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Abstract

The effects of heavy doping and acceptor (donor) size on the electron (hole)-minority
saturation current density Jg,(Jg,) , injected respectively into the heavily (lightly) doped
crystalline silicon (Si) emitter (base) region of p™ —n junction, which can be applied to
determine the performance of solar cells, being strongly affected by the dark saturation
current density: ], = Jg, + Jgo, Were investigated. For that, we used an effective Gaussian
acceptor-density profile to determine Jg, , and an empirical method of two points to
investigate the ideality factor n, short circuit current density J., fill factor (FF), and
photovoltaic conversion efficiency 1, expressed as functions of the open circuit voltage V.,
giving rise to a satisfactory description of our obtained results, being compared also with

other existing theoretical-and-experimental ones. In particular, the highest n-value, obtained
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in the present paper is equal to: n(present) = 27.56%, given in the condition of completely
opaque and heavily doped (TI-Si) emitter-and-lightly doped (S-Si) base regions, with the
intrinsic band gap, Eg(rp) = 1.34 eV, where ry is the Tl-atom radius, while in our previous
paper we got: n(previous) = 31.55%, obtained in the condition of completely opaque and
heavily doped (S-Si) emitter-and-lightly doped (TI-Si) base regions, with Eg(rs) =
1.70 eV > Eg(rpy) = 1.34 eV, where rg is the S-atom radius. That is due to the impurity-size
effect, because of rg > rq;. Those results can be compared with a well-known highest n-value,
obtained by Richter et al. (R), n(R) =29.43% , as: n(present) =27.56% < n(R) =
29.43% < n(previous) = 31.55%.

Keywords: donor (acceptor)-size effect; heavily doped emitter region; ideality factor; open

circuit voltage; photovoltaic conversion efficiency

1. Introduction

In our recent paper [1], which will be henceforth be referred to as I, we studied the effects of
heavy doping and impurity size on minority-carrier transport parameters in heavily (lightly)
doped n(p)-type crystalline silicon at 300 K, respectively, being applied to determine the
performance of n* —p junction solar cells. Those effects of heavy doping and donor
(acceptor) size on the hole (electron)-minority saturation current density Jg,(Jg,), injected
respectively into the heavily (lightly) doped crystalline silicon (Si) emitter (base) region of
nt — p junction, which can be applied to determine the performance of solar cells, being
strongly affected by the dark saturation current density: ], = Jg, + Jpo, Were investigated. For
that, we used an effective Gaussian donor-density profile to determine Jg,, and an empirical
method of two points to investigate the ideality factor n, short circuit current density J., fill
factor (FF), and photovoltaic conversion efficiency 1, expressed as functions of the open
circuit voltage V., giving rise to a satisfactory description of our obtained results, being
compared also with other existing theoretical-and-experimental ones. In particular, in I, the
highest 1 -value, obtained in the condition of completely opaque and heavily doped (S-Si)
emitter-and-lightly doped (TI1-Si) base regions, was found to be equal to 31.55%.

Then, in the present paper [1-46], we will investigate the effects of heavy doping and impurity

size on minority-carrier transport parameters in heavily (lightly) doped p(n)-type crystalline
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silicon at 300 K, respectively, being applied to determine the performance of p*t — n junction

solar cells, by using a same treatment method as that given in L.

In Section 2, we study the effects of impurity size [or compression (dilatation)], temperature
and heavy doping, affecting all the energy-band-structure parameters such as: the intrinsic

band gap Eg;, intrinsic carrier concentration n;, band gap narrowing AE,, Fermi energy Eg,

gia

apparent band gap narrowing AE and effective intrinsic carrier concentration n;, . In

ga s
Section 3, using Equations (16, 17), an accurate expression for the optical band gap (OBG),
Egq1, is investigated, being found to be accurate within 1.88% and 1.46%, respectively, as
showed in Table 3. Some useful minority-carrier transport parameters such as: the minority-
electron mobility and diffusion length, p, and L., given in the heavily doped p-type emitter
region, and the minority-hole mobility and lifetime, W, and Tt,, and the minority-hole
saturation current density Jg,, being given in the lightly doped n-type base region, are also
presented in Section 4. Then, in Section 5, an accurate expression for the minority-electron
saturation current density, Jg,, injected into the heavily doped p-type emitter region of p*™ —
n junction silicon solar cells at 300 K is established in Eq. (35) or its approximate form given
in Eq. (40). Further, the total saturation current density: ], = Jg, + Jgo, Where ]p,, determined
in Equation (17), is the minority-hole saturation current density, Jg,, injected into the lightly
doped n-type base region of p™ — n junction silicon solar cells, can be used to investigate the
photovoltaic conversion effect, as presented in Section 6. Finally, some concluding remarks

are discussed and given in Section 7.

2. Energy-Band-Structure Parameters in Acceptor (Donor)-Si Systems

Here, we study the effects of acceptor (donor) [a(d)]-size, temperature, and heavy doping on

the energy-band-structure parameters of a(d)-Si systems, as follows.
2.1. Effect of d(a)-Size

In a(d)-Si systems at T=0 K, since the a(d)-radius T,y , in tetrahedral covalent bonds is
usually either larger or smaller than the Si atom-radius r,, assuming that in the B(P)-Si
system rgpy =r, = 0.117 nm , with 1nm = 10°m , a local mechanical strain (or
deformation potential energy) is induced, according to a compression (dilation) for r,qy > r,
(Taca) < T,), respectively, due to the a(d)-size effect. Then, in the Appendix A of our recent

paper [43], basing on an effective Bohr model, such a compression (dilatation) occurring in
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various a(d)-Si systems was investigated, suggesting that the effective dielectric constant,

€(Ta)), decreases with increasing r,(gy. This r,g)-effect thus affects the changes in all the
energy-band-structure parameters, expressed in terms of €(r,(q)), noting that in the B(P)-Si
system &(rgpy), = 11.4. In particular, the changes in the unperturbed intrinsic band gap,
Ego(rB(p)) =1.17eV , and effective a(d)-ionization energy in absolute values

an(do)(rB(p)) = 33.58 meV, are obtained in an effective Bohr model, as [43]:

Ego(Tac@) = Ego(TBp)) = Eao(ao)(fa@) = Eao(ao) ()

e(rpepy) : 1
= an(do)(rB(P)) X [(8(1‘12)) - 1] :

Therefore, with increasing ry(q), the effective dielectric constant €(r,cq)) decreases, implying
that Ego(ra(d)) increase. Those changes, which were investigated in our previous paper [43],
are now reported in the following Table 1, in which the data of the critical d(a)-density
Nen(ep)(Fa)) are also reported. This critical density marks the metal-to-insulator transition
from the localized side (all the impurities are electrical neutral), N(N,) < Ney(cp) (rd(a)) , to
the extended side, N(N;) = Ncp(cp)(Taca)), assuming that all the impurities are ionized even at
0 K. However, at T = 300 K, for example, all the impurities are thus ionized and the physical
conditions, defined by: N(N,) > Ncn(p)(Taca)) and N(N,) < Nenep)(Taca)), can thus be used

to define the n(p)-type heavily and lightly doped Si, respectively.
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Table 1. The values of rq(,), €(Fgca)), and Ego(rgca)), and critical impurity density Ncp(cp)(Tqca)), at T=0 K, obtained in I, are reported here.

Donor Sb P As Bi Ti Te Se S
rqy (nm) 0.1131 0.1170 0.1277 0.1292 0.1424 0.1546 0.1621 0.1628
e(rq) 12.02 11.40 8.47 7.95 4.71 3.26 2.71 2.67
Ego(rq) (eV) 1.167 1.170 1.197 1.205 1.333 1.547 1.729 1.749
Nen(re) (108 cm™3) 3 3.52 8.58 10.37 50 150.74 261.24 274.57
At T=300 K, the conditions: N > N,(rg) and N < N, (r4), can thus be used to define the n-type heavily-and-lightly doped Si, respectively.

Acceptor B In Tl
r, (nm) 0.1170 0.1352 0.1410
&(r,) 11.40 5.57 4.42
Ego(ra) (eV) 1.170 1.292 1.387
N, (r,) (10" cm™3) 4.06 34.73 69.87

At T=300 K, the conditions: N, > N,(r,)) and N, < N, (ry)), can thus be used to define the p-type heavily-and-lightly doped Si, respectively.
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2.2. Temperature Effect

Being inspired from excellent works by Pidssler [34, 35], who used semi-empirical
descriptions of T-dependences of band gap of the Si by taking into account the cumulative
effect of electron-phonon interaction and thermal lattice expansion mechanisms or all the
contributions of individual lattice oscillations [33-35], we proposed in our recent paper [43] a
simple accurate expression for the intrinsic band gap in the silicon (Si), due to the T-

dependent carrier-lattice interaction-effect, Eg (T,rd(a)), as:

2.201

Egi(T,rd(a)) =~ Ego(rd(a)) —0.071 (eV) X [1 + ( )2'201 . -1 (2)

440.6913 K

where the values of Ego(rge)) due to the d(a)-size effect are given in Table 1 and those of
Egi(T = 300 K,rd(a)) tabulated in Table 2. Further, as noted in this Reference 43, in the (P,
S)-Si systems, for 0K < T < 3500 K, the absolute maximal relative errors of this Eg-result

were found to be equal respectively to: 0.22% and 0.15%, calculated using the very accurate
complicated results given by Péssler [35]. Then, in the p(n)-type heavily (lightly) doped (HD)
silicon at temperature T, the effective mass of the minority (majority) electron can be defined

by [32, 33]:

Ego(ta) \|
r
me(Tra) = [0.9163 x (0.1905 x —2—2D) |
Egi(Tra@)
Ego(ra(d)) )2/3

(3)
—=0.3216 X m, X
° <Egi(T'ra(d))

m, being the electron rest mass, and the effective mass of the majority (minority) hole yields

[32, 33]:

m, (T)
_—2/3
- gv
(0.443587 + 0.3609528 x 1072T + 0.1173515 x 1073T? + 0.1263218 x 107°T3 -

1+ 0.4683382 x 1072T + 0.2286895 x 1073T? + 0.7469271 x 107°T3 + 0.

(4)

which gives m,(T =0K) =m,, = 0.3664 X m,. Here, g, =2 is the effective average

number of equivalent valence-band edges. Here, the intrinsic carrier concentration n; is

defined by
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— Egi(Tra))
nZ(T,ryq) = NC(T,ra(d)) x N, (T) X exp ( glkBT 2 (5)
where, Ny is the conduction (valence)-band density of states, given by [32, 33]:
() X T
m.(T,r x kgT\?
Ta(a) B _
Ne(Tora) = 28c X < - zanhz > (cm™) ©)
3
m,(T) X kgT\2
N,(T) = 2g, X <%> cm™3). (7
T

Here, h = h/2m is the Dirac’s constant, kg is the Boltzmann constant, and g. =6 is the

effective average number of equivalent conduction-band edges.

Moreover, at T=300 K, using Equations (2, 5), some typical results of Eg and n;, are

calculated as functions of T4 and tabulated in following Table 2.
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Table 2. Typical values of intrinsic carrier concentration n;(T, rqc,), 8c) and intrinsic band gap Eg;

Donor Sb P As Bi Ti Te Se S
Egi(300) ineV 1.1215 1.1245 1.1515 1.1595 1.2875 1.5015 1.6835 1.7035
n;(300K) in 101 cm™3 1.13 1.07 6.34 x 107! 543 x 107! 4.56 x 1072 7.26 x 107* 2.14x 1075 1.46 x 1075
Acceptor B Al Ga In Tl
E;(300) ineV 1.1245 1.1495 1.1555 1.2465 1.3415
n;(300K) in 10° cm=3 1.07 6.59 x 107! 5.87 x 107! 1.01 x 107! 1.60 x 1072
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From those results, one remarks that n; (rd(a)) decreases with increasing rgg) since
Egi(rd(a)) increases as observed in this Table 2, being due to the donor (acceptor)-size effect.
2.3. Heavy doping effect

In the HD acceptor-Si system, we can define the effective intrinsic carrier concentration n;e,

by

2_
le_N><n0_n xexp

®)

where n is determined in Equation (5), N is the total acceptor density, n, is the density of

minority electron at the thermal equilibrium, and the ABGN is defined by:
N
AE,, = AE, + kT X In (N—) _E, ©)
v
where Ny is defined in Equation (7), noting that , from Eq. (8), we can also define the

“effective acceptor density” by [10]: Nper = N/exp [%] so that Npeg X n, = niz. Further,
B

in Eq. (9), the Fermi energy Ep can also be determined with a precision of the order of

2.11 x 10™* [40], as that determined in Eq. (A3) of I, in which the reduced donor density u

is now simply replaced by the reduced acceptor one: w = Furthermore, in Eq. (9), the

v(T)
BGN, AE,, due to the heavy doping effect, can also be determined in Equation (A15) of I, by

a similar way, being appropriate to the BGN, obtained now in the HD acceptor-Si systems as:

AE,(Nr,) = a; X 8?33 x N3+ a, x SEFB; X N3 x (2.503 X [ — E.(ry) X rs]) + a3 X

[@ 5/4 % N:/;l_ x mC(T,ra) E(FB
&(ra) \I my(T) \l

(10)

1
X N2 x2+a [Ef‘? x NE,

where N, = m x 1017 cm , a;=3.15x1073,a, =541x10"% a3 =2.32 x

1073,a, = 4.195 x 1073,a5 = 9.8 x 107>, and E.(r,) is the shift in majority valence-band
edge, determined in Eq. (A7) of 1, as a function of the effective Wigner-Seitz rg, by:
1

r (Nr,) = (i)§ X — S, an(r,) = 52917715 x 1079 x Efn—’ (cm),

4mN ag(ra

ag(r,) being the effective Bohr radius.
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Then, in such the P-Si system at 300K, being inspired by the term: kgT X In (Nl) given in Eq.
C

(9), and also by the last term given in Eq. (10), we propose an empirical form (EF) of the
ABGN, as:

1
AEg,@r = 9.987 X 107% x In (1017—“;_3) +1.039 x 10~ x N
(11)

It should be noted that the empirical forms given in Equations (10, 11) have been chosen such
that the obtained numerical results of optical band gap (OBG) are accurate as seen in next

Table 3.

Now, in d-Si systems at 300 K, our numerical ABGN ( AEg, )-results are calculated as

functions of N, using Equations (9, 11), and plotted in the following Fig. 1.
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Fig. 1. (a) Comparison of ABGN (AEg,)-results given in the P-Si system, (b) relative ABGN-

deviations given in the P-Si system, and (c¢) our ABGN-results given in heavily doped acceptor-Si

systems, obtained using Eq. (9).
Here, one observes that:
(1) the absolute maximal relative deviation yields about 27.5%, and

(i1) in Fig. 1(c), for a given acceptor (Al, Ga, In, T1)-Si system, due to the heavy doping effect,
or ABGN-result increases with increasing N, and for a given N, due to the donor-size effect,

ours increase (T) with increasing r,.

3. Conjunction between Electrical-and-Optical Phenomena

First of all, we define the optical band gap (OBG) by [26]:
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Egl(O) (N,T,I‘a) = Egi(Tﬁra) - AEg (N, ra) + EF(Nﬁra)a (12)
suggesting that the optical phenomenon is represented by Egq (o).

Furthermore, it is possible to establish a conjunction between the electrical (E) and optical (O)

phenomena, obtained from Equations (9, 12), by:

N
Egl(E) (N,T,I‘a) = Egi(T;ra) - AEga (N' ra) + kBT X ln (NV(T)>

which can be rewritten, for example, replacing AE,, by AEg, gy determined in Eq. (11), as:

N
Egi(ey(N,T,r,) = Egi(T,r) — ABgery + kpT X In (NV(T)). (13)

Now, in the P-Si system, our numerical Egq(op)-results, calculated using Equations (12, 13)
for at T=300 K, are tabulated in following Table 3, in which our numerical results of Egq 0
and Egyg) are accurate within 1.88% and 1.46%, respectively, confirming the accuracy of

our empirical forms chosen in Equations (10, 11).
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Table 3. Our numerical results of optical band gap, Egq o), expressed as functions of N, and their relative deviations, calculated by: RD(%)=1-(our

Egq(0p)-results/ Egq-data),

where the Egq-data are given in Ref. 45.

N (1018 cm™3) 6.5 11 15 26 60 170 400
Eg1 (eV)-data 1.036 1.044 1.048 1.051 1.062 1.086 1.102
Eg1(0)(€V) 1.055 1.062 1.066 1.071 1.076 1.092 1.101
RD(%) -1.87 -1.75 -1.69 -1.88 -1.35 -0.55 0.04
Eg1)(eV) 1.042 1.051 1.055 1.064 1.077 1.094 1.107
RD(%) -0.60 -0.63 0.72 -1.26 -1.46 0.73 -0.50

The underlined |RD|-values are the maximal ones.
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4. Minority-Carrier Transport Parameters

Here, in the heavily doped p-type emitter region and the lightly doped n-type base region of
p" —n junction silicon solar cells, the minority-electron (hole) transport parameters are

studied as follows.
4.1. Heavily doped n-type emitter-region parameters

In order to determine the minority-electron saturation-current density Jg,, injected into the
heavily doped p-type emitter-region, we need to know an expression for the minority-electron

mobility ., being related to the minority-electron diffusion coefficient D., by the well-
known Einstein relation: D, =%T>< We , where e is the positive hole charge. Here, in

acceptor-Si systems at 300 K, since the minority-electron mobility depends on N [4], and also

e(r,) [12], we can propose:

1360 — 92 e(r,)\
he(N, Tr) = |92 + i | % (505

n ( Na ) ’ S(rB) (14)
1.3 x 107cm™3
T \3/2
2y7—1—1
X(SOOK) (em™V="s™)

noting that as T = 300 K, and r, = rg, Eq. (14) is reduced to that investigated by Slotbottom
and de Graaff [4], and for a given N and with increasing r,, M. decreases, since €(r,)
decreases, as seen in Table 1, in good accordance with that observed by Logan et al. [10].
Further, from Equations (5, 8, 9, 11, 14), we can define the following minority-electron
transport parameter F as:

2
0 Naeff. — N

ngxDe Do

F(N,T,r,) = (15)

ABGN

—5 —
st (€M X'8), Npegp = —
] exp kBT]

Dexexp [I(E;_T

where Np.g is the “effective doping density” [10] and the ABGN is determined in Eq. (9) or
Eq. (11).

Furthermore, the minority-electron diffusion length, L.(N,T,r,) = ./te X Do, T. being the

minority-electron lifetime, can be determined by [23, 26]:

_ _ Naerr) n?
L;2(N,T,r,) = [t X D] = (C x F)? =<C>< DZ ) = anoxlDe (16)
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where the constant C[= 10717 (cm*/s)] was chosen in this work. Here, one remarks that T,

can be computed since D, (or W) and F are determined respectively in Equations (14, 15).
4.2. Lightly Doped n-type Base-Region Parameters

Here, the minority-hole saturation current density injected into the lightly doped n-type base

region, with a donor density equal to Ny, is given by [2, 8]:

’Dh(NdrT:rd)
e X niz(T,rd) X W (17)

Ny

JBo (NdJTer ) =

where niZ(T,rd) is determined in Eq. (5) and D, (NgT,rq) EkBTTx up(Ng,T,rqy) is the

minority-hole diffusion coefficient, noting that Eq. (17) is valid only for Ny < 106 cm™3,

Here, in the donor-Si system, p;, is the minority-hole mobility, being determined by [12, 17]:

500—130 2 T \3/2 4
iy (Na/ Trgige) = |130 + —22 el x (F8) x (555) - (em?Vis™)

) e(rp) 300K
8x1017 cm—3

(18)

being reduced to the result obtained by del Alamo et al. [11, 17], as T=300 K and rgq = rp,
and t,(Ny) is the minority-hole lifetime, determined by [26]:

(Nt = ZSX—110_3 +11.76 x 1073 X Ng + 2.78 x 10731 x N. (19)

Moreover, in Eq. (18), one notes that, for a given Ny and with increasing rq,
decreases, since €(rq) decreases, as seen in Table 1, in good accordance with that

observed by Logan et al. [10].

In the following, we will determine the minority-electron saturation-current density Jg, ,

injected into the heavily doped p-type emitter-region of the pt — n junction solar cells.

5. Minority-Hole Saturation Current Density

Let us first propose in the non-uniformly and heavily doped (NUHD) emitter region of
acceptor-Si devices an expression for the effective Gaussian acceptor-density profile or the

acceptor (majority-hole) density, being defined in the emitter-region width W, by:
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(20)

p(x) =N X exp {_ (%)2 x In [Nol(\IW)]} =Nx [Nol(\IW)

0.5
where N, (W) = 2 x 10> X exp {— (ﬁ) } (ecm™3), 1 um = 10~* cm, decreases with

increasing W, in good agreement with the doping profile measurement on silicon devices,

studied by Essa et al. [14]. Moreover, Eq. (20) indicates that:
(1) at the surface emitter: x=0, p(0) = N, defining the surface acceptor density, and

(ii) at the emitter-base junction: x=W, p(W) = N (W), which decreases with increasing W,
as noted above. Moreover, all the parameters given in Eq. (20) were chosen such that the
errors of our obtained Jg,—values are minimized, as seen in next Table 4, and our numerical
calculation indicates that, from Equation (20), the highest values of W are found to be: W >

—3 and with

136 um, being equivalent to W — oo. Then, for example, for N = 5 X 102° cm
some different values of W, the numerical results of p(x) are calculated as a function of the

emitter depth x, and then plotted in Fig. 2.

Sl T T
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1} 500 1000 1500

Fig. 2. The numerical results of the effective Gaussian acceptor-density profile p(x).
Now, from Eq. (15), for 0 < x < W, and using Eq. (20), one has:

ga(P(X))

Naerr (x) = p(x) /exp [ 222 1)

Then, under low-level injection, in the absence of external generation, and for the steady-state

case, we can define the minority-electron density by:
nz

n,(x) = m (22)

and a normalized excess minority-electron density [or a relative deviation between n(x) and

n,(x)] by [23, 26]:
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u(x) = —n(x)n_(;l)" ) (23)

which must verify the two following boundary conditions proposed by Shockley as [3]:

o _ h&x=0)
ux=0) = S G =0) @4
=W) = v 1, f 1w 1 2
u(x =W) = exp (m) — 1, for sma — values. (25)

Here, n(V) is an ideality factor, S (%) is the hole surface recombination velocity at the

emitter contact, V is the applied voltage, Vi = (kgT/e) is the thermal voltage, and the
minority-electron current density J.(x), being found to be similar to the Fick’s law for

diffusion equation, is given by [9, 23]:

en’ du(x) . en?De(x)  du(x)

Je(®) = < X

FO © dx | N (x) - dx (26)

where F(x) is determined in Eq. (19), in which N is replaced by p(x), proposed in Equation
(20).

Further, the minority-electron continuity equation yields [9, 23]:

Te(N) 1

dle®) _ en? u) 9 u(x) .
Te(p(®)  Te(N)

dx i X FeoxiZ N X N coxreet)  © X [n(x) — no(x)] X

27)
Then, from these two Equations (26, 27), one obtains the following second-order differential
equation as [1, 23]:

du(x) dF(®) du(x) u(x) _
o dx . dx L)

(28)

Using the two boundary conditions (24, 25), one thus gets the general solution of this

Equation (28) as [1, 23]:

. v
u(x) = [A(W) x sinh(P(x)) + B(W) X cosh(P(x))] X (exp (n(V)XvT) — 1), (29)
_ 1 _ B _ De(No(W)) _(x
where A(W) = — o ireemeany [WS) =5 = ooy and P(x) = [, Cx F(x)dx,
since dZ—iX)E Cx F(x) . Here, C= 10717 (cm*/s) , as that chosen in Eq. (16), and the

hyperbolic sine-and-cosine functions are defined by: sinh(x) = 0.5 x [e¥—e™*] and

cosh(x) = 0.5 x [e* + e7*].
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Further, from Eq. (29), as P(W) « 1 (or for small W) one has: A z% or B~ 1, and one

therefore obtains: u(W) = [exp (ﬁ) - 1] , which is just the boundary condition given in
T

Eq. (25).

Now, using Equations (26, 29) at T=300 K, one gets:

Je(x Nyry, §) = Jgo (%, NT,r, S) X (eXp (ﬁ) - 1) (30)

where Jg, is the minority-hole saturation current density, being injected into the heavily

doped p-type emitter region, for 0 < x < W, and given by:
Jeo (%, N,rp, S) = en”C X [A(W) X cosh(P(x)) + B(W) x sinh(P(x))] (31)

One also remarks that, from Equations (16, 29-31), and after some manipulations, one gets:

Je(x=0)

u(x=0) = S 0)’ being just the boundary condition given in Eq. (24).

Now, using the P(x)-definition given in Equation (29), one can define the inverse effective
minority-electron diffusion length by:

1 1 W dx
Le,eff.(X=W; N;ra) W 0 Le(x)

1 w
= Wfo Cx F(x)dx = P(x = W, N,r,) /W (32)

where L, = (CF)™! is defined in Equation (16), in which N is replaced by p(x), being

determined in Equation (20). Therefore, for a simplicity, Eq. (32) can be rewritten as:

P(x=W,N,r,) W Wx Le (33)
x=W,Nr,) = =—
? Le,eff. Le Le,eff.
Then, from Eq. (29, 31), since B = A X [(W,S), one obtains:
2
en’C
=0,N,r,,S) = en’C X A = ‘ 34
Jro(x raS) = en; sinh(P) + I x cosh(P) 34)
cosh(P) + I x sinh(P)
= W,N,r,,S) = en?C x 35
Jro(x roS) = en;C sinh(P) + I x cosh(P) (35)
Now, from those results (30, 34, 35), one gets:
Jex=0N,r,S)  Jg,(x=0,Nr,S) B 1 (36)

J.x=WNr,S)  Jgo(x=W,Nr,S) cosh(P)+ I x sinh(P)

Further, using Equations (23, 29, 30) and going back to the minority-electron continuity
equation defined in Eq. (27), one gets:
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_r
JEo (x=W)

(37)

X []EO(X = W) - ]EO(X = 0) = ﬁ X Qe, eff.(X = W,N)] s

where T.(N,r,) is determined in Eq. (16), and Qg ;(C/cm?) is the effective excess

minority-electron charge density given in the emitter region, defined by [1, 23]:

Qe err(x = WN) = fj" e x [n(x) = mp ()] x 5 dx. (38)

Finally, from Equations (36, 37), if defining the effective minority-hole transit time by:
Teer (X = WN,S) = Qe o, (X = WN) /Jgo(x = W,N,r,,S) , one then obtains the reduced

effective minority-electron transit time, as [1, 23]:

Teeff X=WNra.80S) _ 1— JEo(x=0NraS) _ 1— 1 (39)
Te Jeo (x=W,N,r,,S) cosh(P)+Ixsinh(P)’

Now, from above Equations (34-39), some important results can be obtained and discussed

below.
5.1. Very large S( > 105° %, forexample)orS > coand P < 1or W < Ly sf.

Here, various results can be investigated as follows.

De(No(W))
SXLe(No(W))

JEo(=0NroS) 1
JEo(x=W,N,r,,S) ~ cosh(P)

(1) From Equations (34-36), since [(W) =

—0asS — oo,

1 since PK1,0r Jg,(x=W,Nr,S—> ) =]z x=0,N,r,S— o). Therefore, from Eq.

Tt eff. (X=W,N,rq,8c,S—)
Th(N)

(35), one obtains: — 0, suggesting a completely transparent emitter region

(CTER).

(i1) Further, from Equations (18-20, 39), since [ > 0 and P < 1, the result (35) is now

reduced to:

ZC 2 enZXD Xexp [_ABGN] 2 D

en; en; L i e KnT L en;x L

JeoX=W,N1,S - 0) =~ —1—=—x ool — By el — 7 2y Zeelh (40)
P FxW Le NxXW Le NpeffXW Le

being found to be independent of S and C, since % is independent of S and C, as
h

observed in Equations (16, 32), and noting that the ABGN-expression is determined by Eq. (9)
or by Eq. (11).

en?xD,

It should be noted that Cuevas et al. (CFY) [22] used a simplified form as: Jgo(c) = W
Aeff

explain their experimental results obtained from the samples: 2B1, 2B2, 2B3, 2B4 and 2BS,

as those given in Table 1 of this Reference 22, giving the relative deviations in absolute
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values equal to: 28.6%, 0%, 66.7%, 220% and 200%, respectively. It means that this
simplified Jgo(c) -formula is found to be inaccurate, due to the fact that they neglected an

Le,eff.

important ( 5

)-effect, given in this heavily doped emitter region.

Now, in the B-Si system, for T = 300 K,r, = rg, our two numerical ]g,-results are calculated,
using Equations (40, 9) and (40, 11), and tabulated in Table 4, in which the CTER -condition,

PK1 or % « 1, is fulfilled, and we also compare them with modeling and measuring

Te

Jgo-results investigated by Cuevas et al. (CFY) [22].
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Table 4. Our present results of Jg,, expressed as functions of N and W, and the corresponding relative deviations (RDs), calculated, using: RD(%)=1-
(Calculated Jg,/ Jgo-data), using the Jg,-data given by Cuevas et al. CFY [22], their calculated results [22], CFY- Jg,, and the corresponding RDs.

N (10*° cm™) o

6 20 60 100

W (um) 0.19 020 0.21 0.23 0.25
D.icev (€Mt /5) 2.6 18 15 1.3 13

Jeo — data(d/cm?) 7 x 10712 3x 10712 1.5x 10742 Sx 10713 5108
CFY- Jg(A/cm?) 5x 10712 3x 10712 2.5x 10712 L6x 10712 L.5x 10712
RD(%) 286 0 -66.7 220 -200
N,(cm™3) 0.064 0.1443 0.1017 0.052 0.027
D.(cm?/s) 2710 2.501 2.420 2.394 2.388
Present Jg,-results are obtained, using Equations (40, 9)

::[}:'J « 1 7.6x 1070 25x107° 9.5%x 107 3.8x 107" 1.5x 1077
h

Present Jz (A/cm?) 4,714 % 10712 2.596 x 10712 1.28 x 10712 6.644% 10713 3P 1078
RD(%) 32.6 135 114 -32.9 322
Present [g,-results are obtained, using Equations (40, 11)

r‘;—-';"]« 1 3.4x 1070 1.8x 107° 9.9x 107 4.7 x 1078 1.0x 1077
W

Present Jg,(A/cm?) 7.065 x 1072 3.02 x 10712 1.298 x 10712 5.967 x 10712 4.027 x 107
RD(%) 093 -0.73 13.4 -19.3 19.4
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The underlined |RD|-values are the maximal ones, being equal to: 220% for CFY- Jg, [22],
and 32.9% and 20.4% for our present Jg, - results, calculated using Equations (40, 9) and
(44,11), respectively.

Table 4 indicates that: (1) the RDs between our Jg,—values and measured CFY- Jg, ones are
well minimized, confirming that all the parameters given in Eq. (20) have been well chosen,

and (2) since for N > 6 X 102° cm™3, the measured CFY- Jg, values are not regular (for

example, they obtained the same results of Decpyy and CFY- Jg,. Furthermore, one notes
that our AEg, -expression given in Eq. (9) has been obtained, taking into account all the

physical effects such as: those of acceptor size, heavy doping and Fermi-Dirac statistics,

while in Equation (11) our AEg,r) -expression is only an empirical ABGN-form. So, we

will choose the ABGN-result (9) for all the following numerical calculations.

(ii1) Furthermore, in particular, for large S and small P, from Equation (36) one gets:

JEo(x=0N,rp,8) 1 - De(No(W)) _ (@2

JEo(x=W,N,r,,S)  cosh(P)+Ixsinh(P) SXLe(No(W)) 2

Then, from Equation (39), using Equations (16, 33) one obtains in the heavily doped case:

Do (N, (W) (P)?
Sx LN, W) <2 }

W LW W x( Le(No(W)) )2
a S Le,eff.(No(W)) ZDe(No(W)) Le,eff.(No(W))

Tt,eff. (X = WJN;ra;S) = Te X {

(41)

__ow ><(Le<NO(W)) )2 o
T 2D.(NgW)) ~ \Leer(No(W)) ) **°

and in the lowly doped case (i.e., Leegr = Le):

2 2
Teer (X = WNI,S) =1, = % + ;’;; =~ :;; ,as S — (42)

being just a familiar expression given for the minority-hole transit time t; obtained by Shibib

et al. [8].
5.2.Small S = 10750 (%) orS—0,and P>» 1or W >» Ly

De(No(W))

sxL.v.wy > sinee S — 0. Therefore,

Here, from Eq. (29) and for any N, one has: [ =

T off. (X=W> L eff ,N,12,5—0)

from Equation (39), one obtains: — 1, suggesting a completely opaque

Te

emitter region (COER).
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Then, in the B-Si system at 300 K, our numerical results of Jg,(x = W, N,r,,S) =Jg, and

Teeff, X=W,N,ra,S) _ Teeff.

Te Te

, for simplicity, are computed, using Equations (35, 39), and plotted into

Fig. 3 and Fig. 4, respectively, noting that all the above discussions are presented in those

Figures (3, 4).
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Fig. 3. (a, b) Our Jg,-results obtained as functions of N, (¢) our Jg,-ones obtained as functions of S.
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Fig. 4. (a, b) Our (T ¢ff /T )-results obtained as functions of N, (c) our (%)-ones obtained as

e

functions of S.

Finally, it should be noted that in next Section 6 we must know the numerical results of dark

saturation current density, defined by:
]o(X = W,N,ra,S, Nder) = ]EO(X = W,N,I'a,S) + ]Bo(Nder) (43)

where Jg, and Jg, are determined respectively in Equations (17, 35). Then, those are

tabulated in the following Table 5, in which all the physical conditions are also presented.
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Table 5. Our numerical results of J, = Jg, + Jgo, calculated using Eq. (43).

First case: In the heavily doped (HD) B-Si emitter region (N = 102° cm™3), and in the lightly doped (LD) P-Si base region (Nq = 10'® cm™3) in which ]z, = 7.26887 x 10713 (CA?)

For S=10°cm/s and W = 0.206 nm, according to the completely transparent emitter region, one has:

Jgo = 1.71228 x 107 (ﬁ) » Jg, and J, = 1.71301 x 10~ (%) ~ Jgo

Cl

For S=10°°cm/s and W = 4.4 nm, according also to the completely transparent emitter region, one has:

Jgo = 8.20629 x 10711 (ﬁ) > Jgo and J, = 8.27898 x 10711 (ﬁ) = Jgo

For S=10*cm/s and W = 0.36 um, one has:
A A
Jgo = 1.97026 x 10715 (—2) & Jgo and ], = 7.28858 x 10713 (—2) = Jg,

cm cm

For S=10"%cm/s and W = 136 um, according also to the completely opaque emitter region, one has:

A A
Jgo = 3.78487 x 10718 (—2) & Jgo and J, = 7.26891 x 10713 (—2) =g,

cm cm

Second case: In the completely opaque HD TI-Si emitter region (N = 5 X 102 cm™3,S = 107°° cm/s and W = 136 um), where J, = 4.23 x 10722 (Cmiz), and in the limiting lightly doped d-Si base region, in which
Ny = 10 cm™3,

(rr1, rq) (rr1, Tsb) (rmy, rp) (rr1, Tas) (r71, TBi) (v, rri) (rr1, Tre) (r71 Tse) (rm1, Ts)
IBo (ﬁ) 3.505 x 10714 3.097 x 10714 1.718 x 1071* 1.547 x 10~ 7.685 x 10715 5.148 x 10715 4.257 x 10715 4,185 x 10715
Jo (ﬁ) 3.505 x 10~ 3.097 x 1071* 1.718 x 1071* 1.547 x 1071 7.685 x 10715 5.148 x 10715 4.257 x 10715 4.185 x 101

Thus, ], = Jgo, since Jg, = 0.

Third case: In the completely transparent HD a-Si emitter region (N = 5 x 102 cm~3, S = 10°° cm/s and W = 0.000206 um), and in the lightly doped S-Si base region, in which ]z, = 1.70124 x 10713 (Cmiz) for
Ng = 10 cm™3,

(rs, ra) (rs, rB) (rs, ran) (rs) Ica) (rs, rm) (rs, rm)
Ik (22) 7.164 x 10710 4.345 x 1010 3.760 x 10710 2.318 x 10711 7.935 x 10713
Jo (=) 7.165 x 10710 4347 x 10710 3.762 x 10710 2.335 x 1011 9.636 x 1013
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Some important remarks are given and discussed below.

(1) In the first case, with decreasing S and increasing W, ], thus decreases from the CTER to

the COER, and one gets in this COER-condition: |, = Jg,.

(i1) In the second case or in the COER-condition, Jg, decreases with increasing rg4, being due

to the donor-size effect, and for given ryq one has: ], = Jg, since Jg, = 0.

(ii1) In the third case or in the CTER-condition, Jg, decreases with increasing r,, being due

to the acceptor-size effect.

It should be noted that these values of ], will strongly affect the variations of various
photovoltaic conversion parameters of p™ —n junction silicon solar cells, such as: the
ideality factor n, short circuit current density |, fill factor FF, and photovoltaic conversion
efficiency mn, being expressed as functions of the open circuit voltage, V,. [1, 5], as
investigated in the following. Our empirical treatment method used here is that of two points

[1]. The first point is characterized by [29]:
mA
Voe1 = 636 mV, [, =369 — (44)
and the second one by [29]:
Voz = 704 mV, ]y = 41.6 —. (45)

In the following, we will develop our empirical treatment method of two points, used to

determine the performance of p* — n junction solar cells.

6. Photovoltaic Conversion Effect

The well-known net current density ] at T=300 K, expressed as a function of the applied

voltage V, flowing through the p™ — n junction of silicon solar cells, is defined by:

_V__ kgT
JV) = Jpn (V) = Jo x | e X¥1 =1 ), Vy = —— = 25.8543 mV (46)

noting that J(V) = 0 at V.=V, , V,. being an open circuit voltage, at which J;, (V =V,) =
Jsc(W,N,1,S, Ng,rg, Vo) , where  Jg. is the short circuit current density. Here, ] is the

photocurrent density and J,(W,N,r,,S, Ngrg) =Jg, +Jgo 1is the “dark saturation current
density” or the pt —n junction leakage saturation current density in the absence of light,

defined in Equation (43). Therefore, the photovoltaic conversion effect occurs, according to:
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]sc(W:NrraﬁSﬁ NderﬁVoc) = ]o(WrN:raﬁSJ Nder) X (ev - 1): V(W,N,I‘a,s, Ndﬁrdﬁvoc)

_ Ve 47)
" n(V) x Vq
Here, n is the ideality factor, being determined by our empirical treatment method of two
points, as:

n(W,N,r‘a,S, Nd,rd,Voc)
= nl(W,N,ra,S, Nd'rdeoclJ]scl) + n, (W,N,ra,S, NderJVochscz)

\V4 Yn
X( 0C_1) )

ocl

(48)

which is valid for any W,N,r,,S, Ngq,rq,Voc = Vye1 » and increases with increasing V. for
given W,N,r,,S, Ny and rg4, noting that  will be chosen such that the following definition of

ny(y) Is correct.

Further, the values of Vi .1,Jsc1, Vo and Jg., are given in Equations (44, 45), and the

numerical results of nj, can be determined by:

_ V0c1(2) 1
n1(2) (W,N,ra,S, NderJVocl(Z)J]scl(Z)) = VT X ]scl(Z) (49)
In ( + 1)
Jo

which implies that both ny (or n) and ], have the same variations for given

(W,N,r,,S, Ng,rq)-variations, suggesting thus an important remark.

Furthermore, in Eq. (48), for the CTER-conditions such as:

0 ¢m

W = 0.000206 pm,N = 10?° cm~3,r, = r,S = 10° ~ Ng = 10 em™3rg =r1p,  (50)
one obtains: nyz = 1.45684 (1.60123), according to the value of the exponent y,, given in
Eq. (48), equal to 1.07616.

Then, the values of the fill factor FF, obtained as a function of V., can be proposed by:

V(W,N,r,,S, Ng,rg,Voo) — In[v(W,N,r,,S, Nyt Vo) + 0.72]
V(W,N,I‘a,s, Nd:rdivoc) + Yrr

FF(W,N,r,,S, Ng,rg,Voo) = (51)

where ypr = 0.7 was chosen such that, under the above conditions (50), the values of FF are
found to be equal about to 80%, noting that, in the case where both series resistance and shunt

resistance have a negligible effect upon cell performance, ygg, = 1, as proposed by Green
[5].

Finally, the photovoltaic conversion efficiency 1 can be defined by:
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Jse X Voo X FF

N(W,N,rg,S, N,,r,, Vo) = P
in.

(52)

where J,. and FF are determined respectively in Equations (47, 51), being assumed to be

obtained at 1 sun illumination or at AM1.5G spectrum (P;, = 0.100 Cmﬂz) [28, 29].

In summary, all above parameters such as: n, ], FF and n, defined in above, strongly depend

on J,, determined in Equation (43), which is thus a central result of the present paper.

Now, for given physical conditions such as: W,N,r,,S, Ng and ry, and by taking into account
all remarks given in Table 5 and also in above Equation (49), our numerical results of n, .,
FF and n, expressed as functions V,, are respectively computed, using Equations (48, 47, 51,

52), and reported in following Table 6 and Figures 5, 6 and 7.

In Table 6, in which, for 636< V,.(mV) < 745, the physical conditions used are those given
in Eq. (50), according to the CTER, we will get the precisions of the order of 9.1% for J,.,
6% for FF, and 9.8% for n, calculated using the corresponding data [2, 18, 19, 20, 25, 29, 30],
being strongly affected by ], = Jg, + Jpo, as noted above. One can conclude here that, with
such high accuracies of these performance parameters, our obtained Jg, -results given in

Table 4, using Equations (40, 9), may be accurate within about 9.8%.
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Table 6. With the physical conditions given in Eq. (58), our present results (PR) of n, J¢., FF, and 1, calculated using Equations (52, 51, 56, 57), being
compared with corresponding data (D), and their relative deviations (RD), computed using the formula: RD=|1 — (PR/D)|. VC

Data (D) from Voe n Jsepr (Jsem) );RD FF r) (FF(p) );RD Neer) (N );RD

References (mV) D ) (%) %) (%) (%) %) (%) (%)
[2] 745 1.6968 40.66 (39.4); 3.2 79.79 (80.9); 1.4 24.17 (23.7); 1.9
2] 729 1.6591 41.18 (38.5); 6.9 79.80 (79.1); 0.9 23.95 (22.1); 8.4
2] 735 1.6732 41.00 (38.5); 6.5 79.80 (77.5); 3.0 24.05 (21.9); 9.8
2] 726 1.6521 41.26 (37.8); 9.1 79.80 (79.7); 0.1 23.90 (21.8); 9.6
2] 639 1.4619 37.70 (39.3); 4.1 79.73 (78.9); 1.0 19.20 (19.8); 3.0
[25] 655 1.4934 39.90 (39.5); 1.0 79.77 (79.9); 0.1 20.85 (20.7); 0.7
[25] 656 1.4955 39.99 (39.5); 1.2 79.80 (79.8); 0.0 20.93 (20.7); 1.1
[20] 727 1.6544 41.23 (38.9); 6.0 79.80 (78.4); 1.8 23.92 (22.1); 8.0
[29] 704 1.6012 41.60 (41.6); 0.0 79.81 (83.5); 4.4 23.37 (24.5); 4.6
[29] 704 1.6012 41.60 (41.5); 0.2 79.81 (81.0); 1.5 2337 (23.7); 1.4
[29] 712 1.6196 41.53 (38.4); 8.1 79.81 (78.7); 1.4 23.60 (21.5); 9.7
[29] 678 1.5428 4127 (39.5); 4.5 79.80 (80.3); 0.6 2233 (21.5);3.9
[29] 636 1.4568 36.90 (36.9); 0.0 79.71 (77.0); 3.5 18.71 (18.1); 3.3
[18] 677 1.5406 41.24 (40.3); 2.3 79.80 (80.6); 0.9 22.28 (22.0); 1.3
[18] 729 1.6591 41.18 (39.6); 3.9 79.80 (80.0); 0.2 23.95 (23.0); 4.1
[18] 704 1.6012 41.60 (41.9); 0.7 79.80 (81.0); 1.5 23.37(23.9); 2.2
[19] 651 1.4852 39.49 (38.8); 1.8 79.76 (76.4); 4.4 20.51 (19.3); 6.2
[19] 721 1.6404 41.37 (40.5); 2.1 79.80 (82.9); 3.7 23.80 (24.2); 1.6
[19] 704 1.6012 41.60 (42.0); 0.9 79.81 (83.5); 4.4 23.37 (24.7); 5.4
[30] 738 1.6802 40.91 (42.6); 4.1 79.79 (84.9); 6.0 24.09 (26.7); 9.7
[30] 674.2 1.5345 41.13 (41.1); 0.1 79.80 (80.5); 0.9 22.13 (22.3); 0.8
[30] 687 1.5628 41.50 (38.5); 7.8 79.81 (80.3); 0.6 22.75 (21.2); 7.3

The underlined RD(%)-values are the maximal ones, being equal to: 9.1% at V,. =726 mV for Js(pg), 6.0% at V,. =738 mV for FFygy, and 9.8% at V,

735 mV for T](pR).
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In Figures 5 (a), (b), (c) and (d), the physical conditions used are:
N =102 cm™3r, = r5, Ny = 10'® cm™3, r4 = rp, and different (S, W) — values.  (53)
Here, for a given V., and with decreasing S and increasing W, we observe that:

(1) in the Fig. 5 (a), the function n (or the function J, given in Table 5) decreases from the

CTER to the COER,

(i1) in Figures 5 (b), 5 (c) and 5(d), the functions J,., FF and n therefore increase from the
CTER to the COER, and

(iii) in Figure 5 (d), for the physical functions: W=136 um and S = 107> cm/s, the function
g phy =

n reaches a maximum equal to 27.36% at V,.=742 mV; here 1 um = 10™° m.
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Figure 5. (a) Our n-results, (b) ]SC(%)-results, (c) FF(%)-results, and (d) n(%)-results, plotted as
functions of V,. and obtained with increasing W and decreasing S (or from the completely

transparent emitter region to the completely opaque emitter region).

In Figures 6 (a), (b), (c) and (d), the physical conditions used are:

cm
W =136 um, N = 5 x 10% cm™%r, =1y, § = 1070 —,

Ng = 1016 cm™3, 14, and Eg(ry) at 300 K, (54)

according to the COER, and they are also given in these Figures and in Table 5 for the second
limiting case, in which ], =]Jg, , since Jg, =0 . Thus, this simplifies the numerical
calculation of functions n, Js., FF and n, using Equations (48, 47, 51, 52), where ], is
replaced by Jg,, determined by Eq. (17). Further, in Equation (54), the values of Eg(ry) are
given in Table 2. Then, for a given V,. and with increasing rq -values, it should be

concluded that, due to the acceptor-size effect,
(1) in the Fig. 6 (a), the function n (or the function ], given in Table 5) decreases ({), and

(i1) in Figures 6 (b), (c), (d), the functions Js., FF and n therefore increase (T), and in
particular, in Fig. 6 (d), for the completely opaque (TI-Si) emitter-region conditions, where
Jgo =0 or J,=Jg,, the maximal n-values are equal to: 27.35 %,..., 27.56 %, at V. =742
mV,...,739 mV, according to the Eg -values equal to: 1.11 eV,..., 1.70 eV, which are
obtained in various lightly doped (Sb,..., S)-Si base regions, respectively, being due to the

donor-size effect.
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Fig. 6. (a) Our n-results, (b) ]sc(%)-results, (c) FF(%)-results, and (d) n(%)- results, plotted as

functions of V., and obtained in the COER-conditions, as those given in Eq. (54).

Finally, in Figures 7 (a), (b), (c) and (d), the physical conditions used are:

cm
W = 0.000206 pm, N = 5 x 102 cm™3,1,,S = 105"?,

Ng = 10'® cm™3, ry = rs, and E4(r,) at 300 K, (55)

according to the CTER, and they are also given in Table 5 for the third case. Here, the values
of  Eg(ry) at 300 K are given in Table 2. Then, the numerical results of n, J., FF and 1 are
calculated, using Equations (48, 47, 51, 52). Further, for a given V,. and with increasing

r,-values, it should be concluded that, due to the acceptor-size effect,

(1) in the Fig. 7 (a), the function n determined in Equation (52) (or the function J, given in
Table 5) decreases (1), and

in Figures 7 (b), (¢), (d), the functions ], FF and n therefore increase (T), and in particular,
in Fig. 7 (d), in the conditions of completely transparent and heavily doped (acceptor-Si)
emitter-and- lightly doped (S-Si) base regions, the maximal n-values are equal to: 24.59 %,...,
26.52 %, at V=771 mV,...,743 mV, according to the Eg-values equal to: 1.1245 €eV,...,
1.3415 eV, obtained in various (B,..., T1)-Si emitter regions, respectively, being due to the

acceptor-size effect.
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Fig. 7. (a) Our n-results, (b) ]sc(%)-ones, (c) FF(%)-ones, and (d) n(%)-ones, plotted as functions

of V,. and obtained in the CTER-conditions.
7. Concluding Remarks

We have developed the effects of heavy doping and impurity size on various parameters at
300 K, characteristic of energy-band structure, as given in Sections 2 and 3, and of the
performance of crystalline silicon emitter (base) regions of p™ — n junction solar cells, being
strongly affected by the dark saturation current density: ], = Jg, + Jgo, as given in Sections 4,

5 and 6. Then, some concluding remarks are obtained and discussed as follows.

(i) Using the optical band gap (Eg; )-data given by Wagner and del Alamo [45], our Eg -
results, due to the heavy doping effect and calculated using Eq. (12), are found to be accurate

within 1.88%, as observed in Table 3.

(i1) In the CTER-conditions, as those given in Table 4, and using the g, -data, given by
Cuevas et al. [22], and Equations (40, 9) and Equations (40, 11), our Jg,-results, obtained in
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the heavily doped and completely transparent (B-Si) emitter region, are found to be accurate
within 32.9% and 19.4%, respectively, while the calculated Jg,-results, obtained by Cuevas et
al. [22], are accurate within 220%.

(ii1) For given physical conditions and using an empirical treatment method of two points, as
developed and discussed in Section 6, both our two results (n and ], ) have the same
variations, which strongly affect other (V,., Js., FF, n)-results, as discussed in Eq. (49),

indicating that ],, determined in Eq. (43), is a central result of our present paper.

(iv) In the CTER-conditions, as those given in Eq. (50), and using various (Js., FF, n)-data [2,
18, 19, 20, 25, 29, 30], we get the precisions of the order of 9.1% for Js., 6% for FF and 9.8%
for n, being strongly affected by ], = Jg, + Jgo, as noted above. Thus, we can conclude here
that, with such high accuracies of these performance parameters, our obtained Jg, -results

given in Table 4, using Equations (40, 9), may be accurate within about 9.8%.

(v) In the physical conditions of completely opaque and heavily doped (TI-Si) emitter-and-
lightly doped (donor-Si) base regions, as given in Eq. (54), and in the physical conditions of
completely transparent and heavily doped (acceptor-Si) emitter-and-lightly doped (T1-Si) base
regions, as given in Eq. (55), our calculated maximal n-values, due to the impurity-size effect,
are found to be equal to: 27.35%, ..., 27.56%, as seen in Figure 6 (d), and 24.59%, ...,
26.52%, as observed in Figure 7 (d), respectively. So, the highest n-value, obtained in the
present paper is equal to: n(present) = 27.56%, obtained in the condition of completely
opaque and heavily doped (TI-Si) emitter-and-lightly doped (S-Si) base regions, with
Egi(rr) = 1.34 eV, while in our previous paper [1] we got: n(previous) = 31.55%, obtained
in the condition of completely opaque and heavily doped (S-Si) emitter-and-lightly doped (TI-
Si) base regions, with Eg(rs) = 1.70 eV > Eg(rpy) = 1.34 eV, being due to the impurity-size
effect, because of rg > rq, as seen in Table 1. Furthermore, those results can be compared
with a well-known highest 1-value, obtained by Richter et al. (R) [27], n(R) = 29.43%, as:
n(present) = 27.56% < n(R) = 29.43% < n(previous) = 31.55%.

Acknowledgments: We thank Prof. Dr. Nghi Q. Lam, the Former Editor-in-Chief of Applied
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