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ABTRACT

In n*(p*)— p(n) [X(x)= GaSb,_,As-alloy junction solar cells at T=300

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

*Corresponding Author treatment method, as those used in our recent works™? we will also

Prof. Br. Huynh/Van investigate the maximal efficiencies, Nimax mmaxy, Obtained at the open

Cong
. ) i circuit voltage v_.(=V, , according to highest hot reservoir
Université de Perpignan Via 98 Voe(= Voei(oem) g g

Domitia, Laboratoire de temperatures, T;(K), obtained from the Carnot efficiency theorem,

Mathématiques et Physique which was demonstrated by the use of the entropy law. In the present

(LAMPS), EA 4217, work, some concluding remarks are given in the following.
Département de Physique,
52, Avenue Paul Alduy, F-

66 860 Perpignan, France.

(1) In the heavily doped emitter region, the effective density of
electrons (holes), N*, given in parabolic conduction (valence) bands,

expressed as functions of the total dense impurity density, N, donor

(acceptor)-radius, rgn , and x-concentration, is defined in Eqg. (9d), as:
N*(N,rg.2,%) = N — Nepyonpp) (Tagey ), Where Nepyauppy i 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 ry, s, Characteristic of interactions, as given in Equations (9b, 9c), and further (ii)
Nepneenpy IS just the density of electrons (holes) localized in the exponential conduction

(valence)-band tail (EBT), as that demonstrated in.™
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(2) In Table 3n, for the n* —p X(x) —alloy junction solar cell and for 7,4 -radius, one
obtains with increasing x=(0, 0.5, 1): Nmax (7= 23.24 %, 28.00 %, 31.30 %, according to
Ty(7) = 390.8 K,416.7 K,436.7 K, at V,; = 1.29 V,1.10 V,1.07 V, respectively.

(3) In Table 5p, for the p* —n X(x) —alloy junction solar cell and for rs.,-radius, one
obtains with increasing x=(0, 0.5, 1): ma. ()= 36.14 %, 35.06 %, 33.53 %, according to

Tw(y) = 469.8 K,462.0 K,451.3 K, at V,.;;(V) = 1.44 V,1.31V,1.17 V, respectively.

KEYWORS: single Gasb,_.As.-alloy junction solar cell; photovoltaic conversion factor;

photovoltaic conversion efficiency.

INTRODUCTION
In single n* (p™) —p(n) [X(x) = GaSb;_.As.]--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.

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

m,(x)/m, = 0.066 x x + 0.047 x (1—x), and

m,(x)/m, = 0291 xx+ 0.3 x (1 —x).

1)

(ii)-The unperturbed relative static dielectric constant of the intrinsic of the single crystalline
X- alloy is found to be defined by:
£,(x) = 1313 xx + 15.69 x (1 —x). 2
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(iii)-Finally, the unperturbed band gap at 0 K is found to be given by:
E,,(x)ineV=152xx +0.81x (1—-x). 3

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

Ta(a) = Tdo(ao) = T'sb(Gay = 0.136 nm (0.126 nm), in absolute values as:

meV, (4)

13600%[mepy(x)/mg)
[z0(x)]*

and then, the isothermal bulk modulus, by:

Ego (ao) (X) =

= Faoao®
Bdo(:!O] [:X) - (%)X{rdoiao}}a . (5)

B. Effects of Impurity-size, with a given x
Here, the effects of ry.,, and x- concentration affect the changes in all the energy-band-
structure parameters, expressed in terms of the effective relative dielectric constant e(ry,,, %),

in the following.

Al Tg(ay = Tao(a0), the needed boundary conditions are found to be, for the impurity-atom
volume V= (41/3) x [rd,:a])a, Vio a0y = (41/3) X (rdo(aoj)g, for the pressure p, p, = 0, and

for the deformation potential energy (or the strain energy) o, o, = 0. Further, the two

important equations[gl, used to determine the c-variation, A= oo, = o, are defined by:

dp__
dv

[‘i‘:j (rd(_aj! X)] nt-m:BdU(auj ()% (V_Vd o(ao) |) xIn (

—; and p— — . giving: —( )-— Then, by an integration, one gets:

)= Baniao (9 % [ (22" - 1] xn (222) 2 0. (6)

Fdolao Fdolao)

Vd('\.

Furthermore, we also shown that, as ryp.) > Tagae) (Taga) < Taoae)) » the compression
(dilatation) gives rise to the increase (the decrease) in the energy gap Egn(gp](rd(aj,x}, and the
effective donor (acceptor)-ionization energy Eq ., (rd(a],x) in absolute values, obtained in the

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

2
EglX)
gn(gpn(rd(au X) Ego(X) - Ed(an(rd(au X) Edo(aou(X) Edo(aouﬁx) l SC:;( ) - 1] =+ ['&G(rd(ajrx)]n(pl

for Ta(a) = Tdo(ao) and for Taa) = Tdo(ao)

Egn(gpj [:rd(_ajuxj - Ego(X) = Ed(aj (rd(ajrxj - Edo(aoj(X) = Edo(ao} EX) x

( So(-“f")z - 1] =- [M(I’d(ajvx)]n(p:f 7

2(Tdfa))
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Therefore, from Equations (6) and (7), one obtains the expressions for relative dielectric
constant £(rg(.y, x) and energy band gap E, .y (rac).x), as:
(1)-fOr rgcay = Tgg(aoyr SINCE £(rg(ay, %)= . <e,(x), being a New £(ry .y, x)-law,

[ , ) i 2
o]y o on(pze)

3
Egn(gpj (rd(_a)rx) - Egc [X) = Ed(_aj (rd(aj! ) Edo(acn[X) Edc(aun[x) [ e ] X In (Ll\) = 0: (8a)

Tdofao) "dofao)

according to the increase in both E_,; (rgc.,.x) and Eqgy (rdcaj,,x), with increasing 4, and for a

given x, and

- - _ £5(X) - ay

(i1)-for racey < Taoaoys SINCE &(Tagay, X)= — — > g,(x), with a condition,
A 1 [(Tdm smj;J 1]XIH(Tdoan)J

given by: [(;E 1] x In :‘() < 1, being a new &(rg,y, x)-law,

3 raca 3
Egn(_gpj [:rd(_a:ux) - EgU[X) = Ed(_aj [:rd(aj: ) Edc(acn[X) - EdU{:!UI(X:} [ e 1] % In (#) = 01 (8b)

rdo(aa "do(ae)

corresponding to the decrease in both E, . (racs).x) and Egez (raea.x), with decreasing r,., and
for a given x; therefore, the effective Bohr radius ag,gp) (raa). %) is defined by:

_ a(rd,:a:,,x]xhz

apn(@p)(Taca), X) = = 0.53 x 10~% cm x —a@X (8c)

Mgy (X% q? me (v (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, Nepppp) (Taga),X), Was given by the Mott’s

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

1
N¢pan(cop) (Taga). X) 2 apnEp)(Ta@)y X)) = My, Mpepy = 0.25, (99)

depending thus on our New £(ry,y, 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)’

1/2 1/3 o
Fongspy(NTagayX) = (o) ¥ ————=11723 x 108 x (1) x &% (9b)

agnEp) (Tageyx) e(Tagpx)
being equal to, in particular, at N=Ngppcopg) (Taa) %) rsn(spj(NCDH(CDpj(rd(aj,x),rd(a],x}:
2.4814, for any

(racay. X)-Values. So, from Eq. (9b), one also has:

1 3\1/3 1
Nepnceop) (Tay ¥) /2 x apn(ep)(Taa)- X) = (;) X e 0.25 = (WS),p) = My, (90)

being identical to that given in above Eq. (9a).
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Thus, the above Equations (9a, 9b, 9c) confirm our new &(rq,y. x)-law, given in Equations

(8a, 8b).

Furthermore, by using M, =0.25 and the empirical Heisenberg parameter
Hy ) = 0.47137, as those given in Equations (8, 15) of the Ref.lY), we have also showed that
Ncoaccpp 1 just the density of electrons (holes) localized in the exponential conduction
(valence)-band tail, with a precision of the order of 2.90 x 10~7 . 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(a),%) =N — Nepnownp) (Tagay X)- (9d)

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

Here, the intrinsic band gap Egy, gip) (Tacx),% T) at any T is given by:

3.065%x  5.403%(1-x)
T+94 T+204

Egin (zip) (Taga) X T) In €V = Egn gy (Fa(z),¥) =107 X T? X [ , (10)
suggesting that, for given X and r, ., Egin i) decreases with an increasing T, as observed in

next Table 1 in Appendix 1.

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

Ny ip) DY

—Egi ol (1" i ,}(,T)
1 niip) (Taay % T) = Ne(T,%) X Ny (T.%) X exp( E’“‘E’ELTd‘a) ), (11)

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

3
mc.,«v:,(x}x KgT

Negoy (T.X) = 2 x (Ze®2eT)e (o3,

D. Heavy Doping Effect, with given T, x and 14,

Here, as given in our previous works™?, the Fermi energy Egn(—Eg,), band gap narrowing
(BGN), and apparent band gap narrowing (ABGN), are reported in the following.

First, the reduced Fermi energy ,,,,, or the Fermi energy Eg,(—Eg,), obtained for any T and
any effective d(a)-density, N*(N, 74, x) = N*, defined in Eq. (9d), for a simplicity of
presentation, being investigated in our previous paper™, with a precision of the order of

2.11 x 107, is found to be given by:

Epn(u) (_EFp(u]) _ G(u]+AuBF(u] A
keT kT 1+4uf ]

Ty (1) = = 0.0005372 and B = 4.82842262, (12)
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N &
Ne(y) (T.x)

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

2
2

z 4 o
F(u) = au= (1 +bu"= + cu“E) . a=[(3Va/4) x u]zfz b =§(£)2 | ¢ = 52373%S5 (5)4 ~and

a 1920 a

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

V27T 18

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

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

Epn(u<<lj
kgrT

—Epp(u«1)

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

) <« —1,

So, the numerical results of By (a0y: € Egnap)s Neon(cpp)s Eain @ip) (Tagz), % T) and nyg () 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, 7, ),

characteristic of the interactions,
by:

1 )”3 o Mem®)

Tan(sp) (V™. Taga), X) = 1.1723 x 10° X (N— —— (13a)

the correlation energy of an effective electron gas, E.,,(cp) (N " Td(a)y x), is given as:

0.27553 {2[1—!:1(2)]

—0.87553 N 0508+ gy 5y w2 )XI“(Tsn(sp)]—U-U%ESS

Een(er)(N "\ Tagay X) = 0.0908 +7n (op) 1+0.02847728xr 52075 (13b)
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

x N~ £olx) 1/3
AE , (N™,14,%) = a; X E(:d’r) X N,

5/4 2 1
[ﬂ x [x N +a, x fs”—@xN:’zx2+a5x[5”—®2fo’
£(rg.x) me =(14.x) £(rg.x) r

N (NCD:;(:de])'

1
+a, X e:;:i} X N? % (2.503 x [—E,, (15,) X 1 ]) + ag X

(14n)
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where a, =38x10"%(eV) , a,=6.5x10"*(eV) a; = 2.8 x 1073 (el)

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

1
Egp(N',75,%) = @y X 228 x N2 4 ay x 228 NE x (2,503 X [—E,p(15p) X ]]+a3x[iofﬂ]mx m,

&(rg.x)
2 1
N4 2a,x |22« NY2 4 g x[E"@'] x N2
E(Tg.x) E(Tg.X)
N*
M= (=), (L4p)

N Chp l:?"ﬂ;.l )]

My,

where a; = 3.15 x 1073(eV) a, = 5.41 x 107*(eV) a; = 232 x 1073(eV)

a, = 4.195x 1073(eV) and a5 = 9.80 x 107>(eV).

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

concentration, ng,, ..y, by :

. . ) - o T ) _ [4Eqgn
Mo ep) (N ,rd(a],x,T) =, /N* xp,(n,) = Rin(ip) (?‘d(aj,x,T) X exp [ ngnﬂigp}] , (15)

where the apparent band gap narrowing, AE, ., .4,y 1S found to be defined by:

Y ) Epy (N°, T, %),

BE gn (N, Tg(ay X, T) = AE, (N*,74, ) + kT x In (2 o

(16n)

AE g, (N*,Ta(q), X, T) = AE;,(N™, 15, %) + kgT X In (N T ]) + Eg, (N*,T,X)].

(16p)

TOTAL MINORITY-CARRIER SATURATION CURRENT DENSITY
In the two n* (p*) —p(n) X(x)- alloy -junction solar cells, denoted respectively by I(1l), the
total carrier-minority saturation current density is defined by:

J‘of(oh’] = fEﬂo(Epo] +jﬂ‘po(ﬁ'no] (17)
Where Jz,, 500y 1S the minority-electron (hole) saturation current density injected into the
LD[a(d)- X(x)- alloy] BR, and Jz,.,(zp0) IS the minority-hole (electron) saturation-current

density injected into the HD[d(a)- X(x)- alloy] ER.

J Bpo(Bnoy N the LD[a(d)- X(x)- alloy]BR

HEre, /5,0 znoy IS determined by!:

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

- b N Ter(he) Mard)y

Jspo(5no) (Na(ay Tagay 4T ) = Vora) , (18)
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where ng, ..\ (Tacay, x. T) is determined Eq. (11), D¢y (Na(ay, Tagay. X, T) 1S the minority electron

(minority hole) diffusion coefficient:

&5(x)

kgT 8300 2 _
Dy(Ng, oy x, T) = =2= x| 200 + - c,,gl]x(f?x’]‘]) (cm?s™1), (19a)
(1.ax1017cm—3) ?
2
Dp(Ng a0, T) = “25 x [130 + 279 )1,25] x ((229)° (em2s71),  (19b)
1

{ N
gx1017em—3

and T,z gy (N, (dj) is the minority electron (minority hole) lifetime in the BR:

T,5(N,) ™t = 13 % N, + 1.83 x 10731 x N2, (20a)

T5 (N;) L = 3% N; +278x 10731 x N2, (20b)

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

2 . e 1)
Pa@y (¥, N, W ) = Ny (g X exp {— (i) x In [m]} =N* x [m] Y os< y<w,

w )1.055(0.53}

Nyo a0y (W) = 7.9 X 10%7 (2% 10%) X exp {— (e T

(em™),  (21)

where p;,(y=0) = N* is the surface d(a)-density, and at the emitter-base junction,
Pa)(y = W) = Ngg(a0) (W), which decreases with increasing W. Further, the “effective

doping density” is defined by:

* . = - [4Eagni (Pd(ayTd(a)*T)
N;(a] (}T,N Taia) X, T) = pd(aj [:_}')f‘ﬁ'lp [ agniagp) a) a) ]’

kT
¥ — * r = N
N;a (y=on Td(a) X T)= L ) and
kgT ]
- _ ) _ Ndo(ao) (W)
Nd (ﬁ] (,V - W; Td(ﬂj’ 1; T) - ‘:‘qun|'agp][NdUl'ﬂ.ﬂ]|:m’rd"ﬂ:"r’rj} ' (22)
s kgT ]

where the apparent band gap narrowing AE

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

replacing N* by py o) (v, N*, W ).

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

&

Foca (V. N*, T3¢, %, T) = - — (em™> x 5), 23
kig) [:u d(a) ) Droy ¥ Asﬂi;(;%] [: ) ( )
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being related to the minority hole (electron) diffusion length, L., @r,N",rd(aj,x, T), as:

2

Lty 07N Ty 6. T) = [Thz oy X Dh(e]]_ = (€ % Fuay = (C X d'a)) = (C X (1) <Dnge)

Dpe)
where the constant C was chosen to be equal to: 2.0893 x 1072? (em*/s), and finally the

minority hole (minority electron) lifetime 7,z .z, by:
1 _ 1
Dp (e ¥Lpfe Dh-:g)X{CXFE(.’l} }2

(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:

D, (N[ (1)] = ——2n___ (25)

‘Ndl: a) (}r: H",Td (a) ,x,T]
and a normalized excess minority-h(e) density u(x) or a relative deviation between p(y)[n(y)]

and p, () [n. ()]

_ o] -po ) [ne 37)]1) (26)
Po (V) ng ()] ’

u(y) =

which must verify the two following boundary conditions as:

u(y=0) = —Tply=0)[Jo(y=00]
)  eS5xpo(y=0)[ny (y=0)]’

Uy =w) = exp ('ﬂ:(njn(vjxvr) -

Here, n; 11, (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 = (kzT/e)

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

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

_9(+9]X“?n(z'p} % du (y) _'3':"'9]"1::1';19}5.’1'9}(“" T (@) x) du(\];] (27)

’rh () (}r’ N ’Td(a]’ X, T} = Fhl:ﬁ:) ) dy r‘\'dl q)(.l" nN* Td{a)X. T) dy

where NJ,, (v, N*, 74, %.T) is given in Eq. (22), D,,, and Fy,, are determined respectively

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

d_,f?!l:e:) (_;:,N*er,:“),x,l"jl _E(+e) x n u(;u]

uly)
dy lﬂ(‘pj X -FPH e:l(_)]XI'PH e:ll:):l _E(+e} % nl ﬂ(‘pj x (28)

ME )
ata) N 7 a0 2. T)X Trpger

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

d?uly)  dFpe@)  duly) uly)
— - x —
dy® dy dy L ey 07)

=0, (29)
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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(y))+1(W S xcosh(P(y) ) ) v _
H[:_}') N % (Elp (ﬂ:(”)(VJXVr) 1)’ (30)

sink(POW))+1(W.5) xcosh(P(W))

where the factor 1(W, 5) is determined by:

. Dpigy(W=W.Ngo(ao) Wlrg tay-%T)
I(ra@),x.T,W,S) = _ 31
( d(a) ) 5)(Lh.:g]l:yz}V,Nda,:aa)(l-i’:],fd,:a],xjn ( )
Further, since dr;%) = C X Fueo (y):_%';(x], € = 2.0893 x 1020 (em? /s), for the X(x)-alloy,

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

_ v ay - o = Ly (W_dy W g w
PO =1, Lhch@J)’ 0=y=W Py=w)= Gy '[0 Lh(sl@’jj W= L @) L) X Ln) ) | (32)

where L., () 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:

)rhl:s)(}"l W, NE‘JTCE(E}J! X, TJSJ v ) = —Jeno (}"J W,N* s, x, TJS) UE?.‘JD (}"J W, N* 1, x, T, 5)] X (Exp (n f{mxw) - 1)1 (33)
gyl

WHEre Jz,., 50y 1S the saturation minority hole (minority electron) current density,

Qﬂ?n(ip]xnh (&) cosh(P{x))+I(W.5)xsinh (P(x)) (34)

f * - =
’IEM(ET’G] [:1’; W, N, Taa) X, T 5) NEiq WV Era(a)xT)XLpggy  Sinh (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:

enZ, XDh.’g} 1
= 0,W,N", Tgrq), %, T,S) = L X 35
!IE‘]‘?.O(E‘IJG:] ("V ! dl:ﬁ:] ) NEI:Q}(J,?,N*,TG:I:Q]J,T]XL—h,:g:, sinh (P]+fXCGSh':P] ! ( )

9‘”-2: n(ip) *Chie) cosh(P)+Ixsinh (P) (36)
NEIQ} (y= 'I.-V,NE‘,‘I’d,:a:,JC,T]X L.’l(s‘] sinh (P)+Ixcosh(P) !

!rEno(Epo] [,V =W, w, N7, Td(a]r x, T, S) =

and then,

Jnie) =0V ra(@) X T.SV) _ JEno(epe) y=0wN rag X TS) 1 37)
Tne)y=WwwrgxT5V)  Jeno(Epe) y=W. W rgiq)xT.S)  cosh(P)+Ixsink(P)’
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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

Qo (V = W,V T, X, T) = [ +e(—e) x u(y) X po () [, ()] X

the effective minority hole (minority electron) transit time [ htt(ett) ] by:
T:tt':stt}(}" =W, W, N$1Td {a)r X T, S) = Q:I:EI)D“ =W, Ni*l‘rd(ﬂj! X, T).".JT.E?:DI:E,!JD](}: =W, W,N*, ?d(a]rxy TJ S) y and

from Equations (24, 31), one obtains:

Thergeeey YEWWN 15 0% T5) _ Jenateps) (Y =OWNT g 1% T5) L 1 (38)
ThE(RE) - _,fz,m:ngj[}'=W,W_.N',?"d(u},x,T,_‘.':} - cosh(P)+Ixsink(F)

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

DyiaviNdar WLTrd gy,
ASP < 1(0TW <« Lyy) and S oo, I =I1(W,S) = Sxi;}; (:;a":’ifgi;;xxnn - 0, from Eq. (38),

Theresg (EWWN Ty 2 TS)

one has: 0

, suggesting a completely transparent emitter region

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

Qﬂ?n.:fp)XDh(g) » 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 » Ly,,) and § = 0,

Dy ie)(Ndo(ao) (W)rd (qpx.T)
S%Lpiey (Ndo(ao)W).rd(ay-xT)

I=1(y =W, T30 %5) = —o  and from Eg. (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)

Tenotzpa)(¥ = WoN*, Ta(e), X, T,5 5 0) = x 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 /.y, defined in Eq. (17), is now rewritten as:
fa:(auj (W’ errd(a]! X, T!Si Na(_dj!ra(_djrx’ T) = fE:na(Epaj [W! NHer(a:u X, T,S) +1’Bpa(8‘naj [Na(dj:ra(d:ux: T:}, 41)

WHEre Jen(spe) AN J5p0(5m0y are determined respectively in Equations (36, 18).

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™ 1 4, X, (42)
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we propose, at given open circuit voltages: Vo ocizy @Nd Vo gocnzy, the corresponding data of
the short circuit current density J.qy. in order to formulate our following treatment method of
two fix points, as:

at Voeri (oerzy (V) = 0.980 (1.1272), Jserigserzy (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

- Vy=—=-=0.02585V, (44
nyn V)%V T e ( )

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

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

Jon. (V= Vo) = Jscrgsen (W,N",T, Taa)} %5 Nacay, T Faqay % Voo), forv,, = Voeri ocnrty-

Therefore, the photovoltaic conversion effect occurs, according to:
Isc](sc]])(WJ N* T, Ta(a)® 5; NE.':EDJ rd(aj,x, T;Vor.':] = Io]{o]])(WJNal T, T'a(a), % 5 Na':d)er(a]!X! T) X {EXI:II;II:VDE:) - 1}J (45)

VDC

where nyqp, (Voo) = nyqy (W, i) X 1.5 Noay Taa. X T; V,e), and X (Voo) = Vo RVr

Here, one remarks that (i) for a given v,., both n;y; and Joq, have the same variations,
obtained in the same physical conditions, as observed in the following calculation, (ii) the
function (e¥a®™ee) — 1) or the PVCF, nyq, representing the photovoltaic conversion effect,
converts the light, represented by Jyscm, iNto the electricity, by Joyom, and finally, for given

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

Now, for V,. = Vyaocmy, ONE can propose the general expressions for the PVCF, in order to

get exactly the values of ny; 11y (Voer roenty) and npa gy (Voeraoenzy )+ @S functions of v, by:

()
Ny (W, N*, rd(a];X: TJ 5 Na(d)l Fardy X T;VDC) = Npiimy (Vor.']l{oc]]l):} + Npaimz) (Vocﬂl:ocllz:)} X ( ki - 1) ' (46)

Vot foeri )

where, for example, the values of a(B), obtained for x = (0, 0.5 and 1),will be reported in Tables

3n and 5p, for these x(x) —alloy junctions.
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So, one can determine the general expressions for the fill factors, as:

Ky (Voo) —In[Ryp (Vo) +072] (47)

P]':]]] (WJ N, Tdia) X T, 5; Na(d)Jra(d]JXJ T; VDE} = Ky (Vo) #1

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, 5; Na':d]; Ta(d) X T; Vae

} — 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 nyyy, Nimaxmmax), are obtained at the

corresponding ones of Vae = Voeroem , at which

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

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

Voc=Voci(ocm)

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  fmaxqmaexy; 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(rn) -junctions such as:

HD (Sh; Sn) X(x) alloy ER — LD (Mg :Cd) X(x) —alloy BR— case, according to: 2 (n*p)—
junctions denoted by: (Sh*Mg,5n* 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 Eqg. (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

Here, there are the 2 (n*p) — X(x) junctions, being denoted by: (Sb*Mg,sn*Cd).
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Then, the numerical results of ez, Jspe J2mo @Nd Jo;, @re 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,, .., i, n;, 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§b,5n ]| 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 % Jnos J2po @Nd Jop, are calculated using Equations (38), (18),

(36) and (41), respectively, and obtained, as those given in Table 4p in Appendix 1. Further,
those of ny, J.cy, Fur, mi, 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 X(x) —alloy junction solar cell and for 7,4 -radius, one
obtains with increasing x=(0, 0.5, 1): fmax. (7)= 23.24 %, 28.00 %, 31.30 %, according to

Tu(7) = 390.8K,416.7 K,436.7 K, at V,.; = 1.29V,1.10 V,1.07 V, respectively.

(2) In Table 5p, for the p*—n X(x) —alloy junction solar cell and for 7y, -radius, one
obtains with increasing x=(0, 0.5, 1): max. ()= 36.14 %, 35.06 %, 33.53 %, according to
Ty(N) = 469.8 K,462.0 K,451.3 K, at V,.,;(V) = 1.44 V,1.31V,1.17 V, respectively.
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APPENDIX 1

Table 1. In the GaSb;_ As,-alloy, in which N = 10*?em™3(10%°cm™~%) and T=300 K, the numerical results of Buo(ag),

£, Egn(gn) Neonccos)y Egintgin) (Tatay: X T) and 77, 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 GaAs -alloy, respective.

Donor P As

rg (nm) 7 0.110 0.118

X 2 0, 05,1 0, 051

elrg, =) ~ 18.7494, 17.21981, 15.690221 16.995383, 15.60889, 14.22239

Eppolra.x) 8V 7
Nepn(ra.x) in 10 em™2 ~
Egin(rax T)inev 2

Mn 5 1 (degenerate case)

0.80922, 1.163891, 1.5184395
0.16532064, 0.3707283, 0.78115995
0.7127, 1.08063, 1.44843

64.65, 53.79, 46.05

0.809616, 1.164453, 1.5192309
0.22197093, 0.49776547, 1.0488394
0.7131, 1.08119, 1.44922

64.65,  53.79, 46.05

Donor Sb Sn
rg (nm) 2 ry,=0.136 0.140
X 2 0, 05,1 0, 051

Bao(x)in 107 (N/m?)
elrg.x) ™~

Enolra.x) 8V 7
Nepn(rg.x) in 10 em™@ 7
Egin(ra,x)inev 2

Nn > 1 (degenerate case)

3.9477356, 5.626218, 7.9160872
15.69, 14.41,13.13
0.81, 1.165,1.52
0.28211106, 0.63262853, 1.3330088
0.71348, 1.08173, 1.450

64.65, 53.79, 46.05

15.628381, 14.35341, 13.078435
0.8100205, 1.165029, 1.5200411
0.28546113, 0.64014098, 1.3488382

0.71350,  1.08176, 1.45003

64.65, 53.79, 46.05

Acceptor Ga Mg
ry (M) 7 Iy, =0.126 0.140
X 7 0, 051 0, 05,1

Buo(x) in 10° (N/m?)
elr,. =)

Epgpo(ra. x) eV 2

Nepp (ra. x) in10*® cm™? ~
Egip(tax T)ineV 7

np * 1 (degenerate case)

3.1686666, 3.700247, 4.388991
1569, 14.41,13.13
0.81, 1.165, 1.52
0.73365234, 0.90505691, 1.1425630
0.7135, 1.0817, 1.45

10.25,  10.40, 10.56

14.84222, 13.63139, 12.420549

0.811947, 1.1672741, 1.5226974

0.86668661, 1.0691722, 1.3497457
0.7154, 1.084, 1.4527

10.25, 10.40, 10.56

Acceptor In Cd

ry (nm) 2 0.144 0.148

X 7 0, 05,1 0, 05,1

elrg, =) 14.338622, 13.168869, 11.99911 13.76307, 12.64027, 11.517473

Eqolra.x)eVvV 7
Nepp (ra, %) in 10 em™@ 2
Egip(rax, T) ineV A

Np 1 (degenerate case)

0.8132712, 1.16882, 1.5245311

0.96125108, 1.1858300, 1.4970169
0.7168, 1.0856, 1.4545
10.25, 10.40, 10.56

0.8149657, 1.170799, 1.5268781
1.0869583, 1.3409063, 1.6927886
0.7184, 1.0875, 1.4569
10.25, 10.40, 10.56
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Table 2n. In the HD [(Sb; Sn)- GaSb,_,As,-alloy] ER-LD[(Mg; Cd)-GaSb,_,As,-alloy] BR, for physical
conditions given in Eq. (42) and for a given X, our numerical results of TF’—“, JEpos Jgno and Jo1 , are computed, using
ThE

Equations (38), (18), (36) and (41), respectively, noting that ] ;; decreases with increasing rd(a:,-radius for given x, and

it also decreases with increasing x for given rq-radius, being new results.

n*p ShMg SnCd

Here, x=0 for  the (55"MgSn*Cd  )-junctions, and from Eq. (38), one  obtains:

k

Thet — (0, 0) suggesting a completely transparent condition.
The

Jago in 1072 (4/em?) 5.8648 5.4383
Jene in 1078 (A/em?) 5.4342 5.3524
J; in107% (4/em®) > 5.4928 5.4067

Here, x=0.5 for the (Sb"Mg,Sn*Cd  )-junctions, and from Eq. (38), one obtains:

Thee

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

RE

Jepe IN 1071 (4/cm?) ™ 4.9246 45665
Jene in 10712 (A/cm?) 1.4317 1.3953
Jor in10712 (4/em?) N 1.4809 1.4409

Here, x=1 for the (Sb*MgSn*Cd )-junctions, and from Eq. (38), one obtains:

Thee

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

RE

Joo in 1072° (4/cm?) 3.9592 3.6713
Jene IN 10722 (A/cm®) 7.8428 6.7661
Jor in107%0 (4/em®) 4.0376 3.7390
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Table 3n. In the HD [(Sb; Sn)- GaSh,_,As.-alloy] ER-LD[(Mg; Cd)-GaSb,_,As.-alloy] BR, for physical
conditions given in Eq. (42) and for a given X, our numerical results of 1;, J..;, F;, 1;, and T, are computed, using
Equations (46, 45, 47, 48, 49), respectively, noting that both 1,4, and T, marked in bold increase with increasing

x for given 7 4y, being new results.

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

cm?2

Here, x=0. For the { Sb* Mg, Sn* Cd) junctions, the value of a given in Eq. (46) is 1. 11463,

n*p S Mg Sn~Cd Sb~Mg; Sn™Cd Sb~Mg; Sn™Cd Sb~Mg; Sn™Cd
0.980  4.458; 4.450 27.06; 27.06 66.10; 66.13 17.53; 17.54
1.1272  5.071;5.061 29.76; 29.76 66.33; 66.36 22.25; 22.26
128  5.813;5.803 27.43; 27.43 66.13; 66.17 23.22; 23.23
129  5.864;5.853 27.23;27.23 66.11; 66.15 23.23;23.24
Voer=1.29V 390.8; 390.8=Ty(K)
130  5.914;5903 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 { S5* Mg, Sn*Cd) junctions, the value of e given in Eq. (46) is 1. 08815,

ntp  Sb*Mg SnCd Sbh=Mg: Sn™Cd Sbh=Mg: Sn™Cd 5b~Mg: Sn~Cd
0.980 1.604; 1.602 27.06; 27.06 82.98; 82.99 22.00; 22.01
1.09 1.774;1.772 30.89; 30.90 83.05; 83.06 27.97;27.97
1.10 1.791; 1.789 30.64; 30.65 83.04; 83.06 27.99; 28.00
Voer=1.10V 416.6; 416.7=Tx(K)
111 1.808; 1.806 30.35; 30.35 83.04; 83.05 27.97; 27.98
1.1272 1.838; 1.836 29.76; 29.76 83.03; 83.04 27.85; 27.86
2 3.524; 3.520 5.066; 5.056 82.04; 82.06 8.314; 8.299

Here, x=1. For the (Sb+Mg,Sn+Cd) junctions, the values of e, given in Eq. (46), are
equal respectively to: 1. 08202.

n*p  Sb Mg Sn Cd 5b*Mg; Sn=Cd 5b*Mg; Sn=Cd Sb*Mg; Sn™Cd
0.980  0.923;0.922 27.06; 27.06 88.74; 88.76 23.53; 23.54
1.06  0.994;0.992 33.19; 33.21 88.79; 88.80 31.24;31.26
1.07  1.003;1.002 32.92;32.94 88.79; 88.80 31.28; 31.30
Voer =107V 436.5; 436.7=Tx (K)

WwWw.wjert.org ISO 9001: 2015 Certified Journal 51




Cong. World Journal of Engineering Research and Technology

1.08 1.013;1.011 32.55; 32.56 88.78; 88.80 31.21; 31.22
1.1272  1.060; 1.058 29.76; 29.76 88.76; 88.78 29.78; 29.79
2 2.030; 2.026 1.429; 1.422 88.08; 88.10 2.518; 2.505

Table 4p. In the HD [(Mg; Cd)-GaSb,;_,As,-alloy] ER-LD[(Sb; Sn)-GaSb,_,As_-alloy] BR, for physical conditions
given in Eq. (42) and for a given x, our numerical results of TEET: ]BM, ]Epo and ]oII , are computed, using Equations

(38), (18), (36) and (41), respectively, noting that ]oII decreases with increasing I‘a(d}-radius for given x, and it also

decreases with increasing x for given r,4,-radius, being new results.

p'n Mg=Sh Cd*Sn

Here, x=0, and for the (Mg™5h,Cd™5n )-junctions and  from Eq. (34), one  obtains:

réf

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

Jomo in 1078 (A/cm?) 1.7487 1.7404
Jepo iN 1075 (A/em?) > 25253 1.9517
Jor IN1075 (4/em?) 25271 1.9534

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

Tece

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

Jono in 1072 (A4/em?) 1.4689 1.4614
Jepo IN 1071 (A/cm®) 5.8422 4.4285
Jorr In107%% (A/em?) 5.8569 4.4431

Here, x=1, and for the (Mg 5h,Cd 51 ) junctions and from Eq. (34), one obtains:

Tece

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

J5no in 10720 (A/em?®) 1.1814 1.1749
Jepo in 10718 (4/cm?) 1.2521 0.9254
Jorr in107% (A/em®) 1.2639 0.9371
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Table 5p. In the HD [(Mg; Cd)-GaSh,_,As.-alloy] ER-LD[(Sb; Sn)-GaSh,_,As_ -alloy] BR, for physical
conditions given in Eq. (42) and for a given x, our numerical results of 1y, Joogr. Fipo Mir, @and T, are computed,
using Equations (46, 45, 47, 48, 49), respectively, noting that both ;4. and T, marked in bold, decrease with

increasing x for given 7; ), being new results.

Vo (V) Ny (25 F1(%) N (%)

em?2

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

p™n Mg Sk Cd”Sn Mg=5h; Cd*5n Mg=5b; Cd*5n Mg=5b; Cd*5n
0.980  5.521;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
143  7.533;7.263 39.01; 39.62 62.99; 63.78 35.14; 36.14
144  7.592;7.320 38.76; 39.36 62.97; 63.76 35.15; 36.14
Voor=1.44V  462.6; 469.8=Ty(K)
145  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~ 5b; Cd”5n)-junctions, the value of § given in Eq. (46) is 1. 0855.

p*n Mg Sk Cd*Sn Mg*Sk; Cd*5n Mg~Sh; €d*Sn Mg~Sh; €d*Sn
0.980 1.712; 1.691 24.20; 24.20 82.15; 82.31 19.48; 19.52
1.03 1.782; 1.760 29.83; 29.90 82.28; 82.43 25.28; 25.39
1.30 2.241;2.213 32.58; 32.68 82.33; 82.48 34.87; 35.05
131 2.259; 2.231 32.34; 32.44 82.32; 82.48 34.88; 35.06
Voerr=1.31V  460.7; 462.0=Ty(K)
1.32 2.277; 2.249 32.10; 32.20 82.32; 82.48 34.88; 35.05
2 3.573; 3.529 14.77; 14.66 81.86; 82.02 24.18; 24.04

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

equal respectively to: 1.056.

ptn Mg Sk Cd Sn Mg~Sk; Cd*5n Mg~Sb; Cd*Sn Mg~Sb; Cd*Sn
0.980 1.011;1.003 24.20; 24.20 87.94; 88.01 20.85; 20.87
1.03 1.057; 1.048 29.88; 29.93 87.99; 88.06 27.08; 27.15
1.21 1.240; 1.230 31.40; 31.46 88.00; 88.07 33.44; 33.52
1.22 1.250; 1.240 31.15; 31.20 88.00; 88.07 33.44; 33.53
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Voer = 1.17V 450.7; 451.3=Ty(K)
1.23 1.261; 1.251 30.88; 30.93 88.00; 88.07 33.43; 33.51
2 2.113; 2.097 9.966; 9.887 87.71; 87.79 17.48; 17.36
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