor band gap and that the zero temperature
occupation function applies. In this situation, the surface
equation of state is given byse=D¢(Ers—EY). Then, by
1 defining a neutral level ¢g through the relation
AOZE(QQJ Q). (20 Nps=Dqé¢y, and by using Eqsi4) and(8), one arrives at
! Q3=—aDd —q¢p,— (q¢o+ Ey—E)] where indeed only
where C;= ¢/, with ¢ the permittivity of the insulating one parameteq¢y—E,, appear<.Eqgs.(1)— (8) completely
layer andé its length. MoreoverQSS and Qgc are the net determinexpﬁn in terms of the surface parameters, giving rise
charges accumulated at the surface states and in the semicdao-
ductor, respectively. By integrating Poisson’s equation on?(ﬁ )= 0
arrives at the following expression f@2.,* m— X bn

where A° is the equilibrium potential drop across the insu-
lating layer, ¢, is the metal work function ang is the
semiconductor affinity. By applying Gauss’ theorem one
obtains™®

q (2geNp)"?
kT —— —ed? 0_pE0y_ oAbl
Qgcz(zquD)UZH(ﬁgn_Vn_ E) Ci [ns§( e(ﬁbn_" EC EV) ND5]+ Ci
KT KT _kT o vz
1/2 2 _
+ I(—Te* T (o0 Vo) 3) X| ¢pn—Va~— R (Pon=Vo) | 9
q

) ) o Particular cases of this relation have been analyzed
where e is the semiconductor permittiviNp the number  gise\wherd:210In this respect, it is worth noting that, even in

density of donorsq the electron charges the Bolizmann  he case that the second term on the ride hand side is negli-
constant the temperature and,= (kT/q) In(Nc/Np), with  gipje  the relationship between the metal work function and
Nc the effective density of states in the conduction bandine parrier height does not need to be linear due to the pos-
Usually, the exponential term in EB) is neglected. Finally,  gjhie nonlinearity associated with the dependencegfon
the net surface charge may be evaluated as the barrier height. This is an important point with respect to
Qgs: —q[Ned Epe— E?/)— Npel, (4) the irj'gernal gonsistency of the model, because nonconstant
densities of interface states, which correspond to nonlinear
where ngg=ng(Ep— E?,) is a sort of surface equation of surface equations of state, are commonly assumed in order to
state, which is a function of the position of the surface Ferminterpret the transport properties of these junctions, and
level E¢, relative to the top of the semiconductor valencehence they should also be used to interpret their equilibrium
band,E?,. It follows, for instance, from the relati8n properties.

Nys= fEEogDs(Eﬁs(E) dE, (5)

Vv

lll. THE NONEQUILIBRIUM MODEL

where D((E) is the total density of surface states and In the nonequilibrium version of the IL-TE-D theories
f<(E) is the occupation function of surface states. We willtwo current limiting mechanisms are assumed to control the
assumef¢(E) to be given through the Fermi-Dira@D) transport properties of the junction, namely, the diffusion of
distribution carriers through the semiconductor and the exchange of car-
riers through the junction. As usual, we will describe the
f(E)= ©6) diffu_sior_l of <_:arri_ers thrOL_Jgh the semiconductor by means of
s 1+ekD (E-Erg a drift-diffusion like relatio*®
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an(x) To take into account the fact that the kinetic processes
In(X)==Dn— =~ man(XE(X), (100 petween the metal and either the interface states or the semi-
conductor take place via tunnelling, we will assume follow-
where J, is the electron number density curren(x) the  ing Refs. 15 and 19, that, as a first approximation, the cor-

electron number densitye the electric field andD,, and  responding transmission coefficients,,, and \,,,, can be
Mn, the diffusion and mobility coefficients. With respect to expressed as
the exchange of carriers through the junction we will assume —

here a kinetic approach in which the exchange of carriers Anm=Amfnm: Asm=AsmOsm. (16)

takes place via three different mechanisfrifor simplicity, where\,, are the values corresponding to abrupt junctions

in this paper we neglect the effects of minority carriers, a"(but with a discontinuous potential, see Appendixd

though the generalization to include them is straightforyard

namely, the exchange of carriers, via tunnelling, between the ¢, = e Y, Osm=€" dend (17
metal and either the interface states or the semiconductor and . - . . .
the exchange of carriers, with no tunnelling, between thé'® the transmission coefficients of the insulating layer, with

interface states and the semiconductor. These three procesééé‘é.“r'] q_SSF;tbelng rflztid :{[ﬁ the C(l)rtr_esplondlntg ?:eitlve 'fl’l?‘r'
can be identified by means of the following elementary ki-"er nelg Erl%se” ed by the Insulating fayer to the tunnefiing
netic processes of carriers™®!® Here § refers to the length of the insulating

layer. This simple dependence on the interfacial layer thick-
0n=0m; 0s=0m; 0ds=0n, (11)  ness, qualitatively incorporates the major features of the tun-

whereq,,, q,, ds Stands for the electrons in the metal, in the nelling of carriers through the insulating layer, because for

semiconductor, and at the interface states, respectively. It gbrupt junctions, §=0), fm and 65, are equal to one, and

worth pointing out, that these three processes constitute ye Ido not he}ve anyatunne(ljlgg effeclzt,hwhl!ekior tE'Ck .mﬁ.ublat'
coupled set of kinetic processes and as such, they must pad 'ayers 6 larga, fnm andsm vanish quickly, thus inhio-
jng the exchange of carriers with the metal, as should be.

treated as a whole. This fact has not been taken into accouH : ) . . .
At this point, some comments are in order. First of all, it

in previous analyses. X . .
. : : hould be noted that Eq12) is formally identical to the
With th f anal the global d -S . . .
' e purpose o analyzing e global dynamics cor ommonly used TE relatidrt®*° but here it appears with a

responding to this set of coupled kinetic processes we wilFOMM . X
maEe ulseg of thle Shockley-uFFQ)ead—l-llaﬁ:?l-IF)) statistic§;7'wl8 W modified Vg factor that incorporates the effects of the inter-

dface states, Eq14). As mentioned above, this result is remi-
by other method&® Under stationary conditions, this treat- niscent of the fact that the underlying kinetic processes are

ment states that the net exchange of carriers between me{é?t'mdependent. Furthermore, Hq3), Wh'.Ch is one of the
and semiconductor is given by the following thermionic main re_sults of the_ present paper_,_cqnstltute_s_a new general
emission-like relatiortsee Appendix expression governing the nonequilibrium posmp_n (_)f the sur-
face quasi-Fermi level, and hence the nonequilibrium popu-
Jn=NcVge™ (@KD don(1 — e1KD) (Fn=Fm)) (120 lation of the interface states. As will be seen, it allows a
and that the nonequilibrium position of the surface quasi_complete description of the 9xchaqge processes through MS
Fermi level is given bysee Appendix contacts. .Note_ thaF t_Joth the msu_latmg layer thickness and the
applied bias, implicitly present i and F,—F,, respec-
1+ o te@kD (Fn=Fm) tively, contribute to determine this position.
1+ a1 , (13 In order to compare our result with previously existing
] ] ones, it should be emphasized that our model has been for-
whereF,—Fp, (Fs—Fp) stands for the jump in the electron j5ted for the general case of a continuous distribution of
quaS|—Ferm| level between the metal and the semiconductQy,face state)(E), through the semiconductor band gap.
surfaces(interface states and the metal surfadgote that  penending on the precise form of this distribution, different
due to the coupling between the kinetic processes both r&sxpressions for tha’s, and hence foWg anda, and for the
sults have been derived in a unified way, and not by introyrf5ce equation of state.., can be obtained. By taking
ducing different assumptions to obtain each one. Furthergege facts into account, it is easily shown that two of the
more, in Egs. (12) and (13), ¢pn=Ec—Fm is the  gypressions reported in Ref. 14, constitute two particular

nonequilibrium barrier height andg and« are two positive  c4ses of our general result, EG3). However, the fact that
quantities given througfsee Appendix and Ref. 16 they neglect the discontinuity in the electric potential

(see Appendik although equivalent results may be obtaine

e(l/kT) (Fs—Fm) —

e<1/kT><E°c*E§)/> through the insulating layer, limits considerably the applica-
NeVeR=NAnmt o T O T (14) tion of their model, while in our model_ this !|m|tat|or_1 does
sn s not appear. Moreover, those models in which the interface
Nem stgtes are assumed to be in eql_JiIibrium for qll bias values
a= )\—SH (15 with the metal, F¢=F,, or with the semiconductor,

F<=F, can be seen to correspond to either tending or
whereX,m, Asm, Asn. Stands for theransition coefficients « to zero in Eq.(13), respectively. The case in which these
corresponding to the elementary processes represented in Egodels applies for a limited range of bias values will be
(11). Explicit expressions for these coefficients are alsadiscussed at the end of Section IV. Finally, the case in which
given in the Appendix. part of the interface states are in equilibrium with the metal
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and part with the semiconductbtwill be shown to also be | =chV%De_ (q/KT) ¢gne_ (g/kT) (Ad)bn-%—Ad:ED)[e(q/kT)V_l],
recoverable from our resulEq. (13)] in a generalized way (25)
(see Section 1Y, by simply assuming a finite value far. N ] ] .
These comparisons with previously reported results jusyyhere the quantities with a superscript OOrefer to the %(qDU|I|b—
show the great generality and wide applicability of ourfum value. Moreover, A¢pn=dpn—dp, and Ady

model, and hence its ability for giving a unified view of the =(KT/0) In(Vag/Vrp). Eq. (25), or alternatively Eq.(23),
transport properties of MS contacts. constitutes the formal expression for the I-V characteristics

. RD .
In order to render our model complete we need to for-n IL-TE-D theories whereA ¢, andA ¢y, are two bias-
mulate the corresponding nonequilibrium versions of Eqsdependent quantities to be determined. As mentioned previ-

(1), (2), (4), (8). We obtain ously, the thermionic emission approximation enables us to
arrive at explicit expressions for them. Indeed, under this
A=(ém=x)~ bon, (18) approximation, in which one assumeégz/Vp<1, one has
1 A ¢$RP~0 (see its definition aboyeand hence the nonideal-
A= E(st+ Qo) (199 ity in the |-V curve is only due to the bias dependence of
: A ¢y, . In deriving this result it has been implicitly assumed
Q<= —q[Nsd Fs—Ey) — Npsl, (200  that Vg does not depend significantly on bias. Moreover,
0 o from Egs.(10) and(13), one arrives &f
Fs=Ey+(Fs—Fn)—dépntEc—Ey, (21
where in Eq.(19) we have neglected a contribution propor- 1+ —2eld@knV
tional to the bulk electric field and in Eq21) (Fs—F,,) is eWKT) (Fr—Fpm) — R—, (26)
given through Eq.(13). Finally, Qs. in Eg. (19) may be 1+E
computed by integrating Poisson’s equation together with Vr

Eq. (10). In this respect, it shoul_d be _remempered that in th%hich shows that in this limit one may approximate
IL-TE-D models the total applied bias splits up into two (F,—F.)~V, which is equivalent to assume a flat quasi-

contributions Fermi level through the active region of the contact. This last
qV=(F,—Fm)+qVy, (22 result considerably simplifies the calculations, firstly because

where qV,=F (w)—F,(0) is the drop in applied bias ':the taa; dependence Bf— F, is now given directly through

across the active region of the bulk semiconductor, whose

!engt_h isw, andF,—F,, the corresponding drop across the (UKT) (Fo—F) 1+ o lel@kDV -
junction. These remarks end the general formulation of the 1+a f
model. -
and second, becaugg,. may be explicitly evaluated &%
Qsc=aNpw, (28
IV. EFFECTS OF INTERFACE STATES ON THE BIAS )
DEPENDENCE OF THE IDEALITY FACTOR with
. — . . 112 1/2
As a first application of our model we will analyze in w:( 2¢€ ) ((fJ VARV (29)
this section the effects of interface states on the bias depen- qNp bn " ’

dence of the ideality factor. The direct applicability of our where in the last expression an exponential term similar to

model to the whole range of bias will allow us to draw im- the one appearing in E43) has been neglected. By taking

portant conclusions regarding the nonequilibrium population .o 4ccount Eqs(18—(21), (28) and (29), we obtain the
of the interface states and, in particular, to justify why dif- following expression involvings,
n»

ferent approaches have given rise to similar results in a lim-
ited range of bias. To the end of obtaining analytical results, N __q _ B 0
the calculations will be carried out for the case in which the ~ (#m™X)~ ¢bn= Ci {nsd (Fs=Fm) =adpnt Ec
thermionic approximation holdsalthough the general case

can also be analyzed. —EO]—N }+(2q6ND)1/2
As a first step in deriving the bias dependence of the v bs Ci
ideality factor, we need to find the expression for the |-V 2
characteristigs. As is well-known, for IL-TE_-D _theories it X| ppn—V—V,— _) , (30)
may be obtained from Eq$10) and(12), and is given by® a
| =qNgVrpe (KT @on g@kDV_17], (23) where no particular surface equation of state has been speci-

_ _ _ fied. Apart from this fact, the main difference between our
where we have introduced the denSIty of electric Curren‘fesult and previous|y reported onhes comes from the bias de-

I=-qJ,, and defined/rp= Vr/[1+ (Vr/Vp)] with pendence of the surface quasi-Fermi level position, repre-
D, sented by F;—F,). Here, we have shown it to be given
VD:f‘”e‘ @R VR VO Igy (24)  through Eq'.(27) in this approximation: Eq(30) gives the
0 complete bias dependence of the barrier height and therefore
For practical purposes, we will rewrite E(3) as it completely determines the |-V characteristics.
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Now we are in a position to derive the bias dependence (a)

of the ideality factor in the whole range of biases. To this 15k

end, we will use the general definition of the ideality factor, I,
1—1+kT d I I 31 “T
=g av N ewmvg) @) sl

which holds for all values of biadorward, reverse, and the
transition between bojh By means of this definition and
using the thermionic emission approximation we hsee

Ve=-03VEVe=0V [Ve=03V

Ideality Factor, n
o
1

1.1 P
Eqg. (23)], X
1.0 —_————-—
1 d¢bn L
ﬁ:]'_ dv ’ (32) Lo 1 [ |

-06 -04 -02 00 02 04 06
which, by taking into account Eq30), allows us to derive Voltage (V)
the following analytical expression for,

e (b)
c wa Dsb) | —
n=1+T, (33 18
1+ Cl
1.6

where we have definedg, andDg, as

Ideality Factor, n
-

Dsa=Ds 1_EW)1 sb™ SEW1
(34) 12 F Ve=0.42V [|ve=0v  Jve=0.42v
with o F T
dNgg PR PR T R T PR |
Ds: a?':s . L -06 -04 -02 00 02 04 06
Ers—E)=(Fg—F )~ Qbpn T EQ—EY Voltage (V)

being the apparent density of surface stitasd whergsee _ _ _ ,
FIG. 1. Ideality factor as a function of bias, for different values of the

Eq. (27)] critical voltage,V, (continuous ling The density of interface stateB,,

1 d(F—F,) 1 has been assumed constaii®) D,=2.5x10"* eV lcm 2, C;=8.85

- s M _ (35) x10°% Flen?, Np=10'® cm™3, and (b) Ds=4x10"2 eVt cm 2 C;

q dv 1+e (@D V=Vo) =8.85<10 7 Flen?, Np=10" cm 3. Nonspecified parameters corre-
. . . . spond to GaAgsee Ref. 1 Also plotted forV,= — 0.3 V andV, =
with V.= (kT/q) In a. Note that in performing this last de- — g 42 v (b) the two approximationédashed and dotted-dashed lines

rivative we have assumed to be approximately bias inde-
pendent. Eq(33), together with Eqs(34) and (35) which
give the bias dependence Bf, andDg,, completely deter- ing on whether the bias voltage is larger or smaller than the
mine the bias dependence of the ideality factor and constieritical voltage,V.. As this voltage depends on the proper-
tutes an expression directly applicable to the whole range dies of the interfacial layer, it constitutes a relevant parameter
bias values without the need of additional assumptions. It isn the characterization of MS contacts. We note, for instance,
worth noting that despite the fact that we have used a kinetithat depending on the sign ¥, the transition between both
approach to describe the nonequilibrium charging behavioupehaviours takes place under forward.0) or reverse
of the interface states, a formally equivalent expression fobias (V.<0). In practice, negative or around zero values of
the ideality factor to one used in other approacheas been V. are expected to occur, corresponding to MIS tunneling
obtained. This fact shows that if under this second approactiodes(large values of§), and to Schottky barriers diodes
the appropriate bias dependencely, andDg, is assumed, (small values of §), respectively{see Eqs(15), (16), (17)
equivalent results may be obtained. Note that under our amnd the definition oV in terms ofa given after Eq.35)]. In
proach this dependence is directly obtained through 84%. Fig. 2 the ideality factor as a function of bias have been
and(35). plotted for different values oD and for a given value of

In Fig. 1 we have represented the bias dependence of thé;, for the case thatd/w)/C;<<1. Note that independent of
ideality factor given through Ed33), for the case of a con- the value oD, the ideality factor always become very close
stant density of surface statd3;. Different values of the to unity for low enough values of bias. Furthermore, in all
critical voltage,V., and different situations of interesg) cases this fact seems to happen at about the same value of
(e/w)/C;<1 and(b) (e/w)/C;~1, have been considered. the applied biasV,, which is related toV. by Vo~V
From these figures it is clearly concluded, that the ideality—3(kT/q). This result constitutes a very useful result in
factor displays two remarkably different behaviours dependpractice, because it allows us to identify the critical voltage
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| Dsa ! ' |

18 F : Ds=4x 104 em?ev’! ’gDS ! )
= [ 8
= 1.6 1 NS
S | 14 2 - x
3] | Ds=25x10 cm eV Z

]
=14 | 2
g L @
= ' 14 2 - =
[ Ds=1x10 c¢m “ eV S
— ) N
! 3
Qi
1.0 Vol Ve =
P T B P R Y RPN Jr E
06 -04 -02 00 02 04 06 = 0

Voltage (V)
Voltage (a.u.)

FIG. 2. Ideality factor vs applied voltage, for different values of the density

of interface statesDg. The critical voltage is equal te-0.36 V. Same

parameters as in Fig. (@. The dashed line corresponds to FIG.3.Dg,andDg, as afunction of bias, for a constant density of interface

Vo=V~ 3kT/q=~—0.43 V. state,D4. The dashed lines correspond to the voltage val}es3kT/q and
V. +3kT/q.

V, directly from these type of plots. Indeed, by simply iden- V€rse bias, respectively, as has been sometime_s impIicitIy_
tifying the bias at which becomes both independent of bias @SSumed. As has been shown above, only a precise determi-
and practically unity, let sap~1.01, we may obtaitVy, nation ofV, allows us to def[ermme the range of app!lcablllty
from which V., can be approximately determined. of these approximate relatlonfs. As a result, dependl_ng on the

A simple interpretation of the different behaviours pre-Vvalue ofV, the range for which Eq36) can be applied to
sented by the ideality factor may be given in terms of thedetermineDs may turn out to be largefor smalley than
nonequilibrium charging behaviour of the interface statesPreviously assumed. Furthermore, the valu&/pitself may
By noting that forV>V_+3(kT/q) the derivative in Eq. prov@e some ugeful information about the effect; of the in-
(35) may be approximated by unity, one has from E3p), f[erfac_:lal layer thickness on the_ trar]sport pr_operue; of these
D.,~0 andD,~D. We then conclude that, for these volt- Juncnqns, a fact of great practlca! mtert_ast in studying MIS
ages, interface states behave as if they all were in equi”bt_unnellng diodes and some of their applications, as the solar
rium with the semiconductor. As long as this approximationCells:

holds, the ideality factor is simply given by _ S_ome recently reported e_xperimental I-V charac-
teristic$°~2 have been analyzed in order to corroborate the
(36) predictions of our model. The corresponding bias depen-
dence of the ideality has been computed by means of its
definition Eq.(31). Regarding the behaviour of the ideality
the derivative in Eq(35) by zero and henc®,,~D, and factor, it is int_erestipg_to note that in all the cases this quan-
D,=~0. As a consequence for these bias values, the inten‘actgy behaves in a similar way. Thus, below a certqln given
states behave as if they all were in equilibrium with theYOItage’ whose value depends on the system considésed
metal, and the ideality factor is given by mstancg, arognatl Vand—0.9 V for samplei'a) and (b),
respectively, in Ref. 22-0.25 V for sampleD, in Ref. 20,
between—0.15 V and 0 V for samples in Ref. 23 and be-
tween—0.25 V and 0 V for samples in Ref. 21he ideality
n~l+= . V<Vc_3E- (37)  factor becomes practically independent of the bias and ap-
"1+ c ° proaches unity. Above these voltages, it becomes bias depen-
i dent, presenting sometimes, in a limited range of biases, a
Hence, following our model the two different behaviours dis-plateau corresponding to the reported value of the ideality
played by the ideality factor can be associated to differenfactor [n=1.180 andn=1.107 for samplesa) and (b), re-
effective equilibrations of the interface states with eitherspectively, in Ref. 22, on=1.25 for sampleéD, in Ref. 2.
the semiconductor [V>V_.+3(kT/q)] or the metal In view of these features we may conclude that these experi-
[V>V.—3(kT/q)], (see Fig. 3. mental results strongly support the predictions of our model.
At this point some remarks are in order. In Fig. 1, weIndeed, the fact thah becomes in all cases nearly unity
have represented both E¢36) (discontinuous lingand(37) below a certain bias implies that for all of them we may
(discontinuous-dotted linefor V,=—0.3 V (a) andV, = assume €/w)/C,;<1 (see Fig. 2 As a consequence, these
— 0.42 \Mb). Excellent agreement with the exact values,voltages can be identified witth,, from which the values of
given through Eq(33), is observed, in the range in which the V. can be roughly determined. Some of the extracted values
approximations hold. This fact implies that, in general, it isare: around—0.9 V and —0.8 V for samples(a and (b),
not true that Eqs(36) and (37) hold under forward and re- respectively in Ref. 22, arouné 0.15 V for sampleD; in

1+1
=t

On the other hand fov<V_.— 3(kT/q) we may approximate

€ ) kT
w"‘q DS y V>VC+3F

2l

J. Appl. Phys., Vol. 81, No. 6, 15 March 1997 G. Gomila and J. M. Rubi 2679

Downloaded-08-Jun-2010-t0-161.116.168.169.-Redistribution-subject-to-AlP-license-or-copyright;~see-http://jap.aip.org/jap/copyright.jsp



Ref. 20, between-0.1 V and 0.1 V for samples in Ref. 23 tween them The analysis of this relation has allowed us to
and between-0.2 V and 0.1 V for samples in Ref. 21. As is identify two different behaviours of the ideality factor, de-
seen,V, depends considerably on the system considerecpending on whether the applied bias is greater or smaller
Furthermore, thdarge negative values obtained could be than a certain critical voltag¥,, a quantity that constitutes
explained in terms of the dependencé/gfon thes. Finally, a new parameter to be determined in order to complete the
the region in which the experimental values forbecome characterization of these contacts. A direct relation between
bias dependent, corresponds to the region of bias voltageékese two behaviours and the nonequilibrium charging prop-
satisfyingvV>V_.+3(kT/q). There, Eq.(36) holds and, as erties of the interface states has been established, which in
usual, it can be applied to determine the density of interfac@articular has explained why different approaches developed
states. As mentioned previously, for the case of negative vapreviously have given rise to similar results in a limited
ues ofV,, a considerable large region of biases can be inrange of bias values. Experimental results strongly support
vestigated to this end. our predictions opening then the possibility of a more com-
It is worth emphasizing that our model provides a veryplete determination of the density of interface states from
natural and general way of interpreting these experimentaton-ideal |-V characteristics or of a better evaluation of the
results in the whole range of bias voltages. The previouslynterfacial layer thickness effects in MIS tunnelling diodes.
existing models for which the interface states are assumed to
be in equilibrium with the meta{semiconductgrcan only
give correct results when they are applied to bias voltageCKNOWLEDGMENTS

below (above V., but not in the whole range of bias. On the .
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D, and Dy, derived in this worlk{see Eq.34)]. Otherwise,
results are restricted to particular cases and are only valid for

certanj regions of applied bias. This is the case for mStanCS\PPENDIX A: SRH STATISTICS FOR THE EXCHANGE

when it is assumed th&t,,~0 andD¢,~Dgq, und_er forwa_rd OF CARRIERS THROUGH A JUNCTION

bias, andD¢,~Dg andD,~0, under reverse bids.In this

case, correct results will be obtained only if the system sat- The purpose of this appendix is to derive E¢&2) and
isfiesV.~0, and for voltages outside the transition region.(13) by means of the SRH statistics applied to the set of
Finally, we want to consider also the case in which one askinetics processes represented in Etl). Given these el-
sumes thaD,,~0 and D,~0, under reverse bias condi- ementary kinetic processes, the net conducting current at the
tions, in order to interpret the apparent independence of theemiconductor surfacd,,, and the net current from the in-
results on the population of the interface stdfe§ollowing  terface states]s, are given by

our results, we think that a more satisfactory explanation of 3 =3 +3 (A1)
this fact may be obtained by assuming tiiaf,~D¢ and noTnmeEnsy
D¢,~0 belowV,, which for V,~0 coincides with the re- Js=Jnst Ims: (A2)

verse bias region, but withe(w)/C;<1. As has been seen whereJ,, (with a , b = n, m, s) are the kinetic rates cor-

shown before under this circumstances similar results ar(raes onding 1o the elementary broc Bv applvin
predicted by our modefsee Fig. 2 P 9 Y Procegs=q,. By applying

the SRH statistics"*® to these elementary processes, the
V. CONCLUSIONS following expressions for the rates can be deritd,

In this paper we have presented a general I_L-TE-D‘]ab:j dEaJ dEpDa(Ea) Dp(Ep){fa(Ea)[1~fu(Ep)]
theory for Schottky barrier diodes. This theory, which has
been based upon rather realistic_assumptions at_)out the ex- x5 (Ea.Ep)— fo(Ep)[1—fa(Ea)1¥ba(Ea Ep)},
change of carriers through a semiconductor junction, has al-
lowed us to overcome some of the inherent limitations of the (A3)
previous existing theories and therefore to develop a morathereD,(E,) is the density of states of systean f,(E,) its
complete analysis of the effects of interface states on theccupation function, given through the FD distribution
transport properties of MS contacts. The main novelty incorf,(E,)=(1+ef(Ea~Erad) =1 with E., the corresponding
porated in our theory, aside from minor changes in the TEFermi level, andy,,(E4,Ey) is the probability per unit time
like relation or some implications in the evaluation of the for the transition between states of enefgy and E,. In
equilibrium barrier height, consists of a new general relatiororder for the square bracket to be dependent on only the
to control the nonequilibrium population of the interface quasi-Fermi level difference, as is usually required, the fol-
states, Eq(13). By means of this relation, and in the thermi- lowing generalized detailed balance will be assumed
onic emission limit, an analytic expression for the ideality y,,(E4,Ep) = Yab(Ea,Ep)efFo~Eedf(Va=Vo) - Note that
factor, as a function of the applied voltage, has been derivedpr the abrupt case in which the electric potential is continu-
which has been shown to be directly applicable to the wholeus, this relation is equivalent to the usual A8y taking
range of voltagegforward, reverse and the transition be- into account this relation, EGA3), can be written as
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A
Jor [ 0B, dE,DLENT(ENDY(E [ 250 oo
ef(Fs~Fml = = , (A9)
X[1=f5(Ep)]van(Ea Ep)(1—e#FoFa), (A4) 14 Rsn
Asm

where, indeed, the result is only dependent on the quasi-
Fermi level difference, here defined Bs=Eg,—qV,. For  where the detailed balance relation for #ie has been used.

our purposes, EqA4) will be rewritten as follows Substituting this expression into E@A7) we finally arrive at
= ~B(Erp~Fa)(1 — @B(Fp—Fa) B(Ec—Ey)
Jab=Npae PErbFa)(1—ehFoFa)y, (A5) R - %) e BEcFm)(1 — eB(Fn—Fm)).
where Egp=ER2,—qVp, With Ega=Ec, Ers~Ey and Asn tAsm
Erm=En, and (A10)
where again the detailed balance relation has been used. Egs.
)\ba=f dEaf dEpD(Ex)Dp(Ep)[1—f4(El)] (A9) and (A10) (note thatEc—E,=E2—EY) are precisely
Egs.(13) and(12) used in Section .
X[1=fp(Ep)]¥ba(EasEb), (A6)

where we have defined yya(Ea,Ep) = ¥pa(Ea Ep)
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