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In this paper, a new non-parabolic dispersion law has been established, which for a small parameter of the
spectrum nonparabolicity coincides with the known Kane’s nonparabolic dispersion law. The Kane’s dispersion
law works well when the well-known parameter of nonparabolicity is much less than 1, and the new law works
well enough when the parameter of nonparabolicity is less than 1. In addition, this law shows that crystals with a

1

band gap (i.e., forbidden band width) Eg ~10”

Eg ~ 10~2ey — these are metals.

eV

these are semiconductor crystals, crystals with
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I. General isotropic dispersion law

In the papers [1-5], it was shown that in the isotropic

crystals in a weak magnetic field or in the absence of
this, all their thermal and kinetic properties are described
by the computational functional J(j,v,u°,T). This
functional depends on the dispersion law () and on the
chemical potential p. For an arbitrary dispersion law and
for arbitrary chemical potential this functional has the
form:
JGvaD = [ (&) @6 (-2 ae, )
where u(¢) is the scattering function which determines
the effect of the current carriers scattering processes by
defects of crystal lattice on the crystal’s kinetic
properties, g(¢) is the density of the energy levels of the
current carriers in allowed energy bands, G(¢) =
fos g(&)de, fy(e,p) is the generally known Fermi-Dirac
function, the numerical indices j,v can have the
following values: j=0,1,2; v=20,1,2 and for the
computations of thermal properties of charge carriers gas
the index v = 0.

Quantum mechanical calculations of the kinetic and
thermal properties of the isotropic crystals established the

284

following general isotropic dispersion law:
p*
2mmy, E(e), )
where E(¢) is the homogeneous quantum mechanical
function of the energy of a charge carrier with the
reduced effective mass m,,, m is the electron mass.

Il. Allowed values of 8, u, uo and E; in
the integral I(j,v,u°, T) in normal
temperature conditions of

observation

The computational functional j(j,v,u,T) for the

dispersion law (2) has the following form:
JG.v,u, T) = U@, T)'Ne (DG, v, 1°, T). @)
This formula uses the following notations:

NC(T) _ 3\/_ (menkT)g/z

U(r,T) is the dlmensmnal temperature function, it has

the dimension of mobility and it is described by this
formula:
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U@ T) = [; Wad(0,7) + UoB(L7) + Uy 82, r)I(m)y /2 TC =2, 4)
where Uy, Uy, U; are the crystal dimensional constants, In crystals with narrow energy gaps E;, the Kane’s
which depend on the nature of the semiconductor crystal dispersion law is often observed:
and the scattering mechanisms of current carriers by the P’ _E(e) = e\ _ e

. ) =E(@E)=le+=—)=|e+B(T)=), 6
crystal lattice defects, these mechanisms (modes) are 2mmy O ( EG) ( ) A )_kT) ©)
characterized by the scattering parameter r, §(m,n) itis ~ — this law has also been calculated in t}t‘Te cited work [1].
the known Kronecker symbol, it has the following For this dispersion law, B(T) = = is the parameter

G

values: §(m,n) =1 for m =n, §(m,n) =0 for m #n,

the dimensionless functional 1(j, v, u*, T) takes the form:
0 . (rv=v/2+3/2)

1G0T = f7 B — (= L)ax.  (5)

(&) “

of nonparabolicity and the dimensionless functional
I1(j,v,u’,T) (5) is given as:

, . 0 i (x+B(T)x2)(V-Vv/2+3/2) dfo
— J —_
1G,v,u’, B(T)) = fo X +2BMDD ( dx)dx. ©)

Analysis of the functional computations of the cited and the computational functional j(j,v,r,u*,T) for the
works [1-5] shows that the quantum mechanical function dispersion law (8) is equal to:
E (&) in the dispersion relation (2) for crystals with small JG,v,r, w15, T) =U@, TY'Ne(THI(, v, 1, u1°,T), 9)
energy gaps has the following form: where

E(e) = 8(1 +é) = 8(1 +ﬁ(T)%) =~ gexp (i), (8)

1G,v,7, 10, T) = [ x @O exp(=p(T) - (4 — a(r,v) - 1) - (- = fy(x,1") ) dx, (10)
a(r,v) =r-v—-v/2+4+3/2.
It can be easily shown that the integral (10) is divergent if the parameter of nonparabolicity fulfils the condition:
kv 8.614-107°
B(M) - (a(r,v) —4-v)=(a(r,v)—4-v)- (E—)-T= (a(r,v) —4-v) -T-Tz 1.
G G
Indeed, under this condition, the integral (10) has the following value:

« ; d
G Ty = [ XCOID expBD) - @) = 4-v) - 2) - (= folw ) dx =

0

@ . d
= J xB/2+D) - exp(x) - <—d—f0(x, ,u’)) dx - oo.
o x

In order to avoid this divergence, the parameter 8(T) the above condition is described by the following
should fulfil this condition: B(T) - (a(r,v) —4 -v) < 1, formula:

thatis, B(T) < (a(r,v) —4-v)~1, then the parameter 0<p(T)<2/3. (11)
B (T) must be within the following interval of values: Let us consider the dimensionless integral (10) for a
0<B(T) < (a(r,v)—4-v) L crystal with non-degenerate current carriers. In this case,

For the index v =0 which occurs in the this integral is convergent and it has the following value:
computational functionals of different crystal properties,

I(j,v,r,T) = fooo x@TMH) exp(—x(1 + B(T) - (4-v — a(r,v)))dx - exp(u) = F(j,v,r,T) - exp(u),

where: F(j,v,7,T) =T(a(r,v) +j+ 1) - (1 + B(T) - (4 v — a(r,v))) @EV++D),

In this formula, the parameter u° is the reduced (12) vs. temperature for two values of the energy gap
chemical potential klf—T and the functional F(j,v,r,T)  Width E;1 =107?eV and E;2 = 10~ "eV.

under condition that j = 0,v = 0, is equal to: The experimental computer calculations of the
1292.10-% 5/2 functional (12) — these are described below — show that

F(0,0,n,T) =T(5/2) - (1 B T) 12) in the case of crystals with the energy gap E,1=

In what follows we give the values of the functional 102eV, the values of this functional are non-adequate,
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because they have imaginary values.

L® =1 L@ —p 1L® =R
.
) ) 2
{100 —28.8521 1.872 (10-2 ) = v 5 2y N
| - Fl=F102 1/ =1 = 1 - 120200721
150 —-1.56i 2278 L2
200 -0.421i 2.807 . NE)
— | 5 L2/
L=| 250 —0.17% 33523 F2=Fl10 l,r_:'=1":;:-|.1—1_292-1u T
300 —0.095i 4.529 v
350 —0057 35.98
\ 400 00371 8.191 )

Scheme 1. The diagram of computer calculations of functional (12).

It should be emphasized that the functional (12)
determines the current carriers concentration in a crystal
as well as several its important properties and this
functional occurs in the neutrality equations. In this
regard, these results of calculations of this functional
seem to deny the existence of crystals with the energy
gap width E,1= 1072 eV, since for the normal
temperature conditions of observations, when the
temperature of the crystal T =~ 102 K, this functional has
an imaginary values. But in the low temperature interval,
when the temperature of the crystal T ~ 10 K, the

values of the functional become real.

Crystals with the energy gap width E;1 ~ 1072 eV
may exist, but they must be classified as metals, in which
the concentration of current carriers does not depend on
temperature and it equals n ~ 1022 cm-3. These crystals
are strongly (highly) degenerate, that is their reduced
chemical potential u* >= 4.

This concentration according to the Sommerfeld
approximation is described by the following formula:

® d
n = Ne(T) - 1(0,0,7, 1, T) = Ne(T) - j X - exp(B(T) - a(r,0) ) - (= foru) ) dx =
0

= Ne(T) - Jomx% " exp <B(T) gx) . (‘ifo(x'W)) dx =

=G (o) + (L — o) -

3/2
In this equation, G(u0)=%(%) .

,ug/zexp(3/2 “0) to =" - kV - T, and p, is the well-

known Fermi Ievel This equation is called the neutrality
equation for crystals with highly degenerate current
carriers. It falls into two parts.

One of these parts has no explicit dependence on
temperature:

_ , _ G(uo)
n=G(uy) that is 1 = — (14)

and with the use the formula (14), it is possible to
calculate the Fermi level .

The second part of the neutrality equation (13) has a
temperature dependence:

dG(ﬂO) (kT)Z d? G(#o) =0 (15)

(1 — o) - dito FEP

1=

Go) _1 8 (anmnk)3/2 3/
n n 3w\ h%kv
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dG(Ho)

Uy exp(3/2 _)_ Ky

2 d* G(#o)
— - (kT)* - P

with which we can easily determine the chemical
potential of degenerate current carriers:

2 1 d?G (o)
1= U <1 - % “demgy - (kT)? - :‘) > (16)
duo
or
. . 2 1 d*G(ug)
W= uo<1 — % wamy - (KT ﬁ) )
dueg

In the formula (17), the reduced quantities u° = ;

kv-T
uy = % are denoted by dots.

The Fermi level u, which is in the formulas (16) and
(17) should be calculated with the use of the formula
(14):

4.543 - 1021 -mn3/2 30

- exp(3/2 - —)

(13)
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and it leads to the following equation;
4.543-10%1
1= (5

This equation has an adequate solution only if the
Fermi level u, eV fulfils the condition g—" =z<1,and

G
its approximate root has this value:

z= Z—O ~ 107%, that is py ~ 1071 - E. (19)
G

It was previously proved that the nonparabolicity

parameter should meet this condition:
_ kV-T _ Mo _ 1.292:1072 T
15-B(N) = 1557 = 1'5'E_Z‘T'(F) < 1. (20)
Now we consider this inequality under normal
temperature conditions of observation, when the crystal’s
temperature becomes T ~ 10%K.
For crystals with with a narrow energy gap E; =
10~2eV, the condition (20) is written as follows:
T
1.292 - (—) <1,
- .102 -
and this means that calculations of the properties of such

crystals will be adequate at a low temperature of

T

observation in degrees Kelvin (F) ~<1 K. This is an

)" en() = (

4.543-1021

2/3
) -mn - E; - zexp(2). (18)

n

area of low temperatures, and crystals with this
characteristic belong to the class of metals.

For crystals with energy gap E; ~ 107eV, the
condition (20) is written as follows:

T
1.292 - (103> <1

This condition for such crystals ensures the adequacy
of calculations of their thermal and kinetic properties
over the entire normal temperature interval.

Calculations given here show that crystals with the
energy gap E; ~107'eV belong to typical
semiconductor crystals, and crystals with E; ~ 1072 eV
belong to metal crystals.
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3akoH aucnepcii HOCIIB CTPYyMY KPpHCTAJIA, IX XiIMiYHMHA OTEHIIa i MHOKMHA

BaKJIMBHX BJIACTUBOCTEH KPUCTAIIB

Hayionanenuii ynisepcumem «/Ivsiscoka nonimexuikay, m. Jlvsis, Yxpaina, jabudjak@ukr.net
2Kpam’ecbm nonimexuika, m. Kpaxie, ITonvwa, tadeuszwaclawskio0@gmail.com

B naHiit po6oTi 00TpyHTOBaHWMI HOBWII HEmapaOONiYHHUN 3aKOH TUCIIEpCii, SKHH MPH MajJoMy HapaMmeTpi
HerapaboTiTHOCTI CIeKTpa CHIBIAJae 3 BiIOMUMHenapabomivHUM 3akoHOM fucnepcii Keltna. 3akon mucmepcii
KeiiHa no0Ope mpaIfoe KOJM 3aralbHOBIIOMHI TMapaMeTp HemapaboNidyHOCTI 6araTo MEHINWH BiJ OJWHMII, a
HOBHI 3aKOH JIOCUTH J00pe Mpalfoe Npy napameTpi HermapaboaiuHOCTI MeHIIINM BiJ oauHuLi. KpiMm 1poro e
3aKOH MOKa3ye 110 KPUCTalH 3 IIMPUHOK 3a00poHeHOi 30HH Ej ~ 107! eV — 1e HamiBNPOBIAHUKOBI KPHCTANH,

KPUCTAJH 3 EG ~ 10_2 eV — e meranu.

Kiwouosi cioBa: 3akoH mucriepcii, XiMiYHINA TOTEHITIaN, METAIH, HAIIIBIPOBITHUKOBI KPUCTAIIH.
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