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This work studies the capacitive behavior of an intergranular double Schottky barrier, which
describes nonlinear charge transport in polycrystalline semiconductors. It is foun@)thatidely

applied version of the Mott—Schottky equation can be inadequate, and can lead to significant errors;
(i) a property called strong barrier pinni@BP), underlies most attempts to obtain physical
parameters fronC—V measurements; ar(di ) under SBP, known results from one-sided Schottky
barriers can be used to analyg=-V response, showing that correct physical parameters are
obtained at low frequency and that high frequency measurements are not advantageous. A new
characterization method is introduced, which allows high voltage devices to be directly measured,
and yields comparative information about average donor density and barrier height. Besides its
technological applicability, the method simplifies the study of scale effects. Experimental results
support the theoretical considerations and the proposed characterization method. The usefulness of
the method is illustrated by studying the effects of current—pulse degradation on the physical
parameters of high voltage varistors. ZD02 American Institute of Physics.
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I. INTRODUCTION C-V response, depending on the various experimental con-
ditions, and how this information relates to Mott—Schottky
In polycrystalline semiconductors, nonlinear chargebehavior and GB admittance thedry.
transport is governed by the grain bound&BB) electronic The purpose of this work is to identify the conditions
structuret? and described through a double Schottky barrierthat lead to pure Mott—Schottky behavior, and to other mean-
(DSB) model®~® Capacitance versus voltage measurementigful C—V characterization procedures, providing interpre-
are widely used to characterize these matefi@$employ-  tation criteria that allow useful information to be extracted.
ing either the “standard” one-sided Mott—Schottky equation The cases without and with deep donors are separately stud-
(stemming from one-sided Schottky barrier thédryor a  i€d. We then propose a ne®@-V measurement method,
modified versiof? that takes into account the double-sided Which exploits the aforementioned conditions. Its usefulness
nature of the barrier. Physical parameters, such as barriés Illustrated through the study of the effects of current-pulse

height and donor density, have been extracted from theddegradation on the physical parameters of high voltage ce-

measurements. However, an unsatisfactory situation arise@Mmic varistors.

because the very existence of Mott—Schottky behatior

the sense of a linear relation between applied voltage and. DOUBLE SCHOTTKY BARRIER MODEL
inverse-squared parallel capacitanége not clearly estab-
. quared p cap a)‘n_ y The arguments and methods proposed below draw
lished and relies upon tacit or undefined assumptions. Agen-__ . S .
eral unawareness seems to exist of the experimental con jeavily upon the DSB model approximations and equations
. . _ be or the barrier geometry. Hence, we summarize the form and
tions leading to Mott—Schottky behavior, and it appears tha

. . 45 Brigin of these expressions, simultaneously settling the
a bridge between general GB admittance theoand spe-  qaion, Figure 1 depicts a DSB, typical of ceramic

cific C-V characterization procedures is lacking. Under, 4ristor@ and other semiconductor compoundge(x,V)
these circumstances, physical insight is lost, incorrect con= _ g« ®(x,V) is the geometry of the conduction band un-
clusions can be inferred from experiment, and complex meager a dc biad/= V., ®(x,V) is the associated electrostatic
surement systems are used to extract information that coulgbtential and®g(V)=—®(x,V)|,_, is the barrier height.

be obtained by simpler methods. Therefore, it is necessary tphe shallow donor, with densit},=n=bulk free electron
clarify what kind of information is possible to extract from density and energf,(x,V), is everywhere ionized. Deep
lying donors (densitiesN,, energiesg_(x,V), a=1,...d
3Electronic mail: jfrutos@fis.upm.es _numbered from shallower to deepeare occupiedneutra)
YElectronic mail: jfernandez@icv.csic.es in the bulk. The DSB is assumed homogeneous, so these
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electron potential energy tween the positive screening charge due to ionized donors

"1t — and the excess negative charge trapped in the GB; away from
E this region into the bulk, the positive charge due to the shal-
low donor is balanced by electrons in the conduction band.
Deep acceptor defects can be incorporated in the model by
subtracting their density from that of the ionized shallow
defects, and treating them as dondfhe occupation statis-
tics of all these states, can be described by a quasi-Fermi
level® Ex(x,V):

Er(x,V)
E, — &, X< —Xp_(Xp_>0, xp_=~0),
=< —é—eVi(X,V), —Xp_=X=Xr,,
t ' t ¥ —&é—eV, Xp4+ <X(Xr4+=~Xro—XL0),
A T X & 1+ <X(Xr+=~Xgo~—XL0)

(1)

FIG. 1. Schematic energy band diagram of a double Schottky barrier, degyhere ¢ is the energy separation between the conduction

scribing a grain boundary in a polycrystalline semiconductor. Open circle . . .
are neutral states. The quantiy; is the energy difference between the and and the Fermi level in the bulk. Near the GB, the quasi-

bulk Fermi level in the forward-biased grain and the quasi-Fermi level at thd~€rmi level bends down in paral’rélwith Ec (driven by the
boundary. functionV,), in such a way that the crossing points between

E.(x,V) andEg(x,V), denoted—x, , andXg, (a=1,..d),
defect densities are constant throughout. The conductioalways lie in the flat regions dEg (X<<—Xp_ andXx>Xr).
band and the defect energies bend in parallel, so the energyhe DSB geometry is determined by solving the Poisson
separation £,=Ec(X,V)—E,(x,V) (a=0,..d) remains equation for®(x,V) in —X ¢<X<Xgq, With boundary con-
constant everywhere for any bias. A surface density of stateditions ®(—o)=d(—x,0)=0 and ®(+x)=>(Xry) =V
Ng(E) exists at the GB, so thaig(E)dE is the number of (>0); the charge density is nonhomogeneous, due to the
available energy levels betwed&hand E+dE by unit GB  spatial variation ofE, and Er in the Fermi distribution
area. Free carriers are assumed to be negligible within the=(E,,Ef). The Schottky approximatidr®'*is assumed,
well defined limitsx= —x, o andx=Xg, (see Fig. 1 of the  hence turning the charge density into a sum of homogeneous

space chargddepletion region®* where neutrality is  regions p(x)=—eX%_o Nu[0(X+X_s) = 0(X—Xgs)], and
maintained be- the solution of Poisson equation into a sum of parabbfas:
2 —X g<X=<0
2g0e az:o N 60OCHX0a) (X X10) Lo
PEAI= d , @
- —0(X— - 2 O<x=<X
2e08, QZO N[ 1= 0(X—XRa) 1(X—XRa) RO

wheree, &, have the usual meaning, and the energy zero isvhere the superscript (0)” means zero-bias values and
chosen at the bottom of the forward-biased conduction bandQs(V) is the GB trapped charge by unit area, determined by
which remains constant because the voltage fully drops ithe interface quasi-Fermi level. In steady state, and within
the reverse biased depletion regibfhe set of equations that the thermionic emission model/; can be evaluated at the
determine the @+3 unknownsx,,, Xg, and ®g (« GB as®®

=0,..d) were written and solved for the first time by Blatter

and Greute?, with a resulting barrier height: eVig(Vgo =eVi(X,Vad|x=o

Vv |2 =kgT In[2/(1+ e~ ¢Vac/keT)], (5)
T H)

®p(V,Qg)~Ug
so the interface quasi-Fermi level Bg(V)=Eg(X,V)|x-0

Uo(V =LV)2. N =§ N © =—§—eVp(V), andQg is given by
R( )_89808rND’ D_a:O o B - .
Qs=—-Q4 V;Ns(E)]
(0)y2 c
DL =Dg(V,Q9)|v-0= _SQSOS&)ND, (4) :ejEVCNS(E)[fF(E’EFB)_fF(E!EFBb)]dE, 6)
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whereE,:Bb is a fictitious Fermi level describing the neutral conduction bandbelow the GB quasi-Fermi level, thus in-

interface® creasing the amount of trapped chaf@gand inhibiting the
barrier decrease. It should be noted that (22),

l1l. GRAIN BOUNDARY CAPACITANCE WITHOUT ~constant. The SBP property, expressed by (&8), seems

DEEP DONORS to be firmly established for a class of technologically impor-

tant materials. It traces back to the pioneering work of Tay-
lor, Odell, and Fart® who used it in their model for GBs in
germanium, finding a reasonable agreement with experimen-
Some materials present very small deep donor contributal results. Also, numerical models sustain the existence of a
tion: grain boundaries in silicdh and GaA$’ have been SBP regimé and, for commercial ZnO ceramic varistors,
characterized without taking deep donors into account. Ifirect barrier height measuremehtsve given almost con-
only shallow donors are considered, E@) is notoriously  stant average barrier height for applied fields up to 1.5 V/GB.

A. General C-V behavior and the strong barrier
pinning property

simplified to Introducing(12) in (11) we obtain
—(eNo/2e08,) (X+X0)?, — X 0=x=0, 1 1 )\2
d(x,V)= 5 — —| = (CDEO)-FV)
_(eN0/2808r)(X_XRo) +V, O$X$XR0. CS 2CS e£08rN0
! 1 Jegpe,N (13
. . . . . . O 0
Continuity of the potential at the GBee Fig. 1implies (:(S(’>ECS(V)|V:O:E A /T(;O)’

_ - -\ _ Y\ = 2

Pe=P(07)=D(01)=V=(eRoXid208:) (8 Which is a modified Mott—Schottky equatidh.Here, the

_(eNOXEO/ZSOSr)EVR_VLEVR_(DB, role of (12) as underlying assumption is uncovered: when

qu. (13) was originally deducedf it was only assumed that
éhe full applied voltage drops through the reverse biased
grain, which is an insufficient hypothesis because it does not
imply a negligibled variation. Condition(12) must be ex-
plicitly assumed in order to jump frorfll) to (13).

which yields a simple relation between the edges of th
depletion region, the barrier height, and the applied voltag
that by no means is true in the genefabn-negligible deep
donors case:

X[V, ®g(V)]=2e0e, Pg/eNy

X[V, Pe(V)]= V2e 0 (PptV)/eNo. B. Capacitance of the grain boundary in strong barrier
The barrier height is still given by Eqé3) and(4), changing ~ Pinning regime
Np into No. Using Eq.(9), we can write the geometrical The capacitancéby unit area is calculated from the
capacitance by unit area of the forward and reverse biasegkiliating current densities that flow in response to a time-

©)

sides of the GB as dependent signakV(t), added to the dc bias. The applied
£08; eeoe Ny voltage is now given by/(t) =Vg.+ AV=Vy.+ Voe' !, with
CLV)=3 N b V, usually satisfying the small signal conditi@V,<kgT.
Lo B o " order to establish the consequences of assumpfia)
€08, esgoe, Ny (10 we begin by writing the small signal capacitance of the GB
V= o)~ V2(@g vy as
Defining th_e total series geometrical (_:apacnarﬁby unit C(w)=Cq+ R Co()]
area asCs=C Cgr/(C_+CpR), Eq. (10) yields CL+Cr
L) gtV 11 ke e 14
Cs Cul Temoel Y ” akgT(C o) "

which is generally valid if we properly interpreC. Here, Jg=AXexd—(ePgy.t &)/KkgT]X[1—exp(—eVy/
=C (Pg) andPg=Dg(V,Qg). Equation(1l), as it stands, kgT)] is the thermionic current emitted over the barrier in
does not allow to obtain neithdp(BO) nor Ng: the right-hand steady state®gy=Pp(Vye, Qsdd, Qsd=Qd Ve, Ns(E) ],
side of (11) is a complicated function o¥ (by no means a andC,, Cg, and Cg are evaluated aV,.. The complex
straight ling and does not contain the equilibrium barrier quantity Co(w), contains the details of the distribution and
height ®?) as a parameter. We can transfotfid) into a  dynamic properties of GB statés:
usefL_ll_expressmn by assuming strong barrier pinri®BP Colw)=KI(iw)/[(C + CrkgT/€?+1(iw)]
conditions:
c. +C
Vg :0<V=Vy=Pg~d O =const; K:cR_m%

12
VL:q)BE(I)(BO); VR:¢B+VE(D(BO)+V, ( )

15
. ' ' . [EcNs(E)Xf(E,Eppgd X[1—fr(E,Erggo ] 13

meaning that, as soon as voltage increases, the barrier tendg®) = e 1+iwrfo(E,Erpg) dE

to decrease, hence dragging additional portions of the inter- v

face density of stateéwhich is fixed with respect to the 7=(e/2Ac)Xexd (ePgyct é+eViggd/KeT],
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where 7 establishes the time scale for the barrier reaction tor'he series capacitan€; arises in Eq(16) through the time

the measurement signakrgy=Ers(Vyd = — £§—€Vigde variation of @y, which couples the forward and reverse bi-
eViga=eVip(Vqo is given by Eq.(5), A=A*T? (A* is  ased sides of the GB. Under SBP conditio@s, and Cg
Richardson’s constaptand o is the capture cross section of decouple as long as the measurement signal satisfies the fol-
GB states. The capacitan€g, also denote,r, gives the lowing low frequency(LF) condition

high frequency limit of (14): limI(iw)=lim Cqo(w) X 7~1, 17

w— w—

=0=1im C(w)=Cs. in which case the pinning mechanism keeps active during

Examining the original calculations performed by Pfke, measurement. W_e_ refer to cor_1ditio(rl'§2) and_(l?) altogether
it can be seen that the first two terms(it¥d) come from the as full SBP conditions. They imply thals disappears from

displacement current created by the oscillation of the shallovx(/16)' _W,hiCh simplifiefs tOJD:CRX(?Wdt):iwCE\/' The
screening charge remaining term of (14) stems from expanding exp

(—eVIkgT) and ®@g in the capacitive part of the thermionic

current Jr=Axexd —(ePg+&/ksT]X[1—exp

(—eVIkgT)]. Within full SBP conditions we neglect thég
(16)  variation, and it can be easily shown that

w—%

. d Cr . .
Jp=Qr= ﬁ\/zeSOSrNo(‘bB“'V): ?(¢B+ ev).

(eA/kBT)e*<§+e‘1’(so)>/ksT(Vdc+AV)EGOV, eVy<kgT and eVy<kgT,

Jr= (18

_ (0)
Ae (§+ecb|3 )/kBTE‘]Sﬁt! eVdC>kBT or eV0>kBT,

which has no capacitive component, hence making disappeagspect to the applied voltage because of the delayed varia-
the third term in(14). tion of the barrier height. The depletion widkgo=Xgo(t),

We conclude that, under full SBP regime, the series cagiven by Eq.(9), oscillates in a complex fashion, driven by
pacitanceCg and thew-dependent terms disappear from thethe time dependency of and, also, by the more involved
general expression14), which becomes simplyC(w) time dependency obg, which adds out-of-phase contribu-
=Cg; the x o depletion edge varies negligibly and the cor- tions toxge(t). However, if SBP conditions can be assumed,
responding screening charge is essentially static, adding rthe negligible variation ofbz render these delayed contribu-
contribution to the total displacement current: only thetions also negligible, and the back-and-forth oscillation of
reverse-biased capacitance is measured, and GB resportbe shallow charge remains in phase with the applied voltage.
turns out to be well described by the simple equivalent cir-We can se¥ =0 and, as the applied voltage raises from 0
cuit in Fig. 2. If SBP conditions do not apply, then certainly to V, [Vo<V4 (see Eq. 18, the depletion width increases
Cs appears as the high frequency limit of expressid4),  without delay, fromx(ROO) to
but Eqg.(13) no longer holds: once measurégi; could only )
be introduced in the generally valid E(l.1). Now, suppose Xro(Vo) = \2e0e (PY+ Vo) /e Ny,

capacitance is measured in a GB under full SBP conditionsjence, measuring the capacitive part of the total current that
Cr is obtained, and should be introduced in EX), rewrit-  fows in response to the signl,e'®!, we can extract the

ten as capacitance
1ICE=2(dY+V)/(eege No)=m(dg+V), 19 £08r [ eepeNg
Cr(Vo) = = . 21
where we have defined theCg) ~2 versusV slope asm. R(Vo) Xro( Vo) 2(0P+Vy) @y

Instead, if Eq.(13) is to be used;%!°then the quantity
(1/ICr—1/2C©)? must be constructed and, deriving, we ob- |v. GRAIN BOUNDARY CAPACITANCE WITH DEEP

tain DONORS
d (1 1)\? Cr , In the general situation described by Eg), continuity
d_\/(C_R_ 2C<R°>> =mxj1- 2CO =mv), @0 e potential gives

showing that Eq(13) does not fit a straight line, and that the B e ’

measured slope of an eventual linear fit is smaller than ~P(X,V)|x=0=Pe(V) = 2e0e, o NoXio

leading to a greater donor density and a smaller barrier 22)

height. Thus, we conclude that E(L.3) can be misleading e U )

and can lead to erroneous physical parameters. 2 NXg,=Pp(V)+V.

X » . 2e0€; a=0
Another important consequence of full SBP conditions is

the in-phase response of the shallow donor. In the generdlherefore, under SBP conditionﬁCDB(V)~<I>(B°)], the
case, the shallow charge oscillation becomes modulated wittorward-biased side of the GB remains essentially static
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Cro= €081 I XRo(Vde)

s,
—K c (24)
r p dw dw
CL h_ XRw(VdC)E( E NaXRa> / ( E Na)v
a=0 a=0
R S, Re
:“Ej"' _:'_: where, for fixedVy., Xgr, IS an increasing function of the
R measurement frequency such that
B
DEPLETION REGION M X, =Xg de=Xro< M Xg, =Xro- (25)

w—0 w—®

FIG. 2. Equivalent circuit for the GB response under strong barrier pinning.It IS of-prlme Importance to _nOte that E_(Q4) can not be

Rg is the bulk grain resistance amkg the GB resistance. Wheld,— Ug recast II_’]tO a MOtt_SChOtth'l_'ke expression such{:® be-

<0, then switch $is closed and Sis open. WherU,—Ug>0, then Sis  cause, if Eq(2) can not be simplified to E(q.7), thenXg,,

open and gclosed. In any case, only the capacitance of the reverse-biaseggnnot be solved as a function @%0) andNp such ag9) for

depletion layer remains in the circuit. any frequency, not even under SBP conditions. However, it
can be shown that the slope of@g,,) 2 versusV curve ig*

=m (26)

w

(points —x, , remaining stationany while the reverse-biased d/ 1.2 5 X
side behaves as a one-sided Schottky barrier with constant _<_) Ro
diffusion voltagé®'#2°-?2(pointsxg, moving in response to dV\Cg,

bias changasA LF [in the sense of Eq.17)] measurement ith

signal Voe'“! will only be responded by the deep donors of

the reverse-biased side, and measured capacitance will be d d
that of the reverse-biased depletion layte equivalent cir- Xral V)= E NaxRa> / ( 2 N,
cuit in Fig. 2 remaining valid The forward-biased side in- @=0 @=0
troduces no displacement or barrier-modulated contributionso the apparent donor densityis given by Np,
Thus we can apply well established approximations and re=2/(egye,m,) = (Xg a/Xro)Np. This leads to a very im-
sults, stemming from the theory of one-sided Schottky barportant conclusion: the total donor densNy, is measured
riers where deep lying impurites are a classicalonly in the low frequency limit, when all deep levels can
subject:***?9"??n particular, if w is the measurement fre- follow the test signald,,=d andXg,,/Xg o= 1 in Eq.(26)].
quency andr, (a=1,...d) are the relaxation times of the For any other measurement frequency, it is clear f(@%)
deep donors,we assume that and(26) thatNp,<Np.

On the other hand, thapparent barrier heighgiven by
the extrapolated intercept of the&Cg,) 2 versusV curve
with the voltage axis, and denotebg,, is known to in-
screase with increasing frequentjin agreement with Ref. 5

In explaining this assumption, note the different footing o here th bi i is found (o i th
the shallow and deep screening charge dynamics. The formé\fy ere the zero-bias capacitance 1S found fo Increase as the
est frequency is reducgdand with the consequences on

is assumed to have negligible relaxation time: out-of-phas 0) , )
response to the applied signal comes from the delayed d)g-)B of a decreasmg\l,?, as per_Eq.§4). In this work, we
namics of the barrier and, thus, the sole conditid®) suf- take® g, as an(overestimatedindicative value, related with

fices to guarantee a nondelayed shallow donor dynamicg(B_O) and the apparent donor density. The average barrier
Deep lying charge, instead, has two sources for delay: th[ge_lght can belobtamed through low-field dc measurements,
first is still the time variation ofb g and its modulation effect USing(18) and™ £(T) =kgTXIN(Nc/No).
on the displacement curremdyut the second is due to the
finite relaxation time of deep states, that could be respondin
in delay even under SBP conditions. AssumptiaB) means
that, compared with & w, the firstd, deep donors posses
negligible relaxation times, instantaneously following the If wis so high that only the shallow donor can follow the
test signal, while the deeper donors present effectively infitest signal d,=0), then the geometrical capacitanCg
nite relaxation times, remaining essentially static. Besides=Cpr=¢,&0/(Xgrot+ XL0) iS Measured?® But, as discussed
being well established for one-sided Schottky barrtéfé, above, an equation likél3) cannot be constructed f@,r
where it was originally introduced by Roberts and Crowéll, because an expression lik® cannot be constructed foxg
this assumption seems reasonable for DSBs in ceramic senmind Xgo: the voltage dependence ofg) 2 will not fit a
conductors because measured relaxation fitnege sepa- Mott—Schottky straight liné? Looking for a meaning o€
rated by several decades. that could justify its extended u8el®!®?3we have to resort
When a dc biasVy and a measurement signal to the following approximation: lebr,=Xro— Xgr, andd,
Vo explwt) are applied, and23) is assumed, the measured =x ,— X, , be the separation between the edges of the deple-
capacitance by unit areaCg, Wwill be frequency tion layer and the edges of the ionization region for the trap
dependent®'*2'even under SBP conditions: «, and suppose that

eeoeNp XR,av

a=1,.d,2w<27/1,

a=d,+1,. . d=w>27/7,. (23

%. High frequency capacitance and total donor
density

Downloaded 14 Dec 2004 to 150.244.96.10. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 92, No. 5, 1 September 2002 Fernandez-Hevia et al. 2895

5Ra<XRO; 6La<XL0 Va=l,d (27)

dm dm
X&,a\ﬂv)z( 2 NaxRa) / ( 2 Na)!
Then the following rough approximation can be done in Eq. *=0 *=0

(22): wherea=0,...d,, correspond to those levels that can follow
not the test signabut the bias variation. If the bias voltage

e J ) d 5 and the test signal are made to vary with the same frequency
208, ;O N“XR“ZZSOSr_aZo Na(Xro~ Sra) o, and we denotexr=0,..p the levels that can follow such
signal, then the above discussion implies that @) turns
e d 5 into
" 2¢ Na | Xro: 2 p
0€r | a=0 d/ 1 2 >
d_\/(CRw) _eSOSrNDwzmw' NDw:aZO Na. (29)

leading to (aNDIZsOsr)xﬁO:cI)B(V) +V and, analogously, to
(eND/ZSOS,)xfo=<IJB(V), hence recovering Eq9) with Ny Hence, ifCg, is measured in this particular situation, and
substituted by the total donor densiy. Under these cir- used to construct a plot 0of0g,) 2 versusV, a straight line
cumstances we can reproduce the arguments leading frois obtained whose slope gives the total density of those levels
Eqg. (9) to Eqg.(13); in particular, if SBP conditions hold, we that are able to follow the signals, and whose voltage-axis
can introduce a modified Mott—Schottky equation for theintercept gives an indication about equilibrium barrier height
high frequency capacitance: as discussed after E@26). Note that, if we construct the
quantity[ (Cg,,) ~*— (2C) =112 [with C?) given by the ex-

w

! 1 2_ Y NRY trapolatedV =0 value of the Cg,) ~? versusV straight lind,
Cye 2C9 _esoerD( 5 V) and plot it as a function o¥/, we obtain a slope
(29 d ( 1 1 )2 o1 ch) ', @0
— | = —5| =m,X|1- —&|=m.(V),
C=-|OF)ECHF(V)|V=0:% \/e‘;%{gb dV|Cr, 2CO 2c0
B

that overestimateBlp,, and, correspondingly, yields a value

An important conclusion follows: only under SBP conditions for the appar_ent barrier height smaller than t_bé@w that

and with approximatiori27), can a Mott—Schottky equation Would be obtained through a plot of a plot @,,) “ versus

be written for the high frequency capacitance. In any other/+ ThiS error is particularly deceiving now, because it com-

case, capacitance versus voltage behavior follows complP€NSates, in an arbitrary and uncontrolled way, the deep do-

cated equations that can not be put in the f¢2®). nor effects. o _
Approximation(27) has been usélin deriving analyti- _ In these circumstances, and keeping in mind the discus-

cal expressions for the current contributed by the deep trapa©n after Eq(23), the arguments at the end of Sec. |11 B can

that, in turn, have been used as a basis for characterizati(tf €asily reproduced: under full SBP, the in-phase variation

procedure&? A simple test for its validity can be obtained by Of Xra (¢=0...p) allows Cg,,(VqJ) to be extracted from the

noting that it impliesXg ./~Xgo: SUbstitutingxg, instead of capacitive component of the current that flows in response to

X avin (26) leads to an apparent donor density that increase@" ac bias of amplitud¥/o=Vec.

with frequency, and equalsy at the high frequency limit, in

contradiction with known results’** Another objection V. NEW CHARACTERIZATION METHOD FOR

against(27) is raised by the existence of deep donors withSBP-POLYCRYSTALLINE MATERIALS

relaxation times above 1%.These levels lie very deep in The method we propose is based in SBP property and
the gap and scarcely can satigB7). Egs.(21) and(29). The usual procedure of applying a signal

We conclude that, when pursuimg or o, only very  ith Vo<Vg, therefore takingCg,(V)~Cg,(V4) and
low frequencies give the true donor density, and high fresweepingv,., is difficult to apply to devices of such tech-
quency measurements are not advantageous. nological relevance as high voltage varistors. Additionally,
B. Effect of an ac bias voltage the size limitation of traditional impedance bridges restrains

) ) ~__ their use for testing samples that could better approach the

The above equations were obtained on the implicit asnfinjte limit in which percolation theorié8 are valid, and
sumption of a pure dc bias, i.e., an infinite waiting time s¢gle effec® become important. The alternative method we
between bias applicatior_l ang1 rzqeasurement, allowing all dee;?ropose encompasses a number of devices that make it wor-
donors to “sense” the biaS:'**!If the actual measurement thy "and eludes the above-mentioned disadvantages. It con-
is performed a time, after the bias application, then only gists of using the same signdi= AV=V,e'“!, both to bias
those level$' with 7,<ty, will contribute to (26), and the  he sample and to measure its capacitance. The frequency is
quantitiesNp and X o, must be changed to 50—60 Hz, which is easy to apply, lies far away from any
reported relaxatio”>?® and satisfies Eq(17) (with typical

N=S N values of barrier heigh®")~0.6 eV and GB states capture
D= e cross sectioh* o~5x10 1 cn?). Smaller measurement
frequencies would be desirable for higher barrier materials in
and order to achieve full SBP conditions. The amplitudg,
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ranging from 200 Yea Up t0 6 KVjeq (actual values used 124
during experiment is varied on predefined steps and, at each ]
step satisfyingVy<V4 [see Eq.(12)], the capacitance 1.0
Cro(Vp) is evaluated by carefully measuring the capacitive | — .
part ofothe total current flowing in the external circuit. This o'sﬂ.

capacitance is then used to draw a plot 6%() 2 versus 0.6 - .
Vo, from which Np,, may be obtained an®{ estimated.
Simultaneously, the amplitude sweep is used to draw the 50
Hz |-V characteristic curve. Note that an additional advan-
tage is the negligible effect of the electrodes, which are usu-
ally conflictive when measuring thin samples but are totally
negligible when the measured sample is more than two or- 00 50x10™ 10010% 15x10° 20x10° 25¢10° 3010° 35x10% 40x10°
ders of magnitude thicker than the electrode.

0.4

0,2

applied voltage (V/GB)

ohmic behavior
0,0

current density ( A/cm?)

VI. EXPERIMENTAL PROCEDURE FIG. 3. Atypical low-field, dc response of a disc sliced from a high voltage
' sample. The relevant feature of the figure is the clear appearance of a subo-

Samples for the above described method were highbmic behavior due to barrier pinning.
voltage (rated 3 kV,,o), cylindrically shaped@4.2 cm and
2.2—-2.7 cm heightZnO varistors, with arc sprayed Al elec-

trodes. Average grain size was known to be A®. The  jisiortion of the current signal. Figure 6 shows the corre-

active cross-section area for ac current flow has been taken ,onding Mott—Schottky plot: the leftaxis represents the
be equal to the electrode area: studies about curreRheasured Cg,) 2, while the righty-axis represents the
concentratiof?®*’ focus only on the dc transport properties o gified quar:)tit){(c )-1—(2c®) 112, The overestima-
and yield no definite criteria about the influence of electricaljon of Np,, [Eq. (30)]R“i’s apparer?t? from the lefg-axis, we

structural disorder on the ac properties. The method was ilgequceN,,~8.6x 1016 cm 2 and ®g,~1.5V; from the
lustrated through a specific problem: that of relating theright y-axis we deduceNp,~1.2x107 cm 3 and ®g,
physical parameters of a device, before and after severe elec-q g \/. According to theoretical consideratiohstypical
trical degradation. A sample was measured, then heavily dg75,es of the total donor density lie in the ranyg~ 107
graded with 100 kA under-damped current pulses, and mea- 18 o3 Therefore, the arbitrary compensation intro-

sured again. B duced in the plot based on the quantify(Cg,) *
In order to check the presence of SBP conditions we note_ (ZCEO))—1]2 is clearly illustrated: the overestimated value

that, according tc(18)3 current is an expone_ntially sensi_tive of Np,, lies within the expected range fdty, and the ap-
detector of changes |_dPB. Hence, several discs Were.sllced parent barrier height yields realistic valﬂléithetb(BO) value
from the samplestypically 12 mm and 0.5 mm height  jerjyed froml —v measurement&®is actually~0.6 V), but
and used to verify SBP through dc-conductivity measuréyiq js an spurious and uncontrolled effect. Deep doriars

ments. The discs were also used to check the presence gliss and the measured values for the donor demgify and
very deep donorgrecording the absorption current due to aparrier height®g, mustbe lower and higher, respectively,

dc voltage, hebncg okl)servmg long-time relaxatu?nhphgnor_nfhan the real values, as explained after 8f). Instead, the
eng, and to obtain alternative measurements of the barrief  opiained from the standardCh,)~2 versusV plot

height, through the method explained afté6). All these 0 .0h Eq(29), gives the exact density of the donor levels
ter)é?fgt?fms were performed on a KEITHLEY 6517A elec'that follow the signal, hence reflecting the physics behind.

VII. RESULTS

3.tx10’

Figure 3 shows the dc measurements performed on small
discs. The appearance of a subohmic region above the linear
eVy4.<kgT regime, is to be considered an indication of neg-
ligible changes in the barrier heightFigure 4 shows the
time-domain dielectric response of a small digmr various
dc applied voltages relaxation phenomena delaying up to
half an hour were observed, hence confirming the presence
of very deep donors and the general inadequacy of hypoth-
esis(27).

Figure 5 shows the raw output of the method: total 50 “axi0™ .
Hz current, in-phase component and nonlinearity coefficient " tme - t (s) oo
«.? SBP property is assumed to hold during the lower-

voltage portions of these figures: barrier change within th IG. 4. Typlcal time domain dlelectrlc response measured on a _dlsc_sllced
rom a high voltage sample. The figure shows the current flowing in re-

voltage cycle intrOduce_S no_n”near _p_henomena, easily d?s'ponse to a dc voltage of the indicated value, which was applied and sus-
tected through the nonlinearity coefficient and the harmonigained for at least 30 min.

2.7x10”
22x10”
1.8x10*
15mVIGB

1.3x10"

8.9x10™ 4

4.4x10™

0.0

dc current density - 3 (A/em®)
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FIG. 5. An example of the output of the presented method. The total 50 Hz
current contains both capacitive and resistive contributions. For comparison 055
purposes, we also show {a) the true dd -V characteristic obtained from W 50
a disc sliced from a high voltage sample. =
g 045
Q
X ) * 0.40
Figures Ta)—7(c) show comparativeae—I, 1-V, and -
C-V measurements from a sample, before and after degra- & **]
dation, as explained above. The physical parameters deduced Z o0  after degradation
from theC-V plot areNDw”\\“‘ 8.6X 1016 Cmis, (DBw% 15V S 025 ® before degradation
before degradation, andNp,~4.8x10°cm™3, ®g, e
~0.7 V after degradation. We observe several changes. First, " 0% o o e 1o 1z 14 18 15 20
a drastically reduced nonlinearity that points to a reduction in peak voltage per GB - V/BG
Np (apparent fromC—V characterization below the thresh- ©

old level that triggers minority-carrier productidri* thus,

FIG. 7. Sequence of changes suffered by a sample after severe electrical
degradation. The physical parameters deduced fromCth&-V plot are
0.55 s unisawonsaeny | g”  1°%1 Np,~8.6x10% cm™3, &gz,~1.5V before degradation antNp,~4.8

'Y
%, 050 Joso £ X 10% cm™3, ®g,~0.7 V after degradation.
'E 0.45 ] Joa4s §
£ 0.40 Jo40 -
. 0.35] Joss 53 degradation seems to cause a transititom a high-GB
"~ 00 Joso & field, hot-electrons mod# to a thermionic-emission-only
L3 - . . .
O 025] {ozs mode) in the nature of the conduction mechanism. Second, a
— 020] {020 € shift in the onset of nonlinear phenomena towards the low-
S o0.15] - Jots T field region, suggesting that GB states have been lost with
o A modified Mott-Schottky —_— o . . . . .
* 0.104 o010 8 degradation; the interface fills faster, the barrier begins to

02 04 06 08 10 12 14 16 18 20 vary at much lower fields and the regime of validity of SBP
peak voltage per GB - V/GB conditions is reduced. Third, an increase in low-field cur-

FIG. 6. AC~2—V curve, presented as per the standard and modified Mott-"€NtS, pointing to a reduction _Of the barrier height, also indi-
Schottky equations. cated by the decrease dfg, in the C-V plot. Note that,
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from Eq.(4), the decrease iNp should produce an increase X. CONCLUSION
in ®© | unless accompanied by the detected reduction in the
GB trapped charge. Th@go) values (~0.6 V before and
~0.3V after degradatigrobtained from small slabs, support
the barrier reductioriseé®° for the relation betweeh—V
and C-V barrier measurements

Necessary conditions for Mott—Schottky behavior in
double Schottky barriers, with and without deep donors,
have been established. Under these conditions, capacitance
behavior andC-V interpretation schemegbeyond pure
Mott—Schottky behavigr have been discussed. A widely ap-
plied Mott—Schottky-like equatioEq. (13)] has been
shown to be misleading when deep donors are not negligible,
A property called strong barrier pinning has been de-and a new characterization method has been proposed, well
fined, and shown to underlie the use of Mott—Schottky be-suited for ceramic varistors and directly applicable to high-
havior for physical characterization of polycrystalline semi-voltage samples. It allows comparative measurements of
conductors. The consequences of SBP on capacitance versusnlinearity, | -V characteristic, donor density and barrier
voltage behavior, both with and without deep donors, haveheight to be easily done, hence being of technological rel-
been explored and the following casuistry has been estalzvance.
lished:
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