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Abstract

In the n(p)-type degenerate semiconductors, our expression for the relative static dielectric constant,
S(rd(a)), is determined by an effective Bohr model, ryc) being the donor (acceptor) d(a)-radius,
suggesting that, for an increasing Iq(y), both E(rd(a)) and the effective Bohr radius aB(rd(a)), due to

such the impurity size effect, decrease ( ), according to the increase ( ) in:

(1)the effective d(a)-ionization energy Ed(a)(rd(a)) in absolutes values,
(i1) the effective band gap Egn(gp)(rd(a))a and also
(iii) the critical density Nepn(cppy (Fdgay: 0-25 <Y < 1) in the MIT,

as those showed in Tables 2-4, for the n(p)-type (Si, GaAs, InP)-semiconductors, in which the

empirical parameter y has been chosen as: y=0.25 and 0.271. One notes here that y=0.25 was given
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in the Mott criterion: ag % N(1:/D3 =y = 0.25. Further, if denoting the d(a)-density by N, the physical

condition given for such degenerate semiconductors (or for the metallic phase) is found to be given

by: N = Ncpn(cppy- Then, in such the important physical condition, our numerical results of optical

band gap (OBG), due to the effects of impurity size and heavy doping, are also investigated and
given in Tables 6-8.

In summary, our new expression for E(Vd(a)), due to such an impurity size effect, strongly affects
aB(rd(a)), NCDn(CDp)(rd(a), y), and the OBG, obtained in the n(p)-type (Si, GaAs, InP)- degenerate

semiconductors.

Keywords: effects of impurity size and heavy doping; degenerate semiconductors; static

dielectric constant; critical density in metal-insulator transition; optical band gap

1. Introduction

In the present paper, using an effective Bohr model given in the n(p)-type semiconductors, we
determine the relative static dielectric constant S(Fd(a)) , expressed as a function of the donor
(acceptor) d(a)-radius, accordingg thus to the impurity effect. As showed in Tables (2-4, 6-8), this
function E(Vd(a)) strongly affects the numerical results, obtained for: (i) the effective Bohr radius
aB(rd(a)), (i1) the effective d(a)-ionization energy Ed(a)(rd(a)) in absolutes values, (iii) the effective
band gap Egn(gpy(Fac), (iv) the critical density Nepneeppy(Fdgay, Y = 0.25(0.271)) in the metal-
insulator transition (MIT), and finally (v) the optical band gap (OBG), Egnl(gpl)(rd(a),N,y =
0.25(0.271)), N being the d(a)-density [1-9]. It should be noted that:

(1) the value: y=0.25 was given in the Mott criterion [1] as: ag % Né/DS =y =0.25,

(i1) Pergament [2] used this Mott criterion to obtain, with ag = 1.77 nm, the value of Ncp = 2.8 %

10*8cm™2 for vanadium dioxides VO,, and

(ii1) Edwards and others [3] proposed Yy = 0.38, explaining the transition to the metallic state for Cs,
Rb and H-elements.

In Section 2, the numerical results of energy-band-structure parameters, characteristic of the n(p)-
type intrinsic (Si, GaAs, InP)-crystals [4, 8] will be presented in Table 1. Then, our expression for

S(Fd(a)) will be determined in Section 3. Therefore, in Section 4, our expressions for
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NCDn(CDp)(rd(a),y) and the OBG will be investigated. Then, in Section 5, our numerical results,
obtained for Ncpncopy(Faca) Y = 0.25(0.271) and Egnigpay(Fa), N,y = 0.25(0.271)) will be
presented, as those given in Tables (2-4, 6-8). Finally, some important concluding remarks will be

given in Section 6.

2. Energy-band-structure parameters given in the n(p)-type (Si, GaAs, InP)-
semiconductors
First of all, we present the values of the parameters, characteristic of the n(p)-type (Si, GaAs, InP)-

semiconductors such as [4, 8]: the effective average numbers of equivalent conduction (valence)-

band edge, Jc) the relative static dielectric constant, €,(Fgo(a0)) = €, , the relative effective
electron (hole) mass in conduction (valence) bands, (M¢)/M,), M, being the free electron mass,

and the intrinsic band gap, Ego(rdo(ao)) . Further, in those semiconductors, the Bohr radius

respectively yields:
— EgX 2 _ -8 €9
aBno(Bpo) == (mc(v)/mo)xez - 0.53 X 10 cm X (mc(v)/mo)a (1)
the do(ao)-ionization energy is given by:
_ etxmgy _ 13600%(Mcgy)/mo)
Edo(ao) = 26g2% 2 &2 meV, (2)

and for a do(ao)-volume Voaoy = (4 /3) % (rdo(ao))s, the isothermal bulk modulus is determined

respectively for n(p)-type Si, GaAs, InP)-crystals, as:

— Edo(ao)
Bu) = Ve ®)

Furthermore, in the n(p)-type (Si, GaAs, and InP)-doped semiconductors, the critical density (CD)
in the metal-insulator transition (MIT) was proposed by Mott [1], as:

3 3
— - y*(Me(v)/Mo)
Neonocopo (TaogaeyY = 0:25) = (=) = 67168 x 107 cm3 x (M) @

aBno(Bpo) €o
noting that the physical condition, used to define the MIT, can be found to be given by:

(Insulator)N= NCDnO(CDpO)(rdO(aO), y) < N (Metal or degenerate semiconductors), for 0.25< < 1. (5)

Then, the values of those parameters, characteristic of the n(p)-type (Si, GaAs, InP)-

semiconductors are given in the following Table 1, from which we can choose the value of y so that
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there is an agreement between our numerical results and the experimental ones. For example, in the

n(p)-Si crystal, the best choice is y=0.271, according to such an agreement.

Table 1. The parameters, characteristic of the n(p)-type (Si, GaAs, InP)- semiconductors [4], and others are obtained,
using Equations (1-4), for y =0.25 and 0.271, suggesting that in the n(p)-type Si, the obtained values of
Nepno(cpoy (Fdogaoy: Y = 0.271) 3 (4.44) x 108 cm™3, in good accordance with those given in literature. Here, its

values for 0.25 < < 1 are also given, for a coparison.

Semiconductors Si GaAs InP

Ocv) [4] 6(2) 1(1) 1(1)

ldo(ac) in N [4] ldo(ao) = Fsi = 0.117 ldo(ao) = Tas(ca) = 0.118 (0.126)  rgo(ao) = reany = 0.110 (0.144)
& [4] 11.4+0.3 13.13+0.3 12.37+0.3

Megy/Mo 0.3216 (0.3664) [8] 0.066 (22205 = 0.201)  [4] 0.073 (22804 = 0.239) [4]
EgoineV [4] 1.17 1.52 1.42

agno(spo) in nm 1.88 (1.65) 10.54 (2.39) 8.98 (2.74)

Edoao) in meV 33.7(38.3) 5.2(23) 6.49 (21.24)

Bn(py in 10® (N/m?) 8.04 (9.16) 1.212 (4.389) 1.86 (2.72)
Neono(eopoy (Fdogaoy, Y = 0.25)  235.63 (348.5) 1.33(114.3) 2.16 (7.57)

in 10% cm—3

Ncono(eopoy (Fdoaoy: Y = 0.271)  300.15 (443.8) 1.70 (145.5) 2.75 (96.4)

in 10 cm=3

Ncono(eopoy (Fdoqaoy, Y = 0.38)  8.27 (12.24) 0.047 (4.01) 0.076 (2.66)

in 1018 cm=3

Nepno(copo) (Fdo(aoy, Y = 0.50)  18.85 (27.88) 0.011 (9.14) 0.17 (6.06)

in 10%® cm3

Nepno(copo) (Fdogaoy: Y = 1) 150.8 (223.01) 0.85(73.12) 1.38 (48.45)

in 1018 cm=3

Those numerical values given in this Table 1 will be used to determine various physical quantities,

investigated in the following.

3. Our expression for ( ( )), due to the impurity size effect

In the [d(a)-semiconductors]-systems at T=0 K, since ry(,y, given in tetrahedral covalent bonds, is
usually either larger or smaller than g0, @ local mechanical strain (or deformation potential
energy) is induced, according to a compression (dilation) for ryiy > rgoao)y (Fd(a) < Fdo(ao)) »

respectively, due to the d(a)-size effect [5]. Then, we have shown [5] that this ryc,y-effect affects the
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changes in all the energy-band-structure parameters, expressed in terms of the relative static

dielectric constant €(rg(a)).

Now, at Iyiay = I'jo(ao) » the boundary conditions are found to be, for the impurity-atom volume V,

Vdogao) = (4 /3) X (rdo(ro))S, the pressure p, p, = 0, and the deformation potential energy or the

strain energy ¢, 0, = 0, according the absence of the impurity size effect.

Further, the two important equations [5], needed to determine the o-variation Ac= 6-0, = , are
defined by:

dp _ Bngp) = do ... d.do_ Bnp

v = v and p=—gg. giving: wGo)= =%, 6)

where the isothermal bulk modulus B,y is determined in Eq. (3).

Then, in the n(p)-type doped semiconductors, by an integration, from Equations (2, 3, 6), one gets

in the Bohr model:

\ Id(a) 3 "d(a) 3
(80)n(py=Bn(ey* (V—Vado(aoy)* In (——)= Eqoacy * | (-2 ) " — 1| > In(;2e.) >0, (7)

Vdo(ao) do(ao) I'do(ao)

Furthermore, at T=0K, we also shown [5] that, as I'qa) > Foao)( Fda) < F'do(ao))> the compression
(dilatation) corresponding the repulsive (attractive) force increases (decreases) the energy gap
Egn(gp)(rd(a)) and the effective donor(acceptor)-ionization energy Ed(a)(rd(a)) in absolute values,

obtained in such an effective Bohr model, being represented by: ® (AG)n(y , respectively. That

gives:
2
€,
Egngp) — Ego = Ed(a) — Edo(ao) = Edo(ao) > [(S(r d(;a))) - 1] =+ (A0)n(p), for ey = do(ac), and
2
€
Egn(gp) - Ego = Ed(a) - Edo(ao) = Edo(ao) X [(S(rd(;a))) - 1] = (Ao)n(p)a for ld(a) = "do(ao)- 3)

Then, from Equations (7, 8), we obtain:

€
T [OR S MO
do(ao) Tdo(ao)
€0

1| () e

being an essential result of the present paper.

<§g,, for ld@a) = ldo(ao)> and

€(raea))= J

> €, for geay = r'do(ao)» )

e(rgea))= J

As a result, using Eq. (9), the expressions given in Equations (1, 2, 8) become effective as:
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aBn(Bp)(rd(a)) =053 % 10_8 cm X M (10)

(mc(v)/mo)’
Ea@(Faa)) = E x (—= " 2 13600x(Megy/mo) meV x (—=2 i and (11)
d(a)\"d(a) do(20) ™ \ g(rycay) €02 e(rd@)/ ~
3 &0 Vo 13600 (Megyy/Mo) g0\
Egn(gn) (Td()) = Ego + Edo(ao) * e(ta@)) Bgo + €02 meV e(fa@)/ (12)

Here, in the n(p)-type (Si, GaAs, InP)-semiconductors, the important values of (Mcw)/M,), €, and

Ego are given in Table 1 [4, 8].

4. Our expressions for the critical density in the MIT and optical band gap
Here, replacing €, by €(rye)), obtained in Eq. (9), into Eq. (4), our expression for the critical
density in the MIT is now determined by:

3 3
— y _ 24 Arn—3 y*(Me(v)/Mo)
NCDn(NDp)(rd(a)aY) = (aBn(Bp)(rd(a))) =6.7168 x 10" cm™ x (T(a))) ,for0.25= < 1.(13)

Then, in the n(p)-type (Si, GaAs, InP)- semiconductors, all the numerical results for energy-band-
structure parameters and Nepncopy[Fac) Y = 0.25(0.271)], expressed as functions of Iy, -radius,
are calculated, using Equations (9, 10, 11, 12, 13), and given respectively in following Tables 2, 3
and 4.

Table 2. In the n(p)-type Si, in which (M¢)/m,) = 0.3216 (0.3664) [4], all the numerical results for the energy-
band-structure parameters and Ncpncopy[Fa): Y = 0.25(0.271)], expressed as functions of Iy, -radius, are respectively
obtained, using Equations (9, 10, 11, 12, 13), suggesting that, with an increasing ry(a), both €(rye)) and agn(gp) (Fuca))

decrease, while Ed(a) (rd(a)), Egn(gp)(rd(a)) and NCDn(CDp) [rd(a),y = 025(0271)] increase.

Donor P ldo As Te Sb Sn
rq (nm) [4] 0.110 0.117 0.118 0.132 0.136 0.140
e(ry) 11.58 114 11.396 10.59 10.16 9.69
agn(rg) in nm 1.91 1.88 1.878 1.75 1.67 1.59
Eq(rg) in meV 32.6 33.7 33.71 39 423 46.6
Egn(rg) in meV 1168.9 1170 1170.02 1175.31 1178.67 1182.9
Nepnlfg, Y = 0.25(0.271)]  2.25(2.86) 2.36(3.0) 2.3601(3.004) 2.94(3.74) 3.32(4.23) 3.84(4.89)
in 1018 cm~3

Acceptor B Mo Ga Al Mg In

ry (nm) [4] 0.088 0.117 0.126 0.126 0.140 0.144
e(ra) 15.98 114 11.1 11.1 9.69 9.19
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agp(ra) in nm 231 1.65 1.60 1.60 1.40 1.33

Ea(ra) in meV 19.5 38.3 40.5 40.5 53.1 59
Ego(ra) in meV 1151.2 1170 1172.1 1172.1 1184.7 1190.6
N [r.y=0250271)] 127(1.61) 3.48(4.44) 3.78(4.81) 3.78(4.81) 5.67(7.23) 6.65(8.47)
in 1018 cm™3

Table 3. In the n(p)-type GaAs, in which (m¢(,)/m,) = 0.066 (0.291) [4], all the numerical results for the energy-
band-structure parameters and Ncpncpp)[Fa), Y = 0.25(0.271)], expressed as functions of ryc)-radius, are obtained
respectively, by using Equations (9, 10, 11, 12, 13), suggesting that, with an increasing ry), both €(0.271) and

aBn(Bp)(rd(a)) decrease, while Ed(a)(rd(a)), Egn(gp) (rd(a)) and NCDn(CDp) [rd(a), y= 025(0271)] increase.

Donor P As Te Sb Sn

rq (nm) [4] 0.110 0.118 0.132 0.136 0.140
g(ry) 13.4 13.13 12.33 11.86 11.33
agn(rq) in nm 10.76 10.54 9.90 9.52 9.10
Eq(rg) in meV 5.0 52 591 6.38 7.00
Egn(rg) in meV 1519.8 1520 1520.7 1521.2 1521.8
Nepnlra, Yy = 0.25(0.271)] 1.25(1.60) 1.33(1.70) 1.61(2.05) 1.81(2.30) 2.08(2.64)

in 1018 cm=3

Acceptor B Ga Al Mg In

ry (nm) [4] 0.088 0.126 0.126 0.140 0.144
£(ry) 24.38 13.13 13.13 12.42 11.99
agp(ra) in nm 4.44 2.39 2.39 2.26 2.18
Ea(ra) in meV 6.66 23 23 25.7 27.5
Ego(ra) in meV 1503.7 1520 1520 1522.7 1524.5
Nepplfa Yy = 0.25(0.271)] 1.78(10.41) 11.43(14.55) 11.43(14.55) 13.50(17.19) 15.00(19.07)

in 1017 cm™2

Table 4. In the n(p)-type InP, in which (m¢q,,/my) = 0.073 (0.239) [4], all the numerical results for the energy-band-
structure parameters and Nepnccopy[Faca), Y = 0.25(0.271)] , expressed as functions of rygy -radius, are obtained
respectively, by using Equations (9, 10, 11, 12, 13), suggesting that, with an increasing (decreasing) rqyc), both €(rg))
and agn(gp)(Faca)) decrease (increase), while Eqga)(Faca))» Egn(gp) (Faca)) and Nepnopy[Facay, Y = 0.25(0.271)] increase

(decrease), respectively.

Donor d, =P As Te Sb Sn

rg (nm) [4] 0.110 0.118 0.132 0.136 0.140
e(rq) 12.37 12.07 10.46 9.88 9.30
agn(rg) in nm 8.98 8.77 7.59 7.17 6.75
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Eq(rg) in mev 6.49 6.81 9.07 10.16 11.47
Egn(rg) in meV 1420 14203 1422.58 1423.67 1424.98
Nepn[fa,Y = 0.25(0.271)] 2.16(2.75) 2.32(2.95) 3.57(4.54) 4.23(5.39) 5.07(6.46)
in 106 cm™2

Acceptor a =In Mg Al Ga

ry (nm) [4] 0.144 0.140 0.126 0.126

e(ra) 12.37 12.41 13.28 13.28
agp(ra) in nm 2.74 2.75 2.94 2.94

E.(r) in meV 21.24 21.10 18.43 18.43

Egp(ra) in meV 1420 1419.8 1417.2 1417.2
Nepp(Fa) in 1017 cm™3 7.57(9.64) 7.49(9.54) 6.12(7.79) 6.12(7.79)

In Table 2, it should be concluded that for the n-type Si semiconductor, our obtained numerical

results,
Nepnlre(Fgo) Y = 0.271] = 2.86 (3) x 108 cm~3,

are found to be in good agreement with the corresponding experimental ones, given in the literature
[4]. Further, one note that they strongly depend on the used values of m./m,, €, and rp(rg,), being

taken in Refs. [4, 8], and also on the chosen value of the parameter y.

Finally, in the n(p)-type heavily doped (Si, GaAs, and InP)-crystals at very low temperature, the
optical band gap can be determined by:

Egn1cgpty(N: Ta(@)) = Egngpy (Faca)) — LEqn(gn) (N: Fa@@y) + Erngepy (N, (14)

where Egn(gp)(rd(a)) is determined in Eq. (12), the Fermi energy Ep,p)(N, T) [6], expressed as
functions of d(a)-density N and temperature T, and the band gap narrowing AEgn(gpy (N, Fgay) [7],

are determined respectively in Equations (A2, B4, B5) of the appendix A and B.

Now, in the n-type heavily doped Si, the numerical results of Egn1(N, ry), are calculated by using
Eq. (14), for (m¢/m,) = 0.3216 [8]. Then, they can be compared with Eg,; — data, obtained by
Wagner and Alamo [9], as observed in the following Table 5, giving rise to a reasonable maximal
relative deviation, obtained in absolute value, [MRD|=3.19%.

Table 5. In n-type P-Si system, in which Egn(rp) = 1.1689 eV, as that given in Table 2, and for (m./m,) = 0.3216,

the numerical results of Egn1 (N, rp) are obtained, using Eq. (14) and also compared with Ey,; — data [9], giving the

relative deviations in absolute values |RD|.

Nin 10*® cm™3 4 8.5 15 50 80 150
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Ern(N) in meV 8.65 14.3 20.9 46.6 63.7 96.9

AEg(N, rp) in meV 33.9 46.9 60 102.6 126.9 169.1
Egna(N, 1p) in eV 1.1437 1.1364 1.1298 1.113 1.1058 1.0968
Egny — data (eV) 1.138 1.133 1.129 1.131 1.132 1.133
IRD| in (%) 0.5 0.3 0.07 1.59 231 3.19

So, in the n(p)-type (Si, GaAs, InP)-degenerate semiconductors, and for the physical condition: N =
Ncon(cop) [rd(a), y =025 (0.271)], and with use of the numerical values of all the parameters given
in Table 1, we obtain the numerical results of Egyq(gp1)(N, rya)), using Eq. (14), as those given in

following Tables 6, 7 and 8.

Table 6. Using the physical condition, N = NCDn(CDp)[rd(a), y= 0.25(0.271)], the values of OBG, Egn1(gp1) (N Facay)»

calculated using Eq. (14) for the n(p)-type degenerate Si-semiconductor are obtained, as functions of N and ry¢).

Nin 10 cm=3 4 8.5 15 50 80 150

In P-Si crystal, where €(rp) = 11.58 and Egy,(rp) = 1.1689 eV

Egni(N, Ip) (eV) 1.144 1.136 1.130 1.113 1.106 1.097
In As-Si crystal, where €(ras) = 11.396 and Egn(ras) = 1.17002 eV

Egna(N, Tas) (€V) 1.1443 1.137 1.130 1.113 1.106 1.096
In Te-Si crystal, where €(rye) = 10.595 and Egp(rye) = 1.1753 eV

Egni(N, Fre) (eV) 1.148 1.140 1.132 1.113 1.105 1.093
In Sb-Si crystal, where €(rsp) = 10.17 and Egn(rgp) = 1.179 eV

Egni(N, F'sp) (eV) 1.150 1.142 1.134 1.114 1.104 1.092
In Sn-Si crystal, where €(rs,) = 9.69 and Egy,(rsy) = 1.183 eV

Egna(N, rsn) (eV) 1.153 1.144 1.136 1.114 1.104 1.091
Nin 10®cm™3 4 8.5 15 50 80 150

In B-Si crystal, where £(rg) = 1598 and Egy,(rg) = 1.1512eV

Egpr(N. Tg) (V) 1.148 1.151 1.156 1.180 1.199 1237
In Ga-Si crystal, where €(rg,) = 11.097 and Egn(rga) = 1.1721eV
Egp1(N. Tga) (eV) 1.163 1.164 1.167 1.185 1.200 1.232

In Mg-Si crystal, where €(ryg) = 9.69 and Egy,(ryg) = 1.185eV

Egor(N, fg) (eV) 1.173 1.175 1.190 1.203 1234
In In-Si crystal, where £(r),) = 9.43 and Eg,(ryn) = 1.188eV

Egpr(N, in) (V) 1.178 1.179 1.193 1.206 1.235

Table 7. Using the physical condition, N = NCDn(CDp)[rd(a), y= 0.25(0.271)], the values of OBG, Egn1gp1y(N, Facy) »

calculated using Eq. (14) for the n(p)-type degenerate GaAs-semiconductor are obtained, as functions of N and ry¢).
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Nin 10¥cm=3 4 8.5 15 50 80 150

In P-GaAs crystal, where £(rp) = 13.40 and Egy,(rp) = 15198 eV

Egni(N, p) (eV) 1.621 1.698 1.790 2.159 2.410 2.901
In As- GaAs crystal, where £(rps) = 13.13 and Egyy(ras) = 1.5207 eV

Egni(N, Fas) (cV) 1.620 1.697 1.789 2.158 2.409 2.898
In Te- GaAs crystal, where €(rre) = 12.33 and Egn(rre) = 1.15207 eV

Egni(N, o) (V) 1.619 1.696 1.787 2.154 2.403 2.892
In Sb- GaAs crystal, where €(rsp) = 11.86 and Egyy(rgy) = 1.1512 eV

Egni(N, rsp) (eV) 1.618 1.694 1.785 2.151 2.400 2.887
In Sn- GaAs crystal, where €(rgy) = 11.33 and Ey,(rs,) = 1.5218 eV

Egni(N, Fsn) (eV) 1.617 1.693 1.784 2.148 2.396 2.882
Nin 108 cm~3 4 8.5 15 50 80 150

In B- GaAs crystal, where £(rg) = 24.38 and Egy,(rg) = 1.5037 eV

Egpr(N, ) (eV) 1.519 1.533 1.550 1.622 1.671 1.770
In Ga- GaAs crystal, where €(rg,) = 13.13 and Egy,(rgy) = 1.520 eV

Egor(N, Fea) (eV) 1.527 1.538 1.553 1.615 1.660 1.749
In Mg- GaAs crystal, where £(Nyg) = 12.42 and Eg,(ryg) = 1.5227 eV

Egpi(N, fyg) (€V) 1.529 1.540 1.554 1.615 1.659 1.748
In In- GaAs crystal, where £(r,) = 11.99 and Eyy(ryn) = 1.5245eV

Egor(N, fg) (eV) 1.530 1.541 1.555 1.615 1.659 1.747

Table 8. Using the physical condition, N = NCDn(CDp)[rd(a), y= 0.25(0.271)], the values of OBG, Egn1gp1y(N. Fdca)) »

calculated using Eq. (14) for the n(p)-type degenerate InP-semiconductor are obtained, as functions of N and rg(,).

Nin 10 cm™3 4 8.5 15 50 80 150

In P-InP crystal, where €(rp) = 12.37 and Eg,(rp) = 1.420 eV

Egni(N, Ip) (€V) 1.513 1.582 1.664 1.994 2218 2.657
In As- InP crystal, where €(ras) = 12.07 and Egn(ras) = 1.4203 eV

Egni(N, Fas) (eV) 1.513 1.581 1.663 1.992 2216 2.655
In Te- InP crystal, where €(rre) = 10.46 and Egp(rve) = 1.4226eV

Egni(N, Fre) (eV) 1.513 1.580 1.660 1.985 2.207 2.641
In Sb- InP crystal, where €(rsp) = 9.88 and Egn(rgp) = 1.4237 eV

Egni(N, Fsp) (eV) 1.513 1.579 1.659 1.982 2.203 2.636
In Sn- InP crystal, where €(rg,) = 9.30 and Egyq(rsy) = 1.4250 eV

Egni(N, Fsn) (eV) 1.513 1.579 1.658 1.979 2.199 2.630
Nin 10®cm™3 4 8.5 15 50 80 150

In Ga- InP crystal, where €(rgy) = 13.28 and Egy,(rga) = 1.4172eV
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Ego1(N. rga) (eV) 1.432 1.448 1.468 1.551 1.610 1.727
In Mg- InP crystal, where €(ryg) = 12.41 and Egn(ryg) = 1.4198 eV

Egor(N, fg) (eV) 1.433 1.449 1.468 1.551 1.609 1.725
In In- InP crystal, where £(r),) = 12.37 and Egn(rn) = 1.420eV
Egor(N, fg) (eV) 1.434 1.449 1.469 1.551 1.609 1.725

Finally, from the Tables 2, 3 and 4, we can justify the physical application condition (PAC):N =
NCDn(CDp)[rd(a): y = 0.25 (0.271)] imposed for our numerical results of Egni(gp1)(N: Taa)) , being

obtained in those Tables 6, 7 and 8, as follows.

(i) From the Tables 2 and 6, in various d(a)-Si systems, since N=4x 108 cm— >

NCDn(CDp)[rd(a), y = 0.25(0.271)], the PAC is justified, except, it is only satisfied,

-in the (Sb, Sn)-Si systems, respectively for:

N =85 x 10 cm™2 > Nepy[rspsny, Y = 0.271] = (4.23,4.89) x 108 cm~3,

- in the (Mg, In)-Si systems, respectively for:

N =85 x 10" cm™2 > Nepy[rugny, Y = 0.25] = (5.67, 6.65) x 108 cm™3, and finally
- in the (Ga, Mg, In)-Si systems, respectively for:

N = 8.5 x 10 cm™2 > Nepy[rgamginy, Y = 0.271] = (4.81,7.3,8.47) x 108 cm~3.

(i1)) However, from the Tables 2, 7 and 8, in all the d(a)-(GaAs, InP) systems, the PAC is well

justified since

N = 4 x 108 cm™ > Nepn(copy[Faca), ¥ = 0.25(0.271)].

5. Concluding remarks

By using an effective Bohr model given in the n(p)-type semiconductors, we have determined the
relative static dielectric constant E(Vd(a)), expressed as a function of the d(a)-radius, according to

the impurity size effect.
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Then, as showed in Tables (2-4, 6-8), this function s(rd(a)) strongly affects the numerical results for:
(1) the effective Bohr radius aB(rd(a)), (i1) the effective d(a)-ionization energy Ed(a)(rd(a)) in
absolutes values, (iii) the effective band gap Egn(gp)(rd(a)) , (1v) the effective critical density
Neonceopy (Faqay Y = 0.25(0.271)) in the MIT, and finally (v) the OBG, Egnygp1)(Fa) N,y =
0.25(0.271)). One notes here that:

(1) the value: y=0.25 was given in the Mott criterion [1] as: ag X Nééa =y =0.25,

(ii) Pergament [2] used this Mott criterion to obtain the value of Ncp ( = 2.8 x 10*¥cm™2) for VO,,

with ag = 1.77 nm,

(ii1) Edwards and others [3] proposed = 0.38, explaining the transition to the metallic state for Cs,
Rb and H-elements.

One notes here that, in the n(p)-Si crystal, the best choice is found to be given by: y=0.271,

according to an agreement between our numerical results of Nepncppy = 3(4.44) % 10*8ecm~3, as

given in Table 1, and the experimental ones given in the literature [4]. Further, other choice of y

[0, 1] can be proposed, depending on the considered systems (or elements).

Appendix
Appendix A. Fermi Energy

In the n(p)-type (Si, GaAs, InP)-crystals, the Fermi energy Egn( — Epp), obtained for any T and
donor (acceptor) density N, being investigated in our previous paper, with a precision of the order

of 2.11 x 1074 [6], is now summarized in the following.

First of all, we define the reduced electron density by:

3 3

us— Nc( Ne(T) =2 x g, x (mckaT) (cm=3), N(T) = 2 x g, X (mv:kBT) (cm™3), (AD)

where N is the conduction (valence)-band density of states, and the values of gy and M, are

defined and given in Table 1. Then, the reduced Fermi energies in the n(p)-type semiconductor are

determined respectively by [6]:

Ern( ) , —Erp() G(u)+AuBF(u)
kT ( T )= T AL . A = 0.0005372 and B = 4.82842262. (A2)
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2 4 8\ 3
Here, F(u) =aus(1+bu=+cus) ’with a=[@V/4)xu?® , b=1()", c=

62.3739855

! - —du. §—o3/2[1 _ 3
1920 ;). and G Ln(wW+272xuxe ™ d=2 [— 2=o0.

V27
Appendix B. Approximate forms for band gap narrowing (BGN)

First of all, in the n(p)-type doped (Si, GaAs, InP)-semiconductors, we define the effective

Wigner-Seitz radius Fgy(sp), characteristic of the interactions, by [7]

1/3
Fan = Fo(N,Fa) = 11723 x 10° x (%) 7 x T/ (B1)
and

1/3
rop = F(N, 1) = 11723 % 10° ¢ (%) 7 /00 (B2)

where the values of g,y and (M¢n)/M,) are defined and given in Table 1.

Therefore, the correlation energy of an effective electron gas, Ec(rsn(sp)), is found to be given by

[3]:

087553 (2[1-In(2)] ~
—0.87553 + 0.0908+rgn(sp) ) ( 2 )><In (rsn(sp))—0.093288

Ecn(cp)(rsn(sp)) T 0.0908+rgn(sp) 1 +0.03847728xr§h6é8)78876

(B3)

Then, in the n-type heavily doped (Si, GaAs, InP)-semiconductors, in which the values of the
dielectric of the intrinsic (Si, GaAs, InP)-semiconductors are given in Table 1, the BGN is

determined by [7]:

1/3
AEgn(Na s rd) ap X &(rg) x Nr

54 [my _ \1/4 172 NI Nq
L(rd) % \/m:c X Npt ot ag > NED) XNp" x 2+ as x [@] *Np, Ny = (9.999><1017 cm—3)’ (B4)

where a; =38x1073(eV) , a, =65x107%(eV) , a3=28x10"3(eV) , a, = 5597 x
1073(eV) and a5 = 8.1 x 10™*(eV), and in the p-type heavily doped ones, one has [7]:

1
+a, X < < NP % (2503 x [ = Ec(rsp) X rgp]) + ag x

1/3

1
AEgo(N, Mo, Ta) 8y X 26X NP + @, X fos x NP x (2503 x [ — E(rgp) % Isp]) + a3 %

5/4
£o x [T N4 + x |
[e(ra)] A ’ my Ny 234 e(ry)

where a; =3.15x1073(eV) , a, =541 x107%(V), a3 =232x1073(eV), a, =4.12 x
1073(eV) and a5 = 9.80 x 107 5(eV).

3 1
172 € |2, NB = N
N2 s x [N N = (Gagpmpores): (B9)
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