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This work reports the influence of a Ru based dye (RuC) on enhancing the performance of nanocrystalline
titanium dioxide (TiO2)/Poly(3-hexylthiophene) (P3HT) solar cells. UV–Vis absorption spectra of TiO2/
P3HT and TiO2/RuC/P3HT films reveal that the absorption spectrum of TiO2/P3HT is broadened in the
UV region due to the addition of the RuC dye. With pumping laser at the wavelength corresponds to max-
imum absorption of P3HT, photoluminescence (PL) of TiO2/RuC/P3HT nanocomposite film was signifi-
cantly quenched in comparison with PL of TiO2/P3HT film which confirms the efficient exciton
dissociation in TiO2/RuC/P3HT. The insertion of the dye suppresses the dark current by two orders of
magnitude in the cells while extends external quantum efficiency (EQE) spectra and hence increases
the average short circuit current density (JSC) from 2.52 (±0.25) to 6.44 (±0.43) mA/cm�2, resulting in
three fold power conversion efficiency (PCE) increment from 0.73 (±0.06) to 2.35 (±0.13) %, under
100 mW cm�1 (1 sun) illumination with AM 1.5 filter.

� 2020 Elsevier B.V. All rights reserved.
1. Introduction

Hybrid metal oxide/polymer solar cells have generated signifi-
cant interest owing to their light weight, low cost, mechanical flex-
ibility, and simple solution processing methods. Nanoporous TiO2

and the relatively stable P3HT are one of most extensively studied
materials combination in the field of hybrid solar cells [1,2]. How-
ever, it is well documented that the poor charge transport, limited
spectral response of polymer, and poor compatibility between TiO2

and polymer limits their PCE of TiO2/polymer solar cells. Moreover,
poor quality of the hybrid TiO2-polymer interface significantly
reduces the PCE of hybrid solar cells [3]. Engineering the
polymer- TiO2 interface is a well-known technique to improve
the charge separation, collection, and transport in hybrid solar cells
[4–7]. Range of novel organic/inorganic materials were employed
as the interface modifiers which results with improved PCE of
the hybrid solar cells. The interface modifiers studied in hybrid
solar cells can be divided into three: (i) Self-Assembled Monolayers
(SAMs), (ii) large band gap metal oxides and (iii) light absorbing
materials. SAMs, such as benzoic acid based molecules [4], and
3,4,5-methoxyphenylboronic acid, were shown to improve the
PCE of the solar cells, mainly due to increased JSC which is due to
increased charge transfer yield by shifting the position of the con-
duction band of the porous TiO2 relative to the polymer highest
occupied molecular orbital (HOMO) level [4]. Further, SAMs
increase open circuit voltage (VOC) by acting as an insulating bar-
rier to block the back electrons from TiO2 to polymer. It was also
reported that a large band gap alumina insulating monolayer at
the TiO2/P3HT interface slowdown the recombination kinetics
and increase the charge transfer yield due to suppression of inter-
facial recombination [8]. However, these passive materials do not
contribute to photocurrent generation, which is a main drawback,
when a narrow absorption polymer like P3HT is used. Light har-
vesting materials such as organic dyes [1,2,9] and inorganic mate-
rials (CdS [5], and CdSe [10]) have been employed in hybrid TiO2/
polymer solar cells.

In this work, a multifunctional Ruthenium based dye was
employed as an interface modifier. The corresponding device per-
formance shows that insertion of dye improves the PCE by a factor
of three, which is mainly due to the enhanced JSC.
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2. Materials and methods

The RuC dye was synthesised as reported elsewhere [11]. Refer
Supplementary information for the details on solar cell fabrication
and characterisation.
3. Results and discussion

The J-V characteristics of the completed solar cells fabricated
with and without RuC dye under light and dark is shown in
Fig. 1. Ten working devices for each set were tested, and the aver-
age JSC, VOC, fill-factor, and PCE were analysed. The average PCE of
the solar cells under illumination were found to increase from 0.73
(±0.06) to 2.35 (±0.13) % after dye modification, mainly due to the
increased JSC from 2.52 (±0.25) to 6.44 (±0.43) mA/cm�2 and VOC

from 0.53 (±0.02) to 0.65 (±0.02) V (Refer Fig. S1 for the distribu-
tion of device merit parameters of 10 devices with and without
RuC dye). No significant changes observed in the fill factor. The
dark J–V curve clearly shows that the reverse saturation current
of the dye modified device is an order of magnitude lower than
that of TiO2/P3HT devices (Fig. 1(b)). It also clearly indicates that
the ideality factor of the TiO2/RuC/P3HT heterojunction is much
lower than that of TiO2/P3HT. Low dark current and ideality factor
Fig. 1. J-V characteristics of TiO2/P3HT solar cells with and without RuC dye (a)
under illumination (1 sun) with AM1.5 filter and (b) in dark.
found in device with RuC interface modifier is a signature of sup-
pression of interfacial recombination [12]. Reduced recombination
could be one of the reasons behind the improved VOC of the TiO2/
RuC/P3HT solar cells under illumination [4,8,12].

Fig. 2 shows the absorption spectra of the TiO2/P3HT nanocom-
posite with and without RuC dye. The RuC dye has strong absorp-
tion in the visible and near U-V region while P3HT has a strong
absorption in the visible region with an absorption peak at about
525 nm. The absorption of the TiO2/RuC/P3HT is extended towards
the UV region due to incorporation of the dye. Fig. 2(b) clearly
shows the insertion of RuC dye improves the spectral response.
The significant increase in EQE values at the wavelength corre-
spond to maximum absorption of RuC confirms the contribution
of dye in current generation. It can also be noted that the EQE val-
ues beyond 530 nm are also increased with the addition of RuC
dye. Therefore, it can be concluded that the insertion of dye signif-
icantly increases the photon to electron conversion of the P3HT
polymer.

The carrier dynamics of the solar cells with or without dye was
studied using PV transient measurements. The solar cells were
excited using a 530 nm laser, and the voltage transient was
recorded. Fig. 3 (a) shows the dye treatment increased the half life-
time of the carriers to 25 ms which is four times less than that of
Fig. 2. (a) Absorption spectra of ITO/TiO2, ITO/TiO2/RuC, ITO/TiO2/P3HT and ITO/
TiO2/RuC/P3HT layer and (b) EQE spectra of TiO2/P3HT and TiO2/RuC solar cells.



Fig. 3. (a) Normalised double logarithmic photovoltaic decay of TiO2/P3HT and
TiO2/RuC/P3HT cells (inset: PL spectra of TiO2/P3HT, TiO2/RuC/P3HT films) and
proposed Energy band diagram of (b) TiO2/P3HT and (c) TiO2/RuC/P3HT solar cells.
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the structure without dye. This indicates that the charges excited
in P3HT layer lives longer with the addition of dye at the interface.
Hence, it can be concluded that the mobility and diffusion length of
the P3HT film is enhanced with dye modification [13]. This could
be the potential reason behind the improved EQE at the wave-
lengths beyond 530 nm, which is from the excitons of P3HT. PL
spectra of the films were also recorded by exciting the film by a
530 nm laser to selectively excite the polymer and not the dye.
The inset of Fig. 3 (a) shows that the PL spectra of TiO2/P3H film
with or without dye resembles emission spectra of P3HT. However,
a trace of luminescent signal found at maxima of 630 nm with the
TiO2/RuC/P3HT indicates the signature of RuC dye. In addition, the
photoluminescent of TiO2/P3HT nanocomposite film is quenched
by a factor of two after dye addition. The quenching of P3HT emis-
sion denotes the enhanced exciton dissociation at the interface of
TiO2 nanocrystals and P3HT [14].

Based on the experimental results, and our previous works
[4,15] on TiO2/P3HT solar cells, the band diagram of the TiO2/
P3HT and TiO2/RuC/P3HT solar cells were proposed as shown in
Fig. 3(b). Since HOMO level of P3HT, and the CB of TiO2 are close
to each other, there should be a physical barrier to block back elec-
tron transfer from CB to HOMO [4]. The position of HOMO and low-
est unoccupied molecular orbital level of the RuC dye on TiO2,
P3HT interface is expected to reduce the back-electron transfer
which is reflected in the reduced dark current and improved VOC

found in TiO2/RuC/P3HT devices. Overall, the insertion of the RuC
dye at the TiO2-P3HT interface improves the PCE by a factor of
three by improving the spectral response, reducing the back-
electron transfer and by improving the carrier lifetime in the
TiO2/P3HT nanocomposite solar cells.
4. Conclusion

This study showed that Ruthenium based RuC dye plays multi-
ple roles in the TiO2/P3HT solar cells, via extending the spectral
response by contributing carrier generation in near UV region,
and blocking back electron transfer as evidenced by absorption,
photoluminescence, dark J-V and PV transient measurements.
Optimised cell with RuC dye showed an average PCE of 2.35
(±0.13) % under light which is a factor of three higher than the cor-
responding control.
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