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ABTRACT
In n*(p*) —pin) [X(x) = CdS,_,5e,]-alloy junction solar cells at T=300

K, 0=x=1, by basing on the same physical model and the same
treatment method, as those used in our recent workst*?, we will also
*Corresponding Author
Prof. Dr. Huynh Van
Cong
Université de Perpignan Via temperatures, Ty(K), obtained from the Carnot efficiency theorem,

investigate the maximal efficiencies, iz mmsx,,» Obtained at the open

circuit voltage V,.(= Veeroem,). according to highest hot reservoir

Domitia, Laboratoire de which was demonstrated by the use of the entropy law. In the present
Mathématiques et Physique

(LAMPS), EA 4217,

Département de Physique,
52, Avenue Paul Alduy, F- N*, given in parabolic conduction (valence) bands, expressed as

work, some concluding remarks are given in the following. (1) In the

heavily doped emitter region, the effective density of electrons (holes),

66 860 Perpignan, France. functions of the total dense impurity density, N, donor (acceptor)-

radius, ry 4, and x-concentration, is defined in Eq. (9d), as:

N*(N,rg4).%) =N — Nepnonpp) (s %), WNEre Nepnupgy 1S the Mott critical density in the metal-
insulator transition, determined in Eq. (9a). Then, we have showed that (i) the origin of such
the Mott’s criterium, Eq. (9a), is exactly obtained from the reduced effective Wigner-Seitz
radius r., ,,, Characteristic of interactions, as given in Equations (9b, 9c), and further (ii)
Neonccopy 1S Just the density of electrons (holes) localized in the exponential conduction

(valence)-band tail (EBT), as that demonstrated in.! (2) In Table 3n, for the n* —p
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X(x) —alloy junction solar cell and for rg, .4,-radius, one obtains with increasing x=(0, 0.5, 1):
Nimee (7)1 = 41.99 %, 43.96 %, 46.14 %, according to Ty(7)=517.1K535.3K,557.0K at
V.. = 2.65V,2.68V,2.72 V, respectively. (3) In Table 5p, for the p* —n X(x) —alloy junction
solar cell and for r¢4 s, -radius, one obtains with increasing x=(0, 0.5, 1): nypya,. (7= 42.86 %,
45.27 %, 47.09 %, according to Ty(~) = 525.0 K 548.1K,567.0K, at V,;(V) = 2.65 K, 2.68V,2.72 V,

respectively.

KEYWORS: Single cds,_,5e, -alloy junction solar cell; photovoltaic conversion factor;

photovoltaic conversion efficiency.

INTRODUCTION

In single n*(p™) — p(n) X(x) = CdS;_,Se,-alloy junction solar cells at 300 K,0 =x =1, by
basing on the same physical model and treatment method, as used in our two recent
works™? and also on other ones®™™ we will investigate the highest (or maximal)

efficiencies, Nimaxiumax), according to highest hot reservoir temperatures Ty(K), obtained

from the Carnot- efficiency theorem, being proved by the entropy law.

In the following, we will show that the energy-band-structure parameters, due to the effects
of x-concentration, size impurity, temperature T and heavy doping, affect strongly the dark
(or total) minority-carrier saturation current density and the photovoltaic conversion effect.

ENERGY BAND STUCTURE PARAMETERS

A. Effect of x- concentration

In the n*(p*) — p(n) single n*(p*) — p(n) X(x)-alloy junction at T=0 K, the 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:

m (x)/m, = 0.11 xx + 0.197 x (1 —x), and

m,(x)/m, = 045 x x+ 0.801 x {1 —x). Q)

(ii)-The unperturbed relative static dielectric constant of the intrinsic of the single crystalline
X- alloy is found to be defined by:

£,X)=102xx +9x (1 —x). 2

(iii)-Finally, the unperturbed band gap at 0 K is found to be given by:

Eo(x)ineV =1.84xx +258x (1 —x). 3)

www.wjert.org ISO 9001: 2015 Certified Journal 195




Cong. World Journal of Engineering Research and Technology

Therefore, we can define the effective donor (acceptor)-ionization energy, at
Idfa) = Tdo(as) = Isicd) = 0.104 nm (0.148 nm), in absolute values as:

13600 [mepwy(x)/mg)
Edo(an) () = 1o meV, (4)

and then, the isothermal bulk modulus, by:

Edor au‘l'f-‘a'

Bdn'an}(x} E—m- (5)

B. Effects of Impurity-size, with a given x

Here, the effects of rar,) and x- concentration affect the changes in all the energy-band-
structure parameters, expressed in terms of the effective relative dielectric constant z(rsa),x%),

in the following.

At rgca) = raorae) the needed boundary conditions are found to be, for the impurity-atom
volume V= (4m/3) x {r,j.:a}}a, Vio(ae) = (41/3) x {rdn.:m}}a, for the pressure p, p, = 0, and
for the deformation potential energy (or the strain energy) o, o, =0. Further, the two

important equations[gl, used to determine the c-variation, Ac= 6—o, =@, are defined by:

dp___B E . . .
T and p— . giving: dv( =—. Then, by an integration, one gets:

(6)

[":"':":rﬂ[ij’x:]] Bdman‘u{xjx(v 1i"ﬁ:h:ual:u‘l)x In (u - ) Edmam':x:] X [(_@_ - 1] ¥ ln

Td iD) Tdo{ :n)) -

Furthermore, we also shown that, as rara) = 'da(as) (Tdra) < Idaas)) » the compression
(dilatation) gives rise to the increase (the decrease) in the energy gap Egn.:gp}{rd.:a;.,x}, and the
effective donor (acceptor)-ionization energy Eq¢a(raray %) in absolute values, obtained in the
effective Bohr model, which is represented respectively by: + [ﬁc(rd,:a},x}]m:p},

Ep(X)
Eg,'l:l[g'pj':rﬂ[ij’x:] - Egn(x:] = Ed[aj ':rﬂ[ij’x] - Edl:ujal:u) =) = Edl:ujal:uj (=) = [(_

E(Tagay n(p)’

J‘ - 1—] =+ [‘I:I'U':rﬂ[ij’x:]]

for Td(a) = T'da(aah and for Id(a) = I'dafaa)

X (ﬂ] - 1] =- [":"U':rdl:ij’x:]]m:m' (7

Eg,'uujg:pj{rﬂ[ij!xj - Egn{x:] = Eﬂujaj{rdujayx:] - Eﬂn[anj(x:] = Eﬂn[anj{x:] 2(raa)

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

constant e(ry..;.x) and energy band gap Egntep (raca.x), as:

(i)-for rara) = ragragy SINCE £(raq)x)=_ %0 <&g,(x), being a new e(ry;q),x)-

| ' Fan E fraes %E
!1+[(—r deay } —1]><ln|:—‘i'-"J }
N Tdo(ao) Tdo(am

law,
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Eegntep) (rac %) — Ego(%) = Egqa (ra. %) — Egotaa (%) = Egotaa) (%) X [(rd—dd’—) - 1] X lﬂ(m—d‘i”j) =0, (82)

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

given x, and

(i1)-for racay = ras(aey SINCE e(raa)px)= - > g,(x), with a condition, given by:

| Tar -3 S WE
!1_[( dra }—1]xln( drg }
N \F'doj=o) Tdo(ao

[(_du_) _ 1] x1n (_ﬂ-._z_) <1, being a new e(ry 4, x)-law,

Tdofao) Tdo fac)

Eentep) (ratw %) — Ego(®) = Egto) (rae%) — Egotan) (®) = —Eqofaq (¥) X [(l’-) - 1] X lﬂ(iw-)! =0, (8b)

Tdofao) Tdofao)

Corresponding to the decrease in both Egyen (race.x) and Egey (raca.x), With decreasing ry.
and for a given x; therefore, the effective Bohr radius agn(gp)(Taca),x) is defined by:

2o xh® _ 2rdpgad)
— e 053 x 10 em x —
My () g ® Mgy (%) fmg

aBn{Bp}(rd{a}JX} = (8C)
Furthermore, it is interesting to remark that the critical total donor (acceptor)-density in the
metal-insulator transition (MIT) at T=0 K, Nepn(wpp(Taa,x), Was given by the Mott’s

criterium, with an empirical parameter, My, as:

1."
NCDHI:CDP:I{TIZ]I:E:IJX} 31X aBn(Bp}(rd(a}JX} = Mn(p}’ Mn(p} = 0.25, (ga)

depending thus on our new &(r4;q),x)-law.

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

(WS) radius ren¢p), Characteristic of interactions, by:

Fanopy (N Tagey %) = (2 ]L"! x— 11723 x 10° X (ﬁ)i x Do/ (9b)

4T Saniap) (fda)] BTy

being equal to, in particular, at N=Ncpuepp)(TagyX): Tencep)(Neonreop) (Taga» %) Fagayx) =

2.4814, for any (rg(4).x)-values. So, from Eq. (9b), one also has:

1/3

1y 3 1
NCDnI:CDp}(rd(a}JX} 13X aBn(Bp}(rd(a}JK} = (;) X 7 4814 =0.25= MS:‘“':P} = M'l':l’]' ! (9C)

being identical to that given in above Eq. (9a).

Thus, the above Equations (9a, 9b, 9¢) confirm our new z(rs:.;x)-law, given in Equations
(8a, 8h).
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Furthermore, by using My = 0.25, according to the empirical Heisenberg parameter
Hnm = 0.47137, as those given in Equations (8, 15) of the Ref. [1], we have also showed
that Nepncepp) IS just the density of electrons (holes) localized in the exponential conduction
(valence)-band tail, with a precision of the order of 2.88 x 1077 . Therefore, the density of
electrons (holes) given in parabolic conduction (valence) bands can be defined, as that given

in compensated materials, by:

]:5]*‘(15]J I‘d,:ﬂ:”}{] =N- NCDH.:NDF}(rd,:E}, X) (gd)

C. Effect of temperature T, with given x and r;

Here, the intrinsic band gap Egineim)(Tace),x T) atany T is given by:

10~ 4xT?
T+34K

Eg-m,:g-lp}(rd,:a:,, X T]I ineV= Egn,:gp}(rd,:E}J X]I - X {‘-1-‘.3??9 ®x+7.0043 x ('l - X}}, (10)
suggesting that, for given X and ra¢a, Eginzin) decreases with an increasing T, as observed in

next Table 1 in Appendix 1.

Furthermore, in the n(p)-type X(x)-alloy, one can define the intrinsic carrier concentration

Diniip) by

. —Eoi :.=. |::!‘ I TJ
D pip) (Tdcap® T) = N (T,x) X No(T,x) x EXI-"( =.I.n_='1.l.[.':_;Tli_B:I.-X.- ), (11)

Where N, (T.x) is the conduction (valence)-band density of states, being defined as:

M (K kg T _
NI’.‘I:V}(TJX} =2X {TT) (Cm 3}_

D. Heavy Doping Effect, with given T, x and r4a)
Here, as given in our previous works™?, the Fermi energy Eg,(—Eg,), band gap narrowing

(BGN), and apparent band gap narrowing (ABGN), are reported in the following.

First, the reduced Fermi energy ny,y; Or the Fermi energy Eg,(—Eg,), Obtained for any T and
any effective d(a)-density, N*(N,rgc.),x) = N*, defined in Eq. (9d), for a simplicity of
presentation, being investigated in our previous paper [8], with a precision of the order of
2.11 = 10~ is found to be given by:

Epu(u) ~Erp(e)) _ Gl tau B(u)
kgT kgT 1+Auf

Napy(W) = , A=0.0005372 and B = 4.82842262, (12)
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z & B
F(u) = au= (1 +bhu =+ cu_E) :

W

Where u is the reduced electron density, u(N*T,x) =

PR

Nepw(Tax]

—_ 2/ 2 o _E
a=[@Va/a)xu]”, b=1E) ,c=REEE (5" and G(u) ~ La(w) +27= xux e

1920

d = 23/ [:—i] = 0.

+ 27 £ o

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

Epplu<l)
kgT

—Epp{ul)
kgT

degenerate case, Eq. (12) is reduced to the function F(u), and (ii)

So, the numerical results of Basao), & Eznrz) Neoa(cosy Eginteip) (Fdr) % T), and nyee)(w) are
calculated, using Equations (5), (8a, 8b), (9a), (10), and (12), respectively, and reported in
Table 1 in Appendix 1.

Now, if denoting the effective Wigner-Seitz radius, re,¢p), Characteristic of the interactions,
by:
g 131/3 Mgyl )
Fan(ep) (N Tagay %) = 1.1723 x 108 X (V—) x (13a)

p B}
2ird e

The correlation energy of an effective electron gas, Ecnrepy (N*/raca), %), is given as:

0.E7S5E {:['_—l:v:::l:
—0.87553 D.020E+T g gy nZ

T 00908+rsn sp 140.03847728xrgf =78

}x In{rsp;spyi—0-093288

Ecn(ep) (N Fa(a), %) (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 narrowing (BGN) are given in the following.

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

= - Elr Ii_x._l = = h':_:d_ﬂ_l
5 5/4 I_- ¢ I—'| oy 3 %
[ﬂ] X | NM* 4 a, x 22 xN,l“‘x2+a5><[f°'(x’ ] .
eaol e Va0 ol N = () (an)
"F T \Nepn(rax)/’

www.wjert.org ISO 9001: 2015 Certified Journal 199




Cong. World Journal of Engineering Research and Technology

where a; = 3.8 x1073(eV), a, = 6.5 x 10™*(eV), 33 =28 x 107%(eV), ay = 5.597 x 10~ *(eV) and
a; = 8.1 x 107*(eV), and in the p-type HD X(x)- alloy, as:

. Ep[x) 142 Ep (%) % Eplx 54 [mc
AEgy (N'rg, ) 3y X S NP 42y x B2 5 NZ (2,503 % [~Ep () X 7 1) 423 % —u] ><\||;><

N4 2a, % ll%x}]rm+a5>< %:XNE B -

4 E(rz:X) (ra:x) ):\]r = (_NEDEI:I';.K_'IJ, (14p)
Where a, = 3.15 x 1073(eV), 2, = 541 x 10~#(eV), a3 = 232 X 1073(eV) , a, = 4195 x 1073(eV)
and ag = 9.80 x 1075(eV),

Therefore, in the HD[d(a)- X(x)- alloy] ER, we can define the effective extrinsic carrier
concentration, ng, .,y by:
_—— [&Eagniagpj] , (15)

n:n(ep} (N iy Tara) T} = W N* X Po (nu] = nln(lp}(rd(a}lxi T} X exp 2kgT

Where the apparent band gap narrowing, AEazpnragp). i found to be defined by:

AE g (N*,g(a), % T) = AE,(N,14,5) + kgT X IH{N;T-;;:.) — Ep (N, T, %), (16n)
-
AEqgp(N*,a(a) % T) = AEgy(N*r,x) +ksTx In (75 ) + Erp (N T,0)]. (16p)

TOTAL MINORITY-CARRIER SATURATION CURRENT DENSITY
In the two n*(p*) — p(n) X(x)- alloy -junction solar cells, denoted respectively by I(ll), the

total carrier-minority saturation current density is defined by:

JD]I:DII} = ]:EE‘.ID':EPD} + ]Bp«:\(Bnu} (17)

Where Jgpaieno) IS the minority-electron (hole) saturation current density injected into the
LD[a(d)- X(x)- alloy] BR, and Jgaqiepe) IS the minority-hole (electron) saturation-current
density injected into the HD[d(a)- X(x)- alloy] ER.

JepoiEno) IN the LD[a(d)- X(x)- alloy]BR

Here, |gpaiens) IS determined by [2]:

—
D (Nar T g T
LI |Fethy N ardyt agdys 2
Exnlp'.mjl“rm-dj'&nx :I Teg hE; (Nardy

Jepo@no) Nagd) Tatayx T ) = Na:i‘. ) (18)

Where nlzpl:ln}(rﬂ-':d:“x’ T) is determined Eq. (11), Dggpy(Nagay.Tacay. % T) is the minority electron
(minority hole) diffusion coefficient:

kgT

DE(NaJrg;X, T) = T X 2300

e\ ;4 keT
200 + ————=1| X (LBJO) (em?s~2) Dy (Ng g, 1 T) = = X
l-"(‘_.sx‘_n‘-g cm™ 5} b ;

130+

1

\gxap® cm™¥
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and Taghe)(Nara)) is the minority electron (minority hole) lifetime in the BR:

Tea(N)™h = — +3x 1078 X N, +1.83 x 1073 x NZ, (20a)
The (N ™' = 5+ 11.76 X 1071% X Ng + 2.78 x 1073 x N}, (20b)

Jeno(Epa) IN the HD[d(a)- X(x)- alloy]ER
In the non-uniformly and heavily doped emitter region of d(a)- X(x) devices, the effective

Gaussian d(a)-density profile or the d(a) (majority-e(h)) density, is defined in such the
HDI[d(a)- X(x) alloy] ER-width W, as [2]:

Paca) 3 N* W) = Nggay x ap{—(f—vjz x In ["7]} = N*x [L]_‘ﬁ}z, 0=y=W,

MNdoraa)( W) MNdgram VW)

{cm™3), (21)

1.066 (0.5} }

) = 17 5 i
Naogao) (W) = 7.9 10 (2 x 10%) x EXP{ (134.: .:1}:<15-?.:m)

where pgeq(y=0) =N* is the surface d(a)-density, and at the emitter-base junction,
Para)(¥=W) = Ngg(a0)(W), which decreases with increasing W. Further, the “effective

doping density” is defined by:

NS':E}G,J N*, raca)% T} = Pd.:a}(}’},-"exp [l'-'l-EagijEP)LF'd.iBjJ"diB}'-"’T}]’

kT
NZ (v =0,N*ryexT) = N ,and
dia) y=u Tdiay % - "—‘-Eagnfagp‘.l.rN-rdfa‘u-x-T_:'
]
Ndarzo; (W)
NZ _(y=W, rgeapxT) = (=0 : 22
dta]{y d(a} } i [;_-.Eagnl:agm[udc,,:m:,.;v.uri:n:,_ﬂ)]’ ( )
kgT

where the apparent band gap narrowing AE.znagp) IS determined in Equations (16n, 16p),

replacing N* by paga)(w N5, W ).

Now, we can define the minority hole (minority electron) transport parameter Fy.), as:

(23)

Free) (N rarey. . T) = —
Being related to the minority hole (electron) diffusion length, Ly (v, N*, rara),%,T), as:

z . 2
Ainipy\Fdl Bj.J‘.-T:' )

Pol(no)*Dhiey

, -1 2 N\
Lite) (N, Paga) % T) = [Thges) X Dngey] = (CxFuy ) = (C X ﬁ) = (C X

where the constant C was chosen to be equal to: 2.0893 x 1073% (em*/s), and finally the
minority hole (minority electron) lifetime tg(.g), bY:

ThE(eE) = S = = 2. (24)

-_— - r
D 9‘:')(1'11[29) Dhyen | CxFaghy :I
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Then, under low-level injection, in the absence of external generation, and for the steady-state

case, we can define the minority-h(e) density by:

Do () ()] = oD (25)

Ni(e (¥=WorargxT)’

and a normalized excess minority-h(e) density u(x) or a relative deviation between p(y)[n(y)]

and p, () [0, (¥)].

_ e¥aE)]-pa(3)na(D
W) = e (26)

which must verify the two following boundary conditions as:
_ oy — _ —In(y=0)[ely=0]]
uy=0)= e53po(¥=0)[na(y=0)]

u(yzW]:exp(—v )—1.

np L VIxVT

Here, nyp (V) is the photovoltaic conversion factor, being determined later, S(?} is the

surface recombination velocity at the emitter contact, V is the applied voltage, V = (kgT/e)

is the thermal voltage, and the minority-hole (electron) current density Jns (v, Tacay.x).

Further, from the Fick’s law for minority hole (electron)-diffusion equations, one hast*?:

_EI:+E-:D'C!'.Ii_zm:i_P:| « duly) —F_ll:+E:Iﬂi_zm:i_p,:lnh|:9'_-ll:N-_.E‘dl:a':l,.}{:l « dui]

Fhey (¥) dy N3 (7N = T) dy '’

]h(e}{:ﬁNHJ Para)X T} = (27)

where N3 (v, N*, raca).% T) is given in Eq. (22), Dy and Fy,, are determined respectively in
Equations (19) and (23), and from the minority-hole (electron) continuity equation as:
g (7N 749 5T) u(y) u(y)

= —e(+e) X 1, ) X e —e(+e) X1 X T P (28)

dy

Therefore, the following second-order differential equation is obtained:

d*uly) dFhe() v du(y) wul(y)
dy? dy dy Lﬁ[ajl:y}

0, (29)

Then, taking into account the two above boundary conditions given in Eq. (26), one thus gets
the general solution of this Eq. (29), as:

sy) — SIS eosb (o) (EXP (;) _ 1), (30)

sinh(P(W) ) +1(W.5)x cosh(P(W)) npey( V)<V

where the factor I{W, 5) is determined by:

Dihjen (7=W.Ndo a0y Wied zouT)
5% Lirgey (¥=W.Ndo (ao)(WhrdeT)

raia)x T,W,8) = (31)
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1

Lpey ()

dpiy) _ _
d—: =Cx Fhfe}(y}_

Further, since , C=2.0893 x 1072 (cm*/s), for the X(x)-alloy,

being an empirical parameter, chosen for each crystalline semiconductor, P(y) is thus found
to be defined by:

W dy

PO) = 2 0=y =W, Py=W) = (Gx ) 20

, W Lines(¥) W
1 xW= ==
0 Liyg(v)

Tl Whe® " LygE)

(32)

where Ly, () is the effective minority hole (minority electron) diffusion length. Further, the
minority-hole (electron) current density injected into the HD[d(a)- X(x) alloy] ER is found to
be given by:

Thge (3 W N" Pz X TSV ) = —Tgao(y W, N, ra % T.5) Dgpo Wy N, x T,50] % [ exp 1), (33)

Ay (V) X‘*’Tf] -
Where Jenqrepe) IS the saturation minority hole (minority electron) current density,

E'ni_zm:i_p'_jxnhl:ﬁj cosh(P{x))H1(W.5)« sinh(Px)) (34)
Nie (vN*rd(axT) XLy sinh(P(W))+I(W.5) xcosh(P(W)]

JEncu:Epo}{,,VJ""-r, N, Faja)pX) T. S} =

In the following, we will denote P(W) and I{W,5) by P and I, for a simplicity. So, Eq. (30)

gives:
Jeno(Epe) (¥ = 0,W, N, Ty %, T, §) = #in(p Do : (35)
Eno(Epo)\Y = YV B dran s b, NE[B:.':YJN'.'-"d[nj--“-T}XLh[aj zinh(P)+Ixcosh(D) ’
3 N .
&N pripy * Dage cosh (P} +Ixsinh{P)
. =W, W,N" rgr,%T,5) = Sl i - - 36
]Enu:n\Epcl}(y ERATELNEY (VIR :I NE[BJ':?:""?JN-rﬂ[B:I-‘x-'ﬂthl:Bj cinh(P)+Ixcosh(p)’ ( )
and then,

]h.ja:.':Y=D,‘-'~',N'er.ja:.;c,T,E,‘i—’J - ]Em:l|:Epcljlj_3"=[:':1-'r.;r';.sf'dl:Bj.-x-T.-EJ _ 1
Theey(F=WWN e m®xT5V)  JEnoEpo)y=WWXrgmxT.5) cosh(P)+Ixsinh(p)

37)

Now, if defining the effective excess minority-hole (electron) charge storage in the emitter

region by:

= o N s = Wy ThEreE; (N rd a2 T)
Qi = W, Facy . T) = Iy +e(8) X ) X po () lne §)] x BHHO D gy ang - the

effective  minority hole (minority electron) transit time [ htt(ett) ] by:
Thtern (¥ = WoW, N rg . X T, 5) = Qi (¥ = W N Tg ), X, T) ,IIEDD,:EPD:,(:,-': W.W, N* Ty, %, T,sj, and from

Equations (24, 31), one obtains:

T;“,_m?[;,r:‘ﬂ.-'_‘.'l.-'ﬂ'_rﬂ:aj_.x,.T_S;l: . Tenagepg (F=0WHN T4z XT.5) : 1

ThE(cE; a IEM«_EMTITy=1'l.-‘_1'IEN'_rﬂm_.x,.T_S;l = * 7 cosh(P)+[xsichF)°

(38)

Now, some important results can be obtained and discussed below.
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Dhyey (Mdo (m0]) ':‘-"-’:Ll‘d.: a}-—“-T:'
SxLn(e)Ndo(za) (Whed(=2T)

As P« 1(0r W<« Lyg) and 5 — o, = I(W,5) = =0, from Eqg. (38),

Thepemy | T=WWH T, T.5)

one has: -0, suggesting a completely transparent emitter region

(CTER)-case, where, from Eg. (36), one obtains:

z
Eni.m:i.pjxnh[ﬁj 1 (39)
N§ g (V=W rg(axT)xlge  PIW)

]En-:-I:Epcu}{y= W. N, Fagap X T.5 = DC} —

Dihyeyl Ndorzoyl WhrdrgT) .

Further, as P> 1 (or W Lyg) and S =0, I=1(y = W,rg;a)x.5) = T e ——
: (g1l N dofeoyl VY AP )

Thecemy | F=WWH Ty T.5)

and from Eq. (38) one has: — 1, suggesting a completely opaque emitter

THE{&E}

region (COER)-case, where, from Eq. (36), one gets:

05, Dy

J EDDIZEPD:'(F =W, NIy % T.5 = D) 7 Wy (PN a0 T K * tanh(P). (40)

In summary, in the two n*(p*) —p(n) X(x)-alloy junction solar cells, the dark carrier-

minority saturation current density J,yom. defined in Eq. (17), is now rewritten as:

]n[[n[[j U’"'r* N, Tdra) X T.S: N:l[ﬂj*':'a[dj*x T} = ]EI:ID':EFIDJ (W.N" 142, %, T, 5+ IE'FID':EI:ID:' (Natg).Fara. % T), (41)

Where Jeporepe) aNd Jeporensy are determined respectively in Equations (36, 18).

Tsets tsetzt = Jacmna tacmnz

PHOTOVOLTAIC CONVERSION EFFECT AT 300K
Here, in the n*(p*) —p(m) [X(x) = CdS,_,5e.]-alloy junction solar cells at T=300 K, denoted
respectively by I(I1), and for physical conditions, respectively, as:

W =0.1um N = 10em™, rg(.%.§ = 100 ()i Noggy = 107 em ™, ry (0. X, (42)

We propose, at given open circuit Voltages: Ve, ioetz;= Vaets etz the corresponding data of the

short circuit current density ] in order to formulate our following

selilsel?) — Jectiifserizy
treatment method of two fix points, as:
at Vot toctz) (V) = Voetm tocmy (V) = 2.041 (2.076),

Tsets (a1 ':m*a*."r':'m::' = ]3:[[1':3:[[::":m*:'1."r':'m::] = 7.49 (9.39). (43)

Now, we define the net current density | at T=300 K, obtained for the infinite shunt
resistance, and expressed as a function of the applied voltage V, flowing through the

n*(p*) —p(n) X(x)-alloy junction of solar cells, as:

* vz 02585, (44)

gy (VD Vyp ' €

JOV) = T (V) = Ty oy % (5100 W _1), Xm0 =
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where the function n;y;,(V) is the photovoltaic conversion factor (PVCF), noting that as
V =V,., being the open circuit voltage, J(V =V,.) = 0, the photocurrent density is defined by:

Jph.(v = vn:} = Js:]l:s:]]}{wJN$J T, Pdia)X S NEI.I:E]:I-'T-' Pagdy vﬂl’-‘}a for Voo 2 vDI:[l[DI:[[IL:I'

Therefore, the photovoltaic conversion effect occurs, according to:

J sn[ujs:[[j("ﬁ'r*N.JT* Fara® 5 NarpTgiap % Tﬁnn} = Joleln (w,w', T.rgqe) %5 Nargy Tz % T} x (efimted 1), (45)

where 1y (Voc) = 1y ler'"rJ N-Jrl:l(a}JXJ T.5: Na(a). Tata - X T:vnn}’ and X[[[[j {vl:ll::] = m-
(I “¥oc-

Here, one remarks that (i) for a given v,., both n;y, and j, ., have the same variations,
obtained in the same physical conditions, as observed in the following calculation, (ii) the
function (%' — 1) or the PVCF, nyy,, representing the photovoltaic conversion effect,
converts the light, represented DY J..; srr,, into the electricity, by J; .., and finally, for given

(W N raa,% T 85 Naegy, Tarax Ti Voe )-values, ny g, (V,,0) is determined.

Now, for V. = Voers oemy, ONE Can propose the general expressions for the PVCF, in order to
get exactly the values of ﬂ[l[[[lj{vnn[lujnn[llj} and n, .j[[:j{vnn[:.jnn[[::.}, as functions of v, by:

"?ﬂ £

o {{5]
_1]u ’

n[[[[)(""‘r*w.* Farzy® T8 Noggy oy T Vnnj] = gy 11y (Viet oetiy) + Brzgtizy (Vortzgoctiz) X (w (46)

Vaclyadly

Where, for example, the values of «(B). obtained forx = (0, 0.5 and 1), will be reported in next

Tables 3n and 5p in Appendix 1, for these x(x} —alloy junctions.

So, one can determine the general expressions for the fill factors, as:

N _ Eromn (Vo) —In[Ep (Vo ) + 072
g (W N, T o % T 5t Nygay Tagay X T Vo) = =i 2. (47)

Finally, the efficiency ;, can be defined in the n* (p*) — p(n) X(X) alloy-junction solar cells,

by:

- ~ _ Leveem® Vo P
T][I:[[:l |:1i.'1-r, N~ l"dl:g_:l,K.T, 5 Nﬁl:ﬂ:l-' Fgl:d:,,K.T: "'II:II::I = —I'x—u'ﬁlﬂ“, (48)

Being assumed to be obtained at 1 sun illumination or at AM1.5G spectrum (B, = 0.100 %3

It should be noted that the maximal values Of n;y , NMimax.1max,,» are obtained at the

=0, as

Eln[,:[[:,I:'t-‘-’,N'-er,: &) T8 Na( d:.,ra.:m;{.T:ng])
Vor=Vocl{oclly

corresponding ones of V,. = Vi .q/eems, at Which ( p
. ° oc

those given in next Tables 3n and 5p in Appendix 1, being marked in bold. Further, from the
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well-known Carnot’s theorem, being obtained by the second principle in thermodynamics, or
by the entropy law, the maximum efficiency of a heat engine operating between hot (H) and
cold (C) reservoirs is the ratio of the temperature difference between the reservoirs, Ty — Tg,

T, =T = 300 K, to the H-reservoir temperature, T, expressed as:

Ty-T
f'"l](]]}(Tﬂ"ru:u::]I = T'I]mﬂ_x.I:]]mEJ{.:I(TJvDE = cn:](u:u:]]}} = Ncarnot = HTH E! (49)

for ~a simplicity, noting that both  nype gme; and Ty depend  on

(W.N" 14105 TS Naga Tata) % T Viogq ooy ) -parameters.

NUMERICAL RESULTS AND CONCLUDING REMARKS

We will respectively consider the two following cases of n* (p*} — p(n] -junctions such as:

HD (Se: Sn) X(x) alloy ER — LD (Mg Cd) X(x) — alloy BR — case, according to: 2 (n*p)— junctions
denoted by: (Se*MgSn*Cd), and HD (Mg: Cd) X(x) alloy ER— LD (Se: Sn) X(x) — allay BR —case, according to:

2 (p*n) — junctions denoted by: (Mg*Se, Cd*5n).

Now, by using the physical conditions, given in Eqg. (42), we can determine various
photovoltaic conversion coefficients as follows.

Firs case: HD [ 5e; 5n] X(x) — Alloy ER — LD [ Mg: Cd ] X(x) — Alloy BER
Here, there are the 2 (n*p) — X(x) junctions, being denoted by: (Se*Mg Sn*Cd).

Then, the numerical results of ?T: Jepa» Jeno @Nd Jr, are calculated using Equations (38), (18),

(36) and (41), respectively, and obtained, as those given in Table 2n in Appendix 1. Further,
those of ny, J..1, Fy, nr, and Ty, are computed, using Equations (46, 45, 47, 48, 49), respectively,
and reported in Table 3n in Appendix 1.

Second case: HD [ Mg; Cd] X(x) — Alloy ER — LD [ Se, 5n ] X(x) — Alloy BR
Here, there are 2 (p*n) — X(x)-junctions, being denoted by: (Mg*Se, Cd*5n).

Then, the numerical results of :—: Jeno, Jepo @Nd Jon, are calculated using Equations (38), (18),

(36) and (41), respectively, and obtained, as those given in Table 4p in Appendix 1. Further,
those of ny, Joen, Fu, nu, and Ty are computed, using Equations (46, 45, 47, 48, 49),

respectively, and reported in Table 5p in Appendix 1.
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Finally, some concluding remarks are obtained and discussed as follows.
(1) In Table 3n, for the n* — p X(x) —alloy junction solar cell and for rg, 4 -radius, one obtains
with increasing x=(0, 0.5, 1)! #pne. ()= 41.99 %, 43.96 %, 46.14 %, according to

Ty(7) = 517.1K,533.3K,557.0 K at V,,; = 2.65V, 2.68 V, 2.72 V, respectively.

(2) In Table 5p, for the p* — n X(x) —alloy junction solar cell and for rg4s,,-radius, one obtains
with increasing x=(0, 0.5, 1): nyma (7} = 42.86 %, 45.27 %, 47.09 %, according to

Ty(7) = 525.0 K. 548.1 K, 567. 0 K. at V,;(V) = 2.65 K. 2.68 V. 2. 72 V, respectively.
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APPENDIX 1

Table 1: In the [X(x) = CdS;_.Se,]-alloy, in which N = 10%%m~*(10%%m™% and T=300 K, the numerical

results of Bagracy, & Egnrepy NeDnicopy Eginrgpy(Td ey T) and 1 are computed, using Equations (5), (8a, 8b), (9a),

(10) and (12), respectively. Here, on notes that, in the limiting conditions: x=(0, 1), these results are reduced to those

given in the CdS- crystal and the CdSe -alloy, respectively.

Donor S Se
ry (nm) 7 Ty=0-104 0.114
x r 0, 05,1 0 05,1

Ba.(x)in 10° (N/m%)
=(ryx)
E,(rsx)ev 7

Nepa(rax) in 10°% em™ 7

11.24589, 7.70156, 4.8888322

9 9.6,10.2

>

2.58, 2.21, 1.84

1.1006938, 0.4290489, 0.13163547

8.631002, 9.2064023,9.7818024
2.5828887, 2.2119783, 1.8412558

1.2479879, 0.48646396, 0.14925083

Egin(rg.xT) in eV 242, 2.08,1.74 24229, 208198, 174125
Ty 3 1( degenerate case ) 1539, 19 80, 27 64 1537, 19.79,27 63
Daonor Te Sn

rq (nm) > 0.132 0.140

x ; 0, 05,1 0, 05,1

s"\'rj-x:' k" 6.8088533, 7.262777,7.7167004 5.9556997, 6.3527463, 6.7497929

E,..(rax)eVv 7

Nepa(rax) in 10°% em™ 7

Egin(rgxT) ineV

Mg 5> 1( degenerate case )

2.6047141, 2.226925, 1.8507437
2.5419800, 0.99086027, 0.30400345

244472, 2.09693, 1.75074

15.24, 19.72,27.61

2.6224569,2.2390759, 1.8584569
3.7983562, 1.480594, 0.45425747

2.46246, 2.10908, 1.75845

15.11, 19.66, 27.58

Acceptor Ga Mg

rg (nm) 2 0.126 0.140

x 7 0, 05,1 0, 05,1

s'f,r‘.:{?' b 9.968548, 10.633118, 11.2976878 9.117455,9.725286, 10.3331162

E,.. (rox) ev 7

Nepo (P ) in 10°% em™ 7

Egip[Ps.X.T:I meV 7

25551356, 21929346, 1.8291247
54449915, 2.1364632, 0.66323007

23951, 2.0629,1.7291

2.5765572,2.207637, 1.8384942
71165903, 2.7923522, 086684006

24166, 2.0776,1.7385

Mg # 1( degenerate case ) 391, 5.0773,69304 3.8522,  5.0537,6.9205
Acceptor In cd
ry (nm) 2 0.144 ryp—0.148

X & 0, 05,1 0, 05,1

B..(x) in 107 (N/m®) ~
4 Y

elr,x)

Eppe (TwX) eV 7

Nepg (FarX) in 10°7 em™ 7

Eg’ip [FE.X‘T:I in eV 7

Np # 1( degenerate case)

9.0293303, 9.6312856, 10.233241
2.5791277,2.2094013, 1.8396185
7.3270019,2.8749118, 0.89246936

24191, 2.0794,1.7396

3.825, 5.0429, 69161

1.586628, 1.0889615, 0.69396862
9, 9.6,10.2
2.58, 2.21,1.84
739887, 2.9031108, 0.90122328

2.42, 2.08,1.74

3.7915, 5.0298, 6.9106
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Table 2n. In the HD [(Se; Sn)- X(x)-alloy] ER-LD[(Mg; Cd)-X(x)-alloy] BR, for physical conditions given in Eq.

(42) and for a given X, our numerical results of % Jepo- Jeno and J; . are computed, using Equations (38), (18), (36)
E

and (41), respectively.

n*p Se*Mg Sn*Cd

Here, x=0 for the (Se*Mg Sn*Cd)-junctions, and from Eq. (38), one obtains: %“:= (0.0) suggesting a completely transparent

condition.

Jepo in 1072 (a/em?) ~ 9.5865 9.7084
Jencin 107%° (A/em®) ~ 5.0291 0.2528
Jop in107% (Afem?) 7 9.5915 9.7087

Here, x=0.5 for the (Se"Mg, Sn™Cd)-junctions, and from Eq. (38), one obtains: ,—Eﬁ: (0,0 suggesting a completely transparent

condition.

Iepoin 107" (4/em?) 7 3.9271 3.9770
TEngin 10734 (A/em?) 4.5949 0.1596
Jg in107% (a/em®) ~ 3.9275 3.9770

Here. x=1 for the (5¢*Mg Sn*Cd)-junctions. and from Eq. (38). one obtams: {?‘;: (0,07 suggesting a completely transparent

condition.

Jepoin 1072 (A/em?) 7 1.1275 1.1419
TEncin 107 (A/cm?) 2.3995 0.0252
Jo 107 (afem?) 1.1276 1.1419

Table 3n. In the HD [(Se: Sn)- X(x)-alloy] ER-LD[(Mg Cd)-X(x)-alloy] BR, for physical conditions given in Eq.
(42) and for a given x. our numerical results of ny, J..q, Fy, 1y, and Ty are computed, using Equations (46, 45. 47, 48,
49), respectively. noting that both Tjma; and Ty, marked in beld, decrease with increasing x for given ryy, . being new

results.

Vo (V) g Jse1 (2) Fi(%) (%)

Here, x=0. For the ( Se"Mg, Sn*Cd) junctions, the value of & given in Eq. (46) is 1. 0511.

n*p Se"Mg; Sn~Cd Se"Mg Sn~Cd Se"Mg; Sn~Cd Se"Mg; Sn*Cd

2.041 1.042;1.042 7.49: 7.49 93.04; 93.04 14.22:14.22
2.076 1.057; 1.057 9.38:9.38 93.06: 93.06 18.13: 18.13
2.64 1.334;1.334 17.08; 17.08 93.10: 93.10 41.98; 41.98
2.65 1.339;1.339 17.02; 17.02 93.10; 93.10 41.99; 41.99

Vog=2.65V 517.1: 517.1=T(K)

2.66 1.344;1.344 16.95:16.95 93.10; 93.10 41.98: 41.98
3 1.520;1.520 13.54;13.54 93.09: 93.09 37.82;37.82

WWwWw.wjert.org ISO 9001: 2015 Certified Journal 210




Cong. World Journal of Engineering Research and Technology

Here, x=0.5. For the ( 5e"Mg 5n™ Cd) junctions, the value of a given in Eq. (46) is 1. 0622.

n"'p Se~Mg: Sn~Cd Se~Mg: Sn~Cd Se Mg Sn—Cd Se"Mg; Sn~Cd

2.041 1.257; 1.257 7.49;7.49 91.93:91.93 14.05: 14.05
2.076 1.274:1.274 9.39;9.39 91.95:91.95 17.93;17.93
2.67 1.621: 1.622 17.89; 17.89 92.01: 92.01 43.96: 43.95
2.68 1.628:1.628 17.83;17.83 92.01: 92.01 43.97; 43.96

Voar =2.68V 535.4; 535.3=Ty(K)

2.69 1.634:1.634 17.76; 17.76 92.01: 92.01 43.97: 43.96
3 1.828:1.828 14.64; 14.63 91.99:91.99 40.39:40.39

Here. x=1. For the { Se“Mg, 5n* Cd) junctions. the value of & given in Eq. (46) is 1. 0791.

n+p Se"Mg; Sn*Cd Se*Mg: Sn*Cd Se"Mg: Sn~Cd Se*Mg: Sn*Cd

2.041 1.571; 1.571 7.49; 7.49 90.38; 90.37 13.82; 13.981
2.076 1.591;1.591 9.39:9.39 90.41; 90.41 17.63:17.62
2.71 2.048;2.049 18.81; 18.81 90.51; 90.51 46.15:46.14
2.72 2.056; 2.057 18.75; 18.74 90.51; 90.51 46.15: 46.14

Voa=2.72V 557.1; 557.0=Ty(K)

2.73 2.064; 2.064 18.67; 18.67 90.51; 90.51 46.14: 46.13
3 2.275:2.276 15.89:15.89 90.49: 90.49 43.13:43.13

Table 4p. In the HD [(Mg: Cd)-X(x)-alloy] ER-LD[(Se; Sn)-X(x}-alloy] BR. for physical conditions given in Eq. (42)

and for a given x. our numerical results of %, Jgne- ]Epo and ] ;; . are computed, using Equations (38). (18). (36) and

(41), respectively, noting that J;; decreases with increasing Iy gy-radius for given X, and it also decreases with

increasing x for given r, 4,-radius, being new results.

p+n Mg*Se Cd*Sn

Here, x=0, and for the (Mz"Se,Cd sn)-junctions and from Eq. (34), one obtains: % = (0.0) suggesting a completely transparent

condition.

JBmo in 10735 (A/cm?) 12123 0.1811

Jepein 10728 (A/cm?) 9.5752 6.3017

Jon in1073% (a/em?) 2.1698 0.8112

Here, x=0.5, and for the (Mg~ Se, Cd“5n)-junctions and from Eq. (34). one obtains: :i: = (0.0) suggesting a completely transparent
- &

condition.

TEno in 107%% (A/em®) 3.0658 0.7417

Tepein 1073 cafem?) 2.9651 1.6603

Jon in1072% (A/em?) 6.0309 2.4021

Here. x=1, and for the (Mg"Se,Cd*Sn) junctions and from Eq. (34). one obtains: Lim _ (0.0) suggesting a completely transparent

T
condition.
TBno in 1072% (A/cm™) 6.0031 2.1296
Jepein 107 (A/em?) 1.4254 0.5756
Jou 1072 (A/om®) 2.0257 0.7885
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Table 5p. In the HD [(Mg: Cd)-X(x)-alloy] ER-LD[(Se; Sn)-X(x)-alloy] BR, for physical conditions given in Eq.

42) and for a given x. our numerical results of ny;, , Fip» M. and Ty, are computed, using Equations (46, 45, 47,
E 11s Jeem F1p T H p g bq

48, 49), respectively, noting that both 1y;e,. and Ty, marked in bold, slightly decrease with increasing x for given

Iy gy- DEINE new results.

Vo (V) ny Jsen (Gox) Fn(%) N (%)

Here, x=0. For the (Mg"Se, Cd“Sn)-junctions, the value of § given in Eq. (46) is 1. 052.

p+n Mg~ Se; Cd™Sn Mg=Se; Cd™Sn Mg~ Se;Cd~5n Mg*Se; Cd~Sn

2.041 1.054; 1.040 7.49:7.49 92.98:93.06 14.21: 14.22
2.076 1.068; 1.055 9.40:9.43 93.00; 93.07 18.15:18.21
2.64 1.348;1.330 17.25:17.43 93.05:93.12 42.37;,42.85
2.65 1.353:1.335 17.19: 17.37 93.05:93.12 42.39: 42.86

Von=2.65V 520.7; 525.0=Ty(K)

2.66 1.358; 1.341 17.12: 17.30 93.05:93.12 42.38:42.85
3 1.536; 1.516 13.69:13.78 93.03:93.10 38.20: 38.49

Here, x=0.5. For the (Mz"Se, Cd“Sn)-junctions, the value of B given in Eq. (46) is 1. 0635.

p*n Mg~ Se; Cd™Sn Mg~ Se; Cd™Sn Mg"Se;Cd™Sn Mz~ Se;Cd™Sn

2.041  1.265:1.247 7.49;7.49 01.88; 91.98 14.05; 14.06
2.076 1.282:1.264 0.42:9.45 91.91;92.00 17.97:18.05
2.67 1.632; 1.608 18.19: 1841 91.97;92.07 44.66; 45.26
2.68 1.638;1.614 18.12; 18.35 91.97;92.07 44.67; 45.27

Voer =2.68V 542.2; 548.1=TH[ K)

2.69 1.644; 1.621 18.05; 18.28 91.97; 92.06 44.66; 45.26
3 1.840; 1.813 14.86: 15.00 91.95:92.05 41.00; 41.41

Here, x=1. For the (Mg"Se, Cd“Sm)-junctions, the value of f given in Eq. (46) is 1. 0801.

p*’n Mg* Se; Cd*Sn Mg* Se; Cd*Sn Mg 5e;Cd*5n Mg*Se;Cd*Sn

2.041 1.590; 1.560 7.49;7.49 90.29: 90.43 13.80: 13.82
2076  1.609;1.579 9.39:9.43 90.32; 90.46 17.61:17.71
2.71 2.072;2.033 18.87:19.19 90.43; 90.57 46.24: 47.09
2.72 2.080; 2.041 18.80: 19.12 90.43; 90.57 46.25; 47.09

Vor =2.72V 558.1; 567.0=Ty(K)

2.73 2.088;2.049 18.73: 19.04 90.43; 90.57 46.24; 47.08
3 2.301:2.259 15.95: 16.16 90.40: 90.54 43.26: 43.89
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