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ABSTRACT: Generally, the surface plasmon resonance (SPR) effect of
metal nanoparticles is widely applied on polymer solar cells (PSCs) to
improve device performance by doping method into solution. Herein, a
diameter-controlled thermally evaporation method was used to realize Au
nanoparticles (Au NPs) doping into WO; anode buffer layer in inverted
PSCs. The surface energy differences between Au and WOj inevitably lead to
Au growing up through the process from nucleation, isolated island,
aggregation of metal islands to continuous films along with the process of
evaporation. The atom force microscopy (AFM) images indicate that critical
thickness of Au film formation is 8 nm, which is in accordance with current
density—voltage (J—V) and incident photon-to-electron conversion efficiency
(IPCE) measurement results of optimal device performance. The power
conversion efficiency (PCE) with 8 nm Au is dramatically improved from
4.67 + 0.13% to 6.63 + 0.17% compared to the one without Au. Moreover,
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the optical absorption enhancement is demonstrated by steady state photoluminescence (PL), which agrees well with
transmission spectrum. The optical and electrical improvement all suggest that thermal evaporation is the appropriate method to

further enhance device performance.
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1. INTRODUCTION

Polymer solar cells (PSCs) offer a compelling option for further
photovoltaic application due to their unique properties, such as
lightweight, low-production-cost, mechanical flexibility, solution
processability, and potential for large-area manufacture.'”* In
the past few years, research on PSCs has deeply examined
almost all aspects, including materials synthesis of electron
donors and acceptors, interface modification, nanoparticles
doping, light trapping method, tandem structure, and so on,
which led to a significant power conversion efficiency (PCE)
enhancement to more than 10%.°7'' However, the still
relatively low PCE, compared with inorganic solar cells, limits
its further application. Seen from the fundamental working
mechanism of PSCs, the external quantum efficiency (EQE) is
determined by multiplication by internal quantum efliciency
and absorption efficiency.'”"? Despite the high absorption
coefficients (>10° cm™) of many polymer materials, it is still
difficult to absorb sufficient light for utilization in PSCs due to
the relatively large bandgap compared to the one of silicon
materials. However, comparatively small charge carrier
mobilities (almost less than 107> cm?/(V s)) and short exciton
diffusion lengths on the order of magnitude of ~10 nm limits
the increasing thickness of the active absorber layer.'*™'¢
Therefore, the fundamental trade-oft between efficient light
absorption (which requires a thick active layer) and efficient
photogenerated carriers collection (which requires a thin active
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layer) is a major barrier against further improvement of PSCs,
which results in a case where increasing the light absorption of
the active layer in a limited thickness becomes a challenge.'” ™'
Recently, a variety of light-trapping techniques have been
widely investigated looking into this situation, definitely
including microcavity structure,”>>° photonic crystals,”” >
*1735 However, the microcavity
effect usually enhances the light absorption more remarkably in

and plasmonic nanostructures.

a device with a thinner active layer, and thus is not in good
agreement with our initial intent to take full advantage of
incident light. Moreover, a one-dimensional photonic crystal
generally acts as a wavelength-dependent filter with a narrow
range in specific spectrum, and other photonic crystals with two
or three dimensions have to deal with the active layer with
special techniques.

Among the proposed light trapping methods, in particular,
plasmonic nanostructures based on advantageous optical
properties have attracted considerable attention due to their
unique tunable optical resonance features and near-field
concentrations for enhancing light absorption by means of
increasing the photocurrents of PSCs.*® The metallic nano-
particles (NPs), such as Ag, Pt, Cu, and Au embedded in a
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dielectric matrix, can strongly interact with light at their dipole
surface plasmon frequency due to the excitation of a collective
electron motion inside the NPs.>’~** The surface confines the
conduction electrons inside the NPs and sets up an effective
restoring force, leading to resonant behavior at the dipole
surface plasmon frequency, namely surface plasmon resonance
(SPR). In addition, the incident photons can be scattered over
a longer propagation path in the active layer by metallic
nanostructures. The factors such as morphology, size,
concentration, dielectric functions of the metal materials, and
the dielectric surrounding environment of the metallic NPs can
also influence the SPR effect. Therefore, the SPR effect has the
potential to be utilized in PSCs to help to convert solar energy
into electrical supply, resulting in a higher efficiency.*~*
There have been lots of reports about PCE enhancement of
PSCs by employing SPR within the devices, which mainly
focused on metallic NPs with different sizes doped into the
active layer. However, the synthesis process of metallic NPs is
relativelg complex, and grain diameter is different to
control.*”*® Herein, we present a simple thermally evaporated
technique to introduce Au NPs into the anode buffer layer of
inverted PSCs to enhance light absorption by SPR. Compared
to solution-processable Au NPs to trigger the SPR, the
differences of the surface energy between Au NPs and WO,
lead to a gradual increase in the diameter of Au NPs instead of
forming a gold film, and the grain diameter can be easily
modulated by the evaporating thickness. We determine that the
PSCs incorporating 8 nm-thick Au NPs exhibit a dramatically
improved PCE from 4.67 + 0.13% to 6.63 & 0.17% compared
to the one without Au. Moreover, steady state PL provides
direct evidence that the SPR of Au NPs induces light
absorption enhancement, which also agrees well with the
transmission spectrum. Furthermore, the complex impedance
also reveals that 8 nm-thick Au can decrease the device
resistance effectively. The optical and electrical improvements
all suggest that thermal evaporation is an appropriate method
to further enhance device performance.

2. EXPERIMENTAL SECTION

The PSCs investigated in this paper have a structure of ITO/TiO,/
poly(3-hexylthiophene)/Indene-Cy, bisadduct (P3HT:ICBA)/ WO,/
Au NPs/WO;/Au, which is shown schematically in Figure 1. In the
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Figure 1. Device structure of the inverted PSCs by thermally
evaporating Au NPs into WO; layer, with the chemical structure of
P3HT and ICBA.

fabrication, ITO-coated glass substrates (a sheet resistance of 15 Q/
sq) were precleaned by ultrasonic treatment in detergent, deionized
water, acetone and isopropy alcohol sequentially, and blown-dry with
pure nitrogen flow. Anatase TiO, thin films were prepared as
described in our previous papers to act as the electron transport layer
(ETL).* P3HT (Lumtec Corp, used as received) blending with ICBA
(Lumtec Corp, used as received) in 1:1 weight ratio was dissolved in

1,2-Dichlorobenzene. The blend was stirred for 72 h in glovebox filled
with argon. Then, the P3HT/ICBA active layer was prepared by spin
coating on top of TiO, film, and the thickness is about 200 nm,
determined by Step Profiler measurement. Finally, the samples were
evaporated with S nm WO;, x nm Au (x = 2, 4, 6, 8, 10), S nm WO,
and 100 nm Au in sequence under a high vacuum (5 X 107* Pa)
without disrupting the vacuum. The deposition rate was about 0.1 nm/
s, which was monitored by a quartz-oscillating thickness monitor
(ULVAC, CRTM-9000). As we all know, WOj is an effective anode
buffer layer in PSCs, and the optimal thickness is 10 nm reported by
our pervious paper.*® The active area of the device was 0.064 cm® The
light intensity was measured with a photometer (International Light,
IL1400), which was corrected by a standard silicon solar cells. UV-
1700 was used to characterize the absorption ability of Au layer in the
wavelength range from 300 to 1000 nm. The IPCE spectra for the cells
were measured with Crowntech QTest Station 1000AD. AFM
measurements in air were performed using a Solver Scanning Probe
Microscope in tapping mode. Impedance spectroscopy, which
measures the dielectric properties of a material and interface as the
function of frequency, was measured by an impedance analyzer
(Wayne Kerr Electronics 6520B) with a bias of 1 V in the frequency
range of 20 Hz to 2 MHz.

3. EXPERIMENTAL AND SIMULATION RESULTS AND
DISCUSSION

Figure 2a displays the representative J—V characteristics,
recording the performance of PSCs prepared using WO; buffer
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Figure 2. (a) J—V characterization of devices with different thickness
of Au NPs tested under AM1.5G solar illuminations. (b) IPCE spectra
of devices with different thickness of Au NPs in the wavelength range
from 300 to 800 nm.

layer with and without Au NPs, and the corresponding
photovoltaic parameters were summarized in Table 1. It is

Table 1. Detail Performance Parameter under 100 mW/cm?
Simulated AM1.5G in Ambient Air with Different Thickness
of Au

thickness of

Au (nm)  J,. (mA/cm?) V,. (V) FF (%) PCE (%)
0 7.87 £011 087 +£001 681+02 467 +0.13
2 799 + 013 087 £001 689 +02 479 +0.15
4 9.15+0.14 087 £ 001 684 +02 546 + 0.15
6 1013 + 0.13  0.87 + 001 688 £ 02  6.01 + 022
8 1106 + 0.12 087 + 001 689 +02  6.63 + 0.17
10 813 + 0.15 087 + 001 682+ 02 485+ 0.18

observed that the device without Au NPs exhibited a relatively
low performance, including a short-circuit current (J,.) of 7.87
+ 0.11 mA/cm?, an open-circuit voltage (V) of 0.87 + 0.01'V,
a fill factor (FF) of 68.1 + 0.2%, and a calculated PCE of 4.67 +
0.13%. However, the device performance with 8 nm Au
contributes a significantly improvement following with a J,. of
11.06 + 0.12 mA/cm?, a V,_ of 0.87 + 0.01 V, a FF of 68.9 +

DOI: 10.1021/acsami.5b05747
ACS Appl. Mater. Interfaces 2015, 7, 18866—18871


http://dx.doi.org/10.1021/acsami.5b05747

ACS Applied Materials & Interfaces

Research Article

0.2% and a PCE of 6.63 + 0.17%. Observably, the device with x
nm-thick Au shows a gradually improved performance, and the
optimal thickness is ¥ = 8 nm. It is noted that the device
performance is highly sensitive to the amount and diameter of
Au NPs embedded into WO; buffer layer, and the performance
improvement is attributed to SPR of Au NPs. It also can be
seen that the value of the V__ for the plasmonic devices with Au
NPs have little change compared to the control device without
Au NPs, suggesting that the Au NPs have no effect on built-in
potential.

To further certify the J. enhancement, The IPCE of devices
with or without Au NPs were measured, and the obtained
spectra were plotted in Figure 2b. It is observed that the IPCE
variation shows a good agreement with the J—V results. It can
be seen that the IPCE of the devices with different thickness of
Au shows a significant enhancement in a broad wavelength
range of 450—600 nm compared to that of the device without
Au NPs, providing a direct evidence for gradually increased J,..
The IPCE results above also clearly indicate that the
enhancement in the photovoltaic performance is sensitive to
the thickness of Au evaporated into the buffer layers of PSCs. It
suggests that the device exhibits the largest improvement due to
the strongest SPR effect from 8 nm Au.

The transmittance spectra of devices without top Au
electrode were measured to further investigate the mechanism
of the J. improvement, which is shown in Figure 3. As we all
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Figure 3. Transmission spectra of devices with different thicknesses of
Au NPs without top Au electrode in the wavelength range from 300 to
1000 nm.

know, lower transmittance indicates that more incident light
can be trapped within the devices, which can potentially
enhance the photon absorption efficiency of the active layer.
The result reveals that the absorption is dramatically enhanced
from 400 to 600 nm when Au NPs were evaporated inside
WO; buffer layers. Besides, it is noticed that there is a valley at
500 nm in the transmittance spectra. The valley will lead to a
corresponding peak in IPCE, which is in consistent with the
observation from IPCE experimental data. Notably, when the
wavelength range between 700 to 1000 nm, transmittance
curves from the devices with 12—16 nm Au NPs have been
almost overlapped. It indicates that when the thickness of Au
exceeds 8 nm, the Au films have been formed and can reflect
incident light, which results in the uniform transmittance and
the disappearance of Au NPs SPR.

The discussion above indicates that the device with 8 nm Au
NPs is optimal. To figure out the effect of Au thickness on the
film morphology, the AFM images of WO; film containing Au
NPs (2, 4, 6, 8, 10, 12, 14, 16 nm) were tested in the range of 1
pum and shown in Figure 4a. Moreover, the statistical graph
about the relationship between the average size of the Au NPs
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Figure 4. (a) AFM topography images (1 X 1 yum?) of the WO;/Au
with different thicknesses of Au NPs. (b) The relationship between the
average size of the Au NPs and the deposited Au film thickness.

and the deposited film thickness is also shown in Figure 4b.
According to previous research, the deposition of Au on thin
films will go through four different growth regimes: nucleation,
isolated island growth, growth of layer aggregates via partial
coalescence, and continuous layer growth.”"”” It can be clearly
seen that Au grows up from nucleation to uniform films with
the thickness of Au increases from Figure 4a. The critical
thickness of Au film formation was 8 nm because the film
morphology is no longer changed when the thickness surpasses
8 nm. It means that the Au metal island acts as Au NPs, which
can induce SPR when the thickness of the Au is lower than 8
nm. If the thickness of Au exceeds 8 nm, then the Au films were
gradually formed instead of metal island, which results in the
case that the Au NP SPR gets weaker or absolutely disappears.
The AFM images provide a direct evidence that the device
performance variation is dependent on Au NPs diameter, which
can induce SPR to enhance light absorption. Notably, the
distribution of the Au NPs in the WO; layer was uniform,
which is attributed to the different surface energy between WO,
layer and Au. It suggests that the thermally evaporating Au into
anode buffer layers is convenient and suitable method to realize
the SPR.

The steady state photoluminescence (PL) spectra by using
wavelength excitation source (A, = 470 nm) are applied to
explore the excitons generation behavior of the SPR of devices
possessing the structure ITO/TiO,/P3HT without or with Au
NPs, as shown in Figure S. The absorption in the P3HT was
predominately contributed to the exciton generation in the
active layer, so we recorded fluorescence spectra of the pristine
P3HT. Herein, an obvious enhancement of PL intensity of the
sample with 8 nm Au is observed from 650 to 750 nm when
excited with 470 nm laser in Figure S. The remarkable increase
in fluorescence intensity results from the increased light
absorption in P3HT induced by excitation of the SPR.
Hence, the generation rate of excitons was significantly
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Figure S. PL spectra of P3HT without or with 8 nm Au NPs tested
using an excitation source wavelength (1) of 470 nm.

enhanced due to incorporating Au NPs . A related research was
reported by Wu et al. demonstrated that the excitation of the
SPR increased the degree of light absorption and enhanced the
light excitation rate due to the similar resonance frequency
between the Au NPs and the absorption band of P3HT.” The
enhanced PL provides a direct evidence that Au NPs can
effectively improve the light absorption of P3HT.

To further prove the J. enhancement of devices with Au
NPs, the impedance spectroscopy was examined in the dark
with an alternating current signal of 1 V in a frequency range of
20 Hz to 2 MHz. The complex impedance spectra of the
devices with different thickness of Au are shown in Figure 6a
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Figure 6. Complex impedance spectra of the devices with different
thickness of Au NPs. (a) 0, 2, 4, 6, 8 nm and (b) 8, 10 nm. (c) The
fitting model of equivalent circuit.

and b, and the fitting model of equivalent circuit is also given in
Figure 6¢c. Three columns of data were obtained, which are
frequency (Hz), impedance, and angle, respectively. The data of
x-axis are obtained with the formula of impedance X cos(angle/
1807), which refers to the real part of the complex impedance,
while the data of y-axis are obtained with the formula of
impedance X sin(angle/1807x), which refers to the imaginary
part of the complex impedance. As we can see, the shapes of
impedance spectra are commendable semicircles that are
beneficial to inquiry the resistance in PSCs. In the impedance
spectroscopy, the diameters of the semicircles are connected
with the device resistance, including recombination resistance
(R,), bulk resistance (R,), and series resistance (R;). It can be
seen that the diameter of impedance spectroscopy tapers off
with the increase of Au thickness. The diameter of device
without Au NPs is 2 orders of magnitude larger than that of the
devices with 8 nm Au NPs. It indicates that the Au NPs
embedded in WO; buffer layer can dramatically decrease the

device resistance, which is in accordance with ], variation
tendency. Hence, the device with Au NPs can achieve not only
higher absorption, but also lower resistance.

3. CONCLUSIONS

In summary, we present a facile thermally evaporated technique
to introduce Au NPs into WOj; buffer layer of inverted PSCs to
enhance light absorption by SPR. The AFM images show that a
different surface energy between Au and WOj; leads to Au
growing up from nucleation to uniform films. We determined
that the PSCs incorporating with 8 nm-thick Au exhibit optimal
performance of J—V and IPCE. The PCE was dramatically
improved from 4.67 + 0.13% to 6.63 + 0.17% with 8 nm Au
NPs. Moreover, the optical absorption enhancement of P3HT
layer with 8 nm Au NPs is demonstrated by steady state PL,
and the impedance also reveal the device resistance can be
decreased with 8 nm Au NPs. The optical and electrical
improvement all suggest that thermally evaporating Au into the
buffer layer is an appropriate method to further enhance device
performance by SPR effect, and the results of this study might
pave the way toward higher-efficiency PSCs.
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