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ABSTRACT
This paper presents the results of experimental and theoretical studies of the effects of pressure and thermal annealing on the photo-conversion
efficiencies (PCEs) of polymer solar cells with active layers that consist of a mixture of poly(3-hexylthiophene-2,5-diyl) and fullerene deriva-
tive (6,6)-phenyl-C61-butyric acid methyl ester. The PCEs of the solar cells increased from ∼2.3% (for the unannealed devices) to ∼3.7%
for devices annealed at ∼150 ○C. A further increase in thermal annealing temperatures (beyond 150 ○C) resulted in lower PCEs. Further
improvements in the PCEs (from ∼3.7% to ∼5.4%) were observed with pressure application between 0 and 8 MPa. However, a decrease in
PCEs was observed for pressure application beyond 8 MPa. The improved performance associated with thermal annealing is attributed to
changes in the active layer microstructure and texture, which also enhance the optical absorption, mobility, and lifetime of the optically
excited charge carriers. The beneficial effects of applied pressure are attributed to the decreased interfacial surface contacts that are associated
with pressure application. The implications of the results are then discussed for the design and fabrication of organic solar cells with improved
PCEs.
© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0045694
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I. INTRODUCTION

Organic solar cells (OSCs) have received much attention over
the past three decades.1–8 This is due largely to their potential for low
cost processing4,9–12 and applications in scenarios in which low cost,
lightweight,3,13 flexibility,6,13–15 and stretchability16–22 are important.
There are also significant opportunities to laminate OSCs onto rigid
or flexible substrates.23,24 There is, therefore, the potential to develop
low cost, lightweight, flexible/stretchable OSC structures19,20,25,26

that can harness solar energy.
Since the first bi-layered OSC structures that were explored in

1986,1 OSCs have been produced largely in the form of Bulk Hetero-
Junction (BHJ) systems.16,27–30 These consist of mixtures of electron
donors and electron acceptors that improve the transport of charges
across the active layers. Furthermore, most of the world record OSCs
have had BHJ architectures with improved PCEs that range from
2% to 17%.28,31–33 PCEs of over 17%32,33 have also been achieved for
BHJs by the control of active layer thickness,34,35 drying time,36,37

mixing ratios of donor and acceptor materials,38 and solvents39 used
in the fabrication process. Tandem organic solar cells have also been
produced with PCEs of ∼17.3%.8

In any case, most of the OSCs with improved PCEs have
had BHJ structures in which controlled mixtures of electron
donor and acceptor materials have been used to optimize charge
transport across active layers in OSCs. Using the phase dia-
gram for poly(3-hexylthiophene-2,5-diyl) (P3HT):(6,6)-phenyl-C61-
butyric acid methyl ester (PCBM) blends,40 and knowledge of the
crystallinity of active layers in OSCs,41–43 significant improvements
in PCEs have been achieved.30,41,44,45 Hence, the control of annealing
temperatures and the ratios of donor and acceptor materials can be
used to control the blend morphologies of active layers.5,23,30,38,43,44,46

The controlled annealing of BHJs can also result in the crystal-
lization of P3HT:PCBM blends in ways that improve the overall
PCEs41,42,44,45,47,48 of OSCs.49

Prior work has also shown that the controlled application of
pressure can be used to improve interfacial surface contacts50–55

in ways that also reduce interfacial defects sizes,53 which min-
imizes charge recombination while enhancing charge transport
(across interfaces) and the PCEs of multilayered structures of solar
cells.53

Earlier studies, using ultrafast optical techniques, have shown
that photoexcitation of P3HT films with excess energies above
the π–π∗ interband transition results in the direct injection of
delocalized electrons and holes, followed by formation of exci-
tons on ∼1 ps timescales.56,57 In P3HT–PCBM films, the distributed
donor–acceptor interfaces facilitate charge transfer and dissocia-
tion of excitons, yielding additional free carriers.56–60 Thus, the
loss of free carriers to trapping at defects and interfaces, as well
as geminate and nongeminate recombination, reduces solar cell
PCEs.58,61,62

Hence, in this paper, we present the results of a combined
computational and experimental study of the effects of mechani-
cal pressure and thermal annealing on the PCEs of P3HT:PCBM
BHJ solar cells. A combination of scanning electron microscopy
and x-ray diffraction techniques is used to study the BHJ structures,
while photoconductivity in the photoactive layers is elucidated via
time-resolved Tera-Hertz (THz) spectroscopy. The current–voltage
characteristics of the devices are also investigated.

Significant improvements in the PCEs of BHJ OSCs are associ-
ated with the interfacial defect length reduction due to the applica-
tion of pressure during fabrication. Thermal annealing is also shown
to promote the optimization of charge trapping, before discussing
the implications of the results for the fabrication of OSCs.

II. MATERIALS AND METHODS
A. Experimental methods

Poly(3-hexylthiophene) (P3HT) consisting of 20 000
and 85 000 average Mw, fullerene derivative (6,6)-phenyl-
C61-butyric acid methyl ester (PCBM), poly(3,4-
ethylenedioxythiophene)–poly(styrenesulfonate) (PEDOT:PSS),
anhydrous chlorobenzene, and indium tin oxide (ITO)-coated
glass were all purchased from Sigma-Aldrich (Natick, MA, USA).
All of the materials were used in their as received conditions. The
ITO-coated glasses were patterned by etching with zinc powder
and 2M hydrochloric acid. They were then washed in deionized
(DI) water, before sonicating (each for 15 min) in decon-90, DI
water, acetone, and isopropyl alcohol. The glass slides were blow
dried using nitrogen gas. They were then treated with a UV/ozone
cleaner (Novascan, Main Street Ames, IA, USA) to remove organic
residuals.

Subsequently, PEDOT: PSS was filtered with a 0.45 μm mesh fil-
ter before spin-coating with a spin coater (Laurell Technologies Cor-
poration, North Wales, PA, USA) onto the cleaned ITO-coated glass
slides at 3000 rpm for 30 s. The resulting films were annealed for
5 min at 120 ○C in air before transferring them into a dry nitrogen-
filled glove box. A solution of 30 mg/ml P3HT: PCBM (1:1 w/w) was
then prepared by mixing 7.5 mg of 20 000 Mw of P3HT and 7.5 mg
of 80 000 Mw of P3HT with 15 mg of PCBM in 1 ml of chloroben-
zene. The solution was stirred for 2 h before filtering through
a 0.2 μm mesh filter. The solution of P3HT: PCBM blend was
then spin-coated onto the PEDOT:PSS-coated ITO-glass surface at
800 rpm for 120 s. The spin-coated structure was then annealed in
a dry nitrogen-filled glove box at 50 ○C for 20 min. The spin coating
procedures were repeated for other PEDOT:PSS/ITO-coated glasses
before annealing them at different temperatures (RT = 25, 100, 150,
200, and 250 ○C).

For the thermally annealed P3HT: PCBM/PEDOT:PSS/ITO-
coated glass structures, a 150 nm thick aluminum layer was ther-
mally evaporated onto P3HT:PCBM using an Edward E306A evap-
oration system (Edward E306A, Easton PA, USA). The evaporation
was carried out at a vacuum pressure of ∼1 × 10−6 Torr at a depo-
sition rate of 0.2 nm/s. A shadow mask was used to define a device
area of 0.1 cm2.

In selected cases, a controlled mechanical pressure was applied
to both the device and the P3HT:PCBM-coated glass structures
using an electromechanical Instron 5848 MicroTester (Instron, 5848
MicroTester, Norwood, MA, USA) with a poly-di-methyl siloxane
(PDMS) anvil, as shown in the schematics [Figs. 1(a)–1(c)]. First,
the PDMS anvil was fabricated from a mixture of Sylgard 184 sili-
cone elastomer base and Sylgard 184 silicone elastomer curing agent
(Dow Corning Corporation, Midland, MI) in a ratio of 10:1 by
weight. The mixture was then degassed and cured at 65 ○C for 2 h
in a mold with a polished silicon base. The PDMS anvil was then
cut out into the dimensions of the glass substrates. Instron was used
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FIG. 1. Schematics of the pressure-
assisted testing setup: (a) before pres-
sure application, (b) during press, and (c)
during lifting up of the anvil.

to apply compressive loading at a displacement rate of 1 mm/min
up to a peak stress of 2 MPa. The peak stress was held constant for
10 min, before ramping down to zero stress at a displacement rate
of 1 mm/min. A similar procedure was used to study the effects of
ramping to peak pressures between 2 and 10 MPa.

The current density–voltage (J–V) characteristics of the fabri-
cated devices were measured before and after the pressure treatment.
This was done under AM1.5 G illumination of 100 mW cm−2 using
a Keithley 2400 source meter unit (Keithley, Tektronix, Newark, NJ,
USA) that was connected to an Oriel solar simulator (Oriel, Newport
Corporation, Irvine, CA, USA). The solar simulator was calibrated
using an optical power detector (918D-SL-OD2R, Newport Cor-
poration, Irvine, CA, USA). The initial J–V curves of as-prepared
devices were also obtained before measuring the J–V characteristics
of solar cells that were subjected to pressures of 0–10 MPa.

The optical absorbances of the P3HT:PCBM blend (pro-
duced with and without pressure application) were measured using
an Avantes UV-VIS spectrophotometer (Avantes, Louisville, CO,
USA), before and after thermal annealing. The resulting microstruc-
tures were then observed using a field emission gun Scanning Elec-
tron Microscope (SEM) (JSM 7000F, JOEL, Ltd., Tokyo, Japan)
and an Atomic Force Microscope (AFM) (Naio-AFM, Nanosurf
instruments, Woburn, MA, USA).

The XRD patterns of the P3HT:PCBM-coated structures were
obtained from 150 nm thick active layers (P3HT:PCBM) deposited
on clean glass substrates. These were obtained using an X-Ray
Diffraction (XRD) system (Malvern PANalytical, Westborough,
MA, USA). XRD patterns of the P3HT:PCBM thin films were
obtained (for as-prepared films at different thermal annealing condi-
tions and those that were pressure-assisted) using a CuKα radiation
source with a beta nickel filter at 40 KV and 40 mA.

The influence of thermal annealing temperature and applied
pressure on polymer chain alignment and crystallinity of the
P3HT:PCBM films was also investigated using grazing incidence
wide-angle x-ray scattering (GIWAXS) technique as previously
reported.12,51 The experiments were carried out using an x-ray beam
of 13.5 KeV and a wavelength of 9.18 nm at the 11-BM beamline
(NSLS, Brookhaven National Laboratory, USA). The films were

aligned such that the incident x-ray beam impinges on the samples
at various shallow angles of ∼0.05○–0.15○, generating diffuse scatter-
ing from a fairly large sample volume. The GIWAXS patterns were
taken from a grazing incidence of 0.12○, which is above the critical
angle of the P3HT:PCBM blend.

Time-resolved terahertz spectroscopy (TRTS) measurements
were carried out on P3HT:PCBM films that were spin-coated onto
fused quartz substrates at 500 rpm for 60 s. The films were ther-
mally annealed and assisted by mechanical pressure. The Tera-Hertz
(THz) spectroscopy measurements were carried out as described
previously.63–65 In brief, 400 nm (or 3.1 eV), 100 fs pulses with an
energy fluence of 800 μJ/cm2 were used to photoexcite the films with
an optical penetration depth of P3HT:PCBM at 400 nm. These were
reported as ∼260 nm,59 substantially smaller than the film thick-
ness, with excitation pulses that were almost fully absorbed in all
the studied films. The resulting excitation induced changes in the
complex conductivity were detected using a time-delayed THz probe
pulse. THz pulses with bandwidths of 0.25–2 THz (1–10 meV) were
generated with an optical rectification of 100 fs and 800 nm pulses
in a 1 mm thick [110] ZnTe crystal. The pulse was focused onto
the P3HT:PCBM films using off-axis parabolic mirrors, and the
transmitted THz pulses were detected using free-space electro-optic
sampling in a second 1 mm thick [110] ZnTe crystal.

B. Analytical and computational methods
Since excellent interfacial surface contacts are essential for the

enhancement of work function alignment among the constituted
layers of multilayered organic solar cells,66 the interfacial surface
contacts between the layers in the OSCs can be enhanced by appli-
cation of pressure (compression treatment).52,66 The structure and
properties of thin films (subjected to mechanical pressure) also
determine the deformation of the film.51 Interfacial defects can also
occur due to environmental or undissolved/unfiltered particles that
are sandwiched between layers [as shown in Fig. S1(a) in the supple-
mentary material]. Defects can also initiate in the photoactive layer
due to surface roughness and processing conditions. Usually, the
types of trapped particles vary from hard to soft/compliant materials,
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depending on their Young’s moduli.52 These films are deformed and
wrapped round the particles when pressure is applied to improve the
interfacial surface contact. The deformation of a thin film around
interfacial particles can be idealized by the displacement of a can-
tilever beam [Figs. S1(a)–S1(d)].67,68 When the film deflects, the
cantilever is brought into contact with the adjacent (bottom) layer.
Consequently, the cantilever deflection and the interfacial surface
contacts between adjacent layers provide insights into the formation
of interlayer contacts between the adjacent layers of OSC structures.

However, when the trapped particles between layers are stiff
(ITO, TiO2, quartz, etc.),67 it is difficult to achieve interfacial layer
contacts, since the void length depends on the modulus and height
of the trapped particle.67 Essentially, the rigid particles can sink-in
into the compliant adjacent layers, which can ultimately lead to dam-
age of the device structures. The relationship between the interfacial
surface contact (Lc/L) and the applied pressure (P) can be expressed
as51

Lc

L
= 1 − [3( E

1−v2 )t3h
2PL4 ]

1
4

, (1)

where Lc is the interfacial surface contact length, E is Young’s mod-
ulus, v is the Poisson ratio, t is the film thickness, h is the height of
the particle or film surface roughness, L is the length of the device
structure, and P is the applied pressure. The relationship between
the interfacial surface contact length and the defect/void dimension
(S) can be expressed as

S
L
= 1 − Lc

L
. (2)

The materials properties of layers (Table S1) were incorporated into
Eqs. (1) and (2) to estimate the interfacial surface contact lengths

and the defect/void sizes as a function of the applied pressure that
can assist multilayered structures of OSCs. The detailed analyti-
cal modeling of the interfacial surface contacts is presented in the
supplementary material.

The interfacial surface contacts in the multilayered OSC struc-
tures were also simulated using particles of different elastic prop-
erties. The simulations utilized materials properties that have been
previously reported (Table S1).18 The materials properties were
incorporated into finite element modeling that was carried out using
the ABAQUS software package (ABAQUS, Dassault Systemes Simu-
lia Corporation, Providence, RI, USA). The details of the simulation
are presented in the supplementary material.

III. RESULTS AND DISCUSSION
A. Microstructures of active layers

The microstructures of as-cast and annealed photoactive layers
were observed using Atomic Force Microscopy (AFM) and Scanning
Electron Microscopy (SEM). It has been shown that annealing of
P3HT:PCBM above the glass transition temperature of P3HT drives
the diffusion of PCBM into the polymer matrix and promotes poly-
mer self-organization and crystallization.2 The glass transition tem-
perature of P3HT has been reported to be in the range between 12
and 110 ○C.2,3 As the films are annealed in this temperature regime
and above, the microstructures of the P3HT:PCBM films evolve with
increasing annealing temperature.

The SEM images of the evolving microstructures of the
annealed P3HT:PCBM films (on PEDOT:PSS/ITO-coated glasses)
are presented in Fig. 2. In the un-annealed film [Fig. 2(a)], sporadic
PCBM phases were observed within the blend. Phase separation was

FIG. 2. SEM images of P3HT:PCBM films annealed at (a) room temperature (RT), (b) 50 ○C, (c) 100 ○C, (d) 150 ○C, (e) 200 ○C, and (f) 250 ○C.
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also observed at room temperature (RT = ∼22–25 ○C). This resulted
in the nucleation and growth of PCBM-rich regions in a matrix of
P3HT.5 For annealing temperatures of 50 and 100 ○C [Figs. 2(b) and
2(c)], phase separated domains of P3HT and PCBM were observed
with micron-scale agglomeration of PCBM. However, for anneal-
ing temperatures between 100 and 250 ○C, sub-micron PCBM-rich
domains were observed within the continuous P3HT matrix. The
PCBM-rich domains also continued to grow by agglomeration, as
the annealing temperature increased [Figs. 2(d)–2(f)]. This resulted
in a larger area of P3HT-rich regions.

The above results show that increasing annealing tempera-
tures (from 50 to 150 ○C) enhances phase separation, yielding more
finely dispersed donor and acceptor phases [Figs. 2(b)–2(d)]. This
can improve transport of charges by creating percolation pathways
for both donor and acceptor materials.9,35 It is important to note
that the P3HT:PCBM constituents attain an equilibrium morphol-
ogy at 150 ○C, which is driven by the thermodynamically driven
re-organization of the P3HT polymer chains and PCBM molecules.
Based on the P3HT:PCBM phase diagram,40 P3HT:PCBM mixtures
should form a liquid phase at higher annealing temperatures of
200–250 ○C [Figs. 2(e) and 2(f)], for P3HT: PCBM ratios of 1:1 wt. %.
This can lead to evaporation and the formation of pinholes at such
temperatures.

The AFM images of the P3HT:PCBM films annealed at differ-
ent temperatures are presented in the supplementary material [Figs.
S2(a)–S2(f)]. The surface roughness values of the films are summa-
rized in Table S2 in the supplementary material. Note that the film
roughness values were obtained from small areas (5 × 5 μm2) of the
film surface. The roughness of the films decreases with increasing
annealing temperature, for annealing temperatures between 50 and
150 ○C. This is attributed to the effects of phase separation and the
re-organization of PCBM in the P3HT matrix.4,5 However, anneal-
ing at temperatures between 200 and 250 ○C results in increasing
surface roughness, which can be associated with possible pinholes
that were formed at high temperatures.

B. Film crystallinity
A combination of X-Ray Diffractometry (XRD) and grazing

incidence wide-angle x-ray scattering (GIWAXS) synchrotron radi-
ation was used to study the effects of mechanical pressure and
thermal annealing on the P3HT:PCBM blends. Figure 3(a) presents
the XRD patterns of the films at different annealing temperatures.
The intensity of the strongest peak (that corresponds to plane 100)
increases with increasing temperature up to 200 ○C. Further increase
in annealing temperature to 250 ○C revealed no peaks were observed
due to the loss of crystallinity above the melting point. The dif-
ferences in the (100) peaks of the films are clearer in the inset of
Fig. 3(a). Therefore, we did not take any GIWAXS pattern measure-
ments for the films that were annealed at 250 ○C as the XRD patterns
already revealed that there were no peaks.40 The strongest peaks (at
2θ ≈ 5.3○) correspond to the inter-chain spacing of P3HT, which
is associated with the interdigitated alkyl chains.1,2 Hence, using
the (100) peak, the full-width-half-maximum (FWHM) of the film
was calculated using the Scherer equation.69 Table S3 presents the
estimated FWHM of the films with respect to the annealing temper-
ature. The FWHM values of the (100) peak decrease as the crystallite
size increases with increasing annealing temperature up to 200 ○C.

GIWAXS patterns of the films at different annealing temper-
atures between 50 and 200 ○C are shown in Figs. 3(b) and 3(c)
along with the GIWAXS patterns of the films that were assisted by
mechanical pressures between 0 and 10 MPa [Fig. 3(d)]. There was a
left shift in the peaks [Fig. 3(b)] due to increasing annealing temper-
ature. This is associated with an increase in the quality of crystal of
the films and strain relaxation between the films and the substrates.
We also observed a further slight left shift in the peaks obtained for
the pressure-assisted films [Fig. 3(d)]. This slight shift can also be an
indication of induced-crystallization and reduction in the defects53

within the films.
The two-dimensional GIWAXS images [Figs. S3(a)–S3(e)] of

the films show evidence of π–π stacking in the direction paral-
lel to the substrate, that is, (100) peak along qz and (010) being
in-plane along qx, as shown by the weak in-plane scattering at
∼1.65 A−1. There is evidence of slight π–π stacking in the direc-
tion that is perpendicular to the substrate, as the lamellar stacking
is in-plane. In the annealed films, the π–π stacking is predomi-
nantly parallel to the substrate. Annealing drives the system toward
a lower free energy state by the self-organization of the P3HT lamel-
lar and the π–π stacking direction parallel to the substrate, thereby
attaining an edge-on configuration.70,71 The decrease in the FWHM
values (Table S3) of the out-of-plane peak suggests that the P3HT
lamellae/crystallites grew in a direction that was parallel to the
substrate.

C. Optical properties
The optical properties of the P3HT:PCBM films are presented

in Figs. 4(a) and 4(b). We observed a significant increase in mag-
nitude and a slight red shift of the absorbance peaks within the
visible spectrum (450–650 nm) with increasing annealing temper-
atures between room temperature (RT) and 200 ○C [Fig. 4(a)]. This
increase in absorption is associated with an increase in the packing of
the P3HT chains. In the case of the films that were annealed between
RT and 150 ○C, two vibronic shoulders [red triangles in Fig. 4(a)]
were observed at 550 and 600 nm wavelengths. These are attributed
to higher levels of crystallization [as shown in Figs. 3(a)–3(c)]
by intra-chain stacking in conducting polymers.72 There was pro-
nounced blue shift of the peaks in the films annealed above
150 ○C. The disappearance of the vibronic shoulders at 200 ○C
annealing temperature [Fig. 4(a)] is attributed to a low level of intra-
chain stacking in the films. In the case of pressure-assisted films,
there is also a significant increase in absorption of light [Figs. 4(b)
and S4]. This can be associated with healing of defects within films
and along the film/substrate interface. There is tendency for the film
to strain horizontally as the mechanical pressure is being applied to
the surface of the films, leading to closing of existing voids/defects
and induced-phase separation.

D. Photoexcitation of charge carrier generation
and transport

We have used time-resolved terahertz spectroscopy (TRTS) to
study the effects of microstructural changes due to mechanical pres-
sure and thermal annealing. These reveal the intricate interplay of
processes involved in the photoexcitation of P3HT:PCBM films.
As the low energy THz pulses are sensitive to free, mobile charge
carriers, TRTS enables contact-free, all-optical measurements of
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FIG. 3. Crystallinity of the P3HT:PCBM films: (a) XRD patterns at different annealing temperatures; (b) and (c) GIWAXS patterns at different annealing temperatures; (d)
GIWAXS patterns of the pressure-assisted films.

microscopic photoconductivity and dynamics of photoexcited
charge carriers. These include free carriers and charged species, such
as polarons, in the case of conjugated polymers and organic semi-
conductors.56,59,60,73–77 Monitoring the excitation—induced changes
(in the THz absorption regime) as a function of the optical
pump—THz probe delay provides information about the carrier life-
time and photoconductivity dynamics. In the limit of small photo-
induced changes, the negative change in the transmission of the
THz probe pulse peak is proportional to photoconductivity, as
−ΔT(t)/T ∝ Δσ(t).

Figures 4(c) and 4(d) summarize the transient photoconduc-
tivity dynamics in a series of films annealed at different tem-
peratures [Fig. 4(c)] and in a series of films annealed at 150 ○C
that have been assisted by pressure [Fig. 4(d)]. The overall
dynamics of the films agree with previously reported results on
P3HT:PCBM films:56,59,60,77,78 a rapid increase in photoconductivity
over timescales that are comparable to or shorter than our experi-
mental time resolution of ∼200 fs is followed by a multi-exponential

decrease that in the experimental time window is well-described by
a biexponential decay function Δσ(t) = A1e−t/t1 + A2e−t/t2 + y0. In
this function, A1, A2 represent amplitudes of the two constituent
decay components and y0 is a constant offset that represents a
longer-lived component that decays over the timescales that are
longer than 20 ps. The fastest, t1 = 0.5 ± 0.1 ps, decay component is
consistent with exciton formation time, while a slower, t2 = 4 ± 1 ps,
component likely accounts for trapping of free carriers at defects
and grain boundaries. A fraction of charge carriers remains free
and mobile for considerably longer times and is represented by the
constant offset yo.

While the fast and slow decay times are essentially unchanged
by thermal annealing or pressure, the overall magnitude of photo-
conductivity is sensitive to both. With the same film thicknesses
in both series and the same excitation conditions, this change in
overall peak photoconductivity can be explained by differences in
the density of free carriers that is present in the films at times
longer than an experimental time resolution of ∼200 fs and, to a
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FIG. 4. Optical absorbance spectra and transient photoconductivity of P3HT:PCBM films: (a) optical absorbance at different annealing temperatures (the red triangles
indicate the positions of two vibronic shoulders at around 550 nm and 600 nm); (b) optical absorbance of pressure-assisted films that were thermally annealed at 100 ○C; (c)
transient photoconductivity (−ΔT ∝ Δσ) following excitation with 400 nm, 100 fs pulses with ∼800 μJ/cm2 fluence for films prepared with different annealing temperature
(insets I and II show the peak photoconductivity and the long-lived photoconductivity component as a function of the annealing temperature, respectively); (d) transient
photoconductivity for pressure-assisted films annealed at 150 ○C.

lesser extent, by annealing-induced and pressure-induced changes
in carrier mobility, discussed in more detail below. Insets I and
II in Fig. 4(c) show the dependence of peak photoconductiv-
ity and long-lived photoconductivity (yo) on annealing temper-
ature. Both parameters increase in films with increasing anneal-
ing temperatures up to ∼150 ○C, where microstructure changes
observed in SEM [Figs. 2(a)–2(f)] and AFM [Figs. S2(a)–S2(f)]
images demonstrate improvements of crystallinity, reduction of sur-
face roughness, and formation of percolative pathways for both
electrons (in continuous PCBM domains) and holes (in the P3HT
matrix). Improvement in peak photoconductivity can likely be
attributed to suppressed trapping and self-localization of the free
carriers over short (<200 fs) timescales at defect sites. However,
when annealing temperature is increased to 200 ○C, both peak
and long-lived photoconductivity drop, consistent with the reduc-
tion of light absorption [Fig. 4(a)] due to the formation of pin
holes [Fig. 2(e)] at high annealing temperatures. Applying mechan-
ical pressure to the films annealed at 150 ○C further improved
photoconductivity.

For more insight into microscopic conductivity of films and
influence of thermal annealing and mechanical pressure on carrier
mobility, we have recorded complex frequency-resolved photocon-
ductivity spectra at 2–3 ps after photoexcitation (Fig. S5). Com-
plex photoconductivity spectra were calculated by analyzing the
photoexcitation-induced changes in the amplitude and the phase
of the THz pulse waveform transmitted through the sample.79,80

We then model complex photoconductivity of P3HT:PCBM films
with a phenomenological Drude–Smith model,81,82 a modification
of the free carrier Drude conductivity that accounts for localiza-
tion of the mobile carriers on the length scales commensurate
with their mean free path and has been extensively applied to
describe photoconductivity in conjugated polymers and other dis-
ordered systems.56,57,59,60,73,78 See the supplementary material for the
details of the Drude–Smith model. Results from the analysis of
the Drude–Smith analysis are presented in Fig. S5 for both ther-
mally annealed [Fig. S5(a)] and pressure-assisted [Fig. S5(b)] films.
The long-range conductivity (σDS) of the polymeric films is also
presented in Fig. S6(a).
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Furthermore, using the Drude–Smith momentum relaxation
time, τDS (an experimental fitting parameter), and an effective mass
m∗ = 1.7me,83 we can calculate both the short-range (μshort−range)
mobility of carriers within the homogenous and the long-range
mobility (μlong−range) over macroscopic length scales. See details in
the supplementary material. Dependence of both of these param-
eters on annealing temperature and mechanical pressure is also
shown in Figs. S6(b) and S6(c). We find that short range mobility
is in good agreement with a theoretical prediction of 31 cm2/Vs for
crystalline P3HT.83 Long range mobility of the free carriers is sig-
nificantly lower, limited by the size of the crystalline regions and
transport of carriers through the grain boundaries. We find that
both short-range mobility and long-range mobility increase slightly
in response to thermal annealing, which improves crystallinity and
grows percolative pathways.

E. Performance characteristics of devices
The current density–voltage (J–V) curves are presented in

Fig. 5(a) for as-prepared P3HT:PCBM devices that were annealed
at different temperatures (RT–250 ○C). The device parameters (fill

TABLE I. Summary of device parameters: short-circuit current density (Jsc), open
circuit voltages (Voc), fill factors (FFs), and photo-conversion efficiencies (PCEs) at
different annealing temperatures.

Temperature (○C) Jsc (mA cm−2) Voc (V) FF PCEa (%)

RT 6.16 0.8 0.42 2.32
50 6.37 0.76 0.52 2.52
100 7.37 0.74 0.44 2.70
150 10.62 0.75 0.42 3.70
200 1.26 0.69 0.26 0.25
250 0.50 0.33 0.15 0.03
aAverage values of PCEs from five to eight devices.

factors, FFs; short-circuit current densities, Jsc; open circuit volt-
ages, Voc; and PCE) are summarized in Table I. The results show
increased PCEs with increasing temperatures between RT and
150 ○C. However, annealing at higher temperatures (200 and 250 ○C)
leads to reduced OSC performance characteristics. The J–V curves
of the pressure-assisted devices are also presented in Figs. 5(b)

FIG. 5. Characteristics performance of OSCs at different applied pressures and thermal annealing temperatures: (a) current density–voltage curves of as-prepared devices
at different thermal annealing temperatures; (b) current density–voltage curves of pressure-assisted devices (for 8 MPa applied pressure) at different thermal annealing
temperatures; (c) effects of pressure on the current density–voltage curves of devices at 150 ○C annealing temperature; (d) normalized device characteristic parameters vs
annealing temperature; (e) normalized device characteristic parameters vs applied pressure.
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TABLE II. Summary of device parameters at different applied pressures.

Pressure (MPa) Jsc (mA cm−2) Voc (V) FF PCEa (%)

0 10.62 0.75 0.42 3.70
2 10.92 0.76 0.48 4.41
5 11.32 0.77 0.50 4.80
8 11.28 0.79 0.55 5.41
10 11.53 0.78 0.50 4.95
aAverage values of PCEs from four to six devices.

and 5(c), while a summary of the pressure effects on device param-
eters is presented in Table II. The results show an increased PCE
with increasing applied pressure between 0 and 8 MPa for all devices
annealed at different temperatures [Fig. 5(b)]. However, the applica-
tion of pressure to devices that were prepared at higher temperatures
(above 150 ○C) resulted in almost linear J–V curves [Fig. 5(b)].

In the case of devices that were thermally annealed at 150 ○C,
pressure application significantly increased PCEs by ∼46% [as shown
in Fig. 5(c)]. The normalized device parameters are presented in
Figs. 5(d) and 5(e) for different annealing temperatures [Fig. 5(d)]

and applied pressures [Fig. 5(e)]. Both the PCEs and short circuit
current densities (Jsc) of devices increased with increasing annealing
temperature between RT and 150 ○C, while there were no significant
improvements in the open circuit voltage (Voc) and fill factor (FF)
[Fig. 5(d)] with increasing annealing temperature. For the devices
annealed at 150 ○C, the normalized device parameters (PCE, Jsc, Voc,
and FF) increased with increasing applied pressure between 0 and
8 MPa [Fig. 5(e)].

The above trends in the device performance characteristics
are attributed to the combined effects of improved crystallinity,
enhanced photoconductivity, and reduced defects in layers and
along interfaces of multilayered structures. Applied pressures close
up voids within the device active layer and improve interfacial sur-
face contacts, which reduces trapping of carriers and layer and
interfacial defects. Hence, annealing at temperatures up to 150 ○C
improves charge transport in OSCs,6 while applied pressure reduces
defect lengths and enhances charge transport51 across interfaces in
BHJ structures.

Hence, the improvements in photoconversion efficiencies due
to mechanical pressure and thermal annealing effects are attributed
to the improved P3HT:PCBM film texture and interfacial sur-
face contacts. The decrease in device performance, for pressure

FIG. 6. Modeling of effects of mechanical pressure on interfacial surface contacts: (a) analytical modeling of interfacial surface contacts and voids vs pressure for particles
of different sizes; (b) interfacial surface contact vs adhesion energy; (c) and (d) computational modeling of interfacial surface contacts before (c) and after (d) pressure
application. The modeling considers the interface between P3HT:PCBM and PEDOT:PSS of the device.
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application above ∼8 MPa, is attributed to the sink-in of impurities
that are present at the interfaces between the layers51,52,84 or inclu-
sions at the defect sites. Such sink-in phenomena have been mod-
eled in prior work53 and shown to promote “damage phenomena”
that decrease the device performance, in cases where the applied
pressures exceed ∼8 MPa.

F. Effects of pressure on interfacial defects
We elucidated the effects of mechanical pressure on interfacial

defects using analytical and computational modeling. The estimated
interfacial surface contact lengths (for different sizes of the parti-
cles) are presented in Fig. 6(a) as a function of the applied pressure.
The P3HT:PCBM photoactive layer showed an improved interfa-
cial surface contacts with increasing applied pressures [Fig. 6(a)].
The presence of defects/voids also reduces with the increased pres-
sure. The surface contact lengths and voids between the active
P3HT:PCBM layer and the adjacent layers were calculated at differ-
ent applied pressures between 0 and 12 MPa [using Eqs. (1) and (2)].
As expected, the results showed increased contacts as the interfacial
adhesion energy increased [Fig. 6(b)]. More results on the improved
interfacial surface contacts between the different layers of OSCs are
presented in Figs. S7(a)–S7(d) in the supplementary material. The
results also show that, for small particle sizes, OSC films require
less pressure for surface contact to occur between adjacent layers
compared to large particle sizes.

We simulated the interfacial surface contacts using the
ABAQUS software package (ABAQUS, Pawtucket, RI, USA). The
detailed finite element analysis (FEA) is presented in Fig. S8. Our
results of the simulated interfacial contacts between the photoactive
layer and the hole-transporting layer (PEDOT:PSS), before and after
pressure application, are presented in Figs. 6(c) and 6(d). The PDMS
anvil deforms and curls around the particle as the surface contact
increases. It is important to note that interfacial surface contacts
depend on mechanical properties of particles. Compliant particles
deform very easily with increasing pressure, compared to the lim-
ited deformation of rigid particles. The distribution of stresses in
the structures is lower for compliant particles (with better interfacial
surface contacts) compared with that of rigid particles [as shown in
Figs. S9(a)–S9(d)].

IV. CONCLUSIONS
This paper explores the effects of pressure application and ther-

mal annealing on the structure and performance characteristics of
polymer solar cells with blended P3HT:PCBM active layers. The
results show that thermal treatment at temperatures up to 150 ○C
enhances the agglomeration of PCBM-rich domains in the active
material, P3HT:PCBM, of the OSCs. These structural changes lead
to improved optical absorption, increased mobility, and increased
lifetime of the optically excited charge carriers and, as a result, to an
increase in the PCEs of the solar cells from ∼2.3% for cells annealed
at room temperature to 3.7% for solar cells annealed at 150 ○C. At
higher annealing temperatures, the crystallinity decrease, accompa-
nied by pinhole formation, results in a decrease in photoconductivity
and the degradation of the PCEs of the OSCs. The application of
pressure (up to pressures of ∼8 MPa) also increases the device PCEs
from 3.8% to 5.4%. This improvement is attributed to the reduction

in interfacial defect sizes due to pressure application. At pressures
beyond 8 MPa, the induced damage (sink-in) of the OSC structures
results in a reduction in PCEs.

SUPPLEMENTARY MATERIAL

See the supplementary material for schematics of the analytical
modeling of interfacial surface contacts, computational modeling of
interfacial surface contacts, additional results of characterization of
P3HT:PCBM films, Drude–Smith model of terahertz photoconduc-
tivity of films, additional results of interfacial surface contact mod-
eling, FEA model for the pressure treatment of OSCs, and effects
of pressure on interfacial surface contacts for particles of different
elastic properties.
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