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Abstract The present paper reports on a simulation study carried out to determine and
optimize the effect of the high-low junction emitter (n*/n) of thin film SiGe/Si solar cell.
The model is based on a simple analytical approach that draws on relevant device physics,
including effective surface recombination velocity at the high-low junction and band
discontinuities associated with heterojunctions. The collection of the light absorbed by the
front surface field is discussed and an analytical solution is derived for the light-generated
current in this layer. The photovoltaic parameters of SiGe/Si solar cells and those of the
conventional cell Si/Si are compared. The findings revealed that the addition of Ge ~15 %
to crystal Si highly enhances short-circuit current density and cell efficiency, whereas the
SiGe band-gap degrades particularly the open-circuit voltage. The results also indicate that
the solar cell maximum efficiency increase by about 1.7 % when the interface state density
is lower than 10"" cm™2.

Keywords Interface recombination - Short-circuit current density - Cell efficiency -
Open-circuit voltage

List of symbols

q Electron charge

L;ef (Lp.ep) Hole diffusion length in the n*-region (n-region)

D} or (Dpop) Hole diffusion coefficient in the n™-region (n-region)

N, of Naep) Effective doping concentrations in the n*-region (n-region)
N, Doping concentrations in the base region

N.si (NesiGe) Effective DOS in CB of c-Si (SiGe)

N,.si (N, siGe) Effective DOS in VB of c¢-Si (SiGe)

n;si (M siGe) Intrinsic carrier concentration of ¢-Si (SiGe)
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D; Interface state density

os;i (Osige) Absorption coefficient in the c-Si (SiGe)

d(2) Incident photon flux

R(A) Reflection coefficient at the front surface

Wn(W,+) n-region (n*-region) thickness

w, Base thickness

S, (Sp) Recombination velocity at the front (back) contact

Vin Thermal velocity

Jpnnt () (Jpnn(Z))  Photocurrent density in the n*-region (n-region)

Jon1(2) Total photocurrent density

Joe (Jog) Reverse saturation current density in the emitter (base) region
Jor.» Recombination current density in the bulk

Jor.i Recombination current density at the hetero-junction interface
Jse Short-circuit current density

Voe Open-circuit voltage

n Cell efficiency

FF Fill factor

P Power density output

Rs (Ry) Series (shunt) resistance

1 Introduction

Single-crystal silicon (Si) is widely used in the contemporary semiconductor industry and
solar cells due to its natural abundance, thermal stability, and nontoxic properties (Timans
1996; Chen et al. 2007; International Technology Roadmap for Semiconductors 2011;
Green 2003; Atwater and Polman 2010). More recently, studies of nanostructured Si have
become a rich area in searching for high-efficiency and low-cost solar cell solutions
(Atwater and Polman 2010; Hu and Chen 2007; Garnett and Yang 2010; Zhang and Ye
2013; Wang et al. 2013). In fact, Si and SiGe semiconductors materials with an indirect
band gap energy, which has been regarded as a potential application in solar cells, because
of its high absorption coefficient in the visible and infrared region (Chang et al. 2011).

In this context, recent research indicates that, owing to their compatibility with the
mature Si-based cell process, silicon germanium can be applied in the active base region of
the cell, thus offering a promising approach for the optimization of solar cell performance
and improvement of cell efficiency (Larry Lee et al. 2010; Liou 1993; Usami et al. 2007;
Hadi et al. 2014). In fact, the photocurrent in the small band-gap SiGe material is expected
to undergo a substantial increase due to the increased absorption of photons. The open-
circuit voltage would, on the other hand, undergo an inevitable decrease due to the
decrease of the SiGe band-gap associated with the increase of the intrinsic carrier con-
centration (Hadi et al. 2014; Lang et al. 1985). Therefore, the optimal design for the high
efficiency SiGe/Si hetero-junction solar cell still remains an open question.

The performance of solar cells is limited by various losses mechanisms, the most
important losses is carrier recombination at the front surface (Berginski et al. 2008). A lot
of studies were interesting to limit these losses. Zouari et al. have been demonstrate that
front surface passivation of solar cells can minimize the carriers surface recombination
(Zouari and Arab 2011; Zouari et al. 2008).
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In the other hand several studies indicate that reducing the cell thickness, would lead to
an increased efficiency provided that the cell surfaces are very well passivated and that the
optical absorption is enhanced (Jeong et al. 2008; Grozdanov 1994; Wang et al. 2011;
Mittiga et al. 2006; Minami et al. 2006; Musa et al. 1998). Another advantage of thin film
cells is the promising opportunities they can offer with regards to reducing the cost of the
component and to meeting the current high demand for silicon feed stock, Cuprous oxide
(Cu,0) is metal oxide semiconductor material, which has attracted much attention since
1920 due to its good room temperature mobility (Li et al. 2009).

A one-dimensional model based on a complete set of analytical solutions for the semi-
conductor current density equations is presented in light of the relevant theory on highly
doped regions. Two effective surface recombination velocities (ESRV) markers, namely
Sentn and S, ,,+, are defined, one in each side of the space charge layer of the high-low
junction. Both ESRV markers are expressed as a function of the difference between the
band-gap of c-Si and SiGe. The light-generated current density in the n™-layer is derived.
The notion of a high-low junction factor F;_;, which measures the collection effectiveness
of the high-low junction, is then introduced. The study demonstrates that the high-low
junction may be highly efficient in light current collection with F}_; close to unity, a
property that increases the short wavelength quantum efficiency in FSF rear junction solar
cells.

The present study is a further step in this persistent search for the optimization of
photovoltaic n*(Si)/n(SiGe)/p(c-Si) heterojunction solar cell efficiencies. The model pre-
sented in this work takes into consideration the currently available theories pertaining to
Shockley—Read—Hall, Auger recombination’s processes and recombination rate to the
interface of SiGe/Si and band-gap narrowing. The mobility and lifetime model of minority
carriers used in this study are well established and described in the literature (Manasevit
et al. 1982; Trabelsi 2013; Slotboom and Graaff 1976; Gatz et al. 2012). The impacts of the
Ge concentration on the internal quantum efficiency (IQE) and the photovoltaic parameters
are investigated, and the effects of the interface states on the current—voltage characteristic
and cell efficiency are discussed, compared to the conventional n*(Si)/n(Si)/p(Si) solar
cell, an optimized the Ge fraction can lead to a higher IQE consequently the enhancement
of the conversion efficiency.

2 Theoretical development

The SiGe/Si heterojunction solar cell used in the simulation is shown in Fig. la. The
structure consists of high-low junction n*—n at the front and a rear n—p junction. The
thickness values of the quasi-neutral layers are considered to be W,', W,, and W, for the nt-
region, n-region and p-region, respectively. The space charge region W, of the n—p rear
junction is determined using the fully depleted layer model of an n—p heterojunction
(Banerjee et al. 2005). The physical parameter symbols used in the text are also given in
Fig. la.

Figure 1b shows the energy band diagram of an n*(c-Si)/n(SiGe)/p(c-Si) heterojuncion
illustrating the conduction band discontinuity AE,. and valence band discontinuity AE,.
E, 5; and E s, are the band-gap of ¢-Si and SiGe, respectively. At 300 K, the band gap of
SiGe is given by Lang et al. (1985):

Egsice(y) = Eg5i — 0.74y (1)
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Fig. 1 a Schematic illustration of an n*/n/p/p™ solar cell. b Energy band diagram of n*/n/p double hetero-
junction illustrating the band discontinuities AE,; and AE,;. Note that the bandgap of the c-Si is larger than
that of the SiGe

The surface recombination velocities for the front and rear contacts are S, and S,
respectively. Two effective recombination velocities are introduced, S, ,+, and S ,+. The
physical meaning of S, ,,+ (or S, ,+,) is that it accounts for the effect of the n*-region (or
the n-region) on the minority carriers from the n-region (or the n*-region).

The effective recombination velocity S, ,,+ at the low-doped region of the high-low
heterojunction (at x,) can be modeled as (Appendix):

SLy, W+ . W+
N oDt o < cosh 7 | 4 sinh| 7=
def Zp of pef Pef Pef

Nf L' S,L* .
def"pef  cosh (2’%) + 5L+ sinh (ZVF)

ennt —

Poef pef Pief

where,

N siNy si Egsi — Eg sie
an_ _ S ,S ex (_ 8,51 g,SG)

NL‘,SiGeNv,SiGe kBT

For the heavily doped n*-region (or n-region) the donor density is replaced by an
effective concentration given by Nd+,ef = Nd+ (n,-,S,- / n,‘e’Si) , where n; g; is the intrinsic carrier
concentration while n,, g; is the effective intrinsic carrier concentration which illustrates the
heavy doping effects in crystalline silicon, degenerate statistics and band-gap narrowing
(Liou et al. 1988). The effective intrinsic carrier concentration is given by:

_ AEg
Nje si2 = ni,SizexP<kBT)
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The second effective recombination velocity, at xy, is taking the recombination velocity
at the limit of the n—p junction space charge layer as infinite, then:

N .D,, W
S&rﬁn = _degPY 4 coth (7’1 ) X (F,m+)7l (4)
Na.erLp.ef Ly e

2.1 Photocurrent density contribution

The total photocurrent density J,, 7(/) at a wavelength of solar cell under illumination can
be written as follows:

Jpn,7(2) = Jpne(4) + Jpnp(4) + Jph,(4) (5)

where J,;, g, Jpnp and J,,;, p are the light-generated current density from the emitter layer,
from the junction space-charge region (n—p), and from the p-type base region.

The light-generated hole current density, J,, g (4), in the emitter consists of three
contributions from the n*-region J,,+ (4), high-low junction space charge n*—n J,;, 4 (1)
and the n-region J,;, ,(4). The photocurrent density J,, (1) (at x3) can be written as:

Iphe(2) = Tpnu+ (4) + Tpna(4) + Jphn(4) (6)

Under illumination, the current continuity equation for minority carriers, generated by a
monochromatic light in the n-emitter region is given as follows:
d*(Apy) App 1
= — ——gsige(x, 2 7
A2 L2 Dy 8siGe (X, 2) (7)
where Ap; represents the hole concentration in the n-emitter region. The term ggig. (x, 4)
refers to the generation rate of minority carriers. It is given by:

gsice(x, 1) = (1 = R)p(A)asige (A)e™ o5iX2 ,—siGe (X —X2) (8)

where R is the fraction of photon reflected from the front surface, og; and og;g,. are the
absorption coefficients of the c-Si and SiGe, respectively.
Using the following boundary conditions:
dAp L Se nnt
= A = 9
s Dy pr(x = x2) )

X1X2

Apr(x=x3)=0 (10)
The solution of the current continuity equation [Eq. (7)] is given by:

_ q(l — R)%sige d)Lp of —asixy ,—sice W
Jonn(2) 7 e %it2e
(O‘SzGe v.ef )
SentLp.er + o L 0(5,6an _ Sept cosh
Dpor SiGelp,ef Dy o

s coh (i) +sin ()|

- “SiGeLp#ef
—s“’l”; f’”f nh( ) + cosh( )

X

(11)

D, .rand L, . are the minority hole diffusion coefficient and hole diffusion-length in the
n-region, respectively.
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The photo-generated excess holes in the front n*-region are collected by the high-low
junction at x; (Fig. 1a). Recombination in the high-low junction space charge region is
assumed to be negligible. However, the photo-generated holes collected from the n™-
region diffuse across the entire n-emitter region to be collected at x5, the n—p junction.

Under illumination, the photocurrent generated from the n*-region is the solution of the
continuity equation (identical to the one given by Eq. (7) for the n-region) using special
boundary conditions. The boundary conditions of the n*-region can be written as follows:

dApZ S

| "l ie=0) (12)
Api (v = x1) = Apg (13)

where represents the light-generated excess hole concentration at x = x;.
The light-generated current density in the n*-region, collected at x; under the boundary
conditions mentioned above, is given by:

_ hIF
Jonpr (atx)) (1) = %

( gl L;sz - 1)
by asil, iy gmasiye ) | $net cos + sinh ”+
W Dy pef Ppi Dy, LI o L,
X —ocS,L+Lfe st L
'D’” smh( ) + cosh <W“+)
Piel Peef ef
(14)
where,
(1 — R) (]50(5,'L+
poef?
Poy=— (15)
Dy (“SﬂLp g 1)

The expression (14) is quite similar to Eq. (11) due to the apparently similar boundary
conditions, when the excess hole concentration ApZO = 0. The value of J,j ,+(41x,)(4) can

be obtained if the concentration Apz0 is known. However, another boundary condition at
x = x; has to be introduced to account for the ESRV, then:

Jphﬁ*(atxl)(/{) = qSe,n‘nApZO (16)

The expression (14) can be written as follows:

n Nie
Jph,n*(utxl) (/L) = "19/1,/14r (arxl)()“) - quZO (Nd ;) Se (17)

where Jph ot

The substitution of Eq. (16) into (17) gives the following:

(arxy) (4) 18 the collected photocurrent in the n™-region at x; when Ap; o = 0.

J[(v)h n*(atxy) (/1)

(18)

Apf, =
pL,O N{, P S N s
q Ny €™ entn
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By combining Eqs. (16) and (18), Jp, -+ (ar xl)(),) can be rewritten in a more explicit form
as follows:

J())h nt(atx (;{)
Jph.n*(atxl)(’]“) =2 }\5+[ IS) (19)
1 + def Pennt

Naos S,

er*n
The latter can be written also in the following form:

Jphﬂ*(at)n)u) = J;?h(n*(atm)()“)Fh*l (20)

where Fj,_; is the high-low factor given by the following equation:

1

T
1+ NiyS
Naer S,

Fn =

et

lﬁ‘,n+ﬂ

Assuming that a negligible recombination in the space charge region of the high-low
junction (the light-generated hole current collected by the high-low junction flows without
any loss t0 x = x3, i.€., Jpppt(arx)) = Jphnt(arxy))» then the collected photocurrent has to
diffuse across the entire n-layer to be collected by the n—p junction at x3. The final
expression for the contribution of the light-generated hole current from the n*-region,
taking both the high-low junction extraction and the recombination loss in the n-region into
account, is given by the following equation:

) W,
Iohar(2) = T (arxs) (A) = Top ) Fit X SeCh( f) (22)
Pe

The generated carriers in the space charge of high-low junction (n*—n) are accelerated
out of this region by the established electric field. Similarly, the contribution of this region

(Jph_,d(/l)) has to reach the n—p junction space charge region to be collected; accordingly,
the following equation is obtained:

Wn
Jona(A) = q(1 — R)p(L)e Wt (1 — e=*iWa) x sech( ) (23)
pef

From these data, the total IQE as a function of wavelength was determined according to:

o ot (2)
when
IQE7(2) = IQEE(4) + 1QEp(2) + 1QEp(4) (25)

where IQEg, IQEp and IQE}R are the IQE from the emitter layer, from the junction space-
charge region (n—p), and from the p-type base region.

The simulation is carried out using a photon density ¢ (1) under AM 1.5 global normal
sun condition as proposed by Liou and Wong (1992). The absorption coefficient in c-Si and
SiGe are approximated by empirical expressions (Braunstkin et al. 1958).
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2.2 Photovoltaic parameters

The J(V) characteristics of solar cell in the real case are expressed by the following
equation (Lun et al. 2014):

V + JR; V + JR V4 JR
sl ) 52
r T sh

with

Jop = Joe +Jo (27)

where, Jor and Jop are the conventional reverse dark saturation current density in the
emitter (n) and the base region (p), respectively (Liou 1993; Rohatgi and Rai-Choudhury
1984). Similarly for silicon solar cell, Jog and Jop are given by:

Seart Lyet cosh( W, ) + sinh (LW"f) 8)
P 28

D, or Dy
Jog = qL p'e‘j Ap(xi) — Loy o (W
p.ef cosh( )—i— Doy ”h(L,,,:f)
and
S,L,
D 5 cosh( ) +sznh( )
Jos = 2 An(xy) (29)

n(x:
Ly cosh( )+ D” smh( )

The minority carrier holes Ap(x;) and electrons An(x,) are expressed as follows (Liou
1993):

aplan) = Moesp |~

o) i (30)

)0

where V,; refers to the potential of the junction barrier,AE. = ygc, — Xsi» and
AEV = Eg.Si - Eg,SiGe - AEC'

The recombination current density in the heterojunction space-charge layer (n—p)
consists of the recombination current density in the bulk (Jog,) as well as the recombi-
nation current density at the heterojunction interface (Jog;), which is negligible in
homojunctions, but is important and needs to be accounted for in heterojunctions because
of the substantial trapping centers at the interface due to lattice mismatch between the two
different materials. Thus

() =Naesp |-

Jor = Jorp + Jori (32)

where Jog, is similar to the n(c-Si)—p(c-Si) junction, while, the reverse saturation current
density due to interfacial recombination (Jog;) is given by (Liou 1993):

Jori = 0.5q0,VinDin s; (33)

0, and D; are the capture coefficient and the interface state density, respectively.n;; is the
intrinsic carrier concentration of c-Si.
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3 Results and discussion

The high-low junction factor F;,_; of SiGe/Si structure is plotted against Ge concentration
(Fig. 2). The lightly doped n-region thickness is 0.3 pm, with N; = 10" cm™ (Usami
et al. 2007), and the thickness of the n"-layer of ¢-Si is 20 nm, with N = 2.10*° cm™>
(Zouari and Arab 2011). It can be clearly noted that the high-low factor F),_; increases with
the Ge concentration (y) and that when y>0.1, F,_; approximates unity, resulting in
Johnt (arx) () = Jghﬂﬁ(mXI)(}h). In this case and similar to the n™—p junction, the high-low
junction is highly efficient for the collection of light-generated current. It can also be
concluded that the effective surface recombination velocity S, ,,+ (or S.,+,) is more
efficient when the Ge concentration exceeds 0.1.

3.1 Effect of the Ge concentration on the IQE

Figure 3a plots the IQE calculated for different values of Ge concentration “y”. For the
sake of comparison, the IQE calculated for the conventional solar cell (n™(Si)/n(Si)/p(Si))
is presented in Fig. 3a as a dotted line (curve 1). The thicknesses of the n*-region and the
n-region are 20 nm and 0.3 pum, respectively. The curves clearly indicate that the total
generated photocurrent, from the nt(Si)/n(SiGe)/p(Si) heterojunction solar cell, reached
the saturation when the y value is about 0.15.

The comparison of the IQE values of the two solar cell structures revealed that the
heterojunction solar cells exhibit short wavelength spectral responses that are better than
those of the conventional solar cells though they displayed comparable values in terms of
the other spectra. This improvement in light-generated current, at low wavelength, is
attributed to two main reasons. The first reason relates to the increase of the Ge concen-
tration which improves the absorption coefficient in the SiGe layer (Zouari and Arab 2011),
consequently the density of the minority carriers in this region increases compared to the
density of holes generated in the emitter region realized by crystalline silicon (i.e. con-
ventional structure). The second reason attributes this improvement to the decrease of the
ESRV S, ,,+ at the font surface at x = x, (see Fig. 3a). At high wavelength, we noted that
the photocurrent generated in the base region for two structures are comparable for the rest
of the spectra since the active material for the two structures is based on crystalline silicon.

Fig. 2 High-low junction factor, ! ! j T ) T
F;_;, versus Ge concentration

W+ =20 nm
W,=0.3 pm
Sp =3x10° cm.s™! 4

Fp1 Factor

0.2 2 1 2 1 N 1
0.0 0.1 0.2 0.3

Ge concentration
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Fig. 3 a Internal quantum efficiency of SiGe solar cell with high-low junction emitter for different Ge
concentration (S, = 3 x 10° cm s™!, H = 50 pm). b Internal quantum efficiency for different regions (1)
IQE from the emitter layer, (2) IQEp from the junction space-charge region n—p, (3) IQEp from the base
region, (4) IQE7 total of the solar cell

Figure 3b plots the calculated IQE as function of wavelength for different regions with two
values of Ge concentration, y = O (conventional cell) and y = 0.15. It can be noted that the
enhancement of IQE is carried out by the emitter layer as compared to the conventional cell
(curves 1). For y values of about 0.15, the photo-generated holes in the n*-region are collected
by the high-low junction. This is explained by the increase in the effective recombination
velocity S, ,+,, as compared to the front surface velocity S,,, which induces the collection of
holes at the high-low junction n*—n rather than their return to the front surface and recom-
bination with electrons. Moreover, the low effective recombination velocity S, ,,+ at the
n-region side of the high-low junction plays the role of an effective mirror, and then almost all
the light-generated holes in this region diffuse to the n—p junction where they are collected.

These curves displayed in Fig. 3b revealed that, compared to the conventional silicon
solar cell presented as a dotted line, the light absorbed in the SiGe layer decreases slowly
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the contribution of light-generated current in the space-charge region (curves 2) and the
base region (curves 3). This result is attributed to the fact that the carriers-generated rate in
the crystalline silicon decreases with the og;c,, i.e. with y.

3.2 Effect of the Ge concentration on the photovoltaic parameters

This section discusses the effect of the Ge concentration on the photovoltaic parameters.
The values of the transport parameters of minority carriers and of the other parameters used
in this study are given in Table 1.

Figure 4 shows the variation in the values computed for the short-circuit current density
Jsc, as a function of Ge concentration “y”, of the emitter layer with two values of cell

Table 1 Physical parameters using in calculations

Parameters Values References
S, 3 x 10°cems™! Zhang et al. (2013)
S, 10° cm s~ International Technology Roadmap for Semiconductors
(2011)
W, 0.3 pm International Technology Roadmap for Semiconductors
(2011)
W+ 20 nm Zhang et al. (2013)
N, 2 x 10" cm™
R, 0.1 Q cm?
Ry, 10° Q cm?
op 4 x 107" em? Grozdanov (1994)
Vin 10" cm s~ Grozdanov (1994)
P 100 Zhang et al. (2013)
Egsi 1.12 Wang et al. (2011)
Band-gap narrowing According to Mittiga et al. (2006) and Minami et al. (2006)
Eff. DOS in CB of Si 2.8 x 10" em™  Grozdanov (1994)
(Ne,si)
Eff. DOS in VB of Si 1.04 x 10" ecm™  Grozdanov (1994)
NVy,si)
Fig. 4 Variation of the short- 38 T T T T T T T

circuit current density for SiGe
solar cell with a high-low
junction emitter versus Ge
concentration under AM 1.5

Current density Jy. (mA.cm?)

28 2 1 " 1 1 1 "
0.0 0.1 0.2 0.3 0.4

Ge concentration (y)
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Fig. 5 Variation of the open-
circuit voltage for SiGe solar cell
with a high-low junction emitter
versus Ge concentration

Fig. 6 Effect of the Ge
concentration on the reverse dark
saturation current density Jop and
the recombination current density
Jor

Fig. 7 Variation of the cell
efficiency for SiGe solar cell
with a high-low junction emitter
versus Ge concentration

@ Springer
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Fig. 8 a Characteristic J(V) of SiGe solar cells for different values of interface state density D;
(H=50pum, Rg =0.1Q cm? and Ry, = 10° Q cm?). b Cell efficiency versus voltage V of SiGe solar cell

under 100 mW cm ™ for different values of interface state density D; (H = 50 pm, R, = 0.1 Q cm? and
Ry, = 10° Q cm?)

thickness, H = 10 and 50 pm. The results show that, compared to the conventional silicon
solar cell (y = 0), the short-circuit current density of the SiGe solar cell increases by about
4 mA cm™2 This enhancement in J, is attributed to the increase of the light-generated in
n-region (Jph_,n).

The open-circuit voltage is plotted against Ge concentration as shown in Fig. 5. The
results indicate that the V,. decreases with the Ge mole fraction. This decrease is related to
the reverse dark saturation current density in the emitter layer Jog (i.e. Jop) and the
recombination current density in the space charge region (Joz) (see Fig. 6). However, the
substitution of Si by Ge increases the intrinsic carrier concentration due to the smaller
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Table 2 Effect of the density of interface states on the photovoltaic parameters

y D;(cm™)  Jp@Acm™)  JrpAcm D) J.(mAcm 3  V,. (mV) 5 (%) FF (%)

00 - 1.063 5773 x 1070 3273 622 167  82.03
1011 1.789 7783 x 1072 3645 613 184 8235

0.15 1012 2.022 2.830 x 1072 36.10 606 177 80.91
5x 1012 2.896 1.195 x 107" 33.83 591 160  80.03
1013 3.742 2335 x 107" 33.69 573 146  75.63

band-gap of SiGe as compared to that of c-Si. These results show that the front surface
passivation would not have much influence on Jyp or V.

Figure 7 plots the variation of the cell efficiency () versus the Ge mole fraction. The
values of interface state density (D) used in this section, is 10" em™2. It shows that the
optimal Ge concentration in the SiGe thin film solar cell is about 15 %. The maximum
increase in cell efficiency 1.7 %, as compared to the conventional silicon solar cell
(y = 0), is due to the improvement of the light-generated current density in the emitter
layer. It can be noted that the cell efficiency of the SiGe solar cell increases when the value
of y < 0.15, this enhancement is related to the photocurrent. Moreover, and as expected
from the (Figs. 5, 6), the reduction in cell efficiency for y > 0.15 is related to the increase
of the saturation current densities (Jop and Jog) in which the reduced the open-circuit
voltage.

3.3 Effect of the density of interface states on the photovoltaic parameters

This section discusses the effect of interface states density (D;) on the photovoltaic
parameters of thin SijgsGeg 15 solar cells. Figure 8a, b illustrate the effect of D; on the
characteristic current—voltage and cell efficiency, respectively. The different photovoltaic
parameters found in this study are summarized in Table 2. Both figures reveal that the
photovoltaic parameters decrease when the interface states density increase. It is clear from
the curves 1-4 in Fig. 8a that the short-circuit current density decreases by increasing the
interface states density D;. This result is attributed to the increases of the lifetime due to
recombination rate to the interface SiGe/c-Si. It can be also be noted that the open circuit-
voltage decrease with D;, which allows to increase the recombination current density Jog
(le JOR,i)-

We notice that the cell efficiency (1) and fill factor (FF) obtained for different values of
D; reflects more or less the same nature as J,. and V,.. Our study show that the cell
efficiency decrease from 18.4 to 14.6 % when the value of D; increases from 10'' to
10"* cm™2. It is clear from Fig. 8b that the cell efficiency value recorded for the SiGe solar
celllzis infe;rior to the conventional cell (for y = 0, curve ‘5’) when the value of D; exceeds
107 ecm™".

4 Conclusion
This study presents an analytical model developed to simulate the performance of thin
SiGe solar cells with high-low junction emitter. It provides an analytical solution to a

complete set of equations required for determining the contribution of the photocurrent
generated from the heavily doped region. The n'-layer is modeled by an effective
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recombination velocity at the front surface. The results indicate that, compared to the
conventional silicon solar cell, the IQE of the SiGe solar cell improves when the value of
Ge concentration is about 0.15. A theoretical simulation was performed to investigate the
optimal Ge concentration in the SiGe solar cell. The results revealed that the appropriate
addition of Ge to the multi-layer SiGe-based solar cell efficiently enhances the short-circuit
current density by ~4 mA cm ™2 with the degradation of the open circuit voltage. The
overall efficiency is also effectively improved by about 1.7 % as compared to the con-
ventional cell. This enhancement in cell efficiency is attributed to the light-generated
current density in the emitter layer. The values calculated in terms of short-circuit current
density enhancement suggest that, compared to conventional silicon solar cells, cell effi-
ciency is also important for low density interface of states. Taken together, the results
indicate that the model proposed in this work may offer a constructive tool for future use in
applications involving thin film SiGe solar cells.
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Appendix

The FSF (n*-region) is modelled by an effective surface recombination velocity Sepnt in
the vicinity of the low—high junction (at x = x,). The ESRYV is calculated by solving the
continuity equation and the current transport in the n™-region at the dark. The minority-
carrier continuity equation in this region is given by the following expression:

d’Apt Apt
————=0 34
dx? L;,gfz (34)
Using the following boundary conditions:
dAp™ S,
= ApT(x=0 35
ol =0) (39)
Misi [ at
Apt(x=x) =% (e"HT — l) (36)
Nd,ef

and the injected current density in the n*-region which is given by:

dAp™*
JOb,n+ = —qD; d (37)

o dx

X=X

The solution of the current continuity equation Eq. (34), subject to the above boundary
condition is given by:
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J()b{ynJr (x = )C])

S, Lp of
cosh + sinh
qn;, Slsz of /’”f (L’“f) < M) X (E% — 1) (38)
Nd efLP ef cosS h( ”+) + SZL“,)ef sinh (L )
Pef pef pef

The depletion region n*—n is neglected, so Jopn+ at x = x, can be also written as:

qn%SiGe v
JOb,nJr (X = XZ) =8, ——— X (BkBT — 1) (39)
" Naer

By combining Egs. (38) and (39), the ESRV at x = x, can be simply obtained as:

Nd S'}L” < cosh (L”+> + vmh( )
Se - Ff P, ef ﬁcf peef /w‘f F (40)

N L X [ ppt
S,L*
def el cosh + 5L sinh L
/)Lf pef 1244

N¢ siNy si Egsi — Eg siGe
Fpe = —5050 onp (— —&S— ZgSice > 41)
NesiGeNy siGe kgT

where,

The second effective recombination velocity, S, ,+, at x = xj, is calculated taking the
recombination velocity at the limit of the n—p junction space charge layer as infinite, then

N; Dy W, -
Semen =~ ot (L ) X (Fupt) ™! (42)

Nd,epr-ef p.ef
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