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The results of a study of the deformation characteristics of polycrystalline films from the (Bio.25Sbo.75)2Tes solid solution at one-sided
cyclic alternating mechanical stresses is presented. The films were obtained on a polyamide substrate by the method of thermal vacuum
condensation of molecular beams and had a columnar porous structure with the dimensions of individual crystalline grains of 2.0-2.5 pm. The
effect of static and cyclic deformations on the electrical resistance and volt-ampere characteristics of strain gauge films was studied in order to
manufacture strain gauges for fatigue damage accumulation on their basis. It was shown that at room temperature such films have an
abnormally high static strain sensitivity G = 103 arb. units and a significant hysteresis of their resistance change was detected at small numbers
of alternating deformation cycles. As a result of N = 5-10° deformation cycles, the linear section of the volt-ampere characteristic expands
from (0-5) V at N = 0 to (0-12) V. And the temperature coefficient of resistance in the range of 293 K-Tmin changes from
a=-56-10°K" to ¢=-2.5-10"K"" . Thecharacteristic value of Ty, at which a = 0, increases with the growth of N. The studied
strain gauge films can be successfully used as a sensor of fatigue stress accumulation in the temperature range of T =273-413 K and the
value of N=0-5-10°.

Keywords: Narrow-gap semiconductor (BixSbix):Tes; Porous polycrystalline films,; Strain sensitivity; Cyclic alternating strain;
Hysteresis of changes in electrical resistance with strain; Strain gauge of fatigue damage accumulation
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INTRODUCTION

The strain gauge method for studying the properties of semiconductor materials is one of the most common and
informative methods for studying thin-film structures, which are widely used to manufacture electrical sensors [1-4],
pressure and displacement sensors [5-7]. From the point of view of the technical application of thin semiconductor films
as a strain-sensitive element, the current-voltage characteristic (CVC) plays a special role, in particular, it allows us to
judge their energy capabilities and suitability for strain gauge measurement. An important parameter is the maximum
permissible power consumption of the strain gauge under specified operating conditions. This is due to the fact that
semiconductor films are very sensitive to various types of radiation and temperature changes, and when passing high
currents through film samples, their excess Joule heating may occur, which is reflected accordingly in their operating
parameters. Thus, it can lead to a nonlinear CVC and, thus, to an increase in the error in the instrument readings. In
addition, to ensure safe operation of structures such as aircraft and prevent their destruction during operation, it is
necessary to know the number of deformation cycles that a given structure has experienced. In this regard, film strain
gauges of fatigue damage accumulation (FDA) based on narrow-band semiconductors [5-10] are successfully used,
changing their characteristics with an increase in the number of deformation cycles acting on them.

As is known [7-11], the main electrophysical characteristics of strain gauges are the initial values of electrical
resistance R, strain sensitivity G, and their changes under the influence of external factors, such as cyclic mechanical
deformation ¢, temperature T, frequency of the supply alternating voltage f etc. Recently, due attention has been paid to
the study of the features of low- and high-cycle fatigue of strain gauges made of low-dimensional structures at different
deformation amplitudes [12-16]. It should be noted that the authors and their colleagues have recently obtained interesting
results in the study of the strain gauge properties of thin polycrystalline films of narrow-band semiconductors [17-21].
Although it has been shown [9-11] that the nature of the anomalously high strain sensitivity G ~10* arb. units. of porous
films (Bi,Sh,_,),Tes is associated with the formation of microcracks at high deformation amplitudes #1073 , however,
the mechanisms of cyclic deformations at arbitrary amplitudes and amounts of stresses still remain unclear.

This work is devoted to the study of the influence of the number of cycles N and the amplitude € of alternating
deformation on the characteristics of films from a solid solution (Bi,Sb;_,),Tes according to the change in the value of
its electrical resistance and the strain gauge coefficient (SGC), determined by the expression

AR

G=2L 1)

Ro'€ >

where € = A?/¢, and A€ = £(&) — £, are the values of relative and absolute strain, AR = R(¢) — R,, and R, are the
electrical resistance of the sample at ¢ = 0.
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The current-voltage characteristic and temperature dependence of the resistance of (Biy,5Sbhg 75),Tes strain gauge
films under the action of static and cyclic alternating deformations (CAD) are considered with the aim of manufacturing
FDA based on them. It is shown that as a result of the action of N =5-10° strain cycles, the linear section of the current-
voltage characteristic expands from (0-5) V'at N =0 to (0-12) V. The studied films can be successfully used as FDA in

the temperature range of 7 =273-413 K and the value of N <5-10°.

TECHNOLOGY AND MEASUREMENT METHODS
Polycrystalline films of (Bi,Sbh;_,),Tes; with an area of 5 X 20 mm? were obtained by thermal evaporation in a
vacuum with a residual vapor pressure of (1 — 3) - 10~2 Pa from a mixture of powders Bi,Te; and Sh,Te; in a ratio of
x u (1 — x) mol %. The temperature of the substrate made of polyamide PM-1 varied in the range of Tg¢ = 323 — 423 K,

0
and the growth rate of the films was — W = 150 — 450 A / c. The most strain-sensitive (G = 103 arb. units.) films with

0
optimal performance characteristics were obtained at thicknesses of d ~ 3 — 5 um, Ts = 363 K, W = 200 A/c and at a
value of x = 0.25. The method for measuring the deformation characteristics of the films was chosen in the same way as
in [1, 7-9]. The samples were not subjected to preliminary heat treatment. The freshly prepared films had an unstable
SGC, caused by the presence of strong nonequilibrium internal mechanical stresses (IMS) [11]. With an increase in the
N number of CAD, the value of G decreases monotonically, which indicates the possibility of using the manufactured
films as FDA. Electron microscopic and X-ray structural studies [3, 7] showed that the grown (Big ;5Sbg 75),Tes layers
had a polycrystalline columnar and porous structure. The sizes of individual crystalline grains were 2 — 2.5 um.

To measure the deformation characteristics (DC), the studied films from (Big,5Sbg 75),Te; were glued to a beam
of equal resistance made of titanium alloy. The deformation of the films was carried out by bending the beam. In this
case, the value of the relative deformation € was calculated by the magnitude of the bending of the cantilever-fixed beam
according to the known expression [1]

£ = 3abAx /3, (2)

where a is the distance from the neutral axis of the cantilever beam to the film, b is the distance from the point of
application of the force to the middle of the film sample, Ax is the bending of the free end of the plate at the point of
application of the force, ¢ is the length of the plate between the support point and the point of application of the force.
The deformation value varied in the range from € = +2:107 to £ = -2-10° arb. units.

Strain measurements were made at different temperature ranges of the environment. In order to reduce the
measurement error, it is necessary to manufacture strain gauges with minimum temperature coefficients of resistance and
strain sensitivity.

a = dR/R%dT, a' = dG/GdT, 3)

where R? and G° are the resistance and SGC at a temperature of T, = 273° K in a given mechanical state of the films.
The study of these parameters of semiconductor strain gauges will to a certain extent help to explain the nature of the
physical processes occurring in such a heterogeneous structure as a porous polycrystalline film subjected to mechanical
deformation [7, 8].

The temperature dependence of the tensometric parameters of the films (Big,5Sbg75),Tes produced was
investigated in the range 293-455 K. It turned out that at high substrate temperatures Ty = 413 K and high condensation

0
rates W~400 A/c denser films with a small SGC are obtained. The resistance of such films has a metallic dependence
with temperature (a = 0.85 - 10~*K 1) and it remained practically unchanged after exposure CAD.

RESULTS OF THE EXPERIMENT AND THEIR DISCUSSIONS

1. The region of small values of N.

Here we first present the results of the study of the absolute AR = R(e) — R, and relative AR(g)/R, changes in the
resistance of freshly prepared samples with a small number of cycles of mechanical loading with a change not only in
value but also in sign. For example, at the first stage, we will consider the region of tensile deformation from € = 0 to
& = &g, at the second stage we will obtain in the direction of deformation removal, i.e. when changing € from g, to 0, at
the third and fourth stages we radiate the region of compression deformations, first from € = 0 to € = —¢;, and then from
e=—¢g, to £e=0 and complete one cycle of alternating deformations. The strain-sensitive films made from
(Big25Sbg75),Tes; withstood quite large numbers CAD before noticeable mechanical destruction. It is obviously of
interest to study DC films in extremely small and large quantities N CAD.

Fig. 1 shows DC at small values of &V, and here the change in R film was first studied only at 4-x cycles of tensile
deformation (0 < £ < 0.9 - 10~ 2arb. units. ), and then at 4-x cycles of compressive deformation (—0.9 - 1072 < £ < 0).
It is seen that when we first smoothly increase the load to €, and then also smoothly remove it to 0, we observe a residual
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change in the relative resistance of 4AR%;(N)/R,. This value is different for stretching and compression, which reflects
the presence of IMS in the film. It is seen that in this case IMS is negative (compressed &, < 0), in addition, it decreases
monotonically with the growth of V.

Thus, in films (Biy,sShg 75),Tes, a significant hysteresis of resistance change Ry () is observed with one CAD
(N = 1) with an unclosed end. The following hysteresis loops directly continue the previous one and shift to the region
of large values R, and the absolute value of the vertical displacement AR for the next loop decreases monotonically

(Fig. 2).
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Figure 1. Deformation characteristics of freshly prepared film Figure 2. Hysteresis of the change in resistance of the film
(Big25Sbg.75),Tes under 4-x cycles of tensile deformation from (Big ,5Sbg.75),Tes under the influence of CAD. The
(curves 1-4 with arrows indicating the direction of loading) and open hysteresis with dashed lines corresponds to the second
compression (curves 1'-4") at room temperature CAD (N=1)

Fig. 3 shows the dependence of the change in resistance and SGC on the number CAD in the region 1 < N < 4. It
is evident that the value of G decreases sharply, and R increases, with an increase in the number CAD at low N, and then
passes to a smooth monotonic decline. Apparently, the initial sections of the dependence R,(N) and K. (N) are due to
strongly nonequilibrium IMS films (Biy,5Sbg 75),Te; without preliminary heat treatment.

2. The region of large values of the number of deformation cycles. Stabilization of the strain gauge parameters
of films.

Figure 4 shows the static deformation characteristics of the films before and after exposure to cyclic alternating
loads in large quantities (N > 1). It can be seen that before exposure to deformation cycles, the film resistance increases
almost linearly under the action of tensile deformation, while the dependence of the resistance on compressive
deformation is nonlinear, and the value of the strain-sensitivity coefficient under compressive deformation is noticeably
less than under tensile deformation (curve 1).
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Figure 3. Change in resistance R and SGC with the growth of Figure 4. Deformation characteristic of the relative change in
the number CAD in the area of 1 < N < 4 resistance of films from (Big,5Sbg 75),Tes before (curve 1)
and after (2) cyclic deformation. For curve N = 5 - 10°
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After exposure to deformation cycles (N = 5-10%), the nonlinearity of the static DC film decreases, its strain
sensitivity increases during compression deformation, and decreases during tension (curve 2), i.e. the asymmetry
practically disappears.

Fig. 5 and Fig. 6 show the dependence of the relative change in resistance AR/R, and the strain-sensitivity
coefficient G on the number of deformation cycles at different deformation amplitudes €. It is evident that with an increase
in the number of alternating deformation cycles and its amplitude, the relative change in resistance increases, while their
strain-sensitivity G decreases, and at values (N = 5 - 10°) in the dependences R(N), G(N), a tendency toward saturation
is observed.
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Figure. 5. Relative change in the resistance of strain films Figure 6. Dependence of G films on the number of
(BiySby_y),Tes from the number of cycles of alternating deformation cycles at relative deformation amplitudes of
deformations N, at different deformation amplitudes £-1073: €103 1-4£02510-+0.511-+0.75and IV -+ 1.0.

[-+0.251-40.51-+0.75and IV -+ 1.0

In our opinion, the experimental facts obtained here can be explained on the basis of a model of the film as a system
of microcontacting conducting grains, the dielectric gap between which changes with deformation. Indeed, after the action
of the required number of cycles of alternating deformation, the width of the gap between the crystalline grains increases
as a result of abrasion of the contacting surfaces of the grains, leading to an increase in the film resistance and the removal
to one degree or another of the preliminary IMS. The latter, in turn, determines the tendency toward a linear and
symmetrical form DC of the film under the action of deformation cycles.

Therefore, it can be assumed that in the manufactured films (Bi, ,5Sbg 75), Tes, high values of resistance and strain-
sensitivity coefficient are correlated with the value of IMS, the dielectric gap and the size of the crystallites. The action
of CAD leads to an increase in the change in the value of resistance and strain-sensitivity coefficient under compression,
and to a decrease in the value of G under tension, as well as a change in the shape of the static deformation characteristic.

3. Effect of cyclic deformations on the temperature dependence of film resistance.

The temperature dependence of the electroresistance of the polycrystalline film (Biy ,5Sbg 75),Tes and the influence
of the current CAD can be qualitatively described on the basis of the linear model of microcontacting [7,8,11,21],
according to which the resistance of the film is represented as the sum of the connected resistance of the intercrystalline
interface R, and the individual crystalline levels R,

i

Rﬁlm :Rcr +Rp Z(R +Rport) . (4)

i

Here R, is the film resistance due to the volume of crystalline grains and depends on the temperature as
Rcr :Rz(‘)r |:1+acr(T_T0):| > (5)

characteristic of metal resistors made of massive monocrystalline material, R’ - the resistance of a dense film at
T, =273 K . We believe that the film resistance, caused by the presence of pores (interface potential barriers), will change

with temperature as
R, =R, -exp(E,,[kT) (6)

por

is the height of

where R(;O, is some characteristic resistance of the porous film, weakly dependent on temperature, £,
the micropotential barrier, k is the Boltzmann constant.
Then, for the temperature coefficient of electrical resistance of the porous film, from (3-6) we obtain the

phenomenological expression
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E
a, R, -—""-R,(T)
cr cr kT por
o, = . @)
Sfilm R +R°

por

por

From this it is clear that if at the value 7 =T the condition &, R’ < T

‘R, (T") is satisfied, then the porous film

initially has a negative value of the temperature coefficient of resistance and at some 7'=7, >T " it turns to zero, and
then changes sign (i.e. acquires a metallic character of electrical conductivity). From (7) we find that 7, . can be roughly
estimated by the formula

Eor Ror T
T = g% 8)

lo} Rgr weakly depend on CAD, and the interface resistance R (T o)

cr 2 por

In practice, it can be assumed that £

por 2

increases with increasing N, then in accordance with formula (8), the value of T, grows like 7,;, ~\/R,, (T,,N) and

at large N ~5-10° experiences a tendency to saturation, which is observed in the experiment [11].

4. Effect of cyclic deformations on the current-voltage characteristics of films.

The effect of static deformation on CVC films was studied by us [13] in the range of relative deformation values up
to 0.9 - 10~ 3arb. units., the corresponding curves are shown in Fig. 7. They show that CVC of the samples is linear in
the region of low stresses. With increasing stress, the linearity of the current-voltage dependence is disrupted, which
occurs, for example, in the undeformed state at U=5 V (curve 4). This stress, at which nonlinearity CVC occurs, depends
significantly on the sign and level of deformation.
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Figure 7. Volt-ampere characteristic of film (Biy ,5Sbg75),Te;  Figure 8. Volt-ampere characteristic of film (Big ,55bg.75).Te3
on polyimide substrate IIM-I, under the action of static after exposure to N =5-105 cycles of alternating loading.
deformation: &=0 (curve 1), = 0.3:103(2,2"), + 0.6 (3,3"), 0.9  Curves 1-4 and 2’-4’ correspond to curves 1-4 and 2’-4".

(4,4"). Curves 2-4 were taken under compression, and 2’-4’-

under tension

Studies of the current-voltage characteristics (CVC) of films (Big,5Sbg.75),Tes subjected to CAD are shown in
Fig. 8. It is evident from the figure that the CVC of the film change significantly after exposure to cyclic deformations
(= 5-10°). All curves taken at different values of relative deformation & clearly reflect increases in film resistance. The
action of N = 5 10° cycles of alternating deformations leads to an increase in the voltage drop across the film with a
constant source of almost 10 V, i.e., two-fold.

Since the distances between them increase under the action of cyclic deformations as a result of abrasion of the
contacting surfaces of the crystalline grains, this leads to the expansion of the linear section CVC of the film. It is known
that strain gauge measurements must be made in the linear region CVC. In this case, it is necessary to take into account
the possibility of an error associated with the fact that a fairly large current can flow in the devices, which heats up the
strain gauge and also causes the appearance of a nonlinear section CVC. In this case, not the nominal resistance is
measured, but the static resistance corresponding to a certain point CVC. To reduce the current through the strain gauge,
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an additional resistance can be included, previously measured with sufficient accuracy. The measuring current through
the strain gauge in this case should be an order of magnitude lower than the current causing a change in the electrical
conductivity mechanism in the film or heating of the strain gauge body. The magnitude of this current can be roughly
determined by CVC. Usually this is the current value where CVC begins to deviate from the linear dependence.

CONCLUSIONS
The changes in the resistance value of SGC porous films with increasing number of deformation cycles can be
explained by the growth of the dielectric gap between crystallites and micro-wear of their contacts. The model describing
the electrical conductivity through micro-contacting surfaces of crystallites, based on the theory of percolation, explains
the high values of SGC films and the nonlinearity of their static deformation characteristics. The polycrystalline films of
narrow-gap ternary compound (Bij ,5Sbhg 75) studied here, obtained by thermal evaporation in a vacuum at the above-
mentioned optimal process parameters, can be successfully used as FDA for testing and monitoring the parameters of

aircraft structures in the temperature range of 7 =273—413 K and the value of CAD N <5-10°.
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TEH3OPE3UCTUBHI BJIACTHBOCTI IINIIBOK (Bio.25Sbo.75):Tes TP OJJTHOCTOPOHHIX HUKJITYHUX
3HAKO3MIHHUX JE®OPMANIAX
Pycramaxon Y. Cinniko, Xycan6oii M. Cynaiimonos, Ho3sip:kon X. IOngames
Depeancokutl norimexuivnull incmumym, @epeana, Y36exucman

HaBomsaTbest pe3ynbTaTé  JOCHIKEHHS JedopMaliiHUX XapaKTepHCTHK IOJMIKPHCTATiYHUX IUIBOK 3 TBEPIOrO PO3YHHY
(Bio,25Sbo,75)2Te; mpu 0AHOCTOPOHHIX LUKIIYHUX 3HAKO3MIHHUX MeXaHiuHMX Hanpyr. [ITiBKy BUXOAMIM Ha MOJaMiAHIH miaKmami
METO/IOM TepMOBaKyyMHOI KOHJEHcalil MOJEKYIAPHHX Iy4KiB i MajiM CTOBIYACTY IHOPHCTY CTPYKTYPY 3 PO3MipaMu OKPEMHX
KpUcTamiyauX 3epeH 2,0-2,5 MxM. BuBYaBcs BIDIMB CTAaTHYHMX Ta HUKIIYHHUX AedopMaiiil Ha eIEKTPUYHUHA OMip Ta BOJBT aMIICpHi
XapaKTePUCTUKH TEH30PE3UCTUBHUX IUTIBOK 3 METOIO BUTOTOBJICHHS Ha 1X OCHOBI TEH30/1aTYHKIB HAKOITMYEHHS BTOMHUX YIIKOJKEHb.
IMokasaHo, 110 NpU KIMHATHIN TeMmeparypi Taki IIiBKM MAalOTh aHOMAIBLHO BHCOKY CTaTHUHy TeH30uyTnuBicts G = 10° Bimn. on. i
BHUSIBIISIETHCSL CYTTEBUH TiCTEPE3HC 3MiHU IXHBOTO ONOPY IIPU MAJIMX KUJIBKOCTSIX NUKIIIB 3HAKO3MIHHUX Jledopmartiit. B pesynsrari it
N = 5-10° uuknie gedopmariii jiniliHa AiISHKA BOJLTAMIIEPHOT XapaKTEPUCTUKU po3mmproeThes Bix (0-5) mpu N = 0 mo (0-12) B.
Temneparyphuit koeditient onopy B intepsani 293 K-TminaMiHtoeTbes Bina = —5,6 -+ 103K~ joa = —2,5 - 10~*K 1. Xapakrepue
3HaueHHS Tppip, TIpU sikoMy a = 0, 30inbmryeTsest 3i 3poctanHsaM N. JlochipkeHi TEH30pEe3UCTHBHI IUTBKH 3 YCIIXOM MOXYTH OyTH
BUKOPHCTaHi SIK IaTYMK HAKOTIMYEHHs BTOMHUX HANpPYT B inTepBani Temneparyp T = 273 — 413 K i3nauenni N = 0 — 5 - 105,
KoarouoBi cioBa: gysvrozonnuti nanienpogionux (BixSbix)2Tes;, nopucmi nonikpucmaniyni niieku; meH304ymMAusiCmb, YUKIIUHA
3HAKO3MIHHA Oepopmayis,; eicmepe3uc 3MiHU eeKmpuyHO20 Onopy 3 0eopmayii,; men300amuux HAKONUYEHHS BIMOMHUX YUKOONCEH



