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ABSTRACT: Size-selected graphene oxide (GO) nanosheets were
used to modify the bulk heterojunction (BHJ) morphology and
electrical properties of organic photovoltaic (OPV) devices. The GO
nanosheets were prepared with sizes ranging from several hundreds of
nanometers to micrometers by using a physical sonication process and
were then incorporated into PTB7:PC,BM photoactive layers.
Different GO sizes provide varied portions of the basal plane where
aromatic sp>-hybridized regions are dominant and edges where
oxygenated functional groups are located; thus, GO size distributions
affect the GO dispersion stability and morphological aggregation of the
BHJ layer. Electron delocalization by sp*-hybridization and the
electron-withdrawing characteristics of functional groups p-dope the
photoactive layer, giving rise to increasing carrier mobilities. Hole and
electron mobilities are maximized at GO sizes of several hundreds of
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nanometers. Consequently, non-geminate recombination is significantly reduced by these facilitated hole and electron
transports. The addition of GO nanosheets decreases the recombination order of non-geminate recombination and increases
the generated carrier density. This reduction in the non-geminate recombination contributes to an increased power conversion
efficiency of PTB7:PC,,BM OPV devices as high as 9.21%, particularly, by increasing the fill factor to 70.5% in normal devices

and 69.4% in inverted devices.
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1. INTRODUCTION

Organic photovoltaic (OPV) devices have potential applica-
tions as clean energy sources and flexible solution-processed
electronic devices." Their power conversion efficiencies
(PCEs) have been increased to >10% by using newly
synthesized conjugated polymers.””* This achievement has
been accelerated over the recent years from the emergence of
small molecular acceptors’ '? that demonstrate outstanding
optical and electrical properties, and the record efficiency
reaches over 14%.'” However, the limited exciton diffusion
length and charge carrier mobility of organic solar cells
(OSCs) restrict their PCEs to less than those of their inorganic
counterparts. To reduce this difference, bulk heterojunction
(BHJ) morphology control>™** and ternary blend sys-

tems”* >’ that contain embedded nanoparticles (NPs)***’
have been investigated in attempt to increase the PCEs of OPV

devices.
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Silver (Ag) and gold (Au) NPs have been added into BH]
active layers to induce localized surface plasmon resonance
(LSPR), which can couple with incident light. This light is
scattered and reflected by the metallic NPs in the dielectric
environment; this phenomenon increases the number of
optical paths within the BHJ active layer and thus increases
the optical absorption.””*® Inorganic nanomaterials with
different shapes such as nanocrystals, nanorods, and quantum
dots have been dispersed in the photoactive layers as electron
acceptors.”* "> Those inorganic NPs are also applied to
improve the electrical properties of charge transport and
charge selectivity.”’~*° Although metal NPs have shown
various functions in OPV devices, the use of metal NPs has
shown limited contributions to the photovoltaic chracteris-
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tics;”* ™" the conversion of absorbed photons into photo-

current has not to date been significantly increased, and the
presence of metal NPs in BHJ photoactive layers frequently
degrades the carrier transport when the ternary morphology
cannot be properly controlled. Also, inorganic nanomaterials
are not reproducible in processing, which requires elaborate
and expensive experimental procedures to produce consistent
optoelectronic properties.

Incorporating graphene oxides (GOs) into the BHJ active
layer improves the photovoltaic efficiencies of OPV devices by
tuning their optoelectronic properties."' ~*° The band gap
structures of reduced GO nanosheets (NSs) can be modulated
by varying their level of doping,” and the conductivity of
graphene quantum dots is increased by tuning the degree of
reduction.”” Two-dimensional GO NSs contain sp>hybridized
carbon region as well as disordered area with oxygenated
functional groups on their basal planes and at the edges; these
characteristics cause variations of electrical properties.*' ™"
However, the use of GO NSs necessitates the use of
complicated chemical treatments; furthermore, those opto-
electronic properties produced by adding GO NSs have been
neither completely quantified nor properly tuned to maximize
the eficiencies of the OPV devices.

In this study, we added size-selected GO NSs*>** to BHJ
photoactive layers that consist of BDT-thieno[3,4-b]thiophene
(PTB7) and [6,6]-phenyl-C71-butyric acid methyl ester
(PC,BM). The GO NSs were prepared with sizes ranging
from hundreds of nanometers to several micrometers by using
a physical sonication process without any chemical treatments
of reduction or oxidation and then just dispersed in N-methyl-
2-pyrrolidone (NMP). The influences of oxygenated electron-
withdrawing functional groups of GO NSs on morphology
variations and p-doping characteristics*' ~** of OPV devices
were inspected by image analyses and evaluation of the
electrical characteristics of space-charge-limited current
(SCLC) devices and field-effect transistors (FETs). Incorpo-
ration of GO NSs into the photoactive layer greatly reduces the
non-geminate recombination of charge carriers, which was
estimated from the carrier lifetime, carrier density, and
recombination reaction order by performing transient photo-
voltage/transient photocurrent (TPV/TPC) measure-
ments.”*™>° The reduced non-geminate recombination of
photovoltaic devices that incorporate the GO NSs increases
the photocurrent and fill factor (FF) to 70.5% in normal
devices and 69.4% in inverted devices. The size-selected GO
NSs formed by the physical sonication process tune the charge
transport and recombination properties and thereby signifi-
cantly increase the efficiency of PTB7:PC,;BM OPV devices as
high as 9.21% in the inverted structure.

2. EXPERIMENTAL SECTION

2.1. Fabrication and Characterization of the GO NSs. GO
NSs were prepared by oxidizing and exfoliating graphite powder (Alfa
Aesar, 99.999% purity, —200 mesh) using a modified Hummers
method (Supporting Information).**” Graphite oxide powder
samples were exfoliated to produce GO NSs by horn sonication of
1 g/L solutions for specified periods. The GO NSs were sorted by
centrifugation at 10,000 rpm for 1 h, and the supernatant solution was
then decanted. Each sediment was redispersed in water to the same
volume, and the centrifugation and decanting steps were repeated to
prepare the size-selected GO NSs.

2.2. Device Fabrication and Electrical Characterization.
2.2.1. Device Fabrication. ITO substrates were cleaned sequentially
with detergent, distilled water, acetone, and isopropyl alcohol. The

ZnO precursor solution was prepared by mixing zinc acetate dihydrate
[Zn(CH;C00).2H,0] and ethanolamine in 2-methoxyethanol. The
ZnO film was fabricated by spin-casting the ZnO precursor solution
onto ITO substrates, which was subsequently annealed in air at 150
°C. The PTB7:PC;;BM blend solution was prepared at 40 °C for 24
h. Each GO NS sample was added to the solution, and diiodooctane
(DIO; 3% by volume) was also added just before casting. Photoactive
layers (100 nm thickness) were deposited by spin-casting the blend
solutions onto ZnO-coated ITO substrates. MoO;/Al electrodes were
deposited by using thermal evaporation under a high vacuum (1 X
107° mbar) to fabricate inverted devices. We also used the structure of
ITO/PEDOT:PSS/BH] layer/Ca/Al for normal devices. Hole
mobilities (y;,) and electron mobilities (y,) were evaluated by
fabricating hole-only and electron-only devices with PEDOT:PSS/Pd
and Al/Al as the anodes and cathodes, respectively. FETs with top-
contact structures were fabricated to have gate electrodes composed
of heavily doped n-type Si wafers, gate dielectric of thermally oxidized
SiO, layer (300 nm), and Ti/Au electrodes.

2.2.2. Electrical Characterizations. The current density—voltage
(J—V) characteristics were recorded using a source measurement unit
(Keithley 4200) under AM 1.5G solar illumination with an intensity
of 100 mW cm ™ (Oriel 1 kW solar simulator). The light intensities
were calibrated with respect to a reference silicon solar cell (PVM
132) guaranteed by the National Renewable Energy Laboratory
(NREL). The incident photon-to-current conversion efficiencies
(IPCEs) were measured using a photomodulation spectroscopy set-
up (Merlin, Oriel) with monochromatic light from a xenon lamp. The
SCLC carrier mobilities were evaluated using the Mott—Gurney
square law from eq 1°%?

2
J= geofk s (1)

where €€, is the permittivity of the polymer, and p is the charge
carrier mobility.
The FET carrier mobilities were measured in a vacuum condition

(Keithley 2400) and evaluated using eq 2*"*'
Lg
po=————
WC,Vy (2)

where W is the channel width, L is the channel length, g, = dl,/dVy,
is the transconductance, C, is the capacitance, and Vy, is the drain—
source voltage.

2.2.3. TPV/TPC Measurements. From the TPV and TPC
measurements, we could estimate the carrier lifetime (7,,) and
charge carrier density (n), respectively. For TPV measurements, the
devices were connected directly to an oscilloscope under open-circuit
conditions (1 MQ) and illuminated under a white light LED at a
range of illumination levels. A small optical perturbation by a laser
diode was used to produce a voltage perturbation. The TPCs were
measured under short-circuit conditions at a steady state with a short-
lived perturbation at various light intensities. The number of charges
generated by each pulse was evaluated by integrating a photocurrent
(50 €2) without the bias light. The recombination exponent (1) was
estimated from a regression of 7,, on n by eq 3, and then reaction
order R is obtained by R = 4 + 1°*7%°

ceal]
An Any " (3)

where 7,, and n, are the constants.

2.2.4. Optical and Morphological Characterizations. Light
absorption of the photoactive layer was estimated by measuring the
reflectance spectra using a UV—vis spectrophotometer (Cary 5000,
Varian) with an integrating sphere. The emission spectrum was
measured using a spectrofluorometer (FP-6500, Jasco). The
morphologies of the blend films were characterized using a
transmission electron microscope (TEM, Hitachi 7600) and an
atomic force microscope (Bruker, NanoScope V) operated in tapping
mode with a silicon cantilever.
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Figure 1. AFM height images and height profiles of GO NSs with different sizes: (a) SGO, (b) MGO, and (c) LGO NSs.(d) Their size

distributions obtained using different sonication times.

(a) Without additives  (b) With DIO (c)

With NMP

(d) With GO (0.2%)  (e) With GO (2.0%)

RMS: 10.5‘3“

Figure 2. AFM height images (top) with RMS roughness and TEM images (bottom) of PTB7:PC,,BM blend films: (a) without additives, (b) with
DIO, (c) with NMP, (d) with MGO (0.2 wt %), and (e) with MGO (2.0 wt %).

3. RESULTS AND DISCUSSION

GO NSs contain the aromatic region with sp*hybridized
carbon and oxygenated region with electron-withdrawing
functional groups.**'™>* Aromatic carbons and the functional
groups such as hydroxyl, epoxy, and carbonyl groups are
mainly placed on the basal plane of GO NSs, whereas ionizable
carboxylic functional groups are mostly located at the
edges.45’51_53 The characteristics of the GO NSs, such as
carbon double bonds and carbonyl functional groups, were
confirmed using XPS, C13-NMR, and FT-IR (Figure S1).
Raman spectra of GO NSs show both D and G bands at
~1330 and ~1600 cm™", respectively, with a D/G ratio of 1.43.
This result confirms the quality of GO NSs when they are
compared to the previous measurements (Figure S2).°° The

dispersion medium was changed from water to NMP to ensure
good mixing of the GO NSs in the photoactive layer. NS
samples of small GO (SGO), medium GO (MGO), and large-
sized GO (LGO) (Figure la—c and Figure S3) were obtained
using sonication times of 10, 6, and 3 min, respectively. Each
GO NS sample was incorporated into a photoactive layer with
PTB7 and PC,;BM. The nanomorphologies and device
properties affected by the DIO additive®’ and size of GO
NSs will be discussed in the following section.

3.1. BHJ Morphology Variations by Adding Size-
Selected GO NSs. Size selection yields GOs with three size
ranges: SGO is mainly 250 to 500 nm, MGO is mainly 500 to
750 nm, and LGO is micrometers in size (Figure la—c and
Figure S3), with a few above and below those ranges in all
groups (Figure 1d). AFM height profiles confirm these sizes,

DOI: 10.1021/acsami.8b22073
ACS Appl. Mater. Interfaces 2019, 11, 20183—-20191


http://pubs.acs.org/doi/suppl/10.1021/acsami.8b22073/suppl_file/am8b22073_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b22073/suppl_file/am8b22073_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b22073/suppl_file/am8b22073_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b22073/suppl_file/am8b22073_si_001.pdf
http://dx.doi.org/10.1021/acsami.8b22073

ACS Applied Materials & Interfaces

Research Article

and that the GO NSs are ~1 nm-thick (Figure 1). The sample
of each GO NS was incorporated into BHJ photoactive layers
(Figure 2). The addition of DIO yields a uniform morphology
without large phase segregation (Figure 2b)." However, when
the MGO NS (0.2 wt %) in the NMP solvent is added to the
BH] layer, the GO NSs induce formation of aggregated
morphologies (Figure 2d). When 2.0 wt % GO NSs in NMP is
added to the blend film, the PTB7:PC,;BM photoactive layer
is severely phase-separated with a high root-mean-squared
(rms) roughness (Figure 2e).

The sizes of the NSs affect the morphologies of the BHJ
layer. The RMS roughness is higher for the active layer with
LGO than for the layers with SGO and MGO (Figure S4).
LGO has a smaller edge portion for a given area where
carboxylic functional groups exist than SGO and MGO do.”>™*
Fewer defect sites occur in the basal plane in LGO where
oxidation might occur than in SGO and MGO; the number of
defect sites in LGO might be decreased by reducing the
sonication time during processing.’”>> These oxygenated
carboxylic functional groups induce repulsive interaction
among GO NSs and thereby contribute to GO dispersion
stability.”>>* In LGO, the repulsive interactions are reduced
due to the decreasing carboxylic functional groups and
increased carbon region; as a result, attraction among GO
sheets increases and LGO dispersion stability decreases.
Therefore, reduced LGO dispersion stability yields aggregation
between GO layers themselves and between the BH]
morphology and GO layers. The high concentration of GO
NSs also provides the strong attraction among GO NSs, so the
BHJ morphology becomes aggregated (Figure 2e). In the
grazing incidence X-ray diffraction (GIXRD) results, the
nanoscale crystalline structures of PTB7 evaluated by a
(100) lamellar peak in the out-of-plane (OOP) direction,
and the amorphous PC,;BM characteristics near 1.35 g do not
vary significantly by adding GO NSs (Figure SS); this lack of
GO NS effect indicates that the aggregation in the blend
morphology does not change the molecular ordering of
constituent components.ﬁz’63

3.2. Charge Carrier Mobilities of Devices with Size-
Selected GO NSs. SCLC measurements were performed to
estimate the charge carrier mobilities of devices with GO NSs
of three sizes at various concentrations. The hole and electron
mobilities (Figure 3 and Table S1) were extracted from the J,
curves of the hole-only and electron-only devices (Figure S6),
respectively.”**” Addition of 0.2 wt % MGO increases y;, to
415 x 107" ecm® V' s7' and p, to 826 X 107 cm® V™' 571

O hole mobility
| O electron mobility
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Figure 3. Hole (O) and electron mobilities (O0) measured from
SCLC devices in hole-only and electron-only device configurations,
respectively.

These values are higher than in devices without GO NSs (with
DIO): p, = 1.05X 10* em?> V' s7% pr, = 1.41 X 107* cm® V™!
s”'. Addition of NMP to the photoactive layer also leads to a
higher p, of 1.23 X 107* cm®* V™' s7" and a y, of 2.47 X 107*
cm®* V7! s7! than the g, and p, of the photoactive layer
fabricated only with DIO but has lower yy, and p, than in the
MGO devices. However, the addition of LGO to the
photoactive layer reduces y;, and u. compared to the values
from MGO devices.

To corroborate the SCLC mobilities, we fabricated FET's
and evaluated the FET carrier mobilities from curves of drain
current on gate voltage (Figure 4a).”"*" Addition of 0.2 wt %
SGO, MGO, and LGO increases y;, from 8.33 X 10™* to 2.06 X
1073 2.02 X 1073 and 3.83 X 10 cm* V7! 57, respectively,
and causes shifts in the threshold voltage (V) from —32.7 to
—29.9, —3.95, and —7.88 V, respectively (Figure 4b). P-type
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Figure 4. (a)Transfer characteristics of top contact PTB7:PC, BM
transistors with Au electrodes. The P-mode was measured by applying
negative gate voltages with a drain electrode biased at —40 V. (b)
FET mobilities and threshold voltages obtained from FET with SGO,
MGO, LGO, and without GO NSs. (c) Scheme of p-doping of the
photoactive layer by GO NSs.
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doping of the photoactive layer by the GO NSs is evident in
the transfer curve of top-gate FET, which shows increasing py,
and positive shifts in Vy, as is typical of p-doping (Figure
4b).*"** The increase in the carrier mobility is a result of p-
doping induced by electron-withdrawing functional
groups.”' ™* These functional groups dissociate to produce
protons, which extract electrons and p-dope the PTB7,
working as a hole transport layer (Figure 4c).*'~** The FET
carrier mobility and p-doping increase with increasing GO size.
This is considered to be related to the increasing aromatic
region with sp>-hybridization and decrease in the number of
defect sites, because these changes facilitate electron
delocalization, stabilize negative charges, and thus increase
both electron and associated hole mobilities.”’ >* LGO
facilitates hole transport in lateral direction, which is measured
by FET devices but not in the vertical direction, which is
evaluated by the SCLC devices because GO aggregation and
lateral two-dimensional geometry of GO NSs hamper charge
transport in the vertical direction.*®

3.3. Photovoltaic Properties of OPV Devices Contain-
ing Size-Selected GO NSs. Solar cells were fabricated to
determine the influence of the GO NSs on their electrical
properties. SGO, MGO, and LGO samples were each added
into a PTB7:PC,,BM BHJ photoactive layer in normal (Figure
S7, S8, Table S1, and S2) and inverted devices (Figure S and
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Figure 5. Current density—voltage (J—V) curves of the
PTB7:PC,,BM inverted devices based on photoactive layers prepared
with various sized GO NSs, DIO, and NMP measured under
illumination at 100 mW cm™> (simulated AM 1.5G).

Table 1). Various GO NS concentrations (0.1, 0.2, 0.4, 1.0,
and 2.0 wt %) were included to the BH]J layers with the aim of
optimizing the PTB7:PC,BM normal device (Figure S8).
Various sized GO NSs were also incorporated into
P3HT:PC,,BM layers to verify the effect of GO NSs (Figure
S9). The photovoltaic properties of devices with GO NSs were

compared to those of devices with NMP to distinguish the
effects of the GO NSs from those of the NMP solvent. The
effects of the variations in size distributions and GO
concentrations on the photovoltaic parameters were evaluated,
and these results are summarized in Table 1 and Table S1.

Photovoltaic properties of PTB7:PC, BM devices are
optimized at 0.2 wt % MGO. At this condition, the PCE of
the PTB7:PC,,BM inverted device increases to 9.09% (highest
PCE is 9.21%) due to increases in the photocurrent generation
and FF as high as 69.4%, whereas the device with only DIO has
a PCE of 7.94% (Table 1). The increases in short-circuit
current density (J,.) and FF are caused by the reduced series
resistance (R;) and increased shunt resistance (Ry,) (Table 1).
The device with DIO/NMP has a PCE of 8.14%. Addition of
0.2 wt % SGO also increases the PCE to 8.68%, but this value
is lower than that of the 0.2 wt % MGO device. LGO devices
show a PCE of 8.22%, which is lower than the efficiency from
MGO devices. Addition of 0.2 wt % MGO to P3HT:PC,,BM
devices provides a device efficiency of 4.34%, which shows an
increase compared to the device efficiency of 3.92% from the
device without GO NSs (Figure S9 and Table S3). EQE results
(Figure 6 and Figure S7—9) show that the conversion of
absorbed light to photocurrent is facilitated by the presence of
the SGO and MGO NSs unless the GO content is above 0.4
wt % (J—V curves of SGO devices are not shown). The light
absorption efficiencies do not vary significantly from sample to
sample of GO NSs (Figure 6a). We conclude that the internal
quantum efficiencies (IQEs) are increased by the addition of
GO NSs over the entire absorption range (Figure 6b).°%%> The
PL quenching efficiencies of the blend films with and without
GO NSs are 99.2% for both films, in comparison to those of
their pristine polymers (Figure $10).°° Therefore, the J,. and
FF increase with the addition of GO NSs is ascribed to the
facilitated charge transport rather than to exciton dissociation,
as confirmed by increasing p;, and p, from SCLC (Figure 3)
and FET devices (Figure 4). However, for concentrations of
GO NSs above 0.4 wt %, the overall PCE decreases due to
reduced photocurrent generation (Figure S8 and Table S2).
When GO is present in large amounts, GO aggregates form,
which reduces the photocurrent generation and FF. The
presence of LGO significantly reduces the SCLC mobility
(Figure 3), because micrometer-sized GO NSs impede the
vertical carrier transport in the BHJ photoactive layer due to
the lateral GO geometry. Thus, the increase in photovoltaic
efficiency requires the addition of appropriately sized GO NSs
at proper concentrations.

3.4. Recombination Dynamics of OPV Devices with
Size-Selected GO NSs. To determine the effects of the GO
NS sizes on recombination dynamics, we evaluated the charge

Table 1. Summary of the Photovoltaic Parameters in PTB7:PC,;BM Inverted Devices Prepared with Various-Sized GO NSs

(0.2 wt %)
devices V,. [V] Joc [mA cm™2] FF [%)] PCE [%] R, [Q cm?] Ry, [Q cm?]
without GO NSs
with DIO 0.74 + 0.01 172 + 0.3 62.4 + 0.2 7.94 + 0.32 2.52 + 031 1208 + 21
with NMP 0.74 + 0.01 174 + 0.3 632 + 02 8.14 + 0.24 242 + 0.25 1225 + 32
with GO NSs
SGO 0.74 + 0.01 17.5 £ 0.2 67.1 + 0.3 8.68 + 0.41 225 + 0.15 1352 + 40
MGO 0.74 + 0.01 18.0 + 0.1 69.1 + 0.3 9.09 + 0.12 191 + 0.17 1425 + 38
LGO 0.74 £ 0.01 17.3 £ 0.2 642 + 0.2 8.22 +0.28 247 £ 0.21 1250 + 20
“Those were compared to the values of devices without GO NSs.
20187 DOI: 10.1021/acsami.8b22073
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Figure 6. (a) Absorption efficiencies, (b) internal quantum
efficiencies, and (c) external quantum efficiencies of inverted devices
prepared with active layers having GO NSs of various sizes compared
to the values of devices without GO NSs (with DIO and with NMP).

carrier lifetimes (7,,) and recombination reaction orders (R)
by measuring TPV/TPC (Figure 7a).”*">° The TPV measure-
ment was performed in order to evaluate 7,, for OPV devices
under open-circuit conditions and various illuminations in
which a weak and pulsed optical perturbation is applied
(Figure 7a). To determine the number of carrier density (n),
TPC was measured in conjunction with TPV under short-
circuit conditions with the same perturbation and range of
illumination intensities as in the TPV measurements (Figure
7a). Ta, under 1 sun illumination increases from 5.16 X 107> to
7.60 X 107° s by adding 0.2 wt % SGO and to 7.75 X 107° s by
adding 0.2 wt % MGO but decreases to 5.13 X 107 s by
adding 0.2 wt % LGO. n also increases from 2.71 X 10'° to
2.92 X 10" cm™ by adding SGO and to 2.96 X 10" cm™ by
adding MGO but decreases to 2.66 X 10'® cm™ by adding
LGO. Figure 7b shows 7,, versus n for devices with SGO,
MGO, and LGO NSs and without any GO NSs. From this, the
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Figure 7. (a) TPV/TPC transitions acquired for PTB7:PC, BM
devices.(b) Charge carrier lifetime as a function of the charge carrier
density of PTB7:PC;;BM devices with SGO, MGO, and LGO and
without GO NSs (with DIO).

recombination exponent (1) and R were estimated as
described in the Experimental Section (eq 3). R is reduced
by the addition of GO NSs, from 4.32 for the DIO device to
3.14, 3.09, and 2.56 for the SGO, MGO, and LGO devices,
respectively. The use of SGO and MGO in OPV devices
increases their 75, and n and decreases their R compared to the
device without GO; these changes indicate that addition of GO
NSs significantly reduces non-geminate recombination,
possibly as a result of facilitated carrier transport. Also, these
results of the reduced non-geminate recombination are in
agreement with the trends in the Jsc and FF values from SGO
and MGO devices (Figure S and Table 1). In the presence of
LGO, 74, and n and resulting device efficiencies are lower than
in the SGO and MGO devices. All devices have R higher than
two, which indicates that besides non-geminate recombination,
some other causes such as energetic traps and morphological
traps may also be present.

In this study, we have tuned the multifunctional properties
of GO NSs and added those to the photoactive layer, which
influence the complex morphology and optoelectronic proper-
ties. This approach requires the use of size-selected GO NSs,
with NMP as an appropriate solvent. As a result, the non-
geminate recombination of charges is reduced, and photo-
voltaic efficiencies are improved by an increase in charge
extraction to the electrodes. This effective strategy of using
size-selected GO NSs in OPVs will provide a new method to
further improve the OPV efhiciency.
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4, CONCLUSIONS
We fabricated SGO, MGO, and LGO NSs, which have

different size distributions in ranges from several hundreds of
nanometers to several micrometers. These GO NS samples
were incorporated in PTB7:PC,;BM photoactive layers. The
LGO provides a large aromatic region with sp*-hybidization,
which causes an increased electron delocalization; LGO also
has decreased edges with carboxylic functional groups, which
decreases the repulsion between GO NSs. The reduced
repulsive interaction decreases the dispersion stability of
LGO, so the LGO and BHJ active layer developed an
aggregated morphology. The electron delocalization with an
increase in GO size increases p-doping and achieves high
carrier mobilities in SCLC and FET devices. The SCLC
mobility is highest in the MGO device with a size distribution
of hundreds of nanometers, and charge transport is facilitated
by increasing carrier mobilities. The increased carrier transport
in MGO devices decreases the non-geminate recombination;
the carrier lifetime under 1 sun illumination increases from
5.16 X 107> to 7.75 X 107 s, and the reaction order of non-
geminate recombination is reduced from 4.32 to 3.09.
Consequently, the MGO sample provides the PCE of 9.21%,
FF of 69.4%, PCE of 8.27%, and FF of 70.5% in inverted and
normal PTB7:PC, BM devices, respectively. The PCE of the
MGO device is ~16 and ~23% higher than the value of the
device without GO NSs in inverted and normal devices,
respectively. Therefore, the physical process of sonication is an
effective strategy to control GO sizes and, the incorporation of
size-selected GO NSs into photoactive layers can significantly
improve the efficiencies of OPV devices.
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