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Abstract. Ultra-high concentrator photovoltaic systems (UHCPV), usually referred to
CPV systems exceeding 1000 suns, are signalled as one of the most promising research
avenues to produce a new generation of high-efficiency and low-cost CPV systems.
However, the structure of current concentrator solar cells prevents their development
due to the unavoidable series resistance losses at such elevated concentration ratios. In
this work, we investigate the performance of the so-called vertical-tunnel-junction (VTJ),
recently introduced by the authors, by using advance TCAD. In particular, we carry out
an optimisation procedure of the key parameters that affect its performance and conduct
a deep investigation of the impact of the main recombination mechanisms and of sun
concentration up to 10000 suns. The results indicate that the performance of the novel
structure is not significantly affected by these two factors. A record efficiency of 32.2 %
at 10000 suns has been found. This represents a promising way to obtain state-of-the-
art efficiencies above 30 % for single-band-gap cells, and offers a new route towards the
development of competitive CPV systems operating at ultra-high concentration fluxes.

Keywords: vertical solar cells, series resistance, gallium arsenide (GaAs), tunnel diode,
concentrator photovoltaics

1. Introduction

Concentrator photovoltaic (CPV) technology, usually with concentration factors (Crao)
within 300-1100 suns, has achieved the highest efficiencies (n), >40 %, among all the
PV technologies (Pérez-Higueras, et al., 2018). In addition, these systems have
demonstrated a noteworthy capacity to produce high energy yields and to reduce the
cost of electricity at locations with high solar energy resource (Ferndndez, et al., 2016;
Kamath, et al., 2019). However, despite the remarkable progress and high n of
commercial developments (i.e. >40 %, >30 % and >25 % at cell, module and system
levels), there are no systems yet able to compete with the prices of conventional non-
concentrating PVs (e.g. c-Si, p-Si, CdTe, CIGS, etc.). As a consequence, further efforts
are still needed to lower their cost and improve their performance to compete with the
classical flat PV technologies (Talavera, et al., 2016; Talavera, et al., 2017). In any case,
as is also signalled by several authors, there is still room for huge technological
improvements to increase the competitiveness of the technology (Wiesenfarth, et al.,
2018).
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Ultra-high CPV systems (UHCPV) with Caio far above 1000 suns is considered as one
of the most promising research avenues to obtain high-efficiency and low-cost new
generation CPV systems (Algora & Rey-Stolle, 2012). This can be explained considering
that 1) the theoretical n of solar cells grows with Caic and 2) the amount of expensive
semiconductor material is drastically reduced. Bearing this in mind, several efforts are
being conducted by the community to develop a) solar cells with n peaking at UH levels
(Ochoa, et al., 2016; Barrigon, et al., 2014; Paquette, et al., 2016), b) optical designs
able to reach UH levels with an adequate optical performance (Ferrer-Rodriguez, et al.,
2016; Shanks, et al., 2018) and c) thermal mechanisms able to remove or/and exploit
the extreme heat waste produced by the cells at such elevated Ciaio (VOsSsier, et al.,
2018; Valera, et al., 2019; Rodrigo, et al., 2019). The most relevant constraint to develop
suitable UHCPV systems is related to the concentrator solar cells. Nowadays, CPV
systems are largely based on multi-junction (MJ) horizontal structures made up of
multiple I1I-V semiconductors with various energy gaps (Eg) (Cotal, et al., 2009; Theristis
& O'Donovan, 2015). These cells incorporate only two electrical terminals, located on
the top and the back. Consequently, there is an unavoidable trade-off between the
shadowing of the front metal-grid pattern and the series resistance (Rs). This seems to
limit the developing of MJ cells with n peaking at UH levels no matter how the top-metal
pattern is designed or how much the cell area, so the current, is reduced (Paquette, et
al., 2016). Indeed, according to the last n tables, it has not yet been possible to develop
MJ cells with n peaking at Ciaio > 1000 suns based on current horizontal configurations
(Green, 2020). This crucial drawback prevents the development of competitive UHCPV
systems.

Vertical-multi-junction (VMJ) cells offer a straightforward solution to eliminate the Rs
limitations of current architectures. These cells consist of a series connection of multiple
subcells with the metallic contacts located on the laterals (Xing, 2013; Segev & Kribus,
2013; Gover & Stella, 1974). This way, it is possible to develop cells with low current
densities, due to the large cross section of the current, and low Rs values, and therefore,
to develop cells optimised for UH fluxes (Sater & Sater, 2002), (Tyukhov & Vasilev,
1995). On the other hand, nowadays, VMJ cells are limited to indirect band-gap materials
with high carrier diffusion lengths (L), around 100-300 pum (Pozner, et al., 2011). This
limitation is imposed by the fact that direct band-gap materials present much lower L,
usually 1-5 pum. This would imply the series connection of approximately 200-1000 VMJ
cells for achieving a solar cell side of 1 mm by using lateral metallic contacts. This
manufacturing constraint is verified considering that, to the date, only silicon (Si) based
VMJ solar cells have been developed (Xing, et al., 2015). Consequently, it is not possible
to select the most convenient semiconductor materials to optimise the absorption of the
spectrum. So, although the low Rs does not limit the performance of VMJ cells with Crato,
the poor semiconductor selection prevents the development of high-efficiency multi-
band-gap structures with an optimal absorption of the spectral irradiance (Braun, et al.,
2012).

This work is focused on the optimisation and detailed performance evaluation of a novel
vertical solar cell structure recently introduced by the authors in a short
communication (Fernandez, et al., 2019). This early design opened the way to
either use direct or indirect band-gap semiconductors. Hence, it is possible to
select the appropriate Ec for each particular application. In the present
investigation, we carry out an optimisation procedure of the key parameters in
order to investigate the expected maximum n of the new structure for the case of
a single-band structure. In addition, we conduct a deep investigation of the effect
of the main recombination mechanisms and Ciaioc On the performance of the
device. The results of this work are fundamental to fully understand and evaluate
the potential of this promising device to produce a new generation of competitive
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CPV systems operating at state-of-the-art concentration factors. Bearing this in
mind, this paper represents one of the first efforts towards the design of a novel
ultra-efficient concentrator solar cell, which is expected to serve as a key guideline
for future work concerning its manufacturing and characterization.

This paper is organized as follows. In section 2, the structure of the device under
consideration is described, and the simulation procedure used presented. After
that, in section 3, the recombination mechanisms under scrutiny are briefly
introduced. The optimisation of the solar cell investigated is discussed in section
4, and the numerical results of this optimised design presented in section 5.
Finally, the main conclusions are summarized in section 6.

2. Device structure and simulation technique

The device investigated in this article is an optimisation of a novel structure
recently proposed by the authors based on gallium arsenide (GaAs) (Fernandez,
et al., 2019). The elementary unit of the so-called vertical-tunnel-junction (VTJ)
cell is made up of two identical subcells, with four layers each one, joined by a
tunnel junction (TJ), as shown in Fig. 1. As in our early investigation, gallium
arsenide (GaAs) has also been considered due to its ability for achieving high
conversion efficiencies. In this structure, the anode and cathode are placed
laterally. It is also worth mentioning that, as in our previous design, it is possible
to increase the area of the cell exposed to the light by connecting multiple VTJs
using TJs. In this sense, it is important to note that cell sides =< 0.5 mm are
desirable for developing UHCPV systems in order to facilitate the heat dissipation
and to reduce the cell-to-module losses (Ritou, et al., 2018). These low cell areas
are also key to limit the number of TJs of the total VTJ structure in order to facilitate
the fabrication of the device.

At this stage, the width and doping values of the p* and n*-layers remain fixed during the
whole study because these layers were adjusted to the width and doping of the tunnel
junction. The TJ consists of a GaAs n+/p+ structure, both layers having a 25 nm width
and a doping of 7-10'° cm™. This element has been simulated by including direct and
trap-assisted tunnelling models, as previously used by other authors (Garcia, et al.,
2012). Regarding the p* and n*-layers, they have a 0.07 ym width and constant doping

value of 5 - 10" cm3. The width and doping of the p and n layers will be optimised in the
next section for a specific Craio 0f 4000 suns. This Ciaio has been considered since recent
investigations indicate the feasibility to develop UHCPV modules with sufficient optical
and thermal performance at Caio around this value (Shanks, et al., 2018; Ferrer-
Rodriguez, et al., 2020). These layers have been selected in the optimisation procedure
since our preliminary simulations have proven that they are the most relevant to increase
the final n of the device.
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Figure 1: 2D scheme of the VTJ solar cell structure (W: width and H: height).

To obtain the results, Poisson, continuity equations, which relate the electrostatic
potential and the carrier densities, were solved using Silvaco Atlas (Silvaco, n.d.). This
software is suitable due to its realistic and trustable results for the design and
improvement of electronic devices such as multi-bandgap concentrator solar cells
(Michael & Bates, 2005).

The optimisation procedure has been carried out considering Concentrator Standard
Test Conditions (CSTC), i.e. 1000 W/m?, AM1.5D reference spectrum, and a 25 °C (298
K) cell temperature (IEC62670-1:2013, 2013). The structure is illuminated
perpendicularly to the PN junctions. The contacts are considered ideal, and we do not
account for reflections because the incoming light is parallel to the contacts. The former
approximation can be justified considering the low resistance of the contacts, typically

ranging from around 10°t0o 107 Q - cm? (Braun, et al., 2012), and the low current flow
of the device due to its vertical configuration. All the simulations are done in 2D because
we assume that the changes in the third dimension are negligible. Note that heat effects
are also not considered at this stage. This is due to the fact that the main intention of this
work is to investigate the performance of the new device as a function of Ciato. In any
case, future studies will be focused on the thermal behaviour of the novel structure. As
previously commented, the solar cell has been optimised for a Craio 0f 4000 suns.
However, the Caio has been varied from 1 to 10000 suns in order to evaluate the device
in a wide operating condition range.

It is worth mentioning that, at this stage, a VTJ cell only made up of GaAs, including the
TJs, has been considered. This avoids any problem of mismatching in the structure and
reduces the complexity of the fabrication process, i.e. the structure is lattice-matched
and could be monolithically grown. The intention is to propose an architecture as simple
as possible to facilitate future work concerning its manufacturing. In addition, this is key
to reduce the interface recombination effects among the different layers since the cell is
made up of the same material. In any case, future work should also investigate additional
layers such as anti-reflective coatings (ARC) or thin Al layers between the PN junctions,
which have already shown promising results in Si-based VMJ cells (Tyukhov, 1996). In
addition, despite the manufacturing is out of the scope of this paper, further comments
regarding its feasibility are also given. The manufacturing of the new device seems
possible considering the high accuracy of the growth techniques used in conventional
MJ solar cells nowadays, the small cell areas needed, and the electronic devices recently
developed based on the multiple connection of around 20 PN junctions by using TJs
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(York, et al., 2018). Moreover, the lateral metallic contacts could also be placed on the
structure using the same methodology than in current MJ cells. This can be explained
considering that the total width of the final VTJ cell, = 0.5 mm, and the height of current
MJ cells is similar, = 0.2 mm (Theristis & O'Donovan, 2015).

3. Recombination models

In this work, we studied the main recombination effects, namely: Auger (Rauger);

Shockley—Read—Hall (SRH) (Rsry) and optical generation/radiative (R.yq). These
different effects and the total recombination (Ri.5) are related by the following equation:

Riotal=RaugertRsrH*Rrag - (1)
If we consider that R= % the equation (1) can be expressed as (2) in terms of the lifetime

(1), obtaining a total effective lifetime (1) as follows:

11 +L+L (2)

Teff TAuger TSRH  Trad )

A brief description of the recombination effects considered in this work is given in the
next sub-sections. This is intended to facilitate the understanding of the results of the
present investigation.

3.1. Auger

In this recombination process, an electron and hole recombine but a photon is not
emitted. The energy is given to another electron, which is excited to a higher energy
level. Then, this electron returns to the conduction band due to thermal losses
(Selberherr, 1984). This model is important at high current densities and high carrier
concentrations such as the produced at UH levels. The standard Auger recombination is
modelled by the following expression (Dziewor & Schmid, 1977):

Rauger=AUG, (pn?-nn2 )+AUG,(np2-pnZ), (3)

where n and p are the electron and hole concentration respectively, nZ the intrinsic
concentration, and AUG, and AUG, are, respectively, the Auger coefficients for
electrons and holes.

3.2. Shockley-Read-Hall

In SRH, a carrier that is in transition between the bands is trapped by an energy state
created by a defect or by a dopant, called trap. Then the energy is exchanged by
phonons. This process is dominant in indirect bandgap materials, but it can also
dominate in direct bandgap semiconductors if there are many traps. In our simulations,
we used the SRH concentration dependent lifetime model because 1 also depends on
the impurity concentration (Roulston, et al., 1982), (Law, et al., 1991), (Fossum & Lee,
1982). Based on this, the SRH recombination is modelled by the following equation,
(Hall, n.d.):

2
_ pn-n;
Rsrr= Erapy] | Fa (D)
o | 1nicexp (S22 [#1o pHmicexp( TH2)|
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Th= __To (5)

’
1+ Ntotal
NSRHp,

T
Tp= 0 ’ (6)
1+( Niotal )
NSRHp

where Ey, is the difference between the trap energy level and the intrinsic Fermi level,
T, the lattice temperature (in Kelvin), k the Boltzmann constant, 1,9 and 1, the electron
and hole lifetimes, respectively, Ny, the total impurity concentration, and Nggry, and
NSRHp specify the SRH concentration parameter for electrons and holes, respectively.

3.3. Optical generation/Radiative recombination

In this mechanism, the photon transition has to be considered for
generation/recombination processes. It is a direct mechanism because occurs in one
step. In the radiative recombination, an electron loses energy and moves from the
conduction to the valence band emitting a photon with an energy similar to the gap. In
the optical generation, an electron moves from the valence to the conduction band. The
radiative recombination is the dominant recombination mechanism in direct gap
materials, like GaAs, and in narrow gap semiconductors. However, in indirect gap
materials this process is very low and then negligible. This model is also called band to
band recombination and can be described by equation (7), which means that the total
band to band generation/recombination is the difference of the capture rate and emission
rate processes:

R =C& (np-n2), (7)

where C8PT means the capture rate.

The parameters considered to take into account the mechanisms above are listed in
Table 1.

Nie 2.67 - 105 cm@ (Grundman, n.d.), (Vurgaftman, et al., 2001)
AUG, 5 - 10%° cm®/s (Picozzi, et al., 2002)
AUG, 1- 103! cm®/s (Govoni, et al., 2011)
Etrap 0 eV (Silvaco, n.d.)
Tho 4.4 -10* s (Lush, et al., 1992)
To0 2.2 - 10* s (Schubert, 2006)
NsRH, 2.7 - 10" cm? (Silvaco, n.d.)
CgF’T 1.5 - 10 cm?/s (Olson, et al., 1989)

Table 1: Recombination parameters used in the numerical simulations.

4. Optimisation procedure at 4000 suns concentration

In this section the optimisation of the structure shown in Fig. 1 for a Craioc 0f 4000 suns is
presented. First, the optimisation of the height, by changing its value to maximize the n,
was carried out. At this stage, the width and doping values of each layer of our previous
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work were considered. An optimum height value of 15 pm was found. Once the height is
selected, the width and doping of the n and p layers have been analysed. First, these
values were varied for the p-layer while the n-layer parameters were kept constant at 2.5

pm and 1-10" cm?3. Finally, the n-layer parameters were also optimised by following the
same procedure. In this case, the p-layer parameters were kept constant at 5 um and
1-10" cm3. The initial values of each layer to perform the optimisation have been
selected based on the structure of the VTJ presented in our previous work.

Efficiency (%) Evffic_it_eﬂncy (%)
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Figure 2: Contour plot of the efficiency as a function of the width and doping of the p-
layer (left) and n-layer (right) of the VTJ optimisation at 4000 suns.

Fig. 2 shows the n dependence with the doping and the width for the two layers
optimised. As can be seen, for the p-layer (Fig. 2 (left)), n increases as the doping
decreases. A maximum n of 31.7 % has been found. This value corresponds to a width

ranging from 4.2 to 6.6 um, and a doping ranging from 1-10" to 3-10" c¢m3. On the
other hand, for the n-layer (Fig. 2 (right)), n also increases as the doping decreases. A
maximum n of 31.7 % was obtained for width values between 2.0 and 4.0 um, and doping

values between 1-10"® and 2-10"° cm3. Based on this study, the width of the p-layer has
been considered equal to 6.0 um, and 3.0 um for the n-layer. In addition, a doping of

110" cm has been considered for both layers. With this configuration, the maximum
n, i.e. 31.7 %, for the highest width has been achieved. The latter is crucial to maximize
the area of the cell, and therefore to decrease the number of TJs as much as possible
for structures based on the tunnelling connection of multiple VTJ cells.

As can be also seen in Fig. 2, n is more sensitive to the width and doping variations in
the n-layer (n varies from 25.8 % to 31.7 %) than in the p-layer (n varies less than 1 %).
This can be understood considering the different electron and hole mobilities (u) for the
layers and their relation with the L, i.e. the higher the p the higher the L (Markvart &
Castafier, 2005). In the p-layer, Fig. 2 (left), the n minority carriers have a higher y, which
implies a better carrier collection in the electrodes. As a consequence, the short-circuit
current (Isc), and therefore n, are less sensitive to the width and doping variations. This
can be understood considering that n is proportional to lgc:

—Isc VocFF _ Pmax

n Pin Pin ’ (8)

where V¢ the open-circuit voltage, FF the Fill Factor, and Pi, and Pmax are the incident
and maximum power output, respectively. On the other hand, in the n-layer, Fig. 2 (right),
the p minority carriers have a lower y. Hence, the carrier collection in the electrodes is
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lower than in the previous case. As a consequence, the Ig¢, so the n, are more sensitive
under the width and doping variations.

In addition to the effects above, the different carrier concentration between the two layers
also contributes to enhance their different behaviour under width and doping variations.
The n-layer has more carriers, so, the recombination effects in this layer become more
relevant, being the radiative and SRH recombination mechanisms the most affected (see
section 5). These rates increase with the number of carriers, as can be obtained from
the analysis of the equations (4) and (7), and therefore the T tends to decrease. As in
the previous case, this contributes to reduce L, and therefore n is more affected under
the width and doping variations in this layer.

40

:-Opltimlise'ci VTJ |
| @ Previous VT) design

Efficiency (%)

1 1000 4000 10000

Concentration (suns)

Figure 3: Comparison of the efficiency between the VTJ of this work (Fig. 1) and the
structure of our previous work (Fernandez, et al., 2019).

Fig. 3 shows a comparison of the n between the optimised structure of this work and the
results of our previous design for Ciaio ranging from 1 to 10000 suns. As can be seen,
the optimised design strongly improves the n. These n values are around 4 % higher
than in the previous design except for Craio Of 1 sun, which is around 3 % higher. The
optimisation procedure conducted in this section allows solar cells with record n above
30 % at ultra-high concentration factors to be developed.

5. Numerical results

In this section, first, the effect of the different recombination mechanisms and their total
effect on the Vg, Isc and P,z at 4000 suns have been studied. After that, the main
recombination mechanisms and their impact on the key electrical parameters as a
function of Craio have been investigated.

5.1. Impact of recombination

First, the effect of the Auger, radiative, SRH and their combined total recombination in
the Voc point was analysed, under a Caio Of 4000 suns. The different recombination
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effects along the width of the VTJ structure at 3 and 12 pum on the vertical direction from
the incident light surface, see Fig. 1, are shown in Fig. 4 (a) and (b), respectively.
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Figure 4: Cutlines along the width of the device structure in 3 (a) and 12 (b) um, see
Fig. 1, under 4000 suns at the V¢ point.

To properly compare the recombination rates among the different effects, the middle
points of the p and n-layers were selected for each subcell. Those points are located at
width values of 3.0 and 12.2 um for the p-layers, and at 8.0 and 17.2 um for the n-layers.

When the height is 3 um, the total recombination is 3.2-10%? and 3.0-10%* cm3s"" for the
p and n-layers, respectively. As expected, these values are identical for both the first and
second subcells. When the height is 12 um, the total recombination values decrease to

2.9-10%2 and 2.6-10%2 cm™3s" for the p and n-layers, respectively. This can be explained
considering that the intensity of the incident flux drops the farther you move from the
surface where the light is falling on. The relative difference for the total recombination
between the two height values is 9.4 % in the p-layers points, and 13.3 % in the n-layers
points. The radiative recombination is the dominant effect, being the 97.3 % of the total
recombination (at 3 and 8 um widths and 3 um height), and 97.3 % and 97.0 % (at a 3
and 8 um widths and 12 pum height). This was expected considering that GaAs is a direct
bandgap semiconductor. The mechanism with the lower impact is Auger, about three
orders of magnitude lower than that of radiative. It represents an almost negligible 0.05
% of the total recombination (at a 3 um and 8 um width and 3 um height), and 0.04 % (at
a 3 um and 8 um width and 12 um height). Similar results were previously reported by
(Ochoa, et al., 2016) and (Wang, et al., 2013). The SRH recombination contributes with
a 2.6 % and 2.7 % to the total recombination (at a 3 um and 8 um width and 3 um height),
and 2.7 % and 2.9 % (at a 3 um and 8 pm width and 12 pm height). SRH is around one
order of magnitude lower than the radiative recombination.

At this point, the effect of the Auger, radiative, SRH and their combined total
recombination in the Igc point was analysed, under a Craio Of 4000 suns. The different
recombination effects along the width of the VTJ structure at 3 and 12 ym on the vertical
direction from the incident light surface are shown in Fig. 5 (a) and (b) respectively.
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Figure 5: Cutlines along the width of the device structure in 3 (a) and 12 (b) um, see
Fig. 1, under 4000 suns at the Ig¢ point.

Like in the previous case, to properly compare the recombination rates among the
different effects, the same middle points of the p and n-layers were selected for each

subcell. In this case, the total recombination is 2.1-10"® and 4.8-10"° cm3s™ for the p
and n-layers respectively at 3 um height. As expected, these values are identical for both
the first and second subcells. When the height is 12 um, the total recombination values

decrease to 5.0-10'® and 2.3-10"" cm3s for the p and n-layers, respectively. The
relative difference for the total recombination between the two height values is 97.6 % in
the p-layers points, and 99.5 % in the n-layers points. Once again, the radiative
recombination is the dominant effect, being the 63.8 % and 55.9 % of the total
recombination (at a 3 pum and 8 um width respectively and 3 um height), and a 63.4 %
and 46.5 % (at a 3 um and 8 um width respectively and 12 um height). The effect of
Auger can be considered marginal as this only represents a value lower than 0.002 % of
the total recombination for the analysed points. The radiative recombination is about six
orders of magnitude larger than that of Auger in the p-layers, and four orders in the n-
layers. The SRH recombination contributes with a 36.2 % and 44.0 % to the total
recombination (at a 3 um and 8 um width respectively and 3 um height), and a 36.6 %
and 53.5 % (at a 3 um and 8 um width respectively and 12 um height). As for the case
of the V¢, SRH is around one order of magnitude lower than the radiative recombination
in the p-layers and the same order in the n-layers.

Finally, the effect of the different recombination mechanisms and their combined total
value in the Pmax point under 4000 suns have been analysed. It is important to note that,
at Pmax less carriers will be recombined than in the V¢ point, but more than in the Igc,
so, the recombination rates are expected to be smaller than the Voc case but higher
than in the Igc.
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Figure 6: Cutlines along the width of the device structure in 3 (a) and 12 (b) um, see
Fig. 1, under 4000 suns at the Pmax point.

As in the previous two cases, the different recombination effects along the width of the
VTJ structure at 3 and 12 um from the incident light surface are shown in Fig. 6 (a) and
(b) respectively at the Pmax point. Like in the previous analyses, to properly compare the
recombination rates among the different effects, the same middle points for the p and n-
layers than above were selected for each subcell. As can be seen in the figure, the total

recombination for the cutline in 3 ym is 1.2:10%" and 1.7-10%" cm3s™ for the p and n-
layers, respectively. On the other hand, for the cutline made at 12 uym, the values for the

p and n-layers are 7.2:10% and 7.5-10%° cm3s7, respectively. The relative difference for
the total recombination between the two cutlines is 40 % in the p-layers, and 55.9 % in
the n-layers. The radiative recombination is the dominant effect, being the 88.2 % and
88.7 % of the total recombination (at a 3 um and 8 um width respectively and 3 pum
height), and the 85.4 % and 83.4 % (at a 3 um and 8 um width respectively and 12 um
height), because we have a direct bandgap semiconductor.

Like for the Voc and Igc results, the effect of Auger is negligible and represents less than
0.01 % for all the cases analysed. The difference between the radiative and Auger
recombination is about four orders of magnitude. The SRH recombination contributes
with a 11.8 % and 11.3 % (at a 3 um and 8 um width respectively and 3 um height), and
a 14.6 % and 16.6 % (at a 3 um and 8 um width respectively and 12 um height). In this
case, SRH is around one order of magnitude lower than the radiative recombination in
the 3 um height cutline and has the same order of magnitude in the 12 um height cutline
for both layers. As expected, all these percentages values are identical for both the first
and second layers.

5.2 Impact of solar concentration on the electrical parameters
In this section, we study the effect of Caio 0N the electrical parameters, i.e. Isc, Voc, FF
and n, of the solar cell. In addition, we consider the different recombination mechanisms,

i.e. Auger, radiative and SRH, in order to fully understand the performance and possible
limitations of the device.
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Figure 7: Short-circuit current as a function of Cratio for the VTJ solar cell without
considering any recombination effect and with all recombination effects.

Fig. 7 shows the Isc as a function of Ciaio for the VTJ solar cell when no recombination
effects have been considered and when all effects have been taken into account. As can
be seen, this parameter increases linearly with Ciaio for both cases, with a determination
coefficient (R?) of 0.99. This suggests that the Isc is not affected by neither of the
recombination’s mechanisms investigated. It is also important to mention the low current
values reached by the cell even for extreme concentration ratios. This is also key to
diminish the series resistance limitations of current concentrator solar cells. The
maximum current is dominated by the small illumination area of the VTJ cell, which is
defined by the width of the PN junctions of the structure. This value, which is around 10
um, is approximately three order of magnitude lower than in current horizontal MJ cells,
which is around 5 mm. Further discussion about this topic can be also found in the early
work of the authors (Fernandez, et al., 2019).
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Figure 8: Open-circuit voltage as a function of Caio for the VTJ solar cell without
recombinations, for each recombination mechanism and for all recombinations.

Fig. 8 presents the Voc as a function of the Craio for the VTJ solar cell, showing both the
individual contributions of the three analysed recombination effects (Auger, radiative and
SRH) and their combined effect (all recombinations). Note that a scenario without any
recombination effect has also been considered for comparison purposes.

The figure shows that Voc grows linearly with the logarithm increase of Caio for all the
recombination mechanisms. It varies from = 1.86 V at 1 sun to = 2.35 V at 10000 suns
when all the mechanisms are considered. The presence of all recombination effects
lowers the Voc by 3.5 % (for 1 sun) and by 2.1 % (for 10000 suns), with respect to the
ideal case. In this figure, it can also be seen that the Voc is affected by the SRH and
radiative similarly up to 100 suns. For larger sun concentrations, the radiative is the
dominant effect and degrades the Voc the most, whereas the effect of SRH becomes
insignificant. This can also be concluded by analysing the ideality factor (m) of the
different mechanisms as a function of the Ciaio relative to its value at any reference
concentration (Craiorer) (Siefer & Bett, 2014), (Braun, et al., 2013):

Cra io
VOC(Cratio)'VOC(Cratio,ref) zEVT In (—t) ) (9)

Cratio,ref

where N is the number of PN junctions in series (two in this case) and Vr is the thermal
voltage. For Craio < 100 suns the m obtained when considering all the recombinations is
1.06, while for higher Craio become equal to 1.00. On the other hand, the m for the SRH
case is 1.12 (Craio < 100 suns) and 1.04 (Craio >100 suns), while it becomes almost
independent of the Cio for the radiative case, with a value of m = 1.00. The
aforementioned variations of m are certainly small, but they also seem to suggest that
SRH has a more significant effect on the recombination mechanisms at lower Cyaiio, While
the performance of the cell is dominated by radiative mechanisms at higher Ciagio.
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Figure 9: Fill Factor as a function of Caic for the VTJ solar cell without recombinations,
for each recombination mechanism and for all recombinations.

Fig. 9 presents the FF as a function of Craio for the VTJ solar cell, showing both the
individual contributions of the three analysed recombination effects (Auger, radiative and
SRH) and their combined effects (all recombinations). For this scenario it was also
considered the case where no recombination effects were included for comparison
purposes.

As can be seen in the figure, the FF increases with the logarithm increase of the Ciaio for
the no recombination effects, Auger and SRH cases. Nevertheless, for the radiative and
all recombination cases, FF grows with the Ciaio up to 1000 and 2000 suns respectively,
whereas for higher irradiances the FF tends to decrease. It varies from = 87.23 % at 1
sun to 88.53 % at 2000 suns when all the mechanisms are considered. Above this Ciato,
the FF slightly decreases due to Rs losses up to a value of 87.95 % at 10000 suns.
Despite this, FF shows a small range of variation for all the Caio investigated (= 1 %).
This is a crucial finding since the FF of current MJ cells usually decreases around 5 %
for a much more lower Ciaio range, i.e. usually from 500 to 1000 suns (Kinsey, et al.,
2008), and this is in fact the main limiting factor of current devices to achieve high
efficiencies at UH levels. This slight variation is due to the small Rs values of the VTJ
solar cell. Indeed, the Rs value has been estimated from the simulated IV curve at 4000
suns using the methods previously discussed by the authors in (Fernandez, et al., 2016),
and a value = 1.5 102 Q-cm? has been found, around one or two orders of magnitude
lower than that of conventional concentrator solar cells (Appelbaum & Peled, 2014).

Regarding the different recombination mechanisms, at Caio below 1000 suns, the SRH
recombination is dominant and contributes to the FF the most. For Ciaio > 2000 suns, the
effect of SRH decreases and radiative becomes the dominant source of degradation of
the FF. Also, compared to the ideal case, the degradation of FF is larger at UH
irradiances (1.8 % at 10000 suns) than at low irradiances (0.6 % at 1 sun). This is due
to the fact that the SRH recombination plays an important role for Craio up to 1000 suns.

It is important to note that FF is lower for the SRH case with respect to the all
recombinations one up to 100 suns. In order to understand this behaviour, Figs. 10 and
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11 present the IV curves, and key electrical parameters, for three different recombination
scenarios (only radiative, only SRH and all recombinations) at 100 suns and 4000 suns,
respectively. For a Craio 0f 100 suns the Voc for the SRH case is around 2.4 % higher
than that of all recombinations. However, the Pmax of the SRH recombination only grows
by 1.9 %. As consequence the FF decreases in a larger extend since this is given by:

FF= —me (10)

Isc: Voc

On the other hand, for a Craio Of 4000 suns, the Voc for the SRH case is also higher,
around 2.2 %, than that of all recombinations. However, in this case, the Pmax grows
around 3.3 %. As consequence, the FF becomes higher than the value when all the
effects are considered.

The phenomenon above could be explained by analysing the saturation current (lo) for
the different cases. This value has been extracted by using the Phang model (Phang,
et al., 1984), also previously validated to investigate concentrator solar cells by the
authors (Fernandez, et al., 2016). At 100 suns, the SRH is the main contributor to the all
recombinations and presents a lo value three orders of magnitude larger, Io =1.50 10°1°
A, with regards to the only radiative, lo = 6.75 1022 A. This high value of I, degrades the
IV curve in a larger extend and could explain the smaller increase of the Pmax respect to
the Voc. It is also important to mention that the higher Voc values of the SRH case are
due to a higher m value previously estimated, m (radiative) = 1.00 while m (SRH) = 1.12.
However, at a higher Caio 0f 4000 suns, radiative is the main recombination effect, the
lo is around eight times larger, lo = 8.38 10%° A, with respect to the only SRH, which is
1.14 10%° A. In addition, the Il for the SRH case is lower than that at 100 suns. As a
consequence, the IV is less affected and could also explain why Pmax grows in larger
extent than Voc, and therefore, why the FF is higher at UH Ciaio With respect to the all
recombination case.
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Figure 10: I-V curves and some electrical parameters for the only radiative, only SRH
and all recombinations case with a Craio 0f 100 suns.
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574  Figure 12: Efficiency as a function of Ciaso for the VTJ solar cell without recombinations,
575 for each recombination and for all recombinations.
576
577  Fig. 12 presents the n as a function of the Ciaio for the VTJ solar cell, showing both the
578 individual contributions of the three analysed recombination effects (Auger, radiative and
579 SRH), and their combined effects (all recombinations). As previously, it was also
580 considered the no recombinations case for comparison. It is also important to mention
581 that Auger effects are negligible even at extreme Craio Of 10000 suns. This is relevant
582  considering that this mechanism has been previously signalled by other researchers as
583 the ultimate limiting factor to produce device valid to achieve UH levels due to the large
584  amount of carriers generated (Govoni, et al., 2011).
585
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As shown in the figure, n increases almost linearly with the logarithm increase of Caio for
all the cases. The small reduction of the FF previously signalled for Caio above 2000
suns does not limit the performance of the device with Cyaio. N varies from = 25.2 % at 1
sun to a maximum value of = 32.2 % at 10000 suns. Regarding the recombination
mechanisms, at low Ciio below 100 suns, the SRH and radiative recombinations
contribute similarly to the reduction in the n. For larger Craio, the radiative is the dominant
effect and degrades the n the most. At the same time, the SRH effect becomes
insignificant as the Ciaio increases. It was also found that the reduction of n due to all
recombination contributions is higher at UH irradiances (1.4 % at 10000 suns) than at
low irradiances (1.1 % at 1 sun). This is due to the fact that the radiative mechanism
dominates as the Craio is increased. Hence, the small reduction in the FF introduced by
this mechanism with the Ciaio, S€€ Fig. 9, also contributes to degrade the n to a greater
amount, see also equation (8).

Despite of the above, the n achieved by the optimised VTJ cell would represent a record
n solar cell, which is nowadays 29.3 % for a GaAs conventional structure at a Caio = 50
suns (Green, et al., 2018), far below the solar concentration levels here investigated.
This represents a promising route to deliver single-band-gap structures with state-of-the-
art n > 30 % due to the elimination of the series resistance constraints.

6. Conclusions

In this work, we have studied a novel structure based on gallium arsenide (GaAs)
previously proposed by the authors in a short communication. This structure was
optimised at a concentration ratio (Cratio) 0f 4000 suns in order to improve the device
efficiency (n). Once the device was optimised, the effect of the different recombination
mechanisms and their total effect on the open-circuit voltage (Voc), short-circuit current
(Isc) and the maximum power (Pmax) Was studied along the width of the vertical-tunnel-
junction (VTJ) structure. Finally, the impact of the main recombination mechanisms on
the key electrical parameters as a function of Caio Was investigated.

For this structure, it was carried out an optimisation of the device height and the width
and doping of the p and n layers. As a result of this procedure, a maximum n value of
31.7 % for a Craiio Of 4000 suns was demonstrated. This significantly improves the n of
our previous design by a value ranging from 3 % to 4 % for all the Caio analysed.

For this solar cell, the radiative recombination is the dominant mechanism. For the Voc,
this mechanism is around 97.3 % of the total recombination. For the Pnax it is around the
88.0 % (at a 3 um cutline along the width of the VTJ structure). Nevertheless, at the Isc
point, the radiative recombination is 63.8 % and 55.9 % of the total recombination for the
p and n-layers respectively, whereas the SRH recombination is 36.2 % (p-layers) and
44.0 % (n-layers) of the total recombination (at a 3 um cutline). These recombination
rates decreased as we moved away from the surface where the light was falling on. It
was found Auger recombination was almost negligible for all the parameters.

In addition, our study indicated that the behaviour of the key electrical parameters was
not limited by neither of the recombination mechanisms. The Isc grew linearly with the
Cratio iIndependently of the recombination mechanism considered and it is not affected by
neither of them. The Voc also increased linearly with the logarithm of the Craio. It was
found that the all recombination effects lowered this magnitude less at extreme
concentrations (2.1 % at 10000 suns) than a low Ciaio (3.5 % at 1 sun) with respect to
the ideal case. Results also showed that at Craic above 100 suns the dominant
mechanism was radiative recombination, whereas at low Cao the radiative and SRH

17



641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681

682

683
684
685

686
687
688

689
690

contributions were similar. For the Fill Factor (FF), it was found that for all recombination
case it grew up to 2000 suns and then decreased with the logarithm of Ciaio. The
maximum FF value obtained was 88.53 % at 2000 suns. Above this Ciaio, the FF slightly
decreased, obtaining a value of 87.95 % for 10000 suns.

Results showed a linear increase in the n of the VTJ solar cell with Caioc and no
remarkable impact (maximum observed n degradation of 1.37 % at 10000 suns respect
the ideal case) caused by the recombination mechanism investigated. For Craic<100
suns the SRH and radiative recombinations contributed similarly to the n reduction,
whereas for Crai0>100 suns the radiative recombination dominated and degraded the n
the most. A maximum n of 32.2 % at 10000 suns was obtained. This would represent a
record ), being currently a 29.3 % for GaAs conventional structures at a Craio 0f 50 suns,
at Caio far above any previous solar cell found in the literature. This highlights the interest
and potential of the vertical solar cell here investigated to produce a new type of structure
tailored to achieve extreme Ciago.

Future work should investigate the performance of the cell under temperature, spectrum
and uniformity variations. In addition, structures made up of different materials and/or
with additional layers, such as anti-reflective coatings (ARC), should be considered in
order to enhance the potential efficiency of the device. Finally, the investigation of multi-
band-gap structures made up of several VTJs aimed to optimise the absorption of the
spectrum should be the topic of further investigations. This could be achieved by
mechanically stacking multiple VTJ solar cells made up of different materials and energy
gaps on the top of each other in decreasing order of the band-gap.
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