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ABSTRACT: Herein, the implications of silicone contamination found
in solution-processed conjugated polymer solar cells are explored.
Similar to a previous work based on molecular cells, we find this
contamination as a result of the use of plastic syringes during fabrication.
However, in contrast to the molecular case, we find that glass-syringe
fabricated devices give superior performance than plastic-syringe fabricated devices in poly(3-hexylthiophene)-based cells. We
find that the unintentional silicone addition alters the solution’s wettability, which translates to a thinner, less absorbent film on
spinning. With many groups studying the effects of small-volume additives, this work should be closely considered as many of
these additives may also directly alter the solutions’ wettability, or the amount of silicone dissolved off the plastic syringes, or
both. Thereby, film thickness, which generally is not reported in detail, can vary significantly from device to device.
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■ INTRODUCTION
In the global search for clean and sustainable energy sources,
organic photovoltaics (OPVs) have recently gained much
attention. Facets such as solution processability, light weight,
low cost, and the potential for roll-to-roll production make
OPVs an advantageous option for the realization of green-
power generation. Popular modern-day organic solar cells are
fabricated in what is known as the dispersed bulk-hetero-
junction (BHJ) architecture, formed from blends of conjugated
polymers or small molecules with fullerene derivatives.1 Since
its introduction in the mid-1990s, many groups have suggested
numerous methods for increasing BHJ power conversion
efficiency (PCE). Among these are small-volume additives, in
which a macromolecule or solvent are mixed with the BHJ
blend at percentages typically less than 10%.2−10 Most of these
reports cite an improved morphology as the reason behind
performance improvement, whether it is increased mobility
from larger grain sizes, or increased exciton dissociation from
smaller grain sizes. What is generally overlooked is how an
additive changes the wetting of the BHJ blend solution on the
substrate surface. As we show in this work, additive-induced
differential wetting can lead to a notable change in film
thickness, which alone can significantly affect light absorption
and photocurrent generation. Moreover, films of different
thicknesses dry at different rates, which in turn can affect the
internal BHJ morphology and other device parameters. Thus,
an additive-induced differential wetting can significantly affect
device performance, without playing a direct role in altering
morphology of the bulk BHJ film. We showcase the above
using silicone as a small-volume additive, which is unintention-
ally introduced by plastic-syringes widely used in OPV
fabrication.

Recently, a work by Graham et al. showed that silicone
contamination, induced during fabrication by the use of plastic
syringes, can act as a small-volume additive.2 With further
quantification, Graham et al. showed that a deliberate 0.05 to
1.0 mg/mL addition of polydimethylsiloxane (PDMS) to
molecular based OPV solution leads to higher device
efficiencies.2 The authors attributed the enhancement to a
more favorable morphology, with silicone containing devices
showing smaller feature sizes. In two related works,
Hashimoto ’s group del iberately introduced poly-
(dimethylsiloxane)-block-poly(methyl methacrylate) (PDMS-
b-PMMA) to a poly(3-hexylthiophene):[6,6]-phenyl-C61-
butyric acid methyl ester (P3HT:PCBM) based system.11,12

The authors found that PDMS-b-PMMA aggregates near the
surface and acts as a self-organizing passivation layer, which can
suppress recombination at the organic/metal interface.12

Similar to the molecular case, the authors also acknowledged
silicone compounds similar to PDMS-b-PMMA can be
introduced when using disposable syringes; however, it was
not speculated how these compounds might affect the
performance of polymer based BHJ cells.
In this report, we extend these PDMS studies to include the

effects of plastic-syringe induced silicone contamination on a
P3HT:PCBM based BHJ OPV system. As with the molecular
case, it is demonstrated that the introduction of silicone gives
finer film morphology; however, this morphological change
does not directly induce any performance enhancement.
Further, as with the PDMS-b-PMMA case, we find the silicone
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aggregates near the surface; however, this interfacial layer also
does not directly lead to any performance improvement. Quite
the opposite, we find silicone-deficient, glass-syringe fabricated
devices produce 32.50 ± 8.00% (mean ± standard deviation)
better cells when compared to silicone-rich, plastic-syringe
fabricated devices of the same recipe. We show that the silicone
contamination increases the hydrophobicity of the blend
solution, altering the wettability of plastic-syringe handled
solut ion on poly(ethylenedioxythiophene): poly-
(styrenesulfonic acid) (PEDOT:PSS), which generates a
thinner, faster drying, and less absorbent film upon spin-
coating. The decrease in absorption lowers the short circuit
current (Jsc), and the faster drying time increases the defect
density, decrease the shunt resistance and, thereby, lowers the
fill factor (FF). These wettability-induced changes only appear
in BHJ films spin-coated at low spin-coating speeds (600 rpm).
Higher spin-coating speeds (800 and 1000 rpm) overcome the
wettability effect and silicone contaminated devices perform
similar to their noncontaminated counterparts.

■ RESULTS AND DISCUSSION

Within the research community, spin-coating is a preferred
OPV fabrication technique as it is simple, consistent, and allows
for small-scale production. Although spin-casting details may
vary from group to group, this technique generally requires the
use of syringes to transfer and filter polymer solutions. For ease
of use and convenience, many opt to use disposable, plastic
syringes. However, these commercially available syringes are
typically lubricated with medicated silicone,13 which is easily
dissolved, and introduced to the OPV system, by commonly
used organic solvents. Here, we investigate this issue in its
strictest sense: by directly comparing 1:1 P3HT:PCBM BHJ
OPVs fabricated from plastic-syringe handled solution to that
of OPVs fabricated from glass-syringe handled solution. Plastic
(i.e., plastic-syringe handled solution) and glass (i.e., glass-
syringe handled solution) devices were derived from three spin
speeds, (i) 600 rpm, (ii) 800 rpm, and (iii) 1000 rpm, and
shared the same structure: glass/indium-doped tin oxide
(ITO)/ PEDOT:PSS/P3HT:PCBM/Aluminum (Al). Details
of the fabrication process are provided in the Supporting
Information.
We first investigated OPV devices with active layer films spun

at 600 rpm for 60s. The X-ray photoelectron spectroscopy
(XPS) binding-energy spectra is presented in Figure 1a. XPS
confirms plastic devices contain a silicone contamination, while
glass devices are silicone free (Figure 1a). Two silicon (Si)
peaks (found at 152 and 101 eV) are slightly shifted from their
expected values (Si 2s at 149.7 eV and Si 2p at 99.42 eV),14

indicating silicon is bonding with a second element. This,
coupled with the plastic devices’ increased, and also shifted,
oxygen peak (near O 1s at 543.1 eV)14 shows strong evidence
that silicone, and not bare silicon, is present. Using argon
etching, we find the silicone contamination tends to aggregate
near the surface, with ca. 8.00 ± 1.00% atomic concentration of
silicone within the films’ top 1 to 2 nm, ca. 1% from 2 to 10 nm,
and nearly 0% throughout the remaining bulk (see SFigure 1 in
the Supporting Information for details). This is a result of the
lower surface energy of PDMS,15,16 and mimics the case of
P3HT:PCBM:PDMS-b-PMMA based cells.12 The inset of
Figure 1a shows valence band measurements of both devices,
with no difference between the devices’ highest occupied
molecular orbital (HOMO; ca. 4.9 eV) found.
Figure 1b shows the current-votlage (J−V) characteristics of

both devices. The open circuit voltage (Voc) showed no
significant variation (p value ≫0.05; unpaired t test) between
plastic (0.561 ± 0.02 V; n = 19) and glass (0.562 ± 0.01 V; n =
25) devices. The fill factor (FF) and short circuit current (Jsc),
however, varied significantly (p value <0.01); with FFplastic =
51.10 ± 10.2%, FFglass = 59.50 ± 3.4%, Jsc plastic =6.77 ± 0.76
mA cm−2, and Jsc glass = 9.50 ± 0.82 mA cm−2.
After detailed analysis, we find that glass-syringe fabrication

generates a ca. 24.70% thicker active-layer film. Figure 2a shows
the five-number summary (sample minimum, Q1, Q2, Q3, and
sample maximum) for the atomic force microscopy (AFM)

Figure 1. (a) XPS binding energy spectra for both devices (the plastic device is shifted upward for clarity). The inset shows the lower binding
energies near the P3HT HOMO (ca. 4.9 eV). (b) J−V characteristics under illumination for both devices (glass, 19 devices averaged; plastic, 25
devices averaged).

Figure 2. (a) Five-number summary of active-layer thicknesses for
films spun at 600 rpm for 60 s. (b) Absorbance spectra of glass and
plastic devices spun at 600 rpm for 60 s.
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thickness measurement of 10 films (see SFigure 2 in the
Supporting Information for measurement details). Glass-
syringe fabrication produces a significantly (p value <0.01)
thicker film (133.6 ± 17.6 nm) than the plastic-syringe
fabrication (107.3 ± 15.4 nm). As expected, the glass devices’
thicker active-layer film leads to an enhancement in absorbance
(Figure 2b), which translates to the higher photogenerated
current shown in Figure 1b.
During the fabrication of these devices, we noticed a large

difference in the solutions’ wettability on the glass/ITO/
PEDOT:PSS substrate. Thus, we next look at the spreading of
similar sized ODCB droplets dispersed by both glass and plastic
syringes. Contact angle measurements were carried out on an
Image Analysis Ganiometer (Rame-Hart, Inc. model 100−22-
(v)) using a static sessile drop method. 0.5 μL droplets of (i)
water, (ii) glass-syringe filtered ODCB, and (iii) plastic-syringe
handled ODCB were placed on a substrate and imaged.
PEDOT:PSS, microscope glass, and bare ITO substrates were
tested. Figure 3 shows sample images from one such
experiment with PEDOT:PSS as the substrate. Water and
glass solutions showed similar spreading with contact angles of
16.9 ± 1° and 17 ± 2°, respectively. The measured contact
angle of water on PEDOT:PSS is similar to value reported in
literature.17 The plastic solution, however, showed perfect
spreading with no measurable angle. These differences are
further exaggerated on glass and ITO substrates (see SFigure 3
in the Supporting Information). These results reveal that the
introduction of silicone generates a more hydrophobic solution,
which spreads much more easily and generates a thinner film
on spinning.
Coupled with a change in film thickness, is a change in

growth rate (see SFigure 4 in the Supporting Information for
dry times). The increased performance of glass devices has thus
far been imputed to an increase in Jsc stemming from an
increase in optical density. However, the effects of changes in
crystallization kinetics have not yet been accounted for. Drying
a film more slowly can have positive effects on OPV
morphology. These effects can include: higher exciton
generation, higher carrier mobility, lower defect densities, as
well as higher exciton dissociation efficiency.18−21 Further, in
the case of PDMS-b-PMMA, it was shown that upon adding an
excessive amount of PDMS a thick electron transport barrier
was formed, and performance was degraded.12 Thus, in effort to
explicate any further variations caused by the differential
thickness, we next study the surface morphology, deep defect
profiles, and dark current.
Atomic force microscopy was used to study the surface

morphology of both films (see SFigure 5a−d in the Supporting
Information). The plastic fabrication process produces slightly
smoother films (plastic mean roughness (Ra) = 6.35 ± 0.78 nm;
glass Ra = 8.0 ± 0.3 nm) with slightly smaller feature sizes. This
corroborates with the molecular PV based work.2 Here, we first
theorized that the augmented thickness and drying times of the
glass devices encouraged crystallinity and larger grain

formation. However, the Raman shift for plastic and glass
devices (see SFigure 6 in the Supporting Information) showed
no difference, signifying no significant difference in bulk
crystallinity despite the difference in growth rate.21,22 This,
coupled with the finding that the silicone aggregates in the top
2 nm of the film, indicates that the morphological change could
be only a surface phenomenon.
However, the above would not explain the lowered FF in

plastic devices. Thus, we turn to the density of deep defects
(see SFigure 7 in the Supporting Information). The trap
profiles were calculated using a capacitance method detailed
elsewhere.23,24 In contrast to the Raman data, the defect
profiles show a slight shift in the magnitude of trap states,
which is a direct result of the decreased growth rate in plastic
devices. We note that, albeit statistically significant, this shift is
relatively small. Nevertheless, a slight increase in traps states
can lead to a small reduction in FF via increased
recombination.21,25 Further, the decreased dry times can
allow for more shunt paths to percolate from anode to cathode
and, thereby, a smaller shunt resistance in the plastic devices.
Figure 4a shows the logarithm of dark current versus voltage for

both devices studied in this report. Here, we employ a single
diode circuit model that is detailed elsewhere.26−28 In this
model six equations are used to fit the data in three different
voltage regions: (i) V ≲ 0.2, (ii) 0.2 ≲ V ≲ 0.5, and (iii) V ≳
0.5. Figure 4a shows a difference between the glass and plastic
devices is in the low voltage region, revealing the difference in
the shunt resistance (Rsh, plastic ≈ 2 × 107 Ω; Rsh, glass ≈ 2 ×
108Ω). This decay in shunt resistance in plastic devices also

Figure 3. Image of contact angle measurement for water, glass-syringe handled ODCB, and plastic-syringe handled ODCB on PEDOT:PSS.

Figure 4. (a) Logarithm of dark current versus voltage for both
devices. (b) J−V characteristics for plastic- and glass-syringe fabricated
devices spun at 800 rpm (top two curves) and 1000 rpm (bottom two
curves). Error bars removed for added clarity.
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leads to a reduction in FF.29 Thus, some morphological
changes appear to be present throughout the bulk.
To ensure these minor morphological changes do indeed

stem from the altered dry times, and not directly from the
presence of silicone itself, we subsequently increase the casting
speed to fabricate glass and plastic films of similar thicknesses.
This isolates the thickness/growth-rate effect from more direct
augmentations caused by silicone. 800 and 1,000 rpm are tested
in an effort to negate the wettability effect. Figure 4b displays
the J−V characteristics under illumination for these films. In
both cases, the glass and plastic devices performed equally, with
no significant difference (p value ≫0.05) in any performance
parameter found. AFM measurements confirm similar film
thicknesses for the 800 rpm glass and plastic devices (Tglass =
115.0 ± 6.8 nm; Tplastic =107.0 nm ±7.3 nm; p value >0.05), as
well as the 1000 rpm devices (Tglass = 87.2 ± 5 nm; Tplastic =84.8
± 5.8 nm; p value ≫0.05). This shows the silicone
contamination is not affecting device parameters when the
thickness is forced to be similar. Further, this data highlights
that the wetting effect is dependent on the spin-casting recipe
and, more generally, that the inhibition or usefulness of an
additive can be dependent on the fabrication environment.
It is worth commenting on the variability among these

devices. Here, we have controlled the solutions’ exposure to
silicone by allowing the solution to sit in the syringe for 2 min.
In spite of this controlled exposure, we still noticed a larger
variation in the PCE of plastic-fabricated devices. Glass devices
showed a median PCE of 3.20% with a standard deviation of
0.40%, whereas plastic devices presented a median of 2.30%
with a standard deviation of 0.70%. Intuitively, this deviation
difference can be attributed to variations in the amount of
silicone dissolved from the syringe. Thus, we expect those
groups not carefully controlling exposure may see even larger
device to device deviation. Further, we expect large variations
from lab to lab can also, in part, be imputed to differences in
silicone contamination. Lastly, we note that needle tips can also
be “siliconized”30 and leach silicone into the system. Here, we
have used these lubricated tips, but only occasionally found
small traces of Si in XPS.

■ CONCLUSION
In summary, we confirm the previously reported silicone-based
contamination in plastic-syringe fabricated OPVs and extend to
characterize its implications as a small volume additive in
conjugated polymer based OPVs. We investigate this issue by
directly comparing devices fabricated from glass- and plastic-
syringes in a P3HT:PCBM BHJ system. We find slow-spun
glass fabricated devices give superior PCEs than that of plastic
fabricated devices of the same recipe. We attribute the
degradation of the plastic devices’ performance to a thinner,
less absorbent active layer film. The thinned film stems from
the addition of silicone to the active-layer blend which alters the
solution’s wettability on the substrate. Casting at faster speeds
produced plastic and glass devices with similar PCEs, showing
altered thickness is the dominate facet affecting the plastic cells.
It remains an open question as to how a plastic-syringe induced
silicone contamination will interact with and affect the next
generation, high efficiency polymers (e.g., poly[[9-(1-octylnon-
yl)-9H-carbazole-2,7-diyl]-2,5-thiophenediyl-2,1,3-benzothia-
diazole-4,7-diyl-2,5-thiophenediyl]). Further, using this report
as an initial vehicle, other groups pursuing small-volume
additives should also consider the possibility of a changed
wettability resulting directly from the additive itself or indirectly

by altering the amount of silicone dissolved by the active blend
solution.
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