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Phonons spreading from laser-heated gold
nanoparticle array accelerate diffusion of excitons
in an underlying polythiophene thin film¥
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Localized surface plasmon (LSP) photophysical phenomena occurring in metal nanostructures are often
presented as a method to effectively couple light into photovoltaic devices of sub-wavelength-scale
thickness. However, the excitation of LSP is also associated with rapid energy dissipation leading to local
heating, which affects the excitation energy pathway. We studied a system consisting of a planar gold
nanoparticle (AuNP) array deposited at the surface of a semiconducting polymer thin film (P3HT).
We observed heat transfer from laser pulse excited AuNPs into the P3HT, which was evidenced as a
long-living thermochromic effect on transient optical absorption. By modeling of the ultrafast kinetics of
exciton population evolution, we determined that their decay was caused by their mutual annihilation.
The decay rate was controlled by a phonon-assisted one-dimensional diffusion mechanism with a
diffusion constant of 2.2 nm? ps1. The transferred heat resulted in an increase of the diffusion constant
by a factor of almost 2, compared to the control system of P3HT without AuNPs. These results are of
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Introduction

The possibility of sub-wavelength manipulation of the optical
field using localized surface plasmon (LSP)'? phenomena
occurring at noble metal nanoparticles (NPs) is attractive for
the design of various optoelectronic devices. The LSP phenomena
are proposed as a mechanism for enhanced functionality in
photovoltaics (PV),* and light sources.>® For example, Rand et al.
observed” higher power conversion efficiency (PCE) in a tandem
organic PV cell, when an ultrathin metal cluster layer was placed
at an interface of two individual sub-cells. The authors claimed
that LSPs are, in part, responsible for the efficiency enhancement.
It is, however, very difficult to unequivocally identify the nature of
the PCE enhancement in a solar cell, since various competing
phenomena occur due to the presence of metal NPs in the device.
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practical use for the design of plasmon-enhanced optoelectronic devices.

These often lead to deterioration of the device performance due to
effects such as exciton quenching at the metal surface,®® or LSP
resonance absorption, which leads to rapid energy dissipation.™

Recently, Jigeler-Hoheisel et al'' carefully varied para-
meters of the Ag-NP array and its position in a PV device in
an attempt to separate various interaction mechanisms that
could lead to the observed overall enhancement of the PCE.
They have found that the distance between the absorber layer
and the Ag-NP layer is a key factor, even determining whether
there is an enhancement, or degradation of the device performance.
The spectrally resolved study of the external quantum efficiency
enhancement indicated that it was the optical field distribution
within the cell stack, which most prominently determined
the observed enhancement/degradation effect. According to
the simulation performed by Lindquist, et al'® the metal
electrode surface parallel to the Ag-NP array may enhance the
axial component of the time-averaged electric field. They
observed an enhancement of PCE in their PV devices.

In this work, we investigated the mutual interaction between
a planar array of gold nanoparticles (AuNP) and a thin film of
poly(3-hexylthiophene) (P3HT) by means of ultrafast transient
absorption (TA) spectroscopy. We have designed the architec-
ture of the samples, in which the organic semiconductor is not
located in the “hot spots” of the LSP resonance between the
neighboring NPs in the array, but in the region of optical field
depletion. It allowed us to avoid the plasmonic enhancement of
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the excited state photo-generation. We examined an impact of
heat transfer from the laser-excited AuNP array on the ultrafast
evolution of the excited states within the semiconducting
polythiophene thin film. Since it may also play a role in the
functionality of optoelectronic devices, this knowledge contributes
to understanding the complexity of plasmon-related effects.

Experimental
Sample preparation

Poly(3-hexylthiophene), P3HT, M, = 44000, regioregularity
96%, obtained from LISICON, polystyrene, PS, M,, = 50000
and solvents (chloroform 99.9%, toluene 99.9% and dichloro-
benzene 99%) of CHROMASOLV HPLC purity grade obtained
from Sigma Aldrich, were used as received. As a sample substrate,
ultra-flat glass slides coated with a 20 nm layer of synthetic quartz
(Ossila Ltd) were used.

Thin polymer films were deposited on the substrates (on the
quartz-coated side) using the spin-casting method (3000 rpm
for 30 s) from chloroform (P3HT, concentration 0.25 wt%),
dichlorobenzene (P3HT, concentration 0.25 wt%) and toluene
(PS, concentration 1 wt%) solutions. Then, a part of the thin
polymer coating was washed off by dipping the edge of the
substrate few times perpendicularly into the respective solvent.
This treatment provided a clean area for reference measurements
using the same substrate. The resulting polymer film thickness
was 10 nm, determined by scanning the height profile across
the scratch in the polymer layer using a surface profilometer
KLA-TENCOR P10. Subsequently, a layer of Au was deposited by
physical vapor deposition (PVD, at pressure 2 x 10> Torr, with
deposition rate 0.1 nm s~ ') on top of each substrate through a
shadow mask covering one half of it. The effective thickness of the
deposited Au layer (1 nm) as well as the deposition rate was
determined using a crystal balance monitor. The samples of the
neat P3HT film and the AuNP@P3HT composite were then
annealed at 140 °C on a hot plate and encapsulated under a N,
atmosphere in a glovebox (60 ppm O,, 2 ppm moisture) with a
microscope cover slip separated from the substrate with a 50 pm
gap (using a pair of optical fibers), and sealed at the edges with an
epoxy resin.

Characterization

UV-Vis steady state spectra were recorded using a custom built
double-channel fiber optics spectrophotometer based on a
deuterium and halogen lamp light source (model DH2000,
Ocean Optics) and two CCD-array spectrometers coupled to a
common A/D converter (model ADC 1000USB, Ocean Optics).
The light from the source was collimated and directed to the
sample perpendicularly to its surface.

A pump-probe transient absorption (TA) spectrometer
HELIOS (Ultrafast Systems LLC) was used for the time resolved
absorption spectroscopy measurements. The details of the
systems are described in our previous report,”” and are also
specified in the section Transient absorption spectroscopy in
the ESL.{ Contrary to the previous report, we used pump pulses
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with linearly polarized light of a 550 nm central wavelength in
the present work. The broadband linearly-polarized probe
pulses contained a continuum of photon energies in two
spectral ranges 400-800 nm and 850-1200 nm, depending on
the configuration of white-light continuum generation. The
mutual orientation of the electric field vectors of the pump
and probe pulses in the sample was set at the magic angle
(54.7°) in order to eliminate any contribution of the transition
moment rotational diffusion to the decay kinetics."* The energy
of the pump pulses was set using a reflective neutral density
filter, which could be varied continuously.

Results
Steady state optical absorption study

In Fig. 1, the spectra of AuNP arrays deposited on thin P3HT
and PS films (designated as AuNP@P3HT and AuNP@PS,
respectively) are compared to the spectra of the bare P3HT
and PS films (without AuNP array, designated as neat P3HT and
PS, respectively).

In our previous study,'” we described the structure of the
AuNP array deposited by PVD on top of the thin films of these
two polymer materials using transmission electron microscopy.
We have found that the as-deposited AuUNP@PS film had very
closely matching NP size distribution and topological organiza-
tion to the AuUNP@P3HT film. For AuNPs on top of the P3HT
thin film, the mean gold particle size was d = 3.4 nm with the
standard deviation ¢ = 1.2 nm; for PS the parameters of the
AuNP array were d = 4.2 and ¢ = 1.6 nm. Since the PVD process
ensured the same mean effective thickness of the AuNP layer
(1 nm thick layer of gold), the slightly larger particles of
the AuNP array deposited on PS, as seen by TEM, resulted in
slightly larger interparticle distances.
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Fig. 1 Steady state optical absorption spectrum of the thin P3HT film after
spin-casting followed by drying at room temperature (black dash-dot-dot
line), after further annealing at 140 °C for 30 min in an inert atmosphere
(blue solid line), and after deposition of the AuNP array (AUNP@P3HT
sample, green dash line). The polystyrene thin film spectra before AuNP
array deposition (neat PS, magenta dash-dot line) and after AuNP array
deposition (AUNP@PS sample, cyan dotted, line).
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AuNP array on polystyrene

The optical absorption spectrum of the AuNP@PS system (Fig. 1)
shows a broad band centered at around 590 nm, and a small band
at around 260 nm. UV absorption in the AuNP@PS system is
apparently caused by the phenyl groups of the PS film and can
also be seen in the neat PS film. There is also strong contribution
of Rayleigh scattering, with its characteristic wavelength depen-
dence of ~/* Due to the lack of light absorption at wavelengths
above 300 nm in the neat PS film (Fig. 1), the absorption spectrum
of the AUNP@PS sample with the maximum at 590 nm is
obviously dominated by the LSP resonance absorption (plasmon
extinction) of the AuNP array. The mean diameter of the NPs
deposited on PS was d & 4.2 nm, as obtained from the TEM
studies reported in our previous paper.'® If the AuNPs with this
diameter would be dispersed in dilute water colloid, it would
show the plasmon extinction centered within the wavelength
range 520-530 nm."®"” The red-shifted maximum of the plasmon
extinction band of about 70 nm indicates strong optical coupling
of individual nanoparticles in the AuNP array."®>°

Interaction between the AuNP array and the P3HT film

The resulting spectrum of the P3HT thin film after annealing could
be fitted with a sum of one broad Gaussian function centered at
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383 nm corresponding to the optical transitions in amorphous coils,
and three Gaussians centered at 537, 563, and 610 nm, corres-
ponding to the 0-2, 0-1, and 0-0 vibronic transitions, respectively,
of the P3HT chains in crystalline domains.?*** We could clearly
recognize the vibronic structure of P3HT also in the spectrum of
AuNP@P3HT samples (¢f red and green curves in Fig. 1). It means
that the structural order in the P3HT film has been mostly preserved
after PVD deposition of the AuNP array on top of it.

Time-resolved spectroscopic study

For better understanding the photophysical interaction
between the AuNP array and the underlying P3HT film in
the AUNP@P3HT system we studied the time evolution of the
optical absorption of the AuNP@P3HT system using TA
spectroscopy. We will first turn our attention to the photo-
induced TA evolutions in the neat thin P3HT film and in the
AuNP@PS system and use the results to estimate the contribution
of AuNP array to the transient kinetics of the excited states of P3HT
in the AUNP@P3HT system.

The neat P3HT thin film

The representative TA spectra of the neat P3HT, and AuNP@
P3HT films together with the TA spectrum of the AuNP@PS
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Fig. 2 TA spectra of P3HT films averaged over selected delay time intervals (indicated in the legends). The color indicates the type of sample: difference
(red dash-dot line) between the AUNP@P3HT composite (green dashed line) and the neat P3HT (blue solid line). The TA spectrum of AUNP@PS is shown
as cyan dotted lines in panels (a and b) for comparison. The left (a—c) and right (d—f) panels in each row correspond to Vis- and NIR-probe data,
respectively; the delay time interval is the same for both panels in each row. The data in the spectral range of 535-575 nm were removed due to the high

content of scattered light of pump pulses.
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system are shown in Fig. 2. The corresponding kinetic traces
are shown in Fig. 3. We observed a well-resolved negative signal
composed of a broad band spanning from 450 to 580 nm and
a rather sharp band centered at 605 nm. This part of the
spectrum overlaps with the steady state absorbance band in
the neat P3HT film, particularly the peak at 605 nm corresponds
to the 0-0 vibronic transition within the crystal domains.
Therefore, both negative TA features can be understood as a
measure of photoinduced depletion of the ground state (denoted
So), i.e. ground state bleaching (GSB). This observation and inter-
pretation agree well with previous reports of the time-resolved
spectroscopic studies of P3HT thin films.>**

We further observed a positive TA feature generated imme-
diately with laser excitation, at around 1150 nm (in Fig. 2d).
Another positive early TA signal emerges at around 650 nm
(Fig. 2a). The respective kinetic traces (Fig. 3¢ and e) show a
slight delay of ~200 fs in the position of the maximum of TA
at 650 nm, which, respectively, suggests that the features at
650 and 1150 nm belong to different photochemical species.
In agreement with Guo, et al.>® and Ogata, et al.,>* we adopted
the interpretation of those species as polaron pairs (PP) and
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Fig. 3 The TA kinetics traces of the studied systems at the indicated
probe wavelengths. The color indicates the type of sample: difference (red
dash-dot line) between the AUNP@P3HT composite (green dashed line)
and the neat P3HT (blue solid line). The cyan dotted lines show TA kinetics
recorded in the AUNP@PS composite, for comparison.
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singlet excitons (S;), respectively. Accordingly, we attribute the
long-living feature at 950 nm, which becomes prevalent in NIR
probe spectra on 10 ps timescale (see Fig. 2e), to free polarons (FP).

The AuNP@PS composite

The TA spectra of the AuNP@PS sample deposited on a glass
substrate are shown in Fig. 2; the respective kinetic traces are
shown in Fig. 3. Since there is no overlap of the optical
absorption of polystyrene and AuNP array (see Fig. 1), the direct
photoexcitation of the supporting PS thin film was avoided. The
TA spectrotemporal evolution in the composite following the
excitation by femtosecond (fs) laser pulses with a central
wavelength of 550 nm is thus exclusively determined by the
AuNP array.

The TA signal of the AUNP@PS system (see the cyan curve in
Fig. 2a) shows three well-resolved spectral regions: the negative
signal in the probe wavelength range 520-650 nm and positive
bands in the intervals of 400-520 nm and 650-800 nm. The TA
signal decay kinetics in both positive and negative parts of the
spectra was simultaneous. Using the global analysis approach,*>
we could identify 3 exponential decay times 7;: 0.57, 1.17 and 9.9 ps
(see Fig. S3a and b in the ESI¥).

The photophysical behavior of noble metal nanostructures
under pulsed excitation was summarized in a comprehensive
review by Hartland."” The TA signal evolution shown in Fig. 2
and 3 can be understood in the following way: as the absorbed
pump pulse induced the ultrafast heating of the electron gas,
the absorption of AuNP array broadened and simultaneously
lowered its amplitude, which resulted in the observed negative
AA in the middle of two positive spectral lobes, even at the
shortest delay times (¢f. Fig. 2a). This effect of the elevated
temperatures was reported previously by Doremus for gold
nanoparticle dispersions in glass."® He showed that the peak
amplitude of the steady-state absorption band drops linearly
by 30% in the temperature range from —200 to 500 °C, i.e.
by 4.29% per 100 K. Following this similarity and considering
the trace of Adsunp@ps at a probe wavelength of 605 nm
(Fig. 3b) and the peak of the steady state absorbance at
600 nm Apunp@ps = 0.08 (blue curve in Fig. 1), we can estimate
the increase of the electron gas temperature in the AuNP array
to be about 160 K above room temperature. About 4 ps after
photoexcitation the equilibrium temperature with the gold
lattice was reached at about 9 K above room temperature. We
identified the lifetime of 1.17 ps as the time needed for
cooling the hot electron gas by electron-phonon coupling.
During this process, part of the energy is redistributed to
surface phonon modes of the AuNPs, allowing the heat
exchange between AuNPs and the supporting PS film.

The effects of AuNP array on the P3HT thin film

Here, we will analyze the temporal evolution of TA spectra of
the AuUNP@P3HT thin film, focusing on the influence of the
AuNP array. Fig. 2 and 3 show the representative TA spectra and
kinetic traces, following photoexcitation by fs laser pulses with
a central wavelength of 550 nm. In both figures, we show also
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the residual signal after subtraction of the signal of the neat
P3HT film from the signal of AUNP@P3HT:

AAresid(ty /1) = AAAuNP@PZSHT(ty /1) - AAPBHT('Z /“) (1)

The AAeia(t, A) spectra are compared to the spectra of P3HT and
of the AUNP@PS system, measured using the same excitation pulse
conditions (ie. its spectral and temporal envelope and energy).

The residual TA spectrum, AA,.sq at the sub-picosecond
delay time after excitation, shows a broad and structured
negative band in the probe region of 490-630 nm, surrounded
by positive bands on both sides (red curve, Fig. 2a). From the
overlap of the residual signal AA,q(%, 4) with the TA spectra of
the AuUNP@PS composite (cyan curve, Fig. 2a), we can deduce
that the positive signal at the short probe wavelengths originates
from the excited electron gas in the AuNP array. This becomes
more evident from the detailed kinetic traces of the TA signal at a
475 nm probe wavelength (Fig. 3a).

In the region, where negative AAdq(t, ) is negative, we could
see overlapping negative signals from the AuNP array and from the
underlying P3HT film; the contribution from the latter apparently
results in a structured shape of AA,eiq(?, /). The residual spectrum
clearly shows the same structuring, but in the opposite direction.
This suggests that in the calculation of AA,.q(t, 4) using eqn (1),
the contribution of the GSB of the P3HT film has been over-
estimated. This effect probably arises from the combined effects of
(i) absorption of pump light in the AuNP array - about 20%
intensity loss, and (ii) the near-field (plasmonic) effect. The near-
field effect creates regions of field depletion on either side of the
array, together with hot-spots of field enhancement in the inter-
particle gaps. In our case, the P3HT is located in the area of near-
field depletion, similarly to the system presented in ref. 28.

The two broad positive bands in the 630-700 nm and 900-
1300 nm regions overlap well with the spectra of PP and of
singlet excitons (S;) in the neat P3HT film. Due to the similarity in
the shape and position of the TA features in the AUNP@P3HT
composite and neat P3HT thin films, we can use the same
assignment of these bands as in the previous section focused
on the neat P3HT film.

Laser induced heating

In order to explain the apparent extension of the lifetime of the
TA signal recorded at 605 nm due to the presence of the AuNP
array (¢f. green and blue curves in Fig. 3b), we invoke laser-
induced heating artifacts in the TA experiments discussed in
the literature by Rao, et al.>®* The authors of the cited work
identified a laser pump-induced heating artifact in the TA
spectra of pentacene. These were actually artifacts originating
in the thermal modulation caused by the laser pump, due to
thermochromism of this material. This phenomenon is spec-
trally located in the GSB area, due to the fact that it modulates
optical transitions from the ground state, and it has lifetime
in the order of 100 ns. In Fig. S6 in the ESL,{ we show that
it indeed overlaps quite well with the residual TA signal
AApunp@rsur — Adpspr averaged over the delay time interval
1-2 ns, as presented in Fig. 2c.
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Nevertheless, the presence of the AuNP array increases the
intensity of the long-living TA signal by almost a factor of 2.
When we compare this figure with the situation of the TA signal
in the wavelength range of FP states (950 nm probe, see Fig. 3d),
we can see that the ratio is opposite, i.e. the signal in the composite
with AuNP array is lower. Similar finding was obtained also for the
other excited states: S; states at 1150 nm as well as PP states at
650 nm show a weaker signal in the AUNP@P3HT composite than
in the neat P3HT. This could only mean that there is another
source of the TA signal in the GSB region.

The existence of another electronic excited state is unlikely
since no other transient absorption bands were found in the
relatively large spectroscopic bandwidth of our experimental
setup. On the other hand, the above mentioned thermal effect
deserves a more detailed discussion. The total energetic input
can be deduced from the ratio of the optical absorption maxima
of the two systems (cf. Fig. 1): the amount of extra energy stored
and dissipated in the AuUNP@P3HT system is roughly higher by
7% than in the neat P3HT. According to the literature the heat
capacity in bulk P3HT was estimated®® as C ~ 10° J m > K,
while the thermal conductivity was®' K &~ 0.5-2.29 WK ' m™".
Therefore we estimate the heat diffusion constant in the bulk
P3HT as D = C/K ~ 10°°® m” s, which corresponds to the
diffusion length of 1 nm for 1 ps, and ca. 3.3 nm for 10 ps.
However, due to the crystalline-like structure of domains in the
P3HT thin films, a faster quasi 1-D heat transfer could by
promoted at shorter distances. It was found that acoustic
phonons spread with velocity ¢ = 2.8 nm ps™".>* It means that
the heat transfer rate is fast enough to induce the thermal
(thermochromic) TA artifact at the ns time scales in question.
This, together with the spectral overlap of the GSB signal with
the thermochromic effect due to laser irradiation (shown in Fig.
S6 in the ESIt), leads us to the following explanation: the
negative TA signal in the spectral region around 600 nm in
AuNP@P3HT contains strong contribution from the phenomenon
of thermochromism in the P3HT film caused by heat transfer from
the laser-heated AuNP array.

Singlet exciton recombination

To gain more insight into the evolution of the excited states and
their mutual relationships in the studied systems we attempted
to analyze the TA spectra using the target analysis.”>?%3?
We modeled the excited state evolutions in neat P3HT films
by a sequential unbranched 5-compartment model. In the case
of the AUNP@P3HT composite, we added a separate branch
with a single lifetime to model the evolution of the plasmon
resonance contribution. The details are described in the ESI{ in
the section Target model analysis of the vis-WLC transient
absorption data. In summary, the analysis required at least
5 compartments for a good fit, each associated with a one
species associated differential spectrum (SADS) and one life-
time. However, the resulting shapes of SADSs were very similar
in the broad range of their respective lifetimes. This suggests
that the system of linear differential equations used in the
target analysis did not reflect the actual photochemical reality
in the systems, i.e. most of the SADS contained contributions
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from all the photochemical species (S;, FP and PP). As we will
show below, the presence of mutual collisions between the
(mobile) excited states could be a possible explanation of the
multi-exponential kinetics of the excited state evolution.

For the analysis of the kinetics in the NIR region we chose
the spectral analysis approach inspired by the work of Ogata
et al.>® Tt allowed us to project the spectrotemporal evolution
into temporal evolution of weight parameters of the time
invariant spectral features, without a priori knowledge of the
model kinetic equation. The assumption of the time invariance
of the spectral profiles is sound if the relevant processes
contributing to the kinetics occur on a time-scale longer than
vibrational relaxation processes associated with the reorganization
energy of P3HT. Formally, the spectral model function shapes may
be influenced by the laser-induced heating described above.
However, considering that our above estimate of the temperature
increase was only 9 K in the AuNP@P3HT sample, we choose to
neglect the effect of temperature on the spectral model functions.
This also allowed us to optimize the spectral positions and widths
globally (as common parameters) using TA spectra recorded at all
delay times. This greatly reduced uncertainties in the parameter
estimations.

Based on the spectral shapes and their attribution to the
photochemical species discussed above, we approximated the
spectrum of the TA signal for a given delay time by a linear
combination of two spectral profiles with Gaussian distribution
in energy scale. Our analysis provided globally optimized shapes
and positions of Gaussian functions centered at E¢™" = (0.96 +
0.24) eV and E§p"" = (1.30 + 0.24) eV with function half-widths,
os = (0.19 £ 0.30) eV and opp = (0.16 + 0.1) €V, respectively. The
confidence intervals are set at twice the standard deviations; see
Table S2 in the ESL

The amplitudes of these two functions, Crp(t) and Cs(t),
represented the relative contributions of the FP and the S, species
to the overall TA signal intensity. Due to the Beer-Lambert law,
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we can use the Crp and Cg parameters as measures of fractional
population of the respective species.

A full description of the fitting results is given in the ESI,7
section Spectral analysis of the NIR-probe TA data. In Fig. 4a,
we show only the resulting evolutions of the concentration
parameters Cpp(f) and Cg(t), each normalized to the global
maximum of the respective curve.

In Fig. 4a, one can see that S; in both the neat P3HT and
AuNP®@P3HT thin films undergoes rapid decay, reaching 90%
population loss within approx. 11 and 6 ps, respectively. Both
dependences appear linear in the double log scale of Fig. 4,
which resembles a power law decay of the populations, with the
same apparent slope d(log Cs)/d(logt) = —1/2 in both systems.
Such dependence is usually caused by mutual annihilation of
excitons,** ¢ which is a bi-molecular process modelled by a
general kinetic equation in the form:

dCs

= -i0Cs @

where y(¢) is the (time-dependent) bimolecular rate parameter.
Its explicit form is dependent on the mechanisms of interaction.

Assuming a mutual annihilation of excitons Engel, et al.** derived
for the parameter y(¢) an equation:**
y(t) = at™?, 3)

where parameter a is already time invariant. The authors of
the cited ref. showed that this kind of dependence corres-
ponds either to one-dimensional diffusion limited bimolecular
recombination or to a single-step long range Forster-type
annihilation. The latter mechanism requires a significant spectral
overlap of the photoemission and excited state absorption of the
S; states and, simultaneously, depends on the transition dipole
moments of both these processes as well. In the present work,
we cannot support the Forster energy transfer mechanism due
to a very weak photoluminescence signal (data not shown),
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Fig. 4 Normalized evolutions of the concentration of (a) S; states and of (b) FP states obtained from the spectral analysis of NIR-probe TA spectra.
Experimental data are denoted by full symbols: neat P3HT (black squares) and AUNP@P3HT composite (red circles). The best-fitted simulation of Cs(t)
decay due to exciton mutual annihilation (egn (2)) in neat P3HT and AUNP@P3HT are plotted in (a) with solid black and dashed blue lines, respectively. The
residual plots of the simulations are plotted in (c) and (d), respectively. The green dash-dotted curve in (a) simulates the population decay in AUNP@P3HT,
due to exciton mutual annihilation like in neat P3HT, with an additional decay channel controlled by exciton self-annihilation at the AuNP array surface

(egn (4)); the respective model residuals are in (e).
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indicating a weak transition dipole moment of the S; state
photoemission from the interchain excitons in the H-aggregated
polymer structure.>” On the other hand the significant S; state 1D
diffusion model reflects well the structure of our samples, in
which the 2D layered packing of P3HT chains constrained by
boundaries of the thin film can locally promote the (quasi) 1D
character of S, state diffusion.

Analyzing the temporal evolutions Cg(t) in terms of the
exciton annihilation model according to eqn (2) and (3), we
found that its solution fits the population parameters Cg(t) in
the case of a neat P3HT sample excellently up to the delay time
¢t &~ 2000 ps (see the evenly distributed residuals Fig. 4c). In the
case of the AUNP@P3HT sample, the agreement of this model
with the (derived) experimental data is not so good, syste-
matically deviating in a delay time range 3-50 ps. We found
the best-fitting values of the parameter a = 1.15 (ps)? and
a = 1.6 (ps)2, for the neat P3HT and AUNP@P3HT systems,
respectively. If our hypothesis of the diffusion model is correct,
the different values of parameter a in each of the systems
indicate that the presence of the AuNP array in contact with
the surface of the P3HT film increased the 1D diffusivity of S,
excitons after photoexcitation.

In Fig. 4b, we show the evolution of the normalized concen-
tration of free polarons, Crp(t). We observed that differences
in the kinetics of Cgp(t) decays for the neat P3HT and
AuNP®@P3HT are statistically less significant than differences
in Cy(t) decays discussed above. In both cases, we observed an
immediate increase of Cgp(t), followed by a steady power-law
type decay. The decay appears to be slightly faster in the range
1-100 ps in the case of the AuNP@P3HT sample. Further
discussion of the evolution of the concentration of FP states,
as well as of PP states is beyond the scope of this report and will
be discussed elsewhere.

The extra temperature rise due to the thermal energy transfer
from the AuNP array in the AUNP@P3HT composite (vide supra)
may also be responsible for the observed faster decay of S, states
Fig. 4a: assuming a simple dispersion relation w.;, = ck = 21c/Ayip
for the eigenfrequency of the acoustic phonons we found that all
those phonons satisfying iwyp, = 2n/ic/Ayip < kgT can be thermally
excited. Hence, at room temperature 7 = 300 K all acoustic
phonons with wavelengths A5, > 2nfic/ksT = 0.46 A could be
excited. On the other hand, there is an upper edge for A,;, in
P3HT, given by the conjugation length, where the coherent
phonon dynamics is destroyed. As the latter is significantly longer
than 0.46 A, there is a wide continuum of possible acoustic
phonons, which can be thermally excited. For the increasing
value of the local temperature T of the P3HT layer, the probability
of the thermal excitations of that manifold increases, resulting in
a continuum of acoustic phonons flowing from the AuNPs. The
eigenstates of the phonons as well as the delocalized excitons
possess the Bloch wave (k-dependent) structure so that their
coupling promotes the coherent transfer of the wave packet along
the chain. We conjecture that the acoustic phonons can increase
the exciton diffusivity along the 1-D P3HT chain.

Previously, Szeremeta, et al.*® observed a decrease of the
photoluminescence intensity upon the addition of metal NPs
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into a P3HT film. They hypothesized, that the metal (Ag) NPs
can act as a recombination boundary for the diffusing excitons.
In order to clarify whether this could be the case also in our
AuNP@P3HT system, we tried to fit the experimental data with a
modified model given in eqn (2) and (3), including an additional
term for a monomolecular recombination of excitons:**
dCS _ aC52 sz 4
Wi W

where parameter b (proportional to the diffusion constant) is time
independent. The kinetics of exciton decay is controlled by 1D
diffusion with the initial condition Cs(x, ¢ = 0) = const. and the
boundary condition S(x = 0,¢) = 0 (ideal sink at the AuNP array;
x € < 0,L > is the spatial coordinate along the film thickness, L).
Here we fixed the value a = 1.15 (ps) % found for the neat P3HT film,
assuming that the AuNP array neither influences the diffusion of
excitons nor their annihilation and that the only impact of the AuNP
array is due to the recombination of excitons at the metallic
boundary. We found that there was no value of b, which could
explain the experimental decay curves in AUNP@P3HT better than
the previous model with faster bimolecular annihilation of the
excitons. The optimized value of b = 0.12 (ps)* was found to fit
well with the data only in long delay times - as shown in Fig. 4a and
the residual plot in Fig. 4e.

Thus, we interpret these findings as the clear evidence that
the dominant process in the S; population decay in the P3HT
film is their mutual annihilation, and that the rate of their
bimolecular interaction is increased significantly by the presence
of the AuNP array. The presence of bimolecular reactions was
additionally supported by the dependence of decay kinetics of the
GSB signal on the total energy of the pump pulse, as we have
shown in Fig. S7 in the ESL}

We have also shown that the AuNP array does not act as
a sink for the S; states, at least in the early delay time range
(¢t < 50 ps). Additionally, we conjecture that annihilation is
controlled by 1D diffusion of S; excitons through the P3HT thin
film and that the presence of the AuNP array increases their
diffusivity after photoexcitation through a phonon-assisted motion.

The 1D exciton diffusion constant D, can be obtained from
the fitted normalized kinetics of exciton-exciton collision using
the following equation:**

no 8D1D
= 1/ 5
“ XNy b ( )

where x ~ 0.4 nm corresponds to the inter-monomer distances
and Ny & 4 (nm)® is the mean monomer density in P3HT,
according to a very recent work of Toman, et al.*® The initial
excitation density n, created by the pump pulse in the probed
area of the sample can be calculated according to ref. 36 as

_2)'pmbe7z (1 — IO_OD(ZpumP))
1 —e pump” (6)

TtrprobezL

A
_ /pump
ny = T : Epump

where in our experiment the pump wavelength Apump = 550 nm,
the Gaussian radius of the pump pulse fluence in the focal

plane rpump = 270 um, while that for the probe rprope = 70 um.
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The optical density of the neat P3HT sample at the pump wave-
length was 0.18. The pulse total energy was set to Epymp = 1 1J.
The sample thickness was L = 10 nm. For those values we found
that the fraction of ca. 0.2 of the monomers was initially
photoexcited. For the 1D exciton diffusion constant D,p we
obtained an estimate D;, &~ 2.2 nm”® ps ' for the case of
neat P3HT, while for the case of heated P3HT we obtained
Dip ~ 4.3 nm? ps . Thus we have determined about a two-fold
increase of the 1D exciton diffusion constant at the ps timescale
due to the flow of phonons from the laser-heated AuNPs to the
underlying P3HT film.

Recently, Tamai, et al.*® also concluded that excitons in
P3HT undergo 1D diffusion, and the published value of the
diffusion constant which is lower by a factor of 2.7 from our
estimate for the neat P3HT. But in their work they have used
different forms of the bimolecular annihilation rate 7y(¢) for
the 1D diffusion problem, arising from different theoretical
considerations. Moreover, the absolute value of D;p, is difficult
to compare, when determined from measurements under
different experimental conditions, but the conclusion of the
1D nature of exciton diffusion appears to be consistent.

Conclusions

It was found that the TA of the AuNP@P3HT system is strongly
affected by heating due to the absorption of laser pulse energy by
AuNPs, followed by energy dissipation into P3HT. Particularly, the
long-living TA signal of the AuNP@P3HT system in the spectral
region of GSB was in part caused by a thermochromic effect,
due to extra heating of the P3HT film by heat transfer from the
AuNP array.

Additionally, acoustic phonons emanating from the AuNP
array increased singlet exciton diffusivity in the P3HT layer of
the composite. It results in a reduced lifetime of excitons due to
their accelerated mutual annihilation.

Author contributions

The manuscript was written through contributions of all authors.
All authors have given approval to the final version of the
manuscript.

Abbreviations
1-D One-dimension(al)

AuNP Gold nanoparticle
FP Free polaron

GSB Ground-state bleaching

LSP Localized surface plasmon
M, Molecular weight (in daltons)
NP Nanoparticle

OD Optical density

P3HT Poly(3-hexyl thiophene)

PCE Power conversion efficiency
PP Polaron pair
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PCCP
PS Polystyrene
PV Photovoltaics
PVD Physical vapor deposition
Sy Singlet exciton
SADS Species-associated differential spectrum
TA Transient absorption
TEM Transmission electron microscope
uv Ultra-violet
Vis Visible
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