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ABTRACT

In n*(p*) —p(n) [X(x) = Ge,_,Si,]-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
investigate the maximal efficiencies, nyma, mmsx;, Obtained at the open
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.

(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): (") = 20.26%, 24.88%, 27.23%, according to
Ty(7) = 376.2 K, 300.4 K, 412.3 K. at V,; = 0.83V,0.72V,0.70 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 x=(0, 0.5, 1): npme (™) = 22.83%, 25.14%, 26.98%, according to
Ty(7) = 388.7 K. 400.7 K. 410. 8 K. at V., (V) = 0.78 V. 0.73 V. 0. 71 V, respectively.

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

photovoltaic conversion efficiency.

INTRODUCTION

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

m, (x)/m, = 0.54038 xx + 0.3 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) =114 xx +158 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 =117 xx + 0.7412 x (1 —x). (3)

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

Fdfa) = Tdo(as) = Fgerce) = 0.122 nm (0.122 nm), in absolute values as:

138007 [mepyy(x)/mg]

Ed.:..:ﬂ.:.}(x} = —= meV, (4)
and then, the isothermal bulk modulus, by:

Edofzo ':-‘{:'
BdD':E.D:' (X} = Fﬁms . (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 £(r 4 4),x),
in the following.

At rgcay = raorae) the needed boundary conditions are found to be, for the impurity-atom
volume V= (4m/3) x {rd.:aj}a, Vio(as) = (41/3) % {rdn,:ac.}}a, for the pressure p, p, =0, and
for the deformation potential energy (or the strain energy) o, o, = 0. Further, the two
important equations™, used to determine the o-variation, Ac= c—o, = o, are defined by:

2E_ B ond pz—g . giving: dd—v(g =Z. Then, by an integration, one gets:

d‘i.-’: WV
): Egopaoy () X [{ r::n)’ - 1] * ln(r;:;:;;,)! = 0. (6)

T

1
.,?

[80(rage) 9], =Baoran X (VVagrae)* IN (G- —

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.;a;.JX}, and the
effective donor (acceptor)-ionization energy Ed.;a;.{rd.;ﬂ;” x) in absolute values, obtained in the

effective Bohr model, which is represented respectively by: J_r[ﬁc(rd,:a}Jx}]nl,p},

Eg‘u::g‘pj':rd::ayx:] - Egn{x:] = Ed::aj':rd::ajéx:] - Edn::anj':x:] = Edl:-::al:-j (x) x (Tara) np)’

(ﬁ]: — 1] =+ [ﬂcr{r'ﬂigj,x:]]

for Idfa) = Tdoias) and for Id(a) = Tdofach

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

(ﬂ)z _ 1] = [;j.u:r{r'ﬂ i“:"x:]]u:jpj' (7)

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

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

Eq ()
—_— = —_— =
|I diae) } -1 )(l.!'.ll{ dia) }
Fdogeo) Tdorao)

E(rdl EI.:IJ'K:]I IaW7 Eqp gp\(rd's.\ x) Eg(x) = Ed':ﬂ(rd's.‘l x} — Eaplan) (%) = Egglan (%) = [( S 1] = lﬂ r.:l =0, (8a)

Tdo; HDJ oo

(i)-for rara) = raarasy, SiNCE &(rggapx) = 7 < g,(x), being a new
1+
,\E

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

given x, and

£ (X

(ii)-for racay = ragrag), SINCE £(rg;q).x)= - > £,(x), With a condition,

Ty 8 fTar
! _[ drs) }—1]><ln|1 dray }
o Fdojzo) Tdoraom

- 1] x In —fa@ ) <1, being a new &(ryax)-law,

Tdo {ao)

given by: [(

Tdo iD)

Egntep) (Tac. ) — Ego (%) = Eqra (raca) %) — Egotae) () = —Egoraa () % [{—“’”— - 1] % In —“’L) =0, (8b)

Tdofac) Tdofac)

corresponding to the decrease in both Eyep: (race.x) and gy (raca.x), With decreasing ryq,; 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, My, as:

1."
NCDnI:CDp}(rdI:a}J X} 13X aBn(Bp}{rd(ﬂ}Jx} = Mn(p]n Mn(p} = 0.25, (98.)

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 rgu1(2p1y, Characteristic of interactions, by:

o 4 1/3 1/3 Mg oy (5 Mgy
rans sy Norae ®) = () % m = 1.1723 x 10° x () X;r;—,m (9b)
being equal to, in particular, at N=Ngppicop)(Tara)y %) Teni(epn) (Ncon(com (Taa) X Tagay,x) =
2.485248, for any (rsa).x)-values. So, from Eq. (9b), one also has:

3

1s 1/3
NCDnI:CDp}(rdl:a}J X} 3K aBnl:Bp}(rdl:a}JX} = (;) X

1
2485248

= 0.2496124 = (WS), () 2 My (9€)

with a relative deviation (=1.5504 x 10732).
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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 tails, NEpa(cop) ( rata)x). Further, it should be noted that (i) the numerical
results of NEBL oy ( raa.x), being reported in Table 1 in Appendix 1, are calculated by
using the same treatment as that given in Ref.l!) and also the energy-band-structure

parameters given in present Equations (1, 2, 3), and (ii) the relative deviations in absolute

EET
__ Nchmcop

, giving rise to a maximal value,
NCDnCom

values are defined by: IRDIE‘i

IRD| 10(= 2.88 x 1077).

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}lx} =N- NCDn{NDp}(rd(a}JX)' (9d)

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

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

) ) : _ ) ) an-4 7 2.54xx | 3.525x(1-x)
Eginn\gip}(rdka}x: T} ineV= Egm‘gp}(rdka}: X} 10 X T x {T-I'E[H-]C T+594K )

(10)

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

next Table 1 in Appendix 1.

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

2 — ~Egin(gip) (ram=T)
N niip) (Tacay % T) = N (T,x) X N (T, %) % exp( in mE;T ) ), (1)

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

o (R kg T g _
N (Tox) = 2 X gei)(®) X w} (em™3),  where g.(x)=6xx+4x(1-x and

Tk

g ) =2xx+2x(1—x) =2
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D. Heavy Doping Effect, with given T, x and rya)

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 1y, or the Fermi energy Eg,(—Eg,), obtained for any T and
any effective d(a)-density, N*(N,rgc.),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:

Ty () = S22 (D) _ SOOI RE A — 0.0005372 and B = 462842262, (12)

o

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

MNewy (T

z _4 _ByT% — 2/3 12 £2.3739855 o4
Flu) = aus(1+bu =+ cu 5) ,oa=[(GVa4) x|, b:;{f} , e=——=(2)" , and

1520 a

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

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

Eppiu<sl) (_EF plul)
kgT kgT

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

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

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

So, the numerical results of Basao), & Eznrz) Neoa(cosy Eginteip) (Fdr) % T), and nyey)(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, rz¢=p), Characteristic of the interactions,

by:
1/3

¢ Fern B (13a)

elrgrmx) '

Fan(ep) (N* Tagay ¥) = 11723 x 108 x (222

the correlation energy of an effective electron gas, E.n;epy (N racay %), is given as:

D.ETSSE 2[1—-1n{z)] ;
+ e ey —0.093288
—0.87553 " D.030E+T g 3y { 2 } n{rzngsp))

009084 ran ap 1+0.03847728 xrpfE 8876

E:nl:r_'p}{N*J Tdia) X} = (13b)
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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*rg,x) > a X E_I:""Jm ® N Py 2 X :""”m % NE* % (2503 x [— Em(rsn} X Ien]) + ag X
g

—
x NM* 4+ a, x |E°ExJ le“‘x2+35x[E°(’}] ><NE'
Zirg.ax

] E

z(rgad)

N = (=) (14n)

MNeomird)

where a; = 3.8 x 1073(eV), a, = 6.5 x 107%(eV), ag = 2.8 x 1073(eV), ay = 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 En %0 E‘III4 '?I:
AE, (N"rg %) = 3, X S22 x N £a, ><E—$—=—;—>< ‘q % (2.503 x [~Ep(rp) ¥ rep]) 425 % [—wj] xﬂlax
Eol(X) olX 2
N 4 2a, x [ xNM ¢ a x [:{W :
_(_w
N, = (Nmp ), (14p)
where a; =3.15 x1073(eV) | a; = 541 x 107%(eV) ag = 232 x 1073(eV) |

a; = 4.195 x 1073(eV) and a; = 9.80 x 107 5(eV).
Therefore, in the HD[d(a)- X(x)- alloy] ER, we can define the effective extrinsic carrier

concentration, ng, ey Dy :

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

where the apparent band gap narrowing, AE is found to be defined by:

:1— Ep, (N%,T, %), (16n)

)+ Esp(N“T9].  (16p)

agniagp}

N
DEagn(N*Fara) % T) = AEy(N*rg,%) + kpT X 1:1{N =

AEagp(N*Fara) % T) = AE,(N% 1., %) + Kg Txln( =

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

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

Jepoiens) IN the LD[a(d)- X(x)- alloy]BR

Here, Iz po(zae) IS determined by

I
Doy (Mardyr ardy &1
3 . Mehy MNardyt ardyS~*
B RN iy Farda T | -

Tp(im) - aLe | TeBmE Nagdy

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

Mardy

where nfp,:m:,(ra,:djjxj T) is determined Eq. (11), Dagmy(Nagay,Tara).% T) is the minority electron

(minority hole) diffusion coefficient:

kgT 1268 =irgx) 2 2
D (N_r.,xT)=—-x |92+ =| % (cm?s™1), 19a
Ny, x, T) = 2 1+(._.5x._£“?m-s}”] () (192)
kgT 370 2(rgx) .
Dp(Ngrg,xT)=—x 130+ —==| ¥ (em?s™1), 19b
i Ng Ty e 1+[3x:nidm_5} ‘5] (s:.(x} ) (19b)

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

Top ()™ = ——— +3 x 1071 x N, + 1.83 x 1073 x NZ, (20a)
The(Ng) 1= ———+ 1176 X 107 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':

. i ) _{1}"‘
“ N N T
Pao N W) =Naco xemp{- () xim [l = e [ 0 <y < w
w 1066 (0.5)
Nag(ac)(W) = 7.9 x 10%7 (2 % 10°%) x exp {— (m) } (em™3), (21)

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

doping density” is defined by:
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AE [ ': (a)-Eay T:'
N;.‘I:EJ(},JNsJ Fatap T) = Pd(a}(&’}fﬂxp[ spn(agp)l. P die)rd e ]’

kgT
— N”
NETI:E-}{:}F = ﬂ_. N 8_. rd|: E_::I.l X T} = ﬂEBgnl:ngj[N-.fdl:B:l.K.T} f and
ax [ kBT
— Ndu(auj'ﬁ"'ﬂ'
NEEI:E}(Y = WJ rdl:ﬂ:l.lx.l T:} = ‘i"Eagn.‘agp‘lf“dm‘au‘niwﬁfd:m-KT;' y (22)
Exp[ - — kBT = — ]

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

replacing N* by pagay(w N5, W ).

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

"
Fre) (7N 1a00.x.T) =

= ] (em~% x 3, (23)

Dh:gpiexp[—:iﬁ:'riﬁg’—

being related to the minority hole (electron) diffusion length, Ly (v.N*, rara,%, T), as:

= 2 2 . 2
Ndm) - (C X _n"“'i'lm'r—d':“ﬁn)
Dyey Polng)=Dhie)

Litey (N Taga) %, T) = [Thgcer) X Dh(e}]_l = (Cx Fpey }2 = (C X

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

minority hole (minority electron) lifetime tyg(eg), bY:
1 _ 1
—z - 7.
Dh':B:'XLh[Bj Dhjey >l CxFeamy :I

ThE(eE) = (24)
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 (v, (¥)] = NE.-m':y!::'f’E.;a:»x«ﬂ’ (25) and a normalized excess minority-h(e) density

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

_ e nGE)]-pa(¥)nal3) D
uy) =T e (26)

which must verify the two following boundary conditions as:

_ may — _ —Inly=e)faly=0)]
uy =0)= e5%po(¥=0)[ng(y=0)]

u(y=W}=exp(;)—‘l

np L (VI<VT
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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 Js (v, Tacayx).

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

—el+e)niy i duly) —e{+ednd 1Dhiey (N rdr=)  duly)
0p) _ (ip) ”
Fhyey () dy Ngg (3N ra(a)=T) dy

Jh{e}{}ﬁ N¥, I'dia)pX T} = ) (27)
where N3 (¥, 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:

e [y dia T )

—— 2 Ll.(}r} — 2 Ll(}"}
P = —e(+e) x Ny X m =—e(+e)xn; n(p) X Ni;a;':}'s[‘f-ard;a;xJT:'x - (28)

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

d*uly) dFhe() v du(y) u(y) _
dy? dy dy Lﬁl-m':jr‘:' -

(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) = =nhPE) WS eosh(p(:)) (EXP (‘ ; ‘)—1), (30)

sinh(P(W) | +1(W.5)xcosh(P(W)) ap (V)< VT

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

Dihyey (¥=W.Ndo =0y Wiz T}
8L e (¥ =WM g oy (Whed g T)

I(rd.:ﬂjx, T,W,5) = (31)

1

Ly (x)

dpiy) _

Further, since 5, =Cx Frie)(¥)=

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

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

N Y&y C<W Ply=W) = (2 x [V
P(y) = o Lh;z;(}f}}’ O=y=W, Ply=W) = {W}C fn Lzl

r_ W Lngvl w

)XW= Ly (¥~ Lig®)  Ligey ()’ (32)
where Li, ., (¥) 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:

Tnee [ ¥ W N g % TLSV V= —Igno(¥. W, N* .13, % T.5) [gpo(¥. W, N* rax T.5)] % [ exp ——1-1), (33)
e “ } s P |:||-:|[.-I_r?:I>¢CrT_. J
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Where Jenerepe) 1S the saturation minority hole (minority electron) current density,

en i_zm:i_pjxnhl:ﬂj cosh (P )} +1{W.5 = einh (P{x)) (34)

. VW N T X T 5 = — - - T
JE”°'~EP'D}{’ ! dia)s } Na,-aj(y,}{',rd.:B:.;;.T}th,:B:, ginh (POW) I+ I0W.5) xeosh (POW) ]

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

z
enin ipy Dhie) 1 (35)
Mg (VN ramxT)*Lhe  sinh(Pl+Ixcosh(F) '

JEnn{Epﬂ}{y =0,W, N, rgrap % T, 5} =

2 . .,
. enprip = Dhig cosh{F)+Ixsinh(F)
. =W, W,N", rg;a,% T,5) = —= . . 36
JEHDI‘EPO}{’Y A G et :} NE,:B:,I:y=1-‘-’,N'.r'.i.:g.:.,JLT}XLh,:B:, sinh(P)+Ixcosh(F)’ ( )
and then,

]h[aj':?zﬂ;‘-'r',N'JFdlej%TJSJvJ — lEﬂl:'I:EPIJ:II:'_Y:u.l‘ll"'_.h--_,rlil:ﬂj-‘x-'T-'SJll _ 1 (37)
Theey (Y=WWNrdxT.5V)  JEnoEpe)(¥=W.W.NraraT.5)  cosh(P)+Ixsinh(p)’

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

w
lefl:e}(y =W,N", rd|:ﬂ_::|_|X_l T} = fg +E(_E} X u{}r} X Po (}r} [nn (}r}] X

ThE[eE (N rd;mT)
ThE[eE; | Pdrey D0 rd e T)

dy , and

the effective minority hole (minority electron) transit time [ htt{ett) ] by:
Therera (¥ = W W, N, g, % T, 5) = Qe (¥ = W, N T2, % T/ mopey (¥ = W W, N.rg,%, T.5), and from

Equations (24, 31), one obtains:

T;I::i*n?[.:,‘:‘r"."_‘r";ﬂ'_rﬁ:aj,.}i_.T_S:I: - Tenampe (F=0WN Tz &T5) 1

ThE(cE; TenaEna (p=WwW N ﬂ_a'-l_.x,.T_SJI = 7 cosh(P)+[xsich(®Y

(38)

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

Dhyey (Mdo (m0]) ':‘-"-’:Ll‘d.: a}-—“-T:'
SxLn(e) Ndolze) (Whed(zT)

AsP« 1 (or W« Lyg) and 5= oo, [ = I{W,5) = -0, from Eg. (38),

Thexem [ F=WWH T4y T.5)

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

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

en i_zm:i_pjxnhl: el » 1
Nira (V=W rgraxT) xLlyg  P(W)

]EnDI:Ep-:u}{y: W, N°, Faiay T.5 = DC} — (39)

Further, as P 1 (or W 3 Liyrg ) and S—=0 :

]::Ih.l'Eh‘l':-."‘rlﬂ.l:l|'E|:I"l':.'i"ll"?::'--f'lﬂ.l'B"l-'xul'.-l--|::I
=1y =W, rg.%5) = — — — , and from Eg. (38) one has:
o a(a)x S) 5><Lh|jaj':Ndmjau:.':‘if‘-’}af'd[ajﬁi-ﬂ_}m 9 (9

S =W rggxT5) suggesting a completely opaque emitter region (COER)-case,

ThE{<E}

where, from Eq. (36), one gets:
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E0§, i Dn ey

J EDDIZEPD:'(F =W, NIy, X, T.5 = D) 7 W (W N g XD g * 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 J,yom. defined in Eq. (17), is now rewritten as:

jl:-[ujl:-[[j U‘"'r* N°, Taap T.S; Naujﬂjma[dj*x' T} = ]EI:ID':E'[:ID:' (W.N"rg,xT.5) + ]Epl:-iEuDJ (Nargyraranx T), (41)

Where Jeporepe) aNd Jeporensy are determined respectively in Equations (36, 18).

Tsets tsetzt = Jacmna tacmnz

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

W =15 um, N = 10%em™? 1y, %5 = 100 () Nagy = 107 em™, rya. X, (42)

we proposel?:
B Viery ety (V) = 0.624 (0.740), Jyaps(aer (mé/cm?) = 36.3 (41.88),

at Vet (oettz) (V) = 0.639 (0.738), laemy taenn I:--':n*":'*."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*) —pn) X(X)-alloy junction of solar cells, as:

v k

JO) = o O = Joppomy % (51007 — 1), Xy (V) = - Vr = “TH =0.02385V, (44)

P L L
L ¥

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

Jph.(v = vn:} = Js:]l:s:]]}{wJN$J T, Pdia)X S; NEI.I:E]}JTJ Pagdy vﬂl’-‘}a for Voo 2 vl:lt[ll:l:ll:[[lj'

Therefore, the photovoltaic conversion effect occurs, according to:
Isl:[ujs:[[‘_‘u(""rJN-JTJ Farg® 3 Nagdy Parape % T; vn::] = lalgolny (1'1"2 N, T.raga % 5 Naay Fapzy % Tj x (Exljl?wx} - 1]’ (45)
where 0yr1ry (Vo) = 0yr1ry ler'"rJ N-,I"d,:a}JX, T.5: Ng(a). Fata). X, T:UDI:J]Ia and X[[[[‘_‘u I:"'rl:u::] = ﬁ
[ -Foes s ¥
Here, one remarks that (i) for a given v,., both n;y, and j, ., have the same variations,

obtained in the same physical conditions, as observed in the following calculation, (ii) the

function (e*'¥==' _ 1) or the PVCF, ., Fepresenting the photovoltaic conversion effect,

wWww.wjert.org 1SO 9001: 2015 Certified Journal 51




Cong. World Journal of Engineering Research and Technology

converts the light, represented by J..; .rr,, into the electricity, by I, and finally, for given

{ﬁl'.“r.l N-er|:a:|_lx_| T.l S: Ng_::ﬂj.l rg_::ﬂ:l.lx.l T:vnn }-Values, ﬂ[[[:l {‘IFDE:] iS determined.

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

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

1w

v 5]
n[:j[[j{wsw-s Papap T.5: Nypgy Taay % Ts Vn:] = n[i:j[[ij(‘f'—n:[1.:;:-:[[1:.] + n[::j[[::.(‘-"-n:[::jn:[[::.] X( 2 — 1f] ) (46)

1w
YacTyodly

where, for example, the values of a() 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:

. . Ky (Vaed -1 W[V, )+ 072
F[i[l:l("h'r’wJrﬂ:jajJK'T’S:Na:jdera::d:r'K'T=""n|:]: e (Voc) Lol o)+ ]. (47)

Ermn (Vo +1

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

by:
iy (W N gy 5. T5; Nogay Taap X T Vi) = I—'ﬂﬁu" (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

amian(W.N"rd = T.5 NagdyraaxTiV . .
( " (WA ra(a) XTS5 Na(&)te(@ XT:Voc) =0, as those given in next Tables 3n and 5p

#Voc )‘—’uc=‘—’u.:[:;ne[[:.
in Appendix 1, being marked in bold. Further, from the well-known Carnot’s theorem, being
obtained by the second principle in thermodynamics, or by the entropy law, the maximum
efficiency of a heat engine operating between hot (H) and cold (C) reservoirs is the ratio of
the temperature difference between the reservoirs, Ty — T, T =T = 300 K, to the H-reservoir

temperature, Ty, expressed as:

TH-T
TI]I:]]}(TJvnr_'}c—:n]max.(]]max.}{TJvncz nc]linc]]}}EnCarnntz HTH E, (49)
for ~a simplicity, noting that both  wyee gmee; and Ty depend  on

(Vl-'r, N", Pdizp X T.5 MNagnrara.xT; ‘-i’m[::nnm)-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 (Sb; Sn) X(x) alloy ER— LD (In ; Cd) X(x) — alloy BR — case, according to: 2 (n*p)— junctions
denoted by: (5b*In, Sn*Cd), and

HD (In : Cd) X(x) alloy ER — LD (Sh: 5n) X(x) — alloy BR — case, according to: 2 (p*a)— junctions
denoted by: (In*Sh, Cd*Sn). Here, X(x) = Gey_,5i,.

Now, by using the physical conditions, given in Eqg. (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 BR
Here, there are the 2 (n*p) — X(x) junctions, being denoted by: (Sb*In, Sn* Cd).

Then, the numerical results of ?TZ Jage» JEno @Nd J1, 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, F1, 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* 5k, 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, Jeen, Fy, 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 rg, ¢4,-radius, one obtains
with increasing x=(0, 0.5, 1): wmpme.(7) = 20.26%, 24.88%, 27.23%, according to

Ty(7) = 376.2 K 390.4K, 412.3 K at V,; = 0.83V,0.72V,0.70 V, respectively.

(2) In Table 5p, for the p* — n X(x) —alloy junction solar cell and for ¢4 s, -radius, one obtains
with increasing Xx=(0, 0.5, 1) npmee(7) = 22.83%, 25.14%, 26.98%, according to

Ty(~) = 388.7 K. 400.7 K, 410. 8 K. at V,.;(V) = 0.78 ¥, 0.73 V, 0. 71 V, respectively.
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APPENDIX 1

Table 1. Inthe [X(x) = Gey_,Si ]-alloy. in which N = 10%%em~%(10%%em™%) and T=300 K, the numerical results of Baoao): &

Ecnrep Neonecopy- Eginggipy(Tdeay® T) and Mpp, 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 Ge- crystal and the Si -alloy.

respectively. Further, 1t should be noted that (1) the numerical results of NE[H;.E[ I:Dpi\( rg :I.,x]. being reported here, are calculated by

using the same treatment as that given in Ref [1] and also the energy-band-structure parameters given in present Equations (1, 2. 3).

NEET o
and (ii) the relative deviations in absolute values are defined by: |RD| = ‘1— cowern) . giving rise to a maximal value of
CON(CDD)
|RDyar(= 2.88X 107 7).
Donor P Ge
rq (nm) 7 0.110 Tgo=0.122
x 7 0, 05,1 0, 05,1
By (x) in 10% (N/m®) 7 1.3768936, 3.821546, 8.2328292
elr,x 16.4990, 14.20168, 11.90435 15.8, 13.6,11.4
E,.(rax) ev 7 0.74066, 0.9541,1.16676 0.7412, 09556, 1.17

Nepa(Tax) in 10 em™ 7
N%:':r,.x} in10*®em™3 7
|RDlin 1077

Egin(rd.x,T:l in eV A

4.0379901, 55.058798, 324.23111
4.0379890, 55.058783, 324.23102
279, 269,275

0.6601, 0.8912,1.1214

4.5979882, 62.694484, 36919625
4.5979870, 62.694467, 369.19615
2.70, 2.67,2.65

0.6607, 0.8927,1.1246

Nn & 1(degenel'ate CRSE) 10.1695, 4.4246,2.0759 10.17, 44223 2.0655
Donor Sb Sn

rq (nm) - 0.136 0.140

x 7 0, 051 0, 05,1

El:rﬂ-}(:l M 14.8926,12.81899, 10.745335 14357519, 12.358371, 10.359223

E,n(rax) eV 7

Nepa(rgx) in 10* em™ 7
N%:':fd-x} in10*®* em™ 7
|RD|in 1077

Egin(rd.:-:,T:l in eV 7

0.742021, 0.957878, 1.1749081

5.4906348, 74865899, 440.87147

54906333, 74.865879, 440.87135
2.67, 270,2.69

06615, 0.8949,1.1296

0.7425796, 0.959429, 1.178249
6.1277477, 83.553060, 492.02856
6.1277461, 83.553038, 492.02842

267, 2.66,2.80

0.6621, 0.8965, 1.1329

Np = 1 (degeuel'ate CRS(') 10.168, 4.4186,2.0491 10.1681, 4.4160,2.0373
Acceptor B Ge
ry (nm) 7 0.088 Iry,=0.122
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> 0, 05,1 0, 05,1

B..(x) in 10° (N/m? 7 3442234, 6.507306, 11.910305
=(r,x) 253735, 21.8404, 18.3074 15.8, 13.6,11.4

E (r.x)ev 7~ 0.73119, 093668, 1.1353777 0.7412, 0.9556,1.17
Nepo(rox)in 10%7 em™ .7 1.7346822, 7.4739095, 26.990484 7.1843565, 30.953929, 111.78374
NET(r,x)in 10 em™ 7 1.7346817, 7.4739074, 26.990476 7.1843546, 30.953921, 111.78371
|IRD|in 1077 263, 274,278 2.64, 2.62,2.88
Egip(ra X% T)neV 7 0.6507, 0.8737,1.09 0.6607, 0.8927,1.1246

Mp # 1 (degenerate case) 36517, 3.6341,3.5734 3.6350, 3.5609, 3.2959
Acceptor In Ccd

ry (nm) .~ 0.144 0.148

x 7 0, 05,1 0, 0.5, 1

=ir,x) . 13.74948, 11.8350, 9.920508 13.09805, 1127427, 9.450495

E, (rox)ev 7 0.746438, 0.96550, 1.1881247 0.748638, 0.96962, 1.1957371
Nepg(Fer ) in 10%7 em™ 7 10.901862, 46.970870, 169.62562 12.610688, 54.333375, 196.21379
N& (ryx)in 10" cm™ 7 10.901859, 46 970857, 169.62557 12.610685, 54.333361, 196.21374
|RD|in 1077 2.46, 2.67,2.79 271, 2.63,2.79
Egip(raX%T) ineV 7 06659, 09026, 1.1428 06681, 09067, 1.1504

Mp #* 1 (degenerate case) 3.6235, 3.5100, 3.0945 36182, 3.4864, 2 9991

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 numerical results of:'.’T", Jepo- JEno and Jop . are computed. using Equations (38). (18). (36) and
E

(41), respectively. Here. X(x) = Gey_,5i,.

[1+|;| Sh*In Sn*Cd

Here, x=0 for the (Sb¥In.5n*Cd)-junctions, and from Eq. (38). one obtains: %"‘;‘= (0.0) suggesting a completely transparent

condition.

JBpein 1077 (A/cm?) . 3.1319 2.9835
Jgncin 1077 (A/em?) 3.0649 2.5395
Jo in107% (A/em?) 3.0962 2.5694

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

condition.

Iepoin 1070 (A/em?) & 24271 23121
JEngin 10710 (A/em?) 2.4905 1.9435
Jor in107% (a/em®y 49176 42556

Here, x=1 for the (Sh¥In,Sn*Cd)-junctions, and from Eq. (38), one obtains: Ij:’:: (0.0) suggesting a completely transparent

condition.

Jepein 107 (4/em?) ~ 1.0033 0.9558
JEngin 107 (A/em?®) 1.6180 1.2610
Jor in107% (a/em®) 1.1651 1.0813
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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 1y, J o1, Fy, 11, and Ty, are computed, using Equations (46, 45, 47, 48, 49),
respectively, noting that both T);y e, and Ty, marked in bold, decrease with increasing x for given ryg). Deing new

results. Here, X(x) = Gey_,Si,.

Voe W) ny Jser (523) Fi(%) n1(%)

Here, x=0. For the ( 5b*In,Sn*Cd) junctions, the value of & given in Eq. (46) is 1. 16978.

n"'p Sb~In; Sn~Cd Sb~In; Sn~Cd Sb~In; Sn~Cd Sb~In; Sn~Cd
0.624 3.415;3.327 36.3;36.3 62.16; 62.73 14.08; 14.21
074  3.969;3868 41.88; 42.02 62.60; 63.16 10.40; 19.64
082  4439;4326 39.20;39.25 62.40; 62.96 20.06; 20.26
0.83  4.500;4385 38.76; 38.79 62.36; 62.93 20.06; 20.26
Voq=0.83V 375.3; 376.2=Ty(K)
084 45624446 3829;3831 62.33; 62.89 20.05; 2024
5.610; 5467 30.54; 3036 61.62; 62.19 18.82;18.88

Here, x=0.5. For the ( Sb™In,Sn™Cd) junctions, the value of & given in Eq. (46) is 1. 1271.

n’p Sb~In; Sn~Cd Sb~In; Sn™Cd Sb~In; Sn~Cd Sb~Im; Sn™Cd

0.624 13321322 36.3; 363 79.41;79.53 17.99; 18 01
071 1500;1488 4387,4393  79.56,79.68 24.78;2485
072 1522:1510 4332;4338  79.55,79.67 24.81; 24.88

Voq =0.72V 300.0; 399.4=Ty (K)

073 15451532 42654270 79.54;79.65 24.76; 24.83
0.74  1567;1555 4188;4102  79.52,79.64 24.64;24.70
1 2218:2.200 1844;1834  78.85;78.97 14.54; 14.48

Here, x=1. For the { Sb*In, Sn*Cd) junctions, the value of e given in Eq. (46) is 1. 119.

n+p Sb*In; Sn*Cd Sb*In; Sn*Cd Sb*In; Sn*Cd Sb*In; Sn*Cd

0.624 0.912; 0909 36.3;363 84.33; 8437 19.10; 19.11
0.69 0.999; 0.996 46.53; 46.56 84.44; 8447 27.11;27.14
0.70 1.014;1.011 46.03; 46.05 84.44; 8447 27.20;27.23

Vog=0.70V 412.1; 412.3=Ty(K)

0.71 1.029; 1.026 45.26; 45.29 84.43; 8446 27.13;27.16
0.74 1.076; 1.073 41.92;41.93 84.40; 8443 26.18;26.20
1 1.522;1.518 12.63; 12.59 83.86; 83.89 10.59; 10.56
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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)
and for a given x, our numerical results of T:—: Jeno. jEpo and Ji . are computed. using Equations (38). (18). (36) and
(41), respectively. noting that J;; decreases with increasing ra(qy-radius for given x, and it also decreases with

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

p"'n In*Sb Cd*Sn

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

condition.

JBpein 1077 (A/em?) . 4.8049 4.6181
Jgpein 107% (A/em?) w 9.7823 7.1731
Jon 01077 (Afem?) 49927 46398
Here, x=0.5, and for the (In*5b,Cd*Sn  )-junctions and from Eq. (34), one obtains:
;ﬁ = (0,0) suggesting a completely transparent condition.

<E

Jgnoin 107 (a4/cm?) 3.5855 3.2554
Tgpein 107 (a/em®) 3.4893 2.5785
Jon in107 ca/em?) 3.6203 32812

Here, x=1, and for the (In*5Sb,Cd ™ Sn)-junctions and from Eq. (34), one obta.ins::—*: = (0.0) suggesting a completely transparent
&

condition.

Igno in 1072 (A/em?) w 13388 1.1343
Jepein 107 (A/em®) & 1.2448 0.8763
Jon 107" (A/em®) 13513 1.1430

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, Joc13 Fp Mip. and Ty, are computed, using Equations (46, 45, 47, 48,
49). respectively. noting that both 77,45, and Ty marked in bold. slightly decrease with increasing x for given ry 4,.

being new results. Here, X(x) = Gey_,Si,.

Ve (V) iy Jaen (23) Fu(%) N (%)

Here, x=0. For the (In*5b,Cd " Sn)-junctions. the value of {§ given in Eq. (46) is 1. 10259.

p"n In*Sb; Cd*Sn In“Sb; Cd*Sn In*Sb; Cd*Sn In*5bh;Cd*Sn

0.639 2.192: 2180 39.3;393 7161;71.71 17.98; 18.01
0.738 2.514; 2.500 42.60; 42.62 71.74:71.84 22.55;22.59
.77 2.630; 2.616 41.26; 41.27 71.69;71.79 22.78;22.81
0.78 2.667; 2.653 40.77; 40.77 71.67.701.77 22,79 22.83

Voer = 0.78V 388.5; 388.7=Tyx(K)

0.79 2.705; 2.690 40.25; 40.25 71.65;71.75 22.78;22.81
1 3.532; 3512 28.48:2842 71.07;71.18 2024;20.23
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Here, x=0.5. For the (In*Sh,Cd ™ Sn)-junctions, the value of § given in Eq. (46) is 1. 09252

p+n In"5b;Cd™Sn In™5b;Cd™5n n~5h;Cd™5n In~5b;Cd~Sn
0.639  1336;1329 393;393 79.71;79.79 20.02;20.04
072  1497;1490 43.65;43.67 79.80; 79.87 25.08; 2511
073  1518;1510 43.10;43.12 79.79; 79.86 25.10;25.14
Vour =0.73V  400.5; 400.7=Ty(K)
0.738  1536;1528 42.60; 42.61 79.78; 79.85 25.08; 2511
1 2.159; 2.147 2185;21.78 79.25,79.33 17.32;17.30

Here, x=1. For the (In™ Sh,Cd ¥ Sn)-junctions, the value of { given in Eq. (46) is 1. 08792.

p"'n In~5b; Cd™Sn In~Sb; Cd™Sn In*5b;Cd*Sn In*5h;Cd*Sn

0.639 0.936; 0.930 393,393 84.30; 8438 21.17;21.19
0.70 1.020; 1.014 45.51;45.55 84.37; 84.44 26.88;26.92
0.71 1.035;1.028 44.98;45.01 84.36; 84.35 26.94; 26.98

Vor = 0.71V  410.6; 410.8=Ty(K)

0.72 1.050; 1.044 4425, 4428 84.35;84.43 26.88;26.92
0.738 1.078;1.071 42.60; 42.62 84.34; 8441 26.51;26.55
1 1.515; 1.506 16.37;16.28 83.91;83.98 13.74; 13.67
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