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

our two recent works™?, for a given x, and with an increasing rdca), the

. : optical coefficients have been determined, as functions of the photon
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Furthermore, we also showed that Neonixpp) is just the density of

carriers localized in exponential band tails, with a precision of the order of, 292 x 107", as that
given in Table 4 of Ref.!Y)| according to a definition of the effective density of electrons
(holes) given in parabolic conduction (valence) bands by:
N*(N,ra(a),%) =N — Nepa(npp) (Tae) %), as defined in Eq. (9d). In summary, due to the new
e(raw-%)-law and to the effective density of electrons (holes) given in parabolic conduction

N*(N,rg(a),

(valence) bands %) for a given x, and with an increasing Td(=), the numerical results

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

KEYWORS: GaAs, _,P,.- 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 onest®®!, all the optical coefficients
given in the n(p)-type X(x) = GaAs, _,P,- 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 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.

ENERGY BAND STUCTURE PARAMETERS
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 ra¢a), and also the intrinsic one by: rqq(an)=rasica)=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.

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

mc,:v}(x}fmg =0.13(0.5) x x + 0.066 (0.291) x (1 —=x) 1)
(ii)-The unperturbed relative static dielectric constant of the intrinsic of the single
crystalline X- alloy is found to be defined by.

g,(x) =111 xx +13.13 x (1 —x). 2
(iii)-Finally, the unperturbed band gap at 0 K is found to be given by:

E,o(x)=1.796 % x + 152 x (1 — x). (3)

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

as.

13600x [mg y(x])/mg]

Edogae) (%) = [P mev, )

WWW.Wjert.org 1ISO 9001: 2015 Certified Journal 206




Cong et al. World Journal of Engineering Research and Technology

and then, the isothermal bulk modulus, by:

Edof a:ﬁ'fla'

Bdnlan}(x} |.T ]xl qulan‘ljs (5)

B. Effect of Impurity rac.j-Size, with a given x

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

Al Tara) = T'do(ae) , the needed boundary conditions are found to be, for the impurity-
atom volume V= (4m/3) x {ra.;a;.}a, Vao(ae) = (41/3) x {ran.:a.:}}a, for the pressure p, ps =0,
and for the deformation potential energy (or the strain energy) o, o, = 0. Further, the two

important equations™™”, used to determine the o-variation, Ac= -0, = o, are defined by:

dp do d (d“") B . .
T and p=—7 - giving: @vev" v Then, by an integration, one gets.
[‘ﬂa(rdlfsj'x)]uip:':BﬂD[ﬂD_l ':x:]x(vado(sn))x In (’-’d:;n_:.): Ego(an (%) ¥ [(,.dn cas) ] - 1] X ln .y “] = 0. (6)

Furthermore, we also shown that, as ra(a) > rasias) (Taa) < rdeias)), the compression
(dilatation) gives rise to the increase (the decrease) in the energy gap Egn.;gp;.(rd.:a}JX}, and the
effective donor (acceptor)-ionization energy Ed.:a}{ra.:a:u!f} in absolute values, obtained in the
effective Bohr model, which is represented respectively by: + [ﬁﬁ(rd,:ﬂ},x}]m:p},

Eolx)

Eg‘nnujgpnj':rﬂ[aj#x:] _Egn{x:] = Eﬂ[aj':rﬂ[ayx] _Eﬂn[anj':x:] = Eﬂn[anj':x] x |:(El:l'ﬂ-;_]:l nem’

]‘ — 1] =+ [ﬂcr{ra.;gy?ﬂ]

for Td(a) = I'da(aa) and for Td(a) = T'da(as)

Ep(x)

Egnorgpoy (a ) — Ego() = Eage) Caray ¥ ~ Edogas (3 = Edogany () X [( ) - 1] = ~ [8o(rg )]

E(Tdqay)

n(pj (7)

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

constant e(racay,%) and energy band gap Egntzp (raca%), as.

o (%)

| ‘ Tdpmy 5_ n' Tdrey
(i)-FOr Tage) 2 Taogaqy SINCE E(rd,:ﬂjux):{1+[(_rdu.;auj} ARMELCR)

<&,(x), being a new e(ry;q),x)-law,

) B . » » racs 13 .
Egnm;gpo){rd[a}'x,} —Eg(®) = Edii){rd\'alv'x] — Edofac) (%) = Egofa (%) X [(,d: ; ) - 1] X ln ,d: :n\l =0, (88.)

according to the increase in both Egntep (racar. %) and Egpa (rgcw.x), With increasing ryc and for a

given x, and

Eq (%)

f T, B P T g
_ |I dia) } -1 Xln( dia) }
Tdofaoy Tdo(ao)

(II)-fOf rdl:ﬂ:l = rdn(an}, SlnCE E(rdl:a}.lx}zxi

> g,(x), with a condition,

given by.

WWW.Wjert.org 1ISO 9001: 2015 Certified Journal 207




Cong et al. World Journal of Engineering Research and Technology

[(i&"_); _ 1] x ln(: Farg’ )3 <1 being anew E(rdlia}J X}-law,

Tdofao) Tdofac)

F g 2 Frgre 12
Egno(gpoy(Td(ayX) — Ego(®) = Eq(a)(TacayX) — Edo(an)(X) = —Edo(an)(X) X [L, e 1]>< In ) <

=) <,
dofea}/ da (o} (8b)
corresponding to the decrease in both Egntep (rat1¥) g Eﬂ'ii‘(rﬂ'iﬂ""), with decreasing and for a

given Xx; therefore, the effective Bohr radius agn(ep) (Yata) ¥is defined by.

2(rgeod =<k ® _ = (rdpz)
X)) =————=053x10Fcmx ————,
My (%) =g mpy ) mg

aEn(Bp}(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, Ncpa(wpp)(rara.%), was given by the Mott’s

criterium, with an empirical parameter, as.

1.|.
Nepniop)(Tae), %) /3 X agniep)(Ta@)x) = Mupp My = 0.25, 8

depending thus on our newe(raay %) -law.

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 (o (K] Mg

rancsmy (N ray ) = () x ——-—— = 1.1723 x 10° x {ﬁ]l X , (9b)

4N Spnrap) () (P ay¥)

being equal to, in particular, at N=Ncpncop)(Tdga).x): rsn{sp}{NCDm:CIJp}(rd{a}JX}Jrd{a}JX}:

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

1
3 1

17 R
Neoneg Farey %) 2 X 2gn g (raw.x) = (;]3 % Tany = 0-25 = (WSl = My (9¢)

Thus, the above Equations (9a, 9b, 9c) confirm our new =(ra.).x)-law, given in Equations
(8a, 8b). Furthermore, by using My, = 0.25, according to the empirical Heisenberg
parameter ¢, = 0.47137, as those given in Equations (8, 15) of the Ref.l), 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 2.92 x 10~7 . Therefore, the
density of electrons (holes) given in parabolic conduction (valence) bands can be defined,

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

C. Effect of temperature T, with given x and ry

Here, the intrinsic band gap E_.;zpq (rare).x T)at any T is given by.
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205xx " 5.4[&53((1—:&}}
1)

E cnitepi) (T, % T) in eV = Egyp gy (Fagay,¥)—107% x T2 x {T+'}4}{ —ooik

(10)
suggesting that, for given x and Ta¢s), Eeni(epiidecreases with an increasing T.

Then, in the following, for the study of optical phenomena, one denote the conduction
(valence)-band density of states byNew (T:%) g,

B
mylx) XkBT ;

Nc':v}(TJX} =2 X gc':v}(x} bt —l } (Cm_a}:gv(x} =E1xx+1x 1:']. — K} =1, (11)

where m,(x),/m, is the reduced effective mass m,(x)/m,, defined by.
m,(x) = [m, () X m, )]/ [m, (=) + m, ()]

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,(—Eg,), 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

0f2-11 %107 s found to be given by.

) _ Epn(u) ~Erp(w), _ Glw+au®F@) _
Nn(py(W) = keT ( KeT )= TiagE A =0.0005372 and B = 4.82842262, (12)

where u is the reduced electron density, u(N,rgea,x T) = , F(u) = aus (1 +bu s + cu s) ’

c(wt TJ‘

a=[(3Vm/4) x u]:,.-a‘ b= %G): c== 1;39353 ( ) and G(u) ~ Ln(u) + 272 X ux edu,

d =23/ [T ] = 0. Therefore, from Eq.(12), the Fermi energies are expressed as functions

of variables : N,rgs),% 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
N*=0, according to the metal- insulator transition (MIT), one has:

—EF lu<<1}
+Epn(—Egp) = - ( P

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)-

Epn{ux1)
kgT

;X (3m2N*)%3 =0, and (i) )« —1, to the LD [a(d)-
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.
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r 143 .
Ec'[f.'_‘u'w“:' ! my(x)
rsn{sp}(“: I‘d,:a},x} =1.1723 x 10° )(( - ) El'r;-m,x"’ (13a)
the correlation energy of an effective electron gas, E.mr.:p}{NJ Td(a)r %), is given as.
D.ETSSE 'J.[_—I.nl 23]
—0.87553 00508 +T g ) +( JxIn(ren(sp) -0.093288
‘:“':‘:P}{N’ rd':ﬂ}’xj - 0.0%08+rsnsp) + 1+0.03847728 wrp 2 EETE (130)

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.

§ . 5/4
[ 1/3 (%) (%) '
‘&Egn(Nn I‘d,X) =y X B(rg %) X Nr +a; % 2(rgx X NS X (2 503 x [ Ecn(rsn) X rsn]] +az X [m] X
B
J_

M@ S
X NY* b2y x 22 N2 x 2 + a5 x [TL’ﬂ]‘xN;
-\J mr \]slr,ixr 2(rg.x)

r= (#;rd,x‘; ) (1411)

where a; = 3.8 x1073(eV), a, = 6.5 x 107#(eV), a3 = 2.8 x 1073(eV), ay = 5.597 x 1073(eV) and
as = 8.1 x 107*(eV), and in the p-type HD X(x)- alloy, as:

1 5/4
(3 1/3 x) 0 /
AE (N rg,%) 3y X 2202 X NY2 42, x 2200 x N; (2503 X [~Ecp(rsp) X 1up]) + 25 x [22]" x

Z(rgx) 2(rgxX)
[ @]
I@xN + 2a, x \s"xeN +a5x[s,°‘x"]“><N:
A\ mr \=(rax) 2(rax)
N
N, = (—) 14
Ne =\ Neoptean /) (14p)

where @ = 3.15 X 1073(eV), a, = 5.41 x 107*(eV), ag = 2.32 x 1073(eV), ay = 4.12 x 1073(eV) and
az = 9.8 x 1073(eV).

One also remarks that, as N* = 0, according to the MIT, éEgn.:gpj.(N, rd.:ﬂ},x} =0.

OPTICAL BAND GAP

Here, the optical band gap is found to be defined by.

Egnstept) (N.Tage)- X T) = Egniepn (Tage) % T) — A gner) (V. Tage)¥) + (D) Eracrp) (NoTae). 2 T) (15)
where Eingein)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:

Egni(gpﬂ {rlﬂﬂ}’xj = Egnu(gpu} {rdEH]*X)’ according to: N = NCDn':NDp}(rd(a}JX)-
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OPTICAL COEFFICIENTS

The optical properties of any medium can be described by the complex refraction index ®
and the complex dielectric function =, M = n—ix and & = g, — ig5, 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 x as: g1 = n?> —x? and &, = 2nx.
One notes that the optical absorption coefficient « is related togz, n, x, and the optical
conductivity g, by

Raxv(E)®

i - o, _ Ewiz{E} — TEW(E) — 4o (Ej — ps _ 2 =3
M(ENTa 2 T) = e e X I(E) = o S B = e — 5 =0 - and z; =2nx,  (16)

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

E*=E—Egy .;gpﬂ{N, race.% T) is thus defined as the reduced photon energy.

Here, -q, i, [V(E)|, w, Efreespace, ¢ 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]+x(E)?

REN T3 xT) = o s, (17)

From Equations (16, 17), if the two optical functions, £; and =2, (or n and x), are both known,
the other ones defined above can thus be determined, noting also that:

Egni':gpi}{:NJ raca). X T) = Ecni(ep) , fOr a presentation simplicity.

Then, one has.
-at low values of E = E_y17g01),

am 37 (B-Egpaggpyy ™ 2 131 .
Iy (BN T) = x () x 58 —= 5 x () X E-Equo) for 2=, (18)

and at large values of E = Epepyi,

3/2 r a-1i/2} ain ) .
1 1m 22 (E-EBgnirgpyyl™ =/=/ 1 om, 32 (E—Egnarepiy)
Ty (ENrg.xT) = 5 x (53) ¢ —mi— = —ox (T) <

2 ga-i E;'n;:gpi,‘- y fOI‘ a.:5/2 (19)

grifgpi)

Further, one notes that, as E — <=, Forouhi and Bloomer (FB) [4] claimed that x(E — o) —

a constant, while the x(E) -expressions, proposed by Van Cong [2] quickly go to 0 as E~3,
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and consequently, their numerical results of the optical functions such as: oo (E) and a(E),

given in Eq. (16), both goto 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:

G(E) =3i,—2— and F(E)=I,

SElpoBiE+G

Aj
E!x.:1+1u-4x5}—31£+c1

, We propose.

3/2

172
K(EN.raxT) = GE) X E_ ;o X (E* = E—Egni(gpn) , fOr Egpigepn = E = 2.3V,

=F(E)% (E*= E— Egny(gpn) , for E= 236V, (20)
being equal to 0 for E* = 0 (or forE = Ega1ze1n)), and also going to 0 as E~* as E = o, and

L e
n(EN.1a() 2 T) = N (Fage)X) + Xz = FF,}E:_B'LEHLI'L — (21)

further,
going to a constant as E— oo,  since n(E = oo,ra),x) = ne(rae)x) = [elrae),x N:—:,
wr = 5.1 % 10% s7Y[5] and wy, = 8.9755 x 10%% 572,

A

Here, the other parameters are determined by: Ki{Egnl.:gpl}]=E

B} 2
X [_?l + Egnl{gpl}Bi - Egnl(gpl} + Cl]y

| 2
I

—2E_.1¢ C-] R B .
entlep)™| Q& =——— \here, for i=(1, 2, 3, and
4), A; = 1154 X Ajppy = 47314 X 107%, 0.2314,0.1118 and 0.0116, B; = By(pg) = 5.671,6.154,9.679

A [Bix(Eq.igpa+CO
Yl'[EgnlliEpl}} =% [ 2

and 13.232, and, G = Ci(rgy = 8.619,9.784, 23.80331¢4 44.119.

Then, as noted above, if the two optical functions, n and x, 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, _P.- 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* = 0 or ¥ = Ncoa(eop), giving rise t0: Egntep)(N' = 0,157 = 0) = Egpoiepn) (Fage) X) = Egnogepe) (T ).

Then, in this MIT-case, if E = Egnl.;gpﬂ{rd.;a;.m} = Egm.;gpc.;.{rd.;a;.#}, which can be defined as
the critical photon energy: E = Ecpe(rara)x), one obtains: ®urr(rar.x) =0 from Eq. (20),

and from Eq. (16): E:(}i]T}{rd(a}JX} =0, Ga.;}m(rd.;ﬂ;ux:l =0 and St (rd.;@ x) =0, and the
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other functions such as : n}i]T{rdl:a}.uX} from Eg. (21), and 21.;}11—:*_*;{1".;1.;&},3:} and
R}i]T{:rd(a};X} fromEq.(16) decrease with increasing Td(=) and Ecpg, as those investigated in
Table 1 in Appendix 1.

B. Optical coefficients, obtained as E —
In Egq. (21), at any T, the ~choice of the real refraction index:

— . — - “r
H{E = 9, Ta(a)s X, T} = Moo (ra(a), %) V EWTd(a)X) X wp, wr = 5.1 x 1013 s~10l and

wy, = 8.9755 % 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: ¥ (rara.x) — 0 and
20(Tata),X) =0, as E~1, so that fres{Ta(ahX)| 0. (Tar) ) | Qe (g, ®) and Re(Tgra)X) 7

go to their appropriate limiting constants, as those investigated in Table 2 in Appendix 1.

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 = N.;Dn.;mp}(rp;];}, x), our numerical results of n, x, £
and =; 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 nuy)(>> 1, degenerate case),
Ezni1ep1), N, &, £ 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 ra;) and x, and from Equations
(12, 15, 21, 20, 16), respectively, we can determine the variations of
Naip)(» 1, degenerate case), E_nq(gp1), N, k, 5 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, _.P,- crystalline alloy, by basing on our two recent works* 2,
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
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important new =(ra¢.;,%)-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),

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

Further, we also showed that Nepn(nog) IS just the density of carriers localized in exponential
band tails, with a precision of the order of 2.92 x 10~7, as that given in Table 4 of Ref.lt,
according to a definition of the effective density of electrons (holes) given in parabolic
conduction (valence) bands by: N*(N.raayx) =N — Nepaiwop(rae) %), as defined in Eq.
(9d).

In summary, due to the new £(rax)-law and to the effective density of electrons (holes)
given in parabolic conduction (valence) bands N*(N,rg;.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.
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APPENDIX 1

Table 1: In the MIT-case, T=0K, N=Ncpupyirag-x), and the critical photon energy
Ecpe = E = Egnozpoy (Farey ®), If E = Egnagepui(Faray®) = Ecpelracs %), the numerical results of optical
functions such as: nur(rasx), obtained from Eq. (21), and those of other ones:

21 My (Tage %) @Nd Ragrr (Fagayx). from Eq. (16).decrease (~) with increasing (7) rag; and Ecgg.

Donor P As Te Sb Sn

rg (nm) [4] s 0.110 0.118 0.132 0.136 0.140
At x=0,

Ecpg in meV - 1519.8 1520 1520.7 1521.2 1521.8
nyrr - 3.437 3.41¢6 3.352 3.313 3.268
E1inmm . 11.81 11.67 11.23 10.98 10.68
Rarr b 0.302 0.299 0.292 0.288 0.282
At x=0.5,

Ecpgin meV Ve 1657.6 1658 1659 1660 1662
T u 3.269 3.249 3.187 3.149 3.106
Eyoram ~ 10.69 10.55 10.16 9.02 9.65
Ragrr - 0282 0.280 0.273 0.268 0.263
Al x=1,

Ecpg in meV s 17954 1796 1798 1799 1801
Nt “ 3.098 3.078 3.018 2.982 2.940
&30 ™ 0.598 0.476 9.110 8.893 8.646
Rt N 0.262 0.260 0.252 0.248 0.242
Acceptor B Ga Mg In cd
ra (1um) - 0.083 0.126 0.140 0.144 0.1438
At x=0,

Ecpg in meV » 1503.7 1520 1523 1524 1527
T . 4.173 3.416 3.358 3.323 3.281
E1cnerT) - 17.41 11.67 11.276 11.04 10.77
Rpnrr -~. 0.376 0.299 0.293 0.289 0.284
At x=0.5,

Ecpr in mev 7~ 1632 1658 1662 1665 1669
Nt e 3.982 3.249 3.192 3.157 3.117
E1 o) . 15.86 10.55 10.19 9.97 9.71
Rur e 0.358 0.280 0273 0.269 0.264
Al x=1,

Ecpg in meV ” 1757 1796 1802 1807 1812
Npgrr '_ 3.789 3.0738 3.022 2.988 2.948
E1cpaim) 14.36 9.47 9.13 8.93 8.69
Ruerr 0.339 0.260 0.253 0.248 0.243
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Table 2: Here, as £- s, the numerical results of n_(rsax). é1=(Td@y¥), op=(Tam.*) ,

a.(racex) @Nd R.(ras»x) QO to their appropriate limiting constants.

Donor P As Te Sb Sn
At x=0,
n. . 2.08 20589 1.9950 19566 19124
Eand . 327 42392 3.9800 3.8284 3.6571
O in e . 04915 93951  9.1033 8.9282  8.7263
o in(10° x em™*) 2.160 2.160 2.160 2.160 2.160
R_ y 0.123 0.120 0.110 0.105 0.098
At x=0.5,
n_ . 1.998 1.978 1.916 1.879 1.837
£1 y 3.992  3.911 3.672 3.532 3374
o i “ 9.117  9.025 8.744 8.576 8.382
xcm
e in (10 x em™*) 2.160 2.160 2.160 2.160 2.160
R_ 0.111 0.108 0.099 0.093 0.087
At x=1,
n_ . 1.912  1.893 1.834 1.799 758
£y & 3.658 3.584 3.365 236 3.002
Opo o 8.727  $.638 8.370 8.200 8.023
Ixem
o in(10°xem™) 2,160  2.160 2.160 2.160 2.160
R_ y 0.098 0.095 0.087 0.081 0.075
Acceptor B Ga Mg In cd
At x=0,
n_ " 2.806 2.059 2.002 1.968 1.928
£ . 7.872  4.239 4.010 3.874 3.719
10°
Op. in 12.80 9.305 0.138 8.981 8.799
Nxcm
x. in(10° x em™1) 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,
n_ y 2.695 1.978 1.923 1.801 1.852
£y . 7.263  3.211 3.700 3.575 3.431
. 10°
Gp.. in 1230  9.025 8.777 8.627 8.452
. Nxcm
o, in(10°xem™1H 2.160 2.160  2.160 2.160 2.160
R_ - 0.210  0.108 0.100 0.095 0.089
At x=1,
n_ . 2.580  1.893 1.841 1.810 1.773
Ej . 6.655 3.584 3.390 3.275 3.144
10°
O, 11.77 8.64 8.402 8.258 8.090
- Nxcm
x. in (10%°xem™YH 2.160  2.160 2.160 2.160 2.160
R_ " 0.195 0.095 0.088 0.083 0.078
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Table 3n: In the P-X(x)-system, at T=0K and u = Ngp,(rp.x). according to the MIT, our
numerical results of n,xz and =, are obtained from Equations (21, 20, 16), respectively,
and expressed as functions £ [=Ecpelrsx)] of and x, noting that (i) K=0 and = =0 at,

E=Ecpe(rp®) and x = 0 and E = = as.

E in eV’ n I £y Eq
At x=0,
Ecpg = 1. 5198 3.437 0 11.816 o
1.6 3.489 0.055 12.172 0.384
2 3.823 0.222 14.570 1.698
2.5 4.498 0.364 20.097 3272
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
4.5 4.183 2.800 9.143 24.178
5 2422 4.049 —10.524 19.614
5.5 1.203 2.865 —6.762 6.896
6 1.331 2.140 —2.807 5.696
1022 2.080 o 4.3266 )
At x=0.5,
Ecpg —1.6576 3.269 0 10.689 0
2 3.527 0.214 12.394 1.507
2.5 4126 0.269 16.955 2.217
3 4238 1.480 15.772 12.547
3.5 3.556 1.767 9.524 12.571
4 3.694 1.661 10.885 12.268
4.5 4.029 2.629 9.326 21.187
5 2416 3.734 —8.109 18.042
5.5 1.270 2.670 —5.516 6.785
6 1.374 2.010 —2.152 5.524
10%2 1.9980 0 3.0922 0
Atx=1,
Ecpg =1.7954 3.098 o 9.508 o
2 3.241 0.186 10.472 1.207
2.5 3.769 0.188 14.173 1.417
3 3.955 1.192 14.224 9.428
35 3423 1.153 9.428 10.358
4 3.555 1.471 10.471 10.458
4.5 3.868 2.380 9.295 18.414
5 2.396 3.433 —6.045 16.447
55 1.323 2482 —4.412 6.566
6 1.404 1.884 —1.580 5.292
72
10°- 1.9125 0 3.6577 0
EineV n K £4 £

(¥

WWW.Wjert.org 1ISO 9001: 2015 Certified Journal 218




Cong et al. World Journal of Engineering Research and Technology

Table 3p. In the B-X(x)-system, and at T=0K and ¥ = Ngp,(rs x). according to the MIT,
our numerical results of n, %, =, and =, are obtained from Equations (21, 20, 16),

respectively, and expressed as functions of E£[=Egpe(rex)] and X, noting that (i)

k=0ande;, =0atE = Egpglrgx).andw = 0 andg; — 0 as E — oo,

E in eV n x E4 E3

Atx—0,

Ecpg =1.5037 4.173 0 17.414 o

1.6 4236 0.059 17.939 0.502

2 4.575 0.222 20.883 2.033

2.5 5258 0.376 27.509 3952

3 5.270 1.839 24.390 19.384

3.5 4.406 2.075 15.110 18.286

4 4552 1.886 17.168 17.174

4.5 4916 2.921 15.638 28.727

5 3.138 4.086 —6.847 25.649

5.5 1.911 2.888 —4.692 11.040

6 2.041 2.155 —0.477 8.799
10%2 2.8057 o 7.8719 0
Atx=0.5,

Ecpg —1.6320 3.9825 o 15.860 o

2 4263 0.216 18.125 1.845

2.5 4.876 0.285 23.693 2.782

3 4972 1.537 22362 15.288

3.5 4261 1.817 14.856 15.485

4 4.400 1.697 16.477 14.936

4.5 4.740 2.677 15.305 25.376

5 3.099 3.792 —4.771 23.505

5.5 1.941 2.706 —3.557 10.503

6 2.048 2.034 0.059 8.333

1072 2.6951 o 7.2634 o
Atx=1,

Ecpg —1-7568 3.7893 o 14.3590 o

2 3.936 0.196 15.668 1.557
2.5 4511 0.209 20.304 1.886
3 4.677 1.269 20.268 11.876
3.5 4.105 1.582 14.344 12 989
4 4237 1.523 15.636 12.908
4.5 4.557 2.449 14.769 22.317
s 3.045 3.516 —3.087 21.416
5.5 1.952 2.534 —2.610 9.896
6 2.040 1.919 0.477 7.830
1072 2.5797 0 6.6548 o

E in e\’ n r E £2
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Table 4n: 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

‘x> 1, degenerate case), E_.4, n, i, &, and &, . . .
Mal = &l ¥ obtained as functions of N, being represented

by the arrows: ~ and -, noting that both.r'”:I and=ent increase with increasing N.
N(10*¥em % » 15 26 60 100

x=0

Forry = ra..

Na > 1 7 238 345 602 847
Egp, ineV 7 1475 1.525 1.686 1.870
n . 4247 4.201 4.046 3.865
K . 2.206 2.080 1.698 1.311
i ” 13175 13.319  13.489 . 13.221
ER w 18.736 17.473  13.744 10.137

Np>1 7 239 345 602 847
Egn1 in eV 2 1.497 1.554 1.731 1.928
n w  4.163 4.109 3.939 3.743
K . 2.149 2.008 1.600 1.200
Eq ~ 12,708 12.853 12.957 . 12.571
£5 w 17.892 16.500 12.602 8.983

Np > 1 b 239 345 602 847
Egﬂl in eV’ 2 1.525 1.591 1.786 1.999
n “u 4.054 3992 3.802 3.587
K u 2.080 1.920 1.481 1.068
£q 12,109 ~ 12.249 ., 12.260 11.727
Eq u 16.864 15.327 11.2061 7.664
x=0.5

Forrg = Tas-

Na = 1 ~ 130 188 329 463
Egpy in eV 7 1.649 1.682 1.784 1.896
n w  4.001 3.969 3.870 3.758
x ~  1.783 1.707 1.487 1.261
£y 12.831 ~ 12.839 . 12.766 12.534
£, . 14272 13.555 11.507 9.480

Forrg = rre.

Na> 1 7 130 188 329 463
Egpy in eV 7 1.660 1.697 1.806 1.924
n .  3.929 3.893 3.786 3.668
x . 1.757 1.674 1.440 1.206
£q 12.349 ~» 12.355 . 12.262 11.997
£a . 13.805 13.034 10.903 8.846

For Ky = Fgp-

Mn > 1 e 130 188 329 463

Egny ineV 2~ 1.675 1.716 1.834 1.961

n u 3.835 3.795 3.679 3.551

K - 1.724 1.632 1.382 1.138

£q 11.739 .~ 11.742 . 11.623 11.317

F w 13221 12.389 10.169 8.087
x=1
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Forry = ra.,

N> 1 7 93 135 236 331
Egny &V 2 1815 1.847 1.938 2.034
n . 3.754 3.722 3.630 3.532
K v 1422 1.356 1.180 1.008
By » 12073 12.015  11.788 11.462
&s . 10.679 10.098 8.568 7.120
Forry = ry,.

Ny > 1 » 93 134.5 236 331
Egny in eV 7 1.822 1.857 1.952 2.051
n . 3.688 3.654 3.557 3.455
K w 1.406 1.337 1.154 0.978
B v 11623 11.562  11.324 10.984
£, » 10375 9.772 8.212 6.757
Forrg = rg,,

N > 1 7 93 134.3 235 331
Egng n eV 7 1.832 1.869 1.970 2.074
n . 3.602 3.565 3.463 3.356
K v 1.386 1312 1.122 0.940
£y v 11.054 10.989  10.738 10.381
Eg w  9.988 9.361 7.77 6.311
N(10¥em™% » 15 26 60 100

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

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

N@0*¥an %) » 15 26 60 100

x=0

Np > 1 - 227 335 595 840
Egpy in eV > 1.869 2.043 2.466 2.869
n . 3.866 3.690 3.234 2.772
x . 1.313 0.992 0.399 0.081
e . 13.223 12.623  10.303 7.676
£2 »  10.156 7.320 2.581 0.450
Forry = i

np>1 » 223 332 502 838
Egpy in eV 7 1.869 2.045 2.472 2.876
n » 3775 3.596 3.138 2.672
K o 1.312 0.988 0.393 0.077
e . 12.529 11.953 9.692 7.135
£z . 9.909 7.106 2.468 0.415
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Forr, = req»

np>1 7 221 330 592 837

Egp1 in e\ 7 1.869 2.046 2.474 2.880

n e 32735 3.555 3.095 2.628

K u 1.313 0.987 0.391 0.076

4 v 12.230 11.664 9.430 6.904

E, w  9.808 7.016 2420 0.400

x=0.5

Forr, = rg,»

np>1 7 108 171 316 452

Egp, ineV 7 1.820 1.919 2.155 2.377

n v 3.834 3.734 3.491 3:252

K " 1.411 1.215 0.809 0.502

&y . 12.706 12.467 11.529 10.323

£, ~ 10.818 9.077 5.651 3.266

Forr, = ny,.

np>1 2 101 165 312 448

Egpyinel 7 1.817 1.919 2.158 2.3827

n . 3.750 3.648 3401 3.160

K u 1.418 1.216 0.805 0.496

£y w  12.052 11.825 10.916 9.737

£, w 10.635 8.875 5.476 3.137

Forr; = reg.»

np>1 2 97 161 309 446

Eg‘pi in eV’ 7 1.814 1.918 2.159 2.384

n .  3.714 3.610 3.361 3.119
K “w 1.423 1.218 0.804 0.494
Eq w 12.989 11.550 10.652 9.485
E4 w 11.769 8.796 5403 3.082

x=1

For r; — Iga-
Np > 1 ”~ 47 99 210 310
Eepi1 in eW" e 1.864 1.947 2127 2.291
n ~ 3.706 3.622 3.436 3.261
s N 1.324 1.164 0.854 0.612
£q “w 11.980 11.762 11.075 10.257
Eq “ 9.810 8.432 5.866 3.993
Forry; = tin-
Np > 1 - 2B 87 202 303
Egpi in e% P 1.844 1.938 2.125 2.293
n " 3.642 3.547 3.354 3.176
K - 1.363 1.180 0.856 0.610
Eq w 11.406 11.189 10.515 9.712
E4 o 9.925 8.369 5.741 3.876
For r, = Fcd-
Mp = 1 ~ 13 80 197 300
Egp1 in eV’ ~ 1.827 1.933 2124 2.293
n k" 3.622 3.516 3.319 3.139
K -~ 1.397 1.191 0.858 0.610
E4 w 11.168 10.946 10277 9.480
Eq w 10.119 8373 5.697 3.830
N(10¥%¥em%H ~ 15 26 60 100
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Table 5n: In the X(x)-system, at E=3.2 eV and ~ = 10*%xm~3, 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), Eqqy, N, 1, £; aNd z;, Obtained as functions of T, being represented by

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

Tin K 7 20 50 100 300

Forrg = ry..

Mo > 1 \ 847 339 169 56
Egm in eV +~ 1.870 1.866 1.853 1.774
n 7 3.865 3.870 3.882 3.961
K . 1.311 1.320 1.345 1.507
£y ~ 13.221 13.232 13.263 13.415
£, 2 10.132 10.215 10.441 11.940
Forry = rpe.

Np > 1 . 847 339 169 56
E@l in eV w  1.928 1.923 1.911 1.832
n 2 3.743 3.747 3.760 3.839
K 2 1.200 1.208 1.232 1.388
iy ~ 12.571 12.584 12.621 12.816
£ 7 B8.983 9.055 9.264 10.656

For rg = IFgps

NMn > 1 e 847 339 169 56

Eeng in eV w» 1.999 1.995 1.983 1.904

n 7 3.587 3.592 3.604 3.685

K e 1.068 1.076 1.098 1.246

£y s 11.727 11.742 11.785 12.026

= 7 7.064 7.729 7.919 9.181
x=0.5

N> 1 u 463 185 93 31
Egm in eV --. 1.896 1.888 1.870 1.766
n Ve 3.758 3.765 3.784 3.887
K Vol 1.261 1.275 1.311 1.524
Eq A 12.534 12.553 12.600 12.788
E4 Vs 9.480 9.603 9926 11.849
For rg = Pra-

Na > 1 N 463 185 93 31
Egnl in eV 1.924 1.917 1.899 1.795
n Ve 3.668 3.675 3.694 3.797
K Ve 1.206 1.219 1.255 1.463
£y A 11.997 12.018 12.068 12.279
£ Ve 8.846 8.963 9.273 11.113
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For Iy = T5p»
N1 L 463 185 92.6 31.8
Egm in el v 1.961 1.053 1.035 1.831
n A 3.551 3559 3578 3.682
2 1138 1.152 1.186 1.389
£y A 11.317 11.339 11.393 11.629
&g /2 B8.087 8.198 8.480 10.228
x=1
For Ig = Ias»
N1 . 3316 133.6 66 22
Egm_ ineVv v 2.034 2.024 1.999 1.871
n 2 3532 3.543 3.568 3.698
2 1.008 1.025 1.069 1.300
g 72 11462 11.500 11.590 11.964
é; 2 7.120 7.264 7.627 0.685
Forrg = ryg.
Mo > 1 w3315 132.6 66 22
Egni in el v 2.051 2.041 2.017 1.888
n 2 3455 3.466 3491 3.622
K 2 0,978 0.995 1.038 1.275
£y 7 10.984 11.022 11.113 11.493
éq 2 6757 6.896 7.246 0.236
Forrg = rgy,
Mp>1 w3314 132.5 66 22
Egm in el v 2074 2.064 2.039 1.911
n 7 3356 3367 3392 3.523
7 0.940 0957 0999  1.232
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Table 5p. In the X(x)-system, at E=3.2 eV and n = 10*%zm3, for given r, and X, and from
Equations (12, 15, 21, 20, 16), respectively, we can determine the variations of
np(3> 1, degenerate case), E.py, N, &, £, and &,, obtained as functions of T, being represented by

the arrows: ~ and -, noting that both r, and £, decrease with increasing T.

Tin K 7 20 50 100 300
x=0

Forr, = g,

Np 1 e 840 336 168 56
Egpl in eV v 2.869 2.865 2.852 2.773
n 2 2772 2.777 2.792 2.885
K p 0.081 0.083 0.090 0.135
£q 2 7.676 7.704 7.785 8.303
£s 2 0.450 0.463 0.501 0.779
Forr, = ry,.
el ‘-._ 838 335 168 56
Egpl in eV w 2.876 2.872 2.860 2.780
n 2 2.672 2.677 2.692 2.785
K o 0.077 0.080 0.086 0.130
Ey A 7.135 7.162 7.241 7.741
£ A 0415 0427 0.462 0.726
Forr, = ey
Np > 1 u 837 335 167 56
Egp1 in eV w  2.880 2.875 2.863 2.784
n 2 2.628 2.634 2.648 2.742
K Ve 0.076 0.078 0.084 0.128
£q 2 6.904 6.931 7.008 7.500
£ 2 0.400 0412 0.446 0.704
x=0.5

Np > 1 \ 452 181 90 30
EgpL in eV . 2.377 2.370 2.351 2.247
n 2 3.252 3.260 3.280 3.302
K 2 0.502 0.511 0.534 0.673
£y A 10323 10.365 10.474 11.056
E4 2 3.266 3.331 3.504 4.563
Forr, = n,

Np 1 u 448 179 89.7 29.9
Egpl in eV w o 2.382 2.374 2.356 2.252
n 2 3.160 3.167 3.188 3.300
K 2 0.496 0.505 0.528 0.666
£y A 9.737 9.778 9.884 10.448
£ 2 3.137 3.200 3.367 4.395

Forr, = reg,
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np>1 ‘-_ 446 178 89.3 29.7

Egp1 ineV v 2.384 2.376 2.358 2.254

n 7 3119 3.127 3.147 3.260

K 7 0.494 0.503 0.526 0.663

£4 7 9.485 9.526 9.630 10.186

£, 7 3.082 3.145 3.310 4.324
x=1

For ry; =rgas

Np >» 1 -\, 310 124 62 20.6
Egpy ineV W 2.201 2.281 2.256 2.128
n 2 3.261 3271 3.298 3434
K 7 0.612 0.626 0.660 0.852
£q 2 10.257 10.311 10.442 11.070
Eq 2 3.993 4,095 4.353 5.851
For r; = Iy

MNp > 1 o 303 121 61 20.2
Egpj_ in e\ v 2.293 2.283 2.258 2.129
n 7 3.176 3.186 3.213 3.349
K 7 0.610 0.624 0.658 0.849
£y A 9712 9.764 9.891 10.497
£ 7 3.876 3.976 4228 5.690
Forr, =gy,

Np>1 N 300 120 60 20
Egps ineV W 2,292 2.283 2.258 2.130
n 2 3.139 3.150 3.176 3.313
K 7 0.610 0.624 0.658 0.849
£y 2 9.480 9.531 9.656 10.253
£y 7 3.830 3.928 4178 5.626
Tin K 2 20 50 100 300
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