
CONTROL OF ELECTRIC AND THERMAL
PROPERTIES OF COMPOSITES WITH WHISKERS

G. I. Isakov UDC 621.318.134:537.638

The kinetic effects — electric conductivity, thermal emf, and thermal conductivity — were studied at different
angles between the directions of electric current, heat flux, and metal microwhiskers in semiconductor–metal
eutectic composites where, with oriented crystallization, metal phases in semiconductor matrices are formed in
the form of parallel whiskers. It is shown that the kinetic effects in oriented-crystallized eutectic compositions
are controllable.

Composite materials have gained wider use in different branches of industry as compared to homogeneous di-
electrics, semiconductors, and metals, and solid solutions of them. Therefore, manufacture of composite materials with
specified parameters and control of their electric and thermal properties are of special importance for applications.

Among the large variety of composite materials, composites of the semiconductor–metal type, and, in particu-
lar, A3B5–metal, are of special significance for applications due to the possibility of their use as polarization filters of
IR radiation [1], galvanomagnetic [2] and thermomagnetic [3] sensors, and tensoresistors [4, 5].

In [6], the possibility of controlling the tensometric parameters of microcomposite eutectics of the semicon-
ductor–metal type is established. It is shown that in eutectics of the semiconductor–superconductor type in both normal
and superconducting states electric properties of different specimens made of the same material or one specimen are
controllable [7, 8]. In [9], it is shown that the thermal conductivities χ of GaSb–V2Ga5 and InSb–NiSb eutectic com-
positions are controllable due to their dependence on the growth rate of the compositions. We note that control of the
thermal conductivity value due to variation of the growth rate requires the manufacture of different composite ingots.
The topicality of control of electric and thermal properties of eutectics of the semiconductor–metal type by simpler
methods is beyond question. One of these methods can be variation of the angle β between the direction of electric
current I, heat flux W (temperature gradient ∇ T), and metal whiskers X that are formed in a semiconductor matrix as
a result of oriented crystallizaiton.

A number of works [10–18] are devoted to investigation of classical kinetic and quantum effects in eutectic
composites based on A3B5–metal. However, in these works the possibility of control of the electric conductivity, ther-
mal emf, and thermal conductivity of eutectic composites of the semiconductor–metal type by simpler methods was not
studied systematically. Proceeding from what was stated above, in the present paper we give original results on control
of the electric conductivity σ, thermal emf α, and thermal conductivity χ in the eutectic composites InSb–Yb5Sb3 and
InSb–NiSb at different angles β. It should be noted that we were the first to obtain the eutectic composition InSb–
Yb5Sb3 [19–21].

Experimental Results. It should be recorded that the metal phases Yb5Sb3 and NiSb in the InSb matrix are
formed in the form of long whiskers. Metallographic studies showed that the length of the Yb5Sb3 whiskers is about
L = 200–300 µm and the diameter d = 1 µm. For NiSb crystals, L = 70–150 µm and d = 1 µm. In both eutectics,
the density of whiskers growing from the area unit is N C 104 mm−2.

To measure the electric conductivity, thermal emf, and thermal conductivity of eutectic compositions from
oriented-crystallized materials, we made five specimens that had the shape of a long parallelepiped with dimensions
15 × 3 × 3 mm. The specimens were cut such that the angles β between the long axes of the parallelepiped Z and
the crystallization direction X (direction of the length of the whiskers) had the following values: β = 0, 20, 45, 70,
and 90o. In measurement of the electric conductivity σ, thermal emf α, and thermal conductivity χ, the directions of
the electric current I and heat flux W (or temperature gradient ∇ T) were parallel to Z (INZ, WNZ, ∇ TNZ).
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Figures 1–3 give the temperature dependences of the coefficients σ, α, and χ of the eutectic compositions
InSb–Yb5Sb3 and InSb–NiSb at different angles β. Depending on the angle β between the directions of I, W, and X,
the following relations are observed for the electric conductivity σ, thermal emf α, and thermal conductivity χ of the
eutectic compositions InSb–Yb5Sb3 and InSb–NiSb:

σβ=0
o > σβ=20

o > ... > σβ=90
o , (1)

αβ=0
o < αβ=20

o < ... < αβ=90
o , (2)

χβ=0
o > χβ=20

o > ... > χβ=90
o . (3)

We note that the quantities σ and α are monitored within the entire studied range of temperatures and as the tempera-
ture increases the parameters studied converge.

When β < 90o (Fig. 1, curves 1–4), the electric conductivities of the compositions within the temperature
range 80–350 K have the dependence typical of metals. Within the temperature range 300–525 K, the electric conduc-

Fig. 1. Temperature dependences of the electric conductivity of the eutectic
composites InSb–Yb5Sb3 (a) and InSb–NiSb (b) at different angles β between
the directions of electric current and the metal phase: 1) β = 0; 2) 20; 3) 45;
4) 70; 5) 90o. Curves 1′, calculated values of the electric conductivity of
Yb5Sb3 (a) and NiSb (b); 5′ and 5′′, calculated and experimental values of the
electric conductivity of InSb. σ, Ω−1⋅cm−1; T, K.

Fig. 2. Temperature dependences of the thermal emf of InSb–Yb5Sb3 (a) and
InSb–NiSb (b) at different angles β between the directions of the temperature
gradient and the metal phase (for the notation see Fig. 1). Curves 1′, calcu-
lated values of the thermal emf of Yb5Sb3 (a) and NiSb (b); 5′ and 5′′, calcu-
lated and experimental values of the thermal emf of InSb. α, µV/K; T, K.
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tivities of the compositions increase. At β = 90o (curves 5), the electric conductivities of the compositions in the tem-
perature range 80–350 K manifest weak semiconductor dependences, whereas in the temperature range 300–525 K
these dependences are pronounced.

The coefficient of thermal emf (Fig. 2) also has a strong anisotropy and in the range 80–300 K it increases
with an increase in temperature. In the eutectics InSb–Yb5Sb3, when T ≥ 330 K a decrease in α is observed for all
β. At T = 430 K, for all β an inversion of the coefficient of thermal emf α takes place. It is seen from Fig. 3 that
in both eutectics the thermal conductivity χ is also anisotropic and when T ≥ 300 K curves 1, 2, 3, 4, and 5 converge.
At T = 400 K, within the error of thermal conductivity measurement (%5%) χ1 = χ2 = ... = χ5.

Figures 1 and 2 (curves 5′′) present σ and α of homogeneous InSb with a concentration of holes of
1.2⋅1018 cm−3 and a concentration of electrons of 1.3⋅1016 cm−3. These values correspond to concentrations of holes
of the semiconductor matrix of the eutectic InSb–Yb5Sb3 and concentrations of electrons of the semiconductor matrix
of the eutectic InSb–NiSb. We note that the thermal conductivity of homogeneous InSb is in full correspondence with
the thermal conductivity of the eutectics InSb–Yb5Sb3 and InSb–NiSb at β = 0o; therefore, it is not given in Fig. 3.

Figure 4 shows the temperature dependences of the coefficients of anisotropy of electric conductivity Kσ =
σN ⁄ σM (curves 1 and 1′), thermal emf Kα = αM ⁄ αN (curves 2 and 2′), and thermal conductivity Kχ = χN ⁄ χM (curves
3 and 3′) for the eutectics InSb–Yb5Sb3 and InSb–NiSb, respectively. It is seen from the figure that in both eutectics
Kσ, Kα, and Kχ decrease with an increase in temperature.

Discussion of Experimental Results. The strong anisotropy of the electric conductivity and thermal emf of
the eutectic compositions InSb–Yb5Sb3 and InSb–NiSb can be explained by shunting of the decreases of voltage Vσ
and Vα by metal phases, which are formed, respectively, under the effect of the electric field and temperature gradient.

Fig. 3. Temperature dependences of thermal conductivity of InSb–Yb5Sb3 (a)
and InSb–NiSb (b) at different angles β between the directions of heat flux
and the metal phase (for the notation see Fig. 1). χ, V/(cm⋅K); T, K.

Fig. 4. Temperature dependences of the coefficients of anisotropy of electric
conductivity Kσ (1, 1′), thermal emf Kα (2, 2′), and thermal conductivity Kχ
(3, 3′) of the eutectic composites InSb–Yb5Sb3 (curves 1, 2, and 3) and InSb–
NiSb (curves 1′, 2′, and 3′).
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At β = 0o, i.e., when the directions of electric current I and temperature gradient ∇ T coincide with the direction of
metal inclusions X (INX, ∇ TNX), the shunting effects of metal microwhiskers are maximum. At β = 0o, the eutectic
compositions manifest maximum electric conductivity and minimum thermal emf. This is due to the fact that the co-
efficient of electric conductivity σ = (I∆l)/(VσS) is inversely proportional, whereas the coefficient of thermal emf α =
Vα ⁄ ∇ T is directly proportional to drops of voltages Vσ and Vα, respectively. In the range 0o ≤ β ≤ 90o, as β increases,
the electric conductivity of the eutectic compositions decreases and the thermal emf increases.

It is seen from Fig. 1 that in both eutectics, as is the case of percolation transition of the insulator–metal type,
in the temperature range 80–350 K with an increase in β the semiconductor conductivity changes over to metal con-
ductivity in both character and magnitude. This behavior of the conductivity in microcomposite eutectics can be called
percolation transition of the semiconductor–metal type. This transition is also observed in Fig. 2 but with decreasing β.
At β = 90o (curves 5), the absolute values of the thermal emf are close to the thermal emf of semiconductors, and at
β = 0o (curves 1) — to the thermal emf of metals.

The increase in electric conductivity in eutectic compositions within the temperature range 350–500 K is due
to transition to the region of intrinsic conductivity of the semiconductor matrix InSb. We note that in both composi-
tions the increase in electric conductivity slows down as β decreases from 90o to 0o. This dependence with an increase
in temperature is caused by amplification of two competing mechanisms: increase in electric conductivity due to tran-
sition of the semiconductor matrix to the region of intrinsic conductivity and decrease in electric conductivity under
the effect of metal phases. In the InSb–Yb5Sb3 composition, the decrease of the coefficient of thermal emf α below
T ≥ 330 K is also stipulated by transition to the region of intrinsic conductivity. We note that, in contrast to InSb–
NiSb, below 300 K the InSb–Yb5Sb3 composition has a hole conduction. With transition to the region of intrinsic con-
ductivity, electron conduction begins. Simultaneous action of electron and hole mechanisms leads to an increase in
electric conductivity and a decrease in thermal emf.

Proceeding from the model of semiconductors connected in parallel and in series, we can determine general-
ized electric conductivities of semiconductor–metal microcomposite eutectics. According to this model, generalized
electric conductivities of oriented-crystallized eutectic compositions at INX (β = 0o, σN) and LMX (β = 90o, σM) are
expressed by the following formulas [22]:

σN = σ1 
1

1 + ψ
 + σ2 

ψ
1 + ψ

 , (4)

σM = 

(σ1 − σ2) 



1 − √ψ1 + ψ




 + σ2 √1 + ψ

ψ

1 + 
σ2

σ1
 



√1 + ψ

ψ
 − 1





 , (5)

where σ1 is the electric conductivity of the semiconductor matrix, σ2 is the electric conductivity of the metal phase,
and ψ = V2

 ⁄ V1 is the bulk ratio of the metal and semiconductor phases. For the eutectic composition InSb–Yb5Sb3,
ψ = 0.037, and for InSb–NiSb, ψ = 0.013. Substituting the values of ψ into Eqs. (1) and (2) and solving these equa-
tions simultaneously, we find σ1 and σ2 within the temperature range 80–500 K. Figure 1 shows the calculated curves
of electric conductivity of the semiconductor matrix InSb (σ1, curves 5′) and the metal phase Yb5Sb3 (σ2, curves 1′).
It is seen that the temperature dependence of the calculated electric conductivity σ1 shows a more pronounced metal
character than σN (curves 1) and at T = 80 K σ1

 ⁄ σN C 28.5 and σ1
 ⁄ σM C 643 and at T = 400 K σ1

 ⁄ σN C 19 and
σ1

 ⁄ σM C 140. For InSb–NiSb, at T = 80 K σ1
 ⁄ σN C 100 and σ1

 ⁄ σM C 500. The decrease in electric conductivity of
specimens 1, 2, 3, and 4 within the temperature range 80–300 K shows that they possess a metal character. The semi-
conductor course of σM is due to the fact that metal whiskers of Yb5Sb3 and NiSb at β = 90o almost do not affect
the electric conductivity of the InSb matrix.

Proceeding from what was formulated above, at arbitrary β the formula of control for generalized electric con-
ductivity of semiconductor–metal eutectic compositions can be written as
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σβ = σN sin
2
 β + σM cos

2
 β . (6)

In the case of heat fluxes that are parallel and perpendicular to the direction of metal phases, thermal emf is
expressed by the following formulas [23]:

αN = α1 + 
ρ1 (1 + ψ) (α2 − α1)

ρ1 (1 + ψ) + ρ2 (1 + ψ) ⁄ ψ
 , (7)

αM = α1 + 

ρ1 



α1 




1 − 





ψ
1 + ψ





1
2
 + α2 





ψ
1 + ψ





1
2


 − α1





1 − 




ψ
1 + ψ





1
2
 



ρ1 








1 − 





ψ
1 + ψ





1
2



−1

 + 1 − 




ψ
1 + ψ





1
2


 + ρ2





 . (8)

Having substituted the value of ψ into Eqs. (7) and (8) and solved these equations simultaneously, we find
α1 and α2 in the temperature range 80–500 K. Figure 2 shows the calculated curves of the semiconductor matrix InSb
(α1, curves 5′) and the metal phase Yb5S b3 and NiSb (α2, curves 1′). It is seen that the calculated temperature de-
pendences of thermal emf α1 nearly coincide with the experimental values of thermal emf for both InSb (curve 5′′)
and αM. In specimens 1, 2, 3, and 4 in the temperature range 80–300 K, thermal emf increases. The α2 determined
from Eqs. (7) and (8) manifests a metal behavior and in magnitude it is closer to the thermal emf of metals. The an-
isotropy of the thermal emf of eutectic semiconductor–metal compositions is due to shunting of the emf of the semi-
conductor matrix InSb by metal whiskers of Yb5Sb3 and NiSb.

Proceeding from the above, at arbitrary β we write the formula of control for generalized thermal emf as

αβ = αM sin
2
 β + αN cos

2
 β . (9)

The generalized thermal conductivity of heterogeneous systems can be expressed by the Odelevskii formulas
[24]. For directions that are perpendicular to and parallel with the metal phase, these formulas have the following
form:

χM = χ1 










1 + 
ψ

1 − ψ
2

 + 
χ1

χ2 − χ1











 ,

(10)

χN = χ1 










1 + 
ψ
χ1

χ2 − χ1











 ,

where χM and χN are the thermal conductivities of eutectic compositions at β = 90o and β = 0o and χ1 and χ2 are the
thermal conductivities of the semiconductor matrices and metal phases. Substituting the values of ψ into formulas (10),
we can find the thermal conductivities of the semiconductor matrix χ1 and the metal phase χ2. It is found that within
the measurement error χM C χ1 and χN C χ1. It follows from these expressions that χM C χN. It is seen from the ex-
perimental data (Fig. 3) that in the eutectic composition χN C χ0, although χM ≠ χ0 and χM ≠ χN. The equality χN C χ0
shows that the contribution of metal phases at small ψ to generalized thermal conductivity is negligible and its value
lies within the measurement error of thermal conductivity χN.

With an arbitrary direction the formula of control has the form
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χβ = χM sin
2
 β + χN cos

2
 β . (11)

We note that the mechanisms of shunting that manifest themselves in electric conductivity and thermal emf
are not suitable for description of the anisotropy of thermal conductivity. The longitudinal dimensions of the metal
phases L are much larger than their transverse dimensions (L >> d), and when the heat flux is directed perpendicular
to the metal phases (β = 90o) the heat carriers — phonons — can intensely scatter on the metal phases; therefore, an-
isotropy of the thermal conductivity χ in semiconductor–metal eutectic compositions is due to scattering of phonons on
the metal phases. Within the range 0o ≤ β ≤ 90o with perpendicular fall of phonons on the surface of the metal phases
the angle of scattering is equal to 90o; it decreases in proportion to the decrease in β, and at β = 0o phonons slide
along the surface of the metal phases.

CONCLUSIONS

1. It is found that in eutectic composites of the semiconductor–metal type the kinetic effects — electric con-
ductivity, thermal emf, and thermal conductivity — are controllable, depending on the direction of the electric current,
the temperature gradient or heat flux, and the direction of metal whiskers.

2. It is revealed that in the eutectic composites of the semiconductor–metal type percolation transitions of the
semiconductor–metal type are observed, depending on the angle β between the direction of electric current I, tempera-
ture gradient ∇ T, and metal phase X.

3. It is shown that in eutectic composites of the semiconductor–metal type anisotropy of the electric conduc-
tivity and thermal emf is due to shunting of the voltage drops formed under the effect of the electric field and tem-
perature gradient. Anisotropy of the thermal conductivity is due to scattering of phonons on the metal phases.

The author would like to express his gratitude to F. M. Gashimzade, Academician of the National Academy
of Sciences of Azerbaijan, for useful comments in discussing the work.

NOTATION

d, diameter of whiskers, µm; I, direction of electric current; Kσ = σN ⁄ σM, Kα = αM ⁄ αN, and Kχ = χN ⁄ χM,
coefficients of anisotropy of electric conductivity, thermal emf, and thermal conductivity of composites; L, length of
whiskers, µm; ∆l, length of the specimen between the contacts, cm; N, density of whiskers, mm−2; S, cross-sectional
area of the specimens, cm2; ∇ T, direction of the temperature gradient; Vσ and Vα, voltage drops between the contacts,
V; V, volume, mm3; W, heat-flux direction; X, direction of metal whiskers; Z, direction of the long axis of parallele-
piped-shaped specimens; α, generalized thermal emf of composites, µV/K; β, angle between the directions of electric
current (heat flux or temperature gradient) and whiskers, X; χ, generalized thermal conductivity of composites,
W/(cm⋅K); ρ, specific resistance, Ω⋅cm; σ, generalized electric conductivity of composites, Ω−1⋅cm−1; ψ = V2

 ⁄ V1, bulk
ratio of metal and semiconductor phases. Subscripts: N and M indicate that quantities are measured parallel with and
perpendicular to the direction of metal whiskers X; β, quantities measured at the given β; 1, semiconductor matrices;
2, metal whiskers.
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