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ABSTRACT: Despite the fact that molecular doping of semiconducting
polymers has emerged as a valuable strategy for improving the performance of
organic electronic devices, the fundamental dopant—polymer interactions are not
fully understood. Here we use 2-D grazing incidence wide-angle X-ray scattering
(GIWAXS) to demonstrate that adding oxidizing small-molecule dopants, such as
2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F,TCNQ) and FeCl,, into
the amorphous conjugated polymer, regiorandom poly(3-hexylthiophene-2,5-
diyl) (RRa-P3HT), improves polymer ordering and induces a change in domain
orientation from isotropic to mostly edge-on. Doping thus causes RRa-P3HT to
behave similarly to the more ordered regioregular P3HT. By comparing the
optical, electrical, and structural properties of RRa-P3HT films doped with
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F,TNCQ and FeCl, and those infiltrated with 7,7,8,8-tetracyanoquinodimethane (TCNQ), which occupies a similar volume as
F,TCNQ but does not dope RRa-P3HT, we show that the increased ordering results not from the ability of the dopant to fill
space but instead from the need to delocalize charge on the polymer in more than one dimension.

S emiconducting polymers have the potential for use in a
variety of optoelectronic applications." ™ The electronic
properties of semiconducting polymers can be tuned via
chemical doping with small-molecule oxidizers such as
iron(III) chloride (FeCl3)4’5 and 2,3,5,6-tetrafluoro-7,7,8,8-
tetracyanoquinodimethane (F,TCNQ),’”"> which add mobile
carriers to the polymer m-system. The addition of small
amounts of dopant has been shown to improve the
performance of polymer-based organic photovoltaics by filling
traps,13 and more extensive doping can increase the
conductivity for transistor'*'® or thermoelectric'®'” applica-
tions. Although a great deal of work has been done, the ways in
which dopants affect the optical, electronic, and structural
properties of semiconducting polymers are still not well
understood.'***

One way to control the structural changes inherent in the
chemical doping process is to use solution sequential
processing (SqP), which starts with the deposition of a pure
polymer film, followed by addition of the dopant using a
solvent that swells but does not dissolve the underlying
polymer layer. We have previously shown that with SqP,
polymer crystallinity and domain orientation are largely
preserved throughout the doping process, in sharp contrast
to doping performed using the traditional co-dissolution
method.® Doping via SqP also allowed us to study how the
optical and electrical properties of F,TCNQ-doped poly(3-
hexylthiophene-2,5-diyl) (P3HT) films changed as the
polymer crystallinity was controllably tuned,”’ where we
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found that the F,TCNQ anion must lie within the lamellae
of the P3HT crystallites (i.e., between the polymer side chains
and not the z-stacks) or in amorphous regions of the film.”!
Hamidi-Sakr et al. also reached the same conclusion by
studying sequentially doped aligned P3HT films and noting
that the F,TCNQ anion absorption transition dipole was
orthogonal to that of the polaron on the polymer backbone."

Most research on doped semiconducting polymers has
focused on semicrystalline materials such as regioregular (RR)
P3HT or poly(2,5-bis(3-tetradecylthiohen-2-yl)thieno[3,2-b]-
thiophene) (PBTTT).””~*' However, a few recent studies
have focused on more amorphous polymer materials, which
appear to behave differently from more crystalline conjugated
polymers. For example, regiorandom P3HT (RRa-P3HT),
with its disordered side chains, does not readily crystallize in
films, even though its conjugated backbone is identical to the
more heavily investigated RR-P3HT. Chew et al. have argued
that amorphous conjugated polymers like RRa-P3HT become
more ordered after doping.'® Lim et al. have studied the
electrical properties of blends of RR and RRa P3HT following
vapor doping with F,TCNQ and found using grazing-
incidence wide-angle X-ray scattering (GIWAXS) and resonant
soft X-ray scattering (RSoXS)* that doping indeed increases
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order and long-range connectivity in some of the originally
disordered regions of the blend.

In this work, we extend our knowledge of the effects of
doping on amorphous conjugated polymers by examining the
structural effects of two different dopants (F,TCNQ and
FeCly) as well as a related non-dopant small molecule,
tetracyanoquinodimethane (TCNQ), on RRa-P3HT (Figure
1a). We choose TCNQ as a non-dopant due to its structural
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Figure 1. (a) Molecular structures of P3HT, F,TCNQ, and TCNQ
and (b) UV—vis absorbance of a thin film of RRa-P3HT (blue curve)
and similar films infiltrated by SqP with F,TCNQ_(red curve), FeCl;
(pink curve), and TCNQ (green curve), showing successful
incorporation of each of the small molecules. The new bands
centered near 1.55 and 0.65 eV result from the production of
polarons, indicating that doping has occurred with F,TCNQ_and
FeCl,. After thermal treatment of either of the doped films, (black
curve) the original absorption is recovered, confirming successful
removal of the dopant from the films. The inset shows the normalized
low-energy P1 absorption for the F,TCNQ- and FeCl;-doped films;
the relative blue shift of the FeCl;-doped P1 absorption is indicative
of more trapped charge carriers.

similarity with F,TCNQ, allowing us to isolate the structural
role of space-filling of the small molecule from the changes
induced by charge transfer reactions with oxidizing dopants
like F,TCNQ. We also investigate FeCl; as an alternate dopant
with a different molecular shape to provide information about
whether the morphological changes induced upon doping are
controlled predominantly by interactions with the dopant or
simply by the creation of hole polarons on the polymer
backbone.

We show by studying the optical, electrical, and structural
properties of our doped/infiltrated RRa-P3HT films that the
incorporation of either FeCl; or F,TCNQ induces an increase
in both crystallinity and molecular ordering of the original
RRa-P3HT structure. This increased ordering produces a
structure that is very similar to that of doped RR-P3HT, where
the F,TCNQ dopant anions sit in the lamellar regions between
the P3HT side chains and the backbone z-stacks reorient with
respect to the unit cell.”>***>*% However, incorporation of the
similarly sized non-dopant TCNQ _has no effect on RRa-P3HT
crystallinity or molecular ordering, indicating that the observed
structural reorganization is not simply due to space-filling.
Moreover, the fact that RRa-P3HT doped with either
F,TCNQ or FeCl; returns to its original, disordered structure
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upon thermal dedoping indicates that the increased order and
crystallinity upon doping is due primarily to the presence of
polarons on the polymer backbone.

We begin our study by examining the optical spectroscopy
of RRa-P3HT films with and without various small-molecule
additives infiltrated by SqP, shown in Figure 1. The details of
how we prepared these films are given in the Supporting
Information (SI). The pure spin-coated RRa-P3HT film has a
broad absorption peak centered at 447 nm or 2.76 eV (dark
blue curve) that results from the band gap or exciton transition
of the polymer. This absorption is significantly blue-shifted
compared to that of RR-P3HT and is similar to what is seen
for RRa-P3HT in solution,™ confirming that RRa-P3HT
maintains a disordered morphology in the solid state due to
steric repulsion between its randomly oriented side chains.*

Upon infiltration of TCNQ_into films of RRa-P3HT, the
absorption spectrum (green curve) does not show any obvious
changes, but we can confirm the successful incorporation of
TCNQ into our films by its presence in the solution
absorbance after redissolving the infiltrated film in dichloro-
methane (see Figure S1 in the SI). Upon the SqP addition of
either F,TCNQ_(red curve) or FeCl; (pink curve), we see a
decrease in the neutral exciton absorption of RRa-P3HT at
2.76 eV and the appearance of two new broad absorptions
centered near 1.55 and 0.65 eV that have been assigned to the
presence of hole polarons on the P3HT backbone.”**** In
addition to this polaronic absorption, we also see optical
signatures of the dopant anions for both F,TCNQ (1.42, 1.61,
1.79, and 2.97 €V)****” and FeCl; (3.47 eV),” verifying that
charge transfer and thus doping has taken place.

In order to take a closer look at the structural effects upon
doping with F,TCNQ_or FeCl; or infiltrating TCNQ_via SqP,
we performed a series of 2D-GIWAXS measurements.
GIWAXS investigates the structural properties of the
crystalline portions of the sample, providing information on
relative crystallinity and molecular packing distances. By
selectively integrating portions of the 2-D diffractogram
(details given in the SI), we also are able to separate the
out-of-plane and in-plane scattering to glean more information
about polymer domain orientation. Although RRa-P3HT is a
much more disordered material than semicrystalline RR-
P3HT, undoped RRa-P3HT films still have enough order to
display characteristic lamellar and 7-stacking peaks, as seen in
the raw 2-D GIWAXS diffractograms (Figure S2).

The radially integrated diffractograms of pure RRa-P3HT
(blue curve), RRa-P3HT with TCNQ (green curve), and RRa-
P3HT doped with 0.003 M F,TCNQ (red curve) are shown in
Figure 2a. Pure RRa-P3HT has a lamellar side-chain stacking
peak (100) at g = 0.41 A™" and a broad, disordered z-stacking
peak (010) at g = 1.49 A~'. When F,TCNQ_ is added to the
polymer, the lamellar stacking peak shifts to smaller q (0.36
A™") and a new #-stacking peak appears at larger g (1.83 A™"),
denoted as (010)*. These changes are similar to those
previously seen for F,TCNQ-doped RR-P3HT (see also
Figure $3).””' In addition to these peak shifts, there is a
clear change in lamellar crystallinity for doped RRa-P3HT, as
indicated by the increase in height of the (100) peak as well as
the appearance of new (200) and (300) lamellar overtones
seen at ¢ = 0.76 and 1.14 A7, respectively.

In addition to the appearance of higher-order lamellar peaks
upon doping with F,TCNQ, Figure 2b shows that the polymer
domain orientation changes from mostly isotropic to become
highly edge-on oriented. This is evidenced by the dramatic
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Figure 2. (a) Radially integrated X-ray diffraction of undoped RRa-
P3HT (blue curve), 0.003 M F,TCNQ-doped RRa-P3HT (red
curve), RRa-P3HT with TCNQ (green curve), and thermally
dedoped RRa-P3HT (black curve) and (b) selective in-plane
(solid) and out-of-plane integrations (dashed; same colors as in
(a)), with the inset zoomed in on the lamellar overtones and z-
stacking region. Doping with F,TCNQ shows a clear increase in
molecular order/overall crystallinity as well as the introduction of a
strong preference for edge-on orientation. In contrast, infiltration with
the structurally similar TCNQ_has little effect on the RRa-P3HT
structure, indicating that simple space-filling is not responsible for the
increased ordering upon doping.

increase of the (100) intensity and decrease in the (010)
intensity after F,TCNQ_doping in the out-of-plane diffraction
and an increase in the (010)* in-plane diffraction. The
observed peak changes are non-monotonic with doping
concentration, as shown in Figure S4 and discussed in the
SI. As mentioned in the introduction, this F,TCNQ-induced
ordering of the amorphous regions of RRa-P3HT films has
recently been demonstrated by Lim et al.,*” who have argued
that the stiffening of the P3HT backbone in the amorphous
regions leads to longer correlation lengths and thus improve-
ments in charge transport.

Figure 2 also shows that upon SqP addition of TCNQ to the
RRa-P3HT films (green curve) there is virtually no structural
change of the RRa-P3HT, except perhaps for a small decrease
in overall crystallinity. The absence of any domain orientation
change in Figure 2b further confirms that the incorporation of
TCNQ does not alter the structure of RRa-P3HT. If molecular
space-filling played a role in the structural changes, we would
expect TCNQ, which is similar in size to F,TNCQ, to induce
some of the same changes in polymer morphology. Instead, the
observed lack of any structural changes upon the addition of
TCNQ indicates that the reorganization observed upon doping
with F,TCNQ_is not due to m-stacking or space-filling but
instead is connected with the charge transfer process.

In order to determine how doping drives the ordering
increase seen in doped RRa-P3HT films, we examined the
structure of RRa-P3HT doped with FeCl;, shown in Figure 3.
The radially integrated diffraction in Figure 3a shows that the
addition of FeCl; leads to a similar increase in (100) peak
intensity that was seen with F,TCNQ_(detailed peak positions
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Figure 3. (a) Radially integrated diffraction of undoped RRa-P3HT
(blue), 0.01 M FeCly-doped RRa-P3HT (pink), 0.003 M FeCls-
doped RRa-P3HT (purple), and dedoped RRa-P3HT (black) and (b)
in-plane (solid) and out-of-plane integrations (dashed) with the inset
zoomed in on the lamellar overtones and z-stacking regions. Similar
dopant-induced ordering (an increase of (100) intensity, appearance
of lamellar overtones, and increased edge-on orientation) to that seen
with F,TCNQ indicates that structural changes are due primarily to
the polarons created by the doping process.

are given in Table S1), and the in- and out-of-plane scattering
shown in Figure 3b verifies that FeCl;-doping induces a similar
increase in edge-on domain orientation to that observed with
F,TNCQ. This shows that the structural changes are related to
polaron formation on the P3HT backbone rather than the way
the dopants fill space in the polymer crystallites.

This conclusion about polaron formation driving the
observed increase in order is confirmed by thermal annealing
of both the F,TCNQ-doped and FeCl;-doped RRa-P3HT
samples (black curves in Figures 2a and 3a, respectively).
When the doped RRa-P3HT films are heated to 120 °C for 20
min to vaporize the dopant, the film structure returns to that of
the originally undoped RRa-P3HT. The fact that thermal
treatment induces dedoping of the films is evident in the
disappearance of the polaronic and anionic absorptions as well
as the recovery of the P3HT excitonic absorption seen in
Figure 1 (black curve). From this data, we conclude that the
structural reorganization upon doping can be attributed to
delocalization of the polaron and the need to accommodate
the dopant anion in the lamellar regions of the crystallites.”’
When the polaronic charge is removed, the induced ordering
of the polymer chains is lost, verifying that the structural
changes seen upon doping are not induced simply by space-
filling of the dopant molecules.

Although the increase in crystallinity upon doping of RRa-
P3HT is significant, comparison of the total scattering intensity
for doped RR and RRa-P3HT (see SI Figure S3) indicates that
the overall crystallinity of doped RRa-P3HT is still significantly
lower than that of doped RR-P3HT. GIWAXS probes only the
crystalline domains in polymer films that generally contain
both amorphous and crystalline regions. Thus, despite the fact
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that doping dramatically increases the crystalline fraction of
RRa-P3HT, doped RRa-P3HT films are still much less
crystalline than similarly doped RR-P3HT films (Figure S3).
We also find that F,TCNQ-doped RRa-P3HT is more
crystalline than FeCly-doped material (also shown in Figure
S3 of the SI). This suggests that even if packing constraints are
not the driver of the increased crystallinity they may play a
minor role as the longer, flat F,TCNQ molecule is likely to fit
better into the RRa-P3HT lamellae than FeCl;. The fact that
FeCl; still increases crystallinity upon doping, however, implies
that this structural reorganization can be attributed primarily to
packing changes that allow for delocalization of the polaron.

Having examined the structural effects upon incorporating
small-molecule dopants into RRa-P3HT films, we now take a
more detailed look at the changes in the UV—visible
spectroscopy upon doping. Interestingly, F,TCNQ-doped
RRa-P3HT shows a significant red shift (~150 meV) of the
main exciton absorption that is near 2.7 eV in the pure,
undoped material, suggesting an increase in crystalline order in
the remaining neutral polymer regions upon doping. Indeed,
the position of the shifted exciton peak is very similar to that
seen in undoped RR-P3HT films. This increased order in the
undoped component of doped RRa-P3HT films suggests that
when domain-level crystallization occurs both doped and
undoped regions get swept up in the doping-induced structural
changes. This increased order of the neutral regions of RRa-
P3HT upon doping has previously been correlated with the
planarization and straightening of the polymer backbone, as
observed using Raman spectroscopy.'*****~** As noted above,
TCNQ does not result in any polaron formation, as expected.
The fact that the neutral exciton absorption for TCNQ-treated
films is also unaffected again rules out space-filling as the
primary source of the increased order.

It is worth noting that the low-energy polaron absorption
bands (often referred to as the P1 bands)* that we see in
doped RRa-P3HT are blue-shifted from those seen in RR-
P3HT. If the polaron is at a similar absolute energy in both
RR-P3HT and RRa-P3HT, this blue shift could be attributed
to the wider band gap and deeper valence band of RRa-P3HT
(see Figure S8 in the SI). Alternatively, theoretical modeling
has shown that the proximity of the dopant anion to the P3HT
backbone directly affects the location of the P1 polaron
absorption peak; in particular, when the anion is closer to the
polymer backbone, the increased Coulomb interaction blue
shifts the polaron absorption.'®*"***

The inset to Figure 1b shows that the observed P1 peak of
doped RRa-P3HT is broad and extends significantly to the red,
suggesting a wide range of polaron/anion distances. The red
side of the absorption band likely results from anions located in
the polymer crystalline domains, which are located in the
lamellar re(gions a good distance away from the polymer
backbone.” In contrast, anions in the amorphous regions of
the polymer can reside closer to the polarons on the polymer
backbone, leading to a more blue-shifted absorption. Indeed,
the blue edge of the P1 absorption band is identical for RRa-
P3HT doped with F,TCNQ (Figure 1b inset, red curve) and
FeCl; (Figure 1b inset, pink curve) as there is a significant
amorphous fraction in both films. There is more intensity at
the red edge for the F,TCNQ-doped sample compared to the
FeCl;-doped material, however, consistent with the observa-
tion of a higher crystalline fraction in the F,TCNQ doped
material (Figure S3), discussed above.
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The electrical conductivities of the F,TCNQ-doped and
FeCl;-doped RRa-P3HT films were measured using a four-
point probe measurement in the van der Pauw geometry (see
the SI for details) to be 0.02 and 0.01 S/cm, respectively. Even
with the improved ordering upon doping observed via
GIWAXS, these conductivities are still 1—2 orders of
magnitude lower than those observed when doping RR-
P3HT under the same conditions. These lower conductivities
are in agreement with the idea that a significant fraction of the
doped RRa-P3HT films are still amorphous, and that in the
amorphous regions, carriers are less mobile due to the close
presence of the counterions, as reflected by the more blue-
shifted P1 absorption in the FeCl;-doped RRa-P3HT
films.””*' Indeed, if we use the P1 peak position to estimate
carrier mobility (see the SI), we calculate carrier densities on
the order of 10Y/cm?® which is ~100X lower than that
observed for RR-P3HT.”!

The idea that polaron formation during doping drives
structural reorganization helps add to our growing under-
standing of how anion distance relates to carrier mobility. For
doped RRa-P3HT films, the dopant anions are close to the
polaron in the amorphous parts of the film, resulting in low
conductivities. The increased crystallinity and order of
F,TCNQ-doped films relative to FeCl;-doped films helps, on
average, to further separate the F,TCNQ anion and polaron,
increasing the conductivity. More highly crystalline polymers
such as 100% RR-P3HT and PBTTT hold dopant counterions
even farther from the polarons, resulting in yet higher
mobilities. ™ >4

Instead of using polymer crystallinity to separate polarons
from their anions, larger dopants can be used. Liu et al. showed
that the use of large dopants like Mo(tfd);, which cannot
infiltrate RR-P3HT crystallites, still led to structural reorgan-
ization attributed to the polaron formation process.”* We
recently showed that when using a functionalized dodecabor-
ane cluster dopant, the crystallinity of doped RR-P3HT is
destroyed, despite producing high P3HT conductivities due to
shielding of the Coulomb interaction between the anion and
polaron.”® All of this suggests that for small-molecule dopants,
polymer crystallinity can help to separate the dopant anions
from polarons, while for larger dopants that intrinsically
minimize Coulomb interaction between the polaron and
counterion, polymer crystallinity is less important for high
conductivity.

In summary, we have incorporated a range of small
molecules into RRa-P3HT films to explore the structural
changes that occur upon doping. Optical and electrical
measurements confirm successful doping with both F,TCNQ
and FeCl,, resulting in modest conductivities. The carriers are
not entirely trapped, however, because doping induces
structural reorganization of RRa-P3HT to produce a more
crystalline structure, which reverts back to its initial state upon
dedoping. The fact that no structural changes occur upon
incorporation of TCNQ, which is structurally similar to
F,TCNQ but is not able to dope the films, strongly suggests
that the increases in crystallinity are due to polaron formation,
rather than molecular packing constraints that occur upon
incorporation of the small molecules into the films.
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