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ABSTRACT: We have investigated the effect of ZnO nanoparticle properties on the dye-sensitized solar cell performance.
Nanoparticles with different sizes and optical properties were considered. We found that there is a complex relationship between
native defects, dye adsorption, charge transport and solar cell performance. The presence of a high concentration of nonradiative
defects was found to be detrimental to photovoltaic performance, whereas for radiative defects, samples displaying orange-red
defect emission exhibited better performance compared to samples with green defect emission (when the samples had similar
emission intensities). Detailed discussion of the nanoparticle properties and their relationship with dye adsorption, electron
injection, electron lifetime, electron transport time, and solar cell performance is given.

KEYWORDS: DSSC, ZnO, nanoparticles, photoluminescence, defects, photovoltaics

1. INTRODUCTION density after the dye adsorption.”” Nevertheless, ZnO has a
ZnO is a wide band gap semiconductor that is of interest for higher electron mobility compared to TiO,."” Consequently,
applications in a wide variety of optoelectronic devices, includ- there is considerable interest in improving the electron trans-
ing dye-sensitized organic solar cells (DSSCs).'">* Depending port in DSSCs by using ZnO nanostructured electrodes with
on the preparation method for ZnO nanostructures, different various morphologies.

morphologies and material properties can be obtained. Various A considerable amount of Work has beer'l done on modifying
morphologies have been used in DSSCs, such as nanocrystals/ the ZnO layer morphology in order to improve DSSC effi-

nanoparticles,">>7%'"15 nanodendrite/nanoparticle com- ciency.”>'® In particular, these morphology investigations have
posites,z nanoporous films,®> nanowires,**'>'*'® nanosheets,* been focused on improving the surface area while at the same
nanowire/nanoparticle composites,® tetrapods,® nanorods,”!! time enhancing the charge collection by providing faster elec-
nanospheres,' "> etc. However, the power conversion effi- tron trans;é)ort, for example in nanowire/nanoparticle com-
ciencies obtained in ZnO-based DSSCs are typically signifi- posite cells.”'*"” The improvements in performance with the im-
cantly lower compared to TiO,-based ones.” Recently, reported provements in morphology have been attributed to the fast
. . 18,20 . 17,23 1.+ ing 1723 ;

efficiencies exceeding 5% ™~ are among the highest reported electron transport, higher dye loading, and increased
for ZnO, but are still significantly lower compared to TiO,. electron lifetime."® However, the performance dependence on
Also, efficiencies at ~1% or below are still commonly re- these factors is likely complex, since it has been shown that
ported.”® The lower efficiency of ZnO compared to TiO, higher efficiency can be obtained for shorter electron lifetime if
occurs in spite of the similarities in their band structure,” and it

can be partly explained by the dissolution of ZnO and the for- Received: October 17, 2011

mation of dye—Zn*" aggregates™ lower injection efficiency,”’ Accepted: February 9, 2012

lower dye regeneration efficiency,” and increased surface trap Published: February 9, 2012
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Table 1. Summary of ZnO Nanoparticle Properties

sample” purity (%) APS (nm) aggre. size (nm)“ Cls (%)
ZnO-1' 99.5 20 189%, 710 465
Zn0-2! 99.9 90—200 3044, 1200 12.46
Zn0-3* 99.9 20 2314 4.47
ZnO-43 99+ <10 649 415
ZnO-5* 99+ 14 657 8.66
ZnO-6* 99+ 25 892 6.26
Zn0-7° 99+ 35—45 254, 654° 6.00
ZnO-8° 99.8 10-30 210,% 648° 4.07

XPS

Ols (%) Zn2p3 (%) Zn/0, 0,/0, BET (m?/g)
48.65 46.70 1.38 1.70 45.9¢
48.10 39.43 1.14 1.81 7.0
48.82 46.71 1.53 123 60.7°
4722 48.62 1.57 142 30.1
50.91 40.43 2.78 0.33 174
47.04 46.70 1.69 1.08 264
4748 46.52 1.13 8.07 152
48.85 47.08 1.32 1.94 132

“Superscripts denote the supplier of nanoparticles, 1 is Nanostructured & Amorphous Materials, Inc.; 2 is MKnano division, M K impex. Corp., 3 is
NanoScale Corp. 4 is PlasmaChem GmbH, S is US Research Nanomaterials, Inc., and 6 is SkySpring Nanomaterials, Inc. bMajority size (if both

peaks are labeled, comparable). “Data from ref 24.

the electron transport time is shorter,?! or if the injection effi-
ciency and dye regeneration efficiency are higher.” An improved
understanding of such complex relationships would be difficult
to achieve simply by improving the morphology of ZnO.
Although the optimization of the morphology enhances the
performance of ZnO-based DSSCs, the performance will also
obviously be affected by the ZnO material properties (defect
types and concentrations, charge transport within ZnO). Yet, in
spite of the importance of the ZnO properties for device per-
formance, studies on the relationship between the ZnO nano-
structure properties and the corresponding solar cell perform-
ance have been scarce.”"’

We have investigated the solar cell performance of DSSCs
based on commercial ZnO nanoparticles from different sup-
pliers and/or with different average particle sizes (APS). These
eight types of nanoparticles exhibited significantly different
optical properties, dye adsorption and solar cell performance.
Nanoparticles exhibit clear clustering into two groups — one
group with low photoluminescence emission intensity (indicat-
ing a higher concentration of nonradiative defects) which also
have significantly lower efficiency, and another group with a
higher photoluminescence intensity and a higher efficiency.
However, the relationship between the PL intensity and effi-
ciency is not simple, i.e. the highest PL intensity does not imply
the highest efficiency. The presence of defects responsible for
orange-red emission is associated with higher short circuit
current density, but lower open circuit voltage. The relation-
ships between defects and dye injection, electron transport, and
electron lifetime appear complex. It is well-known that for an
optimal performance it is necessary to have high dye adsorp-
tion, long electron lifetime, and short electron transport time.
However, neither one of these factors is sufficient on its own to
result in high efficiency. The reasons for the observed differences
in the performance of the DSSCs made with different ZnO
nanoparticles and the relationship between particle properties and
cell performance are discussed in detail.

It should be noted that our objective is to investigate the
influence of native defects on the ZnO nanoparticles on DSSC
performance. Experimental conditions have thus been kept the
same for all the particles, rather than independently optimized
to yield the best possible performance. The maximum achiev-
able efficiencies would be higher with the optimization of layer
thickness, dye loading time, and the introduction of a scattering
layer.
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2. EXPERIMENTAL SECTION

Materials and ZnO Film Preparation. Eight nanoparticles with
different properties were purchased from 6 different suppliers. Particle
labels and the relevant properties are summarized in Table 1. Nominal
average particle size (APS) was verified by transmission electron
microscopy, and the Brunauer—Emmett—Teller (BET) surface area
of the samples was determined using Micromeritics ASAP 2020 sur-
face area and porosity analyzer** and Quantachrome Instruments nova
surface area analyzer. The obtained BET surface areas are listed
in Table 1. The aggregation sizes of nanoparticles in the RO water
were determined using ZETASIZER 3000HSA from Malvern
Instruments Ltd.

Each of the solar cells examined here contained an active layer
prepared from commercial ZnO nanoparticles listed in Table 1. For
the active layer paste,” two kinds of pure ethyl cellulose (EC, Sigma-
Aldrich) powders weighting 0.45 g in total (55 wt % of EC with
viscosity S—15 mPas and 45 wt % of EC with viscosity 30—50 mPas),
were mixed with 0.5 g of ZnO nanoparticles and 3.6 g of a-terpineol
(anhydrous, 90%, Sigma-Aldrich). This mixture was then sonicated
and stirred by hand.

For the film preparation, the active layer was coated by screen-
printing the active layer paste on FTO glass substrates (Nippon Sheet
Glass, resistance 14 ohm/sq), followed by drying for 10 min at 180 °C
in an oven. This procedure was repeated to obtain a sufficient thick-
ness of the active layer. The number of repetitions for screen printing
was the same for all the particles, but the active layer thickness was
different because of differences in paste viscosity. Finally, the sub-
strates were annealed at 400 °C in the furnace with a ramping rate of
1 °C/min for 3 h.

Dye-Sensitized Solar Cell Fabrication. The substrates were
immersed into 0.5 mM solution of rhutenium dye N719 dye (Eversolar,
Everlight Chemical Industrial Corporation, lot number D4001511) in
acetonitrile (>99.9% BDH Prolabo), which was kept at 80 °C for 30 min.
Afterward, the samples were rinsed by acetonitrile and dried gently. To
prepare the counter electrode, a pair of holes were drilled in the
Pt-coated test cell glass plate (3.2 mm thickness, TEC 15, Dyesol)
for electrolyte infiltration. A solution of 0.5 M 4-tertbutpyridine
(>98%, Fluka), 0.5 M Lithium iodine (Lil) (>98%, Fluka) and 0.05 M
Iodine (I,) (99.8%, Riedel-de Haen) in a mixture with 3-
metho;?rpropionitrile solvent (>99%, Fluka) was used for the elec-
trolyte.” The dye-loaded ZnO electrode and the Pt-counter electrode
were assembled into a DSSC using a spacing layer of 25 ym thickness
(SX1170-25, Solaronix)’ and a hot press at 100 °C for 3 min. The
electrolyte was infiltrated into the cell and then the holes were sealed
using the hot-melt sealing foil and a cover glass.

Characterization. The morphology and thickness of the layers
were examined by scanning electron microscopy (SEM) using a JEOL
JSM-7001F SEM instrument. X-ray photoelectron spectroscopy (XPS)
has been performed using Physical Electronics PHI 5600 XPS system.
Photoluminescence (PL) measurements of the ZnO active layers
prepared from different nanoparticles were performed using a HeCd
(325 nm) laser as an excitation source, and the spectra were collected
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using a PDA-512USB (Control Development Inc.) fiberoptic spec-
trometer. For DSSC performance characterization, a Keithley 2400
source meter was employed to measure the I-V curve in the dark and
under illumination. An ABET Technologies SUN 2000 solar simulator
with an AM 1.5 filter was used as a light source. The active area of the
device was masked to a circle with 4 mm diameter and the power
density was 100 mW/cm® The I—V measurements were performed
under ambient conditions. Incident photon to current conversion
efficiency (IPCE) measurement was carried out immediately after I-V/
measurement using a Oriel 66002 solar simulator with a Thermo Oriel
cornerstone monochromator, a Keithley 2400 sourcemeter, and a
Newport 1830-C power meter with an 818-UV detector probe.

To analyze the amount of the dye adsorbed, the samples with fixed
area after dye loading were rinsed in acetonitrile to remove residual
dye on the nanoparticle paste and then immersed into 0.1 mM KOH
solution (pH ~9) for at least 3 h to completely desorb and fully de-
protonate the dye.” The absorption measurements were performed
using a Cary 50 Bio 40 UV/vis spectrometer. To investigate the elec-
tron injection kinetics, fluorescence decay profiles were measured.”®
Although the injection kinetics can be studied more precisely using
transient absorption spectroscopy,27’28 because of our present equip-
ment limitations we have not been able to perform those mea-
surements yet and this needs further study. For fluorescence decay
measurements, thin films of different ZnO nanoparticles were screen-
printed on FTO/glass substrates. The nanoparticle films were than
sensitized by a drop of 0.5 mM N719 solution in acetonitrile, followed
by rinsing and drying. The thin film was wetted by a drop of the
electrolyte solution right before the TRPL measurement. The excita-
tion wavelength of the measurement was 403 nm to avoid any light
emission from ZnO, whereas the collection wavelengths were
>520 nm. Transient fluorescence decay measurements were performed
by using the time correlated single-photon counting (TCSPC) tech-
nique with a confocal fluorescence microscope system (HORIBA,
Ltd.). The excitation light source was a mode-locked Ar* ion laser. To
further investigate the performance of the electron transport in the
different tyges of ZnO samples, electrochemical impedance spectros-
copy (EIS)*"*°73 and photovoltaic transient measurements®*>" have
been performed. The electron lifetime 7, and transport time 7,,,,,, have
been determined by single exponential decay fitting of photovoltage
and photocurrent transients, respectively.36’37 The EIS measurements
were performed using a CH Instruments electrochemical workstation,
under open circuit conditions and AML.5 illumination.”** The EIS
measurements were also performed in the dark with cells biased with
V,. value. The values obtained from the two EIS measurements exhib-
ited same trends. The impedance spectra obtained from the experi-
ments were then fitted to a suitable equivalent circuit.*' The V,
transients were measured by a Keithley 238 source meter, while
the cells were illuminated by a white bias light (using an Oriel 66002
solar simulator) and the light pulses from a red light emitting diode
(~625 nm, biased by a Stanford Research Systems DS345 function
generator, at a frequency of 0.1 Hz). The intensity of the white bias
light was tuned to make the cell voltage close to the V. value obtained
from photovoltaic measurement (J—V) curves under AM 1.5 simulated
solar illumination. The intensity of the red light was adjusted so that
voltage increment was below 10 mV to ensure that the perturbation is
small.*® Under such conditions, i.e., small perturbation of the electron
density, the electron lifetime can be determined by fitting the V.
transient with an exponential decay curve.*

3. RESULTS AND DISCUSSION

Figures 1 and 2 show the SEM images of the active layers pre-
pared using different ZnO nanoparticles. It can be observed
that in all cases porous layers are obtained, but in the case of
Zn0-3, ZnO-4, ZnO-S, and ZnO-6 significant aggregation can
be observed. During annealing, there is a formation of new
chemical bonds and conversion of van der Waals bonds to
chemical bonds between the particles.*® Also, in ZnO reactions
between native defects and water vapor can occur even at room
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Figure 1. SEM images (top view, left; cross-section view, right) of
different active layers; (a, b) ZnO-1, (¢, d) ZnO-2, (e, f) ZnO-3, (g, h)
ZnO-4.

temperature, resulting in nanocrystal growth and an improve-
ment in crystallinity.*' Thus, we would expect higher aggre-
gation to occur in nanoparticles containing more surface
defects. Similar trends are observed for aggregation sizes of
different nanoparticles in water, as summarized in Table 1.
To investigate the compositions and the presence of de-
fects in the samples, XPS and PL measurements were per-
formed. XPS measurements provide information about the
composition of the samples and to some degree on the defects
(stoichiometry), whereas PL measurements allow estimates of
nonradiative defects (a weaker emission implies a higher non-
radiative defect concentration for identical experimental con-
ditions), as well as different radiative defects. Concerning the
composition, the samples exhibited very different ratios of zinc to
oxygen, as shown in Table 1, and different shapes of the oxygen
peak (see the Supporting Information, Figure S2). The oxygen
peak could be fitted with two peaks (a lower energy peak O,
corresponds to lattice oxygen,*”** whereas a higher energy O,
peak is due to loosely bound oxygen on the surface, such as OH
groups*>™* or O, ions in oxygen deficient regions**) for all of
the samples except ZnO-7, where an additional contribution at
~533 eV due to H,0™ can be observed. We can find that
particles ZnO-3, ZnO-4, ZnO-5, and ZnO-6 generally have
lower O,/0, ratios. In terms of the optical properties, these
four samples exhibit distinctly weaker luminescence compared
to the remaining four particles: ZnO-1, ZnO-2, ZnO-7, and
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1 ym

Figure 2. SEM images (top view, left; cross-section view, right) of
different active layers; (a, b) ZnO-S, (c, d) ZnO-6, (e, f) ZnO-7, (g, h)
ZnO-8.

ZnO-8, as shown in Figure 3. The active layers exhibit similar
trends in the luminescence compared to the starting nano-
particles, despite the fact that the layer have been subjected to
annealing at an elevated temperature. Annealing up to 600 °C
does not result in a significant improvement of the UV-to-visible
emission ratio (see the Supporting Information, Figure S1).
Two of the particles, ZnO-1 and ZnO-3 exhibit orange-red
defect emission, whereas the remaining nanoparticles exhibit
green defect emission. Sample ZnO-2 has very low defect
emission and very strong UV emission. The origin of the
different defect emission bands in ZnQ is still controversial. ****
Both the orange-red and the green emission likely originate
from defect complexes, but the type of defects participating in
these two emissions are likely different.*** Furthermore, sur-
face adsorbates, such as OH groups, may be involved in the
orange emission from ZnO nanostructures.*> The defect com-
plex hypothesis is also supported by the fact that there is no
clear relationship between intensities of the orange-red and
green emission and XPS data, and trends between defect emis-
sions and annealing conditions. The only clear correlation
appears to be lower O,/0O, ratios for ZnO-3, ZnO-4, ZnO-§,
and ZnO-6, which also exhibit a low intensity of the PL
emission and significant aggregation. Thus, it is possible that
these samples likely contain nonradiative surface defects.

We have previously shown that annealing ZnO nanorods
changes their optical properties, dye adsorption and DSSC
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Figure 3. PL spectra of different ZnO nanoparticle active layer
coatings.

performance, but there was a complex relationship between
photoluminescence and DSSC performance.” Here we have
examined more closely the relationship between the ZnO nano-
particle optical properties, dye adsorption, and DSSC perform-
ance. The I-V and IPCE curves of the DSSCs prepared with
different particles are shown in Figure 4, and the solar cell
performance is summarized in Table 2. IPCE curves follow the
trends of short circuit current density obtained from I-V curve
measurements. Active layer thickness determined as an average
of 6 points measured in cross-section SEM images is also given
in Table 2, whereas absorption spectra of the desorbed dye are
shown in Figure S. Different film thickness is a consequence of
different paste viscosity, due to different nanoparticle proper-
ties. When we take into account film thickness differences, the
amount of dye loading is as follows: ZnO-S > ZnO-6 > ZnO-7 >
ZnO-1 > Zn0-8,Zn0-4 > ZnO-3 > ZnO-2. It can be observed
that the solar cell performance trends do not match the dye
loading trends, and the dye loading trends do not match the
BET surface area of the nanoparticles. Native defects obviously
affect the dye loading in agreement with our previous study,”
but this relationship is complex. In terms of photovoltaic
performance, we can observe that the samples with lower PL
emission intensity (Zn0-3,4,5,6) exhibit inferior perform-
ance compared to samples with stronger PL emission intensity
(Zn0-1,2,7,8). Also, for samples with comparable PL emis-
sion intensity, those exhibiting orange-red defect emission have
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Figure 4. (a) J-V curves of DSSCs prepared using different ZnO
nanoparticles for the active layer. (b) IPCE curves of DSSCs prepared
using different ZnO nanoparticles for the active layer.

higher short circuit current density J, but lower open circuit
voltage V.. and fill factor FF compared to those exhibit-
ing green defect emission. This is consistent with our previous
study, where we observed better performance for hydrothermally
grown ZnO nanorods (orange-red emission) compared to green
emitting vapor-deposited ZnO nanorods (green emitting).9
A higher surface trap density could also result in a lower fill factor
of a DSSC.>* Because we observe orange-red emission, which is not
typically associated with surface defects in the samples exhibiting
lower fill factors, likely these defects coexist with nonradiative
surface defects, which may be responsible for the lower fill factors.
This is also supported by the fact that in both groups of particles,
the samples emitting in orange-red spectral region have the lowest
emission intensity. Generally, the main distinguishing feature of
orange-red and green defect emissions is that the green emission
likely originates from the surface defects.” Presence of surface
defects could affect the surface band bending and consequently

charge injection and recombination dynamics. However, no
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Figure 5. Absorption spectra of dye solutions desorbed from different
ZnO nanoparticle active layer coatings.

clear trends are observable from fluorescence decay curves of
the N719 dye on the different nanoparticles shown in Figure 6.
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Figure 6. Fluorescence decay profiles of N719 adsorbed on different
ZnO nanoparticles in electrolyte. Different nanoparticles have been
separated into different figure panels (left and right) to improve clarity.
A curve corresponding to Al,O; as a control sample is also shown.

We can clearly see that efficient electron transfer occurs for
ZnO-1 nanoparticles, but it is comparable for ZnO-3 and ZnO-4,
which have different optical properties. This indicates that
there is a complex relationship between electron injection and
native defects in the samples, since surface defects can include
both nonradiative defects and defects responsible for the
green emission.

To further clarify the relationship between the photovoltaic
performance and the nanoparticle properties, we performed EIS

Table 2. Summary of Device Performances for Different ZnO Nanoparticle Active Layers®

sample d (um) V. (V)

ZnO-1 11.6 0.56 + 0.01
Zn0-2 11.3 0.68 + 0.04
Zn0O-3 20.1 0.46 + 0.02
Zn0O-4 17.5 0.54 + 0.03
Zn0O-5 11.7 0.55 + 0.02
Zn0-6 16.0 0.50 + 0.08
Zn0O-7 5.6 0.64 + 0.01
7Zn0O-8 5.8 0.63 + 0.02

Jee (mA/cm?) fill factor n(%)
6.1 +04(5.9) 044 + 0.01 1.5 + 0.1
3.1+ 02(27) 0.50 + 0.05 11 +0.1
2.6 + 03 (2.1) 0.32 + 0.02 0.38 + 0.03
13 +02(12) 045 + 0.03 0.31 + 0.04
04 + 0.1(0.2) 0.57 + 0.02 0.12 + 0.03
0.5 + 0.1 (0.3) 0.50 + 0.07 0.12 + 0.04
32 + 0.4(29) 0.49 + 0.01 1.0 + 0.1
3.5 + 0.4(2.7) 049 + 0.04 L1+ 0.1

“Average performance (mean values) has been calculated for 4 devices. ] values in brackets were estimated from IPCE.
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and photovoltaic transient measurements to study the charge
transport and collection in the samples. Generally, improved
performance of DSSCs is commonly attributed to the improved
dye adsorption due to optimized morphology'” or optimized
layer thickness and dye loading time,*” as well as fast electron
transport.” Increased electron lifetime was also identified as
one of the factors contributing to the improved performance of
ZnO-based DSSCs.'® However, it was also shown that high effi-
ciencies can be achieved when the electron transfer time is
much shorter than the electron lifetime.?! Therefore, cells with
shorter electron lifetime could have higher efficiency as long as
the electron transfer time is very short.>’ Consequently, it is
necessary to study the charge transport and collection in detail
to improve our understanding of the influence of these factors
on the overall cell performance. The obtained results from EIS
measurements and photovoltage and photocurrent transient
measurements are shown in Figure 7 and summarized in Table 3.

A ZnO-1
a 400 A 7Zn0O-2
® ZnO-3
X  ZnO-4
~ 300 O ZnO-5
£ m ZnO-6
o * ZnO-7
= v ZnO-8
N 200
100
[m]
0
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) . y

>
CPE,

O
CPE,
Figure 7. (a) Nyquist plot of DSSCs prepared using different ZnO

nanoparticles for the active layer and (b) the equivalent circuit used for
fitting.

The EIS spectra shown in Figure 7 exhibit a characteristic two
loop form.”***** The smaller loop at high frequencies (in kHz
range) represents the charge transfer resistance at Pt electrode/

electrolyte interface.>* The larger loop at lower frequencies
(10—100 Hz range) represents the charge transfer process at
the ZnO/dye/electrolyte interface.>*

The electron lifetimes from the EIS measurements were
calculated from parameters obtained by fitting the impedance
data using an appropriate equivalent circuit model which is also
shown in Figure 72 In the model, R, is the contact
resistance,”’ the constant phase elements (used for better fitting
instead of the usual capacitance®"*") are described with CPE, =
1/T(jw)™, where 0 <P, < 1, for i = 1, 2*' R, (i = 1, 2) re-
presented the charge transfer and recombination process for
each of the DSSC electrodes. The dispersion of the capacitance
of ZnO electrodes could be calculated as:*'** C, =
(R,'"P*T,)/"* and the corresponding electron lifetime as:**>
Teprs = RyC,. The electron lifetimes obtained from the transient
photovoltage measurements and the EIS measurements show
similar trends, although the values obtained from the transient
photovoltage measurements are lower compared to those ob-
tained from the EIS measurements, similar to previous
reports.®® Different local concentrations of I~ were also pro-
posed as an explanation for the observed differences in the
electron lifetimes obtained by the two techniques.*® In
principle, these two techniques should give an equivalent
result.’> However, we have found that the obtained electron
lifetime from transient photovoltage measurements exhibits some
degree of dependence on the frequency of the red bias light
(~100 ms difference for the range ~0.1 to 3 Hz for ZnO-1).
The origin of this dependence is not fully clear and it may
depend on the surface states present in the particles. It has been
shown that when the charge transfer is dominated by the sur-
face states, the free electron lifetime can depend on the bias.*?
Furthermore, experimental artifacts could affect the results of
the two techniques, for example, contributions to the capac-
itance by the counter electrode and electrolyte diffusion, or the
capacitance is dominated by the depletion region at the surface
of ZnO and the time constant for the lower frequency re-
combination arc does not correspond to the electron lifetime.*

It is well-known that for an optimal photovoltaic perfor-
mance it is necessary to have fast electron injection, high dye
adsorption, long electron lifetime, and short electron transport
time. While the nanoparticle properties exhibit complex re-
lationship with these parameters and consequently photovoltaic
performance, we can clearly observe that a high concentration
of nonradiative defects at the surface of nanoparticles is a nano-
particle property which is detrimental to photovoltaic perfor-
mance. From the obtained results for active layer parameters,
we can conclude that the long electron lifetime is the most sig-
nificant factor determining the performance, in agreement with

Table 3. Summary of EIS and Transient Measurements Parameters®

T, P, R, () T,
ZnO-1 479 X 107° 0.86 34.07 6.74 x 107*
ZnO-2 438 X 107° 0.87 4246 1.31 x 107*
ZnO-3 235 % 107° 0.94 55.73 9.58 x 107*
ZnO-4 2.17 X 107° 0.97 58.4 3.85 x 107*
ZnO-5 442 % 107° 0.88 56.6 418 X 107°
Zn0-6 3.62 X 107° 0.86 163.5 624 x 1075
ZnO-7 552 % 107° 0.87 23.58 1.62 x 107*
Zn0O-8 437 x 107 0.89 26.71 2.05 x 107*

P, R, (Q) R, () TeEIs (ms) 7, (ms) Tirans (ms)
0.98 107.2 39.45 68.5 536.7 354.8
0.98 182.7 40.95 222 379 133.7
0.89 354.9 49.65 297.7 1056.3 3374
0.90 464.7 50.16 147.8 1239 270.7
0.97 826.3 5291 31.1 155.1 60.1
0.98 532.1 33.25 31.0 297.0 109.0
0.96 2354 44.53 333 164.0 88.4
0.95 211.2 43.75 36.7 133.0 128.3

“Tieans denotes electron transport time, 7, denotes electron lifetime obtained from transient photovoltage measurements, 7,55 denotes electron
lifetime obtained from EIS measurements, whereas T}, P}, R), T5, P,, R,, and R, denote fitting parameters for the equivalent circuit for EIS.

1259 dx.doi.org/10.1021/am201424d | ACS Appl. Mater. Interfaces 2012, 4, 1254—1261



ACS Applied Materials & Interfaces

Research Article

a previous report,'® although similar to PL intensity it is not a
sufficient determining factor to guarantee better performance.
Although it was reported that a shorter electron lifetime can
result in higher efficiency if the transport time is very short,”' in
our samples we do not have any which satisfy this condition.
Furthermore, we can observe that the long electron lifetimes
(from transient photovoltage measurements) are associated
with the samples exhibiting orange-red defect emission.
Possible reasons for this would be that defects responsible for
orange-red emission are likely to be bulk not surface defects,
which could affect the recombination losses of the electrons in
ZnO. Exact nature of these defects requires further study. In
any case, we can conclude that lower concentrations of non-
radiative defects are desirable, and that orange-red emitting
defects are desirable to achieve improved performance of ZnO
DSSCs. The performances obtained here would likely be im-
proved by optimization of the layer thickness, dye loading, and
the introduction of a scattering layer. Furthermore, it is also
possible that performance of some of the samples which tend to
aggregate could be improved by the employment of more
vigorous paste preparation procedures to improve uniformity
(high power sonication, mechanical stirring).

4. CONCLUSIONS

We have investigated the influence of the optical properties of
ZnO nanoparticles on the DSSC performance. As expected, for
optimal performance, it is necessary to compromise between
fast electron transport, high dye adsorption, long electron life-
time, and fast electron injection. However, we also found that
the presence of orange-red emitting defects is associated with
higher short circuit current density and lower open circuit volt-
age and fill factor compared to green emission, whereas a high
concentration of nonradiative defects (resulting in a weak
photoluminescence of ZnO nanoparticles) was detrimental to
photovoltaic performance and also associated with significant
nanoparticle aggregation and lower ratio of lattice oxygen to
loosely bound surface oxygen. The relationship between other
performance parameters and nanoparticle properties is complex
and requires further study.
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