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ABTRACT
Inn*(p*) —p(n) [X(x) = CdSe,_,Te,]-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 investigate the maximal efficiencies, nimec mex,, ODtained at the open
Prof. Dr. Huynh Van .. . . .
c circuit voltage V,.(= V,..m ). according to highest hot reservoir
ong o
Université de Perpignan Via temperatures, Ty(K), obtained from the Carnot efficiency theorem,
Donmitia, Laboratoire de which was demonstrated by the use of the entropy law. In the present
Mathématiques et Physique work, some concluding remarks are given in the following.

(LAMPS), EA 4217,
Département de Physique,

52, Avenue Paul Alduy, F-
66 860 Perpignan, France. expressed as functions of the total dense impurity density, N, donor

(1) In the heavily doped emitter region, the effective density of
electrons (holes), n*, given in parabolic conduction (valence) bands,

(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): mpme.(x) = 28.21%, 26.90%, 25.67%, according to
Ty(.) = 417.0K,410.4 K, 403.6 K, at V,,; = 0.81V,0.82 V,0.82 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) nymaee () = 27.77%, 26.33%, 24.87%, according to

Ty(u) = 415.3 K, 407.2 K, 3003 K, at V,.; = 0.81V,0.82V,0.83 V, respectively.

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

photovoltaic conversion efficiency.

INTRODUCTION

In single n*(p*) — p(n) X(x) = CdSe;_,Te,-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) = CdSe,_.Te,]-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, = 0.095 xx + 0.11 x (1 —=x), and
m,(x)/m, =082 xx+ 045 x (1 —x). (2

(i1)-The unperturbed relative static dielectric constant of the intrinsic of the single crystalline
X- alloy is found to be defined by:

wWww.wijert.org 1SO 9001: 2015 Certified Journal 234




Cong. World Journal of Engineering Research and Technology

£,x)=10.31 xx +10.2 x {1—x). (2)
(iii)-Finally, the unperturbed band gap at 0 K is found to be given by:
Eo(x)ineV =1.62xx +1.84x (1 —x). 3)

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]

Edn':m}(x} - [20(x)]® meV, (4)
and then, the isothermal bulk modulus, by:

Edorae ()
BdD':E.D:' (X} = Fﬁm . (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 z(ra),x),
in the following.

Al rgra) = agraq), the needed boundary conditions are found to be, for the impurity-atom
volume V= (41/3) x (rarm)’, Vot = (41/3) X (raoae) , 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 E i i :
e and p=—_. giving: (- = Then, by an integration, one gets:
[":"U{rﬂ[ij’x:]]ul:Pj:Bdn[mj ':x:]x(v_vdn[mj)x In (vd;:“j): Edorao) (¥) % [(%ﬁ‘:)q - 1] x ln(%?i—))! = 0. (6)

Furthermore, we also shown that, as rara) > agrac) (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},

Eplx)

Eg,'u[g:pj {rﬂl:ij’x:l - Egn{x:] = Eﬂ[aj {rﬂl:ij’x:] - Eﬂn[anj 2= Eﬂn[anj () = [( nipy’

]‘ - 1] =+ [*f"':":f'd[ajsx]]

E(Paay)

for Td(a) = T'da(aah and for Id(a) = I'dafaa)

Eo(x)
Egnujgpj(rﬂujaj*x:] - Egn{x:] = Eﬂl:ij{rﬂl:ij‘x] - Edmjinj ) = Eﬂn[anj{x:] X [(_

20" 1| = - laotra ],y (7)

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

constant £(ra;4),x) and energy band gap Egn(gp (raca.x), as:
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(i)-for raiay = rasras) SINCe e(rara)x)=
il1+

»

<&g,(x), being a new (ry;q), x)-law,

e

f Taran \F A VF
( diz ) 1 xln( di=) )
Tdofao) Tdo(ao)

E gntep) (Tace %) — Ego(%) = Egga (raca %) — Egotan (%) = Egotan (%) X [{ﬁ) - 1] % lﬂ{rd—ﬂdf] =0, (8a)

according to the increase in both Egnep (race.x) and Eyey (raco.x), With increasing ry.; and for a
given x, and
(ii)-for ragay = ragragy SINCE &(rara),x)=_ 500 >g,(x), With a condition, given

| T, - T -
!1—[( dezy ) —1]xln( dea )
N T'dofzo) Tdo{ao)

by: [(_ﬂLL) - 1] x In (_ﬂLL) <1, being a new e(ry(a) x)-law,

T do (2o Tdo (2o

E pncep (a0 3) — Bgo (39 = Ba (a0 ) — Baotan) (9 = ~Eataer 60 % | (222) 1] x m(22) < 0, (8b)

Tdofac)

corresponding to the decrease in both Egy gy (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:

z':rmjajx}xﬁ""z 053 % 10~ cm x 2irdrmx)

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

aBn(Bp}(rd(a}JX} = (8C)
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:

i,
NCDnI:CDp}(rdI:a}J x) /3% aBn(Bp}{rd(a}JX} = Mn(p}! Mn(p} = 0.25, (98.)

depending thus on our new £(ry:q).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:

“an a1 (N Faey %) E( ! )m X ———— = 11723 x 10° % {ﬁ)l X

4N Sgniap; (Pdia) )

mz :vj':x:'-'lmn-

, (9b)

E(Pe )
being equal to, in particular, at N=Ncpuepp)(TageyX): Tencep)(Neonreop) (Taga» %) Tacayx) =
2.4814, for any

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

1/3 1

X
24814

1y 3
NCDnI:CDp}(rdl:a}JX} 3% aBn(Bp}(rd(a}JX} = (;) =0.25= Ms}n(p} = Mn(p} ) (9C)

being identical to that given in above Eq. (9a).

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

(8a, 8b).
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Furthermore, by using My = 0.25, according to the empirical Heisenberg parameter
Hnrp = 0.47137, as those given in Equations (8, 15) of the Ref.[Y we have also showed that
Nepnccpp) 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*‘(NJ rd(a}_,x} =N- NCDH':NDFI}(FE]I:E:IJX)' (gd)

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

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

10 %xT?
T+94 K

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

suggesting that, for given X and ra¢a), Egin(zin) 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

Din(ip) 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

N.:(v}(T:X} =2 % (mE:jf.'j:ZKJkaT)h (cm‘aj_

2wk

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

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

First, the reduced Fermi energy n,,,; 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’®, with a precision of the order of
2.11 = 10~ is found to be given by:

Epn (u) (_EF;:':U:'} _ Glu)+aufFiu)
kpT kpT 1+4uf

Nz (W) = , A =0.0005372 and B = 4.82842262, (12)
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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

Epnlusl) (—EFFI::JC‘(:L}
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, 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)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, .=y Characteristic of the interactions,
by:

1,3 e
Tomopy (N Tagay, ) = 11723 % 10° x (=) x memnly) (13a)

ST ey

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

c.eTssE 2la—In(201y . i _ -
—0.87553 + D.D‘?DB+.’Sﬂ:-s.p\|+l:: =2 }x“n"rb"'l:-'sﬁj} C.053288 . (13b)

0,008+ ren (=) 1+0.03847728xr S5 1375578

Ecn{c‘p} {Ngl le:a}Jx) =

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!?:

BB (N*7g,%) = ay X 22 x N+ ayx e x NZ X (2.503 X [—Egnlron) X 7an]) + a3 X

5

X2 +asx [=2L P x N

i
[ () ]5*“ y llE 2(%) 1/2
s(rax)

i I
— —"xN,,l“4+a4>< [——— x N,
&lrg.x) 4 me - #(rd.)

N, = (‘—) (14n)

NeDm ()
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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 . }) + 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(ll), the

total carrier-minority saturation current density is defined by:

JFE'II:G'II:I = JFE?‘EIS":E'HD} +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 Jenoizzs) 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, Jspo(sne) i determined by!:

I

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

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

Jsvotana)(NaayTacay % T) = o (18)

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}) (em2s71),  (19a)
1+{sx-n17cm‘5} ) il

Dy (Ng, 7,2, T) = 2% x |85 + ——o | x (2)7 (em2571), (19b)
) 1+|'r\4><_|:-'—7a|:"n‘5} d =

and 7.g;ng) (Vo) 1S the minority electron (minority hole) lifetime in the BR:
Ts(N) ™= = +3 X 10753 X N, + 1.83 X 10731 x N2, (20a)

Thp(N) 1= 1.% +11.76 X 10713 x Ny + 278 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 . LHEY
Y N N A
Pri(rz}(}": N, H‘;} = Nd'iﬂ} X ExXp {_ ('.':}_V) X In [J"-"dm'uml'ﬁr’}]} =Nt [a"-"d:n‘ﬂ:l‘\"“r’}] 0=y =W,
W 1066 (0.5)
Ndﬂ,,:ﬂﬂ,}(ﬂ-"} =7.9x10Y7 (2= 1{]5} X exp {— (m) } (cm_a}, (21)

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

N3y 0N Ta(a 6 T) = pacay 09 fexp |

AEggniagp [ PdiayTd( .1:.,1';1":']
k)

kgT

_ N

N:'Zﬂ}{}’ =0, N"\7a(a), %, T)= [ﬂfagm:agp:-':” '--'a'.:a:u-ﬂ:'] and
sxp hgT
— J"-'-dm:au:lj':';m

N:EE}(}' =W, Ta(a)X, T} = ABagnagp) (N dogacy W) ey T )] (22)

5 T
where the apparent band gap narrowing AE, ;iqgz) IS determined in Equations (16n, 16p),

replacing N* by paa) (v, N*, W ).

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

N

Fh('-D.’Nsc‘J" '-.'XZT}: 3
g » » Iil:ll_l" » = AE o
) ﬂﬁ:=)>3ﬂxp[_‘\%ﬂ

] (em™3 x 5), (23)
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being related to the minority hole (electron) diffusion length, Lh.;g}'[}-u N* Tarap X, T}, as:

E 2 ] . 2
N Rimrim (Pt T)
diay in(ip) T dla)
L ) (f % LIE) )

— . -1 2
LhEE}{}H Nty ()% T} - [ThEI:EE} X Dhl:ﬂ}] - {C X Fhl:a} } - (C % Dhrey PoRg) Dhie

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

minority hole (minority electron) lifetime gz, by:
1 _ 1
.Dh,:g_‘,}(.[-;izej B Dhl:E':le:iEXFEl:hj :Iz '

(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 () o ()] = =22 (25)

N = Wrday T

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:

oy = =0 ly=0)]
u(}- = ﬂ} - ESX'FJD':}'zl}}[?‘!DI:}-ZD}:’

uly=w) = ex“p(

#) _
npIn (V=¥

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 /&)

is the thermal voltage, and the minority-hole (electron) current density Jn(a) (¥ Tucay %)

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

- 2 . - ] P -
—s( el i i » duly) _ —el+adninimDlue (VW rdiay)  duly)

Fr (¥} dy N oy g (@)x.T) dy

Jrhl:ﬂjl {}’, N*, 1y (e X T} = ] (27)

where Nz .y N* ra(2), %, 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:

df. (5l rgpxT) A A
Rian s afa) f_ 2 uly) - 2 u(y)
p” = —e(+e) X ni p X P T e(+e) X niy e, X P —" (28)

Therefore, the following second-order differential equation is obtained:
d2uly) dFnaly)  duly) uly)
— 'Y — . —
dy? dy dy L-"i!.,_ e ¥

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:

PO =2, 0=y sW, Py=w) =G x [} 2 yxw=2 e, v (32)

¥ o - ¥ s N . |
Ly (¥ Loyl Ligay (¥} Lia () Legey)

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:

T (VW 0T g 5, TS5V ) = ~Jono(0 W, N 73 %, T.5) Uzpoly. W, N7 5. T, 5)] x(grp (—]—1], (33)

Mo (V) =0/

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

e rip*Dhig coshiP(x))+I(W.5) xsinh(P(x)) (34)

¢ W N X, T, 5 ) = — - - .
fEnmE’ﬂo}() ' dia)r-ts } NG (o) W rd @y T )%l sinh(P(W))+H (W.5) xcosh(P(W))

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

gives:
I
§%in (g * Dhie i
‘ r=0,W, N TyanX, T.S) = L . . 35
JFE?‘EIS‘LE'FJE‘:'{} PN T (gt b } ""'E.ju;.':}'ﬂ""---"'ﬂ'-ljﬂj*x*n}u'?'dﬁﬂ sinh(F)+ xcosh(E] '’ ( )
I - -
- EN quripy DR cosh( Bl+Ixzinh(P]
IEnpl:Epo}{y =W, w,n s Yara) % T, 5} == - _ ._F A nh(E) o (36)
Ny =W gy T ) =lygy  sinh(Pl+Ixcosh(B]
and then,
_.f?._,:E-jlf_}'=ﬁ;ll-';'.",r|i,:a:.,x,l",_'-'-',v,] — _.rfm;..:Epl;.:,lf_}'=l},ll-';'.",r|i,:aj,x;l"...'-'-'J _ 1 (37)

Thpe | =W W g, uj,.x,l",._‘-',V:l JEno (Epoy | 3 =WW.N rdrm ,x,r,sj coshi Bl+Ixsinh(F)

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

region by:

" S e ) — W _ ; ; ; r?._El:E-_EJI:_‘I,'-_.?"li[u‘_-..-IJl'-} ,
QhI:EI}D' =W,N JTdI‘E}JxJ T} - Jrl} +€( E} X u(}} X Ps Dj [HGD}] M r?‘.EI:E'.E:II:I'JI:-.I:ﬂ:II:x}-'rﬂ-I:IJ.:I-‘I-'I-}d}, and

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

T copace (F=WWN g TS) | JenaiEns | Y=0WN g TS) L

(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 :

— T ) _ Di".[E"_‘l':""'-u'.ﬂl:u.ﬂj':';‘mmd[u}“!n .
IS0 =W, ryg).x5) = 5xLniey(Ndorae) (W)migay.T) —e, and from Eq. (38) one has:

Th e | FW W g XTS5

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

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 ] ., defined in Eq. (17), is now rewritten as:

Torcorny W N, Paiay, X, 55 Napay Taay % T) = Jenotepa W N ara0, %, T8 + apotane) (Nata) Tatanx.T), (41)

where  Jenotens) aNd Joporansy are determined respectively in Equations (36, 18).

Tacrateein) = Jocmnnteenin

PHOTOVOLTAIC CONVERSION EFFECT AT 300K
Here, in the n* (p*) —p(n) [X(x) = CdS,;_.Te,]-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™, rgq. 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:

W k

JO7) = Ton O) — Jor oy % (8007 — 1), Xy (V) = - Vr = “TH =0.02585V, (44)

PR L L
L ¥

where the function n; (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:
Is:[[s:[[j(v"r*N-JTJ Farg® 3 Napay rd.:a]u % T ""-l:-::] = Il:-[[l:-[[j ("'1"5 N°.T. Ta(a) % 5i Nagdy rdn:a}i % T‘] x (Exljl?wﬂ;‘ - 1]’ (45)

where 1y (Vo) = 1y ler'"rJ N-Jrl:l(a}JXJ T, 5; Ny, Fa(a) X T:vnn}, and }{[.:[[:. {vnn:] =—F

fr w_"
nyr Vot =V

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. = Voers oemy, 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:

V.. + (B
n[lz[[:l(ﬁ.-".’,N', Papap ¥ T.5: Margy Tapayx T ‘-’-n:] = n[l[[[lj("'rnnllnjnnllljj + n[:.j[[:j(‘-"-nn[:.jnn[[::.] X( os __ 1f] ) (46)

1r
VacTyadly

where, for example, the values of w(f). 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:

_ Fapy (Vo) =InEyy (V) +072 ]

Froup I:W, N raray % T.5: Napgy Pagay % T 1-"-|:-|::| = 5'Z|»u~i‘r’=.cf'+1 (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:
. . _ Licrsem ¥ Voo P
iy (W N gy 5. T5; Nogay Taap X T Vi) = —'ﬂ#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;y , Nimax.max,» are oObtained at the

corresponding ones of Ve = Voct oclly , at which

=0, as those given in next Tables 3n and 5p

(a"l[::[[j':"'-’aﬂ-.-f'd::aj.-’{.-'rﬁ: Na(d)rad)T:¥g c':')
Voc=Voclioclh

B‘i.-’,x-

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 — T;, T, =T = 300 K, to the H-reservoir

temperature, Ty, expressed as:

Ty-T
ﬂ]l:]]:l(T-'vDL'} = T]]mﬂ.x.l:]]mﬂ.x.}{TJ v,:,c = u:u:]linc]]}} = Ncarnot = HTH E’ (49)

for ~a simplicity, noting that both  nype gme; and Ty depend  on

(W N* rge2,% T.5 Natay T % T Voerocm )-parameters.

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 $n*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 Eg. (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 ER

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

T

Jswor J2no @Nd [, are calculated using Equations (38), (18),

The

Then, the numerical results of

(36) and (41), respectively, and obtained, as those given in Table 2n in Appendix 1. Further,

wWww.wijert.org 1SO 9001: 2015 Certified Journal 245




Cong. World Journal of Engineering Research and Technology

those of »;, /..;, , m;, and T, 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*5n).

Then, the numerical results of — Janas Jzpe @Nd Jop, are calculated using Equations (38), (18),

(36) and (41), respectively, and obtained, as those given in Table 4p in Appendix 1. Further,
those ofny;,Joci,Fizy M1z, @Nd 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): wpme.(x) = 28.21%, 26.90%, 25.67%, according to

Ty(u) = 417.0K,410.4 K 403.6 K, at V,,; = 0.81V,0.82 V, 0.82 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) mpmee(s) = 27.77%, 26.33%, 24.87%, according to

Ty(u) = 415.3 K, 407.2 K, 392.3 K, at V,,; = 0.81V,0.82V,0.83 V, respectively.
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APPENDIX 1

Table 1. In the [X(x) = Cd5Sey_,Te,]-alloy, in which N = 10 :Dfm_3{10: Dcm_gj and T=300 K, the numerical results of

B iorany- € Egnigpy- Neonicop)- Eginggimy(Tday . T) and 1y py 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 CdTe -alloy, respectively.

Donor S Tge=Se
rq (nm) ~ 0.104 0.114
X 7 0 05,1 0, 05,1

B (x) in 10° (N/m?)
lry0

Ene (Fax)ev 7
Nep,(rax) in 10°% em™ 7
Egn(raxT)ineV 7

Np # 1(degenerate case)

10.555973,10.612893, 10.66981
1.8390466, 1.7291211,1.619194
11.876230, 9.4550897, 7.407913

1.739,  1.59912,1.4592

27.64, 29.66, 32.00

3.71185, 3.4217698, 3.1376502
102, 10.255,10.31
1.84, 1.73,1.62
13.163547, 10.479968, 8.2108893

1.74, 1.6,1.46

27.638, 29659 6319991

Donor Te Sn

rg (nm) 7, 0.132 0.140

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

sljrﬂ.x;'l s 9.148968, 9.198301, 9.2476338 8.2592044, 8.303739, 8.3482742

E oe (FaX)eV 7
Nepa(rex) in 10* em™ 7
Egin(rgxT)inev 7

Mg 5 1(degenerate case)

1.8434935, 1.733220, 1.6229531
18.241353, 14.522591, 11.378220

1.74349, 1.6032, 1.4630

27.628, 29.651,31.99234

1.8475518, 1.736962, 1.6263835
24.794696, 19.739941, 15.465931

1.74755, 1.6070, 146639

27616, 29.641,31.984

Acceptor Ga Mg

rg (nm) 7 0.126 0.140

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

s(r,x) 11.297688, 11.358607, 11.419526 10.333116, 10.3888, 10.444552

Eppe (o) eV 7

Nepp (o) in 10°7 em™ 7

Esip(feXT) ineV 7

1.8291247 1.7148179, 1.6006033
0.66323007, 1.8337552, 3.8859101

1.7291, 1.5848, 1.4406

1.8384942, 1.72790,1.6173143
0.86684006, 2.3967135,5.0788748

1.7385, 1.5979, 1.4573

Tp # 1 (degenerate case)

693, 5.0853,3.9306

69296, 5.0753,3.9061

Acceptor In Cd
ry (om) 7 0.144 r3,=0.148
x 7 0 05,1 0, 05,1

B..(x) in 10 (N/m") "

P
Elr,x) "

E, o (fxX) eV 7

goe et

Nepg (%) in 10°7 em™ 7
Egip(raexT)ineV 7

Tp # 1( degenerate case)

’

10.23324,10.285420, 10.343599
1.839618, 1.7294674, 1 6193195
0.89246936, 2. 4675756, 52290386

1.7396, 1.5995, 1.4593

6.9275, 5.0704, 3.894

6.939686, 9.687909, 12 377251

10.2 10.225,10.31

1.84, 1.73,1.62
090122328, 2.4917792, 52803284

1.74, 1.6, 1.46

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%, JEPD, Jene and J; . are computed. using Equations (38). (18). (36) and
E

(41). respectively.

7:,+p Ts*In Sn*Cd

Here, x=0 for the (T&*In, 5n " Cd)-junctions. and from Eq. (38). one obtains: :'”:: = (0.0) suggesting a completely transparent

condition.

Jopoin 107 (a/em®) 7 2.0054 2.0118
Jeno in 1077 (a/em®) 1.3629 0.3730
Jor in107% (a/cem?) - 2.0054 2.0119

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

condition.

Jopoin 1073 (A /em®) 6.9740 6.9515
Jenoin 10737 (A /cm®) 7 1.0305 4.1376
Jor 1077 (a/em®) 6.9740 6.9515

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

condition.

J5poin 107 (4 /em?) 7 2.0916 2.0984
Jene in 107 (4 /em®) 1.0984 0.2431
Jor m107*° (a/em®) 7 2.0916 2.09839

Table 3n. In the HD [(Te: Sn)- X(x)-alloy] ER-LD[(/n; Cd)-X(a)-alloy] BR. for physical conditions given in Eq.
(42) and for a given X, our numerical results of n;, [..7. Fy, 777, and Ty, are computed, using Equations (46. 45, 47, 48,
49). respectively. noting that both 97,0 and Tg;. marked in bold. increase with increasing x for given ry . being new

results.

2c (V) ﬂ: Joer (555) £ (%) 1: (%)

Here. x=0. For the ( Ts*In,Sn ™ Cd) junctions. the value of & given in Eq. (46) is 1. 1341.

ﬂ,"'p Te*In; Sn*Cd Te*iIn; 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 38.65; 38.65 90.53; 90.53 27.99:27.99
0.81 0.611; 0.610 38.47; 38.46 90.53; 90.53 28.21; 28.21
Vo =0.81V 417.9; 417.9=T x(K)
0.82 0.618; 0.618 37.88; 37.88 90.53; 90.53 28.12: 28.12
0.8759 0.663: 0.663 30.23; 30.23 90.50; 90.50 23.96:23.96
1 0.771;0.771 12.05; 12.05 90.36; 90.36 10.89: 10.89
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Here, x=0.5. For the ( T¢*In,5n " Cd) junctions, the value of & given in Eq. (46) is 1. 13695.

ﬂ,"’p Te~In; Sn~Cd Te Im; Sn~Cd Te"In; Sn~Cd Ts"In; Sn~Cd
0.73  0.629:0.629 21.6:21.6 89.49; 89.49 14.11; 14.11
0.81  0.690;0.690 37.04; 37.04 89.59; 89.59 26.88; 26.88
0.82  0.698;0.698 36.62; 36.61 89.59; 89.59 26.90; 26.90
Voey = 0.82V 410.4; 410.4-T x(K)
0.83  0.707:0.707 35.90; 35.90 89.59: 89.58 26.69; 26.69
0.8759  0.749;0.749 30.26; 30.25 89.55: 89.55 23.73;23.73
1 0.871: 0.871 13.49; 13.49 89.41; 89.41 12.06; 12.06

Here, x=1. For the ( Te"In, Sn ™ Cd) junctions, the value of & given in Eq. (46) is 1. 14048.

n"’p Te~In; Sn~Cd Te~In; Sn~Cd Te"In; Sn™Cd Te In; Sn~Cd
0.73 0.721;0.721 21.6;21.6 88.33; 88.33 13.93:13.93
0.81 0.790: 0.790 35.67; 35.67 88.45; 88.45 25.55;25.55
0.82 0.799: 0.799 35.40; 35.39 88.45; 88.45 25.67; 25.67
Vo =082V 403.6; 403.6=T y(K)
0.83 0.809: 0.810 34.87,; 34.86 88.44; 88.44 25.59;25.59
0.8759 0.857;0.857 30.25;30.25 88.41; 88.41 23.43;23.43
1 0.996; 0.996 15.04; 15.05 88.25: 88.25 13.28:13.28

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 %, Jano- Jepo and J o1 - are computed. using Equations (38). (18). (36) and

(41). respectively.

p*n In*Te Cd*Sn

Here, x=0, and for the (In"Te,Cd"5n  )-junctions and from Eq. (34). one obtains:
# = (0,0) suggesting a completely transparent condition.

LaE

Jomoin 107%% (4/cm®) 7.6418 5.8965

Jepo 1072 (4/em®) 1.4501 0.9079

Jor n107% (4/em®) 1.5265 0.9669

Here, x=0.5, and for the (In"Ts,Cd"5n  )-junctions and from Eq. (34), one obtains:
% = (0,0) suggesting a completely transparent condition.

e
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Jano 10722 (4 /em?) 2.6167 2.0440

Jeoon 10720 (4 /emT) 2.1044 1.3674

Jor 10720 (a/em®) 2.1306 1.3878

Here. x=1, and for the (in*Te,Cd"5n ) junctions and from Eq. (34), one obtains:

@ = (0.0) suggesting a completely transparent condition.

~aE

Jonoin107%% (4 /em®) 7.7792 6.1501
Jepom 107 (4/em?) 1.4660 1.0006
Jar 0107Y (4/em¥) 1.4738 1.0067

Table Sp. In the HD [(In; €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 nyy, Joesr, Fir, M. and Ty, are computed, using Equations (46, 45, 47,
48, 49), respectively, noting that both 1z, 4. and Ty, marked in bold, slightly decrease with increasing x for given

7z gy beINg new results.

Voe (V) g Jsc1 5oz (%) 1 (%)

=]

Here, x=0. For the (In"Ts, Cd” 5n)-junctions, the value of § given in Eq. (46) is 1. 1345.

p+ﬂ In"Te; Cd™ 5n In*Ts; Cd* 5n In*Te; Cd™ 5n In*Te; Cd” 5n
0.73 0.580; 0.574 21.6: 21.6 90.14; 90.21 14.21: 14.22
0.80 0.628; 0.622 37.94; 38.13 90.23:90.30 27.38:27.54
0.81 0.636;0.630 37.78; 37.97 90.23;90.30 27.61; 27.77
Voer =0.81V 414.4; 415.3=TH{Kf1
0.82 0.644: 0.638 37.24; 37.42 90.22:90.30 27.55:27.71
0.8759 0.691:;0.684 30.04; 30.12 90.19: 90.26 23.73:23.81
1 0.803:0.796 12.44; 12.37 90.05; 90.12 11.21:11.15

Here, x=0.5. For the (In"Ts, Cd* 5n)-junctions, the value of ff given in Eq. (46) is 1. 139.

p*n In"Ts; Cd* 5n In*Te:; Cd™5n In*Ts; Cd* Sn In*Te; Cd* 5n
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0.73 0.681; 0.674 21.6:21.6 88.83;88.92 14.01; 14.02
0.81 0.746; 0.739 36.23;: 36.41 88.94; 89.02 26.10; 26.25
0.82 0.756; 0.748 35.90; 36.07 88.94; 89.02 26.18; 26.33
Voy=0.82V 406.4; 407.2=T x(K)
0.83 0.765: 0.757 35.29: 35.46 88.93: 89.02 26.05; 26.20
0.8759 0.810; 0.802 30.27: 30.36 88.90: 88.99 23.57;23.66
1 0.942; 0.932 14.41; 14.34 88.75; 88.83 12.79:12.73

Here, x=1. For the (In*Ts, Cd~ 5n)-junctions, the value of § given in Eq. (46) 1s 1. 1438.

p"'n In*Te;Cd*Sn In*Ts;Cd*Sn In*Te; Cd*5n In*Ta;Cd* Sn

0.73  0.808:0.800 21.6;21.6 87.27:87.37 13.76; 13.78

0.82  0.896:0.886 34.49: 34.66 87.39; 87.50 24.72; 24.86

0.83  0.907:0.898 34.09: 34.25 87.39; 87.50 24.72; 24.87

Vo =0.83V 398.5; 399.3=T x(K)

0.84  0.919:0.909 33.49:33.64 87.39; 87.49 24.59; 24.72

0.8759  0.961: 0.950 30.23:30.32 87.36; 87.46 23.13;23.23

1 1.117: 1.104 16.31: 16.24 87.19; 87.29 14.22; 14.18
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