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FORMATION FEATURES OF THE PIEZORESISTIVE EFFECT IN THE
POLYMERS-SEMICONDUCTOR COMPOSITES
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Formauen {eatures of the piczoresistive efiect in the polymer-semiconductor composites are investigated on the basis of analysis
of relationships of their piczoresistive properties with electrophysical parameters of the semiconductive filler and the structure of the

polymer matrix.

The simple model of the composite allowing an explanation of the change of the conduction of the polymer-semiconducior com-
posite under a stress is suggested. It is reparded that a siress leads to the change of the probability of the charge tunneling through the
barricr on the polymer-semiconductor phase boundary. The magnitude of the potential barrier is calculated on the basis of analysis

of the steady-siaie current-time-voltage-temperature characteristics.

[t is shown that piezoresistive properties are determined mainly by concentrations and traps depth of occurrence determing of the
magnitude of the potential barrier on the phase boundary, and a charge transport features through thin polymer interlayers between

semiconductor particles.

It was shown before that the formation of the poten-
ttal barrier on the phase boundary causes the formation of
the piczoresistive effect in two and multiphase composites
[1,2]. Parameters of the potential barrier and consequently
piczoresistive properties of composite components are a
polymer and a semiconductor.

In this paper formation features of the piezoresistive
effect in the polymer-semiconductor composites are inves-
tigated on the basis of analysis ofrelationship of piezore-
sistive properties with electrophysical parameters of the
tiller and a structure of a polymer matrix.

Powder polymers of  high-density  polyethylene
(HIJPLE), polypropylene (PP) and polyvinylidene fluoride
(PVDFE) are used as a matrix of composites. Semiconduc-
tor materials of silicium (5i) and germanium (Ge) as a
powder are used as a filler. The choice of this fillers is due
to reason that their electrophysical characteristics (con-
ductance, concentration, mobility of charge carries) might
be regulated in a wide range. Composites are obtained by
hot pressing method [1].
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In Fig.1 (a,b) the dependences of Igp on the pressure
(P) for composites on the basis of HDPE (I), PP (2) and
PVDF (3) with Si and Ge are quoted. It is seen that the
resistivity of composites decreases with the increase of the
pressure and the degree of the decrease of the resistivity
depends on properties of a polymer and a filler. The
pressure sensitivity largely depends on the filler content in
composites (see Fig.2, a). A degree of a resistivity change
along with the pressure can be determined with the ex-

pression of 1g —, where p, and p - a resistivity of com-
o
posites at the normal pressure (it is taken as the zero) and
the final pressure (in this case it is equal to 4 MPa). Can
be assumed that with the increase of the filler content a
conduction mechanism of composites is gradually
changed: in the filler contents (to the maximum of the
dependence of lg(ps/p)=f(C})) the conduction mainly
is determined by a tunnel transport of carries through a
polymer interlayers between filler particles, and at
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Fig. 1. Dependences of specific resistivity on pressure for composites: 1- HDPE+Si; 2 - PP+8i; 3 - PVDF4Si (a), [- HDPE+Ge;,
2 - PP+Ge; 3 - PYDF+Ge (b). c=50% mass. Si and Ge are n-type semiconductors.
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Fig. 2. a) Dependences of 1g (ps/p) on filler content (C) for composites: | - PYDF+5i; 2 - HDPE+5i: 3 - PVDF+Ge:
4 - HDPE+Ge. b) Dependences of 1g (po/p) on € for HDPE+Si composite. | and 2 - for rapidly and slowly cooled

compaosites, accordingly.

high contents, the conduction mainly is due to the direct
contacts between particles and a formation of conducting

chains. Therefore, 1g £ of composites with the increase
2

of the filler content at first rapidly increases up certain

value of C and then starts to decrease.

While considering the mechanism conduction of pie-
zoresistor composites we proceeded the possibility of
charge carriers tunneling over the barrier on the polymer-
‘semiconductor boundary [1,2]. Taking into consideration
this a simple model of the composite allowing an explana-
tion of a change of a conduction of the polymer-
semiconductor composite by the action of a stress is
shown on the Fig.3. During the contact of phases forming
the composite, charge exchange occurs between them
which causes to the establishment of a thermodynamical
equilibrium on the phase boundary. In this case the Fermi
level in both phases is equaled. We can assumed that
charges move from the semiconductor (for example n-type
5i) to a polymer phase and stabilize in various boundary
traps. A positive charge is equal to magnitude of its is
formed in a semiconductor phases. Positive and negative
charges will distribute in corresponding phases in a cer-
tain band near the phase boundary depending on the
charge concentration in the semiconductor particle and
traps in a polymer matrix on the phase boundary. It is
obvious that in this case the barrier height is equal to a
difference in work function of a polymer between a semi-
conductor or an electron affinity of phases. The barrier
width depends on the concentration and distribution of
traps in a polymer on the phase boundary. Due to an
abrupt distinct of the concentration and distribution of
charges localization centers in phases the potential barrier
will have an unsymmetrycal form. Let' s note that an indi-
cated parameters of a barrier in a composite can be a bit
different depending on a polymer interlayers thickness
between semiconductor particles which in their turn de-
pends on a diameter and a semiconductor filler volume
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content. The polymer interlayers thickness between
particles is decreased with the increase of the filler

L

Fig. 3. Simple model of composite and energy band diagram
of metal-polymer-semiconductor-polymer-metal,
| - metal electrodes; 2 - polymer interlayers; 3 - semi-
conductor particle; g¢, and g, - work function of a
metal and a semiconductor, accordingly; £, and E, -
the Fermi level of metal and semiconductor; ds -
polymer interlayer thickness; d; - depletion layer
width in semiconductor particle.
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content and therefore, a number of ionized (charged)
traps is decreased due to the increase of the electrostatic
(Coulomb) repulsion between two boundary layers of a
polymer matrix (Fig.3) abutting on two neighbour parti-
cles or an electrode and a particle. Therefore the decrease
of the composite conductivity with the inerease of the con-
tent in particular is connected to the decrease of the deple-
tion layer width and the potential barrier height on the
phase boundary. From this point of view one may explain
the piezoresistive effect in the polymer-semiconductor
composite. The polymer interlayers thickness is decreased
by the action of a stress and this leads to release of charge
carriers from ionized traps on the polymer-particle
boundary due to the increase of the electrostatic repul-
sion. If an energy of released charge carriers from traps of
polymer interlayers will not be enough to raise to the con-
duction band then the jump mechanism of conduclion is
realized. In accordance with a space and energy distances
between separate traps a deformation of polymer interlay-
ers and an activation of charge carriers under a stress may
lead to the charge tunneling from one trap to another.

The potential barrier on the polymer-semiconductor
phase boundary is calculated. The volt-ampere character-
istics were used for this and the steady-state current-time-
voltage-temperature characteristics were analysed. It is
found that for investigated composites the value of the
potential barrier (@) changes from 0,2 to 0,6 ¢V at various
content of semiconductor fillers. After the determination
of the potential barrier height one may determine the bar-
rier width on the phase boundary. We specify for
definiteness =04 ¢V. The value of & for composites on
the base of polyolefins changes from 2 to 5 and for com-
posites on the base of PVDF - from 12 to I3, The concen-
tration of charge carriers (M), which can be accepted as
equal to the doping level (N, approximately changes
from 10'% to 10% ¢m* in conditions of our experiments.
Suppose N=10% cm3. Let's imagine that the barrier poten-
tial of @=0,4 eV exists between the phase boundary and a

point in the polymer matrix or in the semiconductor par-
ticle, where the field goes to zero. This means that there is
the potential difference between these points of U=p/e,
where & - is electronic charge. This condition is enough 1o
determine as a first approximation of the barrier width on
phase boundary by formula

= [.'5‘.5':: u}' &
eN

When £=12, n=102 ¢cm-? and =04V we get ¥ =3-10¢
cm. It is seen that the barrier width on the phase bound-
ary essentially depends on charge carriers concentration in
the semiconductor particle. At a very low values of its the
piezoresistive sensitivity will be low, since a charge tun-
neling occurs mainly by the applied field which is equiva-
lent to decrease of a stress. At high values of W which is
equal to low value of & a tunneling process is actually dif-
ficult and that's why the piezoresistive sensitivity also de-
creases.

Thus, the obtained experimental results allow to make
a conclusion that the piezoresistive properties are deter-
mined mainly by a charge transport through thin polymer
interlayers between semiconductor particles, electrochemi-
cal potential of phases, concentration and traps depth of
occurrence on the phase boundary and interphase interac-
tions in polymer-semiconductor contact areas.

A certain confirmation of this assumption is distinct

7, )
change of the piezoresistive sensitivity Ig —':J of com-
)
posites depending on their temperature-time obtaining
conditions which influence on the supermolecular struc-
ture of the polymer phase (Fig.2, b) and therefore, on pa-
rameters and distributions of boundary traps.
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POLIMER YARIMKECIRICI KOMPOZITLORD® PIEZOREZISTOR EFFEKTININ
FORMALASMASININ XUSUSIYYOTLORI

Polimer-yanmkegirici kompozitlerde piczorezistor effekti onlann piezorezistiv xasselerinin yanmkegiricinin  elektrofziki
parametrlari vo polimer matrisamn strukturu ile garsihgh elagelerinin analizi ssasinda tadqiq edilmigdir,
Mexaniki gorginlivin to'siri altinda kompozitlerin elektrik kegiriciliyinin deyigmesini izah etmaye imkan veran kompozitin sado

modeli teklif olunmusdur. Hesab olunur ki, mexaniki gerginlik polimer-yarimkegirici fazalar sorhaddindaki ¢eparden yilklorin tunnel
ctmesi chtimahimin deyismasine gotirir. Coreyan-zaman-gerginlik-temperatur xarakteristikalanmn analizi asasinda potensial ¢aparin
givmoti hesablanmsdir. Gosterilmisdir ki, piezorezistiv xassolor osason fazalar arasi serhodde potensial geparin giymatini ta’yin
eden tolelorin konsentrasivas: vo verlasma dorinliyi ila ve yanmkegirici hissaciklori arasinda nazik polimer tebagelerden yuklerin
dasimmasmin xiisusiyyetlon ile mileyyen olunur.

M.A. Kypbanos, M.I. lHaxraxruncinit, @, Cenpos, C.H.Mycaena, H.A. Dapagssane

OCOBEHHOCTH ®OPMHPOBAHISA INLE3OPE3UCTOPHOI'O 9PMEKTA B KOMITO3ZHTAX
NOJUMEP-TTOIYTITPOBO/JHHK

B nannoil pafore muccienosanick ocobeHHOCTH (OPMHPOBAHMA MLEIOPEINCTOPHOrO IPPekTa B KOMNOINTAX MOMEMCp-
MOMYNPOBOAMME HA OCHOBE AHAIMIA BIAMMOCBAIM MX MNLEIOPEIMCTHBHLIX CBOACTB ¢ INCKTPOMHIMHECKHMH NAPAMETPAMM
NOAYIPOBOAHHKOBOIO HANOMHITENA M CTPYKTYPLE NOAHMCPHON MATPHIIL.

[peatokena NPOCTAR MOJENbL KOMIOINTA, NOIBOAAIOMIAR OOLACHHTL HIMEHEHHSR NPOBOUMOCTH KOMIOINTA N0 AeCTRHEM Me-
xaHnueckoro Hanpsxenun. CYHTACTCH, YTO MCXaHHMCCKOE HANPAMCHUEC MPUBOMHT K HIMCHCHHIO BEPOATHOCTH TYHHCAWDOBAHHA
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JApALA 4eped Daphep HAa rpanuue pasgena (ad noNMMEP-NONYNPOBOAHHK. PaccuHTaHA BEIMMMHA NOTCHUWMANLHOrO Gaphepa Ha
OCHOBE AHAIHIA XAPAKTEPHCTHE PABHOBCCHBIN TOK-BPeMA-HANPSKeHHe-TeMNepaTypa.

lNokazano, 4To NBEEIOPEIHCTHBHLIE CBOHCTBA, B OCHOBHOM ONMPEACAACTCA KOHUsHTpauredl 1 rnvbuHoi 3aneraius NOBYIICK, ©n-

PENETHISIINE BEAHYHHY MOTCHIHANRHOI EHPE'EPH Hit I'PalHHLUC Pasacna 'II].‘.IHE, H OCODCHHOCTAMM NMEPCHOCA JAPAIOB HCPCI TOHKHEC
npocino T NMOUTHMEP MCEHLY HaCTHIEAMH NonynposdIHHES.

Hama nocmynrenun: (9.00.98 Pedaxmop: B.A. Anues
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