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Effects of thermal annealing on the optical, electrical and structural properties of 3vol% 1,8-diiodoctane added
P3HT:PCs1 BM active layers are investigated, concerning the performance of the bulk heterojunction polymer so-
lar cells by changing the heat temperature. The structure information of the active layer is analyzed by using the
grazing incidence wide angle scattering diffraction combined with the optical microscope, light absorption, pho-
toluminescence and the external quantum efficiency spectra. The relationship between the detail of morphology

and the optical, electrical properties is investigated.
PACS: 84.60.Jt, 88.40.jr, 79.60.Jv, 68.55.—a

Organic solar cells (OSCs) have shown great po-
tential providing appealing alternatives for inorganic-
based devices.l' Y OSCs based on the bulk-
heterojunction structure composed of regioregular
poly(3-hexylthiophene) (P3HT) mixed with [6-6-]-
phenylC61butyric acid methyl ester (PCg;BM) have
been extensively investigated due to their self-
organized and ordered nano-morphologies with bi-
continuous interpenetrated networks of the donor
and the acceptor, which result in good optical and
electrical properties.[>~ 'Yl Effective electron and hole
transporting between adjacent ordered crystalline re-
gions is beneficial for percolation routes leading to
the bottom and top electrodes due to the good rel-
ative alignment.['""'?) Furthermore, in P3HT self-
organized lamellar nanoscale crystalline regions, the
hole charge mobility is greatest in the backbone direc-
tion, lower in the m-stacking direction (conduction by
hopping) and negligible in the alkyl direction.!'”] To
enhance the performance of OSC devices, there are
many methods including thermal annealing,”'*~'7]
solvent annealing,'” ') and the use of processing
additives.?9~?* Almost all of these treatments to im-
prove the power conversion efficiency (PCE) of OSC
are explained as that the morphology of the active
layer was improved after treatments. However, the
real mechanism of these treatments on the active layer
is unclear.

In this Letter, the well-ordered morphology evo-
lution of the P3HT:PCgBM active layers combined
with the thermal annealing and processing additive
is analyzed according to the measurement of graz-
ing incidence wide angle scattering (GI-WAXS), op-
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tical microscopy, absorption, photoluminescence (PL)
and the external quantum efficiency (EQE) spectra.
The results show that thermal annealing controls
the crystallization time of chain stacking of P3HT
molecules accompanied by the diffusion and aggrega-
tion of PCg1 BM molecules.

P3HT and PCgBM were dissolved in chloroben-
zene, respectively, with the concentration of
30 mg/mL. The mixed solution of PSHT and PCg; BM
was prepared with the ratio of 1:1. The solution of the
blend was homogenized for 8 h. Then a 40-nm layer
of PEDOT:PSS was spun on top of the clean ITO
layer after 8 min of UV-ozone treatment. After we
heated the PEDOT:PSS at 120°C for 10 min, films of
P3HT:PCg:BM BHJs were spin-coated at room tem-
perature using the mixed solution with the addition
of 3vol% 1,8-diiodoctane(DIO) as a solvent additive.
The spin-coating rate of P3BHT:PCg; BM BHJ films is
2000 rpm for 60s. To analyze the effects of the anneal-
ing process of the blend films, after the spin-coating,
thermal annealing was carried out on a hot plate for
10 min in an environment of Ny. We treated a group of
as-spun blend films without or with different temper-
atures (50°C, 70°C, 90°C, 110°C, 130°C, 150°C). The
cathode was formed by depositing thermally 1nm of
LiF then 100 nm of Al under a vacuum (<2 x 10~% Pa)
on the top of the photoactive layer. The device struc-
ture was ITO/PEDOT:PSS/P3HT:PCg; BM/LiF/Al.
The deposited Al electrode area defining the active
area of the device is 0.09cm?. The current density-
voltage (J-V) characteristics were measured with a
programmable Keithley 4200 source meter. Power
conversion efficiency was calculated from the J-V
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characteristics under a solar simulated light irradia-
tion (AM1.5) of 100mW /cm?. All the measurements
were performed at room temperature in air without
any device encapsulation.

The performance of all prepared cells is shown in
Fig.1 and Table 1. The device annealed at 70°C shows
the highest PCE among all devices compared with the
as-spun device. The corresponding parameters are
as follows: Jg. is 7.98mA /cm?, Vo is 0.56 V, FF is
67.63%, and neg is 3.03%.

Table 1. Device parameters.

Jse (mA/cm?) Voo (V) FF(%) Eq(%)
25°C/DIO 3% 6.93 050  60.31  2.09
50°C/DIO 3% 7.41 053  64.07  2.52
70°C/DIO 3% 7.98 056  67.63  3.03
90°C/DIO 3% 7.68 058  67.39  3.00
110°C/DIO 3% 6.89 058  63.06  2.52
130°C/DIO 3% 6.40 059  65.55 247
150°C/DIO 3% 5.84 059 6552 225

It is obvious that V, of the device increases along
with the annealing temperature. It is reported that
the HOMO level of P3HT shifts upward and V. de-
creases as the P3HT crystallinity increases, due to
the fact that higher crystalline PSHT films have a
reduced bandgap compared with a film of the lower
crystallinity.l'"-?72°l The increasing V,. due to an-
nealing mainly results from the interplanar spacing of
P3HT molecules rather than the polymer crystalline
distribution and the polymer packing order in the
molecule domain. To prove it, the structure proper-
ties of blend films annealed at different temperatures
were investigated by GI-WAXS with photon energy of
8keV and an incident angle of 0.2°.

The GI-WAXS diffraction intensity pattern con-
tains spot-like or arc-like distribution depending on
the spread of the crystallite orientation distribution
(shown in Fig.2(a)). This suggests that the tex-
tured films are predominantly in a paracrystalline or-
der with a preferred out-of-plane orientation while in
an isotropic inplanel’” =21, We also analyzed the dis-
tribution of the (100) scattered intensity as a func-
tion of the azimuthal angle x of the detector (shown
in Fig.2(e)). It is observed that all the blend films
have a similar crystalline degree due to their similar
integrated intensity of the diffraction spot. To bet-
ter understand the structural evolution, the out-of-
plane (OOP) GIXRDs of different blend films have
been detected (shown in Fig. 2(f)). According to the
model proposed by Kayunkid et al.,[*") the diffraction
peak near 20 = 5.2° corresponds to the crystal face of
(100) of P3HT. A strong (h00) series of 3 order diffrac-
tion peaks at (100), (200) and (300) due to the P3HT
lamellar stacking suggest that the polymer chains are
primarily oriented with the thiophene ring edge-on to
the substrate. The coherence length (Scherrer’s equa-
tion L. = 2rK/FWHM, where K = 0.8-1)1"' and the
interplanar spacing (the Bragg equation 2d sin 6 = n\,

where A = 0.1546nm) of the P3HT lamellar were
calculated according to the diffraction peak position,
diffraction peak intensity, and the full width at half
maximum (FWHM) provided by the peak of (100) in
Fig. 2(f). The calculated results are shown in Fig. 2(g).
When the blend films are annealed, the (100) diffrac-
tion peak of P3HT shifts to smaller 260 accompanied by
a smaller FWHM. It is obvious that thermal annealing
causes the longer coherence length and broader inter-
planar spacing of P3HT molecules. It was reported
that the as-spun blend of P3HT and PCgBM films
is a ternary system made of amorphous P3HT, crys-
talline P3HT, and PCg BM aggregates.[*?) Therefore,
the increasing (h00) diffraction intensity along with
the annealing temperature indicates the formation of
larger crystalline regions of P3HT and the diffusion of
PCg1BM molecules out of the P3HT chains. A longer
coherence length due to the well-defined and packed
P3HT molecules will yield more efficient carrier trans-
port due to the small resistance in the well-defined and
packed P3HT molecules. Therefore, after thermal an-
nealing, the efficient carrier transport occurs in the
ordered regions of the BHJ blend film, which is favor-
able to the efficiency of BHJ solar cells. However, the
broader interplanar spacing may result in the weaker
interaction between P3HT molecules and influences
the carrier transporting.
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Fig.1. The current density-voltage (J—V) curves of
P3HT:PCg1BM BHJ solar cells annealed at different tem-
peratures with 3vol% DIO added under AM1.5 conditions
(100 mW /cm?).

In as-spun devices, the host solvent CB evaporates
much faster than the solvent additive DIO during the
drying process due to the lower boiling point of CB.
The higher ratio of solvent additive (more amount of
DIO) provides a strong driving force for the poly-
mer self-organization and phase separation between
P3HT and PCgBM since P3HT is not solvable in
DIO solvent while PCg;BM is.*”l Therefore, P3HT
molecules aggregate with a large average domain size
and then the strong interchain-interlayer interaction
suppresses the growth of PCg1BM aggregation due to
the good crystallization of P3HT. The PCg;BM ag-
gregation was monitored by the optical microscope
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(OM) as shown in Fig.3. With DIO added, P3HT
is driven to self-assemble crystalline domains much
faster than PCgBM, which allows PCg1BM to dif-
fuse into large aggregation. When the blend films were
treated under low temperature, the PCg; BM aggrega-
tion is not uniformly distributed, even though it has
a relatively large scale. When the treatment tempera-
ture increases, the scale of PCg1 BM aggregation tends
to be smaller firstly due to the faster solvent evapora-
tion then tends to be larger and uniformly distributed.
After thermal annealing at 70°C or 90°C for 10 min,
P3HT:PCg:BM blend films have the least amount of
PCs1BM agglomeration on the mesoscopic scale as

shown in Figs.3(c) and 3(d) compared with other
films. It is found that both the blend film without an-
nealing and the blend film under 130°C annealing show
a high phase separation with the large agglomeration
of PC41BM as shown in Figs.3(a) and 3(e), respec-
tively. However, the form of the PCg; BM aggregation
is different. It is suggested that thermal annealing al-
ters the driving force by changing the time scale which
is responsible for the PCs;BM domains formation in
P3HT:PCgBM blend films. The PCgBM aggregat-
ing tendency shows great accordance with Js. and the
EQE results we discussed in the following.
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Fig. 2. (a)—(d) GI-WAXS patterns of P3HT:PCg1BM blend films annealed at different temperatures (25°C, 70°C,
90°C, 110°C) with 3vol% DIO added, (e) the integrated tangential line profiles around the spot for the (100)
diffraction peak, (f) the out of plane (OOP) line profiles, (g) the coherence length calculated by the Scherrer

equation and the interplanar spacing d(100) calculated by the Bragg equation.

As is expected, thermal annealing of 3vol% DIO
added blend films not only influences the morphology
but also the optical properties such as the quantity of
light absorption and the photoluminescence, as shown
in Fig.4. The blend annealed at 70°C possesses the
highest absorption intensity among these blends. The
position of the main absorption peak near 520 nm cor-
responds to a m—m* transition, and the two vibronic
‘shoulders’ at 550 nm and 600 nm indicate the strong
interchain interaction within a high degree of order in
P3HT similarly.**) In addition, the increase of the ab-
sorption at 600 nm is assigned to better or larger poly-
mer intraplane stacking, which complements the in-
terplane stacking we mentioned above. The increased
absorption has a great influence on the improvement
of Jye.[%]

We wused photoluminescence measurements to
characterize the intimately mixed polymer/fullerene
domains in different blend films. All blend films were

excited at 520nm. The emission at 725 nm of blend
films originates from the emission of P3HT according
to the PL of pure P3HT. All the PL intensity is nor-
malized by the absorption intensity at 520 nm to elimi-
nate the effect of the different absorption intensities of
different blend films as shown in Fig. 4(b). The 725 nm
intensity of P3HT increases at the annealing temper-
ature 70°C. This suggests that the conjugation length
or domain size of P3HT increases!”**"l and the inter-
face area between P3HT and PCg;BM decreases.[*’]
Assuming that the addition of PCg;BM only intro-
duces a new exciton quenching pathway, and does not
change the properties of the polymer excitons, the PL
quenching data can be employed to estimate the up-
per limit of the diffusion length of a polymer exciton
before it reaches the interface of polymer and fullerene
domains, %]

L = Lex(1 — PLQ)'/2, (1)
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where L is the polymer exciton diffusion length, L.y is
the exciton diffusion length of the pure polymer (for
pure P3HT it is about 10nm), and PLQ is the frac-
tional PL quenching relative to the pure polymer films
and calculated as the ratio of the difference of the inte-
gration PL area between blend films and pure polymer
to the PL integration area of the pure polymer

PLQ = (PLo — PL)/PLy, (2)

where PL and PLg are the emission intensities of blend
films and pure P3HT. The blend film annealed at 70°C
exhibits the PLQ of 86%. Then the exciton diffusion
length L is calculated to be 3.7nm. The longest ex-
citon diffusion length of the blend film annealed at
70°C indicates that there are relatively better ordered,
purer crystalline polymer domains.[*! This indicates
that more effective exciton dissociation and charge
transportation occur at the interface.[*?-*") The result
is consistent with the above-mentioned GI-WAXS re-
sults.

200 pm
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Fig. 3. Microscope images of P3HT:PC61BM blend films
annealed at different temperatures (a) 25°C, (b) 50°C, (c)
70°C, (d) 90°C, (e) 110°C and (f) 130°C with 3vol% DIO
added.

The external quantum efficiency spectra consisting
of the UV-visible absorption spectra of the blend films
also confirm the increasing efficiency after annealing
shown in Fig.4(c). It is indicated that the increasing
Jsc is mainly due to larger P3HT crystalline domains
with better packing order and reduced PCg; BM aggre-
gation scale. The efficiencies, especially Js. and FF,
show a reduction in devices annealed at temperatures
higher than 70°C. The decreasing EQE at 350 nm at-
tributed by PCg1BM suggests the enlarged growth of
PCg BM aggregation at higher temperature,”® which
may result in increasing series resistance and an im-
balance of charge transport caused by electrical traps
on the charge transport way.
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Fig.4. The UV-visible absorption spectrum (a) and the
photoluminescence spectrum (b) of P3HT:PCg1 BM blend
films annealed at different temperatures with 3 vol% DIO
added, (c) the EQE spectrum of P3HT:PCg1 BM BHJ so-
lar cells annealed at different temperatures with 3vol%
DIO added.

In conclusion, we have shown that thermal an-
nealing has a significant effect on the performance of
3vol% DIO added P3HT:PCg; BM BHJ devices by in-
fluencing P3HT crystallization and PCg; BM aggrega-
tion. It is also found that V. is mainly influenced by
the interplanar spacing of PSHT lamellar, and Js. and
FF have a close relationship with the P3HT crystalline
domains with better packing order and PCg;BM ag-
gregation, which are attributed to the charge-carrier
transportation. These results collectively suggest that
thermal annealing alters the driving force by changing
the time scale which is responsible for the structure
formation in the DIO added P3HT:PCg;BM blend
films and the consequent performance of the BHJ de-
vices.

A portion of this work is based on the data ob-
tained at 1W1A, Beijing Synchrotron Radiation Fa-
cility (BSRF). We gratefully acknowledge the scien-
tists at the diffusion x-ray scattering station for their
assistance in experiments.
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