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ABSTRACT: We investigated the dispersion effect of crystalline

1.0F

silicon nanoparticles (SINP) on the performance and stability of . )"W 5 Yaa ‘§i‘N‘P-OA
organic solar cells with the bulk heterojunction (BHJ) films of N g08F 2aa
poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl-Cg;-butyric acid NG M Soel © Control
methyl ester (PC;;BM). To improve the dispersion of SiNP in the V\/\/)/O— Si 70/(/\/\/\ g . @

BH]J films, we attached octanoic acid (OA) to the SiNP surface via ° H// \\" £04r \a\
esterification reaction and characterized it with Raman spectroscopy H o/ \H H So2f ®e SiNP
and high-resolution transmission electron microscopy. The OA- g\o o 0.0 ..?0 N
attached SiNP (SiNP-OA) showed improved dispersion in 02 46 810
chlorobenzene without change of optical absorption, ionization Exposure Time (hr)

potential and crystal nanostructure of SiNP. The device performance

was significantly deteriorated upon high loading of SiNP (10 wt %), whereas relatively good performance was maintained without
large degradation in the case of SiNP-OA. Compared to the control device (P3HT:PC4BM), the device performance was
improved by adding 2 wt % SiNP-OA, but it was degraded by adding 2 wt % SiNP. In particular, the device stability (lifetime
under short time exposure to 1 sun condition) was improved by adding 2 wt % SiNP-OA even though it became significantly
decreased by adding 2 wt % SiNP. This result suggests that the dispersion of nanoparticles greatly affects the device performance
and stability (lifetime).
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B INTRODUCTION In the meantime to concentrate on improving the PCE
values in polymer solar cells, the stability (lifetime) issue has
been raised to the surface in a viewpoint of solar cell
commercialization.”* >* Four major factors have been so far
pointed out to affect the stability of BHJ polymer solar cells:
(1) Moisture and oxygen attacks to the organic layers and/or
metal electrodes, (2) strong acidity effects of hole-collecting
) buffer layer (poly(3,4-ethylenedioxythiophene):poly-
nanomorphology effesc ts on the charge transport in the (styrenesulfonate) (PEDOT:PSS)), (3) chemical degradation
polymeric BHJ films." Further improvement (3-5% PCE) of organic materials in the BHJ layer, and (4) morphological
could be enabled by employing regioregular poly(3-hexylth- instability in the BHJ layer. The first environmental issue has
iophene) (P3HT) that undergoes a particular self-organizing been resolved by applying a hermetic encapsulation as used for
organic light-emitting devices,”?® whereas the strong acidity
low-band gap polymers delivered 6—-8% PCE very recently problem of PEDOT:PSS could be overcome by treating with a
(single stack devices),'’ ™' the PCE value of the P3HT-based strong base and/or by replacing with other buffer layers.””°

A keen interest has been recently paid to organic solar cells
since early pioneering works for realizing the primitive
photovoltaic functions of organic semiconducting materials.'~*
In addition to the introduction of bulk heterojunction (BHJ)
concept,”* the encouraging breakthrough (ca. 2—2.5% power
conversion efficiency (PCE)) can be ascribed to the finding of

behavior upon thermal and/or solvent annealing.é_lé Although

solar cells has reached ~6.5% by replacing the electron- The chemical degradation of electron-donating polymers can
accepting component (typically, [6,6]-phenyl-C¢,-butyric acid be also prevented by removing oxygen molecules that convert
methyl ester (PC4BM)) with other fullerene derivatives that to a reactive singlet oxygen moiety to attack the pi-electrons in
have shifted (toward vacuum level) lowest unoccupied conjugated polymers under illumination (UV light in
molecular orbital (LUMO) energy levels leading to the

increased open circuit voltages (VOC).20’21 Thus the P3HT Received: July 6, 2012

polymer is still extensively used as an electron donor in Accepted:  September 13, 2012

polymer solar cell researches. Published: October 1, 2012
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Figure 1. (a) Scheme for the esterification reaction between SINP and octanoic acid (OA) leading to SiNP-OA. (b) Photographs for the solutions
with SiNP (left) and SiNP-OA (right) in chlorobenzene: The SiNP solution shows big aggregates, whereas almost no aggregation is observed for the
SiNP-OA solution. (c¢) HRTEM images for the SiNP-OA samples on the Cu grid (400 mesh).

general).>"*> However, the last morphological instability issue
is still debating because the BHJ morphology is delicately
different depending on the material combination (mixing
condition) between electron donors and electron acceptors.
Recently, we reported that the stabilization of BHJ morphology
is of importance to achieve the longer lifetime in the
P3HT:PC¢,BM solar cells.>***

In this work, as an alternative idea for the stability
improvement in the BHJ polymer solar cells, we tried to add
inorganic nanoparticles to the P3HT:PC4BM films because
inorganic materials are typically more stable than organic
materials.>**® To not degrade the semiconducting (electrical)
property of the BHJ films as well as the charge separation
balance between electron donor (P3HT) and electron acceptor
(PCsBM), we employed crystalline silicon nanoparticles
(SiNP) because they are a well-known inorganic semiconductor
with a similar valence band energy to the highest unoccupied
molecular orbital (HOMO) energy of P3HT so that the hole
charge carrier transport at least cannot be severely
degraded.>”*® In particular, we attached alkyl groups to the
surface of SINP via an esterification reaction in order to bestow
better solubility (dispersion) in chlorobenzene solvent, which
can lead to better dispersion quality of the inorganic
nanoparticles in the BHJ films.
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B RESULTS AND DISCUSSION

As shown in Figure 1la, the chemical modification of SINP was
performed to attach the octanoic acid (OA) unit to the surface
of SiNP. The esterification reaction between the hydroxyl
group (OH) in SiNP and the carboxylic acid group (COOH)
in OA was activated by the aid of mediators (DCC and
DMAP).*** After the esterification reaction, the modified
SiNP (SiNP-OA) became noticeably well-dispersed in chlor-
obenzene solvent (see Figure 1b right), even though the
original SiNP was aggregated and precipitated on the bottom of
vial (see Figure 1b left). The shape and size of SiNP was found
to be almost well maintained even after the esterification
reaction (Figure 1c left). In addition, the crystalline
nanostructure (Si—Si crystal lattices) of SiNP-OA was also
clearly measured by a high resolution transmission electron
microscope (HRTEM) (Figure 1c right).*" This result supports
that the present chemical modification process successfully
endowed SiINP with good solubility (dispersion) in chlor-
obenzene solvent without alteration of the original SiNP
nanostructure.

To further confirm the attachment of OA unit to the SiNP
surface via the esterification reaction, we employed the Raman
spectroscopy technique ,which can detect the presence of the
atoms in the unique functional groups (C=0 and C—H) in
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the OA unit. First, we checked the status of Si—Si bonds in the
SiNP before and after the esterification reaction. As shown in
Figure 2a, the Si—Si bonds (crystalline Si) were measured at the
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Figure 2. Raman spectra of SiNP and SiNP-OA powders spread on
quartz substrates: (a) Si—Si, (b) Si—H, (c) Si—0, (d) C=O0, and (e)
C—H. The excitation wavelength was 1064 nm (Nd:YAG laser).

almost same wavenumber, indicating no particular change in
the Si—Si linkage and crystal structures as discussed in Figure
1c (we note that the Raman intensity difference between SiNP
and SiNP-OA is attributed to the different amount of samples
loaded for the Raman spectrum measurement). However, the
Si—H bonds were influenced by the esterification reaction
because the original peaks (2240—2280 cm™) in the SiNP were
decreased while new peaks at around 2100 cm™" were emerged
(Figure 2b). This Si—H bond change implies that the surface
environment of SINP was changed upon the esterification
reaction. Because the Si—OH groups are naturally made on the
surface (Si—H groups) of SiNP in the air ambient condition,**
the S—H peak change can be explained by the formation of Si—
OH groups during the esterification reaction even though the
quantitative analysis is impossible for the present Raman
spectroscopy system (see the Si—O Raman peaks in Figure 2c).
Anyhow, the clear evidence for the OA unit attachment on the
surface of SiNP is provided from the presence of the C=0O
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peak in SiNP-OA, whereas no C=O0 peak was measured for
the original SiNP sample (see Figure 2d). In addition, the C—H
peak was also measured for the SiNP-OA sample even though
the original SiNP sample showed no C—H peak (Figure 2e).
Then the optical absorption spectra of SiNP and SiNP-OA
were measured by using poly(methyl methacrylate) (PMMA)
as a host film where SiNP or SiNP-OA were dispersed, because
the unstable solution phases (time-dependent gradual change in
solution concentration by aggregation and sedimentation)
could not deliver a reproducible result in the case of SiNP.
As shown in Figure 3a, the spectral shape was almost not
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Figure 3. (a) UV—visible absorption spectra of films coated on quartz
substrates: The optical density (OD) was normalized for exact
comparison, whereas P, and P, denote the onset points of each zone.
(b) Photoelectron (PE) yield spectra of SINP and SiNP-OA powders
spread on quartz substrates; the black arrows denote the onset point of
PE yield.

changed after the esterification reaction. From the two major
slopes at a boundary of ca. 600 nm in the absorption spectra
(note that the edge tails above 900 nm can be assigned to the
optical attenuation/scattering effect of medium), we can get
two onset points (P; = 585 nm and P, = 910 nm) which
correspond to the optical band gap energies (P, = 2.1 eV and P,
= 1.4 eV). Similarly, the onset points (ca. 4.86 V) in the
photoelectron yield (PEY) spectra were almost not changed
between SiNP and SiNP-OA even though the PEY trend
according to the photon energy was slightly changed after the
esterification reaction (Figure 3b). After calibration based on
the reference material (see Figure Sl in the Supporting
Information),** we obtained the valence band energy of
SiNP-OA as ~52 eV. From the optical band gaps the
conduction band energy values can be calculated to 3.1 eV
(from P; in Figure 3a) and 3.8 €V (from P, in Figure 3a), but
the higher value (3.8 eV) is assigned as the actual conduction
band energy (crystalline Si—Si) that corresponds to the lowest
unoccuplied molecular orbital (LUMO) energy in organic
semiconductors.

Next, we fabricated solar cells with the P3HT:PC;BM films
that contain SiNP or SiNP-OA of which content was varied

dx.doi.org/10.1021/am301250s | ACS Appl. Mater. Interfaces 2012, 4, 5300—5308
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Figure 4. (a) Device structure of the P3HT:PCgBM solar cells with SiNP or SiNP-OA (Note that the SiNP structure was omitted). (b) Energy
band diagram of the P3HT:PC4BM solar cells with SiNP-OA: The negative sign and “eV” unit were omitted to avoid crowding the illustration.

from 0 wt % to 10 wt % on the basis of the total weight (51
mg) of P3HT:PC¢,BM (1:0.7 by weight) (see Figure 4a). Here,
considering the energy band diagram (Figure 4b), which was
built on the basis of the valence and conduction band energies
obtained in Figure 3, it is understood that the charge separation
process can also occur at the interface between P3HT and
SiNP-OA(or SiNP) though the offset (0.7 eV) between P3HT
and SiNP-OA is smaller than that (0.9 eV) between P3HT and
PC4BM. Therefore, the presence of SINP-OA or SiNP is
expected to influence on the performance of solar cells via
cascade charge (electron) transport from P3HT to SiNP-OA
(or SiNP) and then to PC4BM. This will be discussed again in
the optimized devices.

As shown in Figure Sa, the shape of the current density—
voltage (J—V) curves was slightly changed as the SINP content
increased up to 4 wt %. However, further addition of SINP (10
wt %) did hugely deteriorate the J—V curve shape, leading to
extremely low fill factor (FF = 16.7% from 45.1% for control
device) (see Table 1). In addition, the short circuit current
density (Jsc) was greatly reduced by ca. 41% from 9.3 mA/cm®
(control device) to 5.5 mA/cm? (10 wt % SiNP), while the
open circuit voltage (Voc) was relatively slightly decreased
(from 0.62 to 0.59 V). In contrast, the J—V curve shape was not
significantly changed when 10 wt % SiNP-OA was added to the
P3HT:PC4BM film, whereas the V¢ position was not
changed at all even though the Js. value was slightly decreased
by ca. 13% from 9.3 mA/cm? (control device) to 8.1 mA/cm?
(10 wt % SiNP-OA) (see Figure Sb and Table 1). In particular,
a close look at the J-V curve can find that the J-V curve shape
became even better for the device with 2 wt % SiNP-OA (note
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Figure S. (a) J—V curves of the PBHT:PC¢,BM solar cells with various
SiNP contents under 1 sun (left) and in the dark (right). (b) J-V
curves of the P3HT:PC4BM solar cells with various SiNP-OA
contents under 1 sun (left) and in the dark (right).

that the FF value was improved from 45.1% (control device) to
46.6% (2 wt % SiNP-OA). The different trend between SiNP
and SiNP-OA can be primarily attributed to the difterent charge
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Table 1. Performance Summary of the P3HT:PCyBM Solar Cells with SiNP (A) or SiNP-OA (B): The ‘Cyp” Denotes the

Concentration of the Silicon Nanoparticles

Jsc (mA/cm?) Voc (V) FF (%) PCE (%) Rs (kQ cm?)
Cyp (Wt %) A B A B A B A B A B
0 9.3 0.62 45.1 2.6 0.25
2 8.9 9.3 0.61 0.62 43.3 46.6 2.3 2.7 0.25 0.18
4 9.1 8.7 0.62 0.62 38.2 48.0 22 2.6 0.33 0.18
10 5.5 8.1 0.59 0.62 16.7 453 0.5 2.3 7.94 0.22

transport because the dark J—V curve was severely deformed
for the device with 10 wt % SiNP, whereas the dark J—V curve
was even better for the device with 10 wt % SiNP-OA than the
control device (see higher forward current density at above
open circuit condition). The charge transport change is also
proven by the drastic jump of series resistance (Rg) for the
devices with SiNP (see Table 1). Here we can speculate that
the different charge transport might be closely related with the
film morphology when it comes to the poor solubility of SINP
in chlorobenzene (see Figure 1b).>'

Hence we tried to examine the nanoparticle-aggregation
(degree of dispersion) morphology of the P3HT:PC4BM film
with SiNP or SiNP-OA by employing a high-magnification
optical microscope that enables observation on a scale of
several tens of nanometers. As shown in Figure 6a, the control
film (P3HT:PC¢,BM) did not show any noticeable morphol-
ogy, indicating that no bi§ a§gregates have been made between
P3HT and PC4;BM.>***** When a small amount of SiNP or
SiNP-OA (2 wt %) was added, tiny aggregates were observed
for both cases but the film with SINP-OA showed relatively
better dispersion morphology (Figure 6b and 6c). As the SiNP
(SiNP-OA) content increased further, the film with SiNP-OA
showed much finer morphology (less aggregation) than that
with SiNP (Figure 6d—g). This result evidence that the
attachment of OA groups to the SINP surface indeed help
better dispersion of SiNP nanoparticles in the P3HT:PC¢BM
film.

Next, the influence of nanoparticle addition on the
nanostructure of P3HT domains was investigated with a
grazing incidence X-ray diffraction (GIXD) technique.'****® As
shown in Figure 7a (see Figure 3c for the representative 2D
image for the control film and Figure S2 in the Supporting
Information for all 2D images), the characteristic (100)
diffraction peaks of P3HT were measured for all films
regardless of the nanoparticle contents in the direction of
both out-of-plane (OOP) and in-plane (IP). In addition, the
high order diffraction peaks ((200) and (300)), representing
the longer range ordering of P3HT chains, were also found for
all films. From this apparent analysis, it seems that the addition
of Si nanoparticles do not significantly affect the crystallization
of P3HT chains. However, we find that the intensity ratio of
(200) to (100) peaks in the OOP direction was much lower for
SiNP-OA than SiNP (see Figure 7b). This result informs that
the long-range ordering of P3HT chains was more considerably
disturbed by the presence of SiNP-OA than SiNP, indicating
better dispersion of SiINP-OA than SiNP in the P3HT:PC¢,BM
films. This conclusion can be partly supported by the result that
the optical absorption intensity at around 600 nm (wave-
length), which is related with the intermolecular stacking of
P3HT chains, was relatively more increased by the addition of
SiNP than SiNP-OA (see Figure S6 in the Supporting
Information). Therefore, we suggest that the dispersion state
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Figure 6. Optical microscope images for the BHJ films coated on the
PEDOT:PSS/ITO-glass substrates: (a) P3HT:PCqBM (1:0.7 by
weight), (b) P3HT:PCy,BM with 2 wt % SiNP, (c) P3HT:PCyBM
with 2 wt % SiNP-OA, (d) P3HT:PCyBM with 4 wt % SiNP, (e)
P3HT:PCqBM with 4 wt % SINP-OA, (f) P3HT:PC4;BM with 10 wt
% SiNP, and (g) P3HT:PC4,BM with 10 wt % SiNP-OA.

of Si nanoparticles indeed affects the nanostructure of P3HT
chain ordering in the BHJ films.

On the basis of the above results, we carried out the device
optimization to achieve better performance in the
P3HT:PC4BM solar cells with SINP or SiNP-OA. Because
adding 2 wt % SiNP-OA resulted in the improved device
performance as discussed in Figure S (see also Table 1), we
concentrated on this composition for the device optimization.
As shown in Figure 8a, the optimized device with 2 wt % SiNP
(PCE = 3.5%) was still slightly inferior to the control device
(PCE = 3.6%) though several tens of optimization experiments
have been performed. This inferior performance is basically
attributed to the low FF owing to the relatively coarser

morphology leading to the slightly poor charge transport in the

dx.doi.org/10.1021/am301250s | ACS Appl. Mater. Interfaces 2012, 4, 5300—5308
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Figure 7. (a) 1D GIXD profiles for the BHJ films coated on the
PEDOT:PSS/ITO-glass substrates: (control) P3HT:PC4BM (1:0.7
by weight), (A) P3HT:PC4BM with SiNP, (B) P3HT:PC¢BM with
SiNP-OA. (b) Intensity ratio (I(200)/I(100)) of (200) peaks to (100)
peaks in the 1D GIXD profiles. (c) Representative 2D GIXD image
and notations for each diffraction spot.

active layer (see the scanning electron microscope (SEM)
images in Figure 8b), because the Jsc and Vi values were
unchanged (see Figure 8 caption). However, the optimized
device with 2 wt % SiNP-OA exhibited higher PCE (3.8%),
which can be attributed to the enhanced Jg- value without
expense of other parameters compared to the control device
(note that the shunt resistance (Rgy;) was also improved for the
device with SiNP-OA). In particular, the dispersion morphol-
ogy of SiNP-OA was noticeably finer than that of SiNP (see
Figure 8b right and Figure S3 in the Supporting Information).
Here the slightly increased Jgc value can be ascribed partly to
the additional charges generated at the interface between P3HT
and SiNP-OA because the offset energy between the
conduction band energy of SINP-OA and the LUMO energy
of P3HT is sufficiently large for taking electrons from the
excitons made in the P3BHT domains (see the energy band
diagram in Figure 4b). This consideration can be supported
from the J—V curves in Figure S4 in the Supporting
Information, where relatively better photovoltaic characteristics
were measured for the device with the P3HT:SiNP-OA active
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Figure 8. (a) Light J—V curves of the optimized P3HT:PC¢,BM solar
cells with 2 wt % SiNP or 2 wt % SiNP-OA. (Control device
P3HT:PCq,BM): Joc = 11.3 mA/cm?, Ve = 0.58 V, EE = 55%, PCE =
3.6%, Rg = 0.12 kQ cm?, Rgyy = 2.6 kQ cm? (P3HT:PCyBM:SiNP_2
wt %): Jec = 11.3 mA/cm?, Vo = 0.58 V, FF = 52%, PCE = 3.5%, Ry =
0.13 kQ cm?, Rgyy = 2.2 kQ cm?; (P3HT:PC4BM:SiNP-OA 2 wt %):
Jsc = 12 mA/cm?, Vo = 0.58 V, FF = 55%, PCE = 3.8%, Rg = 0.1 kQ
cm? Rgy = 3.9 kQ cm? (b) SEM images of the P3HT:PC¢,BM films
with 2 wt % SiNP or 2 wt % SiNP-OA used for the optimized solar
cells: The enlarged images are shown in Figure S3 in the Supporting
Information.

layer compared to the device with the pristine P3HT layer,
even though the performance of the P3HT:SiNP-OA device
was significantly poorer than the P3HT:PC4BM device. Here it
is also noteworthy that the J—V curve shape was the worst for
the device with the P3HT:SiNP layer, which can be explained
by the poorer dispersion of SiNP than SiNP-OA in the P3HT
film.

Finally, we tried to briefly test the stability (lifetime) of the
optimized solar cells under continuous illumination of
simulated solar light (1 sun, 100 mW/cm?). As shown in
Figure 9, the Jsc value of the control device was slowly
decreased as the illumination time increased. This decreasing
trend is in agreement with our previous work.>*?**
Interestingly, the device with 2 wt % SiNP-OA showed almost
similar Jg. trend with the control device, whereas the Jg value
of the device with 2 wt % SiNP was quickly dropped as the
illumination time increased. The FF value was also significantly
decreased for the device with 2 wt % SiNP, but the device with
2 wt % SiNP-OA showed better FF value than the control
device. These results imply that the device performance is
critically affected by the dispersion morphology of the active
layer which influences on the charge transport characteristics of
active layers because of the relatively huge Ry increase for the
device with SINP (see Figure 9 far right panel). In particular,
we need to pay our attention to the device with SINP-OA
which exhibited better stability (lifetime) than the control
device. As shown in Figure SS in the Supporting Information,
the J—V curve shape of the device with SiNP-OA was kept
better than that of the control device, but it became severely
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Figure 9. Changes in solar cell parameters of the optimized P3HT:PC4BM solar cells with 2 wt % SiNP or 2 wt % SINP-OA under continuous
illumination of 1 sun: (black open squares) control device (P3HT:PCy,BM); (blue filled circles) P3HT:PC4BM:SiNP_2 wt %; (red filled triangles)

P3HT:PC4BM:SiNP-OA_2 wt %.

deformed for the device with SiNP. This result strongly
supports that the presence of inorganic nanoparticles can
improve the stability of organic solar cells if their dispersion
morphology could be finely controlled so that the charge
transport in the active layer is not disturbed by the presence of
inorganic nanoparticles, which can be applied for organic solar
cells with thick active layers as well as inverted structrues.**~>°

B CONCLUSIONS

The crystalline silicon nanoparticles (SiNP) were chemically
modified using octanoic acid (OA) in order to bestow better
dispersion in organic solvents. The modification reaction was
performed by the mediator-aided esterification between
hydroxyl groups (SiNP surfaces) and carboxylic acid groups
(OA), which was characterized using Raman spectroscopy and
HRTEM. The modified SiNP (SiNP-OA) exhibited consid-
erably better dispersion in chlorobenzene, but the optical
absorption, ionization potential and Si crystal nanostructure
were almost unchanged upon the esterification reaction. In the
case of the unmodified SiNP the device performance was
greatly deteriorated upon high loading of SiNP (10 wt %),
whereas the modified SiNP (SiNP-OA) delivered relatively
good performance without large degradation. The poor device
performance in the case of SINP, compared to the SINP-OA
case, was attributed to the increased series resistance that is
assigned to be originated from the coarse morphology as
observed from optical microscopy and SEM images even
though the long-range order of P3HT crystallites was better for
SiNP than SiNP-OA. The optimized devices showed that the
device performance was slightly improved by adding 2 wt %
SiNP-OA but was degraded by adding 2 wt % SiNP. The short
time continuous exposure test under 1 sun condition disclosed
that the dispersion morphology did remarkably influence on
the stability of solar cells: The device with 2 wt % SiNP-OA
showed better stability, whereas the device performance was
significantly degraded with the illumination time in the case of
2 wt % SiNP addition.

B MATERIALS AND METHODS

Chemical Modification of SiNP. The SiNP (size = 20 nm,
Nanoarmor Co. Ltd.) was added to the 100 mL flask charged with
N,N-dimethylformamide (DMF), followed by stirring for dispersion.
To this solution, 4-(dimethylamino)pyridine (DMAP), N,N-dicyclo-
hexylcarbodiimide (DCC) and octanoic acid were added and stirred at
room temperature for 24 h under nitrogen atmosphere. After stop the
reaction, the solution (suspension) was subject to ultracentrifugation
and then the precipitates were collected. To remove the unreacted
parts (octanoic acid, DMAP, and DCC), the precipitates were poured
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into methanol and tetrahydrofuran (THF) and dispersed by
employing ultrasonication. Then the solid parts were obtained by
ultracentrifugation. This purification process was conducted for 4
cycles. Next, to extract the modified SiNP (SiNP-OA), the solid
products were dissolved (dispersed) in chlorobenzene (CB) and
finally the dissolved parts were collected after 24 h. This solvent part
was subject to centrifugation in order to get rid of the rest portion of
the unreacted SiNP. Finally, the product dissolved in CB was obtained
by removing CB and dried in vacuum at 80 °C.

Preparation of Solutions and Film/Device Fabrication. The
regioregular P3HT material (weight average molecular weight (M,,) =
41 kDa; regioregularity = ~93%, Rieke Metal Co.) and PC¢BM
(Nano-C) were used as an electron donor and an electron acceptor,
respectively. The binary mixture solution (P3HT:PC¢BM = 1:0.7 by
weight) for the control device was prepared using CB as a solvent. The
ternary mixture solutions (with SiNP or SiNP-OA) were prepared by
varying the nanoparticle contents (2, 4, 10 wt %). The solid
concentration was fixed as 51 mg/mL. To fabricate solar cells, the
indium—tin oxide (ITO)-coated glass substrates (10 Q/[]) were
patterned to have 8 mm X 12 mm stripes by employing a
photolithography technique, followed by cleaning with acetone and
isopropyl alcohol. Prior to the spin-coating process, the cleaned ITO-
glass substrates were subject to the UV-ozone treatment. On top of the
UV-ozone treated ITO-glass substrates, the hole-collecting buffer layer
(thickness = ~S50 nm) was spin-coated using poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)
(PHS00, Clevios) at 2500 rpm for 1 min and annealed 230 °C for
15 min. Next, the mixture solutions (40 uL) were spun on the
PEDOT:PSS layer at 1500 rpm for 30 s, leading to the formation of
the active layer (thickness = ~170 nm). These samples were
transferred to a vacuum chamber that is equipped inside an argon-
filled glovebox. After pumping down the pressure of the vacuum
chamber to 1 X 107° Torr, the aluminum (Al) electrodes (thickness
=100 nm) were deposited through a shadow mask. All devices were
subject to thermal annealing at 140 °C for 30 min and stored inside
the glovebox before measurement. For the measurement of Raman
spectra, UV—visible absorption spectra, and photoelectron yield
spectra, the mixture solutions were spun onto quartz substrates at
the same condition as applied for the device fabrication. We note that
poly(methyl methacrylate) (PMMA) was employed as a host (matrix)
for the measurement of optical absorption spectra.

Measurements. The crystalline nanostructure of SiNP and SiNP-
OA was measured using a high resolution transmission electron
microscope (HRTEM, Tecnai G2 F20 S-TWIN). The SiNP and
SiNP-OA powders were dropped on the copper grid mesh (400
mesh). The Raman spectra of samples were measured using a Raman
spectrometer equipped with a Nd:YAG Laser (1000 mW) (Micro-
scopic FT-IR/Raman system, Bruker Optics), while the optical
absorption spectra were measured using a UV-—visible absorption
spectrometer (Optizen 2120UV, Mecasys). The ionization potential of
SiNP and SiNP-OA were measured using a photoelectron yield
spectrometer (AC2, Hitachi High Tech). The bulk morphology of
films was examined using a high-magnification optical microscope
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(i.Camscope, Sometech), whereas the surface morphology was
measured using a field-emission scanning electron microscope
(FESEM S-4800, Hitachi). The nanostructure of the P3HT domains
in the films was measured using a synchrotron radiation grazing
incidence X-ray diffraction (GIXD) system (9A Beamline, Pohang
Accelerator Laboratory, South Korea) (X-ray wavelength = 0.111122
nm, incident angle =0.12°, sample-to-detector distance =238.92 mm).
The current density—voltage (J—V) characteristics of solar cells were
measured using a specialized solar cell measurement system equipped
with an electrometer (Keithley 2400) and a solar simulator (air mass
1.5G filter, 100 mW/cm? Newport-Oriel). All measurements were
carried out using a nitrogen-filled sample holder that keeps the devices
safe from the attack of moisture and/or oxygen. The stability
measurement of devices was performed using the same sample holder,
which was fixed blow the solar simulator, under 1 sun condition at
room temperature.
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