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Abstract. Ultrafast transient absorption spectroscopy is used in conjunction with spectroelec-
trochemistry and chemical doping experiments to study the photogeneration of charges in hybrid
bulk heterojunction (BHJ) thin films composed of poly[2,6-(4,4-bis(2-ethylhexyl)-4 H-cyclo-
penta[2,1-b:3,4-b r]-dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)] (PCPDTBT) and CdSe nano-
crystals. Chemical doping experiments on hybrid and neat PCPDTBT:CdSe thin films are used
to deconvolute the spectral signatures of the transient states in the near infrared. We confirm the
formation and assignment of oxidized species in chemical doping experiments by comparing the
spectral data to that from spectroelectrochemical measurements on hybrid and neat PCPDTBT:
CdSe BHJ thin films. The deconvolution procedure allows extraction of the polaron populations
in the neat polymer and hybrid thin films. © 2015 Society of Photo-Optical Instrumentation Engineers
(SPIE) [DOI: 10.1117/1.JPE.5.057404]
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1 Introduction

The development of low cost, high throughput methods for processing solar cells is important for
realizing the widespread deployment of photovoltaic technologies. Bulk heterojunction (BHJ)
solar cells have been exploited for this purpose, with champion power conversion efficiencies
(PCEs) now regularly reaching the 6% to 8% range based upon semiconducting polymers and
fullerenes.'” Such conjugated polymers are attractive due to their high absorption coefficients
and excellent film forming properties. They are often used as the donor component in BHJs and
are paired with different acceptors, such as fullerenes or semiconductor nanocrystals. The latter
can offer benefits that are less easily exploited in fullerene-based acceptors such as spectral
tunability through size and shape modifications, as well as high dielectric constants and high
intrinsic charge carrier mobilities.>* Solar cells based upon semiconducting polymers and
inorganic nanocrystals form the basis for the field of hybrid photovoltaics, which has seen steady
progress over the past decade and a revived interest over the past few years.>”

Champion hybrid BHJ solar cells composed of conjugated polymers and lead chalcogenide
nanocrystals currently reach 5.5% PCE,® with further understanding of the fundamental photo-
physical properties of these systems required to bridge the PCE gap between the all-organic
photovoltaic systems and these hybrids. The external quantum efficiency of these BHJ thin
films is the product of the efficiency of several individual processes; that is, light absorption,
exciton dissociation, charge separation, charge transport, and charge extraction. These processes
occur on several time scales ranging from as small as femtoseconds (for exciton dissociation
events) up to milliseconds for complete device operation. In disordered materials like the
ones typically used in BHJs, the actual times required for each photovoltaic process may depend
heavily on the chemical and physical properties of the specific electron donating (e.g., polymer)
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and accepting (e.g., fullerene or nanocrystal) materials.”"'> As such, it is of interest to gain a more
complete understanding about how to control and rationally tailor the chemical properties that
control the photovoltaic processes in BHJ solar cells.

The photogeneration of charge carriers occurs through the dissociation of strongly bound
excitons via charge transfer at the donor-acceptor interface.'® Here, we aim to understand
the charge photogeneration process and the material parameters influencing it using the
hybrid polymer:nanocrystal system based on the low band gap polymer poly[2,6-(4,4-
bis(2-ethylhexyl)-4 H-cyclopenta[2,1-b:3,4-b /]-dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)]
(PCPDTBT, E,, = 1.5 eV) in combination with CdSe nanocrystals capped with ferz-butylth-
iol (tBT) surface ligands.'”"'® We have selected this specific system for two primary reasons:
(i) this hybrid BHJ offers the possibility of selectively exciting one component of the junction
(the donor polymer) and thus enabling specific probing of the electron transfer at the poly-
mer:nanocrystal interface and (ii) our previous work with this system suggested the existence
of ultrafast electron transfer leading to practical PCEs between 3% and 4%.'5%

To study the dynamics of the polymer exciton and the subsequent charge photogeneration,
we use spectrally resolved ultrafast transient absorption (TA) spectroscopy.'**' Such an experi-
ment consists of comparing the absorption spectrum of a material in its excited state to the
absorption spectrum of this material in the ground state. The evolution of the transient states
is obtained by measuring the excited state spectra at different times after the excitation
pulse. The spectral and time resolutions of this type of setup can elucidate details about critical
processes occurring on femtosecond time scales, making the technique invaluable for gaining a
fundamental understanding about the basic photophysics in such systems. Nevertheless, in most
materials, spectral bands from different transient species overlap and it can be difficult to obtain
quantitative and conclusive information about specific transient species.

In an attempt to overcome the spectral congestion, we use complementary techniques to
determine the spectral shapes of the different transient species. First, we use ultrafast TA of the
neat PCPDTBT solution to determine the exciton absorption spectrum. Then we perform chemi-
cal doping experiments and spectroelectrochemistry to determine the absorption spectrum of the
oxidized polymer. These absorption spectra constitute a basis set to deconvolute the TA spectra
of the hybrid films as well as the information required to extract the polaron density.

2 Absorption Spectra of PCPDTBT Transient Species

This section presents the different techniques employed to obtain the basis set of spectra used to
deconvolute the hybrid film TA spectra.

2.1 Absorption Spectrum of PCPDTBT Excitons

Excitons on conjugated polymers are highly bound electron—hole pairs. They have rather short
lifetimes, typically on the order of tens of picoseconds for PCPDTBT films (i.e., a biexponential
decay of 20 and 120 ps, as reported by Hwang et al.*). The short lifetimes of such excited
species are quite amenable to study using ultrafast TA spectroscopy, which enables access
to spectral information on these timescales.

In a typical TA experiment, the PCPDTBT polymer was selectively excited with an 800 nm
pulse, pumping in the low energy tail of its S;<S, transition (see Fig. 1).>> The absorption
spectrum of the sample is then measured by a broadband pulse in the near infrared (NIR,
e.g., 1000 to 1400 nm) at a delay (At) after the pump pulse. Spectra presented here are the
difference of the excited state absorption spectrum (pump on) and the ground state absorption
spectrum (pump off). Due to the depletion of the ground state population, the ground state-based
transitions appear negative and are designated “ground state bleach,” whereas the absorption
bands of the excited state appear positive and are called “photoinduced absorption (PIA) bands.”

In an effort to limit the formation of interchain charge transfer states (i.e., the electron on one
polymer chain and the hole on another), as is observed in neat polymer films,'*?!*? we per-
formed the TA measurements in solution using 1,2-dichlorobenzene (DCB). In the NIR region,
the PCPDTBT solution presents a broad positive feature centered around 1400 nm (see Fig. 2).
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Fig. 1 Representative steady-state absorption spectra of the donor and acceptor components of
the BHJs studied: PCPDTBT solution (square), PCPDTBT film (circles), CdSe nanocrystal film
(diamonds), and hybrid BHJ film composed of PCPDTBT:CdSe nanocrystals (triangles). The
inset shows the frontier energy levels of the PCPDTBT polymer and of the CdSe nanocrystals,
which were determined by electrochemistry for each individual component.'®
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Fig. 2 Transient absorption (TA) spectra of a PCPDTBT solution for various delays between
the pump and the probe pulses. 1g: = 800 nm, pump fluence = 200 uJ cm=2.

The spectral shape does not evolve in time and it decays with a 160 ps time constant. This wide
band is used as the spectral signature of excitons in the following analyses.

2.2 Absorption Spectra of Oxidized PCPDTBT

In the hybrid BHJ studied here, the PCPDTBT acts as the electron donor. Therefore, after selec-
tive excitation of the polymer at 800 nm, exciton dissociation occurs after migration to the inter-
face with the CdSe nanocrystals followed by electron transfer. This process leaves the polymer
positively charged with spectral features indicative of polaron formation. In order to investigate
the spectral signatures of the positively charged polymer, we followed previous literature exam-
ples for generating the oxidized form of PCPDTBT using SbCls as a chemical oxidative dop-
ant.”* Furthermore, we compare our spectral results from chemical doping to those obtained
from oxidative spectroelectrochemistry and find good agreement between the spectral features
of the oxidized PCPDTBT species.

2.2.1 Neat polymer solution

The positive species of PCPDTBT in solution are studied by adding low weight concentrations
of SbCls to a dilute solution of polymer.*"** Figure 3(a) shows the steady-state absorption spec-
tra of a series of solutions with increasing SbCls content (from 0.1 to 1 wt% of SbCls relative to
the polymer). The intensities of the undoped state absorption bands at 400 and 720 nm are
reduced in the doped form and are accompanied by the loss of some vibronic structure.
Furthermore, doping leads to two additional features, i.e., (i) a shoulder at ~820 nm and
(ii) a wide absorption band peaking at ~1280 nm.
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Fig. 3 (a) PCPDTBT solution steady-state absorption spectra for different SbCls dopant concen-
trations using a fixed polymer concentration of 33 ugmL-"! in DCB. (b) Difference spectra for
the raw absorbance data shown in (a). The inset of (b) details the determination of the polaron
absorption coefficient at 1284 nm. Measurements were taken in an integrating sphere and
therefore account for scattering and reflections.

Figure 3(b) shows the difference between the undoped and doped spectra. The inset of
Fig. 3(b) gives the peak absorbance AA (1284 nm) of the oxidized PCPDTBT polymer absorb-
ance relative to that of the undoped polymer at 1284 nm, as a function of SbCls (mgmL™!).
A linear fit was used to obtain the polaron cross-section. Assuming that each SbCls; molecule
generates a polymer polaron, and with the molar mass of SbCls (Mgpcys = 299.02 gmol™"),
the cross section o is estimated as

A1284 nmxMspcg

o =1n(10) ——— N

= 1.75 x 10715 cm? /polaron,

where / = 1 mm (the cuvette path length) and N4 is Avogadro’s number.

2.2.2 Neat polymer film

PCPDTBT films were doped by dipping them in a 20 ppm solution of SbCls in acetonitrile.?!*®

The absorption spectra of thin films spin coated on quartz slides before and after doping are
shown in Fig. 4(a). The steady-state absorption bands at 400 and 780 nm are reduced in intensity
and lose their vibronic structure, similarly to the solution doping. A broad band also appears in
the doped state, peaking around 1240 nm (i.e., a 40-nm blue shift relative to the doped polymer
in solution). Here, the 820 nm shoulder does not appear explicitly. Two factors explain this
difference: (i) the whole ground state absorption is already red shifted in the undoped films
relative to the undoped solution and (ii) the NIR polaron band is broader than in solution.

2.2.3 Hybrid film

To assess the spectral shape of the oxidized polymer within the PCPDTBT:CdSe BHIJ, we also
doped hybrid thin films by dipping them using an analogous procedure. Here, the polymer and
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Fig. 4 (a) Absorption spectra of the PCPDTBT thin film before doping (diamond), after a 1 min dip
in a 20 ppm solution of SbCls in acetonitrile (triangles), shown together with the difference spec-
trum. (b) Absorption spectra of the PCPDTBT:CdSe hybrid BHJ thin film before doping (diamond),
after a 1 min dip in a 20 ppm solution of SbCl5 in acetonitrile (triangles); after an additional 10 min
dip in the dopant solution (hollow diamonds) and finally after an additional 1 h dip in the dopant
solution (line). (c) Control experiment with a neat CdSe nanocrystal film: absorption spectra of the
nanocrystal thin film before doping (diamond), after a 1 min dip in a 20 ppm solution of SbCls in
acetonitrile (triangles); after an additional 10 min dip in the dopant solution (line). Measurements
were taken in an integrating sphere and therefore account for scattering and reflections.

the nanocrystals are simultaneously oxidized and the large volume fraction of CdSe nanocrystals
limits the dopant diffusion into the films, which results in the necessity of longer dipping times,
as shown in Fig. 4(b). (For the mass fraction used here of mqp /mMpygiymer = 8, and the CdSe and
polymer volumic densities of pcgs. = 5.8 g/cm? and Ppolymer = 1 &/ cm?, the volume fraction
occupied by QDs is around 60%.) In the hybrid BHJ film, the bleach of the polymer ground state
absorption bands is less pronounced than in the neat polymer film. The shape of the NIR polaron
band is similar to that observed in the neat polymer film and peaks at ~1240 nm. Interestingly,
the CdSe nanocrystal excitonic transition bands observed at 475, 535, and 580 nm before doping
are blue shifted before disappearing entirely upon doping. Finally, the absorbance at lower wave-
lengths actually increases upon doping.

In order to verify the origin of these last effects, we doped neat CdSe nanocrystal films.
Figure 4(c) shows that the CdSe nanocrystal film spectra also exhibit a blue shift of the excitonic
transitions upon doping, followed by a complete disappearance of the excitonic structure for
prolonged doping. The loss of excitonic features is attributed to the loss of quantum confinement
of the exciton and to increased disorder throughout the nanocrystal assembly due to oxidation.
Here, the neat CdSe nanocrystal results indicate that the additional effects observed in the hybrid
film compared to the neat polymer film are related to the nanocrystals and not to differences of
the polymer oxidation itself.

To confirm our interpretation of spectra for the chemically oxidized thin films, we performed
spectroelectrochemical measurements on neat PCPDTBT and hybrid PCPDTBT:CdSe BHJ
films. The difference spectra for these two samples are presented in Fig. 5. The neat polymer
film exhibits a bleaching of the high-energy absorption bands at ~400 and 760 nm. A positive,
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Fig. 5 Difference steady state absorption spectra obtained from spectroelectrochemical mea-
surements on (a) neat PCPDTBT films and (b) hybrid PCPDTBT:CdSe BHJ films. The films
were spun-cast onto ITO substrates, which acted as the working electrode. A Pt-wire counter
electrode and Ag-wire pseudoreference electrode were used to complete the three-electrode
setup. Measurements were performed in an acetonitrile solution of 0.1 M tetrabutylammonium
hexafluorphosphate.

lower energy polaron feature at ~1180 nm occurs in coincidence with the high-energy bleaches.
Interestingly, the polaron signal appears to blue-shift as the applied potential becomes more
oxidative as evidenced by the maxima shift from ~1180 to 1110 nm upon switching from
1000 mV applied bias to 1100 mV.

The hybrid PCPDTBT:CdSe films behave similarly to the neat PCPDTBT film, with strong
bleaches observed around 780 and 410 nm. These are again accompanied by a broad polaron
feature in the NIR with a peak maximum of ~1200 nm. It is worth highlighting the fact that the
nanocrystal bleach is not apparent in the difference spectra for the hybrid films. This is not
surprising considering that PCPDTBT has a thermodynamically higher energy HOMO level
than the nanocrystals and should bleach at much lower potentials than the nanocrystals.

3 Deconvolution of TA Spectra of Hybrid BHJ in the NIR

The TA spectra exhibit an overlap between the polaron and the exciton signals in the NIR range.
In Fig. 6, the TA spectra of (a) a neat PCPDTBT film and (b) a PCPDTBT:CdSe BH]J film are
shown for a pump—probe delay of 180 fs. The polaron contribution is visible as a shoulder
around 1200 nm, where the contribution from the exciton is still very strong, illustrating the
need for a deconvolution process. At this time delay, the spectra from the neat polymer and
from the hybrid are very similar. Here, we compare the relative amplitudes of their exciton
and polaron components. At longer time delays (c and d are for 1 ps delay; e and f are for
10 ps delay), the polaron band becomes more pronounced as the exciton band loses intensity.

We use a linear combination of the exciton spectrum determined in neat PCPDTBT solution
(cyan in Fig. 6, measured in Sec. 2.1) and the polaron spectrum determined by film doping
experiments (dark blue in Fig. 6, measured in Sec. 2.2.2) to deconvolute the TA signals of
the neat PCPDTBT film and of a PCPDTBT:CdSe BHJ (purple). More precisely, we used
a Metropolis—Hastings algorithm (Matlab Statistical Toolbox) to compare the observation
dgps (the TA spectrum) to the prediction from the linear combination model dyq = ax
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Fig. 6 Deconvolution of the TA spectra of a neat PCPDTBT film in (a, ¢, €) and of a PCPDTBT:
CdSe BHJ film in (b, d, f). Three time delays between the pump and probe are shown: 180 fs for
(a, b), 1 ps for (c, d) and finally 10 ps for (e, f). The TA spectra (dqys) are shown in purple; these
spectra were measured using g = 800 nm and a pump fluence of 25 xJcm=2 and 85 uJ cm~2
for the polymer and the hybrid film, respectively. The fraction of 800-nm photons absorbed by
the films was 14% for the polymer and 9% for the hybrid. A few examples of suitable
dpred = @ X exciton spectrum + b x polaron spectrum (see the text) are shown in black. In blue,
the components of the most likely dyeq are given — in cyan the exciton spectrum ameanX
exciton spectrum, and in dark blue, the polaron spectrum bcan X polaron spectrum.

exciton spectrum + b X polaron spectrum, as detailed by our previously published work.'**!

The comparison is made for a large set of (a,b) couples and the most likely parameters
(@means OPmean) are extracted using Bayes theorem. This method furthermore gives access to sta-
tistically meaningful error bars, taken as the width ¢ of the parameter distributions.

Figure 6 shows several d|,.q values obtained with (a, b) couples chosen within the parameter
distribution (black). Since d,,q is the sum of two experimental signals, it shows some oscilla-
tions from the experimental noise. Assuming that the polaron cross-section is identical to that
extracted from solution doping experiments in Sec. 2.2.1, we can extract from parameter b the
number of polarons present in the probed volume at 180 fs. In the neat PCPDTBT film, this
reaches between 9 x 10% and 1.1 x 10° polarons (estimated from the width ¢ of the Gaussian
distribution of parameter b) for 5 x 10° absorbed photons. This corresponds to a polaron yield of
20 =+ 2% in the neat copolymer, similarly to what was measured in Ref. 24. In the hybrid film,
the number of polarons in the probed volume reaches between 6 x 10% and 8 x 103 for 10'°
absorbed photons.

These numbers suggest that the polaron yield is lower in the hybrid than in the polymer at
short times. This seems surprising at first, especially considering that we previously showed that
electron transfer is ultrafast in these PCPDTBT:CdSe BHJs.!° However, we also showed that the
majority of the transferred electrons form tightly bound pairs with the positive charge remaining
on the polymer. These charge pairs possess a PIA band situated in a different wavelength range
(900 to 1050 nm). In other words, the formation of tightly bound charge pairs does not result in
the “usual” polymer polaron signal peaking around 1200 nm. Here, we selectively extract the
number of polymer polarons that are not involved in tightly bound pairs.

4 Experimental Section

4.1 Sample Preparation

The sample preparation was detailed in Ref. 19. CdSe nanocrystal synthesis and tBT ligand
exchange were performed as described by Greaney et al.'"®> PCPDTBT was used as received
from 1-Material, with a molecular weight and a polydispersity index of 28.5 kDa and 1.9, respec-
tively. Solutions of 15 mg mL~' PCPDTBT were prepared in DCB and were mixed with DCB-
tetramethylurea (95:5 vol%) dispersions of CdSe nanocrystal to final concentrations of
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22.5 mgmL~! (2.5 mgmL~! PCPDTBT, 20 mg mL~! CdSe) and were stirred for 2 to 4 h in the
dark prior to use. The solutions passed through 0.45 ym PTFE syringe filters and were spun-cast
in air onto clean quartz slides and encapsulated by a second quartz side glued with epoxy in a
nitrogen-filled glove bag.

4.2 Solution Doping Measurements

A stock solution of PCPDTBT in DCB was prepared with a 0.033 mgmL~' concentration.
Aliquots (8 uL) of SbCls were added to obtain doping levels between 0.1 and 1 wt % (0.1
wt % increments for each 8 ul aliquot) relative to the polymer.>* The absorption data were
then corrected for the concentration changes due to the aliquot addition.

4.3 Film Doping Experiments

A 20 ppm solution of SbCls in acetonitrile was prepared and placed in petri dishes in which to
soak the thin films for the desired amount of time.*

4.4 TA Experiments

TA measurements were detailed in Ref. 19. Briefly, TA measurements were carried out using the
output of a Coherent Legend Elite Ti:sapphire amplifier (1 kHz, 3.5 mJ, 35 fs). The amplifier
output was used as the 800-nm pump pulse. Here, we use only the spectra measured in the NIR
region: the white light supercontinuum probe pulses were polarized parallel to the pump pulse
and generated using a rotating sapphire window. The probe pulse was dispersed by an Oriel
MS1271 spectrograph onto a 256 pixel Hamamatsu InGaAs photodiode array. To obtain sat-
isfactory signal-to-noise ratio on the optically thin samples and to compensate the different
absorbances of the samples, transient spectra were measured for typical pump fluences of
25 to 85 uJ cm? for the polymer and hybrid films and 200 uJ cm? for the PCPDTBT solution.
Samples were translated perpendicular to the path of the pump and probe to prevent
photodamage.

4.5 Spectroelectrochemistry

Spectroelectrochemistry (SEC) experiments were performed using a BASi potentiostat and a
Perkin-Elmer Lamba 950 UV-Vis-NIR spectrophotometer. Polymer and nanocrystal:polymer
hybrid films for SEC measurements were prepared on ITO cuvette electrodes (Delta
Technologies, Ltd., p = 5-15 Q) by spin-coating from solution. The polymer or hybrid film
on ITO was used as the working electrode in conjunction with a platinum counter electrode
and a silver pseudoreference electrode. A solution of 0.1 M tetrabutylammonium hexafluorphos-
phate in acetonitrile was used to prevent dissolution of the film. An initial absorption spectrum
was acquired before incrementally increasing the applied bias by 100 mV steps. The solution
was allowed to reach electrochemical equilibrium at each applied bias for several minutes before
acquiring the corresponding spectra.

5 Conclusions

TA spectroscopy of organic and hybrid materials for photovoltaics is widely used to identify
photoexcited species and their population dynamics. Detailed analysis often suffers from the
spectral congestion of the excited species signatures. In order to relate the spectroscopic observ-
ables to the excited state populations and hence to the operation of photovoltaic devices, it is,
therefore, essential to deconvolute the spectral contributions of the different excited species. In
this paper, we demonstrated the deconvolution of the spectral congestion observed in NIR TA
measurements of PCPDTBT and its BHJ with CdSe nanocrystals by using complementary tech-
niques, namely TA in solution to obtain the polymer exciton spectrum and spectroelectrochem-
istry supported by chemical doping to obtain the oxidized polymer spectra. This basis set of
spectra is used to fit the polymer and the hybrid TA data using the Bayes theorem and a
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Metropolis algorithm to extract statistically relevant error bars that take into account both the
uncertainties in the data and the uncertainties of the model. Such a procedure allows extraction of
polaron populations in the neat polymer film and in the hybrid films. In turn, this analysis sup-
ports the conclusion that 800-nm excitation of the hybrid results mainly in bound polarons pairs,
as is consistent with our previous study.'® This type of procedure could be applied to other types
of photovoltaic materials and should help the quantitative understanding of the operation of thin
film photovoltaic device operation from spectrally resolved PIA signals.
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