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Abstract:

Doping plays a crucial role in modulating and enhancing the performance of organic
semiconductor (OSC) devices. In this study, we underscore the critical role of dopants
in shaping the morphology and structure of OSC films, which in turn profoundly
influences their properties. Two dopants, trityl tetrakis(pentafluorophenyl) (TrTPFB)
and N,N-dimethylanilinium tetrakis(pentafluorophenyl)borate (DMA-TPFB), were
examined for their doping effects on P3HT and PBBT-2T host OSCs. It is found that
although TrTPFB exhibits higher doping efficiency, OSCs doped with DMA-TPFB
achieve comparable or even enhanced electrical conductivity. Indeed, the electrical
conductivity of DMA-TPFB doped P3HT reaches over 67 S cm™!, which is a record-
high value for mixed-solution-doped P3HT. This can be attributed to DMA-TPFB
inducing a higher degree of crystallinity and reduced structural disorder. Moreover, the
beneficial impact of DMA-TPFB on the OSC films' morphology and structure results
in superior thermoelectric performance in the doped OSCs. These findings highlight
the significance of dopant-induced morphological and structural considerations in
enhancing the film characteristics of OSCs, opening up a new avenue for optimization

of dopant performance.
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INTRODUCTION

Doping is crucial not only for inorganic semiconductors, but also for organic
semiconductors (OSCs). The electrical properties such as mobility and electrical
conductivity can be greatly enhanced by doping, especially for OSCs which are
deficient in these intrinsic properties!!->. The excellent electrical properties ensure that
OSCs can function efficiently in device applications. For example, doping OSCs to
enhance their electrical conductivity is a very effective way to improve the performance
of organic thermoelectric devices (OTEs)!%1%. According to the equation of power
factor PF = S?0, where S represents the Seebeck coefficient and o denotes the electrical
conductivity, a high electrical conductivity is pursued to achieve large PF value of
OTEs, which means that the devices have high thermoelectric conversion efficiency!!':
121 Therefore, increasing amount of research is focusing on doping to improve the
electrical properties of OSCs.

In the study of doping for OSCs, the development of new dopants is undoubtedly
the most important part. In the past few years, tremendous efforts have been made to
develop more efficient and stable dopants. Taking p-dopants as an example, a variety
of dopants have been developed in the past few decades, such as molecular dopants,
Lewis acid dopants, and ionic dopants. Molecular dopants, such as TCNQ, F4sTCNQ,
F¢TCNNQ and their derivatives® 13161 dope through redox reaction, i.e., the electron
transfer between the Highest Occupied Molecular Orbital (HOMO) of the host
semiconductor and the Lowest Unoccupied Molecular Orbital (LUMO) of the dopant.
Molecular dopants have been investigated with the aim of deepening the LUMO level

16.17] Lewis acid dopants, such as

of the dopants, thus enhancing their doping strengthl
B(CeFs)!8 11 Zn(CeFs)212% 21, etc., which can dope a wide range of OSCs through the
protonation doping mechanism[?> 23], have been under intensive investigations in the
last few years. More recently, ionic dopants composed of cations and anions, such as

TrTPFB2426, Mes:B*[B(CeFs)4] 22 and T-PCCp?”] have attracted increasing attention

from researchers. The doping mechanism of such ionic dopants was proposed to be
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based on the electrophilic-attack reaction, followed by the electron transfer between

attacked molecules and neutral molecules!?%.

These ionic dopants are promising
dopants as they have shown high doping efficiency, good stability, and universal doping
effect for OSCs.

In general, previous studies have mainly focused on enhancing the electron
transfer chances between host OSCs and dopants, which fundamentally determine the
doping performance or efficiency?®3!l. While significant efforts have been made in
improving doping performance through dopant development and understanding new
doping mechanisms, the electrical characteristics of doped OSC films are not solely
dictated by electron transfer processes. Dopants not only introduce charge carriers into
semiconductor films but also induce changes in their morphologies and microstructures,
particularly in blended OSC/dopant systems[*2]. Studies have demonstrated that dopants
can induce notable structural and morphological alterations in doped films3-33], These
dopant-induced structural changes play a critical role in determining the electrical
performance of doped OSC films® 371 and their thermoelectric properties!*3-4°l. The
processing methods of doping also significantly impact semiconductor performance by
influencing the film's structure and morphology!#!-431,

These findings have sparked a novel approach to enhancing dopant performance
by optimizing dopant-induced structural changes in OSC films. Specifically, even
without enhancing the doping capability, i.e., the electron transfer magnitude between
dopants and OSC molecules, high electrical and thermoelectric performance in doped
OSC films can be achieved through improved structure and morphology. Implementing
this concept would open up diverse opportunities for dopant engineering aimed at
developing high-performance dopants.

In this study, we demonstrate the feasibility of this approach by conducting a
comparative study of the doping performance of two organic dopants, trityl
tetrakis(pentafluorophenyl) (TrTPFB) and N,N-dimethylanilinium

tetrakis(pentafluorophenyl)borate (DMA-TPFB), on OSC films. While the doping
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effect of the two dopants have been reported by us previously® 261, the relationship
between dopant structure and performance has not been thoroughly investigated yet.
Our investigation revealed that TrTPFB exhibits higher doping efficiency than DMA-
TPFB in both P3HT and PBBT-2T host OSCs. Despite this, the electrical conductivity
of DMA-TPFB doped OSCs is comparable or even higher than that of TrTPFB doped
ones. For instance, the electrical conductivity of DMA-TPFB doped P3HT approaches
70 S cm™!, a record-high value for solution-doped P3HT and significantly higher than
that of TrTPFB doped P3HT. Grazing incidence wide angle X-ray scattering (GIWAXS)
and atomic force microscopy (AFM) analysis indicates that DMA-TPFB induces higher
crystallinity (i.e., lower structural disorder) in the doped films, which is beneficial for
charge transport and explains the higher electrical conductivity in these films. Moreover,
DMA-TPFB is identified to result in higher thermoelectric performance than TrTPFB
in the same host semiconductor, thanks to the beneficial effect of DMA-TPFB on film
structures, i.e., the resulted lower disorder in doped films. These results underscore the
significance of considering dopant-induced structural changes in OSC films. They
reveal that dopants with lower intrinsic doping strength can outperform in terms of
semiconductor performance if they induce beneficial morphological changes. This
discovery paves the way for a new strategy in enhancing dopant performance by

focusing on their impact on film structures.

RESULTS AND DISCUSSION
2.1 Doping effect of TrTPFB and DMA-TPFB

Figure 1a shows two organic salt dopants TrTPFB and DMA-TPFB with similar
structures and TPFB anions in common. These two organic salts have great advantages
as organic semiconductor dopants due to their excellent solubility in common organic
solvents such as chlorobenzene and chloroform at room temperature. Meanwhile, the
classic p-type semiconductor P3HT is used for investigation as the host OSC, with its
molecule structure shown in Figure 1b. Although TrTPFB and DMA-TPFB have

similar molecular structures and identical anions, their doping mechanisms are
5
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essentially different. As shown in Figure 1c, the doping mechanism of TrTPFB is based
on electrophilic-attack reaction, with triphenylmethyl cations (Ph3C") playing a major
rolel?S]. Firstly, taking P3HT as an example, the stable intermediates are produced due
to the electrophilic attack on P3HT by strong electrophiles Ph;C*. Subsequently, the
stabilizing intermediate induces electron transfer from the neighboring neutral P3HT
chain, generating neutral radical P3HT and radical cation P3HT (i.e., a polaron).
However, DMA-TPFB is supposed to operate following the protonation doping
mechanism?> 21 in which its cation protonates the P3HT chain by generating H*,
accompanied by the generation of intermediates. Similarly, the intermediate induces
electron transfer from neighboring P3HT units, ultimately achieving p-doping, as

shown in Figure 1d.

a Organic salt dopants | b Organic semiconductor
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Figure 1. Dopant structures and doping mechanism. The molecular structure of (a)
dopants (TrTPFB and DMA-TPFB) and (b) OSC P3HT. The doping mechanism for the
two dopants: (c) electrophilic-attack doping mechanism for TrTPFB, and (d)

protonation doping mechanism for DMA-TPFB.

To confirm the doping effect of TrTPFB and DMA-TPFB on P3HT, the electron
spin resonance (ESR) spectroscopy is implemented on the doped films at room

temperature, and the results are presented in Figure 2a. Both TrTPFB and DMA-TPFB

6



1 doped P3HT exhibit strong ESR signals compared to the pristine P3HT, indicating that

2 both the two dopants can dope P3HT*6 471,
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4 Figure 2. Characterization of doping effects of the two dopants. (a) The ESR spectra
5  of P3HT films doped by TrTPFB and DMA-TPFB. (b) The electrical conductivity of
6  P3HT films doped by TrTPFB and DMA-TPFB as a function of doping ratio. The UV-
7  vis-NIR absorption spectra of doping P3HT solutions with increasing doping ratios: (c)
8  TrTPFB and (d) DMA-TPFB (A/C indicates the ratio of absorption amplitude to P3HT
9  concentration). (¢) The polaron generation efficiency of TrTPFB and DMA-TPFB
10 doped P3HT solutions at different doping ratios. (f) The activation energy extraction of

11 10 mol% TrTPFB and DMA-TPFB doped P3HT films based on temperature-dependent
7
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electrical conductivity.

To further investigate the doping effect of the two dopants on P3HT, the electrical
conductivity of the P3HT films with different doping ratios was measured. As shown
in Figure 2b, the electrical conductivity of the pristine P3HT film is only 6.88 X 107> S

cm!

, while the electrical conductivity of the films increases rapidly with the
introduction of the two dopants. The electrical conductivity of the two doped films
reaches its maximum value at a doping ratio of 10 mol% (the molar ratio defines the
molar proportion of dopant and polymer monomer), and then decreases as the doping
ratio increases. For TrTPFB doped P3HT films, the maximum electrical conductivity
increases by 6 orders of magnitude compared to the pristine P3HT, achieving 29.77 +
7.73 S cm’!, consistent with our previous results!?®. Remarkably, the maximum
electrical conductivity of DMA-TPFB doped P3HT films reached 67.15+ 6.93 S cm™!,

which is the record-high electrical conductivity for solution-doped P3HT (i.e., doping

by mixing the solutions of semiconductor and dopant)48-31],

2.2 Doping efficiency of TrTPFB and DMA-TPFB

To further understand the doping efficiency, quantitative UV-vis-NIR absorption
spectroscopy measurements have been conducted on TrTPFB and DMA-TPFB doped
P3HT solutions. As shown in Figure 2c, the pristine P3HT has only one intrinsic
absorption peak located at around 454 nm. The intrinsic absorption peak of P3HT
decreases gradually as the doping ratio of TrTPFB increases, while two broader
absorption peaks appear in the range of about 500-1100 nm, attributed to the formation
of polarons®>>#], The intensity of these polaron absorption peaks increases rapidly with
the increase of the doping ratio, and they almost remain unenhanced after the doping
ratio reaches 10 mol%.

The UV-vis-NIR absorption spectra of the DMA-TPFB doped solutions exhibit a
similar trend with the doping ratio to that of TrTPFB (see Figure 2d). However, the

comparison reveals that the polaron absorption peaks of the TrTPFB doped samples are
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significantly intense than those of DMA-TPFB, indicating that TrTPFB has a higher
polaron generation efficiency. Additionally, we extracted the polaron absorption peak
intensities by decomposing the spectra at different doping ratios, as exhibited in Figure
S7. Ata 5 mol% doping ratio, the intensity of the polaron absorption (at 776 nm or 1.60
eV) for TrTPFB is approximately twice that of DMA-TPFB, and at 10 mol% doping
ratio, and the former is around three times higher than the latter. The polaron generation
efficiency, quantitatively represented as the ratio between polaron concentration and
dopant concentration, is further analyzed, with the results shown in Figure 2e (see
Supporting Information for details). Notably, at equivalent doping ratios, the polaron
generation efficiency of TrTPFB significantly surpasses that of DMA-TPFB.

A higher polaron generation efficiency indicates that a higher ratio of charge
carrier pairs produced by doping. Charge carrier pairs form free carriers to increase

(55 361 "and its separation ratio is expressed in

electrical conductivity after separation
terms of doping efficiency. For TrTPFB and DMA-TPFB, the production of charge
carrier pairs is determined by their cations, and their separation depends mainly on their
anions?®, Since both dopants have the same anion, the higher polaron generation
efficiency indicates higher doping efficiency. Therefore, it indicates that the doping
efficiency of TrTPFB is much higher than that of DMA-TPFB in P3HT.

Interestingly, it is noted that the maximum electrical conductivity of the DMA-
TPFB/P3HT film of 67.15 +6.93 S cm™! is much higher than that of TrTPFB with 29.77
+7.73 S cm™!. This raises the question of why DMA-TPFB achieves higher electrical
conductivity than TrTPFB despite having a much lower doping efficiency. According
to the equation o = neu, the electrical conductivity o is jointly determined by the carrier
concentration n and the carrier mobility u. For doped OSCs, the carrier concentration
depends on the doping efficiency dominantly. Despite DMA-TPFB having lower
doping efficiency, i.e., lower carrier concentration, its doped OSC films obtain higher

electrical conductivity, implying higher carrier mobility. Indeed, we implemented

temperature-dependent electrical conductivity measurements on doped P3HT films. As
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shown in Figure 2f, the electrical conductivity of the doped P3HT films increases with
increasing temperature, which indicates the thermally activated transport behavior of
the two doped P3HT films. The activation energies Ea of the two doped films were
extracted according to the Arrhenius expression®’l. The Ex of TrTPFB and DMA-
TPFB doped P3HT films (10 mol% doping ratio) were 37.17 meV and 48.51 meV,
respectively. This difference suggests that charge transport in the former is less
disrupted compared to the latter, indicating that the DMA-TPFB doped P3HT film
exhibits higher mobility. Therefore, we assume that the electrical conductivity of doped
films does not only depend on the doping efficiency of dopant; the effect of dopant on
the microstructure of OSC film and, consequently, carrier mobility also plays a crucial

role.

2.3 Effect of dopants on morphology/structure of P3HT films

To verify our assumption, we investigated the microstructural changes in the
doped OSC films utilizing 2D GIWAXS. In Figure 3a, the GIWAXS pattern of the neat
P3HT film indicates that the P3HT exhibits a predominantly edge-on orientation with
some degree of orientation distribution. For the TrTPFB doped P3HT film, the
GIWAXS pattern shows that the (100) peak is more distributed in the out-of-plane

38,591 "as shown in

direction, indicating an increase in the edge-on oriented aggregates!
Figure 3b and 3d. Additionally, the (100) peak shifts to a lower value compared to that
of the neat film, suggesting an increase in the real space lamellar packing distance (see
Figure 3e). When examining the in-plane component, we observed the shifting of the
(010) peak to a larger q value, indicating tighter n-n stacking in the TrTPFB doped film,
as shown in Figures 3f and 3g. Furthermore, we noticed an increase in the full half
maximum width (FWHM) of the (100) peak (see Figure 3e), indicating a decrease in
the average P3HT crystalline grain size. Based on these results, we conclude that the

TrTPFB dopants are mainly located between the alkyl chains of P3HT, increasing the

lamellar spacing distance and inducing stronger n-m stacking, which is beneficial to

10
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charge transport, !71 while reducing the average P3HT crystalline grain size.
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Figure 3. Characterize the microstructure and morphology of doped films. The 2D

GIWAXS scattering images of (a) pristine P3HT, (b) 10 mol% TrTPFB, and (c) 10 mol%

DMA-TPFB doped P3HT films. The linecuts of GIWAXS along the (d) ¢, and (f) gxy

directions for 10 mol% TrTPFB and DMA-TPFB doped P3HT films. The variation of

peak positions and FWHM of (e) (100) and (g) (010) peaks of Tr'TPFB and DMA-TPFB

doped P3HT films. The AFM morphology of P3HT films: (h) pristine P3HT, (i) 10 mol%

TrTPFB/P3HT, and (j) 10 mol% DMA-TPFB/P3HT.
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For the DMA-TPFB doped P3HT film in Figure 3c, some similar features to the
TrTPFB doped film were observed, such as an increase in lamellar spacing and closer
n-n stacking (see Figure 3f and 3g). However, the FWHM of the (100) peak is smaller
compared to that of TrTPFB doped P3HT (see Figure 3d and 3e), indicating a larger
crystalline grain size or higher crystallinity. Thus, the DMA-TPFB doped film is
supposed to have higher carrier mobility, supporting our above analysis.

Furthermore, we characterized the surface morphology of doped films by AFM.
As shown in Figure 3h, the pristine P3HT film exhibits an irregular amorphous state
with root mean square roughness (RMS) value of 1.790 nm. With the introduction of
10 mol% dopant TrTPFB, the P3HT film remains amorphous but its RMS value
increases to 4.372 nm as shown in Figure 3i. However, upon the addition of 10 mol%
DMA-TPFB dopant, the P3HT film demonstrates a uniform porous structure (see
Figure 3j). The presence of porous structure leads to an increase in the RMS value of
the film to 9.867 nm. The ordered porous structure is a feature showing the
enhancement of crystallinity in DMA-TPFB doped P3HT compared to Tr'TPFB doped

P3HT.

2.4 Investigations on doped PBBT-2T films

The results obtained from P3HT indicate that the dopant's influence on the
microstructure of OSC films is crucial in determining the doping effect. Even though
the dopant's efficiency is not high, it can still result in a strong doping effect (i.e., high
electrical conductivity) by positively affecting the microstructure of OSC films. This is
exactly the case with the DMA-TPFB dopant, as shown above. To explore the
generalizability of this finding, we conducted comparable investigations with two

dopants on another OSC, PBBT-2T (see molecular structure in Figure 4a).

12
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Figure 4. Characterization of doping effect and film morphology of doped PBBT-
2T films. (a) The molecular structure of PBBT-2T. (b) The ESR spectra of PBBT-2T
films doped by TrTPFB and DMA-TPFB. (c) The electrical conductivity of PBBT-2T
films doped by TrTPFB and DMA-TPFB as a function of doping ratio. The UV-vis-
NIR absorption spectra of doped PBBT-2T solutions with increasing doping ratios: (d)
TrTPFB and (¢) DMA-TPFB. (f) The polaron absorption peak intensities (the peak
intensity was extracted from 1700 nm, i.e., 0.73 eV) of TrTPFB and DMA-TPFB doped
PBBT-2T solutions at different doping ratios. The AFM morphology of PBBT-2T films:
(g) pristine PBBT-2T, (h) 100 mol% TrTPFB/PBBT-2T, and (i) 100 mol% DMA-

TPFB/PBBT-2T.

Figure 4b shows the ESR results of TrTPFB and DMA-TPFB doped PBBT-2T

films, illustrating the doping effect of the two dopants on this semiconductor. Notably,
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the pristine PBBT-2T film also exhibits a weak ESR signal, which may be due to the
weak doping of PBBT-2T by oxygen despite the sealing treatment during the
measurements?*. As shown in Figure 4c, the electrical conductivity of PBBT-2T doped
by TrTPFB increases with doping ratio up to 40 mol%, and thereafter slightly decreases.
The maximum value of electrical conductivity is 186.7 = 2.9 S ¢cm™! achieved at a
doping ratio of 40 mol%. This represents an increase of about 4 orders of magnitude
compared to the pristine PBBT-2T film with an electrical conductivity of about 0.02 +
0.01 S cm™!. The electrical conductivity of DMA-TPFB doped PBBT-2T films showed
a similar trend to that of TrTPFB, with a maximum value of 172.8 £ 3.7 S cm™! achieved
at doping ratio of 40 mol%.

We then inspected the polaron generation efficiency of the two dopants in PBBT-
2T. As shown in Figures 4d and 4e, the pristine PBBT-2T exhibits three primary
intrinsic absorption peaks located at about 358 nm, 505 nm, and 1150 nm. In Figure 4d,
the intrinsic absorption peak of PBBT-2T decreases with the increase of the doping
ratio of TrTPFB, while a new absorption peak appears in the near-infrared region,
attributed to the absorption peaks of the polarons produced by doping!®® ¢!l The
absorption peaks of the DMA-TPFB doped samples exhibit a similar trend to the
TrTPFB doped samples, as shown in Figure 4e. However, the intensity of the polaron
absorption (at 1700 nm or 0.73 eV) for TrTPFB is consistently higher than that of
DMA-TPFB (see Figure 4f). These results are consistent with our observations in P3HT,
and they again indicate that Tr'TPFB has a higher doping efficiency than DMA-TPFB.

Additionally, the morphology of the three PBBT-2T films was characterized by
AFM. In Figure 4g, the pristine PBBT-2T film exhibits an amorphous state with a
highly smooth surface of RMS = 0.829 nm. Despite the introduction of 100 mol%
TrTPFB into the PBBT-2T film, the film maintains its amorphous state with a slight
increase in RMS value to 1.128 nm, as shown in Figure 4h. Interestingly, the 100 mol%
DMA-TPFB doped PBBT-2T film presents a porous structure with an increased RMS

value of 6.788 nm (see Figure 4i). The appearance of porous structures and increased
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RMS also supports the idea that DMA-TPFB doped film has higher crystallinity than
the TrTPFB doped film, potentially leading to enhanced carrier mobility.

Overall, the results in doped PBBT-2T films again show that TrTPFB has a higher
doping efficiency than DMA-TPFB, yet the latter has a more favorable effect on the
microstructure of doped OSC films, leading to reduced structural disorder and more

efficient charge transport.

2.5 Higher thermoelectric performance of doped OSCs enabled by DMA-TPFB

compared to TrTPFB

One of the most important applications of dopants in OSCs is for thermoelectric
devices. The power factor PF is a key metric in thermoelectric materials, quantifying
their ability to convert a temperature gradient into electrical power. High PF is typically
achieved through doping, which enhances electrical conductivity . However, increased
o often correlates with a higher carrier concentration, potentially diminishing the
Seebeck coefficient S. The key to high thermoelectric performance is finding a balance
between high ¢ and S. Ideally, doped OSC films should exhibit high mobility to boost
o without a corresponding significant decrease in the S. In OSCs, both S and ¢ are
influenced by carrier mobility, which in turn is affected by the material's disorder. OSCs
with greater mobility (or lower disorder) can experience a beneficial shift in the S-o
curve towards higher electrical conductivity values, leading to improved PF or

el?> 21 Thus, previous studies have focused on

enhanced thermoelectric performanc
developing OSCs that can be doped to high levels and meanwhile retain high S.
However, the influence of dopants on the disorder of the films and the consequent effect
on thermoelectric performance have been rarely explored.

Our findings indicate that DMA-TPFB induces less disorder in OSCs than
TrTPFB, suggesting potential superiority in thermoelectric performance when used as
a dopant. To substantiate this hypothesis, we examined the S values of doped P3HT and
PBBT-2T films with both dopants (further details in Supporting Information). Figures
5a and 5b show S, o and PF as a function of doping ratio for TrTPFB and DMA-TPFB
doped P3HT films, respectively. The ¢ of doped P3HT films first increases and then
decreases with increasing doping ratio, while the S consistently declines for both

dopants. A similar scenario is observed for TrTPFB and DMA-TPFB doped PBTT-2T
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films, as shown in Figures 5¢ and 5d. Figure Se presents the correlation between the S
and ¢ in doped P3HT films. Notably, the S decreases with rising o, a trend well-
established in the literatures!s® 4, Intriguingly, DMA-TPFB doped films exhibit a
higher S than TrTPFB at identical o levels. Similar results, i.e., the higher S of DMA-
TPFB doped films than that of the TrTPFB doped ones at the same o, are also observed
in PBBT-2T films. These results directly demonstrate the shift of the S-o curve towards
higher ¢ in DMA-TFPB doped films due to the lower disorder in them.

The peak PF values of the doped P3HT and PBBT-2T films are depicted in Figure
5f. DMA-TPFB doping achieves higher PF values than TrTPFB within the same OSC
films, an expected outcome of the altered S-o curve, or more fundamentally, the
diminished disorder in DMA-TPFB doped films. These findings are pivotal for the
development of high-performance dopants in OTEs, underscoring the importance of

not just dopant efficiency but also the minimization of induced disorder in the doped

films.
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Figure 5. Characterization of thermoelectric performance of doped OSC devices.
The electrical conductivity, Seebeck coefficient, and power factor of OSC films doped
with two dopants as a function of doping ratio: (a) TrTPFB/P3HT, (b) DMA-
TPFB/P3HT, (¢) TrTPFB/PBBT-2T, (d) DMA-TPFB/PBBT-2T. (¢) The S-o
relationship for TrTPFB and DMA-TPFB doped films. (f) The maximum PF of

thermoelectric devices composed of TrTPFB and DMA-TPFB doped OSCs.

CONCLUSION
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To summarize, this work investigated the impact of two organic dopants, TrTPFB
and DMA-TPFB, on the doping properties and microstructure of P3HT and PBBT-2T
films. The study revealed that while TrTPFB has a higher doping efficiency, films
doped with DMA-TPFB displayed superior electrical conductivity. This
counterintuitive result was attributed to DMA-TPFB's ability to induce greater
crystallinity and lower structural disorder in the films, thereby facilitating better charge
transport. More interestingly, DMA-TPFB was found to result in higher thermoelectric
performance than TrTPFB in the same host semiconductor because DMA-TPFB
improves film structures. These findings underscore the significance of a dopant's
impact on film microstructure in determining the electrical and thermoelectric
properties of doped OSC films. The study points out strategies for improving dopant

performance by tailoring their effects on film microstructure.

Methods
Preparation of doped solutions and OSC films:

The dopants TrTPFB (from Strem Chemicals, Inc.), DMA-TPFB (from TCI
(Shanghai) Development Co, Ltd.) and the organic semiconductors P3HT (from
Aladdin Reagent Co., Ltd.) and PBBT-2T were dissolved in chlorobenzene (CB, from
Sigma Aldrich, Inc.) to form solutions with concentrations of 10 gL', 5 gL', 10 g
L', and 5 g L', respectively. All solutions were filtered through a 0.45 pum syringe
filter to remove impurities or aggregates prior to usage. The PBBT-2T solution needs
to be preheated at 60 °C for two hours before usage. The doping solutions were prepared
by blending the dopant and the OSC solutions in a predetermined ratio. The doped films
were prepared by spin-coating the doping solutions at 1500 rpm s~! for 30 s, and then
the films were annealed at 130 °C for 5 min for P3HT and at 100 °C for 10 min for

PBBT-2T.
UV-vis-NIR, ESR, and AFM measurements:

The ultraviolet-visible-near-infrared (UV-vis-NIR) absorption spectra of PBBT-2T
doped solutions with varied doping ratio were determined by UV-3600PLUS
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(SHIMADZU). The ESR measurements of doped films were carried out at room
temperature on a JEOL JES-FA200 ESR spectrometer. Prior to the ESR measurements,
the doped films were prepared on glass substrates by the spin-coating method and then
sealed in paramagnetic tubes after annealing treatment. The morphology of the doped
films was investigated by AFM in non-contact mode on a Park XE-7 System.
Measurement of electrical conductivity:

To measure the electrical conductivity of doped films, the doping solutions were
spin-coated at 1500 rpm s™! for 30 s on silicon wafers with 300 nm SiO», on which
patterned electrodes (Cr/Au: 2 nm/30 nm) were prepared by photolithography. The
electrical conductivity of the doped films was then measured in the air using a Keithley
4200 semiconductor analyzer by the four-probe method, and the device structure and
specific measurements were shown in Supporting Information Figure S2.
Characterization of thermoelectric performance:

The Seebeck coefficients of the doped films were obtained by a homemade
thermoelectric measuring device containing a heater and two thermometers, which also

acted as electrical contacts, made by photolithographically patterning a metallic bilayer

of chromium (10 nm) and gold (15 nm) on a glass substrate. The Seebeck coefficient
measurements were performed according to the equation S = i—;. The temperature

gradient was estimated between the two electrodes by converting the electrode
resistance to temperature via the temperature coefficient of resistance (TCR)"! (see
Supporting Information Figure S12 and S13), and the thermopotential difference was
measured using a Keithley 2182A. The Seebeck coefficient was measured using a Janis

ST-100 at 300 K in a high vacuum (<10~° mbar).
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