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ABSTRACT: With the ability to modulate electronic properties ) 6 mm

through molecular doping coupled with ease in processability, o s 10

semiconducting polymers are at the forefront in enabling organic l S\ Q S\ Q| 10’ H‘ A
thermoelectric devices for thermal energy management. In contrast g, 10° A

to uniform thermoelectric material properties, an alternative route PBTTT 4

focuses on functionally graded materials (FGMs) where one 1

spatially controls and optimizes transport properties across the e : &
length of a thermoelectric material. While primarily studied in the NC

context of inorganic materials, the concept of FGMs for organic
thermoelectrics has not been explored. Herein, we introduce how
molecular doping of semiconducting polymers enables spatial
compositional control of thin-ilm FGMs. Specifically, we use
sequential vapor doping of poly[2,5-bis(3-tetradecylthiophen-2-yl)thieno[3,2-b]thiophene] (PBTTT) with the small molecule
acceptor 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4ATCNQ) to fabricate the simplest form of FGMs—double-
segmented thin films. The two thin-film segments are of equal length (7.5 mm) but each set to different doping levels. Our study
focuses on understanding the thermoelectric properties (Seebeck coefficient, @, and electronic conductivity, 6) and structural
properties (through X-ray scattering, UV—vis—NIR spectroscopy, and Raman spectroscopy) within and across the two segments. We
observe the presence of a small diffuse interfacial region of 0.5—1 mm between the two segments where the doping level and
transport properties vary continuously. Despite the diffuse interface, the measured & across the two segments is simply the average of
a within each segment. Importantly, this experimental result is consistent with reported mathematical models describing the spatial
average of @ in graded thermoelectric materials. Our results demonstrate the facile fabrication and characterization of functionally
graded organic thermoelectric materials, providing guidelines for further development on more complex FGMs.
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B INTRODUCTION Fundamentally, challenges lie in controlling the highly
Molecular doping is an essential process in controlling charge interrelated material properties that dictate thermoelectric
carrier concentration and, in turn, the electronic transport performance, which include electronic conductivity (o),
properties of conjugated polymeric semiconductors.”” Doped Seebeck coefficient (or thermopower) (a), and thermal
semiconducting polymers are of broad interesting spanning conductivity (K).18 The thermal-to-electrical energy conversion
organic electronic and energy applications.”” Recently, doped efficiency is related to the dimensionless figure of merit, ZT =
semiconducting polymers have emerged as promising materials a*0T/k, where T is the temperature in kelvin and o’c is the
for thermoelectrics—devices that interconvert heat and power factor (PF). Unifying each transport property is the
electricity.’™'" Polymers for thermoelectrics span poly- connection to the charge carrier concentration (n). In
(ethylene dioxythiophene) (PEDOT), polythiophene deriva- principle, the magnitude of o increases as a function of n
tives (e.g., poly(2,5-bis(3-alkyl-2-thienyl)thieno[3,2-b]- while, in contrast, the magnitude of @ decreases with n.”'® For

thiophene) [PBTTT] and poly(3-alkythiophene) [P3AT]), the case of thiophene-based semiconducting polymers, the
and more advanced polymers based on donor—acceptor quantitative addition of a molecular p-dopant such as a small

conjugated moieties. Organic.thermoelec.trics based on these organic acceptor (FATCNQ, 2,3,5,6-tetrafluoro-7,7,8,8-
polymers can enable new device geometries and architectures

that are challenging to achieve through traditional inorganic-
based materials. By leveraging the processability of polymers,
modules may be flexible and conformable.'~"* In turn, unique
designs, such as annular or corrugated modules, facilitate
broader implementation toward waste heat harvesting, local Te
temperature control (cooling), and low-power wearable
electronics."* ™"
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tetracyanoquinodimethane) leads to an electron transfer
between the host polymer and dopant molecule, which
modulates #.'” In addition, the introduction of the dopant
must maintain the underlying hierarchical structure (crystalline
order, orientation, and long-range morphology), enabling
efficient charge transport in semiconducting polymers.

Therefore, how the dopant molecule is introduced into the
polymer matrix is critical to controlling the thermoelectric
material properties.””*' One approach includes casting films
from solution mixtures of the polymer and dopant. While this
process takes advantage of solution processability, controlling
the morphology of films is difficult due to the formation of
charged polymers, which results in significant aggregation or
precipitation at high dopant loadings that leads to poor quality
films.”* An alternative and most promising approach is the
sequential doping method where one first casts a neat thin film,
and then the dopant is infiltrated into the polymer matrix
either with an orthogonal solvent or from the vapor
phase.””™*” Tt has been shown that casting a thin film of
PBTTT and then vapor doping with FATCNQ_ leads to a
thermoelectric PF around 120 yW m™' K™% which is
substantially higher relative to a film cast from a polymer/
dopant solution (1.3 gW m™ K2).”° The high PF is achieved
because the infiltration of the dopant into the polymer matrix
maintains the crystalline order, orientation, and Iong-ran%e
chain connectivity permitting high charge carrier mobility.”
Applying a similar approach, a recent publication from
Brinkmann and co-workers has shown that sequential doping
of chain aligned PBTTT leads to a PF of about 2000 yW m™"
K2—a record for modern solution-processable semiconduct-
ing polymers.*

Inspired by facile processability of semiconducting polymers
and the utility of the sequential doping process, we are
exploring a new direction toward functionally graded forms of
doped semiconducting polymers. Functionally graded materi-
als (FGMs) are engineered materials where properties are
varied spatially either continuously or a step-by-step
(se$mented) fashion throughout the volume of the materi-
al.’'=*? Spatial control through composition, microstructure,
and orientation can tune local properties across the FGM.>
Implementation of the functional grading principles offers an
opportunity of increasing the efficiency of thermoelectric
devices for power generation or cooling by employing
appropriate distribution of n and microstructure.”*™** The
effectiveness of FGMs has been exclusively investigated with
inorganic thermoelectric materials (e.g., Bi,Te; and
PbTe).*>*>* For perspective, a wide operating temperature
range (up to ca. 1000 K) for power generation through
inorganic materials leads to thermoelectric properties to be a
strong function of temperature.'® Therefore, tuning the dopant
composition (carrier density) or microstructure across the
operating temperature gradient permits local optimization of
thermoelectric properties.”” Alternatively, spatial variation of
the thermoelectric properties enables more efficient distribu-
tion of heat when operating thermoelectrics as Peltier
coolers.*”*” This design, termed the distributed Peltier effect,
leads to larger cooling temperature gradients and coefficient of
performance. Utilization of FGMs in the context of thermo-
electric cooling applications (e.g., medical cooling devices, seat
coolers, and thermal management for batteries) where the
operating temperatures amenable to polymeric materials (e.g.,
~60 to 0 °C) will be most promising for organic thermo-
electrics.
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To understand the influence of segmented to continuously
graded thermoelectric properties, significant focus has been on
developing mathematical models of FGMs based on first
principles to establish the theoretical limits of perform-
ance.”’73***7* These models provide experimental guiding
principles for the fabrication and implementation of FGMs.
However, the experimental synthesis and processing of
conventional inorganic thermoelectric materials typically
require high temperature (~1000 K) and pressure (50 MPa)
conditions to produce ingots with appropriate gradient in
dopant concentration or microstructure. Therefore, executing
the principles of functional grading can be prohibitive due to
extreme synthetic and processing conditions. In contrast,
solution processability of semiconducting polymers and low
temperature thermal processing conditions permits a deeper
exploration of various forms of functionally graded motifs
through a single material. In particular, gradient in micro-
structure can be achieved with solvent or thermal annealing
while the sequential doping method enables spatial control of
dopant composition. To best of our knowledge, the principles
of functional grading have not been explored for organic
thermoelectric materials.

To this end, we report on the fabrication, structure, and
thermoelectric properties (¢ and @) of symmetric double-
segmented thin films—the simplest form of a 1D functionally
graded thin films. By design, the focus of the work is not
motivated by device optimization but centered around a
fundamental understanding of spatial structure-transport
properties of molecularly doped semiconducting polymers
through double-segmented thin films. We use the high
mobility semiconducting polymer poly(2,5-bis(3-tetradecyl-
thiophen-2-yl)thieno[3,2-b]thiophene) (PBTTT). The ap-
proach for this study employs compositional control of the
molecular dopant FATCNQ_to modulate doping level (carrier
concentration) within each macroscopic segment. Through a
custom-designed vapor doping apparatus, we show how
sequential vapor doping leads to facile fabrication of
compositionally controlled double-segmented thin films.
Through a combination of grazing incidence wide-angle X-
ray scattering (GIWAXS) and Raman spectroscopy, we
characterize the local order and the lateral spatial distribution
of the dopant within and across the boundary of the two
segments. In addition, the spatial distribution of ¢ is measured
through an array of microfabricated electrodes. The measure-
ments reveal a more complex picture encompassing multiple
forms of functional gradients across multiple length scales. In
particular, the fabrication process leads to the formation of a
diffuse interface at the boundary of two segments comprising a
sigmoidal-like profile in doping and electronic conductivity.
Lastly, the macroscopic a is measured within and between the
segments to provide insight into the spatial average of a.

B RESULTS AND DISCUSSION

Fabricating Double-Segmented Films through Se-
quential Vapor Doping. For facile fabrication of symmetric
double-segmented PBTTT:F4ATCNQ_ thin films, we employ
sequential vapor doping to spatially control dopant composi-
tion in the lateral direction (Figure 1). It has been established
that thin film processing controls the thermoelectric transport
properties of molecular-doped semiconducting polymers like
PBTTT. Therefore, for consistency, all neat PBTTT thin films
are processed in the same manner in this study: spin-coated
from chlorobenzene solution and soft annealed at 80 °C (as-
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Figure 1. (a) Chemical structure of PBTTT and F4TCNQ. (b)
Schematic of the fabrication process used in this study to achieve
double-segmented PBTTT thin films. (c) Picture of a double-
segmented thin film.

cast thin films of ca. 30 nm). By focusing on the thin film
regime, we can ensure uniform composition of dopant through
the thickness of the film (out-of-plane direction),”” and thus,
spatial variation only occurs in the lateral direction (1D
profile). In Figure 1b, we show a schematic of our home-built
apparatus for controlled vapor doping of polymer thin films in
an argon atmosphere glovebox. More details are provided in
the Experimental Methods section and the Supporting
Information. In short, a pellet of FATCNQ in an alumina
crucible is placed at the bottom of the doping chamber where
the base is heated to ~200 °C to sublime FATCNQ. The
dopant vapor infiltrates a PBTTT thin film that has been
placed in a Teflon holder at the top of the doping chamber.
The extent of doping is controlled through vapor dopant
exposure time.

We calibrated our doping chamber to determine the extent
of doping and conductivity as a function of F4TCNQ_vapor
exposure time. Figure 2a shows a semilog plot for the evolution
of the four-probe electronic conductivity. We observe the
typical superlinear increase in conductivity where the
conductivity rapidly increases and then eventually plateaus at
longer doping times. The values for conductivity are 0.10 S/cm
at 1.5 min, 8 S/cm at 2 min, and 200 S/cm at 4 min. The
corresponding UV—vis—NIR absorption spectra are shown in
Figure 2b, indicating efficient charge transfer between PBTTT
and FATCNQ. For neat PBTTT, the primary absorption peak
is observed at 2.3 eV and a broad shoulder at 2.1 eV. After
vapor exposure, the absorption intensity of the primary peak
decreases along with the appearance of absorption structure in
the vicinity of 0.5 eV, corresponding to the positive polaron of
PBTTT, and the appearance of peaks near 1.4 and 1.6 eV,
corresponding to the radical anion of F4TCNQ.'” These
absorption features are indicitive of the integer charge transfer
doping mechanism."

The doping levels in the films were estimated from deconvo-
luted UV—vis—NIR spectra using Beer’s law (Figure S1). The
F4TCNQ_anion concentration was determined by using the
F4TCNQ anion molar extinction coefficient at 1.4 eV (&
50000 L mol™ cm™),* and the underlying monomer
concentration was estimated from the PBTTT extinction

~
~
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Figure 2. (a) Electronic conductivity of PBTTT thin films doped with
F4TCNQ_ via the vapor doping method as a function of time.
Conductivity of neat PBTTT was measured to be 1.5 X 107° S/cm.
(b) UV—vis—NIR spectra of PBTTT thin films vapor-doped with
F4TCNQ for various times. N = neat, L = low, M = medium, and H =
high doping levels.

coefficient at 2.3 eV (¢ &~ 50000 L mol™! ecm™) (see the
Supporting Information for a detailed calculation). The
estimated molar ratio (MR) of the dopant anion to monomer
(F4TCNQ anion:PBTTT monomer) is 0.04, 0.09, and 0.23
for 1.5 min doped, 2 min doped, and 4 min doped films,
respectively. The high doping level is approaching reported
studies of PBTTT doped with FATCNQ where the maximum
MR is in the range of 0.25—0.30.2%?"*° With these results, we
designate four doping and conductivity levels for our study:
neat (undoped) (N), MR = 0.04 = low (L), MR = 0.09 =
medium (M), and MR = 0.23 = high (H). To generate
segmented films, we used a Teflon bar to mask parts of the film
from exposure to the dopant vapor (Figure 1b). More details
are provided in the Experimental Methods section. Going
forward, we will focus on the characterization of neat—high
(NH), low—high (LH), and medium—high (MH) double-
segmented thin films.

Influence of Molecular Doping on Local Structure
and Dopant Distribution. By performing grazing incidence
wide-angle X-ray (GIWAXS) scattering experiments, we can
determine how molecular doping influences the local ordering
of the polymer chains and provides insight into the distribution
of the dopant within and across the two segments. The
GIWAXS images of our neat PBTTT thin film convey the
characteristic scattering pattern for as-cast PBTTT (Figure
S$2). The GIWAXS image indicates side-chain stacking (h00)
peaks up to the fourth order in the out-of-plane direction along
with the backbone reflection (113) as well as the reflection
(110) related to the z—m stacking in the in-plane
direction.’™>* This observation indicates a preferential edge-
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Figure 3. (a) 2D GIWAXS images collected within the L (low doping) segment, interface, and within the H (high doping) segment. Domain
spacing of (b) (200) peak, dyy, and (c) (110) peak, dy;, at different positions on LH segmented thin films obtained from GIWAXS.

on orientation of polymer crystallites, resulting from the
casting conditions used in this particular study.

For FATCNQ-doped films, representative GIWAXS images
are shown for the LH segmented film in Figure 3a and for the
NH and MH segmented films in the Supporting Information
(Figure S3). Overall, the scattering patterns for all segmented
films are qualitatively similar to neat PBTTT. This indicates
that vapor infiltration with F4ATCNQ only causes minimal
disruption to the underlying semicrystalline morphology of
PBTTT, which is consistent with previous reports.”’
Quantitative changes upon vapor doping are seen through
the side-chain stacking and 7—x stacking distances. We focus
on the (200) reflection to due to background scattering from
the beamstop and substrate reflectivity present near the (100)
reflection. In segment H, we observe an increase in the side-
chain spacing distance (d,g) to 1.14 nm relative to 1.06 nm for
neat PBTTT. In addition, we observe a compression of the
m—n stacking distance to 0.354 nm relative to 0.371 nm for
neat PBTTT.

These changes are consistent with recent reports showing
that dopant FATCNQ_ anion resides within regions of the
aliphatic side chains where an expansion of the side-chain
stacking direction (h00) and compression of the 7—r stacking
distance are observed.”””” The decrease in the 7—7 stacking
distance upon doping is widely observed in molecularly doped
conjugated polymers.'”>*>*>* Recently, it has been shown that
doping-induced polaron delocalization between adjacent
backbones leads to electrostatically attractive intermolecular
interactions and, thus, accounts for the reduction in the 7—n
stacking distance.>® Moreover, the extent of the changes in the
distances is a function of doping level. Therefore, we can use
the relative changes in side-chain and 7—7 stacking distances
to monitor the compositional distribution of the dopant.

GIWAXS experiments as a function of angle of incidence
were performed to determine the dopant composition through
the thickness of the film (out-of-plane direction). In Figures S4
and S5, we show the scattering profiles measured at different
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angles of incidence for segments L and H. Overall, the changes
to side-chain stacking and 7—x stacking distances are the same
at each angle of incidence, which signifies uniform distribution
of dopant through the thickness of the film. These results are
consistent with previous reports for PBTTT thin films used in
this study (ca. 30 nm).*

The lateral distribution of both side-chain stacking and 7—7x
stacking distances are shown in Figures 3b and 3c, respectively,
for the LH segmented film and in the Supporting Information
for NH and MH segmented films (Figures S6 and S7).
Measurements were performed on nine different spots laterally
across the double-segmented film (7.2 mm distance). The
center location (x = 0 mm) was designated as the location of
edge of the Teflon bar during vapor doping, which defines the
interface between the two segments. Seven measurements were
conducted across the interface of the segments. The distance
between adjacent spots is ~200 um, which is the width of the
X-ray beam. Measurements within each segment were 3 mm
away from the edge of the interface of the two segments.

Starting from within segment L (x = —3.6 mm), the second-
order side-chain spacing, d,q, is 1.07 nm and maintains this
value when approaching the interface (x = —0.6 mm).
Importantly, finer spatial measurements across the interface
and toward segment H revealed a steady increase in d,,, where
the value reaches 1.14 nm at x = +0.6 mm. This d,, is equal to
the value within segment H (x = +3.6 mm). The distribution
can be qualitatively described to follow a sigmoidal-like profile.
As shown in Figure 3¢, the spatial distribution for 7—x stacking
distance shows a similar sigmoidal profile, but inversely
correlated. The profile reveals that while the doping level is
homogeneous within each segment, there exists a thin diffuse
interface where the doping level gradually changes. This
distribution was also observed in NH and MH segmented films
(Figures S6 and S7). Overall, the width of the diffuse interface
is ca. 1 mm for NH and LH and ca. 0.5 mm for MH segmented
films.

https://dx.doi.org/10.1021/acs.macromol.0c00402
Macromolecules 2020, 53, 2882—2892


http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.0c00402/suppl_file/ma0c00402_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.0c00402/suppl_file/ma0c00402_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.0c00402/suppl_file/ma0c00402_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.0c00402/suppl_file/ma0c00402_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.0c00402/suppl_file/ma0c00402_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.0c00402/suppl_file/ma0c00402_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c00402?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c00402?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c00402?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c00402?fig=fig3&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://dx.doi.org/10.1021/acs.macromol.0c00402?ref=pdf

Macromolecules

pubs.acs.org/Macromolecules

a) L H 2.2
]
. ., N 20 1.8
— —
Interface i
T PR T
B -y ol PP
b) — N\ C) 2.5 m Interface
e L segment
> 1.0+ a A Hsegment
L= =
Ee] <
N 05- 8 154
5 o
£ =
2
1.0 5
0.0 T T T T T T T T T T
1300 1400 1500 1600 1700 3 2 -1 0 1 2 3

Wavenumber (cm™')

Distance (mm)

Figure 4. (a) Raman maps of peak height ratio of mode A/mode D on segment L, segment H, and across the interface. (b) Raman spectra for N, L,
M, and H films with labeled Raman modes. (c) Peak height ratio of mode A/mode D as a function of distance across a LH segmented film. The
Raman results for NH and MH segmented films are provided in the Supporting Information. N = neat, L = low, M = medium, and H = high doping

levels.

Raman Spectroscopy Reveals Spatial Distribution of
Charge Carriers. Raman spectroscopy was used to further
characterize the spatial distribution of charge carriers (doping
level) within and across the double-segmented PBTTT thin
films. Charge carriers here correspond to the formation of
positive polarons, which can be observed through changes in
Raman vibrational modes of the conjugated core of PBTTT.
Note that the determination of positive polarons through
Raman spectroscopy is used to quantify the local doping level
and should not be equated to be free charge carriers
contributing to conduction.’® Raman spectra of neat PBTTT
and PBTTT:F4TCNQ thin films at various vapor doping times
are shown in Figure 4b. For neat PBTTT, we observe four
major Raman modes, appearing at 1394 cm™' (mode A), 1415
cm™! (mode B), 1460 cm™" (mode C), and 1490 cm™ (mode
D). These modes are in good agreement with previous
reports”’ " and are further summarized in Figure S8 and
Table S1. The relevant modes to monitor polaron formation
are A and D, which correspond to the C=C stretching mode
from the thienothiophene core and the C=C/C-C
stretching/shrinking mode from the outer thiophene rings,
respectively.”’ >’ The relative intensity change of mode A
indicates the formation of positive polarons (hole carriers)
while the change to mode D relates to neutral (undoped)
chains. In tandem, the appearance and growth of the peak at
1642 cm™" correspond to the formation of the FATCNQ anion
(mode E), which further emphasizes the correlation to the
doping level. To best express relative changes between
individual peak modes, we normalized all neat and doped
Raman spectra to mode A. With this normalization scheme,
the intensity of mode D is shown to decrease significantly upon
doping with F4TCNQ. In turn, taking the peak height ratio of
mode A/mode D approximates the positive polaron (hole)
concentration. For example, the peak height ratio of mode A to
mode D increases from 0.92 for neat PBTTT to 1.9 when
PBTTT doped for 4 min. This relation provides us a pathway
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to spatially map out the charge carrier concentration across key
regions of the segmented film.

Figure 4a shows the Raman maps of peak height ratio of A/
D for different spots of the LH segmented film. Note that the
spatial resolution of the Raman mapping is ~0.65 ym based on
the aperture of the microscope and laser wavelength.
Moreover, each “pixel” of the color map is “coarse-grained”
to a 10 ym by 10 um square, which is based on the step size for
each measurement. Here, purple corresponds to regions of
lowest charge carrier concentration while red corresponds to
regions of highest charge carrier concentration. Within
segment H, we observe near uniform distribution of charge
carriers. On the other hand, segment L shows a less
homogeneous charge carrier distribution, suggesting dopant
segregation at lower doping levels. Raman maps with finer
scale (1 um step size) were also obtained to confirm this
inhomogeneity (Figure S9). While doping level is uniform
when macroscopically average, the Raman experiments show
the inhomogeneity of doping at the submicrometer scale and,
thus, the hierarchical nature of compositional dopant control
inherent with the sequential vapor doing process.

The interfacial region between both segments, moreover,
shows a gradual change in charge carrier concentration (Figure
4a and Figure S10). To quantify the width of the gradual
change, we plot the lateral average of the ratio of modes A and
D (Figure 4c and Figure S10b,d). The peak height ratio A/D is
1.1 + 0.2 within segment L while the A/D ratio is 2.0 + 0.4
within segment H. The large error arises from the
heterogeneity of the charge carrier distribution. Across the
interface region, the peak height ratio gradually increases from
1.0 (average of first three points) near segment L to 2.1
(average of last three points) near segment H. This gradual
change describes a diffuse interface, which occurs across a
width of ~1 mm for the LH segmented film. The presence of a
diffuse interface is consistent with the analysis of the GIWAXS
measurements discussed earlier.

https://dx.doi.org/10.1021/acs.macromol.0c00402
Macromolecules 2020, 53, 2882—2892


http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.0c00402/suppl_file/ma0c00402_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.0c00402/suppl_file/ma0c00402_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.0c00402/suppl_file/ma0c00402_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.0c00402/suppl_file/ma0c00402_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.0c00402/suppl_file/ma0c00402_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c00402?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c00402?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c00402?fig=fig4&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.0c00402/suppl_file/ma0c00402_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c00402?fig=fig4&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://dx.doi.org/10.1021/acs.macromol.0c00402?ref=pdf

Macromolecules

pubs.acs.org/Macromolecules

Determination of Spatial Electronic Conductivity.
The spatial distribution of the electronic conductivity was
characterized within and across the interface of the segments
through an array of interdigitated electrodes (IDEs). Note that
we designate the center IDE (x = 0) as the spot where the edge
of the Teflon mask was located during vapor doping, which
establishes the boundary between the two segments. Each IDE
measures a 100 ym by 300 um region and is laterally spaced
apart by 200 um, which yields a total distance of 6 mm (3 mm
for each segment). Shown in Figure S is the spatial electronic

. | ™ NH
10" Ao LH
=3 -4 ¢ MH
L4
@ 10 rRass s
2 - %
8 10 oA
2 e %
Q -3
O 107 yYVVVV |
10-5_ [ ﬂ.
T T T T T T T
83 2 -1 0 1 2 3

Distance (mm)

Figure 5. Electronic conductivity across the double-segmented films
(measured by an array of IDEs, see the Supporting Information). The
center spot (0 mm) is as the location where the edge of the Teflon
mask was placed during vapor doping. N = neat, L = low, M =
medium, and H = high doping levels.

conductivity for the three double-segmented thin films. The
spatial distribution reveals uniform conductivity within each
segment, but with the presence of a diffuse interface that has a
sigmoidal-like conductivity profile. The width of the diffuse
interface is dependent on the doping time and is ca. 1.5 mm for
NH, ca. 1.0 mm for LH, and ca. 0.6 mm for MH segmented
films. Importantly, the conductivity profile within the diffuse
interface correlates well with the presence of a graded doping
profile as observed through GIWAXS and Raman spectrosco-
py-

Description of Functional Gradient Forms in Our
Double-Segmented Films. Conductivity, GIWAXS, and
Raman experiments reveal that the fabrication of the double-
segmented film leads to a more intricate description
encompassing multiple forms of functional grading across
multiple length scales. Specifically, the description accounts for
composition and structural characteristics spatially controlled
from nano to macro scales. Our functionally graded films
comprise macroscopic segments set to a specific doping level.
As observed through Raman mapping, the dopant composition
is heterogeneous in the submicrometer length scale. The
heterogeneity and hierarchical dopant composition control the
measured macroscopic electronic conductivity and Seebeck
coefficient within each segment. Between the two segments is a
diffuse interface where the dopant composition and con-
ductivity vary continuously. Qualitatively, the functional
grading profile of our double-segmented film can be described
by a sigmoidal-like curve. The intricate nature of the functional
gradient forms in our films will regulate the spatial average of
the Seebeck coefficient (to be discussed in the next section).
We posit the formation of the diffuse interface arises from the
inhomogeneity of dopant infiltration from shadowing effects at
edge of the bar and vapor diffusion underneath the
microscopic gap between the bar and film surface. While
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solid-state lateral drift diffusion can contribute to the diffuse
interface, we believe this process is negligible in our
experiments (see the Supporting Information, page S14). In
total, these processes lead to a gradient in dopant
concentration across the boundary of the two segments.
Determination of Macroscopic Seebeck Coefficient.
In this section, we present and discuss the results for the
measured macroscopic @ values within and between the two
segments. In Figure 6a, we show the geometry and
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Figure 6. (a) Schematic of the contact geometry for spatial Seebeck
coefficient measurements on LH and MH segmented films. (b)
Seebeck coefficient at different regions of LH and MH segmented
films (X = L or M; Y = H). N = neat, L = low, M = medium, and H =
high doping levels.

arrangement of the gold contacts used to measure the Seebeck
coefficient of the double-segmented films. The larger gold pads
were used to measure the temperature difference while the
narrow gold strips are used to measure the voltage difference.
Measurements were taken each 1 mm apart to ensure sufficient
voltage response. The Seebeck coefficient was spatially
measured at five spots across the double-segmented film.
The middle contact pair were for measurements between the
interface of the two segments. Note that the distance of 1 mm
is approximately similar to or larger than the width of the
diffuse interface. In addition, the location of the metal contacts
was controlled so that measurement equally weights each
segment when measuring across the interface.

Measurements within segments L and H yielded values of
ay, =177 + 17 uV/K and a;, = 178 + 17 uV/K and oy = 33
+ 3 uV/K and ay, = 34 + 3 uV/K. In addition, the MH
segmented film yielded values of @y = 71 + 7 yV/K and oy,
=70+ 7 uV/Kand ay; =33 + 3 uV/Kand ay, =30 + 3 uV/
K. Overall, these values reveal the homogeneity of the
macroscopic Seebeck coefficient within each segment. The
measurement of @ across the segments yielded values of a;p; =
97 + 9 uV/K and ayy = 48 + 5 uV/K for the two segmented
films. Upon closer inspection, a;y; and ayy are the average of
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the a values of each corresponding homogeneous segment
(Figure 6b). This observation holds true when « is measured
along a longer distance of 3 mm across the two segments
(Figure S11).

This averaging effect can be validated by considering the

general integral expression for the spatial average (aavg) for a
graded a profile:
L[ a()a
a,, = — a(x) dx
e Lfo (1)

where a(x) is the spatial distribution function of the graded
Seebeck coeflicient and L is the total lateral distance of the
graded profile.”> For our symmetric double-segmented films,
the integration can be simplified as the sum of the rectangular
integration of each segment (a,L; + @,L,). Dividing by the
total length (L = L; + L,) leads to the average Seebeck
coefficient. Note our double-segmented films are symmetric so
L, = L,; therefore, eq 1 simplifies down to (a; + @,)/2, or the
average of each homogeneous segment. Indeed, oy is
measured to be 97 + 9 uV/K, which is the same as the
integrated average, 105 + 10 pV/K, within error. Similarly, for
the MH segmented film, the integrated average is 51 + S uV/
K, which is equivalent to the measured a,;; = 48 + S uV/K.

The above analysis does not account for the small diffuse
interface between the two segments where the doping level has
a sigmoidal-like profile. While we could not experimentally
map out the local Seebeck coeflicient, it can be reasonably
assumed the spatial distribution for « inversely correlates to
the dopant composition and conductivity profiles shown
earlier. For discussion purposes, we calculated the spatial o
profile using the experimental spatial conductivity (Figure S)
and the empirical power law correlation previously reported for
polythiophene-based polymers (a proportional to 6~ "/#, Figure
S12).” The calculated local @ spatial profile for the segmented
films is shown in Figure S13. With a nearly symmetric
sigmoidal-like profile, the average of the two asymptotic values
corresponds to the inflection point of the curve. As noted
earlier, the experimental measurement distance of 1 mm for
is approximately similar to or larger than the width of the
diffuse interface. Consequently, the Au Seebeck contacts reside
on the asymptotes of the sigmoidal-like profile where the
asymptotes track each homogeneous segment. By design, the
experimental o measurement equally balances each segment;
thus, the measured a across the segment is equivalent to the
local a at the midpoint point (inflection point) within the
diffuse interface. Therefore, because of the symmetry of the
profile and equal weighting of each segment, the spatial
distribution of a within the diffuse interface does not impact
the determination of the average Seebeck coefficient of our
double-segmented films.

B CONCLUSIONS

We have presented a facile process in fabricating symmetric
double-segmented PBTTT thin films where each segment is
sequentially doped with FATCNQ_from the vapor phase. To
characterize the lateral dopant composition profile, we
correlated the changes in the characteristic side-chain stacking
and 7—n stacking distances to the presence of dopant anion
molecules. While uniform side-chain stacking and #—n
stacking distance were seen within each segment (uniform
doping level), a gradual change in these characteristic spacings
was seen across the interface of the segments (gradient in
doping level). Of note, the length of this diffuse interface is
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0.5—1 mm between the two segments. In addition, Raman
spectroscopy provided complementary details in the localized
doping level. While Raman mapping revealed inhomogeneity
of doping at the submicrometer scale, the macroscopic average
of the spatial doping profile follows the trends observed with
GIWAXS. Spatial conductivity measurements through an array
of microelectrodes indicated sigmoidal-like profile tracking well
with the dopant compositional profile. Lastly, the Seebeck
coefficient () was measured within and the across the
segments. The measurements revealed homogeneity of the
macroscopic Seebeck coefficient within each segment. Even
with presence of the diffuse interface, the spatiality integrated o
was simply the average of the « values of the segments.

Our work showcases how sequential vapor doping is an
enabling technique for applying the principles of functional
grading for organic thermoelectrics. While this study is limited
to symmetric double-segmented films, going forward, more
complex designs spanning multisegments to continuously
graded profiles are possible. Moreover, for judicious selection
of graded profiles, the design process can be coupled with
mathematical transport models revealing theoretical limits of
thermoelectric performance. Overall, semiconducting polymers
as FGMs are an enabling platform to further advance our
understanding of structure-transport properties and the
development of more efficient organic thermoelectric devices.

B EXPERIMENTAL METHODS

Materials. Poly(2,5-bis(3-tetradecylthiophen-2-yl)thieno[3,2-b]-
thiophene) (PBTTT) and anhydrous chlorobenzene (CB) were
purchased from Sigma-Aldrich (M, 40000—80000) and used as
received without further purification. 2,3,5,6-Tetrafluoro-7,7,8,8-
tetracyanoquinodimethane (FATCNQ, >98%) was purchased from
TCI Chemicals.

Thin Film Preparation. Thin film samples for GIWAXS
experiments were prepared on silicon with native oxide wafer
substrates (15 mm X 15 mm X 0.5 mm, University Wafer). Thin
film samples for UV—vis—NIR spectroscopy, Raman spectroscopy,
and electrical characterization were prepared on quartz substrates (15
mm X 15 mm X 0.5 mm, University Wafer). All substrates were
cleaned by sonicating in acetone and isopropanol for 10 min each,
followed by plasma cleaning for 3 min. For neat PBTTT thin film
preparation, PBTTT was dissolved in anhydrous CB (10 mg/mL),
and the solution was heated at 80 °C for 2 h to fully dissolve the
polymer. Then thin films were spin-coated by a SCS G3P spin-coater
from the heated solution (80 °C) using a two-step spin condition of
2000 rpm for 40 s followed by 3000 rpm for 25 s. Films were heated
at 80 °C for 10 min to remove residual solvent. All solution
preparation, spin-coating, and drying steps were performed in an
argon glovebox. The thickness of neat films was measured via
ellipsometry, which was determined to be ~30 nm.

Vapor Doping Process. Vapor doping was performed in an argon
glovebox. Approximately 2 mg of FATCNQ_powder was pressed into
a pellet (~3 mm in diameter) and placed in an aluminum oxide
crucible (OD 6.8 mm X H 4 mm from Government Scientific Source
Inc.), which was in turn placed in a glass insert (diameter ~5 cm,
height ~4.5 cm). A stainless-steel container was then preheated for 30
min on a hot plate to allow the chamber to reach a steady temperature
at 200 °C (measured via a thermocouple at the base of the chamber).
The glass insert with the dopant inside was put into the metal
chamber to produce dopant vapor. For uniform doping of films
(unsegmented films), a neat PBTTT thin film was held in a Teflon
holder and placed on the top of the doping chamber. The doping level
was controlled as a function of dopant exposure time. For this study,
we define four doping levels: neat (N, 0 min), low (L, ~1.5 min),
medium (M, ~2 min), and high (H, ~4 min) (Figure 2).

Double-segmented films were fabricated through a sequential vapor
doping process. First, the whole polymer film was exposed to
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F4TCNQ_ vapor to achieve L doping level or M doping level. Second,
the Teflon holder being was removed from the chamber, and a Teflon
bar (see dimensions in Figure S14) was then used as a mask to cover
half of the film. Then, the holder was put back onto the chamber to
further expose the uncovered half of the film to F4TCNQ vapor. For
the film at L doping level, the film was exposed to FATCNQ vapor for
an additional 3 min to achieve an LH segmented film. For the film at
M doping level, the film was exposed to F4ATCNQ vapor for an
additional 2 min to achieve a MH segmented film. Starting with a neat
film, the film was exposed to F4TCNQ_vapor for 4 min to achieve an
NH segmented film.

UV—Vis—NIR. UV—vis—NIR spectra of neat PBTTT and vapor-
doped thin films on quartz substrates were obtained by using the
Shimadzu UV-3600 Plus UV—vis—NIR dual beam spectrophotometer
housed in the Soft Matter Characterization Facility (SMCF) (Pritzker
School of Molecular Engineering, University of Chicago). Measure-
ments were taken within a wavelength range of 300—3300 nm.

Grazing Incidence Wide-Angle X-ray Diffraction. GIWAXS
experiments were conducted at the Advanced Photon Source
(Argonne National Laboratory) at beamline 8-ID-E. The energy of
the incident beam was at 10.91 keV, and scattering images were
collected using a Pilatus IMF pixel array detector (pixel size = 172
um).®® The measurement time for one image was 10 s. All samples
were placed and measured in a low-vacuum chamber (107 mbar) to
reduce the air scattering as well as to minimize beam radiation
damage. There are multiple rows of inactive pixels between the
detector modules when the images were collected at one position. To
fill these inactive gaps, the detector was moved down to a preset new
position along the vertical direction after each measurement. After the
image was collected at the new spot, the data from these two detector
positions were combined by using the GIXSGUI package for
MATLAB to fill the inactive gaps.”' The absence of artifacts in the
combined image demonstrates that the scattering from the sample
does not change during the exposure. The GIXSGUI package was also
used to output the GIWAXS signals as intensity maps in (g, q.) space
and take the linecuts along out-of-plane (q,) and in-plane directions
(4.)-

GIWAXS images of segmented thin films were taken at a grazing
incident X-ray angle of 0.14°, which is above the critical angle of the
polymer film surface and below the critical angle of the silicon
substrate. GIWAXS images measured laterally across nine different
spots for the double-segmented films. One measurement within each
segment were 3 mm away from the interface of the segmented film.
The other seven measurements were conducted laterally across the
interface of the segmented films. The distance between adjacent spots
is 200 ym, which is the width of the X-ray beam. Lastly, for the depth-
dependent experiments on doped PBTTT thin films, images were
taken across a range of incidence angles (0.08° 0.10° 0.12°, 0.14°,
0.16° 0.18° and 0.20°) to obtain scattering from the surface, bulk,
and the polymer/substrate interface of doped PBTTT thin films
(Figures S4 and SS).

Raman Spectroscopy. Raman spectroscopy experiments were
performed under ambient conditions using the Horiba LabRAM HR
Evolution NIR confocal Raman microscope housed in Chicago
Materials Research Center. Raman spectra of neat and doped PBTTT
thin films was collected by using a 100X objective and a 532 nm
wavelength laser. The Raman spectra on segmented thin films were
collected by using a S0X objective and the same 532 nm wavelength
laser. The spatial resolution of each measurement is dependent on the
numerical aperture of the microscope objective, the wavelength of the
laser used, and the pinhole size of the confocal imaging mode. In our
configuration, the spatial resolution of each Raman spectra is
calculated to be 0.65 pm. The laser power and accumulation time
were set to 1% and 10 s to minimize local heating and material
degradation. Spatial Raman spectra within each segment were
acquired by using a step size of 10 ym for a 100 pgm X 100 um
region or using a step size of 1 gm for a 10 ym X 10 ym region for
finer measurements. Spatial Raman spectra across the interface of the
two segments were acquired by using a step size of 10 ym for the
1000 um X 20 pm region. The time to collect a Raman map of 100
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pm X 100 pm is about 5—6 min. This minimized possible
degradations that occurred during the measurement.

To generate a Raman color map, the ratio of peak intensity of
mode A (representing the C=C stretching mode on the
thienothiophene core) and mode D (representing the C=C
stretching localized on the thiophene rings) was recorded for every
Raman spectrum. The recorded ratios were autosaved in text file by
the software and then exported into Wolfram Mathematica to plot as
color maps. The color scale for every Raman map followed a rainbow
color scheme where purple represents neat (ratio = 0.9) and red
represents highly doped (ratio = 2.2).

Conductivity and Seebeck Measurements. Gold electrical
contacts (75 nm thick) for electronic conductivity (¢) and Seebeck
coefficient (a) measurements were deposited onto either uniform or
segmented PBTTT thin films via thermal evaporation through
shadow masks designed in our lab. The electronic conductivity was
measured in the in-plane direction by using four probe geometry with
a 0.2 mm spacing between electrodes and electrodes length of 1 mm.
The Seebeck coefficient was measured with two 1 mm? gold pads,
which are either 3 or 1 mm apart. A detailed schematic is provided in
Figure S15. Four probe conductivity measurements were performed
using a custom-designed probe station in an argon glovebox. Voltage
and current measurements were performed using a Keithley 2400
source meter and a Keithley 6221 precision current source. A constant
current was applied to the outer contacts, and the resultant steady-
state voltage response was recorded from the two inner contacts. The
resistance (R; ohm) of the sample was extracted from the slope of the
IV sweep by using Ohm’s law (V' = IR). The thin film conductivity ¢
was then calculated via the following equation:

_In2

c =
7hR

where i = 30 nm is the thickness of the sample.

The Seebeck coefficient measurements were performed on the
same probe station. Two Peltier elements were placed S mm apart to
provide the temperature difference (AT Ty — T¢). Two
thermocouples were used to collect the hot and cold side
temperatures, and two probes were used to measure the
corresponding voltage value. A minimal amount of thermally
conductive silicone paste was applied to the tips of the thermocouple
to ensure good thermal contact between the thermocouple and the
gold pads. A delay of 200 s was used for voltage measurements to
ensure that a steady-state temperature gradient and voltage were
reached. The Seebeck coefficient was calculated from the slope of a
linear fit for the AV vs AT plot. A representative plot can be found in
Figure S16. The measurements were taken within an approximate AT
of +3 K around 300 K so that the Seebeck coefficient did not change
significantly over T + AT. A series of measurements on nickel foil
(0.03 mm, >99.9%) were performed at 25 °C to determine the
systematic error (Figure S17). The measured Seebeck coefficient of
Ni is —20.3 + 1.3 4V/K, which matched with reported values in the
literature (=19 uV/K at 25 °C).>7%*

The spatial measurements of the electronic conductivity were
performed using an array of interdigitated electrodes (IDEs).
Interdigitated electrode devices were fabricated at the Pritzker
Nanofabrication Facility, University of Chicago (see detailed
fabrication process in the Supporting Information and Figure S18).
The measurements were performed using the DC measurement
method. The extracted resistance R was then used to calculate the
electronic conductivity ojpg according to the following equation:

1 d
Opp = —————
PE™ RIN = Dh
Here, d = 8 um is the separation distance between electrodes, | = 100
um is the electrode length, N = 40 is the number of electrodes, and h
= 30 nm is the thickness of the film.
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