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ABTRACT
In n*(p*) — p(n) [X(x) = GaSb;_.P,]-alloy junction solar cells at

T=300 K, 0 < x = 1, by basing on the same physical model and the

same treatment method, as those used in our recent workst® 2], we will
*Corresponding Author also investigate the maximal efficiencies, Nimax (1imax,). Obtained at the
Prof. Dr. Huynh Van

Cong
Université de Perpignan Via reservoir temperatures, Ty (K), obtained from the Carnot efficiency

open circuit voltage Vo.(= Voer(oemy), according to highest hot

Domitia, Laboratoire de theorem, which was demonstrated by the use of the entropy law. In the
Mathématiques et Physique
(LAMPS), EA 4217,
Département de Physique,
52, Avenue Paul Alduy, F-
66 860 Perpignan, France. as functions of the total dense impurity density, N, donor (acceptor)-

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

(holes), N*, given in parabolic conduction (valence) bands, expressed

radius, rqcay, and x-concentration, is defined in Eq. (9d), as:
N*(N,rga),x) = N — Nepnvpp) (Tacay.X), Where Nepnwpp) IS the Mott critical density in the
metal-insulator transition, determined in Eq. (9a). Then, we have showed that (i) the origin of

such the Mott’s criterium, Eq. (9a), is exactly obtained from the reduced effective Wigner-

Seitz radius rsn(spy, Characteristic of interactions, as given in Equations (9b, 9c), and further
(ii) Nepn(epp IS just the density of electrons (holes) localized in the exponential conduction

(valence)-band tail (EBT), as that demonstrated in.!"!
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(2) In Table 3n, for the n* — p GaSh,_, P, —alloy junction solar cell and for Tsn(ca)-Tadius,

one obtains with increasing x=(0, 0.5, 1): Npnax.(7)=23.24 %, 29.55 %, 32.76 %, according
to Ty(7) = 390.8 K,425.8 K, 446.2 K,at V,; = 1.29 V, 1.08 V, 1.06 V, respectively.

(3) In Table 5p, for the p* — n GaSh,_,. P, —alloy junction solar cell and for Tca(sn)”

radius, one obtains with increasing x=(0, 0.5, 1): #11max. (M= 36.14 %, 34.24 %, 32.34 %,
according to Ty(N) =469.8 K, 456.2 K, 4434 K,at V, (V) =1.44V,1.26V,1.17 V,

respectively.

KEYWORS: single GaSh,_,P.-alloy junction solar cell; photovoltaic conversion factor;

photovoltaic conversion efficiency.

INTRODUCTION

In single n*(p*) —p(n) [X(x) = GaSb,_.P.]--alloy junction solar cells at 300 K,0 <x < 1,
by basing on the same physical model and treatment method, as used in our two recent
works™? and also on other ones®™™ we will investigate the highest (or maximal)

efficiencies, Nimax.aimax) according to highest hot reservoir temperatures Ty (K), obtained

from the Carnot- efficiency theorem, being proved by the entropy law.

In the following, we will show that the energy-band-structure parameters, due to the effects
of x-concentration, size impurity, temperature T and heavy doping, affect strongly the dark

(or total) minority-carrier saturation current density and the photovoltaic conversion effect.

ENERGY BAND STUCTURE PARAMETERS

A. Effect of x- concentration

In the n*(p*) —p(n) single n*(p*) —p(n) X(x)-alloy junction at T=0 K, the energy-band-
structure parameters®™), are expressed as functions of x, are given in the following.

(1)-The unperturbed relative effective electron (hole) mass in conduction (valence) bands are
given by:

m,(x)/m, = 0.13 x x + 0.047 x (1 —x), and

m,(x)/m,=05xx+ 0.3 x(1—x). @
(i1)-The unperturbed relative static dielectric constant of the intrinsic of the single crystalline
X- alloy is found to be defined by:

E,(X)=111%x +15.69x (1—x). (2)

(iii)-Finally, the unperturbed band gap at 0 K is found to be given by:
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E,,(x)ineV=1796 xx +0.81x (1—x). (3)
Therefore, we can define the effective donor (acceptor)-ionization energy, at

rd(aj = rdo(ao] = er(G:aj = 0.136 nm (0126 I‘lm), in abSO|Ute Va|UES as.:

12600 % [me(y(x)/mg]

Edo (a0) (x) = o] meV, (4)
and then, the isothermal bulk modulus, by:

Edolao (x)
Bdo (ae) (X) - (ﬂ)i {rdj,«30))3 ' (5)

B. Effects of Impurity-size, with a given x

Here, the effects of r,., and x- concentration affect the changes in all the energy-band-
structure parameters, expressed in terms of the effective relative dielectric constant £(ry.), %),
in the following.

Al 40y = Tao(zo), the needed boundary conditions are found to be, for the impurity-atom
volume V= (4m/3) x (rd(a])g, Vio(ao) = (411/3) X [rdc,(ao])a, for the pressure p, p, = 0, and
for the deformation potential energy (or the strain energy) o, o, = 0. Further, the two

important equations [9], used to determine the o-variation, Ac= c—a, = o, are defined by:

dp:_E :_dc .. . d,do :E - . i

g yandp - - giving: —dv(—dv) v Then, by an integration, one gets:

[A6(rara )] =Baoas )XV "Vaora0)X IN (-——)= Egoaoy 0 ) ] xim(2@ Y 0. (6)
‘j(rd(a'.:xj' n(p) dofao) do(ao) Vao(ao) do(ao,u(x)x Fao(ao) X in fao@e))

Furthermore, we also shown that, as T4y > Tao(ao) (Tace) < Tao(zoy): the compression
(dilatation) gives rise to the increase (the decrease) in the energy gap Egn(gpj(rd(a],x), and the
effective donor (acceptor)-ionization energy E,.;(racs).x) in absolute values, obtained in the

effective Bohr model, which is represented respectively by: + [.ﬁo(rd(a],x)]n(p],

2009\ _ ] _
Egn(gp}(rd(a}rxj - Ego (Xj = Ed(a}(rd(a}rxj - Edo(ao}(xj = Edo(ao](xj X [(m) - 1] =+ [ﬂo(rd(a]!x)]m:p}l

for raey = Tao(aoy, AN fOF gy = Tag a0y,

(7)

w0\ L]
Egn(gp)(rd(a]ij - Ego (Xj = Edl:a}(rdl:a)’x) - Edo(ao}(}{j = Edo(ao) (Xj X [(B—) - 1i| - [ﬂlﬂ'(l"d(a},}{)]

elrae) nip)’

Therefore, from Equations (6) and (7), one obtains the expressions for relative dielectric
constant g(r4(.y, x) and energy band gap E, (o (raca)x), as:

(i)-for racs) = ragraey, SINCE (rapy,x)= Zo (%) _<£,(x), being a new &(rg),x)-law,

| TIORY Tga) |
“|1+[("do(ao}') B "do(ao}’)
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Egn(em) (Tata)%) — Ego () = Eata)(Taty®) — Eaotag) (%) = Eaotaa) (¥) X [{L}a - 1} X In (L}a =0, (89)

Tdofao) Tdofeo)

according to the increase in both E, . (rac.y,x) and Eggs (racay,x), With increasing ry(,, and for a

given x, and
(ii)-for rac) < Taggaoy, SINCE e(rggy, X)= — £o(0) — ->¢,(x), With a condition, given
11— _aEy —1|xln (8]
A [I:-rﬂ-m:!ﬂ)) ]x I:-’dmjacl)}
"d(aJ rd(ﬂJ . i
by: [ rdo(m 1] x In do(m) <1, being a new e(ry,), x)-law,

Egntep) (Tate %) — Ego (%) = Eata)(Tata) %) — Edo(as)(X) = ~Edofae) (¥) X [{ﬂ)s - 1] X In (ﬂ}a =0, (8h)

Tdofeo) do(zo)

corresponding to the decrease in both E_ . (rac..x) @nd Eacs (racay.x), With decreasing ry(,, and

for a given x; therefore, the effective Bohr radius agy gy (raa). %) is defined by:

z(ray a) x]}(ﬁ 3 al:rd.l:a}'x:]
a Taa), X) = —+—— =053 x 107°% cm X ——2—, 8c
Bn(Bp]( d(a) ) mc,v}(xjxq mey)(X)/mg ( )
Furthermore, it is interesting to remark that the critical total donor (acceptor)-density in the

metal-insulator transition (MIT) at T=0 K, Nepaawpp) (TacayX), Was given by the Mott’s

criterium, with an empirical parameter, M,,,,,, as

1
N¢pan(cop) (Taga). X) 2 apn@Ep)(Ta@)y X) = My, Mpy = 0.25, (99)

depending thus on our New &(ry,), x)-law.

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

(WS) radius r characteristic of interactions, by:

sn(sp)’

INERYL 1 _ g (Y3 megx)/mg
rsn(mj(N,rd(a:,,x)z(m) X o = 11723 X110 x(ﬁ) x e, (9b)
being equal to, in particular, at N=Ngp,cpy)(Fagay. X): rsn(sp](NCDn(CDp](rd(a]rX): rd(aj,x):
2.4814, for any

(raca. x)-values. So, from Eq. (9b), one also has:

1 3\1/3 1
Nepneenp) (Tagay X) 2 apnEp)(Ta@)yX) = (_) X apra = 025 = (WS)yq) = My, (9¢c)

411

being identical to that given in above Eq. (9a).

Thus, the above Equations (9a, 9b, 9c) confirm our new &(ry.,), x)-law, given in Equations

(8a, 8b).
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Furthermore, by using M, =0.25 and the empirical Heisenberg parameter
H, ) = 0.47137, as those given in Equations (8, 15) of the Ref. [1], we have also showed
that Nepnenypy 1S Just the density of electrons (holes) localized in the exponential conduction
(valence)-band tail, with a precision of the order of 2.92 x 1077 [1]. Therefore, the density of
electrons (holes) given in parabolic conduction (valence) bands can be defined, as that given
in compensated materials, by:

N*(N, Tg(ay.X) =N — Neppvpp) (Tagay X)- (9d)

C. Effect of temperature T, with given x and ry,,

Here, the intrinsic band gap E (racay.x T) atany T is given by:

gin (gip)
2.065xx  5.405%(1—x)
T+94 T+204

Eginaip) (Taca % ) 10 6V = Egn gy (T X) — 107 X T2 x | ! (10)

suggesting that, for given x and r4 .y, Egineipy d€Creases with an increasing T, as observed in

next Table 1 in Appendix 1.

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

Ninipy DY

—Eginraioy(TarayxT)
N iip) (Tagay % T) = No(T,%) X N (T, %) X exp( E’“'E’}'ZTd'a} ), (11)

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

3
mc.,«v:,(x}x KgT

Nc(,',j (T,X) =2 % (T)z (Cm_g).
D. Heavy Doping Effect, with given T, x and r ()
Here, as given in our previous works [1, 2], the Fermi energy E,(—Eg,), band gap narrowing

(BGN), and apparent band gap narrowing (ABGN), are reported in the following.

First, the reduced Fermi energy 1, ,,, or the Fermi energy Eg, (—Eg,), obtained for any T and
any effective d(a)-density, N*(N,ry,,x) = N*, defined in Eqg. (9d), for a simplicity of
presentation, being investigated in our previous paper [8], with a precision of the order of
2.11 x 107, is found to be given by:

Epp (1) (—Epp[uj) _ 6 (u)+4uBF )

Tngpy (W) = =2 (22 — 5, A=0.0005372 and B = 4.82842262, (12)
° B B
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where u is the reduced electron density, u(N°,T,x) = < '!:(ij’
Mol
2
z 4 g, —
F —aus (1+bus+cu) *, a=[3va/4) xu], b=, c =222 and

V27T 18

2
Gw ~Ln(w) + 22 xux e ®; d =232 |1 - 2] >0,

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

(

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

Epn(u<<lj
kgrT

—Epp(u«1)

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

) « —1,

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

So, the numerical results of By (a0): € Eanap)r Nepn(cnp)s Eein (aip) (Taca, % T), and Ny (u) are
calculated, using Equations (5), (8a, 8b), (9a), (10), and (12), respectively, and reported in
Table 1 in Appendix 1.

Now, if denoting the effective Wigner-Seitz radius, r characteristic of the interactions,

sn(sp)

by:

N o a 141/3 Mgy (%)
T:m(spj (N !Td(aj’ 1) =1.1723 x 10° x E X m , (138.)
the correlation energy of an effective electron gas, E.,,cy [N",rd(a], x), is given as:

0.27553 {2[1—!:1(2)])““(1_ ) _0.093288

. —0.,87553 0.0902+T oy w2 sm‘sp)] .

Ecn(c‘p] (N ’Td(a]’ l) = —— (13b)

0.0908+7sn (sp) 140.03847728xrg 1378578

Then, taking into account various spin-polarized chemical potential-energy contributions
such as: exchange energy of an effective electron (hole) gas, majority-carrier correlation
energy of an effective electron (hole) gas, minority hole (electron) correlation energy,
majority electron (hole)-ionized d(a) interaction screened Coulomb potential energy, and
finally minority hole (electron)-ionized d(a) interaction screened Coulomb potential energy,
the band gap narrowing (BGN) are given in the following.

In the n-type HD X(x)- alloy, the BGN is found to be given by!?:

=%} E(F g}

AEg, (N*, 14, %) = ay X 2% x N2 + @y x 820 5 N? x (2.503 X [—Ep (Ten) X Ton]) + @3 X

£o(x) " Nr; 2 % 2 + as X l £.(x) :|: v J"I"_,_;

gix) 177 [y 1/4
[ ] X [Z=xN 4a, % |
ELTd~x)

£(rg.x) '\J. me + f(rg.x}
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;o= N
Ny = (-‘-'mr.'.rd I.'i) (14n)

where a, = 3.8 x 1073 (el), a, = 6.5 X 107*(el), a; = 2.8 x 1073(el),
a, = 5.597 x 1073(eV) and as = 8.1 x 10~ *(eV), and in the p-type HD X(x)- alloy, as:

= () = () % 5/4
AEg, (N*,75,%) 2 @y X 28 Ni/% @y x 2280 NE x (2,503 X [—Ep(7s,) X 75]) + ag X | 222 ] X

£(rgx)
1
mg 1/4 [Eo™) o p1f2 [ED':-J"i| s
meN’" + 2ay % ICAXN +as X 2ram) ® NP

M= () (14p)

N CDp l:‘l"ﬂ,.}. )]

where a; = 3.15 x 1073 (eV), a, = 5.41 x 107 *(eV), a; = 2.32 x 1073(eV),

a, = 4.195 x 1073 (eV) and a; = 9.80 x 10~3(eV).

Therefore, in the HD[d(a)- X(x)- alloy] ER, we can define the effective extrinsic carrier

concentration, nZ, .., by :
N %1 (1) = Zagniagp)
e'n(e-p] (N Td(a] X, Tj + N* X Po (no) - n!‘]‘l(l‘pj (Td(a] X, T) X Elp[ S agp}]’ (15)

where the apparent band gap narrowing, AE, g, gy 1S found to be defined by:

Y ) — Ep, (N°,T, %), (16n)

AE g (N*, Tygay, X, T) = AEy (N*,74,%) + ksT X In (N o

AEy (N* Ty X, T) = AEy (N*,7,%) + ks T X In( ) + Exp (N*, T, 2)]. (16p)

T.x)

TOTAL MINORITY-CARRIER SATURATION CURRENT DENSITY
In the two n* (p*) — p(n) X(x)- alloy -junction solar cells, denoted respectively by I(I1), the
total carrier-minority saturation current density is defined by:

J‘of(oh’] = fEﬂo(Epo] + jﬂ‘po(ﬁ'no] (17)

Where /gm0y 1S the minority-electron (hole) saturation current density injected into the
LD[a(d)- X(x)- alloy] BR, and Jen,(pey 1S the minority-hole (electron) saturation-current
density injected into the HD[d(a)- x(x)- alloy] ER.

J Bpo(Bno) in the LD[a(d)- X(x)- alloy]BR
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Here, Jspo(an0y 1S determined by [2]:

[D ey (N mp i g gy 6T
ayle Fard
an?p.‘jn) (Ta.'d;.,x,i’jx | (=8 ) ﬂl‘d:') ar, }'r

- b N Ter(he) Mard)y

I.E"po(ﬁ'no] (Na (d)’ Ta(d]’ x, T } = ) (18)

Nard)

where nZ, .y (Tagay %, T) is determined EQ. (11), Dgn) (Naay, Tagay. X, T) IS the minority electron

(minority hole) diffusion coefficient:

kgT 8300 )} 2 _
D (N, 75 %, T) = %20 1200 + = ] x (L2) (ems™), (19a)
+(1.ax1017cm—3) .
. _ kgT 270 2(ra. )\’ 2.1
Dh[:Nd:Td: erj T e X 130 + +{ N )1.25] X( £ (%) ) (C?ﬂ, ) )! (19b)
2x10l7 em—2

and 7,5 x5 (N4 gy ) 1S the minority electron (minority hole) lifetime in the BR:
T5(N)™ = $+ 3x 10712 x N, + 1.83 X 10731 x N2, (20a)

Top (N) 1 = #+ 11.76 x 10713 x N; + 2.78 x 10731 x NZ. (20b)

JEno(Epe) IN the HD[d(a)- X (x)- alloy]ER
In the non-uniformly and heavily doped emitter region of d(a)- X(x) devices, the effective
Gaussian d(a)-density profile or the d(a) (majority-e(h)) density, is defined in such the
HDI[d(a)- X(x) alloy] ER-width W, as [2]:

2
. ) ¥ 2 NF _ . NF _{W)
Pd(aj[:y;N W) =Nd(aj XElp{— (;) x In [m]}= N™ x [m] , 0D=y=W,

w )1.055(0.53
184.2 (1)x1077 em }

N (aoy(W) = 7.9 X 1077 (2 X 10%) X exp {—( (em™), (21)

where p, (v =0) =N" is the surface d(a)-density, and at the emitter-base junction,
Paay(y = W) = Ngo(a0y (W), which decreases with increasing W. Further, the “effective

doping density” is defined by:

* i _ _ [4Eagn( (PdrayTd(a)xT)
N (N Ta(a), 6. T) = pagay(y) fexp [ eeniespibaa s D]

IE;:;T
% _ . ) — N*
Niw (7 = 0N Tag 2. T) = — e e g 21
BXP ﬁ'BT
3 _ . — Nda(aa}(“")
Nd (ﬂj [.,V - W; Td(ﬁ]r X, T) = 13Eagn,‘agp)[”dg.’aa)':mirdfa}'r-'r:} ’ (22)
BXP ﬁ'BT
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where the apparent band gap narrowing AE,

agn(agp) 1S determined in Equations (16n, 16p),

replacing N* by py ) (y, N*, W).

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

&

N s
— (em™ x 5), 23
Dy exp A—Eﬁi‘:?%] ( ) )

Froy (. N",14(a), X.T) =

being related to the minority hole (electron) diffusion length, Ly (v.N*, 740y, x.T), as:

I’?ufe_}[’.‘l's‘l"r.-rd-'_a'-' IIJT] = [IHE-'_EE'_': * Dh-_e_s]_l = {C X F-:'-:lxﬁ'_'_- ): = (C * &)h = (C * M)_

Dy () 4 Po(Np)=Dhig)

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

minority hole (minority electron) lifetime 7,z .z, by:
1 1

— = Z .
Dh(e)%Lnfsy  DhgeyX(€XFecny )

(24)

ThE(eE) =

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:

Dy (1) [, ()] = ————n (25)

N&!I:ﬂ] (uv=1ri",?’d,:a},x,j"]’
and a normalized excess minority-h(e) density u(x) or a relative deviation between p(y) [n(y)]

and p, () [n. ()]

u(y) = 2O -Po (3 [N (P]]],
Po ) [ )]

(26)

which must verify the two following boundary conditions as:
~In(y=0)Je(y=0J]
e5%p5 (¥=0) [np (v=0)1’

u(ly =w) = exp (;)— 1

nrn(VIxVr

u(y=10)=

Here, n;;,(V) is the photovoltaic conversion factor, being determined later, S (?‘) is the

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

is the thermal voltage, and the minority-hole (electron) current density Ji oy (. Tagay. x)-

Further, from the Fick’s law for minority hole (electron)-diffusion equations, one has [1, 2]:

—e(+e)xniniy)  duly) _ —6(+e)nin ip)Prie) V' Ta@*)  duly) 27)

In (e) (_V, N Ty X T} = Py ) . S ——— P
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where N,y (v, N*,74(0).x.T) is given in Eq. (22), Dy, and F;,, are determined respectively

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

d}h (&) (_}‘u'\rx,?"d (E}.X, T)
dy

uly)

Fp(s) [_vanL?.‘m (¥)

= —e(+€) X nlyy X u) . (28)

— 2
= —e(+€) X Ny X . .
in(p) Nia) 0N e gy T X ThEem)

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

d2uly) _ dFpie) () duly) _ uly)
dy® dy dy L@ 0, (29)

Then, taking into account the two above boundary conditions given in Eq. (26), one thus gets
the general solution of this Eq. (29), as:
sinh (P())+1(W.5) xcosh(P () y (EI ( v )_ l), (30)

sinh(P(W) ) +1{W,5) xcosh(P(W)) Ny (VI%Vr

u(y) =

where the factor 7(W, 5) is determined by:

) Dp(e) V=W.Ndo(ao) Whrdra).xT)
1y, x, T,W,85) = . 31
(Tata ) SxLpg)(V=W.Ndo(ao)(W)Td(a)xT) ( )
dpr(y) 1

Further, since = C X F(0)= , € =120893 x 1073° (em*/s),for the X(x)-alloy,

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

_ [y ay 1 W dy W Loy () W
P(y) = O<y<W,P(y=W) = (-x X W = = hEa )
M =1, Loy VEYEW, Py=w) =7 s P B0 Lm0 Lm0 (32)

where L3, () is the effective minority hole (minority electron) diffusion length. Further, the

minority-hole (electron) current density injected into the HD[d(a)- X(x) alloy] ER is found to
be given by:

Tnte (B W, N T i@y X TSV ) = om0 W, N7, %,T,5) Uz 0 W, N7, T, 9] % (o0 (—2—) 1)), (33)
T H18

WhEre Jg,, £p0y 1S the saturation minority hole (minority electron) current density,

B‘J‘l?n.:fp)XD.& (&) cosh(P(x))+I(W.5)=sinh (P(x)) (34)

’IE““(E?”] (}}’ W. N Tacay. X T, 5) - NG N ra(a)xT)XLpe)  sink (P(W)+I(W.S)xcosh(P(W))

In the following, we will denote P(W) and 1(w,S) by P and I, for a simplicity. So, Eq. (30)
gives:

en’ ciny X Dw 1
TE E:‘"m - X - ! (35)
Ngig W N*rgiayT)xLprgy  sinh (P) +Ixcosh(P)

Jeno(5po)(¥ = 0.W, N*, Tg), X, T, S) =
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en’y n(ip)*Chie) cosh(P)+Ixsinh (P) (36)

=W, W, N, g X T,5) =
'IEHG (Epo) (’V : d(a) } N§-:a} (Y=W.N*rq(q)xT)XLpg sinh (P} +Ixcosh(P)’

and then,

Jnie) y=0wN ra(@) 2 T.SV) _ Jenotepe) y=0wN ra@ 2 T.S) 1 37)
Inie)y=Wwi rga 2 TSV)  Jeno(epo) y=W. W rgiqxT.S)  cosh(P)+Ixsinh(P)’

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

The(er) (V. Td(ay*T)
Theer)(Pd(a) Xl raay.*T)

dy, and

W
Qi (¥ = W N Ty, 0. T) = [ +e(—e) x u(y) X p, (¥) [, ()] X
the effective minority hole (minority electron) transit time [htt(ett)] by:
Theeteed OV = W, W, N, 74 (02, %, T,5) = Q5 (v = W, N*, T 4(a). X, T]f}gm.:gpo)(}’ =W, W,N* 14X, T, 5), and

from Equations (24, 31), one obtains:

1';_r,_.:g"J[}'=W,W_.,'v",7"dl:u},x,T,B‘:} =q1_ fzr::;Ep:}[}'zﬁa'ri"»'\'";‘?‘d,:u);x;rﬁ:} 1 (38)

Theez) Jenotmpe) yWWN T 50 xTS) cosh(B)+Ixsink(F)’

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

Dh(e) Ndotao) W) Ta(ay %.T)
AsP <1 (0F W« Lygy) and § = oo, I = I(W,S) = sxi;}g} (zz:z}a} m}iﬁ}}xﬂ - 0, from Eq. (38),

T ;.rr;e ety (}'2 W.W.N -’Tﬂ'l: ) T.-S} -

one has: 0, suggesting a completely transparent emitter region

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

enin (ip)*Dh () % 1 (39)
NG (=W ra(ay % T)%Lpg)  P(W)

!rEno(Epo] [,V = W,N", Td(ay X T,5—> OO) —

Further, as P>»1 (or W > Lyg)) and §-0,

Dp(e)(Ndo(ao) (W)rd (ay-x.T)
5% Lpigy (Ndo(ao)(W).rd(ay-5T)

I=1(y=W.r0,x5) = —o, and from Eq. (38) one has:

Theecg (FEWWN T 1 TS)

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

ThE(RE)

where, from Eq. (36), one gets:

Flingipy* Dhie)

)Eno(.ﬁ"po](}" =W,N*, Td(g]:x; T,5-= 0) - % tanh(P). (40)

"v:::j ':}'=W,N',?"g;:;mTTJXL'r.;e)

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

minority saturation current density ], defined in Eq. (17), is now rewritten as:

Iof(m’f) [Wf N&’ le:ﬂ:l’x’ Tfs: Nﬂl:d:l’rﬂl:d)’x’T) = fEno':Epo] (W’ Na’ Td':a]’xf T’ Sj +pro':BnD:l (Nﬂ':d]’rﬂ':d]’x’ Tj' (41)

WhNEre e (spo) AN J5p0(5ne) are determined respectively in Equations (36, 18).
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PHOTOVOLTAIC CONVERSION EFFECT AT 300K
Here, in the n*(p*) — p(n) X(X) -alloy junction solar cells at T=300 K, denoted respectively by
I(11), and for physical conditions, respectively, as:

W =15 um,N = 10*°cm~3(10*%cm™?) ,r4.,,%,§ = 100 (%1): Ny =107 em™ 14, X, (42)

we propose, at given open circuit voltages: Vyciigocrzy aNd Voengocnzy the corresponding data of
the short circuit current density Joqm. in order to formulate our following treatment method of
two fix points, as:

at Voeri (oery (V) = 0.980 (1.1272), Jserigsery (MA/em?) = 27.06 (29.76),

at “"c»cnl.[cu:nzj(VJI = 0.980 (1.03), Tsem(scuz) (mA/cm?) = 24.2 (29.84). (43)

Now, 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) X(x)-alloy junction of solar cells, as:

v

- V.=-—==10.02585V 44
(V) vy’ T & ! ( )

JOV) = Ipn W) = Jarom X [:Ex](”}m —1), X (V) =

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

]ph. (V = Voc) = IscI(scII] (W! N°T, rd(ajr X5 Na(d]r T, ra(d]! % Voc)v for Voo 2 VUCIl(UCIIlj-

Therefore, the photovoltaic conversion effect occurs, according to:

]sr_‘](sr_‘]]]{wJ N*,T, Tdia)X 5; Na':d); Td(a). X TI.'VDE) = ]D](o]]){w N®T, Faiap X 5 Na':d:h Tdia). % T} X {E‘XI:II;'I:vD:) - 1}J (45)

VDC

where nyp, (Vo) = nyn (W, N, Taay, X, T, 85 Ny Taay % T; Vo), and X (Voo) = Vo RVr

Here, one remarks that (i) for a given Vv, both nyy, and J,q, have the same variations,
obtained in the same physical conditions, as observed in the following calculation, (ii) the
function (e¥ien®ee) —1) or the PVCF, nyy, representing the photovoltaic conversion effect,
converts the light, represented by Jycysan, into the electricity, by Joomy, and finally, for given

(W,N% Ty, % T, 8 Ny Tagay X T; Voo )-values, nyp (Vo) is determined.

Now, for V,. = Voq1c0cmny, ONE Can propose the general expressions for the PVCF, in order to

get exactly the values of ny; 11, (Voers oersy) 2nd 0z iz (Voerz ey )1 @ functions of v, by:

a(f@)
n](]])(WJN&J TdpX T. S Nagay Tagay % T;Voc) = n11.:111)(Voc11(oc111)}+ n]?(]]::l{vocl'zl:ocllﬂ:)} % ( Yo 1) ) (46)

Wocri ooy
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where, for example, the values of «(p), obtained for x = (0, 0.5 and 1),will be reported in Tables

3n and 5p, for these x(x) —alloy junctions.

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

Xu:||;-':Vn:)—lﬂ[xl:u;-':Vn:}JrU-?z] (47)
Hym (Vo) 41 )

Fyop (W, N*, Tara)y % T, 8 Nagay, Fargy. 2. T; Voe) =

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

by:

Nm (WJ N*, Tdia) X T,S; Na':d]; Fafd) X T;VDE

} — Tsctisany ¥ VocX Figry
- Pin !

(48)

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

It should be noted that the maximal values Of nyy, Mimaxmmaxy are obtained at the

corresponding ones of Vae = Vocioem, at which

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

(am,:m(W,N*‘,rd.:a);gT,S: Na.:d;.,ra.;dg;mT:Voc))
Voczvocl(oclrj

Ve

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

temperature, Ty, expressed as:

Ty-T
T]I(\'II] [:T!Voc) = T]Imax.(llmax.] (T’ Voc = Vocl(ocll]) = Ncarnot = HTH Cv (49)

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

(W, N7, rd(a],x, T,S; Natd:,,ra,:d:,,x, T; VUCI(UCInI)'parameterS.

NUMERICAL RESULTS AND CONCLUDING REMARKS

We will respectively consider the two following cases of n*(»*) — p(n) -junctions such as:

HD (Sb; Sn) X(x) alloy ER— LD (Mg ;Cd) X(x) — alloy BR—case, according to: 2 (n'p)—
junctions denoted by: (Sb*Mg,Sn*Cd), and

HD (Mg ;Cd) X(x) alloy ER — LD (Sh; Sn) X(x) —alloy BR —case, according to: 2 (p™n)—

junctions denoted by: (Mg*Sb,Cd*Sn).

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

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

Then, the numerical results of Jspe Temo @Nd ]y, are calculated using Equations (38), (18),
ThE

(36) and (41), respectively, and obtained, as those given in Table 2n in Appendix 1. Further,
those of n;, J. F, m, and Ty, are computed, using Equations (46, 45, 47, 48, 49),
respectively, and reported in Table 3n in Appendix 1.

Second case: HD [ Mg; Cd] X(x)— Alloy ER— LD [S§h,Sn] X(x)— Alloy BR
Here, there are 2 (p*n) — X(x)-junctions, being denoted by: (Mg*Sh,Cd*Sn).

Then, the numerical results of =, J8nor Tepo @Nd Jop, are calculated using Equations (38), (18),

TaR

(36) and (41), respectively, and obtained, as those given in Table 4p in Appendix 1. Further,

those of wny, J.en, Fi, My, and Ty, are computed, using Equations (46, 45, 47, 48, 49),
respectively, and reported in Table 5p in Appendix 1.

Finally, some concluding remarks are obtained and discussed as follows.

(1) In Table 3n, for the n* —p GaSh,_, P, —alloy junction solar cell and for 7, c,-radius,
one obtains with increasing x=(0, 0.5, 1): e (7)= 23.24 %, 29.55 %, 32.76 %, according to
Ty(7) = 390.8 K,425.8 K,446.2 K, at V,,; = 1.29V,1.08 V,1.06 V, respectively.

(2) In Table 5p, for the p* —n GaSh,_.P, —alloy junction solar cell and for ;4 s.-radius, one
obtains with increasing x=(0, 0.5, 1): %;ma. (M= 36.14 %, 34.24 %, 32.34 %, according to

Ty(y) = 469.8 K,456.2 K,443.4 K, at V,.;;(V) = 1.44 V,1.26 V,1.17 V, respectively.
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APPENDIX 1

Table 1. In the GaShy_.P.-alloy, in which N = 10%°cm™2(10%°cm™3) and T=300 K, the numerical results of Bao(as), £,

E

anlgn) Veon(cop) Bain(gin) (Tata)s % T) and 1, are computed, using Equations (5), (8a, 8b), (9a), (10) and (12), respectively. Here,

on notes that, in the limiting conditions: x=(0, 1), these results are reduced to those given in the GaSb- crystal and the GaP -alloy,

respective.

Donor P As

rg (nm) 2 0.110 0.118

X 7 0 05,1 0 05,1

elrg,®) 18.749396, 16.006894, 13.26439 16.99538, 14.509442, 12.023502
Egnolra:®X) ev 7~ 0.8092218, 1.300989, 1.7916992 0.809616, 1.3020091, 1.7938803
Nepn(rg.x)in 10*% cm™% 7 0.16532064, 1.7737973, 9.8801482 0.22197093, 2.381623, 13.265771
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Egin(ra,x, T)inev 7~

Mn = 1 ( degenerate case )

0.7127, 1.21772,1.72169

64.65, 34.36, 23.41

0.7131, 1.21874,1.72387

64.64, 34.35,23.40

Donor Sb Sn
rg (nm) 2 rgq, =0.136 0.140
X A 0, 0.5,1 0, 0.5,1

Bao(x)in 107 (N/m?) ~
elrg. =) »

Egno(ra.x} ev 7
Nepn(ra.x) in 10*% cm™ 7

Eginl(rg,x Jinev 7

3.947736, 10.198914, 21.81692

15.69, 13.395, 11.1

0.81, 1.303, 1.796

0.28211106, 3.0268927, 16.859958

0.71348, 1.21973,1.72599

15.628381, 13.3424, 11.056407

0.810020, 1.303053, 1.7961134

0.28546113, 3.062837, 17.06017

0.71350, 1.21979,1.7261

Mo = 1 (degenerate case ) 64.64, 34.35, 23.39 64.64, 34.35,23.9
Acceptor Ga Mg

ry (nm) 2 Iy=0.126 0.140

X A 0, 05,1 o, 05,1

Boo(x) in 10° (N/m?)
elrg.x) N

Eqpolra, x)ev 7

Nepp (re. %) in 10°¥ em™ 7
Egip(rax, T)inev 2

Mp 3 1 ( degenerate case )

3.1686666, 5.796632, 10.551768

15.69, 13.395, 11.1

0.81, 1.303,1.796

0.73365234, 2.7947772, 9.5926026

0.7135,  1.2197,1.7260

10.25, 7.7611,6.2787

14.84222,12.67123,10.50023

0.8119, 1.3065625, 1.802485

0.86668661, 3.3015583, 11.332043

0.7154,

1.2233,1.7325

10.25, 7.7612,6.2791

Acceptor In Cd

ry (nm) 2 0.144 0.148

X A 0, 05,1 0, 05,1

E(f'gJ X] w 14.33862, 12.24129, 10.143959 13.76307, 11.74993,9.736782

Egpolra. x}ev 7

0.813271, 1.308984, 1.8068933

0.814966, 1.312084, 1.8125359
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Nepp (re, ) in 10° cm™2 2 0.96125108, 3.6617925, 12.568487 1.0869583, 4.1406617, 14.212125
Egip(rex, T)inev 7 0.7168,  1.2257,1.7369 07184,  1.2288,1.7425
Mg > 1 ( degenerate case ) 10.25, 7.7612,6.2788 10.25, 7.7611, 6.2784

Table 2n. In the HD [(Sb; Sn)- GaSh,_,P,-alloy] ER-LD[(Mg; Cd)-GaSh,_,P,-alloy] BR, for physical conditions given in
Eq. (42) and for a given x, our numerical results of ?’—“, ]Bpu. Jgng @and J; , are computed, using Equations (38), (18), (36)
hE

and (41), respectively, noting that ]J,; decreases with increasing Tz -radius for given x, and it also decreases with

increasing x for given I'q x-radius, being new results.

n*p Sb=Mg Sn~cCd
Here, x=0 for the (55™ Mg,Sn™ Cd)-junctions, and from Eq. (38), one obtains:

= (0,0) suggesting a completely transparent condition.

Jopo in 1078 (4/cm?) 5.8648 5.4383

Jeno iN107% (A/em?®) 5.4342 5.3524

Jor in107% (A/cm?) 5.4928 5.4067

Here, x=0.5 for the (55™ Mg,Sn™ Cd)-junctions, and from Eq. (38), one obtains:
Th

= (0,0) suggesting a completely transparent condition.

J5po in 10716 (4/em?) s 7.3026 6.7717
Jeno in 10717 {A/em?) 1.1891 1.0752
Jor in1071 (A4/em®) 7.3145 6.7824

Here,

Thee

x=1 for the (Sb* Mg, 5n* Cd)-junctions, and from Eq. (38), one obtains: = (0, 0) suggesting a completely transparent

The

condition.

Jopo i 1077 (A/cm®) 5.6810 5.2680
Jeno in 10727 (4/cm?®) 3.3586 3.1952

Jor in1072%* (A/cm?) 5.6811 5.2680

Table 3n. In the HD [(Sb; Sn)- Ga$h,_, P -alloy] ER-LD[(M g: Cd)-GaSh,_. P -alloy] BR, for physical conditions
given in Eq. (42) and for a given x, our numerical results of 1y, Jo.;, F7, 1y, and Ty, are computed, using Equations (46,
45, 47, 48, 49), respectively, noting that both Mq.. @Nd T, marked in bold increase with increasing x for given 13 (a)

being new results.

1{1{,‘ (V) Ty fsc! (m_ﬂ F; (UJ’EI) nr (U‘{:‘)

cm?2
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Here, x=0. For the { §5% Mg, Sn* Cd) junctions, the value of e given in Eq. (46) is 1. 11463,

n*p  Sb Mg SnCd SbMg: Sn™Cd SbMg: Sn™Cd Sb=Mg; Sn™Cd
0980  4.458;4.450 27.06; 27.06 66.10; 66.13 17.53; 17.54

11272  5.071;5.061 29.76; 29.76 66.33; 66.36 22.25;22.26

1.28 5.813; 5.803 27.43;27.43 66.13; 66.17 23.22;23.23

1.29 5.864; 5.853 27.23;27.23 66.11; 66.15 23.23;23.24

Voer =129V 390.8; 390.8=T 5 (K

1.30 5.914; 5.903 27.03; 27.03 66.09; 66.13 23.22;23.24

2 9.760; 9.742 15.20; 15.18 64.63; 64.67 19.64; 19.63

Here, x=0.5. For the {{ Sb* Mg, Sn* Cd) junctions, the value of & given in Eq. (46) is 1. 08462,

ntp  SbMg Sn Cd Sb™Mg: Sn™Cd 5B Mg; Sn~€Cd  Sbh*Mg; Sn*Cd
0.980  1.213;1.210 27.06; 27.06 86.15; 86.18 22.85;22.85

1.07 1.318; 1.314 31.97;31.98 86.21; 86.23 29.49; 29.51

1.08 1.330; 1.327 31.72;31.73 86.20; 86.23 29.53; 29.55

Voer =108V 425.7; 425.8=Tx (K)

1.09 1.343; 1.340 31.41;31.42 86.20; 86.23 29.51; 29.53

11272 1.391;1.388 29.76; 29.77 86.18; 86.21 28.91; 28.92

2 2.666; 2.660 2.914; 2.898 85.36; 85.39 4.976; 4.950

Here, x=1. For the { Sb* Mg, Sn* Cd) junctions, the values of &, given in Eq. (46), are
equal respectively to: 1. 08055.

n*p  Sb Mg Sn Cd Sh~Mg; Sn~Cd 5bMg: Sn™Cd Sb~Mg; Sn™Cd
0980  0.759;0.758 27.06; 27.06 90.33; 90.34 23.95; 23.96
1.05 0.810; 0.808 34.41; 34.42 90.36; 90.37 32.64; 32.66
1.06 0.817;0.816 34.20; 34.20 90.36; 90.37 32.75; 32.76
Voer =106V 446.1; 446.2=Tg(K)
1.07 0.825; 0.824 33.81; 33.83 90.36; 90.37 32.69; 32.71
11272 0.872;0.870 29.76; 29.76 90.34; 90.35 30.30; 30.31
2 1.670; 1.667 0.750; 0.746 89.75; 89.76 1.347; 1.340

Table 4p. In the HD [(Mg; Cd)-GaSh,_,P,-alloy] ER-LD[(Sb; Sn)-GaSh,_, P -alloy] BR, for physical conditions given in

-3
T,

Eq. (42) and for a given x, our numerical results of TE, ]Bm, ]Epn and ]-:.II , are computed, using Equations (38), (18), (36)
eE

and (41), respectively, noting that ]oII decreases with increasing ra(dj-radius for given x, and it also decreases with

increasing x for given I'ygy-radius, being new results.

p"’n Mg~5h Cd™5n

Here, x=0, and for the (Mg~ 5b,Cd” Sn)-junctions and from Eq. (34), one obtains:
1:“_“ = (0,0) suggesting a completely transparent condition.
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Jono iN 1078 (A/em?) 1.7487 1.7404
Jepo IN1075 (A/em®) 2.5253 1.9517
Jorr in1075 (4/em?) 25271 1.9534

Here, x=0.5, and for the (Mg~ 5b,Cd” Sn)-junctions and from Eq. (34), one obtains:

Te

== (0,0) suggesting a completely transparent condition.

Jene in 10718 (A/em?) N 2.1801 2.1671
Jepo IN1071% (4/em?) 5.1664 3.6239
Jorr in1071% (A/em?) 5.3844 3.8406

Here,

rlf

x=1, and for the (Mg~ 5b,Cd” 5n) junctions and from Eq. (34), one obtains: —** = (0,0) suggesting a completely transparent

E

e
Te

condition.

Jene iN1072% (A/em?) N 1.7000 1.6859
Jepo IN 10725 (4/em?) N 7.3035 4.2868
Jorr in107% (A/em*) s 2.4303 2.1146

Table 5p. In the HD [(Mg; Cd)-GaSh,_,P.-alloy] ER-LD[(Sh; Sn)-GaSh,_.P.-alloy] BR, for physical conditions
given in Eqg. (42) and for a given X, our numerical results of Ty, Jozrrs Frr, My, @nd Ty, are computed, using Equations
(46, 45, 47, 48, 49), respectively, noting that both M;rmax. @Nd Ty, marked in bold, decrease with increasing x for given

T (ay being new results.

Vo (V) My Joerr (24 F1(%) N (%)

cmz

Here, x=0. For the (Mg~ 5b; Cd™5n)-junctions, the value of # given in Eq. (46) is 1. 3225,

p™m Mg Sk Cd”Sn Mg~ 5b; Cd™5n Mg™Sb; Cd"5n Mg Sk; Cd”5n
0980  5521;5.322 24.20; 24.20 61.52; 62.33 14.59; 14.78

1.03 5.631; 5.428 29.84; 30.07 62.18; 62.98 19.11; 19.50

1.43 7.533; 7.263 39.01; 39.62 62.99; 63.78 35.14; 36.14

1.44 7.592;7.320 38.76; 39.36 62.97; 63.76 35.15; 36.14

Voorr = 1. 44V 462.6; 469.8=T 5 (K)

1.45 7.652; 7.378 38.50; 39.08 62.95; 63.74 35.14; 36.12

2 11.46; 11.05 21.58; 21.41 61.15; 61.95 26.40; 26.53

Here, x=0.5. For the (Mg~ Sb; Cd” Sn )-junctions, the value of f given in Eq. (46) is 1. 067 5.

p*n Mg Sk Cd*Sn Mg=5k; Cd~5Sn Mg=Sh; Cd*Sn  Mg~5k; Cd~Sn
0980  1.301;1.286 24.20; 24.20 85.41; 85.53 20.26; 20.28

1.03 1.358; 1.342 29.81; 29.88 85.49; 85.61 26.25; 26.35

1.25 1.644; 1.625 31.89; 31.98 85.51; 85.64 34.09; 34.23

1.26 1.657; 1.638 31.65; 31.74 85.51; 85.63 34.10; 34.24

Voerr=1.26V 455.2; 456.2=Tx (K)

WWW.wjert.org 1SO 9001: 2015 Certified Journal 92




Cong. World Journal of Engineering Research and Technology

1.27 1.671; 1.652 31.40; 31.48 85.51; 85.63 34.10; 34.23
2 2.718; 2.687 12.35; 12.24 85.15; 85.28 21.03; 20.88

Here, x=1. For the (Mg~ 5b; Cd™5n)-junctions, the value of £ given, in Eq. (46), are
equal respectively to: 1. 04532,

p™n Mg Sk Cd”Sn Mg~5b; Cd*~5n Mg~5k Cd*5n  Mg~Sh; Cd~5n
0.980 0.748; 0.746 24.20; 24.20 90.44; 90.46 21.45; 21.45

1.03 0.783; 0.781 29.85; 29.87 90.47; 90.49 27.82; 27.84

1.16 0.882; 0.879 30.79; 30.80 90.47; 90.49 32.31; 32.33

1.17 0.889; 0.887 30.53; 30.54 90.47; 90.49 32.31; 32.34

Voerr =1.17V 443.2; 443.4=Tx (K)

1.18 0.897; 0.895 30.24; 30.26 90.47; 90.49 32.29; 32.31

2 1.565; 1.561 7.111; 7.085 90.25; 90.27 12.83; 12.79
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