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Over the last three decades, dye-sensitized solar cells (DSSCs) have received a lot of attention, reaching record
efficiencies under AM 1.5G illumination slightly over 10%. However, these values are lower than other
competing photovoltaic systems. The performance of DSSCs has to be further enhanced in order to have a
substantial influence and application potential in the field of photovoltaics. Herein we propose a new intriguing

strategy to take advantage of two concepts well known in the field of photovoltaics, such as the tandem
configuration and the bifaciality, never applied at the same time to DSSCs. Thanks to the combination of these
strategies, we are noteworthy able to overcome the maximum efficiency ever obtained for a traditional DSSC
based on iodide/triiodide redox couple and Ru-based dye, as high as 14.96%. Our findings open the way to
further enhancement with optimized DSSCs configuration.

1. Introduction

Among different photovoltaic technologies, dye-sensitized solar cells
(DSSCs) have always been considered one of the most affordable and
cost-effective alternatives to traditional silicon-based solar cells [14,15].
The light harvesting mechanism of DSSCs is based on a dye-sensitized
mesoporous film of a wide band gap semiconductor deposited on a
transparent conductive substrate to absorb photons and convert them
into electrons. A redox mediator in an electrolytic solution closes the
circuit with a Pt-coated counter electrode [25]. According to literature,
the most commonly employed materials for DSSCs are mainly based on
TiO2 nanoporous electrodes, iodide/triiodide redox couples and Ru-
based dyes [4,5,9,36]. Substantial studies have been performed to-
ward the enhancement of DSSCs performances through the engineering
of different dyes, electrolytes and electrodes material, with photo-
conversion efficiencies (PCE) ranging within 11-14% [1,18,21,23].

Apart from materials optimization, different cell configurations have
been proposed with the goal of improving the PCE and broadening the
application opportunity (e.g., smart buildings, greenhouses, integrated
systems with electrocatalytic reactors, etc.) [6,16,29] regardless of the
employed active materials. In the so-called tandem configuration,
multiple dyes are employed in stacked compartments of the cell to
maximize the absorbed portion of the light spectrum. In this design, the

total active area of the device should remain the same while increasing
the amount of light converted into electricity. With this approach, PCE
values ranging from 7.5% to 11.3% were reported in the literature
[3,34,37,38]. Alternatively, for organic solar cells (OPV), the so-called
homo-tandem configuration was also reported, in which a multiple-
junction device is fabricated by splitting a single thicker absorbing
layer into two half-cells, in order to reduce the travel distance of charge
carriers, accounting for their low mobility. Therefore, homo-tandem
OPV differs from standard tandem solar cells for the fact that the two
absorbing layers are made of the same material [11,12,17,20]. Instead,
in bifacial configuration a single compartment solar cell is fabricated in
such a way that the device is able to generate photovoltaic power in
front and rear illuminations, meaning that it can be illuminated from
both the electrodes. In this case, the so-called “bifaciality factor” defines
the difference in PCE depending on the illumination direction and is
calculated dividing the PCE in rear illumination by the PCE in front
illumination [19,26,30,35]. In this work, the combination of these
concepts was implemented in the same device, presenting a new
configuration called homo-tandem-bifacial dye-sensitized solar cell
(HTB-DSSC). In this configuration, the presence of two absorbing layers
arranged one behind the other to maximize the absorption of the
incoming light was inspired by tandem solar cells. However, opposed to
standard tandem solar cells already demonstrated for DSSC, it was
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decided to have two identical absorbing photoanodes prepared with the
same materials, including semitransparent semiconducting oxide and
sensitizing dye, similarly to what has been done for homo-tandem OPV.
This was done to simplify as much as possible the fabrication of the
device, which would be an advantage from the point of view of
upscaling the manufacturing process of the proposed configuration.
More importantly, it was suggested that the second absorbing layer can
improve the overall performance of the device since it would behave as a
standard DSSC working under low-light illumination conditions. This is
because the intensity of the incoming power reaching the second layer
would be reduced as a result of the partial absorption of the first one. It is
known that DSSC performances increase under reduced light intensities.
Moreover, having two identical semitransparent photoanodes on the
two sides would allow to achieve the ability of generating power, with
the same performances, both from the front and from the back of the
device. This was the feature that was inspired by standard bifacial solar
cells. The 3D model of the proposed HTB-DSSC is reported in Fig. 1.

A two-compartment cell was fabricated interposing a bifacial semi-
transparent shared counter electrode between two identical semi-
transparent photoanodes. More details about the fabrication of the de-
vice and its characterizations are provided in the Appendix. In this
configuration, the two half-cells work in parallel with the bottom half-
cell that converts into electricity the portion of the incoming light that
is not previously absorbed by the top half-cell. Moreover, the two half-
cells are fabricated with the same materials, yielding a device that is
able to achieve an outstanding bifaciality factor.

2. Results and discussion

When characterized under standard AM 1.5G simulated solar spec-
trum, the HTB-DSSC showed a PCE of 13.19%, exhibiting a relative
improvement in efficiency of 54% with respect to the standard cell,
which instead showed a PCE of 8.55% (Table 1). This result sets a first
outstanding achievement when compared to the best efficiencies re-
ported for DSSC using N719 dye and I'/I3-based electrolyte, ranging
from 9% to values slightly higher than 11% [2,24,27]. From Fig. 2a, it
can be seen that the first straightforward reason for this improvement is
the higher current density (Js.) photo-generated by the HTB-DSSC with
respect to the standard cell, which results from the contribution of the
bottom half-cell to the total current. From Table A3, it is clear how the
Jsc of the HTB-DSSC results to be very close to the sum of the half-cells
one. On the other hand, from Fig. 2a it can be seen that the open circuit
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Table 1

Summarized photovoltaic parameters under AM 1.5G standard solar spectrum.
Configuration Voe (V) Jse (A cm™2) FF PCE (%)
Standard DSSC 0.67 18.02 0.70 8.55
HTB-DSSC (front) 0.66 28.11 0.71 13.19
HTB-DSSC (rear) 0.65 28.39 0.69 12.80
HTB-DSSC + mirror 0.68 31.28 0.71 14.96

voltage (Vo) of the HTB-DSSC results to be slightly lower than that of
the standard cells. This can be explained by the fact that the bottom half-
cell is shielded by the top half-cell and receives a lower amount of
incident light. It is known that a reduction in V. is expected for a
decreased light intensity [31]. Therefore, due to the parallel connection
between the top and bottom half-cells, the V,. of the HTB-DSSC will
result to be in between the two V,. values measured for the standard
half-cells. For this reason, precautions to limit the dependence of the V.
from the incident light intensities should be considered in further
development of the HTB-DSSC configuration. Nevertheless, thanks to
the symmetric nature of the proposed configuration, the PCE could be
further improved if a light reflecting mirror is added on the back of the
HTB-DSSC. As it can be seen in Fig. 2a, the addition of a back mirror
further increases the performance of the solar cell both in terms of Js.
and of V., yielding to an exceptional PCE of 14.96%.

From these results, the improvements granted by the double
absorbing layers within the HTB-DSSC configuration is clear. Never-
theless, to get further insights regarding the extent of the benefits of the
proposed design, another experiment was performed, comparing the
behavior of the HTB-DSSC configuration with respect to a standard DSSC
in which the thickness of the photoanode was doubled. Therefore, a
HTB-DSSC was fabricated reducing the thickness of the photoanodes to
6 pm, and it was compared with two standard DSSCs fabricated with
photoanode thicknesses of 6 pm and 12 pm. The results of the J-V
characterization recorded under AM 1.5G simulated solar spectrum are
reported in Fig. A1 and Table Al. This measurement gives a further
confirmation of the benefit of having multiple absorbing layers instead
of a single, thick photoanode. Indeed, the DSSC with the photoanode
thickness of 12 pm shows a higher current with respect to the one with a
thinner photoanode (6 pm). On the other hand, a higher effect of the
charge carrier recombination is observed both from the reduced open
circuit voltage and from the lower shunt resistance observed from the
slope of the curve at low voltage values. Instead, the HTB-DSSC still

b)

Fig. 1. 3D model (a), section view (b) and photograph of the proposed HTB-DSSC. In panel a) the illumination condition and the half-cell definition are reported.
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Fig. 2. J-V curves of the HTB-DSSC under AM 1.5G simulated solar spectrum in different configurations. (a) Comparison between standard solar cell and HTB-DSSC
configuration, with and without back reflecting mirror. (b) Comparison between front and rear illumination and performances of top and bottom half-cells.

benefits from the increased photocurrent coming from the double
absorbing layer, but with a higher open circuit voltage and a higher fill
factor confirmed by the higher resistance to shunt losses, which can be
reasonably connected to the lower thickness of the photoanodes.

Being the two half-cells of the HTB-DSSC configuration connected in
parallel, the comparison with a planar module made by two standard
DSSC connected in parallel was performed. The results of the charac-
terization performed under AM 1.5G solar spectrum are reported in
Fig. A2 and Table A2. As it can be seen from the current-voltage char-
acteristic reported in Fig. A2.a, the planar module showed an absolute
current, which was doubled with respect to a single standard solar cell
and clearly higher with respect to the absolute current obtained by the
HTB-DSSC configuration. On the other hand, looking at Fig. A2.b it can
be observed how, normalizing the current with respect to the total active
area of the different devices, the performance of the planar module
resulted almost identical with respect to the one of the standard single
DSSC. The HTB-DSSC, instead, benefited from the higher photo-
generated current with respect to the standard solar cell, but obtained
with the same total active area, confirming how the proposed configu-
ration could be exploited to improve the performance of DSSCs without
compromising on the total footprint of the device.

Together with the performance improvements granted by the
stacked configuration, similar to what happens for tandem solar cells,
the HTB-DSSC ensures also the possibility of collecting light incoming
from both directions as the case of bifacial solar cells. It can be observed
from Fig. 2b that, when the S-DSSC is illuminated in front and rear
illumination, it yields a very similar behavior, showing PCE values of
13.19 and 12.8%, respectively, and a bifaciality factor as high as 0.97,
which results to be much higher with respect to other bifacial DSSCs
reported in the literature, for which, to the best of our knowledge, the
best value was 0.78 under 1 sun illumination condition [33]. This
remarkable result is intrinsically granted by the symmetrical nature of
the proposed configuration, and it is expected to be further improvable if
a more automated and controlled fabrication procedure is employed to
prepare the two half-cells. As a matter of fact, as it can be seen in Fig. 2b
and in Table A3, the top half-cell and the bottom half-cell show slightly
different photovoltaic parameters when characterized under standard
AM 1.5G simulated solar spectrum. The same difference is observed
when the half-cells are characterized singularly in shielded condition, i.
e., when they are illuminated through the other half-cell of the HTB-
DSSC. Nevertheless, when they are connected in parallel, their perfor-
mances compensate, yielding an almost equal PCE in front and rear il-
luminations. From this it can be stated that, as long as the disparity
between the half-cells is kept at a minimum through a controlled and
repeatable fabrication process, the HTB-DSSC is able to reach impressive
levels of bifaciality.

One of the fields of application where DSSCs have demonstrated to

outperform other photovoltaic technologies is the generation of photo-
voltaic energy under artificial (or even natural) illumination in indoor
environments [8]. The absorption spectrum of most common sensitizing
dyes employed in DSSCs is usually limited to visible light wavelengths.
This is one of the main reasons of DSSCs lower performances with
respect to other photovoltaic technologies when employed under stan-
dard AML1.5 solar spectrum, which includes a consistent amount of en-
ergy in the UV and IR region that cannot be collected by the cell. On the
other hand, the most common indoor light sources, such as LED lights
and fluorescent tubes, are typically optimized to emit in the visible
spectrum only, and at much lower intensities with respect to external
sunlight. The better spectral matching between DSSCs absorption and
indoor lights emission ranges, together with the performance increase in
DSSCs when they are employed in diffused and low-intensity illumina-
tion, motivates the rising interest in the scientific community toward the
optimization of DSSCs under visible light [13,22,32]. Based on this, we
characterized the HTB-DSSC also when illuminated with a commercial
indoor low consuming LED light. A dedicated set-up was employed to
simulate an indoor environment, based on the specifications reported by
Sacco et al. [28]. A picture of the set-up is reported in Fig. A3 and it
allows to simulate the effects of diffusing walls that usually become
relevant in indoor environments. In Fig. 3a, the J-V curves of the HTB-
DSSC under LED light illumination are reported. The illuminance
value was 1200 lux, which corresponded to an incident power density of
0.38 mW cm 2. The corresponding numerical values of the photovoltaic
parameters are reported in Table 2.

As it can be seen, also under indoor light illumination the beneficial
effect of the HTB-DSSC is observed, with an increased Js. in HTB
configuration with respect to the standard solar cell. Under 1200 lux
illumination, the HTB-DSSC shows a J,. of 184.88 pA cm~2 and a PCE of
19.94%, opposed to the 129.66 pA cm™2 and 14.52% generated by the
standard solar cell, with a 37% relative increase in the conversion effi-
ciency. Looking at Table 2, the effect of the HTB configuration on the
Voo, previously observed for standard AM 1.5G illumination, is present
again and becomes more evident since the incident light intensity is
much reduced under indoor light conditions with respect to simulated
solar light. The same observations can be done looking at the J-V curves
and at the corresponding photovoltaic parameters, measured at different
light intensities under the LED indoor lamp, which are reported in
Fig. A4 and Table A4, respectively. Apart from the already commented
case at 1200 lux, the cells were tested at three more illumination levels,
1400 lux, 1800 lux and 2000 lux, which corresponded to incident power
densities of 0.45 mW cm™2, 0.59 mW cm~2 and 0.65 mW cm™2,
respectively. As expected, increasing the illuminance level, the Jg of the
HTB-DSSC rise proportionally, increasing from the value of 184.88 pA
em 2 measured at 1200 lux to 325.35 pA em~2 at 2000 lux. The Voc
slightly increased from 0.55 V to 0.58 V and the fill factor remained
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Table 2
Summarized photovoltaic parameters under LED indoor light illumination at
1200 lux (0.38 mW cm ™ ?).

Configuration Voe (V) Jse (HA em™?) FF PCE (%)
Standard DSSC 0.57 129.66 0.76 14.52
HTB-DSSC 0.55 184.88 0.75 19.94
Vertical HTB-DSSC 0.56 210.42 0.75 23.18

almost unchanged, at high levels of 0.75. Consequently, the conversion
efficiencies slightly increased from 19.9% at 1200 lux to 21.8% at 2000
lux with maximum power densities of 76.3 pW em™2 and 143.4 N
cm 2, respectively. The figures for the intermediate illuminance values
of 1400 lux and 1800 lux stayed in between these values, as reported in
Table A4. Overall, the HTB-DSSC configuration showed its potential also
when employed under indoor illumination conditions. Moreover, it was
suggested that the impressive bifaciality achieved by the HTB-DSSC
could be used to further improve its performances under artificial illu-
mination. As a matter of fact, often the presence, in indoor environ-
ments, of diffusing walls and objects becomes relevant in the spatial
distribution of light. For this reason, the HTB-DSSC was characterized by
keeping its top and bottom surfaces parallel to the vertical walls of the
measurement set-up, in the so-called vertical configuration. The position
of the solar cell inside the chamber was kept the same with respect to the
measurements performed on the standard flat HTB-DSSC, and the inci-
dent power density for the efficiency calculation was the one measured
in the same position with the photo-radiometer. This choice was made
since, in a real indoor environment, the power output of an indoor solar
cell would be estimated based on the measured incident power density
in the desired position where the cell would be placed. A demonstration
picture of the setup and of the vertical configuration is reported in
Fig. A3. Being an unusual configuration, the measurements were made
to give an idea of the potential that a HTB-DSSC could have, in the same
environment, but placed vertical instead of flat. In this position, the
HTB-DSSC is able not only to convert the light directly coming from the
LED light source, but also the radiation which is re-diffused by the walls
of the measurement set-up. The resulting J-V is reported in Fig. 3a, from
which it can be observed that, under an illuminance of 1200 lux, the

current photogenerated by the cell increases, stepping from 184.88 pA
em ™2 to 210.42 pA cm ™2, as a result of the higher amount of light that is
converted by the HTB-DSSC. The open circuit voltage and the fill factor
remains almost unchanged with the efficiency, calculated as previously
described, that rise from 19.94% to 23.18%. Table A4 reports the
photovoltaic parameters recorded at different illuminance levels, which
show the same trend observed for standard flat measurements. The
highest efficiency was recorded under 2000 lux where a value of 25.41%
was obtained. These results suggest that a HTB-DSSC employed in ver-
tical configuration could bring further advantages in application in in-
door environments, where it could be used as a “light antenna”,
maximizing the conversion of light radiation diffused by walls and other
objects. For example, portable devices such as monitoring sensors
typical of the Internet of Things (IoT) sector could be realized inte-
grating a small HTB-DSSC module placed in vertical configuration that
could enable self-powering thanks to diffused ambient light.

Further insights on the effect of the HTB configuration on the light
harvesting performances can be given comparing the absorbance of the
HTB-DSSC and the standard cell in the visible part of the light spectrum,
as reported in Fig. 3b. The absorption spectrum of the N719 dye and the
emission spectrum of the LED light employed for indoor characteriza-
tion are reported for comparison. It is clear how the HTB-DSSC shows a
higher absorbance across the whole visible spectrum. This improvement
becomes even more relevant for wavelengths between 550 and 700 nm,
where the absorbance of the N719 dye starts to decrease. This is the
region where the emission spectrum of the LED lamp has its maximum,
therefore the increased absorbance shown by the HTB-DSSC with
respect to the standard cell allows to further harness the energy emitted
by the light source. It is clear that, by carefully engineering the sensi-
tizing dyes, the absorption spectrum of the solar cell can be further
optimized for use under indoor light and, if combined with the HTB-
DSSC configuration, impressive levels of PCE can be achieved. This
applies also to the emergent field of aqueous DSSCs, the latter featuring
sustainability, safety and costs perfectly matching with technologies
being in direct contact with humans [7,10].

3. Conclusions

In conclusion, it was demonstrated that the HTB-DSSC configuration
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convincingly represents a simple and smart solution to enhance the
photoconversion efficiency of DSSCs above the limit, regardless of the
materials employed. Under standard AM 1.5G illumination condition,
the HTB-DSSC fabricated with common N719 dye and I-based electro-
lyte shows a PCE of 13.19% under front illumination, which could be
enhanced to 14.96% if a reflecting mirror is added on the back of the
cell, generating a maximum output power of 13.19 and 14.96 mW cm ™2,
respectively. Noteworthy, the HTB-DSSC also allows to be used in
bifacial configuration, reaching a bifaciality factor as high as 0.97. It was
observed that, to reach high levels of bifaciality taking full advantage of
the HTB configuration, the difference between the two half-cells of the
HTB-DSSC should be reduced to a minimum. Moreover, being the HTB-
DSSC composed of two identical stacked half-cells connected in parallel,
the dependence of the V. of the cell from the light intensity should be
reduced as much as possible. Straightforwardly, when employed under
indoor illumination, the HTB-DSSC reached impressive PCE values,
ranging from 19.9 to 21.8% when the light illuminance was varied from
1200 to 2000 lux, with a 37% increase in photovoltaic performances
with respect to the standard solar cell. It was shown that the HTB
configuration could be used to take advantage of the presence of
diffusing walls and other objects often found in indoor environments by
employing the HTB-DSSC in vertical configuration, namely keeping the
top and bottom faces of the solar cell perpendicular to the table surface.
In this configuration, for illuminance from 1200 lux to 2000 lux, PCE
values ranging from 23.2 to 25.4% were achieved. For future de-
velopments, it is suggested that the HTB-DSSC configuration could be
coupled with the recent advancements on sensitizing dyes and alterna-
tive redox couples to easily reach outstanding levels of photovoltaic
efficiency for dye-sensitized solar cells.
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