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 1. Introduction

Currently, the problem of investigating the possibility of 
creating a new class of sensors for simultaneous measurement 
of various physical quantities is becoming more widespread. 
The creation of the theory of multifactor measurements is 
a complex process associated with modeling, technological 
problems, hardware tasks, etc. Currently, the most prom-
ising direction is the creation of a number of fiber-optic 

sensors (FOS), which, in principle, have versatility, but with 
the condition of solving a number of complex design and 
technological problems that still hinder their use in extreme 
operating conditions. Let’s look at them in more detail.

FOS are now increasingly being developed to measure 
physical quantities (PQ) in many industries, including avi-
ation. FOS are currently being increasingly developed for 
measuring physical quantities (PQ) in many industries, in-
cluding space and aviation. This is due to such advantages as 
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The objects of research 
are the designs and 
manufacturing technologies 
of a combined fiber-optic 
sensor. It is used in extreme 
operating conditions. The 
essence of the task is to 
study the constructive 
and technological com-
patibility of optical and 
micromechanical prin-
ciples of simultaneous 
measurement of several 
heterogeneous physical 
quantities. In this regard, 
the chosen modular 
conversion principle solves 
the problem of combined 
conversion. The developed 
design and technology 
of the electro-adhesive 
connection make it possible 
to significantly reduce 
the internal mechanical 
stresses in the sensor 
and thereby increase the 
stability of the combined 
sensors in extreme 
operating conditions. Ana-
lytical models linking 
the magnitude and 
orientation of internal 
mechanical stresses with 
the characteristics of 
temporary stability for 
complex structures, as a 
rule, are absent. In practice, 
the obtained research 
results can be applied to 
combined pressure and 
temperature sensors, 
pressure and vibration, etc. 
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The article [4] describes studies of the FOS design 
based on optoacoustic wave processes. The disadvantages 
of this method and design are the presence of discharges 
and shutdowns in conditions of vibrations and significant 
temperatures. 

In the article [7], the designs and results of research 
of fiber-optic sensors based on interferometric principles 
of transformation are considered and analyzed. Complex 
mathematical methods of phase transformation of the out-
put signal are described in detail, with a measurement 
error of 0.053 % at 280 kPa and a transmission distance of 
2 to 20 km. The conversion methods and sensor design are 
quite complex and it is difficult to measure other parameters.

In the article [8], the existing methods and designs of 
fiber-optic sensors, applied for use in medicine, are inves-
tigated. Rather complex manufacturing technologies are 
given. The disadvantage is the complexity of manufacturing 
and the high cost of sensors.

The principal disadvantages of the considered methods 
and design designs are the difficulty of embedding a channel 
with a different measurable physical quantity, which most 
often has an analog form [9].

These approaches to research are not without drawbacks 
in terms of complexity and low repeatability of technologies 
and implementation methods, therefore, it is necessary to 
combine the micromechanical principle of conversion and 
the use of fiber-optic measurement principles [10].

All this allows to state that it is expedient to conduct a 
study on the design and technology of creating collocated 
combined export-optical sensors used for harsh operating 
conditions.

3. The aim and objectives of the study

The aim of the study is to select informative methods 
for the conversion and subsequent implementation of a mul-
tifunctional sensor based on optical and micromechanical 
modules.

To achieve the aim, the following objectives are per-
formed:

– to investigate the problematic level of the state of de-
velopment of multifunctional sensors;

– to analyze the characteristic known structures and 
methods of measuring various physical quantities using a 
single sensor;

– research and analysis of technologically and struc-
turally compatible methods of transformation of various 
physical quantities;

– development of technological processes for manufac-
turing optical and micromechanical modules;

– development and testing of the combined sensor de-
sign.

4. Materials and methods

The object of research is the methods of development 
and implementation of multifunctional sensors based on 
combined fiber-optic elements with characteristics that meet 
extreme operating conditions. 

When an analog signal is transmitted to the optical 
branch of the sensor, interference such as diffusion and other 
optical effects does not occur.

their low power consumption, fire and explosion safety, resis-
tance to radiation effects and informational confidentiality.

The world manufacturers of FOS are Siemens, ABB, 
Roctest, Weterford, Backer Hughes, Halliburton, Schlum-
berger and Russian enterprises Omega, Optolink, Intel-Sys-
tems. The volume of the market for FOS for extreme condi-
tions, according to the estimates of the marketing company 
Frost & Sullivan, amounted to about 1.5 billion USD in 
2012 and is projected to grow to 4.4 billion USD by 2026.

According to the classification and principle of opera-
tion, all FOS can be divided into devices with amplitude 
modulation of the characteristics of the luminous flux (in-
tensity, optical trajectory) and devices with frequency-phase 
modulation (with Bragg gratings), in which modulation is 
carried out due to reflection and refraction of the beam on 
interferometric elements embedded in the fiber. Amplitude 
FOS have insufficient temporal and parametric stability, 
which is associated with the general problem of insufficient 
stability of amplitude modulation methods. Frequency and 
phase modulation methods are more stable. On the other 
hand, for the correct operation of FOS based on frequency 
and phase modulation, a specialized expensive spectrum 
analyzer is required. In this regard, the use of single sensors 
with Bragg gratings is economically impractical. Therefore, 
it is necessary to develop and apply modular FOS, in which 
the primary module is an amplitude converter, for example, a 
beam or membrane, and then a fiber converter comes as the 
second module, which allows combining the advantages of 
the amplitude and phase-frequency conversion principles in 
a single FOS. Thus, the problem of informational and con-
structive-technological combination and transformation of 
various PQs by one sensor will be solved.

2. Literature review and problem statement

Sources [1–3] describe the needs for sensors, their spe-
cifics in design, technology and subsequent operation. They 
do not solve the problem of compatibility of simultaneous 
measurement of different physical quantities by one sensor.

The paper [4] presents the results of research and the 
design of a two-channel pressure sensor in which the la-
ser beam is modulated by a mirror reflecting surface of a 
pressure-sensing membrane. The main disadvantage of the 
sensor and its manufacturing technology is the separation 
of the laser beam supply channels and the measuring chan-
nel, which does not allow organizing another channel for a 
physical parameter other than pressure. The noted design 
and manufacturing technology of sensors have a major draw-
back: the separation of the laser beam supply channels and 
the measuring channel, which does not allow organizing an-
other channel for a physical parameter other than pressure.

The article [5] describes methods for ensuring the sta-
bility of microelectronic sensors by providing constructive 
solutions (single or multi-layer strain-sensitive films, devel-
opment of forming technology, etc.). However, this approach 
does not lead to the possibility of combined transformation 
and does not provide group manufacturing processes. 

The article [6] presents a number of FOS that are used in 
medicine for various private applications. These FOS cannot 
be used in extreme conditions, in addition, the process of their 
manufacture is associated with profiling operations, extraction 
after heating of quartz fiber, which are poorly controlled pro-
cesses, which makes it difficult to reproduce them.
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It is assumed that the electro-adhesive connection 
technology used in the manufacture of combined sensors 
does not create mechanical stresses and does not cause 
inter-channel interference.

When developing technological mathematical mod-
els, the nonlinear effects arising from the formation of 
individual complex compounds in the Silicon–glass 
system were not taken into account.

The research method is the analysis of radia-
tion transmission processes in an optical fiber and 
their numerical modeling. Mathematical modeling is 
based on the equations of geometric and wave optics. 
The Simulink program was used to develop analyt-
ical and numerical models of connection processes. 
In addition, an electrical circuit simulation program 
was used.

5. Results of designs and manufacturing technologies 
of combined fiber�optic sensors used for extreme 

operating conditions

5. 1. Analysis of structures and methods of mea�
suring various physical quantities using a single 
sensor

Let’s look at the methods of measuring different PQ 
using a single sensor, for which let’s present a general-
ized FOS structure (Fig. 1).

The FOS structure contains an optical fiber, light 
emitting (light source) and light receiving devices, an 
optical sensing element.

Fig. 1 shows that the converter module is simultaneously 
affected by two measured PQ: pressure and temperature, 
which have changed their parameters.

An example of PQ modulation is a sensing element 
circuit in which, under the influence of a light beam, the 
resistance of a limited section of the load cell or a constant 
resistance change.

This method allows comprehensive monitoring of the 
sensor characteristics, on the one hand, measuring pressure 
by the traditional strain-resistive method, and, on the other 
hand, monitoring its resistance using an optical beam. The 
control methods and the principle of introduction of the 
probing beam are shown in Fig. 2.

As noted earlier, the combined converter module con-
tains a number of opto- and micromechanical structures 
acting on the optical fiber or on the optical beam itself, which 
modulate its characteristics Fig. 3 [10].

As an example of designs of distributed optical pressure 
and temperature sensors is given in [11] − Fig. 4.

The source [12] provides technological assembly meth-
ods that do not ensure the stability of the characteristics of 
the devices.

A fiber-optic carrier having a group of optical sensors 
located on it, including a sealed hollow shell having a side 
wall profiled in at least one predetermined area to form a 
thin-walled part, and in which at least one optical sensor 
is attached to the surface of the specified thin-walled part 
in such a way that, at pressure, the pressure difference, the 
pressure exerted on this thin-walled part bends, and this 
pressure difference is perceived by at least one sensor, and 
the sealed hollow shell is a tube.

5. 2. Research and analysis of constructive 
and technological compatibility of fiber optic 
sensors

When conducting a search and subsequent 
analysis for the structural and technological 
compatibility of individual elements and as-
semblies, attention should be paid to the fol-
lowing factors:

− technological operations for the manufacture 
of sensitive elements should be close and feasible;Fig. 1. Structural diagram of fiber-optic sensors (own drawing)

Fig. 2. Load cell resistance control scheme using optical beam 

feeding via optical fiber (open drawing)

Fig. 3. Scheme of the fiber-optic sensors of pressure and 

temperature: 1 ‒ case; 2 ‒ corrugated bimetallic membrane; 

3 ‒ rigid center, 4 ‒ plate; 5 ‒ curtain; 6 ‒ slot; 7 ‒ fiber optic; 

8 ‒ lens; 9 ‒ diaphragm; 10 ‒ photodiode; 11 ‒ measured pressure 

supply; 12 ‒ reference pressure; 13 ‒ indicator [9]

Fig. 4. Distributed optical pressure and temperature 

sensor [10]: 1 ‒ stress concentrator; 2‒2 and 3‒3 ‒ cross 

sections of the sensitive module; 4 ‒ strain-sensitive design; 

5 ‒ heat-sensitive design
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− structural elements and their dimensions must be re-
peated;

− one of the main criteria is the temporal and parametric 
stability of the electrophysical parameters.

As the analysis of physical phenomena has shown, in 
relation to fiber-optic and micromechanical structures, the 
most applicable are phenomena and effects manifested in 
semiconductor structures, for example, deformations and 
thermal phenomena, optical effects, mass transfer effects 
of charge carriers, and so on. At the same time, a very large 
number of compatible phenomena are observed in nanostruc-
tures, although they often have insufficient temporal and 
parametric stability [13].

5. 3. Technological features of the manufacture of 
fiber optic sensors 

For micromechanical modular FOS, special technologies 
are used, which are characteristic of MEMS technologies, in 
which controlled shaping processes are the main ones. These 
include: processes: building up materials (formation of metal 
and insulating films, including a lot of welding, gluing, and 
soldering); removal of materials (liquid and gas etching, ion 
and liquid cleaning, etc.) [14].

The technological process of manufacturing a microelec-
tronic FOS is schematically shown in Fig. 5.

Of those indicated in Fig. 5, processes and operations, 
technologies of controlled building of materials are very im-
portant, therefore, let’s consider in more detail the specified 
group of operations [15] − Fig. 6.

The desire to soften the technological modes of joining, 
to make the technology more controllable and compatible 

with group processes of microelectronics and, last but 
not least, to ensure the joining of miniature parts with-
out degradation of their technical characteristics and 
destruction, led to the creation of a new direction in the 
field of creating permanent joints of dissimilar materi-
als – electro-adhesive connection (EAС). Synonyms for 
ЕАС, widespread in the scientific, technical and patent 
literature are: electrostatic bonding, anodic welding, elec-
trodiffusion welding.

EAC of semiconductors and insulators is a promising 
method for creating micromechanical assemblies of sensors. 
This is due, first of all, to the absence of degradation of the 
characteristics of the elements and structures of the sensors 
in the process of performing permanent connection opera-
tions. Let’s consider the main processes of EAС [16].

The EAС process consists in the fact that the preheating 
of the “CE – alkaline glass” assembly promotes the activa-
tion of Na+ and K+ ions, which are contained in the glass. 
As the temperature rises, the glass resistance decreases 
and readily mobile positively charged ions under the ac-
tion of an applied external electric field begin to move to 
the negative pole, where they are neutralized. The more 
strongly bound negative ions remain in place, forming in 
the glass near the Si surface a spatial negatively charged 
layer (depleted in positive alkaline ions), and several microns 

thick. The presence of a built-in charge, in 
turn, gives rise to mechanical compressive 
stresses of the order of (0.1...1.0) MPa and 
an internal electric field with a strength 
of ~ 3·106 Vm [17].

The course of the EAС technological 
process can be conditionally divided in 
time into three stages:

1) convergence of surfaces before the 
formation of physical contact;

2) activation of the surfaces to be 
joined, facilitating their chemical inter-
action;

3) mutual diffusion of contacting ma-
terials, accompanied by the processes of 
modification of the structure and proper-
ties of materials (crystallization – recrys-
tallization, relaxation of internal stresses, 
phase synthesis, etc.).

At the first stage, the interacting ma-
terials should be brought together at a 
distance that ensures the Van der Waals 
interaction (molecular interaction), in 
which a weak chemical interaction oc-
curs (Fig. 7).

At the stage of formation of physical 
contact, the main control actions aimed 
at creating a stable connection are tech-
nological parameters: temperature, time, 
thickness of the gasket. During the EAС 
process, internal feedbacks are formed that 
contribute to the formation of a reliable 
physical contact. This is due to the fact that 
when the surfaces approach, their electro-
static interaction increases, which, in turn, 
causes an increase in the compressive force 
and deformation of the microrelief, intense 

deformation leads to an increase in temperature in the contact 
zone and, as a consequence, to the “flow” of the gasket metal.

Fig. 5. Manufacturing process of microelectronic pressure and temperature fiber-

optic sensors (in the drawing)

Fig. 6. Classification of methods of building up by welding elements and parts of 

fiber-optic sensors (own drawing)
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It is very difficult to describe mathematically the process 
of the formation of a physical contact, since several differ-
ent physical mechanisms act simultaneously. Therefore, in 
practice, empirical dependences are used, presented in the 
form of graphs and tables, according to which it is possible 
to select technological and design control parameters close 
to the optimal ones.

For EAС, a semi-empirical dependence of the informa-
tive parameter τФ (time of formation of physical contact) on 
technological parameters [18] can be applied:

Φ
μ δ

τ =
2

3
0

3
,

R
ph

 δ and ∈0 2 mkm…1mm,h    (1)

where μ – viscosity coefficient of the gasket material, de-
pending on pressure and temperature, is determined exper-
imentally, R and h0 – respectively, the radius and thickness 
of the metal spacer [mm], δ − height of microroughness of 
the joined surfaces (Ra and Rz), р – pressure applied to the 
joined surfaces.

With EAС, the required connection pressure is formed 
during the first phase under the action of an applied electri-
cal voltage. This effort can be roughly estimated based on 
the flat capacitor model:

εε
= 0 .
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In this case, a force of electrostatic interaction between 
the plates arises:
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In turn, the capacity and charge are related by the ratio  
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 and the field strength is E=U/d. Substituting them 

into (4) let’s obtain:
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where S – area of contact surfaces, ε0 – electrical constant 
equal to 8,854⋅10-12 F/m, U the voltage applied to the mate-
rials to be joined, d – depletion region width (average value), εСР – dielectric constant of the connection zone.

Taking εmed=(εSi+εgl)/2, let’s receive εSi=14 и εgl=8 (ta-
ble values), εmed=11.

To obtain quantitative relation-
ships, let’s substitute in (5) the values 
U=1000 V, d≈10…20 mcm, S=25 mm2 
and, converting them into standard di-
mensions, let’s obtain, depending on the 
width of the transition zone, the values 
of compressive forces from 6 to 25 Pa. 
In terms of compression pressure, this 
will be:

Pascal compression
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…
= = =
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The calculated value of the compres-
sion pressure coincides rather closely with 
the experimental values published in [19].

This value of the compressive pressure ensures the 
strength and tightness of the silicon-glass connection over 
the entire surface.

When conducting EAС, control and diagnostics of tech-
nological modes is carried out by measuring and analyzing 
the magnitude and dynamics of the electric current that 
occurs at the first stage of the connection process.

The first stage of EAС is characterized by the move-
ment of charges Na+ and K+, which are in the glass, in the 
connection zone. When heating and applying an electric 
voltage, a characteristic current peak is observed, which 
characterizes the formation of a physical contact (stage 1) 
and its rapid decline to almost zero at the end of the heating 
cycle (Fig. 8). Thus, the magnitude and dynamics of the 
process of changing the current in the “source – connected 
parts” circuit are characteristic and unambiguous diag-
nostic parameters that characterize the course of the EAС 
process, especially its most important stage ‒ the formation 
of physical contact.

Fig. 8. Cyclogram of the process of electro-adhesive bonding 

by technological stages (own drawing)

a b c

Fig. 7. Illustration of the process of electrostatic connection: a − the scheme of 

supply of the working electric voltage; b − the scheme of ion interaction during 

the process; c ‒ the connection area after the completion of the process; 

1 ‒ silicon (Si); 2 ‒ silicon oxide (SiO2); 3 – glass (own drawing)
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To connect structurally complex multilayer structures, 
a complex cyclorama is used, in which separate cycles of 
additional heating are provided Fig. 9. Such cycles reduce 
internal thermal stresses in the assembly.

Experimental data on the magnitude and dynamics of 
ion currents for different glasses are shown in Fig. 10, from 
which it can be seen that practically after 18−20 minutes the 
ion current practically stops. The presented dependences are 
fully consistent with the nature and dynamics of displace-
ment currents observed in dielectrics and caused by their 
ionic conductivity upon heating, which allows to consider 
this diagnostic parameter as adequate to physical processes 
occurring in real physical structures and materials.

Fig. 10. Dependence of current on connection time for 

different glasses: 1-С35-1; 2-P15; 3-LK-105 (own drawing)

From the analysis of Fig. 8−10, it can be concluded that 
the dynamics of the EAС can be controlled by the change in 
current during the first stage of connection, that is, the nature 
of the change and the magnitude of the current can be taken 
as diagnostic criteria for technological process of joining 
silicon alloy with glass. In addition, the dependence of the 
current and voltage on the EAС time is important (Fig. 11).

The second stage of ЕАС is intermediate, since it con-
tributes to the creation of long-term chemical bonds and the 
formation of an inherently permanent compound (3rd stage). 
On the active centers of the surface, initiated at the stages 
of surface preparation (their prehistory), the nucleation of 
chemical bonds occurs. For a better understanding of both 

the activation mechanisms themselves and the possibility of 
controlling them, let’s consider the meaning of the concepts 
“active surface”, “activation center”, “activation” in relation 
to the issues of materials joining under consideration. An 

“active surface” is a surface with excess energy (ac-
cording to Gibbs), which is transmitted by means 
of energetic influences (deformation, ion doping) 
or chemical reactions (etching, phase formation, 
etc.). In principle, any clean semiconductor sur-
face is activated by breaking crystal bonds on the 
surface. Another example is grain boundaries in 
polycrystalline semiconductors.

According to the laws of thermodynamics, any open 
system with excess energy dissipates it over time (entro-
py). Therefore, all activated surfaces are self-passivated by 
the formation of monolayers of oxides, hydrates, and other 
silicate compounds, which, by closing broken bonds, con-
tribute to a decr ЕАС in excess surface energy. From the 
standpoint of the zone theory, the presence on the surface of 
impurities, impurities, oxide films, etc. leads to the appear-
ance in the forbidden band, at the bottom of the conduction 
band or the top of the valence band, shallow, so-called 
surface levels (sticking levels), often having a high concen-
tration. Due to the high concentration and proximity to the 
conduction and valence bands, surface levels begin to play a 
major role in surface phenomena, and a negative one, since 
they isolate surfaces from interaction with each other even 
in the case of their physical contact. Thus, to restore the 
surface activity to the initial one and, if possible, put the 
EAC into action, it is necessary to clean the surface, up to 
an atomically pure state (the theoretical limit, achievable 
only in an ultrahigh vacuum) and its structural rearrange-
ment (modification).

However, since obtaining an atomically clean surface 
is practically unattainable, a promising direction for in-
creasing the surface activity is its structural modification. 
The term “modification” means the following concepts: 
restructuring, changing the properties or characteristics 
of an object (in our case, the material of near-surface re-
gions) in order to achieve any new results that cannot be 
achieved by the original material. Surface modification can 
be obtained, for example, by saturating steel with carbon 
(surface carbidization), oxidizing the surface of monocrys-
talline silicon, near-surface microwave hardening of steels 
and alloys, etc.

Fig. 9. Cyclogram of the process of electroadhesive bonding of complex 

multilayer structures (own drawing)

Fig. 11. Dynamics of current and voltage at 

electro-adhesive connection (own drawing)
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5. 4. Development of technological processes for man�
ufacturing optical and micromechanical modules

In the manufacturing process of the measuring transduc-
er (Fig. 5), the three middle blocks relate to the electrical 
adhesive connection and the operations of preparing parts 
for connection.

In our case, it is advisable to carry out the structural 
modification of the surface using more “pure” methods, in 
particular, energy and ion beams, although various types of 
heat treatment in vacuum or a combination of the first and 
second groups of technological methods are not excluded.

The advantages of energetic surface activation methods 
are:

− purity of the process;
− ability to remove passivating films, organic and inor-

ganic contaminants;
− local nature of processing;
− satisfactory degree of process control.
Effective energy methods of surface activation include:
− treatment in glow discharge plasma;
− processing with electron beams;
− bombardment with ion beams, for example B+, P+;
− processing with accelerated beams of inert gases He, Ar;
− treatment in fluorine-containing plasma of inert gases.
The general mechanism of surface activation using the 

above methods consists in one or another degree of its amor-
phization, since the amorphous structure, in comparison 
with the crystalline one, has excess energy. In addition, upon 
activation of the surface, the following effects take place: 
anisotropic micro-etching; creation of additional dislocation 
energy levels in the forbidden zone of the crystal; formation 
of diffusion shallow layers, etc. The dominance of this or 
that effect depends on such technological factors as ion 
energy, doping dose, ion charge, accelerating voltage, beam 
density, substrate temperature, and processing time. Of the 
listed parameters, the most controllable in the modification 
process are: impurity dose (depending on current and time), 
energy (controlled by accelerating voltage), and substrate 
temperature. In most cases, an increase in the activity of 
the materials to be joined is associated with the appearance 
of various kinds of defects, the nature and concentration of 
which is determined by the interaction of reagents in any 
solid-phase processes (chemical reactions of sintering, re-
crystallization) accompanied by EAС processes [20].

In the case of ЕАС of silicon with different materials, the 
interaction occurs at active centers, which, from the point of 
view of the theory of dislocations, are zones of exit of accu-
mulations of defects, which are also zones of concentration of 
local mechanical stresses that cause microflows and shear of 
the material in the region of deformation microprotrusions. 
Within the active centers, there is a rupture and translation 
of valence bonds between the atoms of the compound being 
connected [21].

On the side of the glass, micro-risks and micro-cracks 
arising in the process of grinding and polishing the seating 
surfaces can serve as active centers. These microcracks, due 
to their thermodynamic instability at high temperature and 
pressure, can change their position and geometric direction. 
The kinetics of crack growth is described by the Griffiths 
theory, thermodynamic theory, and the theory of strength, 
according to which, under the influence of temperature and 
deformation, microcracks, migrating over the surface and 
volume, merge, forming cluster structures. When the size of 

the clusters does not exceed a certain critical value, self-de-
celeration of cracking occurs due to the closure of local me-
chanical stresses inside the cluster formations.

From the standpoint of creating the maximum density 
of active centers on the glass surface, such technological op-
erations as etching and chemical-mechanical glass polishing 
are hardly acceptable, since the effect of smoothing the mi-
crorelief with an isotropic etchant (HF solutions) leads to an 
increase in the radius of microcracks and, thus, to a decrease 
their activity and mobility. The control factors at this stage 
can be the technological preparation of surfaces and their 
modification [22].

The third, final stage of ЕАС is accompanied by inter-
diffusion of contacting materials, crystallization and recrys-
tallization processes, synthesis of complex metallosilicate 
compounds, as a result of which an integral semiconduc-
tor-glass-metal or semiconductor-glass compound is finally 
formed. Due to the processes of activation of the contacting 
surfaces that occurred at the previous stages, there is a 
powerful interdiffusion of materials at a relatively low tem-
perature, which is not characteristic of diffusion processes 
described in the theory of mass transfer (Fick’s equations). 
The presence of powerful diffusion fluxes confirms the fact 
that the Al film that existed before the ЕАС disappears and 
its traces are not detected on the thin section, not only visu-
ally, but also when studying by metallographic and spectral 
methods. Apparently, the Al film binds with the oxygen of 
the glass, forming Al2O3, which is initially present in the 
glass phase (for example, C35-1 contains 1.0 % Al2O3, LK-
105 ‒ 0.89 % Al2O3) [19].

In addition, as a result of interdiffusion, silicon is en-
riched with boron (borosilicate glass-BSiO2 is formed), 
which is originally a part of the glass. And chemical re-
actions occurring at active sites lead to the formation of 
silicides, metal oxides and other stable chemical compounds 
such as Ni2SiO4, Al2O3, Fe2SiO4, which are characterized by 
strong bonds and stability.

At this stage, due to the formed zone of volumetric 
“built-in” charge, the external electric voltage at the end 
of the cycle is turned off and only the temperature (its 
absolute value and rate of change) remains the regulating 
technological parameter. And although this process is ir-
reversible, sometimes the electric voltage is not removed 
until the unit cools down to room temperature (dashed 
line in Fig. 10). This technique serves to stabilize the space 
charge and contributes to the drainage of the remaining 
nonequilibrium charge carriers to the ground. It should be 
noted that at this final stage, there is a risk of destruction of 
the joint due to the internal mechanical stresses previously 
induced and arising during the cooling process in the joint 
zone and in the parts themselves.

To remove the induced mechanical stresses, a spe-
cial (controlled) cooling mode is used, which is carried out 
together with the technological unit. In order to accelerate 
stress relief in the assembly during the cooling process, 
annealing at a temperature for 8...10 minutes should be pro-
vided (on the cyclogram − Fig. 9, 10, the temperature “shelf” 
is visible in the region of 200 °С). After thermal annealing, 
the cooling rate can be increased practice it is not recom-
mended to do this, since due to the deterioration of the heat 
removal conditions during the ЕАС in vacuum or due to the 
massiveness of the unit itself, the stresses do not have time 
to dissolve and, accumulating in the parts (glass and silicon), 
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can lead to their rapid destruction or to the failure of 
the unit during operation.

Experimental data have shown that the quality 
of ЕАС of them is determined mainly by the phys-
ico-chemical properties of the glasses used in the 
bonding process. To a lesser extent, the effect on the 
quality of the connection depends on the parameters 
of the silicon wafers. Experimentally, it was found 
that the roughness of the surfaces of glass and sili-
con should not exceed 2 nm, and the change in the 
thickness of silicon along the junction field should not 
exceed 8-10 microns.

Visually, the quality of the compound was eval-
uated using a Nicolet DXR Spectrometer dispersion 
Raman microscope. Residual stresses in the glass 
before and after heat treatment on the PKS-250 
polaroscopic polarimeter. In addition, the amount 
of residual mechanical stresses was monitored using 
an infrared Fourier spectrometer Thermo Scientific 
Nicolet.

5. 5. Modular fiber�optic pressure and tem�
perature sensors

In the study of the developed combined sensors, a 
generalizing method of analyzing the structures and 
materials of sensors was applied. 

Let’s note some important features of the de-
sign and technological operations of modular FOS. 
Since the analog module of the FOS is a complex 
heterogeneous structure (Fig. 12), in order to ob-
tain the parametric and temporal stability of the 
entire FOS, it is necessary to ensure the construc-
tive, functional and technological compatibility of 
materials.

From the standpoint of materials science, it consists of 
various materials: metals, alloys, glass, ceramics, semicon-
ductors, insulators, sealants, plastics, etc., for example, 
titanium and elinvar alloys, stainless steels are used for 
body and power materials: kovar, and various adhesives 
and sealants for sealing and permanent joints (Fig. 12). 
Alkaline, borosilicate, quartz, amorphous and polycrys-
talline glasses are used as materials for insulators and 
bearing parts. For the material for insulators and sensing 
elements, alumina (corundum), mullite ceramics, piezoc-
eramics are used. From semiconductor materials used 
silicon, and semiconductor compounds silicon carbide, 
gallium arsenide, semiconductor structures − silicon on 
sapphire, silicon insulator silicon. For FOS, along with 
the above materials, one more mode and multimode quartz 
optical fibers are used.

It is assumed that there are several options for the 
sketches of the FOS [23]:

1. Amplitude modulation of the generated optocoupler by 
pressure and temperature (channel P-pressure and channel, 
T-temperature) – Fig. 13, 14.

2. Phase modulation through the use of Bragg gratings 
formed on the fiber [24].

3. Using MEMS primary cell [25].
Fig.  14. Constructive models of multifunctional fiber-op-

tic sensors [26].
This version of FOS with amplitude modulation, in 

which two channels are used: pressure and temperature, 
which change the intensity of the reflected optical beams.

6. Discussion of experimental results research of designs 
and manufacturing technologies of combined fiber�optic 

sensors used in extreme operating conditions 

Various processing methods were investigated for tech-
nological compatibility, it was found that in order for the 
compound to turn into a single module, it is necessary to 
treat the connected surfaces by activating them in various 
ways: treatment in a glow discharge plasma; electron beams; 
bombardment with ion beams, for example B+, P+; acceler-
ated beams of inert gases He, Ar; treatment of inert gases in 
fluorinated plasma [20, 21].

The technological process of manufacturing a microelec-
tronic Focus schematically shown in Fig. 5.

To the greatest extent, the purity of the process and the 
minimization of internal mechanical stresses are ensured 
by the development and implementation of the EAS tech-
nology and the preparation of the quality of the connected 
parts [18, 19] into a single integral unit (Fig. 7–11).

The classification of methods for modifying elements and 
parts of fiber-optic sensors is shown in Fig. 6, which makes it 
possible to expand the manufacturing methods.

The development and testing of the combined sensor 
design is carried out during the implementation of the 
manufacturing technology (Fig. 5) and on ready-made sen-
sors (Fig. 13, 14) [20, 26, 27].

It should be noted that in the research on technological 
support, traditional technology was used (Fig. 5), in which 
the MEMS module was manufactured at a third-party 

Fig. 12. Microelectronic sensor of physical quantities as a complex 

heterogeneous system (own drawing)

Fig. 13. Design of 2-channel fiber-optic sensors (own drawing)
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enterprise, and the SE was assembled and mounted by the 
authors themselves. The results of ensuring temporal and 
parametric stability were evaluated using data obtained for 
microelectronic sensors described in [11].

The developed methods and constructions require fur-
ther modeling using programs and models based on simula-
tion methods: COMSOL, Ansys, Simulink, etc. Two things 
are urgently needed for the development of research results: 
solving issues with the manufacture of MEMS SE for var-
ious photovoltaic systems and equipping developers with 
modern software packages for modeling.

At the same time, the problem of manufacturing 
third-party micromechanical modules is one of the main 
problems that need to be solved.

7. Conclusions

1. The study of known sensor structures and measure-
ment methods has shown the priority of combined sensors 
in extreme conditions. Such sensors have very high noise 
immunity, fire and explosion protection and can be used in a 
wide range of temperatures and pressures. 

2. The study of compatible conversion methods revealed 
their greatest prevalence in the fields of micro- and op-
tomechanics. The group manufacturing methods used in 
these areas allow the formation of sensor elements with 
small dimensions and tight tolerances. On the other hand, 
known measurement methods, for which the main measured 
parameters are the frequency and phase of optical radiation, 
require a complex, expensive optical spectrum analyzer. In 

this regard, the amplitude conversion method was adopted 
as the simplest and most compatible with existing interfaces.

3. The advantage of the proposed method of a modular 
system for measuring physical quantities is hardware sim-
plicity and the absence of requirements for the purchase of 
programs and training of personnel.

4. The advantages of the proposed connection technolo-
gy using an electroglue connection are guaranteed stability 
due to the absence of internal mechanical stresses and the 
possibility of connecting various small-sized parts.

5. As studies of the quality of the proposed designs of 
modular sensors and their manufacturing technologies have 
shown, their production (assembly, control) can be mastered 
with the help of simple technological equipment. The con-
nection technology can also be implemented using simple 
equipment and technological process.
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