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Abstract—The effects of time durations for ZnO nanorod
growth and dye loading on a ZnO-based dye-sensitized solar
cell’s efficiency and 1/f low-frequency noise (LFN) spectral were
analyzed. Sufficient time durations for ZnO growth and dye
loading were required for achieving optimum photoconversion
efficiency. Extending these two time parameters beyond the op-
timal, however, reduced the efficiency due to nanorod defects
and dye agglomerations. The mechanisms inducing the change in
the efficiency was reflected in the LFN spectral and explained on
the basis of Kleinpenning’s noise equation and excessive noises
in the presence of structural defects.

Index Terms—Dye loading, dye-sensitized solar cells, ZnO
nanorods, 1/f noise.

I. INTRODUCTION

A dye-sensitized solar cell (DSSC) [1] is developed by dif-
fusing dye molecules into a mesoporous layer of ZnO or

TiO2f nanorods to form a photoactive surface for photocurrent
generation. The nanorods must possess a high aspect ratio to
enlarge the dye coverage area and enhance the anchorage of the
dye. In fabricating a DSSC wherein the nanorods are grown by
the precipitation method, it is important to control the durations
for nanorod growth and dye loading because these determine
the nanorod length and dye uptake, respectively.

The nanorod growth occurred in three phases [2]: 1) solution
stabilizes and nucleation begins; 2) nanorods linearly grow
with time; and 3) growth decline due to depletion of the
precursors for crystalline growth or limitation imposed by the
randomly orientated surrounding nanorods. Insufficient growth
time results in nanorods with low aspect ratio and poor coverage
on the underlying anode film. Extended growth time, however,
induces dissolution effects on the nanorods, resulting in shorter
length, structural defects, and weakening of interfacial bond
between the nanorods and anode layers. Likewise, dye loading
involved three procedures [3]: 1) diffusion of the dye into the
nanorod layer; 2) adsorption of the dye onto the surface; and
3) agglomeration of the dye. A suitable loading time allows
the dye to diffuse into the mesoporous structure and cover on
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the nanorod surface in the monolayer. Too long loading time,
however, reduces the efficiency due to shielding effects from
the extra dye, which blocks the underlying dye adsorbed on the
nanorods from solar irradiance. For the ZnO DSSC, the acidic
dye dissolves the metal oxide to form Zn2+/dye complexes [3]
in the pores of the nanorod layer. These complexes cause poor
electron injection and thus reduce the device quality in terms of
conversion efficiency.

The effects of nanorod growth time and dye-loading time
on efficiency had been well studied, but little attempts were
made to analyze the issue based on low-frequency noise (LFN).
It is known that low-frequency 1/f noise is very sensitive
to microscopic imperfections of a material and is a figure of
merit of the bulk quality. In Hooge’s equation [7], the noise
magnitude is modeled as a linear function of 1/f , and the
proportionality constant is influenced by the material bulk qual-
ity. Kleinpenning [8] had extended the noise model to devices
inclusive of diodes and solar cells with the equation

SI = αqI
/
(fτ) (1)

where I is the forward current, q is the elementary charge, τ is
the dominant recombination lifetime, and α is the parameter
reflecting the bulk quality. It is known that defects such as
electron traps and dislocations lead to higher α and lower τ ,
thus increasing the 1/f noise.

Defects also contribute to excessive noises in the form of
1/fδ , producing noise spectra of high magnitude and gradient,
as explained by McWhorter [8] and other recent studies [9]–
[13]. Additionally, Vandamme et al. [11] had shown that the
presence of iron contaminants and interstitial oxygen reduced
minority carrier lifetime of n+p diodes and increased the de-
vices’ 1/f noise. In another study by Bychikhin et al. [13], it
had been shown that 1/f noise in GaN considerably increased
with thermal aging due to a small increase in the value of the
series resistance. All these suggested that 1/f noise is a very
useful indicator for device reliability.

II. EXPERIMENT

This paper studies the effects of ZnO nanorod growth time
and dye-loading time on the photoconversion efficiency of the
ZnO DSSC and examines the LFN as the two parameters
vary. For this, DSSCs of 2.25 cm2 in size were fabricated by
precipitation growth of ZnO on an indium-doped tin oxide
(ITO) glass. This was done by dropping a ZnO nanoparticle
solution onto the ITO glass and air dried to form the ZnO
seed layer. The seeded substrates were then immersed in a zinc
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acetate solution added with ammonia for the growth of ZnO
nanorods over 21–28 h. Thereafter, the samples were washed
with deionized water and annealed in air at 450 ◦C for 30 min.
The samples were then immersed into a ruthenium dye solvent
(N719) and placed into the oven at 50 ◦C for the required
durations. A batch of samples with varying ZnO growth times
of 21–28 h was dye sensitized for 60 min for analyzing the
growth time effect. Another batch with equal ZnO growth time
of 25 h was dye loaded over a different duration of 20–70 min
for analyzing the effect of loading time on dye adsorption.

The DSSCs were completed by encapsulating a thin layer of
electrolyte in between the dye-sensitized ZnO and a platinum-
coated ITO glass. The electrolyte consisted of 3-hexyl-
1-methylimidazolium iodide (HMII), iodine, lithium iodide,
and 4-tert-butylpyridine in methoxypropionitrile. The samples
were characterized under a calibrated AM 1.5G solar simulator
of 100 mW/cm2. The current–voltage (I–V ) curves were ob-
tained on a source meter (Keithley 2420) and consolidated on a
computer for photoconversion efficiency analysis. To obtain the
noise spectral, the photocurrent generated by the samples under
the same simulated light source was amplified by a low-noise
preamplifier (SR560) and subsequently processed by a dynamic
signal analyzer (HP 35670) and analyzed on a computer.

III. RESULTS AND ANALYSIS

To verify the effects of growth time, the scanning electron
microscope images of the ZnO nanorods were studied. It was
noted that the nanorods rapidly grew for the beginning 26 h,
and after which, the growth declined and almost stopped upon
reaching a saturated length of approximately 2 μm. This was
expected due to depletion of the precursors for ZnO growth and
the growth-limiting effects imposed by the randomly oriented
surrounding nanorods. The sheet resistance of the ITO surface
was also monitored during the growth period and found to have
increased from 13.60 Ω/sq at 21 h to 13.89 and 14.23 Ω/sq
at 26 and 28 h, respectively. This proved that the ITO–ZnO
interface had deteriorated under prolonged ZnO growth time.

The efficiency extracted from the I–V curve and the short-
circuit current increased with growth time during the 21st–24th
hours, and after which, it declined (Fig. 1). The initial increase
in the efficiency and short-circuit current corresponded with
the increasing nanorod growth length during the same period.
As the nanorods assumed a higher aspect ratio, the photoac-
tive surface was drastically enlarged. The longer growth time
also increased ZnO coverage on the underlying ITO electrode
film and prevented the iodide electrolyte from corroding the
ZnO–ITO interface.

The subsequent decline in the efficiency and short-circuit
current was likely to be the results of structural defects de-
veloped as the nanorods stopped growing upon the depletion
of growth precursors while yet subjecting to dissolution ef-
fects from the growth solution. Prolonged immersion in the
growth solution corroded the ZnO–ITO interface, giving rise
to interfacial defects. Such phenomena were acknowledged
by researchers, including Liu and Aydil [4]. These defects
served as electron traps and reduced the photocurrent injection
efficiency.

Fig. 1. Efficiency and JSC of samples (sensitized for 60 min) versus growth
times. (Inset) I–V characteristics graph for different growth times.

Fig. 2. LFN spectral of different samples of different growth times. (Inset)
Noise power spectral densities (PSDs) and slopes extracted from the linear
regression lines fitted between 30 and 800 Hz.

The noise spectral of samples of different growth times were
exhibited in Fig. 2, and it could be observed that the spectral
assumed a 1/f profile between 30 and 800 Hz. Linear regres-
sion lines were fitted on each spectral (in logarithmic scale)
between 30 and 800 Hz. Thus, the gradient of the regression
lines represents the noise gradient, whereas the y-intercepts
represent the noise magnitude at 1 Hz.

The noise magnitude decreased with the ZnO growth time
from the 21st to the 24th hour, as opposed to the trend of the
efficiency and short-circuit current during the same period. This
could be explained by (1) that the reduction in α and the rise in
τ exert a more dominant effect than the rise in the photocurrent.
The changes in α and τ were likely due to longer growth
duration, leading to higher ZnO bulk quality, stronger ZnO–ITO
interfacial bond, and more complete coverage of ZnO on the an-
ode film. These improvements also reduced excess 1/fδ noises,
leading to a reduction of the noise gradient (see Fig. 2, inset).

Under extended growth time, the noise magnitude and gra-
dient trended higher. This was likely due to similar factors
that reduced device efficiency, namely, structural defects in
the nanorod bulk layer and ZnO–ITO interface, and weaker
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Fig. 3. Efficiency and JSC of the samples (growth time of 25 h) versus dye-
loading times.

ZnO–ITO bond. These defects act as electron traps and re-
duced the carrier recombination lifetime τ . Moreover, a lower
ZnO bulk quality increased α and resulted in a higher noise
magnitude. The defects also produced excessive noises thus,
contributing to a higher noise gradient.

The efficiency of the sample increased with the dye-loading
time and reached the maximum at an optimum loading duration
of 50 min and then rapidly declined (Fig. 3). The initial rise in
the efficiency with time is expected because more dye diffused
into the ZnO layer to cover a larger area for solar excitation.
After the nanorods were completely covered, however, further
dye loading would not improve the efficiency as only the
dye adsorbed directly onto the nanorods surface could inject
electrons and contribute to the photocurrent. As the dye-loading
time was extended, the efficiency was observed to rapidly drop.
This could be due to undesirable shielding effects from the extra
dye and agglomeration of the dye to form Zn2+/dye complex on
the ZnO surface. Dye agglomeration is significant in the ZnO
DSSC due to poor chemical stability of ZnO in an acidic dye
solution.

The noise spectral of each sample of different dye-loading
times is exhibited in Fig. 4, and it was again observed that the
spectral largely followed a 1/f profile between 30 and 800 Hz.
A linear regression line was fitted on each spectral at this
frequency range to extract the gradient and magnitude of the
1/f noise. It could be seen that the noise magnitude increased
with the dye-loading time in the initial phase of 20–50 min,
which was in line with the efficiency and short-circuit current in
the same period. This could again be explained with (1), which
related the 1/f noise magnitude as a linear function of current.
As the dye-loading time increased, the ZnO dye covered a
larger area and increased the photocurrent, which rendered the
noise magnitude larger. It is further noted that the noise gradient
decreased with time during the initial dye-loading period (inset
in Fig. 4), which implied a reduction in the excessive noises due
to stronger dye anchorage on the nanorod surface when given
sufficient loading times for dye loading.

In the analysis of dye-loading time, the noise magnitude
and gradient followed the trend of the short-circuit current,
as opposed to the observation discussed in the analysis of

Fig. 4. LFN spectral of samples with different dye-loading times. (Inset)
Plot of noise PSDs and slopes extracted from the linear regression lines fitted
between 30 and 800 Hz.

ZnO growth time. In the samples for dye-loading analysis,
the change in current was likely to exert a more dominant
effect than α and τ in Kleinpenning’s noise equation. This is
understandable as the comparison was performed on samples
with equal growth time of 25 h and presumably with similar
growth length, as well as bulk and interfacial quality. The
changes in α and τ due to differing dye-loading time were likely
to be small, but the effects were still observable as the shift in
the noise gradients.

As the dye-loading time exceeded the optimum point of
50 min, the noise magnitude drastically declined. This was
likely to be due to the same reasons that caused the drop in
the efficiency and photocurrent as discussed earlier, namely, the
shielding effects from extra dye molecules and agglomeration
of the dye. The noise gradient sharply decreased as the dye-
loading time was stretched to 70 min, and this was likely due to
the decline in generation–recombination activities as the device
efficiency dropped.

IV. CONCLUSION

The experiment has explained the mechanisms of nanorod
growth and dye sensitizing in the ZnO-based DSSC and ac-
counted for the influences of the time durations of the two
processes on the efficiency. The LFN had shown to be reflective
of the device quality changes induced by the growth and
sensitizing mechanisms. This highlights the usefulness of the
LFN in monitoring and optimizing process parameters in DSSC
fabrication.
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