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ARTICLE INFO ABSTRACT

Keywords: Ternary blended solar cells have been intensively studied in recent years, where the addition of a second donor
OPV material in the active layer tends to increase the current density through improved photon absorption along with
Donor blend improving the charge transport properties and the inhibition of charge recombination processes. Here, we in-
Phthalocyanine vestigated a donor layer composed of a liquid crystalline cobalt phthalocyanine (CoPc) and poly(3-hex-
Eés:[;tlc liquid crystal ylthiophene-2,5-diyl) — P3HT. The CoPc presents a complementary absorption spectrum in the near infrared

Charge transport

region and compact anisotropic molecular arrangement to promote efficient charge migration. The energy levels

of CoPc are properly located between the corresponding levels of P3HT and PCBM, forming an energy cascade
alignment. The P3HT/CoPc blend showed improved photophysical and electrical response depending on the
CoPc concentration and thermal annealing. We demonstrated that molecular order, morphology and energetic
barrier at cluster interfaces are competing effects and need to be taken into account to optimize charge transport.

1. Introduction

Research on sustainable and clean energy sources is continuously
under investigation [1]. Photovoltaic devices based on organic mate-
rials are a real alternative that has attracted interest from the scientific
community in the last two decades, considering advantages such as
easier solution processability, lower production cost, possibility of
malleability and transparency, large area devices and less environ-
mental impaet [1,2].

However, the performance of organic photovoltaic (OPV) devices is
affected by the limited absorption of the sunlight spectrum and the low
charge carrier mobility of the active layer, which result in low current
density and consequently poor photovoltaic performance. Recently,
using the concept of ternary blends, electron donating materials with
complementary energy bands were used to increase light absorption
and efficient devices were obtained [3-6]. Polymers, small molecules,
fullerene derivatives, dyes, graphene-based materials, nanocrystals,
non-fullerene n-type organic semiconductors and liquid crystals are
generally used to complement the photophysical properties of the ac-
tive layer [7]. Recently, non-fullerene based OPVs have demonstrated
power conversion efficiency higher than 15 % in a single junction ar-
chitecture [8].

Discotic liquid crystals (DCLs) have rigid cores with a conjugated
electronic system surrounded by aliphatic flexible chains. The con-
jugated m-electronic system favors molecular stacking in a columnar
structure that is responsible for charge conduction, preferably by hop-
ping processes, while the aliphatic chains act as insulating sheath.
These systems present anisotropic electronic conductivity along the
columnar axis, several orders of magnitude higher than in the perpen-
dicular direction [9-12]. The columns exhibit high exciton diffusion
lengths and charge carrier mobility that can reach the order of 1 cm®/
V.s [12,13]. Therefore, DLCs attracted attention due to their self-or-
ganizing and photophysical properties, being used as additives in OPVs
[6,13-16], organic light-emitting diodes (OLEDs) [17,18] and organic
field effect transistors (OFETs) [19-21].

Cao et al. obtained an efficiency of 11.40 % by incorporating the
liquid crystal benzodithiophene terthiophene rhodanine in the state-of-
the-art mixture PTB7-Th:PC71BM [6], which induced a more efficient
phase separation and better charge transport, resulting in an efficiency
increase of 25 % in comparison to the binary system. Ozaki et al. stu-
died the addition of a metal-free phthalocyanine liquid crystal to the
conventional P3HT:PCBM blend, resulting in a 2.3 %-3.0 % gain in
efficiency. The phthalocyanine contributed to light absorption between
650-800 nm and to the molecular ordering of the blend, increasing the
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current density from 8.6 to 12.6 mA.cm ™% [13]. Recently, Fujii et al.
obtained a high hole mobility, reaching 1.45 cm?/V.s, for phthalocya-
nine liquid crystals, and OPVs using PCBM as acceptor displayed an
efficiency of 5.3 % [13]. Many other works have also improved the
efficiency with the use or addition of a liquid crystal in the active layer
[12,16,22].

In this work, a cobalt phthalocyanine (CoPc) was blended together
with P3HT to act as electron donor layer in OPVs. Different from the
literature, this CoPc adopts a columnar rectangular plastic packing at
room temperature after heating until 160 °C, known as the compactest
molecular arrangement for DCLs, prone to improve charge transport.
The photophysical, structural, morphological and electrical properties
were studied under ambient conditions and after thermal annealing at
160 °C to investigate the contribution of molecular ordering on these
properties. HOMO and LUMO of the CoPc are located between the
corresponding levels of the electron donor and acceptor materials used
in OPVs, forming a cascade alignment, which favors energy and charge
transfer between the acting materials. The CoPc contributed to widen
the sunlight absorption spectrum and the charge carrier mobility of the
blend was improved by two orders of magnitude.

2. Experimental

The synthesis of the CoPc, cobalt 1,8,15,22-tetra-(2-butyloctyloxy)-
phthalocyaninate, has been published elsewhere [23]. The compound is
crystalline at room temperature, but presents a columnar rectangular
mesophase between 54 and 294 °C on heating, which adopts a ree-
tangular columnar plastic crystalline phase below 42 °C after cooling.
The regioregular polymer P3HT (poly(3-hexylthiophene-2,5-diyl)) was
purchased from Sigma Aldrich. The molecular structures of CoPc and
P3HT are shown in Fig. 1.

The liquid crystalline behavior of the CoPc was studied with an
Olympus BX50 polarizing optical microscope (POM) in transmission
mode, equipped with a Mettler Toledo FP-82 hot stage for temperature
control. The images were captured with a CCD camera coupled with the
microscope.

X-ray diffraction (XRD) experiments were done with a CuKa ra-
diation XPert PRO (PANalytical) diffractometer (A = 1.54181&)
equipped with an X'Celerator detector. The films were deposited by
spin-coating onto glass substrates and measured before and after an-
nealing. The diffraction radiation was collected in continuous mode
from 2° to 9° (26 angle).
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Fig. 1. (a) Molecular structures of CoPc and P3HT. (b) Energy level diagram of
the device and (c) Representation of the CoPc rectangular columnar mesophase.

UV-vis absorption in ortho-dichlorobenzene (ODCB) solution and
spin-coated films was collected with an Ocean Optics USB400 spec-
trophotometer. Measurements in solution were performed at initial
concentrations of 4.9 x 10~% mg/mL.

Diodes were produced by solution processing of the CoPc and P3HT
individually and blended with CoPc weight proportions of 10 %, 15 %,
25 %, 50 % and 75 %. Indium tin oxide (ITO) coated glass plates with a
sheet resistance of 15 €/[] were used as conductive substrates. A thin
layer of PEDOT:PSS [poly(3,4-ethylenedioxythiophene) poly(styr-
enesulfonate)] was deposited by spin coating at 500 for 2s, 1500 rpm
during 30s and 3000 rpm for 30 s followed by annealing at 120 °C for
10 min. The organic semi-conductor layers were deposited by spin-
coating at 1000 rpm during 60s. The CoPc was solubilized with
chloroform (Chl), while the P3HT was solubilized with ODCB, both at
10 mg/mL concentration. In the case of the mixed devices, the films
were produced with mixed solvents, Chl and ODCB, keeping the same
weight proportion as of the compounds. The mixed solutions were
stirred during 24 h at room temperature prior to deposition. Finally, the
Al electrode (100 nm) was deposited onto the top of active layer at a
rate of 1 A/s under a vacuum pressure of 10~7 mbar. The active area of
the diodes was 6 mm?. J/V curves were measured under ambient con-
ditions at room temperature (25 °C) using a Keithley source measuring
unit (Series 2400).

The thickness and roughness of the spin-coated films were probed
by atomic force microscopy (AFM), using a Nanosurf EasyScan 2 ap-
paratus in tapping mode with a scanning rate of 1.0Hz covering a
lateral size of 10 pm x 10 pm with resolution of (512 x 512) pixels.
Thermal annealing at 160 °C during 10 min was performed on the films
using a hot stage.

3. Results

The CoPc was first analysed by polarizing optical microscopy, where
a dendritic texture typical of columnar organization is present at room
temperature, shown in Fig. S1 of the Supporting Information. This in-
dicates that the columnar molecular organization is preserved in am-
bient conditions and at room temperature.

Absorption experiments in solution and in film are shown in Fig. 2.
In solution, the 50 % mixture yields the composed spectrum of the
individual absorption bands, providing a wider absorption range
(Fig. 2(a)). The peripheral peaks, which are characteristic of phthalo-
cyanines [9,12-15,24,25], are due to the absorption of CoPc. The ab-
sorption band above 600 nm is in the region where the sun has the
maximum photon emission to increase charge generation [26]. The
broad central band represents the absorption spectrum of P3HT
[27-29]. The solution absorption spectra of the mixtures in different
proportions preserve the vibrational characteristics of both materials.
The absorption peaks are due to m—mxt" transitions [14].

Fig. 2(b) shows the absorption spectra of CoPc and P3HT films, with
and without thermal annealing. The broadening of the spectra of the
films compared to the solutions is characteristic of molecular ag-
gregation with stronger intermolecular interactions in solid state, where
n—mx type interactions become more intense. The frontier orbitals of
CoPc lead to an energy level cascade within the P3HT:PCBM system,
which favors exciton dissociation and charge transfer [4,14,30,31]. The
P3HT film exhibited an absorption band from 370 to 670 nm, re-
presenting characteristic transitions related to interchain exciton dis-
location [32]. The shoulder at approximately 600 nm is attributed to
the ordering of the P3HT film [28].

The thermal annealing induces rearrangement of the aliphatic
chains, which affects the crystallinity of the compounds and increases
the m—m interactions [11,12,29]. This leads to an increase in the ab-
sorption spectrum of both materials, resulting in an improvement of the
optical, structural and charge transport properties [33,34].

The 1:1 CoPc:P3HT blend shows a remarkably continuous absorp-
tion between 300 nm and 750 nm, which is desired for sunlight energy
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Fig. 2. Absorption spectrum of the CoPc and P3HT and of their 1:1 mixture in ODBC solution (a) and in spin-coated film (b). Dashed lines correspond to thermally

annealed (T) films (160 °C, during 10 min).

conversion. Absorption spectra of films with other blend ratios are
shown in Fig. S2 of the Supporting Information.

X-ray diffraction patterns for P3HT, CoPc and P3HT:CoPc films at
10 %, 15 %, 25 %, 50 %, and 75 % of CoPc before and after thermal
annealing are shown in Fig. 3(a) and (b). The CoPc diffractograms
present two intense and narrow diffraction peaks at 20 = 4.58°
(dy; = 19.34) and 5.17° (dy = 17.1 &), yielding the columnar rec-
tangular lattice parameters a = 23.4 A and b = 34.2 A [23]. The P3HT
film exhibited a weak diffraction peak around 26 = 5.38°, corre-
sponding to the interchain distance of 16.7 A [14,221. The P3HT doping
with CoPc not only increases the XRD peak intensity of CoPe, but also
the P3HT peak (Fig. 3b), both coexisting within the bulk heterojunc-
tion, similar to other works [14,25]. This improvement in the blend
crystallinity can be attributed to the self-ordering of the liquid crystal
molecules [12,13,35]. The n-stacking interactions of CoPc contribute to
improve the packing order of P3HT chains. Thermal annealing en-
hances the m-stacking interactions, increasing the intensity of the dif-
fraction peaks.

The grain size of the nanocrystalline structure (D) was calculated
using the Scherrer equation: (D= ;ﬁ;) [36]. Where B is the full-width
at the half-maximum of the XRD peak, obtained by fitting the peak at 20
angle with a Gaussian function. The B and D values are shown in
Table 1. For the pure films, CoPc (26 = 5.17°) and P3HT (20 = 5.38°)
the tendency of B reduction and increase of D was observed after
thermal annealing, as expected due to improvement of the film crys-
tallinity. For the blended films, the thermal annealing also improved
film crystallinity. Moreover, for the annealed films, the effect of P3HT
doping with CoPc (10 %-75 %) on the CoPc peak shows pronounced
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reduction of B (0.68 - 0.10) and consequent increase of D
(12.22-83.90). The effect of doping on the P3HT peak was noticed only
for high CoPc concentrations (50 % and 75 %) and specially after an-
nealing. These results suggest that CoPc serves as a nucleating agent to
facilitate the crystallization of P3HT [37,38].

Fig. 4 shows the AFM morphologies of the P3HT:CoPc blends with
10 %, 25 % and 75 % of CoPc in the device structure for electrical
characterization, before and after thermal annealing. The root-mean-
square roughness (R,,s) values are displayed in Table 2. The thickness
found for the blends was 60 nm and there were no significant changes
after thermal annealing.

In OPVs containing P3HT:PCBM typically o-dichlorobenzene or
chlorobenzene solvents are used, however these solvents were in-
appropriate for CoPc due to its low substrate wettability. The difficulty
of film deposition with these solvents was reported previously with li-
quid crystalline phthalocyanines [14,25]. Therefore, mixed solvents
containing o-dichlorobenzene and chloroform were used to produce the
blended films, which presented surfaces with homogeneous mor-
phology with very uniform domains and structures. The B, values in
the range of 4.6nm are appropriate for efficient exciton dissociation
and charge transport in devices. An exception is the 75 % CoPc blend,
where the thermal annealing seems to promote excessive molecular
aggregation and phase separation, resulting in an Ry of 12.9 nm.

Diodes with ITO/PEDOT:PSS/P3HT:CoPc/Al were prepared in
order to determine the charge carrier mobility of the active layer,
consisting of pure P3HT, pure CoPc and blends with 10 %, 25 %, 50 %
and 75 % of CoPc. The effect of thermal annealing was also in-
vestigated. The devices were prepared and measured at room
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Fig. 3. X-ray diffractograms obtained for CoPc and P3HT (a) and P3HT:CoPc blends in the proportions 10 %, 15 %, 25 %, 50 % and 75 % of CoPc (b). T indicates

thermal annealing of 160 "C during 10 min (red curves).



Table 1

Full-width at the half-maximum of the XRD peak (f) and grain size of the nanocrystalline structure (D) calculated using the Scherrer equation.

Films 20 = 5.17° (CoPc peak) 26 = 5.38°(P3HT peak)
B ("20) D (nm) B (20)r D (nm)r B (20) D (nm) B (20)r D (nm)r

P3HT = - = B 0.71 11.7 0.56 14.48
10 % 0.89 9.34 0.68 12.22 - - L. -
15 % 0.97 8.57 0.59 14.08 - - - -
25 % 0.97 8.57 0.31 26.81 = - 0.26 31.96
50 % 0.66 12.59 0.17 48.88 - - 0.31 26.81
75 % 0.32 25.97 0.10 83.90 0.33 25.10 0.21 39.57
CoPc 0.19 43.73 0.15 52.59 = = = -

T indicates results after thermal annealing.

temperature and ambient atmosphere and protected from light. Table 2

Fig. 5 shows the current density versus voltage plot for the 25 %
CoPc blend before (a) and after (b) thermal annealing (see Fig. S3 of the
Supporting Information for other concentrations). The log-log plots
clearly show the ohmic regime at lower voltages and the space-charge-
limited-current (SCLC) regime beyond the threshold voltage (V) of
about 2 V in both cases. The log(J) x V plots (inset in (a) and (b)) show
a modest rectification, less than two orders of magnitude, representing
a weak diode-like behavior. However, the rectification became one
order of magnitude higher after thermal annealing, indicating that
charge transport was improved by this process.

The height of the energy barrier for charge injection through the
contacts is one of the factors limiting charge transport in organic
semiconductors. The CoPc and P3HT energy levels, as well as the
electrode work functions, are shown in Fig. 1(b). The PEDOT:PSS en-
ergy level -5.1 eV is very close to the HOMO energy levels of P3HT and
CoPc, which favors hole injection in both materials. However, the high
electron injection barrier at the Al electrode may cause asymmetric
injection of holes and electrons inside the active layer.

The ohmic regime is characterized by J « V", with n = 1. To extract
the charge carrier mobility, the Mott-Gurney law is generally used, with
J o V2, that represents a trap-free SCLC regime. However, this was not

(A)
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Rims values of the films ( + 0.2nm). Percentages indicate the amount of the
CoPc in P3HT.

Films 10 % 25 % 75 %
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After T 4.7 4.2 12.9

observed in the results presented here (J o« V", with n > 2). To find the
dependence of the charge mobility with the applied electric field, at a
constant temperature, we used a theoretical model developed pre-
viously in our group considering a trap-limited SCLC regime [32]. In
this model the charge transport is described by the hopping mechanism
of Bassler [39], u (E) = p.D(T)eY\/E, where 1 is defined as the mobility
at zero field and y resembles a Poole-Frenkel coefficient which accounts
for the asymmetry of the potential wells generated by the electric field
E. The po and y parameters can be obtained directly by fitting the
theoretical log(J) x log(V) curves to the experimental ones in the SCLC
regime.

The slope coefficients of the log-log curves in the SCLC regime of
Fig. 5(a) and (b) were n = 7.3 and 6.1 for 25 % of CoPc, before and
after annealing, respectively. The colored lines in the SCLC regions
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thermal annealing at 160 °C during 10 min.
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represent the fitting. The mobility as a function of the electric field
(Fig. 5¢) can be simulated using the Bassler equation with the obtained
L and y parameters, where the mobility is improved by about one order
of magnitude by thermal annealing.

Fig. 5(d) shows the charge carrier mobilities of the devices of dif-
ferent blend proportions with and without thermal annealing. The va-
lues were compared for the same internal electric field of 1.3 X 10°v/
cm. The neat CoPc and P3HT films presented a similar mobility around
1.5 x 10~° m?/V.s. The introduction of CoPc inside P3HT improved the
mobility, which can be attributed to an increase of the film crystallinity,
as suggested by the X-ray studies. Moreover, the y values obtained from
fitting are higher for the blended films (see Table S1 in the Supporting
information), which indicates that transport via hopping was fa-
cilitated.

The thermal annealing was efficient to increase the mobility for 10
%, 15 % and 25 % of CoPc, indicating a rarefication or shallowing of
trap sites, which limit charge transport. The annealed 25 % CoPc device
presented a mobility of 8.5 x 10~* em?/V.s, the best result among all
devices, representing an increase of approximately two orders of
magnitude compared to the CoPc and P3HT net films. On the other
hand, for 50 % and 75 % of CoPc the mobility was reduced after
thermal annealing. The AFM measurements showed an increase in the
amount of clusters, peaks and defects for 50 % and 75 % of CoPc, which
can act as new trapping sites. For 75 %, Ry rised from 4.4nm to
12.9 nm by annealing [36,37]. The effect of thermal annealing on the
charge transport properties of pure P3HT has already been investigated
by others, where an increase of less than one order of magnitude of the
charge carrier mobility was reported [40,41], which is below the effect
observed by us on 10 % CoPc blending.

Thus, the charge transport properties of the blends are closely de-
pendent on the molecular ordering, film morphology and energetic
intergranular barriers arising from molecular cluster interfaces. These
are competing effects that have to be considered for device applica-
tions.

% CaPc

4. Conclusion

We investigated the electrical properties of a range of P3HT:CoPc
blends, with 10 %, 15 %, 25 %, 50 % and 75 % of CoPc. CoPc is a high
order liquid crystalline phthalocyanine that exhibits absorption in the
near infrared region, complementing the absorption spectrum of P3HT.
The addition of CoPc improved the charge carrier mobility. The an-
nealed 25 % CoPc blend showed the best result, with mobility of
8.5 x 10™*em®/V .s, an effective increase of approximately two orders
of magnitude over the individual compounds. It was observed that the
rectangular columnar structures of the CoPc molecules contributed to
the crystallinity of P3HT. From the morphological parameters, the ef-
fects of the proportion of the CoPc on the blend were analyzed, as well
as the effects of thermal annealing. The annealing-induced cluster for-
mation for concentrations higher than 50 % of CoPc, led to decreased
charge transport. This illustrates that molecular order, morphology and
energetic barriers at cluster interfaces are competing effects and need to
be taken into account to optimize the electric properties of the blend.
The 3:1 P3HT:CoPc system may be a good candidate to be applied as a
donor material in organic photovoltaics.
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