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Effect of strain on thermoemf in the silicate glass doped with ruthenium

dioxide
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The effect of uniaxial strain on the thermoEMF of the ruthenium dioxide-doped silicate glass (thick film resistor)
was studied. The variation of the thermoEMF has been analysed based on the dopant compositions and applied

strain. We comprehensively studied a doped sample’s complex matrix concerning the atoms’ radial distribution. We

report the enhanced value of the thermoEMF in the deformed sample by 20−120 times larger than the unstrained

one. We have measured the ratio of the strained-induced thermoEMF and the resistance in a complex matrix

with the lowest atomic arrangement. However, the highest coefficient of thermoEMF (Seebeck coefficient) has

been found in the simplest glass composition. ThermoEMF measured in the doped silicate glass is sensitive to the

measuring tool.
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Introduction

Strain sensors play an important role in various fields

of investigations and industry, including materials science,

aerospace industry, robotics, automotive industry, agricul-

ture and medicine [1–3]. The widely-used strain sensors

are based on variation of electrical resistance of a material

due to strain (piezoresistive sensors). These sensors are

classified as wire, metal-foil, semiconductor, thin-film and

thick-film ones. The wire and the metal-foil sensors [4–6]
are ones of the oldest and most reliable strain sensors and

are available in various forms. These sensors have high

temperature stability (the temperature coefficient of resis-

tance is about 10 · 10−6 K−1), while their low sensitivity

to strain (the strain gauge coefficient GF is within 2−4)
requires to use complicated amplification circuits [1,2]. On
the contrary, the semiconductor sensors have a high strain

gauge coefficient (about 150) [1], but their temperature

sensitivity is also high (TCR≈ 90000 · 10−6 K−1). In the

thin-film strain sensors, sensitive materials can be metals,

semiconductors and ceramics [5,7–9]. Properties of the

thin-film sensors manufactured of metals and alloys are

similar to characteristics of the metal-foil sensors. The

thin-film strain sensors are preferable tools for measuring

strain in small-size devices due to their high reliability, long-

term stability and excellent accuracy [9–11]. The thick-film

resistive sensors are in a mid position with GF = 10− 20

and TCR= (50 − 100) · 10−6 K−1 [2,12–15]. Physically,

the term
”
piezoresistive“ means change of sensor resistance

due to strain.

R = ρl/s, (1)

where ρ, l and s — resistivity, a sensor length and a cross-

sectional area of the material, respectively.

The relative resistance change (1R) can be expressed via

relative changes of ρ, l and s :

1R/R = 1ρ/ρ + 1l/l − 1s/s, (2)

where 1R = R − R0, 1l = l − l0, 1s = s − s0, R0, l0, and
s0 — the initial values (without strain), R, l and s are

parameters with taking into account sensor strain. The main

cause of variation of resistance of the wire and the metal-foil

sensors is variation of the geometrical parameters l and s ,
whereas ρ remains virtually constant, so

GFR = (1R/R0)/ε ≈ 2, (3)
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Table 1. Composition of the studied DCG samples (mass%)

Sample
Glass components

Tf /τ f , K/h
The ligature

SiO2 PbO Al2O3 BaO CuO MnO2 B2O3 MgO (RuO2)

1 33.0 67.0 1773/1 30.0

2 27.0 67.0 4.0 2.0 1673/1 20.0

3 11.0 61.9 0.7 1.4 10.0 15.0 1623/1 30.0

a

b

A

B

1 2 3 4 5

Figure 1. Thick-film thermoelectric strain gauge: 1 — the thick-

film heater; 2 — the metal (Ag+Pd) contacts; 3 — the doped-glass

layer (the thermocouple branch); 4 — the metal (Ag+Pd) contact
(the second thermocouple branch); 5 — the ceramic substrate

(96% Al2O3). The contacts A and B are used to connect a heating

current source, the contacts a and b are used to connect to a

nanovoltmeter or an ohmmeter.

where ε = 1l/l0 longitudinal strain of the sensor, while the

material volume V0 = l0 · s0 is assumed to be constant (1l
and 1s are small values).

There is another strain-sensitive physical property — a

thermoelectric effect (Seebeck effect), which is often used

for measuring the temperature and detecting structural

transitions that occur at high pressures as well as for

detecting hidden structural transitions. The dependence

of the thermoEMF on the structural transitions was also

detected in thick-film resistors [15,16] that are made of

silicate glass doped with oxides of the transition metals

(DSG). At this, variation of the thermoEMF value was

approximately in ten times higher than variation of the

resistance. The structural transitions of the papers [15,16]
were caused by temperature variation, which makes it

impossible to evaluate these materials as sensitive elements

of the strain sensors. However, publications do not contain

data about the dependence of the thermoEMF on strain in

the thick-film DSG-based resistors. The present study has

tried to fill this gap and evaluate the thermoEMF in DSG

as a tensometric property and discusses possible physical

mechanisms of strain sensitivity of the thermoEMF of these

materials.

1. Experiment

Fig. 1 shows an arrangement of the DSG sample for

simultaneous measurement of strain sensitivity of the ther-

moEMF and the resistance. The samples are manufactured

by a standard technology of the thick-film resistors: sub-

micron powders of glass and dopant oxide (Table 1) were

mixed with addition of an organic carrier, screen-printed

to a ceramic substrate and baked for τ f at the maximum

temperature Tf . The ceramic substrate (96% Al2O3)
had the sizes 420 × 4× 0.3mm. The metal electrodes

were made of a conducting silver paste PP-1 produced by

LLC Elma-pasty (Zelenograd, Russia). The heater 1 with

resistance of about 340 − 830� was made of glass of the

composition 3 (Table 1) with the mass fraction of RuO2 of

40%.

The distribution of the temperature along the thermo-

electric element 2, that is created by the heater 1, was

controlled by the thermal imager Fluke Ti 450 Pro (the
accuracy of about 2K wit the sensitivity of at least 0.05K).
In all the experiments, the temperature difference between

a hot and a cold side of the element 2 was 33K. The

contacts A, B, a and b were at the room temperature and

connected the sample with an electric current source for

heating and with a thermoEMF and resistance meter (the
nanovoltmeter 2182A Keithley and the multimeter DM3058

RIGOL, respectively).

The uniaxial strain (compression or tension) of the sam-

ples was created using a three-point diagram (Fig. 2) [13]
and the homemade experimental installation (Fig. 3). Here

1 2 3 F

4 L

d

a

Figure 2. Diagram of creating uniaxial strain when measuring

variations of the thermoEMF and the resistance. The ceramic

substrate 3 is supported at both sides (upper and lower) in

clamps 4. The load F is applied in the middle of the substrate

by means of a movable clamp, thereby creating tension or

compression depending on a direction of the force F . The bending

test diagram: 1 — the fixed rest point, 2 — the heater and the

studied thick-film thermocouple, 3 — the substrate, 4 — the fixed

supports
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1

2

3

4

5

Figure 3. Homemade installation for measuring influence of

strain on the thermoEMF of the thick-film thermoelectric sensor:

1 — the sample holder, 2 — the movable clamp, 3 — the

handle for moving the clamp 2, 4 — the handle for moving the

micrometer 5.

d is the sample deflection measured by the dial gauge

1MIG (Russia) with the resolution of 1µm. The samples

composition and the distribution of the elements along the

surface were analyzed by means of the scanning-electron

microscope JEOL JSM-IT200 with the energy-dispersive

spectrometer (Uzbek-Japan Center of Youth Innovations,

Tashkent State Technical University).

The strain value is determined by the equation [13,14]:

ε = 1l/l = 6ad/L2, (4)

where a — the substrate thickness, [m], d — the deflection,

[m], and L — the distance between the support edges 4,

[m], in Fig. 2. The thickness of the thick-film layer is about

25 µm, which is neglected in comparison with the thickness

of the substrate 4 (a = 300µm). It should be noted that

the Young’s modulus is about ∼ 300GPa [17], which is

substantially higher than that of the glass (∼ 70GPa) [18],
so the glass layer strain will correspond to strain of the

substrate surface, on which this layer is arranged.

It should be noted that uniformity of the thermoelectric

material is an important factor affecting generation of

the thermoEMF [19,20]. In order to find a degree of

nonuniformity of the DSG layer 3 (Fig. 1) and generation of

the spurious thermoEMF related thereto, we have studied

the distribution of the temperature along this layer when

heating it by transmission of the electric current (Fig. 4),
while the heater 1 was turned off. As it can be seen

from Fig. 4, the temperature gradients in the layer 3 of

the doped glass do not exceed 0.5K and can not noticeably

contribute to the measured thermoEMF (we remind that the
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Figure 4. Distribution of the temperature along the element of

the sensor 3 (the line 6 of the insert). The element 3 of the sensor

was heated by transmission of the electric current. The insert: a

thermal image of the thermoelectric sensor shown in Fig. 1. The

designation 1−5 are the same as in Fig. 1.

sensitivity of the thermal imager Fluke Ti 450 Pro is at least

0.05K).

2. Results and discussion

The dependence of the resistance R and the ther-

moEMG UT of the DSG samples given in Table 1 on

the strain is shown in Fig. 5. These graphs demonstrate

symmetry and high linearity of UT (ε) and R(ε) for all the

studied DSG compositions.

The values of the resistance R0 and the thermoEMF UT0

of the non-strained samples and the strain gauge coefficients

GFR and GFUT that are calculated from the measured

values of R(ε) and UT (ε) were given in Table 2. We note

that:

1) in all the cases GFUT exceeds GFR in 20−120 times;

2) the lower the content of RuO2 in the composition

the higher GFUT , whereas GFR is lower; the correlation is

opposite;

3) the value of UT0 does not correlate to GFUT , whereas

there is direct correlation between R0 and GFR ;

4) the glass composition (Table 1) greatly affects the

strain gauge coefficient GFUT , but this correlation requires

more detailed research.

Many researchers have studied the piezoresistive effect

in the thick-film resistors [11–14,21–34]. The most of

these studies were performed on commercially available

resistors and correlation between the strain sensitivity and

the composition of the resistors was not described. At

the same time, there were attempts to explain these

properties [27–35] via resistor microstructures. However,

these studies were unsuccessful as it was assumed that a

mechanism of conductivity in the thick-film resistor was

attributed to a charge flowing along a chain of mutually

contacting ligature particles with high electrical conductiv-

ity (mainly RuO2 and ruthenates of bismuth, lead) and

22 Technical Physics, 2025, Vol. 70, No. 7
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Figure 5. Dependence of the resistance and the thermoEMF on relative strain for the compositions of the doped glass: a — 1, b — 2,

c — 3.

Table 2. Initial (in a non-strained state) values of the resistance R0 and the thermoEMF UT0, the strain gauge coefficients of the resistance

GFR and the thermoEMF GFUT of the studied samples

Sample R0, � UT0, µV S, µV/K GFR GFUT GFUT/GFR

1 1199 306 9.3 29 1673 58

2 3646 217.1 6.6 31 661 21

3 166.6 1.184 0.036 7.9 973 123

tunneling or jumps of the charge carriers between these

particles. This approach considers the glass in DSG as an

inert matrix, in which the ligature particles are distributed

quite evenly. In accordance with a flowing theory, when the

volume content of the ligature is about 16% (the critical

volume Cc) or more in the three-dimensional system, the

ligature particles can contact each other to form an endless

conducting cluster [36]. It is assumed that the piezoresistive

effect is caused by a change of the area of contacting

surfaces of the ligature particles. This assumption of the

structure and the properties of the DSG is based on electron-

microscopic images and an X-ray diffraction pattern, which

exhibit crystal particles of the ligature. There is an opposite

point of view about the nature of high sensitivity of silicate

glass doped by RuO2 to strain: Totokawa et al. in the

studies [37–39] have shown that the thin film of glass based

on bismuth-borosilicate rhutenium-doped glass

1) contains both three-valence and tetra-valence states of

rhutenium;

2) exhibits conductivity that can be described as jumps

with a variable hole length;

3) demonstrates high sensitivity to strain due to spatial

expansion of the wave function of the carriers (holes) in the

localized states;

4) the Ru atoms diffuse into the glass during baking;

5) the diffusion constant of Ru diffusing into the bismuth-

borosilicate glass is 1.4 · 10−13m2/s−1, while the diffusion

length is 100 nm;

6) the piezoresistive characteristics depend on the dis-

tance to the interface of the glass layers and RuO2.

This approach has several contradictions with the experi-

ments:

1) the percolation threshold as well as the resistivity

depend on the glass composition, the baking temperature

Technical Physics, 2025, Vol. 70, No. 7
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100 µm

C–K O–K Mg–K Al–K Si–K Ru–K

Ba–L Pb–M

Figure 6. Distribution of the elements on the surface of the doped

glass of the composition 2 as obtained by the energy-dispersive

spectrometer. It is clear that the RuO2 particles are arranged at a

large distance from each other and do not contact each other.

Tf and the baking time τ f [29], which is not typical for the

flowing theory;

2) the percolation threshold can shift towards a lesser

content of a dopant (1−5 vol%) contrary to theoretical

predictions (Cc ≈ 16 vol%), or it can even disappear [40];

3) the estimated real interparticle distance of the dopant

is about 500−2500 nm even with the alloying element

content C exceeding Cc ≈ 16 vol%, so the most of these

particles do not contact each other;

4) quantum-mechanical tunneling is significant at the

distances of about the electron wavelength (≈ 6 nm) and

can not noticeably contribute to conductivity at the distances

more than 100 nm;

5) the experiment of laser fitting [15] has shown that the

first endless conducting cluster is not formed even when

C > Cc ;

6) the infrared and optical spectra of the powders of the

glass and the dopant have substantial difference before and

after baking [41];

7) the resistance of the shortest (from contact to contact)
chain of the RuO2 particles contacting each other is much

higher than the resistance of the thick-film resistor doped

when C ≈ Cc ≈ 16 vol%;

8) the Ru atoms diffuse into the glass at the depth of

more than 1µm during baking (see Fig. 6, a in [42]) and

resistivity of the glass varies by more than 12 orders due to

this process (see Fig. 6 of [42]).

The DSG composition was analyzed by the energy-

dispersive spectroscopy by Johnson et al. [29] to detect

separate particles of lead ruthenate, CuBi ruthenate and

zirconium silicate and specify their crystal structure by

means of electron difraction. It was shown that the

glass matrix contains Pb and Si (Fig. 7 in [29]). But,

unfortunately, no distinctive feature like a size, a shape or

contrast was detected so as to identify particles of different

phases. The minimum particle size was 5 nm in the samples

sintered at 825 ◦C (the baking time of 8min), while in the

sample sintered at 875 ◦C (for 12min) the minimum particle

size was ∼ 20 nm. It indicates coarsening of the particles

during baking. It can be presumed that dark areas of the

Figures 7−9 in [29] are particles of an dopant. The similar

conclusion was made by Hrovat et al. (the Figures 1, 2,

4 and 6 in [27]). It is clearly seen on these figures that

the ligature particles do not contact each other and do not

form a continuous conducting chain (an endless conducting

cluster). This results well complies with the conclusions by

Adachi et al [44].
No contact between the ligature particles is also con-

firmed in our samples by analysis of the distribution of the

elements on the surface of the DCG of the composition 2

by energy-dispersive spectroscopy (Fig. 6). Fig. 7 shows the

full spectrum of energy-dispersive analysis of the DCG of

the composition 2.

In order to understand a mechanism of electrical con-

ductivity of the thick-film resistors, Abe et al. [43,45] have
studied mutual diffusion of atoms from the RuO2 layer

into the glass, and vice versa. It was reported that the

rhutenium atoms diffused into the glass for the depth of

more than 1µm, whereas the glass thickness between the

particles in the DSG was 1− 2µm, thereby meaning quite

even doping of the entire glass layer. However, the authors

have not studied a relation between such glass doping and

electrical conductivity of the resistors. At the same time,

the diffusion length in [43,45] substantially differs from the

diffusion length determined in [37–39]. This diversion may

be related to a different compositions of the studied glasses.

Therefore, a new approach to analysis of electrical

conductivity in the DSG [36,40,46] was proposed using

the glasses of the known (and simplest) composition. This

approach is based on the following assumptions:

1) the Ru atoms from RuO2 (or of other dopants) diffuse
into the silicate glass and form an impurity area near the top

of the valence band of the glass;

2) with increase of the temperature the impurity area is

shifted towards the valence band of the glass due to an

electron-phonon bond [47];
3) the silicate glass has nanocrystals that originate

spontaneously and act as centers of localization of the

charge carriers (holes);
4) these nanocrystals experience structural phase tran-

sitions at the high temperatures, which finally shifts the

impurity area into a band gap of the glass, thereby changing

the resistivity and the Seebeck coefficient of the DCG;

5) the DSG conductivity is a result of joint action of

a jump (on the nanocrystals) and an activation (on the

impurity area) mechanism.

The result shown on the figures 6 and 7 confirm these

assumption by showing that it is the composition and the

microstructure of the glass varying during doping and the

22∗ Technical Physics, 2025, Vol. 70, No. 7
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change of the microstructure (the distance between the

atoms) during strain that have a decisive affect on the

value of the thermoEMF and the resistance of the DSG.

Fig. 6 shows that the RuO2 particles are arranged from

each other at the distances of about several µm even with

the ligature content of 30mass% (which corresponds to

the volume content of about 16%) and there is no direct

contact between them. At the same time, as follows from

the X-ray diffraction pattern, the nanocrystals with the sizes

of 1−2 nm occupy about 50% of the glass volume and

the average distance between them is also about 1−2 nm.

Therefore, the jumps (in essence, tunneling) with a variable

length of the charge carriers between these nanocrystal

significantly contribute to the conductivity. But only the

jump mechanism is not enough to explain, for example,

the DSG hole conductivity, when the ligature Bi2Ru2O7 has

electron conductivity, as well as a minimum of the resistance

near the room temperature (Fig. 8). Therefore, explaining

the observed temperature dependence of the resistance and

the coefficient of the thermoEMF of the DSG required the

jumps with the variable length and activation conductivity

on the impurity area [46]. No direct contact between the

RuO2 particles means that the changes of the thermoEMF

and the resistance are not related to changes of the area

of the contacting surfaces of the ligature particles but are

caused by local changes of the length and orientation of the

atom bonds in the glass itself (i.e., finally, of a degree of

overlapping of the wave functions of the charge carriers)
during strain.

Fig. 7 shows an elementary composition of the DSG 2,

which is obtained by the energy-dispersive spectroscopy.

It is clear that the final elementary composition of the

DSG is close to the initial composition of this compound

(Table 2). Let us note that neither of the glasses, whose

compositions are given in Table 2 has up to now been

studied for tensometric applications and optimized from this

point of view. Therefore, it can be expected that studying

the glasses of the other compositions will detect materials

with the strain gauge coefficient that is noticeably higher

than those of Table 2.

Unfortunately, the nature of high strain sensitivity of

the DSG and influence of the glass composition thereon

are still unknown. At the same time, the situation is

complicated by the fact [48] that it is unknown whether the

thermoEMF is generated at a contact of two heterogeneous

conductors [19,20] or within a volume of the uniform

conductor [49,50]. The existing theory of thermoelectricity

can describe a temperature dependence of the Seebeck

coefficient only within the high temperatures, where it

varies slowly and monotonically within changing the sign.

There are also internal contradictions of the theory with

the experiment as a quantitative difference of up to three

orders of the magnitude and a qualitative difference as

a sign change [48]. Despite this situation, the data of

Fig. 5 show strong influence of the composition (and the

structure, respectively) of the glass on the value of the

Technical Physics, 2025, Vol. 70, No. 7
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thermoEMF UT and the strain gauge coefficient GFUT —

the more complicated the composition, the lower UT , but

the higher GFUT . This conclusion is confirmed by the

functions of the radial distribution of the atoms (Fig. 9)

in the studied DSGs, which are calculated from X-ray

diffraction data [27,37]. Comparing these graphs of the

functions of radial distribution in the DSGs with the data of

Table 2 shows that the least order in the atom arrangement

(the dashed parabola means close to the gases) observed in

the DSG 3 results in the least value of the resistance R,
the strain gauge coefficient of the resistance GFR , the

thermoEMF UT and the least Seebeck coefficient S. At

the same time, the strain gauge coefficient GFUT is high

and the ratio GFUT/GFR is also high (Table 2).

In the glass 2 that has the highest order in the atom

arrangement, the situation is intermediate. Thus, it can

be concluded that the composition of the glasses and their

atom arrangement provide different results, which are often

contrary to each other. Influence of the doped glasses on the

studied parameters and these problems shall be studied in

more detail from a physical point of view, while in practice

it is important that the condition GFUT ≫ GFR is met. One

of the possible explanations of the high sensitivity of the

thermoEMF to strain in comparison to the resistance can

be a difference of the density of the electron states (the

Mott formula for the metals) [51]:

σ =

∫

c(E)

(

−
d f (E)

dE

)

dE,

σ S = −
kB

e

∫

E − µ

kBT
c(E)

(

−
d f (E)

dE

)

dE, (5)

where kB — the Boltzmann constant, e — the electron

charge, c(µ) = e2D(E)N(E), D(E) — the diffusion con-

stant of the charge carriers (holes or electrons) and N(E) —
the density of electron states. For the metals, these formulas

can be simplified to

σS = −
π2k2

BT
3e

c ′(µ)

c(µ)
, σ = c(µ). (6)

It is clear from the equation (6) that in case of sharp

variation of N(E) the logarithmic derivative N′(E)/N(E)
and S, respectively, vary with strain stronger than σ that

linearly depends on N(E). In accordance with our previous

studies [52,53], the similar situation occurs in the doped sili-

cate glass (Fig. 10). We have reported narrowing of the band

gap (10− 50meV) when doping with impurities, which is

separated from the valence band of the glass by a small

pseudogap of 10− 30meV. The density of states around the

impurity area is very high [about 1022 eV−1cm−3], which
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Figure 10. Density of states in the silicate glass jointly doped by

RuO2 and CuO [53].

results in a sharp change of the density of states in the

pseudogap. N′(E)/N(E) ≈ (30− 100) eV−1.

Influence of strain on thermoelectric properties of Mg2Si

was studied by a density functional theory [54]. It was

found that the Seebeck coefficient and the energy factor

significantly varied with application of strain (compression

or tension) due to modulation of the width of the band

gap. The material is still a semiconductor with strain up

to 3%. The recent theoretical study of Zosiamliana et

al. has reported influence of compressive pressure on the

density of electron states and the width of the band gap in

Na2SiO3 [55]. It is shown that the width of the band gap

does not change monotonically — it increases with increase

of the pressure to 20GPa, then decreases with the pressure

below 40GPa and increases again. The changes in the

width of the band gap are directly related to the change

of the density of electron states, which in turn changes

the Seebeck effect (the thermoelectric energy factor). The

results from [54] demonstrate a wide spectrum of effects of

strain on the density of electron states, the width of the band

gap and the Seebeck coefficient of the various materials.

Conclusion

The thick-film thermoelectric structures have high (in
20−120 times higher than the resistance of the same

samples) sensitivity to strain. The composition and the

structure of the sensitive layer (of the doped glass) of the

thermocouple substantially affect the final characteristics

of the strain sensor: the higher disorder in the material

structure, the less the numerical value of the thermoEMF,

but the higher its sensitivity to strain. The high sensitivity

of the thermoEMF to strain as compared to the resistance

occurs due to the narrow impurity area that is created

during doping and arranged near the valence band of the

glass. The thermoelectric strain sensors based on oxides

ensure technological flexibility and have high reliability that

is confirmed by mass production and use of the thick-

film resistor for more than 50 years in various electronic

equipment (including special equipment).
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Lett., 14, 1048 (1995).
[28] M. Prudenziati. Piezoresistive effects in thick film resistors:

30 years after. STAMPA, (2005), p. 207−216. (Intervento
presentato al convegno Sensors and Microsystems tenutosi a

Ferrara nel 8−11 February 2004)
[29] F. Johnson, G.M. Crosbie, W.T. Donlon. J. Mater. Sci.: Mat. In

Electron., 8 (1), 29 (1997).
[30] M. Prudenziati, B. Morten, F. Cilloni, G. Ruffi. Sensors and

Actuators, 19, 401 (1989).
[31] M. Hrovat, J. Holc, Z. Samardžija. J. Mater. Sci. Lett., 20, 701
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