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ABTRACT

In n*(p*) — p(n) [X(x) = GaP,_.As.]-alloy junction solar cells at
T=300 K, 0 = x = 1, by basing on the same physical model and the

same treatment method, as those used in our recent WOI’kS[l’Z], we will
*Corresponding Author

Prof. Dr. Huynh Van
Cong

Université de Perpignan Via reservoir temperatures, Ty (K), obtained from the Carnot efficiency
Domitia, Laboratoire de

also investigate the maximal efficiencies, Nimax (1imax), Obtained at the

open circuit voltage V,c(= Voeroam), according to highest hot

theorem, which was demonstrated by the use of the entropy law. In this
Mathématiques et Physique

(LAMPS), EA 4217,

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

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

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

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

radius, rqca), and x-concentration, is defined in Eqg. (9d), as:

N*(N,rq¢a),x) =N — Nepnwpp) (Tdca),X), Where Nepnwpp) IS the Mott critical density in the
metal-insulator transition, determined in Eq. (9a). Then, we have showed that (i) the origin of
such the Mott’s criterium, Eq. (9a), is exactly obtained from the reduced effective Wigner-

Seitz radius rgn(spy, Characteristic of interactions, as that given in Equations (9b, 9c), and
further (ii) Nepn(cpp) IS just the density of electrons (holes) localized in the exponential

conduction (valence)-band tail (EBT), as that demonstrated inf! (2) In Table 3n, for
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nt — p X(x) —alloy junction solar cell and for rsnccay-radius, one obtains with increasing
x=(0, 05 1) Nma(M= 3283%, 31.96%, 31.15%, according to
Tu(y) = 446.6 K,440.9K,435.7 K, at V,; = 1.06 V,1.06 V,1.07 V, respectively. (3) In
Table 5p, for p* —nX(x) —alloy junction solar cell and for rggesy)-radius, with
increasing x=(0, 0.5, 1), one obtains with increasing x=(0, 0.5, 1): Mymax (7)= 32.51%,
32.51%, 33.07%, according to Tu(7) = 444.5K,4445K,448.2 K, at
Voert N[> Vo (V)] = 1.17V,1.18 V,1.20V,  respectively,  suggesting  that  such
Nimax (1imax)-and-Ty variations depend on V. (V)[> Voo (V)] — ones. (4) Finally, as
discussed in above remarks (2) and (3), for x=1, the GaP;_;As, —alloy becomes the GaAs-
one, and therefore, Nimax=31.15 % and 1max.=33.07 %, which can be compared with the
corresponding results obtained by Moon et al.®! and Green et al.l for the single-junction
GaAs thin-film solar cell, 22.08 % and 29.71 %, respectively, suggesting that in order to
obtain the highest efficiencies, the GaP;_,As.-alloy junction solar cells could be chosen

rather than the crystalline GaAs-junction solar cell.

KEYWORDS: single GaP;_ As-alloy junction solar cell; single crystalline GaAs-junction

solar cell; photovoltaic conversion factor; photovoltaic conversion efficiency.

INTRODUCTION

In single n*(p*™) — p(n) X(= GaP,_,As,)-alloy junction solar cells at 300 K, 0 < x < 1, by
basing on the same physical model and treatment method, as used in our two recent
works™? and also on other ones [2-11], we will investigate the highest (or maximal)

efficiencies, Mimax.max), according to highest hot reservoir temperatures Ty (K), obtained

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

In the following, we will show that the energy-band-structure parameters, due to the effects
of x-concentration, size impurity, temperature T and heavy doping, affect strongly the dark

(or total) minority-carrier saturation current density and the photovoltaic conversion effect.

ENERGY BAND STUCTURE PARAMETERS
A. Effect of x- concentration
In the n*(p*) — p(n) single n*(p*) — p(n) X(x)- alloy junction at T=0 K, the energy-band-

structure parameterst!), are expressed as functions of x, are given in the following.
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(i)-The unperturbed relative effective electron (hole) mass in conduction (valence) bands are

given by:

m.(x)/my = 0.066 X x + 0.13 X (1 —x), and

my(x)/m, = 0.291 xx+ 0.5 X (1 —x), @
S0 that one obtains: m.(x = 1)/mg = (Mc(gaas)/M,)=0.066,

m,(x = 1)/m, = (mv{GaAs}.fmo)zo'Zglv and m(x = 0)/m, = (mc(GaP}fmo):O'l3’

my(x = 0)/m, = (mv{GaP}.fmo):O's'

(i1)-The unperturbed relative static dielectric constant of the intrinsic of the single crystalline
X- alloy is found to be defined by:
go(x) = 1313 x x +11.1 X (1 —x), (2)

which gives: g5(x = 1) = €ga4s=13.13, and g,(x = 0) = ggap = 11.1.

(iii)-Finally, the unperturbed band gap at 0 K is found to be given by:
Ego(x)ineV=152xx + 1796 X (1 —x), (3)
giving rise t0: Egjo(x = 1) = Eggaas = 1.52 eV, and Egjo(x = 0) = Eggap = 1.796 €V.
Therefore, we can define the effective donor (acceptor)-ionization energy, at

Td(a) = Tdo(ao) = I'p(ca) = 0.11nm (0.126 nm), in absolute values as:

13600 % [me () (x)/mg)
[£0(x)]?

and then, the isothermal bulk modulus, by:

Edo(ao} (X) = meV, (4)

E ‘l{x}
Bdo(ao) () = %3. §

2

B. Effects of Impurity-size, with a given x
Here, the effects of ry.,) and x- concentration affect the changes in all the energy-band-

structure parameters, expressed in terms of the effective relative dielectric constant

£(rgcay, x), in the following.

At r4(2) = Tdo(a0): the needed boundary conditions are found to be, for the impurity-atom

volume V= (41/3) x (rd(a}f, Vio(ao) = (41/3) X (rdo(ao})a, for the pressure p, p, = 0,
and for the deformation potential energy (or the strain energy) o, o, = 0. Further, the two

important equations (Van Cong et al., 1984), used to determine the o-variation, Ac=
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. .dp B de . . d,do,_B . .
o—0, = a, are defined by: v and p=—. giving: E(E =5 Then, by an integration, one
gets:
rm \2 fm \2
["}'G(rd{a}r}{)]n{p) Bio(ao) )*(V- Vdo{ao))xln ( ) Edo(ao}(x) X [(rdiE:'o}) - 1} XIn (rdi((i;:]) = 0.(6)

Furthermore, we also shown that, as rqe) > Tdoras) (Td(a) < Tdo(ac)), the compression
(dilatation) gives rise to the increase (the decrease) in the energy gap Egn(gp}(rd(a}y x), and
the effective donor (acceptor)-ionization energy Eq(a)(raca) x) in absolute values, obtained in

the effective Bohr model, which is represented respectively by: + [ﬂc(rd(a},x)]n )

2
sc(wu
gn(_gpu(rd(_aux) Ego[:x:} Ed(au[:rd(awx:} Edo{_auu[:x:} Edu(aou(x:} ’ ) - 1] =+ [ﬂﬁ(rd(aj’x:}]n(ply

Ecl'd(a'h 1

for I'd(a) = T'do(ao) and for I'd(a) = I'do(ao)

2
gn(_gpu(rd(an X} EgU[X) Ed(_au(rd(an X} Edu(aon[x) Edu(aouﬁx) [ 80(1“ ) - 1] == [Aﬁ(rd(aj’x}]n(pj'(7)

2T aray)
Therefore, from Equations (6) and (7), one obtains the expressions for relative dielectric

constant £(rg(a),x) and energy band gap Egn(gp) (raca) %), as:

. . _ £p(x)
(l)-for T'd(a) = I'do(ao) since E(I‘d{a}, X)— 7 : = <&, (K),
1+ (—rd(aj' ) —l]xln( 4@ )
_\| T'do(ao) T'dogao)
Egner) (TacarX) — Ego(®) = Eaa) (Tatay ¥) — Bdota) (%) = Edotan) () X [ :i 1] :E "=0,(8a)

according to the increase in both Egy(gp) (Taca) x) and Eqea) (raca), x), for a given x, and

£, (X)

(i)-for ra(ay = Tao(an), SINCE £(Tq(ay, X)= | => £, (x), with a condition,

ey pon(e)

given by: [( @) )3 — 1] X In (r“i)g <1,

Tdoao T'do(ao)

Egn(_gp} (rd(ajrx) - Egu[x} = Ed(ajl [:rd(_aju ) Edu(_auu[x} Edu(_auu(x) [ d(EJ 1] Fdi i O, (8b)

"do(ao, rdO(“J

corresponding to the decrease in both Egn(gp) (raca), x) and Eqgay (raca), x), for a given x.

Furthermore, it is interesting to remark that the critical total donor (acceptor)-density in the
metal-insulator transition (MIT) at T=0 K, Nepp(npp)(Taca),X), wWas given by the Mott’s

criterium, as:

1
Nepncepp) (Taga) X) 73 X agn(ep) (Taa)X) = Mn(p), Mu(p) = 0.25, (99)
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which can be explained from the definition of the reduced effective Wigner-Seitz (WS)

radius rqp(sp), Characteristic of interactions, by:

3

1/3
I'Sn{sp)(N: Pd{a),K) = (ﬁ) X 1

13 m A(x)/m
— —11723x 108 x (=) x DT 9b
agn(Bp)(Td(ayx) (N) £(rdgax) (9b)
being equal to, in particular, at N=N¢ppcpp) (Ta(ay, X): rsn{sp}(NCDn(CDp}(rd{a}yx)y rd(a},x)z
2.4814, for any (rg(a), x)-values. So, from Eq. (9b), one has:

3

1 1/3
Necpn(epp) (Taga) ¥) 2 X @pn@p) (Taq) X) = (;) X

1
2.4814

In our recent paper™, we have also showed that Ncpn(epp) 1S just the density of electrons
(holes) localized in the exponential conduction (valence)-band tail (EBT), with a precision of

the order of 2.92 x 1077 . So, the density of electrons (holes) given in parabolic conduction

(valence) bands can be defined by:
N*(N, Fd{a);x) = N — Nepnvop) (rd{a);K)1 (9d)

which will be used in the n(p)-type degenerate X(x)-alloy, as follows.

C. Effect of temperature T, with given x and rg)

Here, the intrinsic band gap Egin(gip) (Taca).x, T) atany T is given by:

5.405xx  3.065x(1-x)
T+204 T+94 !

Eegincgip) (Ta(a) %, T) in eV = Egngp) (Taga) X) — 1074 X T2 x | (10)
Which gives: Egipngip) (Tao(a), X = 0,T = 0K) = 1.796 eV and Egiy i) (Tgo(ao),x = 1,T = 0K) = 152 eV,
and Egin(gip) (Tdoao), X = 0,T = 300 K) = 1.72599 eV and
Egin(gip) (Tdo(ao), X = 1, T = 300 K) = 1.42348 eV, suggesting that, for given x and rg(,,

Egin(gip) decreases with an increasing T, as observed in next Table 1 in Appendix 1.

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

~Egin(gip) (r d(a) ,x,T))

Dinip) BY: 0inip) (Fagay, % T) = Ne(T,x) X Ny (T, x) X EKP( T

(11)

where N (T, x) is the conduction (valence)-band density of states, being defined as:
3
i ExkpTy 2 —
New) (T, %) = 2 X (F225TE7)2 (em~2),

D. Heavy Doping Effect, with given T, x and rg4(,)
Here, as given in our previous works™?, the Fermi energy Eg, (—Egp), band gap narrowing

(BGN), and apparent band gap narrowing (ABGN), are reported in the following.
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First, the reduced Fermi energy 1y, or the Fermi energy Eg, (—Egy,), Obtained for any T and
any effective d(a)-density, N*(N,rgq),x) = N*, defined in Eq. (9d), for a simplicity of
presentation, being investigated in our previous paper’®, with a precision of the order of

2.11 x 1074, is found to be given by:

_ B
Ty (W) = Ef;(T”)( Elf;i“}) = G(“}liit;{“}, A = 0.0005372 and B = 4.82842262, (12)
where u is the reduced electron density, u(N*, T,x) = o I:(T m F(u) = aus (1 +bu": + cu‘E) :

2
a=[Gva/e xu]”?, b=1(® =)' and G(u) = Ln(u) + 27 xux e

d=232|L-Z%|>0.
Here, one notes that: (i) as u >> 1, according to the HD [d(a)- X(x)- alloy] ER-case, or to the

Epplu<«l) (—Epp{u§< 1)) < —1
kgT kgT !

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

to the LD [a(d)- X(x)- alloy] BR-case, or to the non-degenerate case, Eq. (12) is reduced to
the function G(u). Here, the notations: HD(LD) and ER(BR), mean: heavily doped (lightly

doped)-cases and emitter (base)-regions, respectively.

So, the numerical results of Bggrac), & Egno(apo)r Nepn(epp): Eginggip) (Taca),x T), and

Nn(p) (u), calculated using Equations (5), (8a, 8b), (9a), (10), and (12), respectively.

Table 1 in Appendix 1
Now, if denoting now the effective Wigner-Seitz radius rgy(spy, Characteristic of the

interactions, by:

. 1\3 _ mew®)
Fencsp) (N Tagay, X) = 1.1723 X 10° X (N—) x m (13)

the correlation energy of an effective electron gas, Ecnepy (N*,ra(a),x), is given as!:

0.87533 +(2[1—1n{2‘,|]}
—0.87553 0.0908+Tgp 5p ™

xln(rsn(spj}_ﬂ.ﬂggzss
E N*r X) =
encep) (N Taca) ) 0.0908 +T'sn(sp) 1+0.03847728 Xr 555700 ©

Now, taking into account various spin-polarized chemical potential-energy contributions such
as (Van Cong, 2024): 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,
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and finally minority hole (electron)-ionized d(a) interaction screened Coulomb potential
energy, the band gap narrowing (BGN) are given as follows.

Thus, in the n-type HD X(x)- alloy, the BGN is found to be given by!?:

AEg, (N*,rg,%) =~ a; X =000 x NI/? 4 a, x 2002 X NEx (2503 X [ Ecn(rsn) X rgn]) +

£(rg.x) E(lgx

g0 (x) 17/ 1/a 20 _ 12 £0(X) <
agx[m x/ XN +a, x [ XN XZJ’SX[{M) X N

(N
Ny = (NCanl"da-'"})' (14n)
Where a; = 3.8 x 1073(eV), a, = 6.5 X 107 %(eV), a;, = 2.8 x 107 *(eV),a, = 5.597 x 1073 (eV)
and as = 8.1 X 107*(eV), and in the p-type HD X(x)- alloy, as:

1

AEg, (N*,1,,%) ~ a; X 2200 x NI/° 4 a, x 200 X NZ x (2,503 x [—Ecp(rsp) X rgp]) +

£(Ta.%) E(Ta.X
5/4
£5(x) 1/4 Eo(X) 1/2 £0(x) |z
as x [f22] " x / X N/* 422, x |22 X N2 4 5><[ ]fo-
N*
N, =|——], 14
g (NCDp(raﬁ}) ( p)

Where a; = 3.15 x 1073(eV), a, = 5.41 x 107 *(eV), a; = 2.32 x 1073(eV), a, = 4.195 x 107 3(eV)
and a; = 9.80 x 107> (eV).
Therefore, in the HD[d(a)- X(x)- alloy] ER, we can define the effective extrinsic carrier

concentration, ng, .y, by :

_ * AEagn(agp)
Nangep) (N T, Taca), X) = /N* X po (o) = Ningip) (T, raca), X) X exp [%ﬁp] , (15)
where the apparent band gap narrowing (ABGN), AE ,gnagp), IS defined by:
ES ES N* ES
AE4qn(N", T,Tq,%) = AEgn(N", 7, %) + ks T X In (355 ) = Er(N*, T, ), (16n)
N*
Eago (N, T, 5, %) = AEgy (N, 1, %) + kg Tx In (12— o )) + Egp (N, T, %)]. (16p)

TOTAL MINORITY-CARRIER SATURATION CURRENT DENSITY

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

Jortorn) = JEno(epo) + Jepo(Eno) (17)
where Jgpo(eney IS the minority-electron (hole) saturation current density injected into the

LD[a(d)- X(x)- alloy] BR, and Jgne(spo) IS the minority-hole (electron) saturation-current

density injected into the HD[d(a)- X(x)- alloy] ER.
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IBpo(Bno) iN the LD[a(d)- X(x)- alloy]BR

Here, Jgpoceno) is determined by

]

Doy (NardyTolard )
z i [Zefhy\ardy " agdy ™
exnlpf1n7'(T’racd”x)xwl TesnB)Naga)

Jepo(eno) (Nacay T, Taqay, X ) = Nag : (18)

where nizp.[in}(T:rd[a}:K) is determined EQ. (11), Dggny(Nacay, T.racay, %) is the minority

electron (minority hole) diffusion coefficient:

2
De(N,, T, 1y, %) = 25 X [2{)0 + = 0,4 x (fr;’f) (cm?s™1), (19a)
1+(1.3><1o”cm_3) 0
kg T 270 X)\2 _
Dp(Ng, T,rq,%) = “20 [13{) + - 1.4 x (522)" (em?s7), (19b)
! (axm cm— }

and Tegmg) (Nagay) is the minority electron (minority hole) lifetime in the BR:

1
10~7
1
10~7

Tog(Ny) 1 = +3Xx10713 X N, + 1.83 x 10731 X N2, (20a)

Tae(Ng) ™1 = —— 4 11.76 X 10713 x Ngq + 2.78 x 10731 x N2, (20b)

JEno(Epoy IN the HD[d(a)- X(x)- alloy]ER

In the non-uniformly and heavily doped emitter region of d(a)- X(x) devices, the effective
Gaussian d(a)-density profile or the d(a) (majority-e(h)) density, is defined in such the
HD[d(a)- X(x) alloy] ER-width W, as?":

2
2 : -
® _ o 1 N _ & N W.
Paca) (ny ;W) = Nd(a} X exp{ (W) X In [71\1:[0(30)%}} =N*"x [71\130(30:,(“.7}} 0=y < W,
w 1.066 (0.5) _
Naotaey(W) = 7.9 X 1017 (2 X 10%) X exp{— (55 T —) } (em™),  (21)

where pg)(y = 0) = N is the surface d(a)-density, and at the emitter-base junction,
Pa) ¥ = W) = Ngoag) (W), which decreases with increasing W. Further, the “effective

doping density” is defined by:

* = AEagn pagp) (Pd(a) T-rdayX)
Nﬁ(a} (y; N ,T, I'd,[a),}i) = pd{a) fy)fexp[ agn{agp (a (a ],

kg T
= — ES —_ N*
Nd(ﬂ} (y - {:lj N i T_l rd{ﬂ); x—) = ﬂEagn(agp:I(NH,T,rdCa},x) y and
exp T
£ _ _ Ndogao)(W)
Naw (3’ - rd{a}JX) N exp aEagn(agpj(Ndocao:.(W?u,T,rd(a;,,x)J’ (22)
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where the apparent band gap narrowing AE y Is determined in Equations (16n, 16p),

agn(agp

replacing N* by pqa) (y, N*,W ).

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

N©
5Eaﬂngaﬂg
Xexp ]

Fhe) N*, T, rqa), %) = (cm™ X s), (23)

Dh(e)

being related to the minority hole (electron) diffusion length, Ly, e (Y,N*, T, rd(a},x), as:

z 2
— = _ Naay)™ Bin(ip) (Trdga))
Lne) (y.N°T, rd(ajfx) = [ThE(eE] X Dh(E]] =(Ccx Fige) ) = (C X Do E)) = (C X Po(no]XDh(e)) ,
where the constant C was chosen to be equal to: 2.0893 x 1073° (cm*/s), and finally the
minority hole (minority electron) lifetime tyg gy, bY:

1 _ 1
Dnge)XLi%ey;  DpeyX(CXFerny ).
h(e)*Ln(e) hie) X\ GXFerhy

ThE(eE) = (24)

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:

po () (7)] = —o——b0m) (25)

Ngea) (y=W.T.raga).x)

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

p(¥)[n(y)] and po(y)[n, ()]

u(y) = p(y)[n(y)]-po (¥) [no ¥)1)
Po (¥) [no ()] '

which must verify the two following boundary conditions as:

o~ IhE=00e=0)]
uly =0) = 5 o mem=o

(26)

u(ly = W) =exp

(rrs)
nyn (VIxVr

Here, ny;y(V)is the photovoltaic conversion factor, being determined later, S (?) is the

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

is the thermal voltage, and the minority-hole (electron) current density Jye) (y, rd(a},x).

Further, from the Fick’s law for minority hole (electron)-diffusion equations, one hast*2:

—e(+e)xnfyp % du(y) _ —e(+e)nyip)Dnce) (N"rdca)) % du(y)

- # & ’ 27
Fhey (¥) dy Ngga (¥ N" T.raga)x) dy (27)

ey (v, N*, T, Taay x) =
where N&.,(¥.Tag).X)is given in Eq. (22), Dy, and Fy are determined respectively in

Equations (19) and (23), and from the minority-hole (electron) continuity equation as:
Ng(a) @ N*, T, rqca), x)
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dlye) {y,n*,r,rd,;a),x)
dy

uly)

uly)
00 ™ by o )iy 0) @

—e({+e) X n
(+¢) N3z N Torgrz) %)X Theres)

= —e(+e) XN, X

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

d?u(y) _ dFnee)) , du@) _ _u@)
dy? dy dy  Lije®)

=0, (29)

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

__ sinh(P(y))+1(W,S)xcosh(P(y)) v
) = o)+ 1wW.s)cos(pw)) < (exp (HI(IQ.MXVT) B 1)’ (30)

where the factor I(W, S) is determined by: Dy ey (Ng, T, Taa),X)

Dh ey (¥=W.Ndogao) (W).T.ra.x)

I(T,rgq(a),x, W,S) = SXLn e @:W,ng(ao“u(W}’T’rd(aﬁ"x].

(31)

dP(y) _

Further, since —. = C X Fya(¥)= , €=2.0893 x 107%° (cm*/s),for the X(x)-alloy,
¥

Ly )(XJ

being an empirical parameter, chosen for each crystalline semiconductor, P(y) is thus found

to be defined by: P(y) =

¥ — 1 w d}? _ w Lh(e}(yj w
0<y=W P(y=W)= (g = -

’[UL (}’]) y Ply=W) (Wx 0 Lh(e)@])xw Lie) @) Lﬁre)(."] Ly @)’ (32)

where L, ., (v) is the effective minority hole (minority electron) diffusion length. Further, the

minority-hole (electron) current density injected into the HD[d(a)- X(x) alloy] ER is found to

be given bY: Ju (3 W.N Traray, % 8.V ) = —Jgao 3 W, N, T,rg, %.5) [Jgpo (3, W, N¥, T,1,,%,8)] % (exp(nw:‘;)m) - 1), (33)
where Jgno(spoy 1S the saturation minority hole (minority electron) current density,

enfyip) XDh(e) cosh (P(x))+I(W.5)xsinh(P(x))
Ngga) @ N"Traga)x)xLngey  sinh(P(W))+I(W.S)xcosh(P(W)) ’

]EnD(EpD} (y, w, N*, T, Fdiap % S) = (34)

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

gives:
2
_ " _ elingip) *Dhie) 1
]EHO[EPU‘) (y - 0] WJN jT] rd(ﬂ)] X, S) - Nzca':l@,NH,T,rd(a:px)th(ej Sinh(P)-I—IXCDSh{P}’ (35)
en? n(ip)¥Dn(e) cosh(P)+1xsinh(P)

]EHD{EPD}(y W, W, N, T.raqa), %, 5) = Ng(a) (Y=W.N*Traga)X)xLne)  sinh(P)+Ixcosh(p)’ (36)
and then,

]h(e;.Bf:ﬂ,W,N”,T,rd(a;.,x,S,V) _ JEno(Epo) (‘:’=0;W;N”4Tard(aj.£5) . 1 (37)

Thiey (Y=W.W.N*T.raca)x5.V) ~ Jeno(Epo)(y=W.W.N"Trq@z x5)  cosh(P)+Ixsinh(p)’
Now, if defining the effective excess minority-hole (electron) charge storage in the emitter
region by:

The(er) (M T.raga)yx)
The(er)(Pda) ). Traga)x)

Qhe) (¥ = W,N°, T, Tgq), X) = ff +e(—e) x u(y) x po () [ (y)] % and

the effective minority hole (minority electron) transit time [htt(ett)] by:
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Tﬁtt(ett)(yz W, W, N*, Td(ay % 5)= Qtf(e](yz W,N*%T, rdl:a)JX)."‘IEno(Epo}(yz W, W,N*,T, Tdiap S}; and from
Equations (24, 31), one obtains:

Tﬁtt(ettj.(}’=WJWJN”JTJ1‘d(ajpr5) —q_ JEno(epo) Y=0.W.N" T.rgea)xS) B 1
ThE(eE) o JEno(Epo) Y=W.W.N" T.rg(a).xS) cosh(P)+Ixsinh(B)

(38)
Now, some important results can be obtained and discussed below.

ASP <1 (0r W < Lyy) and § = o0, 1= 1(W,S) = DHITREOTERROT o, from Eq.  (38),

Theegarsy (Y= WIW.N Tora 5]

one has:

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

case, where, from Eq. (36), one obtains:

enfhip) XDh(e) % 1
Ng(a) (y=W.N"T.rqa)yx)%Lnee)  P(W)’

]EHO(EPD} (y =W, N$J T, Fd¢a)y % S— 00) - (39)

Further, as P>»1 (or W 3> Lie)) and S—0,

DnieyMaoraey(W)T.rgia)=)
S%Lpie)Ndo(ao)W)Trgay=)

1=1(y=W,rge,%8) = — oo, and from Eg. (38) one has:

T?Itt[etf:l (}’:W,W,N”,T,rd(a:,,x,S:l

ThE(eE)

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

where, from Eq. (36), one gets:

Eni‘n:ipjxnh:!}

]Enol:Epo]{y =W,N5T, Tdia) X S5— 0} -3 * tanh(P] (40)

N"’d:ij(y=1-‘-’,}{',T,rd:;yx]xl.h;,j
In summary, in the two n*(p*) — p(n) X(x)-alloy junction solar cells, the dark carrier-

minority saturation current density Jo;ory, defined in Eq. (17), is now rewritten as:

Jatcom [:W:NH: T, rag% S Na(d‘_urra(dfwx) = JEno(Epo) (W,N%T, Tdayp % S) + JBpa(Bna) (Na(d‘_.: T, ra(djux)v (41)

Where Jgnoepoy @Nd Jepo(ano) are determined respectively in Equations (36, 18).

PHOTOVOLTAIC CONVERSION EFFECT AT 300K

Here, in the n* (p*) — p(n) X(x) -alloy junction solar cells at T=300 K, denoted respectively
by 1(10), and for physical conditions, respectively, as:
W =15 ym,N = 10*°cm~3(10*°cm™?) ,ry.5,%,§ = 100 (?); Na@y = 107 em™, r pg, X, (42)
we propose, at given open circuit voltages: Voer1 (ocizy @Nd Voerra ociizy» the corresponding data
of the short circuit current density Jscjapy, in order to formulate our following treatment
method of two fix points, as:

at Vocll(mm(\f) = 0.980 (1.1272), Jser1(sciz) (mA/cm?) = 27.06 (29.76),
at Vocrni cocniz) (V) = 0.980 (1.03) , Jsem(senz) (mA/cm?) = 24.2 (29.84). (43)
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Now, we define the net current density ] at T=300 K, obtained for the infinite shunt
resistance, and expressed as a function of the applied voltage V, flowing through the

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

i ] — v = v
JOV) = Jon (V) = Jorcom X (efiem®™ — 1), X (V) = DA Xy (V) = Ty (XY (44)
where the function ny, (V) is the photovoltaic conversion factor (PVCF), noting that as
V = V,., being the open circuit voltage, J(V = V,.) = 0, the photocurrent density is defined

BY: Jon (V= Vo) = Jscrgsemn (W,N",T, Taa)} %5 Nacay, T Faqay % Vo), for Vo, = ocl1 (oclI1)-

Therefore, the photovoltaic conversion effect occurs, according to:

Isc](sc]]]{WJ N5 T, Faia) % 5 Na(d)l T, Taid) % Vor.'} = ]D],:D]]:,(W,N*, T, Taia) % 5 Na(d)l T, Fald) X:} X (EXI:”’.'I:VD::] - 1:}1 (45)

VDC

wherenyy (Voo) = nyan (W, N, T,raga,%, S5 Nagay Faqay X Voe )y @Nd Xy (Vo) = Vo RVr

Here, one remarks that (i) for a given Vi, both n;;y and Jopy have the same variations,
obtained in the same physical conditions, as observed in the following calculation, (ii) the
function (exmx;.(voc} — 1) or the PVCF, nypy, representing the photovoltaic conversion effect,
converts the light, represented by Jcicsciry, into the electricity, by Joiom, and finally, for

given (W, N*,T,r4¢2)% S; Nacay, T, Taca), X, 1&:’E,,:)-values, nyny (Vo) is determined.

Now, for Ve = Voers (octiny, ON€ can propose the general expressions for the PVCF, in order

to get exactly the values of 1y 111y (Voers (oerrsy) @nd gz 112y (Voerz coenizy ) @s functions of Vi,

()
by: n](]]){WJN&J T,rarapx 8 Nagap T, Ta(d}JXJVoc} = n11-j]11)(Voc11(oc111)}+ n]:(]]?){vor_']:l:ocﬂz:)} X ( Yoo _ 1) ) (46)

Voot ooy

where, for example, the values of a(), obtained forx = (0, 0.5 and 1), will be reported in
Tables 3n and 5p, for these [X(x) = GaAs,_F]-alloy junctions.

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

Xyan (Vo) —In[Xyp (Vo) +0.72]
Xran(Vocl +1

FI{II) (W, N*, T, I‘d(a}, X, S; Na,[d}, T, I‘a(d},}{, VDC) = (47)

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

cells, by:

" ] ¥ VooXFrrmn
nI{II}(W; N ,T, rd{a}x’ S; Nﬂ(d}JTJ rﬂ(d)JxJVDC) — scI(ScII,pinoc I(II,’ (48)

being assumed to be obtained at 1 sun illumination or at AM1.5G spectrum

w

EV
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It should be noted that the maximal values of nyu;y, Nimax.max) are obtained at the

corresponding ones 0fV,e = Voeroem, at

=0, as those given in next Tables 3n and

Which(anl,:m{W,N*,T,rd.:a),x.s: Na.:d),ra(d),x.Voc))
Voczvoclqocﬂ)

Ve

5p in Appendix 1, being marked in bold. Further, from the well-known Carnot’s theorem,
being obtained by the second principle in thermodynamics, or by the entropy law, the
maximum efficiency of a heat engine operating between hot (H) and cold (C) reservoirs is
the ratio of the temperature difference between the reservoirs, Ty — Tg, To = T = 300K, to

the H-reservoir temperature, Ty, expressed as:

Tg—-T
M1 (T:Voc) = Nmax.(Iimax.) (Tr Voo = ocI(ocII]) = Ncarnot = HTH €, (49)

for ~a simplicity, noting that both TMmaxmmaxy and Ty depend on

(W, Nx, T, rd,:a:,,x, S: Na(d]! ra[d:,,x, Vc,d(c,cm)-parameters.

NUMERICAL RESULTS AND CONCLUDING REMARKS

We will respectively consider the two following cases of n* (p*) — p(n) -junctions such as:
HD (As; Sn) X(x) alloy ER — LD (Mg ; Cd) X(x) — alloy BR —case, according to: 2 (n*p) —
junctions denoted by: (As*Mg,Sn*Cd), and

HD (Mg ; Cd) X(x) alloy ER — LD (As; Sn) X(x) — alloy BR —case, according to: 2 (p*n) —
junctions denoted by: (Mg™* As, Cd* Sn).

Now, by using the physical conditions, given in Eq. (42), we can determine various

photovoltaic conversion coefficients as follows.

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

*
Thtt

Then, the numerical results of p—
E

Jepor Jeno and Jor, are calculated using Equations (38),

(18), (36) and (41), respectively, and obtained, as those given in Table 2n in Appendix 1.
Further, those of ny, Js¢, Fi, 1, and Ty, are computed, using Equations (46, 45, 47, 48, 49),
respectively, and reported in the following Table 3n in Appendix 1.

Tables 2n and 3n in Appendix 1
Second case: HD [ Mg; Cd] X(x) — Alloy ER — LD [ As,Sn ] X(x) — Alloy BR
Here, there are 2 (p*n) — X(x)-junctions, being denoted by: (Mg™* As, Cd* Sn).
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=
Tatt
)
TeE

Then, the numerical results of Jgno» Jepo @nd Joi, are calculated using Equations (38),

(18), (36) and (41), respectively, and obtained, as those given in Table 4p in Appendix 1.
Further, those of ny, Jsenr, Fi, i, @and Ty, are computed, using Equations (46, 45, 47, 48, 49),
respectively, and reported in the following Table 5p in Appendix 1.

Tables 4p and 5p in Appendix 1
Finally, some concluding remarks are obtained and discussed as follows.

(1) In Table 3n, for the n* — p GaP,_,As, —alloy junction solar cell and for rs,ca)-

radius, one obtains with increasing x=(0, 0.5, 1): Nymax ()= 32.83 %, 31.96 %, 31.15 %,
according to Tyu(y) =446.6K,4409K,435.7K,at  V, =1.06V,1.06V,1.07V,

respectively.

(2) In Table 5p, for the p* —n GaP,_,As, —alloy junction solar cell and for reqsn)-

radius, one obtains with increasing x=(0, 0.5, 1): Nymax. (/)= 32.51 %, 32.51 %, 33.07 %,
according to Ty(7) = 444.5K,4445K,448.2 K, at
Voert N[> V,q(V)] = 1.17V,1.18 V,1.20V,  respectively,  suggesting that  such

TNimax (iimax)-and-Ty variations depend on Voey (V) [> Voo (V)] — ones.

(3) Finally, as noted in above remarks (1) and (2), for x=1, the GaP;_,As, —alloy becomes
the GaAs-one, and therefore, Mmax=31.15 % and Njmax.=33.07 %, which can be compared
with the corresponding results obtained by Moon et al.! and Green et al.[*! for the single-
junction GaAs thin-film solar cell, 22.08 % and 29.71 %, respectively, suggesting that in
order to obtain the highest efficiencies, the GaP;_,As.-alloy junction solar cells could be

chosen rather than the crystalline GaAs-junction solar cell.
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APPENDIX 1

Table 1: In the GaP,_,As,-alloy the numerical results of Bi,.o, € Esnorepoy Neonicopy

Egin(gipj (rd[ajlxr T), and Mn(p) (w), u(N°,T,x) =

N*

N c (1_-3 X ]

-, are computed for physical conditions,

given in Eq. (42), using Equations (5), (8a, 8b), (9a), (10), and (12), respectively. Here, on

notes that: (i) N =102%m=2 and T=300 K, (ii) N* = N*(N,rq.5,%) = N — Nepponpp) (TaezyX), given

in Eq. (9d), and finally (iii) in the limiting conditions: these numerical results are reduced to

those given in GaP-crystal for x=0, and to those given in the GaAs-alloy for x=1.

Donor P As
rg (nm) 2 rg,=0.110 0.118
X A 0, 051 0, 051

Bao(x) in 10° (N/m?)
elrg. x)

Egpolra.x} eV 2
Nepn(rg.x) in 10 em™2 7
Egin(ra,x T)inev

Mn > 1 (degenerate case) s

4.123179, 2.60924, 1.4960608

111, 12.115,13.13

1.796, 1.658, 1.52

16.859958, 5.5552466, 1.3330088

1.72599, 1.57473, 1.42348

23.395, 31.027, 46.051

10.83572, 11.82655, 12.817384

1.796708, 1.658448, 1.5202571

18.123934, 5.9717184, 1.4329432

1.7267, 1.57518, 1.42374

23.393, 31.026, 46.051

Donor Sh Sn

rq (nm) » 0.136 0.140

X A 0, 05,1 0, 05,1

elrg, =) 8.868820, 9.679798, 10.490775 8.3478503, 9.111190, 9.8745293

Egno(rg.x) eV 7
Nepn(rg.x)in 10 em=2 »
Egin(ra,x T)ineVv

Ma # 1 (degenerate case) u

1.8041281, 1.663144, 1.5229492

33.054297, 10.891176, 2.6133913

1.73412, 1.57988, 1.42643

23.370,  31.016, 46.047

1.8070212, 1.664974, 1.5239990

39.637063, 13.060155, 3.1338483

1.73701, 1.58171, 1.42748

23.360,  31.012, 46.046

Acceptor Ga Mg
rs (nm) A Ia,=0.126 0.140
X o 0, 05,1 0, 051

Bao(x) in 10° (N/m?)

1.055177, 0.700649, 0.4388991
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E(r'g,x] "y
Egpol(ra.x}eV 7

NCDP (l"g_, X:] in 1012 cm'! A

11.1, 12.115,13.13

1.796, 1.658,1.52

9.5926026, 3.6514435, 1.142563

10.5002, 11.4604, 12.42055

1.8024849, 1.66231, 1.5226974

11.332043, 4.3135651, 1.3497457

Egip(Ta,x, T)inev 7 1.726, 1.5747,1.4235 1.7325, 1.579, 1.4262
Mp # 1 (degenerate case) 5.9036, 7.6634,10.4814 5.8328,  7.6298,10.4671
Acceptor In Cd

r. (nm) 7 0.144 0.148

X Py 0, 05,1 0, 05,1

elrg. x) % 10.143959, 11.0715, 11.999115 9.7367823, 10.62713, 11.51747

Egpol(ra.x}eV 7
Nepp (re, %) in10% em ™ ~
Egip(Tax, JineV 7

Mp # 1 (degenerate case)

1.8068933, 1.665233, 1.5245311
12.568487, 4.7842197, 1.4970169
1.7369, 1.582,1.428

57822,  7.6059, 10.4570

1.8125359, 1.66898, 1.5268781
14.212125, 5.4098739, 1.6927886
1.7425,  1.5857, 1.4304

5.7146, 7.5741, 10.4434

Table 2n: In the HD [(As; Sn)- GaP,_,As,-alloy] ER-LD[(Mg: Cd)-GaP,_,As,-alloy] BR, for

physical conditions given in Eq. (42) and for a given X, our numerical results of ?’T: Jepor JEno

and J;, are computed, using Equations (38), (18), (36) and (41), respectively, noting that ],

decreases strongly with increasing ra.,-radius for given x, but it increases strongly with

increasing X for given r4.,-radius, being new results.

n*p As~Mg Sn~Cd

Here, x=0 for the (as"mMgsn*cd)-junctions, and from Eqg. (38), one obtains:
% = (0, 0) suggesting a completely transparent condition.

Jepo IN 1072 (A/cm?) 3.7256 3.4547

Jene 1IN 10722 (A/cm?) & 2.4794 0.1204

Jor 1N 1072% (A/cm?) S 3.7256 3.4547
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Here, x=0.5 for the (as"Mgsn*cd)-junctions, and from Eg. (38), one obtains:

:ﬂ = (0, 0) suggesting a completely transparent condition.
hE

Jpo IN 10722 (A/cm?) 6.9673 6.4608
Teno IN 10728 (A/em?) N 1.6784 0.0176
Jor  IN 10722 (A/cm?) 6.9675 6.4608

Here, x=1 for the (as"Mgsn*cd)-junctions, and from Eq. (38), one obtains:

The

= {0, 0) suggesting a completely transparent condition.
ThE

Jepe IN 10720 (A/cm?) 9.4699 8.7814
Jgno IN 10722 (A/cm?) > 8.9188 0.0017
Jor 1IN 1072 (A/cm?) & 9.5592 8.7814

Table 3n: In the HD [(As; Sn)- GaP,_,As,-alloy] ER-LD[(Mg: Cd)-GaP,_.As.-alloy] BR, for
physical conditions given in Eq. (42) and for a given x, our numerical results of ny, J..1, F1, 11,
and Ty, are computed, using Equations (46, 45, 47, 48, 49), respectively, noting that both

Nimax. @Nd Ty, marked in bold, increase with increasing x for given r4..,, being new results.

Vcc [V} n; JscI (Cmm_i) l:‘I (0’6) ™ (0-‘{3)

Here, x=0. For the ( As*Mg sn*cd) junctions, the value of « given in Eq. (46) is 1.0805.

n*p As™Mg Sn~Cd As™Mg SnCd As™Mg SnCd As™Mg SnCd

0.980 0.753; 0.752 27.06; 27.06 90.39; 90.40 23.97; 23.97
1.05 0.803; 0.802 34.60; 34.47 90.43; 90.44 32.72; 32.73
1.06 0.811; 0.809 34.24; 34.25 90.43; 90.44 32.82; 32.83

Vou=1.06V 446.5; 446.6=Tx(K)

1.07 0.818; 0.817 33.86; 33.87 90.42; 90.43 32.76; 32.78
1.1272 0.864; 0.863 29.76; 29.76 90.40; 90.42 30.33; 30.34
2 1.656; 1.653 0.728; 0.724 89.82; 89.83 1.308; 1.301
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Here, x=0.5. For the ( As*Mg sn*cd) junctions, the value of « given in Eq. (46) is 1.08126.

n*p As™Mg Sn™Cd As™Mg SnCd As™Mg SnCd As™Mg SnCd

0.980 0.840; 0.839 27.06; 27.06 89.53; 89.55 23.74; 23.75
1.05 0.896; 0.894 33.82; 33.83 89.57; 89.59 31.80; 31.82
1.06 0.904; 0.809 33.64; 34.25 89.57; 89.59 31.94; 31.96

Vo =1.06V 440.8; 440.9=T4(K)

1.07 0.913; 0.817 33.32; 33.87 89.57; 89.59 31.93; 31.95
1.1272 0.964; 0.863 29.75; 29.76 89.55; 89.56 30.03; 30.04
2 1.847; 1.653 1.064; 0.724 88.92; 88.93 1.893; 1.883

Here, x=1. For the ( As*Mg sn*cd) junctions, the value of « given in Eq. (46) is 1.0822,

n*p As™Mg Sn~Cd As™Mg; SnCd As™Mg; SnCd As™Mg; SnCd

0.980 0.943;0.941 27.06; 27.06 88.56; 88.58 23.49; 23.49
1.06 1.015;1.013 33.10; 33.11 88.60; 88.62 31.09; 31.11
1.07 1.025;1.023 32.84; 32.85 88.60; 88.62 31.13; 31.15

Vg =107V 435.6; 435.7=Tyx(K)

1.08 1.034;1.033 32.47; 32.49 88.60; 88.62 31.07; 31.09
1.1272 1.082; 1.080 29.76; 29.77 88.58; 88.60 29.72; 29.73
2 2.073; 2.069 1.522;1.512 87.89; 87.91 2.675; 2.659

Table 4p: In the HD [(Mg Cd)-GaP,_,As.-alloy] ER-LD[(As; Sn)-GaP,_.As.-alloy] BR, for
physical conditions given in Eq. (42) and for a given x, our numerical results of :—‘: Jeno» JEpo
and ]y, are computed, using Equations (38), (18), (36) and (41), respectively, noting that J,;
decreases strongly with increasing r,q-radius for given x, but it increases strongly with

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

p'n Mg As Cd™Sn
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Here, x=0, and for the (Mg ascda sa)-junctions and from Eq. (34), one obtains:

:_:—“ = (0, 0) suggesting a completely transparent condition.
=2E

Jene IN 1072% (Afem?) 1.6147 0.8348
Jepo IN 10777 (A/cm?) 1.2926 0.7831
JTow 1N 1072* (A/cm?) S 1.6160 0.8356

Here, x=0.5, and for the (Mg asca sa)-junctions and from Eg. (34), one obtains:

Ton

= (0,0) suggesting a completely transparent condition.

A

2E

Tgne IN 10722 (A/cm?) 2.6082 1.5611
Jepo IN 10728 (A/cm?) 1.2570 0.7875
Jou 1N 10722 (A/em?) s 2.6095 1.5619

Here, x=1, and for the (Mgasca'sa) junctions and from Eq. (34), one obtains:

:_:—“ = (0,0) suggesting a completely transparent condition.
=2E

Jano IN 1072 (A/cm?) 3.1831 2.1219
Jepo IN 1072% (A/cm?) 7.7128 4.7505
Jou IN1072° (A/cm?) 3.1839 2.1223

Table 5p: In the HD [(Mg; Cd)-GaP,_,As.-alloy] ER-LD[(As; Sn)-GaP,_,As.-alloy] BR, for
physical conditions given in Eqg. (42) and for a given x, our numerical results of ny, Je.ir, Fin
1y, and Ty, are computed, using Equations (46, 45, 47, 48, 49), respectively, noting that both

Nimax. @Nd Ty, marked in bold, increase with increasing x for given r, 4, being new results.

Voc (V) ny Jsen (25 Fyy (%) (%)

Here, x=0. For the (Mg 4s,ca*sn)-junctions, the value of g given in Eq. (46) is 1. 0452.

p+n Mg~As;Cd™5n Mg~As;Cd™5n Mg~As;Cd™ 5n Mg~As;Cd™5n
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0.980
1.03
1.16
1.17

1.18
2

0.742;0.733
0.777; 0.767
0.874; 0.863
0.882; 1.036

0.890; 1.083
1.553; 3.315

24.20; 24.20
29.90; 29.98
30.84; 30.92
30.58; 33.14

30.29; 33.14
7.035; 33.14

90.50; 90.59
90.53; 90.62
90.53; 90.63
90.53; 88.60
Voer = 1.17V

90.53; 88.60
90.31; 88.60

21.46; 21.48
27.88; 27.98
32.38; 32.51
32.39; 32.51

443.7; 444.5=Tx(K)

32.36; 32.47
12.71; 12.50

Here, x=0.5. For the (g 4s,ca*sa)-junctions, the value of g given in Eq. (46) is 1.0476.

+

p*n Mg~ As:Cd"Sn Mg~ As:Cd"Sn Mg~As:Cd"Sn Mg As;Cd"Sn
0.980 0.824;0.815 24.20; 24.20 89.69; 89.78 21.27; 21.29
1.03 0.863; 0.853 29.74; 29.80 89.72; 89.81 27.48; 27.57
1.17 0.979; 0.968 30.84; 30.92 89.73; 89.82 32.39; 32.49
1.18 0.988; 0.977 30.60; 30.67 89.73; 89.82 32.40; 32.51
Vo =1.18V 443.8; 444 5=T4x(K)
1.19 0.996; 0.985 30.34; 33.40 89.73; 89.82 32.39; 32.49
2 1.724; 1.705 8.022; 7.915 89.49; 89.58 14.36; 14.18

Here, x=1. For the (Mg 4s,ca*sa)-junctions, the value of g given in Eq. (46) is 1.0519.

+

p'n Mg~As:Cd”Sn Mg~As:Cd”Sn Mg~As:Cd” Sn Mg~As:Cd™Sn

0.980 0.921;0.912 24.20; 24.20 88.77; 88.86 21.05; 21.07
1.03 0.963; 0.953 29.82; 29.88 88.81; 88.90 27.28; 27.36
1.19 1.111;1.100 31.17; 31.24 88.82; 88.91 32.95; 33.05
1.20 1.121;1.110 30.93; 30.99 88.82; 88.91 32.97; 33.07

Vo =1.20V 447.6; 448.2=Tx(K)

1.21 1.130;1.119 30.66; 30.72 88.82; 88.90 32.96; 33.05
2 1.925; 1.906 9.071; 8.974 88.56; 88.65 16.07; 15.91
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