Improvement of poly(3-hexylthiophene-2,5-diyl) electron mobility through complete

elimination of regioregularity defects

Ali Nawaz®?*, Marlus Koehler?, Anil Kumar®, Leandro Merces?, Anne B. R. Abreu?, Carlos C. B. Bufon®,

Jose P. M. Serbena?, Ivo A. Himmelgen®'

4Departamento de Fisica, Universidade Federal do Parana, Caixa Postal 19044, 81531-980 Curitiba, PR,
Brazil

bCenter for Sensors and Devices, Bruno Kessler Foundation (FBK), 38123, Trento, Italy
‘Indian Institute of Technology, Bombay, Powai Mumbai 400076, India

9Brazilian Nanotechnology National Laboratory (LNNano), Brazilian Center for Research in Energy and
Materials (CNPEM), 13083-970 Campinas, Sao Paulo, Brazil

*MackGraphe — Graphene and Nanomaterials Research Center, Mackenzie Presbyterian Institute, 01302-
907, Séo Paulo, Brazil

*corresponding author: ali.nawaz@ieee.org; anawaz@fbk.eu

Tin memoriam

Keywords: Defect-free P3HT, regioregularity, charge transport, space-charge-limited current, hole mobility,
electron mobility

Abstract

The improvement of electron transport in polymer semiconductors is highly desirable for realizing
robust, large-area and low-cost organic integrated circuits. This work investigates the effect of regioregularity
on the intrinsic hole and electron transport characteristics of poly(3-hexylthiophene-2,5-diyl) (P3HT) using
current-voltage (1-V) measurements in metal/polymer/metal sandwich structures. Through a direct comparison
between 93% regioregular P3HT (EG-P3HT) and 100% regioregular defect-free poly(3-hexylthiophene-2,5-
diyl) (DF-P3HT), it is found that the elimination of regioregularity defects improves the electron mobility of
DF-P3HT (1.05 x 107 cm? V1 s1) by three orders of magnitude compared to the 93% regioregular EG-P3HT
sample (1.82 x 101 cm? V! s1). Quantum chemical calculations indicate that the improvement of electron
mobility in DF-P3HT can be associated to the lower degree of disorder in these samples that tends to increase
the transfer angle between the lowest unoccupied molecular orbitals of adjacent chains. At the same time, the

lower dipole moments produced by the defect-free polymer molecules also appears to play an important role
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in decreasing the susceptibility of charge transport to environment-induced electron traps. The obtained results
provide a strong evidence that the elimination of regioregularity defects is an effective technique to improve
electron transport and restore the symmetry between hole and electron mobility in P3HT as well as other

thiophene-based polymers.
Introduction

The field of organic semiconductors (OSCs) has shown immense progress over the past 50 years,
moving from a topic of pure academic interest to the manufacture of low-cost industrial-scale devices.'?
However, the problem of electron transport being much worse than hole transport in OSCs, especially in
conjugated polymers (CPs), has been daunting scientists for as long as the emergence of this field.>* The main
reason for poor electron transport characteristics in CPs is the presence of environment-induced electron traps
that have empty orbitals below the lowest unoccupied molecular orbital (LUMO) level and can easily take up
an electron hopping between neighboring LUMOSs. Many applications in light-emitting diodes, photovoltaics,
and thermoelectrics, etc. can benefit from better electron-transporting CPs.®> Similarly, CPs with comparable
hole and electron transport performance are required by applications like ambipolar transistors and organic
complementary circuits.®’ Therefore, it is highly desirable to develop strategies that assist in improving

electron transport in CPs.

Regioregular poly(3-hexylthiophene-2,5-diyl) (rr-P3HT) (Figure 1a) is one of the most commonly used
CPs in organic electronic devices.® ! This is mainly due to its ease of processability, high chemical stability,
wide commercial availability, and ability to self-orient into a well-ordered lamellar structure.'?!3 An important
variant of P3HT is the 100% regioregular defect-free P3HT (DF-P3HT), in which the coupling defects along
polymer chains are eliminated during the synthesis process, resulting in better crystallinity in polymer thin
films.2 In our previous work, we have demonstrated that the application of defect-free P3HT (DF-P3HT) in
organic field-effect transistors (OFETs) and photovoltaic devices results in remarkable improvement of overall

device performance.>-18

Although it is well-known that the electron mobility of rr-P3HT is ca. 5 orders of magnitude lower than
its hole mobility,!® the effect of the elimination of regioregularity defects on the intrinsic transport
characteristics of rr-P3HT has still not been reported. In this work, we investigate the hole and electron
transport of DF-P3HT using the space-charge-limited current (SCLC) model and provide a direct comparison
with 93% rr-P3HT (EG-P3HT). To facilitate the injection of positive charge carriers into the polymer films,
we used a combination of indium-tin oxide (ITO) and poly(3,4-ethylenedioxythiophene):polystyrene sulfonate
(PEDOT:PSS), whereas, the injection of negative charge carriers was made possible by using a combination

of aluminum (Al) and cesium oxide (Cs20). Our results reveal that the electron mobility of rr-P3HT can be
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significantly improved when the regioregularity defects are completely eliminated through a specialized
synthesis process. To understand the reason behind the huge difference in electron transport characteristics of
non-100% and 100% regioregular P3HT samples, we probe the structural and morphological properties of
polymer thin films, and analyze the electrostatic aspects using quantum chemical calculations.

Experimental

For the preparation of the hole-transport devices, firstly the chemical etching of ITO (indium-tin oxide,
Luminescence Technology Corp., 15 Q/sq) coated substrates was performed using zinc powder and an aqueous
solution of hydrochloric acid (at a ratio H.O:HCI of 2:1, v/v).?° Sequentially, the ITO substrates were cleaned
in ultrasonic baths of acetone, deionized water (resistivity > 18.2 MQ cm™), and isopropanol (20 min each)
followed by annealing of the ITO films at 100 °C for 10 min to evaporate the residual solvent. The thickness
of ITO film was measured as 100 nm. PEDOT:PSS, Figure 1b and 1c, purchased from Sigma-Aldrich) was
then spin-coated over glass/ITO substrates at 2000 rpm for 60 s and sequentially annealed in a vacuum for 15
min at 100 °C. The thickness of PEDOT:PSS film was measured as 20 nm. The combination of ITO and
PEDOT:PSS can be considered as an effective choice for injection of holes into P3HT because of the good
match of energy levels (Figure 1d). DF-P3HT (Mn: 41 kDa) was synthesized via Nickel Zero Catalyzed
Kumada Catalyst-Transfer Polymerization applying continuous flow synthesis,'® while EG-P3HT (93%
regioregular) was purchased from Luminescence Technology Corp. (Mn ~ 27 kDa). The P3HT films were
prepared in toluene at concentrations of 15 mg mL™, 20 mg mL?, 25 mg mL™*, and 30 mg mL™?, and spin-
coated over PEDOT:PSS at 1500 rpm for 60 s, resulting in P3HT thicknesses of 120 nm, 200 nm, 300 nm, and
380 nm, respectively. After deposition, the P3HT films were annealed in a vacuum at 100 °C for 30 min. For
top contact, aluminum (Al) was evaporated at a base pressure of ~10°® Torr to form a 100 nm thin film. For the
preparation of the electron-transport devices, glass substrates were cleaned by using the same procedure as
described previously. The injection of electrons was obtained by using a combination of Al and Cs,0 layers.
Cs20 layer (3 nm) was formed over Al by thermal evaporation of cesium carbonate (Cs>COs, purchased from
Sigma-Aldrich) at a rate of 0.1 A s, which decomposed into Cs,0. As reported previously, such a combination
of Al/Cs,0 leads to work function reduction to 2.1 eV, which guarantees effective injection of electrons-only
into P3HT (LUMO = 3 eV), see Figure le. In this case, the P3HT films were prepared in toluene at
concentrations of 5mg mL?, 8 mg mL™?, 11 mg mL?, and 14 mg mL%, and spin-coated over Al/Cs,O at 1500
rpm for 60 s, resulting in P3HT thicknesses of 30 nm, 50 nm, 85 nm, and 120 nm, respectively. After deposition,
the P3HT films were annealed in a vacuum at 100 °C for 30 min. For top contact formation, Cs0 and Al were

sequentially deposited using the procedure described earlier.



The polymer film thicknesses were measured using a BrukerDektakXT surface profiler, while the
absorption and morphological characteristics of rr-P3HT were analyzed using a Perkin EImer LAMBDA 950
UV/Vis/NIR Spectrophotometer and a Shimadzu SPM-9500J3 scanning probe microscope, respectively. X-
ray Diffraction (XRD) data was obtained using a D8 Advance Bruker diffractometer in SiO»/DF-P3HT
structures with Cu Ko X-ray radiation (A: 1.5406 A). The incident angle was fixed at 2.5°, while 26 varied from
3% to 25°.

The quantum chemical calculations were performed by optimizing the geometries using density
functional theory (DFT) with B3LYP,?? 3-21G? and 6-31G(d,p)** basis set. The electronic structure, dipole
moment and characteristic energies were obtained running single point calculations of the optimized structures
at the same level of theory. The transfer integral (t) calculations were carried out using the Gaussian 16
package.?® The t between the LUMOSs and the highest occupied molecular orbitals (HOMOs) of two optimized
thiophene rings were obtained assuming a face-on (co-facial) configuration of two molecules separated by 4
A. In the initial configuration, t was determined when the two rings match perfectly so that the overlap between
the m-orbitals is maximum. Then a lateral displacement of 0.2 A was assumed in each step of t calculations
without changing the distance between the ring’s planes using the same level of theory applied for the

optimizations. The procedure was repeated until both integrals vanished to zero.
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Figure 1 Chemical structures of (a) P3HT, (b) PEDOT, and (c) PSS. Energy level diagrams of (d) hole-
transporting P3HT diode structure, and (e) electron-transporting P3HT diode structure.

Results and discussion



The morphological and structural characteristics of DF-P3HT and EG-P3HT were investigated using
atomic force microscopy (AFM), X-ray diffraction (XRD), and UV-vis absorbance spectroscopy. Figure 2a
shows the AFM height image of the polymer films that exhibit isotropic nodule-like morphologies. The absence
of regioregularity defects results in the formation of much bigger grains in DF-P3HT thin film compared to the
EG-P3HT thin film. The structural order in the polymer films was investigated using out-of-plane XRD
experiments (Figure 2b). The diffraction peak at 20 =~ 5.5° corresponds to the (100) alkyl chain direction.?®
Using the Scherer formula,?’ the crystallite diameter size of DF-P3HT and EG-P3HT was estimated to be ~80
A and ~30 A, respectively, further asserting that DF-P3HT film consists of bigger crystallites. Figure 2c
presents the absorbance spectra of the polymer films in the region of m—n* absorption. Comparatively, the DF-
P3HT data shows a more pronounced and intense Ao-o absorption peak, a red-shifted Ao1 peak, and a
significantly less pronounced Ao-2 absorption peak. These features imply improvement of both inter— and intra—
chain molecular order in the DF-P3HT film, and reduction in the number of disordered unaggregated molecules
or segments with shorter conjugation lengths.?8-%
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Figure 2 (a) AFM image of DF-P3HT (top panel; Ra = 11.74 nm) and EG-P3HT (bottom panel; Ra = 6.63
nm) films deposited on glass. Scale bar corresponds to 4 pum in both cases. (b) XRD patterns of DF-P3HT and
EG-P3HT thin films. (c) UV-vis absorbance spectra of DF-P3HT and EG-P3HT thin films.

The intrinsic hole and electron mobilities of DF-P3HT and EG-P3HT were extracted electrically using
the SCLC method (I-V characteristics shown in Figure 3a and 3b). In the case of hole injection,
ITO/PEDOT:PSS was positively biased, whereas, for electron injection, Al/Cs2O was negatively biased. At
low voltages, the 1-V characteristics follow Ohm’s law, with dlogl/dlogV ~ 1. The current density (j) in this
region can be written as®!:



. 14
J=qung (1)

where, q is the electronic charge, u is the charge-carrier mobility, V is the applied voltage, d is the thickness of
the polymer film, and no is the free carrier density, given by:

9 eV
o =goa )

where, ¢ is the polymer’s permittivity, and Vo corresponds to the transition voltage between the ohmic and the
SCLC region. Upon application of sufficient bias, accumulated space charge starts to limit the transport of
charge carriers through the polymer film, and the SCLC is described by Mott—Gurney law®?;

j=2euts 3)
The calculated hole mobility of DF-P3HT in the SCLC regime was found to be slightly higher than EG-P3HT,
whereas, the electron mobility of DF-P3HT showed significant improvement by three orders of magnitude
(Table 1). Figure 3c shows the dependence of hole and electron currents on DF-P3HT film thickness. In SCLC
theory, it is expected that (dlogl/dlogd) = -3 when the | values are taken at a constant V, as also evident from
Equation 3. In our case, we have obtained dlogl/dlogd = -2.98 for hole currents at V =-2 V, and dlogl/dlogd =
-2.27 for electron currents at V = 4 V for four different DF-P3HT film thicknesses. The observed thickness

dependence, with the derivative near to 3, further confirms SCLC transport in the P3HT films.
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Figure 3 Typical I-V characteristics of DF-P3HT and EG-P3HT devices (in log-log scale) for calculation of
(@) hole mobility (ITO/PEDOT:PSS positively biased) and (b) electron mobility (Al/Cs20 negatively biased).
Upper left insets show the corresponding device structures. (c) Thickness dependence of hole and electron
currents of DF-P3HT in the SCLC regime. For hole currents, 120, 200, 300, and 380 nm film thicknesses were
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considered, while for electron currents 30, 50, 85, and 120 nm film thicknesses were considered. The solid
black lines correspond to theoretical fits with dlogl/dlogd = -2.98 for hole currents and dlogl/dlogd = -2.27 for
electron currents.

Table 1 Summary of hole and electron mobilities of DF- and EG-P3HT.

samole Hole mobility Electron mobility
P (cm? V1s?t) (cm? V1s?t)

DF-P3HT 3.29 x 10 1.05 x 107

EG-P3HT 1.57 x 10* 1.82 x 1010

The overall improvement in the intrinsic mobility of DF-P3HT may be attributed to the complete
elimination of synthesis-induced regioregularity defects, which increases the n-conjugation length of P3HT
and improves its overall morphological and structural order, as observed in Figure 2. Yet the electron mobility
increases by three orders of magnitude compared to only a slight increase in the hole mobility. In organic
systems the hopping mobility tends to decrease for lower values of t between the frontier orbitals. One reason
behind the lower electron mobility compared to the hole mobility can be attributed to the smaller value of t for
LUMOs (tLumo) in comparison to that for HOMOs (tHomo). In this case, it is instructive to consider the data in
Figure 4a, which shows the variation of the transfer integrals between two co-facial thiophene rings as they are
laterally displaced. Although the system involving two thiophenes is much simpler than the interaction between
P3HT chains, it produced useful insights that can assist in understanding our experimental results. It can be
seen that tLumo < tHomo for the perfect co-facial configuration when the overlap between the w-orbitals is the
highest (Figure 4a). This result suggests that the hole mobility is indeed intrinsically higher than the electron
mobility in this system. However, the key result in Figure 4a is that the tLumo is much more susceptible to
lateral displacements between chains than the tHomo. Small displacements between the molecule are already
able to collapse tLumo to zero. This does not happen for thomo, which is more resilient to variations in the
configuration and starts to oscillate with a decreasing amplitude as the displacement increases. This result
indicates that reduction of small mismatching between adjacent P3HT chains (induced by defects in the
regioregularity) tends to have a stronger impact on the electron mobility than on the hole mobility. This may
explain why the electron mobility in the DF-P3HT system is significantly higher than the electron mobility in
the EG-P3HT system.

To further investigate the influence of regioregularity defects on the electronic environment, we
calculated the dipole moments of P3HT molecules using quantum chemical calculations. In this case, we
considered two sets of P3HT oligomers with 9 repeat units. One set consists of a non-100% regioregular
structure with a TT-HT regioregularity defect, while the other set consists of a defect-free regioregular structure
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with 100% head-tail (HT) coupling. The optimized structures of the non-100% and 100% regioregular
configurations are shown in Figure 4b. In non-100% regioregular P3HT, the large torsional angle at the central
thiophene ring (68.65°) practically divides the chains in two segments with different planes of orientation. This
distortion partially breaks the n—conjugation of the chain, decreasing the delocalization of the frontier orbitals.
Similarly, the high torsional angle between adjacent thiophene rings results in a non-planar backbone, resulting
in a high dipole moment (»(D)) per thiophene ring (0.107) (Table 2). The larger density of stronger dipole
moments produced by the non-100% regioregular structure can hinder molecular ordering and large crystallite
formation, as indicated by our experimental results (Figure 2). On the other hand, in the 100% regioregular
P3HT structure, the torsional angle between adjacent thiophene rings fluctuates smoothly around 30°. The high
planarity of the 100% regioregular P3HT chains results in high delocalization of the frontier orbitals, producing
a lower (D) per thiophene ring (0.053) (Table 2). The lower torsional angles between adjacent thiophene rings
would result in improved n—conjugation lengths, close inter—molecular packing, and bigger grain and crystallite

formation, as indicated by our experimental results (Figure 2).

Table 2 Torsional angle between neighboring thiophene rings, and
dipole moment magnitude per thiophene ring of P3HT oligomers
with 9 repeat units as obtained by DFT method at the B3LYP/3-
21G level of theory.

P3HT .
structure Torsional angle n(D)
0,
.100 o 30° 0.053
regioregular
- 0,
Non-100% 68.65° 0.107

regioregular

The difference in dipole moments of non-100% and 100% regioregular P3HT may help in further
understanding the improvement of DF-P3HT electron mobility. It has been previously reported that
semiconducting polymers typically show lower electron mobilities in air because the adsorbed water and
oxygen molecules form oxygen-water complexes at an energy level of around -3.6 eV with respect to vacuum,
with a typical distribution width of ~0.1 eV.2 Since the LUMO of most polymers ranges from around -2 to -3
eV, these hydrated oxygen complexes act as traps for electrons that reduce the mean mobility of the negative
charge carriers. This explains why the electron mobility of P3HT is significantly lower than its hole mobility.
However, the relatively higher electron mobility in DF-P3HT compared to EG-P3HT (Table 1) means that

electron transport in DF-P3HT is relatively less susceptible to the oxygen-water related electron traps. This
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can be understood by the lower dipole moments produced by the 100% regioregular P3HT molecules (Table
2), whose polarization energy is less likely to be modified by the dipole moments produced by the oxygen-
water complexes. On the other hand, the more polar non-100% regioregular P3HT molecules are expected to
interact strongly with the dipole moments produced by the oxygen-water complexes, which may modify the
polarization energy of neighboring P3HT molecules, resulting in the localization of otherwise mobile charge

carriers and thus leading to a lower mobility.
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Figure 4 (a) Variation of t for the HOMO and LUMO of two thiophene rings with the lateral displacement
between them. Zero corresponds to the perfect co-facial configuration between the rings separated by 4 A. The
molecules were laterally displaced by 0.2 A at each step. The values of t were obtained using DFT/B3LYP/6-
31G(d,p) level of theory (details in the experimental section). The inset illustrates the procedure followed to
calculate t. (b1) Optimized structure of the 9-units P3HT oligomer with a 100% regioregular configuration
(left) and with a non-100% regioregular configuration (right). (b2) The orientation of the dipole moment vector
in the negative to positive charge convention.

Our theoretical results clearly indicate that the favorable electrostatic environment induced by the
elimination of P3HT’s regioregularity defects could be playing an important role in improving its electronic
mobility. In particular, it appears that two mechanisms are acting simultaneously to improve the electron
mobility of DF-P3HT compared to EG-P3HT. Firstly, the lower degree of disorder in the DF-P3HT system
tends to increase the transfer angle between the LUMOs of adjacent chains, and secondly the lower dipole
moments produced by the DF-P3HT molecules makes them less susceptible to the oxygen-water related
electron traps induced by the environment. The higher electron mobility observed in the case of DF-P3HT
further suggests that there may exist a direct correlation between P3HT regioregularity and electron transport.

The experiments performed in our laboratory also show an almost linear increase in electron mobility with an
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increase in the regioregularity of P3HT from 93% to 100%. This trend is illustrated in Figure 5, which also
shows a comparison of mobilities observed in this work with other P3HT reports!®3+26 as well as with several
other reports on classical and emerging polymer materials.®’~*® The hole mobility of DF-P3HT is comparable
or higher than that of non-100% rr-P3HT* and other high performance polymer materials like poly2-
methoxy-5-(2-ethylhexyloxy-1,4-phenylenevinylene) (MEH-PPV),* PTZ6 (polymer based on alkoxyl-
fluorophenyl substituted benzodithiophene),*> TBFPS-BT (polymer based on asymmetrical thieno[2,3-
flbenzofuran building block),*® and a dithienopyrrolobenzothiadiazole (DTPBT)-based polymer.** The
noteworthy improvement, however, is observed in the case of the electron mobility of DF-P3HT, which is three
orders of magnitude higher than that of 93% rr-P3HT and two orders of magnitude higher than that of 98% rr-
P3HT.® Our work offers a new way of improving electron mobility in thiophene-based regioregular polymers*’
i.e. by complete elimination of synthesis-induced regioregularity defects. This effective technique can hence
be used to restore symmetry between hole and electron transport in thiophene-based materials, which would
have obvious benefits in complementary electronic applications based on polymers*®4° as well as small-
molecules.®® Therefore, our work sheds light on a key structure-function relationship of P3HT, which can have

both fundamental scientific as well as practical implications.

The successful measurement of electron mobility using 1-V measurements is another important aspect
of our work, which was made possible by using Al/Cs.0 as the electron injecting electrode. The preparation
of efficient contacts for negative charge carriers is a difficult task, and low work function materials like calcium
and barium®! are usually highly reactive to oxygen and moisture that affects device stability.?! In this context,
the use of an electron injection layer, such as Cs20O, between the cathode and the electron transport layer is an
effective strategy since it not only decreases the electron injection barrier but also avoids the need for
employing highly reactive metals. Hence, our work further highlights the effectiveness of Cs,0 as the electron

injection layer in electronic devices.>?
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Figure 5 Comparison of hole and electron mobilities obtained in this work (points enclosed within the dashed
rectangle) with mobilities of various polymer semiconductors reported in the literature.

Conclusions

Our experimental results provide a strong correlation between regioregularity and electron transport.
We have calculated the electron and hole mobilities in P3HT using I-V measurements in simple sandwich-like
device structures. By fitting the resulting data to the SCLC model, we determined hole and electron mobility
0f 3.29 x 10* cm?V1stand 1.05 x 107" cm?V-1s?, respectively for 100% regioregular DF-P3HT, and 1.57 x
10“4cm?Vistand 1.82 x 101%cm?V1s?, respectively for 93% regioregular EG-P3HT. Our quantum chemical
calculation results suggest that two key mechanisms could be largely influencing the remarkable improvement
of electron mobility in DF-P3HT; 1) increase in transfer angle between the LUMOs of adjacent chains, and 2)
decrease in the dipole moments produced by the defect-free molecules, which can make the charge transport
less susceptible to the oxygen-water related electron traps. Our findings clearly indicate that the elimination of
regioregularity defects may be seen as an effective method to improve the electron mobility of P3HT, and
possibly of other thiophene-based regioregular polymers. More importantly, our results pave the way for new
research directions that focus on comprehensively investigating the dependence of electron-transport on

regioregularity.
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