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In n*(p*) —p(n) [X(x) = Si;_,Ge,]-alloy junction solar cells at T=300

K,0==x=1, by basing on the same physical model and the same
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treatment method, as those used in our recent WOI’kS[l’Z], we will also

investigate the maximal efficiencies, nyma, mmsx;, Obtained at the open
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circuit voltage V,.(= Voeroemy). according to highest hot reservoir
temperatures, Ty (K), obtained from the Carnot efficiency theorem,
which was demonstrated by the use of the entropy law. In the present

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

electrons (holes), n*, given in parabolic conduction (valence) bands,

expressed as functions of the total dense impurity density, N, donor (acceptor)-radius, s,
and x-concentration, is defined in Eq. (9d), as: N*(N.rg.,.%x) =N — Nepnownpy (rasy. %), Where
Neoaiungy 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., .;,, Characteristic of interactions,
as given in Equations (9b, 9c), and further (ii) Ncppcop, IS just the density of electrons (holes)

localized in the exponential conduction (valence)-band tail (EBT), as that demonstrated in.!"
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(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 (s} = 27.38%, 24.98%, 20.51%, according to
Ty(.) = 413.1K, 3009 K 3774 K, at V,,; = 0.70 V,0.72 V, 0.82 V, respectively.

(3) In Table 5p, for the p* — n X(x) —alloy junction solar cell and for rg4 s, -radius, one obtains
with increasing Xx=(0, 0.5, 1) npmee () = 27.05%, 25.19%, 22.87%, according to

Ty(u) = 411.2 K, 401.0 K. 388.0 K. at V., (V) = 0.71 V,0.73 V. 0.78 V, respectively.

KEYWORS: single si,_.Ge, -alloy junction solar cell; photovoltaic conversion factor;

photovoltaic conversion efficiency.

INTRODUCTION

In single n*{p™) — p(n) X(x) = Si;_,Ge,-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®™), 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, = 0.12 xx + 0.37353 x (1 —x), and

m,(x)/m, = 0.3 X x+ 0.54038 x (1 —x). 1)

(i1)-The unperturbed relative static dielectric constant of the intrinsic of the single crystalline
X- alloy is found to be defined by:
g,(x) =158 xx +114 x (1—x). 2
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(iii)-Finally, the unperturbed band gap at 0 K is found to be given by:
Ego(x)ineV = 07412 x x + 117 x (1 —x). (3)

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

Idfa) = Tdo(as) = Isi(sy) = 0.117 nm (0.117 nm), in absolute values as:

13600 [mpprey(x)/mg]

Baotan 00 =" o meV @
and then, the isothermal bulk modulus, by:

Edorae ()
Bdn'an}(x} = Fﬁm . (5)

B. Effects of Impurity-size, with a given x
Here, the effects of rar,) and Xx- concentration affect the changes in all the energy-band-
structure parameters, expressed in terms of the effective relative dielectric constant £(r 4 4),x),

in the following.

At raca) = r'doras), the needed boundary conditions are found to be, for the impurity-atom
volume V= (41/3) X (race))’, Vaotae) = (47/3) X (¥ao(aq) . 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= 6—o, = @, are defined by:
dp_
dv

[‘ﬂ':r':r'ﬂiifl’x:]] Bﬂmgm{xjx(v 1iIIF|:1|:u an‘u)x In ( ) Eﬂmam{x:] * [{_@_ - 1] X lﬂ _u_)ﬂ = 0. (6)

Tdofao: Tdo {ac)

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

Furthermore, we also shown that, as rara) > agac) (Tdra) < Tdeas)) » the compression
(dilatation) gives rise to the increase (the decrease) in the energy gap Egn.:gp}{rd.:a;.,x}, and the
effective donor (acceptor)-ionization energy Ed.:aj.{rd,;ﬂjj x) in absolute values, obtained in the
effective Bohr model, which is represented respectively by: + [ﬁc(rd,:a},x}]m:p},

EolX)

E gnep) (agey®) — Ego(®) = Eaga)(Fagay ) — Eaogas) () = Eaogaa) (9 X [( ) - 1] = + [Ao(ra ey )]

£ ) n(p)’

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

E e (Faey ) — Ego3) = Eagey (Fagn ) — Etogaon (3 = Eaga () X [(—”‘] - 1] = - [aoGaw ], . (7)

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

constant e(ra.y,x) and energy band gap Egnigp (ra %), as:

Eq ()

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

(i)-for rara) = raarasy, SiNCE &(rggapx) = 7 < g,(x), being a new

1+
A

E(I‘d,:a},x:]l-law,

Egntep) (Tata) %) — Ego(%) = Eqqo (raca. %) — Egotan) ) = Eqoae) () X [(i“’”—)q - 1] X lﬂ(ﬁ)! =0 (8a)

Tdofach Tdofach

according to the increase in both En ep (race.x) and Eyey (raco.x), With increasing ry.; and for a

given x, and
(ii)-for rara) = Tao(ag) SINCE £(rgray¥) = — s:.:x; — - > £,(x), With a condition,
14 _ (&) _ €:)
,@Il [lz.rdn[anj} 1]Xlnli.rdu[anj}
given  by: [(—ﬂLL)—i]xln(—ﬂuL) <1 being a new s(rya,x) -law,
do(ac) dofac) ’

Egntep (rate ) — Exo() = Eaa (7at0.%) — Eaoteo) 6 = ~Earaa 60 x | (2225) — 1] x1n (Z22)" < 0, (8)

Tdo{ac) Tdo{ac)

corresponding to the decrease in both E g ep: (race.x) and gy (raca.x), With decreasing ryq,; and
for a given x; therefore, the effective Bohr radius agngp)(raca,.x) is defined by:

2o xh® _ 2rdpgad)
— e 053 x 10 em X —
My () 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, My, as:

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

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

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

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

a2

Fant tspty (Mo gy ) = (2 ]1"! x— = 11723 x 10° x (i]m x Zewme o gpy

4N Spniap (Fara) H E(raray)

being equal to, in particular, at N=N¢ppicop)(Tarapx): rsnl.;gpl;.{Ncnn.:cnp}(r.ﬂ.;a}JX}J rd.;a;.JX}=

2.485248, for any (rsa).x)-values. So, from Eq. (9b), one also has:

i
1 AT L . _
Nepn(cog) (Faay ) 2 X 2gn ep) (Tacw. %) = (;)3 X Taama = 02496124 = (WS = My =025, (90)
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with a relative deviation (=1.5504 x 10-%).

Thus, the above Equations (9a, 9b, 9c) confirm our new =(rs4.x)-law, given in Equations
(84, 8b).

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
Neoncop) 1S just the density of electrons (holes) localized in the exponential conduction

(valence)-band tail, with a precision of the order of 2.89 = 107 . 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)- (9d)

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

Here, the intrinsic band gap E ;e (Tage). % T) at any T is given by:

3525w 2.543:-(':1—:{:'}
1

Egln,:glp}{rd,:ﬂj,,x, T} in eV = Egn,:gp}(rd,:ﬂ}, X}—10_4 X T2 x {T+'3'4K Ti202K (10)

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

next Table 1 in Appendix 1.

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

Din(ip) by

2 - —Egin(gip) (ram*T)
n; niip) (rd{a}ixi T} = N:(TJ X} X Nv(TJ X} x EXIJ'( = qf:;-r = )1 (11)

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

E
Mgy (kT g
zmh2

N (T3 = 2 X g (x) X (em™3), where g.(x)=4 xx+6x (1 —x) and

g ) =2xx+2x(1—x) =2

D. Heavy Doping Effect, with given T, x and rg¢a)
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 n,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
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presentation, being investigated in our previous paper’®, with a precision of the order of

2.11 x 10~ is found to be given by:

Epn(u) —Efpl G () +AuBF (u)
Mgy (W) = f{';f( :;ru}}: ”LMB = A=0.0005372 and B = 4.82842262,  (12)
where u is the reduced electron density, u(N*,T,x) = ” -,
Ny T

z _4 _E -i — 2/3 1 a2 62.3723%855 o
Flu =aus(1+bu =+ cu 5) ,oa=[(3Vr4) x|, h=;{§} , e=——=(2) , and

1920

g
Glu) > Ln(u) + 2z xux e™d2: g = 23/2 [;__—iﬁ] =0,

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

(CERRDy g

kgT
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

Epplu<l)
kgT

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

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

So, the numerical results of Bagac), & Eznreny Neon(copy Egingzip) (Fdra) % T), and ny,¢) (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:

13
Fan(ep) (N Tagay %) = 1.1723 x 108 X (E";—""})

Mgy (=)

elrdpzx) '

(13a)

the correlation energy of an effective electron gas, Eenepy(N* Taca),x), is given as:

D.BTEEE 2[1-1n{z2)] ; .
—0.87553 + D-D9D3+rm:-!m+[ n2 _}}Clnl‘r, ﬂ-'.EPJ:' 0.053288

0.0%08+ran(ap) 1+0.03847728xrSTRTE578

Ecn(ep) (N Tagayx) = (13b)

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

the band gap narrowing (BGN) are given in the following.
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In the n-type HD X(x)- alloy, the BGN is found to be given by

AE,(N%rg,x) & a X =2 x N3 42, x oy NE* % (2.503 % [—Eon(rey) Xrop]) + ag ¥

Elr m = E r m
. 15/4 M £
[i] x [™2x N +4><|E°':xJ><N1“><2+aE><[E°(’]><NE'
a0l e (raz) =(ras0)
_ N”
N = (Ncnnlird,x})’ (14n)

where a; = 3.8 x 1073(eV), a, = 6,5 x 107%(eV), a3 = 2.8 x 1073(eV), a, = 5.597 x 1073 (eV)
and a; = 8.1 x 10™#*(eV), and in the p-type HD X(x)- alloy, as:

L Enl X i En %0 E‘III4 '?I:
AEg, (N*.15, %) = 3, X :_qu ® ¥ a, X S2ll < N} % (2,503 x [- Enp{rgp}mgp]}ﬂgx[ﬁ] xﬂlax
3

, | , R i
1/4 EplX) 172 Ep(X]) |z
N, + 23, x |2 xN, +35><[ = ] % NE

4 E(rgX) E(rgx)

2= (14p)

Nepp (ra)

1Hr

where 8 =315x107%(eV) |, a,=541x10"%(V) , a3=232x107%(eV)
a; = 4.195 x 1073(eV) and a; = 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 DYy
v a— ["—"Eagniagp)] (15)

n:n(ep} (N iy Tara) T] = W N* X Po (nu:} = ni.n(lp}(rdl:a}lxi T} X exp 2kgT

where the apparent band gap narrowing, AE, ..y, iS found to be defined by:

DEagn(N*Fara) % T) = AEy(N*rg,%) + kpT X ln{N::{T-,x}:] — Egn(N*,T, %), (16n)
-
AEqgp(N*,Ta(a) % T) = AEgy(N*,rg, ) +kgT X In ({75 ) + Erp (N T, 1. (16p)

TOTAL MINORITY-CARRIER SATURATION CURRENT DENSITY
In the two n*(p*) — p(n) X(x) = 8i; _.Ge, -alloy junction solar cells, denoted respectively by

I(11), the total carrier-minority saturation current density is defined by:

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

where Jppoiene) 1S the minority-electron (hole) saturation current density injected into the
LD[a(d)- X(x)- alloy] BR, and Jenaizpe) is the minority-hole (electron) saturation-current

density injected into the HD[d(a)- X{x)- alloy] ER.
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Jepaiens) IN the LD[a(d)- X(x)- alloy]BR

Here, g po(zao) IS determined by

[
Dy (Wardwl gray =Tl
] - Mefhy Mardyt ardyS~*
8RN iy L PardyThx | -

1p(im) = ald) «-: rBBI:hB:II-NEI:d:I:'

Nad;

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

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

(minority hole) diffusion coefficient:

kgT 1268 =irgx) e 1 -
Do(Ng,r.x T) = — x |92 + =| X (em?®s71), (19a
o(Noyrg, %, T) =2 1+[L5$m_5}n9] () (19a)

kgT 370 zirgx) Z 4
Dy(Nsrg,xT)=—x|130+ | X (cm?s™1), 19b
i Ng Ty e 1+[Sm‘_[‘idm_s} ‘5] (s:.(x} ) (19D)

and Teghe)(Naray) is the minority electron (minority hole) lifetime in the BR:

T (N) ™1 = ———+3 x1071% x N, + 1.83 x 10731 X NZ, (20a)
The(N) ™ = —— +11.76 X 10713 x Ng + 278 x 10731 x N}, (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':

5 i ) _{1}"‘
= N N A
Pao N W) =Naco xemp{- () xim [l = e [ 0 sy sw
w 1.066 (0.5)
Ngo(ae)(W) = 7.9 x 1077 (2 x 10%) X exp {— (m) } (ecm™3), (21)

where pg4q)(y=0) =N* is the surface d(a)-density, and at the emitter-base junction,
Para)(¥ = W) = Nag(ae)(W), which decreases with increasing W. Further, the “effective

doping density” is defined by:

AEgzgniagml Pde)rdy ajﬂi-T]']
1

N N5 raa)x T) = Pd.:a}f}’}fexp[

kgT
— N*
N3 (=0, N*rge,xT) = C— e L and
S
— Ndu[auj'ﬁ"'ﬂ'
NEEI:E}{Y = W; rdl:ﬂ:l.lx_l T:} = ‘i"Eagnu‘agpﬁf“dm'm:l‘n':“n:lfd;'m-KT;' y (22)
exp[ 2= kéT - = ]
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where the apparent band gap narrowing AE.znagp IS determined in Equations (16n, 16p),

replacing N* by pa¢ay (N5, W ).

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

N*

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

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

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

2 2
: 3 = 3 . .
Ndia}) - (C X —n"“'iim'r—d':aﬁﬂ)

—a . -1 2
Lafe) (N rag) %, T) = [Tnmces) X D)) = (Cx Frg )" = (C * Dagey Pa(no)¥Dhge)

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

minority hole (minority electron) lifetime ty,g(.g), bYy:

1 1

ThE(=E) = = 1 (24)

Dite)%Lyfey  Dhrey*(CxFemy )

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:

p‘jm[n‘jmlzNa,.mu:yr:::fi.;a}xﬂ’ (25) and a normalized excess minority-h(e)

density u(x) or a relative deviation between p(y)[n{y)] and p, (v)[n, (v)].

(v) = p(¥)ny)]—pol(¥)na(¥)D
= 2
u(y) po(¥)[ng(¥)] ’ (26)

which must verify the two following boundary conditions as:
—_  —niz=0d[Jely=0)]
=0) =
Wy =0 = o mone=0

u(yzW}:exp(;)—i

np L (VI<VT

Here, nyy (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 Jns (v, Tacayx).

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

_E':+E:'x”f'm:ip:. ’ duly) _ _F-":+E:'ﬂlzm:ip:.nh[9'_1':N-J‘d[aj,x:' ” duly]

Fhie (¥) dy N3 (g (#:N*ra(a)xT) dy '

]h(e}{:ﬁNHJ Para)X T} = (27)
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where N3 (v N*, raca), T) is given in Eq. (22), Dy and Fy,; are determined respectively in

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

ey (7N T ; u(y) ; uy)
— = —e(+e) x N5 X m = —e(+e) X n; afp) X Ni (7N 3 TIX T e (28)

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

d*uly) dFhe() v du(y) u(y) _ 0
dy? dy dy  Ligly)

, (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:

uly) — sinh (P(y) ]+ I0W.S)= cosh (B{x]] e (exp( W ) _ 1), (30)
g I

simh ([ POWD )+ T0W.S) < cosh (B 0wW ) [ ba

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

D e (3=W.Ndo reoy (Wihrd g2 T) | (31)

Iraca.x T, W, 5) = SxLprey (3= W.Mdoraey Wirde.2eT)

dp(v) — 1

Further, since 5, =Cx Fr(e)() =

, C=2.0893 x 1073% (em*/s), for the X(x)-alloy,

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

PO = —Z)0=y=W,Pr=W) =G x [/ T yxw= L __ e, W (32)

Linrey(¥) W0 Liya(v) T Lig(¥) T Lie®) T Lam o)

where Lj, ., () 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:

Tage (¥ W.N". T30, X T.5.V ) = —Teno(y W, N*.rg.x. T.5) Uepol W, N 70 x T.5)] % (exp (—m ) — 1) (33)

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

en ?mjipjxnhn:aj cosh(P(x)) HI(W.S)xsinh(P(x)) (34)
N’E,: g L3l rd re)2eT) % Lingey sinh(POW) I+ I0W.S) =cosh (P W]

]Enol:Epo:l(yJ""r.l M7, TdiajysHs T. S:} =

In the following, we will denote P(W) and I{w,3) by P and I, for a simplicity. So, Eq. (30)
gives:

#nn i Dhee » 1 ' (35)
M (3Ird reyoa T = Lin ey sinhi{(Pl+Ixcoshi{P)
die) (2] L=l

IEnol:Epo}(}? = 0,w, N, Taiajs % T, S:I' =

en} npipy ™ Dhie) cosh( Pl +Ixzinh(F)
N3 (g (¥=WN'rdmxT)xLhe sinh(P)+Ixcosh(p)’

]EnDI:Ep-:u}{.Y: W,w, N, ParapX T, S:} = (36)

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

37)

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

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

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

dy , and

the effective minority hole (minority electron) transit time [ htt(ett) ] by:
Thtern (¥ = WoW, N rg . X T, 5) = Qi (¥ = W N Tg ), X, T) ,IIEDD,:EPD:,(:,-': W.W, N* Ty, %, T,sj, and from

Equations (24, 31), one obtains:

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

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

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

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

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

Thesem | T=WWH T T.5)

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

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

z
enin ip* Dhie) 1

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

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

Further, as P11 (or W 3 Lpg ) and 50 ,

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

SN g TS) suggesting a completely opaque emitter region (COER)-case, where,

THE{<E;

from Eq. (36), one gets:

E0§, i Dn ey

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

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

minority saturation current density Jy.m), defined in Eq. (17), is now rewritten as:
Jl:-[ujl:-[[j U‘""r* N", Tdiap T.5; Na:jdj*‘"a[dj*x' T} = ]EI:ID':E'[:ID:' (W.N".13(2,% T.5) + ]E'FID':EI:ID:' (Margy.Tara).x T, (41)
Where Jena(eps) @Nd Jepermne) are determined respectively in Equations (36, 18).

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

W =15um,N=10"em™? ,ry;,, x5 = 100 {%; Nacay = 1077 em™3, . X, (42)

we proposel?:
at Vet (oot (V) = 0.624 (0.740), Jocp (acim {m*'ﬁ*r'r':m::] = 36.3 (41.88), and

at Vot toenizy (V) = 0.639 (0.738)Jacns tscn {m*'ﬁ*r'r':m::] = 39.3 (42.6). (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:

o [ . v kg T
IO = o OV = Tt oy X (ehan™ _ 1), X, (V) = s V= —=-=10.02585V, (44)
LT A

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

J-[:lh.(V = vnr_-} = Jsc](sc]]}{wJNgJ T, Fdiap 5; NELI:E]}JTJ Fajd) % vﬂl’-‘}’ for Voo = vnl:[j.[nl:[[lj'

Therefore, the photovoltaic conversion effect occurs, according to:
Is:[[s:[[j(""‘r*N-JTJ Farg® 3 Naay Pz % T ""-l:-::] = lalgoln ("'1"5 N, T.raay X5 Nagay Tz % Tj * (Exljl?wﬂj - 1]’ (45)

where 0yr1ry (Vo) = 0yr1ry ler'"rJ N-,I"d,:a}JX, T.5: Natay. Fafa). X T:UDI:J]Ia and X[[[[‘_‘u I:"'rl:u::] =—°—

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

Here, one remarks that (i) for a given v,., both n;y, and J, ., have the same variations,
obtained in the same physical conditions, as observed in the following calculation, (ii) the
function (%' — 1) or the PVCF, nyy,, representing the photovoltaic conversion effect,
converts the light, represented DY J..;...n;, into the electricity, by J,.n,, and finally, for given

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

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

get exactly the values of ny; s (Vacts ocirsy ) 04 ntz 12y (Voctzecnzy ), @s functions of v, by:

1w

v 5]
n[.j[[j{""'rsw-s Papap T.5: Nypgy Taay % Ts ‘-’-n:] = n[lnj[[lj(vnnlln:nnlllj] + n[:.j[[:j(‘-"-n:[:.jn:[[::.] X( 2 — 1f] ) (46)

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

Tables 3n and 5p in Appendix 1, for these x{x} —alloy junctions.

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

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

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

. _ ]'“ PR 1 :xF p—
T][::[[:I(‘i."'rr, N, t"d:: g_:l,H,.T, S Ns.::d'_‘w l"g_::d'_-,,K.T: "'.I:II::I = _I"C—u'#l'u‘; (48)

being assumed to be obtained at 1 sun illumination or at AM1.5G spectrum (B, = 0.100 %j

It should be noted that the maximal values of n;u , Nimax mmex,, are obtained at the

corresponding ones of Ve = Vet octy , at which

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

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

Voc=Voclioclh

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

temperature, Ty, expressed as:

Tu—-TC
TH

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

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

(W N" rarz, % T.5 Natay.Tar X 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 (Sb: Sn) X(x) alloy ER— LD (In : Cd) X(x) — alloy BR — case, according to: 2 (n*p)— junctions
denoted by: (5b*In, 5n*Cd), and

HD (In ; Cd) X(x) alloy ER — LD (5b; Sn) X(x) — alloy BR — case, according to: 2 (g*m)— junctions

denoted by: (In*Sh, Cd*5n). Here, X(x) = Siy _,Ge,.

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

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

Then, the numerical results of ?TZ Japor JEne @Nd 1, 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, J..1, Fi, n1, and Ty, are computed, using Equations (46, 45, 47, 48, 49), respectively,
and reported in Table 3n in Appendix 1.

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

Here, there are 2 (p*n) — X(x)-junctions, being denoted by: (In*Sh,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) 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 (s} = 27.38%, 24.98%, 20.51%, according to

Ty(w) = 413.1K,399.9K 3774 K. at v,,; = 0.70 V,0.72 V, 0.82 V, respectively.

(2) 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 (s} = 27.05%, 25.19%, 22.87%, according to

Ty(u) = 411.2 K, 401.0 K. 388.0 K. at V., (V) = 0.71 V,0.73 V. 0.78 V, respectively.
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APPENDIX 1

Table 1. In the [X(x) = Si;_,Gey]alloy, in which N = 10*em™3(10%%m

-3

) and T=300 K, the numerical results of Bag(ac).

£, Egn,: oy Nepn CDp) Egim. gp ,1i:f'd;s,}' xT) and T)pp) 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 mn the Si- crystal and the Ge -alloy,

respectively.

Donor P Si

rg (om) 7~ 0.110 rge=0.117

X 0 05,1 0, 05,1

Ba (x) in10% (N/m®)
elry 3
Epne (TaX) eV /7

Nepa(rex) in 10° em™ 7

11.58254, 13.81777, 16.052996
1.168778, 0.955033, 0.7409956
3.5201424, 0.59776747, 0.043840025

9.334069. 4.3327235, 1.5610697
11.4, 13.6,15.8
1.17. 09556, 0.7412

3.6919625, 0.62694484, 0.045979882

Egiu(rd,X-Tl m eV 1.1234, 0.8921, 0.6605 1.1246, 0.8927, 0.6607

N 5> 1( degenerate case ) 2.07. 4.42.10.17 2.06. 4.4223.10.169
Donor Sb Sn

rg (nm) ~ 0.136 0.140

x 7 0, 03,1 Q, 05,1

eram ~ 10165683, 12.12748, 14.089280 96901858, 11.56022, 13 4302575
Epee (rax) eV 7 11800687, 0960274, 07428839 11850114, 0962368, 0.7437106

N:Dn".rd'x} mn 10 em™ 7

5.2066951, 0.88416678, 0.064844435

6.0113986, 1.0208163, 0.074866253

E;-in'frd'x*n ineV 1.1347, 0.8973, 0.6624 1.1396, 0.8996, 0.6632
T * 1(degenerate case) 2.03, 4414510168 201, 4.41,10.167
Acceptor B Si

rg (om) 7 0.088 re=0.117

X 0, 05,1 0, 03,1

B..(x) in 10* (N/m?) 1350345, 7377736, 3 902674

e(r,x) 159777, 19.0611, 22.1445 114, 136,158

Epe (rax) eV 7 1.14224, 0.94043,0.73318 117, 0.9556, 0.7412

-z =

Npg (ForX)in 10°F cm

40602429, 1.1243180, 026095239

11178374, 3.0953929_ 0.71843365

Eg.ipf_'t’a.x. TimmeV 7 1.0969, 0.8773, 0.6526 1.1246, 0.8927, 0.6607
Np * 1(degenerate case) 641,  6.5332,6.569 6.1103, 64514, 6.5500
Acceptor In Cd
ry (nm) ~ 0.144 0.148
x 7 0, 05,1 0, 05,1
elr,x) 9.191081, 10.9648, 12.73851 8.687132, 1036360, 12.0401

Eppe (tuX) eV 7

Npg(Fpr X0 in 10** em™ 7

1.200448,0.97223, 0.749999
21.330127, 3.9065033, 1.3708903

1210834, 0.97791, 0.75300
25261773, 69932139, 16235777

Eg.ipt_'t‘n.x.T] in eV .7 1.1551, 09093 0.6695 1.1635, 0915, 06723
Tp = 1 (degenerate case) 5.6669, 6.3338,6.5230 5.48986, 6.2880, 65125
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Table 2n. In the HD [(Sb; 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 numencal results ofihT“, Jepo- JEno and Jo; . are computed, using Equations (38), (18). (36) and
1B

(41), respectively. Here, X(x) = 5iy_,Ge,.

n*p Sb*In Sn*Cd

Here, x=0 for the (Sb¥In.Sn™Cd)-junctions, and from Eq. (38), one obtains:zrif= (0.0) suggesting a completely transparent

condition.

Jepoin 107 (Afcm®) 52014 4.9162
Jencin 107 (A/em?) u 1.1059 0.7854
Jor in107™ (A/om®) . 6.3074 5.7017

Here. x=0.5 for the (Sb™In.Sn"Cd)}junctions, and from Eq. (38). one obtajns:%i: (0,0) suggesting a completely transparent

condition.

Jepo in 1071® (A/cm?®) 1.7174 1.6232
Jene 10710 (Afem?) 1.7000 1.2208
Ja 107 (afem®) 34264 2.8530

Here, x=1 for the (5b"In.Sn™Cd)-junctions, and from Eq. (38), one obmjns:;r.:f: (0., 0) suggesting a completely transparent

condition.

Jepain 1077 (A/cm?) 26331 24887
TEng in 107 (4/cm®) . 23022 1.7869
Jof n107% (&/cm*) 2.3285 1.8118

Table 3n. In the HD [(Sb; 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 11y, J 01, Fy, My, and Ty, are computed. using Equations (46, 45, 47, 48, 49),

respectively, noting that both Mymay and Ty, marked in bold. decrease with increasing x for given Tgsy- being new

results. Here, X(x) = Sij _,Ge,.

Voc (V) n Jae1(522) Fi (%) (%)

Here. x=0. For the ( 5b™In. Sn~Cd) junctions, the value of o given in Eq. (46) is 1. 1184605.

n*p Sb*In; Sn-Cd £b°In; Sn*Cd Sb*In; Sn*Cd Sb*In; Sn*Cd

0.624 0.891; 0888 36.3;36.3 84.60; 84.64 12.16; 19.17
0.62 0976, 0973 46.65; 46.69 84.70; 84.74 27.26;27.30
0.70 0.991; 0987 46.12; 46.16 84.70; 84.74 27.34;27.38

Vg =070V 412.9; 413.1=Ty(K)

0.71 1.006; 1.002 4532; 4536 84.70; 84.73 27.25;2729
0.74 1.051; 1.047 41.88;41.90 84.66; 84.70 26.24;26.26
1 1.488; 1482 12271222 84.12; 8417 10.32; 10.28

Here. x=0.5. For the ( Sb™In,Sn*Cd) junctions, the value of a given in Eq. (46) is 1. 12635.
n*p Sb*In; Sn*Cd Sb*In; Sn*Cd Sb*In; Sn*Cd Sb*In; Sn*Cd
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0.624 1.306; 1.293 36.3;363 79.70; 70 84 18.05; 18.08
0.71 1.471; 1.457 43.88: 43.96 79.84; 79.08 24.87; 24.96
0.72 1493; 1478 4332; 4339 79.83; 7097 24.90; 24.98
Vo =0.72V 399.5; 399.9=Ty(K)
0.73 1.515; 1.500 4263, 42.68 79.82; 7996 24 84; 2491
0.74 1.537.1.522 41.383;41.88 79.80; 7994 24.70; 2478
1 2.175;2.154 18.13; 1799 79.14; 79.28 14.35; 14.27

Here, x=1. For the ( 5b~In, 5n™ Cd) junctions, the value of ¢ given in Eq. (46) is 1. 16697

n’p Sbh*In; Sn~Cd 5b~In; Sn~Cd Sb*In; Sn~Cd Sb~In; Sn~Cd

0.624 32833174 36.3;36.3 63.02; 63.74 14.27; 14.44
0.74 3.819; 3.693 41.88; 42.05 63.44; 64.15 19.66; 19.96
0.81 4213;4074 39.51; 39.58 63.27; 63.99 20.24; 20,51
0.82 4.271:4.131 30.06; 39.11 63.24; 63.95 20.25; 20.51

Vog=0.82V 376.2; 377.4=Tx(K)

0.83 4330 4188 38.59; 38.62 63.20; 63.92 20.24; 20.49
1 53075220 30.14; 29.90 62.47,63.19 18.83; 18.89

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

e
Ta

and for a given x, our numerical results ofT—:._ Jano. Jepo and Jop . are computed, using Equations (38). (18). (36) and

(41). respectively, noting that Jon decreases with increasing r, s, -radius for given x. and it also decreases with

increasing x for given r, 4,-radius. being new results. Here. X(x) = Si;_;Ge,.

p-n In*Sh

Cd*Sn

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

condition.

"
T

Jenein 107" (A/em®) u 1.0374 0.8168

Jepe in 10726 (A/em?) 7.1147 45878

Jor in107* (A/em®) 1.044 0.8214

Here, x=0.5, and for the (In5bh.Cd*Sm  )-junctions and from  Eq. (34), one  obtains:
:i’; = (0,0) suggesting a completely transparent condition.

L

Tono i 10740 (A/em®) 3.0019 26070

Jepein 107 (Afem?) 21583 14887

Jon in107% (A/om®) 3.1135 27110

Here, x=1, and for the (In™5h,Cd " Sn)-junctions and from Eq. (34). one obtains:

condition.

Tire

"
il
TeE

= = (0,0) suggesting a completely transparent

Jnein 1077 (A/cm?) 44788
Jepcin 1077 (A/em?) & 5.0007
Jo 01077 (A/em®) 45388

4.1350
41677

4.1766
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Table Sp. In the HD [(In; Cd)-X(x)-alloy] ER-LD[(Sb; Sn)-X(x)-alloy] BR, for physical conditions given in Eq. (42)
and for a given X, our numerical results of nyy, Jeers Fip. Mip, and Ty, are computed, using Equations (46, 45, 47, 48,
49). respectively. noting that both Nyymay and Ty. marked in bold, slightly decrease with increasing x for given ry q;.

being new results. Here, X(x) = Si;_;Ge,,

Voe (V) ng Jacn (Zn3) Fr (%) N (%6)

Here, x=0. For the (In*5h,Cd ™ 5n)-junctions, the value of [ given in Eq. (46) is 1. 0878.

p+l’1 In*5Sb; Cd™Sn In"5b; Cd™5n In*5b; Cd*5n In*5b; Cd™5n

0.639  0.927:0.919 39.3:39.3 84.41; 84.52 21.20;21.22
070 1.010;1.001 45.54: 45.60 84.48: 84.58 26.93:27.00
0.71  1.025:1.016 45.00; 45.05 84.47:84.58 26.99; 27.05

Voar = 0.71V  410.9; 411.2=Ty(K)

072 1.040;1.031 44274431 84.47:84.57 26.92; 26.98
0.738  1.068; 1.058 42.59;42.62 84.45; 84.55 26.55; 26.60
1 1.501; 1.487 16.22; 16.08 84.02: 84.13 13.63; 13.53

Here, x=0.5. For the (In*5h,Cd ™ 5n)-junctions, the value of B given in Eq. (46) is 1. 0924.

p"'n In*5h; Cd*Sn In*5b; Cd*Sn In*5b; Cd™5n In*5h; Cd*5n
0.639  1.325:1.315 39.3:39.3 79.83; 79.93 20.05: 20.07
072 1.484;1474 43.66; 43.69 79.91; 80.01 25.12;25.17
0.73  1.506;1.495 43.11; 43.13 79.90; 80.00 25.14:25.19
Vo = 0.73V 400.7; 401.0=Ty(K)
0.738  1.524:1.512 42.60; 42.62 79.89; 80.00 25.11;25.16
1 2.141;2.126 21.73:21.63 79.37: 79.47 17.25:17.19

Here, x=1. For the (In*5h,Cd ™ Sn)-junctions, the value of @ given in Eq. (46) is 1. 10238.

p+n In*Sb; Cd*Sn In*Sh; Cd~5n In*Sb; Cd*Sn In*Sb; Cd*Sn

0.639 2.174;2.158 39.3;393 71.76; 71.90 18.02: 18.05
0.738 2.493.2475 42.60:; 42.62 71.89:72.03 22.60; 22.66
0.77 2.608:2.589 41.25:41.26 71.84:71.98 22.82;22.86
0.78 2.645:2.626 40.75. 40.76 71.82;71.96 22.83:22.87

Voer = 0.78V 388.7; 388.9=Ty(K)

0.79 2.682;2.663 40.22: 40.22 71.80: 71.94 22.82:22.86
1 3.502; 3477 28.38; 28.30 71.23;71.36 20.21:20.20

Www.wjert.org 1SO 9001: 2015 Certified Journal 78




