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ABSTRACT
In the n*(p*) — p(n) X(x) = Si,_,Ge, - crystalline alloy, 0 =x =1,

various electrical-and-thermoelectric laws, relations, and coefficients,
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Université de Perpignan Via race) and the x-concentration, by our accurate Fermi energy given in

enhanced by our static dielectric constant law given in Equations (1a,

1b), being due to the effects of the size of donor (acceptor) d(a)-radius

Domitia, Laboratoire de Eq. (11), and finally by our electrical conductivity model given in Eq.
Mathématiques et Physique

(LAMPS), EA 4217,

Département de Physique,
52, Avenue Paul Alduy, F- It should be noted here that, for x=0, these obtained numerical results

(14), are now investigated, basing on the same physical model and

mathematical treatment method, as those used in our recent works.[2

66 860 Perpignan, France. are reduced to those given in the n(p)-type degenerate Si-crystal.l!

Then, some remarkable results can be cited in the following. In Tables

5n(5p) given Appendix 1, for a given impurity density N and with increasing temperature T,
and then in Tables 6n(6p) given Appendix 1, for a given T and with decreasing N, the
reduced Fermi-energy &, decreases, and other thermoelectric coefficients are in variations,
as indicated by the arrows by: (increase: 7, decrease: “v). Further, one notes in these Tables

that, for any given X, racs)and N (or T), with increasing T (or decreasing N) one obtains: (i)
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=
ﬂlﬂ? =~ 1.813€, while the numerical results of the Seebeck coefficient S present a
v

same minimum (S}mm,(z —1.563 x 10™* K:], those of the figure of merit ZT show a same

for Eypy =

maximum (ZT) e, = 1, (ii) for £, = 1, the numerical results of S, ZT, the Mott figure of
merit (ZT)y0r, the first Van-Cong coefficient VC1, and the Thomson coefficient Ts, present

the same results; —1.322 xm-‘*E . 0.715, 3.290, 1.105 xm-‘*E, and 1.657 xm-‘*E,

=
respectively, and finally (iii) for £,¢p) = ﬂlﬂ? = 1.813E, (ZT) e = 1. It Seems that these same

obtained results could represent a new law for the thermoelectric properties, obtained in

the degenerate case (&, = 0).

KEYWORDS: 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™) — p(n) X(x) = Si,_,Ge,- crystalline alloy, 0 = x = 1, x being the concentration,
the electrical-and-thermoelectric laws, relations, and various coefficients, enhanced by our
static dielectric constant law, =(ra(a).x), racs) being the donor (acceptor) d(a)-radius, given in
Equations (1a, 1b), by our accurate Fermi energy, Ezyy, given in Eq. (11), and also by our
electrical conductivity model, in Eqg. (14), are now investigated, by basing on the same
physical model and same mathematical treatment method, as those used in our recent

works.™t 2

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 Si-crystal.®** Then, some remarkable

results could be noted in the following.

(1) As observed in Equations (3, 5, 6), the critical impurity density Ncpp(coy) 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),

Nébarcop)s Deing obtained with a precision of the order of 2.89 x 1077, as given in our

recent work.”) Therefore, the effective electron (hole)-density can be defined as:
N* =N — Nepaiepp) 2 N — NEET 5, N being the total impurity density, as that observed in

the compensated crystals.
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(2) The ratio of the inverse effective screening length k., (-, to Fermi wave number kgp o

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

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

order of 2.11 x10~* "] affecting all the expressions of electrical-and-thermoelectric

coefficients.

(4) Our expressions for the electrical conductivity, o, and for the Seebeck coefficient, S,
determined respectively in Equations (14, 19) are the basic expressions, used to determine all

the electrical-and-thermoelectric coefficients.

(5) In Tables 5n(5p) given Appendix 1, for a given impurity density N and with increasing
temperature T, and further in Tables 6n(6p) given Appendix 1, for a given T and with
decreasing N, the reduced Fermi-energy &, decreases, giving rise to the variations of
various thermoelectric coefficients, as indicated by the arrows by: (increase: 7, decrease: ).

Furthermore, one notes in these Tables that, for any given X, ray and N (or T), with

=
increasing T (or decreasing N), one obtains: (i) for £,z = ﬂlﬂ? =~ 1.813€, while the numerical

results of the Seebeck coefficient S present a same minimum (S}mm,(a —1.563 x 1{]‘43,
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 xiﬂ“‘% , 0.715,

3.290, 1.105 xiﬂ“‘%, and 1.657 xiﬂ“‘z, respectively, and finally (iii) for

™
| —

Enip) = J 3‘ = 1.8138, (ZT) o = 1. It seems that these same results could represent a new

law for the thermoelectric properties, obtained in the degenerate case (5, = 0).

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

First of all, in the n*(p™) — p(n) X(x)- crystalline alloy at T=0 K, we denote the donor
(acceptor) d(a)-radius by racsy, the corresponding intrinsic one by: rgg(ag) = Isisiy, the
unperturbed relative effective electron (hole) mass in conduction (valence) bands by:

My %)/ mgy, m, being the free electron mass, the unperturbed relative static dielectric
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constant by: £,(x), and the intrinsic band gap by: E_,(x). Then, their values are reported in
Table 1 in Appendix 1.

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

as:
Edn,:m}(x}=136D5x[img]-‘;x:'“m”] meV , and then, the isothermal bulk modulus, by:
|:||
Edo(ao)

Bdnian}(x:} - m .

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.yx), developed as follows.

At rgca) = raorae) the needed boundary conditions are found to be, for the impurity-atom
volume V= (411/3) X (racs)”s Vaorae) = (47/3) X (raoas) » for the pressure p, p, = 0, and
for the deformation potential energy (or the strain energy) @, o, = 0. Further, the two
important equations, used to determine the & -variation, A @ = & —a, = «, are defined by :
dp

i andp— ,glvmg rise to: ( )— . Then, by an integration, one gets :

[Ea{rﬂujij’x]] Bﬂmam{xjx(v vﬂnuam)x In (u e ) Edman‘:':x:' * [(_'_:L - 1] = lﬂ _'_)_)u = 0.

Tdof ID) Lo {ao

Furthermore, we also showed that, as rgis) = ragras) (Taa) < rdegae)), the compression
(dilatation) gives rise to the increase (the decrease) in the energy gap Egn.;gp}{rd.;a;”x}, and the
effective donor (acceptor)-ionization energy Ed.;a;.{rd.;@ x) in absolute values, obtained in the

effective Bohr model, which is represented respectively by : + [ﬁ“(r-ﬂ(a}:x}]nrp}

2o(X)

Egunujgpnj':rdujajéx:] _Egn':x:] = Ed[s.j':rdujajéx:] _Edmjal:-j (x) = Edl:ujal:-j (x) = [( ]‘ - 1] =+ [":""-x':rdujs.yx:]]m:m:

E(Tagay)

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

Eplx) :
Egnorgpe (Fas %) —Ega(®) = Eae) (fagay 3 — Eaoao) ) = Edogan) (%) X [(T] - 1] = - [Bate @],
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Therefore, one obtains the expressions for relative dielectric constant e(ra;,x) and energy

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

Eq ()

ra, 5 ra 5
|I diae) } -1 Xlﬂl{ dia) }
Fdogeo) Tdo[ao)

(i)-for raa) = rdsras), SINCE £(rgra)x) = 7 < g,(x), being a new
l1+
A

E(I‘d,:a},x:]l-law,

LY ror, 4B
Eg‘l:ll:ll:gpﬂ:l(rﬂl:i}'le - Egnl::f{-:l = Eﬂ,:ﬂ[r'ﬂ,:ﬂ.le - Edl:“:’:':l[x-:l = Eﬂl:u[s.l:uj'?{' bt [l:: il j - 1] b4 h'.l I:r;:_g:'ﬂ::] :_=‘ D_. (la)

Tdafa}’

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

given x, and

£ (X
" Tdrm 5_ " Tdra
(.rd:l[anj} 1]Xlnli.rdu[anj}

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

rd -
Tdo{ao) Tdo {ao)

(ii)-for Tdra) = Tdoiac) since E(I‘d,:a}JX}: T

- > £,(x), With a condition,

N

Eg‘l:ll:ll:gpﬂ:l(rﬂl:i}'le - Egnl::f{-:l = Eﬂ,:ﬂ[r'ﬂ,:ﬂ.le - Edl:“:’:':l[x-:l = _Eﬂl:ll:ﬂ.l:l:ll::x-j bt [( TagE) ‘]- - 1] bt h'.l( T ‘:|- ‘:_: D, (1b)

Tda o} Tela (e

corresponding to the decrease in both Egnyigpe (raca).x) and Eaca (race.x), With decreasing ry.

and for a given x.

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

strongly depend on this new &(rg;q), x)-law.

Furthermore, the effective Bohr radius agngp)(raca,x) is defined by:

elrd o) < k® _ 2irdpma)
) =053 % 1078 cm x —&~

— —. 2
Mgy X mgxg® Mg (%) ( )

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) (Tacs,%), was given by the Mott’s criterium, with an empirical parameter,

M, ., as [2:

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

depending thus on our new &(rga),x)-law.

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

(WS) radius rep(zp) a4 iN the Mott’s criterium, being characteristic of interactions, by :
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Fan (ap. 1 (N, Fagay %) = (_,‘E )1.-9 X ———— = 11723 x 10° x {ﬁ)“ % m, 4)

i SmniEp)(Td ) E(Td 2]

being equal to, in particular, at N=N¢pu ) (Faga)x): rs,,.;gp;.,},{Nmn.;cnp}(rd.;a},xl r.ﬂ.;a;.JX}=

2.4813963, for any (rga.x)-values. Then, from Eq. (4), one also has :

i
1/, 143 1
MNepn(cop (Tae %) ? % ﬂau:iap:n{t"ﬂ::s:ux} = (_)3 X S amiases - 025 = (WS) ) = My, ()

4T

explaining thus the existence of the Mott’s criterium.

Furthermore, by using M, = 0.25, according to the empirical Heisenberg parameter
Hus = 0.47137, as those given in our previous work!?, we have also showed that Nepscop)

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

band tail, Nggacpp), With a precision of the order of 2.89 x 1077

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

Nepn(cop) and NéIB,E.;CDP} 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,raayx) = N — Nepniuop (Taa, %)= N*, for a presentation simplicity. (6)

In summary, as observed in our previous paper®, one remarks that, for a given x and an
increasing racs) , e(raca).x) decreases, while Egm.;gp.j;.{r.ﬂ.;@ﬂ , Nepn(nop)(Taca»x) and
Népatcop) (Taa) %) increase, affecting strongly all electrical-and-thermoelectric properties, as

those observed in following Sections.

PHYSICAL MODEL
In the n*(p*) — p(n) X(x) = Si,_,Ge,- crystalline alloy, if denoting the Fermi wave number

It

bY: Kpnipp) (N¥) = ( )5, 2. () = 4(2) xx+ 6(2) % (1 —x), the reduced effective Wigner-Seitz

Eci(w)
(WS) radius rg, ey, Characteristic of interactions, being given in Eq. (4), in which N is

' i =
replaced by N4, is  now  defined by yxXraEpON)=_2<1
’ niEp)

3g 12
rsnis'pf'{}']J rd::aij} = (L‘L‘[[\--) *

—, being proportional to N*"*%. Here, y = (4/9m)%/2,

Sgniap; (Fdfa)X)
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k;ﬁ,:Fp}means the averaged distance between ionized donors (acceptors), and agn(gp)(raca,x)

is determined in Eq. (2).

Then, the ratio of the inverse effective screening length k., ., to Fermi wave number kgy o

at 0 K is defined by:

-1
Kenpepy _ Bengepy

R anspy (N*) = = Ronws(mpwe + [RsuTF-:spTF:n - Rsuws-:gpws_‘n]ﬁ_r’“:"“' <1, (7)

=11
Benpepy  Konpm

being valid at any N-.
Here, these ratios, Roptr(eprr) and Repws(zpws), Can be determined as follows.

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

— | 4Y Tgn(=p)

KFniFm korrRmT:; N T

kanTFapTFy _ EFniPm

RsnTF{spTP}(N 3} = e 1’ (8)

being proportional to N* /¢,

Secondly, for N << Nepyinpp) (Tagey), @ccording to the Wigner-Seitz (WS)-approximation,

the ratio Ropwsi=nws) IS respectively reduced to

_ Kan(apyws drZy gpy*E 1]
Rsn(sp]ﬁa‘-’S(N*} = % =05 x (i — [ andr:m.s;E -)1 (9)

Where Eg(N*) is the majority-carrier correlation energy (CE), being determined by:
087553, (2(1-Ta(2)T)

—0.87553 D'DEDB'I'TE-T‘.l'E-]:ﬁ RN TI:E r
0.0908 +r oo 1+0.038477 28 Xr e 00

In{ren ey ) —0.093288

Ecg(N*) =

Furthermore, in the highly degenerate case, the physical conditions are found to be given by:

kEé:‘Fp‘n Mop) 1 kE;ﬁ'F;ﬁ T - n
) o 0B = 1 D =g < L MgV = I xgAG 10
8En(Ep)  EFno(Fpo)  Snp Ranrem =n{sp) Mgy () E(Tagay) 9 %enzp) ( )

EFnoFpo i)

Which gives: A,q,)(N7) = —

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*t — X(x)- crystalline alloy in order to obtain the same one, as given in the n* — X(x)-

crystalline alloy, according to the reduced Fermi energy
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Erarep)r Enig (Nragg x T) = w = 0(< 0), obtained respectively in the degenerate

(non-degenerate) case.

For any (N.rs(.x.T), the reduced Fermi energy &nq;(Nrsm.xT) or the Fermi energy
Efn(rp)(N.rac2.% T), obtained in our previous paperm, obtained with a precision of the order

of 2.11 x 107%, is found to be given by:

£ ()= EfnFplw) _ Glu)+auPFu) _ viw
n(p) = kT  1+au® T wiw)

A =0.0005372 and B = 4.82842262, (11)

Where u is the reduced electron  density, u(N,rgx T) = al

- H
Mo (Tx)

2
m 3 Hmyx kg T

£ z P! P
Ne(w)(Tox) = 28w X {_u—}z (em™) Zetw) = L, F(u) = aus (1 +hbu =+ CU._E:] ;

zwh®

__ B2.3739855

m)* ol - —du.
1520 [_) ’ and G(w =~ Ln(u) + 27z x ux e,

a=[vual”, b=21(0" ¢

d=232[1-2] >0

27 i8

So, in the non-degenerate case (u << 1), one has: Epype)(w) = kT x G(u) = 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 (1
gets: Epngrpy(u> 1) = kgTx F(u) = kgT X aus (1 +bu: + cu 5) 2 o (0 o e,

eyl x)Kmy

L s EFn(Fp) . .
the limiting degenerate condition. In other words, &uqp = ;E'Tm is accurate, and it also

verifies the correct limiting conditions.

; ; : ﬁz)“k%nfﬁp‘u':“-}
In particular, at T=0K, since u™* =0, Eq. (11) is reduced t0: Egpo(ppe)(N ) =

2oyl x)xmg !

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, rr. % 7).

Fermi-Dirac Distribution Function (FDDF)
The Fermi-Dirac distribution function (FDDF) is given by: f(E)=(1+e¥)"! ,

Y= (E - EFn(Fp}}.‘{(kBT}'

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

works™? is found to be given by:
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af Bf 1 al
(EP)epor = Gp (Ernre)) X Egngep) = S B ( ﬂE) 4B, TFE T T X Gren®
Further, one notes that, at 0 K, ———E{E Efno#po)), 8(E — Epnarpe)) being the Dirac

delta (8)-function. Therefore, Gy (Eznotrpa) ) = 1.

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

Go (Enrp)) = 1+ EpF gy X f_mlH =% (kaTy + Erage) QY =1+37_,, C8x (ke DEXEZE X

Ig

where CE =plp—1)..(p—-B+ 1};13-! and the integral I is given by:

P
_ o vPxet
o= iy d =

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

%= (eV/ +e“
of B = 2n, with n=1, 2, ..., one obtains:

_ oo y"nb-CE
=2/, ron:

Now, using an identity(1+ e¥)=2= %=, (—1)5*1s x e¥(s=1 a variable change: sy = —t, the
Gamma function: fD t?e~*dt = '(2Zn + 1) = (2n)!, and also the definition of the Riemann’s
zeta function: {(2n) = 2°»~1n"|B,,|/(2n)!, B,, being the Bernoulli numbers, one finally
gets: I, = (227 — 2) x w3 x |By,|. So, from above Eq. of (EP}zpps We get in the degenerate

case the following ratio:

{EF :' i Z - "
G {EFI:I F‘p‘u} 2 =1+ 5, 11:I e ;:. T (270 - 2) % Byl xy i = p=1(7), (12)
Fn G
heT
Where y= ——— = =
y En:jgj':N'JT} EF:I:F_;J_:-':N-'T}

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.

ELECTRICAL-AND-THERMOELECTRIC PROPERTIES

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

Lorenz number L defined by:

Wxohm

L="x (“B) = 24429637 ) — 2.4429637 x 1078 (V2 x K-2), then the well-known

Wiedemann-Frank law states that the ratio, E is proportional to the temperature T(K), as:
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I-c'.(N.T‘j[;j.HT:' —Lx T (13)

a(NransT)
We now determine the general form of g in the following.

First of all, it is expressed in terms of the Kkinetic energy of the electron (hole),
Rowlc®

Zrmgpyy(x)Em,

Ep = , or the wave number kK, as:

T 1/2
_g'=k k Ex
G(k) T omxhk X kanism % [k % aBm‘Bp}] % (11__,.;) ,

Which is thus proportional to Ey”.

T[]'CE,T

"
=

} x EFHI:FP::I y and

Then, for E=0 , we obtain: (E®)gppr= Galy =

FniFpl
hLd

_ ¥\ — : — :
Ga(yv)= (1 +?) = Ga(Norg.xT), with y= o’ Enlp) = Encm (N.rec.x.T) fOr a presentation

simplicity. Therefore, one obtains!!:

kF [Ep’ ':N-j
IR G (N.rg(e.x,T) x

cr{f\], e« X T} = [q—: x

ik Ban gepy(HD
(E FriFp) [:N.l'd;a',}i?} ]‘ ( 1 )
Eenerpey M) chmxcm

e _ - - o
—— = 7.7480735 x 107" ohm™, A,(y(N) =

% [Kpn(ep) (N*) X 2gnmp) (rata )] = ﬂlﬂn':pﬁ(m-}] %

’ Rsn[xpj{:‘]-:] = ﬂ ’ (14)

Ken(rp;

EfnoFpa )
M_ry 7

Which can be used to define the resistivity as: p(N.rz(.x T) = 1/0(N.r45.x T), noting again
that N* = N — Nepn(upp) (Taray ). This a(N, racn.x T)-result is an essential one in this paper,

being used to determine other electrical-and-thermoelectric properties.

In Eqg. (14), one notes that at T= 0 K, o(N.r;;5.x T = 0K) is proportional to EE,,D,:FPG}, or to

(N*}%.Thus, o(N = Nepninpp) Taca)% T = 0K) =0 at N*=0, at which the metal-insulator

transition (MIT) occurs.

Electrical Coefficients

The relaxation time 7 is related to ¢ by!"!:
Mgy (M xmg

T(:\L Ta(z) % T} = G(:\L Fafa). X T} x TERN

. Therefore, the mobility pu is given by:

q}CT|:N_T:||:;:l};.T:| Ulf_N.Tjuj;j.}iTJ em?

u(Nrag.xT) = p(N*rge), T) = = () (15)

Ty (3] 300, gxMN* VECRe
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Here, at T= OK, pu(N*rac,T) is thus proportional to (N*)¥/%, since o(N*rgq), T = 0K) is
proportional to (N*)*2. Thus, u(N* = 0,rg,), T=0K) =0 at N*=0, at which the metal-

insulator transition (MIT) occurs.

Then, since T and o are both proportional to Eg,, (N*.T)?, as given above, the Hall factor is
defined by:

_ {"roDF Galy) n ks T
}'], Al T = = = —
ra(Norgx T) = g =t o ¥ W — and therefore, the Hall
mobility yields:
2
[.J.H{.‘\], Ta(z). X T} = [.J.{."GI, Ta(z). X T} X ryg(N*T) {% )3 (16)

Noting that, at T=0K, since ry(N.r;(5.x T) = 1, one then gets: uy(N,ryr.%.T) = p(N.ryeg.x T),

Our generalized Einstein relation

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

D) o X Sy - ke (i) = [ () B o (17)
l_.l_l__h_T'j[i:L}i,T:I q dn* q du 4 ™ du q 5

Where D(N,ry.xT) is the diffusion coefficient, &, () is defined in Eq. (11), and the

mobility w(N,r:cy.xT) is determined in Eg. (15). Then, by differentiating this function
de . (u] .

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

as:

D(NrasT)  kpxT « uv’-:u}xw(u}—v(u}xw’(uj

I_.LI:N,H.:;:.,};,T] g W) !

_ _E -2 s
Where W'(u) = ABu®~t and v/ (u) = ut + 27z 9= (1 — du) + 2AuBIF () [(1+2) + §XM+M%J.

2+bu"E+cu" =

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

Dy () " kpx1
m q

, and (i) a uwu—=owm |, one has: W?2& A%u?®  and
ulV' x W —Vx W'~ 2au*3A%u?® | and therefore, in this highly degenerate case and at
T=0K, the above generalized Einstein relation is reduced to the usual Einstein one:

(FraaT=0K) ~ > Ernotreey(N*)/@. In other words, Eq. (17) verifies the correct limiting

conditions.
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Furthermore, in the present degenerate case (u > 1), Eq. (17) gives:

_4 _E)
bu z42cu sJ
2

D MrgraT 2 EFnoFpol
—— E‘d__a‘_'..-x.- :I L — —FHDPPD:'I 4 ®|1+-x F S B (18)
pl__”;!‘d[a‘_',.-x.-T:I 3 1+bu_s+r.'u_E~J
— 12/3 1 z £2.3735255 4
— { =Z(r =——|Zz
Where a = [3vm/4]" ", b = [a) and ¢ 1520 [B) )

In Tables 3n(3p) given in Appendix 1, for given X, N = Nepyiepg) and T(=4.2 K and 77 K),
and from Equations (14, 15, 16, 17), the numerical results of the coefficients:

o, i, uy and D are found to be decreased with increasing ra.), respectively.

Thermoelectric Coefficients
First of all, from Eq. (14), obtained for o{N.rs5.= T), the well-known Mott definition for the
thermoelectric power or for the Seebeck coefficient, S, is found to be given by:

- k Anc(E
S(N,ra (g% r}zTﬂxq—;kamE

] —m2 » kg y Blnsl,rﬁ }
JE E=Egn(ry) 3 q dx

\ nlp

I
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) 2L 2 T o A E o
SN ragey 0. T) =5 x Koy ERD [k ey p A0 (V) g (2T 0 =

3 q Enipy y w (1 3"‘Er.\_;.J:-; | 14H(EThpore K

L)
"I'I.':
g , (19)
According to:
— 3:-cEn--: —

25 _ |ﬁ><?‘>< —- _ [l o, TTaeX 1~ (FT ]
gy N m -'1+3xE:;E.:'-:|‘ 4 om0 [1+(ZT )2 )

Here, one notes that: (i) as &,(p) — +20 or &4y — +0, One has a same limiting value of S:

S—=—0, (ii) at &y =_ |7 = 18138, since 55 =0, one therefore gets: a minimum
4 3 FEnip
(min = VL2 -1563x107* () , and (i) at Em=1 one obtains:

S —1.322 x 1074 (E)
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Further, the figure of merit, ZT, is found to be defined by:

§%woxT _ 5% _  ax(ET)mew
ET(“-] Tg dfa}. 2, T:I —k: = L = —[1+(H]Mntt::. (20)
a(IT) s as . (2 . a(zT)
Here, one notes that: (i) ==— =2 %= x . §=0,(ii) at £y = [— = 1.813E, since =0,
Fnip) L' &g N3 BEnip)

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

ZT =~ 0.715 and (ZT) o = “? = 3,290,

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

ik

VC1(N.rg(.% T) = —N* x —("')=N*x

G . [n
= x — 2, being equal to 0 for g, = =, (21)

A% .
")

and the second Van-Cong coefficient, VC2, as:
VC2(Nrgc9.x T) =T x VC1 (V), (22)

the Thomson coefficient, Ts, by:

_ ds Fali) i ll;
Ts(N.rgn.xT) =T x = (—) T X~ . X being equal to O for £,y =3 (23)
and the Peltier coefficient, Pt, as:

Pt(Nryg.x T) =T x S(V). (24)

One notes here that in next Tables 5n(p) and 6n(p) given in Appendix 1, obtained with such

given physical conditions N(or T) for the decreasing &,¢p), Since VC1(N.rzp.xT) and

[
Ts(N.rs.x T) are expressed in terms of— and E’ one has: [VC1,Ts] < 0 for &y, = *4'? ,

f= [z .
[ V€1, Ts] =0 for En':p}:_\ll?y and [VC1, TS]?ﬂfurEn.;P}::ﬂl? , stating also that for

—
En':p:' :.,Jlﬂ?z:

(1) S, determined in Eg. (19), thus presents a same minimum

s = — L o —% E
() i L~—1563 x 10 {K)

(if) ZT, determined in Eq. (20), therefore presents a same maximum: (ZT) ... = 1, since the

variations of ZT are expressed in terms of [VC1, Ts] x 5, § < 0.
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Furthermore, it is interesting to remark that the (\VC2)-coefficient is related to our generalized

Einstein relation (17) by:

kg 55 DiWryaxT) (vi) kg |3l
—x VC2{NrzrpxT)=— - —1 - = |—, 25
q ( ala® } Bente) 8 p(Wrast) VK a N (25)

according, in this work, with the use of our Eq. (21), to:

Dl MrargxT) (ZT) e [ 1 (TT ] )

VC2(N.ry9.x T) = — et TN E

Of course, our relation (25) is reduced to: E VC1 and VC2, being determined

respectively by Equations (17, 21, 22).

Now, in the degenerate n(p)-type X(x) — alloy, and for N> Nepp¢eppy, and for T=3K (80K),
the numerical results of various thermoelectric coefficients are reported in Tables 4n(4p) in
Appendix 1, noting that their variations with increasing r4.., are represented by the arrows: »

(increase), and s« (decrease), respectively.

Then, in Tables 5n(5p) given Appendix 1 for a given N and with increasing T, and in Tables
6n(6p) given Appendix 1 for a given T and with decreasing N, the reduced Fermi-energy &,
decreases, and various thermoelectric coefficients are in variations, as indicated by the arrows

as: (increase: #, decrease: ).

CONCLUDING REMARKS

Here, some concluding remarks are given as follows.

(1) In the n*(p*) — p(n) X(x)- crystalline alloy, 0 = x = 1, the electrical-and-thermoelectric
laws, relations, and various coefficients are found to be enhanced by our static dielectric
constant law, =(rs;4).%), being, for a given x, decreased with increasing ra;4y.as that given in
our recent work!?l, by our accurate Fermi energy, Ezyzp, being given in Eq. (11), and in

particular by our electrical conductivity model, being given in Eq. (14).

(2) The generalized Mott criterium in the MIT is expressed in Equations (3, 5, 6), stating that

the critical impurity density Nepy ey IS just the density of electrons (holes), localized in the

exponential conduction (valence)-band tail, Négg.;mp}, obtained with a precision of the order

of 2.89 x 1077 as that given in our previous work? and the effective electron (hole)-
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density can be defined by: N* =N —Nepnepp) 2 N — N&Gicpp, as that observed in the

compensated crystals. This should be a new result.

(3) The ratio of the inverse effective screening length k., (-, to Fermi wave number kgp o

at 0 K, Ry, (N), defined in Eq. (7), is valid for any density N*. This should be a new result.

(4) In Tables 5n(5p) given Appendix 1, for a given impurity density N and with increasing
temperature T, and then in Tables 6n(6p) given Appendix 1, for a given T and with
decreasing N, the reduced Fermi-energy &, decreases, and other thermoelectric coefficients
are in variations, as indicated by the arrows by: (increase: ., decrease: ). One remarks in

these Tables that, for any given X, ra;s) and N (or T), with increasing T (or decreasing N), one

[=
obtains: (i) for £,¢py = *JI“? = 1.813€, while the numerical results of the Seebeck coefficient S
present a same minimum (8) pin = —VL = —1.563 x 107* {E) those of the figure of merit

ZT show a same maximum (ZT)yax = 1, (i) for £,y = 1, the numerical results of S, ZT,
the Mott figure of merit (ZT)y.«, the Van-Cong coefficient VC1, and the Thomson

coefficient Ts, present the same results: —1.322 x 10‘4£ ,0.715, 3.290, 1.105 x 10“%, and

[

J 3‘ = 16138, (ZT) pore = 1. It SEEMS

that these same results could represent a new law given for the thermoelectric properties,

1.657 x 10‘4% respectively, and finally (iii) for £,z =

obtained in the degenerate case.

(5) Finally, our electrical-and-thermoelectric relation is given in Eq. (25) by:

kg _ 55 DiMrgoxT) (Ve kg R L. .
— . =— - — —= |— :
X VC2(N,rg(.x T) P (K) L == according, in this work, to
) - DI;N,rd;:B:.,JLTJ (I e[ (ET o : D
VC2(N,rgr.x T) = N i (V). being reduced fo: =, VC1 and

VC2, determined respectively in Equations (17, 21, 22). This should be a new result.
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APPENDIX 1: Tables

Table 1: The wvalues of energy-band-structure parameters are given in the following.

In the X(x)=5iy_,Ge, -crystalline alloy, in which rggam = I

Mg (%)/ My = 0.12 (0.3) % x +0.37353 (0.54038) X (1 — %), £5(x) = 15.8X x+ 114X (1 — ¥), Egy(x) = 0.7412xx + 117 x (1 — x)-

rgysy —0.117 nm (0117 nm), we havel®

L:I, due to the Fermi-Dirac distribution function, noting that

Table 2: Expressions for Gpgj_{yzg'
i)

Gp=i (v = E-[i =3 - 7} = 1, used to determine the electrical-and-thermoelectric coefficients.
Fof{Fpi  Snipi
Gz p2(¥) G2 (¥) Gs 2 (¥) Ga(y) Gz p2(¥) Ga(¥) Gg2(¥)
N e Syt Tyt T 3oy | 49yt 3 Ty 2yt | 147y
(1+5+gs) (1+5) (+F-5) (+y) (+50+%F) (+2°+3F) (+5 -+

Table 3n: Here, one notes that, for given x, N = Npp, and T(=4.2 K and 77 K), the functions: g, w, pg. D,

d tively i ( 10® 10% % em® 10% % em® r_'mz) 4 hi .
expressed respectively m ohrem » Vs » Vs » - , decreasc wi 1mcreasing rg-
Donor P As Sb Sn
rg (nm) A 0.110 0.118 0.136 0.140

For x=0, the values of (&, . pg. D) at 4. 2K

N @0 m™3)

1
4
6
10

1.31, 1.265, 1.286, 0.86
4.96, 0.849, 0.851, 1.84
6.94,0.767,0.767,2.22
10.5, 0.680, 0.680, 2.82

1.26,1.244, 1.265, 0.83
4.84,0.833, 0.834, 1.80
6.78,0.751, 0.752,2.17
10.3, 0.665, 0.666, 2.75

0.86, 1.116, 1.143, 0.62
4.05,0.726,0.727, 1.52
5.72,0.652,0.652, 1.85
8.71,0.574, 0.574, 2.35

0.69, 1.077, 1.110, 0.53
3.74, 0.686, 0.687, 1.42
5.32,0.615,0.615,1.73
8.13, 0.540, 0.540, 2.20

For x=0.5, the values of (. | g, D7) at 4. 2K

N @0 m™

1
4
6
10

4.56, 3.029, 3.040, 4.54
14.2,2.247,2.248, 8.76
19.9, 2.089, 2.089, 10.7
30.6,1.921,1.922,13.9

4.55,2.967,2.978,4.44
13.8,2.195,2.197, 8.56
19.4,2.039, 2.040, 10.4
29.8,1.874,1.874,13.5

3.76,2.573,2.582,3.78
11.7,1.868, 1.869, 7.25
16.3,1.726, 1.727, 8.82
25.0,1.577,1.577,11.4

3.49,2.427,2.436,3.53
10.9, 1.748, 1.749, 6.77
15.2,1.612,1.612,8.23
23.3,1.468, 1.468, 10.6

For x=1, the values of (z. . py. I) at 4. 2K

N (10" em™3)

1
4
6
10

4.56,3.029, 3.029, 4.54

14.2,2.247,2.248, 8.76
19.9, 2.089, 2.089, 10.7
30.6, 1.921, 1.922, 13.9

4.46,2.967,2.978, 4.44
13.8,2.195, 2.197, 8.56
19.4,2.039, 2.040, 10.4
29.8, 1.874, 1.874, 13.5

3.76,2.573,2.582, 3.78
11.7, 1.868, 1.869, 7.25
16.3, 1.726, 1.727, 8.82
25.0,1.577,1.577, 11.4

3.49,2.427,2.436, 3.53
10.9, 1.748, 1.749, 6.77
15.2,1.612, 1.612, 8.23
23.3, 1.468, 1.468, 10.6

For x=0, the values of (. . . 07 at 77T K

N 10 em™?)

4 6.15,1.052,1.507,2.24
6 7.89,0.871, 1.103, 2.45
10 11.2,0.725,0.826,2.96

6.00, 1.032, 1.481, 2.20
7.71,0.854, 1.082, 2.40
10.9, 0.709, 0.809, 2.89

5.06, 0.908, 1.322, 1.90
6.53, 0.744, 0.949, 2.05
9.30, 0.613, 0.700, 2.47

4.70, 0.823, 1.266, 1.79
6.09, 0.704, 0.901, 1.92
8.69, 0.577, 0.660, 2.31

For x=0.5, the values of (&, . pg. 07 at TT K

N (10 cm™?)

4
6

15.2,2.416,2.793,9.26
20.7,2.179,2.382, 11.1

14.9, 2.360, 2.729, 9.04
20.2,2.127,2.326, 10.8

12.6, 2.010, 2.326, 7.67
17.1,1.801, 1.971,9.12

11.7,1.881,2.179, 7.16
15.9, 1.682, 1.841, 8.50
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10 31.3,1.963,2.057, 14.1 30.5,1.915,2.007,13.8  25.6,1.611,1.689,11.6 23.8,1.500, 1.573,10.8

For x=1, the values of (. L ppp. ) at 77 K

N @0 m™

4 73.6,11.50, 11.83, 108
6 106, 10.99, 11.18, 135
10 167,10.46, 10.55, 181

71.6,11.19,11.51, 105
103, 10.69, 10.87, 131
163, 10.17,10.25, 176

59.1, 9.242,9.508, 86.5
84.5, 8.802, 8.950, 108
133, 8.343, 8.415, 144

54.6, 8.535,8.781,79.9
77.9,8.119, 8.255,99.7
123, 7.684,7.750, 133

Table 3p: Here, one notes that, for given x, N = ”CDP and T(=4.2 K and 77 K), the functions: @, w, pyg. D,

d tivelv i ( 10® 10% % cm? 10% % cm® 1I}x:m5) d hi .
expressed respectively m , aecreasc with icreasing r,.
p P y ohmxem’ Vxz * WVxe Efs
Acceptor Ga Mg In Cd

ry (nm) A~ 0.126 0.140 0.144 0.148

For x=0, the values of (z. . g I) at 4. 2K

N @0 m™

3

0.51,1.797, 1.801, 0.35

0.31,1.643,1.649, 0.24

0.22,1.622, 1.630, 0.19

0.13,1.663, 1.683, 0.13

5 091, 1.506,1.507,0.48 0.67,1.317,1.318,0.37  0.58,1.259,1.260, 0.33  0.48, 1.208, 1.209, 0.29
8 1.43,1.313,1.314,0.62 1.11, 1.126, 1.126, 0.50 1.00, 1.064, 1.065, 0.45  0.88, 1.006, 1.007, 0.41
10 1.74,1.239,1.239, 0.69 1.38,1.054, 1.054, 0.56 1.25,0.993,0.993,0.52 1.12,0.935, 0.935, 0.47

For x=0.5, the values of (. | gy, D7) at 4. 2K

N@o¥ m™?

3

1.22,2.858,2.860, 0.93

0.97,2.426,2.428,0.75

0.88,2.283, 2.285, 0.69

0.79, 2.146, 2.148, 0.63

5 1.89,2.534,2.535,1.20 1.53,2.123,2.124, 0.98 1.40,1.987,1.988,0.90 1.28, 1.855,1.855, 0.83
8  2.82,2297,2.297,1.51 2.29,1.906, 1.906,1.23  2.11, 1.776, 1.776, 1.14  1.93, 1.649, 1.650, 1.05
10 3.41,2.200, 2.200, 1.69 2.76,1.818,1.818,1.38  2.55,1.691,1.691,1.27 2.33,1.567,1.567, 1.17

For x=1, the values of (. w, py, I at 4. 2K

N @0*¥ m™3)

3

2.60, 5.559, 5.561, 2.69

2.11,4.572,4.573,2.19

1.95, 4.244, 4.246, 2.03

1.78,3.926, 3.927, 1.86

5  4.02,5.103,5.104, 3.50 3.26,4.162,4.163,2.84  3.00,3.851,3.851,2.62 2.75,3.548, 3.549, 2.40
8  6.04,4.756,4.756, 4.48 4.87,3.853,3.853,3.61 4.48,3.554,3.555,3.33  4.10, 3.265, 3.265, 3.05
10 7.33,4.611,4.611,5.04 5.60,3.724,3.724,4.06  5.42,3.432,3.432,3.74 4.96,3.148, 3.148, 3.42

For x=0, the values of (a. . ppp. ) at 77K

N (10 cm™3)

7 1.34,1.449,1.643,0.60 1.04,1.260, 1.454,0.49  0.94,1.202, 1.401,0.44  0.82, 1.150, 1.361, 0.40
8  1.50,1.380, 1.532, 0.64 1.18,1.191,1.338,0.52  1.06, 1.131,1.279,0.48  0.94,1.075, 1.229, 0.43
10 1.81,1.283,1.385,0.71 1.44,1.096,1.191,0.58  1.30,1.035,1.129,0.53 1.17,0.977, 1.071,0.49

For x=0.5, the values of (z. | . D7) at 77K

N (10 cm™9)

7 2.60,2.434,2.603,1.45  2.11,2.027,2.172,1.18  1.94,1.892,2.030,1.09 1.78,1.761, 1.892, 1.01
8  2.89,2.357,2.493,1.54  2.35,1.957,2.074,126  2.16,1.824,1.935,1.16 1.98, 1.695, 1.800, 1.07
10 3.47,2.242,2338,1.71  2.82,1.853,1.934,1.40  2.60,1.724, 1.801,1.29 2.38,1.599, 1.671, 1.19

For x=1, the values of (. . . D) at 77K

N (10 cm™9)

7

5.46,4.922,5.090, 4.22

4.41,3.995,4.133,3.41

4.06, 3.689, 3.817, 3.14

3.71,3.392,3.510,2.88
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8  6.11,4.816,4.954,4.52 4.93,3.902,4.014,3.65  4.53,3.600,3.704,3.36 4.15,3.307, 3.403, 3.08
10 7.40, 4.654, 4.753, 5.08 5.95, 3.759, 3.840, 4.09 5.47, 3.464, 3.538, 3.77 5.01, 3.178, 3.246, 3.45

Table 4n: In the lightly degenerate n-type X{x} — alloy and for T=3K and 80K, the numerical results of various
thermoelectric coefficients are reported. Further, their variations with increasing ry 4, are represented by the

arrows: .~ (increase), and * (decrease).

Donor P As Sb Sn
For x=0 and N=4 ¥ 10'® em™3, one has:
EacT—2k) ~,. 125.773 125.370 121.867 119.981
EaT—a0K) x. 4.962 4.946 4814 4743
Krezi) c'ru:E':. ) 3.638 3.549 2.965 2.738
‘1r
S o ) 12.168 11.885 10.019 9.296
—B v
~Spea (o x. 4.507 4.522 4.651 4725
. P— ( =y 10.080 10.104 10.313 10.430
1|:~ SV
—VC1 roagy {Tx «, 3.003 3.013 3.099 3.148
-5 v
—VC1 7o gory (me) . 4.870 4.879 4.963 5.016
15y
—VC2 oy () 9.009 9.038 9.297 9.443
—3..17
—VC2 o gogy {me) 3.896 3.903 3.971 4012
™ >¢C
~Tspreagy ) ™ 4.504 4519 4.649 4722
S Y {me] \ 7.305 7318 7.445 7.524
—Ptroag(107°XV) N 1.352 1.356 1.395 1.417
—Ptrogr(1073X V) 8.064 8.083 8.250 8.344
TTireag (1079 P 8.315 8.369 8.857 9.137
ZT r=zor (1079 b 4.159 4179 4353 4.453

For x=0.5 and N=1,7 % 10 cm~?, one has:

- \ 126.178 126.025 124.705 123.999

o Tesok) . 4977 4.971 4.921 4.895

Korez) G m;&:') \ 5.154 5.035 4266 3.978

1 —4& w

remy Como) 17.223 16.831 14.310 13.368
eV

~Strem ) 4.493 4.498 4.546 4571
105wV

—Sir=som ( \ 10.057 10.066 10.142 10.184

1.L‘_E v
~VC oz () v 2.993 2.997 3.028 3.046
—VC1 g0, {me) L 4862 4.864 4.893 4910
1 5%V
Vo) () v 8980 8.991 9.086 9.138
-3 v

—VC2 g0, (me) 3.889 3.891 3.915 3.928
105wV

—Tsroag ( \ 4.490 4.495 4.543 4569

v

—Ts7—s0ky (me] . 7202 7.297 7.340 7.365

~Ptr_ag(1075XV) 1.348 1349 1.363 1371

~Ptr_gog(1073XV)  8.045 8.052 8.114 8.147

ZTyros, (1079 s 8262 8.282 8.458 8.555

ZT regory (107 7 4140 4147 4211 4246
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For x=1 and N=4.5 % 10%® ¢m~3, one has:

EI:II:T:!E‘::I u
En (T=20K) ke

10 %W
Krazk) ( ) E

4w
cmx[{
EXr?
—S(r=2K0 (—) N
10 5%V
—Sir=eo O )

—6. . Tr
V1 oy
10 5V
~VCI roeor, ()
10wV
—VC2 (T=3K) { K
1|:-‘3><‘.f)

—VCZ rr_gomy (T

i, - {10 £V )

1|:~ ¥
_TS['?=9L\E{:.{ H )

—Ptroag(1077xV)
—Ptroep(1073%V)
Ty T‘.—'JE'.'.‘u (1079 s
ET =0k (1077 s

HiTasok) (

&

&

126.299 126.257 125.901 125.712
4.981 4.979 4.966 4.959
7.916 7.721 6.490 6.039
26.443 25.795 21.701 20.203
4.488 4.489 4.502 4.509
10.050 10.052 10.072 10.084
2.990 2.991 2.999 3.004
4.859 4.860 4.864 4.871
8.972 8.974 8.999 9.013
3.887 3.888 3.893 3.897
4.486 4.487 4.499 4.507
7.288 7.289 7.301 7.307
1.346 1.347 1.350 1.353
8.039 8.041 8.058 8.067
8.246 8.251 8.298 8.323
4.134 4.136 4.153 4.162

Table 4p: In the lightly degenerate p-type X{x} — alloy, and for T=3K and 80K, the numerical results of various
thermoelectric coefficients are reported. Further, their variations with increasing ry 4, are represented by the
arrows: .~ (increase), and * (decrease).

Acceptor Ga Mg In Cd

For x=0 and N=4 % 10 em~¥ one has:

En T2k . 151.166 128.297 115.707 98.835

En(T 20Ky . 5.892 5.056 4577 3.864

Werazie) (C ';m:;' ) 5.300 3.677 3.037 2.333
‘1?

- g . 1.671 1.222 1.043 0.825
—B v

—Strag (— . 3.750 4418 4.899 5.735

—Sirecol) ( ) . 8.790 9.936 10.706 12.024
1|:-‘E v

—VC1 ek (5 . 2.499 2.944 3.264 3.820

-5 v

—VC1 rego, (me) 4511 4.819 5.155 6.039
10 5k

—VC2 7oz ( Kx . 7.497 8.832 9.791 11.459

10 3xV
—VC2 rogory { X ] \. 3.609 3.855 4.124 4.831
105wV

—Tspreary Cx ) ™ 3.749 4.416 4.896 5.729

S Y {me) \ 6.767 7.228 7.734 9.059

—Ptroag(1075xV) 1.125 1.325 1.470 1.720

—Ptirogor(1073X V) 7.032 7.949 8.565 9.619

T roag (1079 7 5.757 7.991 9.824 13.462

ZTir=goky (107 7 3.163 4.041 4.692 5918

For x=0.5 and N=3 % 10® e¢m 2 one has:

A . 188.609 180.576 176.372 171.019

S — . 7.253 6.960 6.807 6.612
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Kroz) m:;') . 8.939 7.109 6.459 5.796
'|i1r
S—- o \ 2.664 2.139 1.953 1767
—B W
~Sirai (— \ 3.006 3.139 3214 3.315
—S T 00 ( =y 7.357 7.628 7777 7.975
1.L‘_E v
V€ paaiy () v 2.003 2.092 2.142 2.209
—VC1 g0, {”‘T}‘] L 4109 4.196 4242 4299
w5V
VC2ragy () v 6010 6277 6.426 6.627
=317
—VC2 goky {“ H”"’ ) 3.287 3.357 3.393 3.440
10 5wV
—Tseroag ( \ 3.005 3.138 3.213 3.314
W
—Ts7—s0ky (me] . 6164 6.295 6.363 6.450
—Ptroag(1075XV) 0.902 0.941 0.964 0.994
~Ptir_gog(1073XV) w5885 6.102 6.221 6.380
ZT r-ag, (1079 7 3.698 4.034 4.229 4.498
ZT regomy (107 ;2215 2382 2.475 2.603
For x=1 and N=2 x 10'® e¢m 3 one has:
- \ 212.488 209.598 208.103 206217
o Tesoky . 8.128 8.022 7.967 7.898
Korazr) (& mi,:") \. 13.529 10.980 10.116 9.263
—B ar
Krmmy o) 3.940 3.205 2.957 2.712
eV
—Str=ap O ) 2.668 2.705 2.724 2.749
w3y
—Sir=eom ¢ E ) 6.645 6.724 6.766 6.819
WV
VC gy () v 1778 1.803 1.815 1.832
-5 v
—VC1 7o gory (me) L 3.849 3.880 3.896 3.917
1 5%V
VC2roay () v 5335 5.408 5.447 5.497
—VC2 1o gory (me) 3.079 3.104 3.116 3.133
10 5V
~Tsreag () 2.668 2.704 2.723 2.749
—Ts 7—eoky {me) 5.773 5.820 5.844 5.875
—Ptroag(1075XV) 0.800 0.811 0.817 0.825
~Ptrogr(1073XV) W 5316 5.379 5412 5.455
ZTyrosk (1079 s 2914 2.995 3.038 3.094
ZT regory (107Y) ;1807 1.850 1.873 1.904

Table Sn: Here, for a given N and with increasing T, the reduced Fermi-energy £ decreases, and other thermoelectric
coefficients are in variations, as indicated by the arrows as: (increase: 7, decrease: *»). One notes here that with increasing T:

v
(i) for &, = 1.5138, while the numerical results of S present a same minimum () min, I:E -1.563 X 10_4—1] those of ZT

show a same maximum (ZT gy = 1, (ii) for , = 1, those of S, ZT, I:Z'T"l Mot VCI1, and T present the same results:

—1322><10‘4‘ 0.715, 3.290, 11D5><1D‘-"

s

(ZT) poe = 1.

>

and 1.657 % lD_

, respectively, and (iii) for £, = 1,8138,

For x=0,

In the degenerate P- Xix) — alloy, for M = 2 = Mo, (rp) = 7.0402848 % 10°° cm ™=,
T(K) 7 35.0162 35.779316

36.54913

48.687142

one gets:
48.737

www.wjert.orq

1SO 9001: 2015 Certified Journal

122




Cong. World Journal of Engineering Research and Technology
£ w  1.880 1.8138 1.750 1 0.998

5 (lﬂ -4 E) -1562 . —1563 7 —1.562 FAo—-132 7 —1320

ZT 0.999 7 1 " 0.999 w0715 0.713

(ZT e “/‘ 0.931 1 1.074 3.290 3.306

VC1 (10'4 E) —0.061 7~ 0 70063 1105 7 1.109

vC2 (10'4 E) —2.148 7 0 s 2300 A 53.796 54.051

Tg(10'4 E) —0.092 7 P 7 0094 7 1657 7 1.663

Pt {(107%) —54695 % —5.5923 W  —57090 . —6.4350 7 —6.4333

In the degenerate As- X(x} — alloy, for M = 2 x Mp, (Fa.) = 7.3912394 x 10°F cma™3, one gets:

T(K) 7 36.1705 36.958703 37.753 50.292008 50.343
£ w  1.880 1.8138 1.750 1 0.998
-
5 (lﬂ -4 E) —1562 w —1563 7 —1.562 FAo—-132 7 —1320
ZT 0.999 7 1 " 0.999 w0715 0.713
(2T e 70931 1 1.074 3.290 3.306
VCl (10‘4 E) —0.061 7~ 0 70063 1105 7 1.109
v
vC2 (1[]‘4 E) -2218 7 0 s 2373 7 55570 55.831
v
T; (10 - E) —0.092 7 2 7 0094 7 1657 7 1.663
Pt {(107%) —5.6498 —-5.7766 w  —5.8970 —6.6471 7 —6.6454
In the degenerate Sb- X{x) — alloy, for M = 2 3 My, (Fz) = 1.04133% 3 10°F cm ™, one gets:
T(K) ;454573 46.44796 47.447 63.20463 63.269
£ w  1.880 1.8138 1.750 1 0.998
-
5 (lﬂ -4 E) -1562 w —1563 7 —1.562 Ao—-132 7 —1320
7T 0.999 7 1 " 0.999 w0715 0.713
(ZTheq “f‘ 0.931 1 1.074 3.290 3.306
VC1 (10‘4 E) —0.061 7 0 70063 7 1105 7 1.109
v
vC2 (1[]‘4 E) —2.788 7 0 72984 7 69.838 7 70.167
1.‘f
T, (10 - E) 0092 7 o~ 009 7~ 1657 7 1663
Pt (107%V) —7.1004 .  —=7.2598 w —7.4112 -83538 .7 —83516

In the degenerate Sn- X{x) — alloy, for M = 2 3 My, (r:) = 1.2022797 x 10°7 cm ™, one gets:

T(K) 7 50.0279 51.1182 52218 69.559718 69.631
£ W 1.880 1.8138 1.750 1 0.998
v
5 (lﬂ -4 E) —1562 w —1563 7 —1.562 FAo—-132 7 —1320
ZT 0.999 7 1 " 0.999 w0715 0.713
(ZTheq 70931 1 1.074 3.290 3.306
v
VC1 (10‘4 E) —0.061 7 0 70063 A 1105 7 1.109
v
V(2 (10‘4 E) -3.069 7 0 s 3285 A 76.860 7 77.224
1.‘r
T, {10 -4 E) 0092 7 o 4 009 & 1657 7 1663
Pt (107%V) —7.8143 = —79898 .  —8.1564 -9.1937 7  —9.1913
For x=0.5,
In the degenerate P- ¥(x) — alloy, for M = 2 x N, (rp) = 1.1955345 = 10°% cm™7, one gets:
T(K) 7183547 18.7546722 19.1582 25.520651 25.5468
E W 1.880 1.8138 1.750 1 0.998

www.wjert.orq

1SO 9001: 2015 Certified Journal

123




Cong.

World Journal of Engineering Research and Technology

(1041

ZT

(2T e -
vea (1074 E)
vez (1074 E)
T,(1073)
Pt {(107%)

-

"

—1.562 "

i

0.999
0.931

—0.061 7
-1.126 7
—0.092 7

—2.8670

—1.563 7
1 s
1
0 A
0 A
o 7
—2.9313

—1.562

0.999
1.074

0.063

1.205

0.094

—2.9925

s —1.322
" 0.715
3.290
s 1.105
s 28.199
s 1.657
w —3.3731

7 —1.320
" 0.713
3.306

A 1.109
A 28.332
s 1.663
7 —3.3722

In the degenerate As- X(x) — alloy, for M = 2 x Mo, (1.} = 1.2551318 = 10°% cm ™%, one gets:

T(K) 7

£ "
s(10-* E)
ZT

(ZT) 1o 1?/"
vea (1074 E)
vez (1074 E)
T,(10- E)
Pt (1073

18.9597
1.880

—1.562 "

0.999 s
0.931

—0.061 7
-1.163 7
—0.092 7

—2.9615

19.37288
1.8138

—1.563 7

1 u
1

0 7

0 7

VI

—3.0280

19.7897
1.750

—1.562

0.999
1.074

0.063

1.245

0.094

—3.0911

26.361884
1
s —=1.322
" 0.715
3.290
s 1.105
s 29.128
s 1.657
" —3.4842

26.3889
0.998
7 —1.320
" 0.713
3.306
A 1.109
s 29.266
s 1.663
7 —3.4833

In the degenerate Sb- X{x) — alloy, for M = 2 % M.p, (re) = 1.7683336  10°F cm™3, one gets:

T(K) 7
E "
(a0
T

|: Z'I':I Mott A

vea (1074 E)
vez (1074 E)

T,(10- E)
Pt (1073

23.8277
1.880

—1.562 "

0.999 s
0.931

—0.061 7~
—-1461 7
—0.092 7

—=3.7219

24.346924
1.8138

—1.563 7

1 u
1

0 7

0 7

0 7

—3.8054

24.8707
1.750

—1.562

0.999
1.074

0.063

1.565

0.094

—3.8848

33.130375
1

s —1.322
u 0.715
3.290

s 1.105
s 36.607
s 1.657
u —4.3788

33.1642
0.998

7 —1.320

" 0.713
3.306

A 1.109
A 36.780

s 1.663

7 —4.3777

In the degenerate Sn- X{x) — alloy, for M = 2 3 My, (r:.) = 2.0416326 = 10°F cm™, one gets:

T(K) 7262235 26.794955 27.3714 36.461563 36.4989
£ w  1.880 1.8138 1.750 1 0.998
v
5 (lﬂ -4 E) -1562 w —-1.563 7 —1.562 A —1322 7~ —1320
ZT 0.999 7 1 u 0.999 w0715 0.713
[ TP S 0931 1 1.074 3.290 3.306
v
V(1 (10‘4 E) —0.061 7 0 70063 7 1105 7 1.109
v
VC2 (10‘4 E) -1.608 7 0 A 1722 7 40288 7 40.479
v
T; (10 - E) —0.092 7 o 7 0094 7 1657 7 1.663
Pt (107%) —4.0961 = —4.1880 w @ —4.2754 —4.8191 7 —4.8179
For x=1,
In the degenerate P- X(x) — alloy, for M = 2 3 Ny, (rp) = 762005 = 10*® cm™?, one gets:
T(K) 776739 7.841109 8.0098 10.669885 10.6808
£ w  1.880 1.8138 1.750 1 0.998
1.‘F
5 (lﬂ -4 E) -1562 W —1563 & —1.562 A o—-132 & —1320
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7T 0.999

(ZT) 1o “/‘ 0.931

ver (10743)  —o0s1 2

i

vez (1074 E) —0471 7
v

T, (1[] -4 E) —0.092

Pt {(107%) —1.1987

~ 1
1
0
0
o 0
w  —1.2256

u 0.999
1.074

0.063

A
A

0.504

7 0.094

w o —1.2511

u 0.715 u

3.290
s 1105 7
7 11.790 7
s 1.657 s
W —1.4102 7

0.713
3.306

1.109

11.845

1.663

—1.4099

In the degenerate As- X(x) — alloy, for M = 2 = Mo, (1) = 9.2050858 = 10°® cm ™%, one gets:

T(K) ;o 7.9269 8.0995742 82738
3 “  1.880 1.8138 1.750
v
5 (lﬂ -4 E) —1562 W —-1563 7 —1.562
7T 0.999 7 1 w0999
(e 7 0931 1 1.074
VCl (1[]‘4 E) —0.061 7 D 70063
K
VC2 (10‘4 E) —0.486 7 0 70520
v

T, (10 - E) 0092 7 o 7 009
Pt (1073 —1.2382  w —12660 = —1.2924

11.021595
1

A —=1.322 A
u 0.715 u
3.290

A -

1.105

A -

12.178

7 1657 7

u —1.4567 F

11.0329
0.998

—1.320

0.713
3.306

1.109

12.236

1.663

—1.4563

In the degenerate Sb- X{x) — alloy, for M = 2 % Mp, (re) = 1.2963887  10°7 cm™3, one gets:

T(K) 799621
£ o 1.880
-4 E)
5(1[] n —1.562
zT 0999 7
(2T e 70931
r
ver (1074) o061 2
r
ve? (10-4‘E) —0611 #
—4 v -
Tg(lﬂ T —0.092 7
Pt (1073 —1.5561 "

10.1791635 10.3981
1.8138 1.750
—1.563 s =1.562
1 " 0.999
1 1.074
0 A 0.063
0 A 0.654
0 7 0.094
—1.5910 = —1.6242

13.851422
1

i

—1.322 7

u 0.715 u
3.290

1.105 A
/'|

15.305

1.657 s

" —1.8307 7

13.8656
0.998

—1.320

0.713
3.306

1.109

15.377

1.663

—1.8303

In the degenerate Sn- X{x) — alloy,

for M = 2 ® Np, (reo) = 1.4873251 % 10°7 cm ™, one gets:

T(K) 7 10.9639 11.2026564 11.4436  15.2441522 15.2597
£ " 1.880 1.8138 1.750 1 0.998
v
5 (lﬂ -4 E) -1562 = —-1.563 & —1562 & —1322 7  —1320
ZT 0.999 7 1~ 0999 w0715 0.713
(T 7 0931 1 1.074 3.290 3.306
VCl (10‘4 E) —0.061 7~ 0 7 0063 A~ 1105 7 1.109
v
VC2 (10‘4 E) —0.672 7 o~ 0720 7 16844 7 16.923
v
T; (10 - E) —0.092 7 0 70094 7 1657 7 1663
Pt (107%) —1.7126 =~ —1.7510 =~ —1.7875 % —2.0148 A =2.0143
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Table Sp: Here, for a given N and with increasing T, the reduced Fermi-energy £ decreases, and other thermoelectric

coefficients are in variations, as indicated by the arrows as: (increase: 7, decrease: “»). One notes here that with increasing T:

v
(i) for §; = 1.8138, while the numerical results of S present a same minimum [Sjm_iul(g -1.563 X 1D_4E:], those of ZT

show a same maximum (ZT g, = 1, (ii) for §5 = 1, those of S, ZT, (ZT)pgey, VCI, and T; present the same results:

—1.322><10‘4§

0.715, 3.290, 1.105 x 19-4'&

and 1.657 ¥ 10742

respectively, and (iii) for §, = 1.B138,

9 9’ E: 9’
(ZT) More = 1.
For x=0,
In the degenerate Ga- X(x} — alloy, for M = 2 Mgy, (rg.) = 24238482 x 10" cm™, one gets:
T(K) 7 114795 117.295822 119.8099 159.61173 159.775
£ w  1.880 1.8138 1.750 1 0.998
1.?
5 (lﬂ -4 E) -1562 w —1563 7 —1.562 A =132~ —-1320
ZT 0.999 7 1 " 0.998 w0715 0.713
(ZT e A 0931 1 1.074 3.290 3.306
v
VC1 (10'4 E) -0.061 7 0 70063 7 1105 7 1.109
.
VC2 (IU" E) -0.070 -~ 0 A 0075 A 1764 7 1772
v
T, (10'4 E) —-0.092 7 oA 009 7 1657 7 1.663
Pt (1075) —1.7931 ~ —1.8333 w —18714 % —=2.1096 .7 —2.1090
In the degenerate Mg- i) — alloy, for ¥ = 2 x Ny, (Fy,) = 3.6402136 x 10°7 cm™, one gets
T(K) 7 150.5453 153.826153 157.135 209.32083 209.535
£ w  1.880 1.8138 1.750 1 0.998
-
5 (lﬂ -4 E) —1562 .  —1563 7 —1.562 A-1322 7 —1320
7T 0.999 7 1 \ 0.998 w0715 0.713
(ZTheze 7093 1 1.074 3.290 3.306
VCl (10‘4 E) —0.061 7 0 70063 7 1105 7 1.109
- 1.,?
viC2 (1[]‘* E) -0.092 7 0 7 0.098 s 2313 s 2.324
v
T, (10'4 E) —0.092 7 0 7 0094 7 1657 7 1.663
Pt (107) —23515 W —24043 w  —24544 . =27666 S —2.7659
In the degenerate In- X{x} — alloy, for M = 2 = M, (i) = 4.2660254% 10% cm™, one gets:
T(K) ;o 167.34 170.986263 174.665 232.67166 232.91
E w  1.880 1.8138 1.750 1 0.998
v
5 (lﬂ -4 E) —1562 . —1563 7 —1.562 A -1322 7 —-1320
7T 0.999 7 1 . 0.998 w0715 0.713
(ZT) e 709l 1 1.074 3.290 3.306
VCl (1[]‘4 E) —0.061 7 0 70063 7 L1057 1.109
- 1.,’
VC2 (1[]" E) -0.103 7 0 7 0.109 7 2571 7 2.583
1.‘?
T, (10'4 E) 0092 7 0~ 009 S 1657 7 1663
Pt {107%) —2.6138 w  —2.6725 W —2.7283  w  =3.0752 7  —3.0744

In the degenerate Cd- X(x} — alloy, for M = 2 = Mg, (rea) = 5.0523546x 10° cm™, one gets:

T(K) 7187318 191.3998 195.518 260.44963 260.716

£ w  1.880 1.8138 1.750 1 0.998
1.?

5 (lﬂ -4 E) -1562 w —1563 & —1.562 A -1322 A —1320

ZT 0.999 7 1 . 0.998 w0715 0.713

(2T bone A 0931 1 1.074 3.290 3.306
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v
VC1 (10‘4 E) —0.061 7 0 0063 7 1105 7 1.109

" 1.,?
VC2 (IU“ E) -0.115 -~ 0 A 0123 A 2878 7 2.891

v
T, (1 0-* E) —0.092 7 0 7 0094 7 1.657 7 1.663
Pt {10~) —29259  w —2.9916 w  —3.0540 w  —3.4424 7  —3.4415
For x=0.5,
In the degenerate Ga- X(x) — alloy, for M = 2 x M, (re.) = 67118554 x 10°% cm™, one gets:
T(K) F62719 64.085663 65.464 87.205352 87.294
£ w  1.880 1.8138 1.750 1 0.998
v
5 (lﬂ -4 E) -1562 .  —1563 7 —1.562 A-1322 7  —-1320
ZT 0.999 7 1 W 0.998 w0715 0.713
(ZTheze 70931 1 1.074 3.290 3.306
v

VC1 (10‘4 E) —0.061 7 0 A 0063 7 1105 7 1.109

" 1.,?
VC2 (IU“ E) -0.038 7 0 70041 7 0963 7 0.968

v

T, (1 0-* E) —0.092 7 o 7 0094 7 1657 7 1.663
Pt (107) —0.9797 % —1.0016 % —=1.0225 w —1.1526 & —1.1523

In the degenerate Mg- Xz} — alloy, for I¥ = 2 = Ny, (Fyey) = 10080081 x 10° em™, one gets

T(K) ;82252 84.044347 85.852 114.364375 114.481
£ w  1.880 1.8138 1.750 1 0.998
1.‘F
5 (lﬂ -4 E) -1562 w —1563 7 —1.562 A =132~ —1320
ZT 0.999 7 1 . 0.998 w0715 0.713
(ZT e 70931 1 1.074 3.290 3.306
VC1 (10‘4 E) —0.061 7 0 70063 7 1105 7 1.109
" 1..’
VC2 (IU“ E) -0.050 -~ 0 70054 7 1264 7 1.269
1.‘?
T, (10'4 E) 0092 7 0~ 009 7~ 1657 7 1663
Pt (107%) —1.2848 »  —13136 % —1.3410 W —15115 & —1.5112
In the degenerate In- X(x) — alloy, for M = 2 % M, (ri) = 1.1813011% 10°° ™, one gets:
TK) 7 91.429 93.419934 95.429 127.122322 127.252
£ . 1.880 1.8138 1.750 1 0.998
v
5 (lﬂ -4 E) —1562 % —1563 7 —1.562 A -1322 7 —-1.320
7T 0.999 7 1 . 0.998 w0715 0.713
(T 7 0931 1 1.074 3.290 3.306
VCl (10‘4 E) —0.061 7 0 70063 7 1105 7 1.109
- 1‘?
viC2 (1[]“ E) —0.056 7 0 7 0.060 7 1405 7 1411
v
T, (10'4 E) —0.092 7 0 7 0094 7 1657 7 1.663
Pt {10~) —1.4281  —14601 % —14906 w —1.6802 7~ —1.6797

In the degenerate Cd- X(x} — alloy, for M = 2 ® Mep, (Fea) = 13330428 10° cm™, one gets:

T(K) 7

;Il Su
(10
ZT

':Z'T}Hm i A
vea (107 E)

102.343
1.880

—1.562

0.999
0.931

—0.061

104.57306 106.823
1.8138 1.750

w  —1.563 S —=1.562

A 1 " 0.998
1 1.074
7 0 s 0.063

142.299077
1
7 -1.322
u 0.715
3.290
7 1.105

142.445
0.998
s —1.320
u 0.713
3.306
7 1.109
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vez (107 E)

-0.063 7 0 A 0067 7 1572 7 1.579
v
T, (1 0-* E) —0.092 7 0 7 0094 7 1.657 7 1.663
Pt {10~) —1.5986 % —1.6345 . —1.6686 w —1.8808 .7  —1.8803
For x=1,
In the degenerate Ga- X(x} — alloy, for M = 2 % Mep, (rg.) = LESTE107 x 10°% cm™, one gets:
T(K) F33.177 33.900029 34.629 46.12988 46.1772
£ w 1.880 1.8138 1.750 1 0.998
v
5 (lﬂ -4 E) —1562 w  —1563 7 —1.562 A -1322 7 —-1320
ZT 0.999 7 1 . 0.998 w0715 0.713
(ZTheze 70931 1 1.074 3.290 3.306
v
VC1 (10‘4 E) —0.061 7 0 A 0063 7 1105 7 1.109
" 1.,?
VC2 (ID“ E) -0.020 7 0 A 0022 7 0510 7 0.512
v
T, (1 0-* E) —0.092 7 0 7 0094 7 1657 7 1.663
Pt {10~) —0.5182 % —0.5298 w  —0.5409 w  —0.6097 7~  —0.6095

In the degenerate Mg-

Hi(x) — alloy, for N = 2 % Nep, (i) = 23395704 * 10°% em™, one gets:

T(K) ;o 43.5096 44.457772 45.414 60.496458 60.558
£ w  1.880 1.8138 1.750 1 0.998
-
5 (lﬂ -4 E) -1562 . —1563 7 —1.562 A-1322 7  —-1320
ZT 0.999 7 1 \ 0.998 w0715 0.713
(ZT) e 709 1 1.074 3.290 3.306
VC1 (10‘4 E) —0.061 7 0 70063 7 1105 7 1.109
- 1.,’
VC2 (IU“ E) -0.027 7 0 70028 7 0.668 7 0.672
1.?
T, (10'4 E) 0092 7 0~ 009 S 1657 7 1663
Pt {107%) —0.6796 % —0.6949 . —0.7094 w  —0.7996 7  —0.7994
In the degenerate In- X{x} — alloy, for M = 2 = M, (1) = 2.7417806% 10°F cm™, one gets:
T(K) 7 48364 49.417269 50.4805 67.245155 67.314
£, w  1.880 1.8138 1.750 1 0.998
1.?
5 (lﬂ -4 E) —1562 w —1563 7 —1.562 A =132~ —1320
ZT 0.999 7 1 . 0.998 w0715 0.713
(T 20931 1 1.074 3.290 3.306
VC1 (10‘4 E) —0.061 7 0 70063 7 1105 7 1.109
- 1.,?
vC2 (1[]“ E) -0.030 7 0 7 0.031 7 0.743 7 0.746
v
T, (10'4 E) —0.092 7 o 7 0094 7 1657 7 1.663
Pt {10~) —0.7554 % —0.7724 . —0.7885 w  —0.8888 7 —0.8885

In the degenerate Cd- X(x) — alloy, for M = 2 x M, (Fi.) = 3.2471554 % 10° cm™, one gets:

T(K) 7
£ w
s(10-* E)

ZT

':ZT}K:M e

vea (1074 E)
vez (1072 3)

54.1372
1.880

—1.562

0.999
0.931

—0.061

—0.033

"

A

A

55.317048
1.8138

—1.563

1
1

0

0

)

"

-

A

A

56.5072
1.750

—1.562

0.998
1.074

0.063

0.035

A

A

A

"

75.273351
1

—1.322

0.715
3.290

1.105

0.832

A

"

A

A

75.3505
0.998

—1.320

0.713
3.306

1.109

0.836
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T, (1 04 E) —0.092 7 o 7 0094 7 1.657 7 1.663
Pt(107%V) —0.8456 . —0.8646 . —08826 w  —09949 7 —0.9946

Table 6n: Here, for a given T and with decreasing N, the reduced Fermi-energy &, decreases, and other thermoelectric

coefficients are in variations, as indicated by the arrows as: (increase: 7, decrease: “»). One notes here that with increasing T:
W

(i) for £y = 1,.8138, while the numerical results of S present a same minimum [Sjlmjulliﬁ —1.563 10_4E:], those of ZT

show a same mzlixirnum (ZT ey, = 1, (ii) for £y = 1, those of S, ZT, [ZIT",I motty VCI1, and T present the same results:
—1.322x 10742 | 0.715, 3290, —1.105 X 1072 and 1.657 X 107%% respectively, and (iii) for &, = 1.5138,

> B>
(ZT) Mote = 1
For x=0,
In the degenerate P- X(x) — alloy, for T=35.779316 K, one gets:
M{10"%em ™ 7.1559 7.0402848 6.9297 5737761 5.7344
£ w  1.880 1.8138 1.750 1 0.998
-
5 (lﬂ -4 E) —1562 w —1563 7 —1.562 Ao—-132 7 —1320
ZT 0.999 7 1 " 0.999 w0715 0.713
(ZT e 70931 1 1.074 3.290 3.306
v
VC1 (10'4 E) —0.061 7 0 s 0063 A 1105 7 1.109
v
VC2 (10'4 E) -2.193 7 0 s 2250 A 39.534 7 39.679
-
T, (10 -4 E) —0.092 7 P 7 0094 7 1657 7 1.663
Pt {(107%) —55887 w  —55923 F —55887 7 —47290 7 —4.7229
In the degenerate As- X(x) — alloy, for T= 36.958703 K, one gets:
M{10%em ™ 7.5127 7.3912394 7.2751 6.0237853 6.02021
£ w  1.880 1.8138 1.750 1 0.998
1.?
5 (lﬂ -4 E) -1562 W —1563 7 —1.562 ;o—-1322 7 —1320
ZT 0.999 7 1 " 0.999 w0715 0.713
(ZTheze 70931 1 1.074 3.290 3.306
v
VC1 (10‘4 E) —0.061 7 0 70063 A 1105 7 1.109
v
viC2 (1[]‘4 E) —2267 7 0 72325 7 40.837 7 40.989
v
T; (10 - E) —-0.092 7 0 7 0094 7 1657 7 1663
Pt (1073 —5.7729 . =5.7766 7 —=57729 7  —4.8848 7 —4.8785
In the degenerate Sb- X(x) — alloy, for T=46.44796 K, one gets:
N({10%cm ™ 1.058452 1.041339 1.02498 0.84868079 0.848177
£ \ 1.880 1.8138 1.750 1 0.998
—4 v
5 (lﬂ E) -1562 % -1563 7 —1.562 A o—-132 F —1320
7T 0.999 7 1 x 0.999 w0715 0.713
(ZT) e 70931 1 1.074 3.290 3.306
1.?
VC1 (10‘4 E) —0.061 7 0 s 0063 A 1105 7 1.109
1.?
VC2 (10‘4 E) —2.849 7 0 ;20220 A 51322 7 51.513
1.?
T, (10 -4 E) —0.092 7 b7 0094 7 1657 7 1663
Pt {(107%) —72552 W —7.2598 7 —=72552 7 —6.1390 7 —6.1311
In the degenerate Sn- X(x) — alloy, for T=51.1182 K, one gets:
M{10*%cm ™ 1.22203 1.2022797 1.1834 0.9798458 0.979264
£ w  1.880 1.8138 1.750 1 0.998
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s(10-4%)

- -1562 w —-1563 7 —1.562 ;=132 7 —1320
ZT 0.999 7 1 u 0.999 w0715 0.713
(2T e 70931 1 1.074 3.290 3.306
v
VC1 (10‘4 E) —0.061 7~ 0 70063 & 1105 7 1.109
v
VC2 (10‘4 E) —3.134 7 0 A 3214 7 56483 7 56.693
v
T; (10 - E) —0.092 7 2 7 0094 7 1657 7 1.663
Pt {(107%) —7.9847 .  —79898 7 —79847 7  —6.7563 7 —6.7476
For x=0.5,
In the degenerate P- X(x) — alloy, for T=18.7546722 K, one gets:
M{10%em ™ 121518 1.1955349 1.1768 0.97434888 0.973771
£ w  1.880 1.8138 1.750 1 0.998
v
5 (lﬂ -4 E) -1562 W —1563 7 —1.562 ;o—-1322 7 —1320
ZT 0.999 7 1 " 0.999 w0715 0.713
(T eome 70931 1 1.074 3.290 3.306
-
VC1 (10'4 E) —0.061 7 0 s 0063 A 1.105 7 1.109
v
vC2 (10'4 E) -1.150 7 0 o177 A 20723 A 20.799
v
T, (1 0~ E) —0.092 7 VR 0094 7 1657 7 1.663
Pt {(107%) —29295 . —=29313 A —29295 7 —24788 7 = —24756
In the degenerate As- ¥({x] — alloy, for T=19.37288 K, one gets:
M{10"%em ™ 127575 1.2551318 1.23541 1.0229197 1.02232
E, W 1.880 1.8138 1.750 1 0.998
v
5 (lﬂ -4 E) -1562 w» —-1563 & —1562 7 -1322 7 —1.320
ZT 0.999 7 1 w o 0.999 W 0715 = 0.713
(ZTheze 70931 1 1.074 3.290 3.306
v
VC1 (10‘4 E) —0.061 7 0 A 0063 A 1105 7 1.109
v
vC2 (1[]‘4 E) -1.188 7 0 A 1219 7 21.406 7 21.484
v
T; (10 - E) —-0.092 7~ o~ 0094 7 1657 7 1.663
Pt (1073 —3.0260 = —3.0280 & —=3.0260 7 —2.5605 .7 —2.5573
In the degenerate Sb- X{x) — alloy, for T=24.346924 K, one gets:
M{10%em ™ 1.79739 1.7683336 1.74055 1.441174 1.44032
£ w  1.880 1.8138 1.750 1 0.998
1.?
5 (lﬂ -4 E) -1562 W —1563 7 —1.562 Fo—-132 7 —1320
ZT 0.999 7 1 " 0.999 w0715 0.713
(T eome 70931 1 1.074 3.290 3.306
-
VC1 (10'4 E) —0.061 7 0 s0063 A 1105 7 1.109
v
VC2 (10'4 E) —1.493 7 0 ;153 A 26902 27.002
v
T, (10 -4 E) —0.092 7 P 7 0094 7 1657 7 1.663
Pt (1073 —3.8030 . —3.8054 .~ —3.8030 & —=32179 .~  —=3.2138
In the degenerate Sn- X(x) — alloy, for T=26.794955 K one gets:
M{10"%em ™ 2.07509 2.0416326 2.00956 1.66390992 1.66293
E W 1.880 1.8138 1.750 1 0.998
v
5 (lﬂ -4 E) -1562 w —1563 7 —1.562 A o—-1322 & —1320
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ZT 0.999 7 1 W 0.999 w0715 0.713
(ZTheze 70931 1 1.074 3.290 3.306
v
VCl (10‘4 E) —0.061 7 0 70063 7 1105 7 1.109
v
VC2 (10‘4 E) -1639 7 0 A1685 A 29.607 7 29.716
v
T; (10 - E) —0.092 7 0 7 0094 7 1657 7 1.663
Pt {(107%) —4.1854 .  —4.1880 7 —4.1854 7 —=35415 &  —=3.5370
For x=1,
In the degenerate P- X(x) — alloy, for T=7.841109 K, one gets:
N(10"cm ™ 8.9121 8.768005 8.6303 7.1458355 7.1416
£ w 1.880 1.8138 1.750 1 0.998
v
5 (lﬂ -4 E) —1562 . —1563 7 —1.562 FAo—-132 7 —1320
ZT 0.999 7 1 u 0.999 w0715 0.713
(ZTheze 70931 1 1.074 3.290 3.306
v
VC1 (10‘4 E) —0.061 7 0 A 0063 A 1105 7 1.109
v
VC2 (10‘4 E) —0.481 7 0 A 0493 7 8.664 7 8.696
v
T; (10 - E) —0.092 7 2 7 0094 7 1657 7 1.663
Pt (107%V) —1.2248 . —12256 A —12248 7 —10364 7 —1.0350

In the degenerate As- X(x) — alloy, for T=8.0995742 K, one gets:

M{10*em ™ 9.3563 9.2050858 9.061 7.5020518 7.4976
£ w  1.880 1.8138 1.750 1 0.998
v
5 (lﬂ -4 E) -1562 W —1563 7 —1.562 ;o—-132 7 —1320
ZT 0.999 7 1 " 0.999 w0715 0.713
(ZT e 7093 1 1.074 3.290 3.306
VCl (10'4 E) —-0.061 -~ 0 70063 7 1105 7 1.109
v
vC2 (10'4 E) —0.497 7 0 70507 A 8.949 .7 8.983
v

T, (10 -4 E) -0.092 7 D 0094 & 1657 7 1.663
Pt {(107%) —12651 % —12660 & —12651 7 —=10705 7 —1.0691

In the degenerate Sb- X{x) — alloy, for T=10.1791635 K, one gets:

M{10em™ 13182 1.2968887 1.27651 1.05695116 1.05633
£ “  1.880 1.8138 1.750 1 0.998
-
5 (lﬂ -4 E) —1562 w —1563 & —1.562 FAo—-1322 7 —1320
zT 0.999 7 1 W 0.999 w0715 0.713
(T 7 0931 1 1.074 3.290 3.306
VCl (10‘4 E) —-0.061 7~ 0 70063 1105 7 1.109
i
VC? (1[]‘4 E) —0.624 7 0 70640 7 11247 7 11288
v

T: (10 - E) —0.092 7 o 7 0094 7 1657 7 1.663
Pt (1073W) —1.5900 W —15910 & —15900 & —13454 7 —13437

In the degenerate Sn- X(x) — alloy, for T=11.2026564 K, one gets:

M{10 7 em™ 1.5219 1.4973251 1.4738 1.22030477 1.21958
E, W 1.880 1.8138 1.750 1 0.998

1.?
5 (lﬂ -4 E) -1562 % -—1563 7~ —1562 7 -1322 7 —1.320
ZT 0999 7 1 % 0999 . 0715 0.713
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(2T e 70931 1 1.074 3.290 3.306

V(1 (10‘4 E) —-0.061 7 o7 0063 7 1105 7 1.109

vC2 (10‘4 E) —0.686 7 o A 0705 7 12378 7 12.424
-

T; {10 - E) —0.092 7 o A 0094 7 1657 7 1.663

Pt (1073V) —1.7498 % —1.7510 7 —17498 7 —1.4806 7 —1.4787

Table 6p: Here, for a given T and with decreasing N, the reduced Fermi-energy Ep decreases, and other thermoelectric
coefficients are in variations, as indicated by the arrows as: (increase: 7, decrease: “»). One notes here that with increasing T:
(i) for ’g'p = 1,8138, while the numerical results of S present a same minimum [Sjlmjulliﬁ —1.563 10_4;:], those of ZT
show a same maximum (ZT g, = 1, (ii) for {5 =1, those of S, ZT, (ZT)ppey, VCL, and T, present the same results:

—1.322><10‘4§ , 0715, 3290, —1.105x107*% | and 1.657 x 10™*% | respectively, and (iii) for £, = 1.8138,

B> B>
(ZT) pore = 1.
For x=0,
In the degenerate Ga- X{x) — alloy, for T=117.295822 K, one gets:
M{10%em™ ) 2.46368 2.4238482 2.38577 1.97541176 1.97424
£, w1880 1.8138 1.750 1 0.998
1.‘F

5 (lﬂ -4 E) -1562 W —1563 7 —1.562 A =132~ —-1320
ZT 0.999 7 1 . 0.999 w0715 0.713
(2Tt 70931 1 1.074 3.290 3.306

v
vl {10‘4 E) —0.061 7~ D 70063 A 1105 7 1.109
vez2{107%) —0072 7 0 ;0074 7 1296 7 1.301

v

T; (10'4 E) —009z 7 o7 0094 7 1657 7 1.663
Pt (1075) —1.8322 w  —1.8333 7 —1.8322 7 —15503 7 —1.5483

In the degenerate Mg- X(x) — alloy, for T=153.826153 K, one gets:

M{10em ™) 3.70001 3.6402136 3.5831 2.9667373 2.96499
£ v 1.880 1.8138 1.750 1 0.998

5 (lﬂ -4 EF) -1562 -1.563 7 -1562 A~ -1322 7~  —1320
zT 0.999 7 1 s 0999 0715 = 0.713
(TThe 7 0931 1 1.074 3.290 3.306
VC1 (10 -4 EF) -0.061 7 0 7 0.063 7 1105 7 1.109
ve2(1072v) —0.094 7 0 7 0097 A 1700 7 1.706
T, (1 0~ E?) -0.092 7 0 7 0094 7 1657 7 1663
Pt (107%V) —2.4028 —24043 7 —2.4028 7 —2.0331 7~ —2.0305

In the degenerate In- X(x) — alloy, for T=170.986263 K, one gets:

M10"em ™) 43361 4.2660254 4.199 3.47676751 3.474703
£ % 1.880 1.8138 1.750 1 0.998
5 (lﬂ -4 E?) -1.562 % —-1563 7~ —1.562 F-1322 & —1.320
ZT 0.999 7 1 0.999 w0715 0.713
(T 7 0931 1 1.074 3.290 3.306
vC1 (10 -4 E?) —0.061 7 0 7 0.063 7 1105 7 1.109
ve2(10-2v) —0.105 7 0 s 0107 7 1.889 7 1.896
T, (1 (1 E?) —0.092 7 0 20094 A 1.657 7 1.663
Pt (1075V) —2.6708 w —2.6725 7 —2.6708 7 =22599 £ =22570
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In the degenerate Cd- X(x] — alloy, for T=191.3998 K, one gets:

M{10*7em ™ 5.13538 5.0523546 4973 4.11761786 4.11518
E w  1.880 1.8138 1.750 1 0.998
v
5 (lﬂ -4 E) -1562 w —1563 7 —1.562 A-1322 7 —-1320
ZT 0.999 7 1 x 0.999 w0715 0.713
(T e 70931 1 1.074 3.290 3.306
1r?
V(1 {lﬂ -4 E) —0.061 7 0 70063 A 1105 7 1.109
vea(10-iv) -0.117 7 0 s 0120 7 2115 7 2.122
v
T, (10'4 E) —pgsz 7 o 7 009 7 1657 7 1663
Pt {10~) —2.9897 W —2.9916 7 —2.9897 7 =25297 7 —-2.5265
For x=0.5,
In the degenerate Ga- X(x) — alloy, for T=64.085663 K, one gets:
M{10%em ™) 6.8221 6.7118554 6.6065 5.4700943 5.46685
£ w 1.880 1.8138 1.750 1 0.998
v
5 (lﬂ -4 E) -1562 w —1.563 7 =1.562 A —1322 7 —-1.320
ZT 0.999 7 1 W 0.999 w0715 0.713
(ZT) s 70931 1 1.074 3.290 3.306
1r?
VC1 (10 -4 E) -0.061 7 0 7 0.063 7 1105 7 1.109
vez{107%) —0.039 7 0 70040 7 0708 7 0.710
1.?
T; (10'4 E) -0.092 7 oA 0094 7 1657 7 1.663
Pt {107%) —1.0010 » —1.0016 7 -1.0010 7 —0.8470 7  —0.8459
In the degenerate Mg- X(x) — alloy, for T=84.044347 K, one gets:
M{10%em ™) 1.02457 1.0080081 0.99219 0.82151643 0.82103
£ w  1.880 1.8138 1.750 1 0.998
v
5 (lﬂ -4 E) -1562 w —1563 7 —1.562 A =132~ —1320
ZT 0.999 7 1 " 0.999 w0715 0.713
(ZT e A 0931 1 1.074 3.290 3.306
v
VC1 {IU -4 E) —-0.061 7 o 70063 B 1.105 7 1.109
ve210-iv) —-0.051 7 0 s 0052 A 0929 A 0.932
v
T, (10'4 E) —0.092 7 0 7 0094 7 1657 7 1.663
Pt (107) —13128 = —13136 7~ —13128 A —=1.1108 7 —1.1094
In the degenerate In- X(x) — alloy, for T=93.419934 K, one gets:
M1 em ™) 1.20071 1.1813011 1.16274 0.96274844 0.96218
E w  1.880 1.8138 1.750 1 0.998
v
5 (lﬂ -4 E) —1562 w —1563 7 —1.562 A -1322 7~ —-1320
7T 0.999 7 1 . 0.999 w0715 0.713
(ZThepe 70931 1 1.074 3.290 3.306
v
VC1 (10 -4 E) —0.061 7 0 A 0.063 7 1105 7 1.109
ve210-iv) —-0.057 7 0 7 0059 7 1032 7 1.036
v
T, (1[]‘4 E) —0092 7 0 7 0094 7 1657 7 1.663
Pt {10~) —1.4592 % —14601 7 —1.4592 s —1.2347 7 —1.2331
In the degenerate Cd- Xz} — alloy, for T=104.57306 K, one gets:
M{10*%em ™) 1.42203 1.3990428 137707 1.14020573 1.13953
£ w  1.880 1.8138 1.750 1 0.998
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v
5 (lﬂ -4 E) -1562 w —1563 7 —1.562 A -1322 7 —-1320
ZT 0.999 7 1 5 0.999 w0715 0.713
(ZThepe 70l 1 1.074 3.290 3.306
VC1 (10 -4 E) —0.061 7 D 70063 A 1105 7 1.109
ve210-iv) -0.064 7 0 70066 7 1155 7 1.160

v
T, (10‘4 E) —0.092 7 o7 0094 7 1657 7 1.663
Pt {10~) —1.6334 —1.6345 7 —1.6334 A —-13821 7 —1.3804
For x=1,
In the degenerate Ga- X(x] — alloy, for T=33.900029 K, one gets:
M%) 1.5834 1.5578107 1.53334 1.2696 1.26885
£ w1880 1.8138 1.750 1 0.998
v
5 (lﬂ -4 E) -1562 w —1563 7 —1.562 A -1322 7 —-1320
ZT 0.999 7 1 5 0.999 w0715 0.713
(2T 7 0931 1 1.074 3.290 3.306
VC1 (10 -4 E) —0.061 7 0 70063 A 1105 7 1.109
ve210-iv) -0.021 7 0 70021 7 0374 7 0.376
v
T, (10‘4 E) —009z 7 07 009 7 1657 7 1663
Pt {10~) —0.5295 " —0.5298 7 —0.5295 A —0.4480 7 —0.4475
In the degenerate Mg- X () — alloy, for T=44.457772 K, one gets:
M 10%%em ™) 2.3780 2.3395704 2.30281 1.90672621 1.9056
£ w1880 1.8138 1.750 1 0.998
v
5 (lﬂ -4 E) -1562 w -1563 7 —-1562 7 -1322 7~ -1320
ZT 0.999 7 1 w0999 0715 0.713
(T 70931 1 1.074 3.290 3.306
VC1 (10 -4 E) —0.061 7 0 70063 7 1105 7 1.109
vez{107%) —0.027 7 0 7028 7 0491 7 0.493
v
T, (1[]‘4 E) -0092 7 0 70094 7 1.657 7 1.663
Pt {10~) —0.6944 . —0.6949 7 —0.6944 7 —0.5876 7 —0.5868
n the degenerate In- X )| — alloy, 10r 1=49. , ONe gets:
In the deg te In- X(x) — alloy, for T=49.417269 K get
M10%em ™) 2.78683 2.7417806 2.6987 2.23452345 2.2332
£ w1880 1.8138 1.750 1 0.998
v
5 (lﬂ -4 E) -1562 w -—-1.563 7 —1.562 A —1322 7 —-1320
ZT 0.999 7 1 N 0.999 w0715 0.713
(2T boge 20931 1 1.074 3.290 3.306
VCl {lﬂ -4 E) —0.061 7 D 70063 A 1105 7 1.109
vez{107%) —0.030 7 0 s 0031 7 0.546 7 0.548
v
T; (10'4 E) —-0.092 7 o A 0094 7 1657 7 1.663
Pt {107%) —07719 W —0.7724 7 —0.7719 7  —0.6531 7 —0.6523
In the degenerate Cd- Xz — alloy, for T=55.317048 K, one gets:
M%) 3.3005 3.2471554 3.1962 2.6463988 2.64483
£ w 1.880 1.8138 1.750 1 0.998
W
5 (lﬂ -4 E) —1562 -1563 7~ —1.562 A -1322 7 —1.320
ZT 0.999 7 1 5 0.999 w0715 0.713
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g 70931 1
-4 ¥ .

ver (1023) —oos1 - 0

VC2(1073W) —0.034 7 0

]‘3(1[]‘4;) 009z 7 i

Pt {10~) —0.8640 .  —0.8646

1.074

s 0.063
A 0.035

7 0.094
7 —0.8640

3.290

7 1.105
A 0.611
7 1.657
S =0.7311

3.306
1.109

0.613
1.663

—0.7302
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