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Abstract The relationship between bilayer nanostructure,

defect density and dye-sensitized solar cell (DSCC) per-

formances was investigated. By adjusting bilayer nano-

structures, defect density of ZnO nanodendrite-nanorods

structure was decreased comparing to that of nanoflower-

nanorods structure. The performances of DSCC based on

ZnO nanodendrites-nanorods structure and nanoflower-

nanorods structure were studied by Raman spectrum, room

temperature photoluminescence, dye loading, photocurrent

density-voltage characteristic and open-circuit voltage

decay (OCVD) technique. The device with nanodendrite-

nanorods structure has lower charge recombination rate

and prolonged electron lifetime due to its microstructure

feature.

Keywords ZnO � Bilayer � Nanostructure �
Nanodendrite-nanorods defect � Dye-sensitized solar
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1 Introduction

Dye sensitized solar cells (DSSCs) have been studied as

attractive alternatives for photoelectricity from solar light

due to their high efficiency and commercial application

prospect. In DSSC, electrons are excited from dyes by light

and transferred to nanostructure semiconductor and con-

ducting substrate electrode. However, electrons in semi-

conductor interface are easily recombined with the holes in

electrolyte. The competition between electron transport in

semiconductor and electron recombination in semi-

conductor/dye/electrolyte interface is the key for high

performance of DSSCs. There are two strategies usually

employed to improve the competition including accelerat-

ing electron transport and restraining electron recombina-

tion. For the first one, traditional TiO2 can be replaced with

ZnO since it has higher electronic mobility. For the second

strategy, reducing surface defects density will decrease the

number of trapping electrons on semiconductor surface,

hence restraining electron recombination.

Owning to the easy crystallization and anisotropic growth,

various ZnO nanostructures such as nanoparticles [1–3],

nanorods [4–8], nanotubes [9–12], nanoflowers [13], nano-

sheets [14], tetrapods [15], nanotrees [16], nanowire-nanosheet

[17], nanoforest [18], nanodendrite/nanoparticle composite

[19] and multilayer nanowires [20] have been reported in

DSSCs. Researchers generally focused on the design of vari-

ous nanostructured semiconducting materials with emphasis

on optimizing dye loading, and less on ZnO material properties

themselves such as defect concentration. The defect of ZnO

material plays the critical roles in the electron transport and

collection in DSSC performance. Recently, annealing [21],

optimizing growth process [22], decorating Au nanoparticles

[23] or covering ZnS shell [24] have been applied to decrease

the defects of ZnO materials. However, the relationships

between defect density from the ZnO nanostructures and

DSSC performances are still ambiguous.

In this paper, we altered the microstructure of ZnO

material to lower defect density on the DSCC performance.
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A bilayer ZnO structure consisting of nanodendrites on top

and nanorods at bottom as DSCCs photoanode was com-

pared to that of bilayer nanoflower-nanorods structure. The

relationship between bilayer structure, defect density and

DSSC performances was investigated by Raman spectrum,

room temperature photoluminescence, dye loading, pho-

tocurrent density-voltage characteristic and open-circuit

voltage decay (OCVD) technique.

2 Experimental

2.1 Fabrication of ZnO hierarchical nanostructure

Firstly, clear ZnO seed solution was obtained by dissolving

0.375 mol/L zinc acetate and ethanolamine in 1:1 molar ratio

into 50 mL ethylene glycol monomethyl ether and stirring at

60 �C for 30 min. Then compact ZnO seed layer was formed

by dip-coating seed solution onto FTO substrates and heating

at 550 �C for 90 min. The nanostructures were fabricated by

using hydrothermal method in Teflon-lined autoclaves,

where the substrates were immersed slantways into an

aqueous solution of 0.12 mol/L zinc nitrate hexahydrate

(Zn(NO3)2�6H2O), ammonia (NH3�H2O) and 75 mL dis-

tilled water. The ammonia concentration was 1.2 mol/L for

nanodendrite-nanorod structure and 0.96 mol/L for nano-

flower-nanorod structure. The autoclaves were sealed and

heated at 90 �C for 4 h, then cooled in air. Then, the solution

was refreshed, and the growth was repeated at 90 �C for

another 4 h. Finally, the film was taken out of the solution,

rinsed with distilled water and dried at room temperature for

subsequent characterizations.

2.2 Assembly of DSSCs

FTO substrates with different ZnO nanostructures were

immersed in 3 mmol/L N719 dye solution with a mixture

solvent of tertiary butanol and acetonitrile(1:1, v/v) for

30 min. The samples were then rinsed with ethanol to

remove excessive dye and dried in air at room temperature.

For the assembly of solar cells, the photoanodes with

0.25 cm2 working area were assembled and sealed with

60 lm hot-melt surlyn ring to the counter-electrodes

(Pt-coated FTO glass). The iodide-based electrolyte, con-

sisting of 0.1 mol/L LiI, 0.0125 mol/L I2, 0.5 mol/L 4-tert-

butylpyridine, and 0.6 mol/L tetrabutylammonium iodide

in acetonitrile, was injected into the interelectrode space

from the counter-electrode side through a predrilled hole.

2.3 Characterizations

The morphologies of different ZnO nanostructures were

observed using a JEOL JSM-6700F scanning electron

microscope (SEM). The X-ray diffractometer (XRD) ana-

lysis for the crystal structure was carried out in a Rigaku

D/max 2500 v?/pc diffractometer with Cu Ka radiation

(k = 1.5405 nm). Raman spectrum was measured by

Renishaw INVIA Raman spectrometer with 532 nm laser

light (Nd:YAG) laser as an excitation source. The dye

absorption amount was determined by desorbing dye

molecules in 0.1 mol/L NaOH solution of water and eth-

anol (50:50, v/v) [25] and the dyes absorption spectrum was

measured by a UV–vis spectrophotometer (Shimadzu

UV-2501 PC). The photoluminescence spectrum mea-

surement was excited by 330 nm laser at room temperature

by Horiba HR800 UV. Photocurrent density-voltage (J-V)

curves were recorded using Keithley 2400 digital source

meter. The light source is 500 W Xenon lamp (San-Ei

Electric, XES-151S) and calibrated to 100 mW/cm2 with

standard Si solar cell. The OCVD characteristics were

conducted by monitoring the subsequent decay of Voc after

shutting down the illumination on DSSC under open-circuit

conditions.

3 Results and discussion

3.1 ZnO film with different nanostructures

The bilayer nanoflower-nanorod structure consists of

nanoflower layer on top and nanorod array at bottom (see

Figs. 1a, b, e), while the nanodendrite-nanorod structure

(see Figs. 1c, d, f) has nanodendrite layer on top and

nanorod array at bottom. The randomly distributed nano-

flowers or nanodendrites are of 10 lm size and connected

tightly to the bottom layer. Similar thickness in both

structures is achieved. The nanoflower (see Fig. 1e) or

nanodendrite layer (see Fig. 1f) is estimated about 8 lm in

thickness. The thickness of nanorod array layer of both

structures are about 6 lm. Individual flower-shaped nano-

structure on top layer of nanoflower-nanorod structure is

composed of many hexagonal plane-tipped nanorods with

200-300 nm diameter and 5 lm length. These nanorods

originate from one center and grow outwards, exhibiting a

chrysanthemum flower shape. While nanodendrite-nanorod

structure shows nanodendrite shape on top layer, but quite

similar to flower shape. A close look at the nanodendrite

structure reveals that the branches are needle-like nanorods

with 100 nm diameter and 800 nm in length. The back-

bones are almost twice larger diameter (400–500 nm) but

similar (5–6 lm length) compared to the petal of nano-

flower-nanorod structure.

The difference of morphology between nanoflower-

nanorod and nanodendrite-nanorod structure is due to the

different ammonia contents in the initial reaction solution.

The excessive ammonia in the reaction solution on the
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second growth circle leads to the slight melting of the

surface on the backbones of nanodendrite [26, 27]. The

renucleation and sequential growth of nanorods happens on

the surface defects of backbones by further reducing their

energy through the surface reconstruction [28], resulting in

the formation of the complex three-dimensional ZnO

nanodendrite-nanorod structure.

XRD patterns of nanoflower-nanorod and nanodendrite-

nanorod structures (see insert of Figs. 1b, d) are all indexed as

hexagonal wurtzite structure according to JCPDS card No.36-

1451). No excess peaks are detected, implying the high-purity

of both ZnO nanostructures synthesized by the hydrothermal

method. The obtained XRD patterns are dominated by (002)

peak, which is in agreement with the structure of c-axis ori-

ented bottom layer and multi-oriented top layer. The relative

peak ratios of (002)/(100) and (002)/(101) of both structures

are listed in Table 1. The less (002) orientation of nanoden-

drite-nanorod structure indicates its more lateral growth con-

trasting to the nanoflower-nanorod one.

Raman-scattering spectra of nanodendrite-nanorod and

nanoflower-nanorod structures normalized by the highest

peak are employed to analyze their crystal structures and

defects (see Fig. 2a). The crystal structure of ZnO is

wurtzite (hexagona) and belongs to the C6v
4 space group. It

has two formula units per primitive cell, and all atoms

occupy the C3v sites. According to the Group theory, there

are eight sets of zone centre optical phonons, where A1 and

E1 modes are polarized and split into transverse optical

(A1T and E1T) and longitudinal optical (A1L and E1L)

phonons, while the E2 mode consists of two Raman-active

modes: low- and high-frequency phonons (E2L and E2H).

The dominated peak at 437 cm-1, labeled as E2, is the

characteristic of ZnO wurtzite hexagonal phase (see

Fig. 2a). Peak at 330 cm-1 is the second-order Raman

spectrum, originating from the zone boundary phonons

3E2H–E2L. And peak at 380 cm-1 can be labeled as A1T.

The peak at 580 cm-1 assigned to E1L is also observed.

Fig. 1 (a) Top-view, (b) high-magnification and (e) side-view SEM images of nanoflower-nanorod structure; (c) the top-view, (d) high-

magnification and (f) side-view SEM images of nanodendrite-nanorod structure. The inset curves in (b) and (d) are the XRD patterns of

nanoflower-nanorod structure and nanodendrite-nanorod structure

Table 1 Relative peak ratios of nanoflower-nanorod and nanoden-

drite-nanorod structures in XRD patterns

Sample (002)/(100) (002)/(101)

Nanoflower-nanorod structure 8.5 5.5

Nanodendrite-nanorod structure 6.4 3.2
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Generally, it is related to the formation of defects in ZnO

(oxygen vacancies and Zn interstitials) [29]. The lower E1L

signal in nanodendrite-nanorod structure indicates the

fewer defects in ZnO crystal structure.

Room temperature photoluminescence is also used to

study ZnO intrinsic defects in both structures (see Fig. 2b).

UV emission around 380 nm is near band edge emission

resulting from the recombination of free excitons. Green

emission centered at 500-600 nm is the surface-state rela-

ted defect emission, originating from the recombination of

singly ionized oxygen vacancy with holes in the valence

band. Nanodendrite-nanorod structure has much lower

green emission and relatively higher UV emission than the

nanoflower-nanorod one. The results indicate the nano-

dendrite-nanorod structure possesses better optical property

and fewer defects comparing to nanoflower-nanorod one.

3.2 Performance of DSSCs

The photocurrent density-voltage characteristics of DSSCs

based on nanoflower-nanorod and nanodendrite-nanorod

structured ZnO are obtained at AM 1.5 irradiation of

100 mW/cm2 (see Fig. 3). The detailed photovoltaic per-

formance parameters of DSSCs with different structures

are listed in Table 2. The short-circuit photocurrent density

(Jsc), open-circuit voltage (Voc) and fill factor (Ff) of device

with nanoflower-nanorod structured ZnO are 5.07 mA/cm2,

545.98 mV and 0.37, respectively, leading to 1.01% of

energy conversion efficiency. While the performances

of the DSSC with nanodendrite-nanorod structure are

improved by 20%, 3% and 8% in Jsc, Voc and Ff, respec-

tively, finally resulting in 35% increase in energy conversion

efficiency.

The short-circuit current of DSSC is mainly influenced

by the light harvesting and charge recombination at

photoanode [30–32]. Based on the approximate thickness

of films (see Figs. 1e, f), the similar dye absorption of

different structures is achieved (see Fig. 4). The absorption

of dye adsorbed on nanodendrite-nanorod and nanoflower-

nanorod structured ZnO is almost of the same value at

380 nm and 521 nm, which is the maximum absorption

peak of N719 dye. The values of dye adsorption on the

Fig. 2 (a) Raman spectra and (b) the photoluminescence spectra

Fig. 3 J–V curves of DSSCs nanoflower-nanorod a and nanoden-

drite-nanorod structures b

Table 2 Performances of DSSCs with nanoflower-nanorod and

nanodendrite-nanorod structured ZnO

Sample Jsc/

(mA�cm-2)

Voc /

mV

FF g /

%

Nanoflower-nanorod

structure

5.07 545.98 0.37 1.01

Nanodendrite-nanorod

structure

6.09 561.33 0.40 1.36

Influence of defect density on the ZnO nanostructures 343

123



nanodendrite-nanorod and nanoflower-nanorod structured

ZnO are 3.2910-7 mol/cm2 and 3.1910-7 mol/cm2,

respectively. Compared with the nanoflower-nanorod

structure, the increased surface area in nanodendrite-

nanorod structure by the formation of needle-like branch is

offset by the large diameter/length ratio of the petals on the

top layer. It suggests that the dye loading amount is not

responsible for the increased Jsc in the DSSC with nano-

dendrite-nanorod structured ZnO. Therefore, a lower

charge recombination rate of nanodendrite-nanorod struc-

tures may be the main reason for the enhanced DSSC

performance. It is believed that the decreased carrier

recombination at the dye/ZnO interface can be obtained by

lower concentration of surface defects in ZnO material

[33]. Hence, fewer defects in nanodendrite-nanorod

nanostructure as demonstrated by Raman and photolumi-

nescence analysis, may lead to improved device

performance.

The OCVD technique as a powerful tool to study the

electron lifetime in DSSC can provide some quantitative

information on the electron recombination in DSSC [34].

By recording the subsequent decay of photovoltage (Voc)

after turning off the illumination in the steady state, the

recombination rate of photoelectrons is monitored. In other

words, the recombination rate of photoelectrons is pro-

portional to the rate of photovoltage decay [32]. The

OCVD response of the DSSC with nanodendrite-nanorod

structure is much slower than the one with nanoflower-

nanorod structure (see Fig. 5a).

From the OCVD experiment, the electron lifetime (s) is

determined by the reciprocal of the derivative of the decay

curves normalized by the thermal voltage [34], using the

following equation:

s ¼ � kBT

e

dVOC

dt

� ��1

; ð1Þ

where kB the Boltzmann constant, T the absolute temper-

ature, e the elementary positive charge, and dVoc/dt the

derivative of the transient open-circuit voltage.

The results of electron lifetime on the open-circuit

voltage of DSSCs with different structures clearly dem-

onstrate that, at any given open circuit potential, the elec-

tron lifetime of DSSC with nanodendrite-nanorod structure

is longer than that of nanoflower-nanorod one (see Fig. 5b).

The prolonged electron lifetime should be attributed to the

lower electron recombination caused by the fewer defects

in the nanodendrite-nanorod structure. The more efficient

electron transport channel finally leads to higher energy

conversion efficiency.

Fig. 4 UV–vis absorption spectra for dyes desorbed from nanoflower

-nanorod a and nanodendrite-nanorod structured ZnO b

Fig. 5 (a) OCVD curves and (b) the comparison of electron lifetime (in log-linear representation) as a function of open-circuit voltage of DSSCs
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4 Conclusions

In summary, by tuning the microstructures, defect density

of ZnO bilayer nanodendrite-nanorod structure was

decreased comparing to that of nanoflowers-nanorods

structure. The performance of DSSC with nanodendrite-

nanorod structure has lower charge recombination rate,

prolonged electron lifetime and enhanced photocurrent due

to its microstructure feature.
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