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ARTICLE INFO ABSTRACT

Recent developments have unlocked the main issues arising from the combination of III-V and silicon and have
opened a new way to fabricate tandem solar cells. In this study we provide a detailed analysis of III-V/epi-SiGe
tandem devices performance using opto-electrical models and parameters acquired from previous experimental
realizations of single junction devices. At first, we present the validation of our top and bottom cells models by
comparison with previously published solar cells. The analysis of the current matching and the impact of the Al
content in AlGaAs absorber on the open circuit voltage is performed on a very wide range of thickness and Al
content. The optimal configurations for tandems with thin film absorbers are found with an empirical
expression. This expression relates the required bottom absorber thickness to the Al content for current
matching in a flat tandem device. Low-temperature epitaxial SiGe growth on III-V materials is an inverted
growth technique, meaning that the last material grown is the Si(Ge) bottom cell. We can thus easily texture the
back of the bottom cell for higher photon absorption. The proposed nanostructurization of the back reflector
shows that, to reach the same efficiency, only half of the thickness is required if a 2D grating is combined with a
silver reflector. The detailed influence of the bulk and interface electrical quality in the epi-SiGe bottom cell is
also assessed. Finally, the prediction of the tandem device performance according to different realistic scenarios
is presented.
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1. Introduction

The growing interest in new concepts of III-V/Si tandem solar cells
arises from the need to reduce the cost of high efficiency III-V based
multijunctions by using low cost substrates such as silicon [1-12].
Because it is a challenge to grow III-V materials directly onto Si wafers
due to thermal expansion, lattice mismatch and polarity issues, other
ways of combining III-V compounds and Si have been developed.
Among them is the inverse metamorphic concept recently proposed by
Cariou et al. [3,13,14]. In the latter approach, the Si bottom cell is
deposited by low temperature ( < 200 °C) Plasma Enhanced Chemical
Vapor Deposition (PECVD) directly on the III-V top-cell, preventing
the degradation of the electrical properties of the underlying III-V
layers grown by Metal Organic Chemical Vapor Deposition (MOCVD)
(see Fig. 1). Though the possibility to obtain a high crystalline quality
for the epitaxial silicon (epi-Si) or silicon-germanium alloys (epi-SiGe)
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has already been demonstrated by the same authors, precise evalua-
tions of both the electrical properties of the epi-Si absorber and the
overall performance of such a tandem cell are mandatory. In this work
we propose an in-depth electrical and optical analysis of the potential
of this concept in terms of efficiency by means of simulations calibrated
thanks to experimental electrical characterization data.

In a preliminary study [15], we have presented the simulation of an
Al,Ga;_,As/epi-Si tandem cell considering neither defective layers nor
light trapping schemes at the bottom. These previous simulations were
aimed at investigating the impact of using a thin epitaxial bottom
absorber instead of a thick Si wafer like in the other III-V/Si tandem
cells. Notably, because the short circuit current (J.) of each sub-cell
must be matched in such a 2-terminal integration design, we have
shown that the composition x and the thickness of the Al,Ga;_As top
cell should be adjusted to compensate the low absorption of the bottom
cell. In other words, the optimum top cell band gap is different from the
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Fig. 1. Schematic of the inverse metamorphic AlGaAs/epi-SiGe tandem solar cells and their fabrication concept. The bottom cell is deposited using low temperature Plasma Enhanced
Chemical Vapor Deposition (PECVD) on the top cell first grown by Metal Organic Chemical Vapor Deposition (MOCVD). More detailed information on each layer can be found in

Table 1.

values generally calculated for fully absorbing Si based tandem cells
and depends on the attainable epi-Si absorber thickness.

Furthermore, we have shown that efficiencies over 33% could be
achieved by replacing the epi-Si absorber with epi-SiGe, for which the
absorption coefficient is considerably higher. However, a thickness of ~
20 um was still necessary, which increases the cost of epitaxial films.
Therefore, in this work we have optimized the AlGaAs/epi-
SiGeAlGaAs/epi-SiGe tandem cell structure and investigated the
benefits of including light-trapping schemes in order to determine
how far we can relax this thickness constraint.

In parallel, the critical aspect of the presence of defects in the epi-
SiGe has to be carefully taken into account to design optimal fabrica-
tion strategies for this novel concept suitable for making highly efficient
tandem cells. Hence, along with the construction of our tandem cell
model, we have experimentally quantified the epi-SiGe electrical
quality by retrieving the interface and bulk defects densities and the
resulting effective diffusion length (L) in the epitaxial layer. This has
been done by comparing simulations with current-voltage character-
ization obtained on single epi-Si(Ge) solar cells. This allows us to
calculate and discuss the predicted performance of AlGaAs/epi-SiGe
tandem cells according to several scenarios.

2. Modeling and experimental inputs
2.1. Modeling strategy

The simulated AlGaAs/epi-SiGe tandem structure, which has been
optimized with respect to our previous studies [15], is described in
Table 1. The principal modifications, from top to bottom, are as
follows. The Anti-reflective Coating (ARC) thickness has been adjusted
to minimize the cell reflectivity. The top cell absorber is Al,Ga;_,As,
which composition x can be tuned to adjust its band gap and thus
match the top and bottom cells Jg. Its emitter thickness has been
reduced to 100 nm to slightly improve the V., while the base thickness
is fixed to 1 um, assuring a sufficient light absorption in this layer [15].
The thickness of the tunnel junction, which is modeled as an excellent
electrical contact, has also been reduced to decrease its parasitic light
absorption. The bottom absorber is fixed to epi-Sip73Geg27, which
thickness is variable. Finally, to enhance the light path inside the
bottom absorber, we studied different back metallization schemes on
the amorphous silicon layer (a-Si:H): a simple aluminum layer, a
bilayer of ZnO (25 nm) on silver and a 2D grid composed of the line
grating with pitch of 750 nm on ZnO and Ag substrate.

We have modeled the tandem solar cell using TCAD numerical
simulation tools [16], which solve the Poisson, electroneutrality and
transport equations (Drift Diffusion) self-consistently on a 2D mesh.
Band structure, electrical transport and recombination parameters for
III-V materials and amorphous and crystalline silicon were chosen in
agreement with literature values [17-22] and are composition and
doping dependent. To simulate the current density versus voltage

Table 1

Simulated AlGaAs/epi-SiGe tandem cell structure based on previous developments [15].
Ec - Ep is the hydrogenated amorphous silicon (a-Si:H) activation energy i.e. the energy
difference between the Fermi level (Er) and the bottom of the conduction band (E¢) in
the a-Si:H layer.

Material Role Thickness t Net doping
(um) Na / Np
(em™)
Top cell SiO, / TiO» Anti-Reflective 0.085/0.05 —
Coating (ARC)
Alyg5Gag15As (p)  Window 0.035 2x10'8
Al,Ga;_,As (p) Emitter 0.1 2x10'8
Al,Ga;_As (n) Base 1 3x10'7
Al 6Gag 4As (n) Back Surface 0.1 2x10'8
Field (BSF)

Tunnel GaAs (n++) n++ layer 0.01 1x10%°
junc- GaAs (p++) p++ layer and 0.01 1x10'°
tion emitter of the

bottom cell
Bottom epi-Sig.73Gepo7 (n)  Base Variable (5—  1x10'*
cell 41)
a-Si:H (i / n) BSF 0.012 Ec - Ep ~
0.2eV
Al or ZnO / Ag Flat metal 0.4 or 0.025 —
contact /0.4

characteristics, J(V), under AM1.5 g spectrum, realistic photogenera-
tion profiles have been calculated through the entire structure,
neglecting optical shading due to metal contacts and using the optical
indexes of the various layers as inputs. The latter are composition
dependent and are obtained by interpolation of experimental data
found in literature, mainly coming from ellipsometry measurements
[16,17]. Transfert Matrix Method (TMM) is used to take multireflec-
tions and interferences into account for Al and ZnO / Ag back reflector
cases, assuming perfectly flat interfaces (no surface texturation).
However, to simulate the advanced light trapping scheme, the
rigorous coupled wave analysis (RCWA) has been used [23]. The
method is based on the solution of Maxwell equations by expanding
the periodic electromagnetic field inside the structure into Fourier
series and converting the problem mathematically to an eigenvalue
problem. The boundary conditions at interfaces are solved using the
scattering matrix approach [24] while the convergence of the method is
improved by applying inverse rules [25]. The analysis of the absorp-
tance in each material layer has been done by differentiating normal
components of Poynting vector at material boundaries. Spectral
dependence of the absorptance in each layer is integrated using the
AM 1.5 g solar spectrum to calculate photogeneration current as well as
impact of the parasitic losses on the device performance. The thickness
of the SiGe absorber layer as well as the geometry of the grating has
been adjusted to match the current of the front junction and thus
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maximize the device performance while reducing amount of required
material.

This physics-based modeling has the advantage to provide more
realistic performance predictions than conventional efficiency calcula-
tions based on simplified assumptions, but model parameters must be
carefully set and adjusted if necessary to reproduce experimental data.
Consequently, to improve the accuracy of our results, we have
calibrated our models to fit either in-house or literature experimental
data. This is also a convenient way to extract scarcely accessible but
useful parameters such as defect densities or effective diffusion lengths
inside the devices. We explain this procedure in the following Sections
2.2 and 2.3.

2.2. Validation of our top cell model

To validate the full set of parameters used to model the III-V
materials in our tandem cell, we have simulated six different GaAs or
AlGaAs solar cells for which the detailed architecture and electrical
characterization data were provided in the literature [26,27]. These
cells comprise an n-type cell and several p-type ones with different Al
compositions. Note that the n-type cell comprises an ARC contrary to
p-type cells, which induces a strong difference in Jg.. As displayed in
Fig. 2(a) and (b), we could successfully match the author's data such as
AM1.5 g J(V) or quantum efficiency curves. To achieve this, we needed
to adjust very few fitting parameters, testifying the suitability of our
modeling. Results for Al,Ga;_,As cells with x=0 and 0.05 could be
fitted by adjusting only the lumped series resistance value. This
parameter takes into account the resistive losses that are due to lateral
conduction and metallization which are not simulated in this study for
the sake of simplification. For x=0.2 and 0.37, the Al composition had
to be slightly adjusted to fit the band gap edge visible in the IQE curves
of Fig. 2(b). Finally, for the highest Al compositions x=0.27 and 0.37,
the Shockley-Read-Hall (SRH) recombination lifetime in the AlGaAs
absorber had to be reduced down to 0.3 ns (see Table 2) to take into
account the reduced short wavelength response observed in the IQE.
This layer quality reduction is fully consistent with an increased
amount of doping related defects as explained in [27]. For the
simulation of the tandem, we have kept the standard SRH lifetime
values in the top cell model.

a)

T T
30 5 Exp. (literature) —— Simul. (this work)
«—
I Al Ga,_As
G e o e o o o
< 20—° E
1S
; A A A A
= v - - « TN
c
5 AR
E 10 | i
= Van Geelen et al. (n type)
[ o x=0
5 Heckelmann et al. (p type)
®) m x=0 e x=005 A& x=02
v x=0.27 x =0.37 4
0 1 1 Y
0.0 0.5 1.0 1.5
Voltage (V)
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2.3. Validation of our bottom cell model

To validate our bottom cell model, we have simulated four epi-
Si(Ge) heterojunction solar cells that were formerly fabricated using
low-temperature plasma enhanced chemical vapor deposition (PECVD)
process to demonstrate the feasibility of using thin epitaxial layers as
high quality absorbers [4,14,20,22]. As depicted in Fig. 3(a), in these
single junction cells the epi-Si or epi-SiGe layers are grown on a heavily
doped (p++) Si substrate and are from 1.9 um to 4.2 pm thick. An (i/ n)
hydrogenated amorphous silicon bilayer and an ITO layer are depos-
ited on top to serve as surface passivation, emitter and antireflective
coating, respectively. The experimental AM1.5 g J(V) curves corre-
sponding to these four solar cells have been reported in Fig. 3(b), in
which we also show our fitting simulation results.

To achieve this fit we have constructed an epi-Si model based upon
[22], which was adapted to absorber thicknesses (tcp;) below 2.4 um,
and we have extended it for thicknesses of 3.2 ym and 4.2 ym and for
epi-SiGe. Most important material parameters are given in Table 3.

Our fitting procedure can be simplified as follows. We first have
matched the EQE (not shown here) and Jg. by adjusting the optical
shading (8 + 1.5%), the thickness of the a-Si:H layer (12 + 2 nm) and
the (p++) Si substrate lifetime (1 — 6x1078s) for each cell. Then we
have varied the epi-Si(Ge) bulk defects density to approach the Fill
Factor (FF) value, and the epi-Si(Ge) /(p++) Si interface defects density
to adjust the V. value. The fitting parameters are given in Table 4. We
have also calculated an effective diffusion length L inside the epitaxial
layer, which is a useful way of assessing the quality of the layer. This
parameter integrates the effects of both interface and bulk defects for a
given absorber thickness. We used Eq. (1) to calculate Ly, where kp is
the Boltzmann constant, T is the temperature fixed to 300 K, q is the
elementary charge, 1, is the minority carrier mobility in the epi-Si(Ge)
layer and 1, is the minority carrier lifetime calculated using Eq. (2). Ap
and R are the excess minority carrier density and the total recombina-
tion rate, respectively, averaged in the epi-Si(Ge) layer of a solar cell at
open-circuit voltage.

Ld:\/m (€8]

7,=Ap/R (2)

Looking at Table 4, we can clearly see that the bulk quality of the
epi-Si material is improving with t.p;, as a result of an exponentially
decreasing average bulk defects density Np, also explaining the

b)
T T T T T T T
1oL "™ Exp. (Heckelmann et al.) —— Simul. (this work)
>
o
c
Q0 08} . 7
()
E m
w .
0.6 | E
E .
c Al Ga, As
o] X 1-x L]
S 04F g
Ie] m x=0 -
E e x=0.05 o
L]
S 02 4 x=02 \ il
Q v x=0.27 i o |m
£ x =0.37 i o™
Y n
0.0 1 1 1 1 4\ 3 A P ]
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Wavelength (um)

Fig. 2. Current-voltage J(V) characteristics (a) and Internal Quantum Efficiency (IQE) curves (b) obtained for standard AM1.5 g illumination conditions of six different AlyGa;_ As
single junction solar cells. Open and full symbols correspond to literature data extracted from [26,27], respectively, where the detailed structures of these solar cells can also be found.
Note that the n-type cell comprises an ARC contrary to p-type cells, which induces a strong difference in J.. Lines correspond to our present modeling results. The fitting parameters are

given in Table 2.
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Table 2
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Fitting parameters used in our models to reproduce literature experimental data in Fig. 2. Only the values in bold had to be adjusted to improve the quality of the fit; the other ones are
default values that we chose in our modeling in agreement with [17-19]. ‘a’ refer to the solar cell structure of [26] while ‘b’ refers to the solar cell structure of [27].

Al comp. (x) Band gap Eg SRH lifetime in emitter SRH lifetime in base Radiative recombination coefficient B Shading (%) Series resistance Rg
— (&V) TSRH, emitter (S) TSRH, base (5) (em™3s7™) (Qem?)
Exp. Fit
a 0 0 1.42 3x10°° 3x10°° 2 x 10710 6.5 1.5
0 0 1.42 3x10°¢ 3x10°¢ 2 x 10710 0 2.5
0.05 0.05 1.48 3x 107 3x 107 1.8 x 10710 0 3
b 02 0.18 1.64 3x10°¢ 3x10°¢ 1.8 x 107 0 3
0.27 0.27 1.75 5 x 107 1° 3 x107° 1.8 x 1071 0 3
0.37 0.38 1.89 3 x 1071° 4x107° 1.8 x 10710 0 3
a) b)
T T
& = Exp. (Cariou etal.) —— Simul. (this work)
7 20 ook ]
L4 o e PreveveV
§
O ] 15 4
EmitterI | E
~12nm — epi-Si
>
Base 5 10 A 42pum ]
~2-5um c e 32um
)
° = 24 pum
Substrate S 5 o |
525 um g epi-Siy ;G857
O v 1.9um
Al back contact
0 n n
0.0 0.2 0.4 0.6
Voltage (V)

Fig. 3. (a) Schematic structure of the epi-Si(Ge) single junction solar cells fabricated to demonstrate the feasibility of using thin crystalline silicon or silicon-germanium films epitaxially
grown at low temperature in solar cells. (b) J(V) characteristics under standard AM1.5 g illumination of these epi-Si(Ge) solar cells. Symbols correspond to Cariou and co-worker's
experimental data published in [4,14,20]. Lines correspond to our present modeling results. Typical material parameters for epi-Si and epi-SiGe as well as fitting parameters are given in

Table 3 and Table 4, respectively.

Table 3

Compilation of typical material parameters for epi-Si and epi-SiGe from Si and SiGe
databases [17] for common parameters and from [21] for epi-Si electron and hole
mobility (also used in [22]). The unknown mobility values in epi-SiGe are fixed to
intermediate values between known ones for epi-Si and for SiGe [17].

Material Relative Electron Band Electron Hole
permittivity affinity x  gap mobility mobility u,,
e/ €0 (eV) Eg 1y, (cm?V" (em?VisT!)
(ev)y 's7hH
epi-Si 11.9 4.05 1.12 400 125
epi-Sip73Gepo7  12.9 4.04 1.01 247 125
Table 4

Fitting parameters used in our models to reproduce experimental data in Fig. 3(b). The
effective diffusion length is calculated using Eq. (1) and results from the incorporation of
both interface and bulk defects. The interface defects reported here are located at the epi-
Si(Ge) /(p++) Si interface. At the (i/ n) a-Si:H / epi-Si(Ge) interface, a fixed defects
density of 6x10'! cm™ is considered. The capture cross sections are fixed to 107*¢ cm?
and 107”7 em? for charged and neutral defects in the epi-SiGe bulk while they are fixed to
107! cm? and 107'® cm? for charged and neutral defects at the interfaces as suggested in
[22]. The value of the lumped series resistance is fixed to 0.1 Qcm? for the epi-Si cells and
to 0.02 Qem? for the epi-SiGe cell.

Material Thickness Bulk defects Interface Effective
tepi (LmM) density Np, defects density diffusion
(x10** em™) N; (x10*2 em™2) length L4
(um)
epi-Si 2.4 26 1.5 ~14
3.2 12 1.8 ~13
4.2 1 1.7 ~ 16
epi-Sip73Gepoy 1.9 1 29 ~9

improvement of FF of the cells (77%, 79% and 80.5% for the 2.4, 3.2
and 4.2 um cases, respectively, as detailed in [4]). The interface defects
density N; is almost independent of the absorber thickness, further
indicating that the defective region in the epitaxial layer (N, >
10'® cm™®) should be constrained to the first hundreds of nanometers
of deposited material (we have estimated this defective zone to ~
0.6 um using data in Table 4) and that the rest of the epitaxial layer
should be of better quality (N < 10'* em™). Looking now at the Ly
values, we notice a slight improvement of this parameter for t.p;
=4.2 um, correlated to the better bulk quality. Though, L4 seems to be
mainly limited by interface defects. Concerning epi-Sig 73Geg o7, we can
observe that the electrical quality of this material is also good since L4
(~ 9um) is ~ 5 times higher than the thickness of the absorber
(1.9 um) like for epi-Si cases. Besides, Ny, is lower for epi-Sig 73Geg 27
than for an equivalent value of epi-Si thickness.

In Section 3.1 concerning the tandem simulation, the defect
densities are fixed to ideally low values to study the ideal case with
high Lg. Then, in 3.2, the effect of Ly on the tandem performance is
investigated by varying interface and bulk defects independently.
Finally, the fitted defects densities in Table 4 are used to constitute
three different scenarios, which will be discussed in 3.3.

3. Results and discussion
3.1. Optimization of the tandem performance

3.1.1. Opto-electrical model with TMM

The objective of this section is to determine the influence of the
light-trapping schemes placed at the back of the tandem solar cell
structure described in Table 1. At this stage, we consider an ideal case,
called scenario #1 in the rest of the paper, where defects densities are
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Fig. 4. Al back reflector case: 2D mapping of simulated tandem cell efficiencies (a) and J. (b) as a function of bottom cell absorber thickness and top cell absorber Al composition x. For
each Al,Ga;_4As composition, the corresponding band gap is given on an additional horizontal axis. The simulated tandem structure corresponds to the one given in Table 1 with a

simple Al reflector.

set to very low values.

The Al back reflector case is considered first. We have calculated
Al,Ga;_As / epi-Sige3Geg.»7 tandem efficiencies as a function of epi-
SiGe thickness and composition x. A contour map is obtained as shown
in Fig. 4(a). An advantageous direct consequence of the optimization of
the tandem structure (c.f. 2.1) is that 29% efficiency can be obtained for
tepi =5 um while ~ 9 um was required for the previously published
structure [15] to exhibit the same efficiency. Also note that the
maximum efficiency is now 35.8% instead of 33.9% in the given range
5um < tep; <30 pm.

Fig. 4(b) represents the Ji, map corresponding to the efficiency
calculations of Fig. 4(a). A black dotted line is also reported, aimed at
showing the best (x, t.p;) pairs for which the top and bottom cells
individual currents are matched. This line has been determined by
fitting the Al compositions leading to the highest tandem J,. for each
epi-SiGe thickness. A fitting correlation coefficient above 0.99 has been
obtained for t,,; 26 um, using the decaying exponential function of Eq.
(3), combined with xp, x; and t, parameters given in the first row of
Table 5. We also give an alternative to Eq. (3) with Eq. (4), to be able to
retrieve the required value of t.,; given a value of x, following a
logarithmic dependence.

tepi
xX=xo+xXexp| — .
0

3)

X1 :|
(x = xo) (@)

Lepi=to xln[

The same black dotted line is also reported in Fig. 4(a). As expected
in current matching conditions, it matches the areas where the
efficiency is maximum. Interestingly, we can also remark in the
efficiency map that equivalent efficiency values can be obtained for
slightly higher compositions x, i.e. for slightly current mismatched sub
cells. This can be explained by the fact that when x increases, so does

Table 5

Parameter values of Eq. (3) obtained by fitting the maximum J, areas of Fig. 4(b) for the
case “Al reflector” and Fig. 5(b) for the case “ZnO / Ag reflector”, giving the current
matching conditions.

Parameter Xo Xz to

Al reflector”
ZnO / Ag reflector

0.140 + 0.001
0.140 + 0.001

0.426 + 0.003
0.355 + 0.008

9.63 + 0.10 pm
7.21 £ 0.16 pm

% In the Al reflector case, the formula is valid only for te, =6 um. Optimum Al
composition for tep; =5 pum is x ~ 0.38 as inferred from calculations of Fig. 4(b).

the top cell band gap, implying the increase of open circuit voltage of
the tandem. In fact, this higher V,. value can compensate to some
extent the decrease of J. due to the current mismatch. Therefore, with
this observation we highlight that having the sub cells currents
matched is not necessarily a strict requirement to obtain the maximum
efficiency of a given 2-terminal tandem architecture, contrary to the
generally accepted view. For a given dependence of V. upon the band
gap, the strictness of the current matching condition is linked to the
carrier collection efficiency near band edge visible in an EQE curve: the
higher the near band edge quantum efficiency, the stricter the current
matching condition.

Given the strong correlation of the J. and the efficiency contour
maps seen in Fig. 4, it is mandatory to maximize the bottom cell
generated current. This can be achieved by improving the internal
reflectivity of the back contact metallization.

For this purpose we now propose to replace the Al back contact by a
ZnO (25 nm) / Ag bi-layer. The resulting efficiency and J,. calculations
are given in Fig. 5. Due to a better optical coupling, an enhanced light
absorption in the bottom cell occurs, leading to higher Jg. values for
low epi-SiGe absorber thicknesses and resulting in improved tandem
efficiencies. This modification also has a consequence on the current
matching. The fit of the (x, top;) pairs corresponding to the current
matching conditions has been done again using Eq. (3) and is
represented by another black dotted line on the 2D contour maps.
We can see that this new line is translated to lower x values compared
to the one in Fig. 4. The new fitting coefficients are given in the second
row of Table 5. The fitting correlation coefficient is now above 0.97, a
bit less that in the previous case. This difference can be due to
significant oscillations present in the Jg. contour map, which may
come from the highly non-linear behavior of the absorptance of the epi-
SiGe layer due to optical interferences (see Fig. 7).

A physical meaning can be given to the coefficients in Table 5. The
Xo value is the same in both reflector cases, unsurprisingly. Indeed, xo
is the limit of the x(t.p;) function when t.,; tends to infinite thickness
and thus it is not supposed to depend on the back light trapping
scheme. The corresponding AlGaAs band gap for xp =0.14 is ~ 1.6 €V,
which is found to be consistent with [1]. xo + x; is the value of the
X(teps) function when t.p; tends to O pm, i.e. when the absorption in
the bottom cell tends to very low values. It thus gives an estimate of the
highest Al composition that is required for matching the sub cells
currents. tp is a characteristic thickness linked to the light trapping
effectiveness in the bottom cell: the lower it is, the higher is the light
absorption in epi-SiGe.

Additionally, combining fitting equations for Al and ZnO / Ag back
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reflectors allowed us to derive the estimated epi-SiGe thickness
reduction factor F defined as the factor by which it is possible to divide
the bottom epi-SiGe thickness if ZnO / Ag is used at the back instead of
Al, while keeping the tandem J,. constant. F can be calculated using Eq.
(5), where parameters with subscript Al or ZnO/Ag refer to the
respective coefficients for Al and ZnO / Ag back reflector cases in
Table 5.

For thick epi-SiGe layers tep;, 4z, F tends to a constant value ~ 1.3
while for 15 um, F ~ 1.5. It is thus possible to achieve the same tandem
Jse by reducing the epi-SiGe thickness by a factor of ~ 1.3 and ~ 1.5,
respectively, by replacing the Al back metallization with a bilayer of
ZnO / Ag.

Lepi Al 1
V=P —
F (tepi,All_ =
TepiZnolAg  10,7001Ag 10,2n0/Ag X1,Zn0/Ag
10,1 Lepi,Al X1,Al (5)

To easily assess the suitability of our empirical expression relating
the required bottom absorber thickness for current matching of top cell
with given Al content, we have reported in Fig. 6(a) the tandem Jg
calculated as a function of epi-SiGe thickness for both Al and ZnO / Ag
cases, considering matched sub cells currents. It can be noticed that J.
follows an asymptotic behavior and that ZnO / Ag is indeed able to
enhance J, e.g. by ~ 2.5 mA/cm? for tepi =5 pm compared to the Al
case. From Fig. 6(a), we can also remark that F is ~ 1.56 for tep;
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=15 pum, confirming the previously predicted value of the thickness
reduction factor. For tep; > 15 um, some oscillations are present for
the ZnO / Ag case, the same as in Fig. 5, therefore making it difficult to
give the corresponding F value. Note that the error bars do not
correspond to the simulation precision (this one is estimated to the
order of 1072 mA.cm™2) but represent the value by which the J is
underestimated, using the current matching empirical expressions
previously determined. These error bars are calculated by subtracting
the tandem Jg. from the mean value of the top and the bottom J. In
other words, it is the remaining mismatch of current between top and
bottom cells. As displayed in the figure, the error bars remain quite
small: the mean relative error is 0.7 + 0.5% for Al case and is 0.9 + 0.7%
for ZnO / Ag case.

In addition, in Fig. 6(b) we report the V,. values of the tandem
corresponding to the data in Fig. 6(a). The decreasing asymptotic
behavior mostly reflects the evolution of the Al,Ga;_,As band gap with
tepi- Recombination losses due to radiative, Auger and SRH recombi-
nation in the top cell, the tunnel junction and the bottom cell result in
an almost invariant value for the W,.[28] of the tandem, between ~
0.67V and ~ 0.7V, also represented in Fig. 6(b). The tandem W, is
defined as the sum of each sub cell W, and is given by Eq. (6), where
subscripts 1 and 2 for W, Eg and V,, refer to top and bottom cells W,,(,
band gaps and open circuit voltages, respectively. The variations of
Woe,1 and W, » are also very small (~50 mV) and are not shown.
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Fig. 6. Tandem short circuit current density (J.) (a) and open circuit voltage (V,) (b) simulated as a function of bottom cell absorber thickness, for two back reflector cases: Al or ZnO /
Ag. For each epi-SiGe thickness, the composition of the top cell is calculated using Eq. (3) and Table 5. In (a) the error bars represent the remaining mismatch of Js. between top and
bottom cells. In (b) the W,,[28] of the tandem cell is also represented on the right vertical axis.
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W){= W)z', 1+ W)c,2=(Eg, 1+Eg,2)/q_ V{)L‘. 1— V()z',2 (6)

3.1.2. RCWA optical model

In the previous section, an optimization of the tandem device
performance with flat back contact metallization schemes has been
done as a function of the Al content in AlGaAs and the top cell base
thickness. In order to achieve desired photogenerated current densi-
ties, the thickness of the SiGe bottom cell has been adjusted and in
some cases reached tens of micrometers. While calculations on such
flat devices provide an efficient platform to study tandem device
efficiency, the minimal absorber thicknesses are desired to reduce
fabrication cost. In this section, improved light trapping scheme based
on nanostructuring is used to reduce the thickness of the bottom cell,
while providing the same photogenerated current as its flat alternative.
The absorption enhancement comes from the increased average light
path by diffracting light in into different directions and achieving total
reflectance condition on the flat top cell interface for the diffracted
light.

To compare RCWA optical models with the previous opto-electrical
calculations using TMM, we have fixed the top cell Al content at 17%.
This value corresponds, as shown in Fig. 5(a), to the best achievable
efficiency of 36% when the current-matching conditions are respected.
The used material parameters and thicknesses are the same than in
Table 1. First, we have modeled the tandem cell with a flat ZnO / Ag
back reflector, and adjusted the thickness of the Sij ,3Geg o7 absorber to
match a current of the front cell of 21.2 mA cm™2. Top cell photo-
generated current density is obtained by summing up contributions of
window, emitter and base layers. Note that the value is higher than in
the previous opto-electric simulations due to neglecting all effects of
imperfect carrier collection, thus assuming internal quantum efficiency
equal to 100%. Reaching this high value of the balanced photogener-
ated current density requires relatively large thickness of SiGe of about
17 um when thin ZnO layer on Ag substrate is used as the back
reflector. The optimum SiGe thickness found with our optical model is
in a good agreement with the previous calculations with the electrical
model and values from Eq. (4). The absorptances and photogenerated
current densities are shown in Fig. 7(a) for each active layer separately.
Note that the front cell photogenerated current density is calculated as
the sum of the values obtained in window, emitter, and base layers.
Total absorptance in Fig. 7(a) shows that there are no reflection losses
for wavelengths between 400 and 800 nm, but there are losses in
reflection for longer wavelengths. This is due to a limited capacity of
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Si0,/TiO, antireflective coating to improve the light absorption in
materials with low absorption coefficient (SiGe in this case).

To improve the light trapping inside this tandem solar cell, we
propose to improve the back side of the cell by nanostructurization in
order to reduce reflection losses and more importantly increase the
propagation angles inside the SiGe absorber. As already mentioned in
the introduction, in our fabrication process, we use an inverse
metamorphic approach. The AlGaAs front cell is fabricated at first
using Metal Organic Chemical Vapor Deposition (MOCVD). and SiGe is
grown afterwards on the top of it using low-temperature PECVD
epitaxial growth process [3]. With this inverse metamorphic approach,
we finish the growth by the SiGe material which will be the bottom cell.
We have thus the possibility to nanostructurate the SiGe backside
before transferring it to the host substrate. Therefore, we have
simulated an effect of the 2D line grating at the backside of the cell,
schematically depicted in Fig. 7(b), on the overall absorption perfor-
mance.

The grating pitch was chosen to be 750 nm to have a sufficient
number of diffraction orders propagating in SiGe material. After an
optimization, a 200 nm thick SiGe/ZnO grating with a fill factor of 0.62
(that is 62% of SiGe and 38% of ZnO material) on the top of the 150 nm
thick ZnO film covering the Ag substrate has been proposed. Using this
nanostructured backside, the Sig73Gego7 film thickness required for
matching the front cell current has been reduced to 8.5 pm instead of
17 um, leading to a similar photogenerated current of 21 mA cm ™2, The
absorptance curves, film thicknesses and integrated photogenerated
current densities for each active layer of the tandem cell are shown in
Fig. 7(b). The effect of the light trapping is best seen in the near
infrared spectral region, where the light absorption has been increased
and there are some visible “peaks” coming from the propagating
diffraction orders.

Detailed distribution of the square of the absolute value of the
electric field intensity |E|®? at the cross-section of the flat and
nanostructured backreflector devices are shown for wavelengths of
500, 750 and 1000 nm in Fig. 8(a) and (b), respectively. The distribu-
tion at 500 nm is the same for the flat case as well as for the
nanostructured one, as there is no light penetrating the top cell at this
wavelength. At the wavelength of 750 nm, where all active materials
contribute to the photocurrent generation (see Fig. 7), the |E|?
distribution is radically different between the flat and the nanostruc-
tured devices and it can be observed that the grating already con-
tributes to an increased light absorption. Values of |E|? in SiGe are
much higher closer to the backside of the bottom cell. The most radical
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Fig. 7. Simulated absorptances in each active material of (a) flat and (b) nanostructured backreflector Aly 17Gag g3As/Sio.73Gep.o7 tandem solar cells as functions of the wavelength.
Integrated photogenerated current densities are written for each layer in the legend, together with the film thickness in nanometers. Photogenerated current density in the top cell is
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Fig. 8. Square of the absolute value of the electric field intensity in cross-section of the simulated structures for (a) the flat device and (b) the structure with grating back reflector. Three
columns represent maps for wavelengths of 500, 750 and 1000 nm, respectively. Horizontal and vertical axes are dimensions in micrometers counted from the zero at surface and then
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change is at 1000 nm wavelength, selected from the spectral region,
where the top cell is transparent. Values of |E|? for the structure with
grating back reflector in Fig. 8(b) show very strong enhancement in the
SiGe region with the field composed of multiple propagating diffraction
orders. In comparison, the |E|®values at the cross-section of the flat
device in Fig. 8(a) has at the wavelength of 1000 nm noticeably smaller
values. This is due to the light trapping enhancement by the diffraction
grating, which achieves a “compression” of the same amount of the
electromagnetic field inside the smaller volume. As the local electro-
magnetic field absorption is proportional to |E|? and the complex part
of the permittivity tensor (which is everywhere in SiGe constant for a
given wavelength), this explains the higher light trapping efficiency of
the device with nanostructured backreflector.

With a grating, the current-matching conditions for a fixed 17% Al
content have been found using an optical model for a Siy3Geg o7
thickness of 8.5 pym. For the flat device and using the same optical
model, we have achieved the same current matching with 21 mA/cm?
in each subcell for a SiGe thickness of 17 um. Therefore, using a
periodic grating allows to have the same cells performances but with a
SiGe film thickness reduced by 50%, which is very important in a thin-
film approach and has a tremendous impact on the cost of the device as
short deposition time reduces the fabrication cost.

3.2. Influence of the effective diffusion length in the epi-SiGe layer

The objective of this section is to determine the influence of the
effective diffusion length parameter Ly (defined by Eq. (1) in 2.3) on
the tandem performance. At this stage it is important to recall that the
same Ly value can be obtained either with bulk or interface defects and
that Lgalso depends on the absorber thickness. Therefore, the interface
and bulk defects densities N; and N, have been varied independently to
show their individual influence on the tandem performance for an
arbitrarily fixed bottom thickness. The studied cell, considered as the
reference here, is composed of an Alg 15Gag gsAs top cell and a 39 um
thick epi-Sig 73Geg.o7 bottom cell, with a ZnO / Al back reflector. Its
reference AM1.5gJ(V) photovoltaic output parameters are: Jg.
=21.2 mA ecm~2, V,. =1.93V and FF =90% resulting in a conversion
efficiency of 36.8%. The ranges of variation of the defect densities are

from 2x10'° cm™2 to 8x10'2 em™2 for N; and from 1x10? em™ to
3x10'® em™ for Nj, (defects have negligible effects on the device
performance for N; <2x10'°em™ and Np < 1x10'2 cm™). For the
sake of comparison, Jg., Vo, FF and efficiency have been normalized to
their reference value and have been reported in Fig. 9 as a function of
La.

At first we observe that the two V. curves are superimposed and
follow the same logarithmic trend regardless the origin of the limitation
of the Lg value (N for open symbols and N; for full symbols). To
explain this, remember that V,, is the voltage needed for the solar cell
device to see all its photogenerated carriers recombined. As L is linked
to the total average recombination rate in the bottom cell at V,, it is
not surprising to observe the same V. for the same L.

Secondly, an important result is the invariance of Js. in the
simulated range 40 um < Lg <500 pm (full and open symbols).
Indeed, the estimated value of L; using experimentally extracted bulk
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of the interface defects (full symbols) and bulk defects (open symbols). The reference cell
(with no defects and the highest L) is composed of an Aly 15GaggsAs top cell and a
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efficiency of 36.8%.
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Table 6
Bulk and interface defects densities fixed in scenarios 1, 2 and 3.

Scenario Bulk defects density N, (cm™) Interface defects density N; (em™?)
1 10'° 10°

2 10'° 2.9 x 10%2

3 10" 2.9 x 10*?

and interface defects densities in 2.3, is ~ 95 pm in the present 39 pm
thick epi-SiGe bottom cell down to ~ 43 ym in 5 pm thick epi-SiGe. The
latter results enable us to claim that (i) the electrical quality of the epi-
SiGe material ensures a very high carrier collection efficiency close to
100% and (ii) there is no need to take defects into account to determine
current matching conditions: those previously calculated in 3.1 in the
ideal case are still very suitable. In fact, bulk defects start to have an
influence on Jy, as the effective diffusion length in the defective bulk of
the material becomes of the same order of magnitude than the epi-SiGe
thickness (39 um), unsurprisingly.

Finally, the discrepancy between the effects of bulk and interface
defects is seen on FF variations. For a given L4, FF and efficiency are
lower if L is rather determined by the the bulk of epi-SiGe instead of
by its interfaces.

3.3. Different scenarios for the prediction of the tandem performance

In this section we make use of insights gained in previous sections
to give predictions of the tandem cell performance according to three
different scenarios, for which the interface and bulk defects densities in
the Si-Ge layer are varied. Their respective values are detailed in
Table 6.

Scenario #1 approaches an ideal case with no defects in the bottom
cell. The interface and bulk defects densities are fixed to very low values
so that SRH recombination is negligible with respect to intrinsic
recombination (Auger and radiative). Scenario #2 represents a case
where the performance is limited by interface defects (no bulk defects).
Their density is fixed to the value extracted in 2.3 for the 1.9 pm thick
epi-SiGe fabricated cell. In last scenario #3, both bulk and interface
defects are introduced. The bulk defects density is fixed to the value
also extracted from the fabricated cell, keeping the interface defects
density unchanged with respect to scenario #2.

Tandem efficiencies regarding scenarios #1, #2 and #3 have been
simulated as a function of epi-SiGe thickness (tcp;) for the two simple
back reflector cases: Al or ZnO / Ag. Results are shown in Fig. 10. We
observe a decrease of the efficiency curves when going from scenario #1
(squares), to scenario #2 (rounds) and scenario #3 (triangles) due to
increased recombination in the bottom cell (only impacting FF and V.,
c.f. 3.2).

By first focusing on the Al reflector case, we notice that about 26.3%
efficiency is obtained for t.,; =5 pm in scenario #2, resulting in around
3% absolute efficiency loss compared to the ideal scenario #1. This
difference, showing the impact of the presence of the interface defects
only, remains almost the same for the entire range of t.;. Interestingly,
for tp; ranging from 5 um to 9 pm, the difference between efficiency
curves #2 and #3 is very low (~ 0.2% in absolute), correlated to a very
small change of Lg (43 um instead of 46 pm). This means that the bulk
defects introduced in #3 do not severely limit the performance in this
range of bottom thickness. In turn, we can infer that the key parameter
to be optimized experimentally in priority is the interfaces quality.
Above 9 pm, the efficiency curve #3 starts to diverge from curve #2. In
fact, in this thickness range, the tandem performance becomes more
and more limited by the bulk quality as t.p; increases. The tandem
efficiency saturates to ~ 31% at 25 pm in scenario #3 while it goes
beyond ~ 32% in #2 and 35.5% in #1. Therefore, it is important to keep
improving the bulk quality, especially if the targeted bottom thickness
lies within this range.
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Fig. 10. Simulated tandem cell efficiency as a function of bottom cell absorber thickness
for three different scenarios #1, #2 and #3 and for two different back reflectors: Al
reflector (left) and ZnO / Ag reflector (right). The ranges of the calculated L are also
given in each scenario: the lowest (highest) value of Ly corresponds to the smallest
(biggest) epi-SiGe thickness. #1: no defects. #2: interface defects only. #3 interface and
bulk defects. Interface and bulk defects densities are given in Table 6.

Finally, similar observations can be made in both back reflector
cases. The ZnO / Ag metallization still allows to reach higher
efficiencies for thin epi-SiGe layers. Indeed, over 30% efficiency can
be obtained in both scenarios #2 and #3 with only ~ 7 um of epi-SiGe
and ZnO / Ag back metallization.

4. Conclusions

We have first presented the validation of both our AlGaAs top cell
and our epi-Si(Ge) bottom cell models by performing the simulation of
previously published fabricated solar cell performance data. Important
material parameters were provided as well as fitting values for the
model parameters when needed. A good agreement has been obtained
between theoretical models and experimental data, testifying the
suitability of our simulations to provide realistic predictions of III-V/
epi-SiGe tandem solar cells performance. This validation step also
enabled us to assess the electrical quality inside the epitaxial silicon or
silicon-germanium materials by retrieving the bulk and interface
defects densities but also the effective diffusion length L in fabricated
single heterojunction solar cells made out of epi-Si(Ge) absorbers. Ly
values of ~ 16 um and ~ 9 um could be obtained for 4.2 um thick epi-Si
and 1.9 um thick epi-SiGe, respectively. We have also investigated the
impact of using light trapping schemes at the bottom of the tandem
device to enhance the light absorption inside the thin films of epi-SiGe.
Three different back metallization configurations were studied: a
simple aluminum layer, a bilayer of ZnO on silver and a 2D grid
composed of SiGe / ZnO grating on ZnO and silver substrate. We have
thus shown that using a 2D grating, the bottom epi-SiGe thickness can
be reduced by a factor of 2 for the same performance as for the thick
flat device. However we have also shown that the optimal Al content in
the AlGaAs top cell should be readjusted for each of these three
metallization cases to achieve current matching for a given bottom cell
absorber thickness. We have provided a simple empirical expression
relating the required bottom absorber thickness to the Al content for
the matching of the currents of the flat tandem device. Finally, we have
presented an in-depth analysis of both bottom cell interface and bulk
defects influence on the tandem cell performance. Three different
scenarios for the prediction of the tandem performance have been
discussed with different interface and bulk defect densities. Our results
show that the electrical quality of the epi-SiGe material ensures a very
high carrier collection efficiency. Lq values of ~ 43 ym and ~ 95 um
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could be obtained for 5 um thick and 39 pm thick bottom cells, using
the previously determined bulk and interface defects density values for
epi-SiGe, further proving the relevance of using low temperature
PECVD epitaxy for the fabrication of high quality bottom cells.
Performance is mainly affected by interface defects for epi-SiGe
thicknesses below 9 um and by bulk defects above this value.
Therefore, interfaces quality is a key parameter to improve during
the device fabrication, especially if light trapping schemes are used to
reduce the required bottom absorber thickness. Finally, we have shown
that over 30% efficiency could be achieved for the tandem with only ~
7um of epi-SiGe and ZnO / Ag back metallization in the most
pessimistic scenario, which represents an absolute efficiency difference
of ~ 3.5% compared to the ideal case. In the latter ideal scenario, the
highest efficiency achievable is ~ 37% with 1.1 um thick Al ;5Gag g5As
top cell and epi-Sip 73Geg o7 bottom cell less than ~ 30 um thick.
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