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ABTRACT

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

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

*Corresponding Author treatment method, as those used in our recent works™?, we will also
Prof. Dr. Huynh Van investigate the maximal efficiencies, nyma, mmsx;, Obtained at the open
Cong

circuit voltage V,.(= V,..m ). according to highest hot reservoir
Université de Perpignan Via -

Domitia, Laboratoire de temperatures, Ty (K), obtained from the Carnot efficiency theorem,

Mathématiques et Physique which was demonstrated by the use of the entropy law. In the present
(LAMPS), EA 4217, work, some concluding remarks are given in the following.
Departement de Physique, (1) In the heavily doped emitter region, the effective density of

52, Avenue Paul Alduy, F- . . . .
venue Faut Aldly electrons (holes), n*, given in parabolic conduction (valence) bands,

66 860 Perpignan, France.

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

(acceptor)-radius, rs, , and x-concentration, is defined in Eq. (9d), as:
N*(N.rg.2y.%) =N = Nepnewnp) (Tagay %), WNEre Nepnoungy IS the Mott critical density in the metal-
insulator transition, determined in Eq. (9a). Then, we have showed that (i) the origin of such
the Mott’s criterium, Eq. (9a), is exactly obtained from the reduced effective Wigner-Seitz
radius r,, oy, Characteristic of interactions, as given in Equations (9b, 9c), and further (ii)

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

(2) In Table 3n, for the n* — p X(x) —alloy junction solar cell and for rg, 4,-radius, one obtains
with increasing x=(0, 0.5, 1)! e (") = 26.12%, 29.91%, 34.18%, according to
Ty(7) = 406.1 K, 428.0 K. 455.8 K. at V,,; = 0.82V,0.81 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 Xx=(0, 0.5, 1) npme (") = 25.03%, 29.57%, 33.80%, according to

Ty(7) = 400.2 K, 423.0K,453. 2 K at V.; = 0.82 V,0.81 V,0.80 V, respectively.

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

photovoltaic conversion efficiency.

INTRODUCTION
In single n*{p™) — p(n) X(x) = CdTe;_.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.

ENERGY BAND STUCTURE PARAMETERS

A. Effect of x- concentration

In the n*{p*) — p(n) single n*(p™) — p(n) X(x)-alloy junction at T=0 K, the energy-band-
structure parameterst’], are expressed as functions of x, are given in the following.

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

m(x)/m, = 0.197 xx + 0.095 x {1 —x), and

m,(x)/m, = 0.801 x x + 0.82 x {1 —x). 1)

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

£o(x) =9 xx +10.31 x (1—x). (2)
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(iii)-Finally, the unperturbed band gap at 0 K is found to be given by:
Eo(x)ineV =258xx +1.62x (1 —=x). (3)

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

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

13600 [m.{:-;;v_\f-“}-"'m‘:‘] meV, (4)
[2olx)]2

EE]DI:E[D:I(X} =
and then, the isothermal bulk modulus, by:
Edoag) 20 . (5)

Buoiec) () = .
dolac) x%_ X'._!‘dg::ggjj

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 =(r;4).x),

in the following.

At raca) = r'doras), the needed boundary conditions are found to be, for the impurity-atom
volume V= (411/3) X (racs)”, Viaotae) = (471/3) 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™, used to determine the c-variation, Ac= 6—g, =g, are defined by:

de_ B, 4 do ..o ddoy B i i :
e vandp— T - diving: dv(dv-v.Then, by an integration, one gets:

[":"U':rﬂiifl’ ?{:]] u::m:Bdl:-::anj ':x:]x(v_vd n::al:-j)x In (;“): Egopan (%) % [(

w
Vdo

) ) e (6)
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(g)(Tas)%), and the

effective donor (acceptor)-ionization energy Ed.;a;.{rd.;@ x) in absolute values, obtained in the

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

Eg:u:jg:pj ':rﬂ:jaj*x:] - Egn':x:] = Eﬂ:jaj':rﬂ:jaj*x:] - Eﬂn:janj':x:] = Eﬂn:janj':x:] x

( (%) ]= _ 1] =+ [Aorg 0]

E(Taray)

for Tdia) = I'do(ach and for Id(a) = I'dofac)

Eg‘u:jﬂ,'pj ':rﬂ:jaij:] - Egn{x:] = Eﬂ:jaj {rﬂ:jaij:] - Eﬂn:jal:uj x = Eﬂn:janj (x) = e (Tarad

( 22(%) ]= _ 1_] = [.ﬁa{rdm,x]]um. (7)
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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:

(1)-for ruruy = raccacy s SINCE =(rgray) = . < g,(x), being a new

i T E f T, B
!1+[|: A=) ::I —1:|><lr:||: di=n }
N Fdogmo) Tdo (e

E(rd.:aj,x}-law,

Egntep) (Fatw3) = Ego® = Eaca (rata ) — Eaotaa 09 = Eaotaor @ x | (22)" — 1] x1n (222)" = 0, (8)

Tdo iD) dofac)

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

given x, and

(ii)-fOr rara) = Yao(ag) SINCE £(Taa)x)= T— == - > £,(x), With a condition,
[4_ [ Tdre } _1:|>C|.I!'.I|I Tdre }
o Fdojzo) Tdoraom

given by: [( —=L —1];< In {225 )) <1, being a new &(r4;q).x)-law,

Egntep) (Fat) ) — Ego(%) = Eqrer (rara)x) — Edoten (%) = —Eaglan) (%) X [(—di 1] X lﬂ —L’L)u =0, (8b)

Tdofa D) Tdofao)

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:

_ elrggma) =kt

aBﬂ':Bp:l(rdI:a}.lX} = =053 w 1{]—3 cm E'-.rlil:a}-x}

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

(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

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

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:

oo oy (N ) = (3 )1.-3 X ———— = 11723 x 10° x {ﬁ)l X

4N Sgniap; (Pdia) )

M oy (3] Ty

. (9b)

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

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

1/3

1, 3
NCDnI:CDp}(rdI:a}J X} 13X aBn(Bp}{rd(a}JX} = (;) 0.25= Ms}ﬂ' P:' 'l' (|l (9C)

X
2.4314

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 2.82 x 10~7 . Therefore, the density of
electrons (holes) given in parabolic conduction (valence) bands can be defined, as that given

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

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

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

10~ %xT?
T+34 K

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

suggesting that, for given X and raay, Egingeip) decreases with an increasing T, as observed in

next Table 1 in Appendix 1.

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

2 — ~Egin(gip) (ram=T)
N niip) (Tacay % T) = N (T,x) X N (T, %) % exp( in mE;T ) )’ (1)

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

Neg (T,%) = 2 X —’““ﬁ‘:ff“ﬂ)f (cm™),

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

Here, as given in our previous works™?, 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 #,,,; 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 x 10~ is found to be given by:

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

kpT kpT 1+4uf
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J"ll- o

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

Nepey (Tx) '

z _4 _ByT g — 2/3 12 623739855 o4
F(u}zau5{1+bu 5+ cu 5) , ﬂ:[(3w#ﬁ!.r4-}xu] , EJ:E{E} ) .::':—{E} , and

1920 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) (_EF;.":”<< 1}}
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 o
Tontep) (V5 T, x) = 11723 x 108 x (%) x e ) (13a)

s(rgayx) |

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

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

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

Jxin (7sn(spy)—0.093288

Ecner) VN Ya(a) ) = (13b)
Then, taking into account various spin-polarized chemical potential-energy contributions
such as: exchange energy of an effective electron (hole) gas, majority-carrier correlation
energy of an effective electron (hole) gas, minority hole (electron) correlation energy,
majority electron (hole)-ionized d(a) interaction screened Coulomb potential energy, and
finally minority hole (electron)-ionized d(a) interaction screened Coulomb potential energy,

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

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

AE,, (N*12,%) = a3 X ==L x NM° 4 g, x =2 5 NE % (2,503 X [~Eopn(7on) X 7onl) + @z ¥

ST X0

E(T g-X0
-y - . M i I B
[i] * IIEXV:'4+Q4>< If’—me,l"x2+a5x[f°(“ ]‘xNj
=(rg.x) - - Flrge] =g
J.'II--
N.= —) 14n
T Nepn (ra=)/’ (14n)
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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}) (em2s™1), (19a)
:H-l::se:x-_|:-'—7|:'.'1'1‘E“.}I o
Dh(Nd:Td:xJ le = kT * |85 + 1:365 aT | X (El:rdf})‘ 'l:cm:s"i}, (19b)
) :L-l-l'r\-m'_|:-'—7I:|-|:'.'1'1‘E“-}I i )

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:

\: : R
Pai 3 N*, W 3'=Nd.:ﬂ:.><exp{‘(5) X In [LHE” "X [w—] Y o=y=w,

A a"-"du.:uuj':%’_:' J"-"d:l[u:lj':w}
. c W 1066 (0.5) 3
Neaotasy (W) = 7.9 x 10%7 (2 x 10%) X exp {— (m) } (em™%), (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
NT
= L —
Nl'i':ﬂ}(}' =0,N% 7y ()X Tj} = ﬂfagm‘ag“‘ufﬁ' “rara T’ and
s.‘:"ifi'[ : FF;;éT — ’]
& . — *"-'-liu:n:uu:lj':W::I
Nﬂ":ﬂj'(}' =W, r (@)X T} = [flfagm'ﬂgp‘lI.r“;|i|:||'am':[’*"f'--"dfa‘rx-T;']’ (22)
- (agp) . dofad] (aj
kgT

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

agniagy)

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)

being related to the minority hole (electron) diffusion length, Lh.;g}'[}-u N* Tarap X, T}, as:
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&
Niray

: -1 2 2
L;EE}{}-‘,N-,TE,:E},:X?, T} = [ThEl:aE} », Dh(a}] = {C », Fh(a} } = (C X—) = (C »,

n
z o 2
Rinipy Td( u.j.-x.-r})
Daie

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

minority hole (minority electron) lifetime tpg(g), bYy:

1 1
Trprapy = - = . = *
hE(8E) -Dhl:E"_‘le?u:zE"_‘l D o= O Fe oy :I ( )

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)

;".I'EI. a (y= Wirdy a:,,.::‘_.l"}’

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

and p, (¥)[n, ()]

A — POIn()]-poly) o (301
uly) = Pe@ngl)]

, (26)

which must verify the two following boundary conditions as:

—m) = —Inly=0le(y=00]
u(}- = ﬂ} = ESX',‘:JDI:}'zl}:'[??D':}'=D}:’

uly =W) = exp (*) -1

nynVi=vr

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

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

is the thermal voltage, and the minority-hole (electron) current density }h.;gj{}-u m.;ﬂjjx}.

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

—a(+e)¥ninim  duly) —e(+&)niyimDhe) (N ram=)  duly)
(L) X W — (L) (€] (a) X ¥ (27)

. WA raranx, T = - —
It (N o %, T) Friey () dy N3 (5N (a).T) dy '

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, o 3N g T)
dy

wly)

Fhia) %L ()

= —e(+e) X nf ) X w ) , (28)

= _E{:+E:} X ﬂ-;n(p} x J"-@::J':}'.u".r'J?"i'::J.-I_.T}H ThE(RE)
Therefore, the following second-order differential equation is obtained:

duly)  dFnigiy) v duly) uly)
. . . S
dy? dy dy L’h[ej"}}

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:
u(y) = S0 xeeP) x (exp () -1), (30)

sinhl P( W}]H (W.5) xcoshP(W) nyn (Vi

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) =

dpl }]'

Further, since —— = C x F,;5(¥)= € = 2.0893 x 1072¢ (cm*/s), for the X(x)-alloy,

Ly eﬁ'-‘f}’
being an empirical parameter, chosen for each crystalline semiconductor, P(y) is thus found
to be defined by:

P(y) = f.j'

=W,P(y=W) = {— L —Zyxw =~ = L) , (32)

Lhgey(¥) -r-il:g"_‘l':}':' -r-il:g'_‘l':}':' Lkey U-

where L3, () 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:
Jrhljej(}'JH’,J"I"T-*Tn’(ajixi T.5v ‘J‘ ~Jeno(y W N g . T.5) [Jepoly. W, N 1 x, TF']X(EI’P (m] 1}], (33)
Where Jgnq(ene) 1S the saturation minority hole (minority electron) current density,
""“D. (pe . Ny
IE?!::-IE‘PE‘}{) W, N leE}JxJT S} - s ']x i GD:th‘x}}+fﬁv}5}ﬁmhvpxx}} (34)

Nl rg @) e Ty sinh(PIW)HIW.S) xeosh(B(W)) '

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

gives:
I
Enl'lll“‘lx"l:’l?"li"'l 1
r=0,W,N°, T x,T.5)= - — 35
fEnﬂ'Eﬂﬁ}{} dla) } ""ulu:l'}""" warmeT )% Ly sinh( P} 4+ xcosh(F] ( )
en’ nipy - Dhie cosh( P+ xsink(P]
. W, w, N, r, x,T.5) = - —, 36
I E”"‘LE?“":'{} dla) } Nooy (Y=WN*riayeT) XLy sinh(B)+Ixcosh(E) (36)
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:
Q2 o)y = Wl 1y, . T) = 7 +e(—e) X uly) X p, () [, (37)] x —eB a2 T)

and
ThEeE) io diayt x:'-?"uu |1~..-x;1"} }

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),

T regerg | FEW W T gy XTS5

one has: -—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 ]z, defined in Eq. (17), is now rewritten as:

o [ein) U‘V, NT, Fdiay X T.5; Nc[dj*"’b dye T} = Jen olEpal (W.N". g, %, T.5) + .IrBr.l osng) Warg - rara.x.T), (41)

Where Jenoiens) aNd ens(sns) are determined respectively in Equations (36, 18).

Tacrateein) = Jocmnnteenin

PHOTOVOLTAIC CONVERSION EFFECT AT 300K
Here, in the n* (p*) —p(n) [X(x) = CdTe,_.S5.]-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™, g0, X, (42)

we propose, at given open circuit Voltages: Vrs roer2y= Voers ociz - 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;y;,(V) is the photovoltaic conversion factor (PVCF), noting that as
V =V,., being the open circuit voltage, J(V =V,.) = 0, the photocurrent density is defined by:

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

Therefore, the photovoltaic conversion effect occurs, according to:
Is:[[s:[[j(v"r*N-JTJ a3 Napgy r:l.:a]u % T ""-l:-::] = Il:-[[l:-[[j (1"'-’, N.T, Ta(a)-%5i Na(dy 1"|:l|:a]|J % 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..; sx,, 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 ]

F'[,:[Dlzﬁ.-".', 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

Jsnor Jzno @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,
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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 — Jnos Jeno @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;, Jerr, Firy ma, 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): wmpe.(7) = 26.12%, 29.91%, 34.18%, according to

Ty(7) = 406.1 K, 428.0 K, 455.8 K at V,; = 0.82V,0.81 V, 0. 80 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 x=(0, 0.5, 1) npme(7) = 25.03%, 29.57%, 33.80%, according to

Ty(7) = 400.2 K, 423.9K,453. 2 K at V,,; = 0.82 V,0.81 V, 0.80 V, respectively.
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APPENDIX 1

Table 1. In the [X(x) = CdTe;_,5,]-alloy, in which ¥ = 10%%cm~3(10%%m™%) and T=300 K. the numerical results of

Baoranys &€ Egnrgpys Neoncony» Eginginy(Pdrg: X T) and Ty 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 CdTe- crystal

and the CdS -alloy, respectively.

Donor S Se

rg (nm) 7 0.104 0.114

X 7 0, 05,1 0, 051
:‘:rd.x:' " 12942503, 12.1202, 11.298015 11.2257881, 10.51261, 9.799427

g (Taxhev 7

Nepal(rex) in 10*% cm™ 7

Egin(rgxT) in eV

1.6155583, 2.09222, 2.567913
4.1506041,18.345022, 55.640067

1.51556, 1.96222,2.40792

1.6180978, 2.096666, 2.5748234
6.3608576, 28.113996, 85.269163

1.51809, 1.96667,2.41483

p = 1(degenerate case) 32.00, 2084, 1544 32.00, 20.83,15.41
Donor Te Sn

rg (am) 7 rgp=0.132 0.140

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

B..(x) in10° (N/m%) /7
e(ry=)

En (rax)ev 7
Nepo(rax) in 10 em™ 7

Egiu[rd. T)neV

Mg % 1 (degenerate case)

2.0211442, 3.541925, 5.5001208
10.31,  9.655,9
1.62, 2.1.2.58
8.2108893, 36.290847, 110.06938

1.52, 197,242

31999, 20.82,15.39

10.138688, 9.494571, 8.850455
1.6204142, 2.100726, 2.5811272
8.6341767,38.161712, 115.74367

1.52041, 1.9707,242113

31.998, 20.81435,15.38304

Acceptor Ga Mg

ry (nm) 7 0.126 0.140

x 7 0, 05,1 0, 05,1
E'it“.-X:' " 11.41926, 10.69404, 9 9685481 10.444552,9.781004, 9.1174555

E, (r.x) eV 7

pa \lar

Nepp (Fesx)in 10°% em™ 7
Egp [rg.- X Tﬂ| ineV 7

Np * 1 (degenerate case)

1.6006033, 2.078139, 2.5551356
3.8859101, 4.5690868, 54449915

1.5006, 1.9481, 2.3951

693, 5.0853, 3.9306

1.6173143, 2.09697, 2.5765572
5.0788748, 5.9717851, 7.1165903

1.5173, 1.967,2.4166

6.9296, 5.0753, 3.9061

Acceptor In Cd
ry (nm) 0.144 ry,—0.148
x 7 0 05,1 0, 05,1

B..(x) in 107 (N/m®)
- L
=(r,x)
P -
Eq e (FoX) eV 7

Nepp (rox) in 10°° em™ 7

10.343599, 9.686465, 9.0293303
1.6193195, 2.099233, 2.5791277

5.2290386, 6.148349, 7.3270019

12377251, 1.3950062, 1.5866282

10.31 9.655,9

]

1.62 21,258

]

5.2803284, 6.208656, 7.398870

Egip(ra X T)ineV 7 15193, 1.9692,2.4191 1.52, 1.97,2.42
Np # 1 (degenerate case) 69275, 5.0704,3.89% 6925,  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 :hT: Jepo- Jeno and Jor . are computed, using Equations (38), (18), (36) and

(41). respectively.

+

n’p

|

Sn*Cd

5

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

condition.

Japo 10727 (4 /cm®) » 2.5881 2.5965
Jeme in 10725 (4 /cm™) 6.0916 4.6241
Jo n107%0 ca/em?) - 2.5882 2.5966

Here. x=0.5 for the (Ts*in, 51 7 Cd)-junctions, and from Eq. (38). one obtains: %’"‘; = (0.0) suggesting a completely transparent

condition.

Japoin 10777 (A/em™) 7 1.3215 1.3258
Jenoin 10732 (A/em™) 8.0807 6.8868
Jor n107% (afem®) 7 1.3216 1.3258

Here, x=1 for the (Ts"In,5n ™ Cd)-junctions, and from Eq. (38), one obtains: e = (0,0) suggesting a completely transparent

TheE
condition.
in107%F (a/em®) 7 5.5307 5.5486
Bpo
Jenein 107 (4/em?) 9.0568 8.0527
Jor in107%F (4 /em?) ~ 5.5316 5.5494

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 1y, Joo5. Fr, 175, and Tg. are computed. using Equations (46, 45, 47, 48.
49). respectively. noting that both 9], and Ty, marked in bold. increase with increasing x for given #; (o,. being new

results.

Voc TV ™y Jeer (555 £ (%0) 7: (%0)

Here. x=0. For the { Te n. 5n " Cd) junctions. the value of & given in Eq. (46) is 1. 13905.

7:,"’;; Te in:; Sn*TCd Te in: SnTCd Te iIn; SntCd Te In; SntCd
0.73 0.684; 0.684 21.6: 21.6 88.79: B8.T9 14.00: 14.00
0.81 0.750; 0.750 36.16:; 36.16 88.90: 88.90 26.04; 26.03
0.82 0.759: 0.759 35.83: 35.83 88.90: 88.89 26.12; 26.12
Ve =0.82 WV 406.1; 406.1=T 5 (K
0.83 0.769: 0.769 35.23; 35.23 88.89: 8B.89 26.00; 25.99
0.8759 0.814: 0.814 30.25; 30.25 88.86: 88.86 23.54; 23.54
1 0.946: 0.946 14.45; 14.45 88.71: 88.71 12.82; 12.82
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Here, x=0.5. For the { Ts*In.5n " Cd) junctions. the value of & given in Eq. (46) is 1. 13143

ﬂ"'p Te In; Sn™Cd T~ iIn; Sn~Cd Te" In; Sn~Cd Te In; Sn~Cd

0.73 0.486; 0.486 21.6:21.6 91.41:91.41 14.41; 14.41
0.80 0.527; 0.527 40.71; 40.71 91.48; 91.48 29.79; 29.79
0.81 0.534; 0.534 40.37; 40.37 91.48:91.48 29.91; 29.91

Vo =0.81V 428.0; 428.0=T x(K)

0.82 0.541; 0.541 39.56; 39.56 91.48; 91.48 29.67: 29.67
0.8759 0.580;0.580 30.24; 30.24 91.45;:91.45 24.22;24.22
1 0.675; 0.675 10.47; 10.47 91.32;91.32 9.565; 9.565

Here, x=1. For the ( Ts*In, 5n ¥ Cd) junctions. the value of & given in Eq. (46) is 1. 1273.

ﬂ,"'p Te In; Sn™Cd Te"In; Sn~Cd Te™In; Sn~Cd Te In; Sn~Cd
0.73 0.376:0.376 21.6;21.6 92.99; 92.99 14.66; 14.66
0.79 0.403: 0.403 45.90: 45.90 93.05;: 93.05 33.74; 33.74
0.80 0.408; 0.408 45.92; 45.92 93.05; 93.05 34.18; 34.18
Veey=0.80V 455.8; 455.8=T (K
0.81 0.413:0.413 45.16: 45.16 93.05: 93.05 34.04; 34.03
0.8759 0.449; 0.449 30.27: 30.27 93.02;: 93.02 24.66; 24.66
1 0.523:0.523 7.575:7.576 92.91: 9291 7.039; 7.039

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 %, Jeno- JEpn and ] ;; . are computed, using Equations (38). (18). (36) and

(41), respectively.

+

p'n Cd*Sn
Here, x=0, and for the (In"Te,Cd"5n  )-junctions and Eq. (34), one obtains:
& = (0,0) suggesting a completely transparent condition.
13
Jono n 1072 (4 /em®) 9.5501 9.2422
Jepoin 1078 (4/em?) 5.2659 4.4143
Jorr in107% (4/em?) 5.2754 4.4226
Here, x=0.5, and for the (In"Ts,Cd"5n  )-junctions and Eq. (34), one obtains:
? = (0,0) suggesting a completely transparent condition.
“2E
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Jono i 1077 (A/em®) 4.9354 4.7190
Jepoin 10728 (A/em®) 1.5624 1.2916
Jorr 10728 (4/em?) 1.6118 1.3388
Here, x=1, and for the (in"Ts,Cd"5n ) junctions and from Eq. (34), one obtains:

% = (0,0) suggesting acompletely transparent condition.
fgE

Jono in 1072 (4/cm¥) 2.0979 1.9750
Jepo in 1073 (4/em?) 1.0483 0.9044
Jor n107* (4/em®) 1.2581 1.1019

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 iy, Jocrr, Fyp, M- and Ty, are computed. using Equations (46, 45, 47,
48, 49), respectively, noting that both #pmaz. and Ty, marked in bold. slightly decrease with increasing x for given

g (g)- DeINg New results.

Ve V) Joen (Z25) F1 (%) 11 (%)

—a
g

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

p"'n In*Te; Cd~™5n In"Te; Cd™ 5n In*Te;Cd™5n In"Te; Cd™5n
0.73 0.785;0.782 21.6:21.6 87.54; 87.59 13.80; 13.81
0.81 0.860; 0.856 34.92; 3499 87.67.87.71 24.80; 24.86
0.82 0.871; 0.866 34.73; 34.80 87.67: 87.71 24.96; 25.03
Voer =0.82V 399.8; 4I}[I.2=TH{K}
0.83 0.882; 0.877 34.30; 34.37 87.66; 87.71 24.95:25.02
0.8759 0.934;0.929 30.25: 30.30 87.63; 87.68 23.22.23.27
1 1.085; 1.080 16.01; 15.98 87.46; 87.51 14.00; 13.98

Here, x=0.5. For the (In*Ts, Cd" §n)-junctions, the value of § given in Eq. (46) is 1. 1328.

p*n In*Ts; Cd™ 5n In*Te; Cd* Sn In*Te; Cd™ 5n In*Te; Cd* 5n
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0.73 0.508; 0.506 21.6: 21.6 91.10; 91.13 14.36; 14.37
0.80 0.551; 0.549 40.21; 40.30 91.18;91.21 29.34; 29.40
0.81 0.558:0.556 39.94; 40.02 91.18:91.20 29.50; 29.57
Voey=0.81V 425.5; 425.9=Ty(K)
0.82 0.565: 0.563 39.22: 39.30 91.18;91.20 29.33:29.39
0.8759 0.606; 0.604 30.47; 30.50 91.15:91.17 24.33; 24.36
1 0.705;0.702 11.08;11.05 91.02; 91.04 10.08; 10.06

Here, x=1. For the (In"Ts, €4 5n)-junctions, the value of f§ given in Eq.

(46) is 1. 127.

p"'n In*Ts; Cd*5n In*Te;Cd* 5n In*Ts;Cd*5n In*Te; Cd* Sn
0.73 0.380; 0.380 21.6;21.6 02.93:92.94 14.65; 14.65
0.79 0.408; 0.407 45.37.45.43 02.99; 92 99 33.33: 33.37
0.80 0.413;0.412 45.37,45.43 02.99; 92.99 33.75; 33.80
0.81 0.418;0.417 44.61; 44.67 092.99: 92.99 33.60; 33.65
0.8759 0.454;0.454 30.00; 30.01 092.96; 92.97 24.42:24.44
1 0.528: 0.528 7.624; 7.608 02.85; 92.86 7.079; 7.065
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