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1. Determination of doping level

The doping level (MR), the molar ratio of FATCNQ anion to PBTTT monomer repeat unit, was
determined through Beer’s law by using the absorption intensity of the FATCNQ anion at 1.4 eV
and the primary absorption peak of neat PBTTT at 2.3 eV. The absorption spectra of all doped
samples were deconvoluted to the neutral, anion, and polaron components using the peak shape
and relative intensities (Figure S1). Then, the dopant concentration (Crs’) was estimated using
Beer’s law with the F4ATCNQ anion molar extinction coefficient (¢ = 50000 L mol* cm™)! and the
underlying monomer concentration was estimated from PBTTT extinction coefficient at 2.3eV (e

~ 50000 L mol* cm™).

PBTTT molar extinction coefficient calculation
Density of PBTTT is calculated from mass of repeat unit per unit cell. The unit cell volume of

PBTTT, V., is calculated as:

Ve = abcyJ1 — cos(@)? — cos(B)? — cos(y)? + 2 - cos(a) - cos(B) - cos(y) = 1060 A3
with the following parameters?®:a=21.5A,b=54A,c=13.5 A, a=137°, p=86°, and y = 89°.
Density of PBTTT, ppgrrr, IS then calculated as:

MBTTT X Nru _ 694‘ g " mol_l

— — 3
PpETTT Ny XV, 6.022 x 1023mol~-1 x 1060 x 10-24 cm3

~11g-cm™

where, Mgttt is the molar mass of repeat unit, Ny is the number of repeat units per unit cell (1 in
the case of PBTTT) and Na is the Avogadro constant.
With density of PBTTT as 1.1 g/cm?, the molar concentration of PBTTT, Cpesrr, is found to be:

CPBTTT == pPBﬂ == 158 mOl ' L_1

MBTTT
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Using Beer’s law, the molar extinction coefficient of PBTTT at 2.3 eV is estimated as:

APBTTT

EPRTTT = ~ 50000 L -mol~t-cm™1

Cpprrr X L

where, ApgTTT IS the absorption of neat PBTTT at 2.3eV and L is the optical path length, in this

case, the polymer film thickness (30 nm).
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Figure S1. Absorption spectra fits for PBTTT thin films vapor-doped with FATCNQ for various
times. (a) 1.5 min = low (L), (b) 2 min = medium (M), and (c) 4 min = high (H)
2. GIWAXS data
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Figure S3. 2D GIWAXS images collected on NH segmented film at (a) N segment, (b) interface
and (c) H segment, respectively. 2D GIWAXS images collected on MH segmented film at (d) M

segment, (e) interface and (f) H segment, respectively.
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Figure S4. (a) Out-of-plane and (b) In-plane scattering profiles of a L segment at different
incident angles; (c) Alkyl stacking spacing (dzo0) and r-stacking spacing (dio) at different
incident angles. The critical angle of PBTTT is about 0.12°, and the critical angle of the Si
substrate is about 0.166°. The scattering profiles have been vertically shifted for clarity. Note the
difference in the scattering intensity is on the account of variation in scattering volume at

different angle of incidence.
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Figure S5. (a) Out-of-plane and (b) In-plane scattering profiles of a H segment at different
incident angles; (c) Alkyl stacking spacing (dzo0) and r-stacking spacing (dio) at different
incident angles. The critical angle of PBTTT is about 0.12°, and the critical angle of the Si
substrate is about 0.166°. The scattering profiles have been vertically shifted for clarity. Note the

difference in the scattering intensity is on the account of variation in scattering volume at

different angle of incidence.
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Figure S6. Out-of-plane (200) scattering peak profiles at different positions on (a) NH, (c) LH
and () MH segmented films. In-plane scattering profiles for (113) and (110) at different
positions on (b) NH, (d) LH and (f) MH segmented films. Dotted lines represent the

measurements in the segments and solid lines represent the measurements across the interface.
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Figure S7. (a), (c) Alkyl stacking spacing (d2o0) and (b), (d) m-stacking spacing (d110) at different

positions on NH and MH double-segmented PBTTT thin films obtained from GIWAXS.
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3. Raman data
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Figure S8. Chemical structure of PBTTT

Table S1. Raman mode assignment for neutral and FATCNQ vapor-doped PBTTT
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Mode | Wavenumber (cm™) Description®

Neat 1.5min | 2min 4min
A 1394 | 1392 1391 1390 C,-C, intra-ring stretch
B 1415 1415 1413 1414 Cp-Cp intra-ring stretch
C 1461 | 1461 1461 1461 Co-Cq inter-ring stretch
D 1490 | 1490 1489 1489 Co-Cp intra-ring
E N/A N/A 1642 1642 FATCNQ anion
a) L segment b) H segment

Figure S9. Raman maps with finer scale of peak height ratio of mode A/mode D on (a) L and (b)

H segments.
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Figure S10. a) Raman maps of peak height ratio of mode A/mode D for a) NH and ¢) MH

segmented films, respectively. Peak height ratio of mode A/mode D as a function of distance across

b) NH and d) MH segmented films, respectively.

S10



4. Conductivity and Seebeck data
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Figure S11. a) Schematic of contacts geometry for Seebeck measurements across 3 mm on LH
and MH segmented films; b) Seebeck coefficient at different regions on LH and MH segmented

films. (X =L or M; Y = H). L= low, M= medium, and H= high doping levels.
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Figure S12. Seebeck coefficient as a function of electrical conductivity for FATCNQ-doped
polymers, P3HT (o,m), PBTTT (m) and P3BT, P30T, P3DDT (m). The black dash line

represents the empirical relationship of a proportional to ¢ *
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Figure S13. Predicted Seebeck profile across the (a) NH, (b) LH and (c) MH segmented films.
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5. Origin of the formation of interface region

Since conductivity measurement, GIWAXS and Raman experiments all confirmed the existence

of a diffuse interface region between the two segments of our samples, it is important to understand

the origin of the formation of this interfacial region. One possible explanation is the diffusion of
dopant/anion during vapor doping process or after the segmented film is established. While the

specific diffusion coefficient of FATCNQ in PBTTT has not been reported yet, the diffusion

process of FATCNQ in a similar thiophene-based polymer, P3HT upon thermal annealing has been

studied®. Assuming that the diffusion coefficients of F4ATCNQ dopant/anion in PBTTT is the same

as in P3HT, we can estimate that the diffusion length of dopant/anion at 60°C (during vapor doping)
or under room temperature (after establishing segmented film) lies in the micrometer scale which

is much lower than the observed width of the interfacial region in our study. Therefore, the

formation of this interface is unlikely due to dopant or anion diffusion. We thus attribute the origin

of the formation of the interface region to our specific fabrication process. In our experiments, the

Teflon mask (Figure S14) was placed slightly above the polymer surface to avoid scratches on the

film. We suspect that this minor gap between the bar and polymer allowed a small amount of

dopant vapor to diffuse underneath the bar, leading to the formation of the diffuse interface. This

also explains why the interface regions are narrower in LH and MH segmented films as the time

for dopant vapor diffusion is shorter.

6.8 cm

O.Sle Mask /

6.1 cm

Figure S14. Schematic of the Teflon mask used in fabrication of double — segmented thin films.
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6. Set-up and calibration for Seebeck measurements

Figure S15 shows the customized setup of the Seebeck coefficient measurement. Two peltier
elements were placed 5 mm apart to provide the temperature difference (AT = Th— T¢). Gold
contact pads 1 mm or 3 mm apart were evaporated onto the sample. The sample was placed in a
way where the midpoint between gold pads was approximately the midline of the gap between the
Peltier elements.

Thermocouple probes

L

2 '|'2
Evaporated\ f
Pol
gold pads — — olymer

]
\Smm /

Peltier elements

Figure S15. Schematic of Seebeck measurement setup.

The thermocouples for temperature measurements and the tungsten tips for voltage measurements
were aligned at the same vertical position when we did our Seebeck measurements. The
thermocouple tip was placed at the edge of the gold pad, which was in vertical alignment with the
strip for the voltage probe. This setup would allow the distance between the thermocouple probes
to be the same as distance between voltage tips in all of the measurements, which ensures proper
Seebeck measurements. A minimal amount of thermal conductive silicon paste was applied to the
thermocouple beads to ensure good thermal contact between the thermocouple and the sample.

The Peltier elements were connected to make one side hot and one side cold when +1V was
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applied and reverse the temperature gradient was achieved under —1V. There was a 200s settling
time to reach the steady-state temperature and voltage gradient. At each temperature gradient, five
consecutive measurements were taken 1 s apart. A typical Seebeck measurement scan is shown in
Figure S16. For each sample, both forward and reverse scan were carried out to obtain an average

Seebeck value.

Calibration measurements were carried out on multiple Nickel (>99.9%) samples from the same
foil (Figure S17). After subtracting Seebeck coefficient of gold at 25°C (+1.94 uV/K)® , the
average Seebeck coefficient of Ni was calculated to be —20.3 + 1.3 pV/K, which matched well
with previous literatures (—19 uV/K at 25°C) °. The systematic error was estimated from the
standard deviation of the measurements, which is approximately 10%. Seebeck coefficients of
FATCNQ-doped thiophene based polymers were measured using our Seebeck set-up (Figure S12).
The dash line is an empirical relation between a and o, which obeys a power law as a proportional

to o * and matches with previous study on transport properties®.

3.0x10" B Slope = -37.2 uV/K
*, Seebeck = 37.2 pv/K
254 T,
'0

— 2.0

Z *e,

3 15- '.,.
1.0 - |
051 |a=-AV/AT "
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Figure S16. Typical Seebeck coefficient measurement curve (4 min doped PBTTT). Seebeck
coefficient is the negative of the slope from the linear fit through the (AT, AV) points. 5

measurements for each steady-state AT are recorded.

-10 ]a=-20.3¢1.3 pV/K|
X
>
2 -15-
I=
Q0 =
O
£ 20" B 5 "
Q ] u ]
% |
% -25 -
)
(%) m Forward
-30 4 m Reverse

| | | | | | |
1 2 3 4 5 6 7

Sample #

Figure S17. Seebeck coefficients of Nickel measured at 25°C.
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7. Interdigitated electrode (IDE) fabrication

Si wafers with 1 um of thermal oxide were first cleaned with a 300W oxygen plasma. A monolayer
of hexamethyldisilazane (HMDS) is then deposited on the wafer in a vacuum oven at 110 °C under
N2 flow to promote photoresist adhesion. AZ nlof 2020 negative photoresist was spun cast at 3500
rpm for 45 seconds onto the wafer. IDE pattern was written with a Heidelberg MLA150 Direct
Write Lithographer and AZ 300 MIF developer (tetramethylammonium hydroxide in water) was
used to remove the patterned areas of the photoresist. E-beam evaporation of 5 nm titanium
followed by 95 nm of gold was then applied to create the electrodes using an Angstrom EvoVac
electron-beam evaporator. Liftoff of the excess metal and removal of the remaining photoresist
was achieved by soaking the wafer in an 80 °C bath of n-methyl-2-pyyrolidone (NMP) overnight
followed by sonication in fresh NMP. Wafers were subsequently rinsed with acetone, IPA, and
deionized water. A single 4” wafer contains as many as 24 IDE devices. The work flow for

fabrication of the IDEs is shown in Figure S18.

-2“’”- | |

[
Vapor HMDS prime and _ Exposure with 375nm _

spin-coat AZ nlLof 2020 laser, development

Silicon wafer with 1pm thermal oxide
negative photoresist with AZ 300 MIF

—_—
E slpesram _ ool oo
SnmTi, 95nm Au removal of remaining

photoresist

Figure S18. Work flow for fabrication of micron sized IDEs.
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