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Abstract: Solid-state dye sensitized solar cell devices are fabricated with
poly(3-hexylthiophene) (P3HT) as the hole transporting layer. Upon
annealing treatment we obtained =70% increase in the device efficiency
compared to un-annealed devices. Our investigation, by means of ultrafast
transient absorption spectroscopic characterization, correlates the increased
device performances to a more efficient hole-transfer at the dye/polymer
interface in the thermally treated P3HT.
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1. Introduction

Solid-state dye-sensitized solar cells (sDSC) are a potential alternative to liquid electrolyte
based conventional DSCs as they promise to circumvent stability issues of DSC caused by
several effects such as the evaporation and leakage of liquid and the corrosion of counter-
electrode [1-4], in addition to being easier to manufacture. As solid state hole transporter
material (HTM) the most successfully employed is 2,2°,7,7’-tetrakis(N,N-di-4-
methoxyphenylamino)-9,9°-spirobifluorene (spiro-OMeTAD) [5] with a demonstrated power
conversion efficiency (PCE) of 7.2% [6]. Although spiro-OMeTAD is among the first and
longest standing organic HTM for sDSCs, it has some disadvantages such as low hole-
mobility (=107 %ecm®V'sec™’) [4,7] and relatively complex multistage synthesis [8].
Consequently, there is now a hot pursuit on the utility of conjugated polymers (CPs) as
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alternative HTMs due to their thermal stability, high conductivity, good solubility as well as
tunable optoelectronic properties [9-13]. Additionally, they can also be used as cooperative
light antenna to achieve panchromatic absorption in very thin films [14]. We employ the
ubiquitous semiconducting polymer in organic solar cells, poly(3-hexylthiophene) (P3HT), as
the hole transport material for sDSC [13].

In this work, we address the relationship between the morphological properties of P3HT
and the charge generation/recombination dynamics, ultimately related to the device
efficiency. We show that upon thermal annealing, which is well known to induce the
formation of more crystalline P3HT phases, the device efficiency increases by =70% and the
short circuit current density (Js) increases of about =80%. To obtain insight into the charge
generation mechanism at the polymer/dye interface, we employ femtosecond transient
absorption spectroscopy (TAS) [15, 16] as a powerful tool to obtain fundamental knowledge
on the photophysical properties and dynamical processes in photovoltaics system [17-20].
The results of our photophysical investigation show that the improved crystallinity of the
P3HT induces a more efficient hole-transfer from the organic dye to the polymer and reduces
charge recombination, having a direct impact on the observed improvement on the device
performances.
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Fig. 1. Normalized absorption spectra and molecular structure of D131, P3HT and the
complete photovoltaic composite deposited on 1 pm TiO,. The shaded region represents the
excitation pulse used for fs-TAS.

2. Experimental details

The devices are fabricated using the procedure followed in our earlier work for optimized
performances including the use of additives Li-TFSI and /BP [11]. The dye chosen for this
work is the organic dye termed D131 [21] sensitized on 1um thick mesoporous TiO,. We
fabricated devices with region-random (RRa) and region-regular (RRe) P3HT as hole-
transporter. We annealed the devices for 20 minutes at temperature of 140 °C. The current-
voltage characteristics of all the devices under AM1.5 simulated sun light of 100 mWem™
have been measured using round metal mask to reduce the light piping [22]. To obtain
repeatability 40 devices were fabricated and tested. During testing the active areas of the
devices were defined by single aperture metal optical masks with a round aperture of 2.5 mm
giving an area of 0.0491 cm’. We note that all light was excluded from entering the sides of
the devices by having them in a “light-tight” sample holder, and the only light entering the
solar cell substrate was through the single mask aperture. For the fs-TAS experiment, the
laser source is an amplified mode locked Ti:sapphire laser (Clark-MXR Model CPA-1),
delivering pulses at 1kHz repetition rate with 780 nm center wavelength, 150 fs duration. In
the present work we used the second harmonic of fundamental centered at 390 nm as a pump
pulse to excite the sample. Another small fraction of the Ti: sapphire amplified output is
independently focused into a 1-mm-thick sapphire plate to generate a stable single-filament
white-light supercontinuum which serves as a probe pulse. In a typical pump-probe
experiment, the system under study is resonantly photoexcited by a short “pump” pulse and
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its subsequent dynamical evolution is detected by measuring the transmission (7) changes of
a delayed “probe” pulse as a function of pump-probe delay 7 given by the differential
transmission AT/TT = (Tpump-on-Tpump-of)! Tpump-of 1. The pump and probe beams are spatially and
temporally overlapped on the sample, controlling the time delay by a motorized slit. The
minimum detectable signal is A7/T =107 and the instrument response obtained is =200 fs
time. The pump beam energy density used in the experiment is kept deliberately low (pump
fluence = 10 pJ/cm?) to minimize bimolecular effects. All the measurements were taken with
the samples in a vacuum chamber, to prevent any influence from oxygen or sample
degradation.

3. Results and discussion

Figure 1(a) shows the absorption spectrum of the D131 sensitized TiO, with (red circles) and
without (black squares) RRe-P3HT. The dye shows a major absorption peak at 400 nm.
Evidently the absorption spectra of P3HT (blue triangle) is complementary to the D131
absorption spectrum. From earlier reports, the HOMO levels of P3HT and D131 are assumed
to be —5.10 eV [10] and —5.017 eV [23] respectively, relative to vacuum. This energetic-
landscape would favor hole-transfer from dye to P3HT making it a suitable candidate as a
hole transporting layer. The design of the sSDSC fabricated for the experiment is shown in Fig.
2(a). The polymer is deposited on the D131-sensitized TiO, mesoporous structure. The
polymer infiltrates into the metal oxide pores and leaves a capping layer about of 200 nm
thick. As a first attempt, we fabricated devices using regio-regular (RRe) P3HT and regio-
random (RRa) P3HT. As seen from Fig. 2(b) devices with RRe-P3HT show better efficiency
of 1.7% compared to 0.54% obtained with the RRa- P3HT. The photo-current density versus
voltage traces for the sDSC were measured under AM 1.5G simulated sun light.
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Fig. 2. (a) Schematic design of the fabricated sDSC; (b) J-V characteristic for RRa P3HT
(green empty dots), RRe P3HT (black full squares), thermal annealed RRe P3HT (red dotted
line) and corresponding dark current in solid line. In the inset the table showing the device
parameters

As a step forward, we annealed the RRe-P3HT devices at 140 °C for 20 minutes, before
evaporating the top contact electrodes. The results (see dotted line in Fig. 2b) show an
improved efficiency of 2.9%, leading to an increase of =70% compared to the un-annealed
device. Significantly, J. increases from 3.2 mA/cm’ to 5.8 mA/cm? upon thermal treatement
suggesting an increase of =80% in the overall photo-generated charges reaching the
electrodes upon annealing. No change in device performance is observed while annealing
RRa-P3HT, suggesting annealing has no direct effect on it. The RRe-P3HT is known to have
a planar backbone with respect to the twisted RRa-P3HT geometry (with inherent amorphous
nature), leading to a higher crystallinity of the thin film, effect that is even more amplified
upon annealing. This definitely affects the optoelectronic properties of the material [24-29].
For example, in P3HT: PCBM blend the hole-mobility in the P3HT phase is known to
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increase by more than three orders of magnitude upon annealing [27]. Therefore, upon
annealing we conjecture improved device performances owing to change in morphology of
the P3HT film itself. Additionally, we observe that open-circuit voltage (Voc) has slightly
higher value upon annealing which can be surmised due to reduced charge-recombination
pathways because of a different local morphology in the polymer for the annealed device.
Also, contrary to our expectations we notice that the fill-factor (FF) obtained for the annealed
device, though in agreement with data reported in literature [10, 11], has a slight reduction
upon annealing. To this, we conjecture that the presence of additives might have an impact
[2,10,11]. In particular, together with the different local morphology induced by annealing
they can affect the charge dynamics thus resulting in minor variation of the FF. However,
further investigations are needed to better address the variation in Voc and FF upon
annealing.
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Fig. 3. AT/T spectra of TiO,/D131/P3HT (a) un-annealed and (b) annealed devices by exciting
the dye molecules at 390nm and probe in both the VIS spectral region.

In order to get insights on the effect of the nano-morphology on the photoexcited species
and on their dynamics, we performed fs-TAS directly on samples which preserve the device
configuration (without the top electrodes) before and after annealing. We tune the
photoexcitation to 390 nm to predominantly excite the dye only. Upon photo-excitation, at the
dye/TiO, interface the exciton formed in the D131 dissociates and electrons are effectively
injected into the metal oxide. Generally, the electron injection from an organic dye to TiO,
starts within the first 500 fs of the photo-excitation [11]. After the electron is injected, the
hole is left in the dye, thus creating the oxidized dye species D131" [30]. We identified the
PA of DI131" species in the spectral region of 550-650 nm by performing the fs-TAS
measurements of D131 adsorbed on TiO, before depositing P3HT layer. In the device
configuration after the deposition of P3HT as shown in Fig. 2(a) the dye is interfaced with
P3HT. Due to the favorable HOMO level alignment of D131 and P3HT, the hole in D131
should transfer to P3HT thus forming P3HT". Figure 3 shows the AT/T spectra of (a) un-
annealed and (b) annealed samples. We can distinguish a positive band at shorter wavelength
side of the spectrum that corresponds to the dye photobleaching (PB), in fair agreement with
the ground-state absorption of the overall device material components. Though at 390 nm the
dye molecules are resonantly excited, it should be noted that also P3HT partially absorbs at
390 nm (see Fig. 1) and hence the observation of a PB spectral band at 600 nm. In particular,
we expect a contribution of the disordered P3HT phase for wavelengths shorter than 550nm.
We assign the photo-induced absorption (PA) bands PA to D131" partially overlapping with
PA of P3HT" species [31] peaking at 750 nm.

Investigating further into the kinetics of probe wavelengths at, 610 nm and 730 nm as
shown in Fig. 4 we obtained important conclusions. From the absorption spectra of D131 (see
Fig. 1) we expect a dominant contribution from the dye molecules to the PB till 500 nm. The
probe wavelength at 610 nm represents the 0—0 transition of P3HT [25] and the kinetics at
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610 nm corresponds to the PB of P3HT. As shown in Fig. 4(a) for the un-annealed devices we
observe that the PB due to the partial photoexcitation of P3HT shows a sharp initial decay in
the first 2 ps followed by a slower decay in the hundreds of ps timescale. The initial fast
component has been assigned to the geminate recombination of charge pairs instantaneously
formed in the P3HT [24]. The following slow decay kinetics, we conjecture, is related to the
residual P3HT" species after hole-transfer from the oxidized D131 to the P3HT occurs.
Correspondingly, as shown in Fig. 4(b), we observe the charge recombination kinetics of the
P3HT" species at 730 nm (PA,) follow similar trend for un-annealed devices. The kinetics of
annealed films at 610 nm and 730 nm, till probe delay of 2 ps, the kinetics follow similar
trend as observed in the un-annealed devices. The scenario changes completely after 2 ps, for
instead of the slow-decay kinetics we observe a rapid monotonous growth of the PB at 610
nm that matches the growth in the PA; band at 730 nm till the end of our temporal probe-
delay window of 400 ps. We assign this growth to an increased population of P3HT" charges
due to an increase in efficiency of hole-transfer occurring at the dye/P3HT interfaces. The rise
of the P3HT" species reduces the ground state population of P3HT inducing an increase of the
PB at 610 nm as well as the growth of P3HT" absorbing species at 730 nm. This enhanced
hole-transfer and rise in the overall P3HT" species upon annealing can also be due to the shift
in the P3HT HOMO level upon crystallization [32] that can induce a larger driving force for
hole-transfer at the interface. Additionally, enhanced hole-mobility due to better ordering in
the annealed polymer [27] induces a faster charge transport in the P3HT layer away from the
dye/P3HT interface, potentially reducing recombination between electrons trapped at the dye-
TiO, interface with the holes on the P3HT. From these investigations we can conclude that
annealing the device enables a better hole-transfer at the dye/ P3HT interface.
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Fig. 4. Comparison of AT/T dynamics at: (a) 610nm, (b) 730nm for un-annealed (black -0-)
and annealed (red —o-) devices.

4. Conclusions

We performed a systematic investigation on the effect of the polymer morphology of the
P3HT used as hole-transport layer in solid-state dye sensitized solar cells (sDSC). Fabricated
devices are tested before and after annealing and were observed to show =80% increase in J
and =70% in efficiency after annealing. We performed fs-TAS experiments to investigate the
effect of morphology on the hole-transfer and recombination dynamics. We observed that
upon annealing there is enhancement in the hole-transfer from dye to P3HT along with
enhanced hole-mobility, thus being an effective way to increase the overall device
performances.
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