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Abstract:

Van-Cong, H. (2023). (26.55 %, or In the n*(p*) — p(n) crystalline (X = CdTe or CdSe)-junction solar
23.69 %)-Limiting Highest cells at 300K, due to the effects of impurity size, temperature, heavy
Efficiencies, obtained respectively doping, and photovoltaic conversion, we show that, with an
inn*(p*) — p(n) Crystalline (X =
CdTe, or CdSe)-Junction Solar
Cells, Due to the Effects of
Impurity Size, Temperature, Heavy

increasing donor (acceptor)-radius I'q(a), both the relative dielectric
constant and photovoltaic conversion factor decrease, and the
intrinsic band gap (IBG) increases, according to the increase in
photovoltaic efficiency, as observed in Tables 1-5, being in good
Conversion. Enrgpean Journal of acco.rdance with an important res',ult ob.tained by Shockley an'd
Theoretival and Applied Scionces, 1(6), Que{sser (.1961), stating that for an increasing IBG the photovoltaic
949268 efficiency increases.

Doping, and Photovoltaic

DOI: 10.59324/¢jtas.2023.1(6).25 Further, for highest values of ry(,), the limiting highest efficiencies
are found to be given in Tables 4, 6, as: 26.55 %, and 23.69 %,
obtained in such n*(p*) —p(n) crystalline (CdTe, or CdSe)-

junction solar cells at the open circuit voltage Vi, =0.82 V, and 0.89 V, respectively, and at T=300 K.

Furthermore, from the well-known Carnot-efficiency theorem, as given in Eq. (46), being obtained from
the second principle of the thermodynamics, and from the above results of limiting highest efficiencies,
the corresponding highest hot reservoir temperatures, Ty=408.4 K, and 393.1 K, respectively. Thus, as
noted above, Nyax, and Ty both increase with an increasing IBG, for each (X= CdTe, or CdSe)- crystal
at T=300 K= Tg.

Keywords: donor (acceptor)-sige effect, heavily doped emitter region, photovoltaic conversion factor, open circuit voltage,
efficiency.

Introduction

In the present work, the limiting highest efficiencies, Nyqr), due to the effects of impurity size,
temperature, heavy doping, and photovoltaic conversion, will be investigated respectively in the heavily
doped donor (acceptor)-X emitter-and-lightly doped acceptor (donor)-X base-regions, HD|[d(a)-X]ER-
LDJa(d)-X]BR, X= ( CdTe, or CdSe)-crystal, of n*(p*) — p(n) junction solar cells; it is inspired from
other works (Van Cong, 2022, 2016, 1999, 1995, 1991, 1975; Van Cong et al., 1997, 1996, 1993, 1992,
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1984, 2022; Green, 1981; Green et al., 2022, 2010; Kate et al. 2013; Kharchich & Khamlichi, 2023; Kittel,
1976; Levinshtein, 1999; Parola et al., 2019; Shockley & Queisser, 1961; Singh & Ravindra, 2012).

For each d(a)-X-crystal (Van Cong et al., 2022), one notes that: (i) due to the effect of donor (acceptor)
d(a)- radius rq(a), with an increasing rqca), the relative dielectric constant €(rqca)) decreases, while the
band gap (BG), Egn(gp)(Tda(a)), increases, as observed in Equations (1.1, 1.2), (i) due the temperature
(T)-effect, the intrinsic BG (IBG), Egin(gip) (T, rdca)), decreases with increasing T, as given in Eq. (3),
and (iii) due to the effect of heavy doping, with increasing d(a)-density, Nq(a), while the Fermi energy

increases, as given in Eq. (5), the BG is reduced by the BG narrowing, as observed in Equations (6) and
(7). Therefore, as remarked in Section 5, the dark carrier-minority saturation current density,

]01(011)(W, Naa) Tday S Na(d),ra(d)), defined in Eq. (37), decreases with increasing IBG, or with
increasing I'q(a), given in the ER(BR).

Then, for each d(a)-X-crystal, the photovoltaic conversion effect converts the light, represented by the
short circuit current density, defined in Eq. (41), Jsci(scin (W, Ndcay rdca) S5 Nacdy Facays Voc), Vo being
the open circuit voltage, into the electricity, by Jorcom-

Further, as observed in Tables 3, 4, 5, 6, for a given V,, the photovoltaic conversion factor (PVCEF),
determined in Eq. (42), nyy (W, Ndc) rdca) S5 Nady Faays Voc), decreases with increasing IBG, or
with increasing Tqe), according to the increase in Jgeyscr, in the fill  factor,
Fran (W, Nagay Yagay S; Nacdy Tacdys Voc) and the efficiency My (W, Nacay, Tacay, S; Nacdys Tacayi Voc)s
defined respectively in Equations (43, 44). This remark is found to be in accordance with an important
result obtained by Shockley and Queisser (1961), stating that for an increasing IBG, 1 increases.

Effects of Impurity Size, Temperature and Heavy Doping

First of all, in intrinsic X-crystals at temperature T(=0 K), X= (CdTe, or CdSe), and at rgq(a) = T'do(ao)s
the values of relative dielectric constant, €(rgea)) = €(Iq(a) = F'do(ao)) = €0, effective average number
of equivalent conduction (valence)-band edges, 8 (v), relative effective electron (hole) mass in conduction

(valence) bands, (M¢(yy/Mm,), unperturbed intrinsic band gap, Ego, and effective ionization energies in
13600><(mc(v)/m0)

(g0)?

absolute values, Eqq(ao) = meV, are given Tables 1 and 2.

Impurity-Size Effect

In such d(a)-X systems at T=0 K, since I'q(a), in tetrahedral covalent bonds, is usually either larger or
smaller than I'qo(ao), 2 local mechanical strain (or deformation potential energy) is induced, according to
a compression (or a dilation), for Tqay > I'qo(ao) (fOr Td(ay < Tdo(ao))s respectively, due to the d(a)-size
effect, as that investigated (Van Cong et al., 2022). Further, in n(p)-type X crystals, the band gap
Egngp)(Td(a)) and the effective donor (acceptor)-ionization energy Eq(a)(Tgca)) are expressed as:

. €o
for rd(a) > rdo(ao), since S(rd(a)):\] < €o,

1+ (—rd(a) )3—1 xln(—rd(a) )3
T'do(ao) Tdo(ao)
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2
€0
Egn(ep) (Ya@) ~ Ego = Ea)(Ta@) — Edotao) = Edoao) X [<—s(rd(a))) - 11' M

according to the increase in both Egp(gp) and Eqa) (rd(a)),

. 3
and for Tqe) < Tdoao), since &(Tgea))= 350 3280’ [(ﬁ) — 1] X
_|(fd@ Y _ Td(a)
\]1 [(rdo(ao)> 1]Xln(rdo(ao)>
3
"d(a)
In (rdo(ao)) < 1’
. 2
Egn(gp)(Tac@) — Ego = Eaa)(fa@) — Edoao) = Edo(ao) X [(m) - 1l' ®)

corresponding to the decrease in both Egy(gp) and Eq(a) (rd(a)).

Temperature Effect

Here, the intrinsic band gap in the X-crystal is found to be given respectively by (Singh & Ravindra,
2012):

X104 xT?2

Egincgip) (T, Taca)) = Egniep) fa@) ~ 35— (3)
&= 4.465,4.3779,and p = 94K, 94 K .

Further, one can define the intrinsic catrier concentration Njpjpy by:

— —Egin(gi (T'r a )
0, i) (T, Fay) = Ne(T) X Ny(T) x exp (—miaeirue)) @
K 3
where Ny (T) = 2 X 8¢y X (mc(zx;)—:st)z (cm™3) are the conduction (valence)-band density of

states ; 8cv) = 1. The numerical results of those energy-band structure parameters are given in the
following Tables 1 and 2.

Table 1. From Equations (1-4) and in the n(p)-type CdTe crystal, in which g¢) = 1(1) and

(m¢./mgy) = 0.095 and (m,/m,) = 0.82, the numerical results of the energy-band-structure
parameters, due to the effect of impurity size are reported, suggesting that, for T= 300 K and

with an increasing Iq(a), both €(g(a)) and Nj,ip) (T, rd(a)) decrease, while the other ones

increase
Donor As Te Sb Sn
ryq (nm) 7 0.118 Igo=0.132 0.136 0.140
e(rq) \ 10.844 €,=10.31 10.267 10.139
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Eq(rg) in meV 7 11 Eg4o=12.2 123 12.6
Egn(rq) in eV 7 1.621 Ego=1.622 1.622 1.6224
Egin (T = 300K, r,) in eV 2 1.519 Egio=1.52 1.5201 1.5204
nip (T = 300K, 1y) in 10~3cm™3 N 6.485 n;,=6.340 6.327 6.289
Acceptor Ga Mg In Cd
Iy (nm) 7 0.126 0.140 0.144 Io=0.148
g(ry) N 11.419 10.445 10.344 £,=10.31
E,(r,) in meV 7 85.5 102.2 104.21 E,,=104.9
Egp(ry) ineV 7 1.603 1.619 1.621 Eg,=1.622
Egip (T = 300K, r,) in eV 7 1.501 1517 1.519 Egio=1.52
n;, (T = 300K, r,) in 1073cm™ N 9.225 6.678 6.424 n;,=6.340

Table 2. From Equations (1-4) and in the n(p)-type CdSe crystal, in which g, = 1(1) and

(m./my) = 0.11 and (m,/m,) = 0.45, the numerical results of the energy-band-structure
parameters, due to the effect of impurity size are reported, suggesting that, for T= 300 K and

with an increasing Iq(a), both €(g(a)) and Nj,ip) (T, rd(a)) decrease, while the other ones

increase
Donor Se Te Sb Sn
rq (nm) 2 Ig=0.114 0.132 0.136 0.140
g(rq) N £,=10.2 9.149 8.716 8.259
E4(rq) in meV 2 Eq,=14.38 17.87 19.69 21.93
Egy(rq) in eV 2 Eg,=1.84 1.843 1.845 1.847
Egin (T = 300K, 1) ineV 7 Egio=1.74 1.743 1.745 1.747
n;, (T = 300K, ry) in 10~3cm™3 N n;,=6.408 5.989 5.782 5.537
Acceptor Ga Mg In Cd
Iy (nm) 7 0.126 0.140 0.144 Io=0.148
g(ry) N 11.298 10.333 10.233 £,=10.2
E,(r,) in meV 2 47.95 57.32 58.44 E,,=58.82
Egp(ra) ineV 7 1.829 1.838 1.8396 Eg,=1.84
Egip (T = 300K, 1) in eV 7 1.729 1.738 1.7396 Egio=1.74
n;, (T = 300K, r,) in 1073cm™ \ 7.908 6.597 6.455 n;,=6.408

Heavy Doping Effect

Here, the Fermi energy Epp(—Epp), band gap narrowing (BGN), and apparent band gap narrowing
(ABGN), as those determined in P1, are reported in the following.
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First, the Fermi energy Egp(—Egp), obtained for any T and any d(a)-density, Nq(a), being investigated in
our previous paper (Van Cong & Debiais, 1993), with a precision of the order of 2.11 X 10™* is found
to be given by:

Efrn(w) ,—Erp(W) G(u)+AuBF(u)
) () = SIS A = 0.0005372 and B = 482842262, ©)

2
g\ —=

. . N 2 _4 _8\ 3
where u is the reduced electron density, u = %, F(u) = aus (1 + bu 3 + cu 3) , a=
c(v)

[vR/9) xu” b=1()" e =R ()" and G = Ln(w + 275 xux e d =

1920
23/2 [ﬁ - 13_6] > 0.

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

EFrI((u;a)( EFp(u«l)) « —1, to the LD[a(d)-X]BR-case, or
B

to the non-degenerate case, Eq. (5) is reduced to the functlon G(u).

(5) is reduced to the function F(u), and (ii)

Secondly, if denoting the effective Wigner-Seitz radius rg, characteristic of the interactions, by:

1/3
— 8 Bcw) Me(v)
rsn(sp)(Nd(a), rd(a)) =1.1723 X 10° X <Nd(a)> X Sy’

the correlation energy of an effective electron gas, Ecp(cp) (Nd(a)' rd(a)), is given as (Van Cong et al.,
2022):

0.87553 , (2[1-1In(2)] _
. (N ) 087553 +0-0908+r5n(5p)'( 7 2)XIn (ren(sp))—0.093288
T =
cn(ep)\ (@) 1d@)J T 0.0908+rgn(sp) 1+0.03847728 X158 /24876

Now, taking into account various spin-polarized chemical potential-energy contributions such as (Van
Cong, 20106): 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 as follows.

Then, in the n-type heavily doped X-crystals, the BGN is found to be given by:

1/3

AEgn(Ng,rq) = a5 X S(sr" X N7 +ap X %5 % N3 X (2.503 x [ E (rsn) X Igp]) +az X

g, 1°/% [ 1/4 , 1/2 _ Ng
[s(rd)] XN tag X e(rq XN N (9.999><1017 cm—3)’

©)
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where a; = 3.8 X 1073(eV), a, = 6.5 X 107*(eV), a3 = 2.8 X 1073(eV), a, = 5.597 x 1073(eV)
and ag = 8.1 X 107*(eV), and in the p-type heavily doped X-crystals, as:

1

AEgy(Na,ry) = a; X 25 x N/% 2, X 2o X N¥ X (2503 X [—Ec(rgp) X Igp]) + a3 X
o 5/4 m, 1/4 €0 1/2 €0 % %
L(ra)] X fm—v XN+ 2a, X /@ X N."" +as X [s(ra)] X N,
— Na
N = (9.999><1017 cm—3)’ Y

where  a; =3.15x 1073(eV), a, =5.41 x 107*(eV), a; =2.32x1073(eV), a, =4.12 X
1073(eV) and ag = 9.80 X 1075(eV).

Therefore, in the HD[d(a)-X]ER, we can define the effective extrinsic carrier concentration, nzn(ep), by :
* — AEa n(a
Nencepy (Nagay Tr Taca)) = /Naga) X Po(No) = Nin(ip) X €xp [ﬁ] , ®)

where the apparent band gap narrowing (ABGN), AEgn(agp), is defined by:

N
AEqgn(Na, T, ) = AEgn +ksT X In (§E) = Ern(Na, T),

Na
AEqgy(Na T, a) = AEgy + ks T X In (§2) + Erp (Na, T]: 9)

Total minority-carrier saturation current density

In the two n* (p*) — p(n) X-junction solar cells, denoted respectively by I(II), the total cartier-minority
saturation current density is defined by:

]oI(oII) = ]Eno(Epo) + ]Bpo(Bno) (10)

where Jgpo(Bno) is the minority-electron (hole) saturation current density injected into the L.D[a(d)-X]BR,

and Jgno(Epo) 18 the minority-hole (electron) saturation-current density injected into the HD[d(a)-X]ER.

]Bpo(Bno) in the LD[a(d)-X]BR
Here, Jppo(Bno) i determined by (Van Cong, 1999):

D (N ,r )
2 e(h)Na(d)"a(d)
eXNip(in) (Ta(@)) X TeB(hB) Na(d))

Naa)

JBpo(Bno) (Nacdy Taca) ) = ) (11)
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where nizp(in)(rd(a)) is determined in Tables 1 and 2, Decny(Nacqy, Faca)) is the minority electron
(minority hole) diffusion coefficient:

] 2
De(Nq 1) = 25 x 850 + ——— | x (£2)" (em?s71), (12)
! 1+(8><1017cm‘3) i ?
| 1165 _ z -
Dn(Ng,rq) =20 x [85 + —15 o (SCO) (em2s), (13
1+(4-><1017 cm_3) ?

and Teghp)(Na(q)) is the minority electron (minority hole) lifetime in the BR:

Tep(Na) ™1 = = +3 X 10713 X N, + 1.83 x 1071 X N2, (14)
Tp(Ng) ™! = —5 +11.76 X 10713 x Ng + 2.78 x 10731 x N3, (15)

JEno(Epo) in the HD[d(a)-X]ER

In the non-uniformly and heavily doped emitter region of d(a)-X devices, the effective Gaussian d(a)-
density profile or the d(a) (majority-e(h)) density, is defined in such the HD[d(a)-X]ER-width W, as (Van
Cong et al., 2022):

x 2
X 2 Nd(a) _ Nd(a) _(W)
pd(a)(x, Nd(a),W) = Nd(a) X exp {— (W) X In [—Ndo(ao)(w)]} = Nd(a) X [—Ndo(ao)(w)] 5 0<x<
w,
3 i ; w 1.066 (0.5) s
Ndo(asy(W) = 7.9 X 1017 (2 X 105) X exp {— (= = —) } (cm™),  (16)

where pga)(X = 0) = Nga) is the surface d(a)-density, and at the emitter-base junction, pq)(X =
W) = Ngo(ao) (W), which decreases with increasing W. Further, the “effective doping density” is defined
by:

* _ AEa n(a (pda'rda)
Na@ (% Td(@) = Pdea) (X)/exp[ gn gplzBT @Td@ ]

% _ — Na@
Nd(a)(x =0, rd(a)) = [AEagnagp)(Naga)aca)) > and
exp BT
X — Ndo(ao)(W)
N’ x=W, r = 17
i@ a@) AEagn (agp)(Ndo(ao) W)Td(a)) | an
exp KpT
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where the apparent band gap narrowing AE,gncagpy is determined in Eq. (9), replacing Ngca) by
Pd(a) (X, Na@, W ) The same remark can be applied to following Equations (18-20).

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

(cm™> X s),

2 * 2
— Dinip)(Trd@) _ Nd@ _ Na@ ., (Nindp) ™ — Nd@)
Fre)(Ngcay Ta)) = = = X =

Po(No)XDhee)  Dh(e)  Dh(e) AEagn(agp)]

nin(ip) Dh(e)xexp[ kBT

(18)

the minority hole (electron) diffusion length, Ly e) (Nd(a)’ rd(a)) by:

% 2 2 2
_2 B -1 2 Ni@) _ Nin(ip)(Td(a))
Lhte)(Nagay Ta@) = [Theer) X D] = (C X Freey )" = (C X Dh(e)) - (C X Po(No)XDh(e)/

(19)

where the constant C was chosen to be equal to: 2.0893 X 1073% (cm*/s), and the minority hole
(minority electron) lifetime Tyg(eg) as:

1 1

ThE(eE) = (20)

—2 = 2 -
Dh(e)XLn(ey  Dn(e)*(CxFeqn) )

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:

2
Nin(
Po(0[No ()] = i, @1

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

Po () [N (X)].

_ pOME)]=po () [ne (]
u(x) = Po®Me®]

(22)

which must verify the two following boundary conditions as:

_ — =Jn(x=0)[Je(x=0)]
Uk = 0) = 5 o) ineGm0)]

ux=W) = exp(

)
nyp(V)xVr
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Here, nypy (V) is a photovoltaic conversion factor determined latter, S (?) is the surface recombination

velocity at the emitter contact, V is the applied voltage, Vr = (kgT/e) is the thermal voltage, and the
minority-hole (electron) current density Jpe) (X, rd(a)).

Further, from the Fick’s law for minority hole (electron)-diffusion equations, one has (Van Cong et al.,
2022):

—e(+e)Xnfyip) 5 dutx) _ —e(+e)nfyipyDh(e) Nd(a) Fd(a)) % du(x)

Fh(e) (X) dx Nz(a) (x,rd(a)) dx °

Jhe) (% Ta@) = (23)

where Ng(a) (X, T4ea)) is given in Eq. (17), Dy(ey and Fy(e) are determined respectively in Equations (12,
13, 18), and from the minority-hole (electron) continuity equation as:

dIne)(®rd@) _ 2 u®) - _ 2 ux)
dx o e(+e) X 1j n(p) X Fh(e)(X)XLﬁ(e)(X) - e(+e) X 1; n(p) X N’é(a)(x,rd(a))x ThE(eE)’
(24)
Therefore, the following second-order differential equation is obtained:
d?u(®)  dFpe®  du(®x)  u®
dx? dx X dx lel(e)(x) o (25)

Then, taking into account the two above boundary conditions given in Eq. (22), one thus gets the general
solution of this Eq. (25), as:

_ sinh(P(x))+I(W,S)xcosh(P(x)) ( ( \ )_ )
u(x) = SInh(POW)) +1(W,S)xcosh(PW)) < \ =P \ar (Vxvir 1), (20)

where the factor (W, S) is determined by:

Dhey(Nd(ayo(W))

I(W,S) = SxLn(e) (Ndo(ao) (W)’

@7)

dP(x)

X

= C X Fye) (x):@, C = 2.0893 x 10730 (cm*/s), for the X-crystal, being an

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

Further, since

_ dx _ 1 W  dx _ w Lh(e) w

P = [ 0<X<W,Px=W)= (=X = —— =10 _x

=l Lh(e)(x))’ - PC )= G Jo Lh(e)(x>) Lh@®  Lh@®  Lne’
(28)

291
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where L’:fl(e) (x) is the effective minority hole (minority electron) diffusion length. Further, the minority-
hole (electron) current density injected into the HD[d(a)-X]ER is found to be given by:

]h(e) (X, W, Nd(a), I'dca) S, V) = —]Eno (X; w, Nd; Iy, S) []Epo (X; w, Na: Iy, S)] X <eXp (—H[(H)(V)XVT) —
1), 29)
where Jgno(Epo) 1S the saturation minority hole (minority electron) current density,

enyip)XDh(e h(P(x))+1(W,S)xsinh(P(x))
]Eno(Epo) (X‘ w, Nd(a)» Td(a) S) — (ip) (e) cos X sin X (30)

N’é(a) (Xrda))XLnee)  sinh(P(W))+I1(W,S)xcosh(P(W))’

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

Jenocepe) (X = 0, W, Nagay, Faga), ) = Ngzziifi‘;);s:ﬁ(e) T Gl
JEno(Epo) (X = W, W, Ny(ay, Taca), S) = Nd(j?:;\(lvpi:(]))};;i.h() Efif:éfﬂf:ﬁ;’igi (32)
and then,

Jh(e)(x=0,WNg(a) da)SV) — JEno(Epo)(X=0,W,Ng@a)Td@)S) _ 1 (33)

]h(e)(X=W'WJNd(a)'rd(a)'S'V) - ]Eno(Epo)(X=W'W'Nd(a)'rd(a)'s) - COSh(P)+IXSil’1h(P).
Now, if defining the effective excess minority-hole (electron) charge storage in the emitter region by

ThE(eE) (Nd(a)Td(a)) dx. and the

y w

heey(X = W, Ngya), T = |, +e(—e) X X X

Qhe) ( Gy Ta@) = J +e(=€) X ul) X po (Mo (0] x - = om 5w s .
effective  minority hole  (minority electron) transit time [htt(ett)] by: Thyerry (X =

W, W, Ny Taay S) = Qhiey (X = W, Ng(ay, Taca)) /JEnoepoy (X = W, W, Ngqay, Tq(a), S), and  from
Equations (24, 31), one obtains:

Thteety X=W.W.Nqg(a) rd@)S) _ JEno(Epo) (X=0,W,Ng(a)Td(a)S) 1

ThE(eE) ]Eno(Epo)(XZW,W.Nd(a);rd(a);S) COSh(P)+IXSinh(P).

(34)

Now, some important results can be obtained and discussed below.
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Dh(e)(Ndo(ao)(W))
SXLn(ey(Ndoao)(W))

As P &1 (or WK Lyge)) and S = o0, [ = (W, S) = - 0, from Eq. (34), one has:

Thtt(ett) (x=W,W,Ng(a)Td(a).S)
ThE(eE)

from Eq. (32), one obtains:

— 0, suggesting a completely transparent emitter region (CTER)-case, where,

enizn(ip)XDh(e) 1
Nz(a) (X=W,I‘d(a)) XLh(e) P(W)

JEno(Epo) (X = W, Ngay, Tacay, S = ©) - (35)

Dh(e)(Ndo(ao)(W))
SXLh(ey(Ndoao)(W))

Further,as P >> 1 (or W >> Ly(ey) and S = 0,1 = (W, S) = — 00, and from Eq. (34)

Tﬁtt(ett) (x=W,W,Ng(a)Td(a)-S)

ThE(eE)

where, from Eq. (32), one gets:

one has: — 1, suggesting a completely opaque emitter region (COER)-case,

enfi ip) XDh(e)
N*d(a) (x=W,rd(a))><Lh(e)

]Eno(Epo) (X =W, Nd(a), I'q(a) S-— 0) - X tanh(P) (36)

In summary, in the two n*(p*) — p(n) X-junction solar cells, the dark carrier-minority saturation
current density Jo1(o1r), defined in Eq. (10), is now rewritten as:

Jorcorry (W, Nacay, Tacay, S Nacay Tady) = Jeno(epo) (W, Nacay Tacay S) + JBpo(@no) (Nacdy Tacd))s
37

where Jgno(Epo) 20d JBpo(Bno) are determined respectively in Equations (32, 11).

Photovoltaic conversion effect at 300K

Here, in the n*(p*) — p(n) X-junction solar cells at T=300 K, denoted respectively by I(II), and for
physical conditions, respectively, as:

W = 0.1 (0.1) pm, Ny=re(a=cay = 10*° (102°) em™3,740(40), S =
100 (100) (%); Na=caa=rey = 1017 (10'7) cm™3, r44(q0), for X= CdTe, and (38.1)

W = 0.1 (0.1) pm, Ny=re(a=cay = 10*° (102°) em™3,740(40), S =
100 (100) (%); Na=caca=rey = 10Y7(107) cm™2, 14040y, for X= CdSe, (38.2)

we propose, at given open circuit voltages: Vocr1(ocrz) and Vocriocrrz), the corresponding data of the
short circuit current density Jsci(i), in order to formulate our following treatment method of two fixe
points as:
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fOt X= CdTe and at VOCIl(OCIZ) = VOCIIl(OCIIZ) = 073 (08759) V,

]scll(sclz) = ]sclll(scllz) = 0.0216 (0.03025) (A/sz), and 39.1)
for X= CdSe and at VOCIl(OCIZ) = VOCUl(OC”Z) = (0.87 (103) V,
Jsericserz)y = Jscrricserrzy = 0.02432 (0.0202) (A/cm?). (39.2)

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-junction of
solar cells, as:

= — Xian(V) _ -V — kgT _
JV) = Jon.(V) = Jorcomy % (e 1), X;an(V) = — Vp=-2==0.02585V,

(40)

where the function 1y (V) is the photovoltaic conversion factor (PVCF), noting that as V = V., being
the open circuit voltage, J(V) =0, the photocurrent density is defined by: ]ph.(V =V,.) =

]scI(scII) (W: Nd(a): rd(a): S, Na(d)' ra(d)' Voc)a for Voc = VocIl(ocIIl)-

Therefore, the photovoltaic conversion effect occurs, according to:

Jseisey(W, Naay Tacayr S» Nacay Tacay Vo) = Jorcory(W, Nacay Taay S» Nacay Ta(ay) X
(eXI(u)(Voc) — 1)' (41)

VO C

where 11 (Voe) = Man (W, Nagay Tacay S» Nacay Tacay Vo )» and Xiany (Voe) = rran Vo XVT"

Here, one remarks that (i) for a given V¢, both 1y and Jo;¢r) have the same variations, obtained in

the same physical conditions, as observed in many cases, and (ii) the function (eX’(”)(V"C) - 1) or the
PVCEF, ny (), representing the photovoltaic conversion effect, converts the light, represented by Js¢y(scir)»
into the electricity, by Jorcorr-

Then, from Eq. (41), for n*(p*) — p(n) X-junction solar cells, one respectively obtained:
for X= CdTe,

n11(12)(Vocll(oclz)']scll(sclz))20-6846 (0.8147)  and nlll(IIZ)(Voclll(ocllz)']sclll(scIIZ)):0~70157
(0.8348), and for X= CdSe,

1.2y (Voeri ocrzy Jseri(serzy ) =0-6656 (0.7910) and 1yp1 112y (Voer ocirzy Jscrragseirzy ) =0-6618 (0.7864).
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Now, for Voo = Vocri(oerny and X= (CdTe, or CdSe), respectively, one can propose the general
expressions for the PVCF, in order to get exactly the above obtained values of 1y (j2) and nyq(2),

x(B)
nl(u)(W; Nacay Taca) S» Nacay Ta(a) Voc) = Ny + Nyzarz) X (L - 1) , (42

VocIl(ocIIl)
where o (f) = 1.139 (1.13972),1.0878 (1.0881).
Therefore, one can determine the general expressions for the fill factors, as:

X1an Vo) —In[X1an (Vo) +b |
X1an(Voc)+a

Fiany(W, Nagay, Tacay S Naay Taay, V) = a,b=0, (43)

b

where a and b will be chosen here, as: a=1, b=0.72, corresponding to the ideal X-junction solar cells, and
a=b=0, according to limiting highest values of Fjp).

Finally, the efficiency 7y can be defined in the n* (p*) — p(n) junction solar cells, by:

Isci(sein*XVocXF1(11)

bl
Pin.

Man (W, Naay, Taca)» S Naay Tacay Vo) = (44)

being assumed to be obtained at 1 sun illumination or at AM1.5G spectrum (P;, = 0.100 Cmﬂz)

Numerical Results and Concluding Remarks

We will respectively consider the two following cases:

HD [P(B); As (Ga); Sb(Mg); Sn(In)] X — ER — LD [B (P); Ga (As); Mg (Sb); In (Sn)] X —

BR —cases,

noting that, for each X-crystal, one has: 4 (n*p) — junctions: (P*B, As*Ga, Sb*Mg, Sn*In), and 4
(p*n) — junctions: (B*P, Ga*As, Mg*Sb, In*Sn). Then, one proposes the physical conditions for the
determination of various photovoltaic conversion coefficients, as:

W=0.1 (01) um, Nd(a) = 1019 (1020) Cm_3, S =100 (100) (Cm/S ); Na(d) =
10%7 (10%7) cm™3, for X= CdTe, and 45.1)

W = 0.1 (0.1) um, Ngg,y = 10'° (10%°) cm™3,S = 100 (100) (cm/s ); Naq) =
107 (10'7) cm™3, for X= CdSe. (45.2)

n* (p*) — p (n) CdTe-Junction Solar Cells

First HD [As; Te; Sb; Sn] CdTe — ER —LD [Ga; Mg; In; Cd ] CdTe —
BR —case

Here, there are the 4 (n*p) — CdTe junctions, being denoted by: (As*Ga, Te*Mg, Sb*In, Sn* Cd).
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Then, from the physical conditions given in Eq. (45.1), one respectively gets: from Eq. (34), Thi

ThE
(0,0,0,0),suggesting a completely transparent condition, from Eq. (32), JEno =

(224,2.21,220,219) x 1072 (=5), from Eq. (1), Jppo = (619,2.97,2.72,2.64) X
10720 (=), and finally from Eq. (37), o1 = (6.19,2.97,2.72,2.64) X 1072° (=) = Jgy,,,

sz 2
which decreases with an increasing r,, due to the increase in the IBG, as observed in Table 1.

Second HD [Ga; Mg; In; Cd] CdTe — ER — LD [As; Te; Sb; Sn] CdTe —
BR —case

Here, there are 4 (p*n) — CdTe junctions: (Ga*As, Mg*Te, In*Sb, Cd*Sn).

Then, from the physical conditions given in Eq. (45.1), one respectively obtains: from Eq. (34), % =
eE

(0,0,0,0) suggesting a completely transparent condition, from Eq. (32), Jepo =

(1.33,0.69,0.64,0.62) x 107%° (=), from Eq. (1),  Jpno = (1.05,0.95,0.94,0.92) X
10729 (=), and finally from Eq. (37), Jo = (1.44,0.79,0.73, 0.71) x 107%° (=) = Jgpo,
which decreases with an increasing r,, due to the increase in the IBG, as observed in Table 1.

n* (p*) — p (n) CdSe-Junction Solar Cells

First HD [Se; Te; Sb; Sn] CdSe — ER — LD [Ga; Mg; In; Cd | CdSe —
BR —case

Here, there are the 4 (n*p) — CdSe -junctions, being denoted by: (Se*Ga, Te*Mg, Sb*In, Sn* Cd).

ThE

(0,0,0,0),suggesting a completely transparent condition, from Eq. (32), JEno =

(2.18,2.03,1.94,1.85) x 10~27 (ﬁ) from  Eq. (1), Jgpo = (4.54,2.89,2.74,2.69) X
_ A , _ A

1072 (=), and finally from Eq. (37), Jor = (4.54,2.89,2.74,2.69) X 1072* (=) = Jg,,

which decreases with an increasing r,, due to the increase in the IBG, as observed in Table 2.

Then, from the physical conditions given in Eq. (45.2), one respectively gets: from Eq. (34),

Second HD [Ga; Mg; In; Cd] CdSe ER —
LD [Se; Te; Sb; Sn | CdSe BR —case

Here, there are 4 (p*n) — CdSe junctions: (Ga*Se, Mg* Te, In*Sb, Cd*Sn).

Then, from the physical conditions given in Eq. (45.2), one respectively obtains: from Eq. (34), % =
eE

(0,0,0,0) suggesting a completely transparent condition, from Eq. (32), Jepo =

(1.56,1.09,1.05,1.03) x 10~2* (i) from Eq. (11,  Jgno = (0.97,0.76,0.68,0.59) x

cm?
_ A . _ A
1072* (=), and finally from Eq. (37), Jor = (2.54,1.86,1.73, 1.62) X 1072* (=) = Jg,,
which decreases with an increasing r,, due to the increase in the IBG, as observed in Table 2.
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Finally, in the HD[(As; Te; Sb; Sn)- X] ER-LD[(Ga; Mg; In; Cd)- X] BR and for physical conditions
given in Equations (45.1, 45.2), our numerical results of ny, Js1, F1, and 1y, are computed, using Equations
(42, 41, 43, 44), respectively, and reported in the following Tables 3, 4, 5, and 6.

Tables 3, 4, 5, 6 are in the Appendix 1.

In summary, for a given (X= CdTe, or CdSe)- crystal at T=300 K, one notes that, with an increasing
ra(d):

- Joioiny decreases, due to the increase in the IBG (as observed in Tables 1 and 2),

- and then, as observed in Tables 3, 4, 5, and 6, for a given Vi, the photovoltaic conversion factor
(PVCE), ny(ypy, decreases, giving rise to the increase in Ny, in good agreement with an important result,
obtained by Shockley and Queisser (1961)], stating that, for IBG < 1.6 eV, ny() increases with increasing
1BG.

Finally, from the well-known Carnot’s theorem, being obtained from the second principle of the
thermodynamics, 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 to the H-reservoir
temperature, Ty, expressed as:

Ty-T
Nmax. = l_-Ir_HC: (46)

suggesting that Nyax. and Ty have the same variations.

Here, for example, from Tables 4 and 6, and for a= b=0, chosen in Eq. (43) for the fill factor F, the
values of Nyax. are found to be given by: 26.55 % and 23.69 %, obtained at Vi, =0.82 V and 0.89 V,
respectively, and at T=300 K= T¢. Therefore, from Eq. (46), with Npax = 26.55 % and 23.69 %, one
obtains: Ty=408.4 K and 393.1 K, respectively. Thus, as noted above, Nyax. and Ty both increase with
an increasing IBG, for each (X= CdTe, or CdSe)- crystal at T=300 K= Tg.

References Kate, O.M.T., Jong, M.D., Hintzen, H.T. & van
der Kolk, E. (2013). Efficiency enhancement

Green, M.A., Dunlop, ED,, Levi, D.H., Hohl- calculations of states-of-the-art solar cells by

Ebinger, J., Yoshita, M., Kopidaki's, N, ... & luminescent layers with spectral shifting,
Hao,‘ X. (2022 Solgr cell efﬁ.clency tables quantum cutting, and quantum tripling function.
(version 60). Progress in Photovoltaics Research & Journal of Applied Physics, 114, 084502, 1-9
Applied; 30, 687-701. http://doi.org/10.1063/1.4819237

https://doi.org/10.1002/pip.3595

_ Kharchich, F.Z. & Khamlichi, A. (2023).
Green, M.A. (1981) Solar'(':ell Fill Facfcors: Simulation aided design of a high efficient GaSb
General Graph and Empirical Expressions. based single-junction solar cell. International

Solid-State ) Electronics, 24, 788-789. Review of Applied Sciences and engineering, 14, 201-
http. dX.dOl.OrQ 101016 0038— 2011

1101(81)90062-9

WWW.EJTAS.COM EJTAS 2023 | VOLUME 1 | NUMBER 6


https://doi.org/10.1002/pip.3595
http://dx.doi.org/10.1016/0038-1101(81)90062-9
http://dx.doi.org/10.1016/0038-1101(81)90062-9
http://doi.org/10.1063/1.4819237

Kittel, C. (1976). Introduction to Solid State Physics.
New York: Wiley.

Levinshtein, M., Sumyantsev, S. & Shur, M.
(1999). Handbook Series on semiconductor parameters.
Volume 1. World Scientific.
https.doi.org/10.1142/9789812832078 0001

Parola, S., Vauthelin, A., Tournet, J., Kret, J. &
El Husseini, J. (2019). Improved efficiency of
GaSb solar cells using an
Al0.50G2a0.50A50.04Sb0.96 window layer. Solar
Energy Materials and Solar Cells, 200, 110042.
https.doi.org/10.1016/j.solmat.2019.110042ff

Shockley, W. & Queisser, H. J. (1961). Detailed
balance limit of efficiency of p-n junction solar
cells. Journal of Applied Physics, 32, 510-519.
http://doi.org/10.1063/1.1736034?ver=pdfcov

Singh, P. & Ravindra, N. (2012). Temperature
dependence of solar cell performance - An
analysis. Solar Energy Materials and Solar Cells, 101,
36-45.
http://doi.org/10.1016/j.s0lmat.2012.02.019

Van Cong, H. (2022). New dielectric constant,
due to the impurity size effect, and determined
by an effective Bohr model, affecting strongly
the Mott criterion in the metal-insulator
transition and the optical band gap in degenerate
(Si, GaAs, InP)-semiconductors. SCIREA
Journal of Physics, 7, 221-234.
https://doi.org/10.54647 /physics14498

Van Cong, H., Ho-Huynh Thi, K.C, Huynh-
Pivet, C.T., Pivet, A. & Damien, P. (2022).
30.76% (42.73%)- New Limiting Highest
Efficiencies obtained in n*(p*™) — p(n)
Crystalline GaAs Junction Solar Cells at 300K,
Due to the Effects of Heavy (Low) Doping and
Impurity Size. SCIREA Journal of Physics, 7, 180-
199. https://doi.org/10.54647 /physics14490

Van Cong, H. (2016). Effects of impurity size
and heavy doping on energy-band-structure
parameters of various impurity-Si systems.
Physica B, 487, 90-101.
https://doi.org/10.1016/1.physb.2016.02.006

Van Cong, H. (1999). A new solution for
minority-carrier injection into the heavily doped
emitter of silicon devices. Physica Status Solidi A,

171, 631-664.
https://doi.org/10.1002/(SICT)1521-
396X(199902)171:2%3C631::AID-
PSSA631%3E3.0.C0:2-%23

Van Cong, H. & Debiais, G. (1997). Energy
band structure parameters and their data,
derived from the measurements of minority
carrier current density in heavily doped emitters
of silicon devices. Solar Ener. Mater. and Solar

Cells, 45, 385-399.

Van Cong, H. & Debiais, G. (1996). Apparent
band-gap narrowing and its data derived from
the measurements of minority-carrier current
density in heavily doped emitters of silicon
devices. Physica Status Solidi A, 155, 547-553.
https://doi.org/10.1002/pssa.2211550229

Van Cong, H. (1995). A simple accurate solution
to minority electron injection in the p-type
heavily doped emitter region of silicon devices.
Physica  Status  Solidi A, 149, 619-628.
https://doi.org/10.1002/pssa.2211490212

Van Cong, H., & Debiais, G. (1993). A simple
accurate expression of the reduced Fermi energy
for any reduced carrier density. Journal of Applied
Physics, 73, 1545-1546.
https://doi.org/10.1063/1.353232

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

Van Cong, H. (1991). New series representation
of Fermi-Dirac integral Fj(—o < a < ) for
arbitrary j> -1, and its effect on Fj(a = 0,) for
integer = 0. Solid-State Electron., 34, 489-492.

Van Cong, H., Brunet, S. & Martin, J. C. (1984).
Size effect on different impurity levels in
semiconductors. Solid State Communications, 49,
697-699. https://doi.org/10.1016/0038-
1098(84)90223-0

Van Cong, H. (1975). Fermi energy and band-tail
parameters in heavily doped semiconductors. J.
Phys. Chem. — Solids, 36,  1237-1240.
https://doi.org/10.1016/0022-3697(75)90197-
3

WWW.EJTAS.COM EJTAS 2023 | VOLUME 1 | NUMBER 6


http://doi.org/10.1063/1.1736034?ver=pdfcov
http://doi.org/10.1016/j.solmat.2012.02.019
https://doi.org/10.54647/physics14498
https://doi.org/10.54647/physics14490
https://doi.org/10.1016/j.physb.2016.02.006
https://doi.org/10.1002/(SICI)1521-396X(199902)171:2%3C631::AID-PSSA631%3E3.0.CO;2-%23
https://doi.org/10.1002/(SICI)1521-396X(199902)171:2%3C631::AID-PSSA631%3E3.0.CO;2-%23
https://doi.org/10.1002/(SICI)1521-396X(199902)171:2%3C631::AID-PSSA631%3E3.0.CO;2-%23
https://doi.org/10.1002/pssa.2211550229
https://doi.org/10.1002/pssa.2211490212
https://doi.org/10.1063/1.353232
https://doi.org/10.1016/0038-1098(84)90223-0
https://doi.org/10.1016/0038-1098(84)90223-0
https://doi.org/10.1016/0022-3697(75)90197-3
https://doi.org/10.1016/0022-3697(75)90197-3

Appendix 1

Table 3. In the HD [(Ga; Mg; In; Cd)-CdTe] ER-LD [(As; Te; Sb; Sn)-CdTe] BR and for physical conditions given in Eq. (45.3), our numerical

results of ny, Js¢1, Fy, and 1y, are computed, using Equations (42, 41, 43, 44), respectively. Here, on notes that, for a given V,,c and with increasing Iqca),

the function n; decreases, while other functions J, F, and 1 increase, being due to the r,4) —effect, suggesting thus the new obtained results

VOC (V)

‘ Ny

mA
‘ ]scII (m)

Fii(%)

| N (%)

In Eq. (43), obtained for the F as a=1 and b=0.72, according to an ideal solar cells (Green, 1981).

p'n

Ga*As; Mg*Te; In*Sb; Cd*Sn

Ga*As; Mg*Te; In*Sb; Cd*Sn

Ga'tAs; Mg*Te; In*Sb; Cd*Sn

Ga*As; Mg*Te; In*Sb; Cd*Sn

0.73

0.714; 0.703; 0.702; 0.701

21.60; 21.60; 21.60; 21.60

88.42; 88.55; 88.57; 88.57

13.94; 13.96; 13.97; 13.97

0.81

0.782; 0.770; 0.769; 0.769

35.62; 35.88; 35.91; 35.92

88.53; 88.66; 88.68; 88.68

25.54; 25.76; 25.79; 25.80

0.82

0.792; 0.780; 0.779; 0.778

35.33; 35.58; 35.61; 35.62

88.53; 88.66; 88.68; 88.68

25.65; 25.87; 25.89; 25.90

0.83

0.802; 0.790; 0.789; 0.788

34.78; 35.02; 35.04; 35.05

88.53; 88.66; 88.67; 88.68

25.56; 25.77; 25.79; 25.80

0.8759

0.849; 0.837; 0.835; 0.835

30.10; 30.23; 30.24; 30.25

88.49; 88.63; 88.64; 88.65

23.33; 25.406; 23.48; 23.49

1.2

1.228; 1.210; 1.208; 1.207

3.725; 3.619; 3.607; 3.602

88.01; 88.15; 88.16; 88.17

3.934; 3.828; 3.816; 3.811

In Eq. (43), obtained for I as a=b=0,

according to highest values of I.

p'n

Ga*As; Mg*Te; In*Sbh; Cd*Sn

Ga*As; Mg*Te; In*Sbh; Cd*Sn

Ga*As; Mg*Te; In*Sb; Cd*Sn

Ga*As; Mg*Te; In*Sb; Cd*Sn

0.73

0.714; 0.703; 0.702; 0.701

21.60; 21.60; 21.60; 21.60

90.70; 90.80; 90.81; 90.82

14.30; 14.32; 14.32; 14.32

0.81

0.782; 0.770; 0.769; 0.769

35.62; 35.88; 35.91; 35.92

90.79; 90.89; 90.90; 90.90

26.19; 26.41; 26.44; 26.45

0.82

0.792; 0.780; 0.779; 0.778

35.33; 35.58; 35.61; 35.62

90.78; 90.89; 90.90; 90.90

26.30; 26.51; 26.54; 26.55

0.83

0.802; 0.790; 0.789; 0.788

34.78; 35.02; 35.04; 35.05

90.78; 90.88; 90.89; 90.90

26.21; 26.41; 26.44; 26.45

0.8759

0.849; 0.837; 0.835; 0.835

30.10; 30.23; 30.24; 30.25

90.76; 90.86; 90.87; 90.87

23.93; 24.006; 24.07; 24.08

1.2

1.228; 1.210; 1.208; 1.207

3.725; 3.619; 3.607; 3.602

90.39; 90.49; 90.50; 90.51

4.040; 3.930; 3.917; 3.912
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Table 4. In the HD [(As; Te; Sb; Sn)-CdTe] ER-LD [(Ga; Mg; In; Cd)-CdTe] BR and for physical conditions given in Eq. (45.3),
our numerical results of Ny, Jsc1, Fip, and 1y, are computed, using Equations (42, 41, 43, 44), respectively. Here, on notes that, for a given V. and
with increasing I'y(q), the function ny; decreases, while other functions Jsy, Fyj, and 1y increase, being due to the 14,y — effect, suggesting thus the
new obtained results

Voc(V) | ny Jsc1 o) | F1(%) (%)

In Eq. (43), obtained for the F as a=1 and b=0.72, according to an ideal solar cells (Green, 1981).

n*p Se*Ga; Te*Mg; Sb*In; Sn*Cd Se*Ga; Te*Mg; Sb*In; Sn*Cd Se*Ga; Te*Mg; Sb*In; Sn*Cd Se*Ga; Te*Mg; Sb*In; Sn*Cd
0.87 0.673; 0.667; 0.666; 0.666 24.32; 24.32; 24.32; 24.32 90.34; 90.41; 90.42; 90.42 19.11;19.13; 19.13; 19.13
0.88 0.679; 0.673; 0.672; 0.672 27.21; 27.24; 27.24; 27.24 90.36; 90.43; 90.44; 90.44 21.64; 21.68; 21.68; 21.68
0.89 0.686; 0.680; 0.679; 0.679 28.70; 28.74; 28.75; 28.75 90.37; 90.44; 90.44; 90.45 23.08; 23.13; 23.14; 23.14
1.03 0.799; 0.792; 0.791; 0.791 20.17; 20.14; 20.14; 20.14 90.32; 90.38; 90.39; 90.39 18.76; 18.75; 18.75; 18.75
1.1 0.861; 0.853; 0.852; 0.852 13.45;13.38; 13.37; 13.37 90.25; 90.32; 90.33; 90.33 13.35; 13.29; 13.29; 13.29
1.2 0.951; 0.942; 0.941; 0.941 7.136; 7.061; 7.052; 7.049 90.16; 90.22; 90.23; 90.24 7.720; 7.645; 7.636; 7.633
In Eq. (43), obtained for I as a=b=0, according to highest values of .

n*p Se*Ga; Te*Mg; Sb*In; Sn*Cd Se*Ga; Te*Mg; Sb*In; Sn*Cd Se*Ga; Te*Mg; Sb*In; Sn*Cd Se*Ga; Te*Mg; Sb*In; Sn*Cd
0.87 0.673; 0.667; 0.666; 0.666 24.32; 24.32; 24.32; 24.32 92.18; 92.23; 92.24; 92.24 19.50; 19.51; 19.52; 19.52
0.88 0.679; 0.673; 0.672; 0.672 27.21; 27.24; 27.24; 27.24 92.19; 92.24; 92.25; 92.25 22.08;22.11; 22.11; 22.12
0.89 0.686; 0.680; 0.679; 0.679 28.70; 28.74; 28.75; 28.75 92.20; 92.25; 92.26; 92.26 23.55; 23.60; 23.60; 23.61
1.03 0.799; 0.792; 0.791; 0.791 20.17; 20.14; 20.14; 20.14 92.16; 92.21; 92.22; 92.22 19.15;19.13; 19.13; 19.13
1.1 0.861; 0.853; 0.852; 0.852 13.45;13.38; 13.37; 13.37 92.11; 92.16; 92.17; 92.17 13.63; 13.57; 13.56; 13.56
1.2 0.951; 0.942; 0.941; 0.941 7.136; 7.061; 7.052; 7.049 92.03; 92.09; 92.09; 92.09 7.881; 7.802; 7.793; 7.790
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Table 5. In the HD[(Se; Te; Sb; Sn)- CdSe] ER-LD[(Ga; Mg; In; Cd)- CdSe] BR and for physical conditions given in Eq. (45.3), our numerical

results of ny, Js¢1, Fy, and 1y, are computed, using Equations (42, 41, 43, 44), respectively. Here, on notes that, for a given V,,c and with increasing I'q(a),

the function ny decreases, while other functions J, Fj, and 1j increase, being due to the ry,)-effect, suggesting thus the new obtained results

VO [of (V)

| n

]scl(%)

| F1(%)

| n1(%)

In Eq. (43), obtained for the I as a=1 and b=0.72, according to an ideal solar cells (Green, 1981).

n*p

Se*Ga; Te*Mg; Sb*In; Sn*Cd

Se*Ga; Te*Mg; Sb*In; Sn*Cd

Se*Ga; Te*Mg; Sb*In; Sn*Cd

Se*Ga; Te*Mg; Sb*In; Sn*Cd

0.87

0.673; 0.667; 0.666; 0.666

24.32; 24.32; 24.32; 24.32

90.34; 90.41; 90.42; 90.42

19.11; 19.13; 19.13; 19.13

0.88

0.679; 0.673; 0.672; 0.672

27.21; 27.24; 27.24; 27.24

90.36; 90.43; 90.44; 90.44

21.64; 21.68; 21.68; 21.68

0.89

0.686; 0.680; 0.679; 0.679

28.70; 28.74; 28.75; 28.75

90.37; 90.44; 90.44; 90.45

23.08; 23.13; 23.14; 23.14

1.03

0.799; 0.792; 0.791; 0.791

20.17; 20.14; 20.14; 20.14

90.32; 90.38; 90.39; 90.39

18.76; 18.75; 18.75; 18.75

1.1

0.861; 0.853; 0.852; 0.852

13.45;13.38; 13.37; 13.37

90.25; 90.32; 90.33; 90.33

13.35; 13.29; 13.29; 13.29

1.2

0.951; 0.942; 0.941; 0.941

7.136; 7.061; 7.052; 7.049

90.16; 90.22; 90.23; 90.24

7.720; 7.645; 7.636; 7.633

In Eq. (43), obtained for I as a=b=0,

according to highest values of I.

n*p

Se*Ga; Te*Mg; Sb*In; Sn*Cd

Se*Ga; Te*Mg; Sb*In; Sn*Cd

Se*Ga; Te*Mg; Sb*In; Sn*Cd

Se*Ga; Te*Mg; Sb*In; Sn*Cd

0.87

0.673; 0.667; 0.666; 0.666

24.32; 24.32; 24.32; 24.32

92.18; 92.23; 92.24; 92.24

19.50; 19.51; 19.52; 19.52

0.88

0.679; 0.673; 0.672; 0.672

27.21; 27.24; 27.24; 27.24

92.19; 92.24; 92.25; 92.25

22.08;22.11; 22.11; 22.12

0.89

0.686; 0.680; 0.679; 0.679

28.70; 28.74; 28.75; 28.75

92.20; 92.25; 92.26; 92.26

23.55; 23.60; 23.60; 23.61

1.03

0.799; 0.792; 0.791; 0.791

20.17; 20.14; 20.14; 20.14

92.16; 92.21; 92.22; 92.22

19.15; 19.13; 19.13; 19.13

1.1

0.861; 0.853; 0.852; 0.852

13.45; 13.38; 13.37; 13.37

92.11;92.16; 92.17; 92.17

13.63; 13.57; 13.56; 13.56

1.2

0.951; 0.942; 0.941; 0.941

7.136; 7.061; 7.052; 7.049

92.03; 92.09; 92.09; 92.09

7.881; 7.802; 7.793; 7.790
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Table 6. In the HD[(Ga; Mg; In; Cd)-CdSe] ER-LD[(Se; Te; Sb; Sn)- CdSe] BR and for physical conditions given in Eq. (45.3), our numerical
results of Ny, Jscir, Fip, and 1y, are computed, using Equations (42, 41, 43, 44), respectively. Here, on notes that, for a given V. and with increasing

I'a(d)> the function ny; decreases, while other functions Jgy, Fyj, and 1y increase, being due to the r,qg)-effect, suggesting thus the new obtained

results

Voc(V)

Ny

mA
‘ ]scII (m)

Fi (%)

Fi (%)

In Eq. (43), obtained for the I as a=1 and b=0.72, according to an ideal solar cells (Green, 1981).

ptn Ga*Se; Mg*Te; In*Sb; Cd*Sn Ga*Se; Mg*Te; In*Sb; Cd*Sn Ga*Se; Mg*Te; In*Sb; Cd*Sn Ga*Se; Mg*Te; In*Sbh; Cd*Sn
0.87 0.665; 0.661; 0.660; 0.659 24.32; 24.32; 24.32; 24.32 90.43; 90.48; 90.49; 90.50 19.13; 19.14; 19.14; 19.15
0.88 0.671; 0.667; 0.666; 0.665 27.26; 27.28; 27.29; 27.29 90.45; 90.49; 90.50; 90.51 21.70; 21.73; 21.73; 21.74
0.89 0.678; 0.674; 0.673; 0.672 28.79; 28.82; 28.82; 28.83 90.46; 90.50; 90.51; 90.52 23.17; 23.21; 23.22; 23.23
1.03 0.790; 0.785; 0.784; 0.783 20.22; 20.20; 20.19; 20.20 90.40; 90.45; 90.46; 90.47 18.82; 18.82; 18.81; 18.81
1.1 0.851; 0.845; 0.844; 0.843 13.42; 13.37; 13.36; 13.35 90.34; 90.39; 90.40; 90.41 13.34; 13.30; 13.29; 13.28
1.2 0.940; 0.934; 0.933; 0.932 7.069; 7.017; 7.000; 6.995 90.24; 90.29; 90.30; 90.31 7.655; 7.603; 7.591; 7.581
In Eq. (43), obtained for F as a=b=0, according to highest values of F.
ptn Ga*Se; Mg*Te; In*Sb; Cd*Sn Ga*Se; Mg*Te; In*Sb; Cd*Sn Ga*Se; Mg*Te; In*Sb; Cd*Sn Ga*Se; Mg*Te; In*Sb; Cd*Sn
0.87 0.665; 0.661; 0.660; 0.659 24.32; 24.32; 24.32; 24.32 92.25; 92.28; 92.29; 92.30 19.52;19.52; 19.53; 19.53
0.88 0.671; 0.667; 0.666; 0.665 27.26; 27.28; 27.29; 27.29 92.26; 92.29; 92.30; 92.31 22.13;22.16; 22.16; 22.17
0.89 0.678; 0.674; 0.673; 0.672 28.79; 28.82; 28.82; 28.83 92.26; 92.30; 92.31; 92.32 23.64; 23.67; 23.68; 23.69
1.03 0.790; 0.785; 0.784; 0.783 20.22; 20.20; 20.19; 20.20 92.22; 92.26; 92.27; 92.28 19.20; 19.19; 19.19; 19.19
1.1 0.851; 0.845; 0.844; 0.843 13.42;13.37; 13.36; 13.35 92.18; 92.21; 92.22; 92.23 13.61; 13.57; 13.56; 13.55
1.2 0.940; 0.934; 0.933; 0.932 7.069; 7.017; 7.000; 6.995 92.10; 92.14; 92.15; 92.15 7.813; 7.759; 7.746; 7.736
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