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ABSTRACT: In this paper, we demonstrate that the efficiency
of P3HT:ICBA blend -based organic solar cells (OSCs) was
dramatically enhanced by introducing carbon nanoparticles
(CNPs) into the active layer. At the optimal doping
concentration, the power conversion efficiency (PCE) of
doped devices was increased from 4.12% up to S5.90%,
accounting for a 43.20% PCE enhancement. CNPs serve as
scattering centers to enlarge the light pathways, resulting in
light-harvesting improvements. Meanwhile, the incorporation
of CNPs in P3HT:ICBA blend can form a perfect
homogeneous interpenetrating network, which is beneficial
to improve exciton dissociation, charge transport, charge
collection, and the photoconductive property of solar cells.
This study establishes an efficient method for fabricating high-
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performance OSCs based on commercially available donor and acceptor materials.
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B INTRODUCTION

Excessive consumption of fossil fuel has brought a series of
issues to society’s progress, such as haze, energy crisis, and the
ecological damage.'™ Solution-processed bulk heterojunction
(BHJ) organic solar cells (OSCs) based on conjugated
polymer:fullerene composites have received considerable
attention as one of the promising alternatives for environ-
ment-friendly and renewable energy source with the merits of
cost-effective fabrication, light weight, mechanical flexibility,
and the abundance of the organic materials."”® Intensive
research has been conducted toward the development of OSCs
based on BHJ concept such as designing novel device structures
and material innovations (e.g., frontier donor/acceptor
materials), and dramatically improved power conversion
efficiency (PCE) from 3% to almost 10%.”~'" The highest
reported open-circuit voltage (V,.) for the prevalent poly(3-
hexylthiophene) (P3HT):[6,6]-phenyl-Cq;-butyric acid methyl
ester (PCBM) cells is around 0.66 V, which limits device
efficiency development. In attempt to find novel electron-
accept polymers, more recently indene—Cg, bisadduct (ICBA),
when blended with P3HT, has achieved a higher open-circuit
voltage (0.84 V) than PCBM due to its smaller electron affinity,
resulting in enhanced device efficiency."

Despite the encouraging achievements that have been made
during past decades, OSCs still offer a large room for
performance improvement to achieve commercial applications.
The development of higher PCEs has heavily relied on the fate
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of photocharge carriers after exciton dissociation, which is
primarily ruled by the trade-off between charge extraction at
interface, charge recombination, and their collection efficiency
at the respective electrodes.'”'* Due to the lack of valid
pathways for each type of carrier, enhancing the light
absorption by the active layer does not mean that there is a
realistic increase of free carriers; the BHJ structure is often
considered less optimal for charge transport."> Many different
efforts have been exploited to address this challenge, e.g,
interface/morphology engineering to utilize the full potential of
0SCs."*"*! Incorporating nanomaterials, such as nanoparticles
(NPs), nanorods (NRs), or nanotubes (NTs), within the active
layer is one of the most straightforward and practical ways to
achieve the ideal BHJ] morphology, forming a perfect
homogeneous interpenetrating network, leading to the
improvement of the overall charge splitting and migration.”*™>°

In this respect, carbon NPs (CNPs) are an ideal additive
because of their excellent electrical conduction, manufactured
elasticity, and compatibility with the solution process, without
the need for any vacuum systems or etching processes, thereby
saving time and money.27’28 Furthermore, the NPs can act as a
scattering center or an energy transfer agent, and the optical
path within the active layer lengthens through the forward
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scattering from NPs, thereby enhancing the probability of light
absorption.” ™

In this contribution, we present synergistic enhancements of
excition generation, charge dissociation, and charge transport
property of OSCs by incorporating new synthetic CNPs. We
introduced the CNPs as an additive into a host system of
P3HT/ICBA blend, and various concentrations were selected
to optimize the performance of cells. As a result, the short-
circuit current (J,.) and fill factor (FF) were simultaneously
improved, and PCE of 5.90% was achieved upon optimizing the
amount of CNPs in single BHJ cells with an inverted device
structure. The motivation of this work was to investigate CNPs’
reaction mechanism including the trimming of morphology,
influence on exciton dissociation, and charge transportation,
therefore, unraveling the feasibility of using CNPs as the
additive in the optimization of OSCs.

B EXPERIMENTAL SECTION

Carbon Nanoparticles’ Preparation and Property. The
microwave synthesis of CNPs follows procedures that were given in
our previous work.*>*¢ Citric acid (3 g) and urea (6 g) were added to
distilled water (20 mL) to form a transparent solution. The solution
was then heated in a domestic 650 W microwave oven for 4—5 min,
during which the solution changed from a colorless liquid, to a brown
liquid, and finally a dark-brown clustered solid, indicating the
formation of CNPs. This solid was then transferred to a vacuum
oven and heated at 60 °C for 1 h. A sample of the CNPs was diluted in
aqueous solution, which was purified in a centrifuge (10000 rpm, 20
min) to remove large or agglomerated particles.

The morphologies of CNPs were characterized using transmission
electron microscopy (TEM). Drops of the dilute aqueous solution of
CNPs were deposited on carbon-coated copper grids for TEM.
Morphology characterizations illustrate that CNPs are spherical and
well dispersed (Figure 1). The sizes of CNPs were in the range from 1
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Figure 1. TEM morphology of CNPs.

to S nm. Well-resolved lattice fringes with an interplanar spacing of
0.32 nm of CNPs are close to the (002) facet of graphitic carbon.
Device Fabrication and Characterization. The device structure
and energy levels of materials used in our study are shown in Figure 2,
and the detailed configuration is glass/indium tin oxide (ITO) (150
nm)/amine-rich polymer (poly(ethylene imine)) (PEI) (25 nm)/
P3HT:ICBA:CNPs (100 nm)/molybdenum oxide (MoO;) (10 nm)/
Ag (100 nm). ITO glass substrates were cleaned consecutively in
ultrasonic baths containing acetone, detergent, deionized water, and
ethanol and then dried by high purity nitrogen gas. In order to further
clean the substrates and increase the work function of the ITO
substrates, the precleaned substrates were treated with UV-ozone for
10 min. PEI applied as a hole-blocking layer was spin-coated at 4000
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rpm on top of the ITO in air, then heated to 100 °C, and kept in
glovebox for 10 min. We chose three doping amounts of 0.6, 0.9, and
1.2 mg CNPs in every milliliter blend 1,2-dichlorobenzene (DCB)
solution composed of P3HT and ICBA forming the active layer of
OSCs to optimize the devices performance. The corresponding weight
ratios (wt) of CNPs and P3HT:ICBA blend are 2, 3, and 4 wt%, and
the completely fabricated devices of pristine film and with 2, 3, and 4
wt% of CNPs are named Device A, Device B, Device C, and Device D,
respectively. The blended P3HT:ICBA solutions without and with
CNPs were spin-cast at 1500 rpm on top of the PEI layer and then
thermal annealed in the glovebox at 150 °C for 25 min as active layer.
Subsequently, the devices were completed by thermal evaporation of
MoQ, and Ag electrodes.”” > The absorption and reflectance spectra
were measured by means of ultraviolet/visible spectrometer (UV1700,
Shimadzu). Current density—voltage (J—V) characteristics of the
finished devices were measured using a computer-programmed
Keithley 2400 source/meter under AM1.5G solar illuminations with
an Oriel 300 W solar simulator intensity of ~100 mW cm™* (about
one sun) in air without encapsulation. The light intensity was
measured with a photometer (International Light, IL1400) corrected
by a standard silicon solar cell. The incident photon-to-current
efficiency (IPCE) was measured with the Crowntech QTest Station
1000 AD instrument. The impedance was analyzed by a Wayne Kerr
Electronics 6500B series precision impedance analyzer.

B RESULTS AND DISCUSSION

Nanoscale additives, such as CNPs, may profoundly influence
the morphology of the BHJ layer, which plays a crucial role in
the device performance of OSCs.**" As an initial study, we
investigated the function of CNPs dopants on the morpho-
logical properties of the photoactive layer. Figure 3 show
images of P3HT:ICBA films without and with the CNPs
additive (2, 3, and 4 wt%, respectively) measured by atomic
force microscopy (AFM). For pristine P3HT:ICBA layer
(Figure 3a), the film exhibits a featureless and rough
morphology; the corresponding root-mean-square (rms) is
3.68 nm. However, the film with 3 wt% CNPs (Figure 3c)
possesses uniform and finer phase separation in the blend with
a rms of 0.67 nm. The CNPs with small sizes (1.0—5.0 nm) can
fill the gaps between P3HT and ICBA, and the active layer film
with 2 wt% CNPs indicates a rms of 1.57 nm (Figure 3b). Such
an interpenetrating network in the active layer could facilitate
the formation of efficient exciton dissociation interfaces and
form eflicient percolation paths, assisting charge separation and
minimizing bulk recombination. When the doping amount
reaches 4 wt% (Figure 3d), the film becomes substantially
uneven due to the aggregation of CNPs and the rms is 1.73 nm,
forming large clusters. The net result is to destroy the
interpenetrating pathway for charge transport, and the tough
terrain may ruin the contact interfaces between layers, resulting
in a poor performance especially for FF.

Figure 4a presents J—V characteristics of all fabricated devices
and the values are typical averages of 40 devices. Simulta-
neously, detailed parameters, such as short-circuit current (J;.),
open-circuit voltage (V,.), fill factor (FF), PCE, series
resistance (R,), and shunt resistance (Ry,), of devices without
and with CNPs are summarized in Table 1. Device A, without
any additive, shows a J. of 8.93 mA/cm? a V. of 0.84 V, and a
FF of 54.92%, leading to a PCE of 4.12%. With the increase of
CNPs doping concentration, PCEs of the doped devices show a
tendency to first increase and then decrease, reaching the
maximum of 5.90% at the optimal doping rate of 3 wt%,
following with a J,. of 11.31 mA/cm? a V. of 0.85 V, and a FF
of 61.09%. Compared to the control device, the higher
efficiency of Device C is mainly attributed to the increase of
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Figure 2. (a) Device structure and chemical structure of materials involved in this study. (b) Scheme of energy levels of the inverted organic solar

cells.
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Figure 3. AFM morphology image of active layer films without and
with CNPs: (a) pristine P3HT:ICBA film, and P3HT:ICBA layers
doped with (b) 2 wt%, (c) 3 wt%, and (d) 4 wt% CNPs.

Ji« and FF, which own 26.74% and 11.23% enhancement,
respectively, resulting in a remarkable improvement of PCE
from 4.12% up to 5.90%. Ascribed to the moderate doping
CNPs into active layer, an ideal donor—acceptor internetwork
was obtained; thus, the charge carrier transport capability was
enhanced and charge carriers recombination was reduced in the
transport process, resulting in the significant improvement of J,.

and FF. The R, and Ry, could be calculated according to the J—

V curves:"

R, = —(dV/d])yy, (1)
and

Ry, = —(dv/d]); @

The change trend of R; first decreased and then showed a
slight rebound with the increased doping amount of CNPs. The
Ry, shows a remarkable increase first and then decreases with
CNPs doping concentration. With the increase of doping
amount of CNPs, the charge carrier mobility first enhanced and
then reduced. After an optimal concentration of CNPs was
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doped, the interfaces of the active layer and the buffer layer
could contact more closely, which is beneficial to free charge
carriers extraction and injection to respective electrodes.
Consequently, the R; distinguishably decreased while the Ry,
remarkably increased with CNPs doping, especially for Device
C.* However, when more CNPs were added (over 3 wt%), the
performance of Device D was deteriorated, which means that
excess doping did damage to the nanoscale interpenetrating
network and led to an inferior charge transport property.

Figure 4b shows the IPCE spectra of the OSCs with various
CNPs doping concentrations; as expected, the IPCE data of
Device C, with 3 wt% CNPs doping concentration, are the
highest among all devices, which is in accordance with the
observed performance from J—V characteristics. The IPCE
spectrum of the doped cells was conspicuously improved in the
region of 500—610 nm by doping appropriate amounts of
CNPs. However, the IPCE spectra of the doped device
significantly decreased from 400 to 510 nm when the CNPs
doping amount increased to 4 wt%. A superfluous doping of
additive in the active layers deteriorated the crystallization of
the film and resulted in a negative impact on charge transport
and collection, leading to the distinct decrease for ], and FF
and, thus, indicating poor performance.

To investigate the effect of CNPs doping on the photon
harvesting of active layer, the normalized UV—vis absorption
spectra of the blend films were measured and are shown in
Figure 4c, and the light-harvesting trend of active layer films is
consistent with J—V curves. It can also be seen that the
P3HT:ICBA:CNPs composite films have almost the same
absorption range and the same peak position with that of
undoped film. The doped film with appropriate doping
amounts shows a significant absorption improvement in the
region of 300—720 nm. The CNPs could act as scattering
centers to increase the light path length in the active layer so
that more photons can be trapped, which effectively contributes
to the increase of J,. and PCE.**~* However, the absorption
intensity of the blend films distinctly decreases when the
doping concentration reaches 4 wt%, which may be due to the
distorted P3HT molecular arrangement induced by doping
with excess CNPs and resulted in an adverse effect on light
trapping of P3HT:ICBA. Thus, the donor/acceptor interface
area and efficient pathways for the transportation of free charge
carriers are impaired by the over-doped additive aggregation,
which has negative impact on absorption as well as charge
transportation, leading to a decreased J,. and FF. Figure 4d
demonstrates the variation tendency of active layer films
reflections, which are fairly consistent with absorption spectra.
These results are also in good agreement with the IPCE spectra
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Figure 4. (a) J—V characteristics of devices doped with various concentrations of CNPs, (b) IPCE spectra of all devices, (c) absorption and (d)

reflection spectra of active layers without and with CNPs.

Table 1. Photovoltaic Parameters of OSCs, Including Open-Circuit Voltage (V,.), Short-Circuit Current Density (J,.), Fill
Factor (FF), Power Conversion Efficiency (PCE), Series Resistance (R;), and Shunt Resistance (Ry,) Based on Different Doping

Concentrations of CNPs

Device V,. (V) Jic (mA cm?) FF (%) PCE (%) R, (ohm) Ry, (ohm)
A 0.84 + 0.01 8.93 + 0.03 54.92 + 0.04 4.12 + 0.03 272.92 3430.98
B 0.85 + 0.01 9.68 + 0.02 56.04 + 0.03 4.60 + 0.04 261.03 7622.51
C 0.85 + 0.01 11.31 + 0.01 61.09 + 0.02 5.90 + 0.02 147.53 6150.61
D 0.84 + 0.01 7.74 £ 0.02 52.34 + 0.04 3.40 + 0.02 176.13 2221.90
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Figure 5. (a) Excitation-wavelength-dependent photoluminescence spectroscopy (PL) of the CNPs dilute aqueous solution. (b) Steady-state PL
spectra of photoactive films on the top of PEI doped with different amounts of CNPs. (c) Time-resolved decay traces of pristine P3HT:ICBA and

P3HT:ICBA:CNPs films with different concentration of CNPs.

(Figure 4b) of the blend films with different CNPs doping
concentration.

It can be seen from Figure Sa that CNPs dilute aqueous
solution exhibits excitation-wavelength-dependent photolumi-
nescence spectroscopy (PL). Carbon nanoparticles are a kind
of semiconductor, whose energy gap is related to its size. The
photoluminescence spectroscopy of CNPs shows a great
dependence on the excitation wavelength. The energy of
excitation wavelength is closer to the energy gap, and the
intensity of photoluminescence is higher. The strongest
emission is observed centered at 500 nm under 420 nm
excitation with PL quantum yield of 18%, indicating 7—7x
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conjugated structure. Steady-state PL measurements were also
performed to characterize the additional exciton generation and
dissociation responsible for doping CNPs into active layer, and
the results are shown in Figure Sb. Pristine P3HT:ICBA films
exhibit an emission around 650 nm, which gradually decreases
with the increased doping amount of CNPs; such a decrease
confirms the efficient charge transfer in the P3HT:ICBA
interpenetrating network. Addition of CNPs into the P3HT
solutions effectively quenches the photoexcited electrons, and
effectively mediates electron transfer, which benefits the
mitigating of the charge, and, thus, contributes to the charge
density enhancement and results in a higher photocurrent. To
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Figure 7. (a) J—V characteristics of completed devices doping with different concentrations of CNPs in dark. (b) The impedance spectra diagram of
all devices. (c) Plots of photocurrent density Uph) with respect to the effective voltage (V,¢) for control and doped devices under constant incident

light intensity.

further investigate the role of CNPs in improving the
performance of doped OSCs, femtosecond transient absorption
(TA) spectroscopy was performed for P3HT:ICBA and
P3HT:ICBA:CNPs films at 420 nm excitation. Figure Sc
shows the photoexcitation signal decay in P3HT:ICBA and
P3HT:ICBA:CNPs films. The doped films exhibit a faster
decay than that of pristine active film, which reveals that the
ultrafast photoinduced charge transfer has occurred. Addition-
ally, the results indicate that not only do the doped cells display
a larger number of initial mobile carriers than the control
device, but also the carriers are extracted more rapidly. This
process is beneficial for electron transfer across the whole active
layer, which may be responsible for the increase of J,. and FF
for doped devices.

To further confirm the effect of CNPs on charge transport
properties, we fabricated two kinds of single carrier devices.
The hole-only device structure is ITO/MoO;/active layer/
Mo0O;/Ag, and the MoOj is the electron blocking layer. The
electron-only device structure is ITO/PEI/active layer/BCP/
Ag; the BCP acts as a hole blocking layer. The -V
characteristics of these two kinds of devices under the same
driving voltage range from 0 to 9 V and in the absence of
illumination are shown in Figure 6. Compared with control
device, Device B and Device C present higher electron and hole
current densities, which are in keeping with the results in Figure
4a. The current density mainly depends on the directional
movement of electrons or holes under the driving bias in dark;
therefore, the doped cells with suitable amounts possess better
transport capacity for both electrons and holes, leading to the
improvement of J,.. When the doping amount of CNPs reaches
4 wt%, the performance of Device D is reduced. The heavy
doping may cause more charge carrier traps and a serious
charge recombination, which is a disadvantage to charge
transfer. Charge carrier mobilities were calculated from space
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charge limited current (SCLC) model for a realistic evaluation
of the enhancement of charge transfer.*® At a typical applied
voltage of 1.0 V, corresponding to an electric field of 10° V cm
~! across the bulk of a 100 nm active layer, apparent hole
mobilities of 5.5 X 102 em? V1 s} 57 x 1073 em? V1 s7}
and 5.4 X 1073 cm® V! s7! (Figure 6a) and electron mobilities
0f 2.88 X 107 em* V7' 57}, 527 X 107" cm® V™' 571, and 1.52
x 107" cm® V7' s7!(Figure 6b) have been determined for
Device B, Device C, and Device A, respectively. With the
increased doping amount of CNPs, the charge carrier mobility
first enhanced and then reduced. Under an optimal doping
concentration, the active layer can form efficient charge
transport paths, apparent increases of charge carrier mobilities,
and reduced current losses through recombination; hence, they
can be efficiently swept out transporting to the electrodes,
contributing to the photocurrent.

As the dark current J—V characteristics of solar cells may
provide useful information to estimate the performance loss
and device efficiency, the dark J—V characteristic of undoped
and doped devices is shown in Figure 7a. Except for Device D,
the doped devices display a smaller leakage current at negative
voltages. The addition of CNPs into active layer can
systematically ameliorate the morphology and charge transport
properties, leading to an enhancement of dark J,. At a low
doping concentration, the diode rectification ratios of devices
are moderately improved, indicating that the devices with
CNPs doping have a relatively higher conductivity, increased
Ry, and decreased R, which contribute to the improvement of
FE.* In order to obtain information about the interfacial
characteristics and internal resistance of the doped devices,
electrochemical impedance spectroscopy (EIS) measurement
was carried out at the frequency between 20 Hz and 1 MHz
and is shown in Figure 7b. In a wide frequency range, the data
are satisfactorily described by the equivalent circuit model
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containing two RC components in parallel. The smallest
impedance is corresponding to the optimal doping concen-
tration in our study, which undoubtedly helps reduce current
losses across the contacting materials. The result gives a Ry of
272.92 Q for the pristine PZHT:ICBA device, and a reduced R
of 147.53 Q after adding the CNPs at a concentration of 3 wt%.
Since the injection barrier is decreased after doping of CNPs,
the bias is mostly applied on the active layer rather than on the
resistance across the contacts, resulting in an increase of J.

We simulated the saturation current density (J,.) and the
maximum exciton generation rate (Gpax) toO investigate the
effect of CNPs introduction on photocurrent density (J,,)
versus effective voltage (V) at a double-logarithmic scale,
which is shown in Figure 7c. ], is determined by the equation
Joh = JL — Jp, where J; and Jp, are the current density measured
under illumination and dark condition, respectively. The plot of
Jon is with respect to the effective voltage (V.4 = V,—V), where
V, is the voltage at which J,= 0 and V is the applied bias
voltage. It can be seen from Figure 7c that J, increases sharply
in a linear manner at a low value of V.4 and then tends to
saturate at a sufficiently high value of Vg and the saturated
photocurrent density increases with CNPs doping. Hypothesiz-
ing that all the photogenerated excitons are dissociated into free
charge carriers and collected validly at a high Vg, the values of
the saturation photocurrent density (J,) correlated to the
maximum exciton generation rate (Gp,), which is mainly
limited by total amount of absorbed incident photons.*”*° G,
could be calculated by J,, = eG,, L (L is the thickness of active
layer about 100 nm).The values of G,,, for the control and
doped devices are 6.09 X 107 m™ s7* (J, = 97.39 A m™?),
6.88 x 10” m™> s7! (J, = 110.09 A m™2), 8.19 X 10’ m3s~*
(Je = 130.97 A m™), and 5.34 X 10” m™>s™! (J, = 85.46 A
m™2), respectively. Thus, a noticeable enhancement in G,,,, was
obtained after properly incorporating additive into the active
layer, suggesting that CNPs can play an important role in the
light trapping, exciton dissociation, and charge transport.

B CONCLUSION

In summary, we have investigated the effects of minor doping
of CNPs into the active layer on the performance of inverted
OSCs based on P3HT:ICBA blending from the aspect of
photoexcitation, exciton dissociation into charge carriers, and
charge transport. Increasing J,. and FF were observed in the
devices with optimized doping concentration 3 wt%. A
maximum 43.20% enhancement in power conversion efficiency
(from 4.12% to 5.90%) was achieved compared with the
control cell. We attribute the improvement primarily to an
initial boost in charge carriers due to a perfect homogeneous
interpenetrating network, which benefits charge carriers’
transport and reduces charge recombination, as well as the
increased absorption caused by scattering effect in the active
layer induced by CNPs. Moreover, the solution processability
of a CNPs doping enhances the efficiency of cells dramatically,
and does not require any modification of the conventional
solution processing of polymer-based organic solar cells.
Doping with nanoscale additives provided a conscious and
robust method to achieve further device performance enhance-
ment, which is crucial for the potential development of low-
cost, large-area printable devices.
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