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Abstract

In this paper, we have successfully grown high quality CNT film on FTO substrate followed by ZnO NWs growth on top
of CNT film by hydrothermal growth method. Dye-sensitized solar cells (DSSC) were fabricated utilizing carbon nanotube
(CNT)/ZnO nanowire (NW) hybrid photoelectrode. By using the CNT/ZnO NWs in DSSC as photoanodes, it was shown
that the hybrid structure is promising alternative in conventional DSSCs becuase CNT and ZnO show perfect work-function
alignment, high surface area and superior optoelectronic properties. The fabricated DSSC shows a solar cell efficiency of
N = 5.55%, which is 20% higher than the cell fabricated without CNT layer. It was demonstrated that the incorporated CNT
caused both enhancement of N719-dye absorption on the surface of hybrid structures and significant increase of short circuit
current density (Jsc) due to longer electron lifetime. Current density (Jsc)-Voltage characterization indicates the enhancement
of the power conversion efficiency of the solar cell mostly due to the increase of carrier density by CNT, decrease in carrier
recombination and increase devices voltage. Based on the above results, we were able to obtain almost the highest power

conversion efficiency among ZnO based DSSCs.

1 Introduction

Nano-semiconductor materials have been studied great
attention on their produce and characterization owing to
the unique size and shape dependent properties and could
be widely used in light emitting diodes, lasers, solar cells
applications [1-3]. Recently, hybrid materials have been
investigated as one of the most favorable candidates for thin
film solar cell applications such as dye-sensitized solar cell
(DSSC) [4]. DSSCs have been investigated conspicuously
last decades due to low cost and non toxic device materials,
and very easy fabrication [5]. Working principle of DSSCs
is quite different from conventional p-n junction Si- based
solar cells. In DSSCs, under solar irradiation, dye molecules
are excited from highest occupied molecular orbital level
(HOMO) to lowest unoccupied molecular level (LUMO).
Excited electrons are injected conduction band of semicon-
ductors based photoanode such as TiO, or ZnO. This pro-
cess is called electron injection process. The injected elec-
tron is moved through the photoanode to the FTO or ITO
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back contact of the working electrode (WE). Meanwhile,
depleted dye take an electron from I"/I" ; redox couple flew
from an external circuit. The circuit is connected to the Pt
counter electrode (CE) and Pt CE give an electron to redox
couple. As a result, photo converted electron flows through
the external devices [6]. The most important parameters in
DSSCs in respect to high solar efficiency are the photoan-
ode. We used CNT/ZnO NWs as photoanode in DSSCs.
ZnO has been attracted much attention within the scientific
community as a ‘new generation material’ for electronic,
optic and solar cell applications. ZnO has a wide and direct
band gap energy ~3.37 eV, suitable for DSSC applications
due to higher electronic mobility that would be favorable for
electron transport, with reduced recombination loss and high
exciton-binding energy ~ 60 meV, which is make promising
candidate for room temperature optoelectronic devices [7, 8]
[7, 8]. ZnO is also grown very easily as nanostructures with
different surface morphologies such as nanowire, nanorods,
nanotube [9]. Among different ZnO nanostructures, ZnO
NWs have been studied because one dimensional ZnO NWs
show quantum confinement effects and high surface area
[10]. ZnO NWs are used as ideal materials for studying the
transport process in one-dimensional confined materials,
which are useful for understanding the fundamental prin-
ciple of low dimensional devices and investigating new
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concept solar cells such as DSSCs with high performance
[11]. Although 1D-ZnO NWs have been widely used in
DSSCs, compared with the others cells such as TiO, based
DSSCs or silicon solar cells, power conversion efficiency
was still low and unsatisfied [12]. CNT could offer a poten-
tial platform to enhancement surface area and decrease of
carrier recombination in DSSCs [13]. CNTs have an extraor-
dinary electro-optic and mechanical properties making them
promising candidate for improving the charge transport and
short circuit current [14]. In this study, we produce CNT/
ZnO NWs based hybrid solar cells and explain their electri-
cal, optical and chemical properties using various characteri-
zation methods. The effect of CNT/ZnO NWs photoanode
on power conversion efficiency of DSSCs was investigated
with comparison to pure ZnO NWs based cell and it was
shown that power conversion efficiency was increased from
5.05% to 5.55% corresponding to 9.9% enhancement.

2 Experimental
2.1 Preparation of A-CNT/ZnO hybrid photoanodes

Produce of CNTs were carried out by CVD (Chemical Vapor
Deposition) on silicon substrate by using an iron/aluminum
oxide catalyst (1/10 nm) deposited by electron beam evapo-
ration. Details of deposition mechanism are described in our
previous work [6]. Briefly, the produce of CNT was carried
out at 850 °C, rewarding an average deposition rate, which
is including nucleation and growth, of ~2 ums~". Vertically
aligned CNTs were synthesized on silicon wafers (1 cm?)
with densities of 10°-10'© CNTs cm™2. After then, vertically-
aligned CNTs were dispersed onto a FTO (F:SnO,) substrate
via contact printing method. After the growth of CNT, ZnO
NWs were grown on FTO/CNT substrate by hydrothermal
method. 0.1 g zinc nitrate hexahydrate and 25 ml D*H,0O
were prepared in a magnetic stirrer and 6 mL NHj in of por-
tion 28% was put into the solution. The solution was moved
into an autoclave. The FTO/CNT substrates were plunged
into the solution, and the autoclave was heated to 175 °C for
12 h. After the growth, the obtained ZnO nanowires coated
on CNT/FTO substrate and CNT/ZnO NW were annealed
in a furnace at 300 °C in air for 30 min to obtain the DSSC
photoanodes.

2.2 Device fabrication of DSSCs based on A-CNT/
ZnO Hybrid photoanodes

CNT/ZnO photoanode was prepared by absorption of N719
dye molecules for 12 h. The CNT/ZnO was heated to 90 °C
for 60 min before immersing into a 0.5 mM solution of the
N719 dye. CNT/ZnO photoanode were taken out, rinsed with
acetonitrile, and dried with nitrogen gas. The dye-sensitized

CNT/ZnO photoanode with Pt counter electrode were sand-
wiched together using a 20 um thick transparent Surlyn film
(Meltonix 1170, Solaronix). The electrolyte, which consists
of 0.5 M tetrabutylammonium iodide, 0.05 M I, and 0.5 M
4-tertbutylpyridine in acetonitrile, was injected between
two electrodes and well distributed via capillary action. The
active electrode area was typically 0.25 cm? for all type of
cells studied in this work.

2.3 Characterization of the device

The surface morphology of the CNT/ZnO nanostructures
was examined using Philips XL30 ESEM-FEG scanning
electron microscope equipped with an EDAX (or EDS)
energy dispersive X-ray spectroscopy detector. Crystal
structure analysis was carried out using X-ray diffraction
(XRD; Rigaku D/Max-IIIC diffractometer) with 1.54 A
Cu-Ka radiation and 20 range of 20-80°. The topographic
and surface images of films were investigated simultane-
ously by contact mode atomic force microscope (AFM, JPK,
NanoWizard). The Raman scattering measurements were
performed using a micro Raman Renishhaw 2000 system
with an excitation source of 514.5 nm at RT. The infrared
spectra were recorded using Fourier-transform infrared
(FTIR) spectrometer, Perkin Elmer, in transmittance mode
at 450-4000 cm™ !, Photocurrent density versus voltage (J-V)
data were recorded using a Keithley 175A digital multim-
eter using a 0.01 V/s voltage ramp rate and an AM 1.5 solar
simulator.

3 Results and discussion

Surface investigation of CNT/ZnO NWs hybrid structures
were carried out using AFM and SEM images. Schematic
illustration of CNTs on FTO substrate was shown in Fig. la.
As seen in schematic illustration, CNT nanostructures were
tried to obtain with certain spacing. Figure 1b shows that
the CNT were produced on the substrate with 30-50 nm
spacing and it is demonstrated that pure CNT nanostructures
were homogenously coated on an FTO substrate. Carbon
nanotubes have greatly applications, where properties of
their nanostructures could depend on interspacing distances.
Interlayer spacing of CNTs is not a constant and ranges from
1 nm to 100 nm. Mechanical and electrical properties of
CNTs are closely related to those distances. Although CNTs
would bring many benefits to the transport of electrons,
improvement in photovoltaic performance of the DSSCs can
be explained at a very narrow spacing of CNTs in the pho-
toanode. When the interlayer spacing of CNTs exceeds the
optimized value, the short circuit current and photovoltaic
power efficiency of the cells decrease rapidly. However, it is
of great importance to arrange of optimized value of CNT
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Fig. 1 a Schematic illustration
of CNT, b SEM images of CNT
grown on FTO, ¢ CNT/ZnO
NW with different magnifica-
tion; d topography images of
the CNT/ZnO NW obtained
using AFM contacting mode

spacing could give extraordinary electronic and mechanical
results. In this study, CNT can be growth on substrate with
1% volume fraction as dependent on experimental proce-
dure. This value of CNT gives about 20-50 nm interlayer
spacing and lead high absorption of N719 dye molecules,
which harvests more photon and leads to more electrons
injected from N719 dye into CB of ZnO. On the other hand,
ZnO NWs can be grown on CNTs with extremely high
aspect ratio. SEM images taken on a hydrothermally grown
ZnO NWs on CNT are demonstrated in Fig. 1c. The ZnO
NWs were grown vertically on CNT with an average diam-
eter of 40 nm and length up to about five micrometers. In
addition to SEM images, AFM measurements were carried
out to investigate surface morphology of CNT/ZnO NWs
as seen in Fig. 1d. AFM measurements show that the Zn
NWs have vertical aligned 1-D crystal structures. These
images also indicated that the ZnO nanowires have an about
10-15 nm diameter and 100 nm in length. Surface image
results demonstrated that AFM measurements give extraor-
dinary topographic constant direct height measurements, and
three-dimensional surface image of the ZnO NWs.
Chemical characterization of the CNT/ZnO NWs is
examined by Energy-dispersive X-ray spectroscopy (EDS).
The EDS measurements of CNT/ZnO NW hybrid system
is shown in Fig. 2a. The EDS measurements demonstrate
the presence of Zn, O, C and Si. Si peak come to FTO glass
substrate. Results indicated that we can grow CNT based
ZnO NWs hybrid structures with homogenous distribution.

@ Springer

Figure 2b demonstrates the FTIR spectrum of CNT/ZnO
NW recorded in the range of 4000 — 500 cm™!. The band
located near 595 cm™! can be attributed to the Zn-O stretch-
ing mode. FTIR peak at 795 cm™! corresponds to CNT bond
in the ZnO. The band at 3200 cm™! to 3600 cm™! related
to the stretching vibration of -OH groups. The synthesized
CNT/ZnO NWs were investigated by XRD characterization
to explain the crystal structures of the CNT/ZnO NWs. The
diffraction peaks at 25° belongs to the (002) crystal struc-
tures of CNT and the ZnO NWs possess the wurtzite hex-
agonal structure with high crystallinity as seen in Fig. 2d.
Strong (100), (002), and (101) peaks showed that the sam-
ple consists of well-aligned ZnO NWs on CNT. Raman
measurements were carried out to investigate the vibration
properties of the CNT/ZnO NW thin films (Fig. 2d). We
indicated that a strong intensity Raman peak at 438 cm™!
shows the spectrum known as the optical phonon E, in ZnO
nanostructures and this mode related to the band charac-
teristic for the wurtzite ZnO structures. On the other hand,
two Raman peaks at 331 and 380 cm™! were known to be as
E,i-E,p. (multi phonon) and A modes, respectively. Raman
peak at 582 cm™! known to be related to the E; mode due
to the oxygen deficiency'® indicates the presence of oxygen
vacancies in the ZnO NWs. Raman peaks at around 1310
and 1590 cm™! are related to the characteristic D-band and
G-band of carbon groups such as carbon nanotube. XPS
spectra of CNT/ZnO NW samples are shown in Fig. 3a-d. It
may be seen that the Zn2ps,, and Zn 2p,,, can be fitted into
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Fig.2 a EDS spectrum of the CNT/ZnO NW; b FTIR analysis of
the CNT/ZnO NW; ¢ Crystal structure analysis was carried out using
X-ray diffraction (XRD; Rigaku D/Max-IIIC diffractometer) with

1020 and 1043 eV, respectively. O 1 s spectrum can be fitted
into peaks 530.0 eV and it is attributed to Zn-O bonding.
XPS spectrum shows three 268.0, 283.5 and 291.0 eV peaks
corresponding to C 1 s spectrum. The C 1 s peak at 286.4 eV
and strong O 1 s peak at 530.0 eV are known to be owing to
the O-C-O complex.

Device structure and photovoltaic characterization of
the CNT/ZnO NWs are illustrated in Fig. 4a, b. As seen
in Fig. 4a, CNT/ZnO NW based DSSC architecture can
be used as a new alternative to the conventional DSSC
structures. We used the photocurrent density—voltage (J-V)
characterization to investigate the photovoltaic energy
conversion efficiency (PEC) of CNT/ZnO NW DSSC.
Figure 4b shows the J-V measurements of two electrodes
with CNT and without CNT. While DSSC with CNT
electrode shows Jsc and PEC efficiency as 16.13 mA/
cm? and n = 5.55%, respectively, DSSC without CNT
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1.54 A Cu-Ka radiation and 20 range of 20-80° of the the CNT/
ZnO NW; d Raman spectra of the the CNT/ZnO NW with the Ar*
(514.5 nm) laser line as the exciton sources

electrode shows 14.47 mA/cm? and n = 5.05%, respec-
tively (Table 1). In the presence of 1% wt volume fraction
CNT, Jsc increases by ~20%. The use of CNT gives high
absorption of N719 dye molecules, which harvests more
photon and leads to more electrons injected from N719 dye
into CB of ZnO. When ZnO NWs were homogeneously
grown on CNT substrate, we can obtain the effective and
continuous conductive network. The short circuit current
density of the CNT/ZnO NW junctions is larger than that
obtained from the pure ZnO NW. Due to the high Jsc of
the CNT/ZnO NW cell, its PEC efficiency was increased
as compared to the pure ZnO cell. The increased Jsc of
CNT/ZnO NWs is mainly contributed to the increased of
surface area in the hybrid structures. Electrons in the net-
work get very long mean free paths, escape charge recom-
bination, and extend the electron lifetime. We show that
the electrons transportation from conduction band of ZnO
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Table 1 Photovoltaic properties of CNT/ZnO NW and pure ZnO NW
structures, measurements were performed under AM 1.5G one sun
(light intensity: 100 mW cm™2)

Sample FF (%) n (%) (effi- Voc (V) Jsc (mA/cm?)
ciency)

ZnO NW 49 5.05 0.71 14.47

CNT/ZnO NW 45 5.55 0.71 16.13

The active area was set at 0.25 cm? for all of the cells

NWs to CNTs is carried out very quickly, just as shown
in Fig. 4a. Under incident light irradiation, electrons from
dye molecules are excited to upper level and excited elec-
trons are injected into conduction band of ZnO NWs. The
injected electron is moved onto CNTs. CNTs show a sig-
nificant improvement in performance of CNT/ZnO NW
based DSSCs due to increase of dye adsorption rate and
long electron lifetime.

4 Conclusions

We introduce that the properties of CNT/ZnO NW depend
on the surface morphology, and the role of optimum experi-
mental parameters improve the dye molecules loading and
minimize the charge recombination. CNT/ZnO NW are
synthesized on FTO (F:SnO,) substrate using an easy and
very chip growth technique. As different literature, in this
study first time, we can growth vertically aligned ZnO NW
on carbon nanotube without disturbing of tube spacing by
hydrothermal method. In this work, we explain the role of
CNTs in the semiconductor electrodes by investigating and
comparing the electronic process in the dye-sensitized pho-
tovoltaic devices. Until now, the highest solar conversion
efficiency of CNT/ZnO nanostructures has been obtained
around 6,20%. In this study, we show that the CNT/ZnO
NW show enhanced Jsc and efficiency as compared with
pure ZnO cells. CNT/ZnO NW solar cell is 5.55%, which
is higher than that of pure ZnO cell (5.05%). The improve-
ment in the photovoltaic efficiency is owing to the fact that
CNT reduce the electrolyte/electrode interfacial resistance,
the recombination and enhances the transport of electrons
from the photoanode to FTO substrate, respectively. Further,
the increase in dye adsorption rate is due to the increased
surface area (CNT in ZnO) and improved inter connectivity
between the ZnO and CNT are also the particular reasons
for the enhancement in the Jsc and efficiency.
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