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Nano structure evolution in P3HT:PCs;BM blend films due to the
effects of thermal annealing or by adding solvent*
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Crystallographic dynamics of blend films of regioregular poly(3-hexylthiophene) (P3HT) mixed with [6-6-]-phenyl-
C61-butyric acid methyl ester (PCg;BM) treated by thermal annealing or by adding solvent 1,8-diiodooctane (DIO) are
characterized by 2D-grazing incidence x-ray diffraction (2D-GIXRD). The results show that the P3HT chains are primarily
oriented with the thiophene ring edge-on to the substrate, with a small fraction of chains oriented plane-on. The interplanar
spacing becomes narrow after being treated by DIO, and the coherence length of the P3HT crystallites increases after being
treated by thermal annealing or DIO, which is accompanied by a change in the orientation angle of the P3HT lamellae. The
increased ordering of P3HT packing induced by thermal annealing or adding DIO contributes to enhanced photovoltaic

performance.
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1. Introduction

One of the most representative polymer solar cells (PSC)
is the bulk heterojunction (BHJ) device based on a blend
of poly(3-hexylthiophene) (P3HT) as an electron donor and
[6,6]-phenyl-C 61-butyric acid methyl ester (PCg; BM), which
is a soluble C60 derivative, as an electron acceptor. The
power conversion efficiency (PCE) of this type of cells based
on P3HT: PC4;BM has reached 4%—6%!'-°! by optimization
and control of the morphology of the BHJ blends. The mor-
phology of the photoactive layer of BHJ polymer solar cells
(PSC) is critically important for achieving the high PCE. The
proper morphology provides not only an enough interface with
a high-separation force for exciton dissociation, but also the
continuity and correct interpenetrating network for effective
transport of electrons and holes. A precondition to optimize
the morphology of BHJ blend for getting a good lamellar
orientation and suitable domain size is good miscibility of
the two materials, which is an inherent characteristic of the
materials used and also depends on the solvent used.!'%!!]
It is considered that efficient charge transport from phase to
phase requires good relative alignment between adjacent or-
The performance of P3HT films
depends on the highly textured and oriented crystallites nu-

dered crystalline regions.

cleated from the buried interface.['”) In P3HT self-organized
lamellar nanoscale crystalline regions, the hole charge mo-

DOI: 10.1088/1674-1056/24/7/078401

bility is greatest in the backbone direction, lower in the 7-
stacking direction (conduction by hopping) and negligible in
the alkyl direction.!"3! Due to the highly anisotropic mobil-
ity, a preferred morphology should guarantee that the photo-
generated charges have effective transport pathways with high
mobility. Furthermore, efficient charge transportation will oc-
cur via charge hopping through polymer chain bridges'*! be-
tween crystalline domains,!!3 and percolation pathways will
be formed along the vertical structure. The as-spun blend of
P3HT and PCgBM has been described as a ternary system
made of amorphous P3HT, crystalline P3HT, and PCg;BM
aggregates.!'%! In reality, lamellar P3HT shows a complex
phase structure, where crystalline domains are surrounded by
a significant amount of amorphous P3HT.[17-18]

There are more methods to improve the morphology
of polymer:fullerene BHJ materials, for example, thermal

[2,19-22 (4231 and the use of pro-

annealing, 1 solvent annealing,
cessing additives.[?*8] Grazing incidence x-ray diffraction
(GIXRD) has been proven to be a powerful tool for investi-
gating the nano-morphology of polymer-fullerene bulk heteo-
junction blends under different conditions. Results of 2D graz-
ing incidence x-ray diffraction (2D-GIXRD) provide the evi-
dence that the solvent evaporation rate influences the polymer
chain arrangement of the film directly.[!618:21:29-36] Sanya]
et al. employed in-situ GIXRD to investigate the crystal-

lization behavior of P3HT: PCqBM blends cast by doctor
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blading.[*'37! By using out-of-plane and in-plane GIXRD,
Aryal et al. reported the use of nanoimprint lithography to fab-
ricate large-area, high-density ordered nanostructures in con-
jugated polymer poly(3-hexylthiophene) or P3HT, and to si-
multaneously control 3D chain alignment within these P3HT
nanostructures.32! Furthermore, when 2D GIWAXS patterns
were collected, it was found that the P3HT self-organized tex-
ture depends on thermal annealing!!32-3] and solvent treat-

139.40] However, the main factors

ments like solvent addition.
that influence the blend morphology and how the blend mor-
phology changes during the treatments are still unknown.

In the present paper, we particularly show the mechanism
of morphology forming by comparing different paracrystalline
disorder in P3HT:PC4BM blends in the course of thermal
annealing and adding solvent additive 1,8-diiodooctane(DIO)
using the 2D-GIXRD technique. The interpretation of the
diffraction patterns of P3HT:PCg;BM thin film is well docu-
mented, including crystal packing and orientation information.
Controlling the blend morphology is critical for improving the
optical and electrical properties of organic bulk heterojunction
photovoltaic devices. It is necessary to characterize the ori-
entation distribution or texture of the crystallites in the pho-
toactive layer correctly and comprehensively. We quantify the
disorder and show that the interplanar spacing narrows much
more after adding DIO solvent additive than after thermal an-
nealing, accompanied by a concomitant change in misorienta-
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tion angel of the P3HT lamellae. The coherence length of the
P3HT crystallites increases in the course of both treatments.
The results show that DIO solvent additive has a different ef-
fect on polymer packing and crystallization of P3HT lamellae
with thermal annealing; however, both of the treatments can
enhance the performance of the polymer solar cell. This study
is complementary to our earlier studies.

2. Experiment
2.1. Materials

The active BHJ materials, regioregular P3HT (Aver-
age molecule weight 50,000-70,000 Mw, head-to-tail re-
gioregularity 91%-94%) and PCg;BM (99.5% purity) were
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Fig. 1. Chemical structures of (a) [6,6]-phenyl-C 61-butyric acid methyl
ester (PCq;BM), (b) regioregular poly (3-hexylthiophene) (P3HT), and
(c) 1,8-diiodooctane.
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Fig. 2. (color online) (a), (b) Three typical P3HT chain orientations, edge-on, face-on, and vertical, where the lattice constants a, b, ¢
are the distance between backbones (1.69 nm), stacking distance (0.78 nm), and distance between side chains (0.78 nm), respectively.
(c) The direction g, and the plane gy, are perpendicular and parallel to the sample substrate, respectively.
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obtained from Rieke Matals, Inc. The host solvent, chloroben-
zene (CB), and the alkanedithiol solvent additive 1,8-
diiodooctane (DIO) were purchased from Sigma-Aldrich.
Poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate)
(PEDOT:PSS) was purchased from Luminescence Technol-
ogy Corporation and used as the hole transport layer. PCs; BM
readily dissolves in DIO, but P3HT has lower solubility in
DIO.P! DIO has a higher boiling point than the host solvent
chlorobenzene. All chemicals were used as received with-
out any further purification. The chemical structure of the
materials used is shown in Fig. 1.

Kayunkid et al. reported that in the crystal structure of
P3HT, the unit cell is monoclinic with a space group and
two chains per cell.’% Figure 2 shows three typical P3HT
chain orientations, edge-on, face-on, and vertical. The lat-
tice constants a, b, and ¢ are the distance between back-
bones (1.69 nm), the stacking distance (0.78 nm), and the dis-
tance between side chains (0.78 nm), respectively. The shape
and intensity distribution of diffraction peaks in the reciprocal
(¢xy — ¢-) space can be used to describe the orientation of the
diffracting crystallites.[*!] The direction g (the direction is the
same as that of 2D detector) and the plane gy, shown in Fig. 2
are perpendicular and parallel to the sample substrate, respec-
tively. In OPVs, the P3HT chain backbones perpendicular to

the sample substrate is desirable.[*!]

2.2. Sample preparation and measurement

P3HT and PCg1BM were dissolved in chlorobenzene sep-
arately, each with a concentration of 30 mg/mL. The mixed
solution of P3HT and PCg; BM was prepared with the ratio of
1:1. The solution of the blend was homogenized for 8 h. Then
films of P3HT:PCs;BM BHIJs were spin-coated directly on
ITO/glass substrates at room temperature by using this mixed
solution with no additive and with addition of 1.5 vol.%, 3
vol.%, 4.5 vol.%, and 6 vol.% DIO as a solvent additive. The
spin-coating rate of P3HT:PC¢; BM BHI films is 2000 rpm for
60 s. In order to analyze the effects of the annealing process
of the blend films, after the spin-coating, thermal annealing
was carried out on a hot plate for 10 minutes in the environ-
ment of air. We treated a group of as-spun blend films with
no annealing or annealed at different temperatures (80 °C,
100 °C, 120 °C, 140 °C). All samples for GIXRD measure-
ments were kept in vacuum overnight before the characteriza-
tion. The characterization of the BHJ nanomorphology was
performed with 2D grazing-incidence x-ray diffraction (2D-
GIXRD). Figure 3 shows the grazing incidence wide-angle x-
ray scattering (GI-WAXS) geometry used in this study (GI-
WAXS is part of GIXRD when L is relatively long).[*!l Tt
is the same as shown in Ref. [12]. Scattering measurements
were performed using high-resolution grazing incidence x-ray
diffraction at IW1A, Beijing Synchrotron Radiation Facility

(BSRF), with a photon energy of 8 keV, and an incident angel
of 0.2°.

To prepare bulk heterojunction solar cells, a 40-nm
layer of PEDOT:PSS was spun on the top of the clean ITO
layer after 8 min UV-ozone treated. After preparing the
P3HT:PCs;BM photoactive layer by using the same method
we mentioned earlier, the cathode was formed by thermally
depositing 1-nm LiF and then 100-nm Al under vacuum (<
2 x 10~* Pa) on the top of the photoactive layer. The device
structure is ITO/PEDOT:PSS/P3HT:PCq BM/LiF/Al. The de-
posited Al electrode area that defines the active area of the
device is 0.09 cm?. The current density—voltage (J-V) char-
acteristics were measured with a programmable Keithley 4200
source meter. The power conversion efficiency was calculated
from the J-V characteristics under simulated solar light irra-
diation (AM1.5) of 100 mW/cm?. For optical absorption mea-
surements, the blend films were prepared on quartz substrates
by using the same recipe as for the active layers of the solar
cells. All the measurements were performed at room tempera-
ture in air with no device encapsulation.

3. Results and discussion

A group of 2D-GIXRD images of P3HT:PCs; BM blend
film with or without thermal annealing and with or without sol-
vent additive DIO is shown in Figs. 4 and 5. It is found that the
film without a preferred crystallographic orientation will result
in a uniform ring-like distribution, as shown in Figs. 4(a)—4(c)
and Fig. 5(a). For the film with a preferred out-of-plane orien-
tation but an isotropic in-plane (a textured film), the diffraction
intensity pattern will contain spot-like or arc-like distribution,
as shown in Figs. 4 and 5, depending on the spread of the crys-

tallite orientation distribution. 442

1Tt can be clearly observed
that the intensity spots are located near the g, direction of the
2D detector and contain the film crystalline (200) information
in the direction perpendicular (g;, out-of-plane profile) to the
substrate, as shown in Figs. 4 and 5. In this case, the 2D-
GIXRD data of the P3HT:PCgBM blend indicates that the
P3HT in this blend film is predominantly in a paracrystalline
order. In addition, the ring-like distribution readily vanishes
with increasing annealing temperature and the signal along ¢,
becomes significantly more intense upon annealing or adding
DIO, showing increased polymer packing and crystallinity.
The difference of GIXRD intensities shown in Figs. 4
and 5 arises from the varied angular distribution of crystal-
lites of films with different textures and not from the differ-
ent degree of crystallinity.!'"l In order to better understand
about the structural evolution with different thermal anneal-
ing temperatures and solvent additive DIO concentrations, the
distribution of the (100) scattered intensity as a function of
the azimuthal angle y of the detector shown in Fig. 4(f) and
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Fig. 5(f) is analyzed. The polar angle y is defined as the an-
gle between the scattering vector and the substrate’s normal
direction. The integrated intensity of a diffraction spot is pro-
portional to, among other factors, the crystalline degree of the
corresponding film illuminated by the x-ray beam.*!l Com-
pared to the untreated blend film, it is found that both the ther-
mal annealing and DIO additive treatment increase the relative
crystallinity degree. However, the (100) diffraction peak of
films treated by DIO additive is broader than that of annealed
films. This means that the spot-like diffraction is less intense
than that of the annealed BHJ blend film.

2D detector

Fig. 3. (color online) Grazing incidence wide-angle x-ray scattering
(GI-WAXS) geometry.
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(d) annealing 120 °C
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Fig. 4. (color online) (a)—(e) 2D grazing-incidence x-ray diffraction
patterns of P3HT:PC¢; BM blend annealed at different temperatures. (f)
Integrated tangential line profiles around the spot for the (100) diffrac-
tion peak.

(a) no additive
(b) DIO 1.5 vol.%
(c) DIO 3 vol.%
(d) DIO 4.5 vol.%
(e) DIO 6 vol.%
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Fig. 5. (color online) (a)—(e) 2D grazing-incidence x-ray diffraction
patterns of P3HT:PCg;BM blend films with solvent additive DIO. (f)
Integrated tangential line profiles around the spot for the (100) diffrac-
tion peak.

In order to investigate the effect of different treat-
ments further, out-of-plane (OOP) GIXRD of different P3HT:
PC¢1BM blend films were recorded. The GIXRD results
quantify the extent of the P3HT crystallization in the differ-
ent blends. The OOP line profiles of 2D-GIXRD image are
shown in Fig. 6. A diffraction peak at 20 = 5.2° is observed
clearly. According to the model proposed by Kayunkid et
al.,'0! the diffraction peak at 20 = 5.2° corresponds to the
crystal face of (100) of P3HT. This means the main chains
of P3HT are parallel to the substrate and the side chains are
perpendicular to it. In addition, two weak peaks correspond-
ing to (200) and (300), at 260 = 10.4° and 16° respectively,
are also detected in samples treated by either annealing and
DIO adding. There are no diffraction peaks corresponding to
the crystalline PCBM in the as-spun blends in Fig. 6, which
agrees with other studies.[!%21:2%39 The combination of OOP
diffraction peaks of (100), (200), and (300) of P3HT pro-
vides information about the diffraction peak position, diffrac-
tion peak intensity, the coherence length, and the interplanar
spacing (see Fig. 7), respectively, for the edge-on lamellae
P3HT. A strong (h00) series of three-order diffraction peaks
((100), (200), and (300)) due to the P3HT lamellar stacking
suggests that as-spun P3HT:PCg;BM films are mainly edge-
on oriented with a minority of face-on lamellae.?>*3! This in-
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dicates that the polymer chains are primarily oriented with the
thiophene ring edge-on to the substrate, and a small fraction of
chains are face-on oriented. Comparing the diffraction inten-
sity of (100) at 26 = 5.2° (see Fig. 7(a)), it is readily concluded
that both annealed and DIO-added P3HT:PCgBM films ex-
hibit a larger fraction of edge-on crystalline P3HT packing
than the untreated film. According to the evidence of the en-
hanced OOP diffraction (100) peak, which is normal to the
substrate, all blend films processed with thermal annealing or
by adding DIO possess a higher degree of crystallinity than
the untreated film. The best crystallization and P3HT packing
is shown in the blend film annealed at 120 °C or with 3 vol.%
DIO added. It simply indicates a larger population of crystals

oriented along this scattering vector, [16-18.29-31,37,39.40]

—a— no annealing

—e— annealing 80 °C

(100)

—a— annealing 100 °C
—w— annealing 120 °C

—<4— annealing 140 °C

Relative intensity

—ua—DIO 0 vol.%
—eo—DIO 1.5 vol.%
—a—DIO 3 vol.%

M —v—DIO 4.5 vol.%
® <« DIO 6 vol.%

Relative intensity

20/(°)

Fig. 6. (color online) Out-of-plane (OOP) line profiles (a) thermally
annealed and (b) with DIO added.

In addition, OOP (h00) P3HT peaks provide information
about the coherence length of P3HT chain packing. The in-
formation about the size of crystalline grains or the coherence
length is contained in the width of the diffraction peaks. It is
assumed that only the finite size of the crystalline assemblies
has an important effect on the measured peak breadth. Then
the width of the first-order peak can provide the coherence
length.!l This model is defined by Scherrer’s equation. [
The peak width relates to the coherence length L,

_ 2K

L
c Aq’

where K is a shape factor, typically equal 0.8-1, and A, is the
full width at half maximum (FWHM) of a diffraction peak. In
Figs. 6(a) and 6(b), it is clear that the FWHM (Aq) of the OOP
(100) peak decreases after thermal annealing or adding sol-
vent DIO, which indicates that the coherence length L. of the
P3HT crystallites increases. The calculated coherence length
L. of films treated by annealing or adding DIO is shown in
Fig. 7(c). The increase of A; (100) is attributed to the vari-
ation of the interplanar spacing between adjacent grains.!!'!]
Meanwhile, A, (h00) is calculated for different h values within
the same line profile. The increase of A, (h00) may be due to
the same reason. However, the peak broadening of the higher-
order diffraction corresponds to a specific set of crystal planes,
which makes possible the quantitative decoupling of the crys-
tallite size and lattice disorder.!*!]

A longer coherence length, due to well-defined and
packed P3HT domains, yields more efficient carrier transport
because of the little resistance in the well-defined and packed
P3HT film. Therefore, after thermal annealing or adding DIO,
more efficient carrier transport occurs in the ordered regions of
the BHJ blend film, which favors efficiency of the BHJ solar
cell.

In addition, the P3HT domain size becomes larger after
treatment because of the improved crystallization of the P3HT
packed phase. Larger domains provide continuous and cor-
rect interpenetrating networks for effective electron and hole
transport. On the other hand, the exciton dissociation inter-
Rough P3HT
and PCg BM segregation results in poorer interaction between
PCg1BM and P3HT chains. Therefore, the efficiency of exci-
ton dissociation decreases.

When the blend film was treated by 3 vol.% DIO, its
(100) diffraction peak shifted from 26 = 5.2° of the untreated
blend film to a larger 260 = 5.6° (shown in Fig. 7(b)). The
peak shifting to a larger 20 value means that solvent additive

face decreases with increasing domain size.

DIO may cause larger irreversible lattice narrowness than ther-
mal annealing. According to the result of the Bragg equation
(2dsin @ = nA, where A = 0.1546 nm), the interplanar spacing
d of the edge-on lamellae reduces from 1.70 nm to 1.58 nm
after the blend film is treated by 3 vol.% DIO. As shown
in Fig. 7(d), it is obvious that as long as the P3HT:PCg; BM
is annealed, the decrease of d is almost the same and is in-
dependent of annealing temperature within the range of our
experimental annealing. When DIO additive was employed,
the difference of d is more pronounced when the amount of
DIO concentration reaches 3 vol.%. Such short interplanar
spacing of treated blend films indicates that the interaction be-
tween P3HT molecules is stronger than in untreated and ther-
mally annealed films, due to more compactly packed P3HT
molecules. The as-spun blend of P3HT and PC4;BM film has
been described as a ternary system made of amorphous P3HT,
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crystalline P3HT, and PC¢; BM aggregates.['®! Hence, the de-
crease of P3HT interplanar spacing accompanied by the in-
crease of the diffraction intensity is attributed to the diffusion
of PCg; BM molecules out of the P3HT chains and the forma-
tion of larger crystalline regions of P3HT packing.

Although both treatments contribute to the formation of
the nano-morphology of P3HT:PCs; BM blends, the two meth-
ods have different driving forces for the morphology evolution.
The annealing of P3HT:PCg; BM blend films helps in the for-
mation of a well-ordered morphology through two processes:
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sion and aggregation of PCBM molecule
orates from the annealed blend film faster than from the un-
treated one. Due to the difference in solubility, P3HT crystal-
lizes more easily and more rapidly than PCBM. >3] Stronger
interchain—interlayer interaction, due to the better crystalliza-
tion of P3HT, suppresses the growth of PCBM aggregate,
and then an interpenetrating network mixed with P3HT and

PC¢1BM is formed.
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Fig. 7. (color online) (a) The (100) peak position, (b) the relative (100) peak intensity, (c) the coherence length calculated by the
Scherrer equation, and (d) the interplanar spacing d(100) calculated by the Bragg equation.

The addition of DIO causes a different evolution process
of forming an ordered morphology. PCgBM is soluble in
DIO solvent and P3HT is not. During drying, the host solvent
CB evaporates much faster than the solvent additive DIO. The
PC¢BM tends to remain in solution longer than the P3HT,
therefore allowing for self-aligning and phase separation be-
tween polymer and fullerene. Moreover, along with the sol-
vent evaporation, a higher ratio of solvent additive (a greater
amount of DIO) provides a stronger greater opportunity for
polymer aggregation;*>! therefore, the polymer molecules ag-
gregate with larger average domain size and broader size dis-
tribution.

Comparing the GIXRD peaks of the annealed blend films

with those of the DIO-added blend films, it is found that the
degree of crystallinity is quite similar because all films show
comparable intensities. Considering that the two groups of
blend films included almost the same amount of P3HT chains,
solvent additive DIO seems to have a sharper effect on mor-
phology evolution, especially in terms of the P3HT chain
backbones crystallized via self-organization. Therefore, the
blend films with DIO added show much narrower interplanar
spacing than the thermally annealed blend films; however, the
annealed films have longer coherence length than the DIO-
added films, which may result in more efficient charge trans-
port.

Devices with blends prepared using thermal annealing or
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solvent additive exhibit higher photocurrents (Ji), higher fill
factor (FF), and lower open circuit voltages (V) than cells
with blends prepared without annealing or additive (Jyc =
1.72 mA/cm?, V,. = 0.61 V, FF=57.47%). Due to the rela-
tively large increase in the Jy. and FF compared to decrease
in Vo, the blend prepared with 120 °C annealing results in
the highest device efficiency (Eer = 2.24%), while the blend
prepared with 3 vol.% DIO added exhibits a slightly smaller
increase in device efficiency (E.i = 2.02%). The significant
differences in Jy. between the devices investigated here are
attributed to improvements in the crystallinity of the P3HT
phase that we discussed earlier. While higher crystallinity
P3HT films have a reduced bandgap compared to a film with
the lower crystallinity, [*¢*") leading to slight decrease in Vj.;
the V. can be further limited by recombination and contact
effects.[>*] We attribute the differences of FF to the improved
bulk transport properties and the efficiency of charge collec-
tion due to the ordered P3HT domains and better phase segre-
gation in the devices.

a
1 o[ ]
=
©
< L
g
= -2 —=—no annealing
,? L —— 100 °C annealing
0
5 —4a—120 °C annealing
S 4t
=1 —v— 140 °C annealing
% L
O —6 C L L L L L L
0 0.2 0.4 0.6
Voltage/V
b
o)

[—=— DIO 0 vol.%

[—s— DIO 1.5 vol.%
—4— DIO 3 vol.%

|—v— DIO 4.5 vol.%
—4— DIO 6 vol.%

Current density J/mA-cm™2

0 0.2 0.4 0.6
Voltage/V

Fig. 8. (color online) Current density (J)-voltage (V) curves of
P3HT:PC¢; BM BHIJ solar cells annealed at different temperatures (a)
and with different DIO concentrations added (b) under AM 1.5 condi-
tions (100 mW/cm?).

The absorption spectra in Fig. 9 show that blend films, ei-
ther annealed or with DIO added, exhibit higher absorption
than that of the untreated film, while the two blends have
rather different modulations in the intensity and peak posi-
tion of the main absorption peak near 520 nm corresponding
to a 7—x* transition. The DIO-added blend shows a signifi-
cant red-shift compared to the pristine blend and the annealed

blend. The increase of absorption at 600 nm is an indica-
tion of stronger intraplanar interaction within highly ordered
P3HT8] and appears to be more pronounced in the DIO-
added blend, attributable to the interplanar stacking we de-
tected using GIXRD.

—s—no treatment

—e— 120 °C annealing
—a—DIO 3 vol.%

Absorption

600 700 800
Wavelength/nm

400 500

Fig. 9. (color online) UV-visible absorption spectrum of
P3HT:PC4BM blend films with no treatment (black), annealed at
120 °C (red), and with 3 vol.% DIO added (blue).

4. Conclusion

Grazing incidence x-ray diffraction (GIXRD) is highly
convenient for investigating the nano-morphology of
P3HT:PCs; BM BHI blend films. Using the 2D-GIXRD mea-
surements, we evaluated and compared the structural evolu-
tion of P3HT:PCg BM blend films used in solar cells after
thermal annealing or adding a solvent additive. We demon-
strated that P3HT in all the blend films is predominantly in
a paracrystalline order with the thiophene ring oriented edge-
on to the substrate and with a small fraction of chains that
are oriented face-on. Although thermal annealing and DIO
solvent additive treatments contribute in different ways to the
crystallization of P3HT lamellae, they show only a slight dif-
ference in the improved crystallinity, increasing the coherence
length of the P3HT crystallites. Actually, either the thermal
annealing or the addition of solvent changes the crystalliza-
tion time of films to improve the morphology. Therefore, the
different improved morphology of the P3HT:PCs;BM BHIJs
blend was achieved by thermal annealing or by adding solvent
through the controlling the time of the crystallization of chain
stacking of P3HT, accompanied by the diffusion and aggre-
gation of PCBM molecules. The results presented here also
demonstrate that the performance of P3HT:PCgBM devices
can be improved by using thermal annealing or DIO additive,
mainly due to the increased Jy. and fill factor. In addition,
the UV-visible absorption spectrum shows better or more ex-
tensive polymer intraplane stacking. In the end, we realize
that there is still much potential for further P3HT crystalliza-
tion to improve the morphology as well as P3HT-based device

performance.
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