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1
It is shown that when a conductive crystal with electric field strength E and atemperature gradient N rf T is

1
placed in a magnetic field with an induction vector B, processes of charge and heat carriers transport occur, and
they can be described by known generalized electrical conduction and heat conduction equations. The tensors and
scalar coefficients that make up these equations are the kinetic properties of crystals. They describe the nature of
actual properties of crystals and have a wide pragmatic application in modern solid-state el ectronics. The process
of spatid quantization of the spectrum and its influence on the kinetic properties of crystalsis also analyzed.
K ey words. Gibbs potential, chemical potentia, dispersion law, whisker, thermoel ectrics.
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I ntr oduction

The well-known phenomenological theory of kinetic
properties of the solid state gives an understanding of
how to determine the main Kkinetic properties of
semiconductor crystals, e.g. the energy spectrum &(p), the
scattering function u(e), and the reduced chemical
potential u [1-4]. These properties allow predicting the
characteristics of crystals and their potential application
[5, 6]. The kinetic properties of the semiconductor
crystals can also be considered in the framework of the
statistical theory of the solid state. In this paper, a
theoretical anaysis of experimental thermoelectric
characteristics of silicon-based whiskers is done with the
use of previously published kinetic theory model [7-9].
The data of thermoelectric characteristics of S whiskers
are taken from [10-12].

|. Elements of the General Theory of
Kinetic Propertiesof Crystals

The kinetic properties of conductive crystals are
determined by the concentration of free charge carriersin
the crystals and the nature of their motion in the
interstices of the crystal lattice.
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In a state of thermodynamic equilibrium, free charge
carriers move chaotically, their average energy is stored,
and entropy of the entire charge carrier set is highly
important. It is a thermodynamically equilibrium charge
carrier gas.

The presence in the crystal of drilft perturbations,
namely, an eectric field with intensity E , atemperature
gradient N, T, (these perturbations can exist in the crystal
simultaneously) causes the charge carrier gas to escape
from the state of thermodynamic equilibrium and
transform it into a nonequilibrium ensemble of particles.

In this case, a drift force le acts on each particlewith ze
charge[7-9]:

r r ) r r
Fy=zEy; Eq=E- (1)

where e - eectron charge, z=+1 - charge sign, e -
average charge energy, K — Boltzmann constant, T —
crystal temperature.

Due to the action of the drift force I'Zd, al charge

carriers begin to move at a drift velocity \'/d that depends
on both, I'Zd and the crystal properties. The presence of a

drift velocity \'/d causes the flow of particles. In this
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case, there is a transfer of eectricity, heat (energy) etc. particles. Such a large canonica ensemble, as shown in
Consequently, in the presence of drift fields, the set of [7], taking into account the spin degeneracy, is
charge carriers in crystals becomes a large canonical characterized by a large thermodynamic Gibbs potential :

nonequilibrium ensemble with a variable number of

{ ggn+bmf - ef ¥ G(e
W=-2kTéIn%1+exp(}¢%/l: - © . —de 2
P 8 KT h 0L g&- m- Dmp 9

In equation (2) b - wave vector of the charge carrier, e{, - dispersion law of charge carriers, a Dm,r) - the
change in the chemical potential of one particle under the perturbations that move out a crystal from the state of
thermodynamic equilibrium. When there are no such perturbationsDn’g =0.

The value of Dy was calculated in paper [7], where it is shown that Drv( p) isan odd function of p and has

1
the following meaning for an isotropic crystal in a magnetic field with an induction vector B :

Ri(e)d;i + 2u(e)’d;
om() = Bl Bre) ey = S o

B +u(e)3BiBj 9|£ i i
g d(B) ; d a(B) =1+ (u(e)B)’ €)

In formula (3), dij and dij| — Kronecker delta and Levi—Civita symbol, u(e) —dimensional scattering function that

describes the influence of charge carrier scattering processes on crystal lattice defects on the kinetic properties of a
crystal.

The cited papers show that in a crystal characterized by a large thermodynamic Gibbs potentia (2), there are
processes of transfer of electricity and heat, which are described by the following generalized equations of electrica
conductivity and thermal conductivity:

=(ri(8)) + rR(B) B~ !iJJ+(aij (B)RrT+N(B)B Ry @

E=(r
4= B)i +P®AB" i|- (c; (B)R;T +s(B)B” NfT| ©)

In equations (4) and (5), symmetric tensors (r i (é)) and the relativly simple phenomena of electrical

] ] ] i ’ conductivity and thermal conductivity in the crystal are
(aij(B))’ (pij (B)) (C ij (B)) respectively, are symmetric  complicated. In this case, additional transverse galvanic
tensors of resistivity, Seebeck coefficient, Petier  and thermomagnetic effects appear.
coefficient, and thermal conductivity of the crystal, The galvanomagnetic effects are due to the action of
which must be experimentally determined or the magnetic field on the ohmic part of the éectric
theoretically calculated. They are even functions of a  current, and the thermomagnetic effects on the thermal
magnetic induction vector. part, according to the generaized conductivity equation

The coeffici ' N(B) are the coeffici @. N .

e coefficients R(B) and N(B) aret E(?OET aients Kinetic tensors and coefficients in equations (4), (5),
of the transx_/erse Hall and Ner_ngt—Ettlngspausen in addition to determining the nature of the important
galvanomagnetic effects, and the coefficients P(B) and  kinetic properties of the conducting medium, have wide
S(é) are the Nerng and Righi—Leduc transverse application in the problems of predicting synthesized

. . . crystals with given properties.
thermomagnetic effects. In isotropic crystals, these oL L . .
coefficients are scalar even functions of magnetic The magnetic field B in the crystlgl is considered
induction, e R(B)=R(-B), P(B)=P(-B), Weakif the condition is satisfied (u(e)B)2 <<1. Under
by — NP M - o this condition, or in the absence of a magnetic field, all
N(B) = N(- B), S(B) = S(- B) four kinetic tensors degenerate into scalars, and then all

Andlysis of equations (4), (5) shows thal an iSolropic e jmportant kinetic properties of an isotropic crystal are

crystal placed in a magnetic field becomes anisotropic,
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described by a set of such scalars: r (m' ,T), a(m' ,T),
ol 7). c(m.T), ROW . T), N(M,T), P(M,T),

S(m ,T)

All these Kkinetic coefficients for crystals with
macroscopic sizes, as shown in [7-9], can be calculated
using the design functional:

¥
. i i fo O
JG,j,m,T)= O('U(X,T)JG(X,T)ge- hE:)dx, (6)
0 e Uxg

The functional (6) depends on the dispersion law
e(p)-

The dispersion law is an analytical formula e(p)
that describes the dependence of the charge carrier
energy of acrystal on its quasi-momentum p .

The dispersion law e(p) is a complex guantum

mechanical problem. For isotropic crystals, quantum
mechanical gudies substantiate the following general
isotropic dispersion law:
2 2 2 2
Px*+Py*Px_ p - E(e) ©)
2mm, 2mmy,

In equation (7) E(¢) — the homogeneous quantum-
mechanical firg-order energy function with respect to a
parameter KT, m — eectron mass, m, — the relative
effective mass of the crystal charge carrier.

The function E(¢) is a homogeneous of first-order if
for all values of kT-parameter the equation holds
E(kTe) = KT E(e) -

The above mentioned analysis of datistical
calculations of the therma and kinetic properties of
crystals showed that they all have an analytical
dependence on the dispersion law (7), from which al the
caculated parameters of the algorithmic calculation
formulas have an analytical dependence. The following
parametersinclude:

0(¢) — the density of energy levels in the allowed

Ge) = e‘m(e)de , scattering function u(e) that describes
0

the influence of charge carrier scattering processes on
crystal lattice defects on the kinetic properties of crystals.
For the dispersion law (7) these values are the following:

8 a@pmm o -
Gle)=—— n =
(e) S S
—_() ﬂﬂpmmgz 172 E

9le)=—o, "B, E OF=

G(x.T)= N (T)E€¥?(x)

E3/2 (e)

21 o
90 T) =5 NeMET 6 g
8 aZpmm, kTo3/2
N = =
(1) 3\/53 h> g
u(e) =u (Mpi I =
g i)
(T)p2r 3$dipo
gdeg
-39
u(x,T)=U(r,T) xE—(X)
aE(X)
(; -
e dx g

In the latter formula U(r, T) — dimensional function
of temperature with dimension of mobhility, it is described
by the following equation:

energy zones of charge carriers in crystals,
a1 y - .
u(r,T) = g?(u Ad(0.1) +uod(1r))+u|d(2,r)§(mn)“ YAy (8)
where U,, Uo, U; — dimensional crystal constants that depend on the nature of the crystal and the nature of the charge

carrier scattering mechanisms on crystal lattice defects, and d(m,n) — Kronecker delta: d(m,n)= 1, if m=n,
d(m,n) =0,if m#n; r —scattering factor, r = 0 — for scattering on acoustic phonons of the crystal lattice, r = 1 —for
scattering on optical phonons of the crystal lattice, r=2 — for scattering on ionized impurity atoms of the crystal lattice.

For the dispersion law (7), the design functional J(i, j,m,T) equals

J@i,j,m ,T) = og——u(e) G(e)g— —:de u(r, T) Nc (Mo ox ——— jjx

=U(r,T)j NC(T)I(i, j,m ., T),

¥ E(x)(rJ /+/2 aaif

BEN G &g

e d&x g
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where dimensionlessintegral | (i, j,m,T) equals:

SEW & +/2 el
I(i, j,m b(T))— —_— :dx (10)
BEX G & D

ngﬂ

For an isotropic parabolic dispersion law, the h E. — _ kT _
function E(X) has next value: where Ec — crystal energy bandgap, p(T) e
E(x) =x (11) . G

and for the Kane dispersion law, the function E(X) is: nmegagg'rmg:rnzrggpady sas Es, as a rule the

E(x) = x§+lg: x(1+b(T)x)’ dispersion Iaws_ of electrons anc_i holes are described by
Es g the nonparabolic Kane dispersion law. Therefore, the
dI(Ej(x) =14 2b (T)x (12) dimensionlessintegral | (i, j, m,T) for such crystalsis
X

(rj- j/2+3/2)
G by = o ERT 22 7% 6y, g e[ o 100
P O( 2] Qd - 2] &
o @EXg edxg | (1+2b(T)x) é Txg
& dx g
In wide-bandgap crystals Eg, the nonparabolicity parameter b(T) _:;_T <<1® 0, that is why this integral for
G
such crystals has a Taylor approximation:
¥ o \(ri- j12+312) .
G, j,m,b(T)) = ¢ ferome) & Mo G @1, j,m 0)+
iJi ) O( 2] Y J
o (1+2b(T)x) e xg
aal (i, j,m,b(T))0
+ (i,] (T) o “b(T)+... Fe. J)(m)+(|(| i)-4j- ) (G, J)+l(m)><b(T)+ (13)

db (T) EB(T) -
In this equation F; ;) (m') —isawell-known Fermi integral with index | (i, j) =i +rj - %+%,which hasthe

following asymptotic propertiess F(m' ) @3(l +1L)exp(m ), foo m <-4, where G(l +1) — gamma Euler
function; F (m') @(m‘ )I Jfor m > +4.

These values are for the dimensionless integral I (i, j,m ,b(T)) in case of isotropic crystals with parabolic

dispersion law, where the nonparabolicity parameter b (T) = k_T =0-
E

G
Equation (13) can berewritten as:

1G, j,m,b(T)) @F, ;) (m )él+(|(' j)- 4j- )L;()) (T)g (14)
I i,
Such an approximation will beadequatelfthecondltlon ismet: Y |
(1G.j) - 4j - i)—F“““*l’(m') X (T)=F(,j,m)x(T)<1
Fl(i,j)(m')
Under this condition, equation (14) can be approximated by a function that is convenient for calculations:
L(i, j,m',b(T)) @F ;, (m)exp(F(i, j,m) >0 (T)) (15)
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nature of the kinetic properties of crystals and it can be
used to solve the problem of prediction of the crystal

II. Analysis of Experimental properties.
Ther moelectric Characteristics of Si- Using functional (6), the resistivity r(m' ,T) of the
Based Crystals crystal, the thermodectric Seebeck coefficienta m,T),

In paperg7-9], the formulas of kinetic properties of and the concentration n(m,T) of crystal charge carriers
crystals are analyzed in more detail for their application ~ With macroscopic dimensions and isotropic parabolic
to the analysis of experimental data in order to elucidate  dispersion law are described by the following agorithmic
the nature of the corresponding crystal properties. The ~ formulas[9]:
general concluson of such analysis has shown that the
general agorithmic functional adequately describes the

C(m Ty = £300m.T) 1 1 1 _
en JoLm,T) e J(Olm T) e a6
U(r,T)NC(T)OO( ga—bdx
1 1 (16)
€ U(r, T)Nc(T)F4y(m)

eF .. u
a(m Ty =8¢ oeJ(le )y Yoz e (M) Cm 17

eze@@J(ol 1) 6 €ZedgF (M) H
n(m,T)=J(0,0,m,T) (18)

We now apply formulas (16) and (17) for a brief analysis of the works [10-12]. In these works, we present
experimental data of r (m' ,T) and a (m' ,T) for p-SiGe whiskers with a microscopic thickness d, in which a spatia
guantization of the energy spectrum of charge carriersis observed. In thisregard, as shown in [9], such crystals have a
correlation between kinetic properties and thickness d. This correlation arises because the total design functional (6)

through the dispersion law has a dependence on d.
Asshownin [9], thetotal design functional (6) under these conditions equals:

3G, j,m ,d) @J(r,T) Ne (T)Ryg jy (M ) exp(- F(i, j,mi,d) <22 D(r)) (19)
F ; Fo o)
where F(i,j,m',d):3\/ay (i+rj—%+1) 91_ 1 (|+rJ /}/)g (T)O

F ,
(i+rj-%+%)8 2\/_ (|+r] /+1) e d g_

Q-

d]/z 745540° - de Broglie equation (20) takesthe following form:
D( ) - A2
2mm T6
S L a?npKﬂ d>1p(T), thus oM 4, or
€ d
wavelength in cm 2
The condition under which functional (19) exists is géD—(T)Q <o 4 (21)
described by the following equation: e d g d
) and conforms to the general laws of quantum mechanics,
1 ('+rJ % % (20) because under the general observation conditions, the

P radius of a wire-like crystal cannot be equal to or less

than the radius of a hydrogen atom.

) S ) Functional (19) reduces formulas (16) and (17) to the
The numerical coefficient in this equation for non- following form:

degenerate charge carriers with chemical potential
m £-4 is of the order of one. Under this condition,

2\/5 (I+I’J-A+1)( )
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r(m,T,d) =£Y

a(m,T,d)=¢c—=&

1 (22)
. . | (T
© U1, T)Ne (T)Fag) (M ) exp(- F(OLm ,d)x%)
€ oo (M )exp(- FaLmi ,dyx 2Ty U
65‘k og (r+2) P ’ d . 3 (23)
B0 oy (m exp(- FoLm )¢ 2y

Formulas (22) and (23) show that, in the presence of
a spatial quantization of the energy spectrum of a charge
carrier, the kinetic properties of such a crystal have an
andytical dependence on its microscopic size d. This
dependency is described by the following correlation
function:

K (d) = exp(- E(i, j,m ,d)x'Ddﬂ) (24)

The genera functional anaysis of formulas (22)-(24)
shows that they describe qualitatively and quantitatively
the results of experimental studies of kinetic coefficients

r(m,T,d) anda(m ,T,d) obtainedin[10-12].

Conclusions

We have shown that the theoretical model of the

[1]
[2]

kinetic properties of semiconductor crystals adequately
describes the nature of the actual kinetic properties of
crystals. The proposed general formulas of kinetic
properties of crystals alowed quaitativedy and
guantitatively describing the experimental thermoelectric
characteristics of Si-based whiskers.
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A.C. bynxak, A.O. Hdpyxunin, C.1. Hiukano

TeopeTnuHuii aHAJII3 eKCIIEPUMEHTATBLHUX TEPMOEJTCKTPHYHUX
XapPaKTePUCTHK HUTKONMOAIOHNX KPUCTAJIIB HA OCHOBI KPEMHII0

Hayionanvruil ynieepcumem «/Ivgigcora nonimextixa», JIvgig, Yxpaina, druzh@polynet.Iviv.ua

1
V po6oTi 1moka3aHo, 10 KOJIH B MPOBIAHOMY KPHCTalli CTBOPHUTH EICKTPUYHE Ioje 3 HanpykeHicrio E Ta
1
IpaJlieHT TeMIepaTypH NI',' T i momicTury Leil KpUCTal B MarHiTHe moje 3 BeKTOpoM iHaykuii B, To B HBOMY

BUHHUKAIOTh IPOLIECH IIEPEHECEHHS HOCIIB 3apsay 1 TEIUIOTH, sIKi OMHCYIOTHCA BiIOMHMH Y3arajlbHEHHMH
PIBHSAHHSMH €JIEKTPOIPOBIJHOCTI 1 TerwonpoBifHocTi. TeH3opu 1 ckalsipHi KoedillieHTH, SKi BXOIATh B CKJIAJ
IMX PIBHSAHB, 1€ KIHETHYHI BJIACTMBOCTI KpHUCTaJliB. BOHM ONMCYIOTH NPHUPONY AaKTyaJlbHHX BIIACTHBOCTEH
KPUCTAJIiB 1 MalTh LIMPOKE IPAarMaTH4YHE 3aCTOCYBAHHSA B Cy4acCHiN TBEPAOTUIH €IEKTPOHILi, OMHUCYETHCS
POLIEC IPOCTOPOBOr0 KBAHTYBaHHs CIIEKTpA Ta HOro INIMB HA KIHETHYHI BIACTHBOCTI KPHCTAJIIB.

KirouoBi ci1oBa: norenuian [166ca, XiMivyHHI MOTEHIIIA, 3aKOH JIUCHEPCii, BicKep, TEPMOEIEKTPHKA.
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