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Introduction

Understanding the effects of shape, material and
location of incorporation of metal nanoparticles on
the performance of plasmonic organic solar cells}

Minu Mohan, Ramkumar Sekar and Manoj A. G. Namboothiry@*

Truncated octahedral gold (Au) nanoparticles (NPs), Au nanocubes (NCs)-, and silver (Ag) NCs are used to
study the effect of NPs shape, material and incorporation location on the performance of poly(3-
hexylthiophene):[6,6]-phenyl-C;-butyric acid methyl ester (P3HT:PC;1BM) based inverted bulk
heterojunction (BHJ) organic solar cells (OSCs). Plasmonic OSCs (POSCs) with NPs incorporated as an
interfacial layer between zinc oxide (ZnO) and active layer showed highest power conversion efficiency
(PCE) and short circuit current density (Jsc) values for all kind of shapes and material compared to POSCs
with NPs blended into the active layer. Near-field enhancement as well as enhanced forward scattering
cross section is attributed for POSC performance improvement. Among the NPs with two shapes, POSCs
with truncated octahedral Au NPs exceeded the photovoltaic performance compared to those of POSCs
with Au and Ag NCs. Large number of antennas in truncated octahedral Au NPs compared to NC is
reasoned to be the cause for this improvement. Even though Ag has better localised surface plasmon
resoanance (LSPR) properties compared to Au, the POSCs with Ag NCs showed lower Js. value and is
due to reduced number of photons at the blue shifted LSPR wavelength of Ag NCs. The improvement in
Jsc values of POSCs is confirmed by enhancement in absorption, external quantum efficiency (EQE),
exciton generation and exciton dissociation probability measurements and is due to improved LSPR
coupling of the NPs with the active layer. The surface enhanced Raman scattering (SERS) and
photoluminescence (PL) studies confirm the absorption enhancement in the active layer by NP LSPR
coupling and further confirm the enhancement in the photovoltaic performance of POSCs.

poor free carriers charge transport.” The reduced thickness of
the active layer results in absorption loss as the penetration

Photovoltaic research based on organic semiconductors has
made remarkable progress during the last two decades.™” The
improvement was mostly due to the development of new
materials, interface engineering and modification in device
architecture based on understanding of basic process involved
in the photovoltaic performances.>* Some of the crucial basic
processes addressed by various research groups are (1)
absorption of light, (2) exciton generation, diffusion and
dissociation, (3) free charge carrier transport and (4) free carrier
extraction to the external circuit.” Currently such effort has
resulted in power conversion efficiency (PCE) of 16% for
outdoor applications and 31% for indoor applications for
organic solar cells (OSCs).®

But the thickness of the active layer in such devices is limited
to a few hundreds of nanometers in order to compensate for its
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depth (inverse of the absorption coefficient at a particular
wavelength) of light is greater than the thickness of the active
layer.® Optical spacer, Bragg reflectors, V shaped back contacts
and incorporation of plasmonic structures were used to
improve the optical absorption in the active layer, without
changing the layer thickness.®'® Such approaches result in
enhancement in the optical electrical field in the active layer,
thereby increasing the net optical gain in the active layer.
Among these approaches, incorporation of plasmonic nano-
structures in the active layer has made significant attention due
to its simplicity in terms of solution processability and device
structure.™ But the coupling of the plasmonic oscillation to the
absorption enhancement of the active medium is still a matter
of debate. There is a theoretical limit for the improvement of the
solar cell efficiency based on the plasmonic concept and
depends on many factors, such as the shape, location and
plasmonic resonance frequency.*>*?

In this work, we address this issue experimentally by
studying the effect of shape, material and location of incorpo-
ration of metal nanoparticles (NPs) on the photovoltaic perfor-
mance of a bulk heterojunction (BHJ) OSCs with poly(3-

This journal is © The Royal Society of Chemistry 2020
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hexylthiophene):[6,6]-phenyl-C,;-butyric acid methyl ester
(P3HT:PC,,BM) as active layer (as a well-studied model stan-
dard general system for comparison with literature). To
understand the coupling of localized surface plasmon reso-
nance (LSPR) of metal NPs with the active medium based on
shape, material and location of incorporation, three systems are
studied in detail. The systems are (1) truncated octahedral NPs
and nanocubes (NCs) of Au (to study the effect of shape) (2) Au
and silver (Ag) NCs (to compare the material effect) and (3) NPs
blended with active layer vs. NP layer/active layer bilayer struc-
ture. Surface Enhanced Raman Scattering (SERS) and photo-
luminescence (PL) spectroscopy are used to analyse the
enhancement in the absorption of the active layer by LSPR
coupling. Exciton generation rate and dissociation probability
calculations are used to infer the improvement in OSC perfor-
mance due to LSPR coupling.

Experimental
Synthesis of metal NPs

Truncated octahedral Au NPs. Truncated octahedral Au NPs
are obtained by reducing hydrogen tetrachloroaurate tri hydrate
(HAuCl, - 3H,0) with dimethyl formamide (DMF) in presence of
deionized (DI) water.™* As per the synthesis procedure, 2.61 mL
of DMF (Sigma Aldrich) and 1.8 mL of high purity DI water are
added to 0.09 mL of 94.2 mM HAuCl,-3H,0 (Sigma Aldrich)
with 7.5 mL of 1.46 mM poly vinyl pyrrolidone (PVP) (Sigma
Aldrich, M,, = 55 000) in DMF. Solutions are mixed in 50 mL
round bottom flask and heated at 100 °C with a magnetic stir
bar in an oil bath for 2 hours. The NPs obtained are dispersed
and precipitated in water and ethanol several times and then
centrifuged at 12 000 rpm to remove residual PVP. The NPs are
dispersed in ethanol for storage.

Au NCs. Au NCs are synthesized following a procedure re-
ported previously.” As per the synthesis method, the seed
solution is prepared by adding 0.01 M ice-cold aqueous sodium
borohydride (NaBH,) solution (0.6 mL) to a mixture of 0.1 M
cetyltrimethyl ammonium bromide (CTAB) (7.5 mL) and 0.01 M
gold chloride trihydrate (0.25 mL) solution. The solution is
blended by rapid inversion for few minutes and kept undis-
turbed for 1 hour at room temperature. The growth solution was
formed by the sequential mixing 0.1 M CTAB (6.4 mL), 0.01 M
HAuCl,-3H,0 (0.8 mL) and 0.1 M ascorbic acid (3.8 mL) into
32 mL DI water. 0.02 mL of diluted seed solution (diluted 10
times with water) is added to the growth solution and mixed by
gentle inversion for 10 s. The growth solution is left undisturbed
overnight. The Au NCs are obtained by centrifuging the solution
at 13 000 rpm for 10 min. The NCs are washed with DI water and
redispersed in DI water.

Ag NCs. Ag NCs are prepared according to a literature
method where silver nitrate (AgNO3) is reduced to elemental Ag
in ethylene glycol (EG)."* 6 mL EG is taken in a 20 mL vial and
heated to 150 °C for 1 hour with stirring in an oil bath. After 1
hour, add 80 pL of Na,S solution (3 mM in EG) and stir for
8 min. Further, 1.5 mL of PVP solution is added. PVP solution is
prepared by mixing 0.03 g PVP (M,, ~ 55 000) in 1.5 mL EG.
Immediately add 0.5 mL of the AgNO; solution (0.024 g AgNO;
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in 0.5 mL EG). Stir for 10-15 min. Remove the vial from the oil
bath and place it in a water bath maintained at room temper-
ature. Centrifuge at 5000 rpm for 30 min and re-disperse the
particles in DI water. Wash the particles in DI water for three
times to remove excess PVP and EG. NCs are dispersed in DI
water for storage.

Device fabrication

The schematic of the device architectures used for inverted
plasmonic BHJ OSCs is given in Fig. S1.7 Devices are fabricated
on indium tin oxide (ITO) coated glass slides (sheet resistance
~10 Q sq ', Delta Technologies Inc., USA). Initially, ITO coated
glass plates are sequentially cleaned by ultra-sonicating in
a bath with DI water, acetone, and isopropanol for 30 min each
and are dried using a vacuum oven. Before spin coating zinc
oxide (ZnO), a 30 min UV ozone treatment is performed on the
dried ITO plates. The inverted device structure studied is ITO/
ZnO NP/P3HT:PC,;BM/molybdenum trioxide (MoOj;)/Ag. In
order to make the device, first, a 30 nm thick ZnO NP solution is
spin-coated on top of the cleaned ITO substrate. For the
P3HT:PC,,BM reference device, a solution containing a mixture
of P3HT:PC,;BM (concentration 32 mg mL™"', blend ratio
1:0.6) in chlorobenzene is spin-cast on top of ZnO layer and
annealed at 155 °C for 5 min to get a thickness of ~120 nm. In
the case of plasmonic OSCs (POSCs) where metal NPs (opti-
mized for 5 wt%) are incorporated inside the active layer, the
NPs are initially redispersed in chlorobenzene and then mixed
with the active material blend. The active layer thicknesses of all
the devices are maintained at ~120 nm by slightly varying the
spin coating rpm. For using the metal NPs as an interlayer,
a thin layer of metal NPs dispersed (optimized for 5 wt%) either
in ethanol or DI water is spin coated on top of the ZnO layer and
annealed at 100 °C for 5 min before spin coating active layer.
MoO; of thickness 10 nm is thermally evaporated on top of the
active layer. Ag of 100 nm is thermally evaporated on top of
MoO; and is measured using an inbuilt Inficon quartz thick-
ness monitor. The active area of the device is 3 mm x 3 mm.

Device characterization

The current-voltage characteristics of the devices are performed
using a Keithley 6430 source measure unit in the dark and
under the illumination of a 1000 W m~? AM1.5G spectrum
using an Oriel 3A solar simulator tested with an NREL cali-
brated silicon solar cell. External quantum efficiency (EQE)
measurements are made using a lock in technique. In this
method, photocurrent density (J,,,) is measured using a lock in
amplifier which is locked to a non-harmonic chopped light
source. Here, a Xenon lamp coupled with a monochromator is
used as the light source. All measurements are done in ambient
condition and shadow masks are used to prevent error due to
optical and electrical edge effects while doing measurements.

Material and thin film characterization

Morphology and microstructure characterizations are per-
formed by Field emission scanning electron microscopy

RSC Adv, 2020, 10, 26126-26132 | 26127
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(FESEM) (Nova Nano SEM NPE 206 high resolution SEM). UV-
Vis absorption spectra are acquired using SHIMADZU UV-
3600 Spectrophotometer. PL studies are carried out using
a Fluorolog fluorimeter (Horiba Scientific USA). SERS
measurements are done using a Raman spectrophotometer
(Horiba Scientific, USA). Thicknesses of thin films are measured
using a stylus profilometer (KLA Tencor USA).

Results and discussion

Truncated octahedral Au NPs, Au NCs and Ag NCs are syn-
thesised."**¢ The shape and size of metal NPs are characterized
using SEM and LSPR wavelengths are measured using UV-Vis
absorption spectroscopy. An average particle size of 65 nm is
observed for the truncated octahedral Au NPs from the SEM
image as shown in Fig. 1(a). The UV-Vis absorption spectrum of
truncated octahedral Au NPs shows a maximum absorption
peak at ~550 nm (Fig. 1(b)). The SEM image of Au NCs and Ag
NCs of edge size ~40 nm are given in Fig. 1(c) and (e) respec-
tively. The UV-Vis absorption spectrum shows the LSPR peak for
the Au NCs at ~527 nm (Fig. 1(d)). Unlike Au NCs, Ag NCs have
the LSPR peak at ~435 nm (Fig. 1(f)). Fig. 2 shows the UV-Vis
absorption spectra of P3HT:PC,;BM without and with metal
NPs (blended with active layer and as an interfacial layer
between ZnO and active layer). In all cases, the absorption
spectra show an enhancement in the wavelength range between
400 nm to 600 nm. The broad response can be due to scattering
and formation of aggregate of NPs. Moreover, NPs incorpora-
tion as an interlayer shows better enhancement compared to
the NPs blended with active layer. The improvement in
absorption of the bilayer structure can be attributed to the near-
field enhancement as well as enhanced forward scattering cross
section.”” The absorbance peak at 360 nm and 510 nm observed
in the P3HT:PC,;BM blend without Au NPs corresponds to
PC,;BM and P3HT respectively.>'®* P3HT has a higher magni-
tude of absorption compared to that of PC,,BM in the spectral
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Fig.1 SEMimage of (a) truncated octahedral Au NPs (c) Au NCs and (e)
Ag NCs. UV-Vis absorption spectra of (b) truncated octahedral Au NPs
(d) Au NCs and (f) Ag NCs.
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Fig. 2 UV-vis absorption spectra of P3HT:PC,BM layer with and
without (a) truncated octahedral Au NPs (b) Au NCs and (c) Ag NCs at
different locations.

range of 450 nm to 600 nm. The peak at ~600 nm shows the
presence of vibronic structure characteristic of ordered
regioregular P3HT." Further, photovoltaic devices were fabri-
cated using metal NPs at the interface as well as in the bulk.
The schematic of the device architectures used for inverted
plasmonic BHJ OSCs is given in Fig. S1.1 The current density-
voltage (/-V) characteristics of P3HT:PC,;BM based inverted
BH]J OSCs, with and without metal NPs, are shown in Fig. 3(a),
(c) and (e). Table 1 summarizes the performance parameters.

—_
0

-
=

-

—a— Reference device wio trunc. Au NP
-3} —e—P3HT:PC,BM + trunc. Au NP
~4—Zn0/ trunc. Au NP / P3HT:PC, BM

Current density (mAcm™)

20 b p3HTPC, BM wio trunc. Au NP
sy ol §
4200/ trunc. Au NP | PIHT-PC, BM -5
gOO 400 500 600 700 800
Wavelength (nm)

-

3.0 01 02 03 04 05 06
Voltage (V]

(©) ge (V)

—=— Reference device w/o Au NC
~—P3HT:PC, BM + Au NC
—4—Zn0 | Au NC / P3HT:PC, BM

20 } ==—P3HT:PC, BM wio AuNC
@ PIHT:PC, BM + Au NC
4200/ AuNC | PIHT-PC, BM

18
00 01 02 03 04 05 06 gon 400 500 600 700 800
Voltage (V) Wavelength (nm)
© ¢ ® *

—=—Reference device w/o Ag NC

a; .3} —*—P3HT:PC,_BM + Ag NC

1 ~4—2Zn0 / Ag NC / P3HT:PC, BM 80 A ’.A:‘-‘.:‘;:«‘“

T A

> F 60 LY 1

f wo L \

e

3. 8 a0

: \

£ 20f—rumec,ouworsne |

S —PTPC.BMeAGNC R

i 4200/ Ag NC | P3HT:PC, BM ‘5‘,’_
00 01 02 03 04 05 06 300 200 500 600 700 800

Voltage (V) Wavelength (nm)

Fig.3 J-V characteristics of P3HT:PC,,BM based devices without and
with (a) truncated octahedral Au NPs (c) Au NCs and (e) Ag NCs
incorporated at different positions of the OSC, and (b), (d) and (f)
corresponds to the respective EQE with respect to wavelength.
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Table1 The photovoltaic parameters of the inverted P3HT:PC;,BM devices without and with truncated octahedral Au NPs, Au NCs and Ag NCs

at different positions measured under 1Sun AM 1.5G illumination

Position of metal NPs PCE* R R Jsc(EQE)
Device in the device Vo" (V) Jsd (mAem™)  FF (%) (%) (Q em?) (kQc m?) (mA em™?)
A Reference P3HT:PC,;BM device 0.623 £ 0.001 12.80 + 0.26 57.95 £ 0.16 4.62 £ 0.11 104.49 5.55 10.82
(0.624) (13.01) (58.12) (4.72)
B Trunc. octa. Au NP + 0.622 £ 0.001 16.00 £ 0.12 50.93 £ 0.41 5.07 = 0.09 85.68 3.85 11.77
P3HT:PC,,BM (0.623) (16.12) (51.38) (5.16)
C ZnO/Trunc. octa. Au NP/ 0.624 £ 0.001 16.36 + 0.47 53.22 £ 0.50 5.44 + 0.21 96.99 4.55 13.04
P3HT:PC,,BM (0.625) (16.89) (53.80) (5.68)
D Au NC + P3HT:PC,;BM 0.606 £ 0.001 12.04 £ 0.60 43.48 £+ 0.89 3.17 £ 0.23 143.67 1.62 10.37
(0.607) (12.69) (44.26) (3.41)
E ZnO/Au NC/P3HT:PC,,BM 0.623 £ 0.002 16.23 £ 0.32 50.26 £ 0.40 5.09 + 0.14 93.37 3.57 12.51
(0.625) (16.60) (50.69) (5.26)
F Ag NC + P3HT:PC,,BM 0.623 £ 0.001 14.37 £ 0.31 55.19 £ 0.42 4.94 £ 0.15 91.32 5.00 11.38
(0.624) (14.71) (55.67) (5.11)
G ZnO/Ag NC/P3HT:PC,,BM 0.623 £ 0.001 15.22 £ 0.32 53.14 £ 0.26 5.04 £ 0.14 95.41 4.54 11.65
(0.624) (15.59) (53.45) (5.20)

¢ Average value + standard deviation (best value) of 5 devices fabricated and characterized under same conditions.

The performance of POSCs by incorporating truncated octahe-
dral Au NPs, Au NCs and Ag NCs in the active layer (device B, D
and F) and also as an interfacial layer between ZnO/active layer
(device C, E and G) are analysed. The reference P3HT:PC,;BM
device (device A) showed a PCE of 4.72%, open circuit voltage
(Voe) of 624 mV, short circuit current density (Js.) of 13.0 mA
cm ? and fill factor (FF) of 58.1%. The photovoltaic perfor-
mance of POSCs is found to vary with the metal NPs shape,
material and location in the POSC. Device B and C exhibit an
enhancement in the PCE and J,. with respect to the device A.
However, the maximum enhancement is observed for device C.
Compared to the device A, the PCE and J,. of device C have
improved by 20.3% and 30.0% respectively. In the case of Au NC
based POSCs, the device E shows better performance than
device D. Device E exhibits 11.4% enhancement in PCE and
27.7% in Ji. compared to device A. In the case of Ag NCs POSCs,
device G shows better performance compared to that of device
F. Device G exhibits 1.76% enhancement in PCE and 5.9% in J.
compared to device F. Unlike Jg, the V. of the devices did not
vary with the introduction of metal NPs. Hence the PCE
improvement of POSCs is mainly due to the improved J,. values.
Increased J,. on the addition of NPs confirms the improvement
of light harvesting in the active layer for POSCs and is in
synchronization with the observed enhancement of absorption
in active layer using UV-Vis spectroscopy.

Comparing these results, it is observed that POSCs with
metal NPs used as an interlayer between ZnO and the active
layer exhibit the improved POSC performance. Among the
devices C, E, and G, device C showed a maximum enhancement
in PCE and J,. This can be due to the geometrical benefits of
truncated octahedral Au NPs. Compared to cubes which have 8
vertices and 12 edges; truncated octahedral has 24 vertices and
36 edges. The sharp vertices of truncated octahedral Au NPs can
give rise to a more concentrated field near particle and better
LSPR coupling with the active material. Even though Ag NCs has
better LSPR properties compared to that of Au NCs, POSCs with

This journal is © The Royal Society of Chemistry 2020

Ag NCs showed lower J;. and PCE. Lower number of photons in
the Ag NCs LSPR region compared to that of Au NCs LSPR
region can be attributed to the low J,. values observed for Ag
NCs POSCs. Reproducibility of the device performance is veri-
fied by fabricating 20 devices in each structure and comparing
the cell performance under same conditions. Fig. S21 shows the
histogram of PCE vs. number of devices.

The best performing POSC (device C) showed a series resis-
tance (Rs) of 85.68 Q cm?® and shunt resistance (Rg},) of 3.85 kQ
ecm” compared to that of 104.49 Q cm® and 5.55 kQ cm?
respectively for the device A. The low Ry, observed in the POSC
can be due to agglomeration of NPs resulting in leakage current
pathways. Low value of Ry, has reduced the FF of device C
compared to the device A.

The improvement in J,. can be further verified using the EQE
measurement with POSCs and device A. Fig. 3(b), (d) and (f)
shows the EQE spectra of POSCs and device A. All the POSCs
showed enhanced EQE compared to that of device A and similar
trend in enhancement as observed in J-V characteristic. The
spectral envelope of the EQE followed UV-Vis absorption spectra
of active layers. The spectral broadening observed in EQE is
similar to that observed for absorption measurements and can
be attributed to forward scattering and formation of aggregate
of NPs. Among POSCs, device C showed better enhancement in
EQE compared to all other POSCs. The EQE of the device A has
a maximum value of 75.2% at ~510 nm whereas the device C
has maximum EQE value of 89.6% at ~510 nm (an increase of
19.2%). The J,. calculated from EQE spectra (Js. (zqr)) is slightly
less than the experimental values (Table 1). This can be due to
the degradation of the device as the measurements are per-
formed using unencapsulated device under ambient condition.
The improved J;. and EQE in the POSCs can be better under-
stood by studying the exciton generation rate and the proba-
bility of exciton dissociation.

The improved J,. and EQE are further evaluated using the

maximum exciton generation rate (Gmax) and exciton

RSC Adv, 2020, 10, 26126-26132 | 26129
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Fig. 4 (a) Photocurrent (J,n) verses effective voltage (Ver) and (b)

exciton dissociation probability [P(E,T)] vs. Ve for reference and
plasmonic devices with P3HT:PC,,BM as active layer.

dissociation probability (P(T,E)) studies. The photocurrent
density (Jpn) under AM 1.5G 1 Sun illumination from device A
and POSCs are measured by applying a voltage sweep from 1 to
—10 V.*° Fig. 4(a) shows the J,, dependence on effective voltage
(Vege = Vo — Va3 where V,, is the compensation voltage at J,, =
0 and V, is the applied voltage) for both device A and POSCs
(best performing in each case - device C, device E and device
G).ZO

The Gpax values of the device A and the POSCs are tabulated
in Table 2. Results show that G,,,, has enhanced with the
incorporation of NPs at the ZnO/active layer interface and
maximum enhancement is observed for device C. Such an
improvement can be attributed to the enhancement in the
absorption of the active layer as observed in UV-Vis absorption
spectra due to efficient LSPR coupling. Only a fraction of the
photogenerated excitons dissociate into free carriers and is
given by the P(E,T). The values of P(E,T) under the short-circuit
condition (V, = 0) are obtained from the plot of P(E,T) vs. Veg
(Fig. 4(b)). The maximum P(E,T) is obtained for device C. Gpax
and P(E,T) values of devices B, D and F are evaluated from
Fig. S37 and the values are tabulated in Table S1.7

The results obtained from this study are consistent with the
J-V characteristics and EQE measurements. The improvement
in the performance of POSCs is further investigated using
Raman spectroscopy to understand the coupling of LSPR with
the active layer.

Raman spectroscopy is used to study the plasmonic effect
and morphological changes (if any) in the P3HT:PC,;BM system
with the incorporation of metal NPs. SERS exhibits an enhanced
Raman scattering for molecules lying in the vicinity of metal
NPs.”* The enhancement can be due to: chemical enhancement
and electromagnetic enhancement.” The SERS effect of POSCs
is studied with metal NPs as an interlayer (as these devices

Table 2 Gmax and P(E,T) values of P3HT:PC»,BM based BHJ POSCs
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showed better performances compared to that of the blended
ones). Since device C showed better performance among all the
devices, truncated octahedral Au NPs case is considered first.
Here, a thin layer of active material (20 nm) is coated on top of
the NP layer. The Raman spectra of the reference sample (bare
P3HT:PC,;BM) and the plasmonic samples are recorded after
exciting at 532 nm (Fig. 5 (a)).

The Raman peaks observed at ~1446 cm ™" and ~1378 cm ™
for the P3HT:PC,;BM layer can be attributed to the C=C in-
plane stretching vibrations and the C-C skeletal stretching
respectively. The band at ~1206 cm ™' is due to the inter-ring
C-C stretching whereas the peaks at ~1085 cm ' and
~723 cm ™' correspond to the C-H bending mode with the C-C
inter-ring stretching and the in-phase deformation vibration of
C-S-C ring, respectively.”® An enhancement in the peak inten-
sity of the plasmonic sample is observed with respect to the
reference P3HT:PC,;BM sample. However, the peak position of
C=C mode for both P3HT:PC,;BM with and without the
incorporation of truncated octahedral Au NP remains the same
(~1445 cm ') (Fig. 5(b)). The full-width at half maxima (FWHM)
of C=C are almost constant (~34 cm ). The relative intensity
ratio of C-C and C=C modes (Ic_c/Ic—c), for both reference and
plasmonic film, are found to be 0.39. This rules out the possi-
bility of any chemical enhancement with the addition of Au NPs
as the morphology of P3HT:PC,;BM film remains constant.
Similar trend is observed in the case of Au and Ag NCs. Thus,
the enhancement can be attributed to the electromagnetic field.
The SERS enhancement for the C=C mode at an excitation of
532 nm was calculated as the ratio of the area for P3HT:PC,,BM
peak in the presence of metal NPs to the area with metal NPs.>*
The SERS enhancement for C=C mode is calculated as 1.5, 1.3
and 1.2 for truncated octahedral Au NPs, Au NCs, and Ag NCs
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Fig. 5 Raman spectra for P3HT:PC7,BM without and with 5wt% Au
NPs. The excitation wavelength is 532 nm. Raman spectra for
P3HT:PC,,BM without and with NPs for the wavenumber range of (a)
600 to 1600 cm(b) 1300 to 1500 cm ™.

Device notation Device structure Gmax (M2 571 P(E,T) (%)
A Reference P3HT:PC,,BM device 6.48 x 10%7 87.01
C ZnO/Trunc. octa. Au NP/P3HT:PC,,BM 8.59 x 10% 95.62
E ZnO/Au NC/P3HT:PC,,BM 7.85 x 10%7 92.82
G ZnO/Ag NC/P3HT:PC,;BM 7.17 x 107 90.00
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respectively. The device performance also follows the same
sequence.

The LSPR effect on the improvement of active layer absorp-
tion can be further explored using steady-state PL measure-
ments. The room temperature PL spectra of pristine P3HT
without (glass/P3HT) and with metal NPs (glass/metal NPs/
P3HT) were recorded. Fig. 6(a) and (b) present the PL spectra
of P3HT in the absence and presence of truncated octahedral Au
NPs. The samples are excited with two different wavelengths -
500 nm and 550 nm. In both the excitations, PL enhancement is
observed for samples with Au NPs. For the excitation at 500 and
550 nm, the PL integrating intensity of the plasmonic layer was
increased by 19% and 42% respectively, with respect to the
reference P3HT layer. 550 nm excitation wavelength was chosen
to match the plasmonic resonance frequency of the truncated
octahedral Au NP. An enhancement at LSPR can be attributed to
the effective coupling of LSPR of Au NPs with P3HT, which
increases the photogenerated charge carriers in P3HT.”® The Au
NC samples excited at 500 and 527 nm, exhibits enhancement
of 16% and 39% respectively when compared to the reference
P3HT layer (Fig. 6(c) and (d)). Similarly, for Ag NCs, the samples
were excited at 500 nm and 435 nm where the latter corresponds
to the LSPR peak wavelength of Ag NCs. Fig. 6(e) and (f) show
that the PL enhancement is more for an excitation wavelength
at 435 nm. As the sample is excited at 500 and 435 nm, the PL
integrating intensity of the Ag NC/P3HT layer is enhanced by
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Fig. 6 PL spectra of the P3HT layer with and without truncated
octahedral Au NPs excited at (a) 500 nm, and (b) 550 nm. PL spectra of
the P3HT layer with and without Au NCs excited at (c) 500 hm, and (d)
527 nm. PL spectra of the P3HT layer with and without Ag NCs excited
at (e) 500 nm, and (f) 435 nm.
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18% and 26% with respect to the reference layer. Compared to
Ag and Au NCs, truncated octahedral Au NPs have more PL
integrating intensity enhancement at the LSPR wavelength
excitation, which can be attributed to enhanced near-field effect
due to higher number of antennas in the truncated octahedral
Au NPs than in NCs. The results confirm the improved perfor-
mance of device C.

Conclusions

Truncated octahedral Au NPs, Au NCs, and Ag NCs are synthe-
sized and characterised using SEM and UV-Vis. These NPs are
used to study the effect of NPs shape, material and incorpora-
tion location on P3HT:PC,,BM based inverted BH]J OSC. POSCs
with NPs incorporated as an interfacial layer between ZnO and
active layer showed highest PCE and J,. values for all kind of
shapes and material. Near-field enhancement as well as
enhanced forward scattering cross section is attributed for
POSC performance improvement. Among the NPs with two
shapes, POSCs with truncated octahedral Au NPs exceeded the
photovoltaic performance compared to those of POSCs with Au
and Ag NCs. Large number of antennas in truncated octahedral
Au NPs compared to NC is reasoned to be the cause for this
improvement. Even though Ag has better LSPR properties
compared to Au, the POSCs with Ag NCs showed lower J,. value
and is due to reduced number of photons at the blue shifted
LSPR wavelength of Ag NCs. The improvement in Jg. values of
POSCs is confirmed by enhancement in absorption, EQE,
exciton generation and exciton dissociation probability
measurements and is due to improved LSPR coupling of the
NPs with the active layer. The SERS and PL studies confirm the
absorption enhancement in the active layer by NP LSPR
coupling and further confirm the enhancement in the photo-
voltaic performance of POSCs.
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