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Abstract
This paper focuses on improvement of power conversion efficiency (PCE) of flexible solar cell based on ZnO-TiO2/PVK/
PEDOT:PSS heterostructures. ZnO nanorods and ZnO-TiO2 nanosheets have been synthesized by a hydrothermal method 
and layer-by-layer adsorption and reaction (LBLAR), respectively. The structural, optical and morphological properties are 
investigated using XRD spectroscopy, UV-Vis spectroscopy and field emission scanning electron microscopy, respectively. 
The TiO2/ZnO nanosheets provide increased interfacial area for charge separation of the active area, as well as a dense net-
work of pathways for improved charge transport. We have fabricated PET/ITO/ZnO-TiO2/PVK/PEDOT:PSS/Ag (denoted 
as D1), PET/ITO/ZnO/PVK/PEDOT:PSS/Ag (denoted as D2) and PET/ITO/PVK/PEDOT:PSS/Ag (denoted as D3) solar 
cell devices on flexible PET substrate. The flexible D1 device shows better PCE value up to 2.76% as compared to control 
devices D2 and D3 due to the presence of an electron transport layer of TiO2 and hole transport conducting polymer layer of 
PVK that forms an effective interface for enhancing of electron–hole pair generation and better charge separation. The PCE 
value of the flexible D1 device remained unchanged even after bending the device at 80°, 90°, 110°, 150° bending angles, 
which demonstrates that the fabricated D1 device is suitable for flexible solar cell applications.
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Introduction

The generation of electricity from solar energy conver-
sion by photovoltaic devices has gained a lot of interest 
as the demand for clean and renewable energy is increas-
ing.1 Hybrid solar cells are of growing interest because 
of diverse benefits and the advantage of a combination 
of both organic and inorganic semiconductors. The two 
semiconductors, of inorganic and organic material, are 
assembled together in a  heterojunction-type photoac-
tive layer, which can have greater power conversion effi-
ciency (PCE) than a single material. Organic materials 
that consist of  conjugated polymers  act as the photon 
absorber and exciton donor. The lower electron mobility 
than hole mobility in these conjugated polymers result in 
lower device efficiency.2 The hybrid inorganic–organic 
solar cell devices use the property of high carrier mobil-
ity in inorganic semiconductors to curb charge transport 
limitations of the organic phase. The inorganic material 
facilitates exciton dissociation at the junction. Charge is 
transferred and then separated after an exciton created in 
the donor is delocalized on a donor–acceptor complex. 

However, the device morphology is a key factor to improve 
the efficiency of hybrid solar cells. The proper intermixing 
of the polymer and nanocrystals creates efficient charge 
separation, but it is not good for the charge transport to 
the electrodes. Therefore, to make a hybrid photovoltaic 
device with improved power conversion efficiency, a com-
promise solution is needed for charge separation as well 
as charge transport. There have been numerous reports on 
efficient charge separation using metal-oxide semiconduc-
tors/organic polymer composites.3–8 The inorganic metal 
oxide and polymer-based solar devices can be designed 
in two ways. One is blending of metal-oxide and polymer 
together to form heterojunction device. Other method is 
infiltration of polymers over metal oxide-based nanostruc-
tures grown on the flexible substrates. The latter method 
provides the advantage of well-connected transport paths 
in metal oxide semiconductors.9 The inorganic metal oxide 
semiconductor as an electron transport layer plays a dra-
matic role in charge separation and charge transport eradi-
cating the electrical shunts between transparent electrode 
and hole transport material interfaces. Inorganic metal 
oxide semiconductors such as TiO2, ZnO, and SnO2 are 
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commonly used as electron transport layers with great sta-
bility and brilliant electronic properties.10–14  Zinc oxide 
(ZnO) is of interest because of its n-type conductivity,15 
high band gap, high electron mobility, nontoxicity and 
environmentally friendly properties. ZnO nanostructures 
have found widespread application in ultraviolet lasers, 
light emitting diodes, detectors and photovoltaic cells.16–20  
ZnO nanorods grown perpendicular to the substrate are 
particularly interesting. This has both the advantages of 
increasing the donor–acceptor interfacial area and creat-
ing electron transport pathways toward the electrode that 
possess very high electron mobility. Vertically aligned 
ZnO nanorods depend upon the quality of the interface 
between organic and inorganic nanostructures.21 Tian 
et al. designed ZnO based on assembled nanorods and 
nanosheets for photovoltaic devices. The nanorod diam-
eters and spacing between them can be regulated to gen-
erate a structure with a large interfacial contact area yet 
permitting adequate polymer filling of the gaps.22,23  TiO2 
decorated on ZnO nanostructures can improve the photo-
absorption and photocurrent generation of the proposed 
hybrid photovoltaic device. Kim et al. demonstrated the 
use of a TiO2 interfacial layer between the active layer 
and an Al electrode which resulted in reduction of car-
rier recombination and also increased the value of Voc.24  
TiO2 nanostructures are attractive due to their nontoxic 
nature and excellent size tunablity. Hannachi and others 
also reported that 1-D TiO2 nanostructures help in fill-
ing the pores between existing YBCO grains.25 However, 
in photovoltaic devices, TiO2 commonly acts as the elec-
tron transport layer as well as optical spacer.26  Wu et al. 
reported that quantum yield for electron injection from 
polymer to oxide array is higher in TiO2 -based hybrid 
solar cells than ZnO-based hybrid solar cells.27 The TiO2/
ZnO bilayer possesses the advantages of high electron 
extraction and reduction of interfacial recombination. The 
photoactive layer in hybrid solar cells plays an important 
role in effective charge extraction towards the electrodes 
restricting any loss such as charge recombination and 
exciton quenching at the interfaces.28  Rani et al. demon-
strated TiO2/ZnO composite-based solar cells improved 
photovoltaic properties as compared to either TiO2 or ZnO 
solar cells.29 Because of their versatile chemical struc-
ture, high mechanical flexibility and low-cost fabrica-
tion, conjugated polymers have been used as the photoac-
tive component in solar cells, photodiodes and memory 
devices. The photoexcitation of organic polymers results 
in exciton generation which are separated at the interface 
between p-type (electron-donating) and n-type (electron-
accepting) material. The blending of electron acceptors 
into polymers may effect their hole mobility.30  In order 
to increase the interfacial area between p-type and n-type 
materials, a conjugated polymer infiltrating a nanoporous 

semiconductor is an appealing choice.31 PVK has become 
one of the best photoconductive polymers for electronic 
and optical applications because of its effective hole-
transport ability. PVK is a p-type organic polymer with 
absorption in the UV region. Wang et al. demonstrated a 
hybrid UV photodetector by using ZnO nanorods and PVK 
as the electron acceptor and donor, respectively.32–35 When 
the ZnO NRs are embedded in polymers such as PVK, 
photogenerated excitons can be efficiently separated to 
the adjacent layer as exciton binding energy is reduced.36  
PEDOT:PSS thin film is highly transparent in the visible 
light range. PEDOT:PSS possesses high mechanical flex-
ibility, excellent thermal stability and low cost. The work 
function of PEDOT:PSS film is 5.0 to 5.2 eV which makes 
it favourable for charge injection and charge transfer.37–40  
Thu et al. revealed that intrinsic charges in the metal oxide 
restrict photocurrent generation, and a low metal oxide 
work function is favourable for a large driving force for 
exciton separation.41

In this present study, we propose to undertake a system-
atic study for the use of aligned ZnO nanorods and nanocrys-
tals for TiO2 hybrid photovoltaic devices which are low cost, 
nontoxic and environmentally friendly. In this report, we 
have synthesized ZnO nanorods on flexible polymer PET 
(polyethylene terephthalate) substrates using a hydrother-
mal method. We have also attached TiO2 nanoparticles on 
ZnO nanorods using layer-by-layer adsorption and reaction 
(LBLAR). It is observed that after attaching of TiO2 on 
ZnO nanorods, nanosheet structures were obtained which 
are quite interesting for photovoltaic performance due to 
highly dense pathways available for charge transport. The 
inverted device design has been shown to better harvest 
incoming light due to a more favourable electromagnetic 
field distribution inside the active layer. By inverting the 
charge collection process, i.e. collection of holes via the top 
electrode and electrons via the back electrode, an efficient 
charge separation process can be achieved. Our motivation 
is to design a typical inverted flexible solar cell device struc-
ture for effective charge separation and fast charge transport. 
We have fabricated a solar cell where the ITO electrode acts 
as a cathode, ZnO and TiO2 act as electron transport lay-
ers,  PVK and PEDOT:PSS are selected as hole transport 
layers and the semi-transparent Ag electrode acts as anode. 
Ag as the top metal electrode is a good choice because of 
its intrinsic stability in air, hole extraction capability and 
better matching with the hole transporting polymer layer. 
The photoactive layer is TiO2-PVK where PVK acts as 
charge receptor material and the generated excitons in PVK 
move towards the large interface between PVK and TiO2 
for charge separation. The free electrons then move to the 
conduction band of the TiO2 and further drift to the cathode. 
TiO2 is used to improve the interface states between ZnO 
and PVK. The shape and size of the resultant nanostructure 
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arrays have been studied through field emission scanning 
electron microscopy (FESEM). The optical characteristics 
of ZnO nanorods and ZnO/TiO2 nanosheets have been stud-
ied through UV-Vis spectroscopy, FTIR spectroscopy and 
Raman spectroscopy. The J-V characteristics of the device 
were measured using Solar Simulator.

Experimental

Hydrothermal Synthesis of ZnO Nanorods

For the growth of ZnO nanorods, a hydrothermal method 
was used which has been reported in earlier literature.42–44  
To grow ZnO nanorods, flexible ITO-coated PET was used 
as substrate. The PET substrate was cleaned using acetone 
and DI water. Using a spin coating method, a thin seed layer 
of ZnO nanoparticles was first deposited on cleaned ITO-
coated flexible PET substrates. The ZnO nanoparticle seed 
layer solution was made using the sol–gel method, which 
involved dissolving 0.01 M zinc acetate (Merck, 99%) in 
2-propanol (Merck, 99%) with continuous heating and stir-
ring at 65°C on a magnetic stirrer. After 30 min, diethanola-
mine (Merck, 99%) was added to the previous solution drop-
by-drop resulting in a transparent solution. The solution was 
allowed to cool for half an hour at room temperature. ZnO 
nanoparticle seed layers were then deposited on the ITO-
coated flexible PET substrates with a spin speed of 2000 rpm 
for 80 s. ZnO thin films were annealed for 3 h at 100°C 
to remove the solvents. These seeded substrate films were 
vertically placed in borosil bottles containing an equimolar 
aqueous solution of zinc nitrate and hexamethylenetetramine 
(HMTA) as a precursor solution. The hydrothermal growth 
was done by placing sealed borosil bottles in an oil bath for 
4 h at a reaction temperature of 90°C. In the following reac-
tions, zinc nitrate produces Zn2+ ions and HMTA provides 
an alkaline environment that produces the OH− ions. The 
growth process occurs due to a dissolution-secondary pre-
cipitation mechanism and the following reaction is:

As-prepared samples were then rinsed with distilled water 
and dried in air for further use.

Attachment of TiO2 Using LBLAR

Layer-by-layer adsorption and reaction (LBLAR) was 
employed to deposit the TiO2 coating layer on the surface 
of the ZnO nanorods represented in Fig. 1. The as-obtained 
ZnO nanorod array film was successively immersed into 
three different solutions for 40 s each, which were TiO2 solu-
tion, pure ethanol and deionized water, respectively. Then 

Zn(OH)2 + (x − 2)OH−
→ ZnOH2

x
→ ZnO + H2O + (x − 2)OH−

the film was rinsed with pure ethanol to dissolve excess 
water and weakly bound TiO2 before the next dipping. Dif-
ferent cycles were repeated according to the requirement of 
the thickness of TiO2 coating layer.45 In our case, we have 
applied five repetitive cycles. The TiO2 solution was pre-
pared by dissolving titanium butoxide (Ti(OBu)4) and deion-
ized water in a 1:20 molar ratio with heating and stirring at 
65°C. After 15 min, HCl was added to prevent agglomera-
tion of TiO2 nanoparticles and it works as a stabilizing agent. 
The chemical reaction for hydrolysis and condensation is 
given by

where R is the component of a Ti (IV)-butoxide that des-
ignates a butyl-group with the general formula C4H9. Basi-
cally, optimum concentrations of acidity (OHˉ/H+ ratio) are 
crucial for crystal orientation. As-prepared TiO2/ZnO films 
were calcined at 150°C for about 1 h.

Device Fabrication of the ITO/ZnO‑TiO2/PVK/PEDOT: 
PSS/Ag Heterojunction

A hybrid ITO/ZnO-TiO2/PVK/PEDOT:PSS/Ag heterojunc-
tion photovoltaic device was fabricated by dip coating the 
prepared TiO2/ZnO NRs films with ITO as the back elec-
trode on flexible PET substrate in PVK solution. PVK solu-
tion was prepared by dissolving PVK in chloroform solvent 
with a concentration of 5 mg/ml. It has been found that dis-
solved PVK in chloroform solvent exhibits a high current 
density.46  The hole-conducting polymer PEDOT:PSS was 
spin coated with a spin speed of 2000 rpm for 60 s. Finally, 

Hydrolysis ∶ Ti (OR)4 + 4H2O → Ti(OH)4 + 4ROH

Condensation ∶ Ti (OH)4 + Ti(OH)4 → 2TiO2 + 4H2O

Ti (OH)4 + Ti(OR)4 → 2TiO2 + 4ROH

Fig. 1   Schematic diagram showing the synthesis process of TiO2 by 
layer-by-layer adsorption and reaction (LBLAR).
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silver paste was applied as the top electrode on the prepared 
device structure.

Characterizations and Measurements

FESEM images were taken using a Hitachi, Japan SU 
Series at an accelerating voltage of 5 kV. Surface topog-
raphy and roughness were examined using an atomic force 
microscope (AFM) Dimension ICON, BRUKER. The 
UV–visible spectra of the composites were recorded using 
a UV2450 Shimadzu UV–visible spectrophotometer in the 
range 350–800 nm. X-ray diffraction (XRD) was recorded 
using a PANalytical with a nickel filtered X'Pert Pro X-ray 
diffractometer with monochromatized Cu-Kα radiation 
(λ = 1.541 Å) in the 2θ range of 10–100°. X-ray photo-
electron spectroscopy (XPS) was recorded using a Thermo 
Scientific NEXSA with monochromatic Al-Kα radiation. 
All samples were analyzed using a micro-focused, mono-
chromated Al Kα X-ray source (spot size: 30–400 mm, 
hʋ = 1486.6  eV). The Kα charge compensation system 
was employed using low-energy argon ions to prevent any 
localized charge spread. Fourier transform infrared spec-
troscopy (FTIR) spectra were recorded using a Shimadzu 
8400 spectrometer in the range of 4000–400 cm−1. Raman 
spectra were recorded using a Horiba LabRAM HR Evo-
lution spectrometer in the backscattering geometry with a 
325-nm argon-ion laser as the excitation source. Electrical 
measurements were tested under a Sci-Tech solar simulator 
of the light intensity at AM 1.5G (100 mW cm−2). The active 
device area was 1 cm2.

Results and Discussion

Morphological and Optical Characteristics

Figure  2a and b shows typical FESEM images of ZnO 
nanorods and ZnO-TiO2 nanosheets grown on ITO-coated 
flexible PET substrate. The FESEM images reveal the for-
mation of ZnO nanorods spread uniformly all over the sur-
face of the flexible PET substrate. The average diameter of 
ZnO nanorods is ~ 150 nm with side length ~ 1 µm as shown 
in Fig. 2c. After the addition of TiO2, the nanostructures 
observed in higher-magnification FESEM images reveal that 
the structure of nanosheets is slightly curved, highly dense 
and represents uneven surface morphology of the 2D net-
work on a larger scale.47 The average thickness of ZnO-TiO2 
nanosheets is found to be ~ 80 nm as shown in Figure S1 
(see supplementary Figure S1), and the average diameter is 
found to be ~ 230 nm as shown in Fig. 2d. After the addition 
of TiO2 nanoparticles on the surface of ZnO nanorods using 
layer-by-layer adsorption and reaction, it can be observed 
that the mechanism of nucleation growth and kinetics of 

morphology evolution from ZnO nanorods to ZnO-TiO2 
nanosheets comprises effects of different parameters such 
as nature and concentration of precursor and reacting solu-
tions, substrate, growth temperature, growth duration and 
reaction time. The overall morphology of nanorods showed a 
dramatic change into nanosheets due to the accumulation of 
several nanoparticles stacking upon each other in all direc-
tions with a high aspect ratio.48  It is mentioned that even 
though the nanoparticles are densely packed randomly, there 
are still pores among the accumulated nanoparticles which 
determines the porosity in the nanosheet morphology. The 
average density of ZnO nanorods and ZnO-TiO2 nanosheets 
have been calculated to be ~ 2.44 × 108/cm2 and ~ 5 × 108/
cm2 as shown in Fig. 2a and b, respectively. The average 
density of ZnO-TiO2 nanosheets is higher than that of ZnO 
nanorods; therefore, the porosity of ZnO-TiO2 nanosheets is 
lower than that of ZnO nanorods. The reason for the change 
in nanosheet diameter may be attributed to the fact that after 
the addition of TiO2 nanoparticles, heterogeneous nucleation 
sites are induced along  the lateral direction from the faces 
of hexagonal ZnO nanorods which leads to growth of highly 
dense ZnO-TiO2 nanosheets in random directions.

Energy dispersive X-ray (EDX) analysis was carried out 
to confirm the chemical composition of TiO2/ZnO nano-
structures. Figure 2e shows EDX analysis of the ZnO-TiO2 
nanosheets. The EDX spectrum confirms the presence of 
zinc (Zn), titanium (Ti) and oxygen (O). The atomic and 
weight percentages of Zn, O and Ti are depicted in the inset 
of Fig. 2e. Figure 3a, b and c represents the AFM micro-
graphs of ZnO nanorods, TiO2 nanostructures and ZnO-TiO2 
nanosheets obtained in tapping mode. It can be observed that 
the surface morphology of ZnO-TiO2 presents a high-density 
ordered network of nanosheet structure. The average sur-
face roughness of ZnO nanorods, TiO2 nanostructures and 
ZnO-TiO2 nanosheets is measured as 40 nm, 38.2 nm and 
96 nm, respectively. The value of average RMS roughness 
tends to increase with the attachment of TiO2. This may be 
attributed to the heterogeneity of the structure formed due 
to agglomeration after the attachment of TiO2 nanoparti-
cles. As-deposited TiO2 thin films are highly resistive due 
to the presence of defect states may require a light activa-
tion mechanism. However, the rougher surfaces responsible 
for the increase in the interfacial area may result in larger 
photocurrents.49 

Figure 4a shows the normalized UV–visible absorption 
spectra of PVK film, ZnO nanostructures, TiO2 nanostruc-
tures and ZnO-TiO2 nanosheets. The optical band gap (Eg) of 
prepared samples has been calculated using Tauc’s formula

where α is the absorption coefficient, hʋ is the incident 
photon energy and A is a constant. Figure 4b represents  

(�h�)2 = A(h� − Eg)
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(�h�)2 versus h� plot for all four samples. The optical band 
gaps of PVK film, ZnO nanorods, TiO2 nanostructures and 
ZnO-TiO2 nanosheets have been calculated by extrapo-
lation at the linear region of (�h�)2 versus h� plot to the 
energy axis. The pristine PVK polymer exhibits two main 
peaks at 296 nm and 330 nm. The peak at 330 nm is mainly 
ascribed to Π → Π*absorption of the carbazole group.50,51 
The band gap for PVK is calculated as 3.49 eV.52,53  The 
pristine ZnO nanorods show strong absorption in the UV 
region of wavelength threshold at 315 nm, corresponding 

to the energy band gap of 3.67 eV.54,55 Also, the pristine 
TiO2 shows strong absorption in the UV region of wave-
length threshold at 309 nm, corresponding to the energy 
band gap of 3.52 eV.56,57 Because of the formation of nano-
structures, the higher band gap values of pristine ZnO and 
TiO2 were observed in comparison to that of bulk band 
gap values, i.e., ~ 3.3 for ZnO and ~ 3.2 for TiO2. Interest-
ingly, the absorption edge for ZnO-TiO2 nanosheets has 
been observed at 315 nm and corresponds to a band gap 
value of 3.60 eV. The decreased band gap energy of pre-
pared ZnO-TiO2 nanocomposites compared to pristine ZnO 

Fig. 2   FESEM micrographs of (a) ZnO nanorods and (b) ZnO-TiO2 
nanosheets. Size distribution histogram showing (c) diameter of ZnO 
nanorods and (d) diameter of ZnO-TiO2 nanosheets, (e) EDX analy-

sis of the ZnO-TiO2 nanosheets; the atomic and weight percentages of 
Zn, O and Ti are depicted in the inset.
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may be due to the coupling effect between ZnO and TiO2 
nanocomposites. Kannan et al. also reported the decreased 
band gap energy of ZnO nanorods decorated with TiO2 
nanoparticles compared to pristine ZnO nanorod arrays.58 
This decrease might be because some defect levels are intro-
duced in the forbidden band of ZnO due to formation of 
additional states lowering the Fermi level which ultimately 

result in the decrease of energy band gap. Moreover, the 
redshift of the optical absorption edge is related to the band 
gap narrowing accompanied by the merging of the donor 
and conduction bands.58–60  Figure 5 shows the XRD pat-
tern of ZnO nanorods (NRs), TiO2 nanostructures and TiO2 
-decorated ZnO NRs on ITO-coated flexible PET substrate. 
The XRD pattern of ZnO nanorods, which matches with the 

Fig. 3   AFM micrographs of (a) ZnO nanorods, (b) TiO2 films, and (c) TiO2/ZnO nanosheets.

Fig. 4   (a) Normalized UV-Vis absorbance spectra of PVK film, ZnO nanorods, TiO2 films, ZnO-TiO2 nanosheets, and (b) Tauc's Plot for the 
determination of the band gap of prepared samples.
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standard JCPDS Card No. (89- 1397), confirms the hexago-
nal wurtzite structure of ZnO, and the lattice parameters of 
ZnO nanorods are found to be a = b = 3.24 Å and c = 5.20 Å 
which is in accordance with the reported literature.58,61,62 
The sharp diffraction peaks of ZnO nanorods located at 
2θ = 31.7°, 34.36°, 36.02°, 47.47°, 56.4° correspond to 
(100), (002), (101), (102) and (110) planes.58 The diffrac-
tion peaks in XRD confirm the formation of anatase TiO2 
with a tetragonal crystal structure (JCPDS No. 89–4921), 
and the values of the lattice parameters of TiO2 are found 
to be a = b = 3.8102 Å and c = 9.6340 Å which is in good 
agreement with the reported value.58,62 The sharp diffraction 
peaks of TiO2 films located at 2θ = 38°, 48°, 62.67°, 68.67° 
correspond to (004), (200), (213) and (116) planes.62 The 
anatase form exhibits enhanced photoabsorption in the UV 
region due to the low recombination rate of charge carriers 
which is consistent with UV spectroscopy results. The TiO2 
-decorated ZnO nanorods show a mixture of ZnO and TiO2 
peaks.63,64 The broad and intense diffraction peaks for ZnO 
NRs show the highly crystalline nature of the prepared films. 
The two broad diffraction peaks can be observed at 26° and 
52.9°due to the diffraction from PET substrate.

Figure 6a shows the X-ray photoelectron spectroscopy 
(XPS) wide spectra survey of ZnO-TiO2 nanosheets. In order 
to correlate the formation of ZnO-TiO2 nanosheets, XPS 
study was conducted. The XPS wide spectra survey reveals 
the presence of Zn, Ti, O and C in the prepared sample. The 
surface composition was determined by analysis of Zn 2p, 
Ti 2p, O 1s and C 1s peaks in the XPS spectra as represented 
in Fig. 6b, c, d, and e.

The Zn 2p and core level observed in the spectra shows 
a doublet as two deconvulated peaks located at binding 
energies 1022.77 eV and 1045.85 eV, allocated to 2p3/2 and 
2p1/2 spin–orbit coupling. It is found that the energy spac-
ing between the two peaks is 23.08 eV and these positions 

correspond to typical oxidation state of Zn, i.e. Zn2+. This 
oxidation state corresponds to oxygen-deficient ZnO. The 
peak positions for Ti 2p3/2 and Ti 2p1/2 observed, respec-
tively, at 459.18 eV and 464.87 eV are characteristics of 
Ti-O binding energies in TiO2 nanoparticles. These binding 
energy peaks are characteristics of the oxidation state of Ti4+ 
octahedral defects in ZnO-TiO2 nanosheets. O 1s is recorded 
and fitted in two curves centred at 530.68 eV and 532.37 eV 
for lattice oxygen and chemisorbed oxygen species, respec-
tively. The low binding energy is from lattice oxygen (O−2) 
in TiO2 with Ti4+ ions in the bulk, and the higher binding 
energy peak is loosely adsorbed oxygen on the surface of 
TiO2. The O 1s peak is typical for the presence of oxygen 
atoms bonded to Zn2+ or Ti4+ in ZnO nanorods and TiO2 
nanoparticles. This binding energy peak is characteristic of 
the presence of oxygen atoms in metal oxides. The carbon 
peak (C 1s) binding energy at 285.07 eV is probably a result 
of exposure of samples to atmospheric hydrocarbons before 
XPS measurement. The binding energy peak for the C-C/C-
H peak for nanostructures is slightly shifted from 286.7 eV 
to 289.2 eV with energy spacing equivalent to 2.5 eV which 
confirm the present of TiO2 on ZnO.65–67

Figure 7a represents the FTIR spectra of ZnO-TiO2 nano-
composites. The absorption band observed around 517 cm−1 
is due to stretching modes of Zn-O. The absorption band 
around 695 cm−1 is ascribed to vibration modes of Ti-O and 
Ti-O-C in the nanocomposites.68–70 The broad band noted 
around 3035 cm−1 corresponds to -OH stretching bonds 
which is attributed to the presence of moisture in the sam-
ple. The low-frequency bands around 1420 and 1557 cm−1 
are assigned to C-C stretching bonds. These peaks might be 
due to the asymmetric and symmetric stretching vibrations 
of the carboxylic group originating from the reaction inter-
mediates.71 However, the weak infrared peaks in the region 
2315 cm−1 -2500 cm−1 might be due to the CO2 vibration 
bond absorbed during the annealing process.72

The intense Raman peaks located at frequencies of 
225, 333, 406 and 518 cm−1 have been observed for ZnO-
TiO2 nanosheets as depicted in Fig. 7b. The peak located 
at 225 cm−1 has been assigned to the crystalline structure 
of wurtzite ZnO. The band around 333 cm−1 is attributed 
to second-order Raman processes with E2-E1 vibration 
mode of ZnO nanorods. The peaks observed around 406 
and 518  cm−1 can be assigned to characteristic Raman 
active modes of the anatase phase of TiO2 with symmetries 
of B1g(1), A1g + B1g(2). These peaks have a redshift as com-
pared to standard peaks of anatase TiO2 located at 395 and 
516 cm−1.73,74

Electrical Characteristics

For the investigation of electrical characteristics, the fol-
lowing samples have been prepared as PET/ITO/ZnO-TiO2/

Fig. 5   XRD analysis of TiO2-ZnO nanosheets, TiO2 films, and ZnO 
nanorods on ITO-coated flexible PET substrate.
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PVK/PEDOT:PSS/Ag (denoted as D1), PET/ITO/ZnO/
PVK/PEDOT:PSS/Ag (denoted as D2) and PET/ITO/
PVK/PEDOT:PSS/Ag (denoted as D3). Figure 8a shows 
the schematic diagram for of a flexible hybrid photovol-
taic D1 device. Figure 8b represents the simplified energy 
band structure of the hybrid flexible PET/ITO/ZnO-TiO2/
PVK/PEDOT:PSS/Ag photovoltaic device D1 illustrating 
the working mechanism of the device structure. Energies 

are represented in terms of electron Volts (eV) and vacuum 
energy level as reference. The valence band edges for ZnO, 
TiO2, PVK and PEDOT:PSS are 7.4 eV, 7.35 eV, 5.8 eV and 
5.2 eV, respectively. The conduction band edges for ZnO, 
TiO2, PVK and PEDOT:PSS are 4.2 eV, 4.15 eV, 2.3 eV 
and 2.2 eV, respectively. The work function for electrodes 
Ag and ITO are 4.26 eV and 4.2 eV. The values have been 
reported from the previously reported literature.75–80 When 

Fig. 6   (a) Represents typical XPS survey scan of ZnO-TiO2 nanosheets and (b), (c), (d), and (e) represent the high-resolution XPS spectra 
revealing the chemical states of Zn, Ti, O and C present in the prepared sample, respectively.
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the light shines on the device, the polymer gets excited. This 
results in photogeneration of excitons (electron-hole pairs) 
in polymer PVK and charge separation takes place at the 
donor–acceptor interface due to the effect of built-in electric 
field in the space charge region. The electrons are injected 
from the LUMO of PVK into the conduction band of TiO2. 
Meanwhile, the holes can transport from TiO2 to PVK and 
from PVK to PEDOT:PSS as the HOMO level of PVK is 
lower than the HOMO level of PEDOT:PSS and the valence 
band of TiO2 is lower than that of PVK. This also minimizes 
back electron transfer through the barrier imposed by PVK. 
The charge carriers are collected by respective electrodes 
which results in the flow of photocurrent in the circuit. This 
type of cascading band configuration improves the charge 
transport and reduces the charge recombination by lower-
ing the charge carrier lifetime at the interface.81,82 Theoreti-
cally the difference between the highest occupied molecular 
orbital (HOMO) level of the donor and the lowest unoccu-
pied molecular orbital (LUMO) of the acceptor is generally 

related to the open-circuit voltage, Voc, of the photovoltaic 
device, i.e. 1.15 eV.83 

In Fig. 9a, the current density versus voltage (J-V) curves 
for the flexible D1 device tested in the dark and under illu-
mination with the irradiation of a stimulated sunlight (AM 
1.5G, 100 mW cm−2) are presented. In the dark, the device 
shows almost negligible reverse bias current. In reverse 
bias, high energy is required to transport electrons from 
the anode to the cathode. The negligible amount of current 
might be due to low shunt resistance values and low den-
sity of defects in the photoactive layer. Under illumination, 
the D1 device shows a short-circuit current density value 
of 14.94 mA cm−2 at 0.43 V. This increase in photocurrent 
value is due to the flow of electrons toward the cathode and 
the flow of holes towards the anode under the illumination 
of solar light.

During the electrical measurements, the power conver-
sion efficiency (PCE) and fill factor (FF) of the photovoltaic 
device have been calculated by using84,85

Fig. 7   (a) FTIR spectrum of ZnO-TiO2 nanosheets and (b) Raman spectrum of ZnO-TiO2 nanosheets.

Fig. 8   (a) Schematic diagram of the hybrid D1 device. (b) Illustration of the working mechanism of the D1 device through the energy band dia-
gram.
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where Pin is the power of incident solar light, � is power 
conversion efficiency (PCE), FF is the fill factor, Vmp is the 
value of maximum voltage, Jmp is the value of maximum 
current density, Voc and Jsc are the open-circuit voltage and 
short-circuit photocurrent, respectively. In Fig. 9b, the J-V 
characteristics of D1, D2 and D3 devices are plotted. D2 and 
D3 exhibit Isc values of 11.20 mA/cm2 and 7.47 mA/cm2, 
respectively, at 0.43 V (Voc). The PCE values for D2 and 
D3 are 2.07% and 1.38%, respectively, and FF for both D2 
and D3 is 0.43. For device D3, the PCE value is minimal. 
In general terms, the organic bilayer solar cells are limited 

� =
VocJsc FF

Pin

FF =
VmpJmp

VocJsc

by low chances of exciton dissociation at the donor–accep-
tor complex due to larger diffusion length in organic layers 
and greater possibility of charge recombination.86 Charge 
recombination is still a problem when ZnO alone is added 
to the electron transporting layer TiO2. Because of the cou-
pling between ZnO and TiO2, the recombination rate of the 
charge carriers is suppressed. If we neglect this coupling, it 
is seen that the photogenerated electrons and holes quickly 
recombine in ZnO. But in the case of a heterojunction 
between ZnO and TiO2, the photogenerated holes of ZnO 
easily transfer into the valence band of TiO2 and electrons 
of TiO2 transfer into the conduction band of ZnO which pro-
motes charge separation. Thereby, the main device D1 has 
been prepared to investigate the role of TiO2 as the electron 
transporting layer between an organic donor and inorganic 
acceptor complex. It has been noted that the short-circuit 
photocurrent value increases up to 14.94 mA cm−2 and the 

Fig. 9   (a) J-V characteristics of the flexible D1 device under dark and 
illumination of white light at AM 1.5 intensity irradiance. (b) J-V 
characteristics of D1, D2 and D3 devices under illumination of white 

light at AM 1.5 intensity irradiance. (c) Counts versus PCE (%) histo-
gram distribution for D1, D2 and D3 devices.
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Voc value remains unchanged at 0.43 V. The PCE of the D1 
device also showed an increase in value up to 2.76%.87–89 

Figure 9c displays the histogram representing counts 
versus average PCE (%) of the D1, D2 and D3 devices on 
flexible substrates. It is clear from the results that TiO2/ZnO 
nanosheet-based devices (D1) exhibited high Isc and PCE as 
compared to ZnO alone (D2) and only organic layer-based 
devices (D3). The low performance of D2 and D3 may be 
due to recombination losses as well as pinholes present in 
the photoactive layer in prepared devices. However, the 

optimized performance of the photovoltaic D1 device may 
be ascribed to the shorter diffusion length, surface passi-
vation and enhanced charge transport ability of TiO2. The 
TiO2/ZnO nanosheets provide increased surface area as well 
as infiltration of PVK over the nanosheets. This is favourable 
for enhanced light harvesting which validates the improved 
performance of the flexible D1 device. Moreover, TiO2/ZnO 
co-blocking layer provides dense network of percolation 
pathways for the transport of charge carriers from the point 
of injection to the collection at respective electrodes.90,91

Fig. 10   (a) J-V characteristics of the flexible D1 device for 180° 
(without bending) and at different bending angles: 80°, 90°, 110° and 
150°. Photograph of the flexible D1 device in the inset. (b) Plot of 
Isc, Voc, FF versus 180°0 (without bending) and with different bend-

ing angles: 80°, 90°, 110°, 150° of the flexible D1 device. (c) PCE 
(%) versus 180° (without bending) and with different bending angles: 
80°, 90°, 110°, 150° of the flexible D1 device.

Table I   Solar cell parameters 
for prepared devices D1, D2 and 
D3 tested under the irradiation 
of simulated sunlight (AM 1.5 
G, 100mW/cm2)

Device configuration Voc (V) Jsc (mA/cm2) Fill factor (%) PCE (%)

D1 Device
(Ag/PEDOT:PSS/PVK/TiO2-ZnO/ITO/PET)

0.43 14.94 43 2.76

D2 Device
(Ag/PEDOT:PSS/PVK/ZnO/ITO/PET)

0.43 11.20 43 2.07

D3 Device
(Ag/PEDOT:PSS/PVK/ITO/PET)

0.43 7.47 43 1.38
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Table I elucidates the solar cell parameters determined 
for the prepared devices D1, D2 and D3 tested under the 
irradiation of simulated sunlight (AM 1.5 G, 100 mW/cm2). 
The flexible D1 device shows better PCE compared to D2 
and D3 devices due to the presence of an electron transport 
layer of TiO2 and hole transport conducting polymer layer of 
PVK, generating electron–hole pairs at the interface of the 
TiO2/PVK heterostructure. The better performance of the 
D1 device can be possibly credited to the increased interfa-
cial area provided by ZnO-TiO2 nanosheets, charge injection 
capability of the TiO2 layer and improved design of inverted 
device structure.

Flexible Study of Fabricated Devices

The current–voltage characteristics of flexible D1 device for 
180° (without bending) and at different bending angles, 80°, 
90°, 110° and 150°, as shown in Fig. 10a. A photograph 
of the flexible D1 device is shown in the inset. The short-
circuit photocurrent (Jsc) values for the D1 device are noted 
as 14.22 mA/cm2, 14.36 mA/cm2, 14.08 mA/cm2, 14.82 mA/
cm2 and 14.94 mA/cm2 after bending at 80°, 90°, 110°, 150° 
and 180° (without bending), respectively. The open-circuit 
voltage (Voc) equals 0.43 V which is the same for all bend-
ing angles and without bending. The performance of the 
flexible device D1 was further calculated by plotting Jsc, 
Voc and FF as a variation of different bending angles (80°, 
90°, 110°, 150°) and 180° (without bending), as represented 
in Fig. 10b. There was not much change in the values of 
parameters Jsc, Voc and FF. Moreover, the graph of PCE (%) 
vs. different bending angles (80°, 90°, 110°, 150°) and 180° 
(without bending) has been plotted in Fig. 10c. Interestingly, 
the PCE (%) value of the D1 device remained unchanged 
even after bending the device at 80°, 90°, 110°, 150°, which 
demonstrates that the fabricated device D1 is suitable for 
flexible solar cell applications.

Conclusion

In this work, we have designed a typical flexible device 
(called D1) solar cell structure and investigated the role 
of TiO2/ZnO as a co-blocking layer which results in fewer 
recombination losses and increased power conversion effi-
ciency. The surface morphology and surface topography 
have been studied using FESEM and AFM. FESEM micro-
graphs show that the prepared TiO2/ZnO nanosheets had 
an arrangement that provided a large interfacial area for 
charge separation as well as a dense network of conducting 
pathways for charge transportation. The UV-Vis spectros-
copy results revealed the band gap narrowing effect in TiO2/
ZnO nanosheets. The XRD results confirmed the crystalline 
nature of the prepared samples. The XPS study showed the 

available oxidation states of zinc (Zn2+) and titanium (Ti4+) 
in TiO2/ZnO nanosheets. FTIR and Raman spectroscopy 
further confirmed the chemical composition of prepared 
samples and the presence of vibrational states available in 
TiO2/ZnO nanosheets. From the electrical measurements, it 
has been concluded that the flexible device D1 performed at 
an optimum level with a maximum PCE value up to 2.76% 
and fill factor of 43%. This may be due to the addition of 
TiO2 which efficiently improved electron transport as well 
as blocked the back diffusion of holes. The surface passiva-
tion by the TiO2 electron transport layer led to fewer recom-
bination losses which enabled the device to function at its 
optimum level as compared to control samples. The flex-
ibility test did not degrade the device performance param-
eters for different bending angles. The fabricated device is 
a potential candidate in the emerging field of flexible solar 
cell applications.
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