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ABTRACT
Inn*(p*) —pm) [X(x) = CdS,;_,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 works™?, 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, nypa, mmsx;, Obtained at the open

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

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

work, some concluding remarks are given in the following. (1) In the
heavily doped emitter region, the effective density of electrons (holes),

N*, given in parabolic conduction (valence) bands, expressed as

radius, r,,4,, and x-concentration, is defined in Eq. (9d), as:

N*(N.rg;a).%) =N — Nepniupp) (Taray %), WHEre Nepnmng 1S 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)
Neonccopy 1S Just the density of electrons (holes) localized in the exponential conduction
(valence)-band tail (EBT), as that demonstrated in.! (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):
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Nimax (7= 41.99 %, 44.60 %, 48.30 %, according to Ty(~} =517.1K 541.5K,580.3 K, at
Vo1 = 2.63V,2.70V,2.74 V, respectively. (3) In Table 5p, for the p* —n X¢x) —alloy junction
solar cell and for r¢4 s, -radius, one obtains with increasing x=(0, 0.5, 1): nypa,. (7= 43.30 %,
44.99 %, 50.10 %, according to  Ty(r)=5201K35453K.60L.2K  at

Voen(V) = 2.65 K, 2,70V, 2. 75 V, respectively.

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

photovoltaic conversion efficiency.

INTRODUCTION

In single n*{p™) — p(n) X(x) = CdS;_,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, Nimaxiumax), 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 parameters [1], are expressed as functions of x, are given in the following.
(1)-The unperturbed relative effective electron (hole) mass in conduction (valence) bands are
given by:
m (x)/m, = 0.095 xx + 0.197 x {1 —x), and
m,(x)/m, = 0.82 x x+ 0.801 x {1 —x). (@D

(ii)-The unperturbed relative static dielectric constant of the intrinsic of the single crystalline
X- alloy is found to be defined by:
£,(x)=1031 xx +9x (1—x). 2

(iii)-Finally, the unperturbed band gap at 0 K is found to be given by:
Eoo(x)ineV =1.62xx +258x (1 —=x). (3)
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Therefore, we can define the effective donor (acceptor)-ionization energy, at

Idfa) = Tdo(as) = Isicd) = 0.104 nm (0.148 nm), in absolute values as:

13600 [mepvy(x)/mg)
Edo(ae) () = = o meV, (4)

and then, the isothermal bulk modulus, by:

Edof m:l‘l'f-‘a'

Bao(ao)(®) = f—m- (5)

B. Effects of Impurity-size, with a given x

Here, the effects of rar.) and x- concentration affect the changes in all the energy-band-
structure parameters, expressed in terms of the effective relative dielectric constant z(rsa),x%),
in the following.

At rgcay = raorae) the needed boundary conditions are found to be, for the impurity-atom
volume V= (411/3) X (raca)"s Viorae) = (47/3) X (raoas) » for the pressure p, p, = 0, and
for the deformation potential energy (or the strain energy) o, o, = 0. Further, the two
important equations [9], used to determine the o-variation, Ac= o—o, = o, are defined by:

dp

_ B . E : - :
T and p=— . giving: dv( =—. Then, by an integration, one gets:

[tz 9], B0 (X (V Vg )X 1N ()= Bagan 09 ¢ (221) = 1] x 10 (Z22) 2 0. (6)

Furthermore, we also shown that, as rara) = 'da(as) (Tdra) < I'daas)) » the compression
(dilatation) gives rise to the increase (the decrease) in the energy gap Egn.:gp}{rd.;ajjx}, and the
effective donor (acceptor)-ionization energy Ea¢.(raray %) in absolute values, obtained in the

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

ol®]
Eg;uu:gpj (rd[aij:] - Egn(xj = El:h:aj {rd[ayx:] - Eﬂl:ujanj ) = Edn[anj (x) x [(E_

) - 1] = + [dotrae ],

E(Taray)

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

Egu[g;pj (rd[:lijj - Egn(x] = El:][aj l:rﬂ[!ij:] - Edl:uj:mj == Edn[anj (=) =

(ﬁ) B 1] =~ lbotra 2], (7)

E(Tdpay

Therefore, from Equations (6) and (7), one obtains the expressions for relative dielectric
constant e(ra..;x) and energy band gap Egntep (raca.x), as:

(i)-for raca) = rao(as), SINCE &(rgca) )= _ 500 < e, (x), being a new e(ry), x)-

— = T =
14| 22 ) —1|xln( 2= )
Tdofzo) Tdorem

N

law,
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Eaatep (ra03) — By () = Baco (ra0%) — Batao (00 = Bata 09 % (222) 1] xmn (Z22) 20, (89)

According to the increase in both E ey (race.x) and Egeg (raca.x), With increasing ry, and for

a given x, and

(i)-for ragay = raorac), SINCE e(raayx)=_ £ (%) >&,(x), with a condition, given

" Tdim }S " Tdim )5
1 . —1|xln —
(-'-'dmjnuj (-'-'dmjm:lj

by: [(_ﬂLL) - 1] x In (_ﬂLL) <1, being a new &(rg;s,x)-law,

Tdo (2o Tdo (2o

A

Entep) (Tatw %) — Ego(®) = Eaa (rate%) — Edotaa) () = ~Egofan () X [(i‘”—)q - 1] X lﬂ(ﬂ"—)! =0, (8b)

Tdofan) Tdofao)

Corresponding to the decrease in both Egyep (Faca.x) and Egpy (raca.x), with decreasing ryy
and for a given x; therefore, the effective Bohr radius ag, (g, (racs).x) is defined by:

2o xh® _ 2rdpzad)
— e 053 x 10 ¥ em X —
My () g ® Mg (%) /Mg

(8c)

agn(ep) (Tdga)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}(rdl:a}J X} 13X aBn(Bp}(rd(a}JX} = Mn(p}! Mnl:p]l = 0.25, (ga)

depending thus on our new &(r4;q),x)-law.

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

(WS) radius ren¢ep), Characteristic of interactions, by:

Fan spy (N, Fagay %) E( : ]M x—t = 11723 % 10° x {ﬁ]“ x DM (9b)

4al 8an(ap) (Tdms) E(Pe )
being equal to, in particular, at N=Ncpuepp)(TageX): Tencep)(Neonreop) (Taga» %) Fagayx) =

2.4814, for any

(rara),x)-values. So, from Eq. (9b), one also has:
N s () i Z0.252 (Ws),; =M 9
CDn(CIJp}(rd(a}J X} X aBn[Bp}(rd(a}JX} = (4'11) X n4814 - (‘V }n(p} = Hn(pp ( C)

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

Thus, the above Equations (9a, 9b, 9c) confirm our new &(ry.),x)-law, given in Equations
(8a, 8h).
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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
Nepnccop) 1S just the density of electrons (holes) localized in the exponential conduction
(valence)-band tail, with a precision of the order of 2.84:x10°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}JX} =N- NCanNDp}(rd(a}J X) (gd)

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

Here, the intrinsic band gap Egineim)(Tace),x T) atany T is given by:

10~ 4% T?
T+34K

Egln,:glp}(rd,:ajj X, T]I ineV= Egn,:gp}(rd,:ajj X:}I - X {43??9 ¥ x4+ 7.0043 % ('1 - X]I}, (10)

Suggesting that, for given X and raa), Egineim) 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 — ~Eginggip) (ramxT)
N niip) (Faga)® T) = N (T, %) X No(T, x) x exp( in :TBT 5 )’ (11)

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

M (K xkg T _
NI’.‘I:V}(TJX} =2x (TT) (Cm 3}_

D. Heavy Doping Effect, with given T, x and r4a)
Here, as given in our previous works*? the Fermi energy Ern(—Egp), band gap narrowing

(BGN), and apparent band gap narrowing (ABGN), are reported in the following.

First, the reduced Fermi energy ny,y; 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’®, with a precision of the order of
2.11 x 107% is found to be given by:

Bfn() —ERp(W)y _ G +Au F(u)
kgT kgT 1+4uE

Nagpy (W = , A=0.0005372 and B = 4.82842262, (12)
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% ] 4 ]
al F(u) = aus (1 +bu =+ cu_E) :

Nep (T

Where u is the reduced electron density,u(N* T,x) =

— 2.!" 2 e i _E
a=[Bva/axu]” , b=1(E)", =22 (" and G(w) = Ln(w) + 27z xux e ;

d = 23/ [:—i] = 0.

+ 27 £ o

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

Eppiul) (—EF p(u«l}}

=1
kgT kgT

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

to the LD [a(d)- X(x)- alloy] BR-case, or to the non-degenerate case, Eq. (12) is reduced to
the function G(u), 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 Basan), & Eznreny Neon(copy Egingzip) (Fara). % T, and ny,¢y)(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, ry, .., characteristic of the interactions,

by:

1/3

% ml:‘::‘:-“'_‘l':x:' (13&)

. ]
=irdim ]

rSﬂ':EP}(Nslrdl:a}Jx} =11723 % ']_{]B Y (%)

The correlation energy of an effective electron gas, Ecnrepy (N*,raray, %), is given as:
D.ETSSE 2[2—-In{2]] . ”
-087553 D.D9n3+rm:-3m+|'t z Jxin(eanepy) -0.093288

0.0508+rg nsp) 1+0.0384772 BXF‘;::_T!E;"BBTE

(13b)

Ecn(cp}{N*er(a}J X} =

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

AEga(N*rg, %) = 3 x 252 NM® 4 a, x 220 % N7 X (2503 X [~Egq (ren) X Ten]) + a3 X
B

1 154 e ‘ e i ' Ta 2
[i] % |2 NM* 4 a, x If“—(x’xN,l"x2+a5><[f°("’]‘xN:
=(rgx) -+ me + s(rga) z(rgx).

N (=), (14n)

NCpn(rax)
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Where 3, = 3.8 x 1073(eV), a, = 6.5 x 10#(eV), a3 = 2.8 x 1073(&V), ay = 5.597 x 1073 (eV)
and a; = 8.1 x 10™%(eV), and in the p-type HD X(x)- alloy, as:

. o) 1/ g i) § e 194 [m
AEg (N rgx) & 3y X SR X NJ® + 2y x S8l X NF x (2303 % [~Egp(ry) v 1) +34 % [_.u)] xdax

S i
. . R
1/4 k] 12 2g(X) |2
N+ 22, x [N +a5_><[—_°'--] % NZ
REE 2(rg %) N, =

—), (14p)
Where a; = 3.15 X 1073(eV), a, = 5.41 x 107%(eV), a3 = 2.32 x 1073(eV), a5 = 4.195 x 1073(eV) and
a; = 9.80 x 1073 (eV),

NI:D (TaX)

Therefore, in the HD[d(a)- X(x)- alloy] ER, we can define the effective extrinsic carrier

concentration, ng, ey by

—_— AEgen
enl (ep) (N Laiap T} =/ IN¥ X Pa (Il,:,) = iy lp}(rlﬂl a)r T} X exp [ 2?;.:@\} (15)

Where the apparent band gap narrowing, AEazpnagp). i found to be defined by:

AE 4 gn(N* T a(a) % T) = AEgy(N*,rg,%) + kg T><1n( ] Epq (N*,T, %), (16n)

Ne(Tx)

AE gy (N* Ta(a), % T) = AE g, (N* 1., %) +kgT X 1n( )+ Epp(N%,T,%)]. (16p)

Tx)

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:

Jottom) = JEno(Epa) T JBpo(Bne) (17)
Where Jzpaimns) 1S the minority-electron (hole) saturation current density injected into the
LD[a(d)- X(x)- alloy] BR, and Jgns(epe) 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

Here, Jgpozno) i determined by!:

—
ewnl ir d\ﬂ‘-’T} Doy (NardyFarg®T)
p(iny e | TeBmE Nagdy)

JBpo(Bnu:u}{Na(d}J Fajdp® T } = . ) (18)

MNardy

Where nfp,:in}{ra,:djjxj T) is determined Eq. (11), Dggw)(Nagay,Tacay,% T) is the minority electron

(minority hole) diffusion coefficient:

E(NﬂlrﬂJ X T) = ><

. z
2004_&“_“ x(s'_w‘)) {szs_lJ, (193)
o (%)
1+ 13100 em—

D]:I (Nd, Iy, % T} = x

ir 2
e 2| e, o

1+ [BxlDI cm™ I-}

WWW.Wjert.org ISO 9001: 2015 Certified Journal 181




Cong. World Journal of Engineering Research and Technology

and Tagrhe)(Naray) is the minority electron (minority hole) lifetime in the BR:
T (NJ ™1 = — +3x 1071 x N, + 1.83 x 10731 X NZ, (20a)

Tpp (Ng) ™1 = ﬁ+ 11.76 % 10713 x N4 + 2.78 x 10731 x N3, (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(x) alloy] ER-width W, as [2]:

" _{1}‘
= N* N* T
paro (W) = Ny xemp - () sam [l [T 02y 2w
17 : w 1066 (2.5) s
Ndnfﬂ.o}% = ?9 b 1{] (2 x 1{] } X EXIJ{— (m) } (Cm }, (21)

Where pg(q(y=0) =N is the surface d(a)-density, and at the emitter-base junction,
Para)(¥=W) = Nag(a0)(W), which decreases with increasing W. Further, the “effective

doping density” is defined by:

Nic (N ra)x T) = Pd.:a}(&’}fexp[

AEpeniag p‘_'u': PdieEpd] aj:-‘i-T:']
k)

kgT
— N
N3 (= 0N a5 T) = —me—— e and
axp ( L:B'T ]
— Ndu[auj'ﬁ"'ﬂ'
Ng[@{}r: W, Tara)X T} = i'-Eagn.:ggpj[“dmjauj':“nlrd{aj-KT;' ) (22)
) P[ kgT ]

Where the apparent band gap narrowing AE.zpagyp) iS determined in Equations (16n, 16p),

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

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

N*

= ] (em~3 X 5), (23)

Fh(e" (. N, Td(a). X T) = En[aEp)
- - Dh:gjxexp[ =k:'r=

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

y
z . 2
Ainipy P a:.ﬂhT})

Polng)*Dhe

a -1 2 N3, 2
Lnfe) (N Taa)%, T) = [Thter) X Die)] = (CX Frg ) = (C X n:) - (C .

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(.g), bY:

1 _ 1
= — n 7.
Dh':E‘:'Xth?Bj Dhjey | CrFemy :I

(24)

ThE(eE) =
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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 () ()] = oD (25)

Nij(m (¥=WoraigxT)’

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

_ @@ -pa(¥)na(D
W) = e (26)

Which must verify the two following boundary conditions as:

_ oy — _~In(y=0)[e(y=0)] W — (;) _
uy =0) = eSxpo(y=0)[no(y=0) uly = W) = exp I (V)=vr !

Here, nyp (V) is the photovoltaic conversion factor, being determined later, S(?} is the

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

is the thermal voltage, and the minority-hole (electron) current density Jh.;e;.{:,a rd.;a;ux}.

Further, from the Fick’s law for minority hole (electron)-diffusion equations, one has [1, 2]:

—e{+eldniyin  duly)  —e(#e)ni i Dhe (Nirama)  duly)
(1P 3 V. — [13) (& (2] . V. (27)

I- ¥ N 8.1 I" F=y T = - = - )
Ih*E}{Y Fd(a)p® } Fhe (%) dy N3 gy (¥N*rd(g)T) dy
Where N (v N*, raca),% T) is given in Eq. (22), Dy and Fuo are determined respectively

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

g (7N Py T

= —e(+e) X nf W) - _e(+e)x 0 gy X uy) (28)

X - Fy— -
dy I00R) ™ Fyg (5] KL () N (vl rgaamT) X The s

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

d*uly) dFney) | duly)  uly)
dy? dy x dy Lﬁ[ajl:y} =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:

o) = sinh(P(y)) +1(W.S)xcosh(P(y)) (EXP (;) — 1), (30)

sinh(P(W) ) +1(W.5)x cosh(P(W)) npey( V)<V

where the factor I{W,S) is determined by:
Dihye (¥=W.Ndo a0y (Wihrd e =T}

5% Lingey (¥=W.Ndo ey Whrd e T)

L C=20893 x 1073 (cm*/s), for the X(x)-alloy,

Lpey ()

I(racax T,W,S) = (31)

Further, since d:;y:' = Cx Fy(e)(y) =

being an empirical parameter, chosen for each crystalline semiconductor, P(y) is thus found
to be defined by:
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7 Hy L a7 7
PG = T, 0 sy s W By =W = Gx ) 2 xWegio =290 x s (32)
rejl¥l

w Linge¥) T L) T L Lug @)
Where Ly, () 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:

Thge (FW. N Ta X TSV ) = —Teno(y W, N', g, T.5) Pepolys W, N° 1 T,50] X (exp -1), (33)

Oy, [:"J X‘*’Ta]
Where Je,qrepe) IS the saturation minority hole (minority electron) current density,

en ?n.: ip)* Dhie cosh( B ) +1{W.5)x zinh (Pi(x))
N (vN*rd(a)xT)xLugg  sinh(P(W))+I(W.5) xcosh(P(W)] °

]EHD,:EPD}{VV,E"-’J N, Tdia)X T, S} = (34)

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

gives:
I
. ennripy Dhie 1
‘ =0,W, N, rg;a,%T,S) = = . . 35

]EHDLEW}(‘Y P e Td(a)e s } NE.:Bj':Y:N-f'd[ajﬂi-T}XLh[aj sinh(P}+1xcosh(F)’ ( )

] {y_ WowW N T % T SJ _ E”%nujlpjxnhnjaj cosh(F)+1xzinh(F) (36) and then

Eno(Epo) .y — T T Rd(a)s Be0) = N (F=W.N"ra(gxT) xLig  sinh(P)+Ixcosh(p)’ :
]hl:ajliyzI]'nl.r'_.H',r'd_,:E:..-X.-T,S,VJ — lEnD|:EF‘|:|)I:'_Y=EJ‘:"""H.erI:Bj"x"T‘ISJ _ 1 (37)

Threy (y=WWNramxT5V)  JEnoEpo) | y=W.WK'rqisxT.5)  cosh(P)+Ixsinh(P)’

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

= o a we — W - ThE[eE; W rdraT)
Qi ¥ = W, Ta( % T) = g +e(=€) X uly) X o (3)lno ()] X e 5% —dy . and

the effective minority hole (minority electron) transit time [ htt(ett) ] by:
Thtrtern) (¥ = W W, N, 1479 %.T. 5) = Qqey (¥ = W. N .Tgpa, X, Tj..fIEuD,:EPD:,(}-': W.W, N T3, %, T,s), and from

Equations (24, 31), one obtains:

Tf.l“.:gn:[.y=1r".'1_1|-".'1ﬂ'_rm:_a':l_.x,.T_S;l: - Tenagepg(F=0WHN Tz xT.5) : 1

(38)

=1- - - .
ThEE) Tenaepa [y=1,\;_1,\,;m-_r ﬁ-m.-x.-T.S:I cosh (P)+[x=inh (P

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

Dhe) (Mdogmo) (Whrd gxT)
SxLh(e){ Ndoiee) (Whrd(mxT)

As P« 1 (0r W< L) and 5 — o0, [ = I(W,5) = - 0, from Eg. (38),

one has: Suen(F=WWNrgzxTS)

-0, suggesting a completely transparent emitter region

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

Eni_zm:i_pjxnh[aj % 1
N g (V=WNrdm e T)XLngey  PW)

JEnD(Ep«:\}{.Yz W, Fd(a)e X T.5 — DC} — (39)
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Dihyey (Mo eoylWhed ez T)
=

Further, as P> 1 (or W Ly) and 5= 0, [=1(y = W,rgqx5) = TN ——
; (g0l Mdofeo)l VY Ald (=)

ThE{E)

and from Eq. (38) one has: Dhetem — 1, suggesting a completely opaque emitter

region (COER)-case, where, from Eq. (36), one gets:

05, Dy

Jeno@po(¥ = W NIy, %, T.S = 0) = W0y W N gy KT gy, < AR (P (40)

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

minority saturation current density J.yiom, defined in Eq. (17), is now rewritten as:
]n[[n[[j U"'n N°, I TEVIES T.5; Naujderiujdex' T} = lEul:niEpl:-JG""rJ N rg,%T.5) + ]EpniEunJ (Natg):Tatan.x T), (41)
Where Jensiepsy N0 Jepermne) are determined respectively in  Equations (36, 18).

Taets taetz) = Jaems Cactizd

PHOTOVOLTAIC CONVERSION EFFECT AT 300K
Here, in the n*(p*) — p(n) [X(x) = CdS;_,Te,J-alloy junction solar cells at T=300 K, denoted
respectively by I(I1), and for physical conditions, respectively, as:
W=01pmN=10%em™? , rygrp.x 5= 100 {?j; Ngggy = 107 em™2, ryqa. X, (42)
we propose, at given open circuit VOItages: Voer, roerzy= Ve roeniz ;- the corresponding data of the

short circuit current density | in order to formulate our following

scl1fscl2) = Jsclafsclizy
treatment method of two fix points, as:

at Voers (ot (V) = Vocrts toenm (V) = 2,041 (2.076), e (ser) (mA/em) = [y (e (mA em) = 7.49 (9.39). (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

Ve =25 = 002585 V, (44)

JV) = ]ph.(v:] - ]n[[n[[j * [Ex' an¥ _ 1}, X[[[[j W) = W—ﬁx"T, T .
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:

J-ph.(v = vnr_-} = J-sr_']l:sr_']]}{WJN*J T, Fdiap S; NELI:EEU T, Fajd) % v.:.,-_-}, for Voe = vnl:[j.[nl:[[lj'

Therefore, the photovoltaic conversion effect occurs, according to:
TsctcsetyWoN . T, Tagg® 55 Nagay Tz % Ti Ve ) = Totgom (Wo N Toragay %5 NagayTaga % T) x (5mi¥ed — 1), (45)

Where 1y (Vo) = 1y {Ler N-Jrl:l(a}:xi T.5; Natay. Fata X T:vnn}a and X[[[[j I:"'rl:u::] = — = —

(L "
nyr Vot =V
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Here, one remarks that (i) for a given v,., both n;y, and jg ., have the same variations,
obtained in the same physical conditions, as observed in the following calculation, (ii) the
function (%mw'e=' _ 1) or the PVCF, nqr, Fepresenting the photovoltaic conversion effect,
converts the light, represented by J..; srr,, into the electricity, by J .., and finally, for given
(W, N".ra,% TSt Nygay. rarar. Ti Ve )-values, ny g, (V,) is determined.

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

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

Yac

e )" (46)

n[::[h(w,N', Tgap % T.5 Nyg Fapay T ‘f'-nn) = n[l::[[lj[:"':nl:[l::nl:[[lj] + n[::j[[:)(‘*:n:[::jm:[[::.) X (.

Vaelyedin
Where, for example, the values of «(). 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:

X r By Vae) [y (Vo d +072]
Fram (W, N P % T8 Nagay Fagay % T Vo) = = —g—gin——.  (47)

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

by:

. _ _ Licrsem ¥V a o Fram
T][::[[:II:E"'J, N B t"d:: g_:l,H,.T, S Ns.::d'_‘w l"g_::d'_-,,K.T: "'.I:II:II = _I"C—u'#l'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;u , Nimax mmex,, are obtained at the

=0,

a n[::[Q,I:E.?,N',rd:: 8)% .5 Najd)ra(d)TiVa E-:I)
Vor=Vocliocll

corresponding ones of V. = V.., at Which ( p
: - oc

as those given in next Tables 3n and 5p in Appendix 1, being marked in bold. Further, from
the well-known Carnot’s theorem, being obtained by the second principle in
thermodynamics, or by the entropy law, the maximum efficiency of a heat engine operating
between hot (H) and cold (C) reservoirs is the ratio of the temperature difference between the

reservoirs, Ty — T, T =T = 300 K, to the H-reservoir temperature, Ty, expressed as:

Tyg-T,
ﬂn:n}(TJV.:.c:' = n]mu.(]]max.}(TJ Voe= m:][-::]]}} = Ncarnet = HT_HE, (49)
for a simplicity, noting that both nypay fimsx, aNd Ty depend on (W.N". 14,5 TS Noay,rae 2 T Vogy oy ) -

parameters.

NUMERICAL RESULTS AND CONCLUDING REMARKS

We will respectively consider the two following cases of n*(p*) —p(n) -junctions such as:
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HD (Se; 5n) X(x) alloy ER — LD (Mg; Cd) X(x) — alloy BR — case, according to: 2 (n*p)— junctions
denoted by: (5e* Mg 5n*Cd), and

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

Now, by using the physical conditions, given in Eqg. (42), we can determine various
photovoltaic conversion coefficients as follows.
Firs case: HD [ 5e; 5n] X(x) — Alloy ER — LD [ Mg Cd ] X(x) — Alloy BER

Here, there are the 2 (n*p) — X(x) junctions, being denoted by: (Se*Mg 5n*Cd).

Then, the numerical results of ?T: Jepor Eno @nd o, 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..1, Fy, nr, and Ty, are computed, using Equations (46, 45, 47, 48, 49), respectively,
and reported in Table 3n in Appendix 1.

Second case: HD [ Mg: Cd] X(x) — Alloy ER — LD [ Se, 5n ] X(x) — Alloy BR
Here, there are 2 (p*n) — X(x)-junctions, being denoted by: (Mg*Se, Cd*5n).

Then, the numerical results of :—: Jeno» Jepe @Nd Jor, 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) InTable 3n, for the n* — p X(x) —alloy junction solar cell and for r, ¢4 -radius, one obtains
with increasing x=(0, 0.5, 1)! e ()= 41.99 %, 44.60 %, 48.30 %, according to
Ty(7) =517.1K541.5K 580.3 K at v,; = 2.65V, 2,70V, 2. 74 V, respectively.
(2) In Table 5p, for the p* — n X(x) —alloy junction solar cell and for r¢4 s, -radius, one obtains
with increasing x=(0, 0.5, 1): fyma (7= 43.30 %, 44.99 %, 50.10 %, according to

Ty(7) = 520.1 K. 545.3 K, 601. 2 K. at V,;(V) = 2.65 K. 2.70 V. 2. 75 V, respectively.
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APPENDIX 1

Table 1: In the [X(x) = Cds;_,Te,]-alloy, in which & = 10*m~*(10%%m~% and T=300 K, the

numerical results of Bagas), & Egnemy Nebncopy Egincgp(Tacey® T) @nd ny, 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 CdS- crystal

and the CdTe -alloy, respectively.

Donor

rg (nm) 7

s
r4=0.104

Se
0.114

X

Ba.(x) in10° (N/m?) ™
E':rd, }Cﬁ w

Eyms (Tax) eV 7

N:D,EI’.K} in10*¥ em™= 7

0, 05,1
11.24589, 7.242043, 4.132559
9.  9.655,10.31
1.58, 1.1.1.62

1.1006938. 0.3629085, 0.08210889

8.631002. 9.259147, 9.8872925
2.5828887. 2.101860, 1.6210615

1.2479879. 0.41147264. 0.09309665

Egin(rgxT)inev 7 242, 1.97,1.52 24229, 1.97186.1.52106
Np & U degenerate case ) 15.39, 20.82,31.99 15.37, 20.81,31.997
Donor Te Sn

rg (nm) 7 0.132 0.140

X 7 0, 05,1 0, 05,1

E':rd. x)

Eyos (rax)ev 7
Nepa(Tgx) in 10°% em™ 7
Egn(rgxT)meV 7

TMn 3 1( degenerate case )

6.8088533, 7.3043806, 7.7999197
2.6047141, 2.115915. 1.6290817
2.5419800, 0.8381132, 0.18962509

244472, 1.98592,1.52908

1524, 20.75.31.98

59556997, 6.389142, 6.8225848
2.6224569, 2.1273411, 1.6356018
3.7983562, 1.2523516, 0.28334748

246246, 1.99734. 1.5356

1511, 20.69,31.96

Acceptor Ga Mg

ry (nm) 0.126 0.140

X 3 0, 05,1 0, 05,1
e(rox 9968548, 10.69404, 11.419526

Epps (rox) eV 7

Nepg (re.m) in 10°7 em™ 7

2.5551356, 2.078139, 1.6006033

54449915, 4 5690868, 3 8859101

9.117455, 9.781004, 10.444552
2.5765572, 2.09697, 1.6173143

7.1165903, 59717851, 5.0788748

Egip(texT)meV / 23951,  1.9481, 1.5006 2 4166, 1.967, 1.5173

Mp #* 1( degenerate case ) 391, 3.90. 3.86 3.8522, 3.88,3.85
Acceptor In cd

rg(om 7 0.144 r=0.148

x 7 0 05,1 0, 05,1

B..(x) in 107 (N/m*) 1.5866282, 1.3950062, 1.2377251
elr ) 9.0293303, 9.686465, 10.343599

Eppe (Tox) eV 7

Nepg(fex) in 10°° em ™7

Egip(raxT)ineV 7

2.5791277,2.099233, 1.6193195
7.3270019, 6.148349, 5.2290386

24191, 1.9692, 1.5193

9. 9.655, 10.31
2.58. 2.1.1.62
7.39887. 6.208656, 5.2803284

242, 1.97,1.52

Mp # 1 ( degenerate case)

3.825, 3.8691,3.8524

3.7915, 3.8585,3.85
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Table 2n: In the HD [(Se; Sn)-X(x)-alloy] ER-LD[(Mg Cd)-X(x)-alloy] BR, for physical
conditions given in Eq. (42) and for a given x, our numerical results of ?T: Jgpor Jene @Nd

I , are computed, using Equations (38), (18), (36) and (41), respectively.

n*p Se*Mg Sn*Cd

Here, x=0 for the (Se*Mg Sn*Cd)-junctions, and from Eq. (38), one obtains: J—i’;‘:= (0,0) suggesting a completely transparent

condition.

Jepoin 107 (A/cm?) 7 9 5865 9.7084
Jgnein 107 (4/cm?) 5.0291 0.2528
Jo 107 (A/cm?) 7 95915 9.7087

Here, x=0.5 for the (Se*Mg Sn™Cd)-junctions, and from Eq. (38), one obtains: IT;::: (0,0) suggesting a completely transparent

condition.

Jgpoin107% (A/em?) 7 4.0469 4.0983
JEngin 107 (4/am?) u 3.9396 0.1257
Jo m107% (A/cm?) 4.0473 40983

Here, x=1 for the (5e*Mg Sn™Cd)-junctions, and from Eq. (38), one obtains: %‘E‘: (0,0) suggesting a completely transparent

condition.

Japon 1077 (A/cm?) 7 12231 1.2489
Jgpein 1077 (4/em®) 22256 0.0117
Joo 1072 (A/em?) 7 12331 12488

Table 3n: In the HD [(Se; Sn)- X(x)-alloy] ER-LD[(Mg Cd)-X(x)-alloy] BR, for physical
conditions given in Eq. (42) and for a given x, our numerical results of n;, J..;, Fy, 15, and
Ty, are computed, using Equations (46, 45, 47, 48, 49), respectively, noting that both
Tmax aNd Ty, Marked in bold, decrease with increasing x for given ry,,, being new

results.

Voo ) g Jset (5o) Fi(%) n1(%)

Here, x=0. For the ( Se"Mg, Sn*Cd) junctions, the value of & given in Eq. (46) is 1. 0511.
n+p SeMg; Sn~Cd Se”Mg; Sn~Cd Se~Mg; Sn~Cd Se"Mg: Sn~Cd
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2041 1042;1042 7.49;7.49 93.04; 93 04 1422;1422

2076  1057;1.057 938,938 93.06; 93 .06 18.13;18.13

264 13341334 17.08; 17.08 93.10;93.10 41.98;4198

265  1339;1339 17.02; 17.02 93.10;93.10 41.99; 41.99
Voq=2.65V 517.1; 517.1=Ty(K)

266  1344;1344 16.95; 16.95 93.10; 93.10 41984198

3 1.520;1.520 13.54; 13 54 93.09; 93.09 37.82;37.82

Here, x=0.5. For the ( 3¢"Mg, Sn™ Cd) junctions, the value of @ given in Eq. (46) is 1. 0673.

n"'p Se*Mg; Sn*Cd Se*Mg; Sn*Cd Se*Mg;: Sn*Cd SeMg; SnCd

2.041 1.357;1.257 7.49;7.49 01.42;9142 13.97;13.97
2.076 1.375;1.375 9.39;9.39 91.45;91.45 17.82;17.82
2.69 1.761; 1.762 18.11; 18.11 91.52;91.52 44.60; 44.59
2.70 1.768;1.768 18.05;18.04 91.52;91.52 44.60; 44.60

Voa=2.70V 541.5; 541.5=Ty(K)

271 1.775;1.775 17.98;17.97 91.52;91.52 44.59; 44.58
3 1.971;1.971 15.03;15.03 91.50; 91.50 41.26;41.25

Here, x=1. For the ( 5¢"Mg, Sn™Cd) junctions, the value of & given in Eq. (46) is 1. 0998.

n*p  Se*Mg Sn*cd Se*Mg Sn*Cd Se*Mg Sn*Cd Se*Mg; Sn*Cd

2.041 1928;1928 7.49; 749 88.72;88.72 13.56; 13.56
2.076 1.950;1.951 9.39; 939 88.77;88.77 17.31;17.30
273 2.518;2519 19.90; 19.89 8892;88.92 48.30; 48.29
2.74 2.528;2.529 19.83; 19.82 88.93; 8892 48.31; 48.30

Vog=2.74V 580.4; 580.3=Ty(K)

275 2.537;2.538 19.75;19.75 88.92; 8892 48.30; 48.29
3 2.778;2.778 17.11; 17.11 88.90; 88.89 45.64; 45.63

Table 4p: In the HD [(Mg Cd)-X(x)-alloy] ER-LDI[(Se; Sn)-X(x)-alloy] BR, for physical

conditions given in Eq. (42) and for a given x, our numerical results of ;—“E‘ Jener Iz, and

Ep
It » are computed, using Equations (38), (18), (36) and (41), respectively, noting that ] ;,
decreases with increasing r..g-radius for given x, and it also decreases with increasing x

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

p'n Mg* Se Cd*Sn

ot

Here, x=0, and for the (Mg Se, Cd“Sn)-junctions and from Eq. (34), one obtains: ﬁ = (0.0) suggesting a completely transparent
&

condition.

Jenon 107% (A/cm?) 12123 0.1811

Jepein107% (a/om®) \ 9.5752 63017
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Jop 01077 (A/cm®) 2.1698 0.8112

Here, x=0.5, and for the (Mg*Se, Cd“Sn)-junctions and from Eq. (34), one obtains: :LE‘ = (0,0) suggesting a completely transparent

condition,

Jgnen 1072 (A/em®) 29678 0.7643
Jepein 10728 (A/em?) 73014 3.8907
Jon in107% (A/cm®) s 1.0269 0.4655

Here, x=1, and for the (Mg*Se, Cd*Sn) junctions and from Eq. (34), one obfains: % = (0,0) suggesting a completely transparent
" &

condition.

Jenein 107 (A/em?) 59230 2.3290
Jgpein 107 (A/cm?) 2.0565 0.7965
Jou 0107 (Afem?) 2.1157 0.8198

Table 5p: In the HD [(Mg Cd)-X(x)-alloy] ER-LD[(Se; Sn)-X(x}-alloy] BR, for physical
conditions given in Eq. (42) and for a given x, our numerical results of ny, Jeen, Fin, i,
and Ty, are computed, using Equations (46, 45, 47, 48, 49), respectively, noting that both
Timax aNd Ty, Marked in bold, slightly decrease with increasing x for given r, 4, being

new results.

Voe (V) ny Joet G3) Fy (%) N (%)

Here, x=0. For the (Mg Se, Cd“Sn)-junctions, the value of [} given in Eq. (46) is 1. 0525.

p*n Mg* Se; Cd*Sn Mg*Se; Cd*Sn Mg*Se;Cd*Sm  Mg*Se;Cd*Sn
2.041  1.054:1.040 7.49:7.49 92.98: 93.06 14.21: 1422
2.076  1.068;1.055 9.42:945 93.00; 93.07 18.18; 18.25
264  1.348:1330 17.43;17.61 93.05;93.12 42.81:4329
265  1353:1335 17.36:17.55 93.05;93.12 42.82:43.30
Vo1 =2.65V  524.6; 529.1=Ty(K)
266  1.358:1340 17.30;17.48 93.05;93.12 42.81:4329
3 1.536; 1.516 13.81;13.91 93.03;93.10 38.54; 38.84

Here, x=0.5. For the (Mg" Se, Cd"Sn)-junctions, the value of  given in Eq. (46) is 1. 068.

p*n Mg* Se; Cd*Sn Mg* Se; Cd*Sn Mz* Se; Cd*Sn Mg*Se;Cd*Sn
2.041  1.379:1.360 7.49:7.49 91.31;91.41 13.96: 13.97
2.076  1.397:1378 9.37:9.40 91.34; 9143 17.77: 17.85
2.69 1.790: 1.765 18.07:18.28 91.42; 9151 44.43: 44.99
2.70 1.797:1.772 18.00: 18.21 91.42; 9151 44.44: 44.99
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Vor =2.70V  539.9; 545.3=Ty(K)
271 1803:1.779 17.93:18.14 91.42; 9151 44.43: 4498
3 2.002; 1.975 15.02:15.15 91.39; 91.49 41.19:41.59

Here, x=1. For the (Mz"5e, Cd“Sn)-junctions. the value of f given in Eq. (46) is 1. 108.

p+n Me=Se;Cd™Sn Mg*Se;Cd™Sn Mg*Se;Cd™Sn Me*Se;Cd™5n

2.041 2.072;2.021 7.49;7.49 88.08; 88.31 13.46: 13.50

2.076 2.095; 2.044 9.38;9.43 88.14; 88.36 17.16: 17.30

2.74 2.711;2.645 20.17; 20.65 88.32; 88.53 48.82: 50.09

2.75 2.721;2.655 20.10; 20.58 88.32; 88.53 48.83: 50.10

Vo =2.75V 586.3; 601.2=Tx(K)

2.76 2.731; 2.665 20.03; 20.50 88.31: 88.53 48.82: 50.09

3 2.979;2.907 17.48;17.82 §8.28: 88.50 46.29: 47.329
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