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Abstract

Ultrafast charge delocalization dynamics in internal donor-acceptor copolymer poly(9,9-
dioctylfluorenyl-co-bithiophene) (F8T2) and its blend with the fullerene derivate [6,6]-
phenyl Cg butyric acid methyl ester (PCBM) was studied by the resonant Auger
spectroscopy measured around sulfur K-edge using the core-hole clock approach. The effect
of thermal annealing on the charge transfer delocalization times (tct) was also investigated.
Two main transitions with S 1s —»n* and S 1s —»c*(S-C) character were measured at the S
1s NEXAFS spectra. Poor charge delocalization was observed for as cast polymeric films at
photon energies corresponding to the S 1s —x* transition, which may suggest a weak =-
electronic coupling due to weak polymer crystallinity and chain stacking. Enhancement in
the charge transfer process for photon energies close to the resonance maximum was
observed for thermal annealed F8T2 and its blends. Atomic Force Microscopy (AFM)
topography for as cast F8T2:PCBM shows a top position of PCBM units relative to the
polymer, homogeneously distributed in the film surface. This configuration improves the
charge delocalization through S 1s — =* molecular orbital for the as cast blended film,
suggesting a strong w-electronic coupling. A new rearrangement of F8T2:PCBM film was
found after thermal annealing, leading to a more efficient electron transfer channel through

o* molecular orbitals.
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1. Introduction

Conjugated semiconductor polymers have been subject of several studies for organic
photovoltaic applications, such as organic light-emitting diodes and organic solar cells. In
the last decade internal donor-acceptor copolymers emerged as the most promising polymers
for organic solar cell applications. Photovoltaic devices with power conversion efficiency
(PCE) higher than 10% have been achieved using these polymers as active layer.*® An
important aspect that has been poorly studied for these copolymers is the electron charge
transfer (CT) dynamics of excited states occurring in the time scale of femtoseconds (10™°
s). Such studies are important for the understanding of exciton dissociation and electron

transport in these materials.

The study of ultrafast charge transfer dynamics can be performed using two different

methods: the pulse laser pump-probe!®*!

technique or by the so-called core-hole clock
(CHC) approach.*®*? In the first method, a laser pulse is used for the creation of the excited
state, while a second pulse with a delay time is employed for investigating the excited state.
The time resolution of this method is limited by the extension of the pump and probe laser
pulses and delay time between them. The second method is a synchrotron-based approach,
in which the core-hole lifetime of core levels is used as an internal clock. This is an element-
sensitive spectroscopy based on the study of core-hole decay spectra, which is a spectral
signature characteristic of the system. Different behavior can be observed in the decay
spectra when the excited electron is localized in the atom and when it is transferred out of
the atom during core-hole lifetime. In the first case, two different final states can be reached:
the spectator (2hle) state, where the excited electron does not participate in the decay
process, and the participator (1h) state, where the excited electron is involved in the core-

hole decay, both autoionizing processes known as resonant contributions. The second case

corresponds to a two holes (2h) final state, called normal Auger or non-resonant Auger

3
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contribution, similar to the decay following ionization. Resonant and non-resonant
contributions can be identified in the decay spectra if the so-called Auger resonant Raman

condition'* *°

(exciting photon bandwidth is narrow compared to the natural-lifetime
broadening of the core-excited state) is achieved. In this case, kinetic energy dispersion is
observed for the resonant contribution, while for the non-resonant contribution it remains

unchanged when the incoming photon energy is tuned across an atomic absorption edge.

The charge transfer time (tct) represents a quantitative information about the
electronic coupling of the system under investigation. It is calculated from the branching
ratio of the resonant and non-resonant Auger decay channels and using the natural lifetime
(tch) Of the core-excited state as an internal reference clock: te1=(Iresonant/ Inon-resonant) ¥TcH. -2 A

schematic representation of the core-hole clock method is shown in Scheme 1.

Scheme 1

Recent publications™®™*®

applying the CHC method for thiophene-based polymers
studied the effect of molecular orientation, thermal annealing and morphology in the charge
transfer dynamics. In the present work we extended this approach to the study of poly(9,9-
dioctylfluorenyl-co-bithiophene) (F8T2) and its blend with the fullerene derivate [6,6]-
phenyl Cs; butyric acid methyl ester (PCBM). The F8T2 is a fluorene-based block
copolymer containing the electron-rich bithiophene unit (see Scheme 2). The absorption in
the blue region of F8T2 makes it an excellent donor polymer to mix with an acceptor (i.e.
fullerene derivates) forming a system with a broad absorption. Several reports show good
photovoltaic device characteristics using this polymer as active layer, especially after
thermal annealing.?>** Therefore, the effect of thermal annealing in the charge transfer

dynamic is an important topic and will be investigated here for thin films of this polymer

and its blends. For that we applied the Resonant Auger Spectroscopy (RAS) around sulfur
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K-absorption edge. S-1s NEXAFS spectra were also measured to investigate the unoccupied
electronic density of states and to select the excitation energies for collecting the RAS

spectra.

Scheme 2

2. Experimental Section

Film preparation was described previously by Macedo et al. . The F8T2 film was
prepared by dissolving it in chlorobenzene and spin-coating it at 900 rpm for 60 s under
nitrogen atmosphere, onto pre-cleaned patterned indium tin oxide coated glass substrates
(ITO/Glass). Similar procedure was employed for the F8T2:PCBM (1:3) blend; in this case
the chlorobenzene solution containing the blend was stirred for 2 h at 50°C in a sealed flask.
Film thickness of 71 nm and 110 nm were measured using Dektak 150 profilometer (Veeco
Instruments) for F8T2 and F8T2:PCBM samples, respectively. The thermal treatment at
200°C was performed in vacuum by 20 minutes, after deposition. F8T2-S20 and
F8T2:PCBM-S20 labels will be used to refer to as cast polymer and its blend, respectively.

The thermal annealed films will be identified as F8T2-S200 and F8T2:PCBM-S200.

Near edge X-ray absorption fine structure (NEXAFS) and resonant Auger decay
spectra were measured at the soft X-ray spectroscopy (SXS) beamline at the Brazilian
Synchrotron Light Source (LNLS). Si(111) double-crystal monochromator was used to
measure TEY NEXAFS (drain current at the sample) and decay spectra covering sulfur 1s-
edge. The beamline details have been reported elsewhere.’” *® An experimental condition
with a photon bandwidth of 0.38 eV was chosen here to reach the Auger Raman condition at

the S-K shell (0.59 eV). NEXAFS final data were normalized by a photon flux current (Au
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grid) to correct for fluctuations in beam intensity. The energy calibration was performed by

taking the well-known value for the Ly, transition (2ps,—4d) of metallic molybdenum.

Resonant Auger spectra (RAS) were measured at the same ultrahigh vacuum
chamber (UHV) with a base pressure of 10® mbar equipped with a hemispherical electron
energy analyzer. The take-off direction of Auger electrons was 45° and the pass energy 20
eV. The binding energy scale was calibrated using Au (4f7,) signal. A linear combination of
Gaussian (G) and Lorentzian (L) profile shape functions was used in the fitting of the
spectra, following the same procedure reported before. *"*® The background correction was
performed using a Shirley function. No radiation damage was observed on the time scale of

the photoabsorption and photoemission measurements.
3. Results and Discussion

S 1s NEXAFS spectra for F8T2-S20, F8T2-S200, F8T2:PCBM-S20 and
F8T2:PCBM-S200 samples are shown in Figures 1(a-d), respectively. The features observed
in these spectra are very similar to those reported previously by Garcia-Basabe et al. *” for
electrochemically deposited polythiophene and polybithiophene polymers. The shoulder at
2471.8 eV and the sharp intense peak at 2472.6 eV are assigned to S 1s —»n* and S 1s
—o*(S-C) transitions, respectively, of the thiophene unit. The broad band at higher photon

energy is assigned to c*shape resonance excitation.

Figure 1

In order to extract dynamic information from our spectroscopic data with regard to
charge transfer times and also to evaluate the effect of the annealing process sulphur
KL, 3Lo3 Auger decay spectra were recorded at different photon energies around S-1s
resonance. Figures 2 and 3 show S KL, 3L, 3 resonance Auger spectra (RAS) measured at

6
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eight photon energies (labeled 1-8 in Figure 1) for as-cast F8T2-S20 (a), and annealed F8T2-
S200 (b) polymers. The RAS spectrum measured at 2482 eV photon energy (labeled 9 in
Figure 1) was used to identify the non-resonant contribution; it is presented in Figure SI1 in
Supporting Information File. Four features are contributing to the S KL, 3L, 3 RAS spectra.
The assignment of these signals was performed considering previous reported data on
thiophene-based polymers.*®*” The features appearing at kinetic energies of 2107 and 2112
eV are attributed to 'Sy and ‘D, normal Auger components. The Sy component is not
considered in the quantitative analysis. The other two features are attributed to spectator
electrons arising from the 1s-n* and 1s-c* transitions and named SP1 and SP2, respectively.
A new signal appearing at 2116.5 eV kinetic energy was observed in the RAS spectrum
measured at 2474.1 eV excitation energy, which is close to the S-1s IP (2475.5 eV). This
contribution is assigned to Rydberg states appearing close to the continuum. The increase of
the kinetic energy with photon energy excitation was observed for SP1 and SP2 spectator
contributions (see Figure SI2 in Supporting Information). FWHM vs photon energy was also
presented in Figure S12, showing a clear line sharpening of the SP1 and SP2 spectator peaks
for the photon energies corresponding to 1s-n* and 1s-c* transitions. The kinetic energy
shift and width sharpening are consequences of the Auger resonant Raman condition of
resonant (spectator) Auger peaks.”? The peak fitting was performed using the same
procedure reported before.’™® Here, as reported previously for molecules and polymers

containing third-row elements'’*% 2%’

, the S KL, 3L, 3 participator contribution has very
small cross-section and hence only spectator channels are considered in the assignment of
the RAS spectra. The overall evolution of these features by increasing the incident photon

energy is shown in Figure 4. The intensity of the normal Auger signal increases, reaching ~

50% for excitation energies (2474.1 eV) close to Rydberg states. The area of both spectator
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contributions (SP1 and SP2) reproduces the profile of the NEXAFS spectra, achieving its

maximum at photon energies close to 1s-n* (SP1) and 1s-0*(SP2) transitions.

Figure 2
Figure 3

Figure 4

Charge transfer times (tct) for the F8T2 polymer without and with thermal

annealing at 200 °C were evaluated using the ratio between the intensities of the resonant

spectator (SP1 and SP2) and non-resonant normal Auger (CT) signals using the rate
equation tct=(Ispectator/ Inormat) *TcH, Where tcy = 1.27 fs represents S 1s core-hole lifetime.?®

The tct values calculated for photon energies marked as 1-8 in Figure 1 for F8T2 and F8T2-
S200 polymers are presented in Table 1. For those RAS spectra collected at photon energies
below the resonance maximum at 2472.6 eV, the non-resonant contribution is lower than
10% of the total signal, which limits the accuracy of the tcr determination.*? A slight
improvement in the charge transfer process is observed with the thermal treatment at 200 °C
for photon energies close to the resonance maximum, which can be attributed to an increase
in film ordering as seen before in similar studies for other internal donor-acceptor
copolymers.™ The ¢t values obtained at resonance maximum (1s-c*) are in the same order
of those found for other thiophene-based polymers.'®*® Moreover, it is known that F8T2
chains crystallize after annealing at high temperatures (T> 120°C)*® # facilitating the charge
transport across the polymer chains. The study of the thermal annealing effect in the
morphology of the F8T2 film spin coated using 1,2,4-trichlorobenzene (TCB) solvent shows

that it forms a lamella-like crystallites with stacking conformation at high
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temperatures.’2?*%? However, high values of the tcr (ter > 10tcn) for 1s-n* excitation
energy have been also found for the thermal annealed F8T2-S200 film. We suggest that this
behavior is associated with the fact that the polymer chain stacking in this film is not enough
to promote an efficient interchain n-n* charge transfer. The film stacking degree is also
dependent on Kinetic parameters. Then, the thermal annealing conditions we employed
(200°C, 20 minutes in vacuum) may be not sufficient to enable strong polymer chain
stacking as it is indicated by the films morphology displayed in Figure 5 (a) and (b) for

F8T2 and F8T2-S200 samples, respectively.

Table 1
Figure 5

S-KL, 3L, 3 RAS spectra measured for photon energies around S-1s absorption edge
for the blends are presented in Figures SI3 and SlI4. Two spectators and one normal Auger
features were also observed. Following the same procedure for the as cast (F8T2:PCBM-

S20) and thermal annealed (F8T2:PCBM-S200) blended films, the peak area plot against the
photon energy and Tt values obtained from the RAS spectra are reported in Figure 6 and

Table 2, respectively. Peak areas of both spectator contributions (SP1 and SP2) reproduce as
well the profile of the NEXAFS spectrum, as previously discussed in Figure 4. For the
F8T2:PCBM-S20 film, the charge transfer dynamics at 1s-n* excitation energy is better than
1s-o*. Similar behavior was found for poly[2,7-(9,9-bis(2-ethylhexyl)-dibenzosilole)-alt-
4,7-bis(thiophen-2-yl)benzo-2,1,3-thiadiazole] blended with PCBM.® This may be
associated with the fact that for this film the PCBM are positioned above the polymer
chains, favoring the charge transfer through n* orbitals. This is corroborated by the results
presented in Figure 7, which shows AFM images of as cast and annealed F8T2:PCBM films.

The as cast samples present spherical domains homogeneously distributed in the film while
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in the annealed samples a chain-like structure starts to be formed. Previous report on
photoluminescence studies also point out for improvement in the charge transfer process for
blended F8T2 polymer with PCBM without any thermal annealing treatment.?®?%%32%
Significant improvement in the charge transfer dynamics was achieved by the annealed
F8T2:PCBM-S200 film at excitation energies close to 1s-6~ (4 and 5 photon energies in
Figure 1) where the charge transfer process enhanced in ~ 40%. On the other hand, only a
small difference is observed for 1s-n* resonance between thermal and non-thermal annealed
blends. It is known that thermal annealing at high temperatures cause film
rearrangement.**?*%° In many cases, higher temperature treatments favor PCBM cluster

formation. For example, Huang et al.?#

reported that after thermal annealing at 250°C
clusters of PCBM units are surrounded by F8T2 layers, while for as cast blends the PCBM
domains are homogeneously distributed in the film. Therefore, the improvement in charge
transfer dynamics obtained for excitation energies close to 1s-c” after thermal annealing may
be attributed to a new configuration in the blend, which enhances the electron delocalization
through this orbital. Borges Jr. et al. *performed theoretical investigations on the charge
transfer states for a low band gap system poly(thieno[3,4-b]-thiophene benzodithiophene)

(PTB1) blended with C60. They found better charge delocalization for a configuration

containing two stacked PBT1 trimer chains with C60 in lateral position.

Figure 6
Figure 7

Table 2

The 1t reported in Tables 1 and 2 decreases with the increase of the photon energy after
resonance maximum. The tct magnitude depends on several factors as: the shape of the
tunneling barrier, the energetic position of the resonance level, and the density of

10
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unoccupied states in the vicinity into which the electron can tunnel.** The shape of the
tunneling barrier plays a more important role at higher energies. So, the similar tcr values
observed for the four polymeric films may be correlated with a similar shape of the

tunneling barrier in these films.
4. Conclusions

The core- hole-clock approach in the framework of the resonant Auger spectroscopy
was employed to investigate the ultrafast charge transfer dynamics for the internal donor-
acceptor poly(9,9-dioctylfluorenyl-co-bithiophene) (F8T2). The effect of thermal annealing

and the formation of blends with PCBM were monitored through the charge transfer times

(tct). Unoccupied electronic density of states evaluated by S-1s NEXFS spectra show two

main transitions: S 1s — n* and S 1s — o*(S-C). The tct were calculated detuning the
photon energy around S-1s absorption edge. Poor charge delocalization was observed for the
polymeric films (F8T2-S20 and F8T2-S200) at photon energies involving 1s —x™* transition,
suggesting weak m-rt stacking limiting this electron transfer channel. Enhancement in the
charge transfer process was observed after thermal annealing for the polymer and its blend
for photon energies close to resonance maximum. The as cast blend produced with the
electron acceptor PCBM unit improves the charge delocalization through S 1s —n*
molecular orbital. This suggests a good interface between PCBM and F8T2 phases with
PCBM nanospheres in a vertical position relative to the polymer, as was observed by AFM
images. A new rearrangement with a chain-like structure after thermal annealing with
PCBM improves the charge delocalization through o* molecular orbitals. Due to the fact
that the tct values obtained at higher excitation energies are similar for the four samples, we
suggest that thermal annealing and the blending of the F8T2 polymer with PCBM did not

affect the shape of the electron tunneling barrier.

11
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Table 1. Charge transfer times (tct) values for photon energies labeled 1-8 in the NEXAFS

spectra for F8T2-S20 and F8T2-S200 polymers. tct standard deviation values are shown in

parentheses.
Label Photon energy (eV) tcr (fS)

F8T2-S20 F8T2-S200
1 2471.4 - -
2 (1s-7*) 2471.8 - -
3 2472.3 12.6 (4) 10.8 (4)
4 (1s-6%) 2472.6 10.5 (6) 9.2(6)
5 2472.9 8.0 (5) 7.7(3)
6 2473.1 4.0 (2) 3.8(2)
7 2473.4 3.3(2) 2.5(3)
8 2474.1 1.1(3) 1.0 (3)

Table 2. Charge transfer times (tct) values for photon energies labeled 1-8 in the NEXAFS
spectra for F8T2:PCBM-S20 and F8T2:PCBM-S200 polymers. tcr standard deviation

values are shown in parentheses.

Label Photon energy (eV) T (fS)
F8T2:PCBM-S20 F8T2:PCBM-S200

1 2471.4 9.7 (5) 9.6 (4)
2 (1s-m*) 2471.8 8.7 (3) 7.4(4)
3 2472.3 10.3 (4) 9.9 (3)
4 (1s-6%) 2472.6 9.8 (3) 6.1(2)
5 2472.9 6.3 (2) 4.1 (3)
6 2473.1 4.0 (3) 3.9 (2)
7 24734 2.2(2) 25 (2)
8 2474.1 1.0 (2) 0.9 (3)
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Figures and Schemes

Core Hole Clock (CHC)

. _ e
Vacuum level oo ®e . I, . ..................
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Resonant Participator Spectator  |nterface electron transfer
excitation 1h 2hle 2h
A B c D

Scheme 1. Schematic representation of the core-hole clock method. (A) Core level resonant
excitation into an unoccupied molecular orbital, LUMO. (B) Participator decay processlh final state.
(C). Spectator decay process with a 2hle final state. (D) The electron is transferred to the substrate

(or molecular environment) and core-hole decay processes via a normal Auger decay with a 2h final

state.
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m
CHa(CHz)gCH2 CH2(CH2)sCHa

Scheme 2. Chemical structure representation of a) poly(9,9-dioctylfluorenyl-co-bithiophene) (F8T2)

monomer and b) fullerene derivate [6,6]-Phenyl C¢, butyric acid methyl ester (PCBM).
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Figure 1. Sulphur K-edge NEXAFS spectra of F8T2-S20 (a), F8T2-S200 (b), F8T2:PCBM-

S20 (c), and F8T2:PCBM-S200 (d). Inset: main transitions region (S1s-n_ and S1s-c).
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Figure 2. Peak fitting procedure of S KL;,3L,3 RAS spectra measured at different photon

energies around S-1s resonance for as-cast F8T2-S20 polymer.
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Figure 3. Peak fitting procedure of S KL;,3L,3 RAS spectra measured at different photon
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energies around S-1s resonance for thermal annealed F8T2-S200 polymer.
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Figure 4. Peak area plotted against incident photon energy obtained by deconvolution of the
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S-KL, 3L, 3 RAS spectra for F8T2-S20 (a), and F8T2-S200 (b) films.
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Figure 5. Atomic Force Microscopy (AFM) topography of (a) F8T2-S20 and (b) F8T2-S200

coated onto ITO/PEDOT:PSS substrates. The scan size is 5 um x 5 pm.
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Figure 6. Peak area plotted against incident photon energy obtained by deconvolution of the S-
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KL, 3L, 3 decay spectra for F8T2:PCBM-S20 (a), and F8T2:PCBM-S200 (b) films.
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Figure 7. Atomic Force Microscopy (AFM) topography of (a) F8T2:PCBM-S20 and (b)
F8T2:PCBM-S200 coated onto ITO/PEDOT:PSS substrates. The scan size iS5 um x 5 pm.
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