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ABSTRACT: We present a red-to-blue upconversion system
based on triplet—triplet annihilation in a solid-state film
configuration that significantly enhances the photocurrent of a
model solar cell device. The film is robust against oxygen
quenching and can be readily tailored to existing solar cell
architectures. The photovoltaic performance of upconversion-
assisted dye-sensitized photoelectrochemical cells was meas-
ured under both high-power coherent laser and low-power
incoherent light irradiation (light-emitting diode and simulated
AML1.5G sunlight). By utilizing low-energy photons that would
otherwise be wasted, the photocurrent is enhanced by as much
as 35% under one-sun light intensity when a model solar cell
device is coupled with a TTA film and a reflector.
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flectively harnessing solar energy is widely considered one
of the most promising means of more sustainably meeting
the growing energy demand. However, solar technologies such
as photovoltaics or photocatalytic fuel production cells are
inherently limited by the energy range of photons absorbed by
their materials. Photons with energy below the band gap in
semiconductor-based photovoltaics or below the HOMO-—
LUMO gap in dye-sensitized photoelectrochemical cells
(DSPCs) are not absorbed at all, thereby wasting a large
fraction of incoming solar radiation' and accounting for the
Shockley—Queisser limit in single-junction solar cells.”’
Upconversion (UC) of two or more lower energy photons to
a single higher energy photon has the potential to address these
challenges."* Of the two primary UC mechanisms, lanthanide-
based UC was the first to be incorporated into solar cells.”
However, this UC approach suffers from very low quantum
efficiencies at the low light intensities relevant to solar
applications.”” In contrast, organic triplet—triplet annihilation
(TTA)-based UC has significantly higher quantum yields of 3—
40%, even at realistically low excitation intensities of 1—10 mW-
cm™? (one-sun conditions correspond to 100 mW-cm_Z).S'6
Spectral shifting can be tuned via myriad sensitizer and acceptor
combinations, which makes TTA-UC useful for a wide variety
of solar devices."”"" Schmidt et al. achieved the first proof-of-
concept TTA-based solar cell device by placing a sealed cuvette
with a deoxygenated solution of TTA chromophores in front of
an a-Si:H solar cell.'” Recently, they incorporated a sealed
liquid chamber containing a deoxygenated organic TTA
solution into a conventional dye-sensitized solar cell."> Very
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recently, more effort has been directed toward utilizing TTA-

14,15 )
> The reliance of

UC to enhance solar conversion efficiency.
such designs on sealed organic solutions has been dictated by
the necessity of a host medium that is sufficiently fluidic to
allow facile chromophore diffusion and deoxygenated to
prevent oxygen quenching.

Moving forward, research in this field should target solid-
state. TTA-UC systems that are more conducive to robust
integration into in a wide variety of solar device architectures
and practical long-term applications. This study reports the first
integration of a solid-state TTA-UC polymeric film into a solar
cell device. A DSPC was chosen as a model system to
demonstrate performance improvement (Figure 1). Photons
with energy greater than the HOMO—LUMO gap of the dye
are absorbed by the inherent DSPC, while lower energy
photons are transmitted to the underlying TTA film. The
upconverted photons emitted by the film are reflected back to
the active layer of the DSPC and absorbed, thereby leading to
an enhancement in the generated photocurrent. A coherent
laser, an incoherent light-emitting diode (LED), and the
AML1.5G output of a solar simulator are used to demonstrate
substantial photocurrent enhancements under a range of
illumination conditions.

Received: December 8, 2015
Published: May 2, 2016

DOI: 10.1021/acsphotonics.5b00694
ACS Photonics 2016, 3, 784—790


pubs.acs.org/journal/apchd5
http://dx.doi.org/10.1021/acsphotonics.5b00694

ACS Photonics

TTA-upconversion mechanism

®
@/

— TTA
H /

H

i

H

\

°  Sensitizer Acceptor Acceptor Sensitizer

ISC: Intersystem crossing
TTET: Triplet-triplet energy transfer
TTA: Triplet-triplet annihilation

Figure 1. Schematic illustration of TTA film-assisted absorption of photons with energies below the HOMO—LUMO gap of the chromophore

sensitizer in a dye-sensitized photoelectrochemical cell.

B RESULTS AND DISCUSSION

Polyurethane was chosen as the host matrix for these films due
to its ease of manipulation, demonstrated compatibility with
TTA-UC, and low oxygen permeability.'® The film was
fabricated between two thin layers of glass, providing
mechanical stability and further protection against oxygen
permeation. The final thickness of the films was measured to be
approximately 3.5 ym using SEM analysis (see Figure SI in the
Supporting Information). Palladium(II) meso-tetraphenyl-
tetrabenzoporphyrin (PdTPBP) and perylene were chosen as
sensitizer and acceptor, respectively (Figure 2a). PATPBP has
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Figure 2. Characterization of TTA-UC films. (a) Normalized
absorption (solid lines) and emission (dashed lines) spectra of
PATPBP (red) and perylene (blue) in THF at room temperature.
Phosphorescence of PATPBP was measured after purging the solution
with nitrogen gas for 30 min. (b) UC emission spectra of TTA films
with different concentrations of perylene. Inset: Integrated UC
emission intensity as a function of the perylene concentration. The
intensity of laser excitation was 150 mW-cm™2. The concentration of
PATPBP was 1.52 mM. (c) UC emission spectrum of a TTA film
upon illumination by a 635 nm laser at 7 mW-cm™>. (d) Photographs
of films (left: TTA film, right: control film without PdTPBP). (e)
Same as (d), but under 2-sun-equivalent illumination by a solar
simulator passed through a 600 nm long-pass filter. UC emission was
isolated using a 466 nm bandpass filter.
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strong absorption peaks centered at 440 nm (Soret band) and
626 nm (Q-band) and emits phosphorescence centered at 792
nm (A = 626 nm). Its strong Q-band absorption (& = (1.05 +
0.07) X 10° M~ cm™ at 626 nm'”) ensures efficient capture of
red photons. Perylene has an intense 7 — 7* transition band
from 450 to 420 nm, with an associated fluorescence peak
centered at 470 nm. Its high fluorescence quantum yield (®; =
0.98) and reasonable thermal and photochemical stability make
it an ideal TTA-UC acceptor. ™’ Selective excitation of
PdTPBP at 635 nm in the presence of perylene generates
upconverted fluorescence in the blue region centered at 470
nm.

The perylene concentration was first optimized in order to
facilitate efficient triplet—triplet energy transfer (TTET)
between PATPBP and perylene in the polymer matrix and to
maximize the resulting UC emission. As shown in Figure 2b,
initial increases in perylene concentration at a constant
PATPBP concentration lead to a significant increase in UC
emission; that is, excess perylene promotes more effective
quenching of PdTPBP. However, increasing the perylene
concentration beyond 21 mM provides no additional increase
in UC emission, as the quenching by perylene molecules has
reached maximum efficiency. Therefore, a perylene concen-
tration of 21 mM was chosen as the optimal concentration for
subsequent TTA film fabrication.

UC emission from these films (Figure 2c) was measured
under illumination with a 635 nm diode laser at an intensity of
7 mW-cm™2%” a value approximately equivalent to the
integrated intensity of the solar spectrum between 605 and
650 nm (see calculation in Figure S2). The measurable
emission peak confirms that these TTA-UC polymer films
operate effectively under illumination in low-intensity con-
ditions relevant to solar devices. As shown in Figure 2d and e,
bright blue emission is visible to the naked eye under 2-sun-
equivalent illumination with simulated sunlight. A control film
containing perylene without PATPBP shows no emission under
equivalent illumination, confirming that perylene emission in
the TTA-UC films is exclusively a result of the UC process. We
found that the efficiency of TTA-UC was virtually unchanged
even after 30 days of exposure to ambient conditions (Figure
S3). For application to solar devices to be economically feasible,
the longevity of TTA-UC systems is a vital concern. While the
dyes typically employed for TTA-UC undergo photodegrada-

tion when exposed to very high-power illumination, exposure to
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oxygen actually poses the greatest threat to their longevity and
photostability. Quenching of their triplet excited states leads to
the formation of singlet oxygen, which in turn leads to
chromophore degradation." In solvent-based TTA-UC systems,
longevity is contingent on the thoroughness of deoxygenation
and quality of the sealing procedures employed (which can be
circumvented by using impractical flow-through reactors that
cycle the TTA-UC solvent).”' However, in the TTA-UC films
employed herein, the polymer matrix itself affords some
protection from diffusion of oxygen into the system,'® as do
the layers of glass. Sealing the edges of the films with epoxy
resin makes them even more resistant to oxygen infiltration,
thereby extending their operational lifetime significantly. It was
previously reported that the photodegradation of dyes is caused
by the combined effect of high O, concentration and light
intensity.”” A recent report demonstrated that under 1-sun
conditions a TTA-UC solution retains its initial performance
for up to 1000 h." Thus, it is reasonable to expect that our
TTA-UC films, which we demonstrate to be O,-resistant,
would exhibit excellent photostability under illumination by
sunlight.

Having confirmed efficient and robust film function under
ambient conditions, we turned our focus to integration of the
films into a model solar cell architecture. We employed the I7/
;™ redox couple, a platinized fluorine doped tin oxide (FTO)
cathode, and a dye-sensitized mesoporous TiO,-coated FTO
glass photoanode and placed a TTA film behind this DSPC cell.
The dye selected was D131 (2-cyano-3-[4-[4-(2,2-
diphenylethenyl)phenyl]-1,2,3,3a,4,8b-hexahydrocyclopent[b]-
indol-7-yl]-2-propenoic acid, Figure S4) because it provides an
ideal spectral match for the red-to-blue TTA-UC system; that
is, it absorbs the UC emission from perylene but not the red
light used to excite PATPBP. DSPCs with different sensitizing
dyes could easily employ different TTA-UC chromophore pairs
that provide different spectral shifting schemes. D131 is
particularly appealing since it is an indoline dye, one of the
types of metal-free organic dyes that have shown efliciencies
comparable to the ruthenium-based dyes commonly applied in
DSPCs.”*** Such organic dyes have been the subject of recent
interest for their high extinction coefficients without a need for
costly precious metals.”>*°

As shown in Figure S3, the D131 molecule has a typical
donor—x bridge—acceptor structure in which the indoline unit
acts as the donor moiety, while cyanoacrylate acts as both the
acceptor and the anchoring group to the surface of TiO,.”” >’
Its absorption onset wavelength is 530 nm, which corresponds
to a HOMO-LUMO gap of ~2.34 eV. Under operating
conditions in a DSPC, the external quantum efficiency (EQE)
spectrum, referring to the number of incident photons at a
given wavelength that successfully produce charged carriers,
broadens and the absorption onset is considerably red-shifted
to 575 nm (Figure 3a). The EQE in the range of wavelengths
emitted by the TTA-UC films is between 75% and 80% of its
maximum, which could potentially provide a substantial
enhancement in device efficiency.

The photovoltaic performance of the D131-sensitized TiO,
cells is summarized in Table S1 and Figure S5. TiO, layer
thicknesses of S and 10 ym were found to be optimal for
demonstrating performance enhancement from TTA film
incorporation, as discussed below. To verify the quality of
our devices, we constructed a DPSC with a 25 um TiO, layer,
which yielded an eﬂiciencgf of 5%, which is consistent with or
better than prior reports.”” > Interestingly, the thinner films
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Figure 3. Normalized (a) external quantum efficiency (EQE)
spectrum of a D131-sensitized TiO, photoelectrochemical cell, (b)
Q-band absorption of PATPBP, and (c) UC upconversion emission
spectrum of a TTA-UC film.

optimized for demonstrating the TTA-UC enhancement
yielded only slightly lower efficiencies of 4.3% and 4.7% for
the S and 10 pum thick layers, respectively.

The UC power dependence was determined by measuring
UC emission intensity as a function of excitation intensity.
Because the intensity of TTA-UC depends on the concen-
tration of chromophores in triplet excited states, it is also
inherently dependent on excitation intensity.” Results are
shown on a log—log plot in Figure 4a (triangle), and the
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Figure 4. TTA-UC J,. enhancement under 635 nm laser illumination.
(a) Intensity of UC emission from the films (triangle) and TTA-UC J,.
enhancement (circle) as a function of incident intensity in DSPCs with
a 5 um thick TiO, layer. (b) ], enhancement as a function of the
number of TTA films under illumination at various intensities in
DSPCs with a § ym thick TiO, layer. (c) Same as (a), but with a 10
um thick TiO, layer. (d) Same as (b), but with a 10 ym thick TiO,
layer.

corresponding emission spectra are shown in Figure S6. At
excitation intensities below 100 mW-cm™2, a linear fit of the
log—log plot has a slope of 2.02, indicating a quadratic
dependence on the intensity. On the other hand, at incident
intensities above 100 mW-cm ™, a linear fit of the log—log plot
has a slope of 1.03, indicating a linear intensity dependence.
These values are consistent with the established kinetics of the
TTA-UC process. That is, under low power excitation,
depopulation of the acceptor’s triplet states is dominated by
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pseudo-first-order decay, and UC emission intensity has a
quadratic dependence on excitation power as expected for a
bimolecular process. However, under excitation at a sufficiently
high power, TTA overtakes pseudo-first-order decay as the
dominant *A* depopulation process, and TTA-UC intensity
becomes linearly dependent on excitation power.”" > In our
films, this crossover to maximum efficiency TTA occurs at a
relatively low intensity of ~80 mW-cm™2.

The dependence of DSPC performance on excitation
intensity when integrated with TTA-UC films was also
characterized. The DSPC enhancement provided by TTA-
film incorporation was defined as the percent difference
between the short-circuit current density (J,.) of the DSPC
with and without the film at a given illumination intensity
(AJ, /]« X 100%). In the case of experiments with a reflector,
the performance of the device was benchmarked with the
reflector in place so that the enhancement in performance was
attributed solely to the addition of the TTA film. Given the
established dependence of DSPC performance on TiO, layer
thickness,”® we measured the intensity-dependent enhancement
in DSPCs with mesoporous TiO, layers of both S ym (Figure
4a: circle) and 10 ym (Figure 4c) thickness. J,. enhancements
of well over 100% were achieved for the DSPCs with 5 um
layers of TiO, and a reflector (Figure 4a). The trends in J
enhancement for both sets of DSPCs (Figure 4a: circle, Figure
4c) are similar to those of the TTA-UC emission intensity
(Figure 4a: triangle), showing a transition from a higher to a
lower intensity dependence at ~100 mW-cm 2. This finding
illustrates that, as one would expect, the enhancement in DSPC
photocurrent is closely related to the intensity of UC emission
from the TTA film. Even under very low intensity excitation at
10 mW-cm™2, the photocurrent was enhanced by 5.3%. In
addition to examining the enhancement in photocurrent, we
also observed a small enhancement in the open-circuit voltage
(V,.) induced by the TTA-UC films, and the results are
summarized in Figure S7. The enhancement is slightly higher
for lower excitation intensities.

To better harvest TTA-UC emission for photocurrent
enhancement, we placed a reflector behind the film to redirect
UC fluorescence back toward the active layer of the solar cell
and thereby increase the fraction of UC fluorescence absorbed
by the device.”* In order to selectively reflect back the
upconverted blue emission, we used a 567 nm long-pass filter
that reflects blue wavelengths but transmits the red excitation
light. Incorporation of this reflector led to an impressive 2-fold
increase in photocurrent at excitation intensities above 400
mW-cm ™ (Figure 4a,c: blue circle), while no changes were
observed in the control experiments with the reflector but
without TTA films. Adding a second TTA film to the DSPC in
order to harvest a greater fraction of the red excitation radiation
also increased the photocurrent relative to the initial single-film
setup (Figure 4a,c: magenta circle), as expected, though
significantly less so than the reflector. The smaller magnitude
of this increase was not surprising since PATPBP has a very
high molar extinction coefficient for red excitation (¢ = 1.05 X
10° M~Lem™ at 626 nm, Figure 2a), and the first TTA film
absorbs nearly all of the incident photons.

In addition, we measured the enhancement in photocurrent
with up to five TTA-UC films under three different excitation
intensities (Figure 4b,d). Under higher intensity illumination
(800, 1600 mW-cm™2), the photocurrent increases with
addition of each successive TTA film, as more incident
radiation is captured and upconverted. Under lower intensity
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illumination (100 mW-cm™2), on the other hand, increasing the
number of TTA films above two provided no significant
enhancement, especially with the S ym TiO, layer, indicating
that two films are sufficient to capture most incident radiation
at this intensity. It is reasonable to expect that at the lower
intensities of solar radiation (i.e., on the order of 7 mW-cm™ in
the Q-band absorption region of PATPBP, vide supra) a single
TTA film will be sufficient.

Although overall trends were similar, the DSPCs with 10 ym
TiO, layers showed consistently lower photocurrent enhance-
ment over the range of incident intensity than those with § ym
TiO, layers (note the difference in vertical axis scales in Figures
4a and 4c). This is because thicker layers of TiO, absorb and
scatter a higher fraction of the incident radiation, and therefore
a smaller fraction reaches the TTA-UC film to contribute to
photocurrent enhancement. Upon increasing excitation inten-
sity from 800 to 1600 mW-cm™2 negligible additional
enhancement was observed with 5 pym TiO, layers due to
saturation of TTA-UC in the film as discussed above (Figure
4b). On the other hand, when using 10 ym TiO, layers (albeit
detrimental to transmittance of excitation illumination), the
TTA-UC films are not similarly saturated at 800 mW-cm™?, as
increasing the excitation intensity to 1600 mW-cm™> provides
an additional increase in photocurrent (Figure 4d).

One of the primary advantages of TTA-UC over lanthanide-
based UC, which requires high-intensity coherent radiation
from lasers, is its ability to operate efficiently using incoherent
radiation such as sunlight.”> A large body of research currently
focuses on developing TTA-UC systems that operate efficiently
with low-intensity, incoherent excitation sources, which is
crucial for practical enhancement of solar applications through
TTA-UC. As part of this effort, LEDs have been widely
employed to demonstrate TTA-UC under these conditions.**>’
LEDs emit radiation that is incoherent but still relatively
monochromatic, retaining the useful ability of lasers to
selectively probe responses to particular wavelength ranges.
For our initial investigation of the performance of our TTA-UC
films under low-intensity incoherent illumination, we employed
ared LED (625 nm, full width at half-maximum of 16 nm) with
its power adjusted to approximate the intensity of red photons
present in under one- and two-sun illumination (7 and 14 mW-
cm™?, respectively).

The resulting photovoltaic performance is summarized in
Figure 5. In DSPCs with 5 ym thick mesoporous TiO, layers
and a single TTA film (Figure Sa), the photocurrent was
enhanced by 13.6% and 20.3% upon illumination with the
equivalent of one-sun and two-suns, respectively. Adding a rear
reflector to more effectively utilize the emitted blue photons
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Figure 5. TTA-UC-induced J,. enhancement using LED (wavelength
centered at 625 nm) illumination of DSPC devices with (a) S ym and
(b) 10 pm sensitized TiO, layer thicknesses. Error bars represent
standard deviation of 5 measurements.
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increases these enhancements to 37.3% and 52.0%, relative to
the device with the rear reflector only. As expected from the
trends observed with coherent laser illumination, photocurrent
enhancements are only slightly higher when the number of
TTA films in the DSPCs is increased from one to three. This
implies that a single TTA film is already capable of absorbing
most of the excitation photons at these relatively low
illumination intensities. When the thickness of the mesoporous
TiO, layers is increased from S pm (Figure Sa) to 10 ym
(Figure Sb), the overall trends in J,. remain the same, but the
resulting enhancement values are significantly lower, since the
thicker layer of TiO, interferes with effective transmission of
red photons to the TTA films as previously discussed. Overall,
the greatest enhancement of 57.9% was provided by the device
consisting of a 5-pm mesoporous TiO, layer coupled with three
TTA films and a reflector under two-sun illumination.

Finally, in order to most realistically approximate the
performance of the TTA-enhanced DSPCs under solar
radiation, we used a solar simulator equipped with a 300 W
ozone-free xenon lamp and an AMI1.5G filter as excitation
source. Under one- and two-sun equivalents of illumination, the
blue UC fluorescence of the TTA film-enhanced DSPCs was
readily visible to the naked eye (see Figure 2e and video in the
SI). Under one-sun excitation, DSPCs with S ym layers of TiO,
and a single TTA film showed a 4.2% enhancement in
photocurrent, which increased to 18.8% upon incorporation of
a rear reflector (Figure 6a). Under two-sun illumination, the
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Figure 6. (a) TTA-UC-induced ], enhancement using simulated
AM1.5G light as the light source. (b) EQE spectra of solar cells with
and without integrated TTA films under two-sun illumination. A 600
nm long-pass filter was used to isolate the red region of the solar
spectrum.

same DSPCs showed corresponding photocurrent enhance-
ments of 6.6% and 35.2%, respectively. Similar trends in
photocurrent enhancement were found when using DSPC
devices with 10 pm layers of TiO, and a single TTA film.
EQE spectra were collected to characterize DSPC enhance-
ment as a function of excitation wavelength (Figure 6b).
Incorporation of a TTA film behind the active layer of the
DSPC, which is the configuration employed in all above
experiments, leads to a significant enhancement in EQE from
600 to 650 nm. Placing the TTA film in the front of the DSPC
instead of behind gives rise to EQE enhancement that is greater
from 620 to 640 nm but insignificant at shorter wavelengths
(Figure 6b). In this configuration, the TTA film is exposed to
the full intensity of incident radiation without any obstruction
from the DSPC semiconductor layer, blue emission is
maximized, and peak EQE enhancement occurs near the
absorption maximum of PdTPBP. However, under full-
spectrum illumination, parasitic absorption of incident blue
photons by the TTA film decreases the number of photons that
reach the active layer of the DSPC, ultimately giving rise to
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lower photocurrents. Partial absorption of incident photons at
600—620 nm by the DSPC active layer also decreases the EQE.
These results collectively indicate that the TTA film is most
effective when placed behind the DSPC and combined with a
rear reflector, where it allows the active layer to be exposed to
the full intensity of incident illumination.

H CONCLUSION

This study is the first to combine TTA-UC enhancement of
solar device performance with the ability to embed the
chromophores in polymer matrices that can be easily tailored
to films of many different shapes and sizes (Figure S8). The
synthetic flexibility and longevity of these TTA-UC films are an
important step toward logistically and economically practical
applications in solar devices. We demonstrate for the first time
that the photocurrent can be enhanced by as much as 35%
under illumination by AMI1.5G light when a DSPC device is
coupled with a TTA film and a reflector. EQE spectra clearly
show that TTA-UC makes it possible to generate photocurrent
using low-energy photons. Although we used DSPCs as a
model device to demonstrate the great promise of TTA-UC for
enhancements in efficiency, TTA-UC films are equally
compatible with other solar device architectures via rational
selection of appropriate sensitizer and acceptor chromophores.
For example, our ongoing research focuses on optimizing the
TTA-UC chromophore pairs to provide spectral shifting
schemes that are compatible with high-performance sensitizers
for DSPCs. A large body of research currently focuses on
extending the absorption and emission ranges of TTA
chromophores,™*’ and thus we expect to realize even larger
enhancements in a broader range of solar devices in the future
as this field advances.

B METHODS

Preparation and characterization of TTA films and fabrication
of DSPC cells are shown in section 1 in the Supporting
Information. TTA films were attached behind the DSPCs.
DSPC performance was characterized by current density—
voltage (J—V) curves measured using a Keithley 2400-C source-
meter. For the studies involving the laser excitation source, a
635 nm incident laser (Opto Engine LLC, MRL-III-635-300
mW) was used as the coherent light source equipped with an
iris to adjust the beam size. Power was monitored by a Nova II
power meter connected with a sensor (OPHIR, PD300 P/N
7Z02410). For the studies involving the LED source, a high-
power LED (Thorlabs, M62SL3, 625 nm) was used as
noncoherent light source. The light passed through an iris,
and the excitation intensity was adjusted to 7 mW-cm™> (one-
sun) and 14 mW-cm ™ (two-suns), respectively. For the studies
using simulated solar light, a solar simulator (Newport)
equipped with a 300 W ozone-free xenon lamp and AM1.5G
filter was used as light source. A focusing lens was placed in the
front of the solar cell device to increase the intensity to two
suns. The light intensity was adjusted with a diode calibrated by
Newport to ASTM E948-09 and E1021-06 standards. For
TTA-enhanced photovoltaic tests, a long-pass filter (Thorlabs,
FEL 0600-1 V) was used to block the short-wavelength
photons. A long-pass dichroic mirror (Thorlabs, DMLPS67,
567 nm) was used as the reflector. For the external quantum
efficiency measurement, the light was concentrated by a factor
of 2.
The J,. enhancement was calculated with
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