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ABSTRACT: Light trapping induced by the introduction of metallic nanoparticles has
been shown to improve photo absorption in organic solar cells (OSCs). Researchers in
the fields of plasmonics and organic photovoltaics work together to boost sunlight
absorption and photon—electron interactions in order to improve device performance.
In this contribution, an inverted OSC was fabricated by using indacenodithieno[3,2-
b]thiophene-alt-2,2’-bithiazole (PIDTT-BTz) as a wide-band gap donor copolymer
and (6,6)-phenyl-C,,-butyric acid methyl ester (PC,BM) as an acceptor. Silver
nanorods (Ag-NRs), synthesized by precipitation method, were embedded in the active
layer of the solar cell. The device fabricated with 1 wt % Ag-NRs in the active layer
showed a 26% improvement in power conversion efficiency (PCE) when exposed to
100 mW/cm? simulated solar illumination. The role of Ag-NRs in the performance .5 | i i i i |
improvement of the OSCs was analyzed systematically using morphological, electrical, 02z 00 v':;age (vo)"‘ 06 08 10
and optical characterization methods. The light trapping and exciton generation were

improved due to the localized surface plasmon resonance (LSPR) activated in Ag-NRs in the form of longitudinal and transverse
modes. The photoactive layers (PIDTT-BTz:PC,;BM) with the incorporation of 0.5 and 1 wt % Ag-NR showed increased
absorption, while the absorption with 1.5 wt % Ag-NRs appeared to be reduced in the wavelength range from 400 to 580 nm. Ag-
NRs play a favorable role in exciton photogeneration and dissociation due to the two LSPR modes generated by the Ag-NRs. In the
optimized device, the short-circuit current density (Jc) increased from 11.92 to 14.25 mA/cm?, resulting in an increase in the PCE
from 3.94 to 4.93%, which is attributed to the improved light-trapping by LSPR using Ag-NRs.
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Bl INTRODUCTION enhancement, as well as focusing the nonabsorbed frequencies
of the solar spectrum into the areas of maximum absorption by
absorber layers.® An emerging method to enhance light
absorption in thin-film OSCs is the use of localized surface
plasmons (LSPs) through the incorporation of metallic
nanostructures. LSPs are collective oscillations of conduction
electrons at the interface between the metal and dielectric
material (Figure 1),” which upon excitation by an electric field
(light) at the resonant wavelength result in strong light
scattering and local electromagnetic field enhancement. An
important factor affecting the plasmonic effect of metallic NPs
is their morphology. Trendafilov et al.'’ compared octahedral-
shaped silver NPs (Ag-NPs) with spherical Ag-NPs in order to
study their plasmonic effect. The octahedral NPs exhibited a
higher field enhancement and a larger red shift of the response

Organic solar cells (OSCs) have attracted a lot of interest due
to their lightweight, mechanical flexibility, and straightforward
production method.'~* Intense research in materials synthesis,
device fabrication, and characterization in the last 25 years has
resulted in the attainment of a power conversion efliciency
(PCE) of more than 19% in binary bulk-heterojunction (BHJ)
OSC devices.” The performance of a solar cell depends on the
ability of the active layer to absorb incident light, the efficiency
of exciton dissociation, and the formation of charge carriers.’
Compared with that in inorganic solar cells, light absorption in
OSCs is comparatively poor because of the low carrier
mobilities of organic semiconductors. Thus, the active layers in
the OSCs are typically thin to ensure good carrier transport.
An important limitation of OSCs is, therefore, the trade-off
between light absorption and photogenerated carrier collec-

tion. The development of novel light-trapping strategies for Received: October 24, 2023
thin-film OSC devices is an existential challenge. As a result, Revised:  January 15, 2024
various light-harvesting techniques have been developed to Accepted:  January 17, 2024

increase the absorption of thin active layers.” For example, Published: February 6, 2024

plasmonic nanoparticles (PNPs) can significantly improve
light-trapping mechanisms through scattering and local field
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Figure 1. Schematic representation of conduction electrons oscillating across gold NPs in an electromagnetic field of incident light.
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Figure 2. (a) Structure of an inverted OSC device, (b) schematic energy level diagram of materials used for device fabrication, (c) extinction
spectrum of the pristine PIDTT-BTz polymer film, and (d) structures of PIDTT-BTz and PC,,BM.

than that of the spherical NPs, which are responsible for the
trapping of light by solar cell devices. Silver nanorods (Ag-
NRs) have been shown to have two plasmon peak positions
corresponding to transverse surface plasmon resonance and
longitudinal surface plasmon resonance (LSPR) at 428 and
575 nm, respectively.'' Hsiao et al.'” compared the scattering
and LSPR effects of gold nanospheres (Au-NSs) and gold
nanorods (Au-NRs). Thus, Au-NSs and Au-NRs were
embedded in poly(3,4-ethylenedioxythiophene) polystyrene-
sulfonate (PEDOT:PSS) to enhance the photon-harvesting
ability of poly(3-hexylthiophene) (P3HT)-based solar cells. A
solar cell fabricated with Au-NRs embedded in PEDOT:PSS
demonstrated a 24% improvement in PCE, which was
attributed to two LSPR absorption peaks of Au-NRs tailored
to cover the absorption band edge of the active layer, thus
improving light harvesting. Au-NPs have also been incorpo-
rated into the active layer of P3HT:PCBM-based OSCs to
enhance device PCE from 2.6 to 3.7%, credited to the LSPR
and scattering effects induced by the Au NPs."”
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Typical conjugated polymers with wide bandgaps have low
absorption due to their narrow absorption bands. These wide-
bandgap polymers have absorption spectra that match the
resonance of PNPs, allowing easy plasmonic amplification.'* It
is of great interest to systematically explore the impact of NPs
on the performance of OSCs based on wide-bandgap polymers
through their integration into the active layers. Due to their
simple structure, low cost, and electron-poor nature, bithiazole-
based monomers have been used to develop donor—acceptor
(D—A) wide-bandgap polymers for high-performance
OSCs.">'® Recently, a wide-bandgap D—A polymer
(PIDTT-BTz), based on indacenodithieno[3,2-b]thiophene
(IDTT) as the donor moiety and 2,2’-bithiazole (BTz) as the
acceptor moiety, was synthesized and characterized by our
group.'” The polymer exhibited a narrow absorption between
400 and 600 nm with an absorption maximum of 514 nm
(Figure 2c) and a PCE of 3.96% in OSC devices when blended
with (6,6)-phenyl-C,,-butyric acid methyl ester (PC,,BM)."”
Since the absorption maximum of PIDTT-BTz agrees well
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Figure 3. (a) DRS spectra of Ag-NRs; (b) XRD of Ag-NRs; (c,d) TEM image of the Ag-NRs with different scales of magnification; and (e,f)
histogram of Ag-NRs for the size distribution (length and width, respectively).

with the resonance of Ag-NPs (390—520 nm),"? its absorption
can be enhanced by using such NPs, resulting in absorption
coupling and then improving charge generation in the resulting
OSC devices.

In this study, the performances of PIDTT-BTz:PC, BM-
based inverted OSC devices were investigated by embedding
different amounts (0, 0.5, 1, and 1.5 wt %) of plasmonic Ag-
NRs in the active layer. The influence of Ag-NRs on the
morphology, charge dissociation, transport, and recombination
of the devices was thoroughly examined. The device containing
1 wt % Ag-NRs showed an improvement in PCE from 3.94 to
4.93%. The plasmonic Ag-NRs contribute to the PCE
enhancement mainly through scattering and local field
enhancement due to longitudinal and transverse modes.

B EXPERIMENTAL SECTION

Chemicals and Materials. Glass substrates precoated with
indium tin oxide (ITO) with a sheet resistance of 8—12 Q/
square and exhibiting an optical transmittance of 83% at the
wavelength of 550 nm were purchased from Ossila. 1,2-
Dichlorobenzene (0-DCB), PC,;BM, and MoO; were
purchased from Sigma-Aldrich. We reported the synthesis of
PIDTT-BTz earlier.'” The chemicals used to synthesize zinc
oxide (ZnO) for the electron transport layer (ETL) and Ag-
NRs such as 2-methoxyethanol, ethanolamine, zinc acetate
dihydrate (Zn(CH;COO0),-2H,0), trisodium citrate dihydrate
(C¢H3Na;0,2H,0), sodium borohydride (NaBH,), silver
nitrate (AgNO;), sodium hydroxide (NaOH), and poly(vinyl
alcohol) (PVA) were also purchased from Sigma-Aldrich and
used as received.

Synthesis of Ag-NRs and ZnO ETL. Ag-NPs were
synthesized by using coprecipitation methods. Silver nitrate
(AgNO;), sodium borohydride (NaBH,), PVA, trisodium
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citrate dehydrate (CH;Na;0,-2H,0), and sodium hydroxide
of NaOH (0.92 M) were used as reactive chemicals in the
present study. The precursor solutions were made in deionized
water with a resistivity of 16.2 © cm, and all the chemicals and
reagents were used as purchased without any further
purifications. After many trials, the key synthesis parameters,
including pH, temperature, precursor concentrations, etc., were
optimized. In a 500 mL Erlenmeyer flask containing 100 mL of
distilled water, 40 mL of a 0.47 M solution of AgNO; was
added. The solution was stirred at room temperature, and 20
mL of a 2 wt % PVA solution was added, followed by slow
addition of 8 mL of trisodium citrate dehydrate and 0.2 mL of
H,0, (0.012 M). The prepared solution was initially colorless;
then, it changed to dark brown gradually, while 7.2 mL of a
1.44 M solution of NaBH, was carefully added to the mixture.
The pH of the solution was then adjusted to 5.5 by adding the
proper amount of NaOH (0.92 M). The temperature was then
allowed to rise to 75 °C, and stirring continued for 1 h. The
solution was then allowed to cool to room temperature, and
the dark gray precipitate was collected by filtration and washed
with distilled water and ethanol. Finally, the dark gray solid was
dried in an oven at 80 °C for 2 h. The ZnO used as an ETL
was synthesized by adopting the procedure reported by
Bhoomanee ¢t al,'” with some modifications. Thus, zinc
acetate dihydrate (Zn(CH;C0OO0),-2H,0) (0.3529 g) was
dissolved in a mixture of 2-methoxyethanol with an equivalent
molar ratio and 90 uL of ethanolamine to prepare a 0.52 M
precursor solution stirred at 60 °C for 2 h and then kept at
room temperature overnight to form a clear homogeneous
solution.

OSC Fabrication. Figure 2a shows a schematic diagram of
the inverted solar cell devices used in this study composed of
the ITO cathode layer, ZnO ETL, PIDTT-BTz:PC,BM
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Figure 4. (a) UV—Vis absorption spectra of the active layers (PIDTT-BTz:PC,;BM) without and with different concentrations of Ag-NRs. (b) I—
V characteristics of devices made from the active layer embedded with different concentrations of Ag-NRs.

incorporating the Ag-NR active layer, molybdenum oxide
(MoO;) hole transport layer (HTL), and aluminum (Al)
anode electrode. The energy level diagram of the materials
used to fabricate the solar cell devices is depicted in Figure 2b.
The ZnO layer was spin-coated onto the ITO at 3000 rpm for
60 s and then annealed at 150 °C for 60 min. To prepare the
OSC active layer, a 25 mg/mL solution of PIDTT-
BTz:PC;BM (1:3) in 0-DCB was stirred overnight at 60
°C. Next, to prepare an active layer with Ag-NRs, the PIDTT-
BTz:PC,BM solution was weighed separately, the Ag-NR
powder was added to it with weight percentages of 0, 0.5, 1,
and 1.5%, and then it was evenly dispersed for 20 min by
stirring at room temperature before spin-coating onto the ZnO
layer and annealing at 100 °C for 10 min. In the next step, the
HTL (MoO;) was deposited by thermal deposition. The
aluminum anode (150 nm) was deposited on top by
evaporation. The area of all fabricated solar cell devices was
0.07 cm’.

Characterizations. The diffusive reflectance spectra
(DRS) of the Ag-NR powder were measured using a UV—
visible spectrophotometer (Shimadzu, UV-1650 PC), and the
absorbance spectra of PIDTT-BTz:PC, BM thin films
(between 300 and 800 nm) were measured with a DSS
UV—vis spectrophotometer at room temperature. The steady-
state photoluminescence spectra of active-layer thin films were
measured using a HORIBA FLUROMAX-4 spectrofluorom-
eter. Shimadzu Lab XRD-6100 was used to measure the X-ray
powder diffractograms of synthesized Ag-NPs (CuKa = 1.5418
nm) at a scan speed of 3.00°/min, voltage of 40 kV, current of
30 mA, and scanning range of 10 to 80°. Transmission electron
microscopy (TEM) images of the Ag-NRs and thin films were
measured by a field emission transmission electron microscopy
model JEOL JEM-2100F. The J—V characteristics of the
fabricated solar cell devices were measured under 100 mW/
cm® simulated solar radiation using a computer-interfaced
Keithley HP2400 source meter and a Photo Emission Tech,,
Inc, solar simulator (model SSSOAAA-EM). The Raman
spectra of pristine and Ag-NR-embedded active layers were
measured by using a Jobin Yvon, Horiba(® TX64000 Raman
spectrometer.

B RESULTS AND DISCUSSION

Optical and Morphological Characterization of Ag-
NRs. Figure 3a shows the X-ray diffraction (XRD) traces of the
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synthesized NPs, which reveal peaks at 20 values of 38.12,
44.32, 64.48, and 77.40° corresponding to (hkl) values of the
(111), (200), (220), and (311) planes of silver, respectively,
according to the Joint Committee on Powder Diffraction
Standards (JCPDS) card No. 04—0783. The Ag-NPs thus
crystallized in face-centered cubic structures with a crystallite
size of 21 nm. The optical bandgap of the Ag-NRs was
determined to be 2.14 eV from the DRS spectrum given in
Figure 3b using a Tauc plot of (ahv)* vs photon energy (eV),
where h is Planck’s constant, v is the photon frequency, and a
is the absorption coefficient. The pure Ag-NPs with a wide
bandgap value could find use in advanced optoelectronic
devices.'® Furthermore, the size and shape of newly
synthesized Ag-NRs were characterized by using TEM, as
shown in Figure 3c,d. The TEM images reveal that the
synthesized Ag-NPs have a rod-like (Ag-NR) shape with an
average length of 38 nm and a width of 13 nm, as obtained
from the distributions given in Figure 3e,f.

Optical Absorption of Active Layers. The effect of
incorporating various amounts of Ag-NRs on the optical
characteristics of the reference photoactive layer (PIDTT-
BTz:PC,;BM (1:3)) was studied using UV—vis absorption
spectroscopy, as shown in Figure 4a. Upon embedding Ag-
NRs, the absorption of the reference active layer was
broadened with a simultaneous increase in absorbance over a
range of 350—800 nm until a Ag-NR concentration of 1 wt %
was reached, followed by a reduction at 1.5 wt %. This
increment is attributed to the LSPR of Ag-NRs, which is from
400 to 800 nm, as well as a scattering effect that broadened its
absorbance above 700 nm.”” It is worth noting that the effect
of the rod-like shape of the Ag-NPs is the main reason for the
broadening of the absorbance of the photoactive layer due to
the multimode resonances along the longitudinal and trans-
verse mode that extends its LSPR to the near-infrared region.”'
Interestingly, despite the fact that the NP aggregation at a high
concentration (1.5% Ag-NR) prevented the enhancement of
the absorption of the active layer around 500 nm,”” there is a
significant absorption increment over 700 nm when compared
to that of the reference thin film. This result indicates the
advantages of the rod-like shape over the commonly used
spherical NPs to improve the absorbance of wide bandgap-
based OSCs. Consequently, improved PCEs are expected in
OSCs fabricated from wide-bandgap polymers in which
optimized amounts of Ag-NRs are embedded.””**
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J—V Characteristics for OSC Devices. To investigate the
role of plasmonic enhancement in the performance of OSCs by
Ag-NRs, devices with an inverted structure, ie., ITO/ZnO/
PIDTT-BTz:PC,BM:Ag-NRs(%)/MoQ;/Al, were fabricated
by embedding different concentrations of Ag-NRs (0, 0.5, 1,
and 1.5 wt %) in the active layer. The molecular structures of
the donor and acceptor materials as well as the device structure
and energy levels are shown in Figure 2a—d. The J-V
characteristics of the fabricated devices are shown in Figure 4b,
while the corresponding photovoltaic (PV) parameters are
summarized in Table 1. The PCE of the reference device

Table 1. J—V Characteristics of the Fabricated OSCs at
Different Amounts of Ag-NPs in the PIDTT-BTz: PC,;BM
Active Layer

Ag-NRs in the active Voc Jsc PCE R,
layer (wt %) (V) (mAcm?) FE(%) (%) (Q cm?)
0 0.83 11.92 39.50 3.94 32898
0.5 0.85 12.79 39.39 4.29 255.03
1 0.85 13.58 42.65 4.93 203.65
1.5 0.84 12.21 39.40 4.05 280.75

(3.14%) was improved with the incorporation of Ag-NRs in
the active layer, with the maximum at 1 wt % (PCE = 4.93%),
revealing a 26% increment. The improvement in PCE with Ag-
NRs is mainly due to the increased Jg¢, as shown in Table 1,
consistent with the increased and broader absorption of the
active layer in which Ag-NRs are embedded (Figure 4a).
However, the increment in Jgc was found to be maximum at
the optimum concentration of 1 wt % Ag-NRs, which was
found to decrease as the concentration was increased further to
1.5 wt %. This decrease might be a result of the formation of
highly agglomerated NPs that might impede charge
percolation, which could promote high charge-carrier
recombination.””** It should still be noted here that the Js¢
value of the device in which 1.5 wt % Ag-NRs are embedded
(12.21 mA/cm?) is still higher than that of the reference device
(11.92 mA/cm?), mainly due to the improved light trapping by
scattering.

Furthermore, it can be noticed that in the improved
plasmonic OSCs, the fill factor (FF) of the reference device
increased from 39.50 to 42.65%. This is in agreement with the

lower series resistance (Rg) in the plasmonic device compared
with that of the reference. The open-circuit voltage (Vo) of
the devices, on the other hand, essentially stayed unaltered.
Numerous studies have demonstrated that the efficiency of
polymer solar cells depends on the energy difference between
the highest occupied molecular orbital (HOMO) level of the
donor polymer (PIDTT-BTz) and the lowest unoccupied
molecular orbital (LUMO) level of the acceptor (PC,,BM)
when the negative and positive electrodes are in Ohmic
contact with the active layer. Therefore, it can be concluded
that Ag-NRs did not change the structures of the active layer
materials in a way that would have affected their energy levels.

Charge Generation and Transfer Kinetics. In order to
further investigate the effect of Ag-NRs on optical absorption,
we calculated the maximum photoinduced carrier generation
rate (G,,,) in devices with and without Ag-NRs. Figure Sb
illustrates the relationship between photocurrent density (J,,)
and effective voltage (V.q) for the reference and devices with
embedded NPs. Here, ], = i — Jp, where ] and Jp, are the
current density under illumination and in the dark,
respectively, and Ve = V, — V,, where V, is the voltage
when ], equals zero (ie, Jy = Jp) and V, is the applied
Voltage.gs_27 Apparently, ], increases linearly in the low Vg
range and saturates at high V. Therefore, the values of the
saturation photocurrent density (J,,,) can be calculated from
Figure Sb and are summarized in Table 2. Then, G, was
obtained from J;, = 4G, L, where g is the electron charge and
L is the thickness of the active layer. The values of G, for the
reference and devices with 1% Ag-NRs were 8.35 X 10*' cm™
= 13.32 mA cm™?) and 9.06 X 10* cm™ s7! (J,, =

S sat

14.50 mA cm™?), respectively. Thus, a considerable improve-
ment in G,,,, occurred after incorporating 1 wt % Ag-NRs into
the active layer.

As the value of G, is related to the maximum absorption of
incident photons,”®*” the increase of G, suggests enhanced
light absorption in the device with Ag-NRs embedded in the
active layer, which is consistent with the result of the
absorption spectra of the active layer (Figure 4a). Once the
excitons are generated in the active layer, they need to be
dissociated into free carriers and collected through the
electrodes to generate photocurrent. Hence, the exciton
dissociation probabilities (P(E,T)) and charge collection
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Figure S. (a) PL spectra of active films with different concentrations of Ag-NRs in the active layer (inset: the comparison of quenching efficiency
(QE)) (b) Photocurrent density (]ph) as a function of the effective voltage (V,g) for control and doped devices under constant incident light

intensity.
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Table 2. J,p,) Joav Gmaw P(E,T), and QE of OSC Devices Made from the Active Layer Embedded with Different Concentrations
of Ag-NRs
Ag-NRs in the active layer (wt %) QE (%) Jon (mA cm™?) Joae (mA cm™) G (574 em™) x 10* P(E,T) (%)
0 78.28 11.92 13.32 8.35 89.48
0.5 81.23 12.79 13.98 8.75 91.48
1 82.86 13.58 14.50 9.06 93.65
1.5 79.59 12.21 13.52 8.45 90.31
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Figure 6. (a) J—V characteristics under the dark condition; (b) charge mobility fitted with the Mott—Gurney law for reference and different

concentrations of Ag-NRs in the active layer.

probabilities (CP) for the solar cells were compared at a
constant electric field (E) and temperature (T). For polymer
solar cells, only a portion of photogenerated excitons can
dissociate into free carriers. Therefore, ], can be expressed
using the equation J,, = 4G,,,,P(E,T)L. The value of P(E,T) at
any bias can be obtained by normalizing photocurrent density
with the Jqc Uph/]sat).30 Table 2 shows that the value of P(E,T)
increased from 89.48% (for the reference device) to 93.65%
(for the optimal device) under short-circuit conditions (V, = 0
V), indicating that the excitation of LSPR by Ag-NRs
facilitated excitons to dissociate into free carriers. Hence, the
Jsc of the solar cell with plasmonic Ag-NRs embedded in the
active layer was improved as a result of the LSPR’s excitation
by increasing both the exciton generation rate and the
dissociation probability. To further investigate the exciton
dissociation in the active layers, steady-state photolumines-
cence (PL) spectra with an excitation at S10 nm were
recorded. The relaxation of excitons generated by the
excitation of electrons from the HOMO to the LUMO of
the polymer is the cause of the PL of the pristine PIDTT-BTz.
When the polymer is blended with PC,;BM, the electron in
the LUMO of excited PIDTT-BTz will be transferred to the
LUMO of PC;BM, leaving the hole in the HOMO of the
donor. As a result, the emission expected from the relaxation of
excitons of the donor will be greatly quenched, allowing for the
direct calculation of exciton QE, where QE = 1 — PLy..4/
I)Lprisﬁne.31 The PL spectra of PIDTT-BTz:PC,BM films
without and with Ag-NRs are shown in Figure 5a. Doping with
Ag-NRs increases the PL quenching in the active layer with the
maximum at 1% Ag-NRs compared to that of the reference
film, which indicates improved exciton dissociation assisted by
Ag-NRs, consistent with the probability of dissociation (Table
2).

Charge Transport Properties in OSCs. An important
aspect of understanding the electrical properties of polymer
solar cells is the charge transport process. In thin-film OSCs,
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space-charge-limited current (SCLC) creates a conducive
environment for studying the charge transport properties
across the photoactive layer. The dark-current of the device
grows from an injection-limited regime below 1 V to an SCLC
regime, which grows into a saturation point with a further
increase in the applied voltage, as shown in Figure 6a. The
SCLC was then fitted with the field-dependent mobility
equation (eq 1) used in Mott—Gurney’s law.>>**

2

9 1% h%
= —E€EU — 0.86,|—
Jscre 3 ot B exp(y \/ T ] )

where V and L (100 nm) stand for the applied voltage
corrected for built-in voltage (V},) and the photoactive layer’s
thickness of the device, respectively. € = 3 and ¢, = 8.854 X
107"2 F/m are the dielectric constant of the photoactive layer
and the free space permittivity, respectively, while y, and y are
the zero-field mobility and field activation factors, respectively.
It should be noted that recent studies indicate that the mobility
of polymer solar cells decreases at large applied electric fields
due to the negative values found at the field activation factor.”*

The fitting results of the SCLC are displayed in Figure 6b,
and the results are summarized in Table 3. The results
demonstrate that the zero-field mobility of the reference device
was almost doubled when the optimum concentration of Ag-
NRs (1%) was embedded in the active layer. The better charge

Table 3. Space Charge Mobility and the Field Activation
Factor Extracted from SCLC Fit

Ag-NRs in the active layer

(%) to (Xem® V71s TH1073)  y (x107*(cm/ V)2
0 1.23 —-6.10
0.5 1.30 —6.42
1 2.31 —8.62
1.5 1.23 —6.15
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Figure 7. (a) Jsc dependence on the incident light intensity of the OSCs. (b) V¢ dependence on the incident light intensity of the OSCs.
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Figure 8. TEM image of the active layer (a) without Ag-NRs and (b) with 1 wt % Ag-NRs and AFM image of the active layer (c) without Ag-NRs

and (b) with 1 wt % Ag-NRs.

transport in the optimized plasmonic device is expected to
facilitate charge transport, and thus, the improvement in the
current can also be attributed to an increase in effective charge
mobility. Furthermore, because the traps are filled at low
electric fields, the field activation factor in the optimized
plasmonic device was found to be the lowest, indicating less
field dependence on the mobility to achieve SCLC.
Recombination Kinetics. The J—V curves of the reference
and optimized plasmonic devices at different light illumination
intensities were recorded to obtain more insight into the
charge recombination kinetics. The dependence of Jsc and V¢
on the light intensity of the reference device and devices with
an optimal concentration of Ag-NRs in the active layer are
depicted in Figure 7a,b, respectively. The charge recombina-
tion in the devices can be determined from the slope of the Js¢
vs incident light intensity (P,,) curve plotted in a double
logarithmic scale, which follows a power law (Jsc o P,,*) where
a is below 1, indicating the presence of bimolecular
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recombination of charge carriers.”> The values of a in OSCs
with 0 and 1 wt % Ag-NRs in the active layer were 0.96 and
0.99, respectively, confirming that embedding Ag-NRs can
partially inhibit bimolecular recombination, which is consistent
with the increased Jsc of the device with 1 wt % Ag-NRs.
Moreover, the slope of the V¢ vs In(P,,) curve is close to kT/
q, suggesting that bimolecular recombination is dominant.”
From Figure 7b, the slopes of the curves for the devices
without and with 1 wt % Ag-NRs in the active layer were
calculated to be 125 and 1.12 kT/q, respectively. This
indicates that the addition of 1 wt % Ag-NRs in the PIDTT-
BTz:PC,,BM active layer suppressed the trap-induced charge
recombination as compared to the reference device.
Morphological and Raman Investigation. The active
layer morphology of an OSC is a crucial parameter that
determines its photogeneration processes. An optimized OSC
is expected to have a morphology with a good interpenetrating
network of the donor and acceptor materials to efficiently
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dissociate excitons while maintaining a percolation path of
interconnected donor and acceptor units for charge trans-
port.’® The active layer morphology of the PIDTT-
BTz:PC;;BM blend and the optimized plasmonic devices
were analyzed by using TEM, as shown in Figure 8. The
reference device reveals interpenetrating phases of PC,BM, as
depicted by the black images, due to its higher density (1.5 g/
cm?)*” compared to that of the polymer. It is also evident that
the volume fraction of PC,;BM in the active layer was higher
but still dispersed within the polymer. The TEM image of the
optimized plasmonic device with 1% Ag-NRs (Figure 8)
reveals that the NPs are well-dispersed within the polymer—
fullerene matrix. This is crucial as the aggregation of the NPs
might serve as a recombination center, impeding charge
photogeneration. Hence, the active layer morphology of the
PIDTT-BTz:PC,; BM:1% Ag-NR plasmonic device does not
inhibit charge generation. Additionally, the atomic force
microscopy (AFM) images of the active layer shown in Figure
8¢,d were used to determine the surface morphology of the
layer. It was discovered that the pristine and Ag-NR-
incorporated active layers had corresponding roughness values
of 4.83 and 5.78 nm, respectively. Ag-NR inclusion is expected
to cause a minor increase in the active layer’s roughness;
nevertheless, as the TEM pictures showed, the NRs do not
form significant aggregates that will lower charge generation.
Moreover, the effect of Ag-NRs on the molecular ordering of
the active layer materials was monitored by their Raman
spectra, as shown in Figure 9. Raman peaks at 760, 973.2,
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Figure 9. Raman spectra of active layer films without and with 1% Ag-
NRs.

1337.75, 1423.35, and 1487.95 cm™! corresponding to the
vibrational modes of C—S—C ring deformation in thiophene
rings, a combination of C—C stretching and C—H stretching
mode, C—C intraring stretch mode, and C=C stretch mode in
thiophene, respectively, were observed in the spectrum of the
reference PIDTT-BTz:PC,;BM BH]J film. The Raman bands
observed in the spectrum of the active layer in which Ag-NRs
are embedded are similar to those of the reference, confirming
that there is no structural modification of the active layer
materials by the NPs. The high-frequency Raman modes were
enhanced upon incorporation of Ag-NRs, while the modes at
760 and 973.2 cm™' remained unchanged. This is because
excitation of the LSPR of the Ag-NRs is expected to enhance
Raman scattering intensity through surface-enhanced Raman

scattering (SERS), which is beneficial for trapping the
incoming light in the device.”® In summary, the similar
Raman modes in the reference and plasmonic devices
confirmed the intact conformation of the active layer material
with the incorporation of the Ag-NRs. Furthermore, enhanced
scattering indicated by a higher intensity in the high-frequency
Raman modes due to SERS is expected to increase the light
trapping in the device by multiple scattering. Finally, the TEM
images revealed well-dispersed Ag-NRs, maintaining a good
morphology of the active layer, while the Raman spectrum
showed a higher level of light trapping in the plasmonic device.
Consequently, enhanced Jsc in the plasmonic device is
expected due to the better light scattering efliciency.

B CONCLUSIONS

In summary, we studied the photovoltaic performances of the
wide-bandgap polymer PIDTT-BTz and improved the PCE of
PIDTT-BTz:PC; BM-based OSCs by incorporating Ag-NRs
into the active layer. As a result of LSPR-induced local field
enhancement, the active layer material absorbs more light, and
charge separation and transport are improved, resulting in
enhanced Jsc, FF, and PCE. These improvements are caused
by enhanced optical absorption due to LSPR, combined with
light scattering. Furthermore, high-conductivity Ag-NRs
resulted in low R values because they increased carrier
mobility. As a result, a high PCE of 4.9% with an improvement
of 26% was achieved from the device in which 1% Ag-NRs
were embedded as compared to that of the device without the
Ag-NRs. In thin-film OSCs, such improvements result from
LSPR and far-field scattering, which enhance light trapping,
exciton dissociation, and charge transport processes. We
believe that this is a promising approach for improving the
efficiencies of OSC devices, which may stimulate future
research on solar cells.
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