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ABSTRACT
In the n*(p*)—A;;_B,- crystalline alloy, 0 =x=1, x being the

concentration, the optical coefficients, and the electrical-and-
*Corresponding Author
Prof. Dr. Huynh Van

Cong
Universite de Perpignan Via donor (acceptor) d(a)-radius, given in Equations (1a, 1b), (ii) our

thermoelectric laws, relations, and various coefficients, being enhanced

by : (i) our static dielectric constant law, £(rara.x), raca being the

Domitia, Laboratoire de accurate Fermi energy, Eg, gy, given in Eq. (11) and accurate with a
Mathematiques et Physique
(LAMPS), EA 4217,
Departement de Physique,
52, Avenue Paul Alduy, F-
66 860 Perpignan, France. our optical-and-electrical conductivity models, given in Eq. (18, 20),

precision of the order of 2.11 x 10~* !, affecting all the expressions of
optical, and electrical-and-thermoelectric coefficients , (iii) our optical-

and-electrical transformation duality given in Eqg. (15), and finally (iv)

are now investigated, basing on our physical model, and

Fermi-Dirac distribution function, as those given in our recent works.™ 2 Then, some
important remarks can be repoted as follows. (1) From Eq. (16), by basing on: n(E, rg¢.;)
and (N, r405.% T.E), determined in Equations (17, 18), one obtains: (i) as E = E ni(gp1), ONE
gets: k(E) = 0, ,(E) = 0, « (E) = 0, and o5(E) =0, as those obtained in our previous
work!?, and (ii) as E — o, n(E) — constant, o, (E) — constant, o« (E) — constant, R(E) —

constant, ®(E) = 0, =,(E) — constant, and =,(E) = 0, as those obtained in our previous
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work.!! (2) From Equations (20-26), for any given X, rars) and N (or T), with increasing T (or

decreasing N), one obtains: (i) for ;) =*Jl'"?: =~ 1.813&, while the numerical results of the
v

Seebeck coefficient S present a same minimum (S}mm{ﬁ —1.563 x107* K), those of the
figure of merit ZT show a same maximum (ZT)., = 1, (ii) for &,.,, =1, the numerical
results of S, ZT, the Mott figure of merit (ZT )., the first Van-Cong coefficient VC1, and
the Thomson coefficient Ts, present the same results: —1.322 xiﬂ“‘% , 0.715, 3.290,

I'E
JF = 18138,

(ZT)mee = 1, as those given in our recent work.M 1t seems that these same results could

1.105 x 1ﬂ‘4£, and 1.657 x 1:]‘45 respectively, and finally (iii) for &yp) =

represent a new law in the thermoelectric properties, obtained in the degenerate case

(Eagp) 2 0).

KEYWORDS: Optical-and-electrical conductivity, Seebeck coefficient (S), Figure of merit
(ZT), First Van-Cong coefficient (VC1), Second Van-Cong coefficient (VC2), Thomson
coefficient (Ts), Peltier coefficient (Pt).

INTRODUCTION

In the n*(p*) — A;1_ B.- crystalline alloy, 0 = x = 1, x being the concentration, the optical

coefficients, and the electrical-and-thermoelectric laws, relations, and various coefficients,

being enhanced by :

(i) our static dielectric constant law, =(ra;4).%), race) being the donor (acceptor) d(a)-radius,
given in Equations (1a, 1b),

(i1) our accurate Fermi energy, Egneg), given in Eq. (11) and accurate with a precision of the

order of 2.11 x10% [9], affecting all the expressions of optical, and electrical-and-
thermoelectric coefficients ,

(iii)our optical-and-electrical transformation duality given in Eq. (15), and finally

(iv)our optical-and-electrical conductivity models, given in Eq. (18, 20), are now
investigated, basing on our physical model, and Fermi-Dirac distribution function, as
those given in our recent works.™*?

It should be noted here that for x=0, these obtained numerical results may be reduced to those

given in the n(p)-type degenerate A-crystal.’*®! Then, some important remarks can be

repoted as follows.
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(1) As observed in Equations (3, 5, 6), the critical impurity density Nepneng), defined by the
generalized Mott criterium in the metal-insulator transition (MIT), is just the density of

electrons (holes), localized in the exponential conduction (valence)-band tail (EBT),

N&patcop) being obtained with a precision of the order of 3 x 1077, respectively, as given in

our recent works.®! Therefore, the effective electron (hole)-density can be defined as:
N* =N — Nepn(eop) ® N — N&aieng, N being the total impurity density, as that observed in

the compensated crystals.

(2) The ratio of the inverse effective screening length k.., to Fermi wave number kg,

at 0 K, Ry, (N*), defined in Eq. (7), is valid at any N*.

(3) One further notes that: (i) oo (N, rs5.x T.E), given in Eq. (18), increases with increasing E
for given (N.ryy.xT )-physical conditions, (i) as E =E_,(eon (NoracxT) |
oo(N,r4r0.% T,E) = 0, as investigated in our previous work [2], and (iii) as E — oo, the

above result is reduced to the highest one, oyq, as given in Eq. (19).

(4) Further, from Eq. (16), by basing on: n(E, ra,;) and og(N.ryrp.x T.E), determined in
Equations (17, 18), one obtains: (i) as E =E_,1(z1), One gets: k(E) =0, =,(E) =0,
x (E) = 0, and 0,(E) = 0, as those obtained in our previous work, and (ii) as E — oo,
n(E) — constant, o (E) — constant, o< (E) — constant, R(E) — constant, k(E) — 0, £, (E) —

constant, and £,(E) — 0, as those obtained in our previous work.™

(5) Finally, for any given X, rarayand N (or T), with increasing T (or decreasing N), one

-
obtains: (i) for £,ipy = *JI“? = 1.813€, while the numerical results of the Seebeck coefficient S

present a same minimum (S}mm{ﬁ —1.563 x 1{]“‘;{), those of the figure of merit ZT show a
same maximum (ZT) ., = 1, (ii) for &, = 1, the numerical results of S, ZT, the Mott
figure of merit (ZT)y. the first Van-Cong coefficient VC1, and the Thomson coefficient Ts,

present the same results: —1.322 x 102, 0.715, 3.290, 1.105 x 10, and 1.657 x 107+Z,

respectively, and finally (iii) for En.;p;.zﬂl?a 1.8138, (ZT)wuew = 1, as those given in our

recent work.™ It seems that these same results could represent a new law in the

thermoelectric properties, obtained in the degenerate case (£, = 0).
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(6) Finally, our electrical-and-thermoelectric relation is given in Eq. (31) by:

kg , _ 85 D(NraxT) v\ kg _ [3xL L
- X VC2(N,rgr.% T) = TR [K) et according, in this work,
to:

) _ _ D(NrgaxT) ETD Mot ¥[1-(ZT Mot - D
VC2(N,rgr.xT) = e X 2 X it (V) being reduced to:7, VC1

and VC2, determined respectively in Equations (24, 27, 28). This can be a new result.

OUR STATIC DIELECTRIC CONSTANT LAW AND GENERALIZED MOTT
CRITERIUM IN THE METAL-INSULATOR TRANSITION

First of all, in the n*(p*) — A;;_ B~ crystalline alloy at T=0 K™, we denote : the donor
(acceptor) d(a)-radius by rara), the corresponding intrinsic one by: ryqrag=ra, the effective
averaged numbers of equivalent conduction (valence)-bands by : g.¢w) , the unperturbed
relative effective electron (hole) mass in conduction (valence) bands by: mg(x)/m,, m,
being the free electron mass, the unperturbed relative static dielectric constant by: ¢, (x], and

the intrinsic band gap by: E_, ().

Therefore, we can define the effective donor (acceptor)-ionization energy in absolute values

as:
Edn,:m}(x]=135W[imi;']-‘fx3"m”] meV , and then, the isothermal bulk modulus, by
ola”
Edo(ao)

Bao(ao)(¥) = (T )x(raotea)”

Our Static Dielectric Constant Law
Here, the changes in all the energy-band-structure parameters, expressed in terms of the

effective relative dielectric constant =(ra.).x), developed as follows.

Al rara) = r'darae) the needed boundary conditions are found to be, for the impurity-atom
volume V= (41/3) x (rarm)’, Vot = (41/3) X (raome) , for the pressure p, p, = 0, and
for the deformation potential energy (or the strain energy) @, a, = 0. Further, the two
important equations, used to determine the a -variation, A @ = a —a, = a, are defined by :
dp da

__B __da i ioa i . 4 doy B i - .
e and p=—_, giving rise to : (- == Then, by an integration, one gets:

[Ea{rﬂiﬂf"x:]]u::p:,:BﬂD:janj {xjx(v_vﬂnianj)x In (1*?:1::'“\'-): Eappaoy (%) [(r;:::;)- - 1] bt lﬂ(r;:::;.l)- = 0.
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Furthermore, we also showed that, as ra(a) = ras(as) (Taa) < rde(as)),» the compression
(dilatation) gives rise to the increase (the decrease) in the energy gap Egn.;gp;.{rd.;a;.JX}, and the
effective donor (acceptor)-ionization energy Eacs(racay %) in absolute values, obtained in the

effective Bohr model, which is represented respectively by : + [ﬁa(rd,:a},x]]m,p},

Eplx)

Egunujgpnj':rdujayx:] _Egn{x:] = Elﬂl:s.j{rﬂ[ij-'x:] _Ednujanj':x:] = Ednujanj':x:] bt [( ]‘ - 1] =+ [‘ﬁa{rdujayx:]]m:m,

E(Taray)
for Tdia) = I'do(ach and for Id(a) = I'dofac)

Eol®]
Eg‘un[gpnj{rdujayx:] - Egn{x:] = Eﬂ[!.j{rlﬂ[ij-'x:] - Ednujanj{x:] = Eﬂl:ujal:-j (=) x [(m

) - 1] = - [8a(rae )], .

Therefore, one obtains the expressions for relative dielectric constant e(ra4x) and energy

band gap Egn(ep) (raca.x), as:

Eq (X

(i)-for rare) = ragragy,  SiNCe =(rga,x) = < g,(x), being a new

T g BT, g
,\;1+ lz-rdnl;j:?:lj} _l]xmli-rdu;:?:lj}
E(I‘d,:a},x:]l-law,
Y rar 43
Eg‘l:ll:ll:gpﬂ:l(rﬂl:i}'le - Egnl::f{-:l = Eﬂ,:ﬂ[rﬂ,:ﬂ.le - Ednljanj[x:' = Eljl:ll:ﬁ.l:ljl::le bt [{r;:-;:.ﬂ:-::l - 1] b4 lﬂ (r;:-;:.._-,:-::l :_? D_. (18.)

according to the increase in both Egniep (race.x) and Egep (raco.x), With increasing ryw; and for a

given x, and

£ (X
" Tdrm 5_ " Tdra
[-rdnujanj} l]xmli-rdu[anj}

given by: [(—”u—) - 1] % In (—”LL) <1, being a new &(r4;q).x)-law,

Tdo{ao) Tdo {ac)

(ii)-for Tdra) = Tdafao) since E(I‘d,:a}_.}{}: T

- > £,(x), With a condition,

N

w8 e w3
Eg‘unl:gpnj(rﬂl:s,}'x:l - EgDI:X-:I = Eﬂl:s,:llirﬂl:ﬂ'x:l - Elﬂl:-l:!:l:‘l[:'::l = _Edn[gnj':xj' e [(rrd'i' ‘] - 1] et 1!][: Td_:_ﬂ::] =0, (1b)

dafea}s Tea )

corresponding to the decrease in both E gz (Fata)x) @nd Egey (raew.x), With decreasing rye

and for a given x.

It should be noted that, in the following, all the electrical-and-thermoelectric properties

strongly depend on this new &(ry;4), x)-law.
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Furthermore, the effective Bohr radius agngp)(raca,x) is defined by:

frar ﬁ1 rar
2ra@IXR 535 1078 cm x ZF42Y 2)

Mgy (X< mgxg® Mgy ()

agn(Bp) (Td(@)y%) =

Generalized Mott Criterium in the MIT
Now, it is interesting to remark that the critical total donor (acceptor)-density in the MIT at
T=0 K, Nepn(wop) (Taca,%), was given by the Mott’s criterium, with an empirical parameter,

Mgy as>

1,
Neon(cop) (Tara)» %) /3 X agn(ep) (Taga)X) = Ma(g), Mngp) = 0.25, 3)

depending thus on our new &(r4;q),x)-law.

This excellent one can be explained from the definition of the reduced effective Wigner-Seitz

(WS) radius ren(zp), in the Mott’s criterium, being characteristic of interactions, by :

Fan tspat (N Fagay %) = (m)l X ———— = 11723 x 10° x {ﬁ]l . ZepnGPXma (4)

SgnepiTam)*) E(Ta gyl

being equal to, in particular, at N=N¢pu o) (Faga)x): rsn.;gp;.,},{Nmn.:cnp}(rd.:@,x} rd,:ajjx}:
2.4813963, for any (rsa).x)-values. Then, from Eq. (4), one also has:

T8z

1/ 2 1
MNeoncop; (Tae %) F % ﬂau:iaph{t"d::s_‘nx} = (;)3 X o amiases_ 3= (WS)nip) = Mugp), ()

explaining thus the existence of the Mott’s criterium.

Furthermore, by using M, = 0.25, according to the empirical Heisenberg parameter

H 0.47137, as those given in our previous work™, we have also showed that Nepgcop)

n(p) =
is just the density of electrons (holes) localized in the exponential conduction (valence)-

band tail, Ngpacpp)» With a precision of the order of 2.82 (2.88) x 1077, respectively."!

It shoud be noted that the values of M, and H,.; could be chosen so that those of

Nepaccog) aNd NED o cpp) are found to be in good agreement with their experimental results.

Therefore, the density of electrons (holes) given in parabolic conduction (valence) bands can
be defined, as that given in compensated materials:

N*(N,ra7a,%) =N — Nepninpp)(Tara),%)= N¥, for a presentation simplicity. (6)

In summary, as observed in Tables 7 and 8 of our previous papert®, one remarks that, for a

given x and an increasing rsa , €(rara)x) decreases, while Egno(epe)(TacapX)
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Nepn(nog) (Taca»x) and Ncnn,mp}(rd(a}lx} increase, affecting strongly all electrical-and-

thermoelectric properties, as those observed in following Sections.

PHYSICAL MODEL

In the n*(p*) — A1) B,- crystalline alloy, the reduced effective Wigner-Seitz (WS) radius
renisp) Characteristic of interactions, being given in Eq. (4), in which N is replaced by N¥,is
now defined by:

Fmeﬁ

£ —
¥ X Yan(ep) (N°) = SEn(ED)

g, 1/3 ) .
<1, o (Vg ) = (22) x : , being proportional to

4ml Spnap (FdE)s)
N*""3. Here, y = (4/9m) /3, kg psp) means the averaged distance between ionized donors

(acceptors), and ag,gp)(raca.x) is determined in Eq. (2).

Then, the ratio of the inverse effective screening length k.., to Fermi wave number kg,
at 0 K is defined by:

=1
Kanisp) _ Kenep

Rangspy (N*) = = Rawsigpws + [RsuTFixpTFJ - Rsuwsixpwm]g_r’“:’m =1L (7

-1
an Fpa k:n s

being valid at any N~.
Here, these ratios, R ptrsprr) and Reaws(zpws), Can be determined as follows.

First, for N > Nepniwpp (Taca,x), according to the Thomas-Fermi (TF)-approximation, the
ratio Ronrr(=pre (N*) is reduced to

R (N 3} _ I-'53|:1Tl-"|:sg>Tl-"j _ l“Er‘I[ij _ |4}"|-"3m 1] < 'l (8)
TFi=pT = — -z =
=nTF(EPTE) kenfp)  RantRemTR N

T

being proportional to N*~*/¢

Secondly, for N << Nepniwop(Tacay), according to the Wigner-Seitz (WS)-approximation,

the ratio R _pwysienwis) IS respectively reduced to

_ Kenimws dfr2, o ECEN]
Rsn{sp}ws":N*j = % =05x (.‘,‘—E:, - Yﬁ%), (961)

Where Ecz(N*) is the majority-carrier correlation energy (CE), being determined by:

057553 M-ln(2Ty_
®In(rop repy ) —0.093288
Eop(N*) = —0.87553 00308 +1, o { = } (Fanpspy)
CE  0.0908+r., 1+0.038477 28 xr LS 1378876
' Sn{=p] nfap)
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Furthermore, in the highly degenerate case, the physical conditions are found to be given by:

L=t . - Iz 2y
Fn(Fp) Mnpy FoFm __ - =0
I = I = < = RB[‘]I:BFI:I = 1’ rll:l['pjliN = -

aEn(Bp) EFno(Fpo) o Anrp l{!_;_u'sm

x g%k 2, (9b)

E(Taga)

- z .
EfFnoFpao)lli) R%x kfnpp (N7

Which gives: AN = a0

) EFnD{Fp«:\}(NB} =

XMy (X)xmg

BAND GAP NARROWING (BGN) BY NANDBY T
First, the BGN by N is found to be given by!?!

AE oy (N Pagay %) = 8y + 220 x NE+ a, x =2 _x NE % (2.503 X [~Ecg(Tan(epy )] X

2 ':f'd.; ,3,1) elry, a)ﬂj
5 . 1 . 8 -
2g(x) n |E 4: 2qlx) z i eqlx) 2 i _
Ton(epy) + 23 X PO xw' o XNy +2a, X X N* + 2a; X X N5, N, =

= = =
zlrg rayx zlrg, m,xj zlrg, m,xj

N

5,555,107 e~ (10a)

Here, a;=38x10"3(eV) , a, =65xX107%(eV) , a;=2.85Xx10"%(eV)
a, =5.597 X 1073 (eV), and a; = 8.1 X 10 *(eV).

)

Therefore, at T=0 K and N* = 0, and for any rg,), one gets: AE_,..,,, = 0, according to the

metal-insulator transition (MIT).

Secondly, one has?:

AEgn(gpyr(T) = 0.20251 X ([1 + (o Mm]m — 1)- (10b)

2400613 K
FERMI ENERGY AND FERMI-DIRAC DISTRIBUTION FUNCTION
Fermi Energy
Here, for a presentation simplicity, we change all the sign of various parameters, given in the
p* — Ay By - crystalline alloy in order to obtain the same one, as given in the

n* — A_»B, - crystalline alloy, according to the reduced Fermi energy

EfpFpy Hrag=T)

— = 0(=0), obtained respectively in the degenerate

EFn(Fp}: En(p} {f\], Farg). % T} =

(non-degenerate) case.

For any (N.ri(5.x.T), the reduced Fermi energy &, (N.rs.xT) or the Fermi energy
Efn(rp)(N.rs¢5.% T), obtained in our previous paper[gl, obtained with a precision of the order
of 2.11 x 10~%, is found to be given by:

_ Ernrp(u) _ Glw)+aufFi) _ viw) , _ _
Enpp (W) = eT = 1iaf = wiey A =0.0005372 and B = 4.82842262, (1)
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N
Vfu Wk (Tax]

Where u is the reduced  electron  density, u(N,rgpq)xT)=

T

M m g Ty o 4.-3

Netw)(T.%) = 281 K(—L;} (em™2), F(u) = aua(1+hu =+ cu s:l  a=[3v/4]

ok

1my2 623739855 rmy4 N -2 —du -
h_g[;) , C_W[ﬂ , and G(uw) >~ Ln(uw) + 2z xuxe @ ;

d=232[4 2] >0
So, in the non-degenerate case (u << 1), one has: Epype)(w) = kT x Glu) > kg T x Ln(u) as

u — 0, the limiting non-degenerate condition, and in the very degenerate case (u > 1), one

z
z _3 _Ey T g RixkE oo (W
gets: Epngrpy(u> 1) = kgT x F(u) = kgT X aus (1 +bu: + cu 5) i I

eyl x)<my

EFT' i F]:-‘n

the limiting degenerate condition. In other words, &uqp = Is accurate, and it also

verifies the correct limiting conditions.

R k%m:ij (N7

2y (xmg |

In particular, at T=0K, since u™* =0, Eq. (11) is reduced t0: Egpg(rpe)(N*) =

being proportional to (N*)2/3, and also equal to 0 at N* = 0, according to the MIT.

In the following, it should be noted that all the electrical-and-thermoelectric properties

strongly depend on such the accurate expression of £, (N, rye.x. 7).

Fermi-Dirac Distribution Function (FDDF)
The Fermi-Dirac distribution function (FDDF) is given by: f(E)=(1+e¥)"1 ,
Y= {E - EFn(Fp}}.f{kBT}-

So, the average of EF, calculated using the FDDF-method, as developed in our previous

workst ¥ is found to be given by:

af af 1 el
{EP}PDDF =G (EPanp}} X EFanp] = f EFx ( BE) dE, T = I_{_BT x (1+e¥)7
Further, one notes that, at 0 K, —— = 8(E — Egnatrpe)), 5(E — Ernotrpe)) being the Dirac

delta (§)-function. Therefore, GP{EFHC..:FPD}} =1.

Then, at low T, by a variable change y = (E — Egypy))/(kgT), One has:

Go (Erngep)) = 1+ Ep gy X f_mlH X (ke Ty + Epagrg) dy = 1420, CF X (ke DB X Ef ) X
Ip

WWwW.wjert.org ISO 9001: 2015 Certified Journal 258




Cong. World Journal of Engineering Research and Technology

Where CE =plp—1)..(p— |3- +1)/B!  and the integral Ig is given by:

oo YBXE

o=/ i dy= I

dy, vanishing for old values of B. Then, for even values

== (Vi +e“ z)”
of B = 2Zn, with n=1, 2, ..., one obtains:

-2 J"‘x v‘“xe
o '1+e"}"

Now, using an identity(1+ e¥)=2= %272, (—1)5*1s x e¥(==1) 3 variable change: sy = —t, the
Gamma function: f:tfﬂe‘t dt =T(2n + 1) = (2n)!, and also the definition of the Riemann’s
zeta function: 7(2n) = 2°» 12" |B,,|/(2n)!, B,, being the Bernoulli numbers, one finally
gets: Ip, = (227 — 2) x m?® x |Ba,|. So, from above Eq. of (E®)znns We get in the degenerate

case the following ratio:

] - ”
Gp (Efn E‘pw} E:F:DF =1+ 1P Bt .:i. S (27 - 2) X By | Xy = p=17), (12)
RFp)
T
Wherey = ———— = =
y En:jgj':N'aT} Ern:r_:u;-':”'sT}

Then, some usual results of G,.,(¥) are given in Table 2 in Appendix 1, being needed to

determine all the following electrical-and-thermoelectric properties.

Table 1: Expressions for Gp.1(y = ] due to the Fermi-Dirac distribution function, noting
Sn(p)
that Gp—1(y = T _ T ) =1, used to determine the electrical-and-thermoelectric
Eengrp)  Sngp)
coefficients.
G2 (¥) G2 (¥) Gs 2 (¥) Gz (¥) Gy 2 (¥) G4 (y) Go 2 (¥)

(1+§+%;) (1+—) (1+——5‘) (1+y?) (1+35yz "" T’") (1+21”2+“"'5")

128

OPTICAL-AND-ELECTRICAL PROPERTIES
Optical-and-Electrical Transformation Duality
First off on, for a presentation simplicity, we change all the sign of various parameters, given

in the p* — A;;_,y B,-crystalline alloy, in order to obtain the same one, as given in the

n* — A_»B; - crystalline alloy, according to the reduced Fermi energy
Ern(Fp)» Eam Noraco % T) zw:} 0(< 0), obtained respectively in the degenerate

(non-degenerate) case, givVing: Epparpe) = Ern(rp) (Norar.x T = 0).
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Then, in the n* (p*) — A;;_)B,- degenerate crystalline alloy and for the temperature T(K), if
denoting:

(i) for the electrical phenomenon (EP), the effective mass by m ., /m,, m, being the free
electron mass, is equal respectively to: the electron (hole) mass, m.g;/mg, given in the

conduction (valence)-band, corresponding the reduced band gap, defined by:
Egn!(gp!} = Ec':v:l - Evc\'::n:l = Egni.l:gpi.} - ﬂEgn':gp}:N(st - "ﬁEgn':gp:l:T(T:]! (13)

where E y Is the intrinsic bang gap, AE (N*)and AE (T) are respectively the

gni(gpi gn(gp) en(gp)
reduced band gaps, due to the N*-and-T effects, as those determined in our previous work®,

and (ii) for the optical phenomenon (OP), E = fw is the photon energy, the effective mass by
Mg iy

mp+my

My )/ M, IS equal to: the reduced (or relative) mass, m, /m, = m, /m, = , corresponding

the optical band gap, E.,q(gp1), defined by: E_pycp1y = Ecnaiepzy + Epn(ryys therefore, for

E = E_,1(gp1), ONE has:

E— Egnl(gpl} =E- [Eg:ﬂ(gpﬂ + EFnI:Fp})' (14)

From above Equations, one uses an optical-and-electrical transformation duality, as:
E — Eon1(gpn = 0, for the OP, is reduced, as E = E_.; (zo1) + Ern(ep) [ Efno(epay): O the EP,

t0: E — E_p1(zp1) = Egnceg) [Erno(zpey)s and reciprocally. (15)

Eq. (15) shows that, for both EP and OP, the Fermi energy-level penetrations into conduction

(valence)-bands, observed in the n*(p*)— type degenerate A_,,B, -crystalline alloy,

Efn(rp) | Efno(rpa) - are well defined.

Furthermore, for the OP, if denoting wave number by k, the kinetic energy E, is given by:

_ Rl - . _ ﬁle{% (P
Ey= and the Fermi energy Egpn(gp) BY: Ezni(zpt) — Eenz(zpz) = Ern(rp) = T ——

2xmyp(x)=m, EXma,.ﬂ\le,’

It

Ken(rp) DEING the Fermi wave: kg, ) (N¥) E( )5, where g.(+) is the effective averaged

numbers of equivalent conduction (valence)-bands.

Optical Coefficients

The optical properties for any medium can be described by the complex
refraction: M = n— ik, n and w being the refraction index and the extinction coefficient, the
complex dielectric function: & = £, — is,, where i* = —1, and & = N2, Further, if denoting

the normal-incidence reflectance and the optical absorption by R and <, one gets:
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_ Exez,(E} _ 2Exw(E) _ 4mop(E) — .2 2 — _ [-1lF4x®
® (Ej " ken(E) fic - :n':E]xzfm“me B =1 R = EKI]., and R(E) = [n+ 12+’ (16)
Where the refraction index n is found to be defined by :
B E+Chi
Il[:E, rdl:a,}j =n. (rd(a}j + Ei.‘l::l E!jEIE';]':i — N [rdl:a:l) asE — oo, (17)

Here, the optical conductivity o, can be defined and expressed in terms of the kinetic energy
it

2Hmp gy () mmg

of the electron (hole), E;, = , or the wave number kK, as:

_ a'xk k Ey 1z
oo (k) = T X X [k X aggp) X (nnm) :

Which is thus proportional to E, *.

mkpT

Then, we obtain {EZ}gppp = Go(v = ) X Efn(ep) : and

Eijij
G,(y) = [1+y;} =Gy (Norge), % T) , with y Eiﬂ + Eate) = Ea(Nora,xT) for a
presentation simplicity. Therefore, one obtains!™:

N T E) = a® ., kpalpp (N7 K N* N N
0o (N, ra(a),% T.E) = EX—R!M!F}(N-}X[ Fa(Fp) ( jxaBn':Bp}[:rd':ﬂ)]xwl atp) (NF) | X

G, (N, ra0 %, T) X E—Egn: (gpo)(Nra(e = T) \° ( 1 )
2z »Tdig)s E_Egn‘_igpj[Ner':a:'*"-'T:ﬂ:I ohmxem

. (18)

z
Where E —E_.1(zp1) = E — Egna(epz) — Eparzp) = 0, E’—F = 7.7480735 X 107° ohm™!

T

EaninuJ':“-}

Kgn( : : :
e Ron(epy (N°) = —=mpl  This result should be new in comparison
niplls N

An':p]' (Naj - kpn(Fp)

with that, obtained from an improved Forouhi-Bloomer parameterization, as given in our

previous work.!?!

Consequently, from Eq. (16), by basing on: n(E, ry:,) and og(N.rs0.x T.E), determined in

Equations (17, 18), one obtains:

(i) as E =E_,y(zp1), ONe gets: k(E) = 0, ,(E) = 0, o< (E) =0, and 6,(E) =0, as those
obtained in our previous work, and

(ii)as E = oo, n(E) = constant, o5(E) — constant, o (E)} = constant, R(E) = constant,

x(E) — 0, =, (E) — constant, and =,(E) — 0, as those obtained in our previous work.!?

One further notes that: (i) oo(N. rs(2).x T.E) increases with increasing E for given (N.r;¢,;.x T)-

physical conditions, (i) as E = E.; ¢ (Nraa.xT) , 0o(Nrym,xT,E)=0, as
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investigated in our previous work[, and (iii) as E — o, the above result is reduced to the

highest one, oy, as:

Ono (Nra(9.x T.E) = L:j x D [ 2 (V) % g (e )] % JAa ()| (N xT).  (19)

Ren (e (N)

Now, using the optical-and-electrical transformation duality (15), one obtains the electrical
conductivity, o, defined by:
G{N,rd.:a},x, T} =

R T . R
L) T [ (V) X 2t (0] X [P ()]

[GZ{N,rd.;a},X:T}X( EFn (Fp)(Nr g T) ))2}( 1 }

EFno( Fp:jI:N,ra-;:aj,x.T:lJ chmxcm

, (20)
as that investigated in our recent work.!!

ELECTRICAL-AND-THERMOELECTRIC PROPERTIES

Here, if denoting, for majority electrons (holes), the electrical conductivity by o(N.r;;5. = T)
expressed in ohm™!x cm™?!, the thermal conductivity by o(N.rz;5.x T) in ﬁ and the

Lorenz number L defined by:

TXO) = 24429637 x 1078 (V2x K72), then the well-known

L="x (¥) = 24429637
3 g
Wiedemann-Frank law states that the ratio, E is proportional to the temperature T(K), as:

oTiNra)=T)
o[ Nrarz)sT)

=LxT, (21)

We now determine the general form of a in the following.

Which can be used to define the resistivity as: p(N,rg¢.).% T) = 1/a(N,r4.,,% T), noting
again that N* = N — Ny, wpp) (Taca)»%). This o(N,ra¢s.% T)-result is an essential one in
this paper, being used to determine other electrical-and-thermoelectric properties.

"
r

Fno{Fpo)’ orto

In Eq. (20), one notes that at T= 0 K, a(N, ry;,),x, T = 0K) is proportional to E

&
(N*)=.Thus, 6(N = Nep,inpp): Tara)o% T = 0K) = 0 at N* = 0, at which the MIT occurs.

Electrical Coefficients

The relaxation time 7 is related to & by!™!:
gy (36 Mg

T(N.ra( % T) = o(N.rg(a,%.T) X QXN Ec(y)

. Therefore, the mobility u is given by:
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(MrgraxT (M.rgm.xT 2
axt(Norg (%) _ o(Mrge.xT) em’ (22)

L(N, T30, T) = u(Nrgq), T) =

Al () Xm, qQu (N Eoiey] - Ve

Here, at T= OK, p(N",ry.4. T) is thus proportional to (N*)*3, since o(N*ry, T = 0K) is
proportional to (N*)*3. Thus, u(N* = 0,14, T= 0K) =0 at N* = 0, at which the MIT

occurs.

Then, since T and o are both proportional to Eg, s, (N*,T)? as given above, the Hall factor

is defined by:

? _ (**)eppE _ G,i¥) — T — mhkgT
ry(N.orgr.xT) = T Py y= faie (Nram <) Epagrpy(Nraim )’ and therefore,
the Hall mobility yields:
e (N, T, 6 T) = (N, 14005 T) X 1y (N%,T) (;D;S], (23)
Noting  that, at T=0K, since ryx(N,rgn.xT)=1 , one then gets:

Lg(N,rge),% T) = (N, rge.%x T).

Our generalized Einstein relation

Our generalized Einstein relation is found to be defined as™:

D) o X SEouiy) 2 b (S - [ () B fou (24)
l_.|_|._h.T'j|:i:|.}§,T:| q dme q du -\I ha du | -,1| b

Where D(N.ry.xT) is the diffusion coefficient, &, (w) is defined in Eq. (11), and the
mobility w(N,r:cy.xT) is determined in Eg. (22). Then, by differentiating this function
5 ()

: . dy, .
Enqe (W) With respect to u, one thus obtains — Therefore, Eq. (17) can also be rewritten

as.:

DiWrazsT)  kpxT « V() v () = ()W)
. = u ,
l_]_ll_N.T'jii:].};,T:I q W) !

-3 _E
Where W'(w) = ABu®~* and v'(u) = u=t + 27264 (1 — du) + ZAuB~2F(w) (1 + E) + £ buTseis J :

1+bu E+cu B

One remarks that: (i) asu — 0, one has: W2 =~ 1 and u[V' x W —V x W'] 2 1, and therefore:

Dy () o EE®T
i q

’ and (i) as u-—oco one has: W2 Au?®  and
ulV' x W —Vx W~ 2au?3a%u?8 | and therefore, in this highly degenerate case and at

T=0K, the above generalized Einstein relation is reduced to the usual Einstein one:

WWwW.wjert.org ISO 9001: 2015 Certified Journal 263




Cong. World Journal of Engineering Research and Technology

D(Nrap)xT=0K) 2 . Lo
liraomt=E) NEEFHD.;FW;.(N*}M. In other words, Eq. (24) verifies the correct limiting

conditions.

Furthermore, in the present degenerate case (u > 1), Eq. (24) gives:

2

_3 =
bu E+2cu EJ
2

D(NrgraxT) 2 EfnoFpag(ul
p(NraraxT) 3 1+bu_s+|:u_sJ
_ 273 i 2 &62.3739855 4
_ f d i ittt L
Wherea = [3vm/4] ", b= (%) and c = ==—=(Z)".

Thermoelectric Coefficients
First of all, from Eq. (20), obtained for o(N.rs5.x T}, the well-known Mott definition for the
thermoelectric power or for the Seebeck coefficient, S, is found to be given by:

Alnc(E)

:| - x kg " Bln-:l,rg }
fE E=Ern(ry) 3 | gk

\nlpy

2k
S'[HI, Ta(z) X T} = Tﬂ ® qTE:} nkgTx

[
Then, using Eq. (11), for the degenerate case, %, =0, one gets, by putting

Fs(N.rar.xT) = [1 - —F—|,
9XG:|F=EI :'
v Engp)

n® kg 2Fsp(NT) L e T (e
S(N.ragey 0 T) = xS 0D B TR o T w0 (1) <0, (Zyon =
2 q nip) Rl (1 :;p,n ’.l Aot
"I'I.':
3y ’ (25)
according to:
— szn-E-!: —
a5 — Iﬁ 3 2 % o2 -1 — Iﬁ}{ 7 i ':m:q:,:):[i_':m:q:,_—_:
N R -'1 ER -:"-|‘ 4 m L+ETyel®
—
\ me J

Here, one notes that: (i) as &,¢p) = +o or &,y — +0, one has a same limiting value of S:

[nz as
I— =~ 18138, since
% 3 Enip

S—=-0, (ii) at &= =0, one therefore gets: a minimum
(8),in = —VL ~ —1.563 x 10~* G) , and (i) at ;=1 one obtains:

S —1.322 x 104 (E)

Further, the figure of merit, ZT, is found to be defined by:
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_ SwoxT _ 52 a¥(ET)mew
ET(:‘-], Ta(a) X Tj = " T LT I el (26)
-\ 2(IT) 5 a5 e m® . AZT)
Here, one notes that: (i) =— =2 %= x . §=0,(ii) at &y = [— > 1.813E, since =0,
P L 2 ) 4 3 BEnip

one gets: a maximum (ZT)pay = 1 .and (ZT)yeee= 1, and (iii) at &y, =1, one obtains:

1.[2
ZT ~ 0.715 and (ZT)yore = 5 = 3.290,

Finally, the first Van-Cong coefficient, VC1, can be defined by:

VEI(Nryo.x T) = —N*x <= (5 ) = N* Sﬂ x ——uﬂ being equal to 0 for ¢, ﬂ'% : (27)
And the second Van-Cong coefficient, VC2, as:

VC2(N,rg09.x T) = T x VC1 (V), (28)
The Thomson coefficient, Ts, by:

. aE [=
ds §v a5 | - als

Ts(NorgegxT) =Tx S (£ ) =T X e —=2, being equal o 0 for £ = [T, (29)
and the Peltier coefficient, Pt, as:

Pt(Nry.x T) =T x S(V), (30)

One notes here that for given physical conditions N (or T) and for the decreasing &,:,), since

. —ds ds
VC1(N.rz00.x T) and Ts(N.ry.xT) are expressed in terms of —— and ——, one has:
= = s
[VC1,Ts] < 0 for Euppy = 1‘]'? , [VC1,Ts] =0 for Ey¢py = *.Jl?’ and [VC1, Ts] = 0 for &,p) < "Jl?’
- [z
stating also that for &,(p) = ﬂl?:

(i) S, determined in Eq. (25), thus presents a same  minimum
= T~ — -4 (¥
(8),in = —VL ~ —1.563 x 10 (K)

(if) ZT, determined in Eqg. (26), therefore presents a same maximum: (ZT),.... = 1, since the

variations of ZT are expressed in terms of [VC1,Ts] x5, 5§ =<0.

Furthermore, it is interesting to remark that the (\VC2)-coefficient is related to our generalized
Einstein relation (24) by:

55 DiNrgoxT) (V3 kg |3l
g &) = (31)

K

)

kg —
—x VC2\N.rgip.xT) = — -
q ( r‘u. ._a} = } # I-'-I._H.T';ll:;:l.}i.-r:l
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according, in this work, with the use of our Eq. (25), to:

Dl Mra;e)=T) (T ame (1 (TT) 0] W)

‘U’CE{N, Ta(a) % T} E w(Nra@aT) (14 (ZT g 0l?

Of course, our relation (31) is reduced to: E VC1 and VC2, being determined

respectively by Equations (24, 27, 28). This may be a new result.

CONCLUDING REMARKS
Some important concluding remarks can be repoted as follows.

(1) As observed in Equations (3, 5, 6), the critical impurity density Nepy,¢cpy), defined by the
generalized Mott criterium in the metal-insulator transition (MIT), is just the density of
electrons (holes), localized in the exponential conduction (valence)-band tail (EBT).
N &batcog) Deing obtained with a precision of the order of 3 x 1077, respectively, as given
in our recent works.®! Therefore, the effective electron (hole)-density can be defined as:

*=N = Neparepp) = N — Ngpacopy» N being the total impurity density, as that observed

in the compensated crystals.

(2) The ratio of the inverse effective screening length k_, ., to Fermi wave number kg,

at 0 K, R ¢.py (N¥), defined in Eq. (7), is valid at any N*.

(3) The Fermi energy for any N and T, Eg, s, determined in Eq. (11) with a precision of the

order of 2.11x 107* 1 affecting all the expressions of optical, and electrical-and-

thermoelectric coefficients.

(4) One further notes that: (i) o (N, rar,).% T.E), given in Eq. (18), increases with increasing
E for given (N,rge.x T )-physical conditions, (ii) as E = E_yzpy) (Noraca.xT)
oo(N.r405,% T,E) = 0, as investigated in our previous work!?, and (iii) as E — co, the above

result is reduced to the highest one, oy4q, as given in Eq. (19).

(5) Further, from Eq. (16), by basing on: n(E, ry,) and ao(N,ra¢4.% T,E), determined in
Equations (17, 18), one obtains: (i) as E = E_,j(z1), One gets: k(E) =0, =(E) =0,
oc (E) =0, and 65(E) = 0, as those obtained in our previous work!?, and (ii) as E — oo,
n(E) — constant, o5 (E) — constant, o< (E) — constant, R(E) — constant, x(E) = 0, =,(E) —

constant, and £, (E) — 0, as those obtained in our previous work.™
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(6) Furthermore, for any given X, ry.,; and N (or T), with increasing T (or decreasing N), one

obtains: (i) for £, = w|"';—h =~ 1.8138, while the numerical results of the Seebeck coefficient

S present a same minimum (Sjm.m.(k —1.563 X 10“‘%), those of the figure of merit ZT

show a same maximum (ZT )., = 1, (ii) for €,.,, = 1, the numerical results of S, ZT, the

Mott figure of merit (ZT)y., the first Van-Cong coefficient VC1, and the Thomson

coefficient Ts, present the same results: —1.322 x 10“*%, 0.715, 3.290, 1.105 x 10‘45,

and 1.657 x 107* E respectively, and finally (iii) for £, = wf“;—h 2~ 18138, (ZT)yore = 1,
as those given in our recent work.M It seems that these same results could represent a new

law in the thermoelectric properties, obtained in the degenerate case (&, = 0).

(7) Finally, our electrical-and-thermoelectric relation is given in Eq. (31) by:

8s  D(NrgimxT) (v‘} kg
K ]

I.{B L - . .
=X VC2(N,rgcy), % T) = — = |=, according, in this
( =

On(p  w(MragxT)
work, to:

D(MrgmT) % 2 % (ZT Mo x[1-(ZTpget]
w(Mrg (g xT) [1+ZTIpyord®

UCE(N,rd,:EJ,x,T)E — (V), being reduced to: E ,

VC1 and VC2, determined respectively in Equations (24, 27, 28). This can be a new

result.
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