Published on 06 Julai 2021. Downloaded on 23/07/2025 20:16:39.

PCCP

¥ ® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2021, 23, 16795

Received 20th April 2021,
Accepted 1st July 2021

DOI: 10.1039/d1cp01694f

rsc.li/pccp

1 Introduction

Charge-transfer dynamics in van der Waals
heterojunctions formed by thiophene-based
semiconductor polymers and exfoliated franckeite
investigated from resonantly core-excited
electronsy

Yunier Garcia-Basabe, (2 *® David Steinberg,® Lara M. Daminelli, 2@
Cesar D. Mendoza,© E. A. Thoroh de Souza,’ Flavio C. Vicentin® and
Dunieskys G. Larrudé () °

Organic/inorganic van der Waals heterojunctions formed by a combination of 2D materials with
semiconductor polymer films enable the fabrication of new device architectures that are interesting for
electronic and optoelectronic applications. Here, we investigated the charge-transfer dynamics at the
interface between 2D layered franckeite (Fr) and two thiophene-based conjugated polymers (PFO-DBT
and P3HT) from the resonantly core-excited electron. The unoccupied electronic states of PFO-DBT/Fr
and P3HT/Fr heterojunctions were studied using near-edge X-ray absorption fine structure (NEXAFS) and
resonant Auger (RAS) synchrotron-based spectroscopies. We found evidence of ultrafast (subfemtosecond
charge-transfer times) interfacial electron delocalization pathways from specific electronic states. For the
interface between the PFO-DBT polymer and exfoliated franckeite, the most efficient interfacial electron
delocalization pathways were found through n*(S—N) and n*(S—C) electronic states corresponding to the
benzothiadiazole and thiophene units. On the other hand, for the P3HT polymer, we found that electrons
excited to n—n* and Sls—n*(C-C) electronic states of the P3HT polymer are the most affected by the
presence of exfoliated franckeite and consequently are the main interfacial electron-transfer pathways in
this heterojunction. Our results have important implications in understanding how ultrafast electron
delocalization is taking place in organic/inorganic van der Waals heterojunctions, which is relevant
information in designing new devices involving these systems.

mechanical flexibility, low-cost processing, and simple manu-
facturing process.’”® Specifically, thiophene-based conjugated

Recently, hybrid organic/inorganic van der Waals heterojunctions
composed of organic semiconductor polymers and layered two-
dimensional (2D) inorganic materials have become attractive
options for designing and manufacturing the next generation
of novel devices."™ Organic semiconductor polymers are an
important component for fabricating organic/inorganic van der
Waals heterojunctions due to their chemical versatility,
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polymers have been extensively investigated due to their
potential applications such as in organic photovoltaics (OPVs),
organic field-effect transistors (OFETs) and organic light-
emitting diodes (OLEDs).>**

On the other hand, layered two-dimensional (2D) inorganic
materials, such as graphene, hexagonal boron nitride (hBN)
and transition metal dichalcogenides (TMDs), have been the
most studied materials owing to their novel and unique physical
properties.* ' Recently, a naturally occurring sulfosalt franckeite
has emerged as an attractive 2D layered material. Structurally, the
franckeite mineral is formed by the alternated stacking of tin
disulfide-based (SnS,) and lead sulfide-based (PbS) layers.'”
Franckeite is an air-stable p-type doping material and has a narrow
band gap of below 0.7 eV.'®" Although there have been few
studies on franckeite, it is considered to have great potential in
optoelectronic devices.>* >
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Here, we investigated the van der Waals heterojunctions
formed by thiophene-based conjugated polymers and exfoliated
layered franckeite. The main advantage of using layered franckeite
in organic-inorganic van der Waals heterojunctions is for its p-type
doping characteristics. By contrast, 2D layered materials like MoS,
are generally n-type semiconductors.>® Therefore, van der Waals
heterojunctions using thiophene-based conjugated polymers and
exfoliated layered franckeite can be an alternative in building a
hybrid p-n heterojunction, the essential component in modern
electronic devices.”*>® For this study, we selected two thiophene-
based conjugated polymers to construct the organic/inorganic van
der Waals heterojunctions with exfoliated layered franckeite:
(1) donor-acceptor copolymer organic films of PFO-DBT (poly[2,7-
(9,9-dioctylfluorene)-ait-4,7-bis(thiophen-2-yl)benzo-2,1,3-thiadiazole])
composed of electron-rich thiophene and electron-deficient ben-
zothiadiazole units, and (2) regioregular poly[3-hexylthiophene-
2,5-diyl] (P3HT). These two polymers are electron-donor materials
extensively studied for organic optoelectronic devices such as
OPVs and OLEDs.>** Hence, they could be considered as a
promising n-type part of the hybrid p-n heterojunction. The
chemical structures of PFO-DBT and P3HT polymers and franckeite
are displayed in Scheme 1. Two heterojunctions were achieved by
stacking PFO-DBT and P3HT on top of exfoliated layered franckeite
and were labeled as PFO-DBT/Fr and P3HT/Fr, respectively.

In this regard, understanding how the charge-transfer process
occurs at the interface between the organic polymer and the
exfoliated layered franckeite in the p—n heterojunction is essential
information for the design of more efficient optoelectronic devices.
For this purpose, we used the core-hole clock (CHC) approach,
using the core-hole lifetime as an internal reference clock for
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dynamic processes.*>*® The CHC approach is an elementally
sensitive and orbital-specific synchrotron-based spectroscopy
method that is capable of reaching the charge-transfer dynamics
on the attosecond (10 '® s) time scale.>”"*®

In this paper, the charge-transfer time (z¢y), calculated from the
branching of competing core-hole decay channels, was used as a
quantitative parameter to evaluate the electron-delocalization
dynamics of excited electrons over the unoccupied electronic states
of the PFO-DBT/Fr and P3HT/Fr heterojunctions. We found evi-
dence of ultrafast interfacial electron-delocalization pathways from
specific electronic states. For the PFO-DBT/Fr heterojunction, delo-
calization on a sub-femtosecond time scale was found for electrons
excited in the 7*(S-N) and n*(S-C) electronic states, corresponding
to the benzothiadiazole and thiophene units, respectively. This
result is strong evidence that both electronic states are the most
efficient interfacial electron-delocalization pathways in the PFO-
DBT/Fr heterojunction. On the other hand, for the P3HT/Fr hetero-
junction, we found electrons excited to the n-m* and S1s-n*(C-C)
electronic states of the P3HT polymer as the main interfacial
electron-transfer pathways in this heterojunction. These findings
provide valuable insight in understanding how ultrafast electron
delocalization is taking place in organic/inorganic van der Waals
heterojunctions, which can motivate the design of new devices
involving these systems.

2 Results and discussion

The elemental chemical compositions of the PFO-DBT/Fr and
P3HT/Fr heterojunctions were estimated from the survey XPS
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Scheme 1 Representation of the chemical structures of (a) PFO-DBT, (b) P3HT, and (c) franckeite.
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Fig. 1 (a) XPS survey spectra of the PFO-DBT/Fr and P3HT/Fr heterojunctions. (b) and (c) Pb4f and Sn3d high-resolution XPS spectra of exfoliated
franckeite and the PFO-DBT/Fr and P3HT/Fr heterojunctions, respectively. (d) S1s high-resolution XPS spectra of exfoliated franckeite and the PFO-DBT/

SiO, and PFO-DBT/Fr thin films.

spectra, as shown in Fig. 1a. The core-level Pb4f, Sn3d, Sb4s,
C1s, N1s (for PFO-DBT), and S2s peaks found in the spectra for
PFO-DBT/Fr and P3HT/Fr confirm the presence of the constituent
elements in these heterojunctions. Additionally, Si2p and O1s
core-level peaks are observed due to the SiO,/Si substrate.

Fig. 1b and c shows the Pb4f and Sn3d high-resolution XPS
spectra of both heterojunctions and pristine exfoliated franckeite.
Two spin-orbit doublets are observed in the Pb4f and Sn3d XPS
spectra of both heterojunctions, which are associated with the Pb>*,
Pb*", Sn** and Sn*" oxidation states." Fig. 1d shows the S1s XPS
spectra of exfoliated franckeite, PFO-DBT/SiO, and PFO-DBT/Fr. The
S1s XPS spectrum of PFO-DBT/Fr is composed of three features. The
feature at the binding energy of 2469.5 €V (green curve) is attributed
to sulfur species in franckeite. The other two features at binding
energies of 2471.5 eV and 2473.0 eV are associated with S-C (red
curve) and S-N (blue curve) bonding in the benzothiadiazole and
thiophene units, respectively. S1s XPS spectra corresponding to
P3HT/SiO, and P3HT/Fr thin films are shown in Fig. S2 in the ESL¥
More representative differences between the electronic structures of
exfoliated franckeite and the PFO-DBT/Fr and P3HT/Fr hetero-
junctions are observed in the high-resolution Pb4f and Sn3d XPS
spectra. From a comparison of the Pb4f XPS spectra, we notice an
increase of the Pb*" oxidation species for the PFO-DBT/Fr and
P3HT/Fr heterojunctions. These results show that there is an
electronic coupling between the polymer and franckeite.

On the other hand, from analysis of the Sn3d XPS spectra, it is
possible to observe a blue shift (an increase in binding energy) in

This journal is © the Owner Societies 2021

the PFO-DBT/Fr and P3HT/Fr heterojunctions compared with the
exfoliated franckeite thin film. Such a blue shift can be con-
sidered as evidence that confirms the electron transfer from the
P3HT and PFO-DBT polymers to franckeite.*”

The unoccupied electronic structures of exfoliated franckeite/
SiO,, the PFO-DBT/SiO, copolymer thin film and the PFO-DBT/Fr
heterojunction were investigated using sulfur K-edge NEXAFS
spectra as displayed in Fig. 2. The franckeite structure is formed
by alternating phase segregation of pseudo-hexagonal Sn-rich
(SnS,) and pseudo-tetragonal Pb-rich (PbS) layers, separated by a
van der Waals gap. The S K-edge NEXAFS spectrum of exfoliated
franckeite is described as a combination of the SnS, and PbS
phases. The S K-edge NEXAFS spectrum of the PbS layer is
characterized by transitions from S1s to mixed S3p and Pbé6p
unoccupied electronic states in the conduction band.*®*' On the
other hand, the S K-edge NEXAFS spectrum of the SnS, layer is
formed by transitions from core-level S1s to antibonding states
made up of S3p states mixed with Sn5s and Sn5p states.***?

Four features characterized the sulfur K-edge NEXAFS spectrum
of the PFO-DBT/SiO2 donor-acceptor copolymer (see the inset of
Fig. 2b): the B1 (2471.8 eV) and B2 (2473.5 eV) signals are attributed
to the S 1s-m*(S-N) and o*(S-N) transitions, respectively, of the
benzothiadiazole unit,"*** while the T1 (24725 eV) and T2
(2474.5 eV) signals correspond to the S 1s-n* and o* transitions,
respectively, of the thiophene unit.**** For the PFO-DBT/Fr sample,
the sulfur K-edge NEXAFS spectrum is formed by a convolution of
the PFO-DBT copolymer and franckeite unoccupied electronic states.

Phys. Chem. Chem. Phys., 2021, 23,16795-16805 | 16797
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Fig. 2 Sulfur K-edge NEXAFS thin-film spectra of (a) exfoliated franckeite/SiO,, (b) PFO-DBT/SiO,, and (c) PFO-DBT/Fr.

The angular dependence of S K-edge NEXAFS spectra for
PFO-DBT/Fr is shown in Fig. 3. This figure shows the spectra
collected at normal (90°) and grazing (15°) incidence angles.
According to this analysis, we can see that the intensities
corresponding to S 1s-n*(S-N) of the benzothiadiazole unit
(B1) and S 1s-n*(S-C) of the thiophene unit (T1) electronic

transitions increase in the spectrum collected at a normal incident
angle and decrease when compared with the spectrum collected at
a grazing angle. An opposite tendency is observed for the S 1s-
6*(S-C, T2) and S 1s-6*(S-N, B2) transitions. This tendency
suggests that the thiophene and benzothiadiazole units in the
PFO-DBT copolymer are almost coplanar, presenting a nearly
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Fig. 3 Polarized S K-edge NEXAFS dependence for the PFO-DBT/Fr thin film. The incident angle with respect to the film surface is also displayed.
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edge-on average molecular orientation in the PFO-DBT/Fr
heterojunction.*®*’

The electron delocalization and interfacial charge-transfer (CT)
dynamics processes in the PFO-DBT/Fr heterojunction were inves-
tigated using the core-hole clock approach from the S K-L, 3L, 3
resonant Auger decay spectra. A detailed description of the core-
hole clock approach and its application to thiophene-based
polymers can be found elsewhere.*****¥7°° Typically, the decay
of a core excitation yields a spectral signature that is characteristic
for a given system. The different decay Auger processes due to a
core-level excitation are summarized in Scheme 2. They can be
divided in two categories: resonant and non-resonant decay pro-
cesses. Inside the resonant category, we can find two different
decay processes: participator and spectator. In the participator
decay channel, the excited electron is involved in the core-hole
decay process, leaving the system with one hole (1h) in the valence
band, while in the spectator process (Scheme 2B), the excited
electron stays in the unoccupied valence states and does not
participate in the decay process, with two-hole and one-electron
final states (2h1e). The focus in this analysis is the spectator (SP)
Auger decay process (Scheme 2B), which is the main resonant
decay channel due to S1s core-level excitation.>***®*#! The other
possible Auger decay channel is when the electron is transferred
out of the atom during the core-hole lifetime (Scheme 2C). This
case is considered to be a non-resonant decay process, where two
holes (2h) in the valence band final state are reached by the
system. It is energetically equivalent to normal Auger (NA) decay
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owing to a direct core-level photoionization process. The spectator
and normal Auger decay channels are independent and competi-
tive processes, and the branching among them is used to estimate
the charge-transfer time (via the equation tcr = (Ispectator/Tnormal) X
Tcu) using the core-hole lifetime (tcy) as the internal reference
clock. In this approach depending on the data quality, the accessible
Tcr range is 0.1 X Teg < Tor < 10 X 7cy. Assighment of the
spectator and normal Auger decay channels is based on their overall
dependence when the incident photon energy is tuned across the
S1s excitation resonance. For the spectator decay channel, the
Auger electron’s kinetic energy is proportional to the incident
photon energy. By contrast, for the normal Auger decay channel,
the electron’s kinetic energy is independent of the incident
photon energy.

Fig. 4 shows the deconvolution procedures of the S K-L, 3L, 3
RAS spectra of PFO-DBT, exfoliated franckeite and PFO-DBT/Fr
thin films collected at excitation energies of 2471.8 eV,
2472.5 eV, 2473.5 eV, and 2474.5 eV, corresponding to the B1
(S 1s-m*(S-N)), T1 (S 1s-n* S-C), B2 (S 1s-c*(S-N)) and T2
(S 1s-o* (S-C)) transitions in the PFO-DBT copolymer. Some
physical restrictions were imposed in the deconvolution procedures:
the kinetic energy of the NA contribution is constant, and the line
width of the spectator signal is smaller than that of the normal
Auger contribution. The PFO-DBT and exfoliated franckeite
S K-L, 3L, 3 Auger decay spectra consist of 'S and 'D Auger
multiplets of the S3p states. The non-resonant Auger, or normal
Auger, spectrum of the PFO-DBT copolymer, measured at an
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Scheme 2 Schematic representation of the core-hole clock method. (A) Core-level resonant excitation into the unoccupied electronic state. (B) The
spectator decay process with the 2hle final state. (C) The electron is transferred to the substrate (or molecular environment) and core-hole decay

proceeds via normal Auger decay with the 2h final state.

This journal is © the Owner Societies 2021

Phys. Chem. Chem. Phys., 2021, 23,16795-16805 | 16799


https://doi.org/10.1039/d1cp01694f

Published on 06 Julai 2021. Downloaded on 23/07/2025 20:16:39.

Paper

NA1
(a) (s PFO-DBT
>, B sP3
= I sP2
(2]
=
E]
= [ NA2 &
o | mmNas {: Franckeite
(9]
N
g I AT
5 |Cinaz PFO-DBT/Fr
= |(EENA3
2100 2105 2110 2115 2120 2125

—_—
(2]
~—

Normalized Intensity

2100

Kinetic energy (eV)

B NA1
B sP1
B sP3
B sP2

PFO-DBT

[TINA2
[ NAS

Franckeite

—
B NAT
B sP3
[ INA2
B NA3

PFO-DBT/Fr

2105 2110 2115
Kinetic energy (eV)

2120

2125

View Article Online

PCCP
(b) (A PFO-DBT
>, | i sp3
= | [ sP2
[72]
5
E E’Jﬁi Franckeite
ot
N
©
£ [ENAT
S | et PFO-DBT/Fr
A2
= -:AS

2100

2105
Kinetic energy (eV)

2110

2115 2120 2125

—
2

B VAT
I 53
I 5P

Normalized Intensity

2100

[ Rydberg

2105
Kinetic e

2110

PFO-DBT

PFO-DBT/Fr

2115
nergy (eV)

2120 2125

Fig. 4 S K-L, 3L, 3 RAS spectra of PFO-DBT, exfoliated franckeite and PFO-DBT/Fr thin films collected at the photon energies of (a) 2471.8 eV (B1),
(b) 2472.5 eV (T1), (c) 2473.5 eV (B2), and (d) 2474.5 eV (T2).

X-ray energy of Av = 2500 eV (above the ionization potential), is
shown in Fig. S3 (ESI{); it is principally characterized by the two-
hole (2h) final state appearing at the kinetic energy of 2112.0 eV.
The overall evolution of intensity and peak width of the decay
channels when the incident photon energy is tuned across the
S 1s excitation resonance for the PFO-DBT/SiO, thin film is shown
in Fig. 5. Spectator decay features reach an intensity maximum
and line sharpening for specific photon energies.*»*"*> The
SP1, SP2, SP3 and SP4 decay channels achieved a maximum
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intensity and a minimum peak width for photon energies
corresponding to B1, T1, B2 and T2 excitations. This behavior
is associated with electron localization in these states.”® Then,
we confirmed that the SP1, SP2, SP3 and SP4 decay channels in
the RAS spectra are attributed to spectator decay contributions
(the 2h1e final state) with the electron localized in the electronic
state of n*(S-N), n*(S-C), s—*(S-N) and c*(S-C), respectively.
The NA (2h) Auger decay contribution appears at a constant
kinetic energy of 2112.0 eV and with an almost constant peak
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Fig. 5 Area % (a) and full width at half maximum (FWHM) (b) plotted against the incident photon energy of the decay channels (SP1, SP2, SP3, SP4 and
NA) in the S K-L, 3L, 3 RAS spectra of the PFO-DBT/SIiO; thin film. The error bar of 3% is also represented.
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width that is independent of the excitation energy. The NA decay
channel in the RAS spectra is associated with the charge-
transfer process during the core-hole lifetime. A new decay
contribution was found in the RAS spectrum collected at an
excitation energy of 2474.5 eV, associated with Rydberg states
appearing close to the sulfur 1s ionization potential.***"

The S K-L, 3L, ; RAS spectrum of exfoliated franckeite is
composed of two decay contributions appearing at constant
kinetic energies of ~2115 eV and ~2116 eV, independent of
the incoming photon energy. These two contributions at the
same kinetic energies (~2115 eV and ~2116 eV) also appear in
the non-resonant Auger spectrum of franckeite (measured at
hv = 2500 eV) presented in Fig. S3 (ESIT). Therefore, these RAS
spectra contributions are attributed to the normal Auger decay
channels NA2 and NA3 due to the charge-transfer process in the
core-hole lifetime. On the other hand, the S K-L,3;L,; RAS
spectra of the PFO-DBT/Fr heterojunction are a convolution
of the PFO-DBT and franckeite decay channels.

The electron-delocalization dynamics at the PFO-DBT/Fr
heterojunction interface were analyzed quantitatively through
the charge-transfer time (t¢r) values, determined from the ratio
between spectators and normal Auger signals using the equation
Ter = (Ispectator/Ina)Ten and the S1s core-hole lifetime ¢y of 1.27 fs
as the internal reference clock.”

Table 1 Charge-transfer times (tc7) in femtoseconds (fs) for PFO-DBT/
SiO, and PFO-DBT/Fr/SiO,

Ter (f5)
Electronic transition PFO-DBT/SiO, PFO-DBT/Fr
B1 1*(S-N) >12.7 >0.127
T1 1%(S-C) 8.33 (3) 0.158 (4)
B2 o*(S-N) 2.69 (5) 2.96 (4)
T2 o*(S-C) 1.04 (4) 1.81 (6)

The tcr standard deviation values are shown in parentheses.
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We concentrated this analysis investigating the effect of
franckeite in the electron delocalization degree of the unoccupied
states of the PFO-DBT copolymer. The tcr of the PFO-DBT/SiO,
thin film was calculated using the integral intensities of their
corresponding spectators (SP1, SP2, SP3 and SP4) and the normal
Auger (NA1) contributions identified in each spectrum. In the
PFO-DBT/Fr heterojunction case, the normal Auger (NA2 and
NA3) contributions corresponding to the franckeite species were
not considered for calculating the 7ot values. The values of tcr
obtained for the electrons excited to the B1 and B2 states of the
benzothiadiazole unit and for the electrons excited to the T1 and
T2 electronic states of the thiophene unit are summarized in
Table 1.

According to the results presented in Table 1, we can see that
the electron-delocalization process for the electrons excited to
1*(S-N) and 7*(S-C) in the benzothiadiazole and thiophene units
is faster than those in the PFO-DBT/Fr heterojunction compared
with the PFO-DBT/SiO, copolymer. The opposite behavior is
observed for electrons excited to the s-o*(S-N) and T2 c*(S-C)
unoccupied electronic states. Therefore, we can conclude that
PFO-DBT interacts with franckeite through the benzothiadiazole
and thiophene n* electronic states. This result could be asso-
ciated with the almost planar configuration of the PFO-DBT
copolymer observed from analysis of the angular dependence
of the S K-edge NEXAFS spectra. According to previous reports, a
more planar structure in the copolymer improves the mn-electron
delocalization.

A similar analysis was performed with a van der Waals
heterojunction constructed from the poly-3-hexylthiophene (P3HT)
semiconductor polymer and exfoliated franckeite. Fig. 6a and b
shows the S K-edge NEXAFS spectra for P3HT deposited on the SiO,
substrate (P3HT/SiO,) and the P3HT/Fr heterojunction thin film,
respectively. According to previous reports, the S K-edge NEXAFS
spectrum for the P3HT polymer is characterized by two features
inside the resonance.***>>* These features were assigned to the
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Fig. 6 Sulfur K-edge NEXAFS spectra of (a) P3HT/SiO, and (b) P3HT/Fr, and the angular dependence of the S K-edge NEXAFS spectrum for the P3HT/Fr

thin film (c).

This journal is © the Owner Societies 2021

Phys. Chem. Chem. Phys., 2021, 23,16795-16805 | 16801


https://doi.org/10.1039/d1cp01694f

Published on 06 Julai 2021. Downloaded on 23/07/2025 20:16:39.

View Article Online

Paper PCCP

(a) (b) (c)

3 P3HTISIO, B P3HTISIO, [ P3HTISIO,
2 *? B sP2 S5
= : >
g g 2
5 € g
o T =
¥ 5P P3HTIFr | N =223 P3HTIFr | © P3HTIFr
T (LN ® | se2 N
£ (MW € [Ew ©
o O | A2 £
z = 5

z
oop 2105 | 2t | 2115 | 200 o5 2100 2105 2110 2115 2120 2125 2105 2010 2115 2120 2125
Kinteic energy (eV) Kinetic energy (eV)

Kinetic energy (eV)

Fig. 7 S K-L, 3L, 3 RAS spectra of the P3HT/SiO, and P3HT/Fr thin films collected at photon energies of (a) 2471.8 eV, (b) 2472.6 eV, and (c) 2474.5 eV.

overlapping of the S 1s — ©¥(C-C) and S 1s — o*(S-C) transitions,
which will be labeled here as T1 and T2, respectively. In addition, a
small shoulder was identified at 2471.8 eV at the low photon energy
side, corresponding to the m* symmetry state due to a strong n-n
interchain interaction in the P3HT polymer.>* The angular depen-
dence of the P3HT/Fr S K-edge NEXAFS spectrum is presented in
Fig. 6¢c. At the normal (90°) incident angle, T1 transitions increase
and T2 transitions decrease, while at the grazing (15°) incident
angle, the opposite behavior is observed. This latter observation
suggests that the P3HT polymer is edge-on oriented with respect to
the franckeite/SiO, substrate.>® Similar to the case of PFO-DBT/Fr,
the S K-edge NEXAFS spectrum of the P3HT/Fr heterojunction is
formed by the convolution of P3HT and franckeite unoccupied
electronic states.

Fig. 7 shows the results of the deconvolution process for the
S K-L,;3L,; RAS decay spectra collected at three excitation
energies corresponding to the n—-n interchain (a) and T1 (b) and
T2 (c) electronic transitions. According to previous reports,**>?
the P3HT RAS spectra are composed of two spectator decay
channels S1s-n*(C-C) and S1s-c*(S-C), labeled here as SP1 and
SP2, and the normal Auger (NA) contribution appearing at a
constant kinetic energy of ~2112.0 eV. A new decay contribution
associated with Rydberg states was found in the RAS spectrum
collected at the excitation energy of the T2 transition. The
S K-L, 3L, 3 RAS spectrum of P3HT/Fr is a convolution of P3HT
and the franckeite Auger decay channel.

Table 2 summarize the values of 7oy for P3HT/SiO,, and
P3HT/Fr obtained for electrons excited to the t-n*, S1s-n*(C-C)
and S1s-c*(S-C) states. The tcrp values for P3HT/Fr were

Table 2 Charge-transfer times (zc1) in femtoseconds (fs) for P3HT/SIO,
and P3HT/Fr/SiO,

Ter (f5)
Electronic transition P3HT/SiO, P3HT/Fr
Sis-n-m >12.7 0.27 (4)
T1 S1s-1*(C-C) 7.30 (7) 1.26 (5)
T2 S1s 6*(S-C) 1.02 (4) 0.24 (2)

The 7¢r standard deviation values are shown in parentheses.

16802 | Phys. Chem. Chem. Phys., 2021, 23, 16795-16805

calculated using only the spectator (SP1 and/or SP2) and the
normal Auger (NA1) decay channels of the P3HT polymer.

Comparing the results presented in Table 2 for P3HT/SiO,
and P3HT/Fr/SiO,, we can observe that the presence of franckeite
decreases the tcr values in the P3HT species. This can be
interpreted as a strong electronic coupling between P3HT and
franckeite unoccupied electronic states. However, the tcr values
for electrons excited to n-m and S1s-n*(C-C) are the most affected
by the presence of franckeite. Then, we can conclude that these
two states are the main interfacial electron-transfer pathways in
the P3HT/Fr heterojunction. Similar results were reported by
Garcia-Basabe et al., investigating the electronic coupling at the
interface between the P3HT polymer and 2D layered materials
(exfoliated black phosphorus®™ and MoS,*®). Furthermore, a
previous study on the P3HT-MoS, heterojunction,* using time-
resolved fluorescence lifetime measurements, showed similar
results for the CT investigated using the CHC technique, from
a qualitative point of view (i.e., a reduction in CT in the hetero-
junction compared with the isolated film), which reinforces the
potential of the CHC method for investigating the interfacial
charge transfer in organic-inorganic heterojunctions.

3 Experimental
3.1 Sample preparation

PFO-DBT/SiO, and P3HT/SiO, polymer thin films were prepared
following the procedure described by Hao et al.> The films were
deposited on a silicon dioxide wafer by a spin-coating method at
1200 rpm for 60 s and using a solution of PFO-DBT and P3HT
polymers dissolved in chloroform (0.5 mg mL™'). Later, the
films were placed in a UHV chamber and annealed at 457 K for
2 h to remove the residual solvent and improve the crystallinity
of the polymer.

Exfoliated franckeite films were prepared using micro-
mechanical exfoliation via a scotch tape method®® and transferred
directly onto a silicon dioxide wafer. The PFO-DBT/Fr and P3HT/Fr
heterojunctions on top of exfoliated franckeite were prepared using
the spin-coating method under the same conditions used for
preparing the PFO-DBT/SiO, and P3HT/SiO, polymer thin films.
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3.2 Characterization

Raman spectra were collected using a WITec Alpha 300R confocal
Raman imaging microscope. The spectra were measured using an
excitation line of 488 nm and a 100x objective lens at room
temperature under a nitrogen flow and an average laser power of
0.5 mW. All the measurements were made using a high-resolution
2400 ¢ mm~ " Blaze 500 nm grating. These analysis results are
presented in Fig. S1A and B in the ESL.{ The morphology and
thickness of exfoliated franckeite were studied by AFM microscopy
(Bruker-Dimension Icon) operated in tapping mode. The results of
this analysis are also presented in Fig. S1C and D in the ESL¥

The S K-edge X-ray near-edge absorption (NEXAFS) and S K-
L, 3L, 3 resonant Auger spectroscopy (RAS) measurements were
carried out in the (SXS) beamline at the Brazilian Synchrotron Light
Source (LNLS).>” A Si(111) double-crystal monochromator with an
energy bandwidth of 0.48 eV was used to cover the sulfur K-edge.
Experiments were performed under the so-called Auger resonant-
Raman conditions, where the total experimental resolution is better
than the natural-lifetime broadening of the core-excited states. It is a
necessary condition to measure the dispersion of the spectral
features related to the final states reached after the decay process.
Near-edge X-ray absorption fine structure spectra were recorded in
the total electron yield (TEY) mode normalized by the spectrum
simultaneously obtained with a photon flux monitor (Au grid) to
correct the fluctuation intensity of beam. Spectra are averages from
at least three scans, and the background is corrected by linear pre-
edge subtraction and linear regression beyond the edge.

S K-L, 3L, ; RAS and X-ray photoelectron spectra (XPS) were
collected inside an ultra-high vacuum (UHV) chamber with a base
pressure of 10~ % mbar using a hemispherical electron energy
analyzer (Specs model PHOIBOS 150) with a 45° take-off direction
of Auger electrons and 25 eV of pass energy. The photon energy
was calibrated using the Au 4f,, core level at 84.0 eV of a gold foil.
The total energy resolution was 0.76 eV. The fitting analysis of the
RAS spectra was performed using the CASA XPS software package
(version 2.3.2) using two Pseudo-Voigt profile functions: (1) the
Sum Form (SGL), which is a linear combination of Gaussian (G)
and Lorentzian (L) functions, where the mixing is determined by
m = p/100, GL(100) is a pure Lorentzian and GL(0) is pure
Gaussian; and (2) the product form, which is the product of
Gaussian (G) and Lorentzian (L) functions where the mixing is
determined by m = p/100, GL(100) is a pure Lorentzian and GL(0)
is pure Gaussian. For both cases, the background was corrected
using a Shirley function. The result of this analysis is shown in
Tables S1 and S2 in the ESI} showing that the different peak-
fitting methods will not greatly affect the CT values. The possible
surface charge effect (shift in electron energy) was monitored
using the C (1s) (C-C) photoemission line localized at a binding
energy of 285 eV. The sample degradation was monitored by
measuring the NEXAFS spectra after each RAS experiment.

Conclusions

In summary, the electron-delocalization dynamics at the inter-
face between 2D layered franckeite and two thiophene-based
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conjugated polymers (PFO-DBT and P3HT) from the resonantly
core-excited electron have been investigated. We showed the
ultrafast interfacial electron-delocalization pathways from specific
electronic states for the PFO-DBT/Fr and P3HT/Fr heterojunctions.
For the PFO-DBT/Fr heterojunction, the most efficient interfacial
electron-delocalization pathways were in the 7*(S-N) and n*(S-C)
electronic states and through its benzothiadiazole and thiophene
units. On the other hand, for the P3HT/Fr heterojunction, we
found that electrons excited to the n-n* and S1s-n*(C-C) electronic
states of the P3HT polymer are the most affected by the presence
of franckeite and, consequently, are the main interfacial electron-
transfer pathways in this heterojunction.
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