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Abstract:

In the n*(p*) — p(n) crystalline Ge-junction solar cells at 300K,
due to the effects of impurity size, temperature, heavy doping, and
photovoltaic conversion, we show that, with an increasing donor
(acceptor)-radius TIq(a), both the relative dielectric constant and
photovoltaic conversion factor decrease, and the intrinsic band gap
(IBG) increases, according to the increase in photovoltaic efficiency,
as observed in Tables 1, 2 and 3, being in good accordance with an
important result obtained by Shockley and Queisser (1961), with the
use of the second law of thermodynamics, stating that for an
increasing IBG the photovoltaic efficiency increases. Further, for
highest values of rq(,), the limiting highest efficiencies are found to
be given in Tables 2 and 3, as: 13.05 % (14.82 %), obtained in such

n*(p*) — p(n) crystalline Ge-junction solar cells at 300 K, respectively. Then, from the well-known
Carnot-efficiency theorem, as given in Eq. (47), being obtained by the second principle of
thermodynamics, and from those limiting highest efficiencies, the corresponding highest hot reservoir
temperatures, Ty, are found to be given by: 345.04 K (352.20 K), respectively. In other words, Ty also
increases with an increasing IBG, being a new result.

Keywords: donor (acceptor)-sige effect; heavily doped emitter region; photovoltaic conversion factor; open circuit voltage;

efficiency.

Introduction

In the present work, by basing on the same

acceptor (donor)-Ge base-regions, HD[d(a)-
Ge]ER-LD[a(d)-Ge|BR, of n*(p*)—p(n)
junction solar cells, due to the effects of impurity

energy-band-structure parameters given in d(a)-
Ge crystals and also on the same treatment
method used to determine the photovoltaic
conversion efficiency, as those given in our two
recent papers (Van Cong, 2023; Van Cong et al.,
2022), we will determine the limiting highest
efficiencies, obtained in the heavily doped donor
(acceptor)-Ge emitter-and-lightly ~ doped

size, temperature, heavy doping, and
photovoltaic conversion. These two recent
papers will be henceforth referred respectively to
as: P1 and P2, for a simplicity of presentation,
noting again that they were inspired from other
works (Hekmatshoar et al.,, 2012; Green et al.,
2022, 2010; Green, 1981; Kate et al. 2013; Kittel,
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1976; Levinshtein, 1999; Parola et al., 2019;
Shockley & Queisser, 1961; Singh & Ravindra,
2012; Van Cong, 2022, 2016, 1999, 1995, 1991,
1975; Van Cong et al., 1997, 1996, 1993, 1992,
1984).

First of all, as investigated in P1, the values of
the energy-band-structure parameters given in
d(a)- Ge crystals, expressed as functions of
donor (acceptor) d(a)- radius I'qca), and due to
the effects of impurity size and temperature T,
are found to be given in Table 1. Here, one notes
that, with an increasing I'q(a), both the relative
dielectric constant €(Tgca)) and intrinsic carrier
the
effective donor (acceptor)-ionization energy
Eac)(Ta@)), band gap Egngp)(ra@)), and
intrinsic  band gap (IBG) Egip(gip)(T =
300, rg(a)) increase.

concentration Njp(jp) decrease, while

Then, as investigated in P2, in the present
HD|d(a)-GaSb]ER-LD][a(d)-GaSb]|BR, of
n*(p*) — p(n) junction solar cells at T=300 K,
being due to the effects of impurity size,
temperature, heavy doping, and photovoltaic
conversion, the numerical results of the
photovoltaic conversion factor (PVCF), n, short
circuit current density, Jgc, fill factor, F, and
finally efficiency, 1, being expressed as functions
of open-circuit voltage V,c, and for physical
conditions as: given in the HDER, the
emitter thickness: W=0.2 um (300 pm), high
d(a)-density: Ny@ = 102° cm ™3, hole
(electron) surface recombination velocity: S =
100 (%), and in the LDBR, low a(d)-density
Nay = 107 cm™3, are reported respectively in
Tables 2 and 3.

Here, on remarks that, for a given V. and with
an increasing Igca), the IBG increases, as

€(Tdo(ao))

observed in Table 1, the PVCF decreases and the
other functions such as: J¢¢, F, and 1 increase, as
seen in Tables 2 and 3, suggesting thus the new
obtained results. This remark is found to be in
accordance with an important result obtained by
Shockley and Queisser (1961), with the use of
the second law of thermodynamics, stating that
for an increasing IBG the photovoltaic
efficiency increases.

Effects of Impurity Size, Temperature and
Heavy Doping

First of all, in the intrinsic Ge-crystal at T=0 K
and at I'da) = F'Ge = I'do(ao) = 0.122 nm, one
has (P1; Levinshtein et al., 1999; Kittel, 1976):

the relative dielectric constant, €(Tgo(ao)) =
15.8, the relative effective electron (hole) mass
in conduction (valence) bands, (m./m,) =
0.12 and (my/m,) = 0.3, the unperturbed
intrinsic band gap, Ego(Tdo(ac)) = 0.7412 eV,
and the effective d(a)-ionization energies in
absolute values,

13600><(mc(v)/m0)
E r = meV =
do(ao)( do(ao)) (5(rdo(ao)))2
6.537 meV (16.34 meV).

Impurity-Size Effect

In d(2)-Ge systems at T=0 K, since rge,), in
tetrahedral covalent bonds is usually either larger
or smaller than I'qo(ao), 2 local mechanical strain
(or deformation potential energy) is induced,
according to a compression (dilation), for
Td(a) > Tdo(ao) (for Fda) < I'do(ao)):
respectively, due to the d(a)-size effect, as that
investigated in P1, P2 and (Van Cong, 2022,
2010). Further, in n(p)-type Ge crystals, the band
gap Egn(gp)(Ta)) and the effective donor
(acceptor)-ionization energy Eq(rg)) are
expressed as:

for rd(a) = rdo(ao), since S(rd(a)):\/
1+

< E(rdo (ao))a

(rrd(a) )3—1}xln< rd(a) )3
do(ao) Tdo(ao)

2
= — s(rdo(ao))
Egn(gp) (Ta@) ~ Ego = Eata)(Ta@) — Edotao) = Edotao) X l<—) - 1l,

©)

8(rd(a))
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according to the increase in both Egp(gp) and Eq(a) (rd(a)),

and for I'q(a) < I'do(ao), Since

£(Tdo(ao)) rd(a 3 raca 3
S(rd(a)): : (ao) = > a(rdo(ao)), [(rdd( ) ) — 1] X In (md#) <1,
_|(_fd@ ) -1 ><1n< Td(a) ) o(ao) o(ao)
! (rdo(ao)

T'do(ao)
— — s(rdo(ao)) 2
Egn(gp)(Ta@) — Ego = Ea(a)(fa@) — Edo(ao) = Edo(ao) X eraw) | 1. 2

corresponding to the decrease in both Egy(gp) and Eq(a) (rd(a)).
Temperature Effect

Here, the IBG in the Ge-crystal is found to be given by:

. 4.561x107*XT?2
Egincgip) (T Tac) in €V = Egnegp) (ra@) ~ 50— ©)

being equal to 0.660 eV, for I'qa)y = I'do(ao) and at T=300K, in good accordance with that given in the
literature (Levinshtein et al., 1999 ; Singh & Ravindra, 2012).

Further, one can here define the intrinsic catrier concentration Ny jp) by:

_ —Egin(gip) (T-rd(a))
rlizn(ip) (T, r‘d(a)) = NC(T) X NV(T) X exp ( & (gkl;)T 4@ >> (4)

mC(V)XkBT

where NC(V) (T) =2X 8c(v) X ( pyars
states, where gcyy = 4 (2), respectively.

3
)2 (cm™3) are the conduction (valence)-band density of
The numerical results of those energy-band structure parameters are given in the following Table 1.

Table 1. From Equations (1-4), the Numerical Results of the Energy-Band-Structure
Parameters, Due to the Effect of Impurity Size are Reported, Suggesting that,
for T= 300 K and with an Increasing Iq(a), both €(Tg(a)) and nj,p) (T, rd(a)) Dectrease,
while the Other Ones Increase

Donor P As Sb Sn

rq (nm) 7 0.110 0.118 0.136 0.140
&(ra) N 16.499 15.8757 14.8927 14.3575
Eq(rq) in meV 7 5.99 6.47 7.36 7.92
Egn(rq) ineV 7 0.7407 0.7411 0.7420 0.7426
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Egin (T = 300K, rg) in eV 2 0.660 0.6606 0.6615 0.6621
N (T N 1.674 1.659 1.631 1.613
= 300K,r4) in 103cm™3

Acceptor B Ga Mg In

Iy (nm) 71 0.088 0.126 0.140 0.144

e(ra) N | 23.3735 15.722 14.3575 13.7495

E,(ry) in meV 7| 6.34 16.5 19.8 21.6

Egp(ra) ineV 2 0.7312 0.7414 0.7446 0.7464

T =300K,rp) ineV 2 0.6507 0.6609 0.6642 0.6660
N, (T N 2.011 1.652 1.550 1.497
= 300K,r,) in 103cm™3

Heavy Doping Effect

Here, the Fermi energy Epp(—Epp), band gap narrowing (BGN), and apparent band gap narrowing
(ABGN), as those determined in Pland in P2, are reported in the following.

First, the Fermi energy Eg, (—Egp), obtained for any T and any Ng,), being investigated in our previous
paper (Van Cong and Debiais, 1993; Van Cong and Doan Khanh, 1992; Van Cong, 1991, 1975), with a
precision of the order of 2.11 X 10™* is found to be given by:

Efrn(w) ,—Erp(W) G(u)+AuBF(u)
kT ¢ kT ) = T7AuE ,A =0.0005372 and B = 4.82842262, (5)

2
g\ —=

. . N 2 _4 _8\ 3
where u is the reduced electron density, u = &, F(u) = aus (1 + bu 3 + cu 3) , a=
c(v)

(Va9 <l b =3 o= PR, and GG > Ln(w) +27 xux e d=

1920
232 L—-2]>0.

Here, one notes that: (i) as u > 1, according to the HD[d(a)-Ge]ER-case, or to the degenerate case, Eq.

Fen(ied) (2 EFP(“«”) & —1, to the LD[a(d)-Ge]BR-case, or
B

to the non-degenerate case, Eq. (5) is reduced to the functlon G().

(5) 1s reduced to the function F(u), and (ii)

Secondly, as given in P1 and P2, by denoting the effective Wigner-Seitz radius I'sy(sp), characteristic of
the interactions, by:

1/3
- 8 o (8w mc(v)
rsn(sp)(Nd(a), rd(a)) =1.1723 X 10° X <Nd(a)> X Sra@)’

the correlation energy of an effective electron gas, Ecp(cp) (Nd(a): rd(a)), is given by:

'a
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0.87553 , (2[1—1n(2)]
—0.87553 n 0.0908+Tgp (sp) | 2

Een(ep) (Naay Fa) = 0.0908+Tsp(sp) 1+0.03847728 X1y /345876

)XIn (rsn(sp))—0.093288

Now, as given in P1 and P2, taking into account various spin-polarized chemical potential-energy
contributions (Van Cong, 2016, 1975) 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 BGNs are given
as follows.

Then, in the n-type heavily doped Ge, the BGN is found to be given by:

AEgn(Ng,1q) = a; x 200 NI/% 4 a, x “rdo) X N3 x (2.503 X [-E (rsn) X rep]) + az X

e(rq)

[M]SM X \/7 x NY* 4 a, x [Eldod o Nl/2 X 2 +as X [s(rd")] X N N, = (—Nd )

e(rq) e(rq) 9.999%1017 cm—3/?

©)

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 ag = 8.1 X 107*(eV), and in the p-type heavily doped Ge, as:

1

AEgy (N, 1,) = a; x 2020 x NI/3 4+ 3, x =rao) x N2 x (2.503 X [—E¢(rsp) X Isp]) + a5 X

g(ra) g(ra)
3

[s(r_ao)]S/4 y \/: o N1/4 + 2a, X e(tao) o N1/2 +ag X [S(rao)] % Ns N, = (LJ, )

£(ra) g(ra) g(ra) 9.999x1017 cm™

where  a; = 3.15 x 1073(eV), a, = 5.41 x 107%(eV), as = 2.32 X 1073(eV), a, = 4.12 X
1073(eV) and ag = 9.80 X 1075(eV).

Therefore, in the HD[d(a)-Ge]ER, we can define the effective intrinsic carrier concentration, nm(lp), by :
N ipy (Naa) Th Faa) = +/Naay X Po(Mo) = Nincip) X €X Lagniagn) 8
in(ip) d@)’ 1»1d@)/) = \/ d@a) X Polllo in(ip) p 2kpT > ( )
where the ABGN, AE,gp(agp), is defined by:
N
AE,n(Ng, T,rq) = AEgy + kpT X In (N—d) — Epy(Ng, T),
AEagp(Na, T, ) = AEg, +kpT x In (2 ) + Epp(Na T)]- )
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Total minority-carrier saturation current density

In the two n* (p*) — p(n) Ge-junction solar cells, denoted respectively by I(II), the total carrier-minority
saturation current density is defined by:

]oI(oII) = ]Eno(Epo) + ]Bpo(Bno) (10)

where Jgpo(Bno) is the minority-electron (hole) saturation current density injected into the LD[a(d)-
Ge|BR,

and Jgno(Epo) 18 the minority-hole (electron) saturation-current density injected into the HD[d(a)-Ge]ER.
]BpO(Bno) in the LD [a(d)-Ge]BR

Here, Jppo(Bno) is determined by (P2; Van Cong and Debiais, 1999):

D (N ,r )
2 e(h)Na(d)"a(d)
eXNip(in) (Ta(@))* TeB(hB) Na(d))

Naa)

JBpo(Bno) (Nacdy Taca) ) = ) (11)

Where the values of 1y p(in) (Facay) is determined in Table 1, De(ny(Na(ay, Fa(ay) is the minority-electron
(minority-hole) diffusion coefficient:

kgT _ 5750 _ 2 \? _
De(N,, 1) = 25 x (850 + | x (;((rr ))) (cm?s~1), (12)
| 1+(8><1017cm‘3) ] a0
kgT _ 1165 2 _
Dp(Ng, Ta) =25 x (85 + | % (5r2) (em?s7Y), (13)
(G sms) do

and Tegmp)(Na(q)) is the minority electron (minority hole) lifetime in the BR:

1

Tep(Na) ™ = —= + 3 X 10733 X N, + 1.83 X 10731 x N2, (14)
Ths(Ng) ™} = —5 +11.76 X 10713 x Ng + 2.78 x 1071 x Nj. (15)

1488
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]Eno(Epo)in-ﬂle:EII)[d(a)-(;e]IEI{

In the non-uniformly and heavily doped emitter region of d(a)-Ge devices, the effective Gaussian d(a)-
density profile or the d(a) (majority-e(h)) density, is defined in such the HD[d(a)-Ge]ER-width W, as
given in P2 and also in our previous works (Van Cong, 1999, 1995; Van Cong and Debiais, 1997, 1995):

()’
]

2 Na@ Na@
Paca) (% Nagay W) = Nya) X eXp{_ () xn [L]} = Ny X [L

Ndo(ao)(w) Ndo(ao)(w) ’
0<x<W,
. s W 1.066 (0.5) s
Ndoasy(W) = 7.9 X 1017 (2 X 105) X exp {— (1%2 = cm) } (cm™),  (16)

where pga)(X = 0) = Nga) is the surface d(a)-density, and at the emitter-base junction, pq)(X =
W) = Ngo(ao) (W), which decreases with increasing W. Further, the “effective doping density” is defined
by:

* _ AEa n(a (pda'rda)
Nd@) (X Td(a)) = Pdca) (X)/exp[ gn( gplzBT @Td() ]

% _ — Na@
Nd(a)(x =0, rd(a)) = [AEagnagp) (Naga)raca) > and
exp BT
X — Ndo(ao)(W)
N3 x=W, r = 17
i@ a@) AEagn (agp)(Ndo(ao) W)Td()) | an
exp KT

where the apparent band gap narrowing AE,gnagp) is determined in Eq. (9), by replacing Ngc,y by
Pd(a) (X, Na@y, W ) The same remark can be applied to following Equations (18-20).

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

n? i (Traa) N Ng Nincio |2 Ng
Fr o (N 1 = Ninip)(Tra@) _ Na@ _ Na ( :n(xp)) = @ cm=5 x s),
h(e)(Nda), Ta(a)) Po(0)XDhey  Dhe)  Dhee)  \Dincip) Dh(e)XeXp[—AEa§g$gp)]( )
(18)
the minority hole (electron) diffusion length, Ly e) (Nd(a), rd(a)) by:
=2 (N _ D -1 CxF 2 C N3 2 —(c nizn(ip)(rd(a)) 2
n(e)(Nacay Ta@) = [Ther) X Dne)] = (Cx Freey )™ = X Dae) " Pono)xDnge,

(19)
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where the constant C was chosen to be equal to: 2.0893 x 1073% (cm*/s), and the minority hole
(minority electron) lifetime Tyg(eg) as:

1 1

ThE(eE) = (20)

—2 = 2 -
Dh(e)XLn(ey  Dh(e)*(CxFeqn) )

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:

2
Nin(
Po(0[No ()] = i, @1

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

Po () [ (X)].

U(X) = p(x)[n(x)]—po (X)[no (X)])

22
Po(X)[No(X)] ’ (22)

which must verify the two following boundary conditions as:

o = JhE=0)[e(x=0)]
ux = 0) = o =0 meG=0)T

\%
u(x = W) = exp (nl(u)(V)XVT)

. . . . . cm .
Here, nyqp(V) is a photovoltaic conversion factor, being determined later, S (?) is the surface

recombination velocity at the emitter contact, V is the applied voltage, Vr = (kgT/e) is the thermal
voltage, and the minority-hole (electron) current density Jp ey (X, rd(a)).

Further, as developed in P2, from the Fick’s law for minority hole (electron)-diffusion equations, one
has:

—e(+e)Xnfyip) 5 dutx) _ —e(+e)nfyipyDh(e) Nd(a) Fd(a)) % du(x)

Fh(e) (X) dx Nz(a) (x,rd(a)) dx °

ey (% Ta@) = (23)

where Ng(a) (X, Tgea)) is given in Eq. (17), Dy(ey and Fy(e) are determined respectively in Equations (12,
13, 18), and from the minority-hole (electron) continuity equation as:
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dIhe)(®rd@) _ 2 u®) - _ 2 ux)
dx - e(+e) X n; n(p) X Fh(e)(X)XLﬁ(e)(X) - e(+e) X n; n(p) X Nﬁ(a)(x'rd(a))x ThE(eE)’
(24)
Therefore, the following second-order differential equation is obtained:
2 dFpce
d?u(x)  dFpe)®) 5 dux) u(® (25)

dx? dx dx Lﬁ(e) x)

Then, taking into account the two above boundary conditions given in Eq. (22), one thus gets the general
solution of this Eq. (25), as:

_ sinh(P(x))+I1(W,S)xcosh(P(x)) ( ( \ )_ )
u(x) = Sinn(PeW)) +1W,S)xcosn(Pw)) ~ \“*P \mian (vyxva 1), (26)

where the factor [(W, S) is determined by:

Dhey(Nd(ayo(W))

I(W,S) = 27

( ) SXLh(e)(Ndo(ao)(W))’ ( )

Further, since dl;ix) = C X Fpee) (x):L;(X), C = 2.0893 x 1073% (cm*/s), for the crystalline Ge,
h(e)

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

W dx w _ Lnee) % w

)XW=

- L’:ﬁ(e)(x) N L’:ﬁ(e)(x) I-‘h(e) ’
(28)

_rxdx = = (=
P(x) = | Lh(e)(X)), 0<x<W,Px=W)= (5 x [ Lh(e) ()

where L);(e) (%) is the effective minority hole (minority electron) diffusion length. Further, the minority-
hole (electron) current density injected into the HD[d(a)-Ge]ER is found to be given by:

\'%
]h(e) (X; W; Nd(a); rd(a); S; V) = _]Eno (X; W; Ndr ry, S) []Epo (Xr Wr Na' Iy, S)] X (eXp (n[(n)(V)XVT)

1), (29)

where Jgno(Epo) 18 the saturation minority hole (minority electron) current density,
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enfy(ipy*Dhie) cosh(P(x))+I(W,S)xsinh(P(x))
N’é(a) (Xrda))XLnee) ~ sinh(P(W))+I(W,S)xcosh(P(W))

JEno(Epo) (% W, Nacay, Tacay, S) = 30)

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

Jenocepe) (X = 0, W, Nagay, Faga), S) = N{jifi‘;)(:s:ﬁ(e) T Gl
Jeno(epoy (X = W, W, Ny(ay, Taa), S) = Nd(j?:z\ivpi:(D;;)Lh() :::((1}:)):11::;:2&3 (32)
and then,

Jn(e) (X=0,W,Ng(a)Td(a)S\V) — JEno(Epo) (X=0,W,Ng(a)Tda)S) _ 1 (33)

Th(e)(x=W,W.Ng(a)rd@)SV) ~ JEno(Epo)(X=W,W,Ng(a)rd(a)S) " cosh(P)+Ixsinh(P)’
Now, if defining the effective excess minority-hole (electron) charge storage in the emitter region by

ThE(eE) (Nd(a)Td(a)) dx. and the

% _ U
Qhe) (X = W, Nyay, Taa) = [ +e(—€) X u(x) X po(x)[no(x)] X Th(er (P 00 Td@)
effective minority hole (minority electron) transit time [htt(ett)] by: Tﬁtt(ett) (x=

W, W, Ny Taay S) = Qhiey (X = W, Ng(ay, Taca)) /JEnoepoy (X = W, W, Ngqay, Tq(a), S), and  from
Equations (24, 31, 32), one obtains:

Thet(ett) (X=W,W.Ng(a) Id(a),S) =1— JEno(Epo) (X=0,W,Ng(a)d(a)S) _ 1

ThE(eE) ]Eno(Epo)(XZW,W.Nd(a);rd(a);S) - COSh(P)+IXSinh(P).

(34)

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

Dh(e) (Ndo(ao) Ww))
SxLh(e)y(Ndo(ao)(W))

As P& 1 (or WK L)) and S = o0, [ = (W, S) = - 0, from Eq. (34), one has:

Tﬁtt(ett) (x=W,W,Ng(a)Td(a)-S)
ThE(eE)

from Eq. (32), one obtains:

— 0, suggesting a completely transparent emitter region (CTER)-case, where,

enfl ip)*Dh(e) 1
N*d(a) (X=W,I'd(a)) XLh(e) P(W)

]Eno(Epo)(X =W, Nd(a): Td(a), S - OO) - (35)
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Dh(e)(Ndo(ao)(W))
SXLh(ey(Ndoao)(W))

Further,as P >> 1 (or W >> Ly(ey) and S = 0,1 = (W, S) = — 00, and from Eq. (34)

Thtt(ett) (x=W,W,Ng(a)Td(a).S)
ThE(eE)

where, from Eq. (32), one gets:

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

enfh(ip) XPh(e)
Nz(a) (X=W,I‘d(a))>< Lh(e)

JEno(Epo) (X = W, Ngqa), F'dca) S- 0) - X tanh(P). (36)

In summary, in the two n*(p™) — p(n) Ge-junction solar cells, denoted respectively by I(II), the dark
carrier-minority saturation current density Jo1co1r), defined in Eq. (10), is now rewritten as:

Jorcotry (W, Naay, Tacays S Nagay Tady) = JEno(epo) (W, Nacay Tagay S) + JBpo(@no) (Nacdy, Taca))s
(37)

where Jgno(Epo) 20d JBpo(Bno) are determined respectively in Equations (32, 11).
Photovoltaic conversion effect at 300K

Here, in the n* (p*) — p(n) Ge-junction solar cells at T=300 K, denoted respectively by I(II), and for
physical conditions, respectively:

W = 50um (300um), Ny(q) = 102 cm™3 (10%° cm™3),74(0) = Td0(a0), S =
100 (=9) [100 (-)]; Nagay = 10" em™ (10" em™®) raay = Tao(aoy (38)

we now propose in the following a treatment method of two fixe points, as that developed in P2.

At given open circuit voltages:

Voerioerrny = 0221V (0.248 V) and Viera(ocirzy = 0-283 V (0.283 V), and

Jsernsenrny = 0.0481 A/em? (0.0466 A/em?)  and  Jserpserrzy = 0.06103 A/cm? (0.06103 A/
cm?), (39)

being the values of the short circuit current density, [sci(sciry, given in n*(p*) — p(n) Ge-junctions
(Hekmatshoar et al., 2012; Singh & Ravindra, 2012).

First of all, we define the net current density J 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) junction of Ge
solar cells, as given in P2, by:

— v, =%T—0.02585V,
nyan(VIXVr

](V) E]ph(V) _]OI(OII) X (eXI(”)(V) - 1),XI(“)(V) = - =
(40)
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where the function ny(;p) (V) is the photovoltaic conversion factor (PVCE), noting thatas V = V,, being
the open circuit voltage, J(V) =0, the photocurrent density is defined by: Jon(V =V,c) =
Jsci(scin (W, Naca), Taca) S» Naca) Ta(a) VOC), for Voo = Vieri(ocrrn)- Therefore, the PVC effect occurs,
according to:

Jseisey(W, Nacay Tacayr S» Nacay Tacay Vo) = Jorcory(W. Nacays Tacay S» Nacay Ta(ay) X
(eXI(II)(Voc) 1)’ (41)

VOC
nyan Vo)XV

where 0y (Voe) = 1an(W, Nacay Tacay S» Nacay Tacay Voc)s and X (Voe) =

Here, one remarks that (i) for a given V¢, both nypy and Jo ) have the same variations, obtained in
the same physical conditions , as observed in many cases, and (ii) the function (eX’(”)(V"C) — 1) or the
PVCEF, n;(py, representing the photovoltaic conversion effect, thus converts the light, represented by

Jsci(seiny, into the electricity, by Jor(orry- Then, from Eq. (41), for n*(p*) — p(n) Ge-junction solar cells,
one respectively obtained:

n11(12)(Vocll(oclz)']scll(sclz)):1-0834 (1.3467)  and nlll(IIZ)(Voclll(ocllz)']sclll(scllz)):1~08108
(1.19726), and then, for V,¢ = Vierq(ocrin), 0ne can propose the general expressions for the PVCE, as:

v 1.2841(1.19131)
n,(”)(W, Na(ay Tacay S Naay Taa) Voc) = N1ar1)) T Ni2(rz) X <m - 1)
(42)
Therefore, one can determine the general expressions for the fill factors, as:
X100 Vo) =Xy (Vo) +b |
Fian(W, Naay Tacay S Nagay Taqay V) = — L ,a (b) = 0. (43)

X1an(Voc)+a

Here, as a=1 and b=0.72, the ideal Ge-junction solar cells (Green, 1981) are obtained, and as a=b=0,
one gets the limiting highest values of F(.

Finally, the efficiency 1y can be defined in the n* (p™) — p(n) junction solar cells, by:

Isci(scinXVocXF(r)

bl
Pin.

Man(W, Naay Taa) S» Nacay Tacay Vo) = (44)

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

Then, from Equations (43, 44), for ideal n* (p*) — p(n) Ge-junction solar cells (a=1, b=0.72), we get,
at Voe = Vocr(oerzy = 0.221V (0.283 V), F; = 64.5338 % (65.1601 %) and n =
6.86 % (11.2551 %) for the n™ — p Ge-junction, while at Vo = Voerri(ocrrzy = 0.248 V (0.283 V),
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Fy; = 66.9697 % (67.5747 %) and 1;; = 7.7395 % (11.6711 %) for the p* — n Ge-junction. Here,
one notes that other authors (Hekmatshoar et al., 2012; Singh & Ravindra, 2012), respectively obtained
the corresponding values of efficiencies for the p* — n Ge-junction, as: 7.2 % (12.31 %), which can be
compated with our above results, ;; = 7.7395 % (11.6711 %) , giving thus the relative deviations in
the absolute values, equal to: 7 % (5 %), respectively.

Numerical Results and Concluding Remarks
We will respectively consider the two cases, as follows.
HD [(P; As; Sb; Sn) — Ge] ER — LD[(B; Ga; Mg; In) — Ge)] BR —cases

Here, for those 4 (n*p) — junctions: (P*B,As*Ga, Sb*Mg, Sn*In), respectively, we propose the
following physical conditions as:

W =0.2um, Ny =10?°cm™3,S =100 (cm/s ), and N, = 107 cm™3. (45)

Then, from Eq.(34), one respectively obtains: :ht

£ =(0,0,0,0),suggesting a completely transparent
hE

condition, and from Eq. (32), Jgno = (2.18,2.19,2.19,2.19) x 1078 (ﬁ) Further, one respectively

gets from Eq. (11), as: ]Bpo = (4.26,1.78,1.43,1.28) x 107> (ﬁ), being due to the increase in band
gap with increasing r,, obtained in the [(B; Ga; Mg; In) — Ge)] BR, Egip (T = 300K, r,)=(0.6507,
0.6609, 0.6642, 0.6660) in eV, as observed in Table 1. Furthermore, from Eq. (37), one obtains
respectively: Jo; = (4.26,1.78,1.44,1.28) x 1075 (Ci) ~ Jgpo. Then, from the following Table 2,

m2
for example, at Voo = 0.28 V, n;= (1.492; 1.328; 1.294; 1.2706), and, with a=1 and b=0.72, as those given
in Eq. (43) for the fill factor, = (10.61 %; 11.28 %,; 11.44 %,; 11.53 %), suggesting that, with increasing
Iy, or with decreasing €,, due to the a-size effect, both Jo; and nj decrease, while both Egj, and ny
increase. That is found to be in good agreement with an important result, obtained by Shockley and
Queisser in 1961, with the use of the second law of thermodynamics, stating that, for Egj, < 1.6 eV, 0

increases with increasing Egijp,.
Table 2 in the Appendix 1.
HD [(B; Ga; Mg; In) — Ge] ER — LD[(P; As; Sb; Sn) — Ge] BR —cases

Here, for those 4 (p*n) — junctions: (B*P,Ga*As,Mg*Sb,In*Sn), respectively, we propose the
following physical conditions as:

W =300 um, N, =10%°cm™3,S =100 (cm/s ), and Nq = 1017 cm™3. (46)
Then, from Eq. (34), , one respectively obtains: zétt = (0,0,0,0) suggesting a completely transparent.
eE

condition, and from Eq. (30), Jgpo = (1.73,1.11,1.00,0.95) x 1078 (). Fusther, one respectively

gets from Eq. (C1) of the Appendix C: Jgpo = (6.94,6.58,5.96,5.61) x 107° (ﬁ), being due to the
incresase in band gap, rq, obtained in the [(P; As; Sb; Sn) — Ge] BR, Eg;, (T = 300K, rq)=(0.6600,
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0.6606, 0.6615, 0.6621) in eV, as observed in Table 1. Furthemore, from Eq.(37), one obtains
respectively: Jorr = (6.96,6.59,5.97, 5.62) x 10 (ﬁ) ~ Jgno. Then, from the following Table 3,

for example, at Voo = 0.33 V, ny;= (1.411; 1.403; 1.387; 1.378), and, for a=1 and b=0.72, as given in Eq.
(43) for the fill factor, Ny = (13.09 %; 13.12 %; 13.19 %; 13.23 %), meaning that, with increasing rq, or
with decreasing &g, due to the d-size effect, both Joi; and ny; decrease, while both Egj, and My increase.
That is found to be in good agreement with an important result, obtained by Shockley and Queisser in
1961, using the second law of thermodynamics, stating that, for Egjn < 1.6 €V, ny; increases with

increasing Egjp.
Table 3 in the Appendix 1.

In conclusion, in Eq. (43), as a=b=0, and for highest values of rq(,), according to highest values of the
fill factor F, the limiting highest efficiencies are found to be given respectively by: 13.05 % and 14.82 %
at Voo = 0.28 Vand 0.33 V, and at T=300 K, as observed in those Tables 2 and 3. Then, from the well-
known Carnot’s theorem, being obtained by the second principle of thermodynamics, the maximum
efficiency, Nmax., of a heat engine operating between hot (H) and cold (C) reservoirs is the ratio of the
temperature difference between the reservoirs to the H-reservoir temperature, Ty, expressed as:

Ny, = T“T—‘HTC Te = 300 K and Ny =0.1305 (0.1482), (47)

according to Ty = 345.04 K (352.20 K), respectively. In other words, Ty also increases with an
increasing Egip(gin)-
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Table 2. In the HD[(P; As; Sb; Sn)-Ge] ER-LD[(B; Ga; Mg; In)-Ge] BR and for Physical Conditions Given in Eq. (45), our Numerical Results of ny,
Jsci> Fi, and My, are Computed by using Equations (42, 41, 43, 44), Respectively. Here, on Notes that, for a Given V, and with Increasing ry(,), the
Function ny Decteases, while other Functions s, Fy, and 1y Increase, Being Due to the rg(,)-Effect, Suggesting thus the New Obtained Results

Voe (V) | n | Jse(25) F(%) [ (%)
In Eq. (43), obtained for the I as a=1 and b=0.72, according to an ideal solar cells (Green, 1981).

n*p P*B; As*Ga; Sb*Mg; Sn*In P*B; As*Ga; Sb*Mg; Sn*In P*B; As*Ga; Sb*Mg; Snt*In P*B; As*Ga; Sb*Mg; Snt*In
0.221 1.216; 1.082; 1.053; 1.039 48.10; 48.10; 48.10; 48.10 62.04; 64.56; 65.13; 65.42 6.595; 6.863; 6.923; 6.954
0.27 1.434; 1.276; 1.243; 1.226 62.06; 63.76; 64.18; 64.41 62.82; 65.30; 65.86; 66.14 10.53; 11.24; 11.41; 11.50
0.28 1.492; 1.328; 1.294; 1.276 60.41; 61.79; 62.14; 62.32 62.74; 65.22; 65.78; 66.06 10.61; 11.28; 11.44; 11.53
0.283 1.510; 1.345; 1.309; 1.292 59.78; 61.05; 61.37; 61.54 62.71; 65.19; 65.74; 66.03 10.61; 11.26; 11.42; 11.50
0.29 1.554; 1.383; 1.347; 1.329 58.13; 59.12; 59.37; 59.50 62.62; 65.11; 65.66; 65.95 10.56; 11.16; 11.30; 11.38
0.40 2.365; 2.108; 2.053; 2.025 29.51; 27.43; 26.94; 26.69 60.45; 62.99; 63.56; 63.85 7.137; 6.912; 6.850; 6.817
0.70 5.283; 4.713; 4.591; 4.530 7.125; 5.550; 5.218; 5.052 54.85; 57.50; 58.10; 58.41 2.7306; 2.234; 2.122; 2.065
1.00 8.810; 7.862; 7.659; 7.557 3.395; 2.422; 2.228; 2.132 51.19; 53.88; 54.50; 54.81 1.738; 1.305; 1.214; 1.169
In Eq. (43), obtained for I as a=b=0, according to highest values of .

n*p P*B; As*Ga; Sb*Mg; Sn*In P*B; As*Ga; Sb*Mg; Sn*In P*B; As*Ga; Sb*Mg; Sn*In P*B; As*Ga; Sb*Mg; Sn*In
0.221 1.216; 1.082; 1.053; 1.039 48.10; 48.10; 48.10; 48.10 72.26; 73.84; 74.20; 74.39 7.681; 7.849; 7.888; 7.907
0.27 1.434; 1.276; 1.243; 1.226 62.06; 63.76; 64.18; 64.41 72.74; 74.31; 74.67; 74.85 12.19; 12.79; 12.94; 13.01
0.28 1.492; 1.328; 1.294; 1.276 60.41; 61.79; 62.14; 62.32 72.69; 74.26; 74.62; 74.80 12.29; 12.85; 12.98; 13.05
0.283 1.510; 1.345; 1.309; 1.292 59.78; 61.05; 61.37; 61.54 72.67; 74.24; 74.60; 74.78 12.29; 12.83; 12.96; 13.02
0.29 1.554; 1.383; 1.347; 1.329 58.13; 59.12; 59.37; 59.50 72.62;74.19; 74.54; 74.73 12.24;12.72; 12.83; 12.89
0.40 2.365; 2.108; 2.053; 2.025 29.51; 27.43; 26.94; 26.69 71.29; 72.84; 73.20; 73.38 8.416; 7.994; 7.890; 7.835
0.70 5.283; 4.713; 4.591; 4.530 7.125; 5.550; 5.218; 5.052 68.11; 69.57; 69.91; 70.09 3.397,; 2.702; 2.554; 2.478
1.00 8.810; 7.862; 7.659; 7.557 3.395; 2.422; 2.228; 2.132 66.30; 67.61; 67.93; 68.10 2.251;1.637; 1.513; 1.452
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Table 3. In the HD[(B; Ga; Mg; In)-Ge] ER-LD[(P; As; Sb; Sn)-Ge)] BR and for Physical Conditions Given in Eq. (46), Our Numerical
Results of nyy, Jscir, Fi, and 1y, are Computed by Using Equations (42, 41, 43, 44), Respectively. Here, on Notes that, for a given V. and with

Increasing I(q), the Function nj; Decreases, while other Functions Jgjy, Fij, and 1y Increase, Being Due to the 1, q)-Effect, Suggesting

thus the New Obtained Results

Voc (V)

n

Jse o)

F(%)

n(%)

In Eq. (43), obtained for the I as a=1 and b=0.72, according to an ideal solar cells (Green, 1981).

n*p P*B; As*Ga; Sb*Mg; Sn*In P*B; As*Ga; Sb*Mg; Sn*In P*B; As*Ga; Sb*Mg; Snt*In P*B; As*Ga; Sb*Mg; Snt*In
0.248 1.089; 1.082; 1.070; 1.063 46.60; 46.60; 46.60; 46.60 66.82; 66.95; 67.17; 67.31 7.723;7.737;7.763; 7.779
0.283 1.206; 1.198; 1.185; 1.177 60.92; 61.01; 61.18; 61.28 67.43; 67.55; 67.78; 67.91 11.63; 11.66; 11.73; 11.79
0.31 1.320; 1.312; 1.297; 1.289 61.28; 61.36; 61.52; 61.61 67.44; 67.57; 67.79; 67.92 12.81; 12.85; 12.93; 12.97
0.32 1.365; 1.357; 1.342; 1.333 60.27; 60.34; 60.48; 60.56 67.41; 67.53; 67.75; 67.88 13.00; 13.04; 13.11; 13.16
0.33 1.411; 1.403; 1.387; 1.378 58.87; 58.94; 59.05; 59.12 67.35; 67.48; 67.70; 67.83 13.09; 13.12; 13.19; 13.23
0.34 1.459; 1.450; 1.434; 1.424 57.21; 57.26; 57.35; 57.40 67.29; 67.41; 67.63; 67.77 13.09; 13.12; 13.19; 13.22
0.70 3.553; 3.532; 3.494; 3.471 14.17; 14.05; 13.84; 13.71 63.79; 63.92; 64.15; 64.29 6.326; 6.2806; 6.214; 6.171
1.00 5.609; 5.575; 5.515; 5.479 6.870; 6.782; 6.627; 6.534 61.62; 61.75; 61.99; 62.13 4.234; 4.188; 4.108; 4.060
In Eq. (43), obtained for F as a=b=0, according to highest values of F.
n*p P*B; As*Ga; Sb*Mg; Sn*In P*B; As*Ga; Sb*Mg; Sn*In P*B; As*Ga; Sb*Mg; Sn*In P*B; As*Ga; Sb*Mg; Sn*In
0.248 1.089; 1.082; 1.070; 1.063 46.60; 46.60; 46.60; 46.60 75.30; 75.38; 75.53; 75.62 8.702; 8.712; 8.729; 8.739
0.283 1.206; 1.198; 1.185; 1.177 60.92; 61.01; 61.18; 61.28 75.70; 75.78; 75.93; 76.02 13.05; 13.08; 13.15; 13.18
0.31 1.320; 1.312; 1.297; 1.289 61.28; 61.36; 61.52; 61.61 75.71; 75.79; 75.94; 76.02 14.38; 14.42; 14.48; 14.52
0.32 1.365; 1.357; 1.342; 1.333 60.27; 60.34; 60.48; 60.56 75.68; 75.77; 75.91; 76.00 14.60; 14.63; 14.69; 14.73
0.33 1.411;1.403; 1.387; 1.378 58.87; 58.94; 59.05; 59.12 75.65; 75.73; 75.88; 75.96 14.70; 14.73; 14.79; 14.82
0.34 1.459; 1.450; 1.434; 1.424 57.21; 57.26; 57.35; 57.40 75.61; 75.69; 75.83; 75.92 14.70; 14.73; 14.79; 14.82
0.70 3.553; 3.532; 3.494; 3.471 14.17;,14.05; 13.84; 13.71 73.35; 73.43; 73.58; 73.66 7.273;7.221;7.129; 7.071
1.00 5.609; 5.575; 5.515; 5.479 6.870; 6.782; 6.627; 6.534 72.00; 72.08; 72.23; 72.31 4.946; 4.888; 4.786; 4.725
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