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Abstract:  Electron transport and recombination kinetics in dye-sensitized solar cells (DSSCs)
based on an urchin-like Zn/ZnO heterostructure are characterized by the intensity modulated
photocurrent/photovoltage spectroscopy (IMPS/IMVS), as well, a dynamic IMVS model
correlating to the unique urchin-like configuration is developed for the first time. Intriguingly, the
photoanodes with different micro morphology and micro structure generated by tuning the
annealing time, show significant discrepancies in electron transport, recombination and charge
collection. The photoelectrochemical study reveals that the electron transport properties are
closely related with ZnO /electrolyte/dye interface and the metal/metal oxide Schottky junction
nanostructure.

Key Words: photoelectrochemical study, electron transport kinetics, dynamic IMVS model,

heterojunction nanostructure, urchin-like Zn/ZnO

1. Introduction

Since the pioneering work by Gr&zel and the co-workers in 1991, the dye-sensitized solar
cells (DSSCs) have been considered as one of the most promising candidates for the renewable
energy devices because of their high efficiency and low production cost." As one of the materials
earliest employed in DSSCs, ZnO was also initially used as a working electrode based on
nanoporous semiconductors for this type of device. >* ZnO has the similar energy band levels and
band gap compared to TiO,, but it has higher electron mobility, which benefits the electron
transport.*> However, in spite of a large variety of ZnO-based nanostructures (ie., nanowires,®’

12,13

nanoparticles,®® porous films,’® tetrapods,™* hierarchical aggregates,'*** nanosheets,'* etc.) the

conversion efficiency is still lower than that for TiO,-based cells. Therefore, many efforts have
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been made to achieve the high-performance ZnO-based DSSCs. In order to improve the efficiency,
the intense research interest has been focused on the design and synthesis of novel ZnO-based
nanostructure composites in recent years.*>?* There have been many works on the fabrication and
properties of ZnO-based hierarchical structures, such as ZnO nanowires/ZnO nanoparticles,*
Zn0/znS,"**  ZnOITiO,™  Si0./ZnOITiO,?*  ZnO/ZnS,Ser/ZnSe,”  ZnO/Nb,Os,”
Zn0/Sn0,/Zn0,% etc. It has been proved that a rational design and precise control of the
configuration and composition of ZnO-based DSSCs can effectively enhance the DSSCs
performance and functionality. The origin is that the heterojunctions or energy barrier formed at
the hierarchical interface can suppress the electron recombination and consequently improve the
electron collection efficiency. Compared to ZnO nanowires, the urchin-like Zn/ZnO core-shell
structure exhibited a superior photoelectrical response property and photoelectrochemical
performance.?*Thus, the photoanodes with such unique composite nanostructure could the applied
in DSSCs or other kinds of solar cells.

As a powerful dynamic photoelectrochemical method, the intensity modulated photocurrent/
photovoltage spectroscopy (IMPS/IMVS) has been widely applied to study the charge generation
and transport dynamics in DSSCs.?>? During IMPS/IMVS measurements, a small sinusoidal light
perturbation, I,. = I,8e™t, is superimposed on the background light intensity I, and the
information on charge-transport dynamic characteristic under short-circuit and open-circuit is
provided by the observed periodic response of the photocurrent and photovoltage to perturbation.
It has been proved that the exhaustive IMPS/IMVS studies can provide basic physical and
chemical mechanisms in DSSCs.?"?

In order to obtain the details of the charge transport properties in DSSCs, it is required to
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build an appropriate theoretical model correlating to the unique device configuration for fitting the
experimental results. Unfortunately, only few analytical IMPS/IMVS expressions have been
reported to describe ZnO-based hierarchical structures in DSSCs or other kinds of solar cells.*® In
this work, we develop a theoretical IMVS model for an urchin-like Zn/ZnO hierarchical
nanostructure which is composed of a core made up of a micrometer scale sphere-shaped metallic
Zn and a shell made up of numerous radially protruding single-crystalline ZnO nanowires (NWSs).
The experimental IMVS responses are measured and well fitted to the analytical expressions of
our model. Moreover, we study the influence of annealing time on the micro morphology and
micro structure, as well as the influence of ZnO nanowire (NW) diameter on the electron transport
properties such as electron lifetime and transit time, which are the essential parameters to the solar
cells due to the fact that they will ultimately determine the power conversion efficiency. Owing to
the truth that the electron processes such as generation and recombination occur primarily or
exclusively at different interfaces, the study on the interface properties is crucial to the
performance enhancement for solar cells. In short, the photoelectrochemical study on charge
carrier processes can provide new insights in the mechanism understanding of charge transport
and recombination in such a hetero nanostructure, so that the strategies to improve the power
conversion efficiency can be formulated for solar cells.
2. Experimental Section
2.1 Synthesis and Device Fabrication.

3D urchin-like Zn/ZnO composite structure was synthesized by a method of thermal
treatment. High purity Zn powder (2g, 99.999%, Aladdin) was mixed with the adhesive

(containing 1ml acetylacetone, 1g ethylcellulose and 10ml terpineol), and the mixture was grinded
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to form a slurry. Then the Zn powder slurry was coated evenly on the fluorine-doped tin oxide
(FTO) glass cleaned by the ultrasonic, with the slurry thickness of about 20 g m and the area of
0.49 cm?. The Zn powder slurry on the FTO glass was annealed in the furnace at 550 <C for 3 h, 6
h, 9 h, respectively, with the heating rate of 3 Tmin™. The furnace was then cooled to room
temperature at the rate of 3 Tmin™.

To fabricate DSSCs, the FTO glass substrate was platinized on the conducting surface and
was subsequently used as a counter electrode. The urchin-like Zn/ZnO electrode was immersed
into a 0.3 mM N719 ethanol solution for 12 h to ensure the dye molecules adhere to the surface of
ZnO film. Then the sample was rinsed in ethanol, and was dried in air. The sensitized photoanode
and the counter electrode were separated and fixed by 25 p m Surlyn thermal-plastic spacer.
lodide-based electrolyte (3-methoxy acrylic nitrile/ionic liquid/GUSCN) was injected into the
space between the two electrodes through a hole on the counter electrode fabricated in advance.
2.2 Characterizations and Measurements.

The morphology of the as-prepared urchin-like Zn/ZnO was characterized by a field emission
scanning electron microscopy (FE-SEM, SU8020). High resolution transmission electron
microscopy (HRTEM, JEM-2100F), selected area electron diffraction (SAED, JEM-2100F), and
X-ray diffraction (XRD, D/MAX2500V) were used to characterize the microstructures and
composition, respectively. The dynamic IMVS and IMPS measurements were carried out on the
Zahner Zennium electrochemical workstation (Zahner Co., Germany) equipped with a frequency
response analyzer. An intensity modulated blue light emitting diode (478 nm) driven by a source
supply (Zahner) was used as the light source. The LED provided both dc and ac component of the

illumination. The illumination was always incident on the working electrode side of the solar cell.
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IMVS was performed under the open-circuit conditions, while IMPS was performed under the
short-circuit conditions. The light intensity ranged from 100 to 180 Wm™ In the dynamic
measurements, the small sinusoidal perturbation I,. = I,8e!®t was applied in the scanning
frequency ranged from 10000 HZ to 100 mHz for both IMPS and IMVS. The
sinusoidally-modulated light had a small ac component, which was 10% of the dc component.
3. Theory: the IMVS Model

Scheme 1 illustrates the cross-sectional structure of the cell device with a compact particle
layer deposited on the FTO substrate. The particle has an urchin-like structure composed of
numerous ZnO nanowires (NWSs) protruding radially from the Zn sphere. The photo-induced
electrons generated from the dyes are injected into the ZnO NWs, and subsequently diffuse along
the axis direction of the ZnO NWs to the ZnO/Zn interface, then to the Zn core, and finally are
collected by the FTO substrate. The unit cell and characteristic dimensions shown in Scheme 1 are
used as the basis for the theoretical IMVS model, where d is the average length of ZnO NWs and
R is the average radius of Zn sphere. As we known, if the light scattering is negligible, the exciton
transport in the semiconductor photoanode under the steady-state conditions can be described by
the standard diffusion equation.? If the time-dependent density of the photo-induced electrons at
the location (p — R) away from the Zn/ZnO interface where (p = R) isn(p,t), the continuity
equation in terms of polar coordinates for the electron density n(p,t) at the position (p, 8) under
the illumination from the FTO side can be written as®

%zlae—“(f’—l‘unazg‘—g@—%ﬁ (R<p<R+d) (1)

where a is the absorption coefficient, which is determined by the loading and extinction

coefficient of the adsorbed sensitizer dye. Iy is the incident light intensity corrected for the
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reflection losses. D is the diffusion coefficient of electrons in ZnO, and t,, is the mean electron

lifetime.

In the region 0 < p < R, the electron generation will not affect the transport dynamics so that

the continuity equation for the electron density n, (p,6,t) can be expressed as

on,(p.6,t) 19 , an.(pot) 9%n4(p,0,t) n,(p,0,t)
o =Dl = )t 1= — (0<p<R) )

where D, is the diffusion coefficient of electrons in Zn. At the open circuit, we assume that no
current leaves or enters the ZnO NWs at both the ZnO/Zn interface and the outermost

ZnOlelectrolyte interface. In this case, the boundary conditions can be written as

n(p,t)
o lp=r =0 (3)
on(pt
Z |pmrra = 0 4

The time-dependent electron concentration n(p, t) will be in the form of

n(p,t) = (Ae™ + Be " + Ce™*) exp(int) (5)

with the coefficients A, B, C, y as follows:

O((e—yd _e—ud)

A= C o ©
- D(jzlo—saZ) ®
By solving the equation (1) with the boundary conditions (3) and (4), the ac component AV,
can be written as
Ulp = R~y = 4 £ ®
In order to extract the time constants from the IMVS response, it is possible to fit the real
re(AV,.) and imaginary im(AV, ) parts of eq 9 with expressions
Re(AV,.) = ﬁ (10)
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Fyotim

1+(wt£,m)2

Im(AV,e) = —

(11)
here F;, F, are the fit parameters and 2¢, /™ represent the electron lifetime. Under the open
circuit condition, T®¢ and /™, which describe the modulation of n(p = R), will only be
influenced by electrons generated at the surface (p = R). The obtained analytical results are in
agreement with the previous reports, i.e., Schlichth&rl G. etc.?’

4. Results and Discussion

4.1 Micro morphology and Microstructure of the Urchin-like Zn/ZnO. Table 1 summarizes
the synthesis conditions and morphology characteristics of the urchin-like Zn/ZnO films.
Hereafter, the sample 1D on the table will be used to identify the samples. For the characterization
section, Fig. 2 shows the typical top-view SEM images of the as-synthesized urchin-like Zn/ZnO
nanostructure on a FTO substrate. We can see that each urchin-like structure consists of numerous
ZnO NWs protruding radially from the center of a sphere-shaped Zn core. The average diameter
of the Zn core is 10~20 y m and the average length of ZnO NWs is ~10 y m. The length of the
ZnO NW and the average diameter of ZnO NWs in urchin-like Zn/ZnO nanocture can be tuned by
the annealing time. The morphology of urchin-like Zn/ZnO was obtained as shown in SEM
images of Fig. 2. A large difference between S3 and S9 lies in the diameter of ZnO NWs. It can be
seen that the diameter of ZnO NWs of S9 is much larger than S3, showing that the ZnO films of
the urchin-like Zn/zZnO structure are growing thicker with increasing annealing time, due to
the re-crystallization of ZnO NWs under high annealing time. As depicted in Fig. 3(a) and (b), the
diameter of the ZnO NWs is almost increased with the annealing time, which is consistent with
the results obtained from the SEM images. From the typical TEM images and SAED pattern of

ZnO NWs scratched from the urchin-like Zn/ZnO framework S3 and S9 (inset, Fig. 3(a)-(c)), it
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can be seen that the ZnO NWs are single-crystalline with a hexagonal wurtzite structure. The
interplanar distance is 0.28 nm, confirming that the ZnO NW is grown with a preferential
(1010) orientation as indicated in Fig. 3(b). An XRD pattern acquired from the urchin-like
Zn/ZnO sample clearly exhibits that the urchin-like structure is composed of Zn and ZnO. The
curve is for ZnO NWs and Zn core, respectively, which corresponding to respective the typical
diffraction peak of hexagonal Zn (JCPDS Card No0.87-0713, a= 2.665nm, b= 2.665nm, c=
4.947nm) and hexagonal wurtzite ZnO crystal (JCPDS Card No0.79-0206, a= 3.2499nm, b=
3.2499nm, c= 5.0266nm).

4.2 IMVS and IMPS. In order to gain into the charge recombination properties, the experimental
IMVS responses are fitted with the calculated results using the analytical solution of eql0 and 11.
Generally, the most satisfactory method to fit an IMVS response is to use its complex plane plot
rather than its Bode form. We can see the experimental and the calculated IMVS responses of the
as-prepared S3, S6 and S9 are all fitted very well as shown in Fig. 4 (a)-(c). The calculated
electron lifetimes t2¢, /™ and the fitted parameters F;, F, are summarized in Table 2. It can be
seen that the value of real part tZ¢ is close to the imaginary part 7/™. Additionally, the measured
7, is close to the calculated tR¢ and /™. The deviations of the calculated 7,, from the
measured t,, are only 6.7%, 7.8% and 8.3% for S3, S6 and S9, respectively. The satisfactory fits
bear out that the IMVS theoretical model is consistent with the unique geometric configuration of
the urchin-like nanoarchitecture. Fig. 5(a)-(c), the measured IMVS responses in Nyquist plot of S3,
S6 and S9, showed a semicircle which was similar to previously reports by others®®. Hence, the

electron lifetime t,, was directly obtained from the f.;, point on the experimental IMVS response,

using 7,, = 1/27Tfmin' We can see a corresponding increase in fyi, with the increase of ZnO NWs
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diameter. To provide a clear presentation of the effect of ZnO NWSs diameter on the electron
recombination, the electron lifetime t,, as a function of the ZnO NW diameter is illustrated in
Fig. 5(d). As it is seen, the electron lifetime decreases with the increase of the ZnO NW diameter,
showing that the electrons live shorter as the ZnO NWs grow thicker. In principle, electron
recombination in DSSCs occurs at the interface between the semiconductor film and the
electrolyte.** Nakade S. reported that the recombination lifetime decreased with the increase of
TiO, nanoparticle size in DSSCs,®t which is similar to our results. Thicker ZnO NWs mean the
interfacial area is increased, which can lead to the increase of defect states and surface states, and
then the increase of probability for electron recombination. What’s more, several literatures
studied the influence of annealing time on the structural and optical properties of Zn/ZnO films. In
these studies, it was clearly observed that annealing time can change the surface structure and
surface morphology significantly. * In our study, the samples with 3 h annealing time had the
longest electron lifetime, 0.3s. The shorter ,, of S6 and S9 may also be ascribed to the property
that the crystallinity of ZnO NWS is decreased with the annealing time. The defects and surface
states grow with the longer annealing time, leading to more electron recombination.

The measured IMPS responses in Nyquist plot for S3 and S6 are shown in Fig 6. (a) and (b).
At short circuit, the measured electron transit time tq4 was directly obtained from the f;, point on
the experimental IMPS response, using 74 = 1/27Tfmin' The increase of f,;, with the increase of
ZnO NWs diameter shows that electrons take shorter to reach the substrate. In general, the
electron transit time 7, depends on the ratio of free-to-trapped electrons and the diffusion
coefficient of electrons in the conduction band®. 7, reflects both of the electron transport and
recombination processes. It can be clearly seen that the transit time of S3, 0.179s, is much longer

10
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than S6. The decrease of 7, with the increase of ZnO NWSs diameter or the annealing time can be
attributed to the fact that the electrons transport becomes more difficult as the increase of defect
states. More defects make the increase of electrons loss in the transit process.

To investigate the effect of ZnO NWs diameter or the annealing time on the charge-collection
efficiency, we can estimate it from the relationn = 1 — z—z As shown in Table 3, electron transit
time 7, is smaller than electron lifetime t,,, which is similar to the results from other groups®. It
can be found that the charge-collection efficiency of S3 is 17% higher compared to S6, due to less
electron recombination for S6. A Schottky junction is formed at the Zn/ZnO interface and the
Schottky barrier can be in favor of the charge collection™. However, the surface states of the bulk
semiconductor play a very important role in the Schottky barrier properties. Therefore, the
different charge collection for S3 and S6 may be attributed to the discrepancy in their surface
states. Faster recombination for thicker ZnO NWs significantly limits the charge collection
process for solar cells. Moreover, relatively low collection efficiency can be attributed to the
possibility that the diffusion length is not so long that a large number of electrons have been lost
because of recombination process. Table 4 compares the J-V characteristics of the solar cells with
the bare ZnO nanorods and S3 as the photoanodes respectively. Compared to the bare ZnO
nanorods, the slightly increment in Jc and n should be mainly attributed to the improvement in
the charge collection efficiency due to the Schottky barrier formed at the Zn/zZnO interface. It is
worth noting that the improvement of power conversion efficiency has not been so impressive,
ascribed to truth that the problem of charge recombination at the ZnO/dye (or polymer) interface
might be a more serious issue than electron transport in ZnO itself. Therefore, the recent
application of ZnO based composite structures, e.g. a shell layer coated on ZnO may improve the

11
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problem of interface recombination and enhance the power conversion efficiency.***” In short, the
power conversion efficiency is not so high for ZnO based solar cells may be ascribed to the
relatively low charge-collection efficiency and serious problem of recombination at the interface.
Therefore, the improvement of collection efficiency and interfacial modification become
especially crucial to enhance the solar cell photoelectric performance.
5. Conclusions

In summary, this work presents a dynamic IMVS model for the urchin-like Zn/ZnO
hierarchical nanoarchitecture in DSSCs, on the basis of the continuity equation for the density of
mobile excess electrons. The fact that the measured IMVS responses are fitted well with the
calculated ones proves the correctness of the theoretical model. The sample with 3 hour annealing
time displays the longest electron lifetime, transit time and charge collection efficiency. An
increased annealing time can change the micro morphology, microstructure and crystallinity of the
urchin-like Zn/ZnO structure remarkably; as well the Schottky junction formed at the Zn/ZnO
interface may affect the charge collection process. The photoelectrochemical study on charge
carrier processes reveals that the electron back reaction in hierarchical nanostructure are
concerned with the defect states, surface states and interface properties of the photoanodes, which
can shed light on the charge transport and recombination Kinetics in such core-shell structure. In
order to gain outstanding micro parameters (such as electron lifetime, transit time, charge
collection efficiency, etc.) and photoelectric properties, an optimized micro morphology and
alternative interfacial modification both are proved to be very crucial to performance enhancement
for solar cells.
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Table 1 Preparation conditions and morphology characteristics of the urchin-like Zn/zZnO

structure.

Table 2 The measured and calculated electron lifetimes 7,, and fitting parameters obtained for

S3, S6 and S9.

Table 3 The measured electron transit times and collection efficiency obtained for S3 and S6.

Table 4 The photovoltaic characteristics (Vo, Jsc, FF, and n ) of photoanodes with bare ZnO

nanorods and S3 under AM 1.5 G 1 sun (100mW/cm?) illumination.

Table 1
sample ID | Annealing time, | diameter of Zn core, | length of ZnO NW, | diameter of ZnO
h um um NW, nm

S3 3 10~20 ~10 ~30
S6 6 10~20 ~10 ~70
S9 9 10~20 ~10 ~90

Table 2

sample ID  measured T, calculated T, fitting fitting

parameters F;  parameters F,

S3 0.30s ke =0.32s m=0.37s 6.01x107* 6.42x107*
S6 0.090s ¢ =0.083s 1™ =0.098s 255x107* 249x107*
S9 0.012s ¢ =0011s ™ =0.013s 3.83x107> 4.26x107°
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Table 3
sample ID electron lifetime t, transit time 4 collection efficiency 7
S3 0.30s 0.179s 40.3%
S6 0.090's 0.06 s 33.3%
Table 4
sample Ve (V) Jec (MA/cm™®) FF (%) n (%)
Bare ZnO nanorods 0.69 1.46 38.2 0.40

S3 0.58 1.88 46.8 0.51
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Figure captions:

Scheme 1. Schematic diagram of the urchin-like Zn/ZnO for the dynamic IMVS model is in terms

of polar coordinates and the coordinate p = R indicates the ZnO/Zn interface.

Fig.2. FE-SEM images of the urchin-like Zn/ZnO hierarchical framework on FTO substrate

prepared from different annealing times: (a)-(c) S3 with different scale bars; (d) S9.

Fig.3. (a) TEM image of ZnO NW scratched from S3. (b)-(c) ZnO NW scratched from S9: (b)

TEM image; (c) HRTEM image Inset: SAED pattern; (d) XRD pattern of S9.

Fig.4. The measured and fitted IMVS responses of the urchin-like Zn/ZnO devices in complex

plane plots as shown. The black solid curve and the red solid curve represent the calculated Re(Voc)

and the Im(Voc), respectively. The black cubes and the red arrows represent the measured Re(Voc)

and the Im(Voc), respectively. (a) S3; (b) S6; (c) SO.

Fig.5. The measured IMVS responses of the urchin-like Zn/ZnO devices in Nyquist plots with the

red triangle identifying the fi, points. (a) S3; (b) S6; (c) S9; (d) Dependence of the electron

lifetime on the ZnO NW diameter.

Fig.6. The measured IMPS responses of the urchin-like Zn/ZnO devices in Nyquist plots with the

red triangle identifying the f;, points. (a) S3; (b) S6.

Fig.1.
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Fig.2.
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