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

K, 0 =x=1, by basing on the same physical model and the same

*Corresponding Author treatment method, as those used in our recent works™?, we will also

Prof. Dr. Huynh Van investigate the maximal efficiencies, nymec e, Obtained at the open

Cong
circuit voltage V,.(= Vooens) according to highest hot reservoir
Université de Perpignan Via 98 Ve (= Voctrorm) g g
Domitia, Laboratoire de temperatures, Ty(K), obtained from the Carnot efficiency theorem,
Mathématiques et Physique which was demonstrated by the use of the entropy law. In the present
(LAMPS), EA 4217, work, some concluding remarks are given in the following.

Département de Physique,

(1) In the heavily doped emitter region, the effective density of
52, Avenue Paul Alduy, F-

. electrons (holes), ¥+, given in parabolic conduction (valence) bands,
66 860 Perpignan, France. ( ) g P ( )

expressed as functions of the total dense impurity density, N, donor

(acceptor)-radius, rs, , and x-concentration, is defined in Eq. (9d), as:
N*(N.rg.2y.%) =N = Nepnewnp) (Tagay %), WNEre Nepnoungy 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 r,, oy, Characteristic of interactions, as given in Equations (9b, 9c), and further (ii)

Neomccop 1S Just the density of electrons (holes) localized in the exponential conduction
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(valence)-band tail (EBT), as that demonstrated in.™! In this work, N, given in®, is now
replaced by N*(N.ry.,.x), representing the heavily doped compensated emitter region.

(2) In Table 3n, for the n* — p X(x) —alloy junction solar cell and for rg, 4,-radius, one obtains
with increasing x=(0, 0.5, 1)! e (7) = 26.13%, 26.84%, 27.62%, according to
Ty(7) = 406.1 K, 410.1 K. 455.8 K. at V,,; = 0.82V,0.82V, 0. 81 V, respectively.

(3) In Table 5p, for the p* — n X(x) —alloy junction solar cell and for ¢4 <, -radius, one obtains
with increasing Xx=(0, 0.5, 1) numee (") = 25.03%, 25.87%, 26.99%, according to

Ty (7) = 400.2 K, 404.7 K, 410.9 K. at V,.; = 0.82 V,0.82 V,0.82 V, respectively.

KEYWORS: single cdTe,_,Se, -alloy junction solar cell; photovoltaic conversion factor;

photovoltaic conversion efficiency.

INTRODUCTION

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

efficiencies, Nimax (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.

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

m.(x)/m, = 0.11 x x + 0.095 x (1 —x), and

m,(x)/m, =045 x x+ 0.82 x (1 — x). (@)

(i1)-The unperturbed relative static dielectric constant of the intrinsic of the single crystalline
X- alloy is found to be defined by:
g,X) =102 xx +10.31 x {1 —x). 2
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(iii)-Finally, the unperturbed band gap at 0 K is found to be given by:

Ego(x¥)ineV = 1.84 x x + 1.62 x (1 —x). 3

Therefore, we can define the effective donor (acceptor)-ionization energy, at

Idfa) = Tdo(as) = Ire(cd) = 0.132 nm (0.148 nm), in absolute values as:

136000 [m o w20, mg]
Edn(an}(}{} = [::If;;:lzx —o meV, (4)

and then, the isothermal bulk modulus, by:

Edplao) (%

Bd.:.l:an:' (X::I - m (5)

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 e(ra),x),
in the following.

At rgcay = raorae) the needed boundary conditions are found to be, for the impurity-atom
volume V= (411/3) X (rar)) ) Vao(ae) = (47/3) X (Fangae) , for the pressure p, po = 0, and
for the deformation potential energy (or the strain energy) o, o,=0. Further, the two
important equations[gl, used to determine the o-variation, Ac= o—o, = g, are defined by:
dp

JFre— and p— . giving: E( E. Then, by an integration, one gets:

[":"':r':r'ﬂiaj’x:]] Bﬂnuam{xjx(v Vo am)x In ( ) Egogan (%) ¥ [{_‘E‘L 1] = lﬂ _E‘L)g = 0. (6)

Tdofan) Tdofao)

Furthermore, we also shown that, as rara) > a(ag) (Tdra) < Tdeas)) » the compression
(dilatation) gives rise to the increase (the decrease) in the energy gap Egn(gn(Tac %), and the
effective donor (acceptor)-ionization energy Ed(g}{rd(a} x) in absolute values, obtained in the

effective Bohr model, which is represented respectively by: + [ﬁc(rd,:ﬂ},x}]m,p},

® (ﬁ] - 1—] =+ [ﬂﬂ{t’ﬂ[a}:?{]]

E(Tdgay

Egu[gpj{rﬂ[ayxj - Egn{x] = Ed[aj{rﬂ[aj!xj - Eﬂn[anj{x] = Eﬂn[anj{xj

n(pl)’

for Id(a) = I'do(ac) and for Tdia) = Ida(ac)

Egu[g:pj {rdiayx] - Egn{x:] = Ed[aj{rd[aj*x] - El:ll:ujal:uj {x] = Edn[anj {x] ®

( £5( }: B 1] - _ [ﬂg{rﬂm,xj]um. @)

E(Taray)
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Therefore, from Equations (6) and (7), one obtains the expressions for relative dielectric
constant e(ra.y,x) and energy band gap Egnigp (ra %), as:

(i)-for Tdra) = Fdoach since E(I‘d,:a},}{:]l: | Za (3 <, (%), being a new E(I‘d,:a},le-

| f Tar . f Tarm
!1+[|:_‘i'-Ialj ) —1])([0[[—'1"“:' }
N Tdoao) Tdo(ao)

law,

Egntep (racw%) — Ego () = Bato (e %) — Eaotaor 8 = Eaotao (9 % [(Z222) — 1] x1n (Z22) 2 0, (8)

Tdo{ac)
according to the increase in both Egy gy (raca.x) and E gy (raca.x), With increasing r4,, and for a

given x, and

£ (X
T " Tdia)
(20 Y] Fecn )
Fdojzo) Tdoraom

given by: [(—u—) - 1] % In (—”LL) <1, being a new &(r4;q).x)-law,

rd -
Tdo{ao) Tdo {ao)

(ii)-for Tdra) = Tdoiac) since E(I‘d,:a}JX}: T

- > £,(x), With a condition,

N

Egntep (et %) — Exo) = Eate (ra00%) — Eaotaor () = ~Eaota 69 % [(221)" — 1] x1n (Z220)" < 0, (8b)

Tdo{ac) [ao)

corresponding to the decrease in both Eqp iz (rarar.x) and Egey (raca.x), With decreasing ryg, and
for a given x; therefore, the effective Bohr radius ag,gp)(raca).x) is defined by:

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

(8c)

Agn(ep) (Taga)x) =

Furthermore, it is interesting to remark that the critical total donor (acceptor)-density in the
metal-insulator transition (MIT) at T=0 K, Nepn(wpp(Taa»x), Was given by the Mott’s
criterium, with an empirical parameter, M, as:

1/
NCDnI:CDp}(rdI:a}J x) /3% aBn(Bp}{rd(a}JX} = Mn(p}a Mn(p} = 0.25, (93_)

depending thus on our new &(rga),x)-law.

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

(WS) radius rzn¢=p), characteristic of interactions, by:

Fan oy (N Tagey %) = (2 ]L"E X— = 11723 x 10° x {ﬁ)l x e - gp)

4mh E-Hn;Hpj':rﬂ;ij-x:' EI:[‘:]:;-)_H:I
being equal to, in particular, at N=Ncpuepp)(Tage®): Tencep)(Neonreop) (Taga» %) Fagayx) =
2.4814, for any

(racay.x)-values. So, from Eq. (9b), one also has:

1/3

1, 3 1
NCDnI:CDp}(rdl:a}J X} 13X aBnl:Bp}(rdI:a}JX} = (;) X

24814

=0.25= Msjn{p} = M“-':P:' ! (9C)

being identical to that given in above Eq. (9a).
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Thus, the above Equations (9a, 9b, 9c) confirm our new =(rs4,x)-law, given in Equations

(8a, 8b).

Furthermore, by using My = 0.25, according to the empirical Heisenberg parameter
Hprp = 0.47137, as those given in Equations (8, 15) of the Ref.[Y, we have also showed that
Nepnccop) 1S just the density of electrons (holes) localized in the exponential conduction

(valence)-band tail, with a precision of the order of 2.88 x 10~7 . Therefore, the density of
electrons (holes) given in parabolic conduction (valence) bands can be defined, as that given

in compensated materials, by:
N*‘(N; rd(a]ux} =N- NCDn'iNDp}(rd(a}JX)- (gd)

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

Here, the intrinsic band gap E i ey (Tara), % T) at any T is given byt

10~ %xT?
T+34 K

Egm,:g-lp}{rd,:ajjxj T} ineV= Egn,:gp}(rd,:ajj X} — X, {?0043 ®x+ 43779 x (1 - X}}, (10)

suggesting that, for given X and raay, Egingeip) 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

nln(i.p} by

2 — ~Egin(gip) (ram=T)
N niip) (Tacay % T) = N (T,x) X N (T, %) % exp( in mE;T ) )’ (11)

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

Neg (T,%) = 2 X —’““ﬁ‘:ff“ﬂ)f (cm™),

D. Heavy Doping Effect, with given T, x and rg¢a)

Here, as given in our previous works [1, 2], the Fermi energy Er,.{—Egy), band gap narrowing
(BGN), and apparent band gap narrowing (ABGN), are reported in the following.

First, the reduced Fermi energy #,,,; or the Fermi energy Er,(—Er,), obtained for any T and
any effective d(a)-density, N*(N,ryq).x) = N*, defined in Eq. (9d), for a simplicity of
presentation, being investigated in our previous paper [8], with a precision of the order of

2.11 x 10~ is found to be given by:

Mgy () = 20D (ZEFe (8 _ CIREW) 4 — 0005372 and B = 4.82842262, (12)

kpT kpT 1+4uf
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J"ll- o

where u IS the reduced electron density,  u(N*T,x) =

Nepey (Tx) '

z _3 By g — 2/3 12 £2.3739855 ;04
Flu) = aus{i +bu = +cu s) va= 3/ xul” T, b= ;{E} ye==—_——(2), and

1520 z

B
Glu) = In(u) + 27z xu xe™9%; 4 = 23/2 [%— i] = 0.

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

Epplusl) (—EF;:': L 1}}

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

-1,

to the LD [a(d)- X{x)- alloy] BR-case, or to the non-degenerate case, Eqg. (12) is reduced to
the function G(u), noting that the notations: HD(LD) and ER(BR) denote the heavily doped

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

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

Now, if denoting the effective Wigner-Seitz radius, .-y Characteristic of the interactions,
by:

1/3 o
Tontep) (V5 T, x) = 11723 x 108 x (%) x Tem ) (13a)

s(rgayx) |

the correlation energy of an effective electron gas, Ecngeg) (V% 7aca) %), is given as:

CLETSSE _I_{:['_—Ervjﬂ:
—0.87553 DOSDE+Tonrgmy © T

0-0508+7zn (53 1+0.03847728r 28878

Jxin (7sn(spy)—0.093288

Ecnter) (v, ’-'“m:::}:x} = (13b)

Then, taking into account various spin-polarized chemical potential-energy contributions
such as: exchange energy of an effective electron (hole) gas, majority-carrier correlation
energy of an effective electron (hole) gas, minority hole (electron) correlation energy,
majority electron (hole)-ionized d(a) interaction screened Coulomb potential energy, and
finally minority hole (electron)-ionized d(a) interaction screened Coulomb potential energy,

the band gap narrowing (BGN) are given in the following.

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

¢ SEE e NE » {2.503 = [—E () ™ 15 ) + ag =

Sl 1/3
AE (N7, x) = ay ®x =2 » NZ'T 4+ as ]

e o]
NS

5/ % = 1
L2} i 142 =
[ o) ] O / Ne

w NM* 4 ay x| x N %2 +a x[i]
E(rd.x) ) T r 2 ) Slrd.) T 5 gl

M= () (4n)
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where a; =3.8x1073(el) | a;, =65 x107%(el) az=28x1073(eV)

as = 5.597 x 1073(eV) and a; = 8.1 x 107*(eV"), and in the p-type HD X(x)- alloy, as:

1

Epp (N7 x) = ay x 222 x NI + 0y x 222 5 N7 x (2503 x [~E,y () X 7p]) + a3 %[22 J xﬂlzx
e El 1
250X /2 21 ]z z
NY +?a.4><_dl < N +a5><[%] x N
— N
,;nirr = (‘ﬁ:pp [r:_r_\]' (14p)
where & =315x1073(eV) |, a,=541x107%(eV) , a;=232x1073(V)

ay = 4.195 x 1073(eV) and a5 = 9.80 x 1075(eV),

Therefore, in the HD[d(a)- X(x)- alloy] ER, we can define the effective extrinsic carrier
concentration, ng, ey by
T v — ['ﬂEﬂgniﬂgm] (15)

Tl:?‘zl:ﬂ?:il:l (N$JTdI:E}J X T} = N*x po(no} = Tlinlii*p}(Tril:rz}in T} X exp 2kgT

where the apparent band gap narrowing, AE is found to be defined by:

agn(agp):
AE g (N* gy, %, T) = AE 3 (N*,75,%) + kT X In (5, "f"' )— Ern(N%T, %), (16n)
AE g gy (N* Ty, %, T) = AE 3, (N*75,%) + k5T X In(h . }) +Eg,(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(ll), the

total carrier-minority saturation current density is defined by:

JFE'II:G'II:I EjEno':E*po} +JF.E“|HI5‘|:B?‘EI5‘:I (17)

Where Jenoien0) 1S the minority-electron (hole) saturation current density injected into the
LD[a(d)- X(x)- alloy] BR, and Jenoizns) IS the minority-hole (electron) saturation-current
density injected into the HD[d(a)- X{x)- alloy] ER.

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

Here, Jzpoiens0) 1S determined by [2]:

I

(D ot (N r TardyXd |
. i [HetyWardy T agdy=- )
& Xiiprimy (TagdyeT) % | (N

tp(imy Tl d) TeB(hE) (Nad))

Jepotno)(Na(ayTacap T ) = e (1

where nf?,,:m}(rﬂ.;d}xj T) is determined Eq. (11), Do) (Nagay,Ta(ay % T) is the minority electron

(minority hole) diffusion coefficient:
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D, (N 7ok, T) = 25 x | 850 + | x (E"‘(‘f}) (cm?s1), (19a)
1+{sx-n17cm‘5} | o
Dy (Ng, 7,2, T) = 2% x |85 + ——o | x (Z22)" (em?571),  (19h)
) 1+|'r\4x:n'—7afm‘5:} i L)

and 7g;nm) (Naga) 1S the minority electron (minority hole) lifetime in the BR:

(N ) 1= mi_ +3x10713 x N, +1.83 x 10731 x N2, (20a)
s (N ™h = — +11.76 X 10753 X Ny + 2.78 X 1073 x N2, (20b)

Jeno(Epe) 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 L)
A% N N \T
pawr W) = Naox exp = () x [ ll= e [ 0 sy aw,
W 1.066 (0.5) ~
Nd,;,,:w}(W] =7.9% 101 1:2 4 105} M oexp {— (m:] } (C“J‘}‘l 3}, (21)

where pgey (v =0) =N* is the surface d(a)-density, and at the emitter-base junction,
Paia)y = W) = Naorasy (W), which decreases with increasing W. Further, the “effective
doping density” is defined by:

N;(E}U’J N, Taia X, T} = Pm:ﬂ(}’},fexﬁ [

AEggniagy PdiayTd .13.-1';1'}]
)

kgT
N®
£ pp— =
Nd':ﬂl'{}' = 0. N7, Ta(ay % T} o ﬂEugm‘ug“‘ll.rN-"iu'u‘r-xT\'  and
L L
= LT — Ngo(agy (W)
Nd{ﬂ}{}. =W, 74 (a) % T} - Mugm‘ugp‘l|.rNduu‘am':[’*"fl--"du'a‘re‘-’.T:I’ (22)
exp e (2]

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

replacing N* by paq) (v, N5, W ).

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

i

Fh(s" D’ Ns Tara): X T} = E
FL e = I
] Bﬁm)ﬂp[_a%ﬂ

] (em™3 x 3), (23)
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being related to the minority hole (electron) diffusion length, Lh.;g}'[}-u N* Tarap X, T}, as:

r¥ 2 T .. 2
Nid(a) Ningi i ayeeT)
=0 ——-,

—9 . -1 2
Lifo (0N e, T) = [trates) X D] = (Cx Py )™ = (C ™ Dae o) xDhre)

where the constant C was chosen to be equal to: 2.0893 x 1073? (em*/s), and finally the

minority hole (minority electron) lifetime t,,g.g), by:

1 1
— = r Z .
Dhiay%lyfey  DPrigyx(CxFerny )

(24)

ThE(sE) =

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:

20 () e ()] = ———intie (25)

NG gy = Wi @y 1)’

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

and p, (¥)[n, ()]

A — POIn()]-poly) o (301
uly) = s B (26)

which must verify the two following boundary conditions as:

—m) = —Inly=0le(y=00]
u(}- = ﬂ} = ESX'pul:}'zl}}[nﬂ':}'=D}:’

vV
w =) =em ()

Here, nyn (V) is the photovoltaic conversion factor, being determined later, 5(%? is the

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

is the thermal voltage, and the minority-hole (electron) current density Jn (o) (¥ Tacay X ).

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

, z . . z e
—ai+8) "Ny ip “ duly) _ —el+e) i ip Dae (N ey )

Frig ) dy N oy Vg (@)x.T)

duly)
Jrhl:ﬂjl{}?-' N*, 1y (s X T} = X d_: ] (27)
where Nz .y N*, 1302, %, T) is given in Eq. (22), Dy and Fy.) are determined respectively

in Equations (19) and (23), and from the minority-hole (electron) continuity equation as:

Afy | PN gy T )
dy

X u() = —e(+e) X 0,y X u () , (28)

= —e(+e) X nf, ., : A
{: :]' i n(p) Fﬁ.:gj':}‘:'>3-r-mjgj(}‘3 Neigy (vN ,1"5-::),1';]":'! The(eE)
Therefore, the following second-order differential equation is obtained:

diuly)  dFnely)  duly) uly)
dy? dy % dy L) =0, (29)
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Then, taking into account the two above boundary conditions given in Eq. (26), one thus gets

the general solution of this Eq. (29), as:
uly) = fr‘nh'iP'::S'?Hf':nmxcosh'ip'b'”;, X (exp (_ : ) - 1), (30)

sinh( BIW) )+ (W .5) xcash [ B(W) nyerp (W) =W

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

D 2 (3 =WiNgo raoy Whrdpay=.T) (31)
S L (¥ =Wl raoy (Wirdia<T)

Irgia.x, T,W,5) =

dPiy) _ 1

: e _ —30 4 )
Further, since S =Cx Fh,:ﬂj(}-}—LhiE_jm, € = 2.0893 x 1073% (cm*/s), for the X(x)-alloy,

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

P(y}zjjﬁ}, 0<ysW,Pr=w)=Exf) —Z)xW =" = a0l _w o (32)
Rfe)lrd

ool - N .
Lﬁ:zjf}‘} ‘r-EI:S:II\J"} -r-ﬁl:s'j'.}:' Lr.:zj':}}

where L., (3 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:

Tnie (W N T g X, TSV ) = ~Janoy W, N2 5. T.) Uspoly W, N1 2 T. )] % (exp (—T= ) =1), (33)

Ny (V)b

Where [ens(ens) 1S the saturation minority hole (minority electron) current density,

z - -
. EMin ripy ™ Dhig) cosh(P(x) I+ (W.5) xeinh(P(x))
Jeno(Eno) (0 W, W' 1a () X, T, §) = ———— osHPAJ WS peinh P9) - (34)
’ ) N (oW g i@y T)<Lupey  sink(P{W))H(W.S) <eosh(P(W))

In the following, we will denote P(W) and I1{I¥,5) by P and I, for a simplicity. So, Eq. (30)

gives:
I
N rip "D 1
" r=0,W,N*, 3%, T,5) = o - . 35
JFE?‘!EI‘E',UG'}{} PN g gt d } J"-"E.:u:.':}i-l"-"'.?"iujnj-x-T}XL'?ujej sinh(F)H xcosh(E) ' ( )
z . -
- EN quripy 0 coshi Bl+Ixsinh(P]
JFEMEEM}(}' = W, W,N", Ta(a) X, T*S} T NE g (= WN® g e T) %y ink( P+ xcosk(P) (36)
Nara ¥ L (- i) ginkl cosh(P]
and then,
.-r?-.|jej|f_}'=ﬁall"*'ﬂﬂa?'|i.:a:pxal",_‘-',v] — _.ffn.;l.:Ep.;.:.lf__}'=l},ll-';'.",r.i.:aj,x,l"_._f.‘:l _ 1 (37)

Jnie) (v =WWN a2 TSV) ~ JEno (Bpoy (y=WWNrgqyeT.5)  cosh(P)+Ixsink(P)

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

region by:

= ot e e L - ; . ; ThEeEy WV rday.T) ,
Qi = WV raay %, T) = Jy +e(=e) X u) X o (0) o ()] X s oo A8y, and

the effective minority hole (minority electron) transit time [ htt(ett) ] by:
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TI-'-?HI:E“H)D' = rr'1r:'_. 'r'i",.;"'u' -_. TIL'I:E:I-"T-' T,S:I = QI"?I:E")D’ = 'r'i",.;"'u' -_. T'dl:u}_.x_, T‘-:Illlljfﬂﬁ'l:m Dj(:‘r = H".- 1-'1",.;"':1'-_. T'dlzu},x_, T,.S:] y a.nd

from Equations (24, 31), one obtains:

Theore | F=WWN T4 T5) | Jenargpe [F=0WN T 50X TS) 1 (38)

THEGE) JEnoEnay [ F=WWN 1o 0T 5) cosh(F) +1xsinh(P)’

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

Dyiey Ndojae (Whrdpa)=eT)
S L) (N (ge (Wrg g 2eT)

AsP <« 1(orW « Lyg) and 5 — oo, I = I{W,5) = - 0, from Eq. (38),

P TE T AT g i
(y=wwrir gy T5)

one has; Zs -0, suggesting a completely transparent emitter region

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

anl-zm:ip:,xﬂp._,:ej v 1
.".I'EI. o =W g e Tl PO W'

JenotEpa) () = W.N*, 7y a3, %, T.5 = o0) = (39)
Further, as P (or W s Lycg ) and 5=0 :

Dhie (Ndo [@a) ! Hf?::'J?"li[ E}JJT}
Sx Ly (Ndorao (Whrdayx.T)

I=1(y =W, rg4).x5) = — oo, and from Eq. (38) one has:

Th e | FW W g XTS5

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

ThERE]

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

&1l fﬂ,lﬁ‘xﬂ.‘ {4}
N g [ F=W N g X T Ly

Jenowzma (¥ = W7 400,%,T.5 = 0) = -~ tanh(P). (40)

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

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

Jotcorry \Wo N P aray, %, To5: Nogayotagay % T) = Jenotepa) W N Taa1, X, T25) + Japotans Watan Tata.x. T, (41)

Where Jensiems) aNd Joporens) are determined respectively in Equations (36, 18).

Tacrateein) = Jocmnnteenin

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

W= 01um, N = 10 em™ , rge.%, 5 = 100 ()i Nygay = 107 em™, ryq0. X, (42)

we propose, at given open circuit Voltages: Vir joer2y= Voers rocniz - the corresponding data of the

short circuit current density ] in order to formulate our following

selilsel?) — Jectiifserizy

treatment method of two fix points, as:
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at Voets Coetz) (V) = Voetns toety (V) = 0.73 (0.8759),

Tsets (aet) {m*:'*."r':'m::] = jsnllll:snllzﬁ{m*q.’r':'m::] = 21.6 (30.23). (43)

Now, we define the net current density ] at T=300 K, obtained for the infinite shunt
resistance, and expressed as a function of the applied voltage V, flowing through the
n* (p*) —p(n) X(X)-alloy junction of solar cells, as:

JOV) = T OV = Jogomy % (5100 — 1) Xy (V) = —ﬁ Vr="T=002585v,  (44)

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

.][:II:'J.(‘E"r = vn:uc} = Jsc](sc]]}{wJNsJ T, Faira)X S; Na.(d}JTJ Paidy X vl:‘l::}’ for Voe = vl:-l:[j.[nl:[[lj'

Therefore, the photovoltaic conversion effect occurs, according to:
Ign[,:gn[[:,(ﬁ.-".’,w',T, rd,:g:,x,s: Ng_l:ﬂ}- rd,:a}, X, T:‘."-DE:] = ID[I:D[[:I (‘.‘U_. N°T, Fara X o Ng_l:ﬂ:v rd,:a}, X, T::l # I:Exl‘_llj-':‘,’ﬂ::' — 1:|_. (45)
where 1y (Voc) = 1y ler'"rJ N-Jrl:l(a}JXJ T, 5; Nagay, Ta(a %, T:vnn}’ and X[[[[j {vl:ll::] = ul.“.f:,?+x‘?.r'

L J oo *
Here, one remarks that (i) for a given v,., both n;y, and j, ., have the same variations,
obtained in the same physical conditions, as observed in the following calculation, (ii) the
function (%=’ _ 1) or the PVCF, nr, fepresenting the photovoltaic conversion effect,

converts the light, represented by J..; sr,, into the electricity, by J .., and finally, for given

(W N rga,% T 85 Nyggy, rarax Ti Ve )-values, ny g, (V,,0) is determined.

Now, for V,. = Vour: ocmy, ONE Can propose the general expressions for the PVCF, in order to

get exactly the values of nyy sy (Voers cocirsy ) and 1z arzy (Voerzoenz ), @s functions of v,., by:

. ]
T3] li‘i.-‘.’, N, Parap X T.s: Napdy Fapdy X Ti ‘-"-nn:] = Ny (‘-"-nch..jnn[[j.j] + Mgz (‘-"-nn[:.jnn[[:j] X (?—ﬂ - 1§] ) (46)

r
Vaclyadly

where, for example, the values of w(), obtained forx = (0, 0.5 and 1), will be reported in next

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

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

N B Eyrn (Vo) =10[Epy, (V, 4072 ]
Fram (W, NPy T8 Nagay Pagay % Ti Vo) = =0 —g—go——.  (47)
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Finally, the efficiency n; y, can be defined in the n* (p*) —p(n) X(X) alloy-junction solar cells,

by:

Mty (W N T gy % T 5 Nogay Tagap % Ts Vi) = I—"‘—“;‘Iﬂ—x‘:'i (48)

being assumed to be obtained at 1 sun illumination or at AM1.5G spectrum (B, = 0.100 %3
It should be noted that the maximal values of n;u , Nimax. mmex, . are obtained at the

corresponding ones of Ve = Vel octy , at which

(a“[i”—“':""r’n-’rdi“j’x’T’E’ N“*'ﬂ’r“i'ﬂ’x’w”")) =0, as those given in next Tables 3n and 5p
#Voc Vor=Vocliocll

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 — Tp, Tc =T = 300 K, to the H-reservoir

temperature, Ty, expressed as:

TH-T
TI]I:]]}(TJvnr_'} = T]]max.(]]msuc.}{TJ Voe = DL‘]I:DL']]:I} = Ncarnot = HTH E! (49)

for a simplicity, noting that both  wue mmsx; and Ty depend  on

(W.N" rarz, % T.5 Natay.Tar % T: Voerocm )-parameters.

NUMERICAL RESULTS AND CONCLUDING REMARKS

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

HD (Te; 5n) X(x)alloy ER — LD (In; €d) X(x) — alloy BR —case, according to: 2 (n*p) — junctions
denoted by: (Te*In, Sn*Cd}, and

HD (In:Cd) X(x) alloy ER — LD (Te; 5n) X(x) — alloy BR —case, according to: 2 (p*n) — junctions
denoted by: (In*Te. Cd*Sn).

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

Firs case: HD [Te: Sn] X{x) — Alloy ER— LD [In: Cd ] X(x) — Alloy BR

Here, there are the 2 (n*#) — X(x) junctions, being denoted by: (Te*In, 5n* Cd).

T

Then, the numerical results of Jss0r Jzno @Nd [, are calculated using Equations (38), (18),

(36) and (41), respectively, and obtained, as those given in Table 2n in Appendix 1. Further,
those of n;, /..;, F, m;, and Ty, are computed, using Equations (46, 45, 47, 48, 49), respectively,
and reported in Table 3n in Appendix 1.
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Second case: HD [In; Cd] X(x) — AlloyER — LD [Te.5n ] X(x) — Alloy BR

Here, there are 2 (p*n) — X(x)-junctions, being denoted by: (In*Te Cd*5n).

-5
e

Then, the numerical results of ==, [z, /., and J;;, are calculated using Equations (38), (18),

T
*RE

(36) and (41), respectively, and obtained, as those given in Table 4p in Appendix 1. Further,
those of ny;, Juir, Firy mz, and Ty are computed, using Equations (46, 45, 47, 48, 49),
respectively, and reported in Table 5p in Appendix 1.

Finally, some concluding remarks are obtained and discussed as follows.
(1) In Table 3n, for the n* — p X(x) —alloy junction solar cell and for rg, 4,-radius, one obtains
with increasing x=(0, 0.5, 1)! fpne. ()= 26.13 %, 26.84 %, 27.62 %, according to

Ty(7) = 406.1 K, 410.1 K, 455.8 K. at V,,; = 0.82V,0.82V, 0. 81 V, respectively.

(2) In Table 5p, for the p* — n X(x) —alloy junction solar cell and for rg4 s, -radius, one obtains
with increasing Xx=(0, 0.5, 1) npmee(7) = 25.03%, 25.87%, 26.99%, according to

Ty(7) = 400.2 K, 404.7 K, 410.9 K, at V,,; = 0.82 V,0.82 V,0.82 V, respectively.
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APPENDIX 1

Table 1. In the [X(x) = CdTe,_,Se,]-alloy. in which ¥ = 10%%m~3(10"%m™?) and T=300 K. the numerical results of
Bioran. €. Egnigpy. Neonicop)- Eginggipy(Temy % T) and Ny are computed. using Equations (5). (8a. 8b). (9a). (10) and (12).
respectively. Here, on notes that, in the hmiting conditions: x=(0, 1), these results are reduced to those given in the CdTe- crystal

and the CdSe -alloy, respectively.

Donor
ry (nm) 7

S
0.104

Se
0.114

x 7

z"ri.x} Ee
E,-(rax)ev 7
Nepa(Tex) in 10* cm

0, 0.5,1
12.9425036, 12.87346, 12.304417
1.6155583, 1.7251561, 1.834745
4.1506041, 5.2976236, 6.6541722

0, 05,1

11.225788, 11.165903, 11.1060173
1.6180978, 1.7279255, 1.8377496

6.3608576, 8.1186805, 10.197610

Egin(Fd‘X,T:I neV 7 1.51556, 1.59516, 1.67475 1.51809, 1.59793,1.67775
Tp 3> 1(degenerate case) 3200, 29.669,27.65 3200, 29.663,27.643

—

Donor Te Sn

rq (om) 7 rgp=0.132 0.140

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

By (x) in10° (N/m) 7 2.0211442, 2 204162, 2.3910208

EI:r__‘.x'} s 10.31, 10.255,10.2 101386879, 10.084602, 10.030516

Eyoe (TaX)ev 7
Nepo(rgx) in 10** em™ 7

1.62,1.73,1.84
8.2108893, 10.479968, 13.163547

1.6204142, 1730452, 1.84049
8.6341767,11.020231, 13.842153

Egin(Ta-xT) ineV 152, 1.6,1.68 152041, 1.60004, 1.68049
N % 1 (degenerate case) 31.999, 29.659,27.638 31998,  29.658, 27.637
Acceptor Ga Mg
ry (nm) 7 0.126 0.140
x 7 0, 05,1 0, 05,1
sl._r‘_.if-' s 11.419526,11.358607, 11.2976878 10.44455, 10.3888,10.3331162

Epre (r,x) ev 7
Nep,(rox)in 10 em™ 7

1.6006033, 1.7148179, 1.8291247
3.8859101, 1.8337552, 0.66323007

1.617314, 1.72790, 1.8384942
5.0788748, 23967135, 0.86684006

Egip(raxT)ineV 7 1.5006, 15848, 16691 1.5173, 1.5979, 1.6785

Np # 1 (degenerate case) 3.86, 5.026,6.93 3.8603, 5.0258, 6.9344
Acceptor In Cd

ry (nm) 7~ 0.144 r;,;=0.148

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

B..(x) in 107 (N/m®) 1.2377251, 0.9687909, 0.69396862
elr x) ~ 10343599, 10.288420, 10233241 10.31, 10225 10.2

E . (rux) ev 7 16193195, 17294674, 1 8396185 1.62, 1.73,1.84
Nepg(Fex) in 10°° em™ 7 5.2290386, 2 4675756, 0.89246936 5.2803284, 2.4917792, 0.90122328
Egip(raxT) ineV 7 1.5193,  1.5995,1.6796 1.52, 1.6,1.68

Np #* 1 (degenerate case) 3.8602, 5.0256, 6.934 3.8599, 5.0253,6.9334
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Table 2n. In the HD [(Te: Sn)- X(x)-alloy] ER-LD[(In; Cd)-X(x}-alloy] BR. for physical conditions given in Eq. (42)
and for a given x, our numerical results of % lEpD’ Jeno and Jg; . are computed. using Equations (38), (18), (36) and
E

(41), respectively.

n'p Ts*In Sn*cd

Here, x=0 for the (Te"In, 5n ™ Cd)-junctions, and from Eq. (38). one obtains: :;':;' = (0.0) suggesting a completely transparent

condition.

Jpoin 10720 (4/cm®) 7 2.5881 2.5965
Jeno n107%% (4/cm®) 6.0916 4.6241
Ja 1072 (a/em®) # 2.5882 2.5966

Here, x=0.5 for the {Ts*In, 5n ¥ Cd)-junctions, and from Eq. (38), one obtains: T':"': = (0.0) suggesting a completely transparent

condition.

Jonoin 10732 (4/em¥) 7 8.9419 8.9708
Jeno in 10728 (4/em?) 2.0175 1.5687
Ja in107%F (Afem®) 7 8.9424 8.9710

Here, x=1 for the (Te"In,5n ™ Cd)-junctions, and from Eq. (38). one obtains: T:':‘E‘ = (0,0) suggesting a completely transparent

condition,

Jap0in 107 (4/em?) 7 2.6827 2.6914
Jeno in 10728 (4/cm?) u 6.0091 4.7647
Ja n107% (4/em?) 7 2.6828 2.6915

Table 3n. In the HD [(Te; Sn)- X(a)-alloy] ER-LD[(Jn; Cd)-X(xJ}-alloy] BR, for physical conditions given in Eq.
(42) and for a given X, our numerical results of n;, [..;, Fy. 177, and Ty, are computed. using Equations (46, 43, 47, 48,
49). respectively. noting that both #)q.. and Ty, marked in bold. increase with increasing x for given 7 4. being new
results.

Voc (V) n Jser (522 F (%) (%)

Here, x=0. For the ( Ts*In.5n ¥ Cd) junctions, the value of & given in Eq. (46) is 1. 13908.
ﬂ,"’p Te™In; Sn™Cd Te™In; Sn™Cd Te™In; Sn™Cd Te"In; Sn™Cd

0.73 0.684: 0.684 21.6:21.6 88.79; 88.79 14.00; 14.00

0.81 0.750: 0.750 36.16; 36.16 88.90; 88.90 26.04;26.04

0.82 0.759: 0.759 35.84;35.84 88.90; 88.89 26.13; 26.13

V=082V 406.1; 406.1=T x(K)

0.83 0.769: 0.769 35.23:35.24 88.89; 88.89 26.00; 26.00

0.8759 0.814;0.814 30.26; 30.26 88.86; 88.86 23.55,23.55

1 0.946: 0.946 14.46: 14.46 88.71; 88.71 12.82;12.82

Here, x=0.5. For the ( T¢*In,5n " Cd) junctions, the value of & given in Eq. (46) is 1, 13705.
?'.',"'p Ts*In; Sn*Cd Te*In; Sn*Cd Te*In; Sn*Cd Te"In; Sn*Cd
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0.73  0.633:0.633 21.6:21.6 89.45: 89.45
0.81  0.694:0.694 36.96; 36.96 89.55: 89.55
0.82  0.702:0.702 36.55: 36.55 89.54: 89.54

Voo =0.82V
083  0.711:0.711 35.84:35.84 89.54: 89.54
0.8759 0.753:0.753 30.24: 3024 89.51: 89.51
1 0.876; 0.876 13.55; 13.55 89.36: 89.36

14.10; 14.10
26.81; 26.81
26.84; 26.84

410.0; 410.1=T 4 (K)

26.64; 26.64
23.71:23.71
12.11; 12.11

Here, x=1. For the ( T¢*In,5n " Cd) junctions, the value of & given in Eq. (46) is 1. 1353.

n"’p Te"In; Sm~Cd Te"In; Sn~Cd Te In; Sn~Cd Te In; Sn~Cd
0.73 0.586; 0.586 2l1.6;:21.6 90.05; 90.05 14.20; 14.20
0.80 0.635;0.635 37.97;37.97 90.14; 90.14 27.38:27.38
0.81 0.643; 0.643 37.83;37.83 90.14; 90.14 27.62; 27.62
Vo =0.81V 455.8; 455.8=T 4(K)
0.82 0.651; 0.651 37.32;37.32 90.14; 90.14 27.59: 27.58
0.8759 0.699; 0.699 30.25; 30.25 90.10: 90.10 23.87.23.87
1 0.812; 0.812 12.67; 12.67 89.96: 89.96 11.40:11.40

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

. . T . .
and for a given X, our numerical results of ﬁ, IBM. "[EpD andIDI[ . are computed. using Equations (38). (18). (36) and
(41), respectively.

p*n In*Te Cd*Sn
Here, x=0, and for the (In"Ts,Cd"5n )-junctions and from Eq. (34), one obtains:
@ = (0.0) suggesting a completely transparent condition.
13
Jano 1072 (4/cm®) 9.5501 9.2422
Jepo in 1078 (4/cm?) 5.2659 4.4143
Jorr 107 (4/em®) 52754 4.4226
Here, x=0.5, and for the (In*Te,Cd"5n  )-junctions and from Eq. (34), one obtains:
% = (0.0) suggesting a completely transparent condition.
ca
Jonon 1072 (4/em®) 3.3043 3.1931
Jepoin 10720 (4/cm®) 9.8856 8.1190
Jo 10720 (4 em®) 9.9186 8.1509
Here, x=1, and for the (in‘Te,Cd"5n ) Jjunctions and from Eq. (34), one obtains:
i;:_‘ = (0.0) suggesting a completely transparent condition.
b
Janoin 1073 (4/em?) 9.9281 9.5799
Jepo i 1077 (4/cm®) 9.9954 7.8042
Jon in107% (4/em?) 1.0095 0.7900
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Table Sp. In the HD [(Jn; €d)-X(x}-alloy] ER-LD[(Te; Sn)-X(x)-alloy] BR, for physical conditions given in Eq.
(42) and for a given x. our numerical results of 1y, Joczr, Fip. Ny, and Ty are computed. using Equations (46, 45, 47,
48, 49), respectively, noting that both 1y 4.. and Ty, marked in bold, slightly decrease with increasing x for given
7z (gy- Deing new results.

e (V) g Jser Bz E,; (%) N1 (%)

Here, x=0. For the (In*Ts, Cd*5n)-junctions, the value of § given in Eq. (46) is 1., 143.

p+?’.‘, In*Te;Cd*5n In"Te;Cd™5n In*Te;Cd* 5n In*Te; Cd* Sn
0.73 0.785.0.782 21.6:21.6 §7.54: 87.59 13.80: 13.81
0.81 0.860; 0.856 34.92:34.99 87.67.87.71 24.80: 24.86
0.82 0.871; 0.866 34.73; 34.80 87.67:87.71 24.96; 25.03
Voey=0.82V 399.8; 400.2=T y(K)
0.83 0.882;0.877 34.30; 34.37 87.66; 87.71 24.95;25.02
0.8759 0.934;0.929 30.25; 30.30 87.63;: 87.68 23.22:23.27
1 1.085; 1.080 16.01; 15.98 87.46; 87.51 14.00; 13.98

Here, x=0.5. For the (In*Ts, Cd* 5n)-junctions, the value of § given in Eq. (46) is 1, 1398.

3;*11 In"Te; Cd™5n In"Ts; Cd™5n In"Te; Cd™ 5n In"Ts; Cd™ 5n

0.73  0.707:0.704 21.6:216 88.50: 88.55 13.95: 13.96
081  0.775;0.771 35.80; 35.88 88.61: 88.66 25.70;25.77
0.82  0.785:0.781 35.51; 35.59 88.61: 88.65 25.80; 25.87

Voo =0.82V 404.3; 404.7=T »(K)
0.83  0.795:0.791 34.95; 35.03 88.61: 88.65 25.70: 25.77
0.8759  0.841;0.837 30.20; 30.24 88.58: 88.62 23.43:23.48
1 0.978:0.973 14.81; 14.77 88.42: 88.46 13.09: 13.07

Here, x=1. For the (in*Te, Cd* 5n)-junctions, the value of § given in Eq. (46) is 1. 1375.

:;;-"'n In"Te; Cd™ Sn In"Tes; Cd™ Sn In"Te; Cd™Sn In"Te; Cd™5n
0.73 0.634; 0.631 21.6:21.6 89.43; 89.47 14.10; 14.11
0.81 0.695;0.692 37.06; 37.16 89.52; 89.57 26.87; 26.96
0.82 0.704; 0.700 36.65; 36.75 89.52; 89.57 26.91; 26.99
Vo =0.82V 410.4; 410.9=T x(K)
0.83 0.713; 0.709 35.96; 36.05 89.52; 89.56 26.71; 26.80
0.8759 0.755:0.751 30.38; 30.43 89.48; 89.53 23.81;23.86
1 0.878; 0.873 13.64:13.60 89.34; 89.39 12.19; 12.16
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