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ABTRACT
In n*(p*) —p(n) [X(x) = CdSe,_,S,]-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 also
*Corresponding Author

Prof. Dr. Huynh Van
Cong
Université de Perpignan Via temperatures, Ty (K), obtained from the Carnot efficiency theorem,

investigate the maximal efficiencies, nyma, mmsx;, Obtained at the open

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

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

(LAMPS), EA 4217,

Département de Physique,
52, Avenue Paul Alduy, F- electrons (holes), N+, given in parabolic conduction (valence) bands,

work, some concluding remarks are given in the following.

(1) In the heavily doped emitter region, the effective density of

66 860 Perpignan, France. expressed as functions of the total dense impurity density, N, donor

(acceptor)-radius, 4, 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)! wmpme.(7) = 28.21%, 31.10%, 34.31%, according to
Ty(7) = 417.0K 435.4 K. 456.7 K. at V,,; = 0.81V,0.21 V, 0. 80 V, respectively.

(3) In Table 5p, for the p* — n X(x) —alloy junction solar cell and for ¢4 <, -radius, one obtains
with increasing x=(0, 0.5, 1) nyme (") = 27.85 %, 31.04%, 34.58%, according to

Ty(7) = 415.8 K, 435.0 K, 458. 6 K at V.; = 0.81 V. 0.81 V, 0.80 V, respectively.

KEYWORS: single cdse,_.S, -alloy junction solar cell; photovoltaic conversion factor;

photovoltaic conversion efficiency.

INTRODUCTION

In single n*(p*) — p(n) X(x) = CdSe,;_,S,-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.
[¥(x) = CdSe;_,.S5,]

ENERGY BAND STUCTURE PARAMETERS

A. Effect of x- concentration

In the n*{(p*) — p(n) single n*(p*) —p(n) [X(x) = CdSe,_..5.]-alloy junction at T=0 K, the
energy-band-structure parameters™, 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,=0.197 xx + 0.11 x (1 —=x), and
m,(x)/m, = 0.801 x x + 0.45 x {1 —x). (2
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(ii)-The unperturbed relative static dielectric constant of the intrinsic of the single crystalline
X- alloy is found to be defined by:

g,(X)=9xx +102x (1 —x). 2
(iii)-Finally, the unperturbed band gap at 0 K is found to be given by:

Eo(x)ineV =258xx +1.84x (1 —x). )
Therefore, we can define the effective donor (acceptor)-ionization energy, at

Fdfa) = Tdo(as) = Isefcd) = 0.114 nm (0.148 nm), in absolute values as:

138007 [mepyy(x)/mg]

EME
and then, the isothermal bulk modulus, by:

Edofas) (%) = meV, (4)

Edu::m:l:l':-‘a'

Baoteo) () = Ty e s, i

B. Effects of Impurity-size, with a given x
Here, the effects of ryr,) 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 rgra) = ragraq), the needed boundary conditions are found to be, for the impurity-atom
volume V= (4m/3) x {r,j.:a}}a, Vio(ae) = (41/3) x {rdn.:m}}a, for the pressure p, p, = 0, and
for the deformation potential energy (or the strain energy) o, o, = 0. Further, the two

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

de_ B, g de oo dde B i i :
e vandp— T - diving: dv(dv-v.Then, by an integration, one gets:

;n}): Egppan () X [( r::n)! - 1] * lﬂ(r;:;:;}:l! =0 (6)

[*':‘U{rﬂ:;a)axj]n::m:Bdn:janj ':x:]x(v_vdn:janj)x In (

w
Vdo Td

Furthermore, we also shown that, as rara) > agac) (Tdra) < Tdeas)) » the compression
(dilatation) gives rise to the increase (the decrease) in the energy gap Egn.;gp;.{rd.;a;.JX}, and the
effective donor (acceptor)-ionization energy Ed.;a;.{rd.;a;” x) in absolute values, obtained in the

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

Eglx)
Eg‘u:jg'pj':rﬂ:jayx:] - Egn':x:] = Ed:jaj':rd:jajax:] - Eﬂn:janj':x:] = Edl:u:jal:uj () x [( —

E::['d:a_;-:']‘ - 1‘] =+ [‘f"':’{‘"ﬂ::a:wx]]nm,

for Tdia) = Tdofaah and for I'd(a) = Tdoias)

Eg‘u:jg;p) ':rﬂ:jaij:] - Egn{x:] = Eﬂ:jaj{rd:jaijJ - Eﬂn:janj':x:] = Edn:jan) ':x:] *

(ﬂ)z _ 1] = [;j.u:r{r'ﬂ ::i:le:]]u::Pj. (7)

E{Tdgay)
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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:

Eq ()

f Tap = Ty =
|I diae) } -1 )(l.!'.ll{ dia) }
Fdogeo) Tdorao)

(i)-for Td(a) = I'doias) s since E(I"d,:a::”x} = ]
|1+
N

< g,(x), being a new

E(I‘d,:a},x:]l-law,

Eentep) (Tata. %) — Ego(%) = Egca (race %) — Egotan) (%) = Egotae) () X [(i@—) - 1] X lﬂ(%f‘;—)) =0, (8a)

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

given x, and

Eq ()
" Tdre . " Tdiey
e o 2
Fdogeo) Tdorao)

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

do{ao)

(ii)-for raca) = ras(ae), SINCe &(rara),x)= 7 - > £,(x), With a condition,

N

B gntep (7t %) — B0 = Eato (a0 %) — Eaotan 09 = ~Eaotenr 09 x [ (2222)" — 1] x (222} < 0, (8b)

Tdo{ac) Tdofac)

corresponding to the decrease in both Egy gy (rarar.x) and Egey (raca.x), With decreasing ryg,y and

for a given x; therefore, the effective Bohr radius agngp)(raca,x) is defined by:

El:rd,:aj,x}xﬁzz 0.53 % 10~% cm X 2irdrmx)

- PR
Mgy %) =g? Mgy (%) fmg

(8c)

agn(Bp) (Td(@)y%) =

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

1."
Nepnicop) (TdiapX) 3 X agn(ep)(Ta)®) = Muig), My = 0.25, (9a)

depending thus on our new £(ryq).x)-law.

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

(WS) radius rg, ey, Characteristic of interactions, by:

Fam oy (N Fagay %) = (2 ]L"E X — = 11723 x 10° x {ﬁ)l x DelB/Be (9b)

aml 8an(ap (Tdms ) EITdfay)
being equal to, in particular, at N=Nepa o) (agy %) Tencep) (Neonrcop) Taga» ). Tagayx) =
2.4814, for any
(rara),x)-values. So, from Eq. (9b), one also has:

1
24814

1, 3 173
NCDnI:CDp}(rdI:a}J X} 13X aBn(Bp}{rd(a}JX} = (;) X =0.25= MS}“(P} = Mﬂ':l’:' ! (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

107 4= T?
o X (70043 X x +4.3779 x (1 — )}, (10)

Egin(zip) (Yaga), % T) in eV = Egngp) (Taay. ) —
suggesting that, for given X and ra¢a, Eginzin) decreases with an increasing T, as observed in

next Table 1 in Appendix 1.

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

Diniip) by

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:

3

Negoy(T9) = 2 x (ZLZEE) (cm™),

2wk

D. Heavy Doping Effect, with given T, x and r4a)

Here, as given in our previous works™?, the Fermi energy Eg,(—Eg,), band gap narrowing
(BGN), and apparent band gap narrowing (ABGN), are reported in the following.

First, the reduced Fermi energy 1, or the Fermi energy Eg,(—Eg,), obtained for any T and
any effective d(a)-density, N*(N,rs.4,%x) = N*, defined in Eq. (9d), for a simplicity of
presentation, being investigated in our previous paper[S], with a precision of the order of
2.11 x 107, is found to be given by:

Efn(u) ~EFp()y _ Gl +au"F(u)
kgT kgT 1+4Auf

Na(py (W) = , A = 0.0005372 and B = 4.82842262, (12)
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where u IS the reduced electron density, u(N*T,x) = - ”jmﬂ :
Mol L
__z _4 _8\7s _ — 2/3 _irmE _ BI.ITIOREE s d
Flu)=aus(1+bu=+cus) , a=[(3Vu/4) xu] h—;{;} o= @, and

-3
Glu) ~ Ln(u) + 27z x ux e™d: 4 = 23/2 [——i] = 0.

« 27 i

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

Eppiu<sl) (_EF plul)
kgT kgT

degenerate case, Eq. (12) is reduced to the function F(u), and (ii) )« —1,

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

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

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

Now, if denoting the effective Wigner-Seitz radius, re,¢p) Characteristic of the interactions,
by:

1/3 -
Fan(ep) (N Tagay %) = 1.1723 x 108 X (Vi) x et (13a)

p B}
e(rda)x]

the correlation energy of an effective electron gas, Eqnrepy(N* racay %), is given as:

D.ETESE z[1—-1n{z)] )
+ 7 =1 rapy) — 093288
—0.87553 " D.030E+T g 3y { 2 } n{rzngsp))

009084 ran/ap 1+0.03847728 xr fE 8876

E:nl:r_'p]l{N*J Td(a)r 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.
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In the n-type HD X(x)- alloy, the BGN is found to be given by

AE,(N*rg,x) ™ a; x 2L x N *ta, x ‘“’ b NE“ % (2.503 x [ Eon(ren) xro 1) + ag %

2(rg-x)

)4 : e
[—f“(xJ] X IIEXN +ay ¥ IE:'(x’ ><N1“><2+35><[E°(XJ ]“xNE
) A \=(ra) )

No=(—=—) (14n)

Ncomnirdx)

where a; = 3.8 x 1073(eV), a, = 6.5 x 107%(eV), a3 = 2.8 x 1073(eV), a, = 5.597 x 1073 (eV)
and a; = 8.1 x 10™#*(eV), and in the p-type HD X(x)- alloy, as:

- Bl X Ep %] 5/4 '?:
AEgy (N*/rg,x) = 3y X S5 NP 4+ 2y x f2 0 NG x{7 503 % [~Eeplrep) X rop]) +35 ¥ [—uﬁ] xﬂl;x
El 1
1/4 EolX) 142 el ) E
N7+ 2ay x ﬂlmx N7 +ag ® L[r,_x‘_‘u] ® NP
— N”
N, = (Nmp —), (14p)
where a =315x107%(eV) |, a,=541x10"%*eV) , az=232x1073(eV)

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 Dy

_ AEgens
n:n(ep} (N %) Tdiap® T} = W N*x Pa (nn:} = nln(lp}(rd(a]uxi T} X exp [%:ﬁ!ﬁ] ) (15)

where the apparent band gap narrowing, AEazpnagp) IS found to be defined by:

AE 1gn(N* Ta(a) 5 T) = AEgn(N*rg,%) + kgTx In (o )~ Era(N*.T, ), (16n)

MNel Tx

AEagp(N*Taga) % T) = AEg,(N%r,, %) +kgT x 1n( )+ Exp (N T, 0], (16p)

TOTAL MINORITY-CARRIER SATURATION CURRENT DENSITY
In the two n*(p*) — p(n) X(x)- alloy -junction solar cells, denoted respectively by I(ll), the
total carrier-minority saturation current density is defined by:

JD]I:D]]:I = J-Enc'l:]-:pn} + J-chn:Bnn} (17)

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

JepoiEna) IN the LD[a(d)- X(x)- alloy]BR
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Here, Iz po(eno) IS determined by

I
Doy (Mardyr ardy &1
3 . Mehy MNardyt ardyS~*
B RN iy Farda T | -
ipriny\Fald) J TeB hE; (Nardy

Mardy

]Bp-:u(Bm:u}{Nal:d}J FaidyX T :} = ) (18)

where nfp,:m:,(ra,:djjxj T) is determined EQ. (11), Da(my(Naga),Tara).% T) is the minority electron

(minority hole) diffusion coefficient:

_ kgT 5750 2(rax)) —
Do(Ngrge,xT) = - x (850 + 1+{ P{FE _E}:.s] x ( - ) {cm?s™1), (198.)
“BHAD= OIS <
kpgT 1165 2irga)) > P
Dp(Ng,rg,%T) =25 x |85 + X 25-1),
h{ A Td,X } - 1+|::4X‘Didcm_s}n.44] ( e ) } {cm s } (19b)

and Tagme)(Nara)) is the minority electron (minority hole) lifetime in the BR:

Tep(N) ™1 = —= +3x 1071 x N, +1.83 x 10731 X NZ, (20a)
e (Ng)~t = #+ 11.76 X 10713 x Ny + 2.78 x 10731 x N2, (20b)

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

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

. _{1}‘
- N” N* W
pato N W) = Ny xemw - () xin [l [T o<y <w
w 1066 (0.5) _
ngl:ag}m =7.9x 10%7 1:2 X 1{]5} X exp {— (m) } (cm Ejl, (21)

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

doping density” is defined by:

AE Il (P dreyrdr T
N3 (7 N*, racay, % T) = Pd(a}(}’}fexp[ sgn(agp)l P dreyrd (=) ]’

kgT
-

= = & - =

Ndlza}{}r_ ﬂ; N erLa}J 4 T} = ‘i"Eagn[agpjl:N-rd.:aj-xT:' y and
=P kgT
MNdoran) (W)

N*—‘, =er|, JKJT = LBo) —_ "

d(a) (v d(sa) ) [.:-. Eagnagp)Ndogao) Wity n:n-"T,']’ (22)

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

replacing N* by pa¢ay (N5, W ).

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

N*

= ] (ecm~3 x s), (23)

Fh(e" (. N, Ta(a). X T) = P—
3 y Dh:n_‘;xexp[_i'iﬁrim

being related to the minority hole (electron) diffusion length, Lh.;e;.{yjN*J rd.;a;uxJT}, as:

—2 + — -1 2 Nd(e) ? _ A ip (Fd =2 T) ?
th:e}{yim -'rdl:ﬂ:l.lXJT} - [ThEI:EE:I X Dh.:.:_.}] = {C x Ph,:e} } = (C o, m) = (C - m) ,
where the constant C was chosen to be equal to: 2.0893 x 1073% (em*/s), and finally the

minority hole (minority electron) lifetime tyg(eg), bY:

1 _ 1
- - . 2.
Dy E‘:'Xth?Bj Dhyey»l CxFaghy :I

(24)

ThE(eE) =

Then, under low-level injection, in the absence of external generation, and for the steady-state

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

Do () e ()] = oD (25)

N3 e (¥=WordexT)’

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

and p, () [, (¥)].

_ piyn)]-pa¥)na(3) D
uy) = e (26)

which must verify the two following boundary conditions as:
v —  —Inly=0)[ely=0)]
uy=0)= e5xpo(y=0)[naly=0)]

u(y=W}=exp(;)—1

nIn ViV

Here, ny;;(V)is the photovoltaic conversion factor, being determined later, S(?j 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 Ju¢e (v, Taay.).

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

_E':+E'}xni_1m:i_p:| x duly} _E':+E:'ﬂizm:ipjnh[aj':N-a'-"d[aj-x} duly]
Fhie(¥) dy Njrg (N rd(=2T) dy '

Jh(e}{YJNsi Farayp% T} = (27)
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where N3 (v N*, raca) T) is given in Eq. (22), Dy and Fy,; are determined respectively in

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

gy (N g T ufy) uly)
— - —e(+e) x nm(p m = —e(+e) x nf ORATE T 7N Pagm ) Thaes (28)

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

d*uly)  dFhe¥) v duly)  uly)
dy? dy dy Ly e

=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(x)) +1{W.5) % cosh(P(x]) ( ( v ) ) 30
= = ! 1
uly) - , - < | exp p— ) ( )

sinh ([ POWI ) +10W.S)= cosh (PIW))

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

Dy ey (¥=W.Ndozoy Whrd e T) (31)

rgr.x T,W,5) = .
(raga)% T, W.S) SxLijey (¥=W.Ndojaoy(Whed e T)

Further, since 22’ 5’}

= Cx Fye)(¥)= C = 2.0893 x 1073 (cm®/s), for the X(x)-alloy,

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

Pf}’} j’}" d-}’ } C| -q::} {:'1.!1.., P(} =W} —{—}(f“ dy un‘. = _ Lbis) % W , (32)

0 Liyey L-F el :,} LErey )~ Lingey (57

where Li,.,(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:

Tna (P W N Fa o, TSV )= —Jgno(y W, N re.x T.5) Depo W, N- rax T.5)] x (exp(u p—aaTET ]— 1) (33)

Where Jenqrepe) IS the saturation minority hole (minority electron) current density,

e“izn[ ip) = Dhis) cosh (P00 +1{W.S)=<sinh (P(x))} . (34)
My (3N rd (a) 26 TH = L e sinh (PRI I+ I0W,5) <cosh (P{W)]

JEno(EpO}(yJ W, N raianX. T. s} =

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

z . -
J’Ern:u:E[:N:':'{j'r = 0,w, N7, Fdia): ¥ T, S} = =7 incipy™ Dhace) > 1 1 (35)

N!d.: ) (3 rd ey 2T X Lingey sinh(P)+Ixcosh(F)

enzim:ip)xnhnjsj cosh':]]}+]>(sinh':]}}’ (36)
NE,: 2 (F= WL rd (a2 T < Lin ey sinh(Pl+Ixcosh(P)

IEno.:Epo}'[}’ =W, W, N", rgra.% T, S} =

and then,
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]hnja-j'j_}r‘zD;'-'r'.-r'-'af'd[aj.-X.-Tﬁ;VJ — lEm:l[Epl:lj[}fzﬁ:‘-'r';r;-:f'diajﬂi-T:EJ _ 1
Threy (y=WWNramxT5V)  JEnoEpo)[y=W.WK'rqigxT.5)  cosh(P)+Ixsinh(P)’

37)

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

region by:
Qi ey 7 = W, Ty, T) = Jy +e(—€) X uly) X po (1) [ng ()] X

the effective minority hole (minority electron) transit time [ htt(ett) ] by:

ThE[eE; W ordraT)
ThE(eE) | Pz B T)

dy , and

Thretern (¥ = W W, N (.5 T, 5) = Qi gy (¥ = WL N\ T X, Tj.."IEum:EPD:l(:,-':5.-".’,5.-".’,N',rd,:a},x, T,s), and from

Equations (24, 31), one obtains:

5 ::tgnrr];:"p".-'_"ﬂ.-'ﬂ '_rm:aj,x,.T_S;l =1 IEn:.':Ec 5 [_F= oW '_rﬁ:a:l.-}{.-T.S;l —1 1 (38)

ThE(cE; a IE.-,:,«_EI,:CITF:‘J'.-‘_‘.'IEN'_rﬂm_.x,.T_S;l = * 7 Cosh(D)+[xsich F)°

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

Dhye) (Mdogza) (Whrd ez T)
SxLh(e){ Ndoiee) (Whrd(mxT)

As P« 1 (or W L) and 5= o, IS I(W,5) = - 0, from Eg. (38),

Thesem | T=WWH T T.5)

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

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

z
enin ip* Dhie) 1

— X ——. (39)
Mg (¥=WNrgrmaT) < Lhrsy  P(W)

J-Encu:]-:po}{y =W.N", Idia) T.5 = E'C} —

Further, as P (or W 3 Lpg ) and 50 ,

]::Ih.l'Eh‘l':-."‘rlﬂ.l:l|'E|:I"l':.'i"ll"?::'--f'lﬂ.l'B"l-'xul'.-l--|::I
[=1{y=W,rgg.x5) = — — — , and from Eqg. (38) one has:
(v I'g(g)x ) Exl.h.;a:.':Ndu.;au:.':‘f‘-’}:rdujajﬂi-ﬂ_}m a ( )

Thepemy | T=WWH T, T.5)

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

THE{<E;

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

E0§, i Dn ey

Jeno@po(¥ = W N"Ty(, %, T.S = 0) = W3 W g T gy < AR (R (40)

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

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

jl:-[ujl:-[[j U"""r* N7, Tdizp T.5: Na[djmaidj*x' T} = ]EI:ID':E'FID:' (W.N", rg2,x,T.5) + ]E'FID':EI:ID:' (Mot Tacg.x T), (41)

Where  Jenoepe) @Nd Jepoens) are determined respectively in Equations (36, 18).

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

W= 0.1um, N = 100 em™ g% § = 100 (5); Nyggy = 107 em™3, ra(a. X, (42)

we propose, at given open circuit voltages: Ve, roerzy= Voen: (oemz - the corresponding data of the

short circuit current density | in order to formulate our following

selilscln) — Jsctitsenizy

treatment method of two fix points, as:

at Voets Coetz) (V) = Voetns toety (V) = 0.73 (0.8759),

Tsets tserz) {m*'ﬁ*r'r':m::] = jsn[[j.ixl:[[:f":m*b*r'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:

W k

JO)) = T, (V) = Jogomy % (9100 — 1), Xy, (V) = - Vr = “TH = 0.02585 V, (44)

i 17 i)
perry V)V

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:'1.1:15"r = vn:uc} = Jsc]lisc]]}(wJN$J T, rd(a}JXJ S; Na.(d}JTJ ra(d};}‘:; vﬂc}’ for Voe = vl:-l:[j.[nl:[[lj'

Therefore, the photovoltaic conversion effect occurs, according to:
ISI: [,:g,:[[:,liﬁ.-".’,N', T, T g S Ng_l:ﬂ}- rd,: 2 X, T: ‘."-DE:] = ID[I:D[[:I (1;."';_. N°T, Fara) X 5 Ng_l:ﬂ:v rd,: = X, T:] # I:Exlfllj':vﬂ::' — 1:|_. (45)

where nyr, (Voe) = nyary (W.N".Ta2),% T, 5 Naggy racan . Ti Vo ), and X p, (V) = ——=5—

ror P
|:||:||j|.|-m::|x YT

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 (¢%e¥=' — 1) or the PVCF, nyy,, representing the photovoltaic conversion effect,
converts the light, represented DY J..;...n;, into the electricity, by J,.u,, and finally, for given

l:;‘l'i“r.l N-er|:a:|_lx_| T.l S: Ng_l:ﬂj.l rg_l:ﬂ:l.lx.l T:.‘FFDE }'Values, n[l[[:l {"FDE:I iS determined.

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

get exactly the values of nyy sy (Voers cocinsy ) and 1z arz2y (Voerzoenz ), @s functions of v,., by:

v

5]
n[.j[[j(""'rsw-s Papap ¥ T.5: Nypgy Taay® Ts ‘-’-n:] = Oyl ':‘-"-nn[njn:[[i:.] + “[:.j[[:j(‘-"-nn[:.jnn[[::.] X( 2 — 1f] ) (46)

1r
YacTyodly
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where, for example, the values of a(g), 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:

" . Epern (Vo) =I0[Epay, (Vi 4072 ]
iy (W, N P ey X T.5: Nagay Tagay % T Vo) = =H—5—zH4 : (47)

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

by:
. ) Te ctrsem ¥V By
T][::[[:I(‘i."'rr, N, t"d:: g_:l,H,.T, S Ns.::d'_‘w l"g_::d'_-,,K.T: "'.I:II::I = _I"C—u'%'u‘, (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;p , Nimax.max,,» are obtained at the

corresponding ones of Ve = Voct oclly , at which

Anpan (WN"rd e TS Nagdyraa) 2TV . .
( b (WA racn TS Na(@ Fa(@ < T:Voc) =0, as those given in next Tables 3n and 5p

#Voc )‘—’uc=‘—’u.:[:;ne[[:.
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 — Tz, T =T = 300 K, to the H-reservoir

temperature, T, expressed as:

Ty—-T¢
TH

T]]I:]]}(Tivuc} = T]]ma.x.(]]max.}{TJ vn:u: = n:u:](n:u:]]}} = Ncarnot = ) (49)

for ~a simplicity, noting that both  mye mmex; and Ty depend  on

(1wJ N, Tz % T.5 Na.Tara.x T; 1i|'Fl:u:[:jl:ul:[[j)'pararneters-

NUMERICAL RESULTS AND CONCLUDING REMARKS

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

HD (Te; 5n) X(x) alloy ER — LD (In ; Cd) 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* 5n).

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

Firs case: HD [ Te: 5n] X(x) — Alloy ER — LD [In: Cd] X(x) — Alloy BR
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Here, there are the 2 (n*p) — X(x) junctions, being denoted by: (Te*In, Sn* Cd).

Then, the numerical results of ?T: Jepo» Jene @Nd I, 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, I, Fi, i, and Ty, are computed, using Equations (46, 45, 47, 48, 49), respectively,
and reported in Table 3n in Appendix 1.

Second case: HD [ In; Cd] X(x) — Alloy ER — LD [ Te,5n] X(x) — Alloy BR

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

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

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

respectively, and reported in Table 5p in Appendix 1.

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): (") = 28.21%, 31.10%, 34.31%, according to

Ty(7) = 417.9K 435.4 K, 456.7 K.at V,,; = 0.81V,0.81V, 0. 80 V, respectively.

(2) 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) npmee (") = 27.85%, 31.04%, 34.58%, according to

Ty(7) = 413.8 K. 433.0 K, 458. 6 K at V,,; = 0.81 V,0.81 V. 0.80 V, respectively.
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APPENDIX 1

Table 1: In the [X(x) = CdSe;_,S5;]-alloy, in which ¥ = 10%*em~310%*mm~% and T=300 K, the

numerical results Of Basas), =, Eengep, Neomicop Ezinggip(Tacay® T) and naq are computed, using
Equations (5), (8a, 8b), (9a), (10) and (12), respectively. Here, on notes that, in the limiting

conditions: x=(0, 1), these results are reduced to those given in the CdSe- crystal and the CdS

-alloy, respectively.

Donor S Tgp=Se
ry (nm) 0.104 0.114
X 7 0 05,1 0, 05,1

Bs,(x)in10° (N/m" 7
£ryx
By (Fa )V 7

Nepa(rex) in 10%% em™ 7

Esin(Ta.xT) ineV

10.55597, 9.93503, 9.314094
1.839047, 2.20849, 2.577807

11.876230,38.709048, 99.305248

3.7118515, 5.847418, 8.538458
102, 96,9
1.84, 221,258

13.163547,42.904892, 110.06938

1.739, 2.0785,24178 1.74, 208,242
Tp 3> 1(degenerate case) 27.64, 19.80, 15.40 27638, 19.797,15.39
Donor Te Sn
rg(mm 7 0.132 0.140
x 7 0, 05,1 0, 05,1
elrg )

Epne (PaX)eV 7
Nepa(fex) in 10* em™ 7
Egin(fgxT)ineV

Tp 7 1 (degenerate case)

9.143963, 8.61079,3.0726192
1.843493, 2.21550, 2.5880362
18241353, 59.455350, 152 52838

1.74349, 2.0855,2.42804

27.628, 19.77, 1534

8.2592044, 7.773369, 7.2875333
1.8475518, 2.221897, 2.5973715
24794696, 80815133, 20732535

1.74755, 2.0919,2.43737

27.616, 19.75,15.29

Acceptor Ga Mg

r, (nm) 7 0.126 0.140

x 7 0, 05,1 0, 05,1
s':r‘.}{:' " 11.29769, 10.63312, 99685481

E;o: (r.x) ev 7
Nepg (rox)in 10°% em™ 7
Egip(rexT)ineV 7

Np # 1 (degenerate case)

1.8291247, 21929346, 2 5551356
6.6323007, 21 364632, 54 449915

1.7291, 2.0629, 2.3951

693, 510853,39306

10.333116, 9.72529, 9.1174555
1838494, 2207637, 2.5765572
8.6684006, 27 923522 71.165903

1.7385, 2.0776,2.4166

69296, 5.0753,39061

Acceptor In cd
ry (nm) 7 0.144 ry,~0.148
x 7 o, 05,1 0, 0.5, 1

B..(x) in 10¥ (N/m"%) 7
e(r.x -

Epm (r.x) eV 7
Nepg(Fe. %) in 10°% cm™ 7

Egip(raX.T) ineV 7

Mg #* 1 (degenerate case)

1023324, 9.631286, 9.0293303

1.839618, 2.209401, 2.5791277

89246936, 28.749118, 73.270019
1.7396, 2.0794, 24191

6.9275, 5.0704, 3894

6.9396862, 10.88961, 1.5866282
10.2, 96,9
1.84, 221,258
9.0122328, 29.031108, 73.98870
1.74, 2.08, 2.42

6.925, 5.0643,3.879
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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 % lEpw Jene and I5; . are computed, using Equations (38), (18). (36) and
E

(41), respectively.

n*p Te*In Sn*Cd

Here, x=0 for the (Te'In, Sn™Cd)-junctions, and from Eq. (38), one obtains: %“:= (0,0) suggesting a completely transparent

condition.

Jepoin 107 (4/om?) 7 2.0054 2.0118
JEnein 107 (A/em?) 1.3629 0.3730
Jor in107% (A/em?) 7 2.0054 2.0119

Here, x=0.5 for the (Te*In, Sn"Cd)-junctions, and from Eq. (38). one obtains: %:‘E‘= (0,0) suggesting a completely transparent

condition.

Jepoin 1073 (A/cm?) 7 8.9027 8.9315
JEncin 1073 (A/em?) 3.4421 1.3693
Ja n107 (Afem?) 7 8.9030 8.9316

Here, x=1 for the (Te"In, Sn™Cd)-junctions, and from Eq. (38), one obtains: E‘;‘: (0,07 suggesting a completely transparent

condition.

Jgpo in 107%° (A/cem?) 7 2.9506 2.9602
Jencin 1073 (A/cm?) 4.1327 1.8897
Jg in107%F (A/em®) 7 2.9510 2.9604

Table 3n. 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 ny, Jeoq, Fr. My, and Ty are computed, using Equations (46, 45, 47, 48, 49),
respectively. noting that both Tjya and Ty, marked in bold, increase with increasing x for given Tagey. being new

results.

Voc (V) ny Jae1 (Zo3) F1 (%) (%)

Here. x=0. For the { Te"In, Sn™Cd) junctions, the value of e given in Eq. (46) is 1. 13413 .

n"‘p Te*In; Sn*Cd Te*In; Sn*Cd Te*In; Sn*Cd Te*In; Sn*Cd

0.73 0.556; 0.556 21.6;:21.6 90.45.90.45 14.26: 14.26
0.80 0.603:; 0.603 38.66; 38.66 90.54; 90.53 28.00; 28.00
0.81 0.611;: 0.610 38.48; 38.48 90.53. 90.53 28.21; 28.21
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Vog=0.81V 417.9; 417.9=Ty(K)
0.82 0.618;0.618 37.89;37.89 90.53; 90.53 28.13;28.13
0.8759 0.663: 0.663 30.24; 30.24 90.50; 90.50 23.97.23.97
1 0.771: 0.771 12.05;12.05 90.36; 90.36 10.89; 10.89

Here, x=0.5. For the ( Te*In, Sn™ Cd) junctions, the value of e given in Eq. (46) is 1. 13.

n+p Te"In; Sn™Cd Te"In; Sn™Cd Te"In; Sn™Cd Te In; Sn*Cd

0.73 0.448. 0.448 21.6:216 01.95:91.95 14.50; 14.50
0.80 0.485; 0.485 42.19; 42.19 92.02; 92.02 31.06: 31.06
0.81 0.492.0.492 41.73;41.73 92.02:92.02 31.10; 31.10

Vog=0.81V 435.4; 435.4~Ty(K)

0.82 0.498; 0.618 40.76; 37.89 92.01; 90.53 30.75: 30.75
0.8759 0.534;0.663 30.26; 30.24 91.98; 90.50 24.38; 24.38
1 0.621;0.771 9.524;12.05 91.87:90.36 8.750: 8.750

Here, x=1. For the ( Te*In, Sn™* Cd) junctions, the value of & given in Eq. (46) is 1. 1271.

n"’p Te*In; Sn~Cd Te*In; Sn~Cd Te*In; Sn~Cd Te"In; Sn*Cd

0.73 0.373;0.373 21.6;:21.6 93.04;93.04 14.67; 14.67
0.79 0.400; 0.400 46.07; 46.07 93.10; 93.09 33.88; 33.88
0.80 0.405; 0.405 46.07; 46.07 93.10; 93.09 34.31; 34.31

Vuu:[ =080V 456.7; 456.?=TH(:I{:1
0.81 0.876; 0.618 45.29; 37.89 93.09; 90.53 34.15; 34.15
0.8759 0.446:; 0.663 30.22; 30.24 93.06; 90.50 24.63; 24.63
1 0.518:0.771 7.472;12.05 92.96; 90.36 6.946; 6.947
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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)
and for a given x, our numerical results of %, ann- ]Epn and Jnr[ , are computed, using Equations (38), (18), (36) and

(41). respectively.

pn In*Te Cd*Sn

Here, x=0, and for the (In"Te, Cd"Sm)-junctions and from Eq. (34). one obtains: %’: = (0.0) suggesting a completely transparent
«

condition.

Jono in 107%% (Afcm?) 7.6418 5.8965
Jepcin 1077 (A/em?) 1.4501 0.9079
Jou in107% (Afem®) 1.5265 0.9669

Here, x=0.5, and for the (In*Te, Cd~Sn)-junctions and from Eq. (34), one obtains: :L: = (0,0) suggesting a completely transparent
&

condition.

Jenoin 1073% (a/em?) 3.7132 2.6177
Jepcin 1072 (A/em?) 1.9126 1.4207
Jon in107%° (Afem?) 2.2839 1.6825

Here, x=1, and for the (In*Te, Cd*Sn) junctions and from Eq. (34). one obtains: :L: = (0.0) suggesting a completely transparent
]

condition.

Jgne in 1072% (a/em?) » 1.3790 0.8676
Jepcin 1072% (a/em?) 4.6586 3.7939
Jen n107% (afem?) 6.0376 4.6615

Table Sp. In the HD [(In; Cd)-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 nyy, Joerp, Fyp. M. and Ty, are computed. using Equations (46, 45, 47, 48,
49). respectively. noting that both Mgy, and Ty, marked in bold. slightly decrease with increasing x for given ry 4.

being new results.

Voc (V) Ty Jacn (5ox) Fr (%) Nu (%0)

Here, x=0. For the (In*Te. Cd”Sn)-junctions. the value of B given in Eq. (46) is 1. 1348.

p"'n n*Te; Cd~"Sn n*Te; Cd"Sn n*Te; Cd™5Sn In“Te; Cd"Sn

0.73 0.580: 0.574 21.6; 21.6 90.14; 90.21 14.21; 14.22
0.80 0.628: 0.622 38.04; 38.23 90.23: 90.30 27.46: 27.62
0.81 0.636: 0.630 37.89: 38.08 90.23: 90.30 27.69; 27.85

Vo =0.81V 414.9; 415.8=Ty(K)

0.82 0.644; 0.638 37.35:37.54 90.22: 90.30 27.64; 27.79
0.8759 0.691;0.684 30.16; 30.24 90.19; 90.26 23.83;23.91
1 0.803: 0.796 12.49; 12.42 90.05; 90.12 11.25:11.19
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Here, x=0.5. For the (In"Te, Cd”3Sn)-junctions, the value of f given in Eq. (46) is 1. 1304.

P+n n~Te; Cd™5n n~Te; Cd™5n [n~Te; Cd™5n [n~Te; Cd™5n

0.73 0.455;0.452 21.6; 21.6 01.85; 91.89 14.48; 14.49
0.80 0.493;0.490 41.98; 42.11 91.92:91.95 30.87: 30.98
0.81 0.499; 0.497 41.55; 41.68 091.92;91.95 30.94; 31.04

Vo =0.81V 434.4; 435.0=-Ty(K)

0.82 0.505; 0.503 40.61; 40.73 91.92; 91.95 30.61: 30.71
0.8759 0.542;0.540 30.32; 30.37 91.89; 91.92 24.41;24.45
1 0.631;0.628 9.721; 9.678 91.77; 91.82 8.921: 8.885

Here. x=1. For the (In"Te, Cd"Sn)-junctions. the value of f§ given in Eq. (46) is 1. 128.

p+n [n*Te; Cd™En In*Te; Cd™Sn In*Te; Cd™Sn In*Te; Cd™Sn

0.73 0.377:0.375 21.6;:21.6 092.99: 93.00 14.66; 14.66
0.79 0.403; 0.402 46.27; 46.39 93.04: 93.06 34.01: 34.10
0.80 0.409; 0.407 46.33; 46.45 93.04; 93.06 34.49; 34.58

Vu,:[ =0.80V 457.9; 458.6=TH{E':1

0.81 0.414,0.412 45.60; 45.71 93.04: 93.06 34.36; 34.46
0.8759 0.450:0.448 30.68; 30.71 93.01;93.03 24.99:25.02
1 0.523;0.521 7.696; 7.666 92.91;92.93 7.150; 7.124
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