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ABSTRACT

In the n*(p™)— p(n)X(x) = GaP,_,Te, - crystalline alloy,

0=<x=1, the electrical-and-thermoelectric laws, relations, and
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various coefficients, enhanced by our static dielectric constant law

c given in Equations (1a, 1b), being due to the effects of the size of
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electrical conductivity-formula given in Eq. (14), and finally by our
accurate Fermi energy given in Eq. (11), are now investigated, basing
on the same physical model and mathematical treatment method, as
those used in our recent works (Van Cong, 2024, 2025). 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 GaP-crystal. Then,

some remarkable results could be cited in the following. In Tables5n(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: ). Further, one notes in these Tables that, for any given x and

raca), With increasing T (or with decreasing N) one obtains: (i) for & >~ 1.8138, while the

n(pl —
numerical results of the Seebeck coefficient S present a same minimum
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(S)mln.(g —1.563 % 10‘42), those of the figure of merit ZT show a same maximum

(ZT)max. = 1, (ii) for £,y = 1, the numerical results of S, ZT, the Mott figure of merit
(ZT)yor, the first Van-Cong coefficient VC1, and the Thomson coefficient Ts, present the

same results: —1.322x 107*Z , 0.715, 3290, 1.105x 107*=, and 1.657 X 107%7,

respectively, and finally (iii) for £, = 1.8138, (ZT )y = 1. It seems that these same results
could represent a new law in the thermoelectric properties, obtained in the degenerate

case.

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) = GaP,_,Te,- crystalline alloy, 0 < x = 1, the electrical-and-
thermoelectric laws, relations, and various coefficients, enhanced by our static dielectric
constant law, g(r4..).x), rq.) being the donor (acceptor) d(a)-radius, given in Equations (1a,
1b) and new electrical conductivity, in Eqg. (14), and also by our accurate Fermi energy,
Eencep), given in Eq. (11), are now investigated, by basing on the same physical model and
mathematical treatment method, as those used in our recent works (Van Cong, 2024, 2025). 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 GaP-crystal (Van Cong, and Van Cong et al., 1980-2023;
Hyun et al. 1998; Kim et al., 2015). Then, some remarkable results could be noted in the

following.

(1) The generalized Mott criterium in the metal-insulator transition (MIT) is expressed in
Equations (3, 5, 6), stating that the critical impurity density Nep,icpgy is just the density of
electrons (holes), localized in the exponential conduction (valence)-band tail (EBT).
N &patcog)» Obtained with a precision of the order of 2.92 x 1077, as given in our recent
work (Van Cong, 2024), and the effective electron (hole)-density can be defined by:
N*=N —Ngp,epp) 2 N =N oy, 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 kg, .y,

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

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

order of 2.11 x 10™* (Van Cong and Debiais, 1993), and it is present in all the expressions

of electrical-and-thermoelectric coefficients.

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

the following 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, and other thermoelectric coefficients
are in variations, as indicated by the arrows by: (increase: /, decrease: ). Furtherore, one

notes in these Tables that, for any given x and r4,,, with increasing T (or with decreasing N)

al

one obtains: (i) for &,,, = 1.8138, while the numerical results of the Seebeck coefficient S

present a same minimum [S)mm.[k —1.563 X 10‘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: —1.322x 107*Z , 0715, 3.290, 1.105x 107*~, and

1.657 x 107* E respectively, and finally (iii) for &, = 1.8138, (ZT )y, = 1. It seems that

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

the degenerate case.

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 rg,,, the corresponding intrinsic one bY: Tysrap)=Tsh(ca), the
unperturbed relative effective electron (hole) mass in conduction (valence) bands by:

m, ., (x)/m,, the unperturbed relative static dielectric constant by: £, (x), and the intrinsic

band gap by: E_, (). Then, their values are reported in Table 1 in Appendix 1.
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Therefore, we can define the effective donor (acceptor)-ionization energy in absolute values

as:
13600 N T .
Edo(ac) (X) = x[';mf"{;]';“} ol meV . and then, the isothermal bulk modulus, by:
o~
Eggi |':-‘{:'
Bdgl:ag:l(xj = doleo

[%}X[ E‘du.m.:la '

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

effective relative dielectric constant £(r44).%), developed as follows.

Atrge, = ragraq) the needed boundary conditions are found to be, for the impurity-atom

volume V= (4m/3) X (_rd(a})ﬂf Viogas) = (41/3) X [:I"d.:..:a.:,;.)a, for the pressure p, p, =0,
and for the deformation potential energy (or the strain energy) @, e, = 0. Further, the two

important equations, used to determine the a -variation, A @ = & —a, = a, are defined by:

dp__E :_d_ﬁ' . . .o d day E . . .

Frram and p=—, giving rise to: dv(dv)_ - Then, by an integration, one gets:

[ﬂ'a(rdfﬂ}’x)]n;p} = Hdo(ao} (X:] x(V— Ud-:n:an:u} )X In
v — Tdia) 3 _ Tdia) 3 -

Vdoreo |)_ Edn':m:' [:X] X [{fduua.m) 1] X ln(fdmnm) - 0.

Furthermore, we also showed that, 8s T'yia) = Taafae) ( Tara) < Tdofas)), 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 Eg, [rd,:a:,,x) in absolute values, obtained in

the effective Bohr model, which is represented respectively by: + [acx(rdra},x]] -
: nip

( gglx) ): _
El:rlilﬂ.l:l

Egnn(gpn} (rd(a}’x] - Egn [X] = Ed(a} (rd(a}’x] - Edn(an} [:X] = EdDI:EI.D:I [:X] X

1] =+ [ﬁa(rd(a},x)]

n(p}

for rd(a} = rdn(an}: and for rd(a} = rdn:n:an}v

golx) Y
Egnu:n:gpu:-} [rd(ajﬂx] - Egu:- [X] = Ed(a} (rd(a}!x] - Edu:u(au:u]l [X] = Edu:u(au:u]l [X] X |( . ) -

EI:rIiIE.I}

nlp)

1] = — [ﬂa:[rdl:a:,,x]]

WWW.Wjert.org 1SO 9001: 2015 Certified Journal 4




Cong. World Journal of Engineering Research and Technology

Therefore, one obtains the expressions for relative dielectric constant =(rg,),x) and energy

band gap E;, (g (Taca)x), as:

<£,(x), being a new

£(ryq)-X)-law,
— —_ Tdia) 3
Egncn:g'pc-} [rd':a}’x) - Egc\ (X) - Ed(a} [rd':a}’x) - Edo':a-:-} (X) - Edc\(an} (}{) X (—) —1]X

Tdojao)

rara )2
In (ﬁ) =0, (13)

according to the increase in both Egn.:gp}[rd.:a},x) and Eqcq(raca),x), With increasing a(a)

and for a given x, and

Eglx)

(ii)-for rd,:ﬂ}ﬂ Fdofae) since E(rd,:ﬂz,;xj = > ED[}{), with a

rg, E rq E
!1_|:|I (&) } —1:|>'C|.r.||: (& }
N T'dofao) Tdofao)

3 3
condition, given by: [(rd—“) — 1] X ln(rrd—'“') < 1, being a new £(ry ). x)-law,

T'dofeo) dojzao)

3
Egno(gpo) [:rd':a)’x) - Egc\ (X] = Ed':a) [:rd':a)’x) - Edo(ao) (X) = _Edcu':ao)(x) X [{ﬂ) -

Tdojeo)

1] (22) <o, (1b)

corresponding to the decrease in both Egm.:gpn;.[rd.:ﬂ},x) and Egc) (raca), %), with decreasing

ra(. 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,,, x)-law.

Furthermore, the effective Bohr radius ag,gp) (rara).%) is defined by:

Birg m X xh®

= 053 x 10_3 CITL X 2(rga%) (2)

gy (%) ’

HBn(Bp} [rd(a}:x) M (%) Xm, Xq

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, Neppinop) (Tara)X), was given by the Mott’s criterium, with an empirical parameter,

Mn(p}’ as.
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1 N
NCDHI:CDFI:I(rdI:EPX) 13 ¥ HBnI:Bp:I(rIﬂI:EI.:I’x) = Mnl:[:l:l’ Mnl:p:l - 025, (3)
depending thus on our new &(ry4).x)-law.

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

(WS) radius r, .y, characteristic of interactions, by:

1/3 4 %173 r
= _3 ' —l = e {i) II mc‘;i;rll__?{:I)(mD
rsm‘sp:l(_N’rdkﬂ:"X) - ('—]-T[N) x EBn:BPII:[‘d:EI_.]{:I 1.1?23 3'( 1':' X - x Elzf'd:nl_.-‘{) ] (4)

being equal to, in particular, at N=Nepa(cop) (Yata) ) Tan(ep) (Nea(cop) (Fa) %) Taga) %)=

2.4813963, for any (ra4).%)-values. Then, from Eq. (4), one also has :

1 3%z 1
NCDn(CDp:I(rdl:a:uxj 13 X aBn':Bp:l[rd':a:"x) = (;)3 4 —2.4313963 =0.25 = [:WS)HI:p:I = Mn':p:' (5)

explaining thus the existence of the Mott’s criterium.

Furthermore, by using M,.,, = 0.25, according to the empirical Heisenberg parameter
H ey = 0.47137, as those given in our previous work (Van Cong, 2024), we have also
showed that Nep,cppy IS just the density of electrons (holes) localized in the exponential

conduction (valence)-band tail. Ngg 5 cpp)» With a precision of the order of 2.92 x 1077 .

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

Ncpaepp) aNd NE5 T cppy 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,rga%) =N — Nepy owpp) (Taga) )= N7, for a presentation simplicity. (6)

In summary, as observed in Table 4 of our previous paper (Van Cong, 2024), one remarks
that, for a given x and an increasing ra4), £(rs.,).x) decreases, while Egm,:gpm[rd,:aj,x),
Nepatnop) (TacayX) and NEpTicng) (raca).x) increase, affecting strongly all electrical-and-

thermoelectric properties, as those observed in following Sections.
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PHYSICAL MODEL
In the n™(p*) — p(n) X(x)- crystalline alloy, if denoting the Fermi wave number by:

an-:FmEN‘JE(E”:"‘);’ the reduced effective Wigner-Seitz (WS) radius rouiep

Eciw)

characteristic of interactions, being given in Eq. (4), in which N is replaced by N*,is now
defined by:

(st = REFI_L:FEI = 11

¥ XT
OEnBp)

snisp)

being proportional to N*"Y3 . Here, y = (4/9m)%/3, k;iim means the averaged distance

between ionized donors (acceptors), and ag, iz, (Taca)»x) is determined in Eq. (2).

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

Kenkp) at 0 K is defined by:

| P kol

#y — _—snlsp) _ “FnlFp) _ _ —Tanignl

Ran(ep) (N') = 1~ == 1= "= = Ranws(epws) + [Rente(epre) — Ranws(spws)J€ ™02 <
Fnl(Fpl snlsp)

L (7)
being valid at any N*.
Here, these ratios, R.ytr(sprr) @04 Ropws spws), Can be determined as follows.

First, for N > Nepnwpp)(Taer®) ,  according to the Thomas-Fermi (TF)-

approximation, the ratio R ppe) (N*) is reduced to

I kgt [4yr
— TFispTF FniFpi ' Tan (ap]
R_ 1o (N*) = = = — = <1 (8)
TF(=pTF —L f
snTE(=pTF) kgp, Fpi konTER| spTE) N T '

being proportional to N* ™/

Secondly, for N << Nepy, iwnp) (Taga)), according to the Wigner-Seitz (WS)-approximation,

the ratio R _.ws(=nws) IS respectively reduced to

konispiws 'i[-': spy*Ece (]
R, oo (N*¥) = —SnisplWs _ |:|_5>((i— b 1 )
snisp :ﬁ."-’E-[ j kpp T ¥ dran (spy '

9)

where E.z(N*) is the majority-carrier correlation energy (CE), being determined by:

7 n[1-1nlz]] .
nETEER T | In(rgp s )—0.093288
— —0.87553 D.OS0B +Tgpigpy - O [
ECE [N j - 0.0908 + F —~ 1L.5TETEETE
. Fer(sp) 1+0.03847 728 vy o)
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Furthermore, in the highly degenerate case, the physical conditions are found to be given by:

kEElel < Mnip) = 1 < kEElel VInNT % q° k—l.-_ (10)

sni=p)’

= = Ronient = 1, Ny (NF) = =
E‘Bﬂprl EFI.'lI:lIFPIJI A‘ﬂ.lpl kgr:.g;n SI!'.I__BFI:I rlnl__p::l[: ] Eln.rlj.lﬂ.l}

EFm:l'Fp:l":N-:'

which gives: A _; (N¥) =
g atp) (N7) N ip) (N*)

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* — 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

Epn; Fpu':NJ'-"d' 2-%T)

s = 0(=< 0), obtained respectively in the
E

EFnl:Fp} ) En,:p}[N,rd,:E},x,Tj =

degenerate (non-degenerate) case.

For any (N,rg,),% T), the reduced Fermi energy €,y (N.t4c,),% T) or the Fermi energy
Eenirp) (N.T4ca),% T), obtained in our previous paper (Van Cong, Debiais, and Doan Khanh,

1991- 1993), obtained with a precision of the order of 2.11 x 10™*, is found to be given by:

EFme.':'-‘:' _ G':U:'+A.uBFI:u} Viu) _ _
Sarpy (W) keT | 1+AE  w)' A =0.0005372and B = 4.82842262, (11)

N
\II:'I‘-IIT".'{:I ’

where u is the reduced electron  density, u(N,rg,.,.xT)=

Mgy (X xmMg xKBTY o

N i (T.x) = 28,1 X (T) (em™?), 8w = 1L, F(u) = aua(l +bu: —|— cu a) s

a= [3{%{4]:;3, b

1y 2 _ 62.3739855 - - —du.
E[?) , 520 [) and G(u) = Ln(u)4+2 = xuxe ®";

d: 23.-": |:';___3-_E - l:l

w27

So, in the non-degenerate case (u << 1), one has: Epypp)(u) = kg T X G(u) = kT X Ln(u)

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

: IO | Rkl g (N
one gets: Epyippy (0> 1) = kg TX F(u) = kg T X aus (1 +buE+ cu a) e

5 -
2w gy (3D 2o

as u — o0, the limiting degenerate condition. In other words, €., = EF“'F IS accurate,

and it also verifies the correct limiting conditions.
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. . — . Rixk: g (WYY
In particular, at T=0K, since u™* = 0, Eq. (11) is reduced to: Efna(Fpo)(N7) = = Fnfp)t” | ,

I MMy () XMy

being proportional to (N*)%2 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 £y (N, 144, %.T).

Fermi-Dirac Distribution Function (FDDF)
The Fermi-Dirac distribution function (FDDF) is given by: f(E)=(1+e")™t |
Y = (E— Epnrepy )/ (ke T).

So, the average of EF, calculated using the FDDF-method, as developed in our previous work
(Van Cong, 2018, 2025) is found to be given by:

af af 1 el
(E®)zpor = Gy (Eraep)) X Ebgrpy = [ B X (=5 )dE,  — 2= o X

Further, one notes that, at 0 K, — === 8(E — Egpoppo) ) S(E — Egno(rpe)) DeINg the Dirac

delta (8)-function. Therefore, G, [Erm.:rp.::) =1

Then, at low T, by a variable change Y = (E — Egpeep) )/ (kgT), one has:
G [Ermrpn)_ 1+ Erﬁ.rp: x 7 = (14e 13 X (kg T"F""Ermrpn) dy =1 +E“ L2 CE X

B
(kgT)? x Epn(rp) X Ig

where ¥ = p(p—1)..(p —B +1)/B!  and the integral I is given by:

N N: -
o= /" xel dy= [~ d"r, vanishing for old values of B. Then, for even
—oa (1 4e¥)2 —= gV /2 e gV 2
values of B = 2n, with n=1, 2, ..., one obtains:
_ oy ual
Ef (1+e ‘J-

Now, using an identity(1 + e¥)™2 = Z22,(—1)"'s x e¥*™Y 3 variable change: sy = —

the Gamma function: f;’ t™e "dt=T(2n+ 1) = (2n)!, and also the definition of the
Riemann’s zeta function: Z(2n) = 2**~'«*?|B,,1/(2n)!, B,, being the Bernoulli numbers,
one finally gets: I,, = (2°® —2) x w™ X |B,,|. So, from above Eq. of {E¥ }zppg, We get in

the degenerate case the following ratio:

www.wijert.org 1SO 9001: 2015 Certified Journal 9
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plp—1)..(p—2Zn+1)

_ (E")eppr _ P
Gy [EFHEFF}) = EP =1+ 2"21 (2Zn)!

X (27% —2) X |By, | xy™ = G,y (v), (12)
Fn(Fp)

T[ mkpT
EH-IP'I:N-"T} EFHIFP‘II:N--'T:I.

where y =

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, ry,;.x.T)

w
emxK'

Lorenz number L defined by:

expressed in ohm™ X em™, the thermal conductivity by k(N,r44,x T) in and the

Wxohm

L=2x [?) = 2.4429637 ( . ) = 24429637 x 1078 (V2x K~2), then the well-

known Wiedemann-Frank law states that the ratio, § is proportional to the temperature T(K),
as:
w(Mrgig.<Th

=LxT. (13)

a(Mrgig=T)
We now determine the general form of @ in the following.

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

E, = —— , or the wave number k, as:
2¥moy opy <M,
) = Lk k i g, 2
G( j = ki X l“:m:p: X [ . aBnl:Bp}] X Mnip) :

which is thus proportional to E, *.

Then, for E=0 , we obtain: (E?).ppe =Go(y = ) X EZ,g,y » and
Fn(Fp) N

Go(y) = {1 + 3;;} = G,(N,rg.,xT), With ¥ Ei y np) = En.:p;.[N;rd.:a;uK;T) for a

presentation simplicity. Therefore, one obtains (Van Cong, 2025):

_[a® kpnipp) () T
G[:N’rd':ﬂ:"x’T) = [ﬁ X m X [an':Fp} (N*) x E'Bn':Bp}[:rd':a})] X \a"ﬁn':p)(N ] *

EFn'Fp'[N’rd'a'J-“JT:I z 1
[G: (N,I".:](a}:X,T) X( Efno(Fpo) (N ) ] (Dhmmm}

a _ -5 -1 ¥ _EFm:l'Fp:l":N-:' _ L"-m'sp'
e = 77480735 X 107 ohm™, A, (N') = == Rogy) (N) = 22 (14)
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which can be used to define the resistivity as: p(N,rg.,,% T) = 1/6(N,rg.,,% T), noting
again that N* = N — Nep, (wpp) (Taca) %) This J[N,rd.;a;.,x,T)-result is an essential one in
this paper, being used to determine other electrical-and-thermoelectric properties.

"

Fno(Fpo) orto

In Eq. (14), one notes that at T= 0 K, o(N, r,,,,x, T = 0K) is proportional to E

&
(N*)5.Thus, o(N = Nep,(nppys Taca)-® T = 0K) = 0 at N* = 0, at which the metal-insulator

transition (MIT) occurs.

Electrical Coefficients

The relaxation time T is related to @ by (Van Cong, 2025):

Mg () Xmy

T(N,rgr)% T) = o(N,rgp0,%x T) X Therefore, the mobility u is given by:

g2l
_ _axt(MrgigxT)  elMrge.xT) | em®
u(Norg( 30 T) = w(N* e T) = 080 == (0D (15)

Here, at T= OK, p(N*,r4.,,,T) is thus proportional to (N*)*%, since o(N*,r4,, T = 0K) is
proportional to (N*)*?, Thus, p(N* = 0,14, T = 0K) =0 at N* = 0, at which the metal-

insulator transition (MIT) occurs.

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

is defined by:

— _‘=")pppF Caly) = T = mhpT
ry(N,rge.x%T) = z D ¥ =
H[ sdla)r S ) lt)zppel® [G:':Y:']", Y

- = - , and therefore,
Enlpll._N.-f'dlnnx.-T:' EFanpll-Ner'n“xJT:'

the Hall mobility yields:

(N, Taga, 5 T) = (N, rax T) X rg(N%,T) (55), (16)
noting that, at T=0K, since ry(N,rg,.x,T)=1 , one then gets:

Uy (N rg00,% T) = w(N,rgga),x, T).

Our generalized Einstein relation

Our generalized Einstein relation is found to be defined as:

. . . — .
DI:N,rdun.,x.le N dEFnl-Fpl — kexT (ulﬂEmP.Lu:‘) = L T x (u IﬂEmP.LU:‘) ’ kg _ ||H>-<"L
ML H_|_.J{_.T:| q dN q du N u q W T

where D[N,rd.;ﬂ;.,x,T) is the diffusion coefficient, €,.,,(u) is defined in Eq. (11), and the

mobility u[N,rd.;E},x,T) is determined in Eg. (15). Then, by differentiating this function
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En(p) (W) With respect to u, one thus obtains E—“dF— Therefore, Eq. (17) can also be rewritten

as:

D(Nrg(gxT) _ kgxT % uv“I:u:l:-:wiull—v(u}mv"iu}
p( Mg H_|_.J{_.T:| q W2 (ud

Whel’e w"(u) IABU_B—J- and Vl’(u) =u—l+2 ~e_d“(l—du)+—AuB J‘F‘(u) [:1+aB)+4 bu S+J|Z‘Ll;E .

1+bu E+cu

One remarks that: (i) as u— 0, one has: W*=1 and u[V'XW—-VxW']2~1, and

D i .. " "
therefore: “'i"”ij‘B:T, and (i) as u—co , one has: W?& A%u*® and

u[V/ X W—Vx W']# 2au®2A%u®®, and therefore, in this highly degenerate case and at

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

DI: N.lrdl E_l.lx.szl} K:I
w(NrgxT=0K)

%EFWPFD}(N )/q. In other words, Eq. (17) verifies the correct limiting

conditions.

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

( 4 E‘-l
f . bu 2+2cu =
D'-”J"dunw-‘i'T:I % EFHDIFP‘DII\L’} i+ 4 % /

(Morga T 3 3 A
w(Norgge)xT) a (1+hu B4cu E |
g

(18)

_ 62.3739855 [ )4
1920 )

where a = [3y7/4]7, b= =z )* and ¢

8

In Tables 3n(3p) given in Appendix 1, for given X, N = Ny, and T(=4.2 K and 77 K), and
from Equations (14, 15, 16, 17), the numerical results of the coefficients: , 4, iy and D are

found to be decreased with increasing r ., respectively.

Thermoelectric Coefficients

First of all, from Eq. (14), obtained for o(N, ra.,,,x T), the well-known Mott definition for

the thermoelectric power or for the Seebeck coefficient, S, is found to be given by:

i dlnclE —n* kg dlns(g,
S[N N I T)=_:’< B :"(1{ T ® n;_: :I] =3L>(_Bx HBZEHE]-
E=Epn(Fpl q nig)

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

Fs(N.rgc % T) = |1 -————],
Exﬂz(y:Enlpu
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- -
_ k IFgp(N"T) _ [3%L 2xEpip
S[N,rd.:a),x,T)=3—>( BX%—— = XTENPP_
nip. Al (1+ “:P )
ZT)Morr _
—2yL x 2 . <0, ZT =—0
1+-2T)Mm( } (ZTore 38, o) ’ (19)
according to:
— 2xEpip) —
s  _ |ﬂ % 2 % “—:p_l _ |ﬂ % 2 X% (ZTpMorex[1— .ZT}Mm]
B i) ‘\Il e (1+axanlp|:~): ‘\Il 3 [1+{ZT el
T[:

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

[z
S——0, (ii) at &,y = w'— ~ 1.8138, since BE
nlpl

= 0, one therefore gets: a minimum

(S)in, = —VL 2 —1563x107% (I) | and (i) at & =1 one obtains:

s~ -1322x107* (%),

Further, the figure of merit, ZT, is found to be defined by:

S xoxT _ 5% _  4x(ZDpMon (20)

ZT(N,rg(0,%T) = L [4(ZT)yen]®

. g BUET) _ 5 5 .. _ |_" ~
Here, one notes that: (i) . 2XTX T §<0,(ii) at &) = 3 1.8138, since
20 .
BE‘ZT:' = 0, one gets: a maximum (ZT) .., =1 ,and (ZT)y,, = 1, and (iii) at §,.,; = 1, one
nlipl

obtains: ZT 2 0.715 and (ZT)yer = - = 3.290.

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

: ﬁ VYo w25 PR -
VC1(N,rgqr0,xT) = —N* X (K ) =N XX =51 being equal to 0 for
I'_:

Enlp:l H 3 1 (21)
and the second Van-Cong coefficient, VC2, as:

VC2(N, 1470, % T) = T X VC1 (V), (22)
the Thomson coefficient, Ts, by:

Ts(N, T}—Tx—(E]—Tx x 258! heing equal to 0 for £, = [ (23)

s rd|ﬂ:|rx K - Bgnlpl 3 g q nl__p:I - '\Jl 3 ’
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and the Peltier coefficient, Pt, as:
Pt(N,ry,xT) =T XS (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 &), since VC1(N,rycq,% T) and

Ts(N,r4..% T) are expressed in terms of;_—fﬁ' and :—i one has: [VC1,Ts] < 0 forg,,, > w'%’
— [2
[VC1,Ts] =0 for £, = wﬂ“;, and [VC1,Ts] = 0 for§,q,) < w|'"? , stating also that for
_ [z
En(p) = NER

(i) S, determined in Eg. (19), thus presents a same  minimum
— T o~ -2 [V
()i, = —VL = —1.563 x 107 (),

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

the variations of ZT are expressed in terms of [VC1,Ts] X5, S< 0,

Furthermore, it is interesting to remark that the (VC2)-coefficient is related to our generalized
Einstein relation (17) by:

wl
b
=

2 XVC Ny 0 T) = — 52 x e (T). 2= 29)
according, in this work, with the use of our Eq. (21), to:

VC2(N, 1y, %, T) = —% 2 % ':ZT"ETL"E”Z‘_[;;{'::;"fD”J (V).

Of course, our relation (25) is reduced to: 5 VC1 and VC2, being determined

respectively by Equations (17, 21, 22).

Now, in the degenerate n(p)-type X(x) — alloy, and for N> N¢p,, (cpy;, 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 r 44, are represented by the arrows: 7

(increase), and *v (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
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En(p) decreases, and various thermoelectric coefficients are in variations, as indicated by the

arrows as: (increase: 7, decrease: ).

CONCLUDING REMARKS

Here, some concluding remarks can be given as follows.

(1) In the n*(p™) — p(n) X(x) = GaP,_,Te,- 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, £(r4,).x), being decreased with increasing rg,.as given in
Equations (1a, 1b) and also in Table 2 of our recent work (2024), by our new electrical
conductivity, as given in Eq. (14), and in particular by our accurate Fermi energy, Eg, gy, as

given in Eq. (11), which exists in all the electrical-and-thermoelectric formula.

(2) The generalized Mott criterium in the MIT is expressed in Equations (3, 5, 6), stating that
the critical impurity density Nep,icnpy IS just the density of electrons (holes), localized in the
exponential conduction (valence)-band tail. NE5 7 cp,.), Obtained with a precision of the order
of 2.92 x 1077, as given in our previous work (2024), and the effective electron (hole)-
density can be defined by: N* = N — Nep,icpp) & N — N&Ba(cop)» @S that observed in the

compensated crystals.

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

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

(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

n(p
are in variations, as indicated by the arrows by: (increase: /, decrease: ). One remarks in
these Tables that, for any given x and ry,,, with increasing T (or with decreasing N) one

obtains: (i) for §,,,, = 1.8138, while the numerical results of the Seebeck coefficient S

present a same minimum (8);, = —VL = —1.563 x 10™* G) those of the figure of
merit ZT show a same maximum (ZT) 4, = 1, (ii) for £,.,, = 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“‘%, 0.715, 3.290, 1.105 x 10‘42,
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and 1.657 x 10“‘%, respectively, and finally (iii) for £, 2 1.8138, (ZT )y = 1. It SeEMS

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

obtained in the degenerate case.

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

kg ) _ o5 D(M.rgig=T) “.-’_: kg _ |'£ . . ]
A X VC2(N,rgrxT) = Tongy < a(NraonT) (K} = according, in this work,
to:

) _ _ DiNrggxT) (2T o <1 (2T ppred : . b
VC2(N,rgqr,,xT) = e X 2 X T (V). being reduced to: -,

VC1 and VC2, determined respectively in Equations (17, 21, 22). This should be a new

result.

REFERENCES

1. Van Cong, H. Electrical-and-Thermoelectric Laws Given in n(p)-type Degenerate InSb(1-
X)P(x)-Crystalline Alloy, Due to Our Static Dielectric Constant Law and Electrical
Conductivity Formula (I1). WIJERT, 2025; 11(2): 90-119.

2. Van Cong, H. New critical impurity density in MIT, obtained in various n(p)-type
Degenerate [ GaP,_ As. (Te,Sb,)] — crystalline alloys, being just that of carriers
localized in exponential band tails (IV). WJERT, 2024; 10(5): 14-29.

3. Van Cong, H. New critical impurity density in Metal-Insularor Transition, obtained in
n(p)-type Degenerate InP,_ As, (Sb,),GaAs,_ Te (Sb,,P,),CdS,_ Te (Se,) —crystalline
alloys (I). EJASET, 2024; 2(2): 186-211.

4. Van Cong, H. Effects of donor size and heavy doping on optical, electrical and
thermoelectric properties of various degenerate donor-silicon systems at low
temperatures. American Journal of Modern Physics, 2018; 7(4): 136-165.

5. Van Cong, H. et al. Size effect on different impurity levels in semiconductors. Solid
State Communications, 1984; 49: 697-699.

6. Van Cong, H. Diffusion coefficient in degenerate semiconductors. Phys. Stat. Sol. (b),
1984; 101: K27.

7. Van Cong, H. Same Maximal Figure of Merit ZT(=1), Due to the Effect of Impurity Size,
Obtained in the n(p)-Type Degenerate GaSh-Crystal (£,¢,) = 1), at Same Reduced Fermi

Energy En.;p3[= 1.814), Same Minimum Seebeck Coefficient s {: —1.563 x 10* E}

and Same (ZT)yon (= 3;—
nip

= 1). SCIREA Journal of Physics, 2023; 8(4): 358-382.

www.wijert.org 1SO 9001: 2015 Certified Journal 16




Cong. World Journal of Engineering Research and Technology

8. Kim, H. S. et al. Characterization of Lorenz number with Seebeck coefficient
measurement. APL Materials, 2015; 3(4): 041506.

9. Hyun, B. D. et al Electrical-and-Thermoelectric ~ Properties  of
90%Bi,Te; — 5%Sb,Te; — 5%45b,Se; Single Crystals Doped with SbI; . Scripta
Materialia, 1998; 40(1): 49-56.

10. Van Cong, H. and Debiais, G. A simple accurate expression of the reduced Fermi energy
for any reduced carrier density. J. Appl. Phys., 1993; 73: 1545-1546.

11. Van Cong, H. and Doan Khanh, B. Simple accurate general expression of the Fermi-
Dirac integral F;(a) and for j> -1. Solid-State Electron., 1992; 35(7): 949-951.

12. Van Cong, H. New series representation of Fermi-Dirac integral F;(—ce < a < o) for

arbitrary j> -1, and its effect on F;(a = 0 ) for integer j= 0. Solid-State Electron., 1991;

34(5): 489-492.

WWW.Wjert.org 1SO 9001: 2015 Certified Journal 17




Cong. World Journal of Engineering Research and Technology

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

In the X(x) =GaP;_,Te, -crystalline alloy, in which 7350y = Tpigz; =0.110 nm (0.126 nm), we have:
Gemixl=1lxx+1x({1—x) , M () my = 0,209 (0.4)% x4+ 0,13 (0.5) % (1 —x)
Eolx)=123x x4+ 111 % (1 —x), Egp(x) = 1.796x x + 1.796 (1—x),

Table 2: Expressions for Gy (¥ = EL] , due to the Fermi-Dirac distribution function, noting that
nip)
Gp=i (v = ETL = EL] = 1, used to determine the electrical-and-thermoelectric coefficients.
Fn{Fp} nip)

Gz 2 (¥) G (Y]z Gs 2 (¥) , *G:(Y] Gr 2 (¥) , G.t':l‘-? Ggy2(¥) ,

vy i S _ vt 2 By By 2 17t
(1+5+5h) ':1"'3:] (1"'3 334:] (1+¥7) (1"'24"'334:] (1+2F+15,
( 1 21yt 1-1?3.-*‘]

] 178 )
Table 3n: Here, one notes that, for given x, N = Mgp, and T(=4.2 K and 77 K), the functions: @, . pg. D,
d fivelv i ( 10° 108 % em® 10° % em® 1Dxcm=) d i .

expressed respectively in | ———, ————, ————, —— , decrease with increasing ry.
Donor P As Sb Sn
rq (nm) 2 0.110 0.118 0.136 0.140

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

N (10* m™)

3

10
40
70

6.57,1.447, 1.448,5.42
17.0, 1.082, 1.082, 9.28
50.7,0.795, 0.795, 17.3
79.8,0.714, 0.714, 22.6

6.34,1.403, 1.404, 5.23
16.5, 1.049, 1.049, 8.99
49.0, 0.768, 0.768, 16.7
77.1,0.689, 0.689, 21.8

4.62,1.080, 1.081, 3.89
12.6,0.813,0.813, 6.90
37.2,0.585,0.585, 12.7
57.9,0.519, 0.519, 16.4

4.16,0.997, 0.997, 3.53
11.6,0.753, 0.753, 6.36
34.3, 0.540, 0.540, 11.7
53.3,0.478, 0.478, 15.1

For x=0.5, the values of (&, pt. pipy. D) at 4. 2K

N 10* m™)

3

10
40
70

5.36, 1.248, 1.249, 3.45
14.4,0.927, 0.927, 6.04
42.9,0.675,0.675,11.2
67.4,0.604, 0.604, 14.6

5.15,1.210, 1.211, 3.32
13.9, 0.899, 0.899, 5.85
41.5,0.653, 0.653, 10.9
65.1,0.583, 0.583, 14.1

3.56,0.936, 0.937, 2.39
10.5, 0.699, 0.699, 4.45
31.5, 0.499, 0.499, 8.29
49.0,0.441, 0.441, 10.7

3.12, 0.866, 0.867, 2.13
9.60, 0.648, 0.648, 4.09
29.0, 0.462, 0.462, 7.64
45.1, 0.407, 0.407, 9.83

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

N @0 m™d

3 4.45,1.117,1.119,2.38
10 12.5,0.823,0.824, 4.29
40  37.6,0.594, 0.594, 8.02
70 59.0,0.530, 0.530, 10.4

4.25,1.084, 1.086, 2.29
12.1,0.799, 0.799, 4.15
36.4,0.575, 0.575, 7.75
57.0,0.512, 0.512, 10.1

2.70, 0.847, 0.849, 1.56
8.97,0.623, 0.623, 3.13
27.6,0.442, 0.442, 5.91
43.0,0.389, 0.389, 7.61

2.26,0.789,0.791, 1.35
8.14,0.578, 0.578, 2.86
25.4,0.409, 0.409, 5.45
39.5, 0.359, 0.359, 7.00

For x=0, the values of (. |t g I at 77 K
N (10 em™3)

3

10
40
70

7.10, 1.566, 1.829, 5.75
17.3, 1.098, 1.136, 9.39
50.8,0.797, 0.801, 17.4
79.9,0.714,0.716, 22.6

6.86, 1.518, 1.776, 5.56
16.7, 1.065, 1.102, 9.10
49.1,0.770,0.774, 16.8
77.2,0.690, 0.692, 21.9

5.03,1.176, 1.389, 4.14
12.8, 0.825, 0.854, 6.98
37.3,0.587, 0.590, 12.7
58.0,0.520, 0.521, 16.4

4.54,1.088, 1.291,3.77
11.8,0.764, 0.792, 6.43
34.4,0.542, 0.545, 11.7
53.3,0.478, 0.479, 15.1

For x=0.5, the values of (., . pg. D) at 77 K

N (10%®% em™9)

3

10
40
70

6.16, 1.435, 1.848, 3.85
14.7,0.952, 1.008, 6.12
43.1,0.678, 0.684, 11.3
67.5, 0.605, 0.607, 14.7

5.93,1.394, 1.799, 3.71
14.3,0.923, 0.978, 5.97
41.7,0.656, 0.662, 10.9
65.2,0.584, 0.587, 14.2

4.19, 1.101, 1.465, 2.72
10.8, 0.718, 0.762, 4.55
31.6,0.501, 0.506, 8.32
49.1,0.442, 0.444, 10.7

3.71,1.030, 1.391, 2.45
9.87, 0.666, 0.707, 4.18
29.1,0.463, 0.468, 7.67
45.2,0.407, 0.409, 9.85
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For x=1, the values of (.t g I at 77 K

N @0 m™d

3 5.53, 1.390, 2.007, 2.93
10 13.0,0.858, 0.935,4.43
40  37.8,0.598, 0.607, 8.05
70 59.2,0.531,0.535, 10.4

5.31,1.354,1.965, 2.84
12.6,0.832,0.908, 4.28
36.6,0.579, 0.587, 7.79
57.1,0.514,0.517, 10.1

3.51,1.102, 1.730, 2.20
9.38,0.651, 0.714, 3.24
27.8,0.445,0.451, 5.94
43.1, 0.390, 0.393, 7.63

2.98,1.040, 1.708, 2.08
8.51, 0.605, 0.665, 2.96
25.6,0.411,0.417,5.47
39.7,0.360, 0.362, 7.02

Table 3p: Here, one notes that, for given x, N = NEDP and T(=4.2 K and 77 K), the functions: o, . py. I,

d tivelv i ( 10% 107 % em? 107 % cm” ll}xrm=) d ihi .
expressed respectively m €crease with imcreasin .
P P y ohm=xem’' V¥xz ' WVxs ’ Els
Acceptor Ga Mg In Cd

ry (nm) 2 0.126 0.140 0.144 0.148

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

N @0 m™d

3 1.27,3.892,3.894, 1.41
5 2.15,3.330,3.331, 1.90
8 3.34,2.959,2.959,2.45
10 4.08,2.815,2.815,2.75

1.11, 3.699, 3.701, 1.26
1.93,3.123,3.124, 1.73
3.03,2.755,2.755,2.24
3.71,2.614,2.614,2.53

1.00, 3.596, 3.598, 1.17
1.80, 3.006, 3.007, 1.63
2.85,2.639,2.639, 2.12
3.50, 2.498, 2.499, 2.39

0.88,3.491, 3.494, 1.07
1.65,2.879, 2.880, 1.52
2.64,2.510,2.510, 1.99
3.26,2.371,2.371,2.24

For x=0.5, the values of (. . . D) at 4. 2K

N @10 m™)

3 1.78,4.614,4.616,2.07
5 2.86,4.055,4.056,2.73
8  4.34,3.663,3.664, 3.49
10 5.28,3.507,3.507, 3.92

1.59,4.331,4.333, 1.89
2.60,3.775, 3.776, 2.50
3.96,3.393,3.393, 3.20
4.83,3.241, 3.241, 3.59

1.48,4.171,4.173, 1.78
2.44,3.616,3.616, 2.37
3.74,3.238, 3.238, 3.03
4.56, 3.089, 3.089, 3.40

1.35,3.997, 3.999, 1.65
2.27,3.439,3.439,2.21
3.49, 3.066, 3.066, 2.84
4.26,2.919, 2.920, 3.19

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

N @0 m™d

3 2.40,2.682,2.684, 3.06
5 3.78,5.090, 5.091, 3.99
8 5.70,4.659, 4.660, 5.10
10 6.92,4.484,4.484, 5.73

2.18,5.291, 5.292, 2.80
3.45,4.713,4.713, 3.66
5.21,4.297,4.297,4.67
6.33,4.128, 4.129, 5.25

2.05,2.067,2.069, 2.65
3.26,4.496,4.497,3.47
4.93,4.089, 4.089, 4.43
5.99,3.924,3.924,4.97

1.90, 4.820, 4.821, 2.48
3.04,4.256,4.257,3.25
4.61,3.857,3.857,4.15
5.61,3.697,3.697, 4.66

For x=0, the values of (. . pg. DY) at 77K

N @10 em™)

3 1.38,4.229,4.983, 1.50
5 2.23,3.445,3.706, 1.96
8  3.39,3.008,3.118,2.48
10 4.12,2.848,2.923,2.78

1.21,4.061, 4.866, 1.36
2.00, 3.238, 3.497, 1.78
3.08,2.802,2.908, 2.27
3.76,2.645,2.717, 2.55

1.11, 3.981, 4.839, 1.27
1.87,3.121, 3.382, 1.68
2.90,2.684,2.789, 2.15
3.54,2.529,2.599, 2.41

0.99, 3.920, 4.868, 1.17
1.72,2.996, 3.261, 1.57
2.69,2.555,2.658,2.01
3.30,2.401, 2.469, 2.26

For x=0.5, the values of (o, jt. pgg. I at 77K

N (104 em™3)

3 1.88,4.873,5.457,2.16
5 2.93,4.156,4.386,2.78
8  4.40,3.709,3.813, 3.52
10 5.33,3.538,3.611,3.94

1.69, 4.590, 5.172, 1.97
2.66,3.873, 4.094, 2.55
4.01,3.436,3.534,3.23
4.87,3.271,3.339,3.62

1.57,4.432, 5.019, 1.86
2.51,3.711, 3.628, 2.41
3.79,3.279, 3.374, 3.06
4.60,3.117, 3.183, 3.43

1.44,4.264,4.862, 1.73
2.33,3.533, 3.746, 2.26
3.54,3.106, 3.197, 2.87
4.30,2.947,3.010, 3.22

For x=1, the values of (. | pg. DY) at 77K

N (10 em™3)

3 2.50,5.904, 6.406, 3.15
5 3.85,5.183,5.396, 4.05
8  5.76,4.703,4.803, 5.13

2.27,5.505, 5.988, 2.89
3.52,4.801, 5.001, 3.71
5.26,4.338,4.431,4.71

2.14,5.277,5.751,2.73
3.32,4.581,4.775,3.52
4.98,4.128,4.217, 4.46

1.98, 5.026, 5.492, 2.56
3.10, 4.338, 4.525, 3.30
4.66,3.895, 3.980, 4.19
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10 6.97,4.515,4.586,5.76 6.38,4.157,4.223,5.28 6.03,3.952,4.014,5.00 5.64,3.723,3.783,4.69

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 ,, are represented by the
arrows: » (increase), and * (decrease).

Donor P As Sb Sn

For x=0 and N=3 x 10 ¢m3,

- \ 217.111 216.464 208.752 205.3606
P \ 8.298 8.274 7.991 7.864
1 —-= W
" 'Zm;[{) . 4812 4.644 3.386 3.047
._ - ‘1;
R e B 1396 1.348 0.989 0.893
sV
—Sirea Cx ) - 2611 2619 2716 2.761
10~ 5=V
—Siteeoi) T ) 6.521 6.538 6.748 6.845
1=V
V€L oagy () v 1740 1.746 1.810 1.840
-5 v
—VCL oo (— — ) v 3799 3.806 3.889 3.926
105wV
VC2rag, (——) v 5222 5.237 5.431 5.522
-3 v
—VC2 e ot (— — ) v 3039 3.045 3111 3.141
10 %V
—Tsroa, (T \ 2611 2619 2715 2.761
. — K“] L 5.699 5.709 5.834 5.890
—Ptroag (107X V) 7.834 7.857 8.148 8.284
—Ptorogor(1073%V) W 5217 5.231 5.398 5.476
T rmag (1079 A 2791 2.808 3.019 3.121
ZT 7o gory (107 e 1.741 1750 1.864 1.918
For x=0.5 and N=3 X 10 em~?,
p— \ 160.564 159.608 148.081 142.855
P \ 6.233 6.198 5.780 5.590
5w
ko) Cog ) 3.927 3.775 2610 2288
w W
Wormoany (o \ 1217 1172 0.828 0.734
10 %y
—Sirea C ) - 3.531 3.552 3.828 3.968
10y
—Siresor) ) ™ 8.387 8.426 8.931 9.177
1=V
V€L oagy () w2353 2367 2.551 2.644
. W5V
—‘JCL,7=EDH,(T) L 4411 4421 4.545 4.605
07V
V2 ioagy () v 7059 7.101 7.653 7.933
=317
V€2 rogo, (2 H**) L 3529 3.537 3.636 3.684
10 %V
—Tsroa, (T \ 3529 3.551 3.827 3.967
105wy
—Tsrook ( ] y 6.616 6.632 6.817 6.907
== ] E,;
—Pt g (107X V) 1.059 1.065 1.148 1.190
—Ptoroeor(l073%V) - 6.709 6.741 7.144 7.342
T reag (1079 » 5.103 5.164 5.999 6.446
ZT 7o oor (107 e 2.879 2.906 3.265 3.447
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For x=1 and N=3 x 10 ¢m3,

- \ 123.803 122.518 106.781 99.466
- u 4.888 4839 4215 3.893
-1 a1
KT.=h}('°me>‘E:') . 3.258 3.113 1.979 1.656
I -8 w
R e y 1.095 1.050 0.693 0.585
sV
~Strea G ) - 4579 4.627 5.308 5.698
1 =V
~Stresow (T ) 1.020 1.027 1.135 1.197
] 1 5V
—VCL g, (T L 3.051 3.083 3.536 3.795
-5 v
—vC'Lc:B[,K,(“’T“] L 4915 4.946 5.564 6.001
105wV
VC2roa, () v 9152 9.248 10.608 11.386
-3 v
—vc2,7=gng,(”’Tx] L3932 3.957 4.451 4.801
w5V
—Tseai ( Hi‘ ) 4576 4.624 5.304 5.693
—Ts,TzEDH,(“’%) \ 7372 7.420 8.347 9.001
—Ptr g (1075 %V) 1374 1388 1592 1709
—Ptoog(1073XV) w8157 8.219 9.080 9.573
TTireag (1079 P 8.582 8.763 11.534 13.292
oy P L | » 4.255 4.320 5.274 5.861

Table 4p: In the lightly degenerate p-type X(x} — alloy, in which N=2 x 10%*® em™?, and for T=3K and 80K,
the numerical results of various thermoelectric coefficients are reported. Further, their variations with increasing
ra;a, are represented by the arrows: @ (increase), and s (decrease).

Acceptor Ga Mg In Cd
For x=0,
£ reai u 134.452 119.021 107.417 90.933
. u 5.283 4.706 4241 3.483
-1 a1
Krew) C2) 5.576 4510 3.828 2.983
wF W
o) Comit . 1.824 1535 1338 1.054
L0 W
~Strea C ) 4216 4763 5.277 6.233
5=y
~Stresow (T ) 9.601 10.490 11.301 12.806
Wty
V€L oagy () v 2809 3.173 3.515 4.151
—Sy
—vC'Lc:B[,K,(“’T“] L 4716 5.044 5.530 6.430
1%V
—VC2roa, (F—) 8428 9.519 10.545 12.452
-3 v
—vc2,7=gng,(”’Tx] L3772 4.035 4.424 5.144
105V
~Tsiar, (T \ 4214 4760 5.273 6.226
—Ts,7=EDH,(”’%J L7073 7.567 8.295 9.646
—Pto_ag (1075 %V) 1.265 1429 1.583 1.870
—Pto_eon(1073%V) w  7.681 8.392 9.041 10.245
ZT reai (1079 A 72m7 9.285 11.398 15.902
ZT rogor, (1070 » 3.773 4.505 5.228 6.713
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For x=0.5,
£ Toak) \ 182.288 172.784 165.867 156.440
En T—s0K) u 7.023 6.676 6.425 6.083
—_— m:;') \ 8.592 7.518 6.861 6.086
1w W
ey (o) 2.579 2.285 2.108 1.900
5=V
~Strea G5 ) 3.110 3.281 3418 3.624
1wV
~Siresow (T ) 7.569 7.908 8.173 8.560
5=V
V€L ez, () v 2073 2.187 2278 2.415
-5 v
—vC'Lc:B[,K,(”’T}"] L 4178 4281 4355 4.455
1%V
~VC2roa, (——) v 6218 6.560 6.834 7.245
-3 v
—VC2 e ot (— = ) L 334 3.425 3.484 3.564
1V
~Tsiresg, (3 \ 3.109 3.280 3.417 3.622
—Ts,TzEDH,(“’%) L 6267 6.421 6.532 6.682
—Ptr_ag (105X V) 0.933 0.984 1.025 1.087
—Ptr_eor(1073%V) w  6.055 6.327 6.539 6.848
IT,roag, (1079 s 3.959 4.407 4.780 5.375
Tt eor (107D s 2345 2.560 2.734 2.999
For x=1,
En Tkt \ 227.487 221389 217.004 211.105
- \ 8.679 8.455 8.294 8.077
KT.:h}(';m:;') % 12.095 10.879 10.154 9.320
‘1r
oy (— g ) 3.484 3.147 2.947 2717
1w~
~Siraan (3 Ty 2.492 2.561 2.613 2.686
10~ uW
—Sitosor () - 6.259 6411 6.524 6.683
1%V
~VCL s, (T ) v 1661 1.707 1741 1790
-5 v
—vC'Lc:B[,K,(”’T}"] L 3.690 3.754 3.800 3.864
Wty
V2o, () v 4984 5.121 5.224 5.370
=317
—VEC2 rogo, (2 H**) L2952 3.003 3.040 3.091
W5V
~Tsireag () 2.492 2.560 2,612 2.685
—Ts,TzEDH,(“’%) L 5534 5.630 5.700 5.795
—Pt e (1075X V) 0.748 0.768 0.784 0.806
—Ptooaai(1073XV) w 5.007 5.129 5.219 5.346
TTireag (1079 2542 2.684 2.794 2.952
TT regope (107 s 1604 1.682 1.742 1.828

Table 5n: Here, for a given I 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: “z). One notes here that w1th increasing T:
(i) for £, = 1.5138, while the numerical results of S present a same minimum {5 pip ( ~1.563% 10742 ‘] those of ZT

show a same maximum (ZT )., = 1, (ii) for §; = J. those of S, ZT, IIZTIMm, VC1, and T, present the same results:

—1.322 ¥ 10‘4’
(ZT) pote = 1.

s

0.715, 3.290, 1.105x 10-4

s

and 1.657 % 107%

, respectively, and (iii) for &, = 1.8138,
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For x=0,

In the degenerate P- Xizx} — alloy, for M = 2 = Mop, (rp) = 3.3719916% 10° em ~, one gets:

T(K)

3

(103

ZT

(ZT) Kot . "
ver (1074 E)
vez (1074 E)
T, (1074 E)
Pt (107%V)

43.85
1.877

—1.562

0.999
0.933

—0.059

2.590

—0.089
—6.850

44.769183
1.8138

+  —1.563

= —6.997

45.7
1.752

A —=1.562

+

’ 0.999
1.071

7 0.061
s 2778

0.091
w  —7.139

60.920214
1

S —=1.322

"
s

"
i

"
i

_ 0.715
3.290

1.105

67.313

1.657
—8.0518

60.945
0.999

7 —1.321

_ 0.714
3.296

7 1.106
7 67.440

7 1.660
Py —8.0510

In the degenerate As- X(x} — alloy, for M = 2 = My, () = 3.6247868 = 10°7 cm ~, one gets:

T(K)

E, '
(10

ZT

I:Z'T:IL'..-II . 7
ver (1074 E)
vea (1074 E)
(10
Pt(107%V)

4598
1.880

—1.562

0.999
0.931

—0.061

—2.814

—0.092

—7.182

46.979655
1.8138

+  —1.563

s 1

1
o

o

»  —7.343

47.99
1.750

A —=1.562

’ 0.999
1.074

2 0.063

2 3.018

m 0.094

«  —7.496

63.928142
1

T —1.322

_ 0.715

3.290
1.105

70.637

i 1.657

w —8.4494

63.955
0.999

7 —1.321

_ 0.714
3.296

7 1.107
7 70.774

7 1.660

—8.4485

In the degenerate Sb- Xix) — alloy, for N = 2 x My, (s, = 6.6108594 x 10°7 em -, one gets:

T(K)
E, '
(109

ZT

(ZT) Kot . "
ver (1074 E)
vez (1074 E)
T, (1074 E)

Pt (107%V)

68.64
1.879

—1.562

0.999
0.931

—0.061

—4.190

—0.091
—10.722

70.128324
1.8138

~  —1.563

A 1

1
1]

o

o o

» —10.961

71.63

1.750
T —1.562

I

e’ 0.999
1.074

7 0.063

7 4485

i 0.094

=~ —11.189

95.427976
1

T —1.322

s 0.715

3.290
1.105

105.443

1.657
—12.613

95.468
0.999

A —1.321

s 0.714
3.296

7 1.107

A7 105.647

7 1.660
S —12.6114

In the degenerate Sn- X{x) — alloy, for M = 2 & My, (re,) = 7.9274126 % 10°" cm ~, one gets:

En

T(K) 7 77.47 79.154538 80.85 107.71051 107.82
E, . 1.880 1.8138 1.750 1 0.998
v

5 ('LU -4 E) —-1.562 . —1563 7 —1.562 A —-1322 7 —1320

ZT 0.999 7 1 4 0.999 w0715 0.713

(ZThm A 0.931 1 1.074 3.290 3.306
v

VC1 (1[]‘4 E) —0.061 1] 2 0.063 . 1.105 7 1.109
v

viC2 (1[]‘4 E) —4.742 0 S 5.064 A 119.014 7 119.574

v

T, (10'4 E) —0.092 7 p A 0094 7 1657 7 1.663

Pt (107%) —-12.101 « —12372 « —12.629 . —14236 7 —14.232

For x=0.5,

In the degenerate P- X(x} — alloy, for ¥ = 2 x My, (rp) = 6.3822952 = 10°7 cm ~, one gets:

T(K) 7 51.42 52.538752 53.665 71.492753 71.562
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E, 4 1.880 1.8138 1.750 1 0.998
10-2¥ A " .
5 (LD H) -1562 = -1563 7 —1.562 J—-1322 —1.320
ZT 0.999 7 1 ’ 0.999 w0715 0.713
(ZT e 7 0.931 1 1.074 3.290 3.305
VC1 (10'4 E) ~0.061 o 20063 S 1105 7 1.109
vC2 (10'4 E) —3.149 o A 3364 4~ 78995 7 79.350
T . 3 . 4
T, ( 10 K) -0.092 7 ] 7 0.094 7 1.657 7 1.663
Pt(107%V) —8.032 . —8212 . —8.382 L —94492  F —9.4469

In the degenerate As- X(x} — alloy, for M = 2 = My, (r.) = 68607702 = 10° cm ~, one gets:

T(K) )
E, '
(10

ZT

I:Z'T:IL'..-II . 7
ver (1074 E)
vea (1074 E)
(10
Pt(107%V)

53.96
1.880

—1.562
0.999
0.931

—0.061

—3.301

—0.092

—8.428

55.132846 56.315 75.022696
1.8138 1.750 1
= —1.563 7 —1.562 S =1.322
A7 1 ’ 0.999 _ 0.715
1 1.074 3.290
o 7 0.063 7 1.105
0 7 3.531 7 82.896
7 0 7 0.094 7 1.657
= —8.617 = —8.796 = —99158

75.097
0.998

7 —1.320

* 0.713
3.305

7 1.109

7 83.276

7 1.663

S =99132

In the degenerate Sb- Xix) — alloy, for M = 2 x My, (re,) = 12512622 % 10°% em %, one gets:

T(K) 2 80.55 82.298904 84.062 111.98924 112.1
E, . 1.880 1.8138 1.750 1 0.998
1.?

5 ('LU -4 E) -1562 = —-1.563 7 —1.562 A-1322 7 —1.320

ZT 0999 7 1 . 0.999 - 0715 0.713

(2T ome oy 0.931 1 1.074 3.290 3.305
v

VC1 (1[]‘4 E) —0.061 0 7 0.063 7 1105 7 1.109
v

vC2 (1[]‘4 E) —4.923 0 7 5.266 7 123742 7 124.308

v

T, (10'4 E) —0.092 7 0 7 0.094 7 1657 7 1.663

Pt (107%) —12.582 « —12.863 . —13.130 . —14.8016 .~ —14.798

In the degenerate Sn- X{x) — alloy, for M = 2 * M.y, (re,) = 1.5004512 x 10°% em ~, one gets:

T(K) 7 90.92 92.891593 94.89 126.403371 126.53

E, . 1.879 1.8138 1.750 1 0.998

v

5 ('LU -4 E) -1.562 = —-1563 7 —1.562 Ao-1322 7 —1.320

ZT 0.999 7 1 y 0.999 . 0715 0.713

(2T ome oy 0.931 1 1.074 3.290 3.305
v

VC1 (10‘4 E) —0.061 ] 7 0.063 7 1105 7 1.109
v

VC2 (10‘4 E) —5.550 ] 7 5970 7 139.669 7 140.316

v

T, (10'4 E) —0.091 0 7 0094 7 1.657 7 1.663

Pt (107%) —14.202 . —14519 w  —14.822 . —16.7068 7 —16.7025

For x=1,

In the degenerate P- X(x} — alloy, for ¥ = 2 x My, (rp) = 10297905 = 10°° cm ~, one gets:

T(K) 7 57.37 58.616225 59.875 79.762746 79.84

E, . 1.880 1.8138 1.750 1 0.998
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(1049

ZT

': ZT:' att “”1
Vel (10-4 E)
ve2 (10-4 E)
(10
Pt (107%)

—1.562

0.999
0.931

—0.061

—3.508

—0.092
—8.961

4

P

4

A

]

0
—9.162

7 —1.562

e’ 0.999
1.074

A~ 0.063
A 3.760

A 0.094
» —9.352

s

T —1.322

&
&

.

%

s 0.715
3.290

1.105

88.133

1.657
—10.5423

7 —1.320
s 0.713
3.305
A 1.109
A 88.528
A 1.663
7 —10.5396

In the degenerate As- X(x) — alloy, for M = 2 x My, (1) = 1.106993 x 10°% em *, one gets:

T(K) )
E,

(103

ZT

': ZT:' att “”1
vea (1074 E)
vez (1074 E)
(10
Pt (107%V)

57.37
1.880

—1.562

0.999
0.931

—0.061

—3.508

—0.092
—8.961

"
s

61.510393

1.8138
—1.563

0
—9.614

59.875
1.750

7 —1.562

e’ 0.999
1.074

7 0.063
7 3.760

7 0.094
w —9.352

83.7010199
1
T —1.322

s

* 0.715

3.290
1.105

92.485

1.657
—11.0628

83.785
0.998

7 —1.320

* 0.713
3.305

7 1.109
7 92914

7 1.663
7 —11.0599

In the degenerate Sb- Xix) — alloy, for M = 2 x My, (e, = 2.0189256  10°% em -, one gets:

T(K) 7
E, ¥
s(10-)

Pt (107%)

89.87
1.879

—1.562

0.999
0.931

—0.061

—5.486

—0.091
—14.038

s

"
s

91.818907

1.8138
—1.563

0

0
—14.351

93.79
1.750

7 —1.562

e’ 0.999
1.074

7 0.063
7 5.888

7 0.094
w —14.650

s

124.943703
1

T —1.322

* 0.715

3.290

7 1.105

"

138.056

" 1.657

= —16.5138

125.07
0.998

7 —1.320

* 0.713
3.305

7 1.109
7 138.702

A7 1.663
7 —16.5095

In the degenerate Sn- X{x) — alloy, for M = 2 * M.y, (rs,) = 2.4209948 x 10°° cm ~, one gets:

T(K) )
E, '
(109

ZT

(ZT) Kot . "
ver (1074 E)
vez (1074 E)
T, (1074 E)
Pt (107%V)

101.43
1.880

—1.562

0.999
0.931

—0.061

—6.212

—0.092
—15.843

103.636916 105.86
1.8138 1.750
—1.563 A —1.562
1 e’ 0.999
1 1.074
o 7 0.063
o 7 6.640
0 A7 0.094
—16.198 w —16.535

P

141.025204
1

T —1.322

s 0.715

+

3.290

i 1.105

155.825

" 1.657

—18.6393

141.162
0.998

A —1.320

s 0.713
3.305

7 1.109
7 156.525

7 1.663
S —18.6347

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: “s). One notes here that with increasing T:

-y 1|-?
(i) for £ = 1.8138, while the numerical results of S present a same minimum (5} min (2 —1.563x J.D""Ejj, those of ZT

show a same maximum (ZT gy = 1, (ii) for £ =1, those of S, ZT, (ZT)ppey, VCI, and T; present the same results:
—1.322x107%% | 0715, 3290, 1.105x 1072, and 1.657 X 107%% respectively, and (iii) for &, =~ 1.8138,

(ZT) pgore = 1.
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For x=0,
In the degenerate Ga- X(x) — alloy, for M = 2 M, (15,0 = L91B5205 « 10" em <, one gets:
T(K) » 168.52 172.18917 175.88 234.30852 234.54
E, . 1.880 1.8138 1.750 1 0.998
v
5 ('LD -4 E) -1562 = —1563 7 —1.562 A —-132 7 —-1.320
ZT 0999 -~ 1 y 0.998 . 0715 0.713
(2T ssume 0.931 1 1.074 3.290 3.305
v
VC1 (10‘4 —) —0.061 7 0 70063 7 1105 7~ 1.109
vCz ('LU‘- '—) —0.103 7 0 J0110 7 2589 7 2.601
T, (1 0-* E) 0092 -7 0 S~ 009% 7 1657 7 1663
Pt (107°) —2.632 w  —2.691 . =2747 -3.0969 .~ —3.0961
In the degenerate Mg- X{x} — alloy, for M = 2 Mgy, (T, ) = 22664086 x 10" cm *, one gets
T(K) 7 188.32 192.42153 196.55 261.83996 262.1
E, . 1.880 1.8138 1.750 1 0.998
-
5 ('LU -4 E) -1562 = —1563 7 —1.562 A—-1322 7 —-1.320
ZT 0999 7 1 y 0.999 . 0715 0.713
(ZThm / 0.931 1 1.074 3.290 3.305
v
VC1 (10'4 E) -0.061 7 ] A 0063 7 1105 7 1.109
.
viCz2 ('LU'- E) -0.115 -7 o s 0123 7 2893 7 2.906
v
T, (10'4 E) -0.092 7 ] 7 0.094 A 1.657 7 1.663
Pt (107°V) -2941 . =3.007 w =3.070 —34607 7 —3.4599
In the degenerate In- X{x} — alloy, for M = 2 = My, (r),) = 2.5136974% 10" cm ~, one gets:
T(K) 7 201.78 206.175403 210.59 280.55571 280.83
E, . 1.880 1.8138 1.750 1 0.998
1.‘F
5 ('LU -4 E) -1562 = —1563 7 —1.562 A—-132 7 —-1.320
ZT 0999 7 1 y 0.999 . 0715 0.713
(ZThm 0.931 1 1.074 3.290 3.305
v
VC1 (10'4 E) -0.061 7 ] A 0063 7 1105 7 1.109
.
VC2 (10" E) -0.124 7 ] 0132 7 3.100 7 3.114
v
T, (10'4 E) -0.092 7 ] 7 0.094 A 1.657 7 1.663
Pt (107°V) -3.152 w =3222 . —3289 -3.7081 7 =3.7072
In the degenerate Cd- X(x} — alloy, for M = 2 ® My, (re.) = 2.B£2425% 10" cm ~, one gets:
T(K) 7 219.02 223.779792 228.58 304.5111 304.82
E, . 1.880 1.8138 1.750 1 0.998
-
5 ('LU -4 E) -1.562 = —1563 7 —1.562 A—-1322 7 —-1.320
7T 0999 7 1 y 0.999 . 0715 0.713
(ZThm A 0.931 1 1.074 3.290 3.305
v
VC1 (1[]‘4 E) -0.061 7 0 A 0.063 . 1.105 7 1.109
- 1.,?
VC2 (10" E) -0.134 7 ] A 0143 7 3365 7 3.380
v
T, (10'4 E) —0.092 7 0 e 0094 7 1657 7 1.663
Pt (107°) —3421 w  =3498 . =3.570 —4.0247 7 —4.0237
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For x=0.5,
In the degenerate Ga- X(x) — alloy, for M = 2 % My, (ro.) = L1342777 « 10" em <, one gets:
T(K) E 136.51 139.483412 142.484 189.80377 189.998
E, . 1.880 1.8138 1.750 1 0.998
v
5 ('LD -4 E) -1562 = —1563 7 —1.562 A —-132 7 —-1.320
ZT 0.999 7 1 0.998 . 0715 0.713
(2T s 7 0.931 1 1.074 3.290 3.306
v
VCl (10‘4 —] —0.061 7 0 A0063 7 1105 7 1.109
V(2 (10" '—] —0.084 7 o 70090 7 2097 7 2.107
T, (1 0-* E) 0092 -7 0 = 0094 7 1657 7 1663
Pt (107°V) —2.132  w =280 . —2226 . —2.5086 .~ —2.5080

In the degenerate Mg- Xix) — alloy, for M = 2 = N, (T wg) = LA10B379 X 10" em #, one gets

T(K) 7
E y
S(0-1
T

(ZT) Kot "

ver (1074 E)
vez (107 E)

T, (1074 E)
Pt (107°V)

152.549

1.880
—1.562

0.999
0.931

—0.061

—0.093

—0.092
—2.383

155.87283

1.8138
—1.563

—2.436

"

159.226
1.750

—1.562

0.999
1.074

0.063

0.100

0.094
—2.487

212.10587
1

A7 —1.322

* 0.715
3.290

1.105

2.344

" 1.657

—2.8034

212.323

0.997

7 —1.320
* 0.713
3.306

o 1.109

7 2.355
7 1.663
Py —2.8027

In the degenerate In- X(x} — alloy, for M = 2 = My, (r),) = 1.564774% = 10" cm “, one gets:

T(K) Fa
L 3
(o2
7T

': ZT:' Kot A

ver (107 E)
vez (102 E)

T, (10}
Pt (107%V)

163.453

1.880
—1.562

0.999
0.931

—0.061

—0.100

—0.092

—2.553

A

"

&

"

.

167.014273

1.8138
—1.563

1
1

o
]

0

—-2.610

A

+

"

A

170.607
1.750

—1.562

0.999
1.074

0.063

0.107

0.094

—2.665

227.26672
1

7 —1.322

_ 0.715
3.290

a 1.105

a 2.511

a 1.657

’ —3.0038

227.499
0.998

7 —1.320

i 0.713
3.306

7 1.109

7 2.523

7 1.663
7 —3.0030

In the degenerate Cd- X(x} — alloy, for M = 2 = My, (roy} = L7E34076 10" cm ~, one gets:

T(K) ? 177.41 181.27487 185.175 246.67201 246.925
E, . 1.880 1.8138 1.750 1 0.998
1.?
5 ('LU -4 E) -1562 = —1563 7 —1.562 A —-132 7 —-1320
ZT 0999 7 1 y 0.999 . 0715 0.713
(ZThm 7 0.931 1 1.074 3.290 3.306
v

VCl (1{]'4 E) -0.061 7 o 70063 7 1105 7 1.109

.
viC2 ('LU" E) -0.109 7 o 7 0116 7 2725 7 2.738

v

T, (1 04 E) —0.092 7 0~ 0094 S 1657 7 1663
Pt (107%V) -2771 w —2.833 . —2.892 . =32603 S~ —3.2594
For x=1,

In the degenerate Ga- X(x} — alloy, for M = 2 = My, (rg.) = 7.2192156 10" cm ~, one gets:

T(K) ;

109.792

112.184162

114.597

152.655974

152.81
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E, sy 1.880 1.8138 1.750 1 0.998
1.‘F

S{10-* E) -1.562 w  —1563 7 —1.562 J-1322 & —1.320

ZT 0999 7 1 y 0.998 . 0715 - 0.713

(2T sonn 7 0.931 1 1.074 3.290 3.305

1.‘F

VC1 (10"‘ T -0.061 -~ o A 0063 7 1105 7 1.109
" 1..’

VC2 (10" E) -0.067 7 i} s 0072 7 1687 7 1.695
1r

10-4L - - - -
T, (lﬂ [{) —-0.092 0 ; 0.094 7 1.657 7 1.663
Pt (107%V) -1715 =175 . =1790 = = =20176 7~ —=2.0171

In the degenerate Mg- X{x} — alloy, for M = 2 = Mg, (T yg) = B52B2BEE ¥ 10™ cm %, one gets:

T(K) , 122.7 125.365892 128.06 170.59318 170.76
E, . 1.880 1.8138 1.750 1 0.998
v

5 ('LU -4 E) -1562 = —1563 7 —1.562 A —-1322 7 —-1.320

ZT 0999 7 1 y 0.998 . 0715 0.713

(2T g A 0.931 1 1.074 3.290 3.305

v

VC1 (1[]‘4 E) -0.061 7 ] . 0.063 . 1105 -7 1.109
" 1‘?

VC2 (10" E) -0.075 7 ] 70080 7 1885 7 1.893

v

T, (10'4 E) —0.092 o s 0.094 7 1657 7 1.663

Pt (107°) -1916 = —=1.959 . =2.000 —202547 7 —=22542

In the degenerate In- X{x} — alloy, for M = 2 ® My, (1)) = 9.458811 x 10" cm ~, one gets:

T(K) ? 131.47 134.32677 137.21 182.7868 182.97

E, . 1.880 1.8138 1.750 1 0.998

-

5 ('LU -4 E) -1562 = -—1563 7 —1.562 A -1322 7 —1.320

7T 0999 7 1 y 0.998 . 0715 0.713

(2T g A 0.931 1 1.074 3.290 3.305

v

VC1 (10‘4 E) -0.061 7 ] 70063 7 1105 7 1.109
" 1‘?

viC2 ('LU‘- E) —0.080 7 ] . 0.086 . 2020 7 2.029
v

T, (10'4 E) —0.092 7 o A 0.094 7 1.657 7 1.663

Pt (107°) —2.053 . =2.099 w  —2.143 y —24159 7 —2.4153

In the degenerate Cd- X(x} — alloy, for M = 2 x My, (ry,) = LOE35783 < 10" cm ~, one gets:

T(K)
£ 'y
(103
ZT

':ZT:'L'..-H “”1
vea (1074 E)
vez (107 E)
(10
Pt (107°V)

142.69 145.79633
1.880 1.8138
—1.562 = —1.563 7
0.999 7 1 s
0.931 1
—0.061 A ] A
—0.087 A ] 7
-0.092 7 0 A
—2.229 e’ —2.279 'y

148.93
1.750

—1.562

0.999
1.074

0.063

0.094

0.094
—2.326

198.39414

1
A7 —1.322

s 0.715
3.290

A 1.105

A 2.192

A 1.657
s —2.6222

198.59
0.998

7 —1.320

s 0.713
3.305

A 1.109

A 2.202

A 1.663

S —2.6215

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: “s). One notes here that with increasing T:

- -y 1}‘?
(i) for £, = 1.8138, while the numerical results of S present a same minimum {5}y (3 —1.563 % lﬂqﬁj, those of ZT

show a same maximum (ZT )., = 1, (ii) for £; = 1, those of S, ZT, (ZT) gy, VCI, and T, present the same results:
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-1.322 % 10‘41[;

0.715, 3.290, —1.105 x 10-4':[;

and 1.657 x 10742

respectively, and (iii) for £ = 1.8138,

bl bl [{ b
(ZTT) pere = 1
For x=0
In the degenerate P- X(x) — alloy, for T=44.769183 K, one gets:
M{10em ¥} - 3.4274 33719916 3319 2.74813904 2.7466
E, . 1.880 1.8138 1.750 1 0.998
1.?
5 ('LU -4 E) -1562 w» —-1.563 7 —1562 =132 7 —1320
ZT 0999 7 1 . 0.998 . 0715 0.713
(ZThm A 0.931 1 1.074 3.290 3.305
v
VC1 (10‘4 E) 0061 7 0 70063 4 1105 7 1.109
v
vez (1[]‘4 E) —2.746 7 o A 2817 7 49467 7 49.641
v
T, (1 0+ E) —0.092 0 7 009 S 1657 7 1663
Pt (107%) —-6.993 -6.997 7 —6993 7~ —5817 7  =5910
In the degenerate As- X(x) — alloy, for T= 46.979655 K, one gets:
M{10"em ¥ . 3.6843 3.6247868 3.568 2.9541646 2.9525
E, . 1.880 1.8138 1.750 1 0.998
v
5 ('LU -4 E) -1562 = —-1563 7 —1.562 Ao-132 7 —1320
ZT 0999 7 1 . 0.998 . 0715 0.713
(ZThm A 0.931 1 1.074 3.290 3.305
v
VC1 (1[]‘4 E) —0.061 m 0 7 0.063 7 1105 7 1.109
v
viC2 (1[]‘4 E) —2.879 m 0 7 2947 7 51.910 7 52.093
v
T, (10'4 E) —0.092 0 7 0094 7 1657 7 1.663
Pt (107%) —-7.338 -7343 7 —=7338 7 —s209 7 —6202
In the degenerate Sb- X(x) — alloy, for T=70.128324 K, one gets:
N(10¥em ) w  6.72 6.6108594 6.507 538778352 5.3846
E, . 1.880 1.8138 1.750 1 0.998
v
5 ('LU -4 E) -1562 = —-1.563 7 —1562 Ao—-132 7 —1320
7T 0999 7 1 . 0.999 . 0715 0.713
(ZThm A 0.931 1 1.074 3.290 3.306
v
VC1 (1[]‘4 E) —0.062 m 0 7 0.063 7 1105 7 1.109
v
viC2 (1[]‘4 E) —4.321 ” 0 7 4411 7 77.488 7 71.774
v
T, (10'4 E) —0.092 0 7 0.094 7 1657 7 1.663
Pt (107%) —-10.954 -10961 &~ —10954 7 —9283 7  —9257
In the degenerate Sn- X(x) — alloy, for T=79.154538, one gets:
M{10em ¥} w  8.05 7.927 7. 4607 457
(107 ) 8.058 9274126 803 6.4607611 6.4
E, . 1.880 1.8138 1.750 1 0.998
v
5 ('LU -4 E) -1562 » —-1.563 7 —1.562 Ao—-132 7 —1320
7T 0999 7 1 . 0.999 . 0715 0.713
(ZThsm 7 0.931 1 1.074 3.290 3.305
1.?
VC1 (10"‘ E) -0.061 7 ] 70063 A 1108 7 1.109
1.?
ve2 (1[]‘4 E) —4866 7 o s 4974 7 87461 7~ 87780
1.?
T; (10'4 E) -0.092 7 0 » 0094 7 1657 7 1.663
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Pt (107%) -12364 v —12372 7 —12364 7 —10482 7 —10.449

For x=0.5,

In the degenerate P- X(x) — alloy, for T=52.538752 K, one gets:

M{107em ¥} w6487 6.3822952 6.2823 5.201506 5.1985

E, 3 1.880 1.8138 1.750 1 0.998

1.?

5{10~% E) -1562 = —-1.563 7 —1562 =132 7 —1320

ZT 0999 7 1 . 0.999 . 0715 0.713

(ZTene 7 0.931 1 1.074 3.290 3.305
1.?

VC1|10™* E) -0.061 7 ] 7 0.063 A 1105 7 1.109
1.?

VC2 (10"‘ E) -3217 7 1] 7 3296 7 58.052 7 58.262

1.?
T; (10'4 E) -0.092 7 0 » 0094 7 1657 7 1.663
Pt (107%V) —8.206 . —8212 7 —8206 7 @ —£3441 7 —6.9353

In the degenerate As- X(x) — alloy, for T= 55.132846 K, one gets:

N{107em ¥} w 6.973 6.8607702 6.753 55914583 5.5882
E, . 1.879 1.8138 1.750 1 0.998
1.‘F

5{10~% E) -1562 = —-1.563 7 —1562 =132 7 —1320

ZT 0999 7 1 . 0.999 . 0715 0.713

(ZTene 7 0.931 1 1.074 3.290 3.305
1.‘F

vcif1o— E) —0.061 7 o 70063 A 1105 7 1.109
1.‘F

vC2 (10‘4 E) —3367 7 o s 3468 7 60919 7 61.141

1.‘?
T; (1 0—* E) —-0.092 7 0 A 0094 7 1657 7 1.663
Pt (107%) -8.612 . —8617 7 —86l2 & —7.288% 7 —=72777

In the degenerate Sb- X(x) — alloy, for T=82.298904 K, one gets

M{10%m *) . 12718 1.2512622 12316 1.01976604 1.01916
E, . 1.880 1.8138 1.750 1 0.998
1.‘F
5{10~% E) -1562 = —-1.563 7 —1562 =132 7 —1320
ZT 0999 7 1 . 0.999 - 0715 0.713
(2T ome 7 0.931 1 1.074 3.290 3.306
v
vci|1o0™ E) —0.061 7 0 7 0.063 7 1105 7 1.109
v
vC2 (1[]‘4 E) -5.042 7 o e 5.178 7 90.936 S 91274
v
T, (1 0™ E) —0.092 7 0 7 0.094 7 1657 7 1.663
Pt (107%) —12.855 « —12863 7~ —12855 7 —10.B775 7 —10.8634

In the degenerate Sn- X(x) — alloy, for T=92.891593 K one gets:

N(10%em ) . 1.5251 1.5004512 1.4769 1.2228525 122215
£ ' 1.880 1.8138 1.750 1 0.998
-
5 ('LU -4 E) -1562 = —-1.563 7 —1562 A—-1322 7 —1320
7T 0999 7 1 . 0.999 . 0715 0.713
(ZT) s » 0.931 1 1.074 3.290 3.305
'|.‘F
vee |04 E) —0.061 7 o 70063 4~ 1108 7 1.109
v
ve2 (10‘4 E) -5.696 o A 5838 7 102640 7 103.009
W
T; (1 0-* E) —0.092 7 0 A 0094 7 1657 7 1.663
Pt (1073V) 14510 . —14519 7 —14510 7 —12.277 7 —12.262
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For x=1,
In the degenerate P- X(x) — alloy, for T=58.616225 K, one gets:
M{10%em ) . 1.0467 1.0297905 1.01362 0.83926887 0.838772
E, . 1.880 1.8138 1.750 1 0.998
v
5 ('LU -4 E) —-1.562 -1.563 7 —1.562 -1322 7 —1320
ZT 0.999 1 , 0.999 0.715 0.713
(ZTene 7 0.931 1 1.074 3.290 3.306
1.‘F
VC1 (10"‘ E) —0.061 1] 70063 1105 7 1.109
1.?
VC2 (10"‘ E) —3.593 ] A 3.685 7 64.768 7 65.008
1.?
T; (10'4 E) —0.092 0 » 0.094 1657 7 1.663
Pt(107%V) -9.156 -9.162 7 —=9.156  —7.7473 7 —=7.7374
In the degenerate As- X(x) — alloy, for T=61.510393 K, one gets:
M{10%¥em ¥} - 1.1251 1.106993 1.0896 0.9021881 0.90168
E, 3 1.879 1.8138 1.750 1 0.998
v
5 ('LU -4 E) —-1.562 -1.563 7 —1562 -1322 7 —1320
ZT 0.999 1 4 0.999 0.715 - 0.713
(ZThm s 0.931 1 1.074 3.290 3.305
-
VC1 (10'4 E) —0.061 ] 7 0.063 1105 7 1.109
v
VC2 (10'4 E) —3.756 ] A 3.870 7 67.965 7 68.205
v
T, (10'4 E) —0.091 0 A 0.094 1.657 7 1.663
Pt (107%) —9.608 -9.614 7 —9608 S~ —g1238 7 —8.1199
In the degenerate Sb- X(x) — alloy, for T=91.818907 K, one gets:
M(10%m ) w 2.052 2.0189256 1.9873 1.64540394 1.64443
E, . 1.880 1.8138 1.750 1 0.998
v
5 ('LU -4 E) —-1.562 -1.563 7 —1.562 Ao—-132 7 —1320
ZT 0.999 1 y 0.999 0.715 - 0.713
(2T ome 7 0.931 1 1.074 3.290 3.306
v
VC1 (1[]‘4 E) —0.061 1] 7 0.063 1105 7 1.109
v
vC2 (1[]‘4 E) —5.615 0 7 5758 7 101.455 7 101.831
v
T, (10'4 E) —0.092 0 7 0.094 1.657 7 1.663
Pt (107%) —14.342 —14351 7 —14342 7 —=121357 7 —12.1201
In the degenerate Sn- X(x) — alloy, for T=103.636916 K, one gets:
NM{10¥em ) . 2.4607 2.4209948 2.383 1.9730863 1.97195
E, . 1.880 1.8138 1.750 1 0.998
v
5 ('LU -4 E) —-1.562 -1.563 7 —1.562 -1322 7 —1320
ZT 0.999 1 y 0.999 0715 - 0.713
(2T ome 7 0.931 1 1.074 3.290 3.305
v
VC1 (1[]‘4 E) —0.061 1] 7 0.063 1105 7 1.109
v
vC2 ('LU"’ E) —6.344 o e 6.512 7 114513 A 114.926
v
T, (1[]‘4 E) —0.092 0 7 0.094 7 1.657 7 1.663
Pt (107%) —16.188 -16.198 7~ —16.188 7 —13.6977 7 —13.6806

Table 6p: 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: “s). One notes here that with increasing T:
-y 1|‘?
(i) for EP = 1.8138, while the numerical results of S present a same minimum {5} ip (2 —1.563x J.D_“tﬁjj, those of ZT
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show a same maximum (ZT g, = 1, (ii) for £ = 1, those of S, ZT, (ZT)ppey, VC1, and T; present the same results:
—1.322x 1072 | 0.715, 3290, —1.105x 1072, and 1.657 x 107*%, respectively, and (iii) for &, = 1.8138,
(ZT) bt = 1.

For x=0,
In the degenerate Ga- X(x) — alloy, for T=172.18917 K, one gets:
N{10%em ¥) = 1.950 1.9185205 1.8885 156357483 1.5627
£ . 1.880 1.8138 1.750 1 0.998
-
) ('LD -4 E) 1562 . -1563 7 —1562 7~ —132 7 —1320
ZT 0999 7~ 1 . 0.999 . 0715 0.713
(ZThwum A 0.931 1 1.074 3.290 3.305
-

vCl (10‘4 E) —0.061 7 o 70063 A 1105 7 1.109

ve2 (1o~ —-0.105 7 o s 0108 7 1902 7 1.909
W

T; (10'4 E) —0.092 o s 0094 7 1657 7 1.663
Pt (107°V) —2.690 . =2.691 7 —=2.690 722758 & —22731

In the degenerate Mg- X(x) — alloy, for T=192.42153 K, one gets:

N{10™em ¥} . 23036 2.2664086 2.2308 1.8471001 1.84601
E, 4 1.880 1.8138 1.750 1 0.998
5 ('LU - Er) -1.562 » —1.563 7 —1.562 Jo-1322 7 —1.320
ZT 0999 7 1 ’ 0.999 . 0715 0.713
(ZTeme 70931 1 1.074 3.290 3.306
vci(1o—4 EF) —0.061 7 i} S 0.063 A 1105 7 1.109
ve2(107*v) -0.118 7 0 s0120 7 2126 7 2.134
T; (1 0-* E?) -0.0%2 7 0 s 0094 7 1657 7 1.663
Pt (107%V) -3.006 = —3.007 7 —3.006 J—25432 7 —2.5400

In the degenerate In- Xi(x) — alloy, for T=206.175403 K, one gets:

N{10™em ¥} . 2555 2.5136974 2.2308 2.04863793 2.04743
E, sy 1.880 1.8138 1.750 1 0.998
5 ('LU -4 E?) -1562 » —1.563 7 —1562 Jo-1322 7 —1.320
ZT 0999 7 1 , 0.999 . 0715 0.713
(ZTeum 70931 1 1.074 3.290 3.306
VC1 ('lU -4 E?) —0.061 i} 7 0.063 A 1105 7 1.109
V2010 ‘ V) -0.126 7 0 A 0121 A~ 2278 7 2.286
T, (1 04 E?) —0092 7 o 20094 7 1657 7 1.663
Pt (107%V) -3220 . —=3222 7 —3.006 A=27250 7 —2.7215

In the degenerate Cd- X{x) — alloy, for T=223.779792 K, one gets:

N{10™em ¥} . 2.889 2.842425 2.79776 2.3165476 23152
E, 4 1.880 1.8138 1.750 1 0.998
5 ('LU -4 E?) -1562 = —1.563 7 —1.562 J-1322 7 —1.320
ZT 0999 7 1 , 0.999 . 0715 0.713
(ZTeme 70931 1 1.074 3.290 3.305
vci(1o—4 EF) —0.061 7 i} 7 0.063 A 1105 7 1.109
ve2(107*v) -0.137 7 0 s0141 7 2473 7 2482
T; (1 0-* EF) —0.092 7 0 20094 7 1657 7 1.663
Pt (107%V) —3495 . —3498 7 —3495 7 —29577 7 —2.9540
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For x=0.5,
In the degenerate Ga- X{x) — alloy, for T=139.483412 K, one gets:
M{10%em &) . 1.2139 1.1942777 1.1756 0.97332424 0.97275
E, . 1.880 1.8138 1.750 1 0.998
1.‘F
5 ('LU -4 E) —-1.562 . —1563 7 —1.562 A —-1322 7 —-1.320
ZT 0999 7 1 y 0.999 . 0715 0.713
(ZThsem 7 0.931 1 1.074 3.290 3.306
v

VC1 ('lU -4 E) —0.061 7 o 7 0.063 7 1105 7 1.109

vC2(10~*V) —-0.085 7 0 70087 7 1541 7 1.547
v

T, (1 0~ E) 009z 7 0 7 009 7 16T 7 1663
Pt (107°) -2.179 —2.180 a0 =2.179 S —1.8435 7 —1.8412

In the degenerate Mg- X{x) — alloy, for T=155.87283 K, one gets:

N{10"em ¥} . 1434 1.4108379 1.3887 1.1498186 1.14915
E, . 1.880 1.8138 1.750 1 0.998
5 ('LU -4 E?) -1562 . —-1563 7~ —1.562 Ao-1322 7 —1.320
ZT 0999 7 1 , 0.999 . 0715 - 0.713
(2T ssonn s 0931 1 1.074 3.290 3.305
vci(1o—4 EF) —0.061 i} S 0.063 A 1105 7 1.109
vez(1072v) -0.095 7 0 s0098 7 172 7 1.728
T, (1 04 E?) 0032 7 0 20094 7 1657 7 1.663
Pt (107°V) —2435 . —2436 7 —2.435 7=20602 7 —2.0576

In the degenerate In- X(x) — alloy, for T=167.014273 K, one gets:

N{10"em ¥} « 159049  1.5647749 1.5402 1.27527567 127452
£, . 1.880 1.8138 1.750 1 0.998
3 ('LU -4 E?) -1562 » —1.563 7 —1562 J-1322 7 —1.320
ZT 0999 7 1 , 0.999 . 0715 0.713
(ZThwum 20931 1 1.074 3.290 3.306
vcif1o—* E?) —0.061 7 i} Z 0063 A 1105 7 1.109
VC2(10 ‘f‘.i’] —-0.102 7 0 A 0105 S 1845 7 1.852
T, (10'4 E?) —0.092 o A 0094 7 1657 7 1.663
Pt (107%V) —2.609 w2610 7 —2.609 7=22074 7 —2.2046

In the degenerate Cd- X{x) — alloy, for T=181.27487 K, one gets:

N{10m %) =+ 1.79848 1.7694076 1.74161 1.44204927 1.4412
E, . 1.880 1.8138 1.750 1 0.998
-
5 ('LU -4 E) —-1.562 . —1563 7 —1.562 A—-132 7 —-1.320
7T 0999 -~ 1 y 0.999 . 0715 0.713
(2T ome oy 0.931 1 1.074 3.290 3.306
v
VC1|10~* E) —0.061 7 ] 7 0.063 7 1105 7 1.109
ve2 (1o~ —-0.111 7 0 A 0114 A~ 2003 7 2.010
1.?
T; (10'4 E) —0.092 7 0 s 0094 7 1657 7 1.663
Pt(107%V) -2.831 w  —2833 7 —283] 7 =23959 7 —-2.3928
For x=1,
In the degenerate Ga- X{x) — alloy, for T=112.184162 K, one gets:
M{10%em ) 27.3378 7.2192156 7.1062 5.8835877 1.8801
E, . 1.880 1.8138 1.750 1 0.998
v
5 ('LU -4 E) —-1.562 . —1563 7 —1562 A -1322 7 -1.320
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ZT 0999 7 1 0.999 . 0715 0.713
(ZThwum 20931 1 1.074 3.290 3.306
VC1 (10 -4 E?) —0.061 7~ 0 70063 7 1105 7 1.109
vC2(10 ‘ V) -0.069 7 0 s 0070 A 1239 7 1.244
T, (1 0=+ E?) —0092 7 o~ 0094 7 1657 7 1.663
Pt (107°V) —1752 . =173 7 —1752 7 —14827 7 —1.4808

In the degenerate Mg- X(x) — alloy, for T=125.365892 K, one gets:

N(10%cm *) + 8.6684 8.5282866 8.3943 6.9504673 6.9464
E, ¥ 1.880 1.8138 1.750 1 0.998
S ('LD - Er) -1562 . -1563 7 —1562 7 —132 7 —1320
ZT 0999 7 1 0.999 . 0715 0.713
(ZT) s 70931 1 1.074 3.290 3305

VC1 (10 - EF) —0.061 7 o ; 0.063 7 1105 7 1.109
V2010 ‘ W) -0.077 7 0 A0079 F 0 1385 7 1.390
T, (1 04 E?) —0.092 7 o 20094 1657 7 1.663
Pt (107°V) -1958 . —1959 7 —1958 7 —1.6570 7  —1.6549

In the degenerate In- Xi(x) — alloy, for T=134.32677 K, one gets:

N{10%em ¥} . 9.614 9.458811 9.3102 7.7088353 7.70426
E, 4 1.880 1.8138 1.750 1 0.998
5 ('LU - EF) -1562 . -1563 7~ —1.562 Ao-1322 7 -1.320
ZT 0999 7 1 , 0.999 . 0715 - 0.713
(ZTeme 70931 1 1.074 3.290 3.306
VC1 (10 - EF) —0.061 7 o ; 0.063 7 1105 7 1.109
V2010 ‘ W) —0.082 7 0 70084 7 1484 7 1.489
T; (1 0-* E?) —0.092 7 0 20094 7 1657 7 1.663
Pt (107%V) —2.098 —2.099 7 —=2098 7 —1.7754 7 —1.7731

In the degenerate Cd- X(x] — alloy, for T=145.79633 K, one gets:

N{10™em ¥} = 1.08715 1.0695783 1.0528 0.87169547 0.87118
E, sy 1.880 1.8138 1.750 1 0.998
5 ('LU - EF) -1562 . -1563 7~ —1.562 Ao-1322 7 -1.320
ZT 0999 7 1 , 0.999 . 0715 - 0.713
(ZTeum s 0931 1 1.074 3.290 3.306
VC1 ('lU -4 E?) —0.061 o A 0.063 A 1105 7 1.109
vez(1072v) —0.089 0 A 0091 A 161 A 1.617
T, (1 04 E?) 0092 7 o 20094 7 1657 7 1.663
Pt (107%V) —2277 —2279 & =2277 7 —19270 7 —1.9245
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