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ABTRACT
In the n(p)-type GaAs,_.Shb.- crystalline alloy, with 0 = x = 1, basing

on our two recent works*?, for a given x, and with an increasing raa),

*Corresponding Author the optical coefficients have been determined, as functions of the

A, B A Vit iy photon energy E, total impurity density N, the donor (acceptor) radius
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N _ race), concentration X, and temperature T. Those results have been
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Mathématiques et Physique affected by (i) the important new z(rac..x)-law, developed in

(LAMPS), EA 4217, Equations (8a, 8b), stating that, for a given x, due to the impurity-size

Département de Physique, effect, = decreases () with an increasing (») raca), and then by (ii) the

22, (RIS PEUL el (P generalized Mott critical d(a)-density defined in the metal-insulator
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transition (MIT), Nepn(npg (Ta(a). %), as observed in Equations (8c, 9a).

Furthermore, we also showed that Nepa(nop) just the density of carriers localized in
exponential band tails, with a precision of the order of 2.9 % 1077, as that given in Table 4

of Ref.M, according to a definition of the effective density of electrons (holes) given in
parabolic conduction (valence) bands by: N (NTdca)®) = N—Nepnnop) (Ta(an®) | o
defined in Eq. (9d). In summary, due to the new =(ra0:) -Jaw and to the effective density of
electrons (holes) given in parabolic conduction (valence) bands N*(N, rd(a}rx), for a given

X, and with an increasing raca), the numerical results of all the optical coefficients, obtained in

appropriated physical conditions (E, N, T), and calculated by using Equations (15, 16, 20,
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21), are reported in Tables 1, 2, 3n, 3p, 4n, 4p, 5n, and 5p in Appendix 1.

KEYWORS: GaAs,_,Sb,- crystalline alloy; impurity-size effect; Mott critical impurity

density in the MIT, optical coefficients.

INTRODUCTION

Here, basing on our two recent works™™? and also other ones®™® all the optical coefficients
given in the n(p)-type X(x) = GaAs, . Sh, - crystalline alloy, with 0 = x = 1, are investigated,
as functions of the photon energy E, total impurity density N, the donor (acceptor) radius

ra(a), CONcentration x, and temperature T.

Then, for a given x, and with an increasing racs), the numerical results of all the optical
coefficients, obtained in appropriated physical conditions (E, N, T), and calculated by using
Equations (15, 16, 20, 21), are reported in Tables 1, 2, 3n, 3p, 4n, 4p, 5n, and 5p in Appendix
1.

ENERGY BAND STUCTURE PARAMETERS
First of all, in the n* (p*) — p(n) X(z)- crystalline alloy at T=0 K, we denote the donor
(acceptor) d(a)- radius by raca), and also the intrinsic one by: ragas)=Tras(ca)=0.118 nm (0.126

nm).

A. Effect of x- concentration

Here, the intrinsic energy-band-structure parameters™, are expressed as functions of x, are
given in the following.

(i)-The unperturbed relative effective electron (hole) mass in conduction (valence) bands are
given by:

M o (x)/ M, = 0.047(0.3) x x + 0.066 (0.291) x (1 —x) )

(i1)-The unperturbed relative static dielectric constant of the intrinsic of the single
crystalline X- alloy is found to be defined by:
£, (%) =1569 xx +13.13 x (1 —x), 2)

(iii)-Finally, the unperturbed band gap at 0 K is found to be given by:
Ego(x)=0.81xx+ 152 x (1 —x). (3)
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Therefore, we can define the effective donor (acceptor)-ionization energy in absolute values

as:
13600 [mpryyi =)/ mg)
Edc'(an}(x} = [ED:;:;J“ : meV, (4)
and then, the isothermal bulk modulus, by:
Edul’au"l':-’a'
BD"&DXEMI — . 5
dotee) () = [ oy 5)

B. Effect of Impurity ra;q-Size, with a given x

Here, the changes in all the energy-band-structure parameters, expressed in terms of the
effective relative dielectric constant £(ra;a.%), developed as follows.

At rars) = 'aa(ae), the needed boundary conditions are found to be, for the impurity-
atom volume V= (4m/3) x {rd(a}}a, Vdo(ag) = (41/3) % (rac..:an}}a, for the pressure p, p, = 0,
and for the deformation potential energy (or the strain energy) o, o, = 0. Further, the two

important equationst™”!, used to determine the o-variation, Ac= c—o, = g, are defined

d do . . d do._® . .
by: d—f:',:—: and pz—d—z . giving: s Then, by an integration, one gets:

[ac(race %) =Baoao (X)X (V—V4qra0y)% It (T’): E docao) (X) X [(_'5.3._ - ’.] X In(—22) > 0.
) Vdoas 4 e

np do(se I

(6)

Furthermore, we also shown that, as rs;s) > raoras) (Td(a) < I'defas)), the compression
(dilatation) gives rise to the increase (the decrease) in the energy gap Egnl:gp}{rdl:a}!x}, and
the effective donor (acceptor)-ionization energy Ed.;a;.(rd.;a;u %) in absolute values, obtained in
the effective Bohr model, which is represented respectively by: + [ﬁc(rd,:ajjx}]m:p},

=gix)

Eg;un:jg;pnj{rﬂ(s)-'x] _Egn{x] = Eﬂ:js){rﬂnjs)-'x] _Eﬂmjsnj{xj = Eﬂmjsn){x] b [( j‘ - 1] = + [ﬂa{rﬂl:g)_.x]]m:_?)l

=(Tda;)

for Fd(a) = Tdo(aoh and for ara) = Pdo(ac)

Ep )

Egnocepos (Facay ) — Ego (%) = Eagay (Facay» ) — Edocas 6) = Eaoae () X [(—] — 1] =~ [Botaw o, (7)

E{Taay)

Therefore, from Equations (6) and (7), one obtains the expressions for relative dielectric

constant £(ra¢a).x) and energy band gap Egntep (raca. %), as:

' Tdpay }S—l]xlnlf Tdre

(i)-fOr Tara) = Tdoracy SINCE &(Tarayx) =4’1+[':-'ﬂ-=-:=m Faos) < s,(x), being a new

E(rd,:E},X}-IaW,

LY ror, 4B
Eg‘IJDI:g'PD:lI:rIﬂI:E.}'x:I - Egnl::f{-:l = Ed,:g_:,lirﬂ,:ﬂ.le - Edn,:m:,[:-:j = EﬂDI:E.Djl::x:I bt [{r;:;‘ﬂ:‘] - 1] b4 h'.l I:rd—n\] :_=‘ D_. (83_)

Fela {ma}s

Www.wjert.org 1SO 9001: 2015 Certified Journal 182



http://www.wjert.org/

Cong. World Journal of Engineering Research and Technology

according to the increase in both Egnep (race.x) and Egeq (race.x), With increasing ra and

for a given x, and

Eq 3

.. ] [ T T I Y T T I
(ii)-for racs) = Tao(as) Since e(Tagx) =4 () e anlzs)

> £,(x), with a condition,

given by:
[( fdia) )3 . 1] X ln( fdia) )3 e |
\fdofao) Tdofao) 1 being a new E(rd (a) x)-law,
' s 3 IR? 3
Eonocgpo {racarx) — Ego(X) = E4 alFacayX) — Edo(an) (X) = —Egdoran)(X) X [";) - 1] xn(—=L) <0

\faoeey/ — (8b)

corresponding to the decrease in both Egntgp) (racar-%) and Eaca (race-2) with decreasing
Tala) and for a given x; therefore, the effective Bohr radius apn(Ep)(Ta@)X) is defined

by:

2 (rdpmy) <k ® _ =(rd )
x) = 4R _ 053 x 1078 om X ——o
Mg (%) =g Mgy (%) Mg

aBn(Ep}(rd(a}J (8C)
Furthermore, it is interesting to remark that the critical total donor (acceptor)-density in the
metal-insulator transition (MIT) at T=0 K, Ngpninpp)(Tara.%), was given by the Mott’s
criterium, with an empirical parameter, Mg as:

1."
NCDnI:CDp}(rdl:a}J X} 13X aBnl:Bp}(rdI:a}Jx} = Mn{p}, Mn{p} = 025, (93.)

depending thus on our new &(raga) %) -Jaw,

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

Seitz (WS) radius T=ai=p), characteristic of interactions, by:

Mg (K] Mg

“an apy (N. oy %) E{ : )m X ———— = 11723 x 10° x {ﬁ)l %

4l SpnEp) ()

: (90)

E(Ta )
being equal to, in particular, at N=Nepncop)(Tda)x): rsn.;gpj.(Ncnn.;mp}(ra.;a}X}Jra.;a}JX}=

2.4814, for any (*ata) ¥)-values. So, from Eq. (9b), one also has:

i

1y 33
Neoneop) Tage %) 73 X agn g (raca. x) = (;]3 % M;H = 0.25 = (W8] = Mypp). (9c)

Thus, the above Equations (9a, 9b, 9c) confirm our new z(rs;..x)-law, given in Equations
(8a, 8b). Furthermore, by using M, =0.25, according to the empirical Heisenberg
parameter H 5 = 0.47137, as those given in Equations (8, 15) of the Ref. [1], we have also
showed that Nepneeop) IS just the density of electrons (holes) localized in the exponential

conduction (valence)-band tail, with a precision of the order of 2.9 x 10~7, Therefore, the
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density of electrons (holes) given in parabolic conduction (valence) bands can be defined, as

that given in compensated materials, by:
N$(NJ rd.:a};xj =N- NCDHI:ND[J}(T&(EL}JX)- (gd)

C. Effect of temperature T, with given X and rg

Here, the intrinsic band gapEgmn:gp'L}(rdn:a}J %T) at any T is given by:

7.205xx 5.4&5:-:-11—::}}
1)

Egnl(gpi}{rd(a}JXJ T} in eV = Eg:uj@:j(rdl:a}JX}_iﬂ_4 x T2 {T+'}4K T+I04 K

(10)

suggesting that, for given x and T'd(s), Egni(epi) decreases with an increasing T.

Then, in the following, for the study of optical phenomena, one denote the conduction

(valence)-band density of states by New) (T:%) as;

Ne()(To%) = 2 X B () X (FgB)? (em™)g (1) =1 xx+1x (1 —%) =1, (12)

where m,(x)/m, is the reduced effective mass m,(x)/m,, defined by :
m, (%) = [m. (%) x m,(:0))/[m. (x) + m. ()l

D. Heavy Doping Effect, with given T, x and raa)

Here, as given in our previous works*?, the Fermi energy Ern{—Egp), and the band gap
narrowing are reported in the following.

First, the reduced Fermi energy nnp; or the Fermi energy Eg,(—Egy), obtained for any T and
any effective d(a)-density, N"M.racay%) =N* defined in Eq. (9d), for a simplicity of
presentation, being investigated in our previous paper’®, with a precision of the order of

-4
2.11 X107, s found to be given by:

Epn(u) —Epp(u), Glw+Au®F(u)

o e ) =" 13agf A =0.0005372 and B = 4.82842262,

Na(p)(W) =

N =4 -2 S
uN, raca T = —— Flu) —aus(1 4+ bu s+ cu=) ",
Ne v ¢ -]

where u is the reduced electron density,

-

a= [( 3\"‘-7_1/4) X u]: 3_ b= é(;)’

62.3739855 V4 - =
==—(3%) and G(u) = Ln(u) + 27z x ux e™;

1320 Y

7

d = 23/2 [:—iﬁ] = 0. Therefore, from Eg. (12), the Fermi energies are expressed as

functions of variables: N,rg;s),x, and T.

Here, one notes that: (i) as u > 1, according to the HD [d(a)- X(x)- alloy] ER-case, or to the

degenerate case, EqQ. (12) is reduced to the function F(u), and in particular at T=0 and as
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N*=0, according to the metal- insulator transition (MIT), one has:

F e a0 ==
+Epn(—Egp) = ——= x (37?N*)*2 =0, and (ii)

2xmyix)

EF'E:T{Q} (_EFL‘:;:«H} « —1, to the LD [a(d)- X(x)- alloy] BR-case, or to the non-degenerate
case, Eq. (12) is reduced to the function G(u), noting that the notations: HD(LD) and
ER(BR) denote the heavily doped (lightly doped)-cases and emitter (base)-regions,

respectively.

Now, in Eq. (9b), in which one replaces m;(x) by m,(x), the effective Wigner-Seitz radius
becomes as:

()

- 1/3
I‘snEBF}(N; rdl:ﬂ.:l.lx} =1.1723 x 10°% x (Em:{?‘x}) y

(13a)

eirdpmx] '

the correlation energy of an effective electron gas, E.:n.:.:p}(NJ Td(a)s %), is given as:

D.ETSEE 2[2-1nlz]] .
+ 1 rgpy) —LOS3ZEE
—0.87553 + DOS0E+T g gy { - } ﬂ'.._r!'I'I.I_!p:I:I

0.0308+rgn sp) 1+0.03847728 xrgp 27878

E:nl:r_'p]l{NJ I"d.:a}:K} = (13b)

Then, taking into account various spin-polarized chemical potential-energy contributions
such as: exchange energy of an effective electron (hole) gas, majority-carrier correlation
energy of an effective electron (hole) gas, minority hole (electron) correlation energy,
majority electron (hole)-ionized d(a) interaction screened Coulomb potential energy, and
finally minority hole (electron)-ionized d(a) interaction screened Coulomb potential energy,

the band gap narrowings are given in the following.

In the n-type HD X(x)- alloy, the BGN is found to be given by:

E .. l.. . '3 \ :J-- 5*
AEgn(N,rg,x) > ay X Z80 X N7+ 2 X 250 X NE X (2503 X [~Ecn(ren) X ryn]) + 25 x‘[ 4 ] x

) grax
[V o x\':“‘+a.., x |- xN;": X 2+a; x [ - ]zx \,;
\ T y slrax s(rax)
. [N
N, = (an.rdx) L (l4n)
where & = 3.8 x1073(eV), a; = 6.5 % 107*(eV), a; = 2.8 x 1073(eV),

2, = 5.597 x 1073(eV) and a5 = 8.1 x 107*(eV), and in the p-type HD X(x)- alloy, as:

. B 1/3 ) 5 z b
AE g (N,r,,x) = 3 X z":‘x‘ xN."" +a; x :‘:;I X I\-',’ % (2,503 X [~Eqp(ryp) Xrep]) + a3 X [z‘:,:] X

| 2o(x) 1/2

20 N2 4 20y x [0 5 NV 4 g x [Z2E]E N
\i wlrgx) 3 mlrgx)
g ol N°
Ny = ( , ) (14p)
,.\cpprr,.xv
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where a; = 3.15 x 1073 (eV), a, = 541 X 107*(eV), ag = 2.32 x 1073(eV),
a; = 4.12 x 1073(eV) and a5 = 9.8 x 1073(eV),

One also remarks that, as N* = 0, according to the MIT, AEgnepy(NTacay ) = 0.

OPTICAL BAND GAP
Here, the optical band gap is found to be defined by:

Egn:(gpﬂ '[N: Tara). % T:' = Egnl(gpl} '[rd(a}x-' T)— AE eniep) (N, rd(a}JX} + '[_}EFnEFp} 'I:N, Tara)s X T), (15)

where Egingein)y [TErn —Egp] = 0, and AE., ) are respectively determined in Equations [10,
12, 14n(p)], respectively. So, as noted above, at the MIT, Eq. (15) thus becomes:

Egniigpﬂ (rd(a}xj = Egnu(gpu} (rdﬂa]*xj* according to: N = NCDnENDp}(rd(a}JX)'

OPTICAL COEFFICIENTS

The optical properties of any medium can be described by the complex refraction index M
and the complex dielectric function =, il = n—ix and £ = g, — ig;, where i* = —1 and £ = N2,
Therefore, the real and imaginary parts of = denoted by =, and =, can thus be expressed in
terms of the refraction index n and the extinction coefficient « as: £1 = n* —x? and £, = 2nx.
One notes that the optical absorption coefficient a is related to €z, n, x, and the optical
conductivity o, by

R v(ED®

, = HATHEMENT w _ Exiz(E} — 1Exw(E} — 4 (E} — a2 _ .2 ==
I:lliE_.N_. l"ﬂ:_gcl,K..T“__l - I:I::DXE"E“-“:EXEEXI[E = LenfEy T ke T en{Ei®ffgespaecs | g1 =0 r and Bz = =IE, (16)

where, since E=hw 1is the photon energy, the effective photon energy:

E*=E—Eg (EI_-,:[}{N, race.% T) is thus defined as the reduced photon energy.

Here, -q, #, |V(E)|, @, Zfree=pace, € and J{E®) respectively represent: the electron charge,
Dirac’s constant, matrix elements of the velocity operator between valence (conduction)-and-
conduction (valence) bands in n(p)-type semiconductors, photon frequency, permittivity of
free space, velocity of light, and joint density of states. It should be noted that, if the three
functions such as: [v(EJI*, J(E*) and n(E) are known, then the other optical dispersion
functions as those given in Eq. (16) can thus be determined. Moreover, the normal- incidence

reflectance, R(E}, can be expressed in terms of x(E) and n(E) as:
, _ [n(E)-1]%4x(E)’
RENra@ =) = (e e, 17

From Equations (16, 17), if the two optical functions, £; and =z, (or n and x), are both known,
the other ones defined above can thus be determined, noting also that:
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Egni':gpi]{NJ rara). % T) = Ecni(zp1) , TOr a presentation simplicity.

Then, one has: -at low values of E' =2 Ep1(gn1),

e (BNt T) = ¢ ()7 S = o () % @~ B TOP 851, (18)

and at large values of E = E s (0,

= 3/2 (E-E Y2 n 3/2 (B—Bonirons )2
i im, L gni{gpi) . im, \ gni{gpi).
Inp\(ENrdy'\T) .r:x(,z) X ga-i —..‘;X(ﬁ) X 372
Z Eni{zpi) =z = gni{gpi) for
1
a=5/2. (19)

Further, one notes that, as E — co, Forouhi and Bloomer (FB)™ claimed that (E — ) = a
constant, while the x(E) -expressions, proposed by Van Cong' quickly go to 0 as E~2, and
consequently, their numerical results of the optical functions such as: og(E) and a(E), given
in Eq. (16), bothgoto 0 as E~2,

Now, an improved Forouhi-Bloomer parameterization model (FB-PM), used to determine the
expressions of the optical coefficients in the degenerate n* (p*) — p(n) X(x)- crystalline alloy,

is now proposed as follows. Then, if denoting the functions G(E) and F(E) and by:
GE) =

Aj Ai
l Slpz_pE+C and F(E) = ez wi1+10—4x= } BE+C;

, We pPropose:

3/2 —
k(EN.raxT) = GE)XEYZ_ % (E* = E—Eguigpn)  » TOF Egnigepy = E < 2.3 6V,

=F(E)x (E*= E— Egngpn) , for E= 2.3 eV, (20)
being equal to O for E* = 0 (or for E = Egn1(zp1), and also going to 0 as E~! as E — oo, and

further, _ 4 xurgn.gpnszﬂluzgn ._3)21
n(E. N, ra(a).% T) = N (Taa)®) + Eizy — (E22191)

wT
going to a constant as E — oo, since n(E — oo,rgra),x) & Ne(rgre)x) = fe(rgE)x) X —

wi’

e, = 8.9755 x 1013 571 [5] and WL = 8.9755 x 1013 s~

Here, the other parameters are determined by:

Aj Bf 2
X '[Egnligpl}} = Et X [_?l * Egntepty Bi — Egnagepny T Ci],

|‘ o
PO oy 1 2 4C;—-B*
E A‘ Bl)(kEgn..;:gpi)‘l"CQ ‘Vl 1 1
Yi(Egnl'igpll’) o Q 3 [ 2 — 2Egni1(gpn G| Q= 2 >
1 - 5 where,
for i=(1, 2, 3, and 4),

A; = 1.154 X Aypg) = 47314 X 1074, 0.2314,0.1118 and 0.0116 _
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i = By(pp) = 5.871,6.154,9.679 and 13.232, and

C1 = Ci,:pg;\ = 8.619,9.784, 23.803, and 44.119.

Then, as noted above, if the two optical functions, ™ and ¥, are both known, the other ones

defined in Equations (16, 17) can also be determined.

NUMERICAL RESULTS
Now, some numerical results of those optical functions are investigated in

the n(p)-type X(x) = Gaas, _.Sh.crystalline alloy, as follows.

A. Metal-insulator transition (MIT)-case
As discussed above, the physical conditions used for the MIT are found to be given by:
T=0K, N*=10 Of N = Nepnceop) giving rise to:

Egni(gpﬂ {Nx =10, Tafa): X T= Gj = Egni(gpﬂ {rd(a} X) = Egnn(gpn} {rd(a}xj-

Then, in this MIT-case, if E = Egn1(gp1)(Tara)x) = Egno(ene)(Tara)x), which can be defined as
the critical photon energy: E = ECPE{rd-:a}JX} , One obtains: me{ra.:a}JX} =0 from Eq. (20),
and from Eq. (16): aqurm(Tag)x) = 0, gopam(rage)x) = 0 and %yt (rage,x) =0, and the
other functions such as: nur(raeyx) from Eq. (21), and =oam(ra@ex)  and
Rarr(rage). %) fromEq.(16) decrease with increasing Tara)and Ecpg, as those investigated in
Table 1 in Appendix 1.

B. Optical coefficients, obtained as E = w

In Eqg. (21), at any T, the choice of the real refraction index:

n(E = o0,1q(), %, T) = Moo (3@, ) = Ela@® X wr="51x108 5710 and
wy, = 8.9755 x 10 571 \was obtained from the Lyddane-Sachs-Teller relation®®, from which
T(L) represent the transverse (longitudinal) optical phonon modes. Then, from Equations (16,
17, 20), from such the asymptotic behavior (E — ), we obtain: ke (rgia»x) =0 and
€200 (Tata)®) =0, as E72, 50 that ey —cracar. 23, G0, (Tat)¥) , @ee(Tara),®) and Re(ra,x) go

to their appropriate limiting constants, as those investigated in Table 2 in Appendix 1.
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C. Variations of some optical coefficients, obtained in P(B)-X(x)-system, as functions of
E

In the P(B)-X(x)-system, at T=0K and N = NCDH.:CDF}{PP.:B}, %), our numerical results of n, x, £

and =z are obtained from Equations (21, 20, 16), respectively, and expressed as functions of

E [= Ecpe(racs,x)] and for given x, as those reported in Tables 3n and 3p in Appendix 1.

D. Variations of various optical coefficients, as functions of N

In the X(x)-system, at E=3.2 eV and T=20 K, for given ra;s and X, and from Equations (12,
15, 21, 20, 16), respectively, we can determine the variations of 1y,(>> 1, degenerate case),
Ezn1(ept), N, X, £ and £4, obtained as functions of N, being represented by the arrows: » and

“, as those tabulated in Tables 4n and 4p in Appendix 1.

E. Variations of various optical coefficients as functions of T

In the X(x)-system, at E=3.2 eV and N = 10?®em™—3, for given rg;s) and x, and from Equations
(12, 15, 21, 20, 16), respectively, we can determine the variations of
TNnip)(» 1, degenerate case), E_nigp), N, x, & and &, obtained as functions of T, being

represented by the arrows: » and *, as those tabulated in Tables 5n and 5p in Appendix 1.

CONCLUDING REMARKS

In the n(p)-type X(x) = GaAs, _,Sb.- crystalline alloy, by basing on our two recent workst?,
for a given x, and with an increasing raa), the optical coefficients have been determined,
as functions of the photon energy E, total impurity density N, the donor (acceptor) radius
race), concentration X, and temperature T. Those results have been affected by (i) the
important new (ra.),x)-law, developed in Equations (8a, 8b), stating that, for a given x, due
to the impurity-size effect, = decreases () with an increasing () raca), and then by (ii) the
generalized Mott critical d(a)-density defined in the metal-insulator transition (MIT),

Nepninpg) (Ta(a),%), as observed in Equations (8c, 9a).

Further, we also showed that Nepn(nop) IS just the density of carriers localized in exponential
band tails, with a precision of the order of 2.9 x 1077, as that given in Table 4 of Ref.l¥,
according to a definition of the effective density of electrons (holes) given inparabolic
conduction (valence) bands by:N*(N,rg;a3,%) = N — Nepn(npg) (Taca. ), as defined in Eq.
(9d).
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In summary, due to the new (rax)-law and to the effective density of electrons (holes)

given in parabolic conduction (valence) bands N*(N,rs:..x), for a given x, and with an

increasing raca), the numerical results of all the optical coefficients, obtained in appropriated

physical conditions (E, N, T), and calculated by using Equations (15, 16, 20, 21), are reported

in Tables 1, 2, 3n, 3p, 4n, 4p, 5n, and 5p in Appendix 1.

ACKNOWLEDGMENT
The author is thankful to: M. Cayrol and J. Sulian for their technical dupport, and also P.

Blaise, R. Brouzet and O. Henri-Rousseau for their encouragement, during the preparation of

this work.

REFERENCES

1.

Van Cong, H. New critical impurity density in MIT, obtained in various
n(p)-type InP,_,As,(Sh.),Gads, ,Te (Sh,, B).CdS, ,Te,(Se,) — degenerate crystalline alloys,
being just that of carriers localized in exponentiail band tails. WJERT, 2024; 10(4):
05-23.

Van Cong, H. Optical coefficients in the n(p)-type degenerate GaAs, ,Te.- crystalline
alloy, due to the new static dielectric constant-law and the generalized Mott criterium in
the metal-insulator transition. (1). To be published in WJERT, 2024; 10(10): XX-XX.

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: 136-165.

Forouhi A. R. & Bloomer I. Optical properties of crystalline semiconductors and
dielectrics. Phys. Rev., 1988; 38: 1865-1874.

Aspnes, D.E. & Studna, A. A. Dielectric functions and optical parameters of Si, Se, GaP,
GaAs, GaSh, InP, InAs, and InSb from 1.5 to 6.0 eV, Phys. Rev. B, 1983; 27: 985-1009.
Van Cong, H. et al. Optical bandgap in various impurity-Si systems from the metal-
insulator transition study. Physica B, 2014; 436: 130-139.

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

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

Www.wjert.org ISO 9001: 2015 Certified Journal 190



http://www.wjert.org/

Cong. World Journal of Engineering Research and Technology

APPENDIX 1

Table 1: In the MIT-case, T=0K, N= Npnpmiracsx), and the critical photon energy
Ecpe = E = Egnozpoy (Farey ®), If E = Egnagepui(Faray®) = Ecpelras %), the numerical results of optical
functions such as: nur(rasx), obtained from Eq. (21), and those of other ones:
=0 (o Xland Raarr (Tagay-x). from Eq. (16glecrease () with increasing () re@nd  Ecee

Donor P As Te Sb Sn
ry (am) [4] » 0.110 0.118 0132 0136  0.140
At x=0,

Ecpp iInmeV 7 1519.8 1520 1520.7 1521.2 1521.8

N W 3.437 3.416 3.352 3.313 3.268
£100m) 11.81 11.67 11.23 1098  10.68
By " 0.302 0.299 0.292 0.288 0.282

At x=0.5,

Ecpg in meV 7 1664.8 1665 1665.5 1665.8 1666.3
N " 3.446 3.424 3.356 3.316 3.269
1M " 11.87 11.72 11.27 10.99 10.69
Ryt w 0.303 0.300 0.292 0.288 0.282
Atx=1.

EcpgpinmeV 7 1809.9 1810 1810.3 1810.6  1810.9
npMT u 3.450 3.427 3.357 3.315 3.266
€M) " 11.90 11.74 11.27 10.99 10.67
Rmir u 0.303 0.300 0.293 0.288 0.282
Acceptor B Ga Mg In cd
ry (nm) 7 0.088 0.126 0.140 0.144 0.148
At x=0,

Ecpg inmeV 2 1503.7 1520 1523 1524 1527
NMIT u 4.173 3416 3.358 3.323 3.281
E1(MiT) N 1741 11.67 11.276 11.04 10.77
Ry ' 0.376 0.299 0.293 0.289 0.284
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At x=0.5,

Ecpg i meV 1651 1665 1667 1669 1671
nMT u 4215 3.424 3.363 3.326 3.283
E1M1T) 17.76 11.72 11.31 11.06 10.78
Ryt 0.380 0.300 0.293 0.289 0.284
Atx=1,

Ecpg in meV 1798 1810 1812 1813 1815

nyMT " 4251 3.427 3.364 3.326 3.281
E1(MIT) u 18.07 11.74 11.32 11.06 10.77
Ryr 0.383 0.300 0.293 0.289 0.284

Table 2: Here, as £- =, the numerical results of n_(ryx). &1 u(Tae®), op(ram.x) ,

o.(rare-¥) AN R.(ra%) QO to their appropriate limiting constants.

Donor P As Te Sb Sn

At x=0,

n.. 208 20589 19950 19566 19124
Ei 4327 42392 39800  3.8284 3.6571
Tom i 94915 93951 91033 89282 8.7263
%, in(10°xem™ 2160 2160 2160 2160  2.160

R.. 0123 0120 0110 0105  0.098
At x=0.5.

.. . 2179 2157 2090 2050  2.003
" k 4748 4652 4368 4202 4014
Gom i \ 9.943 9842 9537 9353  9.142
%, in(10°xem™)2.160 2160  2.160  2.160  2.160

R, S 0137 0134 0124 0118 0112
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At x=1.
n. S 2274 2251 2.181 2139 2.090
£ 5170 5066  4.756 4575 4370
G % 1037  10.27 9.951 9.760  9.539
x. in(10°xem™)2.160  2.160 2.160 2160  2.160
R y 0.151  0.148 0.138 0132  0.124
Acceptor B Ga Mg In Cd
At x=0.
N \ 2.806 2.059 2.002 1968  1.928
. . 7872 4239 4.010 3874  3.719
.
Opm i o — 1280  9.395 9.138 8981  8.799
x. in(10° x em™%) 2.160 2.160 2.160 2.160 2.160
R . 0.225 0.120 0.111 0.106  0.100
At x=0.5,
.. \" 2.939 2.157 2.098 2.062 2.020
€4 = " 8.639 4.652 4.401 4.252 4.081
- 108
Op 1N Fo— 13.41 9.842 9.573 9.409 9.218
o, in(10°xem™Y) 2.160 2.160  2.160 2.160 2.160
R g 0.242 0.134 0.125 0.120 0.114
At x=1,
n. u 3.067 2.251 2.189 2.152 2.108
£y " 9.407 5.066 4,792 4.629 4.444
o 10°
0p, 10 i 13.99 10.27 9.989 9.818 9.619
x. in (10°xem™) 2.160  2.160 2.160 2.160 2.160
R u 0.258 0.148 0.139 0.133 0.127

=<
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Table 3n: In the P-X(x)-system, and at T=0K and u = Nqp,(rp.x). according to the MIT,
our numerical results of n, x, = and = are obtained from Equations (21, 20, 16),

respectively, and expressed as functions of E [= Egpe(rpx)land X, noting that (i) k=0

EmeV n K g &q

At x=0,

Epg = 1.5198  3.437 0 11.816 0

1.6 3.489 0.055 12.172 0.508

2 3.823 0.222 14.570 1.698

2.5 4.498 0.364 20.097 3.272

3 4.521 1.800 17.197 16.272

3.5 3.676 2.042 9.347 15.013

4 3.822 1.862 11.140 14.232

45 4.183 2.890 9.143 24.178

5 2.422 4.049 —10.524 19.614

55 1.203 2.865 —6.762 6.896

6 1.331 2.140 —2.807 5.696

10%2 2.080 0 4.3266 0

At x=0.5,

Ecpp =1.6648 3.446 0 11.875 0

2 3.697 0.213 13.624 1.573
2.5 4293 0.264 18.358 2.267
3 4.409 1.464 17.295 12.912
3.5 3.735 1.754 10.876 13.100
4 3.872 1.650 12.268 12.782
4.5 4.207 2.616 10.855 22.007
5 2.600 3.718 —7.063 19.338
5.5 1.459 2.660 —4.948 7.763
6 1.561 2.003 —-1.576 6.256
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10% 2.179 0 4.7484 0
Atx=1,
Ecpp =1.8099 3.450 0 11.905 0
2 3582 0.182 12.801 1.301
2.5 4.103 0.180 16.804 1.480
3 4296 1.163 17.102 9.996
35 3.779 1.487 12.067 11241
4 3.910 1452 13.179 11.353
45 4221 2.355 12.271 19.880
5 2.763 3.402 —3.937 18.800
5.5 1.698 2.463 ~3.183 8.363
6 1.777 1.872 ~0.345 6.652
102 2274 0 5.170 0
EineV n K £y £3

Table 3p: In the B-X(x)-system, and at T=0K and ¥ = N¢pg(rs x). according to the MIT,
our numerical results of n, x, =y and =, are obtained from Equations (21, 20, 16),
respectively, and expressed as functions of £ [z E¢pe(rg.x)] and X, noting that (i) x =0 and

g, =0al E=Egpelrgx),andx=0and s = 0 aSE = o,

EineV n X &y &

At x=0,

Ecpg =1.5037 4.173 0 17.414 0
1.6 4236 0.059 17.939 0.502
2 4.575 0222 20.883 2.033
2.8 5258 0.376 27.509 3952
3 5270 1.839 24.390 19.384
35 4.406 2.075 15.110 18.286
4 4552 1.886 17.168 17.174
45 4916 2.921 15.638 28.727
5 3.138 4.086 —6.847 25.649
55 1911 2.888 -4.692 11.040
6 2.041 2.155 —-0.477 8.799
102 2.8087 0 7.8719 0
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At x=0.5,

Ecpg =1.6512 4.2147 0 17.763 0

2 4478 0.214 20.005 1.920

25 5.081 0.273 25.738 2.771
3 5.189 1.494 24.690 15.507
3.5 4.499 1.780 17.079 16.016
4 4.637 1.670 18.715 15.486
45 4974 2.641 17.769 26.272
5 3.354 3.748 —2.805 25.143
5.5 2.205 2.679 —-2.316 11.816
6 2.310 2.016 1.270 9.312
10% 2.9393 0 8.6393 0
At x=1,

Ecpp =1.7982 4.2508 0 18.0698 0

2 4392 0.185 19.255 1.628

2.5 4918 0.186 24.158 1.834

3 5.106 1.186 24.662 12.114

3.5 4576 1.508 18.671 13.803

4 4.708 1.467 20.012 13.817

45 5.021 2.375 19.567 23.853

5 3.551 3.427 0.869 24.339

5.5 2.480 2.478 0.007 12.293

6 2.561 1.882 3.016 9.639
10% 3.0670 0 9.4067 0
EineV n i £q £q
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Table 4n: In the X(x)-system, at E=3.2 eV and T=20 K, for given ry and X, and from
Equations (12, 15, 21, 20, 16), respectively, we can determine the variations of
Na(3 1. degenerate case), Eqny, N, 1, £, aNd =;, obtained as functions of N, being represented by

the arrows: ~ and -, noting that both n, andzn: increase with increasing N.

N(10¥em ™3 » 15 26 60 100
x=0

Forrg = Ta..

Mg 1 7 238 345 602 847

EgniineV 2 1475 1.525 1.686 1.870
n W 4247 4.201 4.046 3.865
K w2206 2.080 1.698 1.311

gy 7 13175 13319  13.480 + 13.221
g5 . 18.736 17.473 13744 10.137
Forry = 1.

Mo 1 2 239 345 602 847
EgniineV 7 1497 1.554 1.731 1.928
n w 4.163 4.109 3.939 3.743
K o 2,149 2.008 1.600 1.200
£y 7 12.708 12853 12957 . 12.571
&5 W 17.892 16500  12.602 8.983
Forrg = 15,

Ng>1 2 239 345 602 847

EgneineV 7 1525 1.591 1.786 1.999
n W 4.054 3.992 3.802 3.587
K v 2.080 1.920 1.481 1.068
&y 12109 2 12.249 + 12260  11.727

£ w  16.864 15327  11.261 7.664

x=0.5

Forrg = ra..

e3> 1 2 131 189 329 463

EgeineV w1252 1.163 1.004 0.895

=
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n v 4.054 3.992 3.802 3.587

K v 2.080 1.920 1.481 1.068

&y 12109 7 12249 \ 12260 11.727

£2 w  16.864 15327  11.261 7.664

x=0.5

Forrg = ry..

Na > 1 2 131 189 329 463

Egny ineV v 1.252 1.163 1.004 0.895

n 7 4.548 4.627 4.764 4.855

K 7 2812 3.074 3.575 3.940

&4 w 127977 11.953 9.911 8.050

&q 2 25.585 28.448  34.067 38256
Forry = rpe

Tig ¥ 1 7 33 189 329 463

Egny ineV v 1.284 1.206 1.069 0.979

n 2 4452 4.522 4.641 4.718

K 2 2720 2.947 3.366 3.657

£y v 12427 11.766  10.210 8.886

£2 2 24219 26.650  31.251  34.505
Forrg = 1y,

Ma>1 2 131 189 329 463

Egny ineV v 1325 1.259 1.150 1.084

n 2 4329 4.388 4.485 4.542

K 7 2.606 2.791 3.115 3.320

£4 w  11.951 11465  10.409 9.611

& 2 22570 24501 27942  30.156

x=1

For g = Tas-

Na > 1 2 94 135 236 332

Egny ineV v 1.040 0.834 0.412 0.075

n 7 4.827 5.000 5.325 5.564
K A 3457 4.151 5.760 7.241
£y w 11.342 7.758 —-4.816 —21.468
£ A 33377 41.500 61.351 80.578
Forry = pp,.
Na>1 2 94 135 236 332
Egul meV w 1.089 0.898 0.510 0.201
n 2 ATIS 4.876 5.182 5.407
K A 3.303 3.929 5.362 6.665
&g “ 11.319 8.344 —1.:896 —15.191
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& 7 31.154 38315 55582 72.085
Forry = rgy,.

Mo > 1 7 94 135 236 332

EgngineV % 1149 0.978 0.632 0.359
n 7 4572 4.719 4.999 5.204
x 72 3117 3.661 4.888 5.983
gy w 11.191 8.871 1.099 8714
£ 7 28.504 34.555 48867  62.282
N(10*¥em™3 » 15 26 60 100

Table 4p: In the X(x)-system, at E=3.2 eV and T=20 K, for given r; and x, and from
Equations (12, 15, 21, 20, 16), respectively, we can determine the variations of
Np(>> 1, degenerate case), E.y, N, &, £, aNd 5, Obtained as functions of N, being represented by

the arrows: ~ and -, noting that both n, and E.,; increase with increasing N.

N(10¥em™ » 15 26 60 100

x=0

Forry =rgg.

Np i A 227 335 595 840
Egpl mn eV 7 1.869 2.043 2.466 2.869
n w  3.866 3.690 3.234 2.772
i "u 1.313 0.992 0.399 0.081
£y w o 13.223 12.623 10.303 7.676
&g w 10.156 7.320 2.581 0.450
Forr; =1y,.

p = A 223 332 592 838
Eg‘pl in eV 7 1.869 2.045 2.472 2.876
n w  3.775 3.596 3.138 2.672
K " 1.312 0.988 0.393 0.077
Eq W 12.529 11.953 9.692 7.135
Eq "y 9.909 7.106 2.468 0.415
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Forr, = reg.

np®1 7 221 330 592 837

Egu meV 7 1.869 2.046 2474 2.880

' v 3735 3.555 3.095 2628

K - 1.313 0.987 0.391 0.076

&y » 12230 11.664 9.430 6.904

£ - 9.808 7.016 2420 0.400

x=0.5

Forry = 1g;,

Np » 1 > 125 184 326 460

EgiineV 7 1833 1.921 2138 2346

1n «  4.000 3ol 3.687 3.465

x v 1385 1212 0836 0540

&y w 14,083 13.831 12.901 11.712

&, w 11077 9.482 6.165 3.743

Forry; = ny.

np>1 2 124 183 325 459.6
cmeV 7 1.837 9 2.146 2.356

Egpiné 1.83 1.926 1 3

n v 3.901 3811 3.585 3.359

x v 1377 1.202 0.824 0.528

A v 13323 13081 12172 11006

£, v 10743 9.165 5.908 3.550

Forry =rgy.

np»>1 7 1238 182.9 3252 459.6

EgeineV 2 1837 1926 2146 2.356

n v 3901 3811 3.588 3359

x v 1377 1202 0824 0.528

& v 13323 13081 12172 11.006

& v 10.743 9.165 5.908 3.550

x~1

Forr, = rg;.

np»1 2 906 1327 2342 3303

EP’ eV 2 1912 1.970 2114 2.254

n “ 4014 3,956 3806 3.658

X » 1229 1.121 0874 0.663

2 v 14604 14390 13725 12940

€3 « 9867 8.871 6.651 4.848

Forry = ny.

Np* 1 7> 886 1319 2336 3208

_EE* m eV 2 1917 1.976 2.123 2.268

n “ 3910 3.850 3.698 3.548

X v 1.220 1.110 0.860 0.648

&y w 13803 13,593 12.939 12.165

& w 9541 8.551 6.364 4.600

Forry, = rgg.

Np » 1 2 89.1 1314 2333 329.5

EgaineV 7 1919 1979 2126 2269
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n 3.865 3.804 3.651 3.499
X 1.216 1.106 0.85%4 0.642
&y 13.457 13,249 12.600 11.831
P 9.398 8412 6.238 4493
N@o¥em™ » 15 26 60 100

Table 5n: In the X(x)-system, at E=3.2 eV and n = 10*®mm3, for given ry and x, and from

Equations (12, 15, 21, 20, 16), respectively, we can determine the variations of

Na(>> 1. degenerate case), Eqqny, N, &, £, and z;, obtained as functions of T, being represented by

the arrows: ~ and ., noting that both n, and E.,; decrease with increasing T.

TinK 20 50 100 300
x=0

For Iy = Tys.

Mo > 1 W 847 339 169 56

Egny in eV . 1.870 1.866 1.853 1.774

n 7 3.865 3.870 3.882 3.961

K 7 311 1.320 1.345 1.507

& Z 13 13.232 13.263 13.415

N 2 10.132 10.215 10.441 11.940

For l"d = l"re.

Na>>1 v 847 339 169 56

Egny ineV w1928 1.923 1.911 1.832

n 2 3.743 3.747 3.760 3.839

K 2 1200 1.208 1.232 1.388

¥y 2 12571 12584  12.621 12.816

& 7 8983 9.055 9.264 10.656

For g = Isp.

N1 v 847 339 169 56

Egny in eV v 1.999 1.995 1.983 1.904

n 2 3.587 3.592 3.604 3.685

X 7 1.068 1.076 1.098 1.246

&5 7 11727 11742 11.785 12.026

£s 2 7.664 7.729 7.919 9.181
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x=0.5
Forry = ry..
Ma>»1 w463 185 93 31
EgniineV % 0.895 0.887 0.869 0.765
=
n 7 4855 4.861 4876 4.960
K 7 3.940 3.964 4.028 4.395
24 v 8.050 7.914 7.551 5.292
&5 7 38256 38.542 39287  43.600
Forry = rpe.
N> 1 o 463 185 93 31
EgngineV  x 0979 0.972 0.953 0.849
n 7 4718 4.724 4.739 4.825
K 7 3.657 3.680 3.742 4.096
5 w  8.886 8.769 8.459 6.508
5y 7 34.505 34773 35472 39.525
Forry = rgy.
N> 1 w463 185 93 31
EgnsineV  u  1.084 1.077 1.058 0.954
n 7 4542 4.548 4.564 4.652
i 7 3320 3.342 3.401 3.738
£y W 9.611 9.517 9.265 7.666
&y 7 30.156 30403 31.046 34781
x=1
For l"d = rAS‘-
Mg 1 w332 133 66 22
EgngineV % 0075 0.065 0.040  —0.088
n 7 5564 5.571 5.587 5.672
K 2 7241 7.287 7.402 8.016
£y v —21.467 —22.067 —23.576 —32.082
£y 7 80.578 81.193 82723  90.929
Forrg = 1y,
Mo > 1 . 332 133 66 22
Egnx meV w 0.201 0.191 0.167 0.038
u 7 5407 5414 5431 5.519
K > 6.665 6.710 6.821 7.410
& . —15191  —15711 =—17.023 —24.451
& > T72.085 72.660 74.093 81,787
Forrg = gy
Ng ® 1 . 332 133 66 22
Egny ineV . 0.359 0.349 0.324 0.196
n 2 5204 5212 5.230 5.321
K s 5983 6.026 6,130 6.690
&y « —S8.714 -9.145 ~10.234 -16443
&, >’ 62282 62.809 64.122 71.189
TmK 2 20 50 100 300
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Table 5p: In the X(x)-system, at E=3.2 eV and n = 10*%m~3, for given r, and x, and from
Equations (12, 15, 21, 20, 16), respectively, we can determine the variations of
Np(# 1, degenerate case), E.y, N, 1, £, aNd =, obtained as functions of T, being represented by

the arrows: ~ and -, noting that both n; and E;; decrease with increasing T.

TinK A 20 50 100 300
x=0

Forr; =rg;.

Np =1 u 840 336 168 56

Eg.plin eV W 2.869 2.865 2.852 2.773

n A 2772 2.777 2.792 2.885
K A 0.081 0.083 0.090 0.135

£y A2 7.676 7.704 7.785 8.303

) A 0450 0.463 0.501 0.779

Mp 1 " 838 335 168 56

EgiineV . 2876 2.872 2.860 2.780

n A 2,672 2.677 2.692 2.785

K 2 0077 0.080 0.086 0.130

£y A 7.135 7.162 7.241 7.741

£y A 0415 0427 0.462 0.726

Forr; =rgq.

Np>1 v 837 335 167 56

EgpyineV w 2.880 2.875 2.863 2.784

n 7 2.628 2.634 2.648 2.742

K 7 0.076 0.078 0.084 0.128

£y 7 6.904 6.931 7.008 7.500

£z 7 0.400 0.412 0.446 0.704
x=0.5

Www.wjert.org 1SO 9001: 2015 Certified Journal 203



http://www.wjert.org/

Cong. World Journal of Engineering Research and Technology
n 7 3.465 3.472 3.493 3.604
K 7 0.540 0.549 0.573 0.716
gy 2 11712 11.756  11.870 12.477
&; 2 3743 3.815 4.005 5.165
Forr; = ny,.
Np 1 v 460 184 92 30.6
EgpgineV w2356 2.349 2.330 2226
n 7 3359 3.367 3.387 3.499
K 7 0528 0.537 0.561 0.703
gy 7 11.006 11.049  11.160 11.751
=, 7 3.550 3.619 3.801 4.919
For r; =1Itg-
np>»1 L 459 184 92 30
EgpeineV % 2360 2.353 2.334 2.230
n 7 3313 3.321 3.341 3.453
K 7 0523 0.532 0.556 0.697
£y 7 10.702 10.745  10.854 11.437
£2 7 3.466 3.534 3.713 4.812

x=1

Forr; =rg,
Np»1 330 132 66 22
Egps ineV N 2254 2.244 2.220 2.091
n 7 3.658 3.668 3.695 3.830
K 7 0.663 0.677 0.712 0911
&4 7 12.940 13.000 13.145 13.842
£, 7 4848 4.966 5.263 6.978
Forry; =1,
Np > 1 330 132 66 22
Egps ineV v 2265 2.255 2.230 2.102
n 7 3.548 3.558 3.585 3.720
K 7 0.648 0.662 0.697 0.894
£y 2 12.165 12.223 12.365 13.043
£, 7 4.600 4.713 5.000 6.653
For r, =TIty
Np»1 ~-~, 329 132 66 22
Egps ineV v 2269 2.259 2.235 2.106
n 7 3499 3.510 3.536 3.672
X 2 0.642 0.656 0.691 0.887
£y 7 11.831 11.889  12.028 12.698
&2 7 4.493 4604  4.886 6.512
TinK 220 50 100 300
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