SCIREA Journal of Physics

ISSN: 2706-8862

http://www.scirea.org/journal/Physics

November 21, 2023

: i Volume 8, Issue 6, December 2023
R [_L' A https://doi.org/10.54647/physics 140591

(14.82 %, 12.16 %, 26.55 %, or 23.69 %)-Limiting Highest Efficiencies, obtained respectively in
*( )= () Crystalline ( =Ge, GaSb, CdTe, or CdSe)-Junction Solar Cells, Due to the

Effects of Impurity Size, Temperature, Heavy Doping, and Photovoltaic Conversion

H. Van Cong

Université de Perpignan Via Domitia, Laboratoire de Mathématiques et Physique (LAMPS), EA 4217, Département de
Physique, 52, Avenue Paul Alduy, F-66 860 Perpignan, France.

Email: van-cong.huynh@univ-perp.fr ; huynhve@outlook.fr

Abstract:
In the n*(p*) — p(n) crystalline (X =Ge, GaSb, CdTe or CdSe)-junction solar cells at 300K, due to the

effects of impurity size, temperature, heavy doping, and photovoltaic conversion, we show that, with an
increasing donor (acceptor)-radius Iqc,), 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 accordance with an important result obtained by
Shockley and Queisser [ 10], stating that for an increasing IBG the photovoltaic efficiency increases.

Further, for highest values of ry(,), the limiting highest efficiencies are found to be given in Tables 2.2, 3.2,
4.2,and 5.2, as: 14.82 %, 12.16 %, 26.55 %, and 23.69 %,), obtained in such n*(p™) — p(n) crystalline (Ge,
GaSb, CdTe, or CdSe)-junction solar cells at the open circuit voltage =0.33 V, 0.355V, 082V, 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=352.2 K, 341.5 K, 408.4 K, and 393.1 K, respectively.
Thus, as noted above, Nmax. and Ty both increase with an increasing IBG, for each (X=Ge, GaSb, CdTe, or

CdSe)- crystal at T=300 K= T¢.

Keywords: donor (acceptor)-size effect; heavily doped emitter region; photovoltaic conversion factor; open

circuit voltage; efficiency
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1.Introduction

In the present work, the limiting highest efficiencies, Ny, 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-LD[a(d)-X]BR,
X = (Ge, GaSb, CdTe, or CdSe)-crystal, of n*(p™) — p(n) junction solar cells; it is inspired from other
works [1-21].

For each d(a)-X-crystal [1], one notes that: (i) due to the effect of donor (acceptor) d(a)- radius rg(g), with an
increasing I'qca), the relative dielectric constant €(ry(,)) decreases, while the band gap (BG), Egn(gp)(Faca))-
increases, as observed in Equations (1.1, 1.2, ..., 1.4), (ii) due the temperature (T)-effect, the intrinsic BG
(IBG), Egin(gip)(T: Fd(a)), decreases with increasing T, as given in Eq. (3), and (iii) due to the effect of heavy
doping, with increasing d(a)-density, Ny, 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, J0|(0||)(W, Nd(a): Fd(a) S5 Nacd) ra(d)) , defined in Eq. (37),
decreases with increasing IBG, or with increasing Iq(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), JSC|(SC”)(W, Nd(a): Fd(a): S5 Nagdy: Facd); VOC), Vo being the open
circuit voltage, into the electricity, by Joi(or)-

Further, as observed in Tables 2.1, 2.2, ..., 5.1, 5.2, for a given V., the photovoltaic conversion factor
(PVCF), determined in Eq. (42), n,(“)(W, Naay: Fd(ay S5 Na(d): Fa(d)s Voc), decreases with increasing IBG, or
with increasing rq@) , according to the increase in  Jsgscy , in the fill  factor,
Fian(W, Nacay acay S; Nacdy Facdy; Voo) and the efficiency nygry(W, Necay, Facay: S; Nady: Facdy; Voc) » defined
respectively in Equations (43, 44). This remark is found to be in accordance with an important result

obtained by Shockley and Queisser [10], stating that for an increasing IBG, N increases.

2. Effects of Impurity Size, Temperature and Heavy Doping

First of all, in intrinsic X-crystals at temperature T(=0 K) [5-9, 11-21], X= (Ge, GaSb, CdTe, or CdSe), and
at Iq(a) = l'do(ao) » the values of relative dielectric constant, €(rgea)) = €(Fga) = l'do(ac)) = € » effective
average number of equivalent conduction (valence)-band edges, gc(v), relative effective electron (hole) mass

in conduction (valence) bands, (M¢)/M,), unperturbed intrinsic band gap, Ey,, and effective ionization

__ 13600%(Mc(y)/Mo)

energies in absolute values, Egoao) = © )2 meV, are given Tables 1.1, 1.2, 1.3, 1.4.

2.1. Impurity-Size Effect

In such d(a)-X systems at T=0 K, since I'q(), in tetrahedral covalent bonds, is usually either larger or smaller

than rgo(ae) » @ local mechanical strain (or deformation potential energy) is induced, according to a
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compression (or a dilation), for Iy > Fdocag) (for Fqeay < Fdo(ac))» respectively, due to the d(a)-size effect,
as that investigated in [1]. Further, in n(p)-type X crystals, the band gap Egnp)(raca)) and the effective

donor (acceptor)-ionization energy Eqcay(ryca)) are expressed as:

€

for d@a) = I'do(ao)- since 8(rd(a)): ~ - =€,
4@ ) _1 |xin( 4@
\/1+[<rdo(:0)) l] In("do(Zo))
2
€
Egnon (Td@) — Ego = Ed@ (Nd@) — Edotao) = Edogao) X [(e(rd@)) B 1] ’ (1)
according to the increase in both Egngpy and Eqay (aca))
H — € rd(a) 3 rd(a) 3
and for I'qca) < I'go(ao), SINCE €(rya))= - ==t (rdo(ao)) —1fx In(m) <1,
d(a d(a
Jl_[(rdoga()))) _1]xm(rdo§a\3))>
2
— — €
Egnop (Td@) ~ Ego = Eda (Td@) ~ Edotao) = Edo(ao) X [(—S(rd(a))) - 1] , @)

corresponding to the decrease in both Egngp)y and Eqea)(aca))-
2.2. Temperature Effect
Here, the intrinsic band gap in the X-crystal is found to be given respectively by [3, 8]:

_ x10™4xT2
Eginggin) (T Td(a)) = Egnon)(a@) ——7—— 3)

=4561,3.6773,4.465,4.3779,and 3 = 210K, 94 K, 94 K, 94K .

Further, one can define the intrinsic carrier concentration Njnip) by:

—Eqinggip) (T Fd@a
2oy (T Faay) = Ne(T) X Ny (T) x exp (—g @;;ﬁ = ’)), 4)

3

where Ny (T) = 2 X geqy) ¥ (%%X:BT)Z (cm™2) are the conduction (valence)-band density of states.

The numerical results of those energy-band structure parameters are given in the following Tables 1.1, 1.2,
1.3, and 1.4.

Table 1.1. From Equations (1-4), and in the n(p)-type Ge crystal, in which g¢y = 4(2) and (Mm¢(,)/m,) = 0.12 (0.3),

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 Iy, both €(ry(z)) and Nincip) (T, rd(a)) decrease, while the other ones increase.

Donor P As Ge Sb Sn
ry (nm) 0.110 0.118 =0.122 0.136 0.140
g(rg) 16.499 15.8757 =15.8 14.8927 14.3575
Eq(rq) in meV 5.99 6.47 =6.54 7.36 7.92
Egn(rg) ineV 0.7407 0.7411 =0.7412 0.7420 0.7426
Egin(T = 300K, rq) in eV 0.660 0.6606 =0.6607 0.6615 0.6621
nin (T = 300K, ry) in 103¥cm =3 1.674 1.659 =1.657 1.631 1.613
Acceptor B Ge Ga Mg In

577



Mz (nm)

€(ra)

Ea(ra) in meVv

Ego(fa) ineV

Egip(T = 300K, r,) ineV

nip(T = 300K, ry) in 10%3cm~3

0.088
25.3735
6.34
0.7312
0.6507
2.011

=0.122

=15.8
=16.3

=0.7412
=0.6607

=1.657

0.126
15.722
16.5
0.7414
0.6609

1.652

0.140
14.3575
19.8
0.7446
0.6642

1.550

0.144
13.7495
21.6
0.7464
0.6660

1.497

Table 1.2. From Equations (1-4) and in the n(p)-type GaSb crystal, in which g¢,) = 1(1) and (m¢/m,) = 0.047 and

(my/m,) = 0.3, the numerical results of the energy-band-structure parameters, due to the effects of T, rgi, and high

Na(ay are reported, suggesting that, with an increasing rqca), both €(ry) and nj,(T, ry) decrease, and then the other ones increase.

Donor (with Ng = 10° cm™3) P As Sb Sn

rg (nm) 0.110 0.118 =0.136 0.140
e(rg) 18.7494 16.9954 =15.69 15.6284
Eq(rg) in meV 1.8183 2.2130 =2.5965 2.6170
Egn(rg) ineV 0.8092 0.8096 =0.81 0.81002
Egin(T = 300K, rq) in eV 0.7252 0.7256 =0.7260 0.72602
nin(T = 300K, ry) in 101tem™3 8.3297 8.2665 =8.2054 8.2020
Acceptor (with N, = 10%° cm™3) B Ga Mg In

ry (nm) [4] 0.088 =0.126 0.140 0.144
e(ra) 29.13 =15.69 14.8422 14.3386
E.(ry) in meV 4.80 =16.57 18.52 19.84
Egp(ra) ineV 0.798 =0.81 0.8119 0.8133
Egip(T = 300K, rp) in eV 0.7142 =0.7260 0.7279 0.7293
Nip(T = 300K, r,) in 10* cm~3 10.302 =8.2054 7.9022 7.7024

Table 1.3. From Equations (1-4) and in the n(p)-type CdTe crystal, in which g¢,y = 1(1) and (m¢/m,) = 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 q(a), both €(rgey) and Nin(ipy (T, rd(a)) decrease, while the other ones

increase.

Donor As Te Sb Sn

ry (nm) 0.118 =0.132 0.136 0.140
&(rg) 10.844 =10.31 10.267 10.139
Eq(rg) in mev 11 =12.2 12.3 12.6
Egn(rg) ineV 1.621 =1.622 1.622 1.6224
Egin(T = 300K, rq) in eV 1.519 =1.52 1.5201 1.5204
Nin(T = 300K, ry) in 105cm™3 6.485 =6.340 6.327 6.289
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Acceptor Ga Mg In Cd

r, (nm) 0.126 0.140 0.144 =0.148
e(ra) 11.419 10.445 10.344 =10.31

E.(ry) in meV 85.5 102.2 104.21 =104.9
Egp(ra) ineV 1.603 1.619 1.621 =1.622
Egip(T = 300K, ry) in eV 1.501 1517 1.519 =1.52
nip(T = 300K, ry) in 10°cm™~3 9.225 6.678 6.424 =6.340

Table 1.4. From Equations (1-4) and in the n(p)-type CdSe crystal, in which g¢y = 1(1) and (m/m,) = 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 ry(s), both €(rgey) and Ninipy (T, rd(a)) decrease, while the other ones

increase.

Donor Se Te Sb Sn

rq (nm) =0.114 0.132 0.136 0.140
e(rg) =10.2 9.149 8.716 8.259
Eq(rg) in meV =14.38 17.87 19.69 21.93
Egn(rg) ineV =1.84 1.843 1.845 1.847
Egin(T = 300K, rg) in eV =1.74 1.743 1.745 1.747
Nin(T = 300K, rg) in 103cm™3 =6.408 5.989 5.782 5.537
Acceptor Ga Mg In Cd

ra (nm) 0.126 0.140 0.144 =0.148
e(ra) 11.298 10.333 10.233 =10.2
E.(ry) in meV 47.95 57.32 58.44 =58.82
Egp(ra) ineV 1.829 1.838 1.8396 =1.84
Egip(T = 300K, rp) in eV 1.729 1.738 1.7396 =1.74
Nip(T = 300K, ry) in 103cm™—3 7.908 6.597 6.455 =6.408

2.3. Heavy Doping Effect
Here, the Fermi energy Ern( — Efp), band gap narrowing (BGN), and apparent band gap narrowing (ABGN),

as those determined in P1, are reported in the following.

First, the Fermi energy Er,( — Egp), obtained for any T and any d(a)-density, Ng(a), being investigated in our

previous paper [17], with a precision of the order of 2.11 x 10™4 is found to be given by:

Een( ) , ~Erp( )y _ GW+AWBF(U) , _ _
ot (Tr) = T A - A= 00005372 and B = 4.82842262, (5)
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2
2 4 8\ 3
where u is the reduced electron density, U = %, F(u) = aus (1 +bu 3+ Cu_§> 3, a = [(3yT/4) x u]?3,
c(v)

b=1(n)? ¢ = 2230085

4 _3
520 (£)", and Gu) Ln(u)+272xuxed; d=2%2 [i—l% > 0.

V27
Here, one notes that: (i) as U 1, according to the HD[d(a)-X]ER-case, or to the degenerate case, Eq. (5) is

EFn(u 1)( EFp(u 1))

reduced to the function F(u), and (ii) — 1, to the LD[a(d)-X]BR-case, or to the non-

degenerate case, Eq. (5) is reduced to the function G(u).

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

1/3
_ 8 Iev) Me(v)
Fsnsp) (Nacay: M) = 11723 > 107 x (Nd(a)) * e(rdGa)) ’

the correlation energy of an effective electron gas, Ecn(cp)(Nd(a), rd(a)), is given as [1]:

0.87553 2[1—In (2)] _
—0.87553 +0.0908+r5n(sp)+( 7 ) xIn (rn(sp))—0.093288

Ecn(cp)(Nd(a), rd(a)) = 0.0908+ renep) 140, 03847728)('_;]6(13)78876

Now, taking into account various spin-polarized chemical potential-energy contributions [12] 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 as follows.

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

€ 1/3 e 1°/4 my
AEgn(Ndl rg) a;x x N/ " +ayx x (2503 x [ — Ec(rsp) X rep]) +ag x —] x e x

erg) &(rq)
1/4 , & E g = N
Ny +ay > e(rq x2+a5 % [S(rd)] *Nr, N = (9.999x1017 cm—3)’ (6)

where a; =3.8x1073(eV), a, =6.5x 107%(eV), ag = 2.8 x 1073(eV), a, = 5.597 x 1073(eV) and
as = 8.1 x 10™*(eV), and in the p-type heavily doped X-crystals, as:

172

><N

3 5/4 -
DEgp(Na Ta) @1 % =X Ny~ +ap X £ % Ns x (2503 x [ — Eg(rsp) x rspl) + a3 % L(ra)] x \/rr::v x
3
1/4 / 12 e T2 g —(__ Na
N +2a, > e(ra) *N'™ +ag > [s(ra)] *Np, Nr = (9.999x1017 cm—3)’ )

where a; =3.15 x 1073(eV), a, = 5.41 x 107%(eV), ag = 2.32 x 1073(eV), a, = 4.12 x 1073(eV) and
as = 9.80 x 107°(eV).

Therefore, in the HD[d(a)-X]ER, we can define the effective extrinsic carrier concentration, Nepcepy, by :

Nen(ep) (Nd(a) T, rd(a)) =4 Na(a) > Po(No) = Ningip) > €Xp [ Z?(r;(igp)] ) (8)
where the apparent band gap narrowing (ABGN), AE ;g (agpy, 1s defined by:

DEqgn(Ng, T.Tg) = ABgy + kT x In () — Egn(Na, T),

DEagp(Na, T, Te) = AEgy + kg T x In (22) + Egy(No, T)]. )
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3. Total minority-carrier saturation current density
In the two n*(p*) —p(n) X-junction solar cells, denoted respectively by I(II), the total carrier-minority
saturation current density is defined by:
Jol(ol) = JEno(Epo) + IBpo(Bno) (10)
where Jgpo(eno) is the minority-electron (hole) saturation current density injected into the LD[a(d)-X]BR,
and Jeno(Epo) 1s the minority-hole (electron) saturation-current density injected into the HD[d(a)-X]ER.
( ) inthe LD[a(d)-X]BR
Here, Jgpo(Bnoy 1s determined by [13]:

D (N e )
2 e(h)\Ma(d)"a(d)
eXNiyiny (Fa(d)) > /—TBB(hB)(Na(d))

Nad)

Japo(eno) (Nacay: Faa) ) = , (11)

where nizp(in)(rd(a)) is determined in Tables 1.1, 1.2, 1.3 and 1.4, Dg(ny(Na(qy, F'a(d)) is the minority electron

(minority hole) diffusion coefficient:

] 2
De(Na, Fa) = 20 x !850 +—0 < (22)" (em?s7Y), (12)
* 8><1017cm_3) -
keT 1165 _ 2 _
Dn(Ng, ra) = 2 [85 +—— | < (1) (em2s7h), (13)
l+(4><1017 cm_3) -
and Teg(hg)(Na(qy) is the minority electron (minority hole) lifetime in the BR:
Tep(No) ™h = 5 +3x 10713 x N, + 1.83 x 1073 x N2, (14)
The(N) ™t = 101_7 +11.76 x 10718 x Ny + 2.78 x 10731 x N3, (15)

¢ ) in the HD[d(a)-GaSb]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 [1]:

-

_ x)2 Nd(a) = Nd(a)
pd(a)(X, Nd(a),W) = Nd(a) x exp {— (W) x In [m } = Nd(a) X I:m , O0=sx< W,
W 1.066 (0.5) _
Ndo(ao) (W) = 7.9 x 10'7 (2 x 10°) x exp {— (m) } (cm™), (16)

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

agn(agp) (Pd(a): Fd(a))

AE
Naca) (% Td@) = Pacay )/ exp[

kgT >
Negay(X = 0, ry()) = Na ,and
[BEagn(agp) (Nd(a) d(a))]
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Ndo(ao) (W)

[AEagn(agp) (Ndo(ao) W) d(a))]’
kBT

Nay (X =W, ra@)) = (17)

exp

where the apparent band gap narrowing AEagn(agpy is determined in Eq. (9), replacing Ng@) by
Pd(a) (X, Nd(ay W ) The same remark can be applied to following Equations (18-20).

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

2 2
Ninioy(Tird@@) N N Ningi N
in(ip) @) _ Nd@ — Nd@ ( m(lp)) = d(a) (cm 5 %« s), (18)

Po(Mo)*Dhiey  Dhe)  Dhee) Nincin) W]
B

Fh(e) (Nd(a), I"d(a)) = - Dh(e) XexXp [A

the minority hole (electron) diffusion length, Lye) (Nd(a), rd(a)) by:

2

_ - 2 Ngca
Ly (Nacay o) = [Treen % Die] = (€ Fiey )* = (€ x522) = (c

2 2
Ningip) (Fd(a)) )
— 1
Do , (19)

Po(Ng)>Dhe)
where the constant C was chosen to be equal to: 2.0893 x 1073 (cm*/s), and the minority hole (minority

electron) lifetime The(eg) as:
1 _ 1
D xL_z - 2 -
h@>lhie)  Dneey>(CxFen) )

The(eE) = (20)

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
Po0IING (9] = F—C e2))
and a normalized excess minority-h(e) density u(x) or a relative deviation between p(x)[n(x)] and
Po(X) [N (X)]-

_ pOOINGI=Pa()Me (D)
) = = o]

which must verify the two following boundary conditions as:

—Ih (x=0)[le (x=0)]
eSxpo(x=0)[No(x=0)1’

(22)

ux=0) =

— — V —
U(x = W) = exp (nl(ll)(V)xVT) !

Here, njgy(V) is a photovoltaic conversion factor determined latter, S (%) is the surface recombination
velocity at the emitter contact, V is the applied voltage, V1 = (kgT/€) is the thermal voltage, and the
minority-hole (electron) current density Jye) (X, rd(a)).

Further, from the Fick’s law for minority hole (electron)-diffusion equations, one has [1]:

_ —e(+e)xNfyiny _ du(®) _ —e(+e)NfGipyDn(e)(Na(a) Fd(a)) _ du(x)
Ingey (% Taqay) = x = X —=,
Fh(e)(X) dx Nga) (X Fda)) dx

(23)

where Nya) (X, I'qea)) is given in Eq. (17), Dney and Fpe) are determined respectively in Equations (12, 13,
18), and from the minority-hole (electron) continuity equation as:

dn(e) (X rd@) _
dx

2 u _ 2 u®
—e(+e)xn X———————=—¢(+e)Xn; X 24
(+e) n(p) Fhee) (X)XLﬁ(e)(X) (+¢) in(p) Na(ay (X Fd(a)) > The(ee)’ (24)

Therefore, the following second-order differential equation is obtained:
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d2u(x)  dFne)(x) s due) __u)

dx? dx dx Lo (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())+I(W,S)xcosh(P(x)) \Y; _
u®) = sinh(P(W))+1(W.,S)xcosh(P(W)) (exp <n|(||)(V)><VT) 1)’ (26)
where the factor (W, S) is determined by:
_ Dne)(Ng@o(W))
I(W.$) = Sth(e)(Ndo(ao)(W))’ (27)

Further, since —X =C X Fpey(X) = C = 2.0893x 10730 (cm*/s), for the X-crystal, being an

1
Lne) ()’

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

P(X) =

W dx _ W _ Lne w
0 Ly L™ Lh@e)®  Lhe)’

—2), 0= XS W, P(x=W) = (o (28)

O Lh( )(X)
where Lpe)(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:
Vv
3y (6 W Na, Ty V) = e 0% W, Nos T ) Dot Wi N oy 11 (40 (i) = 1) (29)

where Jeno(epoy 18 the saturation minority hole (minority electron) current density,

€N ip) *Dh(e) » _COsh(POO)+I(W ) xsinh(P())

Jenoepoy (% W-Nato T $) = Nogey (% Ta@)<Lnce) . SIN(PCW))+I(W S)xcosh(P(W)) ° (30)
In the following, we will denote P(W) and 1(W, S) by P and I, for a simplicity. So, Eq. (30) gives:
2

— _ ©Nn(ip)*Dh(e) 1

Jenocepo) (X = 0, W Nay Facwy $) = Na(a) (. Td(a)) Ln(e) ™ Sinn(P)+ xcosh(P) ° (1)
2 .

_ _ €N n(ip) *Dh(e) cosh(P)+Ixsinh(P)
Jenoepo) (X = W. W, Noay, Fagay S) = Nage) O=W. raa) <Lney . SINN(P)+1xcosh(P)’ (32)
and then,
Ine) (x=0,W.Nd(a) Fd(a)SV) _ JEno(Epo)(¥=0.W.Nd(a), Fd(a):S) _ 1 (33)

Inge) (X=W, W.Ngay, Fdcay,SV) - Jeno(epo) (X=W.W.Ngay Fd(ay.S) " cosh(P)+Ixsinh(P)’

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

Theee) (Nd(a) Td(a)) dx |

and the effective
The(ee) (Pd(a) X).Fd(a))

w
Qnhe)(X = W, Nyqay, Fd@a)) = o +e(—€) x u(x) x po(x)[N(x)]
minority hole (minority electron) transit time [ htt(ett) | by: Thyerry(X = W, W, Ngay, Mgy, S) = Qney(X =
W, Nd(a)l rd(a))/\]Eno(Epo) (X = W, W, Nd(a)’ rd(a), S), and from Equations (24, 3 1), one Obtains:

Thetett) XEWW.Ng(a) Faga) S) _ 1— Jeno(Epo) =0 WNda) Fd@)S) _ 4 _ 1 (34)
The(eE) Jeno(Epo) (X=W. W Ngay Fd(a).S) cosh(P)+Ixsinh(P)’

Now, some important results can be obtained and discussed below.

583



Dh(e) (Ndo(ao) w))

As P 1 (or W Lne) and S -0, I=I(W,5)= $%Lne) (Ndo(ao) (W)

- 0, from Eq. (34), one has:

Thtt(etty =W, W.Nd(a) Fd(a) S)
ThE(eE)

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

Eq. (32), one obtains:

2
_ €Nin(ip) *Dh(e) 1
JEnO(EPO) (X =W, Nd(a)l Fd(a): S - oo) - Nacay =W, Ta(a)) Lhce) x P(W)’ (35
Dh(e) (Ndo(ao) (W))

Further,as P 1 (orW Lpe))andS - 0,1 =1(W,S) = - oo, and from Eq. (34) one has:

Sx%Ln(e) (Ndo(ao) (W))

Thtt(ett) (X=W.W.Nd(a) ld(a).S)
ThE(eE)

- 1, suggesting a completely opaque emitter region (COER)-case, where, from Eq.

(32), one gets:

enizn(ip) *Dn(e)
Ng(ay (X=W. rd(a)) XLn(e)

Jeno(Epoy(X = W, Nggay, Faca). 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 Jo|(on1y, defined in Eq. (10), is now rewritten as:
Joicomy (W, Nagay, Facay: S Nagay: Facdy) = Jeno(epoy (W, Naay: Fcay: S) + Ispo(enoy (Nacd): Fad))s (37)

where Jeno(gpo) and Jgpo(eno) are determined respectively in Equations (32, 11).

4. Photovoltaic conversion effect at 300K

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

W = 50 (300)1m, Ny=ge(a=ce) = 10%°(102°)cm ™2, ryo(agy, S = 100 (100) (°);  Na=ce(d=ce) =
1017(10%) cm™3, ryp@oy, for X= Ge (38.1)
W=10.1(0.1) um, Ng=sb(a=Ga) = 101° (1020) cm~3, ldo(ao), S = 100 (100) (%)1 Na=Ga(d=sb) =
10Y7(10%) cm™3, rapoy, for X= Gash, (38.2)

W = 0.1 (0.1) pm, Ng=Te(a=cdy = 10*° (10%°) cm~3, rgo(ag), S = 100 (100) (%): Na=cd(d=Te) =

10*7(10*")cm™3 , I'a0(do): for X = CdTe , and
(38.3)

_ — 1019 (1020 cm-3 — cmy. _
W= 0.1 (0.1) pm, Ng=te(a=ca) = 107 (10°7) €M™, Fgo(a0), S = 100 (100) (=-); Na=cd(a=re) =
10Y7(10%) cm™3, raoy, for X= CdSe, (38.4)

we propose, at given open circuit voltages: Voei1(oci2) and Vociiz(oci2), the corresponding data of the short
circuit current density Jscii1y, in order to formulate our following treatment method of two fixe points as [1]:
for X= Ge and at: Voei1(0cn1) = 0.221 (0.248) V and Vogizocniz) = 0.283 (0.283) V,

Jsein(sen1y = 0.0481 (0.0466) (A/cm?) and Jsciz(sciizy = 0.06103 (0.06103) (A/cm?), (39.1)
for X= GaSb and at: Voei1¢0c12) = Vociii(ocniz)y = 0.312 (0.374) V,
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Jsci1(sciz) = Jscia(senzy = 0.0388 (0.03909) (A/cm?) ,
(39.2)

for X= CdTe and at: Viei1(oc12) = Voclii(ociz) = 0.73 (0.8759) V,
Jsci1(sciz) = Jsciagsenzy = 0.0216 (0.03025) (A/cm?)

(39.3)

for X= CdSe and at: Voei1¢0c12) = Voelii(ociiz) = 0.87 (1.03) V,
Jsci1(sciz) = Jsciagsenzy = 0.02432 (0.0202) (A/cm?)

(39.4)

, and

Now, we define the net current density J 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 [1]:
keT _

v = —=
e VT =" = 002585V, (40)

IV) = I (V) = Joiomy * (€MD — 1), Xy (V) =
where the function ng;y(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: Jon (V= Vo) =
JSC|(SC”)(W, Na(a): Fdca): S Naca): ra(d),Voc), for Voe = Voeri(oclin)-

Therefore, the photovoltaic conversion effect occurs, according to:

Jseicsetty (W, Neigay: Ty ) Nagay: Taay Voe) = Joiconty (Ws Netgay: Tcay i Nacays Facay) * (€X100Vee) — 1), (41)
VOC

where N1y (Vo) = Nian (W, Nacay: Tacay: S Naca: Facdy: Voc)» and Xjany(Voo) = ey

Here, one remarks that (i) for a given Vo, both nygy and Jo iy have the same variations, obtained in the

same physical conditions, as observed in many cases, and (ii) the function (ex'(“)(VOC) - 1) or the PVCF,
Niqry, representing the photovoltaic conversion effect, tconverts the light, represented by Jsci(sciry» into the
electricity, by Joi(on-

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

Mi1a2) (Voer1(oci2)s Jsei(seiz) )=0-1.0834 (1.3467) and Nyg 12y (Vocii1(ociizy: Jseiia(seiizy )=1.08108 (1.19726),

for X= GaSh,

Mi1a2) (Voer1(oci2): Jseii(seiz))=0-8818 (1.0564) and Nyy3 12y (Voenioctiz: et scizy ) =0-82624 (0.98992),

for X= CdTe,

Mi1a2) (Voci1(oci2): Jsei(seiz) )=0-6846 (0.8147) and Nyy1 112y (Vocicocnizy: Jsciinseiizy ) =0.70157 (0.8348), and

for X= CdSe,

Ni1qi2) (Voor(oci2): Jsein sciz) )=0-6656 (0.7910) and Nyyg 12y (Vocniz(octizy: Jscirsciizy )=0-6618 (0.7864).

Now, for Ve = Vog1ociiy and X= (Ge, GaSb, CdTe, or CdSe), respectively, one can propose the general

expressions for the PVCF, in order to get exactly the above obtained values of Njy(12y and nyyq12),

®
VOC
M (W, Nagay Facay: S Nacdy: Facdy: Voe) = Mizainy + Nizaizy ¥ ( - 1) , (42)

Vocl1(ocli1)

where  (B) = 1.2841 (1.19131), 1.114 (1.11374), 1.139 (1.13972), 1.0878 (1.0881).
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Therefore, one can determine the general expressions for the fill factors, as:

Xian Vo) =In[Xian (Vo) +b |
Xian(Voo)+a

Fian (W, Nacay, Tacay: S, Nagay, Facay, V) = ,a,b=0, (43)

where a and b will be chosen here, as: a=1, b=0.72, corresponding to the ideal X-junction solar cells [2, 4],
and a=b=0, according to limiting highest values of Fy(,.

Finally, the efficiency nyqy can be defined in the n™(p™) — p(n) junction solar cells, by:

J XV XF
Miany (W, Naay, Fdcay, S: Nagays Facdy Voc) = w (44)

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

5. 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*Sh, In*Sn). Then, one proposes the physical conditions for the determination
of various photovoltaic conversion coefficients, as:

W = 0.2 (300) pm, Nggg) = 102° (10%°) cm~3,S =100 (100) (cm/s); Na(gy = 1017 (1017) cm3,

for X= Ge, (45.1)
W =0.1(0.1) pm, Nggy = 10*° (10%°) cm~3,S =100 (100) (cm/s); Na(gy = 1017 (1017) cm~3,
and finally, for X= GaSh, (45.2)
W =0.1(0.1) pm, Ngy = 10*° (10%°) cm~3,S =100 (100) (cm/s); Na(gy = 1017 (1017) cm~3,
for X= CdTe, and finally, (45.3)
W =0.1(0.1) pm, Ngy = 10*° (10%°) cm~3,S =100 (100) (cm/s); Na(gy = 1017 (1017) cm~3,
for X= CdSe. (45.4)
51. T ( )= () Ge-Junction Solar Cells

(. . s 1 - = 1 ;1 —  —case

Here, there are the 4 (n*p) — Ge junctions, being denoted by: (P*B, As*Ga, Sb*Mg, Sn*In).

Thit —

Then, from the physical conditions given in Eq. (45.1), one respectively gets: from Eq. (34),

The
(0,0, 0,0), suggesting a completely transparent condition, from Eq. (32), Jeno =
(2.18,2.19,219,219) x 10® (=) . from Eq. (1), Jgpo = (4.26,1.78,1431.28) x 1075 (),
and finally from Eq. (37), Jo; = (4.26,1.78,1.44,1.28) 107 (=5)  Jgpo . Which decreases with an

increasing I, due to the increase in the intrinsic band gap (IBG), as observed in Table 1.1.
Table 2.1. In the HD[(P; As; Sb; Sn)-Ge] ER-LD[(B; Ga; Mg; In)-Ge] BR and for physical conditions given in Eq.

(45.1), our numerical results of N, Js¢|, Fj, and N, are computed, Equations (42, 41, 43, 44), respectively. Here, on
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notes that, for a given Vo and with increasing I'q(a), the function Ny decreases, while other functions Jser, F1, and N,

increase, being due to the Ig(g)-effect, suggesting thus the new obtained results.

Voc(V) n Jscl %} Fi(%) (%)

In Eq. (43), obtained for the F as a=1 and b=0.72, according to an ideal solar cells (Green, 1981).
n“p P*B; As*Ga; Sb*Mg; Sn*In P*B; As*Ga; Sb*Mg; Sn*In P*B; As*Ga; Sb*Mg; Sn*In P*B; As*Ga; Sb*Mg; Sn*In

0221  1.216;1.082; 1.053; 1.039  48.10; 48.10; 48.10; 48.10  62.04; 64.56; 65.13; 65.42  6.595; 6.863; 6.923; 6.954
0.27 1.434;1.276; 1.243; 1.226  62.06; 63.76; 64.18; 64.41  62.82; 65.30; 65.86; 66.14  10.53; 11.24; 11.41; 11.50
0.28 1.492;1.328; 1.294; 1.276  60.41; 61.79; 62.14; 62.32  62.74; 65.22; 65.78; 66.06  10.61; 11.28; 11.44; 11.53
0.283 1.510; 1.345; 1.309; 1.292  59.78; 61.05; 61.37; 61.54  62.71; 65.19; 65.74; 66.03  10.61; 11.26; 11.42; 11.50
0.29 1.554;1.383; 1.347; 1.329  58.13; 59.12; 59.37; 59.50  62.62; 65.11; 65.66; 65.95 10.56; 11.16; 11.30; 11.38
1.00 8.810; 7.862; 7.659; 7.557  3.395;2.422;2.228;2.132  51.19; 53.88; 54.50; 54.81  1.738;1.305; 1.214; 1.169

In Eq. (43), obtained for F as a=b=0, according to highest values of F.

n*p P*B; As*Ga; Sb*Mg; Sn*In P*B; As*Ga; Sb*Mg; Sn*In P*B; As*Ga; Sb*Mg; Sn*In P*B; As*Ga; Sb*Mg; Sn*In

0221 1.216;1.082;1.053;1.039  48.10;48.10; 48.10;, 48.10  72.26; 73.84; 74.20; 74.39  7.681; 7.849; 7.888; 7.907
0.27 1.434;1.276; 1.243; 1.226  62.06; 63.76; 64.18; 64.41  72.74; 74.31; 74.67; 74.85 12.19;12.79; 12.94; 13.01
0.28 1.492;1.328; 1.294; 1.276  60.41; 61.79; 62.14; 62.32  72.69; 74.26; 74.62; 74.80  12.29; 12.85; 12.98; 13.05
0.283 1.510; 1.345; 1.309; 1.292  59.78; 61.05; 61.37; 61.54  72.67; 74.24; 74.60; 74.78  12.29; 12.83; 12.96; 13.02
0.29 1.554;1.383; 1.347; 1.329  58.13; 59.12; 59.37; 59.50  72.62; 74.19; 74.54; 74.73  12.24;12.72; 12.83; 12.89
1.00 8.810; 7.862; 7.659; 7.557  3.395;2.422;2.228;2.132  66.30; 67.61; 67.93; 68.10  2.251;1.637; 1.513; 1.452

t:, > + 1 - = 1 5 7 1 — —case
Here, there are 4 (p*n) — Ge junctions: (B*P, Ga*As, Mg*Sb, In*Sn).
Then, from the physical conditions given in Eq. (45.1), one respectively obtains: from Eq. (34), :ET‘Et =
(0,0, 0, 0) suggesting a completely transparent condition, from Eq. (32), Jepo =
(173,111,100,095) x107® (=) . from Eq. (1), Jano = (6.94, 6,58, 5.96, 5.61) x
106 (#),and finally from Eq. (37),  Jou = (6.96,6.59,5.97, 5:62) x 107 (=)  Jgn, . which

decreases with an increasing ry, due to the increase in the IBG, as observed in Table 1.1.
Table 2.2. In the HD[(B; Ga; Mg; In)-Ge] ER-LD[(P; As; Sb; Sn)-Ge)] BR and for physical conditions given in Eq.
(45.1), our numerical results of Ny, Jscp1, F1, and 1, are computed, using Equations (42, 41, 43, 44), respectively.

Here, on notes that, for a given V. and with increasing I'y(qg), the function Ny decreases, while other functions Jse» Furs

and N increase, being due to the Iy(q)-effect, suggesting thus the new obtained results.

Voc(V) Ny Jscll (C%Az) Fi1(%) i (%)
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In Eq. (43), obtained for the F as a=1 and b=0.72, according to an ideal solar cells (Green, 1981).

p*n B*P; Ga*As; Mg*Sb; In*Sn B*P; Ga*As; Mg*Sb; In*Sn B*P; Ga*As; Mg*Sb; In*Sn B*P; Ga*As; Mg*Sb; In*Sn

0.248 1.089; 1.082; 1.070; 1.063 46.60; 46.60; 46.60; 46.60  66.82; 66.95; 67.17; 67.31  7.723;7.737; 7.763; 7.779
0.283 1.206; 1.198; 1.185; 1.177 60.92;61.01; 61.18; 61.28  67.43; 67.55; 67.78; 67.91  11.63; 11.66; 11.73; 11.79
0.32 1.365;1.357; 1.342; 1.333 60.27; 60.34; 60.48; 60.56  67.41; 67.53; 67.75; 67.88  13.00; 13.04; 13.11; 13.16
0.33 1.411; 1.403; 1.387; 1.378 58.87; 58.94; 59.05; 59.12  67.35; 67.48; 67.70; 67.83  13.09; 13.12; 13.19; 13.23
0.34 1.459; 1.450; 1.434; 1.424 57.21;57.26; 57.35; 57.40  67.29; 67.41; 67.63; 67.77  13.09; 13.12; 13.19; 13.22
1.00 5.609; 5.575; 5.515; 5.479 6.870; 6.782; 6.627; 6.534  61.62; 61.75; 61.99; 62.13  4.234; 4.188; 4.108; 4.060

In Eq. (43), obtained for F as a=b=0, according to highest values of F.

p*n B*P; Ga*As; Mg*Sb; In*Sn B*P; Ga*As; Mg*Sb; In*Sn B*P; Ga*As; Mg*Sb; In*Sn B*P; Ga*As; Mg*Sb; In*Sn
0.248 1.089; 1.082; 1.070; 1.063 46.60; 46.60; 46.60; 46.60  75.30; 75.38; 75.53; 75.62  8.702; 8.712; 8.729; 8.739
0.283 1.206; 1.198; 1.185; 1.177 60.92; 61.01; 61.18;61.28 75.70; 75.78; 75.93; 76.02  13.05; 13.08; 13.15; 13.18
0.32 1.365; 1.357; 1.342; 1.333 60.27; 60.34; 60.48; 60.56  75.68; 75.77,75.91;76.00 14.60; 14.63; 14.69; 14.73
0.33 1.411; 1.403; 1.387; 1.378 58.87; 58.94; 59.05;59.12  75.65; 75.73;75.88;75.96  14.70; 14.73; 14.79; 14.82
0.34 1.459; 1.450; 1.434; 1.424 57.21;,57.26; 57.35;57.40 75.61; 75.69; 75.83;75.92 14.70; 14.73; 14.79; 14.82
1.00 5.609; 5.575; 5.515; 5.479 6.870; 6.782; 6.627; 6.534  72.00; 72.08; 72.23;72.31 4.946; 4.888; 4.786; 4.725
5.2. T ( ")— () GaSb-Junction Solar Cells
T | - = [ &+ 1 —  —case

Here, there are the 4 (n*p) — GaSb junctions, being denoted by: (P*B, As*Ga, Sb*Mg, Sn™In).
Then, from the physical conditions given in Eq. (45.2), one respectively gets: from Eq. (34),

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

JEno =

(9.30,9.07,892891) x1072 (=) . from Eq. (1), Japo = (1.29,0.44,0.39,0.35 ) x
1077 (=), and finally from Eq. (37), Jo = (1.29,044,039,0.35) x 107 (55) Jgpo . which

decreases with an increasing I, due to the increase in the IBG, as observed in Table 1.2.
Table 3.1. In the HD[(P; As; Sb; Sn)-GaSb] ER-LD[(B; Ga; Mg; In)-GaSb] BR and for physical conditions given in
Eq. (45.2), our numerical results of Ny, Jscj, Fy, and N, are computed, using Equations (42, 41, 43, 44), respectively.

Here, on notes that, for a given V. and with increasing Ig(a), the function N decreases, while other functions Jset» Fis

and ) increase, being due to the impurity size I'q(q)-effect, suggesting thus the new obtained results.

Voc(V) n Jscl %} Fi (%) (%)

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

n*p P*B; As*Ga; Sb*Mg; Sn*In P*B; As*Ga; Sb*Mg; Sn*In P*B; As*Ga; Sb*Mg; Sn*In P*B; As*Ga; Sb*Mg; Sn*In
0.312 0.957; 0.882; 0.873; 0.868 38.80; 38.80; 38.80; 38.80  73.62; 75.02; 75.18;75.29  8.913;9.082;9.102;9.114
0.35 1.067; 0.983; 0.974; 0.968 42.01;42.29;42.32;42.34  73.73;75.13;75.29;75.39 10.84; 11.12; 11.15; 11.17
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0.36
0.37
0.374
1.00

1.099; 1.013; 1.003; 0.997
1.133; 1.044; 1.034; 1.028
1.146; 1.056; 1.046; 1.040
3.723; 3.431; 3.399; 3.378

40.97; 41.15; 41.18; 41.19
39.66; 39.73; 39.74; 39.74
39.09; 39.11; 39.11; 39.11
4.201; 3.475; 3.396; 3.345

73.70; 75.10; 75.26; 75.36
73.65; 75.05; 75.21; 75.32
73.63; 75.03; 75.19; 75.30
70.08; 71.61; 71.78; 71.90

10.87; 11.13; 11.16; 11.17
10.81; 11.03; 11.06; 11.08
10.76; 10.97; 11.00; 11.01
2.944; 2.489; 2.438; 2.405

In Eq. (43), obtained for F, a=b=0, according to highest values of F.

n"p

P*B; As*Ga; Sb*Mg; Sn*In

P*B; As*Ga; Sb*Mg; Sn*In

P*B; As*Ga; Sb*Mg; Sn*In

P*B; As*Ga; Sb*Mg; Sn*In

0.312
0.35
0.36
0.37
0.374
1.00

0.957; 0.882; 0.873; 0.868
1.067; 0.983; 0.974; 0.968
1.099; 1.013; 1.003; 0.997
1.133; 1.044; 1.034; 1.028
1.146; 1.056; 1.046; 1.040
3.723; 3.431; 3.399; 3.378

38.80; 38.80; 38.80; 38.80
42.01; 42.29; 42.32; 42.34
40.97; 41.15; 41.18; 41.19
39.66; 39.73; 39.74; 39.74
39.09; 39.11; 39.11; 39.11
4.201; 3.475; 3.396; 3.345

79.90; 80.88; 80.99; 81.07
79.98; 80.96; 81.07; 81.14
79.95; 80.93; 81.04; 81.12
79.92; 80.90; 81.01; 81.09
79.91; 80.89; 81.00; 81.07
77.47;78.51; 78.63; 78.71

9.673;9.791; 9.805; 9.814
11.76; 11.98; 12.01; 12.02
11.79; 11.99; 12.01; 12.03
11.73; 11.89; 11.91; 11.92
11.68; 11.83; 11.85; 11.86
3.255;2.729; 2.670; 2.633

[ 5

[

e

Here, there are 4 (p*n) — GaSb junctions: (B*P, Ga*As, Mg*Sb, In*Sn).

—case

Tett —
Tee

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

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

(2.81,1.62,1.52,1.47) x 107° (Ci)  from Eq. (11), Jgno = (1.97, 1.76,1.60, 1.59) x 108 (ﬁ)

m2

and finally from Eq. (37), Joy = (2.25,1.92,1.75, 1.74) x 107 (=)  Jgno. Which decreases with an

cm
increasing Iy, due to the increase in the IBG, as observed in Table 1.2.

Table 3.2. In the HD[(B; Ga; Mg; In)-GaSb] ER-LD[(P; As; Sb; Sn)-GaSb)] BR and for physical conditions given in
Eq. (45.2), our numerical results of Ny, Js¢11, F1, and Ny, are computed, using Equations (42, 41, 43, 44), respectively.

Here, on notes that, for a given Vo and with increasing y(q), the function Ny; decreases, while other functions Jseit» Firs

and 1)) increase, being due to the impurity size la(d)-effect, suggesting thus the new obtained results.

Voe(V)

Ny

Jeepy (A
scll sz)

Fi1(%)

N (%)

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

pn

B*P; Ga*As; Mg*Sb; In*Sn

B*P; Ga*As; Mg*Sb; In*Sn

B*P; Ga*As; Mg*Sb; In*Sn

B*P; Ga*As; Mg*Sb; In*Sn

0.312
0.35
0.355
0.36
0.374
1.00

0.840; 0.831; 0.826; 0.825
0.937; 0.927; 0.921; 0.920
0.951; 0.941; 0.935; 0.934
0.965; 0.955; 0.949; 0.948
1.007; 0.996; 0.989; 0.989
3.269; 3.234; 3.213; 3.212

38.80; 38.80; 38.80; 38.80
42.43; 42.47; 42.50; 42.50
41.88;41.91; 41.93; 41.94
41.23;41.26; 41.28; 41.28
39.08; 39.08; 39.09; 39.09
3.090; 3.005; 2.957; 2.953

75.82; 76.00; 76.11; 76.11
75.93; 76.10; 76.21; 76.22
75.91; 76.09; 76.19; 76.20
75.89; 76.07; 76.17; 76.18
75.83;76.01; 76.11; 76.12
72.49; 72.69; 72.80; 72.81

9.179;9.201; 9.213; 9.214
11.28;11.31; 11.33; 11.33
11.29; 11.32; 11.34; 11.34
11.27;11.30; 11.32; 11.32
11.08; 11.11; 11.17; 11.13
2.240; 2.184; 2.152; 2.150

In Eq. (43), obtained for F, a=b=0, according to highest values of F.
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+

p'n B*P; Ga*As; Mg*Sb; In*Sn B*P; Ga*As; Mg*Sb; In*Sn B*P; Ga*As; Mg*Sh; In*Sn B*P; Ga*As; Mg*Sb; In*Sn
0.312  0.840;0.831; 0.826; 0.825 38.80; 38.80; 38.80; 38.80 81.44; 81.57; 81.64; 81.65 9.859; 9.875; 9.884; 9.884
0.35 0.937;0.927; 0.921; 0.920 42.43;42.47,42.50;,42.50 81.51;81.64;81.72;81.72 12.11;12.14; 12.15; 12.16
0.355 0.951;0.941; 0.935; 0.934 41.88;41.91;,41.93;41.94 81.51;81.63;81.71; 81.71 12.12;12.15; 12.16; 12.16
0.36 0.965; 0.955; 0.949; 0.948 41.23;41.26;41.28;41.28 81.49; 81.62; 81.69; 81.70 12.10; 12.12; 12.14; 12.14
0.374 1.007; 0.996; 0.989; 0.989 39.08; 39.08; 39.09; 39.09 81.45; 81.58; 81.65;81.66 11.90;11.92;11.94;11.94
1.00 3.269; 3.234; 3.213; 3.212 3.090; 3.005; 2.957;,2.953  79.11; 79.25,79.33;79.34  2.445;2.381; 2.346; 2.343
5.3. ( )= () CdTe-Junction Solar Cells
t: 1 -= 1035 5 5 1 = —case

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

Then, from the physical conditions given in Eq. (45.3), one respectively gets: from Eq. (34),

(0,0, 0,0), suggesting a completely transparent

(224,221220,219) x 1072 () , from Eq. (1), Jgpo = (619,297,272,264) x 1072 (),

and finally from Eq. (37), Jo) = (6.19,2.97,2.72,2.64) x 1072° (=)  Igp, . which decreases with an

A
cm

condition,

A
cm?

increasing I, due to the increase in the IBG, as observed in Table 1.3.

from

Eq.  (32),

JEno =

Table 4.1. 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, Js¢;, Fj, and N, are computed, using Equations (42, 41, 43, 44), respectively.

Here, on notes that, for a given V. and with increasing I'y(a), the function N decreases, while other functions Jset» i,

and N, increase, being due to the I'q(a)-effect, suggesting thus the new obtained results.

Voc(V) n Jso1 (23) Fi(%) (%)

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

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

0.73 0.699; 0.686; 0.685; 0.685 21.60; 21.60; 21.60; 21.60  88.61; 88.76; 88.78; 88.79  13.97; 14.00; 14.00; 14.00
0.81 0.766; 0.752; 0.751; 0.750 35.77;36.08; 36.12; 36.13  88.71; 88.87; 88.89; 88.89  25.71;25.97; 26.01; 26.02
0.82 0.776; 0.762; 0.760; 0.760 35.46; 35.76; 35.80; 35.81  88.71; 88.87; 88.88; 88.89  25.79; 26.06; 26.09; 26.10
0.83 0.785; 0.771; 0.770; 0.769 34.88;35.17;35.20; 35.21  88.71; 88.86; 88.88; 88.890  25.68; 25.94; 25.97; 25.98
0.8759  0.832;0.817; 0.815; 0.815 30.05; 30.20; 30.22; 30.23  88.68; 88.83; 88.85; 88.86  23.34; 23.50; 23.52; 23.52
1.2 1.203; 1.181; 1.179; 1.178 3.559;3.436; 3.422;3.417 88.20; 88.36; 88.38; 88.39  3.767; 3.643; 3.629; 3.624

In Eq. (43), obtained for F as a=b=0, according to highest values of F.

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

0.73 0.699; 0.686; 0.685; 0.685 21.60;21.60; 21.60; 21.60  90.84; 90.96; 90.98; 90.98  14.32; 14.34; 14.34; 14.35
0.81 0.766; 0.752; 0.751; 0.750 35.77;36.08; 36.12; 36.13  90.93; 91.04; 91.06; 91.06  26.35;26.61; 26.64; 26.65
0.82 0.776; 0.762; 0.760; 0.760 35.46; 35.76; 35.80; 35.81  90.92; 91.04;91.06; 91.06 26.44; 26.70; 26.73; 26.74
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0.83
0.8759
1.2

0.785; 0.771; 0.770; 0.769
0.832; 0.817; 0.815; 0.815
1.203; 1.181; 1.179; 1.178

34.88; 35.17; 35.20; 35.21
30.05; 30.20; 30.22; 30.23
3.559; 3.436; 3.422; 3.417

90.92; 91.04; 91.05; 91.06
90.90; 91.02; 91.03; 91.03
90.53; 90.66; 90.67; 90.68

26.32; 26.57; 26.60; 26.61
23.93; 24.08; 24.10; 24.10
3.867;3.738; 3.723; 3.718

[ 5 & 1 - = 05 5 51 -
Here, there are 4 (p*n) — CdTe junctions: (Ga*As, Mg* Te, In*Sh, Cd*Sn).

—case

Tett

Then, from the physical conditions given in Eq. (45.3), one respectively obtains: from Eq. (34), -
eE

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

(1.33,069,064,0.62) x 107 (), from Eq. (11). Jano = (1.05,0.95,094,092) x 10720 (5;), ,

cm

and finally from Eq. (37), 1y = (1.44,0.79,0.73, 0.71) x 10719 (i) Jepo, Which decreases with an

o2
increasing I, due to the increase in the IBG, as observed in Table 1.3.

Table 4.2. 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, Jscii, Fyi, and Ny, are computed, using Equations (42, 41, 43, 44),

respectively. Here, on notes that, for a given Vo, and with increasing y(q), the function Ny decreases, while other

functions Js¢)y, Fy1, and Ny increase, being due to the la(d)-effect, suggesting thus the new obtained results.

Voc(V) ny Fiu (%) nu (%)

Jon(24)

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*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  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; 25.46; 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 F as a=b=0, according to highest values of F.

pn

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

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

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

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

0.73
0.81
0.82
0.83
0.8759
1.2

0.714; 0.703; 0.702; 0.701
0.782; 0.770; 0.769; 0.769
0.792; 0.780; 0.779; 0.778
0.802; 0.790; 0.789; 0.788
0.849; 0.837; 0.835; 0.835
1.228; 1.210; 1.208; 1.207

21.60; 21.60; 21.60; 21.60
35.62; 35.88; 35.91; 35.92
35.33; 35.58; 35.61; 35.62
34.78; 35.02; 35.04; 35.05
30.10; 30.23; 30.24; 30.25
3.725; 3.619; 3.607; 3.602

90.70; 90.80; 90.81; 90.82
90.79; 90.89; 90.90; 90.90
90.78; 90.89; 90.90; 90.90
90.78; 90.88; 90.89; 90.90
90.76; 90.86; 90.87; 90.87
90.39; 90.49; 90.50; 90.51

14.30; 14.32; 14.32; 14.32
26.19; 26.41; 26.44; 26.45
26.30; 26.51; 26.54; 26.55
26.21;26.41; 26.44; 26.45
23.93; 24.06; 24.07; 24.08
4.040; 3.930; 3.917;3.912
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54. T ( )= () CdSe-Junction Solar Cells

[ 5 5 ] - =0 5 51 -
Here, there are the 4 (n*p) — CdSe -junctions, being denoted by: (Se*Ga, Te*Mg, Sb*In, Sn*Cd).

—case

Thtt —

Then, from the physical conditions given in Eq. (45.4), one respectively gets: from Eq. (34),

The
(0,0, 0,0), suggesting a completely transparent condition, from Eq. (32), Jeno =
(218,2031.94,185) x 1077 (5) , from Eq. (11), Japo = (4.54,2.89,2.74,260) x 1072* (%),

and finally from Eq. (37), Jo) = (4.54,2.89, 2.74,2.69) x 1072* (=)  Igp, . Which decreases with an

C
increasing I, due to the increase in the IBG, as observed in Table 1.4.
Table 5.1. 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¢;, Fj, and N, are computed, using Equations (42, 41, 43, 44), respectively.

Here, on notes that, for a given V. and with increasing I'y(a), the function N decreases, while other functions Jset» i,

and N, increase, being due to the I'd(a)-effect, suggesting thus the new obtained results.

Voe(V) n Jso1 (023) Fi(%) (%)

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 F as a=b=0, according to highest values of F.

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; 2432 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

[ 5 5

1 S - [

o]

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

Then, from the physical conditions given in Eq. (45.4), one respectively obtains: from Eq. (34),

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

JEpo =
-24 (_A — —24 (_A
(156,1.09,105,1.03) x 1074 (=) , from Eq. (11). Jano = (0.97,0.76,068,059) x 10724 (=;) , ,

cm? cm

and finally from Eq. (37), Joy = (2.54,1.86, 1.73, 1.62) x 10724 (i) Jepo» Which decreases with an

cm?
increasing I, due to the increase in the IBG, as observed in Table 1.4.
Table 5.2. 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, Jsci1, Fyy, and Ny, are computed, using Equations (42, 41, 43, 44), respectively.

Here, on notes that, for a given V¢ and with increasing I'(q), the function Ny decreases, while other functions Jseis Furs

and 1, increase, being due to the Fa(d)-effect, suggesting thus the new obtained results.

Voc(V) Ny Jscll (C";—‘;) Fi1(%) M (%)

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*Se; Mg*Te; In*Sh; 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; 2432 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.

p*n Ga*Se; Mg*Te; In*Sh; 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

In summary, for a given (X= Ge, GaSb, CdTe, or CdSe)- crystal at T=300 K, one notes that, with an
increasing Fa(dy:
- Joi(oiry decreases, due to the increase in the IBG (as observed in Tables 1-1 to 1.4),

- and then, as observed in Tables 2.1, 2.2, ..., 5.1, 5.2, for a given V., the photovoltaic conversion factor

(PVCF), niqy, decreases, giving rise to the increase in nyqy, in good agreement with an important result,

obtained by Shockley and Queisser [10], stating that, for IBG < 1.6 €V, n;(jy increases with increasing IBG.
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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:

T—T
Nmax. = '_il.—HC, (46)

suggesting that Nmay and Ty have the same variations.

Here, for example, from Tables 2.2, 3.2, 4.2, and 5.2, and for a= b=0, chosen in Eq. (43) for the fill factor F,
the values of Ny, are found to be given by: 14.82 %, 12.16 %, 26.55 %, and 23.69 %, obtained at
Vo =0.33 V, 0.355 V, 0.82 V, and 0.89 V, respectively, and at T=300 K= T. Therefore, from Eq. (46),
with Npax = 14.82 %, 12.16 %, and 26.55 %, one obtains: Ty=352.2 K, 341.5 K, 408.4 K, and 393.1 K,
respectively. Thus, as noted above, Nmax. and Ty both increase with an increasing IBG, for each (X=Ge,

GaSb, CdTe, or CdSe)- crystal at T=300 K= T¢.
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