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The effect of metal-free chromophores on dye-sensitized solar cell performance is investigated.
Solid state dye-sensitized solar cells (ssDSCs) using different molecular sensitizers based on tri-
phenylamine (TPA) with thiophene linkers and different alkyl chain in the donor unit have been
characterized using impedance spectroscopy (IS). We show that different molecular structures
play a fundamental role on solar cell performance, by the effect produced on TiO, conduction
band position and in the recombination rate. Dye structure and its electronic properties are the
main factors that control the recombination, the capacitance and the efficiency of the cells. A
clear trend between the performance of the cell and the optimization level of the blocking effect of
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the dye structure has been identified in the solid state solar cells with Spiro-OMeTAD hole

conductor.

Keywords: Dye-sensitized solar cells; solid state; metal-free chromophores; impedance spectros-

copy; Spiro-OMeTAD.

1. Introduction

Solid state dye-sensitized solar cells (ssDSCs) have
attracted wide interest from scientists since the first
report by Bach and co-authors in 1998." In this kind of
light-to-electricity conversion device, the photosensi-
tizer undertakes the light harvesting and electron
injection to semiconductor, and it plays an important
role in the final efficiency in the device. Organic
dyes,” % metal complexes,”® quantum dots”'? as well
as perovskite'*'® have been employed as the light
absorber in ssDSCs or “meso-superstructured” solar
cell (MSSC). As one kind of the photosensitizer, or-
ganic dyes are investigated intensely due to low cost,
easy synthesis and tunable light absorption proper-
ties. In 2010, Cai and co-workers reported an effi-
ciency over 6% using an organic sensitizer C220 and
(N,N-di-p-methoxyphenyl-amine)-9,9’-spiro-bifluor-
ene (Spiro-OMeTAD) as hole transport material
(HTM).? Recently, an impressive efficiency of 7.2%
was achieved with the combination of tris(2-(1H-pyr-
azol-1-yl)pyridine)cobalt(III) doped Spiro-OMeTAD

L1 .O SN

Fig. 1. The molecular structures of the selected dyes.

and organic photosensitizer Y123.'” From these pre-
vious studies, the optimization of dye structure can
greatly improve the performance of ssDSCs.

In this work, four dyes with differences in its
molecular skeleton are selected to study the effect of
dye structures on the performance of ssDSCs. All
the devices are characterized with impedance spec-
troscopy (IS) in order to determine all the processes
involved in the solar cell performance, with the aim
to determine the relation between solid cell perfor-
mance and dye structure, obtaining an excellent
understanding about which dye structure is more
suitable to use to fabricate high efficiency ssDSCs.
The dyes are shown Fig. 1. L1, D35, LEG4 are or-
ganic dyes and Z907 is a Ru-based photosensitizer
employed as reference dye. L1 has the most simple
dye structure among these dyes, bearing tripheny-
lamine (TPA) as donor, thiophene as linker and
cyanoacrylic acid as anchoring group. Comparing
with L1, at D35 dye introduced more alkyl chain in
donor unit. Using cyclopenta-[1,2-b:5,4-b’]-dithio-
phene (CPDT) instead of thiophene in D35 forms
LEG4 dye.

2. Experimental Section

2.1. Dye characterization

L1, D35 and LEG4 were provided by Dyenamo
Company. 7907 was purchased from Solaronix
Company. All other chemicals and solvents were
purchased from Sigma-Aldrich and used as received.
Figure 2 shows the absorption spectra of different
dyes and Fig. 3 depicts the energy levels of compo-
nents involved in ssDSCs device. UV-Vis absorbance
spectra were recorded on a Lambda 750 UV-Vis
spectrophotometer. The Highest Occupied Molecular
Orbital (HOMO) of L1 was tested by cyclic voltam-
metry (CV) method. Lowest Unoccupied Molecular
Orbital (LUMO) level was calculated by HOMO-
Ey_y, where E,_, was obtained by the wavelength ()
at intersection of absorption and fluorescence spec-
tra, Ey_y = 1240/A. The HOMO and LUMO data of
D35, LEG4 and Z907 were taken from literatures.?">!
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Fig. 2. UV-Vis spectra of LEG4, D35, L1 and Z907 dyes.
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Fig. 3. The diagram of energy levels of the components in
ssDSCs devices.

The corresponding physical properties of dyes are
collected in Table 1. For organic dyes, introducing
butoxyl phenyl units in donor or more conjugated
segment in linker can make the dye’s absorption
spectrum red-shifted as well as increase dye’s extinc-
tion coefficient (¢). One can find that LEG4 has the
highest ¢ value of 49 000 M~!- cm ~2? among these dyes
at its maximum absorption peak 540 nm. Z907 dye

shows the lowest € value of 7100 M~!-cm~2 among

these dyes at 531 nm. Theoretically, the dye with
higher ¢ is able to harvest more light in ssDSCs
devices, because the solid devices usually employ thin
TiO, film in order to increase the penetration of
HTM, such as Spiro-OMeTAD, and reduce the total
electron recombination.

From the diagram of energy levels of different
dyes in Fig. 3, we observe that all dyes have LUMO
levels that are more negative than conduction band
(CB) of TiO, CB, which implies that the electron
injection from excited state of dyes to TiO, are
thermodynamically feasible. However, when the dye
is attached to the titania surface and is also in
contact with the electrolyte solution a modification
of the levels of the LUMO and TiO, CB is possible.
The redox potential of Spiro-OMeTAD is more
positive than the LUMO levels of dyes, which means
all dyes can be regenerated by Spiro-OMeTAD. One
can find that the introduction of buthoxyphenyl
units in donor or more conjugated segment in linker
can narrow the F,_, energy gap, which is responsi-
ble for the red-shifted absorption spectra of D35 and
LEG4 as compared to L1.

2.2. ssDSCs fabrication and
characterization

The ssDSCs fabrication was carried out according
to slightly modified procedure reported before.%*
Fluorine-doped tin-oxide (FTO) coated glass sub-
strates were patterned by etching with zinc powder
and 3.5M hydrochloric acid. A compact TiO,
blocking layer was first deposited onto the surface of
a pre-cleaned FTO substrate by spray pyrolysis on a
hotplate at 500°C using an airbrush. The solution
used in the spray pyrolysis was 0.2 M Ti-Isoprop-
oxide, 2M Acetylacetone in isopropanol and 10
spray cycles were used as standard parameter.
Nanoporous TiO, films were coated on the compact

Table 1. Physical properties of dyes.

HOMO LUMO
Dye UV-Vis (¢) [V versus NHE| [V versus NHE| E;_, [eV]
L1 483 (19000)* 1.18 ~1.04 2.22
D35 500 (31000)* 0.97% -1.21% 2.18%
LEG4 540 (49000)® 0.882° —1.17% 2.04%
7907 531 (7100)" 0.65"" -0.98”" 1.62°

2In DCM.

bIn £BuOH:ACN (1:1; V/V).
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TiO, layer by screen-printing a colloidal TiO, paste
(Dyesol DSL 18NR-T). The thickness of the film is
ca. 2.2 um, as measured with a DekTak profilometer.
After sintering the TiO, film on a hotplate at 500°C
for 30 min, the film was cooled to room temperature
and immersed in 0.02 M aqueous TiCly at 70°C for
30 min. The film was then rinsed by deionized water
and then annealed on a hotplate at 500°C for 30 min.
After cooling to 50°C, the film was immersed for 2 h
in 0.2mM dye solution in acetonitrile (AN)
and tert-butanol (t-BuOH) (1:1; v/v), then the sen-
sitized electrodes were rinsed by ethanol and dried.
Subsequently, the chlorobenzene solution containing
150mM  Spiro-OMeTAD, 200 mM4-tert-butylpyr-
idine (TBP) and 20mM Lithium Bis- (Trifluo-
romethanesulfonyl)Imide (LiTFSI) was used to form
the HTM film by leaving the solution to penetrate into
the sensitized electrode for 30 s and then spin-coating
for 3s with 1000 rpm and 30s with 2000 rpm. After
HTM deposition, the devices were left in the dark in
air overnight. The 200 nm thick Ag back contact was
deposited onto the organic semiconductor by thermal
evaporation in a vacuum chamber (Leica EM
MEDO020) with a base pressure of about 10 =5 mbar, to
complete the device fabrication. Current—Voltage
characteristics were recorded by applying an external
potential bias to the cell while recording the generated
photocurrent with a Keithley model 2400 digital
source meter. The light source was a 300 W collimated
xenon lamp (Newport) calibrated with the light
intensity to 100 mW /cm® at AM 1.5 G solar light by
certified silicon solar cell (Fraunhofer ISE). All
ssDSCs samples were illuminated from the glass side
with an aperture area of 0.20 cm® (0.4 cm x 0.5 cm).

2.3. Electrochemical measurements

Electrochemical experiments were performed with a
CH Instruments electrochemical workstation (model
660 A) using a conventional three-electrode electro-
chemical cell. Measurements were obtained with
1 mM solution of dyes in DCM by using 0.1 M Tet-
rabutylammoniumhexafluorophosphate (TBAPFy)
as supporting electrolyte. A glassy carbon disk was
used as the working electrode, a platinum wire
served as a counter electrode, a Ag/Ag™ electrode
was utilized as a reference electrode and the scan rate
used was 50mV/s. All redox potentials were cali-
brated versus a normal hydrogen electrode (NHE)
by the addition of ferrocene as an internal standard
taking E (Fc/Fc*) = 630 mV versus NHE.*

2.4. IS measurement

Acquisition of the IS measurements were carried
out with a Frequency Response Analyzer, FRA-
equipped PGSTAT-30 from Autolab. The ampli-
tude of the AC signal was 25mV at low applied
voltages and 10mV at high forward bias. The fre-
quency range scanned values between 400 kHz and
0.01Hz at the different V,,,. Illumination was pro-
vided by a 1000 W class-A solar simulator from
Newport, filtered at AM1.5G and with the light
intensity adjusted with an NREL-calibrated Si solar
cell with a KG-5 filter to 1 sun (100 mW/cm?).

3. Results and Discussion

ssDSCs based on Spiro-OMeTAD as HTM have
been fabricated using the four dyes (2907, L1, D35
and LEG4) as sensitizers to measure their perfor-
mance in photovoltaic devices. Table 2 collects the
photovoltaic properties of fresh ssDSCs based on the
different dyes obtained from the current density—
voltage (J~V) curves shown in Fig. 4(a). It is ob-
served that large differences between the two groups
of cells, D35-LEG4 and Z907-L1, occur in the pho-
tocurrent (J,,) and the open circuit voltage (V).
Assuming that the light absorption is proportional
to the molar extinction coefficient, i.e., the dye
loading and TiO, thickness are similar for all the
dyes, the differences in photocurrent can be
explained from the UV-Vis spectra and the molar
extinction coefficient of the diverse dyes (Fig. 2 and
Table 1), where the molar extinction coefficient
value decreases in the direction LEG4 > D35 >
L1 > 7907 as the photocurrent is obtained from the
J—V curves in Fig. 4.

In order to get further insight into the mechanism
governing the performance of the devices and

Table 2. Photovoltaic properties of ssDSCs based on
different dyes.?

Dye®  Jyg¢ [mA-cm™2?]  Vye [mV] ff n° (%)
L1 5.0 750 0.55 2.1
D35 7.2 905 0.64 4.2
LEG4 7.5 915 0.67 4.6
7907 5.6 765 0.49 2.1

2100 mW-cm 2 light illumination, 0.2 cm? active area.
2.2 um TiO, films (0.25cm?) sensitized in 0.2 mM
dye solution in AN:+BuOH (1:1) for 6 h.

€150 mM  Spiro-OMeTAD, 200mM TBP and
20 mMLiTFSI in PhClL
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Fig. 4. J-V curves. (a) Measured as made in KTH laboratory’s and (b) after IS measurement.

explain the observed differences in the V., IS mea-
surements were performed on the ssDSCs at differ-
ent bias potentials under one-sun illumination
(Fig. 5). These measurements were analyzed using

the impedance model developed previously,?*2¢
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allowing us to isolate the recombination resistance
from other resistive contributions in the cell. The
aim of IS measurements is to clarify the differences
in the cells concerning shifts of the conduction band
of TiO5 and in the V, values from variations in the
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Fig. 5. (a) Capacitance and (b) recombination resistance, with respect to the Fermi level voltage (removing the effect of series
resistance). (¢) Capacitance and (d) recombination resistance plotted with respect to the equivalent common conduction band
voltage so that the distance between the Fermi level and the conduction band is the same in all cases.
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rate of recombination,?” since it has been observed
that organic dyes exert a strong influence on the
rate of charge transfer resistance.’® Related with the
charge injection from the dye, with IS it is possible
to correlate the position of the conduction band
with the charge injection. Lower CB produces
higher driving force between the dye excited state
and CB of the TiO, and therefore higher charge
injection rate. It was observed in the IS measure-
ments that the collection efficiency for this ssDSCs
(2.2 pm thickness of titania film) is not a limitation
in its performance, as the electron transport resis-
tance is negligible compared to the recombination
resistance.

In order to check the stability of the samples
during IS measurements, J-V curves were carried
out before and after IS measurement. Good stability
has been obtained for D35, L1 and Z907, but a high
degradation was observed for LEG4 dye (Fig. 4(b)).
Consequently, IS analysis was carried out just on
stable devices.

From the analysis of chemical Capacitance versus
applied potential (Fig. 5(a)) it is clearly observed
that the dye influences the CB level of TiO,, with
D35 presenting the lowest conduction band mini-
mum value. Low CB can enhance the photocurrent
as it increases the injection driving force,?” for
example it is confirmed from the photovoltaic
parameters shown in Table 2 and Fig. 4(a) where
the short circuit current is 7.2mA /cm?, one of the
highest charge injection photocurrents, due to the
CB shift. On the other hand, the type of dye also
greatly influences the recombination process, as seen
in the graph of recombination resistance (R,..)
where all the cells are compared at the equivalent
conduction band voltage (V.y, = V¢ + qAE,), where
Vi is voltage without the effect of the series resis-
tance, see Fig. 5(d). Comparison of samples in terms
of V., allows to remove the effect of the different CB
position.?”* To perform this comparison, capaci-
tances are just shifted in order to make that all of
them overlap, see Fig. 5(c). The same shift is applied
to the R, in Fig. 5(d). Lower recombination (higher
R,..) is obtained for D35 due to its structure with
bulky moieties in the donor part of the structure
(two buthoxyphenyl groups) that act as blocking
barrier for electron back recombination,?’ and the
electron donating units on the TPA group, which
together with the lower position of the CB increase
the total charge collection efficiency and provides
the higher photocurrents obtained for D35 (Fig. 4).

These characteristics together with its high extinc-
tion coefficient make D35 the ideal dye for ssDSCs.

7907 dye presents slightly lower recombination
resistance than D35 dye, that combined with the
lower photocurrent due to its lower molar extinction
coeflicient produces a smaller V,, and all together a
decrease in the overall efficiency of the cell compared
with D35.

For the case of L1 the situation is different as this
dye presents higher molar extinction coefficient than
7907. However, the CB of TiO, is at a higher energy
position, yielding the lower photocurrent obtained
because of the lower electron injection efficiency from
the dye to the TiO,. As plotted in Fig. 5(b), recom-
bination is again similar to the previous cases despite
the larger CB, that is explained by the lack of blocking
moieties in the donor part of the dye structure®! which
generate a strong decrease in the V. value. This yields
an increased recombination rate as shown by R...
when represented versus V.4, in Fig. 5(d). The final
result is that L1 has a similar performance than Z907,
but for different reasons. In this sense, the impedance
analysis gives important clues to analyze the perfor-
mance of different dyes in ssDSCs. The lower FF for
L1 and Z907 could be explained due to the higher
recombination in both dyes.?

These results state that D35 dye with two
butoxyphenyl electron donating units on the TPA,
a single linker (thiophene) and high extinction co-
efficient presents the optimal design to obtain high
efficiency solid state DSC compared with standard
Ru dye Z907 and simple organic dye L1, without
blocking groups in the donor part of the dye mole-
cule. The origin of the better performance has been
shown to be due to both, the higher absorption of
light, and the lower recombination rate that offsets
the lower TiO4,CB position.

4. Conclusions

Four dyes including three organic dyes and a Ru-
based photosensitizer have been used to investigate
the effect of different molecular structures on per-
formance of ssDSCs devices. The extinction coeffi-
cient of the molecular dyes combined with the
position of the CB in the semiconductor play a
dramatic role in the final cell performance, relatively
higher than in conventional sensitized liquid cells as
the thickness of the TiO, layer is limited in solid
devices. From the analysis of IS studies, it is found
that the different dyes show significant influences on
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CB of TiO5 and in the recombination resistance as a
function of its structure. Specifically, the bulky
donor part of the D35 dye shifts the TiO, conduc-
tion band down as compared to L1 and Z907 dye,
which is related with higher charge injection that
presents D35 dye and together with the red-shifted
absorption spectrum, high extinction coefficient and
lower charge recombination make the D35 dye the
optimum dye for ssDSCs.
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