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The growing number of applications of doped organic semiconductors drives
the development of highly conductive and stable materials. Lack of under-
standing about the formation and properties of mobile charges limits the
ability to improve material design. Thus the largely unexplored photophysics
of doped systems are addressed here to gain insights about the characteris-
tics of doping-induced polarons and their interactions with their surround-
ings. The study of the ultrafast optical processes in a self-doped conjugated
polyelectrolyte reveals that polarons not only affect their environment via

Coulomb effects but also strongly couple electronically to nearby neutral sites.

This is unambiguously demonstrated by the simultaneous depletion of both
the neutral and polaronic transitions, as well as by correlated excited state
dynamics, when either transition is targeted during ultrafast experiments.
The results contrast with the conventional picture of localized intragap
polaron states but agree with revised models for the optical transitions in
doped organic materials, which predict a common ground level for polarons
and neighboring neutral sites. Such delocalization of polarons into the
frontier transport levels of their surroundings could enhance the electronic
connectivity between doped and undoped sites, contributing to the formation

past few years as a consequence of recent
synthetic advances that enable better con-
trol over the bulk distribution and stability
of charges.>® One drawback in the field
is that upon doping of organic semicon-
ductors, even for systems where integer
charge transfer occurs between the dopant
and the host, only a small fraction (typi-
cally 5%) of the charges are mobile and
contribute to the conductivity, while most
of them remain bound to the ionized
dopant.[%7] 1t is therefore essential to gain
deep insights about the optoelectronic
properties of doping-induced charges,
in order to understand the parameters
that govern their dissociation from the
dopant. Ultrafast spectroscopy, which has
already been extensively used to address
the related question of interfacial charge
separation in organic photovoltaics,”!
provides a powerful but still unexploited
tool to investigate charges in doped sys-

of conductive charges.

1. Introduction

Doping of organic semiconductors is required to achieve high
conductivities. Significant efforts have thus been invested to
understand and to improve the electrical and transport proper-
ties of doped organic semiconductors through understanding
of the elementary processes associated with different levels and
types of doping.l!l Experimental and theoretical research on
doped organic semiconductors has been intensified over the
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tems. Here, we experimentally study the

ultrafast photophysical properties of a self-

doped conjugated polyelectrolyte (CPE).
Using transient absorption (TA) spectroscopy, we shed light on
optoelectronic properties of doping-induced polarons and their
interactions with their surroundings.

CPEs are composed of a m-conjugated backbone and ionic
functionalities on the side chains that increase solubility in
polar solvents. The latter extends the applications of CPEs
from organic electronics to biosensing and bioimaging”l In
this work, a solution-processed narrow-bandgap CPE with a
m-conjugated  cyclopenta-[2,1-b;3,4-b"]-dithiophene-alt-4,7-(2,1,3-
benzothiadiazole) (PCPDTBT) backbone, and sulfonated side
chains (CPE-K, inset of Figure 1a) is investigated. Upon dialysis
treatment in water, CPE-K forms cationic polarons, presumably
initiated via protonation of the backbone followed by electron
transfer from a neutral chain, becoming self-doped.>1%11 The
negatively charged sulfonate side chains counterbalance the posi-
tive charges on the conjugated backbone without need for external
dopants. Because of the large increase in bulk conductivity
upon doping, CPE-K has been used as hole transport material
for organic and perovskite solar cells with comparable perfor-
mance to widely used and commercially available poly(3,4-ethyle-
nedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS).[">13] Self-
doped CPE-K shows important benefits compared to externally
doped systems, such as absence of dopant diffusion (unlike with
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Figure 1. Optical transitions in doped CPE-K. a) Steady-state absorption spectra of doped CPE-K, doped CPE-K/H,SO, and undoped CPE-K films and
solutions. The excitation wavelengths used in transient absorption (TA) measurements are indicated as vertical orange (600 nm, visible) and dark red
(1100 nm, near-infrared) dotted lines, where photoexcitation is resonant with the N, and P, transitions, respectively. The inset shows the molecular
structure of CPE-K. b) On the left, the recently proposed energy level diagram for doped conjugated systems and the corresponding origin of the optical
N; and P, transitions are shown with solid arrows.['”1 On the right side, the energy levels and optical transitions based on the conventional model (not
in agreement with our experimental data) are shown. c) TA spectra at an early time delay (0.1 ps) of doped CPE-K at a similar absorbed photon density
of =1.5 x 10'3 cm~2 for 600 and 1100 nm excitation. Comparable spectral signatures including the N; GSB (ground state bleaching of N, transition), P,
GSB (ground state bleaching of P, transition), and PA (photoinduced absorption) are seen. d) Temporal evolution of the normalized dynamics probed
at the N; GSB and PA band maxima for doped CPE-K with 600 and 1100 nm excitation at low absorbed photon density (=1.5 x 10'* cm).

small external dopant molecules),* less morphological disrup-  and optical transitions caused by interactions of the polarons

tion of the films (while doping with F,TCNQ typically deteriorates ~ with their environment, as discussed in detail later on. Here, we

the film quality),l’®! and no hybridization of the host and dopant  experimentally evidence delocalization of the polarons into the

orbitals (in contrast to PCPDTBT:F,-TCNQ blends.)>°! frontier transport levels of their surroundings, which enhances
Our results with films and dissolved CPE-K systems pro- the electronic connectivity between doped and undoped sites

vide the first experimental evidence that the polaronic sites do  and might contribute to the formation of conductive charges in

not only provoke Coulomb interactions with their surround-  doped conjugated systems.

ings, but also strongly couple electronically to nearby neutral

sites of the conjugated backbone. This is consistent with recent

electronic structure models of vdoped. o?ganic semicoqduc— 2. Results and Discussion

tors,>7-1% but cannot be explained within the conventional

picture.?®21l In the conventional model, the introduction of  2.1. Optical Transitions in the Doped Materials

polarons induces localized intragap states, while the energy

levels of the neutral sites remain unaffected. In contrast, the = The absorption spectra of doped CPE-K, heavily doped CPE-K

revised models include modifications to the electronic structure  (achieved upon H,SO, treatment) and undoped CPE-K are
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shown in Figure 1a (films and solutions). All systems exhibit
two main absorption bands at wavelengths shorter than
900 nm, similar to the PCPDTBT polymer without ionic side
chains.?l The main visible (vis) absorption band peaking at
=703 nm (in the films) is associated to the Sy—S; transitions of
neutral (undoped) sites, which we will refer to as Ny transition for
simplicity. In the doped systems, an additional band in the near-
infrared (NIR) is evident in the wavelength range studied here,
related to the P, transition due to cationic polarons on the back-
bone.>1%11 The intensity of the P, band increases with the addition
of acid, which is indicative that the polaron concentration is higher
in CPE-K/H,S0O,. This is further supported by electron paramag-
netic resonance (EPR) measurements that we have previously
reported.!Y The EPR signal scales with the polaron concentration
and strength of the P, absorption band, so that a higher EPR signal
is measured after the acid treatment. Also, the dc conductivity of
3% 1072 S cm™! for doped CPE-K film significantly increases after
the addition of H,SO, (1.4 X 107! S cm™?), due to the higher doping
level, which affects both the number and mobility of the conduc-
tive charges.”’l To obtain quantitative doping concentrations, we
have determined the absorption cross-section of the P, polaron
band from TA measurements on photoexcited PCPDTBT:fullerene
films (Figure S1, Supporting Information). From this, we find a
polaron concentration of 1.5 X 102 cm~ in doped CPE-K film and
of 2.4 x10%° cm™3 in doped CPE-K/H,SO, film, based on the inten-
sity of their P, absorption bands (see details in the Supporting
Information). This means that respectively =17% and =27% of
monomers are charged, which, for an average chain length of
7-14 monomers as used here, corresponds to 1-2 charged mono-
mers per chain in CPE-K and 2-3 charged monomers per chain
in CPE-K/H,SO,. Some de-doping occurs during dissolution, so
that we find that only 8% and 14% of monomers are charged in
doped CPE-K and CPE-K/H,SO, solution, respectively (Figure S2,
Supporting Information).

In general, the presence of polarons on the conjugated backbone
leads to the emergence of new characteristic absorption bands at
energies below the bandgap of the neutral semiconductor,?%24
associated with the P, and P; transitions. The consensus is that
the addition/extraction of electrons from the neutral semicon-
ductor introduces intragap localized energy levels, due to local
nuclear reorganization of the doped site (usually from a benzoid
to a more quinoid structure), while the energy levels of the neutral
sites remain unaffected.?>2! For cationic polarons, it is stipulated
that a singly occupied energy level located above the highest occu-
pied molecular orbital (HOMO) level and an unoccupied energy
level below the lowest unoccupied molecular orbital (LUMO) level
of the neutral semiconductor are formed and that the polaronic
P, transition occurs between localized intragap levels, while the
P, transition takes place between the HOMO and the singly occu-
pied level, as shown on the right of Figure 1b.2%21 This approach
neglects electron—electron interactions on the polaronic site and
with neighboring neutral sites, so that modifications to the conven-
tional model have recently been proposed (left of Figure 1b).5>7-1%]
Due to on-site Coulomb repulsions, the lower intergap polaronic
level splits so that the lone electron level is located below the
HOMO level of the neutral organic semiconductor, and both
the frontier energy levels are stabilized on the doped site. More-
over, intersite Coulomb interactions down-shift the energy levels
of neutral sites located near the positive charge. Within this
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framework and according to time-dependent density functional
theory (TD-DFT) calculations on doped poly-(para-phenylene),
the P, band is assigned to a charge transfer type transition from
the HOMO level of neutral sites adjacent to the polaron to the
unoccupied intragap level of the polaronic site.l'”! This is in con-
trast to the intergap P, transition predicted by the conventional
model. The N; transition, however, occurs between the HOMO
and LUMO levels of the neutral sites in both approaches. Lastly,
the P; transition involves the HOMO of the neutral sites to the
unoccupied level of the doped sites (new model) but will not
be discussed further since it is out of the spectral range accessible
by our TA measurements.

For the purpose of this study, TA measurements were
performed at different excitation wavelengths by selectively
pumping the N; transition at 600 nm or the P, transition at
1100 nm (vertical dotted lines in Figure 1a). The early TA spectra,
recorded 0.1 ps after photoexcitation of doped CPE-K film, are
compared for the two excitation wavelengths in Figure 1c and
have surprisingly similar features. Both show a negative signal
attributed to ground state bleaching of the N; transition (N;
GSB) at vis wavelengths, a broad positive band related to pho-
toinduced absorption (PA) at NIR wavelengths, and an overlap-
ping negative band in the NIR that we assign to the GSB of the
P, transition (P, GSB), as it matches the polaron absorption
band. This is surprising, since it unambiguously shows that
both 600 and 1100 nm excitation result in simultaneous deple-
tion of the N; and P, transitions, within the =70 fs time reso-
lution of our experiment. Moreover, the excited state dynamics,
probed either in the Ny GSB or overlapping P, GSB/PA band,
is also comparable for both excitation wavelengths (Figure 1d).

This finding is in disagreement with the conventional
description of the transitions for doped organic semiconduc-
tors (right of Figure 1b), since here the N; and P, transitions
involve completely independent energy levels.?%2! According
to the conventional model, resonant excitation of the N; transi-
tion should lead to only the N; GSB and PA features similar
as observed in undoped CPE-K (see below), while photoexcita-
tion of the P, transition should lead to signatures of the P, GSB
and of photoexcited polarons, having independent relaxation
dynamics compared to the N; excited state. The observed GSB
signatures of both the N; and P, transitions could in principle
result from excited state charge transfer processes between
the doped and neutral sites. However, we see no experimental
evidence resolving such a behavior upon excitation of either
transition, since both GSB features appear already within the
=70 fs time resolution of the experiment for both excitation
wavelengths. This points to strong coupling between the doped
and adjacent neutral sites, so that ultrafast charge transfer likely
occurs directly upon excitation (without locally excited inter-
mediate). We note that this interpretation is equivalent to the
assignment of the P, band as a transition from the HOMO level
of a neutral site to the unoccupied intragap level of the polaronic
site, as predicted by the TD-DFT calculations on doped poly-
(para-phenylene) and shown on the left of Figure 1b.7! This
revised model is also in excellent agreement with the deple-
tion of the P, transition when exciting the N; band at 600 nm.
Since the N, transition (of neutral sites adjacent to the polaron)
has the same ground level as the P, transition, simultaneous
depletion and recovery when exciting in either absorption band
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is expected, implying that there is strong electronic coupling
between doped and nearby undoped sites.

2.2. N, Excitation of Doped and Undoped CPE-K Films

In order to further substantiate this finding, we now turn to
the details of the TA data. Figure 2 presents the TA results for
undoped and doped CPE-K films via 600 nm excitation, where
the N; transition is resonantly pumped. The TA spectra of
undoped CPE-K (Figure 2a) show a similar behavior as reported
for the undoped PCPDTBT polymer.?) A negative signal
attributed to the N; GSB is observed at vis wavelengths and
its normalized TA dynamics is included in Figure 2b. In addi-
tion, a broad positive PA band by the S; excited state is seen
at NIR wavelengths. The TA spectra obtained in doped CPE-K
at selected time delays are displayed in Figure 2c. Similar to
undoped CPE-K, the N; GSB and PA bands are evident and
thus are related to population of the S; state via the N; transi-
tion. As mentioned above, an additional dip is seen in the PA
band at very early times (=0.1 ps), caused by its overlap with
the P, GSB that quickly disappears. We associate the fact that
600 nm excitation results in simultaneous depletion of the N;
and P, transitions to delocalization of the involved electronic
states over both doped and neutral sites due to strong electronic
coupling, so that the N; and P, transitions share the same
ground level (left of Figure 1b). Since the high energy part of
the N; band is photoexcited at 600 nm, it is unlikely that our
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observations arise from direct excitation of the P, band tail and
we provide further evidence below to exclude this.

Another consequence of doping is the significantly faster
excited state decay in doped CPE-K compared to undoped
CPE-K (Figure 2b). Most photoexcitations recombine within
one picosecond in the doped film, as shown by the dynamics
probed in both the N; GSB and PA bands, while only about
half of the photoexcitations recombine in undoped CPE-K
within the first 5 ps. The faster recombination in doped CPE-K
is consistent with the decrease in photoluminescence yield and
lifetime upon the addition of charges in organic systems.l?! To
distinguish between spectral components that decay with dif-
ferent times constants, we have analyzed the entire spectral and
temporal pump-probe datasets using multiexponential global
analysis (GA). The amplitude spectra associated with each of
the time constants for doped CPE-K are shown in Figure 2d.
The dominant recombination component is ultrafast with a
time constant of =150 fs and involves both the N; and P, GSB
bands. It is absent in undoped CPE-K (Figure S3, Supporting
Information). The simultaneous ground state recovery in this
component is further evidence that the N; and P, transitions
are coupled and that our results do not arise from their uncor-
related excitation. As further elaborated later on, we assign the
ultrafast (=150 fs) recombination to polymer segments that
contain a polaronic site (referred to as “doped chromophores”),
where the neutral sites excited at 600 nm are coupled to the
close-by polaron (transition Nyggpeq) in Figure 1b). On the other
hand, the weak amplitude spectra related to the slower time
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Figure 2. Transient absorption (TA) results for visible excitation (at 600 nm) of the N; transition of undoped and doped CPE-K films. TA spectra at
selected time delays of a) undoped CPE-K at an absorbed photon density of =5 x 10'> cm™? and c) doped CPE-K at an absorbed photon density of
=1.5 X 10'* cm2. b) Temporal evolution of the normalized dynamics in doped CPE-K probed at the N; GSB (visible ground state bleaching) and PA
(photoinduced absorption) band maxima and in undoped CPE-K probed at the N; GSB band maximum. Dynamics for low absorbed photon density
(=5 % 10"2 cm2, solid lines) and high absorbed photon density (=2.2 x 10' cm™2, dotted lines) are included. d) Amplitude spectra associated with the
different recombination time constants (0.15, 2.5 ps and long-lived offset) in doped CPE-K, as derived from multiexponential global analysis of the TA
data at an absorbed photon density of =1.5 x 10'* cm™,
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