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MODEL OF ELECTRIC CONDUCTIVITY OF THICK-FILM RESISTORS
Part III. Temperature Dependence of Sheet Resistivity
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The ntodel of electron transport based on phonon-assisted tunnelling of electrons, was used as a basis for working out the theory
of tentperature dependence of thick-ftlm resistors (TFR). Tunnelling betyveen localized impuritl, states in glass was assutned. The
theorv takes into account the effect of the activation energy, as well as that of the thermnl expansion of the substrate. The
contribution of the metallic type of conductivi*'+o TFR resistivitt, is interpreted on the basis of the concept of ot,erlapltirtg wctve

functions o.f impttrih' d-states due to Ru admixtures in the glass. If the distances berween impurities are smaller than the critical
distance, a bancl o.f delocalized states arises which allows the metctllic type of charge transport to take part in the process.

INTRODUCTION

The temperature dependence of sheet resistivity is
one of the basic characteristics oť thick-film resistors
(TFR). During the last l5 - 20 years, a number of hypo-
theses aimed at interpreting the R = R(D relationship
have been proposed tl - 6l.Already the first analyses of
the transport mechanisms involved l1) revealed how
complex the problem actually was. The analyses resulted
in the finding that none of the known charge transport
mechanisms alone was capable of explaining the low
values of the temperature coefficient of resistivity GCR).
The existence oť a minimum on the R _ R(T) curves is
usually explained by the presence of a phase with a
metallic-type conductivity (TCR > 0), apart from a phase
exhibiting temperature-activated conductivity t8 - 9].
Numcrous authors assumed that the phase with the
metallic type of conductivity comprised grains of the
conductive component of the fllms (BirRurO, , RuO, ).
However, this hypothesis was cast doubt on in [10]. An
exception is represented by study tl 1l in which its
authors explain the change in the sign of TCR on the
R = R(D curvc by Mott's metal-insulant transitlon,
similar to that oc:curring in some vanadium oxides. The
low values of TCR require low activation energy values
oÍ. the component having the non-metallic type of
oonductivity, whose eff.ect prevails in the region of low
temperatures. The indistinct temperature dependence oť
rcsistivity is characteristic of the tunnel mechanism of
charge transport. In the frequently quoted study Il ] the
low activation energy values observed are ascribed to the
energy required for transporting the electric charge
(electron) between very small metallic grains. However,
no srgnificant relation between activation energy and

grain size was reliably proved, which was contrary to the
basic assumption of the theory. Another explanation
12, n) is based on Mott,s concept oť variable range
hopping [13]. In view of the low activarion energy values
established experimentally, the present author regards this
mechanism as an unlikely one. Studies [14 - l]1, which
are based on different coeÍf]cients of linear thermal
expansion of the film and oť the substrate, have the
common drawback of making use of the piezoresistivity
theory which is unsuited for rhe TFR srructure [24].

The model of electric charge transport in TFR,
which is the subject of the present series of papers, is
based on the evaluation of experimentally established
fieQuency dependence of complex admittance tl8l.
Interpretation of the frequency dependence is based on
the assumptton of phonon-assisted tunnelling transport of
charge carriers bctween localized impurity ccntcrs in
glass.

THEORETICAL PART

In agreement with the concepts outlined in the
previous papers [ 8 - 20, 24) let us assume that rhe
transport mechanism responsible fbr TCR < 0 is based on
phonon-assisted tunnelling within the narrow band of
localized impurity states. According ro theory l2l - 23),
this mechanism corresponds to resistivity described by
the equation

p = r;texp(Zr,la + E.lkT) (l)

where cr is Bohr's radius, r. is the critical distance and
E,. is the activation energy of the narrow band wrdth oÍ.

the admixture states. The E. values of TFR vary over the
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range of hundrcciths to tenths o1' meV Il l]. The low
activation energy valucs are responsiblc for thc f'act that

the resistivity values depend fbr the most part on the

crrtical valucs oÍ. distances rc cl1. the impurities. This is
why the thermal expansion of the substrate has to bc
included in thc calculation of the coursc of the R = R(f)
relationship. With conventional TFR, thc thickness of the

suhstriite is always nluclr greater than that of the ťilm.
Ftlr this fc)cSoÍl, thc cxpansion at thc icvel paral|el with
thc substrate surÍircc is gir,cn by its lincar thcrmal
cxpansion ccle1.Í-icl-lll (/'. ' ln dcrrving the rclationship Íbr

tcrnpcraturc depenclence ol'resistivity we will start liont
tlrc cquatittn Íilr piczorcsistivity.

R = R,, [l + I-(6r;/r;,,)l Q)

where f is the gaugc Í.actor and 6li /r.., is the dc.
l'ormation. [1' cx. = or, lvhere u, is the coefflcient ol'

Iinear thcrma| cxpansion tll'the film, no correction Íbr thc

rncanclritv o1-conductivc paths in thc conductrvc clustcr
is nccessitry. Lct us substitute into Equation (2) íl.om ( 1 ).

R,,=Acxp(E, lk7-1,

ancl Íor dcfrlrmation duc to thermal expansion,

61/ r. = 61.f.

In thc
nrcchanism
dcpcndcncc

R(r) = .111

low tcnrperature region rvherer thc transport
with TCR
of rcsistivity is thcn dcf ined by thc r-qultion

+ fa,f) exp(Erl kT)

lÍ'thc cocl'Í'icients oÍ'thermal expansioll cX,. ancl cr, clii.fbr

signiťicantlil. the e fÍ.eotive value oÍ-tlre thermal expansion
cocfficient has to bc substituted into Equation (3) in
placc of cx. . In the case oť films based on glasses
currently employed in cclnlmercial pastcs, the efÍectivc
valuc of tlre thermal expansion coeÍTicient diff-ers íiom
o. = 6 x 106 K' by less than 6 ?o. The courses o1' the

relationship aecording to Equation (3) pass through a

rninimum.

EXPERIMEN'IAL PART

Thc compositions and the tcchnology used in the
preparation oÍ samplcs wcrc described in |24]. In the
measurements, use was irgain made o1-mcldel Íllms which
aficr ťiring comprised solely Bi.Ru"o, and a

lead-silica-alumina glass (66 Va PbO + 32.5 Vo SiO, +

+ l.-5 % A1.0. ). The corundum substrate contained 96 Vc

Al,0r. T'he temperature dependence of resistancc ovcr the
tempcrature range oÍ. 8*5 to 400 K was nreasured in an

evacuated metallic cryostat cooled with liquid nitrogen.
The collection clť the rnloctluple vtlltagc and
multimeter-measured resistance clata was automatic, in a
íbrnr suitablc for computcr prclccssing'

-fhc experimentally established tcmpcrature
rlcpenc.lcnccs rlť resistivity were uscd ttl detertnine, by

rneans of Equation (3) and non-linear regression. thc

activation energ), r'alucs E, and thc (u,I-) products. We
havc restricted our c:alculations to the ternperature rangc
oÍ.90 to l.50 K' ol,er which a \.cr,Y snla|l eÍ.l'cct of ant;thcr
transport mcchanism with TCR
Figurcs I anri 2 show examples of experimental points
with the valucs calculatcd according to Equation (3),

using the pararneters established by the non-lincar regrcs-
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Figure 2. Tcmperature dependence oť Sheet resistivity of TFR Íbr

the composition with v = 0.212. The results are compareri with

the course obtained l'rom non-linear regression
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sion method. The calculated values oť parameter (cr"I-)

were employed in calculating the coefficient of linear
thermal expansion of the substrate in such a way that

they were compared with the values of gauge f'actor I-o

obtained fiom piezoresistivity measurements Í24], The
values of c[., calculated for the temperature interval of 90
to 150 K, are listed in Table I together with the other

parameters fbund fbr the various volume concentrations

v of the conductive component. As the course of the

temperature dependence of G. in the low temperature

region was unknown, we attempted to compare the mean

value established, cr. - (2.7 t O.7) x l0 6 K-r, with the

extrapolated dependence of o..(T). This dependence was

measured on samples of the conventional substrates over
the temperature range oť 297 to |297 K (Table II). The
course plotted in Figure 3 was calculated by means of the

standard parabolic interpolation formula from the mean

experimentally established values listed in Table II. The
result in Figure 3 shows that the value of o" calculated
Íiom the regression parameter (cr,f) is in a relatively
good agreement with the course of ct"(f.

Table I. Parameters of Equation (3), experimental values of
gauge factor f,' and substrate thermal expansion coefficients cr"

calculated fiom the parameter cx.l-

E, (eV) cx.l-x 105 fP cr.x 105 (90-150K)

0 200 400 600 800 1000

-----* r (K)

Figure 3. Temperature dependence of the substrate thermal

expansion coefficient G.. The values were taken from Table II in

comparison with the mean value of cr. fiom Table I

DISCUSSION

The E1 and (cr.I-) parameters estab|ished aÍe

important for assessing the plausibility of the theory. The
va|ues of product (cr.I), obtained Íiom piezoresistivity
measurements, yield a reasonable value of the thermal

expansion coefficient of the substrate for the temperature

range of 90 to 150 K. The calculated activation energies

8., are of the same order of magnitude as the values

published in study I l].
The different courses of the theoretical and

experimental relationships R = R(7'), shown in Figures I

and 2, allow an additional type of transport to be

considered, namely one of the metallic type. The
interpretation assuming a contribution of the metallic-type
conductivity to the film resistivity is significantly
supported by the dependence of activation energy E on

the concentration of localized impurity states N. The N
concentrations were oalculated from the experimental
values of piezoresistivity by the method described in

[24]. The relationship

Et=Eto-aN't3

is plotted in Figure 4. The parameters established for
Equation (4) were En = 0.97 x 10-3eV and a = 3.33 x
x l0-12 eVm, and correspond to a critical concentration of
admixture centers Nk = 2.4 x lgzs *-3. For the critical
distance of admixture centers, the theory provides the

value Íz| - 23)
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Table II. Experimental values of substrate linear thermal

expansion coefficient

I (K) cr.x 106 (K-r)

(4)

291 - 391
297 - 591

291 - 897
297 - t29l

5.93
6.6r
7.45
8.03
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E

t
I

r. = 0.89 MI/3 (5)

The insulant-metal transition in our formulas then

corresponds to a critical distance of admixture states of
r, = 3 nm. It is assumed that at this distance the overlap

of the d-state wave functions of admixtures in glass,

namely Ru, is adequate tbr creating a band of delocalized

states. Within this band, transport of free electrons

characterized by TCR > 0 takes place. 'fhe narrow band

is responsible fbr the high efÍbctive mass of charge

carriers exhibiting !"1,c c()rrcsponding high resistivity.
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Translated by K. Němeček

MODEL ELEKTRICKE VODIVOSTI
TLUSTOVRSTVÝCH RES ISToRŮ

Čast 3. Teplotní závislost plošné resistivity

ALolS rcusovÝ

Vl,soká škola pedagogická, Pedagogická fakulta,
V. Nejedlého 573, 500 03 Hradec Králové

Na bázi modelu transportu elektron V t|usto-vrstvych

resistorech. za|oženém na tunelování elektronrj za asistence

fononrj mezi pŤíměsovymi stavy Ve skle Il8-20' 24]' ';c navržena

teorie tepIotní závislosti resistivity R(D. V oblasti dostatečně

nízkych teplot je prriběh teplotní závis|osti popsán vztahem (3),

ktery vedle aktivační energie E. zahrnuje Vli\,teplotní roztaŽnosti

substrátu. Aktivační energie E-. charakterizuje rozptyl energií
pŤíměsovych stavri v jejich rjzkém pásu. Koeficient lineární

teplotní roztažnosti substrátu cf. ovlivĎuje prriběh R(7]

prostÍednictvím piezoresistivity [24]. MěŤení teplotních závislostí

byla realizována na vzorcích modelovych složení vrstev s

vodivou složkou Bi'Ru,ob, a sklem o složení 66 vo PbO,32.5 vo

Sio2, |,5 Ťo Al'o-.' Hodnoty parametr z rovnice (3) byly
vypočteny z dat nízkoteplotní části experimentálního prriběhu

R(7) metodou nelineární regrese. Hodnoty parametru cr.I- byly
spolu s hodnotami gauge faktoru fn, které byly nalezeny

vyhodnocením měŤení piezoresistivity [24], použity k vypočtu

koeficientu lineární teplotní roztaŽnosti substrátu G. pro oblast

teplot 90 - l50 K. StŤední hodnota cr"(90 - 150 K) dobÍe koreluie

s extrapolovanym pr během teplotní závislosti koeticientu

teplotní roztažnosti substrátu (obrázek 3). na|ezené standardní

kvadratickou interpolací naměŤenych hodnot (tabulka II).

Porovnání experimentálních závislostí R(I) s prŮběhy podle

rovnice (3) (obrázky I a 2) ukazují na vliv dalšího mechanismu

transportu, kterf je kovového charakteru s ICR>0' Interpretace

tohoto mechanismu vychází z pÍedstavy o vzniku pÍíměsového
pásu. Podle pŤedpokladu pás vzntká v prriběhu vypa|u Vrstev

dif zí Ru z vodivych zrn do sk|a Il9,20]. PŤedpokládá se, Že v

oblastech s vyšší koncentrací pÍíměsovych stavri dochází k
pÍekrlvání vlnovych funkcí d-stav atomrj Ru a k jejich

delokalizaci, jak ukazuje závislost aktivační energie Ě. na kritické
koncentraci pŤíměsí (obrázek 4).

0

Figure 4.

impurity

123
) 1o''N"'(m''1

Activation energy E. vs. the critical concentration of

states according to Equation (4)
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