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ABSTRACT: Solvent additive processing is important in optimizing an active layer’s
morphology and thus improving the performance of organic solar cells (OSCs). In this
study, we find that how 1,8-diiodooctane (DIO) additive is removed plays a critical
role in determining the film morphology of the bulk heterojunction OSCs in inverted
structure based on a porphyrin small molecule. Different from the cases reported for
polymer-based OSCs in conventional structures, the inverted OSCs upon the quick
removal of the additive either by quick vacuuming or methanol washing exhibit poorer
performance. In contrast, the devices after keeping the active layers in ambient pressure
with additive dwelling for about 1 h (namely, additive annealing) show an enhanced
power conversion efficiency up to 7.78% with a large short circuit current of 19.25 mA/
cm? which are among the best in small molecule-based solar cells. The detailed
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morphology analyses using UV-vis absorption spectroscopy, grazing incidence X-ray

diffraction, resonant soft X-ray scattering, and atomic force microscopy demonstrate that the active layer shows smaller-sized
phase separation but improved structure order upon additive annealing. On the contrary, the quick removal of the additive either
by quick vacuuming or methanol washing keeps the active layers in an earlier stage of large scaled phase separation.
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1. INTRODUCTION

Bulk heterojunction (BHJ) organic solar cells (OSCs) have
attracted much attention in both academia and industry for
their potential in producing large-scale, lightweight, flexible, and
low-cost solar cell panels.'™ Small molecules (SMs) are
promising photovoltaic materials, showing unique advantages
such as high purity, well-defined chemical structure, and high
synthetic reproducibility.”” Also the power conversion
efficiencies (PCEs) of SM-based solar cells have improved
significantly up to 10% comparable to those of BHJ polymer
counterparts'*~"? through the synergic optimizations of
material’'s chemical structures and device engineerings.'”"*
Recently, we employed an A-n-D-7-A strategy to synthesize
porphyrin-based OPV materials first, and high power
conversion efficiencies have been achieved along with other
groups,”~"” demonstrating that porphyrins are promising on
organic solar cells.

To achieve a high performance OSC, good film morphology
with suitable nanostructured phase separation and well-
established donor/acceptor networks is necessary.”’” >
Among various processing methods in controlling BHJ film
morphology, solvent additive is very useful**™** and 1,8-
diiodooctane (DIO) is widely used as a solvent additive.
Because DIO shows much higher boiling point than the main
solvent such as chlorobenzene (CB) and is usually poorer for
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polymer dissolvation but good for [6,6]-phenyl Cg,-butyric acid
methyl ester (PCBM), during the solvent removal when a
device is fabricated, the ratio of DIO additive gradually
increases, inducing the easier aggregation of polymer donors
than PCBM. Therefore, the residual DIO within the “dried”
BH]J layer can still affect the film morphology,”* and it has
been reported that the residual DIO should be removed
immediately after the active layer’s deposition in order to obtain
higher performance devices in a conventional structure.*
Recently, we reported that the BHJ OSCs in a conventional
structure based on 5,15-bis(2,5-bis(2-ethyl-hexyl)-3,6-dithienyl-
2-yl-2,5-dihydro-pyrrolo 3,4-c]pyrrole-1,4-dione-5’-yl-ethynyl)-
10,20-bis(4-octyloxy-phenyl)-porphyrin zinc (DPPEZnP-O)
and PCBM delivered us a PCE of 7.23% when DIO additive
was used.'® Since OSCs in inverted structures show more
adv;1ntagc=.s,5’36_39 BHJ OSCs based on DPPEZnP-O in an
inverted structure are fabricated in this study, and we notice
that how DIO is removed from the active layers plays a critical
role in determining the film morphology. We see that the quick
removal of the additive either by quick vacuuming or methanol
solvent washing keeps the active layers in an earlier stage of
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Scheme 1. Molecular Structures of DPPEZnP-O and PCBM and the Structure of Inverted OSC Devices
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large-scaled phase separation. On the contrary, keeping DIO in
active layer in ambient pressure for a period of time (additive
annealing) helps build up a smaller sized phase separation with
more ordered DPPEZnP-O in blend films, leading to the PCE
enhancement up to 7.78% with a very high short circuit current
(Jsc) of 1925 mA ecm™

2. RESULTS AND DISCUSSION

Scheme 1 shows the molecular structures of DPPEZnP-O and
PCBM and the inverted device structures used, respectively, in
this study. The donor molecule is featured with a porphyrin
ring in the center, two diketopyrrolopyrrole units at both sides,
and two ethylene linkages in between. This combination leads
the molecule flat and therefore highly conjugated to help 7-
electrons’ delocalization and intermolecules’ cofacial packing.
The J=V curves and performance of the BH] OSCs using
different additive contents in inverted device structures are
shown in Figure 1 and Table 1. A PCE of 6.14% was obtained
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Figure 1. ]-V curves of inverted OSCs using different amounts of
DIO additive.

Table 1. Device Performance Using Different Amount of
DIO Additive

Voc”

additive  Joc@ (mA cm™) (V) FE? (%) PCE (%)“
W/0 14.07 0.74  58.96 6.14

DIO (13.82 + 0.33) (5829 + 0.73)  (6.01 + 0.18)
0.6% 14.60 071 6237 6.46

DIO (14.21 + 045) (61.40 + 0.94) (627 + 0.23)
1.5% 17.45 074 5591 7.22

DIO (17.00 + 0.53) (5530 + 0.84)  (6.94 + 0.28)
2.4% 17.35 070 5337 6.50

DIO (16.89 + 0.63) (52.85 £ 0.63) (634 + 0.26)

“Maximum values, and average values with standard deviation given in
parentheses. “Almost no deviation.

when processed from pure CB. Adding DIO additive improved
the Jsc, but showing a plateau when 1.5 v % DIO was used.
Further increasing DIO content led to the decrease of fill
factors (FF), and thus reduced the PCEs. Also the best device
using 1.5% DIO additive showed a PCE of 7.22% (open circuit
voltage (Voc) = 074 V, Js¢ = 1745 mA cm™ and FF =
55.91%).

During the fabrication of the above devices, as soon as the
BH]J films were spin-coated they are quickly transferred into a
vacuum chamber to remove the DIO residue under a high
vacuum about 0.1 Pa, which is named quick vacuuming in here.
Since it was reported that the residual DIO within the “dried”
BH]J film after spin-coating still can affect the film morphology
and the residual DIO should be removed immediately after the
deposition in order to obtain a higher device performance,®***
we washed the DIO residue away with a small amount of
methanol right after the active layers were spin-casted (defined
as solvent washing in here). However, different from the
reported cases of improved device performance,” a lower PCE
of 6.41% with a reduced Jyc of 15.77 mA cm ™2 and a similar FF
of 54.91% was obtained for our inverted OSCs. Therefore, the
spin-coated BHJ active layers were stored at ambient
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temperature and pressure for tens of minutes (namely, additive
annealing) before being transferred to a vacuum chamber for
drying, and the OSCs showed improved performance and the
best performance was achieved upon the additive annealing for
about 1 h with enhanced values of Jsc, FF, and PCE up to 19.25
mA cm™? 56.10% and 7.78%, respectively. Shown in Figure 2
and Table 2 are the OSC results of different additive-handlings
of the active layers.
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Figure 2. (a) J—V characteristics of the inverted OSC devices based on
DPPEZnP-O/PCBM (1.5% DIO) upon additive annealing, quick
vacuuming, and methanol solvent washing. (b) The EQE curves of the
corresponding devices.

It is known that FF and the Jsc values are sensitive to series
resistance (Rg) for an OSC.* In line with the enhancement of
FF and Jsc, the Rg values calculated from the slopes of the J—V
curves near ] = 0 mA cm ™2 for quick vacuumed and methanol
solvent washed devices are 5.25 and 7.81 Q cm? respectively,
both higher than that of additive annealed devices (4.68 Q
cm?). Furthermore, as shown in Figure 2b, additive annealed
devices show higher external quantum efficiencies (EQE) in the
whole range from 380 to 900 nm, particularly in the near-
infrared region (700—900 nm). As discussed below, such

significant enhancement in EQE gives rise to an enhanced Jgc
in devices, which can be ascribed to the morphology
improvement after the additive annealing.

The carrier mobilities of the BHJ thin films were investigated
by constructing organic field-effect transistors (OFETs) and
single carrier devices (hole-only devices fabricated in the
configuration of indium tin oxide (ITO)/(3,4-ethyl-
enedioxythiphene):poly(styrenesulfonate) (PEDOT:PSS)/ac-
tive layer/MoO3/Al) using space charge limited current
(SCLC) method. Shown in Figure 3 are the transfer curves
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Figure 3. Transfer characteristics of the unencapsulated OFET device
based on DPPEZnP-O/PCBM (1.5% DIO) BHJ films under (a)
additive annealing, (b) quick vacuuming, and (c) methanol solvent
washing. The carrier mobilities are obtained from saturation regions.

of bottom gate/top contact OFET devices using 300 nm SiO,
as dielectrics. The hole mobilities of the BHJ blends upon

Table 2. Device Performance Using Different Additive Removal Methods

conditions Jsc* (mA cm™) Voo (V)
additive annealing 19.25(18.98 + 0.36) 0.72
quick vacuuming 17.45(17.12 + 0.48) 0.74
solvent washing 15.77(15.32 + 0.73) 0.74

FF* (%) PCE (%)“ R¢" (Q cm?)
56.10(55.64 + 0.85) 7.78 (7.64 + 0.17) 4.68
55.91(55.24 + 0.99) 722 (6.94 + 0.28) 525
54.91(54.24 + 1.29) 641 (6.18 + 0.35) 7.81

“Maximum values, and average values with standard deviation given from more than 10 devices in parentheses. bAlmost no deviation. “Rg was

estimated from the device with the maximum PCE.
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different DIO removal procedures are summarized in Table 3.
Quick vacuumed thin-films show a medium hole-mobility of

Table 3. Hole Motilities Measured Using OFETs and SCLC
Method

processing condition pppr (cm? V7is7h) HscLc (em? V7is7h)

additive annealing 1.36 x 107 8.12 x 107
quick vacuum 8.92 x 107* 3.19 x 107
solvent wash 3.64 X 107* 2.82 X 107*

8.92 x 107" cm? V™! 57!, methanol solvent washed samples
show a lowest hole-mobility of 3.64 X 10™* cm®* V™' 57, and
additive annealed samples show the highest hole-mobility up to
1.36 X 1073 cm? V™! 57!, In SCLC measurements, the trend of
mobility changes agrees well with the OFET results, showing
that additive annealing leads to the hole-mobility enhancement
in both horizontal and vertical direction with respect to the
sample surface. Also this improvement originates from a better
crystalline order of DPPEZnP-O that will be characterized in
detail in the following discussions.

In order to understand how the different handlings of
additive removal affect the device performance, we first
performed UV—vis-NIR measurements on the BHJ films. As
shown in Figure 4, BHJ thin films without using DIO show a
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Figure 4. UV—vis-NIR absorption spectra for BHJ films of DPPEZnP-
O/PCBM without DIO and with 1.5% DIO (v/v, DIO/CB) under
additive annealing, quick vacuuming, and methanol solvent washing.

broad absorption from 400 to 900 nm. NIR region from 650 to
900 nm is of the most interest, featuring with two peaks at
~750 and ~810 nm. When DIO additive was used, the peak at
~810 nm shifts to longer wavelength region, and this peak
bathochromic-shifts gradually finally to 830 nm with its
intensity increasing steady from solvent washed, quick
vacuumed to additive annealed films. The red-shifting and
growing of this long wavelength peak indicate a more ordered
solid-state packing of aromatic molecules and thus the
electronic communication between intermolecular stacks
improves.”' ="’ The more ordered structures can lead to a
more balanced charge transport, contributing to the fill factor
improvement. The long-wavelength peak for quick vacuumed
sample shows a peak position in-between those of solvent
washed and solvent annealed films, further conforming the
importance of additive dwelling in morphology control since it
takes more time to remove DIO for the quick vacuumed films
than the solvent washed ones.

The molecular packing in BHJ blend films was studied by the
grazing incidence X-ray diffraction (GIXD) method. Shown in

Figure Sa are the diffractograms of the samples upon different
additive removal procedures. Also the corresponding in-plane
and out-of-plane line-cut profiles are summarized in Figure
Sb,c. For the conventional quick vacuumed samples, one broad
diffraction ring at 1.3—1.6 A~ is seen, coming from the
combination of PCBM diffraction and DPPEZnP-O 7—x
stacking. The strong overlap of these two features makes it hard
for further analyzing. In the low g region, a broad hump is seen
from 0.2 to 0.4 A™', coming from the alkyl—alkyl interaction
that forms in the (100) crystalline direction. Such a broad peak
with low intensities indicates the structure order in this
direction is poor and there is strong wiggling when molecules
start to order. Also the large 7 surface of DPPEZnP-O enhances
the cofacial stacking and thus slight deviations in crystals can be
tolerated. The (200) peak is also observed for this sample,
indicating a good statistical persistence of crystals. Methanol
solvent washed samples show a similar crystalline order
compared to quick vacuumed ones. A slight enhancement of
the (100) peak in the in-plane direction indicates a slightly
preferred face-on orientation. Additive annealed thin films show
drastically different crystalline behaviors. Two sharp peaks show
up in 0.2—0.4 A™' region, one located at 0.245 A™! (2.56 nm)
and the other at 0.33 A™! (1.9 nm). High ordered peaks are also
obtained in corresponding g spacing. The sharp peak intensity
and reduced peak width for both indicate much better
crystallinity and crystalline order. Combining the scattering
signals with the molecular chemical structure, two different
packing motifs are proposed for DPPEZnP-O as shown in
Figure Sd,e. The alkoxyl-to-alkoxyl chain interaction gives rise
to the long distance packing; and the sliding of molecules leads
to ethyhexyl-to-ethyhexyl chain interaction and gives rise to the
short distance packing. In peak analysis, the 0.245 A™' peak
gives an area of 62.8 au and a full-with-at-half-maximum
(fwhm) of 0.0295, thus the crystal size is calculated to be 21
nm. The 0.33 A™" peak gives an area of 51.2 au and a fwhm of
0.0647, corresponding to a crystal size of 9.7 nm. Thus, we can
conclude that longer distance stacking exists with larger crystal
size for solvent annealed samples and the broad peak for quick
vacuumed and methanol solvent washed samples can be a
summation of the two peaks. The longer dwelling time of DIO
molecules inside BHJ blends induces crystal perfection by
driving the intermediate states (complicated alkyl chain
interactions) to the two preferred stacking modes. The peak
intensity and shape of the 1.3—1.6 A™" scattering remain similar
in all the three cases, indicating that the aggregation of PCBM
does not change much when the residual DIO in the blend
films was removed by different methods. It should be noted
that a small molecule is fractions of a linear polymer chain.
Though it is simpler in chemical structure, the orientation and
molecular interactions can be much more complicated
compared to polymer counterparts. For example, when a
different side chain is used, different side chain interactions
need to be considered, and molecule side-to-side interactions
need to be considered too. As shown in this study, the longer
dwelling of additive in small molecule blends can be a new
handle to control molecular organizations and phase separa-
tions, which is an analogue to solvent vapor annealing but with
much simplified experimental handling,

The length scale of phase separation is another critical
parameter determining the performance of OSCs. We probed
this feature using resonant soft X-ray scattering methods by
taking advantage of the high contrast and large probe length
scales of low wavelength photons. BHJ thin films were floated
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Figure S. (a) GIXD diffraction images of DPPEZnP-O/PCBM blends processed from different recipes; (b) in-plane and (c) out-of-plane line cut
profiles of GIXD data; (d and e) two different packing motifs of DPPEZnP-O molecules in blends.

onto silicon nitride window and experiments were carried out
in transmission mode. The scattering profiles are plotted in
Figure 6. For quick vacuumed samples, a strong diffraction peak
shows up in 0.003 A, giving a phase separation size of 209
nm, which should originate from PCBM aggregations. Besides
the major scattering peak, a shoulder at 0.012 A™' is seen,
corresponding to a distance of 52 nm. Thus, in this system, a
multilength scaled morphology exists. For these devices, a 17.45
mA/cm”® current density and 7.22% PCE were obtained, which
are quite high in deep absorbing low band gap materials, and
the 52 nm phase separation is key to generate such a large
current. For methanol washed samples, the scattering peak
slightly moves to higher g (0.0032 A™"), giving a distance of

21499

196 nm. Similar high ¢ scattering around the 50 nm size feature
is also seen. In the very low g region (0.002 A™"), the intensity
increases, indicating the growth of some even large features,
which go out of the length scale that RSoXS can probe. The
growth of large size feature can be the key for the reduced Jgc
for the methanol solvent washed OSCs. Additive annealing
leads to drastic changes in RSoXS. The major scattering peak in
quick vacuumed sample reduces by a half of the intensity, and
in the extreme low g region, new features grow up as in
methanol washed samples, and the intensity grows up quickly.
It is suspected that coalescence of domains under the presence
of DIO leads to a larger domain and thus gives rise to the
turning up in low g intensity. This process should be
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Figure 6. RSoXS profiles of DPPEZnP-O/PCBM blends processed
from 1.5% DIO—CB solvent mixtures under different drying
procedures.
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detrimental to the device performance yet with the extent we
cannot estimate at this point. A more pronounced feature is
observed in the high g region. A broad hump is seen from 0.007
to 0.05 A7, and thus a continuous length scale of phase
separation from tens to hundreds of nanometers exists in this
case. The finite phase separation helped with light extraction
and thus elevated J5c and EQE in whole spectrum are seen. In
previous discussion we saw that additive annealing leads to
enhanced crystallinity of the BHJ film and gives better-defined
crystal structures. The 10 nm and 21 nm of the (100) crystal
size are seen in GIXD measurements, and dispersion of these
crystals inside a PCBM rich matrix could give the length scale
of phase separation in RSoXS. It is thus plausible to state that
the growth of DPPEZnP-O crystallites forms one domain and
thus determines the length scale of phase separation. The
improved Jsc, hole mobility, and fill factor for the OSCs upon
additive annealing are the direct consequences of the better-
sized phase separation, the improved crystallinity, and reduced
charge recombination.

The surface features of BHJ blends using different additive
removal procedures were also investigated by atomic force
microscopy (AFM). As shown in Figure 7, the quick vacuumed
sample gives features of hundreds of nanometers, which is
similar to many previous reports of strong PCBM aggregated
BH]J blends. Methanol washing changes the thin film’s topology
but still with large size scaled domains, agreeing well with
RS0XS characterizations. Additive annealed thin film does not
show well-defined surface features of hundreds of nanometers.
Some irregular large domains exist, and their interdistance gave
rise to the low g feature in RSoXS. It should also be noted that
surface roughness for additive annealed sample increases, giving

a RMS roughness of 9.8 nm. In comparison, quick vacuumed
and methanol washed samples show smaller RMS roughness of
8.0 and 2.2 nm, respectively.

3. CONCLUSION

In conclusion, the performance for porphyrin small molecule-
based OSCs in inverted structure was enhanced with an good
PCE up to 7.78% and a very large Jsc of 19.25 mA cm™ upon
DIO additive annealing for about 1 h in ambient pressure
before moved to a vacuum chamber for drying. Compared to
conventional removal of additive by quick vacuuming and
methanol washing, additive annealing treatment improves the
ordering of donor molecules and the growth of crystallites with
small length scaled phase separation (<100 nm) in BHJ blend
films leads to the formation of better crystalline domains. The
connected domain-networks with small length scaled phase
separation form an important platform to split excitons and
conduct charge carriers and thus contribute largely to the
improved Jsc that a device can deliver. Physical process of
additive annealing is similar to slow spin-coating and
subsequent solvent vapor annealing for OSCs, which both
give rise to enhanced crystallinity and device currents, but
additive annealing shows more flexibility in fine-tuning the
crystal growth and phase separation. And more importantly, the
experiment is done in a very easy setting, making spin-coating
and additive annealing in the same step. Therefore, additive
annealing is expected to be a new option for the performance
enhancement of solution-processed solar cells.
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