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ABSTRACT: Incorporation of plasmonic nanoparticles (NPs)
has been considered recently to increase the absorption
efficiency and/or the photocurrent of dye sensitized solar
cells (DSSCs). However, metal NPs introduced in DSSCs make
direct contact with iodide/triiodide-based liquid electrolyte,
creating several problems such as recombination of charge-
carriers, back reaction of photogenerated carriers, and corrosion
of introduced metal NPs. For freshly prepared cells, charge-
carrier recombination has been assumed as the principal process
affecting the overall efficiency on DSSs. In this paper, through
detailed optical and electrical characterization of gold nano-
particle-incorporated DSSCs and utilization of total electron
density model, we demonstrate that the common perception
that bare Au nanoparticles (NPs) act as recombination or back reactions centers cannot explain the photovoltaic behaviors of
plasmonic DSSCs fully. Introduced plasmonic nanoparticles reduce electron injection efficiency in DSSCs, keeping the electron
collection efficiency unchanged. Reduction of electron injection efficiency in plasmonic DSSCs is associated with an upward shift
of the conduction band due to Au nanoparticle incorporation.

■ INTRODUCTION

Dye-sensitized solar cells (DSSCs) present an attractive
alternative to traditional inorganic thin film devices due to
their simpler manufacturing process and utilization of low
purity components. Since the first report published on DSSC,1

the field has expanded greatly; however, the efficiency of DSSC
had stuck at a maximum of around 9% for most of its variants.
This, in part, is due to distinct light absorption (by the dye
molecules) and electron transport (in the nanostructured
TiO2) processes in DSSC, contrary to the single crystal solar
cells, where both the light absorption and charge transport take
place in the same material. On the other side, this also offers the
advantage of incorporating new materials into a variety of
photocollection systems to understand and maximize their
effects. For example, different dyes,2−4 quantum dots,5,6 active
layer materials of different morphologies (e.g., vertically aligned
ZnO7 or TiO2 nanotubes

8,9), and novel electrolyte solutions10

have been tested to improve both the photocollection efficiency
and electron transport of DSSCs. However, by employing new
dyes or quantum dots as light absorber, and well-ordered
structures as electrodes, the efficiency of DSSCs could only be
improved marginally.11 One of the most substantial improve-
ment made in DSSCs in present time is through the
incorporation of plasmonic nanostructures (typically silver or
gold nanoparticles) through the enhancement of photo-
absorption cross section of dye molecules. Plasmonic
nanostructures of different geometries/morphologies have
been tested for the enhancement of DSSC efficiency, exploiting

the localized surface plasmon resonance (LSPR) characteristic
of noble metal nanostructures.12−19 Although the incorporation
of “bare” Au nanoparticles as light-harvesting component in
DSSCs has been shown to increase cells’ photocurrent,20 the
use of corrosive iodide/triiodide-based liquid electrolyte and
problems associated with recombination and back reaction of
photogenerated carriers in DSSCs require the nanoparticles to
be protected with a capping layer.15,21−26

Brown et al. have demonstrated a monotonic increase of light
absorption with the amount of metal NPs incorporated into
TiO2 film, and at the same time, a monotonic decrease of the
photocurrent, photovoltage, and fill factor in both solid state
and electrolyte-based DSSCs.21 The results led them to
conclude that the direct contact between metal NPs, dye, and
the electrolyte promotes recombination and back reaction of
photogenerated carriers. As a consequence, different methods
have been adopted to prevent the direct contact between metal
NPs and the electrolyte in DSSCs.15,21−26 However, to the best
of our knowledge, the assumption that uncapped metal
nanoparticles work as recombination centers in nanostructured
electrodes of DSSCs has not been quantitatively studied in
detail, and a clear understanding of the charge transfer kinetics
in DSSCs on incorporating metal NP as light-harvesting
component is lacking. In this work, we combine the use of a
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well-established total electron density model and small
perturbation measurements, providing a straightforward
method to study the effect of plasmonic nanoparticle
incorporation in DSSCs quantitatively.

■ EXPERIMENTAL METHODS
Materials. Trihydrated chloroauric acid (HAuCl4·3H2O,

≥99.9%) and sodium citrate dihydrate (Na3C6H5O7·2H2O,
99%) were purchased from Sigma-Aldrich; sodium hydroxide
pellets (NaOH, ACS grade) was purchased from JT Baker.
Deionized water (>18.2 MΩ·cm) was obtained from a
Millipore Simplicity system.
Synthesis and Characterization of Au Nanoparticles.

Colloidal gold nanoparticles were synthesized by modified
Turkevich’s method. Briefly, 1 mL of 25 mM HAuCl4 aqueous
solution was added to 50 mL of deionized water in a round-
bottom flask. The pH of the gold-ion solution was adjusted to
7.5 by dropwise addition of 1 M NaOH aqueous solution under
magnetic stirring. Then, the solution was heated and refluxed at
100 °C, over a hot oil bath. On reaching this temperature, 3 mL
of 17 mM sodium-citrate aqueous solution was added to the
reaction mixture under vigorous stirring. The reaction
continued for about 30 min at 100 °C, and then cooled
down to room temperature naturally. On adding NaOH
solution to the gold-ion solution, the characteristic yellow color
of AuCl4

− solution gradually softened, finally turning colorless
at pH 7.5, indicating the ligand substitution of Cl− for OH− in
the gold complex. The color of the solution changed to violet
after adding the citrate solution, and then to characteristic red,
indicating the formation of gold nanoparticles. The pH of the
reaction solution was measured by a Thermo Scientific, Orion
Star pH meter. A Shimadzu, UV-3101PC double beam UV−
vis-NIR spectrophotometer was used to record the absorption
spectrum of the sample after it reached room temperature. The
morphology and size of the nanoparticles were analyzed by a
JEOL-JEM 211F transmission electron microscope, operating
at 200 keV. The absorption spectrum of the colloidal sample
(Figure S1 of Supporting Information) revealed characteristic
surface plasmon resonance (SPR) absorption band of the
nanoparticles peaked around 523 nm. The sample consists
principally of quasi-spherical gold nanoparticles of 19.9 ± 2.7
nm average diameter (Supporting Information, Figure S2).
High-resolution TEM micrographs of the sample revealed the
formation of crystalline Au nanoparticles containing several
structural defects (Supporting Information, inset of Figure
S2a).
Fabrication of Au Nanoparticle-Incorporated DSSCs.

A commercial paste (Dyesol 18NR-T) of TiO2 nanocrystals
was deposited onto transparent conducting oxide (TCO)
coated glass substrates (F-doped SnO2; 10 Ω/sq) through
doctor-blade technique. After air-drying, the deposited layers
were sintered in air at 500 °C for 1 h. The average thickness of
the fabricated nanocrystalline TiO2 layers was about 3.6 μm
(measured by a Dektak II profilometer). Deposition of Au NPs
over the annealed TiO2 film surface was carried out by
dispersing 20 μL of the colloidal solution of Au NPs and
subsequent drying in air. The process was repeated for
additional Au NP treatments as required. After annealing the
TiO2 + Au films again at 350 °C for 30 min and then cooling
them to 80−100 °C, they were immersed in a solution of
acetonitrile/tert-butyl alcohol (1:1, v/v) containing 0.3 mM
Z907 dye for 15 h. The semitransparent counter electrodes
were prepared by spreading two drops of 5 mM H2PtCl6

solution in 2-propanol over TCO substrates and their
subsequent firing at 450 °C for 1 h. The TiO2 + Au electrode
and Pt-covered counter electrode were then sandwiched
together using a 25 μm thick themoplastic (Surlyn, Dupont
grade 1702). After introducing the electrolyte solution into the
sandwiched electrodes, the predrilled holes of the counter
electrode were sealed using small pieces of corning glass and
thermoplastic. The electrolyte used in the DSSCs contained 0.6
M 1-butyl-3-methylimidazolium iodide and 0.03 M iodine in
acetonitle/valeronitrile (85:15, v/v%).

Photovoltaic Characterization. Photovoltaic character-
ization of the fabricated cells was performed at room
temperature using a setup consisting of a 450 W ozone-free
Xe-lamp (Oriel) with a water filter, calibrated to an irradiance
of 100 mW cm−2 at an equivalent air mass AM 1.5G on the
surface of the solar cell; the intensity was calibrated using a
certified 4 cm2 monocrystalline silicon reference cell with
incorporated KG-5 filter. No mask was used during the
photovoltaic characterization of the DSSCs.

Small Perturbation Measurements. Steeped Light
Induced Transient (SLIT) of photovoltage and photocurrent
were measured to estimate the recombination lifetime and
transport-time of the fabricated DSSCs, respectively.27 The
DSSCs were probed with a steeped modulated beam of 625 nm
light (probe) superimposed on a relatively large background
(bias) illumination also at 625 nm light. The probe and bias
light entered the cells through the TCO substrate of the TCO
+TiO2 side. The photovoltage decay or transient photocurrent
due to probe light was recorded and used to fit a single
exponential decay with exponent −t/τ where τ is the fitting
parameter termed electron lifetime or transport-time, respec-
tively.27,28 For the electron lifetime measurements, the
photovoltage generated by the bias illumination (of a specific
intensity) was considered as the average quasi-Fermi level of
the DSSC electrode. Neutral density filters were used to vary
the intensity of illumination, to generate a plot of electron
lifetime as the function of photovoltage. Open circuit voltage
and short circuit current were recorded for each illumination
intensity. The steady state total electron density at specific
illumination intensity was calculated under open circuit and

short circuit conditions from the relation = τ
α−

n
J

P qd(1 )
SC 29 where

JSC is the short circuit photocurrent established by the bias light,
τ is the electron lifetime or transport-time, P is the film
porosity, α is the trap energy distribution parameter, q is the
absolute value of the electron charge, and d is the TiO2 film
thickness.

■ THEORETICAL METHODS
The overall sunlight to electrical power conversion efficiency of
DSSCs can be expressed by

η η η η= abs inj coll (1)

where ηabs is the efficiency of light absorption of the dye, ηinj is
the efficiency of charge injection from the exited state of the
dye to the conduction band of the TiO2, and ηcoll is the
efficiency of charge collection in the mesoporous oxide layer
(TiO2), which is directly related to the transport and
recombination properties of the TiO2 film. Consequently, the
main assumption that bare metal NPs act as recombination
centers should have a detrimental effect on the ηcoll and, hence,
on the efficiency of solar cells. For instance, the short circuit
photocurrent will also be directly affected across the ηcoll. To
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evaluate the influence of Au NP incorporation in TiO2
electrode on its charge collection properties, we combine the
use of small perturbation measurements, current vs voltage
curves, and a well-established numerical model. The physical
model utilized in this work is based on the numerical
integration of the continuity equation for electrons with
appropriate generation, diffusion, and recombination terms as
well as adequate boundary conditions. The model produces
similar results to the widely used free electron density
model.30−32 Additionally, it makes possible to simultaneously
simulate the steady state current vs voltage curves and time-
dependent response of a DSSC using experimentally obtained
parameters.28 The continuity equation is solved in a linear
geometry with x-coordinate being the distance to the TCO
substrate (working electrode). The model assumes that
transport occurs by multiple-trapping, so that the electron
diffusion coefficient is a function of the total electron density.
In addition, the kinetics of recombination to electron-acceptors
such as tri-iodide ions or oxidized dye molecules is assumed to
be electron density dependent. On the basis of this
considerations, the continuity equation for electrons can
expressed as28

∂
∂

= ∂
∂

∂
∂

+ −α α β α α− −⎡
⎣⎢

⎤
⎦⎥

n
t x

D n n n
x

G x k n n n( / ) ( ) ( / )0 0
(1 )/

0 0
( )/

(2)

where n is time (t) and position (x) dependent; D0 is the
diffusion coefficient at a reference point (normally in the dark,
which is denoted by the subscript zero); k0 is the recombination
rate in dark; α is the trap energy distribution coefficient; β is the
nonlinear recombination factor, and G(x) is the position-
dependent generation term. The generation term can be
calculated assuming a Lambert−Beer profile for light harvest-
ing:

∫ η λ α α α λ= −
λ

λ
G x I d x( ) ( ) [1 ] exp{ } dinj 0 abs abs abs

min

max

(3)

where I0(λ) is the intensity of solar spectrum (standard
AM1.5G) and αabs is the absorption coefficient of the sensitized
TiO2 film in the DSSC at a specific wavelength λ. Note that by
measuring the absorption spectrum of the sensitized TiO2 film
(ηabs) with and without plasmonic NPs, we are able to calculate
a maximum expected photocurrent at short circuit for a DSSC
assembled with those films under the assumption that ηcoll = ηinj
= 1. For simplicity, we assume that ηinj is independent of λ and

n, even though there is experimental evidence that dye
regeneration is a function of electron concentration, finally
affecting ηinj,

33,34 which will be used as a parameter to fit the
experimental photocurrent at short circuit JSC for known ηcoll. It
is important to mention that n in eq 2 is a generalized carrier
density, and may therefore refer to a variety of situations as
long as there is no drift contribution to carrier transport. For
example, n is the excess electron density in a TiO2 photoanode
of a DSSC. The specific form of the diffusion and
recombination terms and their corresponding parameters
depend on the type of the cell, the nature of carrier transport,
and the recombination processes. All the parameters in eq 2 can
be estimated from small perturbation techniques such as
Intensity Modulated Photocurrent Spectroscopy (IMPS),
Intensity Modulated Photovoltage Spectroscopy (IMVS),
Electrochemical Impedance Spectroscopy (EIS), transient/
decay, and Stepped Light Induced Transient (SLIT) of
photocurrent and photovoltage measurements, as has been
demonstrated previously.28,35−39 So, with adequate values of
the input parameters, eq 2 can be solved numerically with
appropriate boundary conditions, in order to obtain the total
density profile as a function of time and position at a fixed
voltage.28,35−39 Consequently, we can calculate the (i) charge
collection efficiency as a function of charge density (or
illumination intensity); (ii) photocurrent density vs voltage
curve, while performing a scan as a function of photovoltage;
and (iii) photocurrent density vs time.

■ RESULTS AND DISCUSSION

To study the effect of plasmonic NP incorporation in the DSSC
electrodes, we used a DSSC with no Au NP as reference. We
have recently reported35 a study of DSSCs with similar
components (same TiO2 paste, same dye but with different
electrolyte) where all the input parameters used in the model,
represented by eq 2, were obtained experimentally. To model
the reference DSSC (Figure 1b), all the input parameters were
obtained from SLIT of photovoltage and photocurrent
measurements, current vs voltage curve, UV−vis spectroscopy
and stylus profilometry. The electrodynamic parameters
(Figure 1a) were obtained from SLIT of photovoltage and
photocurrent measurements (see Supporting Information for
details). The light harvesting was obtained from the absorption
spectra of the sensitized TiO2 films as shown in Figure 2b, and
is used as input for the generation term in eq 3. We used the
charge injection efficiency ηinj as a fitting parameter to fit the

Figure 1. (a) Experimentally obtained input parameters for the reference DSSC, and (b) comparison between the measured current vs voltage curve
and the theoretically obtained current vs voltage curve (obtained by solving the eq 1, using input parameters of the table) for the same DSSC.
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experimental photocurrent under short circuit conditions at 1
Sun of illumination, with the assumption that the charge
collection efficiency is 100%, i.e., under zero recombination.
Then, the recombination rate in dark k0 was used to fit the
experimental voltage under open circuit conditions at 1 Sun of
illumination. Note that when recombination is considered, we
have to readjust the previously fitted values of ηinj and k0 in
order to reproduce the experimental short circuit photocurrent
and open circuit voltage, respectively. Finally, a total series
resistance RS is used to fit the experimental maximum power
generated by the DSSCs.
When we utilized all the fitting parameters of Figure 1a, eq 2

was solved for each voltage in the 0.0−0.740 V (the open
circuit voltage of the reference DSSC) range to obtain the
current−voltage curve for the reference DSSC (Figure 1b). For
example, the theoretically calculated maximum efficiency value
for the reference DSSC was about 6.4% with JSC = 11.9 mA
cm−2, VOC = 0.769 V, assuming a fill-factor (FF) of 0.7. For this
calculation, we considered that (a) ηinj = 100%, (b) the
absorption spectra for the TiO2 + Au NPs + Dye film
(reference) in Figure 2b, and (c) the input parameters of Figure
1a. Note that the highest reported efficiency for a DSSC with
the same dye, a film thickness of 4.3 μm and a more complex
electrolyte (compared with the one used in this study) was
about 5.85%,40 which is very close to the maximum efficiency
calculated in this study. The consideration of ηinj = 100% is only
used to establish a limit for the DSSC efficiency when electron
recombination does not exist.

Figure 2 shows the effects of incorporating Au NPs in
different concentrations on a TiO2 film of about 3.6 μm
thickness. As can be noticed in Figure 2a, the absorbance of the
TiO2 film increases gradually with increasing content of Au
NPs. On the other hand, there appears a strong SPR peak
around 560 nm in the absorption spectra. However, after
sensitization, such a gradual increase of absorbance was not
observed (Figure 2b). For the TiO2 film with one Au NP
treatment (red curve of Figure 2b), the overall intensity of the
absorption band increased noticeably compared with the one
with no Au NP treatment (black curve of Figure 2b), indicating
an overall increase of light harvesting, increasing JSC and VOC in
assembled devices. On the other hand, the intensity of the
absorption band (around 560 nm) decreased marginally,
extending its tail toward higher wavelengths for the films
prepared with four and five Au NP treatments. While on
incorporation of Au NPs at the surface of TiO2 film reduces the
surface area available for dye absorption, the increase of
absorption intensity for the film after first Au NP treatment
indicates that the presence of such a small amount of Au NPs at
the surface does not affects its dye absorption capacity. For
higher Au NP treatments, a higher number of Au NPs will be
deposited at the film surface, reducing its effective surface area
available for dye absorption. When the TiO2 surface is largely
covered by Au NPs, we can expect an increase in the
recombination rate due to an increase of recombination centers.
This is the case for the TiO2 films with 4 and 5 Au NP
treatments. However, the absorption spectra presented in
Figure 2b could be used to calculate the effects of Au NP
incorporation over the JSC of DSSCs with the aid of eq 2 and
the input data presented in Figure 1a.
The sensitized films with different Au NP treatments were

used to fabricate DSSCs with the same electrolyte solution. As
can be noticed in Figure 3a, there is not much improvement on
the efficiency of the DSSCs by the incorporation of plasmonic
NPs. A systematic decrease of JSC and VOC was observed for the
samples with 0−4 Au NP treatments. This is a very common
result and is frequently explained by the assumption that the
metallic NPs act as recombination or back reaction centers.21

On the other hand, the sample with 5 Au NP treatments
revealed an increase in JSC and VOC with respect to the sample
with 4 Au NP treatments. This increase might be due to the
formation of a scattering layer at the top of the TiO2 electrode
due to the aggregation of Au NPs. Unfortunately, there is no
straightforward method to determine whether the recombina-
tion process or the ηinj, which influences more the final
efficiency of the Au NP incorporated DSSCs. To elucidate the
earlier point, in the following section, we will evaluate how the
incorporated Au NPs in TiO2 nanostructures affect their: (1)
light absorption or light harvesting efficiency, (2) recombina-
tion by decreasing the charge collection efficiency, and (3) the
charge injection efficiency. The first point can be addressed as
follow: if we assume that the only contribution of plasmonic
NPs is the enhancement of absorption of TiO2 films, as is
observed in Figure 2b, we can expect some improvements in
the JSC and VOC of DSSCs. Such improvements can be
calculated by solving eq 2, utilizing the parameters of Figure 1a
and the measured absorption spectra for the TiO2 films with
different Au NP treatments (Figure 2b). While the current−
voltage behaviors of the DSSCs fabricated with and without Au
NP incorporation are shown in Figure 3a, the theoretically
estimated and experimentally obtained parameters (JSC and
VOC) are compared in Figure 3b. As can be noticed from Figure

Figure 2. (a) Absorption spectra of four TiO2 films (same thickness)
with different Au treatments, and (b) absorption spectra of the same
films sensitized with the Z907 dye.
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3b, our assumption that the only contribution of Au NP
incorporation is to improve the absorbance of TiO2 films leads
a gradual enhancement of JSC and VOC, contrary to
experimental observations. This discrepancy between the
theoretical and experimental results suggests an increase of
the recombination rate or a decrease on charge collection
efficiency of the plasmonic NP incorporated electrode, that
finally affects the JSC and VOC of DSSC. To determine whether
the incorporated Au NPs act as recombination centers in DSSC
(2nd point), we repeated the calculations (used to obtain the
results presented in Figure 3b) using the recombination
constant k0 as a fitting parameter to fit the experimental JSC
(solid black dots in Figure 3b), assuming that the incorporated
Au NPs affect (enhance) the absorbance of TiO2 film (Figure
2b), as well as act as recombination centers in assembled
devices. It is important to note that here we are assuming that
the transport properties of the TiO2 electrodes is not largely
affected by the incorporation of Au NPs, and there is no
associated band shift.
Figure 4a shows the variations of recombination constant

(black open circles) and charge-collection efficiency (blue open
circles) of the cell with the incorporation of Au NPs, obtained
using k0 as fitting parameter to fit the experimental JSC, i.e.,
assuming that incorporated Au NPs act as recombination
centers, affecting the charge collection efficiency and finally
decreasing the JSC and VOC of the DSSC. It is important to
remember that this assumption is frequently made to justify the
small improvement of DSSC efficiency observed on incorpo-
ration of metal NPs.21 As can be noticed from Figure 4a, under

this assumption, a gradual increase (1 order in magnitude) of
the recombination rate constant (black open circles) with Au
NP treatment is expected, leading to a maximum decrease of
about 25% on the charge collection efficiency (blue open
circles). As consequence, a maximum decrease of around 200
mV in VOC is also expected (black open circles in Figure 4b) as
it largely depends on the recombination rate constant. Contrary
to this expectation, a maximum decrease of VOC about 30 mV
was measured (black dots in Figure 4b).
SLIT of photovoltage measurements were performed on the

DSSCs with different Au NP treatments in order to determine
the electron lifetime, a parameter that is directly related to the
recombination rate constant. From these measurements, we can
determine the variation of the recombination constant under
the assumption that no band shift occurs. Figure 5a compares
the lifetime measured for the DSSCs fabricated with different
Au NP treatments. As we see, the consideration of no band
edge shift results in about a maximum 3-fold increase in
recombination rate (inverse of lifetime) between the cells
prepared with no Au NP treatment and the cell prepared with 5
Au NP treatments at 0.45 V. However, a maximum 3-fold
increase of the recombination rate within the measurements
range does not agree with the estimated near 10-fold increase
used to explain the decrease on JSC. The results indicate that the
observed decrease of JSC and VOC cannot be fully explained
though the increase of recombination rate constant. Con-
tribution of conduction band shift (and hence the variation of
n0), variation of electron trap distribution (and hence the
parameter α), a change of transport properties (parameters D0
and α), or even a change of recombination properties (k0 and β
parameters) might also be associated with the changes observed
for JSC and VOC. As can be observed from Figure 5a, the slope

Figure 3. Effect of plasmonic NP incorporation on photovoltaic
performance of DSSC: (a) experimental current vs voltage curves for
different Au treatments to DSSC electrodes, (b) comparison between
theoretical and experimentally obtained JSC and VOC values for the
DSSCs fabricated with different Au NP treatments.

Figure 4. Effect of plasmonic NP incorporation on the recombination
rate of DSSC: (a) the used k0 to fit the experimental JSC, (b) predicted
effect of the fitted k0 over VOC.
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of the semilogarithmic plot of lifetime vs voltage is not the same
for all the Au NP treatments, suggesting a variation in the
nonlinear recombination parameter β, when the trap
distribution α does not change. To evaluate whether Au NP
incorporation affects other kinetic processes, we performed a
complete characterization to obtain all the input parameters
listed in Figure 1a for all the DSSCs. As can be seen in Table S1
of Supporting Information, there are no big variations (within
the limit of fitting errors) for most of the input parameters as
obtained by SLIT of photovoltage and photocurrent measure-
ments (see Supporting Information for parameters extraction
details). Contrary to the expectation, the variation of the slope
of the semilogarithmic plot of lifetime vs voltage presented in
Figure 5a is not due to a change of the nonlinear recombination
parameter; instead, it is related to a decrease of the trap
distribution parameter as shown in Table S1 (Supporting
Information). However, such variations do not explain the
decrease of JSC and VOC for DSSCs with Au NP incorporation.
The other parameter that also affects the JSC of DSSCs is the

charge injection efficiency. Recent publications41 have shown
that the efficiency of photoinduced electron transfer from
sensitizers to semiconductors can be enhanced by coupling the
sensitizer to plasmon resonance in metal nanoparticles. The
extent of electron−plasmon coupling depends on the size and
shape of metal NPs, and the dipole moments of the
photosensitizer and metal NPs. As mentioned before,
incorporated Au NPs can also alter the dye regeneration
efficiency, finally affecting the charge injection efficiency.28,33,34

Additionally, Au NP incorporation can also affect the contact
between dye molecules and the TiO2 surface, molecule
conformation, aggregation, interaction between adjacent dye

molecules, etc., affecting the charge injection efficiency. Under
the assumption that the main effect of Au NP incorporation is
to decrease the electron injection efficiency (3rd point), we
used the electron injection efficiency as a fitting parameter to fit
experimental JSC as a function of Au NP treatments. In this
calculation, we assumed that the incorporation of Au NPs
affects: (a) the absorption efficiency or light harvesting capacity
of TiO2 film (as observed in Figure 2b) and (b) the charge
injection efficiency in the DSSC, while utilizing parameters of
Table S1 (Supporting Information). Figure 5b shows as the
number of Au NP treatment increases, the value of the ηinj
fitting the experimental JSC and VOC decreases. As we are using
a different set of input parameters (experimentally obtained)
for different Au NP treated DSSCs, it is not possible to
compare their variations. However, the charge collection
efficiency is a parameter that includes the contribution of all
of them. From Figure 5b, we can see that the charge collection
efficiency does not vary as systematically as the charge injection
efficiency. In fact, on average the charge collection efficiency
(from the fitting parameter obtained by SLIT of photovoltage
and photocurrent) remains constant around 89% (with a
standard deviation of 5%), while the charge injection efficiency
gradually decreases from 60 to 43% with the increase of Au NP
treatments. Accordingly, the variation of JSC and VOC observed
experimentally (Figure 3b) can be fully explained considering a
gradual decrease of ηinj, keeping the charge collection efficiency
constant, and considering the variations of all the electro-
dynamic parameters involved in the model like: the
recombination constant, the diffusion coefficient, the trap
energy distribution coefficient, etc. For example, an upward
shift of the conduction band, observed experimentally (Figure
S4 in Supporting Information), could partly explain the
decrease of the ηinj although it would lead to an increase of
VOC. However, the overall contribution of the electrodynamic
parameters leads to a net decrease of VOC. A further study on
the effect of conduction band shift due to Au NP incorporation
in TiO2 electrode and its effect on ηinj is needed to understand
the process.

■ CONCLUSIONS

Experimental and theoretical results obtained in this inves-
tigation indicate the common perception that bare Au NPs act
as recombination or back reaction centers cannot explain the
photovoltaic behaviors of plasmonic DSSCs fully. Instead, the
observed variations of short circuit photocurrent and open
circuit voltage can be fully explained by considering a decrease
of electron injection efficiency associated with an upward shift
of the conduction band, keeping the electron collection
efficiency unchanged. However, other effects such as
electron−plasmon coupling due to the formation metal NP
aggregates over TiO2 electrode at high gold nanoparticle
concentrations may also affect the collection efficiency. This
study highlights the importance of both mathematical tools and
common DSSC characterization techniques to study the effects
of plasmonic nanoparticle incorporation on DSSCs quantita-
tively. The mechanistic insight gained from this study on the
electrodynamics and photovoltaic performance of DSSCs might
be invaluable for the development of plasmonic dye sensitized
solar cells of improved efficiency, and other plasmon based
optoelectronic devices.

Figure 5. (a) Lifetime measurement as a function of the bias voltage
for the Au treated DSSCs, (b) variations of the charge collection
efficiency assuming the decrease in charge injection efficiency is due to
Au NPs.
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