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A series of tetraphenylethylene (TPE) based luminescent downing-
shifting (LDS) molecules was synthesized based on a new design
strategy for electron donor-acceptor conjugated fluorophores, in
which TPE was paired with malononitrile and used as an electron
donor. Because of their strong characteristics of intramolecular
charge transfer (ICT) and aggregation-induced emission (AIE), the
synthesized fluorophores exhibit both large Stokes shifts (129-
146 nm) and high quantum yields (0.84-0.99). Applied PMMA solid
films doped with the synthesized molecules on the surface of a CdTe
solar cell can significantly increase its short circuit current density (Js.)
by a magnitude of 6-10%.

The cadmium telluride (CdTe) solar cell is considered one of the
most promising PV technologies for a significant portion of the
PV market in the future because of its low-cost and easy-
manufacturing compared to the traditional crystalline silicon
(c-Si) solar cell.' However, the spectral response of the CdTe
solar cell exhibits a cut off in the short-wavelength region
(<500 nm) where its external quantum efficiency (EQE) is less
than 0.20 due to absorption of the cadmium sulfide (CdS) layer
in the cell structure in this region. Such poor response at short-
wavelengths limits the average module efficiency of the CdTe
solar cell to around 12.6%.> One approach to improving the
spectral response of the CdTe solar cell at short-wavelengths is
to modify the spectrum of the incident light by placing a layer of
a luminescent down-shifting (LDS) material on the cell surface,
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Broader context

The CdTe solar cell is one of today's widely used solar cells. Although it
possesses the advantages of low-cost and easy-manufacturing, the relative
low efficiency (average 12.6% at the module level) limits its broader
applications compared to traditional crystalline silicon solar cells. One of
the chief problems of low efficiency lies in the spectral mismatch with the
solar spectrum. Its spectral response exhibits a cut off below 500 nm, with
a relatively high response over 550 nm. Rather than optimizing the cell
structure, the most effective way of addressing this issue is to use a layer of
a luminescent down-shifting (LDS) material to convert the unfavorable
photons (<500 nm) into favorable photons (>550 nm) before the incident
light reaches the cell surface. In this study, a series of novel tetraphenyl-
ethylene-based LDS molecules were synthesized. These fluorophores were
pre-designed to have both intramolecular charge transfer (ICT) and
aggregation-induced emission (AIE) characteristics, which allows them to
exhibit large Stokes shifts (129-146 nm) and high quantum yields (0.84-
0.99) in the solid state. Fluorophore-doped PMMA solid films enhance the
short-wavelength response of a CdTe solar cell and significantly increase
its short circuit current density (/s.) by a magnitude of 6-10%.

which can absorb the photons below 500 nm and re-emit them
over 550 nm which is the strong spectral response region (EQE >
0.80) of the CdTe solar cell.** For effective spectral modification,
three criteria are required for these LDS materials: (i) strong
absorption in the region where the spectral response of the
CdTe solar cell is weak, (ii) a close to unity quantum yield of
emission in the region where the spectral response of the CdTe
solar cell is strong, and (iii) a large Stokes shift separating the
absorption and emission to minimize the photon self-
absorption.

In an effort to search for effective LDS materials, a
commercially available fluorophore BASF Lumogen F dye
Yellow 083 (Y083) has been widely used to study the enhance-
ment of the power output of the CdTe solar cell.>” However,
Y083 has a poor spectral response to the 300-400 nm UV light in
its absorption spectrum.® Though it exhibits a high quantum
yield (@ = 0.92), its emission spectrum mismatch with the
spectral response of the CdTe solar cell decreases its spectral
conversion efficiency. More importantly, when it is doped into a
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solid film at high concentration, it shows some degree of
aggregation-caused fluorescence quenching leading to
decreased spectral conversion efficiency.’

The aggregation-caused fluorescence quenching at high
concentration has been a common problem for many fluo-
rophores that prevents them from being LDS materials for solar
cell applications. However, it has been reported that some
tetraphenylethylene (TPE) based donor-acceptor (D-A) type
fluorophores can suppress the aggregation-caused fluorescence
quenching by a mechanism of aggregation-induced emission
(AIE).*' On the one hand, most of these AIE fluorophores
typically exhibit very high quantum yield in the solid state, but
with maximum emission in the region below 500 nm."*** This is
primarily caused by the fact that the TPE group of these D-A
type fluorophores always serves as an electron acceptor that
dominates the molecular emission properties of the fluo-
rophores.” On the other hand, some of the AIE fluorophores do
show maximum emission in the region over 500 nm by
extending the m-conjugated molecular structures,'*** but their
fluorescence quantum yields are lower because of the extended
m-conjugated molecular structures that promote electron
movement and molecular vibration during the emission
process, and therefore enhance non-radiative relaxation.*
Because of these unfavorable photonic properties, these AIE
fluorophores are poor candidates as LDS materials for CdTe
solar cell applications.

To take advantage of the AIE mechanism and explore the
potential application of AIE fluorophores in solar energy har-
vesting using a CdTe solar cell, in this communication, we
report a type of newly designed and synthesized TPE-based AIE
fluorophore in which the TPE group acts as an electron donor in
the presence of a strong electron-withdrawing group. With
optimized D-A interactions of the molecules, the newly
synthesized fluorophores exhibit high fluorescence quantum
yields with maximized emission in the 500-600 nm region in
solid state. These fluorophores were doped into PMMA to form
LDS films. Applying these LDS films containing different fluo-
rophores to the surface of a CdTe solar cell increases its power
output by a magnitude of 6-10%.

The newly synthesized fluorophores (1a-c) are depicted in
Fig. 1a. The detailed synthetic procedures and compound
characterizations of these molecules are described in the ESI.{
These fluorophores are designed to have TPE and malononitrile
components with different aromatic rings as conjugating
bridges. Our rationale is that since the malononitrile group is
more electron deficient than the TPE group in the molecules,
the TPE group will act as an electron donor, while the malo-
nonitrile group will act as an electron acceptor. Because of their
unique D-A conjugation, we expect that these fluorophores will
have both intramolecular charge transfer (ICT) and aggregation-
induced emission (AIE) characteristics.

Along with the solar photon spectrum and the EQE of the
CdTe solar cell modified with a 500 nm cut-off filter, Fig. 1b
shows the absorption and emission spectra of these fluo-
rophores doped in a PMMA solid film. The films were prepared
as described in the Experimental section. All photophysical
parameters associated with the spectra of these molecules are
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given in Table 1. For comparison, the photophysical properties
of the commercial available fluorophore Y083 are also given in
Table 1. All newly synthesized fluorophores exhibit absorption
in the region below 500 nm with high absorption coefficients.
The observed strong absorption is primarily attributed by the
TPE group as an electron donor, which undergoes the local
excited (LE) state and intramolecular charge transfer (ICT) state
in the high energy (short-wavelength) region upon excitation.
The emission spectra of the synthesized fluorophores show a
maximum around 550 nm with high quantum yield (0.84-0.99),
which is largely attributed to the malononitrile group, since the
malononitrile group as the electron acceptor typically shifts the
emission maximum to longer wavelength.” Comparing to flu-
orophore Y083, the synthesized fluorophores show significantly
larger Stokes shifts (129-146 nm).

We hypothesize that the observed large Stokes shifts and high
quantum yields are associated with the strong ICT process and
AIE properties of the newly designed molecules. To test our
hypothesis, we characterized both the ICT process and the AIE
properties of each fluorophore. The ICT characteristics of fluo-
rophores 1la-c were first examined by solvatochromism
measurements. Fig. 2a shows the Lippert-Mataga plots of
solvatochromism measurements of the molecules. The observed
Stokes shifts of all fluorophores are increased with the increase of
solvent orientation polarizability: Af = (¢ — 1)/(2e + 1) — (n* — 1)/
(2n® + 1) (Lippert-Mataga equation).** From the slope calcula-
tions of the solvatochromism measurements (Table S1t), we
conclude that the strong ICT occurs during the excitation
(absorption) and emission processes of these fluorophores when
their transition dipole moment changes are larger than 20.0 D.
The strong ICT characteristics of these molecules are also sup-
ported by theoretical computational studies of molecular orbital
contributions to the ground and excited states using the DFT
method. Our results suggested that over 60% of the charge
transfer from the donor (TPE) to acceptor (malononitrile) (Table
S2+) occurs during the ICT process.

The AIE properties of fluorophores 1a-c were investigated by
examining the fluorescence intensity change in acetonitrile-
water mixtures (Fig. 2b). When the water fraction ( f,,) is low, the
fluorescence intensities of these fluorophores are very low, and
when f,, rises to 60% and above, the fluorescence intensities
increase significantly. This is because the molecules start to
aggregate in the solvent mixture with high water content, and
the molecules in the aggregated state exhibit enhanced fluo-
rescence. The aggregation phenomenon in the solvent mixture
was further investigated using fluorescence lifetime measure-
ments. The fluorescence intensity decays of all molecules in the
low f,, solvent are single-exponential with short lifetimes (1.05-
1.92 ns). However, when f,, rises to 60% and above, the fluo-
rescence intensity decays become two-exponential (Fig. S27).
One of the recovered lifetimes (1.38-2.19 ns) is associated
with free fluorophores in the solution, and the other lifetime
(4.32-9.43 ns) is longer than that and is associated with the
aggregated fluorophores. The amplitudes associated with the
longer lifetime increase with rising f,, of the solvent mixture,
confirming that the observed enhanced fluorescence is indeed
attributed to the aggregated fluorophores (Fig. S37).

This journal is © The Royal Society of Chemistry 2013
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Fig. 1 (a) Molecular structures of fluorophores 1a—c. (b) Normalized absorption (solid lines) and emission (dash lines) spectra: 1a (Aex = 388 nm, black, l), 1b (A, =
433 nm, red, @), 1¢ (Aex = 431 nm, blue, A) associated with AM 1.5G solar spectrum (dark yellow) and the spectral response of the modified CdTe solar cell (magenta).

Table 1 Photophysical parameters including absorption maximum (Aas), molar
absorption coefficient (¢) and emission maximum (Aem), Stokes shift (A4 = Aaps — Aem),
and fluorescence quantum vyield (&)

Compound  Agps (nm)® eM 'em™!)  Agn (nm)  AX(nm) P

la 388 16 175 534 146 0.99
1b 433 23 168 562 129 0.93
1c 431 23 621 574 143 0.84
Y083 476 19 785 540 64 0.92

“ Lower energy absorption maximum.  Relative value to Y083.

The thermal properties of all fluorophores were also inves-
tigated by thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) (Fig. S4t1). The decomposition
temperature is defined at 5% of mass loss. Fluorophore 1a
decomposes at 132 °C before melting while fluorophores 1b and
1c decompose at higher temperatures of 291 °C and 245 °C,
respectively, suggesting that both fluorophores 1b and 1c are
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highly thermally stable in air. It is worth noting that fluo-
rophore 1c shows no phase change in DSC measurements,
whereas fluorophore 1b melts at 239 °C. This may due to the
thiophene group that stabilizes the whole conjugated system.*

Photonic characterizations of these synthesized molecules
provide a basis for us to investigate the potential application of
these fluorophores as LDS materials in CdTe solar energy har-
vesting. As mentioned earlier, the LDS solid films containing
these fluorophores were prepared by doping 0-0.8% (w/w%) of
each fluorophore in PMMA. Y083 doped PMMA solid films were
used as the reference in this study. The average thickness of
these solid films is about 85 um and typical absorption and
emission spectra of these fluorophores doped in the LDS films
are shown in Fig. 1b. The LDS effect of the fluorophore-doped
PMMA films on solar energy conversion of the CdTe solar cell
was examined by placing the LDS films on the cell surface and
monitoring the increase of the current outputs. As expected, the
current outputs of the CdTe solar cell significantly increased in
response to each synthesized fluorophore doped in LDS films.
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Fig. 2 (a) Lipper—Mataga plots of solvatochromism measurements. (b) AIE properties in acetonitrile-water mixtures. Fluorophore concentration is 15 uM.
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Fig. 3a shows the increase of the short circuit current density
(Jsc) of the CdTe solar cell with the increase of the doped
concentrations of each fluorophore in the LDS films. Fluo-
rophore 1a exhibits 6% of maximum increase of Js., which is
lower than the reference Y083 (8%), due to its absorption
spectral mismatch with the solar spectrum in the region below
500 nm and emission spectral mismatch with the bandgap of
the CdTe solar cell in the region over 500 nm (Fig. 1b). Fluo-
rophores 1b and 1c¢ exhibit 10% and 9% of maximum increase
of Js., respectively, which is higher than the reference of Y083,
because of improved absorption and emission spectral matches
of these two fluorophores. The enhanced spectral response of
the CdTe solar cell in the short-wavelength region (<500 nm)
was also verified by measuring the EQE of the CdTe solar cell
with LDS films (Fig. 3b). These results suggest that the LDS films
containing our synthesized fluorophores efficiently absorb
short-wavelength photons (<500 nm) and re-emit photons at
wavelengths (>500 nm) above the bandgap of the CdS layer,
therefore improving the solar harvest efficiency of the cell.
However, due to the photon escape at the film surface
(~12.5%)**** and the photon side loss (~8.2%)* at the film edge
as well as other experimental factors, the resulting 10% of
maximum increase of Ji. is far lower than the expected 20%
theoretical maximum increase for the CdTe solar cell under the
AM 1.5G spectrum based on our experimental setup.”® Even so,
it is still significant to see the 10% maximum increase in the J,.
of the CdTe solar cell by using novel AIE fluorophores as LDS
materials because this may pave a new path for developing
effective LDS materials in the future.

In conclusion, in this work, a new type of TPE-based fluo-
rophore is synthesized and applied as an LDS material for
improving the solar energy conversion of a CdTe solar cell. In
contrast to the conventional TPE-based fluorophores in which
TPE is typically used as an electron acceptor, in our molecular
design the TPE is paired with a malononitrile group and utilized
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as an electron donor. This novel design effectively overcomes
some photonic drawbacks associated with most of the TPE-
based AIE fluorophores that prevent them from being used as
LDS materials for solar cell applications. The success of our
design is that the newly synthesized fluorophores take the
advantage of both ICT and AIE, which leads to enlarged Stokes
shift and high quantum yield in solid medium. With these
desired photonic properties, these fluorophores significantly
improve the spectral response of the CdTe solar cell to the short-
wavelength photons (<500 nm) when they are doped in PMMA
films as LDS materials. Ultimately, the measured short circuit
current density (Js) of the CdTe solar cell is significantly
increased by a magnitude of 6-10% when the PMMA films
containing each fluorophore are applied to the surface of the
cell. Currently, active work in our lab is in progress to develop
more efficient LDS materials for photovoltaic cell applications
based on this new molecular design strategy.

Experimental

LDS films were prepared by following the procedure developed
in our lab. Briefly, 7.5 g of PMMA powder (purchased from TCI
America) was dissolved in 100 g of toluene in a 250 mL flask.
The mixture was stirred overnight and the insoluble PMMA was
filtered off. Then, 5 g of the PMMA solution was mixed with
variable amounts of each of the synthesized fluorophores in a
10 mL vial. The fluorophore/PMMA solution was poured into a
Petri dish (R25 x 15 mm). The solvent was evaporated under
ambient conditions and further removed in a vacuum oven for 1
h. The films were finally cut and peeled off from the Petri dish in
warm water.

Absorption spectra were recorded with a Beckman Coulter
DU730 Life Science UV-Vis spectrophotometer at room
temperature. Emission spectra were collected on an ISS PC1
photon counting spectrofluorometer at 20 °C. Fluorescence
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Fig.3 (a) The increase of short circuit current density (Js ) vs. the different concentrations of the LDS film placed on the CdTe solar cell surface for fluorophores 1a-c and
Y083. (b) Enhanced spectral response at short-wavelengths after the LDS film was placed on the CdTe solar cell surface for fluorophores 1a-c and Y083.
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lifetimes were measured on a HORIBA JOBIN YVON fluorocube
using 459 nm LED as the excitation light source with a 500 nm
long pass filter at room temperature.

Theoretical calculations were conducted using the Gaussian
09 package.”” All fluorophores were calculated under the gas
phase without using the SCRF method to reduce the computa-
tional effort. Ground state (S,) geometries were optimized using
the B3LYP/6-311G(d) function. Excited state (S;) geometries
were optimized using the time-dependent (TD) method with the
same function. Single point calculations were conducted at the
So and S; optimized geometries.

Thermal stabilities were studied on PerkinElmer TGA 7 and
DSC 7. TGA analysis was performed under ambient conditions
from 30 °C to 400 °C at a rate of 10 °C min ™. The typical mass
used for DSC runs was 3.0-3.5 mg. The scans were performed
from 30 °C to 340 °C at a rate of 10 °C min ™.

In the LDS measurements, a 150 W solar simulator (model#
96000, Newport Corporation) with an AM 1.5G filter (model#
81092, Newport Corporation) was used as the light source. The
spectral response of the magnetron sputtered CdTe solar cell*®
was modified by a 500 nm long pass filter to achieve the EQE in
Fig. 1. The filter was used to emphasize the effect of the LDS
material. The interface between the solid film and the surface of
the solar cell was filled with index matching fluid to minimize
the refraction of the air. The detailed LDS measurements are
given in ESL,T Section 8.
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