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Abstract—The effect of solvent and thermal annealing on the structure of active layers in polymer–polymer
solar panels has been studied. It has been established by atomic force microscopy (AFM) and X-ray grazing-
incidence diffraction that the annealing of films improves phase separation and produces domains that are
more compact. Real-time studies have also been carried out on the formation of films of nonpolar (toluene)
and polar (chlorbenzene) solvents with simultaneous measurement of the structure and conductivity of the
films. It has been established that in both cases the formation of the structures of donor and acceptor domains
is a two-stage process, with the stages, however, being noticeably different and determined by physical and
chemical properties of the solvents.
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INTRODUCTION

Organic solar panels present the result of advance-
ment of a technology that uses organic semiconduc-
tors as the material for an active layer that transforms
sunlight energy into electricity [1–3]. Although the
efficiency of silicon-based devices is still well in excess
of that for organic solar panels, organic materials with
conjugate systems of bonds possess very high absorp-
tion coefficients as compared to silicon. This makes it
possible to manufacture devices with active-layer
thicknesses of less than one micrometer. Such organic
materials can be applied to f lexible substrates using
roll-up technologies at ordinary temperatures; this
allows one to achieve a very high productivity of man-
ufacturing lines for organic solar panels. As a result of
considerable cost savings in manufacturing, the
expenditures are mainly determined by the costs of
organic semiconducting materials themselves, which
are consumed at a rate of 1 g per 1 m2. For these rea-
sons, organic solar elements have a great potential for
fabricating inexpensive large-area sources of renew-
able energy within the concept of so-called “green
energy.” In addition, organic solar elements are f lexi-
ble; this opens up new doors for their practical appli-
cation.

Polymer–polymer solar elements, in which semi-
conducting polymers play the role of both donors and
acceptors of electrons, are an alternative to the classi-
cal fullerene-based solar panels, as they have higher
light-absorption efficiency. In addition, the donor and
acceptor energy levels in this case are easier to opti-
mize, with the production being more technologically
effective and ecologically clean [4–7].

The main obstacle in the way of implementing
polymer–polymer solar panels is currently their low
efficiency. This is explained by the nonoptimal mor-
phology of the active layer, especially of the donor–
acceptor interface; this is the reason for the high
degree of geminate or nongeminate recombination.
Controlling the morphology of polymer–polymer
solar panels is one of the ways to improve their perfor-
mance. The advances in this area are related to devel-
oping new electron–acceptor polymers that demon-
strate high electron mobility in the initial state and in
a mixture; combined with optimum electron affinity,
this makes these polymers highly compatible with the
newest donor–polymers. A donor–acceptor copoly-
mer based on poly [2,3-bis (3-oktyloxyphenyl) qui-
noxaline-5,8-diyl-alt-thiophene-2,5-diyl] (PTQ) as a
donor and poly ([N,N'-bis(2-oktyldodecyl)-naph-
talene-1,4,5,8-bis(dicarboxylamide)-2,6-diyl]-alt-
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5,5'-(2,2'-bithiophene)) (PNDIT) as an acceptor is a
prototype of such high-productivity polymers (Fig. 1).
PNDIT polymer has exceptionally high electron
mobility. In addition, the great electron affinity
(~4 eV), the narrow width of optically forbidden zone
(~1.45 eV), and an effective combination of optoelec-
tronic properties makes PNDIT polymer a good can-
didate for the role of electron-acceptor polymer in
polymer–polymer solar batteries [8–12].

It is known from the polymer material science that
the process in which the morphology of polymer mix-
tures is formed is rather complicated and may include
several stages that are affected by a variety of factors.
For example, the mixture composition, as well as con-
ditions under which it was prepared, including the
annealing temperature, are important for the forma-
tion of the bulk heterostructure [13]. The efficiency of
the spatial heterojunction in polymer–polymer solar
cells can be optimized by controlling the morphology
of donor–acceptor interfaces immediately during the
formation of the active layer. We have shown previ-
ously [14–16] that the structural analysis of a film of
organic semiconductors during its formation with a
specially designed measurement cell is highly effec-
tive. An articulate interconnection between the struc-
ture evolution and changes in the film conductivity
was demonstrated. In the current work, we will use the
same approach for a real-time study of the formation
of a mixture of donor (PTQ) and acceptor (PNDIT),
depending on the solvent used. The film structure is
characterized by grazing-incidence wide-angle X-ray
scattering (GIWAXS) accompanied by measurements
of the film conductivity, as well as by atomic force
microscopy (AFM).

EXPERIMENTAL PART
Film Preparation

Films were prepared in a chloroform solution of the
equimolar mixture of donor (PTQ1) and acceptor
(PNDIT2) with a concentration of 10 mg/mL. The

solvent was heated to a temperature of 75°C. Then, a
premanufactured sample of polymers was gradually
added to the solvent and the solution of required com-
ponents in the optimum ratio was obtained with a
magnetic agitator [17]. The solution was spin coated
onto silicon substrates with dimensions of 20 × 20 mm
with a rate of rotation of 2000 rpm. The obtained films
were annealed on a Linkam warm stage at a tempera-
ture of 100°C for 10 min.

For X-ray structure analysis, the solutions of the
equimolar mixture of donor (PTQ1) and acceptor
(PNDIT2) with a concentration of 10 mg/mL were
prepared in chlorbenzene and toluene. The solution
was mixed with a magnetic agitator at a temperature of
50°C for 30 min to complete the dissolution of the
components.

Atomic Force Microscopy
The morphology of the film surface before and

after annealing was studied by AFM. Measurements
were taken with a Bruker Multimode 8 microscope
equipped with a Nanoscope V controller in the Peak-
Force Tapping mode. Bruker SNL-10A probes with a
force constant of 0.35 N/m and a resonance frequency
of 65 kHz were used. All measurements were taken in
air at room temperature.

X-Ray Structure Analysis
Experiments on grazing-incidence wide-angle X-ray

scattering were conducted on the BM26 line at the
European Synchrotron Radiation Facility (Grenoble,
France). Diffraction patterns were registered with a
Pilatus 300k detector (the pixel size of 172 × 172 µm
pixels). The wavelength was 1.24 Å. Measurements
were taken on thin films on silicon substrates with an
angle of incidence of 0.16°. The magnitude of the scat-
tering vector was calibrated with several diffraction
orders from silver behenate. Glass substrates with a
size of 18 × 18 mm were cleansed in an ultrasonic bath

Fig. 1. Chemical structures of (a) PTQ and (b) PNDIT.
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filled with Hellmanex II solution and then in 2-propa-
nol and acetone for 20 min. After this, the substrates
were rinsed with distilled water. For in situ experi-

ments, electrodes were applied to the substrate by
evaporization of gold onto a mask with channels that
had a length o 0.1, 1, and 2 mm and a width of 2 mm.
The conductivity was measured with a specially
designed cell (Fig. 2). The direct voltage of 10 V was
applied across the golden electrodes with a Keithley
2400 SourceMeter facility that was controlled within
the LabView environment. The intensities of diffrac-
tion peaks were analyzed with an in-house piece of
software that was created within the Igor Pro environ-
ment (Wavemetrics Ltd.).

RESULTS AND DISCUSSION

Figure 3 presents topographic images of the surface
of thin films of active layers of solar panels that were
obtained by AFM before and after annealing. It can be
seen that the samples have a fine-grained domain
structure (see Fig. 3). A pair correlation function was
constructed from the AFM data for quantitative anal-
ysis of the surface roughness. The lateral correlation

Fig. 2. (Color online) Exterior view of the film-conductiv-
ity measurement cell.

Fig. 3. (Color online) AFM images of the topography of the surface of thin films of donor (PTQ1), which is a component in the active
layers of solar panels (a, b) prior to and (c, d) and after annealing on two different scales: (a, c) 0.5 × 0.5 µm2 and (b, d) 5 × 5 µm2.
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and root-mean-square surface roughness were deter-
mined from the pair correlation function. The proce-
dure of surface roughness analysis is described in
greater detail in [18]. For films of the original donor,
thermal annealing increases the lateral correlation
length and root-mean-square roughness from 43 and
0.4 to 50 and 0.5 nm, respectively. The calculation is
performed for an AFM image with a size of 5 × 5 µm2.
For the donor–acceptor mixture, the correlation
length also grows from 50 to 58 nm, but the roughness
increase from 0.4 to 0.6 nm is especially noticeable
(see Fig. 4). Such behavior is likely related to the
enhancement of phase separation during annealing
and to the formation of domains that are more com-
pact in each of the phases.

The structure of the samples was studied by
GIWAXS. The diffraction pattern from a thin
PTQ/PNDIT film obtained from toluene exhibits an
intense meridian peak that corresponds to the forma-
tion of a lamellar phase in donor and acceptor
domains with layers that are parallel to the substrate

and have approximately the same interplanar spacing
of 24 Å (Fig. 5a). In the range of large angles at the
equator, two narrow peaks are observed at 4.1 and
4.3 Å. These peaks indicate the formation of π-π
stacking in the direction parallel to the film surface in
donor and acceptor domains. Annealing the sample at
100°C reduces the interplanar distance to 21 Å and
improves the layer orientation (Fig. 5c). The π-π
stacking peak at 4.1 Å disappears; this is related to the
destruction of the regular structure in PNDIT
domains, as was shown before [19]. It was established
that the structure of a film produced from chlorben-
zene is noticeably different from that of the above-
described film produced from toluene (Fig. 5b). The
layer orientation is much weaker, although the inter-
planar distance reduces to 22.4 Å. In addition, the dif-
fraction pattern does not exhibit a π-π stacking peak;
this indicates low ordering within a layer. Annealing
decreases the interplanar distance to 20.6 Å and also
increases the intensity of the main peak (Fig. 5d). It is
interesting to note that the intensity of the amorphous

Fig. 4. (Color online) AFM images of the topography of the surface of thin films of a mixture of donor (PTQ) and acceptor
(PNDIT) in the active layers of solar panels (a, b) prior to and (c, d) after annealing on two different scales: (a, c) 0.5 × 0.5 µm2,
(b, d) 5 × 5 µm2.
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halo of the films produced from chlorbenzene is
noticeably higher than that of the films produced from
toluene. This may be related to the fact that the solvent
has not been completely removed from the film during
drying and prevents the formation of ordered domains.

The peculiarities of structure shaping were studied
in an experiment on the formation of a film in which
both the structure and current strength were measured
concurrently (Fig. 6).

The solvent evaporation rate can be estimated by
measuring the intensity of the amorphous halo that is
typical of scattering on the solvent. For a toluene film,
the halo intensity at first grows, which can probably be
explained by a reduction in the beam absorption coef-
ficient by a drying droplet (Fig. 6a). The intensity then
decreases in two stages due to the solvent being
removed from the polymer bulk. The first stage (up to
250 s) is characterized by a sharp decrease in the inten-
sity, while at the second stage (from 250 to 500 s) the
intensity reduces gradually. The presence of the two
stages is also observed for the current passing through
the film. We observed a similar two-stage process
before when forming films from P3HT/PCBM and
P3HT/ICBA mixtures and explained it by specific
features of donor phase separation [14]. Unlike for sys-
tems with PCBM, no dramatic intensity increase of
the main peak at 24 Å occurs for a polymeric mix-
ture; this indicates that layered structure is formed
gradually.

Fig. 5. (Color online) Two-dimensional GIWAXS diffraction patterns from PTQ/PNDIT films prepared from the solution of
(a, c) toluene and (b, d) chlorbenzene (a, b) prior to and (c, d) after annealing at 100°C.
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Fig. 6. (Color online) Time dependence of the current
strength (red curve) and the intensities of the amorphous-
halo (blue curve) and main layered-phase (black curve)
peaks in PTQ/PNDIT2 films prepared from (a) toluene
and (b) chlorbenzene.
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The picture looks noticeably different for a chlor-
benzene film (Fig. 6b). The intensity of the amor-
phous halo gradually increases for the first 550 s,
which is related to a slower solvent evaporation rate
and its higher absorptivity. Then the intensity sharply
decreases; this indicates the formation of a compact
film. The intensity of the main peak of the layered
structure also changes only slightly during the slow
process of chlorbenzene evaporation, but then a dra-
matic growth is observed that is associated with the
formation of regular layers. Therefore, two clear stages
can be distinguished in the formation of a film from
the donor–acceptor mixture viz. slow evaporation of
solvent and rapid compaction of layers. Most likely,
this is due to the short duration of the second stage, so
the order inside a layer does not have enough time to
form, with the lack of a π-π stacking peak indicating
the same. The dependence of the current strength is of
a descending nature; this indicates that chlorbenzene,
which has a conductivity four orders of magnitude
higher than that of toluene, is the main current con-
ductor in the system [20]. In the future, we plan to
revamp the measurement cell to exclude the effect of
conductivity of solvents and widen their variety.

CONCLUSIONS
The influence of the solvent and preparation con-

ditions on the structure of active layers in polymer–
polymer solar panels has been demonstrated in this
work. AFM and grazing-incidence wide-angle X-ray
scattering were used to establish that annealing films
improves phase separation and furthers the formation
of domains that are more compact. Real-time mea-
surements of the formation of films from nonpolar
(toluene) and polar (chlorbenzene) solvents were also
taken. It was discovered that toluene film is formed in
two stages; this can be ascribed to the phase separation
of the donor and acceptor and compaction of layers in
the domains. The intensity of the main peak of the
lamellar structure increases monotonically in the
course of film formation. The formation of chlorben-
zene film also occurs in two stages. At the first stage,
when the solvent is slowly evaporated, film formation
is only weakly expressed. Then, at the second stage,
layer compaction starts and is accompanied by a sharp
increase in the intensity of the main peak of the lay-
ered phase. The results demonstrate the importance of
using real-time structural analysis combined with the
measurements of physical properties and help under-
standing the processes that govern the morphology of
active layers in organic solar cells.
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