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Enhancing the output current of a CdTe solar cell
via a CN-free hydrocarbon luminescent
down-shifting fluorophore with intramolecular
energy transfer and restricted internal rotation
characteristics†

Yilin Li,‡a Joseph Olsen‡a and Wen-Ji Dong*a,b

A CN-free hydrocarbon fluorophore (Perylene-TPE) was synthesized as a new luminescent down-shifting

(LDS) material. Its photophysical properties in both the solution state and the solid state were studied. The

unity fluorescence quantum yield of Perylene-TPE observed in its solid state is considered to be from the

characteristics of intramolecular energy transfer (IET) and restricted internal rotation (RIR). This is sup-

ported by the results from theoretical calculations and spectroscopic measurements. For the photovoltaic

application of Perylene-TPE, a theoretical modeling study suggests that using the LDS film of Perylene-

TPE may increase the output short circuit current density (Jsc) of a CdTe solar cell by 2.95%, enhance the

spectral response of a CdTe solar cell at 400 nm by 41%, and shift the incident solar photon distribution

from short-wavelength (<500 nm) to long-wavelength (>500 nm). Experimentally, placing a LDS film of

Perylene-TPE on a CdTe solar cell can enhance its output Jsc by as high as 3.30 ± 0.31%, which is com-

parable to the current commercially available LDS material – Y083 (3.28% ± 0.37%).

Introduction

Luminescent down-shifting (LDS) is one of the solar spectral
shaping methods that modify the incident solar photon distri-
bution to match the maximum spectral response region of a
solar cell.1–3 Till now, a variety of luminescent species such as
quantum dots,4,5 organic fluorophores6,7 and rare-earth com-
plexes8,9 has been used as LDS materials to enhance the spec-
tral response of the solar cell at short-wavelength. Among
these LDS materials, organic fluorophores have been the most
attractive because their photophysical properties can be fine-
tuned by their chemical structures. Ideal organic fluorophores
for LDS application require specific photophysical properties
including both high fluorescence quantum yield and large
Stokes shift in the solid state.10 However, early studies showed

that the fluorescence quantum yield and Stokes shift compro-
mise each other, i.e. increasing the value of one will decrease
the value of the other.11,12 Therefore, although a large number
of organic fluorophores has been tried for LDS application,
few of them result in the performance improvement of the
solar cell.13–15

Structurally modified perylene derivatives from commercial
sources (BASF Lumogen F dyes) such as Y083, Y170, O240 and
R300 were first used as LDS materials to enhance the output
short circuit current density ( Jsc) of the CdTe solar cell or CIGS
solar cell.16–19 Recently, several tetraphenylethylene (TPE)-
based organic fluorophores with both intramolecular charge
transfer (ICT) and aggregation-induced emission (AIE) charac-
teristics have been synthesized as LDS materials for the CdTe
solar cell.20 Although as high as 3–6% of Jsc enhancement on
the latest CdTe cells was achieved by using these perylene
(or TPE)-based organic LDS materials, the potential environ-
mental impact of these organic LDS materials has not been
evaluated. It has been noted that cyano (CN) groups were intro-
duced into the chemical structures of these organic fluoro-
phores (e.g. Y083 and Y170) to improve their photophysical
properties for LDS application. Thereby, toxic materials
(CuCN, malononitrile or other CN-containing chemicals)
were inevitably used during the synthesis of these organic
fluorophores. Furthermore, the photo-degradation of such
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CN-containing organic fluorophores may release toxic CN-con-
taining gases, which are hazardous to the environment.21,22

To address the potential environmental issue of current
LDS materials, we proposed a CN-free hydrocarbon fluoro-
phore in this paper. Hydrocarbon materials are well known to
have less environmental impact because only carbon and
hydrogen are contained in the molecular structures and thus,
combusting these hydrocarbon materials releases only CO2

and H2O. In this report, we studied the photophysical pro-
perties of this newly synthesized CN-free hydrocarbon fluoro-
phore and investigated its LDS applications on a CdTe solar
cell both theoretically and experimentally.

Results and discussion
Molecular synthesis

The molecular structure of Perylene-TPE and its synthetic
method are depicted in Scheme 1. The molecular structure of
Perylene-TPE consists of two critical building blocks of current
LDS materials – perylene and tetraphenylethylene (TPE). The
strategy for synthesizing Perylene-TPE is to couple Perylene-
Bpin with TPE-Br. Perylene-Bpin was synthesized by the bromi-
nation of Perylene to get Perylene-Br, followed by the reaction
with B2pin2. TPE-Br was synthesized from the reaction of DPM
and 4-bromobenzophenone, followed by the dehydration of
TPEol-Br. This synthetic route avoids using any CN-containing
chemicals and therefore, the structure of Perylene-TPE is
totally CN free. In the structure of Perylene-TPE, both the pery-
lene group and the TPE group are reported to have minimal or
no impacts on the environment or human beings, so it is
reasonable to consider Perylene-TPE as an environmentally
friendly compound.23,24 Although potentially hazardous
organic solvents such as DMF, 1,4-dioxane, THF and toluene
were used during the synthesis of Perylene-TPE, most of the
solvents can be recycled in the lab or replaced by other envir-
onmentally friendly solvents in the industry.25

Reaction (i): 3-bromoperylene (Perylene-Br). To a solution of
Perylene (1.0 g, 4.0 mmol) in 100 mL of DMF was added a

solution of N-bromosuccinimide (NBS, 705 mg, 4.0 mmol) in
50 mL of DMF dropwise. The resulting solution was stirred at
room temperature for 16 h. The solvent was evaporated.
Recrystallization from toluene affords the product (yellow
solid, 1.0 g, isolated yield 77%). 1H-NMR (300 MHz, CDCl3, δ):
8.23–8.06 (m, 4H), 7.98 (d, 1H, J = 8.1 Hz), 7.76–7.69 (m, 3H),
7.60–7.44 (m, 3H). The characterization data are consistent
with the reported literature.26

Reaction (ii): 4,4,5,5-tetramethyl-2-(perylen-3-yl)-1,3,2-dioxa-
borolane (Perylene-Bpin). Perylene-Br (500 mg, 1.5 mmol),
B2pin2 (767 mg, 3.0 mmol), Pd(dppf)Cl2 (33 mg, 3 mol%) and
KOAc (444 mg, 4.5 mmol) were dissolved in 50 mL of 1,4-
dioxane. The reaction mixture was heated to 100 °C for 16 h.
The solvent was extracted with DCM twice and the combined
organic layers were dried over anhydrous MgSO4. The solvent
was evaporated and the residue was purified by silica gel
chromatography using Hex–EtOAc (30 : 1) as an eluent to
afford the product (yellow solid, 252 mg, isolated yield 44%).
1H-NMR (300 MHz, CDCl3, δ): 8.68 (dd, 1H, J = 8.4 Hz),
8.24–8.16 (m, 4H), 8.08 (d, 1H, J = 7.6 Hz), 7.71 (t, 2H),
7.57–7.44 (m, 3H), 1.45 (s, 12H). MALDI-MS: m/z calcd for
C26H24BO2

+ 379.1869, found 379.2639. The characterization
data are consistent with the reported literature.27

Reaction (iii): 1-(4-bromophenyl)-1,2,2-triphenylethanol
(TPEol-Br). To a solution of DPM (2.0 g, 11.9 mmol) in 20 mL
of anhydrous THF was added a 1.6 M solution of n-BuLi in
hexanes (7.4 mL, 11.9 mmol) at 0 °C under a nitrogen atmo-
sphere. The resulting solution was stirred for 30 min at that
temperature. To this solution was added 4-bromobenzo-
phenone (3.1 g, 11.9 mmol) and the reaction mixture was allowed
to warm to room temperature with stirring for a 6 h period.
The reaction was quenched with the addition of water, the
organic layer was extracted with DCM twice and the combined
organic layers were dried over anhydrous MgSO4. The solvent
was evaporated to afford the crude product (white solid, 2.6 g).

Reaction (iv): (2-(4-bromophenyl)ethene-1,1,2-triyl)tri-
benzene (TPE-Br). The crude TPEol-Br (2.6 g, 6.1 mmol) and a
catalytic amount of p-toluenesulphonic acid monohydrate
(p-TsOH·H2O, 500 mg, 2.6 mmol) were added to 80 mL of

Scheme 1 Molecular structure and synthetic route of Perylene-TPE. Reaction reagents and conditions: (i) NBS, DMF, rt, 16 h; (ii) B2pin2, Pd(dppf)Cl2,
KOAc, 1,4-dioxane, 100 °C, 16 h; (iii) a. n-BuLi, THF, 0 °C, N2, 30 min, b. 4-bromobenzophenone, rt, N2, 6 h; (iv) p-TsOH·H2O, toluene, reflux, 16 h;
(v) Pd(PPh3)4, K2CO3 (aq.), EtOH, toluene, reflux, 16 h.

Paper Photochemical & Photobiological Sciences

834 | Photochem. Photobiol. Sci., 2015, 14, 833–841 This journal is © The Royal Society of Chemistry and Owner Societies 2015

Pu
bl

is
he

d 
on

 1
3 

Fe
br

ua
ry

 2
01

5.
 D

ow
nl

oa
de

d 
by

 R
ic

e 
U

ni
ve

rs
ity

 o
n 

4/
27

/2
02

0 
2:

33
:1

5 
A

M
. 

View Article Online

https://doi.org/10.1039/c4pp00480a


toluene in a 150 mL flask equipped with a Dean–Stark trap.
The resulting solution was heated to reflux for 16 h. The reac-
tion mixture was extracted with DCM twice and the combined
organic layers were dried over anhydrous MgSO4. The solvent
was evaporated and the residue was purified by silica gel
chromatography using Hex as an eluent to afford the product
(white solid, 2.0 g, isolated yield 80%). 1H-NMR (300 MHz,
CDCl3, δ): 7.31 (d, 2H, J = 8.5 Hz), 7.22–7.11 (m, 15H), 7.01 (d,
2H, J = 8.6 Hz). 13C-NMR (75 MHz, CDCl3, δ): 143.8, 143.7,
143.6, 143.0, 141.9, 140.0, 133.4, 131.7, 131.6, 131.6, 131.2,
128.2, 128.1, 128.0, 127.1, 127.0, 127.0, 120.8. MALDI-MS: m/z
calcd for C26H19Br

+ 410.0670, found 410.0552. The characteriz-
ation data are consistent with the reported literature.28

Reaction (v): 3-(4-(1,2,2-triphenylvinyl)phenyl)perylene (Peryl-
ene-TPE). Perylene-Bpin (200 mg, 0.53 mmol), TPE-Br
(261 mg, 0.63 mmol), Pd(PPh3)4 (31 mg, 5 mol%) and K2CO3

(110 mg, 0.79 mmol, dissolved in 1 mL of water) were added
into a mixture of 1 mL of EtOH and 25 mL of toluene. The
reaction mixture was heated to reflux for 16 h. After cooling
down, the reaction mixture was extracted by DCM. The organic
phase was collected and dried over anhydrous MgSO4. The
solvent was removed and the residue was purified by silica gel
chromatography using Hex–DCM (2 : 1) as the eluent to afford
the product (yellow solid, 200 mg, isolated yield 65%).
1H-NMR (300 MHz, CDCl3, δ): 8.20 (d, 2H, J = 7.8 Hz),
7.73–7.67 (m, 2H), 7.51–7.39 (m, 2H), 7.34–7.26 (m, 3H),
7.19–7.05 (m, 21H). 13C-NMR (75 MHz, CDCl3, δ): 144.0, 144.0,
144.0, 144.0, 143.9, 143.9, 143.1, 143.0, 141.6, 141.3, 140.9,
140.8, 140.0, 138.9, 138.5, 134.9, 133.1, 132.0, 131.7, 131.7,
131.6, 131.6, 130.7, 129.5, 129.3, 128.9, 128.0, 128.0, 127.9,
127.9, 126.9, 126.8, 126.7, 126.7, 126.3, 126.1, 120.6, 120.5,
120.3, 120.1. MALDI-MS: m/z calcd for C46H30

+ 582.2348,
found 582.2097.

Photophysical studies

Photophysical properties of Perylene-TPE were studied using
spectroscopic measurements of absorption and emission
spectra, fluorescence quantum yields and fluorescence lifetime
in the solution state and the solid state. Solution samples were
prepared by dissolving Perylene-TPE in THF. Solid samples
were prepared by doping Perylene-TPE into PMMA thin films
(or LDS films). The preparation method of the solid samples is
the same as that of the LDS films, which is described in the
Experimental section. Low concentrations of Perylene-TPE
were used in both solution (15 μM) and solid (<2.0%, w/w)
samples to minimize the optical re-absorption problem. The
experimental conditions are described in the Experimental
section. The absorption and emission spectra of the solution
and solid samples of Perylene-TPE are depicted in Fig. 1. The
pertinent photophysical parameters are summarized in
Table 1.

For the THF solution samples (blue lines) of Perylene-TPE
in Fig. 1, the absorption spectrum of Perylene-TPE exhibits
two major peaks at 330 nm and 448 nm. The peak at 330 nm
can be ascribed to the TPE group in its molecular structure
because TPE exhibits maximal absorption at 310 nm (Fig. S1†).

The emission spectrum of Perylene-TPE exhibits the pattern of
mirror image to its absorption spectrum, which is similar to
perylene (Fig. S2†). This suggests that the perylene group in
the Perylene-TPE molecule dominates the electron transitions
of the molecule during its absorption and emission processes,
leading to the observed π–π* electron transition of Perylene-
TPE. Compared to perylene (λabs = 437 nm, λem = 446 nm and
Δλ = 9 nm, in Fig. S2†), the absorption and emission maxima
(λabs = 448 nm, λem = 474 nm, in Table 1) of Perylene-TPE are
red-shifted with a larger Stokes shift (Δλ = 26 nm, in Table 1).
This is because the π-conjugation size of Perylene-TPE is larger
than that of perylene, which lowers the overall molecular
energy and shifts the absorption and emission spectra to
longer wavelengths. A lower fluorescence quantum yield and
shorter fluorescence lifetime (Φf = 0.56 and τf = 1.41 ns, in
Table 1) of Perylene-TPE than those of Perylene (Φf = 1.00 and
τf = 4.10 ns, in Fig. S2†) indicate that the attachment of TPE to
perylene leads to an increase in the non-radiative decay rate
constant (knr) of the molecule (knr from 0 to 0.31 ns−1, in

Fig. 1 Absorption (solid line) and emission (dashed line) spectra of Peryl-
ene-TPE in THF solution (blue) and PMMA solid film (green).

Table 1 Photophysical parameters including absorption wavelength
(λabs), molar absorption coefficient (ε), emission wavelength (λem), Stokes
shift (Δλ = λem − λebs), fluorescence quantum yield (Φf ), fluorescence
lifetime (τf ), radiative (kr = Φf/τf ) and non-radiative (knr = (1 − Φf )/τf )
decay rate constants of Perylene-TPE in THF solution and PMMA solid
film

THF solution PMMA solid filma

λabs (nm) 448 448
ε (M−1 cm−1) 40 866 10 360
λem (nm) 474 512
Δλ (nm) 26 64
Φf

b 0.56 1.00c/1.00d

τf (ns) 1.41 2.88
kr (ns

−1) 0.40 0.35
knr (ns

−1) 0.31 0

a Fluorophore weight concentration is 1.0%; film thickness is 50 μm.
b For solution samples, 4-dimethylamino-4′-nitrostilbene (Φf = 0.53 in
benzene) was used as a standard;29 for solid samples, an integrating
sphere was used.30 c Excited at 474 nm. d Excited at 330 nm.
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Fig. S2† and Table 1). The high knr is believed to be from the σ-
bond rotation of the TPE group in Perylene-TPE that promotes
the excited electron going through non-radiative decay pathways.

For the PMMA solid samples (green lines) of Perylene-TPE
in Fig. 1, it is noted that the absorption spectrum of Perylene-
TPE in its solid state exhibits the same absorption wavelength
as its solution state. This observation can be explained by the
Franck–Condon principle that the photon absorption process
occurs very rapidly, in femtoseconds, which makes the absorp-
tion spectrum of Perylene-TPE environmentally independent.
However, the emission spectrum of Perylene-TPE exhibits a
red-shift by 38 nm in its solid state, which is different from
that observed in its solution state. The disappearance of the
mirror image pattern of the absorption spectrum is because
the emission of Perylene-TPE starts from a non-equilibrium
excited state, at which the random molecular orientation and
conformational disorder of Perylene-TPE are inhibited in the
PMMA solid film.31 It is also noted that Perylene-TPE exhibits
higher fluorescence quantum yield (Φf = 1.00, in Table 1) with
longer fluorescence lifetime (τf = 2.88 ns, in Table 1) in its
solid state than in its solution state. This unique spectroscopic
feature of Perylene-TPE can be attributed to the intramolecular
energy transfer (IET) and restricted internal rotation (RIR)
characteristics of Perylene-TPE. For the IET characteristic, it
has been reported that TPE only exhibits 0.50 of fluorescence
quantum yield in its solid state while perylene exhibits unity.32

Therefore, the near unity fluorescence quantum yield of Peryl-
ene-TPE when excited at 330 nm is most likely caused by the
IET process in the Perylene-TPE, in which the absorbed energy
by the TPE group efficiently transfers to the perylene group.
For the RIR characteristic, it has been reported that most of
the TPE-based fluorophores have a longer fluorescence lifetime
in the solid state than in their solution state.33,34 This is
because the σ-bond rotation is restricted in the solid state,
which significantly impedes the non-radiative decay rate.

To further understand the IET and RIR characteristics of
Perylene-TPE, we performed theoretical calculations and spec-
troscopic measurements. First, the IET characteristic of Peryl-
ene-TPE was investigated by quantum chemical calculations.
The highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) as well as the
corresponding energy of TPE, perylene and Perylene-TPE were
calculated by the DFT method based on their optimal geome-
tries at the ground state. The results are depicted in Fig. 2.

It is noted in Fig. 2 that calculations of the compound –

TPE, perylene and Perylene-TPE all show π–π* electron tran-
sition, which is consistent with the observations from the
absorption spectra of TPE (Fig. S1†), perylene (Fig. S2†) and
Perylene-TPE (Fig. 1). The calculated energies of HOMO and
LUMO of perylene (−4.953 eV and −1.892 eV) are between that
of TPE (−5.318 eV and −1.203 eV), which promotes the IET
from TPE to perylene when they are conjugated. Moreover, the
calculated HOMO and LUMO of Perylene-TPE suggest that the
MOs are primarily located on its perylene group, which sup-
ports our previous discussion that its perylene group domi-
nates the electron transition of Perylene-TPE. Further analyses

on charge distribution show that its perylene group possesses
89% and 92% of the whole charge in Perylene-TPE on HOMO
and LUMO, respectively (Table S1†). This means that 3% (=
92% − 89%) of the charge flows from its TPE group to its peryl-
ene group when Perylene-TPE is excited. Such charge flow
strongly supports the IET characteristic of Perylene-TPE.

Then, the RIR characteristic of the Perylene-TPE in its solid
state is examined by measuring the fluorescence quantum
yields in water–acetonitrile mixtures with various water frac-
tions ( fw, v/v%). This experiment is designed based on the fact
that Perylene-TPE is hydrophobic, which is a common property
of hydrocarbons. Therefore, adding water in its acetonitrile
solution will cause the aggregation of the Perylene-TPE. In the
aggregated state of Perylene-TPE, the σ-bond rotation of its
TPE group is restricted, thus, Perylene-TPE will exhibit RIR
characteristics. Moreover, the TPE group of Perylene-TPE pre-
vents potential π–π* stacking of the molecules in the solid
state – a known mechanism of fluorescence quenching in
aggregated samples.31 Therefore, a strong emission of Pery-
lene-TPE in its aggregated form is expected. The experimental
results are depicted in Fig. 3.

It is noted in Fig. 3 that Perylene-TPE exhibits two phases
in the change of its fluorescence quantum yield with the

Fig. 2 HOMO and LUMO as well as the corresponding energy of TPE,
perylene and Perylene-TPE.

Fig. 3 Change of fluorescence quantum yields of Perylene-TPE in
solvent mixtures with various water fractions from 40% to 95%. Fluoro-
phore concentration is 15 μM.

Paper Photochemical & Photobiological Sciences

836 | Photochem. Photobiol. Sci., 2015, 14, 833–841 This journal is © The Royal Society of Chemistry and Owner Societies 2015

Pu
bl

is
he

d 
on

 1
3 

Fe
br

ua
ry

 2
01

5.
 D

ow
nl

oa
de

d 
by

 R
ic

e 
U

ni
ve

rs
ity

 o
n 

4/
27

/2
02

0 
2:

33
:1

5 
A

M
. 

View Article Online

https://doi.org/10.1039/c4pp00480a


increase of water fraction from 40% to 95%. At low water frac-
tion ( fw < 60%), its fluorescence quantum yield decreases
when increasing fw. This is because increasing the water frac-
tion in the solvent mixture leads to the increase in solvent
polarity and the fluorescence solvent effect dominates the
emission process of Perylene-TPE.35,36 Further increasing the
water fraction ( fw > 60%) will cause the aggregation of the Peryl-
ene-TPE. Its internal σ-bond rotation is gradually restricted,
and thus the non-radiative decay rate decreases. Also, its TPE
group prevents the perylene group from π–π stacking. The RIR
characteristic of Perylene-TPE leads to the increase in its fluo-
rescence quantum yield. Moreover, compared to the solid state
of Perylene-TPE in PMMA solid films, its aggregated state exhi-
bits a more red-shifted emission centered at 542 nm (Fig. S3†).
In the PMMA solid film, the internal rotation of Perylene-TPE
is restricted by the surrounding PMMA molecules while in its
aggregated state, the internal rotation is restricted by itself,
which introduces intermolecular interactions that shift the
emission of Perylene-TPE to a longer wavelength.

Photovoltaic application

It is noted in Fig. 1 that the absorption of Perylene-TPE in the
PMMA solid sample is below 500 nm, while its emission is
over 500 nm, which suggests that Perylene-TPE is a suitable
candidate as an LDS material for CdTe solar cell application.
The LDS capability of Perylene-TPE was first investigated theor-
etically by a simple LDS model. The theoretical predictions
include the effects of the LDS films with various Perylene-TPE
concentrations (w/w%) on short circuit current density ( Jsc)
and external quantum efficiency (EQE) of a CdTe solar cell as
well as incident photon distribution (ϕ) on the cell surface.
The related equations are:

JLDS% ¼ JscþLDS � Jsc
Jsc

¼ Jgain% � J loss%

¼ Fabs � Fem � Fpc

Fcell
� J loss% ð1Þ

EQELDSðλÞ ¼ EQEðλÞTðλÞ þ Fem � Fpc � ½1� TðλÞ� ð2Þ

ϕLDS λð Þ ¼ T λð Þϕ λð Þ þ Fabs � Fpc � Em λð ÞÐ
Em λð Þdλ�

ð
ϕ λð Þdλ ð3Þ

Eqn (1) calculates the percentage of cell Jsc increase
( JLDS%), which can be considered as the difference between
the Jsc increase percentage ( Jgain%) and Jsc decrease percen-
tage ( Jloss%) due to the LDS film. Jgain% in eqn (1) can be
further expressed by several factors including absorption
spectral matching factor (Fabs), emission spectral match
factor (Fem), photon conversion and collection efficiencies
factor (Fpc) and cell factor (Fcell). The detailed expressions
of these factors are described in the Experimental section.
Eqn (2) calculates the modified cell EQE (EQELDS(λ)), where
EQE(λ) is the cell EQE without the LDS film and T (λ) is the trans-
mission spectrum of the LDS film. Eqn (3) calculates the
modified incident photon distribution on the cell surface
(ϕLDS(λ)), where ϕ(λ) is the incident photon distribution of
AM1.5G sunlight. The calculation results from eqn (1)–(3) are
depicted in Fig. 4.

It is noted in Fig. 4a that placing an LDS film of Perylene-
TPE on the surface of a CdTe solar cell will directly increase its
output Jsc. The enhancement in Jsc ( JLDS%) exhibits a faster
increase phase when the concentration of Perylene-TPE is
below 1.0%, but a slower increase phase when the concen-
tration is beyond 1.0%, and finally reaches a plateau with a
maximum at 2.95% of JLDS% at 2.0% of Perylene-TPE concen-
tration. The increasing pattern of JLDS% along with Perylene-
TPE concentration in the LDS film can be explained by the
Beer–Lambert law that the percentage of the incident light
transmission exhibits exponential decay with the increase of
the molecular concentration. In Fig. 4b, the predicted results
on the cell EQE reveal that the increase in Jsc is attributed to
the enhancement of spectral response of the CdTe solar cell
below 500 nm. It is noted that the spectral response of the
CdTe solar cell below 500 nm is gradually enhanced with the
increase of Perylene-TPE concentration in the LDS film. The
incident photon conversion efficiency of the CdTe solar cell at
400 nm is significantly increased by 41% from 0.44 to 0.62,
which means more photons at 400 nm are absorbed and uti-
lized by the CdTe solar cell. Since the LDS film does not affect
the internal structure of the CdTe solar cell, such EQE
enhancement in short-wavelength is solely from the modi-
fication of incident photon distribution by the LDS film. In
Fig. 4c, it is revealed that with the increase of Perylene-TPE

Fig. 4 Effects of Perylene-TPE-contained LDS films on (a) percentage of cell Jsc increase, (b) cell EQE, and (c) incident photon distribution (ϕ) on
the cell surface.
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concentration, the number of photons below 500 nm is
gradually decreased while the number of photons over 500 nm
is gradually increased. Such a wavelength-shifting effect of the
LDS film is achieved by the absorption and emission processes
of Perylene-TPE.

Based on the results of the theoretical predictions by the
LDS model, Perylene-TPE is able to enhance the output Jsc of a
CdTe solar by up to 2.95%. Therefore, further investigations
on the LDS capabilities of the LDS films of Perylene-TPE were
carried out on a small lab-made CdTe solar cell.37 LDS films
were prepared by doping Perylene-TPE into PMMA. The con-
centration was varied from 0 to 1.6%. In the experiment, index
matching fluid was used to fill the interface between the LDS
film and the front surface of the CdTe solar cell to reduce the
refractive photon loss. JLDS% values were obtained by measur-
ing the output currents of the CdTe solar cell with and without
the LDS film on its surface using a multimeter. A LDS film of
Perylene-TPE and the CdTe solar cell used in the experiment,
as well as the experimental results of JLDS% along with the Per-
ylene-TPE concentration are depicted in Fig. 5.

It is noted in Fig. 5a that the LDS film of Perylene-TPE is
very thin and bendable. The color is yellow and translucent.
Under the illumination by UV light, the film exhibits greenish-
blue (cyan) fluorescence. The color is consistent with the
observed emission spectrum centered at 512 nm in Fig. 1. The
size of the LDS film is the same as the surface area of the CdTe

solar cell. Placing the LDS film on the surface of a CdTe solar
cell does not change its appearance under normal light but
exhibits cyan fluorescence on its surface under UV illumina-
tion. In Fig. 5b, the increasing pattern of JLDS% with the
increase of Perylene-TPE concentration is consistent with the
theoretical prediction in Fig. 4a. The error bars in Fig. 5b are
due to the slight variation of fluorophore concentration during
the preparation of the LDS films. The maximum of JLDS% is
found around 3.30 ± 0.31%, which is close to the theoretically
predicted value of 2.95%. Further I–V measurements show that
the short circuit current (Isc) of the CdTe solar cell was
increased by 3.42% with a 0.12% increase in its open circuit
voltage (Voc) but a 2.21% decrease in its fill factor (FF), which
resulted in the power conversion efficiency of the CdTe solar
cell being increased from 5.68% to 5.75% by only 1.26%
(Table S2†). Since LDS is not expected to affect Voc and FF
theoretically, the increase in Voc and decrease in FF may come
from the effect of the index matching fluid used in our exper-
iment. The JLDS% difference between the theoretically pre-
dicted value and the two experimental values is due to two
possible uncertainties of our measurements. One is because
the calibration of the incident light from the solar simulator is
obtained using a solar power meter rather than a calibrated
solar cell. The other is because the JLDS% value of 3.30 ± 0.31%
is obtained using a multimeter while 3.42% is obtained using
a sourcemeter. However, no matter what kind of devices were
used to obtain JLDS%, 3.30% ± 0.31% of Jsc enhancement by
Perylene-TPE is comparable to the current commercially avail-
able LDS material – Y083 (3.28% ± 0.37%) in a most recent
report, suggesting that Perylene-TPE is a good candidate for
substituting Y083.38

Conclusion

In conclusion, in this work, a CN-free hydrocarbon fluoro-
phore (Perylene-TPE) was synthesized as a new luminescent
down-shifting (LDS) material. Its photophysical properties in
both solution state and solid state were studied. The unity fluo-
rescence quantum yield of Perylene-TPE that was observed in
its solid state is believed to be from its characteristics of intra-
molecular energy transfer (IET) and restricted internal rotation
(RIR). Its IET characteristic was investigated by quantum
chemical calculations, with the conclusion drawn that the
energy transfers from its TPE group to its perylene group, and
that its perylene group dominates the electron transition of
Perylene-TPE during its absorption and emission processes.
Its RIR characteristic was examined by measuring the fluo-
rescence quantum yields of Perylene-TPE in water–acetonitrile
mixtures with various water fractions, concluding that the
non-radiative decay rate is significantly decreased by restricting
the internal σ-bond rotation. For the photovoltaic application
of Perylene-TPE, a theoretical model was proposed to examine
its LDS capability, suggesting that the LDS film of Perylene-
TPE may increase the output short circuit current density ( Jsc)
of a CdTe solar cell by 2.95%, enhance the spectral response of

Fig. 5 Pictures of (a) a LDS film of Perylene-TPE and the CdTe solar cell
used in the experiment, and (b) the experimental results of JLDS% along
with the Perylene-TPE concentration.
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a CdTe solar cell at 400 nm by 41%, and shift the incident solar
photon distribution from short-wavelength (<500 nm) to long-
wavelength (>500 nm). Experimentally, placing an LDS film of
Perylene-TPE on a CdTe solar cell can enhance its output Jsc by
as high as 3.30 ± 0.31%, which is comparable to the current
commercially available LDS material – Y083 (3.28% ± 0.37%).

Experimental
Spectroscopic measurements

Absorption spectra were recorded using a Beckman Coulter
DU730 Life Science UV-Vis spectrophotometer at room temp-
erature. Emission spectra were collected on an ISS PC1 photon
counting spectrofluorometer at room temperature. Fluo-
rescence lifetimes were measured on a HORIBA JOBIN YVON
fluorocube.

The fluorescence lifetime data were fitted by a single-expo-
nential equation:

I tð Þ ¼ α�e�
t
τf

Theoretical calculations

Theoretical calculations were conducted using the Gaussian 09
package. Ground state (S0) geometry was optimized by using
the DFT B3LYP/6-31G(d) function. HOMO and LUMO as well
as the corresponding energy and charge distribution were then
calculated based on the optimal geometry.

LDS film preparation

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 fil-
tered off. Then, 1.8 g of the PMMA solution was finely mixed
with a variable amount of the synthesized fluorophore in a
10 mL vial. The fluorophore–PMMA mixture was poured into a
Petri dish (R25 × 15 mm). The films were finally cut and
peeled off from the Petri dish in warm water. This preparation
method can yield films with the thickness of about 50 μm.

LDS theoretical model

The expressions of the factors and Jloss% are:

Fabs ¼
Ð
1� T λð Þ½ �ϕ λð ÞdλÐ

ϕ λð Þdλ

Fem ¼
Ð
EQE λð ÞEm λð ÞdλÐ

Em λð Þdλ

Fpc ¼ Φf � ηopt

Fcell ¼
Ð
EQE λð Þϕ λð ÞdλÐ

ϕ λð Þdλ

J loss% ¼
Ð
EQE λð Þ 1� T λð Þ½ �ϕ λð ÞdλÐ

EQE λð Þϕ λð Þdλ

In the expression Fabs, T (λ) is the transmission of the LDS
film. Its value can be calculated by the molar concentration
(c, mol L−1) of Perylene-TPE according to the Beer–Lambert law:

TðλÞ ¼ 10�AbsðλÞ ¼ 10�εðλÞ�l�c

where ε(λ) is the wavelength-dependent absorption coefficient
(M−1 cm−1), l is the thickness of the LDS film (cm).

c can be calculated by the weight concentration (w) if the
density of the LDS film (ρ = 1.2 g cm−3) and molecular weight
of Perylene-TPE (MW = 583 g mol−1) are known:

c ¼ w
ρ

Mw

In the expression of Fem, Em(λ) is the emission spectrum of
the LDS film, which is the same as the emission spectrum of
Perylene-TPE in PMMA the solid film in Fig. 1.

In the expression of Fpc, Φf is the solid state fluorescence
quantum yield of the LDS film, which is equal to the fluo-
rescence quantum yield of Perylene-TPE in the PMMA solid film
in Table 1. ηopt is the optical efficiency of the LDS film, which is
82.3% considering 12.7% of the photon surface loss and 5% of
the photon side loss that are theoretically calculated from the
refractive index of the PMMA and the size of the LDS film.1

Photovoltaic measurements

The CdTe solar cell was manufactured by a magnetron sputter-
ing method and was provided by Professor Alvin Compaan,
University of Toledo.37 The structure of the CdTe solar cell is
glass/SnO2:F/CdS/CdTe/Cu/Au. The thickness of the CdS buffer
layer is 70–80 nm. The dimensions of the CdTe solar cell
are 15 mm × 15 mm × 3 mm and its active area is 0.5 cm2.
A 150 W solar simulator (model# 96000, Newport Corporation)
equipped with a xenon lamp and an AM1.5G filter (model#
81092, Newport Corporation) was used as the light source. The
incident power density was 100 mW cm−2, measured by using
a solar power meter (Amprobe SOLAR-100). Photocurrent (Iph)
was measured directly by using a digital multimeter (GB elec-
trical GDT200A). Photovoltaic parameters including Isc, Voc, FF
and ηeff were obtained by using a Keithley 2420 3A source-
meter. Index matching fluid (mode# F-IMF-105, Newport Cor-
poration, 1.52@589 nm) was used to fill the interface between
the LDS film and the front surface of the CdTe solar cell to
reduce the refractive photon loss. JLDS% is calculated by:

JLDS% ¼ Iph;cellþLDS

Iph;cell
� 1

� �
� 100%
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