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Ultrafast Transient Absorption Studies of the Dynamics of
Free and Coulombically Trapped Polarons in Doped

Conjugated Polymers

Eric C. Wu, Diego Garcia Vidales, Charlene Z. Salamat, Quynh M. Duong, Alex Ledn Ruiz,
Austin D. Ready, Zerina Mehmedovic, Dane A. Stanfield, Alexander M. Spokoyny,

Sarah H. Tolbert,* and Benjamin J. Schwartz*

The relaxation of photoexcited polarons in doped conjugated polymers is
studied with ultrafast transient absorption (TA) spectroscopy to examine the
effect of polymer morphology and counterion size on polaron mobility.
Processing conditions are first used to create F,TCNQ-doped
(2,3,5,6-tetrafluoro-tetracyanoquinodimethane)
poly(3-hexylthiophene-2,5-diyl) (P3HT) films with different morphologies and
thus free and trapped polarons in different ratios. We find that less
crystalline films have a higher fraction of trapped polarons, but, remarkably,
that free and trapped polarons have the same relaxation times in all films.
Films doped with a large dodecaborane (DDB) cluster-based dopant are then
used to show that trapping is based on Coulomb interactions between
polarons and counterions; no trapped polarons are observed in TA due to the
reduced Coulomb interaction between the polarons and the DDB counterion.
Indeed, the relaxation of polarons in these films is an order of magnitude
faster than that in F,TCNQ-doped films, consistent with reduced trapping.
Finally, the results are used to argue that counterion size has a greater effect
on polaron mobility than polymer morphology and crystallinity. All of the
experiments show that pump/probe spectroscopy provides a straightforward
way to determine the local mobilities and degree of carrier trapping in doped
conjugated polymer films.
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A. D. Ready, Z. Mehmedovi¢, D. A. Stanfield, A. M. Spokoyny,

1. Introduction

Organic semiconductors, such as conju-
gated polymers, have low intrinsic car-
rier densities. To improve their electri-
cal conductivity, charge carriers, i.e., holes
or electrons, can be added to their z-
systems via doping. For chemical doping
of poly(3-hexylthiophene-2,5-diyl) (P3HT;
Figure 1a), a commonly studied p-type
conjugated organic polymer, strong oxi-
dants, such as 2,3,5,6-tetrafluoro-7,7,8,8-
tetracyanoquinodimethane, F,TCNQ (also
shown in Figure 1a), are used to remove
electrons from the z-conjugated backbone.
When an electron is removed, the poly-
mer backbone undergoes an aromatic-to-
quinoidal structure change; the positive
charge, the unpaired electron that remains,
and the locally distorted quinoidal back-
bone structure are together referred to as
a polaron. This paper focuses on using
ultrafast transient absorption (TA) spec-
troscopy to uncover the microscopic de-
tails of how polarons in different en-
vironments have different local mobili-
ties based on both the overall polymer

morphology and the choice of dopant counterion.
The left panel of Figure 1c shows that the structural rear-
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rangement associated with doping causes two states to move
into the bandgap (BG), creating two new optical transitions.!'=")
The lower-energy P1 band results from a transition between
the valence band and the lower charge-induced intragap state;
this transition usually occurs near 0.5 eV for doped P3HT, al-
though the precise energy of this band is related to the delocal-
ization length of the polaron.>!!l The higher-energy P2 band,
typically observed near 1.5 eV for doped P3HT, results from a
transition between the lower and upper intragap states. The en-
ergy diagram in Figure 1c also suggests the possible existence
of two more absorption features, P3 and P3”, which are usu-
ally forbidden by symmetry.'>"*l However, if polarons delocal-
ize across multiple chains, the P3 and P3”transitions can be-
come partly allowed.[®1213] Although the electronic structure pic-
ture shown in Figure 1c has been challenged,!'>1%! both ultrafast
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Figure 1. a) Chemical structures of P3HT, F,TCNQ, and DDB-F;,. b) UV-
vis—NIR absorption spectra of P3HT doped with: DDB-F;, (red), F,TCNQ
from n-butylacetate (n-BA, green), and F,TCNQ from dichloromethane
(DCM, blue). The spectra are normalized by the absorbance of the P1 peak
near 0.5 eV. The vertical dashed lines indicate the pump wavelengths used
in the transient absorption experiments, which are 1300, 1500, 2000, and
2400 nm. c) Energy diagrams showing the optical transitions (left panel)
and polaron excitation dynamics of doped conjugated polymers. The P3
and P3 “transitions in doped polymers are forbidden by symmetry, as in-
dicated by red X’s, but if the polaron delocalizes across multiple chains,
these transitions can become partly allowed. Photoexcitation of the P1
transition promotes an electron from the valence band to the lower intra-
gap state, which creates a transient absorption feature at the position of
the P2 band and a transient bleach feature at the BG and P1 band (center
panel). For a polaron that delocalizes across multiple chains, a transient
absorption of the P3 “band and a transient bleach of the P3 band can also
be created. The transient absorption dynamics decay to zero when the po-
laron returns to its original state (right panel).
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transient absorption (TA) spectroscopy experiments!!’-?!] and
time-dependent density functional theory calculations with natu-
ral transition orbitals!®??] have confirmed that this picture works
well for describing the basic spectroscopic features of doped con-
jugated polymers.

When a conjugated polymer is doped, a counterion is intro-
duced into the doped polymer to maintain electrical neutrality.
The location and size of the counterion play an important role
in determining both the mobility and the identity of the charge
carriers.['%23-26] We and others have argued that the distance
between the polaron and counterion affects the degree of po-
laron delocalization and thus the energetic location of the P1
peak.[192326.27] If the counterion size or local crystal structure
brings the counterion closer to the polymer backbone and thus
to the polaron, the Coulomb interaction between the two causes
the polaron to be less delocalized, leading to a blueshifted P1 ab-
sorption and lower carrier mobility.'% In contrast, if the anion is
farther from the polaron, the Coulomb interaction is reduced and
the polaron will be more delocalized, leading to a redshifted P1
absorption and a higher carrier mobility. We verified these ideas
using a redox-active weakly-coordinating dodecaborane cluster-
based dopant/?®1 (DDB-F,,, Figure 1a) that has a large enough
physical size to minimize the Coulomb attraction between the
anion and the polaron, producing a very redshifted P1 peak po-
sition (cf. red curve in Figure 1b) and a greatly increased car-
rier mobility in both doped conjugated polymers!?**° and doped
single-walled carbon nanotubes.3!l We note, however, that oth-
ers have argued that polymer morphology, including structural
disorder or the connectivity between domains, plays a more im-
portant role in determining carrier mobility than counterion
size.3234

One of the potential issues with correlating the P1 peak po-
sition and carrier mobility is that the P1 peak position is a mea-
sure of the local molecular environment of the polaron and its de-
gree of delocalization, whereas common methods to determine
carrier mobility, such as the Hall effect measurements, are per-
formed on macroscopic length scales. We and others have ar-
gued that one can use ultrafast transient absorption (TA) spec-
troscopy to study the local mobility of carriers in doped P3HT
films.[*7-2!] Photoexciting the P1 transition promotes a valence-
band electron (i.e., an electron in the HOMO of an undoped
polymer segment where the polaron is not located) into the
hole: in other words, the P1 band is effectively a photoinduced
charge transfer transition (see the upper diagrams in Figure 2).
This creates both a positively-charged aromatic polymer segment
and a neutral quinoidal segment (second row of diagrams in
Figure 2). The positively-charged aromatic segment will undergo
the aromatic-to-quinoidal transformation to stabilize the posi-
tive charge, which will migrate to a nearby stable location (“cool-
ing” of the newly-created “hot” polaron), while the now-neutral
quinoidal segment will undergo a quinoidal-to-aromatic transfor-
mation (third row of diagrams in Figure 2). This backbone rear-
rangement process takes place in less than 1 ps. We note that pho-
toexcitation of the P1 transition leads to TA signatures that are
easier to interpret than photoexcitation of other transitions be-
cause one can cleanly excite polarons without interference from
other processes, such as photoinduced charge transfer from the
anion to the polymer backbone, or from other species, such as
excitons or triplet excited states.!*!
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Figure 2. Schematic representation of our TA measurements that capture the difference between free polarons and Coulomb-trapped polarons. The loop
represents an unknown number of P3HT monomers that connect the two segments. When the P1 peak is excited, an electron is transferred from the
valence band (a neutral aromatic segment of the polymer) to the half-filled intragap state (a positively charged quinoidal segment of the polymer with a
radical), as depicted in the upper panels. This electron transfer creates a positively charged radical aromatic segment (a “hot” delocalized polaron) and
a neutral quinoidal segment, as shown in the second row of panels. The relaxation of the newly created hot polaron, including the aromatic-to-quinoid
transformation, takes place in under a ps, as depicted in the third row of panels. For excitation of a free polaron (left panels), once the polaron has
relaxed in its new location, the system is back at equilibrium and the TA signal disappears. However, for excitation of a Coulomb-trapped polaron (right
panels), the polymer is not back at equilibrium following the initial polaron relaxation because the charge is now far from its initial counterion. This
means that the absorption of the newly relaxed polaron is different from its initial absorption, so the TA signal persists until the polaron either migrates
back to its initial location or finds an equivalent coulomb trap with another anion, a process that can take several ps.

If the initially excited polaron is highly delocalized or “free,”
the doped polymer at this point would be back at equilibrium.
This means that the TA signal should decay to zero once this step
is complete because the absorption spectrum of a free polaron,
which means a polarized charge that is not Coulombically bound
to its counterion, is the same regardless of its location (left dia-
grams in Figure 2). On the other hand, if the photoexcited polaron
is initially Coulomb-trapped by a counterion, after photoinduced
charge transfer and cooling, the polaron will now be located away
from its initial counterion, which means that it will have a differ-
ent degree of delocalization and thus a different absorption spec-
trum. This means that the TA signal will persist until the polaron
migrates back to its initial location or to an equivalent counterion
(right diagrams in Figure 2). The rate at which the newly cooled
hole migrates depends on both the distance of the initial charge
transfer and the local carrier mobility.
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Figure 1c shows that photoexcitation of the P1 transition of
a doped conjugated polymer creates a transient absorption fea-
ture at the position of the P2 band so that the dynamics of
the induced P2 band serve as a measure of the local carrier
mobility.'”?!) Indeed, we found previously that when we photoex-
cite the P1 band on its blue side, where more localized/deeply
trapped polarons absorb, the decay of the induced P2 TA sig-
nal slows.['”] Conversely, when the P1 peak is excited on its
red side, accessing less Coulomb-trapped and more free po-
larons, the decay of the TA signal is more rapid.'’] A careful
analysis using singular value decomposition (SVD) allowed us
to separate the TA spectra and the dynamics of both free and
Coulomb-trapped polarons, and the pump-wavelength depen-
dence of the TA signal allowed us to construct action spectra for
how each of these species contributes to the overall P1 absorption
band.l'”]
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Previously, Grieco and coworkers separately examined the ef-
fects of polymer morphology!?”! and counterion sizel?!l using TA
spectroscopy. These researchers also observed that the induced
P2 peak area kinetics exhibit a biphasic decay following the excita-
tion of P1, indicating the presence of free and trapped polarons in
doped P3HT films with different morphologies!?”! and different
counterions.?!l Greico and co-workers altered the polymer film
morphology by blending P3HT with another polymer that is elec-
tronically inert and disrupts P3HT crystallization. They showed
that this disruption of crystallinity creates more trapped polarons,
slowing the relaxation of the TA signal.?"! In a separate paper,?!]
however, they also reported a lack of a clear correlation between
the P1 peak position and TA relaxation time when they doped
P3HT films with different counterions.

In this paper, we use ultrafast TA spectroscopy to learn more
about the nature of the charge carriers in doped P3HT films,
correlating the TA results with macroscopic measures of carrier
mobility. Our work extends previous studies!'!] in two new di-
rections. First, we examine how the morphology/degree of crys-
tallinity of the doped polymer affects the dynamics of the free
and Coulomb-trapped polarons, which we accomplish not by
the addition of another polymer, but by using different process-
ing methods to infiltrate traditional F,TCNQ dopants into P3HT
films. Second, we perform ultrafast TA experiments on DDB-
F,,-doped P3HT films to determine how the interplay of coun-
terion size and polymer morphology affects the nature of the
charge carriers. This allows us to directly address the question
as to whether or not the polarons in DDB-F,,-doped films are
indeed locally free, as we have argued previously,[?*] or if there
are TA signatures showing that some polarons are still coulom-
bically trapped. Moreover, by comparing the relaxation time
scales of photoexcited polarons in F,TCNQ-doped and DDB-F,-
doped P3HT films, we can directly compare how Coulomb trap-
ping by the counterion and local disorder each influence charge
transport.

We find that although the morphology of the film does affect
the ratio of free and Coulomb-trapped polarons, there is no easy
route to eliminate the presence of Coulomb-trapped polarons
solely by controlling film morphology. The free and Coulomb-
trapped polarons in F,TCNQ-doped films have similar TA dy-
namics regardless of infiltration method, but the ratio of free
to Coulomb-trapped polarons does depends on the processing
method, which controls the film morphology. On the other hand,
we find that there are no signatures of Coulomb-trapped po-
larons in P3HT films doped with DDB-F,,. The time constant
for the decay of the TA signal for DDB-F,,-doped films is an or-
der of magnitude faster than that of the Coulomb-trapped po-
larons in F,TCNQ-doped films. This shows that counterion size
provides a more straightforward way than morphology to elim-
inate counterion-based Coulomb trapping of polarons in doped
conjugated polymer films.

2. Results and Discussion

For all of the work described below, we prepared doped P3HT
films by sequential processing (SqP),1%3¢3°1 where undoped
P3HT films were first made by spin coating, and then the dopant
(either F,TCNQ or DDB-F,,) was introduced in a second spin
coating step from a semi-orthogonal solvent (n-butylacetate, n-
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Figure 3. Radially integrated, thickness-normalized 2-D GIWAXS diffrac-
tograms for undoped P3HT (black curve) and P3HT doped with DDB-F;,
(red curve) and F,TCNQ from either n-BA (green curve) or DCM (blue
curve). The inset shows the in-plane integration, highlighting the (020) and
amorphous z-stacking peaks. The relative intensities of the (100) peaks
show that P3HT doped with F,TCNQ from n-BA creates a more crystalline
film than that doped with F,TCNQ from DCM. The relative crystallinity
of the DDB-F;,-doped films cannot be determined from the lamellar peak
intensity, as the (100) peak is blocked by the beamstop, but the presence
of a broad amorphous peak n1.4 A= suggests a significant disordered
component in this sample.

BA, or dichloromethane, DCM) that swells but does not dissolve
the underlying polymer film. We chose n-BA and DCM based on
a trade-off between their ability to swell the polymer and their va-
por pressures. DCM swells the polymer better but has a much
higher vapor pressure; this causes it to create a more disordered
doped film than n-BA, which does not swell the polymer as well
but has a lower vapor pressure. Because n-BA and DCM have
very different vapor pressures and swelling abilities for P3HT,
they create doped films with different morphologies,[*4**!] ag
discussed further below. We used only DCM for doping P3HT
films with DDB-F., because of the limited solubility of DDB-F.,
in n-BA. Details of film fabrication and other experimental details
are given in the Supporting Information (SI).

2.1. Macroscopic Structure of Doped P3HT Films

Figure 3 shows radially-integrated GIWAXS diffractograms for
the P3HT samples studied in this work. The 2D diffractograms
from which these radial integrations were obtained are shown in
Figure S1 (Supporting Information). For undoped P3HT (black
curve) and the F,TCNQ-doped P3HT samples created using dif-
ferent solvents (blue curve for DCM and green curve for n-BA),
the (100) fundamental lamellar peak is located near 0.35 A,
and the samples are ordered enough that two overtones are also
visible. The diffractogram also shows an (020) z-stacking peak
near 1.7 A~' (Figure 3 inset). The F,TCNQ-doped films show
their (100) peak at a smaller g position and their (020) peak at a
higher g position compared to the undoped films, reflecting the
fact that the P3HT crystal structure changes in order to incorpo-
rate the F,TCNQ™ anion into the lamellar region among the side
chains.[10:3642]
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Table 1. Conductivity, Hall mobility, free carrier density, paracrystallinity (g(hk,))*, the time constants for fast and slow components, and percents of fast
components for DDB-F;,-doped and two different F,TCNQ-doped P3HT films.

DDB-F,, F,TCNQ [n-BA] F,TCNQ [DCM]
Conductivity [S cm™] 7.33 247 2.55
Hall Mobility [cm? V=1 s71] 0.082 0.046 0.045
Carrier Density [cm™3]"*) 5.6 x 10%° 3.3 x 10%° 3.6 x 10%°
g100) 0.16 0.15 0.17
7 [ps] 13 0.29/15.2 0.29/15.1
Percent of fast components for different pump 100% 70% (1300 nm) 75% (1500 nm) 79% 40% (1300 nm) 44% (1500 nm) 52%

wavelengths™)

(2000 nm) 82% (2400 nm) (2000 nm) 62% (2400 nm)

*Paracrystallinity based on the relative widths of the (100) peak and its overtones. Paracrystallinity quantifies disorder within the P3HT crystallites.[#3#4] **The numbers in the
parenthesis are the pump wavelengths. ***Because of the large size of the DDB-F;,, dopant, the DDB-F;,-doped films are roughly twice as thick as F,TCNQ-doped films, so
the density of thiophene monomers in the DDB-F;,-doped P3HT films is about half. Therefore, the number of charges/thiophene ring is 0.084 and 0.072 for the films doped

with F,TCNQ in n-BA and DCM, respectively, and 0.069 for the DDB-F,-doped films.

For DDB-F,,-doped P3HT (red curve), instead of small shifts
associated with doping, we see a different pattern of lamellar
peaks appearing near 0.4 and 0.6 A~!. Based on the peaks’ posi-
tions, we have concluded previously that these are the (200) and
(300) peaks of a lamellar progression with a much larger spac-
ing; the (100) fundamental peak should appear near 0.2 A~', but
that peak is not visible because it is blocked by the beamstop
at low ¢.232*30] In addition to new lamellar peaks, doping with
DDB-F., also creates a broad peak near 1.4 A~!, which we have
previously assigned to amorphous scattering from disordered z-
stacks.[232430] The appearance of new lamellar and z-stacking
peaks reflects a significant change in the doped polymer crys-
tal structure due to the large size of DDB-F,, (%2 nm diameter),
which occupies such a significant amount of space that it nearly
doubles the distance between the P3HT chains in the lamellar
direction.[23:2430]

In addition to the new peak positions that reflect changes
in crystal structure induced by doping, the intensities (which
are normalized by the film thickness) of the scattering peaks
in Figure 3 show that doping also changes the degree of crys-
tallinity of the P3HT films. For the F,TCNQ-doped films, DCM,
which has a higher vapor pressure and is a better swelling sol-
vent for P3HT,* creates more disordered doped films than
n-BA; this is seen directly by the much higher (100) peak
for the doped film made using n-BA. Another measure of
the amount of disorder in the P3HT crystallites is paracrys-
tallinity, g, which is based on the relative widths of the lamel-
lar scattering peaks.[***4] Table 1 shows a higher paracrystallinity
for films doped with F,TCNQ from DCM, again indicating
that these films are more disordered than those doped using
n-BA.

For DDB-F,,-doped films, the (100) peak is not visible due to
beam scattering at low g, therefore, one cannot use the (100) peak
intensity to compare the degree of crystallinity of F,TCNQ-doped
and DDB-F,,-doped films. However, the presence of a promi-
nent disordered z-stacking peak, which is absent in F,TCNQ-
doped films, and the weak intensity of the crystalline (020)
peak compared to the F,TCNQ-doped films, indicate that dop-
ing with DDB-F,, creates a more disordered film than doping
with F,TCNQ. This makes sense in light of previous work that
showed that the strain of intercalating the large DDB-F., dopant
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can break up existing crystallites into smaller regions of varying
sizes.[3%

2.2. Transient Absorption Spectra of Doped P3HT Films

Figure 4a shows the 2000 nm (0.62 eV)-pumped TA spectra of the
DDB-F,,-doped and F,TCNQ-doped P3HT films with two differ-
ent morphologies at a delay time of 1 ps. The setup of the TA
experiments is the same as in our previous work!!7:18] and is de-
scribed in detail in the Supporting Information. The TA spectra
of all three doped samples show a positive peak (induced absorp-
tion) near 1.2 eV and negative peaks (transient bleaches) near
1.75 and 2.4 eV. Based on the peak assignments in the steady-
state UV—vis—NIR spectra in Figure 1D, the positive peak around
1.2 eV is the induced P2 transition, and the negative peaks at
1.75 and 2.4 eV are bleaches of the P3 and BG transitions, re-
spectively. These transient bleach and absorption patterns fit per-
fectly with the traditional electronic structure picture shown in
Figure 1c: when one pumps the P1 transition, an electron is ex-
cited from the valence band to the lower intragap state, leading to
a bleach of the P3 and BG transitions and an induced absorption
of the P2 transition (see Figure S2, Supporting Information). We
note that alternate pictures of the band structure of doped con-
jugated polymers!’>1¢] predict a bleach of the P2 transition and
no P3 transition, contrary to what is observed here and in other
work [17.20.21]

The data in Figure 4a also show that P3HT films doped with
DDB-F,, (red curve) and with F,TCNQ from n-BA (green curve)
have a positive TA peak around 1.9 eV; the film doped with
F,TCNQ from DCM (blue curve) also appears to show a sim-
ilar feature, although it is much smaller and largely swamped
out the bleach signal near 2.4 eV. This type of positive-going TA
feature has been previously observed by Grieco and co-workers,
who assigned it as an electroabsorption (EA) signal caused by
the electric field created when the photoexcitation of the P1 tran-
sition separates the hole from its counterion (cf. right-hand di-
agrams, Figure 2).°-2!1 This photoinduced electric field shifts
the bandgap absorption of nearby undoped polymers, creating a
derivative-like feature near the bandgap in the TA difference spec-
trum (see Figure S3, Supporting Information). Indeed, we see a
striking similarity between the positive TA feature near 2 eV and
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Figure 4. a) TA spectrum of doped P3HT films at 1 ps following excitation at 2000 nm. The dashed curves are the derivative of the steady-state absorption
spectra shown in Figure 1b; the strong resemblance to the TA signal in the 2 eV region indicates that the 2 eV feature results from electroabsorption.!1%20]
The TA spectrum is not shown in the region near 1.5 eV due to scatter from the beam fundamental. b) The normalized P2 peak (~1.2 eV TA feature)
integrated area as a function of time for DDB-F;,-doped (red curves) and F,TCNQ-doped (blue and green curves) P3HT films following excitation at
1500 nm (dashed curves) and 2000 nm (solid curves). c) Spectral components of DDB-F;,-doped and F,TCNQ-doped P3HT films extracted from SVD
fitting using all 4 excitation wavelengths. Time evolution of the TA spectrum in the P2 region of P3HT films doped with DDB-F;, d) and F,TCNQ in n-BA
e) and DCM f) following excitation at 2000 nm; the different time traces are spaced logarithmically from 0.25 ps (red) to 10 ps (purple).
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the derivative of the steady-state absorption spectrum, shown as
the dashed curves in Figure 4a, in agreement with the assign-
ment of this feature as arising from an EA signal.}*-2!]

We note that in previous work,!'”! we did not observe transient
EA features when exciting P3HT films doped with F,TCNQ from
DCM. However, the films we studied in Ref. [17] were heavily
doped and had steady-state absorption spectra that were essen-
tially flat in this region. This means that any EA signals, which
would have looked like the derivative of a relatively flat curve,
would have been much smaller than those seen here.

One of the difficulties in untangling the carrier dynamics as-
sociated with the excitation of the polaron P1 transition is that
the bleach of the P3 transition, the electroabsorption signal, and
the bleach of the BG transition all strongly overlap. Thus, for the
remainder of this work, we will focus primarily on the dynam-
ics of the induced P2 transition near 1.2 eV to study the nature
of the photoexcited polarons in our different doped P3HT films.
Figure 4 shows the evolution of the TA spectra from 0.25 to 10 ps
in the induced P2 region for DDB-F,,-doped (panel d), F,TCNQ
in n-BA doped (panel e), and F,TCNQ in DCM doped (panel f)
P3HT films following P1 excitation at 2000 nm. Figure 4b shows
the integrated peak area of this feature for both 2000 nm (0.62 eV,
solid curves) and 1500 nm (0.83 eV, dashed curves) excitation as
a function of time for all three films. Since the widths of the in-
duced P2 peaks are different, the peak areas were integrated over
the full width at half maximum (FWHM).

Figure 4d—f shows that as the photoinduced P2 TA peak de-
cays, it also blueshifts for both of the F,TCNQ-doped P3HT
films. For the DDB-F,,-doped sample, the magnitude of the
blueshift is much smaller and is completed by a delay time of
0.50 ps (Figure 4d; Figure S4a, Supporting Information, yellow
curve). In addition, Figure 4b shows that the decay rate is pump-
wavelength dependent for both F,TCNQ-doped films, but not
pump-wavelength dependent for P3HT doped with DDB-F-,. For
both F,TCNQ-doped films, the induced P2 TA signal decays more
slowly as the pump wavelength is tuned to the blue from 2000 to
1500 nm. The more disordered P3HT film doped with F,TCNQ
from DCM shows the slowest P2 decay of all the samples when
excited at 1500 nm.

To extract the dynamics of the free and Coulomb-trapped po-
larons in these doped P3HT films, we used singular value de-
composition (SVD) to examine the number of underlying spec-
tral components in the TA signals of each sample from all 4 ex-
citation wavelengths. SVD analysis separates the induced P2 TA
spectra into underlying spectral and kinetic components; when
applied to our TA data, SVD showed that there were two well-
defined components for the F,TCNQ-doped samples, but only
one component (excluding a faster-than-instrument-limited fea-
ture; see the Supporting Information for details) for DDB-F,,-
doped P3HT. We used a least-squares fitting procedure (also de-
scribed in the Supporting Information) to fit single-exponentially
decaying kinetics to each component, which turned out to have
different time constants: one fast and one slow. Based on the
discussion above, we assign the fast and slow components to
the cooling of the initially created hot polarons and the migra-
tion of Coulomb-trapped polarons back to their original sites,
respectively.'’] Figure 4c shows the SVD-extracted absorption
spectra of the spectral components for each sample. Table 1 lists
the decay time constants of the different components for each
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sample and excitation wavelength, in addition to macroscopic
charge transport characteristics that we measured for these same
doped P3HT samples.

2.3. Discussion

Table 1 shows that the two F,TCNQ-doped films show similar
behavior for a series of macroscopic measurements, including
electrical conductivity, Hall carrier mobility, and carrier density
(Table 1), but the TA measurements show that the two films have
somewhat different microscopic behavior. We note that both the
Semi-Localized Transport (SLoT) modell*] and the Kang—Snyder
(K-S) modell*®) predict that carrier mobility should increase as
the carrier density increases. This means that when working to
understand the effects of polymer morphology and counterion
size on carrier mobility, one must ensure that the samples have
a similar carrier density, as we have done here. We find that the
decay time constants of the fast and slow spectral components
are similar for both films, but the amplitude ratios of the fast and
slow spectral components are different for the F,TCNQ-doped
P3HT films made using the two different solvents. This suggests
that the different solvents, which change the polymer morphol-
ogy, are not significantly changing the cooling dynamics of hot
polarons (fast component) or the mobility of Coulomb-trapped
polarons that need additional relaxation (slow component), but
instead are changing the relative populations of free polarons,
which only show the fast component, and Coulomb-trapped po-
larons, which show both.

The amplitude ratio of the fast and slow spectral components
for the two F,TCNQ-doped P3HT films show that films doped
from DCM, which are more disordered, have more Coulomb-
trapped polarons (slow component) than films doped from n-BA.
This observation is consistent with the fact that the P1 absorp-
tion band of the P3HT film doped with F,TCNQ from DCM is
broader on the blue side, where more trapped polarons absorb,
than the film doped with F,TCNQ from n-BA (cf. Figure 1b). This
also confirms our previous observation!!! that in less crystalline
films, more F,TCNQ anions sit closer to the polarons when the
structural constraints of a highly crystalline lattice are relaxed, so
that less crystalline films have more Coulomb-trapped polarons.

We also performed electrical measurements, including electri-
cal conductivity and Hall effect measurements, on the same films
used for the ultrafast TA experiments, with the results summa-
rized in Table 1. We find that not only do the two F,TCNQ-doped
films have similar time constants for the slow components, but
they also have similar Hall carrier mobilities. This makes sense
because the macroscopic mobilities measured by the Hall effect
should be correlated with the slow spectral component, as it is
this time constant that measures polaron diffusion, rather than
polaron cooling.

One of the key findings of this work is that for DDB-F,,-doped
P3HT films, there is no slow spectral component in the TA, indi-
cating that there are essentially no Coulomb-trapped polarons in
these films. In other words, effectively all of the polarons in DDB-
F,,-doped P3HT films are free polarons. We note that Greico and
co-workers recently performed TA experiments on P3HT films
doped with different counterions, and found that for all the coun-
terions they investigated the TA has both fast and slow relaxation
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components.?!) Thus, our DDB-F,,-doped P3HT films are the
only ones reported to date that do not show signatures of trapped
polarons. The TA of our DDB-F,,-doped films has a decay time
constant of 1.3 ps, which is an order of magnitude faster than the
slow spectral component seen in the F,TCNQ-doped films. This
decay time constant agrees well with the polaron cooling time
reported by Roy et al., who studied the aromatic-to-quinoid re-
laxation of polarons created in undoped P3HT films via ultrafast
stimulated Raman spectroscopy.l*’! Thus, in our DDB-F,,-doped
films, we see only cooling of the newly created hot polarons (left
side of Figure 2) and not relocalization of polarons back to their
trap sites (lower right of Figure 2) because the size of the DDB
dopant is large enough to prevent significant coulomb interac-
tion with the polarons, meaning that the polarons are essentially
all free.[23:2430]

The absence of significant amounts of Coulomb-trapped po-
larons also explains why the TA decay rate of DDB-F,,-doped
P3HT films is not pump wavelength dependent (Figure 4b). Be-
cause Coulomb-trapped polarons are more localized and thus
have a bluer P1 absorption, tuning the excitation wavelength to
the blue usually excites a higher fraction of trapped polarons
and a lower fraction of the more delocalized free polarons, as
seen with the F,TCNQ-doped films as summarized in Table 1.
Since there are effectively no Coulomb-trapped polarons in DDB-
F,,-doped P3HT films, changing the pump wavelength cannot
change the ratio of photoexcited free and trapped polarons, lead-
ing to a quickly-decaying TA signal that is pump wavelength in-
dependent. The absence of Coulomb-trapped polarons also ex-
plains the higher Hall carrier mobility of the DDB-F,,-doped
P3HT films (Table 1) and is consistent with the very redshifted
P1 absorption peak.

We note that in their recent work, Greico and co-workers did
not see a clear correlation between the P1 peak position and
TA relaxation time when they doped P3HT films with different
counterions.!?!] We believe this is because they used only a single
excitation wavelength for all of their measurements, and did not
spectrally separate the fast and slow relaxation components. The
single excitation wavelength means that with counterions that
produce highly redshifted P1 bands, they were selectively excit-
ing the most trapped polarons in the sample, while with ions that
yield blueshifted P1 bands, they were selectively exciting freer po-
larons. This change in relative excitation energy, along with the
fact that the two spectral components were integrated together,
likely obscured the strong correlation between the P1 position
and TA relaxation time that we observe here.

As mentioned above, macroscopic measurements, such as
electrical conductivity and Hall carrier mobility, are effectively
rate-limited by the slower Coulomb-trapped polarons. Since the
single decay time constant measure for the DDB-F.,-doped films
is significantly faster than the slow component of the F,TCNQ-
doped films, this helps explain why both the Hall mobility and
the conductivities of the DDB-F.,-doped films are higher than
those of the F,TCNQ-doped films. However, even though the de-
cay time constant of the DDB-F,,-doped films is an order of mag-
nitude faster than the slow component of F,TCNQ-doped films,
the Hall mobility of the DDB-F.,-doped films is only twice as
high as the Hall mobility of the F,TCNQ-doped films. This is
likely because TA spectroscopy primarily measures local, micro-
scopic mobility, while the Hall effect and electrical conductivity
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report on longer-ranged macroscopic mobility. Grain boundaries
and the relative sizes of the crystalline and amorphous domains
will also strongly affect macroscopic mobility, reducing the direct
correlation.

We note that Table 1 shows that the single decay time con-
stant of the P2 TA feature in the DDB-F,,-doped P3HT films
is slower than the fast component measured for F,TCNQ-doped
films. This may be in part because the free carriers in the films
doped by DDB-F,, are slightly less free than those in films doped
by F,TCNQ because the DDB-F,,-doped films are more disor-
dered by the process of incorporating the very large dopant coun-
terions into the P3HT crystallites.!?*?*] In other words, the fast
“cooling” relaxation component may involve some small compo-
nent of migratory behavior that is slower in the more disordered
DDB-F,,-doped samples.

Alternatively, the difference in time constants may arise from
the nature of the fitting. For free polarons (left side of Figure 2),
relaxation after photoexcitation involves mainly the aromatic-
to-quinoidal transformation to stabilize the positive charge. On
the other hand, for Coulomb-trapped polarons (right side of
Figure 2), relaxation after photoexcitation involves both the
aromatic-to-quinoidal transition and migration of the polarons
to a new, stable location. In F,TCNQ-doped films, the timescales
for these two processes, aromatic-to-quinoid transition versus po-
laron migration, are distinct and show up as two different well-
defined components in our SVD analysis. Thus, it makes sense
that the fast component in the F,TCNQ-doped films can be as-
signed to the cooling of the “hot” polaron through the aromatic-
to-quinoid transformation and the slow component can be as-
signed to the migration of the polarons to the most stable loca-
tion. In contrast, the timescales for these two processes may not
be as distinct in DDB-F,,-doped films due to the lack of Coulomb-
trapped polarons, so the single component seen in the SVD anal-
ysis comprises a mixture of both the aromatic-to-quinoid “cool-
ing” and some small amount of polaron migration. Since the
aromatic-to-quinoid “cooling” time should not be strongly af-
fected by the disorder, this latter interpretation seems more plau-
sible to explain the factor of 5 difference between the time con-
stants associated with the fast component of the F,TCNQ-doped
films and that of the DDB-F.,-doped films. More importantly,
the factor of ~11 difference between the time constants associ-
ated with the slow component of the highly-crystalline F,TCNQ-
doped films and that of the DDB-F.,-doped films that contain a
large disorder component indicates that Coulomb trapping plays
a more significant role on local charge transport than does local
disorder, even though both are clearly important.[2324

3. Conclusion

In summary, we performed ultrafast TA measurements on P3HT
films doped with two different dopants, F,TCNQ and DDB-F,,,
to study how polymer morphology and counterion size affect the
nature of polarons. The TA spectra were collected by exciting the
polaron P1 transition, which moves an electron from the valence
band, i.e., a neutral aromatic segment of the polymer, to the lower
intragap state, i.e., a positively charged quinoidal segment of the
polymer where the polaron is located. This creates a positively-
charged aromatic segment, i.e., a “hot” polaron, that cools
as the polymer backbone undergoes the aromatic-to-quinoidal
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transformation. For free polarons, the cooling process returns
the polymer back to equilibrium. For Coulombically-trapped po-
larons, those that reside near enough to a counterion to be some-
what localized, the initial cooling process does not return the
polymer back to equilibrium because the polaron now resides
at a different distance from the counterion. This leads to a sec-
ond, slower induced P2 TA decay, reflecting the time needed for
the polaron to either migrate back to its original counterion or
find another counterion to return to equilibrium.

SVD analysis of the TA spectra showed that DDB-F,,-doped
films display only a single polaron relaxation time, a time that is
more than an order of magnitude faster than the slow TA com-
ponent of F,TCNQ-doped films; this suggests that the polarons
in the DDB-F,,-doped films are much freer. This is also con-
sistent with our observation that the polaron lifetime in DDB-
F,,-doped films, unlike F,TCNQ-doped films, is not pump wave-
length dependent, suggesting a general lack of Coulomb-trapped
polarons in DDB-F,,-doped films. If the fast relaxation time in
the F,TCNQ-doped films is assumed to be the “hot” polaron cool-
ing through the aromatic-to-quinoid transition, the single TA re-
laxation rate of the DDB-F.,-doped films are only ~4-5 times
slower than that fast rate observed in F,TCNQ-doped films, indi-
cating that minimal polaron migration is needed to reach equilib-
rium in the DDB-F,,-doped films. This very fast relaxation occurs
despite the fact that the DDB-F.,-doped films are more locally dis-
ordered than the F,TCNQ-doped films, indicating that film mor-
phology has a smaller impact on the local mobility of polarons
than Coulomb trapping. Although changing the morphology of
the film can affect the ratio of free to Coulomb-trapped polarons,
there appears to be no easy route to eliminate Coulomb-trapped
polarons solely through controlling film morphology. Instead,
increasing the polaron-anion distance with a large dopant, like
DDB-F,,, provides the most direct route for creating delocalized
and mobile charge carriers that are not Coulombically trapped.
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