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Abstract:

In our recent works [1, 2], by basing on: (1) the effects of heavy(light) doping and donor
(acceptor), d(a), size , which affect the total carrier-minority saturation current density Joiry =
Jeneyo + JBpmyor  JEn(pyoUBp(n)o): DEING injected respectively into the heavily doped donor
(acceptor)-GaAs emitter-lightly doped acceptor (donor)-Si base regions, HD[d(a)-Si]ER-
LD[a(d)- Si]BR, of n™(p™) — p(n) junction solar cells, respectively, (2) an effective Gaussian
donor-density profile to determine Jgn(p)o, and (3) the use of two experimental points, we
investigated the photovoltaic conversion factor Ny, short circuit current density Jsi(y, fill factor
Fiany» and finally efficiency nyqy. Then, the limiting highest efficiencies, 31% (30.65%), were

obtained in n*(p*) — p(n) junction solar cells at 300K.

In the present work, by basing on such a treatment method, and using the physical conditions
such as: W = 15 pm, Ngpqny = 10%° (10®°) cm™3and S = 100 (cm/s) , according to the
highly transparent HD[Sb(In)-GaAs]ER, and then Njn(spy = 108 (10*")em™2 for LD[In(Sb)-
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GaAs]BR, of n*(p™) — p(n) junction solar cells, we get respectively the maximal values of Ny,
Miany—max. =31.474% (44.359%), as those observed in Tables 3 et 5, which can be compared with

the result of N=29.1% , obtained for GaAs-thin film cell, and N =457% , for
GalnP/GaAs/GalnAs/GalnAs multijunction cell, by Green et al. [3].

Keywords: donor (acceptor)-size effect; heavily doped emitter region; photovoltaic conversion

factor; open circuit voltage; photovoltaic conversion efficiency

1. Introduction

In our recent works [1, 2], by basing on: (i) the heavy doping and impurity size effects, which
affect the total carrier-minority saturation current density Jo 1y = Jen(pyo + Jgp(n)or Where those
Jen(eyo UBp(nyo) are injected respectively into the heavily doped donor (acceptor)-Si emitter-
lightly doped acceptor (donor)-GaAs base-regions, HD[d(a)-Si]ER-LD[a(d)-Si]BR, of the
n"(p*") —p(n) junction solar cells, denoted by I(II), respectively, (ii) an effective Gaussian
donor (acceptor)-density profile Py to determine Jgn(pyo[1, 2, 13, 18-20, 22] and (iii) the use of
two fixed experimental points, we investigated the photovoltaic conversion factor Ny, the short
circuit current density Jsciry, the fill factor Fy(y, and finally the efficiency Ny [1- 45]. These

physical quantities were expressed as functions of the open circuit voltage V., and various

parameters such as: the emitter thickness W, high donor (acceptor) density Nge , surface
recombination velocity S, given in the HD[d(a)-Si]ER, and low acceptor (donor) density Na)

in the LDJ[a(d)-Si]BR.

Further, we remark [1, 2] that: (a) for a given V., both Ny and Jo 1y have the same variations
and strongly affect other ( Jsciqny, Fiqy, Niqny)-results, and (b) for a given V¢, and with decreasing
S and increasing W, while both Ny and Jo (1) decrease from the completely transparent emitter
region (CTER), as S - oo, to the completely opaque emitter-region (COER), as S - 0, Jseiqny»

Fiany, and nyqy therefore increase from the CTER-case to the COER-one.

Then, in our present work, we have used such a treatment method [1, 2] to determine the
numerical results of Jsciqry, Fiany, and Ny, given in HD[d(a)-GaAs]ER- LD[a(d)-GaAs]BR of the
n"(p™) — p(n) junction solar cells, obtained in the CTER-cases, as those given in Tables 2-5. In
particular, in the CTHD(Sb-GaAs)ER-LD(In-GaAs)BR of the n* —p junction solar cell, the
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maximal value of ), is found to be given by: N—max. =31.474 %, as observed in Table 3, and in
the CTHD(In-GaAs)ER-LD(Sb-GaAs)BR of the p*—n junction solar cell, by:
Ni—max. =44.359 %, as obtained in Table 5.

In Section 2, all the results energy-band-structure parameters for d(a)- GaAs systems are reported

in Table 1, and the expressions for Jgn(p)o are also reported, so that we can determine the total (or
dark) carrier-minority saturation current density Joiry = Jenpyo + JBp(nyor Where Jgpnyo 18
determined in Eq. (C1) of the Appendix C. In Section 3, the photovoltaic effect is presented.

Finally, some numerical results and concluding remarks are given and discussed in Section 4.

2. Energy-Band-Structure Parameters and dark minority-carrier saturation

current density, due to impurity-size and heavy doping effects

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

energy-band-structure parameters and minority-carrier saturation current density, as follows.
2.1. Effect of d(a)-size

In d(a)-GaAs-systems at T=0 K, since the d(a)-radius I, in tetrahedral covalent bonds [8], is
usually either larger or smaller than the atom-radius rascay = 0.118 (0.126) nm, 1nm =
107°m, a local mechanical strain (or deformation potential energy) is induced, according to a
compression (dilation) for ryey > Fasa) (Faa) < 'as(ca))» respectively, due to the d(a)-size effect
[42]. From the numerical results of the effective dielectric constant, €(I'qc)), obtained from such
a deformation potential energy model [42], for 0.113(0.117) < I'yqa) = 0.163 (0.144) nm, we

can propose its simple approximate form as:

Fascc 4377 (4.7)
e(rg@y) 12.85 x (#)

s : (1)
being accurate to within 10% (7%), respectively, and equal to 12.85 as ry@) = rasca), according
to the absence of the impurity size effect, and decreased (increased) with increasing (decreasing)

Faa). This Igc -effect thus affects the changes in all the energy-band-structure parameters,
expressed in terms of €(y(z)). In particular, the changes in the unperturbed intrinsic band gap at
0K, Ego(rAS(Ga)) =1519eV , and effective d(a)-ionization energy in absolute values

Edo(ao)(rAs(Ga)) = 0.0055 (0.0371) eV, are obtained in an effective Bohr model, as [42]:

2
Egon(py(Fd(a)) — Ego(Fas(cay) = Edoao) (Fd(a)) — Edoaoy (Fas(cay) = Edogaoy (Taseay) < [(sg:_(((;a;)) - 1]~ (1b)
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Therefore, with increasing Fday > the effective dielectric constant
€(rye)), determined above, decreases, implying that Ego(rd(a)) and Ego(a)(rg) increase, as
observed in the following Table 1.

Table 1. Impurity size effects on the effective dielectric constant €(ry(y)), determined in Eq. (1a), the intrinsic

band gap Egin(p)(Fa(a)), determined in Equations (1a) and Eq. (A4), and the intrinsic carrier concentration Nin(py,

calculated using Eq. (A4) of the Appendix A.

Donor As Te Sb
rq (nm) [8] 0.118 0.132 0.136
e(rq) 12.85 7.87 6.91
Egin(OK, 1) 1.519eV 1.528 eV 1.533 eV
Eqin(300K, rg) 1.422 eV 1.432 eV 1.436 eV
Nin(300K, ry) in 108 cm™3 2.12 171 1.62
Acceptor Ga Al In
ra (nm) [8] 0.126 0.126 0.144
e(ra) 12.85 12.85 6.86
Egip(OK, 1a) 1.519 eV 1.519 eV 1.612eV
Egip (300K, 1y) 1.422 eV 1.422 eV 1.516 eV
Nip (300K, ry) in 10% cm™3 212 212 35x 1071

In summary, the effects of Ngc)-heavy doping and ry(,) - impurity size given in the HD[d(a)-
GaAs]ER, and those of N,(qy-low doping in the LD[a(d)-GaAs]BR, affect all the minority-carrier

transport properties, given in the Appendix A, B and C, and in the following equations.
2.2. Total minority-carrier saturation current density at 300K
The total carrier-minority saturation current density is defined by:
Joiqity = Jen(pyo + Jepmor (2)

where Jgp(n)o is the minority-electron (hole) saturation current density injected into the LD[a(d)-
Si]BR, being determined in Eq. (C1) of the Appendix C, and Jgn)o i the minority-hole

saturation-current density injected into the HD[d(a)-Si]ER.
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In the non-uniformly and heavily doped emitter region of d(a)-Si devices, the effective Gaussian
d(a)-density profile or the d(a) (majority-e(h)) density, is defined in the HD[d(a)-Si]ER-width W:
x\2
@)

2 Ngca Naa
pd(a)(x) - Nd(a) 7 exp {_ (%) *In [Nd(a()jz()()\/\/) } = Nd(a) * [Nd(a()j(()&v) » 0=x=W,

1.066 (0.5)
NooW) =79 x 104 2% 10%) x exp{= (mmgyran)  J €M™ ©)

1842 (1)10~7 cm.
where Pge)(X =0) = Ng@) is the surface d(a)-density, and at the emitter-base junction,
Pda) (X = W) = Nga)o(W) , decreasing with increasing W [1, 2, 13]. Further, the “effective
doping density” is defined by:

= AEga n(p) (Pd(a) X). I'd(a))
Nd(a)eff.(X. l’d(a)) = Pd(a) x) /exp[ gan(p) kdB(_I_) d(a) ,
- = Cate) = — Nd(ayo(W)
N X=0,r = N =W _ )
scan o) [2€ga n(p) (Ma(a) (@) and Nacagert  Tda) [2Ega n(p) (Nd(ayo W) @)’ @)
exp l kBT exp [ kBT

where AEg, n(py are determined in Equations (B4, BS) of the Appendix B.

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:

Po()[No ()] = —n®__ 5)

Ndcayefr. (X Fdca))’

where nizn(p) is determined in (AS) of the Appendix A and a normalized excess minority-h(e)

density u(x) or a relative deviation between p(x)[N(x)] and p,(X)[N,(X)], by [22, 25]:

— POIINCIT—Po ([N (OT)
U0 = o] ©
which must verify the two following boundary conditions proposed by Shockley as [6]:
oy = —hOE0) 0]
U= 0) = om0 nat=onr M
ux=W) = exp (W) —-1. (®)

Here, ny(;y(V) is a photovoltaic conversion factor determined in Equations (27, 28), S (%) is the

surface recombination velocity at the emitter contact, V is the applied voltage, V1 = (kgT/€e) is

the thermal voltage, and the minority-hole (electron) current density Jpee)(X).

Further, as developed in I and II, from the Fick’s law for minority hole (electron)-diffusion

equations [8, 12]:
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—e(+e)xn? | du( _ —eC+ONp D) duco. )
Fhe) () dx Nd(ayefr. () dx

IheyX) =

where Nygefr. 1 given in Eq. (4), Dpee) and Fpee) are determined respectively in Equations (C3,
C2, Co6) of the Appendix C, and from the minority-hole (electron) continuity equation [8, 12]:

dlhee) (X)
dx

u(x)
in(p) ™ Fhee) (X)xLﬁ( e)

u(x)

—e(+e) xn? " Noen 0% e
(+e) In(P) ™ Nyayerr. (0% Thee)e

——e(+e)xn? (10)

where Lpey and Tpe)e are defined respectively in Equations (C7, C8) of the Appendix C, one

finally obtains the following second-order differential equation as [22]:

dPu) _ dFh@(®) _ du(x) _ u)
dx? dx x dx Lﬁ(e)(x) - (1)

Then, taking into account the two boundary conditions (7, 8), one thus gets the general solution

of this Eq. (11), as [22]:

_sinh(P())+1(W,S)xcosh(P(x)) v _ _ Dne(No(W))
u() = sinh(P(W))+1(W,S)xcosh(P(W)) x (exp <n|(||)(V)><VT) 1)’ I(W.$) = SxLn(e) (No (W)’ (12)

where the function ny;y(V) is the photovoltaic conversion factor, determined in Eq. (29). Further,

d(

since —— = C % Fh(e)(x) , C =2.0893x% 10730 (cm*/s), for the crystalline Si, being an

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

W dx
0 Ly

)XWE—W = e, W (13)

Lhe)eff.  Lnee)eft.  Lnge)

P(X) =

= X< = =
OLh()(X)) 0=Xx=W,PXx=W) = (

where Lpe)efr. 18 the effective minority-hole (electron) diffusion length. Further, from Eq. (9, 13),

the minority-hole (electron) current density injected into the HD[d(a)-GaAs]ER is found to be
determined by:

v
Ingey (% W, Ngqay, Faay: S, V) == Jeno(X, W, Ng, I, S) [epo(X, W, N, Fa, S)] % (exp (W) - 1), (14)
where Jgn(p)o 1s the saturation minority-hole (electron) current density,

eni2n(p)"Dh(e) x cosh(P(x))+1(W,S)xsinh(P(x))
Ndgaeff.¥Lhe)  Sinh(P(W))+1(W S)xcosh(P(W)) *

Jen(pyo (X W, Naay, Facay: S) = (15)

Here, the intrinsic carrier concentration Njn(py 18 computed by Eq. (A5) of the Appendix A, and
the effective doping density Nggyefr. 1s determined in Eq. (4), the minority-hole (electron)
diffusion coefficient Depy and minority-hole (electron) diffusion length Lpe) are given

respectively in Equations (C2, C3, C7) of the Appendix C, and the factor I(W,S) is determined
by:
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Dh(e)(Nd@yo(W))

I(W, S) = Sth(e)(Nd(a)o(W))a

(16)
where Nga)o (W) is determined in Eq. (3).
Further, one remarks that: (i) from Equations (12, 14-16) one obtains: u(x=0) =

—Ih (x=0)[Je (x=0)]
eSxpo(x=0)[ny(x=0)71’

which is just the first boundary condition given in Eq. (7), and then, (ii) Eq. (12)

yields: u(x = W) = exp (

—) — 1, being the second boundary condition given in Eq. (8).
My (V)xVr

In the following, we will denote P(W) and I(W, S) by P and I, for a simplicity. So, Eq. (15) gives:

2
— _ ©N5np)*Dh(e) 1
‘]En(p)o(x =0W, Nd(a)| Fd(a), S) " Nagayeft XLn(e) x sinh(P)+1xcosh(P) ’ (17)
2 .
_ __enfnp)*Dhe) _ cosh(P)+Ixsinh(P)
JEn(p)O(X =W, W, Nd(a)’ rd(a)’ S) - Nd(ayeft. XLn(e) x sinh(P)+Ixcosh(P)’ (18)
Thus, from Equations (14, 17, 18), one gets
In(e) *=0OWNaay Fd(@)SV)  _ JEn(p)o(X=0W.Na(a). Fd(@) ) _ 1 (19)

Ine) (X=W, W Nga). FdcayS.V) - Jen(pyo (=W W Nya) Fd(ay.S) " cosh(P)+Ixsinh(P)’

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

by [22]:

The)e(Nd(a) Fda))
The)E(Pd(a) X rd(a))

W
Qnceyeft (X = W, Nga), Fa@a)) = o +e(—€) X u(x) x po(X)[Ny(X)] < dx, and the

effective  minority-hole transit time by: T (X = W, W, Ng(ay, Fd(ay: S) = Qneyerr. (X =
W, Nya), rd(a))/JEn(p)o(X =W, W, Ny, rd(a),S) , one can define, from Equations (10, 19), the
reduced effective minority-hole transit time:

Ttert (=W W-Nao) Fd@)-S) — ¢ _ Jen(po(*=0WNaee) la@S) _ 4 _ 1
Th(e)E JEn(p)o(szvaNd(a)vrd(a)vs) cosh(P)+Ixsinh(P)"

(20)

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

Dh(No(W))

AsP 1 (or W Lyet)and S~ oo, I =1(W,S) = 28

- 0, from Eq. (20), one has:

Teeft.(X=W,W,Ng(a) Fd(a).S) 0

. , suggesting a completely transparent emitter region (CTER)-case,
h(e)E

where, from Eq. (18), one obtains:

en’ () *Dh(e) L
Ndgayeft.<Lhe)  P(W)’

Jen(pyo(X = W, Nygay Fagay S ~ ) - (21a)
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Dh(No(W))

and then,asP 1 (orW Lpeg)andS - 0,1 =1(W,S) = SxLy(Ng (W) ™

oo, from Eq. (20), one

Tieff, (X:W,W,Nd(a),l’d(a) ,S)
Th(e)E

has:

- 1, suggesting a completely opaque emitter region (COER)-

case, where, from  Eq. (18), one gets:

enZn ) *Dhe
‘JEn(p)o(X =W, Nd(a)’ Fd(a): S > 0) - —1n@” ) tanh(P) (21b)

Nd(a)eff. XLh(e)
In summary, in the n*(p*) — p(n) junction solar cells, the dark carrier-minority saturation
current density J,, defined in Eq. (2), is now replaced by Jo 1y, for a good presentation, and

rewritten by:

Joray (W, Ng(ay, Tacay: S Nagdy: Facdy) = Jen(pyo (W, Naay: Tdca): S) + Jepnyo(Nacdy: Facay)- (22)

where Jen(p)o and Jgp(n)o are determined respectively in Equations (18) and (C1) of the Appendix
C.

3. Photovoltaic conversion effect at 300K

Here, in the n*(p™) — p(n) junction solar cells, denoted respectively by I(Il), and for physical

conditions as:
W = 0.0044 pm, Nag(ay = 10"°(10%°) cm 2, rag(ca), S = 10%° =2, Noaqas) = 107 cm ™2, rgaas),  (23)

we propose, at given Voe12) and Vog1(2), the experimental results of the short circuit current
density Jsciqry, fill factor Fyq;y, and photovoltaic conversion factor Ny, in order to formulate our

following treatment method of two fixe experimental points [3, 4], for the n* — p junction,

V0C|1(|2) =980 (11272) mV, ‘]SC|1(|2) =27.06 (2978) mA/Cm2 5 F|1(|2) =83.35 (867) % ,
Nizazy = 22.07 (29.1) %, and for the p* — n junction,

Voenaizy = 980 (1030) mV ,  Jseuiqizy = 24.2 (29.8) mA/em? | Fyjq(ip) = 76.4 (86) % , Nyzqiz) =
18.1 (26.4) %. (24)

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 GaAs solar cells, by [1, 2, 5-10]:

v vy =l = 2585my, (25)

IV) = Jpn (V) = Joiqry % (€400 — 1), X4y (V) = EPTTER .
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where the function ny(;y(V) is the photovoltaic conversion factor, noting that as V.= V¢, J(V) =
0, the photocurrent density is defined by: J,n (V = Vi) = Jsc|(||)(W, Nd(a): Mday: S: Nacd), Facd): VOC),

for Voc = Vo1 Therefore, the photovoltaic conversion effect occurs, according to:

Jseiqny (W, Nagay: Facay: S, Naga: Tac@y: Voe) = Joiqny (W, Nagay: Facay: S, Nagay, Facy) * (€000 — 1), (26)

VOC

where Ny (Voe) = Miary (W, Naca), Fdcay: S Nacdy: Tacdy Voc ) and Xjan (Vo) = T MoV

Here, one remarks that (i) for a given V., both Ny and Jo ¢y have the same variations, obtained
in the same physical conditions, as observed in many cases, given in Ref. [1], and (ii) the function
(ex'<“>(V°C) — 1) or the PVCF n(jy, representing the photovoltaic conversion effect, thus converts

the light, represented by Js¢ i1y, into the electricity, by Jo1y-

Further, from Equations (22, 26), we obtain for the n* — p junction:

VOC 1 j—
n|1(2)(W| Nd, rd, S| Na, ra, Voc|1(2), JSCll(Z)) = \;;L—(Z) X - (JSC|1(2)+1) = n|1(2)(VOC|1(2)1 ‘]SC”.(Z))’

Jol

and we then propose:

Voc _ 1)1.1248
Voci1

M (W, Ng, rg, S, Na, a, Voo) = Mia(Voerns Jsein) + Niz(Voci2: Jsciz) % ( , (27)

being valid for any values of (W, Ny, rg, S, N, Fa, Voe = Voen)-

Furthermore, for the p™ — n junction,

Vocl1(2) «

1
n||1(2)(W, Na, ra, S, Ng, l’d.Voc||1(2)|Jsc||1(2)) = Ve - (JSC“1(2)+1) = nlll(Z)(Voclll(Z)’Jscll1(2))a

Joll

and then,

Voo 1.0939664
N (W, Na, 13, S, Ng, Fa, Voo) = Nt Voci1, Jsein) + Mz (Vocnz: Jsciiz) % ( )

Voclia

, (28)
being valid for any values of (W, Ny, r5, S, Ng, ra, Voc = Voent)-

Therefore, from Equations (23, 24, 27, 28), one obtains, Nj1(1y =0.9701 (0.99492) at Voei111) =
980 (980) mV, and Nypqi2) =1.1131 (1.04) at Vi) = 1127.2 (1030) mV, respectively, for

n*(p*) — p(n) junction solar cells.

Thus, X, defined from Eq. (26) now becomes for the n* — p junction:

VOC

X|(Wl Ndl rdl Sl Naa raa VOC) = n|(W,Nd,rd,S, Na,ra,Voc)xVT

, and therefore, we can determine the values of

the fill factors F|1(|2) at VOC = V0C|1(|2) by [1, 2]
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_ Xi(W.,Ng,rg,S, Na,FaVocrrgizy)—In[Xi(W.Ng.rd.S, Na,Fa,Vocia(i2))+0.72 |
Fig2) (W, N, g, S, N, Ta, Vogiigizy) = X1(W,Ng F.8, NavaVoci1(12) ) +3.385 (1.758)

F|1(|2)(VOC = VOC|1(|2)) , for a presentation simplicity, and further, the fill factor F; can be

computed by:

Voe _ 1)1.716
Vocl1

F|(W, Nd’ g, S, Nan ra’Voc) = Fll(vocll) + FIZ(VocIZ) x ( > (29)

which is valid for any values of (W, Ng, g, S, Ny, ra, Voc = Voei1).

Then, also from Eq. (26), we can define for the p™ — n junction:

VOC

KW, Nas Far S Naw T Voo) = s araveomvs

, where nj;(W,Ngra S Ng,rg, Vo) 18
determined in Eq. (28). Therefore, we can determine the values of the fill factors Fyj1 2y at Vo =

Vocliiiz) as:

Fiaaizy (W, Na, 14, S, Ny, Fa, Voeniizy) =

Xi1(W.Na raS, Na.rdVociia(izy) —IN[Xi (W.Nara,S, Na.ra Vocnizqizy) +0.72 | _ .
Xi1(W.Na TS, Na P Voen1(i12))+6.9795 (1.9752) = Fin@ (Voongiz)) > for a presentation

simplicity, and further, the fill factor F); is determined by:

0.73688
1) (30)

Fii(W,Ng, 12, S, Ng, Fa, Voo) = Fiin(Voen) + Friz(Voen2) ( >

Vocli1
being valid for any values of (W, N, ra, S, Ng, g, Voe = Voenn)-

Then, with physical conditions given in Eq. (23), our numerical calculation shows that we obtain

the same values of ‘]SCIl(IZ) and F|1(|2) at VOCIl(IZ) =980 (11272) mV, and ‘]SCIIl(IIZ) and F||1(||2)
at Voenrqizy = 980 (1030) mV , as those given in Eq. (24).
Finally, the efficiency Ny can be defined in the n*(p™) — p(n) junction solar cells, by:

Jseriny <VooXF
Man (W, Nacay, Faay: S, Nacdy: Facd): Voc) = W, (3D

where, Js¢i1y and Fy(y are determined respectively in Equations (26, 29, 30), being assumed to be
obtained at 1 sun illumination or at AM1.5G spectrum (P;, = 0.100 %) [1, 2, 26-29]. Then,
from Equations (31, 24), we get the numerical results of n, by using this assumption: Pj, =
0.100 C%, and their relative errors in absolute values (RE), calculated by using the experimental
results of Ny1(2y and Ny1qi2y given in Eq. (24),

-for the N™ —p junction at Vyg102) = 980 (1127.2) mV, nyy2) = 22.10 (29.10) % , with

RE=10"3(1.8 x 10™%) , and
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-for the p+ —nNn qulCtiOIl at VOCIIl(IIZ) =980 (1030) mV, r]||1(||2) =18.13 (2641) % , with
RE=1.1 % 1073(1.8 x 107%).

4. Numerical results and concluding remarks

In the following, we will respectively consider the two cases: the HD[AS(Sb) — GaAs]ER —
LD[Ga(In) — GaAs]BR, and the HD[Ga(In) — GaAs]ER — LD[As(Sb) — GaAs]BR.

4.1. [ ( )- 1] — [ ()-— ] —cases
(4.1a) ( — ) — ( - )  —case.

Here, there is the absence of the impurity size effect (ISE), because of ragca) =

0.118 (0.126) nm, and we propose the usual physical conditions as:
W =15um, Npas =10¥ cm™3S =100 (cm/s), and Ng, = 1017(10%®)cm3, (32)

Then, from Equations (12, 13, 18, 20, 26,27,29,31) and (C7, C8) of the Appendix C, on obtains:

P=—"=219x107% L, =264 x10°cm, I(W,5) = 0, Tpe = 1.9 x 10¥¥s, 2L =0,
heff. hE
suggesting the completely transparent —condition, and from Eq. (18), Jgno =

6.86 x 10723 (cmiZ) Further, inthe LD[B-Si]-BR and for Ng, = 1017(10%®) cm™2, one gets

from Eq. (C1) of the Appendix C: Jgp, = 2.551 (0.136) x 10719 (C%) . Therefore, one obtains

respectively: J, = 2.551 (0.136) x 1071° (iz) = Jgpo, and from the following Table 2, for

cm
example, at Vo, = 1078 mV, n;=1.038 (0.965) and the maximal values of n;, = 29.80
(30.52)%, meaning that, with increasing Ng,, both J,; and n, decrease, while 1, increases, being

new results.

Table 2. In the HD(As-GaAs) ER-LD(Ga-GAAs) BR and for physical conditions given in Eq. (32), our
numerical results of n, Js., F, and n, are computed by using Equations (27, 26, 29, 31), respectively. Here, on
notes that, for a given V. and with increasing Ng,, the function n; decreases, while the functions Jg, F, and n

increase, being new results.

Voc(mV) n o(Gr) F(%) (%)
1130 1.112 (1.035) 29.60 (29.77) 86.86 (87.80) 29.05 (29.54)
1127.2 1.109 (1.032) 29.79 (29.98) 86.75 (87.69) 29.13 (29.63)
1079 1.039 (0.966) 33.05 (33.53) 84.52 (85.44) 29.80 (30.52)
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1078 1.038 (0.965) 33.06 (33.54) 84.50 (85.42) 29.80 (30.52)

1077 1.037 (0.965) 33.08 (33.56) 84.47 (85.39) 29.79 (30.51)

1000 0.983 (0.915) 30.88 (31.18) 83.50 (84.42) 25.78 (26.32)

990 0.975 (0.907) 29.46 (29.64) 83.43 (84.34) 24.33 (24.75)

980 0.967 (0.900) 27.06 (27.06) 83.39 (84.31) 22.11 (22.36)
(4.1) ( - ) - ( - )  —case.

Here, there is the presence of the ISE, since Igyqny = 0.136(0.144)NmM > rpgcay =

0.118 (0.126) nm, and we propose the usual physical conditions:
W = 15pum, Ng, =10* cm™3,S =100 (cm/s), and N;, = 10*7(10%8) cm~3. (33)

Then, from Equations (12,13, 18, 20, 26,27,29,31) and (C7, C8) of the AppendixC , one

obtains:
P= LW =194 x 10_14] Lh =317 x 109 cm, 1 =0, T = 051 x 1018 s, % =0,
heff. -

suggesting the CTHDER-condition, and Jgn, = 4.51 x 10723 (ﬁ) Further , in the LD(In-Si)-

BR and N;, =10%7(10'8)cm™ | one gets, from Eq. (C1) of the Appendix C: JBpo =

3.72(0.368) x 1072 (), and therefore, J, = 3.76(0.372) x 102" (=) gy, . Then,

cm? cm
from the following Table 3, one notes that, for a given V. and with increasing N,,, both J;, and

3

n, decrease, while ), increases, being new results. In particular, for N;, = 101/ (10*®) cm~2 and

at Voo = 1072 mV, one gets: N;=0.950 (0.894) and =30.814 % (31.474) %, respectively.

Table 3. In the HD(Sb-GaAs) ER-LD(In-GaAs) BR and for physical conditions given in Eq. (33), our
numerical results of n, Js., F, and n, are computed by using Equations (27, 26, 29, 31), respectively. Here, on
notes that, for a given V. and with increasing N,,, the function n decreases, while the functions Jg., F, and n

increase, being new results.

Voe(mV) n 1) F(%) n(%)
1130 1.004 (0.945) 29.85 (30.01) 88.18 (88.93) 29.739 (30.154)
1127.2 1.002 (0.942) 30.06 (30.23) 88.07 (88.82) 29.839 (30.269)
1072 0.950 (0.894) 33.35(33.78) 86.19 (86.93) 30.814 (31.474)
1071 0.949 (0.893) 33.39 (33.81) 86.16 (86.90) 30.809 (31.470)
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1070 0.948 (0.892) 33.42 (33.85) 86.13 (86.87) 30.802 (31.466)

1000 0.888 (0.835) 31.31 (31.60) 84.79 (85.51) 26.549 (27.021)
990 0.880 (0.828) 29.73 (29.90) 84.71 (85.44) 24.929 (25.291)
980 0.873 (0.821) 27.06 (27.06) 84.68 (85.40) 22.455 (22.647)

One remarks from Tables 2 and 3 that the obtained results of N max , being given in Table 3, are
found to be very large compared with those given in Table 2, since the corresponding values of

Jo1 and n,, obtained in Table 3, are very small compared with those obtained in Table 2.
4.2. [ ( )- 1] — [ ( )-— ] —cases
(42a) [ -— ] — [ - ] —case.
Here, we propose the usual physical conditions:
W =15pm, Ng, = 102°cm™3,S =100 (cm/s), and N = 1016(1017) cm3, (34)

Then, from Equations (12, 13, 18, 20, 26,27,29,31) and (C7, C8) of the AppendixC , one

obtains:
P= LW = 3.99 x 10_15, Le =377 % 1011 cm, | = O, Teg = 577 % 1019 s, % =0,
heff. -

suggesting the CTHDER-condition, and Jgp, = 3.77 % 10722 (cmiz) Further, one gets, from Eq.

(C1) of the Appendix C: Jg,o = 7.31(0.72) x 1071° (cmiZ) Therefore, one obtains: J,; =
7.31(0.72) x 10719 (cmiz) = Jgpo » and from the following Table 4, for example, at Vo, =

1375 (1355) mV, n;;=1.396 (1.296) and n; = 43.76 (43.97)%, respectively, noting that, with

increasing , both and  decrease, while increases, being new results.

Table 4. In the HD(Ga-GaAs) ER-LD(As-GaAs) BR and for physical conditions given in Eq. (34), our
numerical results of n, Js., F, and n, are computed by using Equations (27, 26, 29, 31), respectively. Here, on
notes that, for a given V,. and with increasing Njg, the function n; decreases, while the functions Jg., F, and n

increase, being new results.

Voc(mV) n (s F(%) n(%)
1380 1.401 (1.321) 25.51 (25.50) 120.8 (122.2) 43.761 (43.899)
1375 1.396 (1.316) 25.69 (25.69) 120.4 (121.7) 43.763 (43.922)
1366 1.386 (1.307) 26.02 (26.04) 119.6 (121.0) 43.758 (43.953)
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1361 1381 (1.302) 26.20 (26.23) 119.2 (120.6) 43.750 (43.965)
1355 1375 (1.296) 26.42 (26.46) 118.7 (120.1) 43.735 (43.974)
1338 1.357 (1.279) 27.03 (27.12) 117.3 (118.6) 43.659 (43.965)
1290 1.306 (1.231) 28.70 (28.92) 113.2 (114.5) 43.154 (43.633)
1030 1.042 (0.982) 29.79 (30.15) 85.97 (87.07) 27.251 (27.695)
1000 1.014 (0.955) 27.25 (27.44) 81.26 (82.33) 22.890 (23.147)
980 0.996 (0.939) 24.20 (24.20) 76.37 (77.41) 18.7432 (18.823)

(4.2b) ) )  —case.

Here, we propose the usual physical conditions:

W =15um, N;, =10%°cm=3,S =100 (cm/s), Ng, = 1016(10") cm~3 .

(35)

Then, from Equations (12,13, 18, 20, 26,28,30,31) and (C7, C8) of the AppendixC) , on

obtains:

P =
L

W

eeff.

=263x107%5, Lz =575x102cm, 1 =27 x 1078, 1, = 7.2 x

10%%s, T;—: =0, corresponding to the CTHDER — condition, and Jgp, = 1.56 x 10723 (ﬁ)

Further, in the LD[Bi-Si-BR , one gets: Jgn, = 2.29(0.22) x 107 (). Therefore, one

obtains : Jo;; = 2.29(0.22) x 107%° (cm_Z) = Jgno, and from the following Table 5, for example,

A

at Vo, = 1361 (1338) mV, one obtains: n, =1340 (1.243) and n = 43,928
(44.359)% , respectively, noting that, with increasing Ngp,, both Jo;; and n; decrease, while n,

increases, being new results.

Table 5. In the HD(In-GaAs) ER-LD(Sb-GaAs) BR and for physical conditions given in Eq. (35), our
numerical results of n, Js., F, and n, are computed by using Equations (27, 26, 29, 31), respectively. Here, on
notes that, for a given V. and with increasing Ngp, the function n; decreases, while the functions Jg, F, and n

increase, being new results.

Voc(MV) n Jse () F(%) N(%)
1366 1.345 (1.270) 26.03 (26.06) 120.3 (121.6) 43.926 (44.289)
1361 1.340 (1.265) 26.22 (26.25) 119.9 (121.2) 43.928 (44.311)
1355 1.334 (1.259) 26.44 (26.49) 119.4 (120.7) 43.925 (44.333)
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1338 1.316 (1.243) 27.07 (27.16) 118.0 (119.3) 43.883 (44.359)
1290 1.267 (1.196) 28.81 (29.03) 113.9 (151.1) 43.465 (44.118)
1030 1.011 (0.954) 29.97 (30.34) 86.54 (87.59) 27.523 (28.092)
1000 0.984 (0.929) 27.34 (2754) 81.81 (82.83) 23.062 (23.424)
980 0.967 (0.913) 24.20 (24.20) 76.90 (77.89) 18.819 (18.985)

In conclusion, by basing on such a treatment method, and using the physical conditions such as:
W =15 pum, Ngpany = 10%° (10%%) cm=3and S = 100 (cm/s), according to the CTHD[Sb(In)-
GaAs]ER, and then Njpy = 108 (10*")cm™ for LD[In(Sb)-GaAs]BR, of n*(p™) — p(n)
junction solar cells, we get respectively the maximal values (or limiting ones) of Ny ,
Mian-max. =31.474% (44.359%), as those observed in Tables 3 et 5. They can also be compared

with the other ones: N =29.1 %, obtained for the GaAs-thin film cell, and n =45.7 % for
GalnP/GaAs/GalnAs/GalnAs multijunction cell, by Green et al. [3].
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Pivet for their continuous interest in this work, and also Drs M. Cayrol and J. Sulian for their
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Appendix
Appendix A. Fermi Energy

In the n(p)-type semiconductor, the Fermi energy Er,( — Egp), obtained for any T and donor

density N, being investigated in our previous paper, with a precision of the order of 2.11 x 10™*

[39, 40], is now summarized in the following.

First of all, we define the reduced electron density by:

3 3

= Nd(a) — me(T.rg)xkgT 2 -3 _ my(T)xkaT \2 -3
U= N(T rg) = 2 (—m s ) (cm=3), Ny(T) = 2 x (2_28) em=3).  (AD)

Here, N¢() is the conduction (valence)-band density of states, respectively, m¢(T, ry) is the

effective mass of the electron in n-type Si can be defined by [31, 32]:

_ Ego(d(a)) 2/3
me(T, Fagy) = 0.067 x m, % (m) ’ (A

128




where my, = 9.1096 x 10728 () is the electron rest mass, the effective mass of the hole in the p-

type Siyields [31, 32]:
m, = 0.45 x m,, (A3)

and Egin(p) (T, rd(a)) is the intrinsic band gap in the GaAs-semiconductor, due to the T-dependent

carrier-lattice interaction-effect, by [1, 2, 33, 34]:

5.405x10™4xT2
Eqin(p) (T’ rd(a)) Egonpy (Fa@)) — By y— (A4)

Here, Egon(p)(dca)) is determined in Eq. (1b), due to the d(a)-size effect.

Furthermore, in the n(p)-type Si, one can define the intrinsic carrier concentration Nip () by:

—Eqin T.rgea
Do) (T ) = Ne(T, Fa) X Ny(T) x exp (o)), (A5)

Then, denoting the reduced Fermi energy in the n(p)-type semiconductor, respectively, by

Ern( ) EFP( )
) (0,

Being accurate to within 1077 , we have [39] :

Ern( ), —Erp( )\ _ G(u)+AuBF(u)
kaT ( kaT )= Tl - A = 0.0005372 and B = 4.82842262 (A6)

where

2

; 3 -5 ? 2 62.37398 4
F(u) = aus (1+ bu™z + cu 3) Ca=[(BV/4) x 123, b :%(g) and ¢ = 17920 55(;)

and

3
G(u) Ln(u)+2z2xux e_du; d = 23/2 >0

[ﬁ B E]

Een(u 1)( EFp(U 1)
kgT

Here, one notes that: (i) ) > 1, according to the HD[d(a)-GaAs]ER-case or to

the degenerate case, Eq. (A6) is reduced to the function F(u), and (ii) EF”(U O] ( EFp(u D

)<-1,

to the LD[a(d)-GaAs]BR-case or to the non-degenerate case, Eq. (A6) is reduced to the function
G(u), respectively.

(i) In the HD[As(Sb)-GaAs]ER-case for Nag(spy = 109 cm=3, we get =949 (953)>1,

and in the HD[Ga(In)-GaAs]ER-case for Nga(ny = 1020 cm™3, we get: i =6.94(694)>1

according to degenerate conditions.
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ii) In the LD[Ga(In)-GaAs|BR-case for N =10Y(101%) cm™=3 we obtain: B
( ) [ ( ) ] Ga(ln) KeT
B

4.32 (—1.98) <—1, and in the LD[As(Sb)-GaAs]BR-case for Nassp) = 1016(10Y) cm™3 we

Emn —
kgT

confirm the limiting values of Nyey[ = 10*8(101") cm™3], given in Tables 2-5, for the LD[a(d)-

get: —3.8(—15) <—1, according to non-degenerate conditions. Those obtained results

GaAs] BR, respectively.

Appendix B. Approximate forms for band gap narrowing and apparent band gap

narrowing

First of all, in the n(p)-type Si, we define the effective Wigner-Seitz radius rg characteristic of the
interactions by [1, 2]

1/3
Fon = Fo(Ng, T Fg) = 11723 % 10 () > Pl (BI)
and
1/3
rop = 15N T10) = 11723 % 10° x () x T (B2)

where m¢(T, rg) and m,(T) are given in (A2) and (A3). Therefore, the correlation energy of an

effective electron gas, E.(rs), is given by [1, 2, 42]:

087553 (2[1-In(2)] _
—0.87553 + 0.0908+Tgp(sp) ' ( 2 )Xln (rsn(sp))—0.093288

Eeneep) (Nagay T Fay) = 000 o RAT 2T . (B3)

Then, in the n-type heavily doped GaAs, the band gap narrowing is found to be given as [1, 2]:

2 5/4
BEgn(Na ra)  ag ee({f\ 2 Ny + @ e x N7 x (2503 x [~ E(Fgn) X Fenl) + 8 % [ee((réjs))] x
3
my(™ . [Me(Tra) 4 w NY4 4o, x [EMas) o [Me(Tras) o \1/2 o me(T,rq) JUSIEN
me(T ra) [mC(TvrAs) Ne % &(ra) mc(Trq) Nr [1+ mc(T.ras )] [a(rd)]

1
me(T.rg) 6 — Ng
\] me(Tras) Nr, Ny = (9.999x1017 cm—3)’ (B4)

where a; =3.8x1073(eV), a, =65x107%(eV), a3 =28x1073(eV), a, = 5597 x
1073(eV) and a5 = 8.1 x 1074(eV), and in the p-type heavily doped GaAs, one has [1, 2]:

1

5/4
AEgp(Ng Te)  ag x e e N3 5, 5 2060 5 N3 x (2,503 x [ — Eg(rsp) * Fp]) + a3 x [f(f:;’] x

3 1
me(T ras) 1/4 €(rca)) 1/2 e(rea))]2 G — N,
\} my(T) XN+ 28y x &(ra) XNy +as x [ &(ra) ] *Np, Np = (9.999x1017 cm_3)’ (B3)

where a; =3.15x1073(eV), a, =541 x107%(eV), ag =2.32x1073(eV), a, =4.12 x
1073(eV) and a5 = 9.80 x 107 5(eV).
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Further, in the donor (acceptor)-GaAs, we define the effective intrinsic carrier concentration

Nien(p)» by

|en(p)(Nd(a)’ Faca)) = Na@) > Po(No) = r"| n(p) < exp[ E;r-:-(p) ) (B6)

where we can define the “effective doping density” by: Nyyer. = Nd(a)/exp[ gan(p)] so that

Naayetr. X Po(No) = nizn(p) [8], and also the apparent band gap narrowing, AEy, n(p), as

Nd(a
AEga n(p) = AEg np) + kgT > In ( dz )> EFn( )[ - EFp( )]9 (B7)
where Ny is defined in Eq. (A1), the Fermi energy is determined in Eq. (A6).

Appendix C. Minority-carrier transport parameters

Here, the minority-electron (hole) saturation current density injected into the LD[a(d)-GaAs]BR,
with an acceptor density equal to Ny(q), is given by [1, 2]:

D (N . )

2 e(h)Na(d) a(d)

exn{ (r(a)) > “TempMa@)
(CDH

Na(d) ’

Iep(nyo (Nagy: Faqy ) =

where nizn(p)(rd(a)) is determined in (AS5), Dechy(Nad), Fac)) is the minority-hole (electron)

diffusion coefficient:

T | 8500—200 D\2 1
De(Na, rz) = “2-x | 200 + - o.gllx(jgg;) (cm?v1s1), (C2)
L l.3><1017cm_3)
kBT 400130 £(rg) \ 2 oyl
Dh(Nd’rd) 130 + 1N7d 3)1,25] x (12.85) (Cm V™is ), (C3)
- 8x%10+" cm™

and Th(e)s (Nq(a)) is the minority-hole (electron) lifetime (s) in the base region:

Tea(N) ™ = 13 % N, + 1.83 x 10731 x N2. (C4)

Te(Ng) ™ = 01_7 ~18 5 Ng + 2.78 x 10731 x N2, (C5)

Further, from (A6), (B4)-(B7)), in the HD[d(a)-GaAs]ER, we can define the following

minority-hole(electron) transport parameter Fpey as [8, 22, 25]:

MneTa@) _ N N
in(p)\'d(a) d(a)eff d(a) (Cm—5 x S), (C6)

Fh(e) (Nd(a), rd(a)) = po(no)th(e) Dh(e) Dingey<exp [AEg an(p)]

Furthermore, the minority-hole (electron) diffusion length, Lh(e)(Nd(a)n rd(a)) and the minority-
hole(electron) lifetime Tpe)e in the HD[d(a)-GaAs]ER can be determined by
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2 2 2
—2 — -1_ 2 _ Ndgayett.\~ _ Nfnep) (Fd(a))
Ly (Nagey Fee)) = [T X D] = (€ x Fy )* = (0 (L) = (c x JhBO) ()

where the constant C is chosen to be 2.0893 x 1073 (cm*/s), and then, Th(e)e can be computed

by:

1

N (C8)
Dhe) *(CxFnpy )

The)e =
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