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On the example of semiconductor crystals Ge, Si, PbTe, PbS, InSb with different levels of doping
and different types of conductivity, the geometry of the piezoresistive effect was optimized, namely,
such directions of voltage measuring and uniaxial pressure applying were determined, which ensure
the maximum achievable value of the effect. The optimization is based on an approach using the
construction and analysis of extreme surfaces that represent all possible maxima of the objective
function (the magnitude of the effect) under different spatial orientations of interacting factors. The
optimization parameters were the angles that determine the directions of the unit vectors of the
directions of current and uniaxial pressure applying. The directions of the radius vectors of the
points on the extreme surface coincide with the ones in which the electric voltage is measured, and
the length of this radius vector for each point was determined by setting such optimization
parameters for which the magnitude of the effect for a given direction of voltage measuring would
be maximal. It is shown that the optimal interaction geometry in most of the studied cases is
longitudinal, and only for n-PbTe, p-InSb crystals it is transverse (although not identical), and the
optimal directions for the studied crystals are <100>, <110> or <I111> depending on the
composition of the crystal and the type of doping. Despite the fact that all investigated crystals
belong to the same point symmetry group (m3m), the shapes of the extreme surfaces for them are
significantly different, which is caused by different ratios between the piezoresistive coefficients.
Typical forms of extreme surfaces have been identified, and in order to explain the obtained results,
an analysis of limiting cases that differ in the ratio of piezoresistive coefficients has been carried
out. Based on this analysis, four main types of extreme surfaces were established. A scheme has
been built that allows, in the case of cubic crystals, to estimate the type of extreme surface and the
corresponding optimal directions of voltage measuring, current density (for cubic crystals, these
directions coincide) and uniaxial pressure applying. On the basis of this scheme, the forms of
extreme surfaces obtained for the investigated crystals are explained.
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1. Introduction

As it is known, the piezoresistive effect is the dependence of the resistance of conductors and
semiconductors on the mechanical stresses (deformations) applied to them. The piezoresistive effect is
used in pressure sensors (electronic scales, blood pressure sensors, etc.), flow sensors, accelerometers,
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gyroscopes, transducers, cantilevers of atomic force microscopes, elements of other information and
measurement systems. It should be noted that piezoresistive sensors are one of the oldest and most widely
used silicon microcircuits [1-3]. The advantages of piezoresistive transducers on such microcircuits include
linearity (absence of hysteresis) and high resolution. Piezoresistive sensors are more sensitive to small
accelerations than piezoelectric ones, which leads to their widespread use in automotive safety systems (air
bags, anti-lock braking systems). Recently, flexible and stretchable electromechanical (in particular,
piezoresistive) pressure/strain sensors, particularly based on graphene composites, have also attracted
considerable attention [4].

This work is devoted to the problem of determining the maximum achievable value of the
piezoresistive effect in crystalline materials, that can be useful both for increasing the efficiency of the
devices and evaluating the prospects of using the material to create such devices. The basis of the analysis
is the approach previously used by the authors to solve similar problems in the cases of electro-, piezo-,
acousto-optical and nonlinear-optical effects (see [5—8] and the works of the authors cited there).
According to this approach, such directions of action of the interacting factors are determined (for the
piezoresistive effect — the directions in which the electric voltage is measured and compression/tension is
applied), in which the magnitude of the effect is the highest. To determine these directions, an optimization
procedure is used, the result of which is presented in the form of a special type of surfaces (extreme ones
according to the principle of their construction).

2. Basic relations

The piezoresistive effect is defined as a change of the components of the resistivity tensor p; under
the influence of mechanical stress o [9]:

E; =p (8 + 1430, Vi (D

where E; are the components of the electrical field strength, j, are the components of the current density,
Oy are the components of the mechanical stress tensor, p,, are the components of the resistivity tensor at

the absence of mechanical stress, /1, are the components of the tensor of piezoresistive coefficients, dy, is
the Kronecker symbol, in (1) the summation is performed over repeating indices.

The piezoresistive effect is most strongly manifested in semiconductor materials — Si, Ge, GaSb,
InSb, PbTe, Bi,Tes, ctc., because it occurs both due to a change in the band structure and geometric
dimensions of the semiconductor [1; 10]. Sensitive strain gauge devices are realized on the basis of
semiconductors, which, however, have such a drawback as the dependence of the measurement results on
the surrounding conditions — temperature, radiation, electric and magnetic fields. In practical applications
of the piezoresistive effect, the voltage U is measured in the direction of the unit vector i, U =aFEii ,
where a is the basis for voltage measuring (at that the piezoresistive sensors are connected, as a rule,

. . . . . - 1.
according to the Wheatstone bridge scheme). The current density, respectively, is equal to j = Eq , where

g 1s the unit vector of the flow direction, and S is the cross-sectional area of the piezoresistor. Therefore,

the relation voltage obtained from (1) is:
I
U=a g Pitt; (841 + g 0 1 )

In the case of uniaxial compression/stretching, the tensor ¢ = oss , where s is the unit vector of the
direction of compression/stretching, 55 denotes a tensor dyad. The components of the tensor o are:
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G, =Gs; =Gsin’ 0 cos’ @,
G, =0os; =Gsin’ 0 sin’ @,
2 2
C, =08 =occos” 0 _,
3 3 ' c ' (3)
G, = GS,5; = osin 0, cos O sin @,
G5 = 05,53 =6sin 0, cos O, cos @,
G = G55, = Gsin” O, sin @, cos @, .
where 6,, @, are the angles of the spherical coordinate system that determine the direction of uniaxial
compression/stretching, o is a constant value that is equal to the value of the mechanical tension during
stretching along Z axis. In (4), a two-index notation system is used (1<>11; 2<>22; 3¢>33; 4¢>23,32;
5¢>13,31; 6>12,21).
Data on piezoresistive coefficients for some semiconductor crystals studied in this paper are given in
Table 1.

Table 1

Piezoresistive coefficients of studied cubic semiconductor crystals (in 10" m*/N) [9]

Crystal 11, 11, m Crystal 11, 11, m
n-Gel 4.7 -5.0 -137.9 n-PbTe 20.0 25.0 -107.0
n-Ge2 -2.3 -3.2 -138.1 p-PbTe 35.0 40.0 185.0
p-Ge -3.7 3.2 96.7 n-PbS 11.6 6.6 11.2
n-Si -102.2 53.4 -13.6 n-InSb 81.6 114.2 83.0
p-Si 6.6 -1.1 138.3 p-InSb -70.0 -115.0 -10.0

All the crystals listed in Table 1 belong to the cubic syngony (point group of symmetry m3m),
accordingly, their matrix of piezoresistive coefficients contains only three independent coefficients, and its
general form is as follows [1; 9]:

Iy, I, I, 0 0 0
I, I, I, 0 0 0
n- I, I, I, 0 0 0 )
0 0 0 II, O 0
0 0 0 0 II, O
0 0 0 0 0 II,

Since for cubic crystals the value of resistance in the absence of applied mechanical stress does not

depend on the direction, so p;, = p,5, and the expression (2) can be written as

1
U=a g Po|“1‘]1 + ukalmnGmnql|' ()
As can be seen from (5), the maximum effect will be observed at the maximum (modulo) value

, (6)

! !
A= |U ~Ulo = OX =a 3 p0|ukalmnGmnql| =d g p00|uknklmnsmanl

which, with given piezoresistive coefficients, depends on the directions of three unit vectors i, ¢ and s ;
in turn, each of them is determined by two angles of the spherical coordinate system:
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u, =sin 0, cosp,, u,=sinO,sne,, u;=cosb,,
g, =sin 6, cosq,, ¢,=sinb, snoe, g¢;=cosb, (7)
s; =sin O, cos,, s, =sin0;sin@,, s3=cos6,.

The anisotropy of the piezoresistive properties of semiconductor crystals is significantly pronounced,
as evidenced by the shapes of the indicative surfaces of the longitudinal piezoresistive effect given in [9].
In other words, the magnitude of the effect strongly depends on the orientation of the directions of the
listed unit vectors. In order to provide the larger effect desired for piezoresistive devices, their design
should be optimized in accordance with these orientations.

To take into account only the directions of the vectors i, ¢, §, further the coefficient before the

module in (6) will be set equal to one, so
A= ukalmnSmanl . (8)

We will consider this value as the objective function of the optimization process, which will ensure
the achievement of the maximum of A.

Note that when the directions of the current density, the voltage measuring and the uniaxial
compression/stretching coincide, the longitudinal piezoresistive effect is observed, whereas when one of
them is perpendicular to the other two, parallel to each other, a transverse effect occurs.

3. The method of finding the maximum of the piezoresistive effect. Extreme surfaces

As noted above, the objective of this paper is to determine the maxima of the piezoresistive effect on
the example of the semiconductor crystals listed in Table 1. The objective function in the optimization is
the value of A given by expression (8), and the parameters of the optimization, variable in its process, are
the angles that determine the directions of the unit vectors i, ¢ and § (or only ¢ and ).

We searched for the maximum of A using the same method that was used in papers [5—-8], which is
based on the construction of so-called extreme surfaces that reflect all possible maxima of the magnitude
of the effect. By analogy with these works, we will construct the extreme surfaces of the piezoresistive
effect according to the following algorithm:

1) all piezoresistive coefficients of the material are specified (at the given temperature and other
conditions);

2) an array of points is specified at which extreme (maximum) values of A will be calculated; the
position of each of the points on the surface is determined by the spherical angles 6,, @,, which determine
the direction in which the electric voltage is measured,

3) for each point defined in 2), the optimization is carried out according to four parameters (in general
case) — the angles 6,, ¢,, 05, ¢5 which determine the directions of current density and uniaxial pressure
applying. The value A.x obtained as a result of optimization determines for a given direction (6,, @,) the
modulus of the radius vector directed from the origin of the coordinate system to a point on the extreme
surface;

4) similarly, all other values are found and the extreme surface of the parameter A is constructed for
all directions of the vector i . The extreme surface as a whole represents the dependence Anax(6,, @.).

From the obtained array of A, values, the global maximum value A7 for the given surface and

the values of the optimal angles 6,, ¢,, 0,, @,, 6, ¢ at which it is realized are determined.
All extreme surfaces were built with a step of 1 degree on the angles 6, and ¢,. Optimization on the
angles 6,, @,, 0, ¢, was carried out by the Levenberg-Marquardt method [11].
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4. Results and discussion

Examples of extreme surfaces obtained during optimization on four angles 6,, ¢,, 6, @, for
semiconductor crystals listed in Table 1 are shown in Fig. 1 (isometric projection and top view), and data

on extreme values A" and corresponding optimal angles 6,, ¢,, 0,, ¢,, 65, ¢, are given in Table 2.

As can be seen from the figures, the symmetry of the surfaces corresponds to the symmetry of the
crystals (all of them belong to the point group of symmetry m3m). At the same time, the shapes of the
surfaces are different, which is obviously caused by different ratios between the piezoresistive coefficients
of the investigated crystals.

The extreme surfaces obtained as a result of the calculation have several typical shapes: the ‘cubic’
shape, similar to the shape of the surface for n-Gel, n-InSb crystals (Fig. 1), is also obtained for n-Ge2, p-
Ge, p- Si, p-PbTe, n-PbS, i.e. for the majority of the crystals listed in Table 1. Among these crystals, n-PbS
is characterized by a slightly different, ‘smoothed’ surface (see Fig. 1). The ‘octahedral’ shape of the
surface occurs only for one crystal — n-Si (Fig. 1), whereas for n-PbTe, p-InSb a ‘cubo-octahedral’ shape is
observed (all the listed polyhedra can be obtained by placing their vertices at the points of the extreme
surfaces , the furthest from the origin of the coordinates).

The difference in surface shapes for different crystals is obviously due to the difference in the ratio
of their piezoresistive coefficients. Indeed, let’s consider the extreme surfaces for the following limiting
cases of the ratio of coefficients:

1) || >> o), [ITaal; 7) Iy = I >> |1
2) |[Tyo] >> [Ty, |Tadl; 8) Iy = I'Ls >> [TL;
3) |[ag| >> |y, [ITya); 9) ITyy = [Ty >> |TTyy;
4) Iy = Iy >> |Tl; 10) Iy = Iy = ILs;
5) Il = —I1i; >> [[y; 1) Iy = Iy = - I
6) ITyy = Iy >> [ITy; 12) Iy =~ = Iy
13) =11 =11; = 1.
n-Si
P " N -Y\[Z P o x
o n-PbS
60 Yl 4
p-InSb
y[wu
: ! ”reuy\.\ﬁ ,ﬁ [ " | | ' i ’ ! "":Y\I,Z /;}L 0o * : B

100 100 100

Fig. 1. Examples of extreme surfaces for the investigated crystals
(optimization on four angles)
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Conditionally assuming that the value of the ‘large’ coefficients in cases 1) — 13) is 100-10™"" m*N,
and the ‘small’ coefficients are equal to zero, we construct extreme surfaces according to the algorithm
given earlier. The corresponding extreme surfaces are shown in Fig. 2.

Table 2
Results of optimization on four angles’
extr
Crystal 0,, deg. @, deg. 0, deg. @, deg. 0,, deg. @5, deg. lofrra;;/N
n-Gel 55 45 54.6 45 54.8 45 96.8
n-Ge2 55 45 54.6 45 54.8 45 95.0
p-Ge 55 45 54.6 45 54.8 45 65.4
n-Si 0 - 0 - 0 - 102.2
p-Si 55 45 54.6 45 54.8 45 93.7
n-PbTe 45 0 45 0 45 180 76.0
p-PbTe 55 45 54.7 45 54.8 45 161.7
n-PbS 55 45 54.9 45 54.9 45 15.7
n-InSb 55 45 54.9 45 54.7 45 158.7
p-InSb 45 0 45 0 90 90 115

" To simplify the presentation, the position of only one of the equivalent maxima is given, the positions of the
others can be obtained by applying the symmetry elements of the m3m point group.

As it is seen from Fig. 2, the ‘cubic’ extreme surface appears in three cases — the third, eighth, and
tenth. The ‘octahedral’ surface appears only once, at |[[1},| >> |I1}5|, |[[144], and the ‘cubo-octahedral’ one —
three times (cases 2, 7, 11), while in the seventh case it has a smoothed shape, which can be considered as
transitional between ‘cubo-octahedral’ or ‘octahedral’ shapes to spherical ones. The latter is implemented
in almost half of the limiting cases, at that the radius of the sphere is equal to the value of the non-zero
coefficients (100-10™"" m?N). This result is easy to obtain analytically by putting, for example, in (7) I, =
I, = IT=100-10"" m*N, Iy = 0. After multiplying and summation in (8), one can obtain that

; ©)

A =1uq, +u,q, +“3‘]3| = HW‘?

i.e. A in this case does not depend on the direction of uniaxial pressure at all. The maximum of A will
obviously correspond to the maximum of the modulus of the scalar product, which is equal to one for unit
vectors. Therefore, An.x = A regardless of the direction of the vector i , which means the spherical shape of
the extreme surface.

All surfaces shown in Fig. 2 can be represented on the diagram, in which each of them corresponds
to the middle of a face, the middle of an edge, or the vertex of a cube with an edge length equal to 200-10™"
m*/N (taking into account that changing the signs of all IT; does not lead to changes in the shape of the
surface, we get 26 vertices, midpoints of edges and midpoints of faces of the cube from the 13 considered
limiting cases). In the future, such a scheme (Fig. 3) will be called the ‘cube of extreme surfaces’.

If the piezoresistive coefficients of an arbitrary cubic crystal are multiplied by the coefficient at
which the highest of the piezoresistive coefficients would be equal to 100-10™"" m*N, the corresponding
extreme surface will be located on one of the three faces of this cube (multiplying all I, by the same value
does not change, obviously, the shape of the surface). In accordance with the axis to which this face is
perpendicular, we will denote it as ‘face IT,,’, ‘face I1),’, ‘face I1y’. In accordance with the values of the
piezoresistive coefficients, we denote by points on these faces the positions of the extreme surfaces for all
studied crystals (Fig. 4).

Comparing the positions of the points on the diagrams of Fig. 4 with the shapes of extreme surfaces
for the studied crystals, it is easy to see that for all crystals there is a consistency between the shape of the
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surface and the position of the point on the corresponding face. Thus, the ‘smoothed’ nature of the extreme
surface for n-PbS crystal (Fig. 1) is explained by its position on the I1;; face almost in the middle of the
segment (Fig. 4,a), which connects the ‘cubic’ and spherical surfaces.

In general, the schemes shown in Fig. 4, allow to approximately estimate the optimal directions of
the vectors i , ¢ and § for any cubic crystals without calculations — for this, it is enough to approximately
determine the position of the extreme surface on one of the faces shown in Fig. 4 (in accordance with
known piezoresistive coefficients), and estimate the degree of its closeness to extreme surfaces
corresponding to limiting cases.

1) 2) 3) 4

AT ey LI x
5) 6) 7)
y
0, 100 100
e Tl S P D
100 100 100 100 -0 _j00
8) 9) 10) 1)
T oy PNy 2 g L] WSy 2
<100 100
12) 13)
TR AT AL A
100 /,Hm ke 100 100 B4

Fig. 2. Extreme surfaces for the limiting cases (optimization on four angles)

The optimal directions for the studied crystals, as can be seen from Table 2, are different for
different types of surfaces. Thus, for n-Si crystal (‘octahedral’ surface), the optimal directions are the
directions that coincide with the directions of the <100> axes, for n-PbTe, p-InSb crystals (‘cubo-
octahedral’ surface) — with the diagonals of the faces of the unit cell <110> , for other crystals — with a
volume diagonal of the cube <111> (the angle 6, = 55°, specified in Table 2, is an approximate value of the
angle between the edge of the cube and its spatial diagonal (54.74°); the approximate nature of this result is
due to the fact that extreme surfaces were built with a step of 1 degree on angles 6,, @,).

The optimal geometry of the effect, as can be seen from Table 2, is, within the accuracy of the
calculations, longitudinal (# || ¢ || s) for the case of crystals with ‘cubo-‘ and ‘octahedral’ extreme

surfaces, while for crystals with ‘cubo-octahedral’ surfaces (n -PbTe, p-InSb) it is strictly transverse (i ||
g L §), although different. Indeed, for n-PbTe the vectors i/ and § lie in the same coordinate plane,

whereas for p-InSb — in different ones; this result correlates well with the fact that, despite the similarity of
the shape of the extreme surfaces, n-PbTe and p-InSb crystals correspond to different faces of the cube of
extreme surfaces.
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The maximal achievable value A’ can both exceed and

be less than the maximum of the coefficients IT;. As it follows
from the comparison of the data given in Tables 1,2, the
condition A" > IT; ., is valid for crystals in which the values
of different IT; coefficients are commensurate (n-Si, n-PbS, n-
InSb, p-InSb).

As could be expected based on the coefficients given in
Table 1, the most significant effect occurs in p-PbTe crystal

(A =161.7-10" m*/N).
As can be seen from Table 2, the vectors # and ¢ in all

considered cases must be parallel (within the accuracy of the
calculations). Similarly to the previous one, we will carry out Fig. 3. The “cube of extreme surfaces’
the optimization by setting 6, = 0,, ¢, = ¢,, that is, considering
only the angles 0., @, as optimization parameters. Its results are given in Table 3, and the corresponding
extreme surfaces are shown in Fig. 5 (for the same crystals as in Fig. 1).

The extreme surfaces shown in Fig. 5, are generally similar to those in Fig. 1, and retain the ‘cubic’,
‘octahedral’ and ‘cubo-octahedral’ shapes. The analysis using the scheme of the cube of extreme surfaces
and its faces is also possible these surfaces.

p-PbTe

n-PbTe

¥ —O o

Fig. 4. The faces I1;; (a), 1}, (b), I1,, (c) of the ‘cube of extreme surfaces’
and the points corresponding to investigated crystals

extr
ax

the same, which could be expected, based on the high symmetry of all considered crystals. For crystals of
lower and middle symmetry categories, however, the situation can be more complicated, which is why in
this paper it was considered appropriate to carry out an analysis for the general (four-angle) case. It should
also be noted that the use of an approach similar to the one developed here for crystals of lower symmetry
will be complicated due to a higher number of independent piezoresistive coefficients. Thus, the

The maximum achievable values of , obtained by the optimization on four and two angles, are

[HdoxomyHiKaliiHI TeXHOIOTIT Ta eneKTpoHHa iHKeHepis, Bum. 4, Ne 1, C. 126-136 (2024)



134 O. Buryy, B. Olchovyk, O. Hrinchenko, A. Andrushchak

presentation of crystals on a scheme similar to the one shown in Fig. 4, will require the use of separate
sections of the ‘hypercube of extreme surfaces’, which will make the solution of such a problem more
cumbersome and will require the development of specialized software for its solution.

Table 3
Results of optimization on two angles”
extr
Crystal 0, deg. .. deg. 05 deg. . deg. ax >
,deg Py, ACg ,aeg Ps, ACZ 10" m/N
n-Gel 55 45 54.8 45 96.8
n-Ge2 55 45 54.8 45 95.0
p-Ge 55 45 54.8 45 65.4
n-Si 0 - 0 - 102.2
p-Si 55 45 54.8 45 93.7
n-PbTe 45 0 45 180 76.0
p-PbTe 55 45 54.8 45 161.7
n-PbS 45 0 45 0 14.7
n-InSb 55 45 54.8 45 158.7
p-InSb 45 0 90 90 115
n-Si
’% 100§ Y“ "
ol b
zoi o} 0
~4h‘ ’; #
76“‘}\ lﬁ 0 mnr:uu S0 s 100
s x o ;) 0 ) 7 e < X
n-PbTe n-PbS
w | :@ %
40 [ . 5
20 "‘ ;.‘ ;
i
-40 -6 ‘ -10 -10
0 - 0" s s }\E }( 5 10 ! ' ];(
n-InSb p-InSb

un 4
100
100
50 50
0 0
50 50
-100 100
00 0 0 50 100
0 50 0 50 100,
100 oo
< 50
50

mu

Fig. 5. Examples of extreme surfaces for
the investigated crystals (optimization on two angles)

Conclusions
On the example of a number of semiconductor crystals (Ge, Si, PbTe, InSb of n- and p-conductivity

types, PbS of n-type conductivity), the geometry of the piezoresistive effect was optimized using the
method of extreme surfaces. The directions of voltage measuring u , current density ¢, and uniaxial

pressure applying 5§ which ensure the maximal value of the effect are determined.
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It is shown that despite the fact that all the investigated crystals belong to the same point group of
symmetry (m3m), the shape of the extreme surfaces, and, accordingly, the geometries in which the
maximal effect is achieved, are significantly different, which is caused by different ratios between the
piezoresistive coefficients I1;. Thus, for n-Si crystal, the optimal directions of # , ¢ and § coincide with

the <100> directions, for n-PbTe, p-InSb crystals — with <110> ones, for other crystals — with <111> ones.
The optimal geometry of the effect in most of the investigated cases is longitudinal (# || ¢ || 5 ), but for n-

PbTe, p-InSb crystals it is transverse (i || ¢ L s ). At that the maximal achievable value of the magnitude

of the effect can both exceed and be less than the maximum of the piezoresistive coefficients for a given
crystal.

In order to identify all possible forms of extreme surfaces, an analysis of limiting cases that differ
among themselves in the ratio of piezoresistive coefficients was carried out. On the basis of this analysis,
four main types of extreme surfaces - spherical, ‘cubic’, ‘octahedral’ and ‘cubo-octahedral’ were obtained,
and a diagram was built that allows to estimate the type of extreme surface and the associated optimal
directions of uniaxial pressure applying and voltage measuring for cubic crystals.

In general, the results presented in the work have, first of all, methodological significance, since the
presented method of analysis can be applied not only to well-studied semiconductor crystals — Si, Ge,
PbTe, PbS, InSb, but also to other materials and other crystal-physical effects.

This research was supported by the Ministry of Education and Science of Ukraine within the
framework of state budget projects DB/Nanoarchitectonics and DB/Nanoelectronics (registration number:
0123U101695).
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OINTUMI3BALISI TEOMETPII I’E30PE3UCTUBHOI'O E®EKTY
HA NPUKJIAII KYBIYHUX KPUCTAJIIB

O. Bypnii, b. OabxoBuk, O. I'pinyenko, A.Anapymak, M. Angpymak

Hayionanvnuii ynieepcumem «JIvsiecoka nonimexuixay eyn. C. Banoepu, 12, 79013, Jlvsis, Ykpaina

Ha npuknani naniBnpoigaukoBux kpucraimB Ge, Si, PbTe, PbS, InSb i3 pisHUMHU piBHAMU JIeTyBaHHS Ta
PI3HMMH THIAMH IIPOBIJHOCTI TPOBEIEHO ONTHMI3aIlI0 IeoMeTpil I'€30pe3UCTHBHOTO e(dekTy, a came
BU3HAUCHO TaKi HANPSAMKU BUMIPIOBAaHHS HAIPYTrd Ta NPHUKIAJAHHA OJHOBICHOIO THCKY, Ki 3a0e3MedyroTh
MaKCUMAJIBHO JOCSDKHE 3HadeHHs edekry. Onrumizalist 6a3yeThest Ha MiXO0Ai, [0 BUKOPHCTOBYE MOOYIOBY
Ta aHali3 EeKCTPEeMaJIbHUX IOBEPXOHb, SIKi NPEACTaBIIIOTH YCI MOXJIMBI MakCUMYMH LIBOBOI (YHKLIT
(BenmmuuHM edeKkTy) HpH PI3HMX HPOCTOPOBHUX Opi€HTaliAX B3aeMmonitounx (axropis. ITapamerpamu
onTuMizatii OyJIi KyTH, 110 BU3HAYAIOTh OJMHUYHI BEKTOPU HAINPSAMKIB IPOTiKaHHSA CTPYMY Ta NPHKIIAIaHHS
OIIHOBICHOrO THUCKy. HampsiMOk paziyc-BeKTOpa TOYOK €KCTPEMasIbHOi IOBEpXHi BIAIOBiJaB HAINpPSMKY, B
SKOMY BUMIPIOETHCSI €JIEKTPHYHA HAIPYTa, a JIOBKHHA LIbOT0 PaJiiyc-BEeKTOpa JUIs KOXKHOI TOUKH BU3HAYanacs
LIUIIXOM BCTAHOBJICHHS TaKUX IapaMeTpiB ONTHUMi3allii, 3a AKUX BeJIMYMHA €EKTy JUIS JaHOr'0 HAIPSIMKY €
MakcuMmaibHOI. [loka3aHo, 0 onTHMalbHA TEOMETPisl B3aeMOii B OUIBIIOCTI IOCIIIKYBaHUX BHIIAJKIB €
MO37I0BXKHBOI0, 1 Jsmme st kpucramiB n-PbTe, p-InSb Bona momepeuna (xowa i He TOTOXHS), a
ONTHMAJIBHUMH HAaNPsIMKaMH JUIsl JOCHIDKeHNX KpHucTaiiB € <100>, <110> abo <111> 3anexHo Bix ckiamy
KpUCTajla Ta THIY JieryBaHHs. HesBaxaroun Ha Te, IO BCi JOCHI/DKEHI KPUCTaIM HAICKATh 1O OIHIET
TOYKOBOI rpynu cuMeTpii (m3m), GopMH eKcTpeManbHUX IOBEPXOHb JUIS HUX CYTTEBO BiPi3HSIOTHCS, IO
3YMOBJICHO PIi3HMMHM CHiBBIJHOIICHHAMM MiX IT'€30pE3UCTUBHMMU KoedinieHramyu. BusHaueHo TuIIOBi
(bopMH eKCTpeMalIbHUX [OBEPXOHb, ISl HOACHEHHS OTPUMAHMX PE3YJbTATiB IIPOBEJICHO aHANi3 TPaHUYHUX
BUIAJIKIB, SIKI BiZPi3HSIOTHCS CIIIBBIAHOIICHHSIM I’ €30pe3UCTHBHIX KoedimieHTiB. Ha ocHOBI 1poro anamizy
0yJ10 BCTAaHOBJICHO YOTHPU OCHOBHI TUIIM €KCTPEMaJIbHUX NOBEpXOHb. [100yn0BaHO cxeMy, sKa J103BOJISE JUIs
KyOIYHMX KpPUCTAIiB OLIHUTH THUIl EKCTPEeMalbHOI IOBEPXHI Ta BIANOBiAHI il ONTHUMAalbHI HANPSIMKH
BUMIpPIOBaHHS HAIpPYrd, MPOTIKaHHA CTPyMy (11 KyOiYHMX KPHCTANiB 1i JABa HANpPSAMKHU 30iraroTbCs) Ta
NPHUKIJaHHs OJHOBICHOrO THCKy. Ha ocHOBI wi€l cxemu mMosCHEHO ()OPMM €KCTpEMallbHHX I1OBEPXOHb,
OTpHMaHI JUIsl TOCII/KEHUX KPUCTAIIiB.

KiouoBi ciioBa: n’czopesucmopu, cencopu, nanienpogionuxu, onmumizayis, eKCmpemanbHi NOGEePXHI.
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