Research Article

APPL'ED&MATERIALS

INTERFACES

www.acsami.org

CdS-Decorated ZnO Nanorod Heterostructures for Improved Hybrid

Photovoltaic Devices

Tamita Rakshit,” Suvra P. Mondal,* Indranil Manna,§’” and Samit K Ray*’;t

"Advanced Technology Development Centre, *Department of Physics & Meteorology, and SDepartment of Metallurgical and

Materials Engineering, II'T Kharagpur, 721 302, India

ICSIR-Central Glass and Ceramic Research Institute, Kolkata 700 032, India

ABSTRACT: Cadmium sulfide (CdS)-decorated zinc oxide
(ZnO) nanorod heterostructures have been grown by a
combination of hydrothermal and pulsed laser deposition
techniques. Hybrid photovoltaic devices have been fabricated
with CdS modified and unmodified ZnO nanorods blended
separately with regioregular poly(3-hexylthiophene) (P3HT)
polymer as the active layer. The solar cell performance has
been studied as a function of ZnO concentration and the
casting solvent (chlorobenzene, chloroform, and toluene) in
the unmodified ZnO:P3HT devices. The power conversion
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efficiency is found to be enhanced with the increase of ZnO concentration up to a certain limit, and decreases at a very high
concentration. The surface modification of ZnO nanorods with CdS leads to an increase in the open circuit voltage and short-
circuit current, with enhanced efficiency by 300% over the unmodified ZnO:P3HT device, because of the cascaded band

structure favoring charge transfer to the external circuit.
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Bl INTRODUCTION

Solar cells based on organic materials have drawn much
attention because of their cost effectiveness. But low carrier
mobility and small exciton diffusion length of organic materials
reduce the efficiency for charge collection and thus limit the
performance of the above solar cells."* This problem can be
overcome by fabricating hybrid polymer/inorganic solar cells,
because the charge transfer favorably occurs between high
electron affinity inorganic semiconductors and the relatively
low ionization potential polymers.>* Such solar cells have the
combined merits of both the materials, e.g., the low-cost
solution processing capability of the organic semiconductors
together with the high carrier mobility, thermal and ambient
stability, and high electron affinity of the inorganic semi-
conductors. Different inorganic nanostructures of Zn0,>¢
TiO,,”® CdSe,”' PbS,'" Si,'* etc, have been successfully
employed for the fabrication of hybrid solar cells. Among these,
ZnO nanostructures, attractive for their different morphologies,
have been widely used for fabricating solar cell devices because
of their high band gap, high electron mobility, nontoxicity, and
environment friendly properties. Briseno et al.'® studied the
photovoltaic properties of organic/ZnO core-shell nanowire
devices and obtained a maximum efficiency of 0.036%. Bhat et
al.'* fabricated air stable hybrid solar cell with efficiency of
1.02%, using ZnO nanoparticle film as an electron selective
layer and P3HT-ZnO nanoparticle blend as the active layer in
an inverted device configuration. ZnO nanostructures are also
useful for dye-sensitized solar cell (DSSC) applications.'®
When the surface of ZnO nanorods was modified with a dye,
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tetra(4-carboxyphenyl)porphyrin (TCPP), it was found that
the low concentration of the dye enhanced the open circuit
voltage and fill factor, but a further increase in concentration
reduced the solar cell performance.’® Erten-Ela et al.'”
fabricated hybrid solar cells consisting of perylene mono-
imide-monoanhydride (PMIMA) dyes with ZnO nanorod
electrodes and studied the spacer properties of side chain of
PMIMA derivatives. Lee et al."® fabricated and analyzed hybrid
solar cells based on P3HT and ZnO nanoparticle bulk
heterojunctions combined with ZnO nanorod arrays, in
which dye molecules assisted the dispersion of ZnO nano-
particles in P3HT. However, in spite of the success of dye-
sensitized solar cells, there is a need of finding some alternative
cheap and stable photosensitizers for the further improvement
of the performance, device stability, and reducing the cost of
the solar cells.

Inorganic semiconductors for example PbS,'”*° CdSe, ">
Bi253,2 InpP,** CdS,25’26 etc, are attractive for the above
purpose. They have several advantages over the dyes in terms
of better stability; particle size tunable absorption edge to
match the solar spectrum better; and can also generate multiple
electron-hole pairs per photon.”>?” Among these, CdS has been
found to be attractive due to its potential applications in
optoelectronic devices such as light emitting diodes, lasers,
transistors, etc.,”>*” and has been studied for photovoltaic and
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photosensitive devices.*>*' Modification of the surface of ZnO
nanostructures with CdS led to an enhancement in ultraviolet
photoconductivity,”> and also exhibited stable and high
photocatalytic activity for water splitting into hydrogen.”
The introduction of CdS nanostructures on ZnO surface in
P3HT polymer based hybrid solar cell forms a cascaded band
structure.”* This would reduce the charge recombination at the
donor—acceptor heterojunction and also increase the solar
absorption, because CdS has band gap in the visible range
(~2.4 eV). Moreover, the photogenerated excitons produced in
CdS will generate more carriers which should also contribute to
the photocurrent. Luan et al.>* showed that a higher efficiency
has been obtained with ZnO nanorods co-sensitized with both
CdS and CdSe quantum dots, which further improved by
introducing a layer of Al,O; prior to the anchoring of the
quantum dots. ZnO/CdS core—shell nanostructures has also
been used as a photoanode®*** in a photoelectrochemical cell.
But the photovoltaic measurements, which need to be carried
out in an electrolyte solution®**” (or the electrolyte injected
into the solar cells®®), is a concern for practical applications.

In this paper, we report on the fabrication of hybrid solar cell
consisting of CdS decorated ZnO nanorods:P3HT as the active
layer. The optical and photovoltaic properties of the above
structure have been studied in comparison to the unmodified
ZnO:P3HT devices. We also report a systematic study on the
solar cell performance of the unmodified device as a function of
ZnO concentration and the casting solvent (chlorobenzene,
chloroform, and toluene).

B EXPERIMENTAL DETAILS

ZnO nanostructures were grown on copper substrates by hydro-
thermal method following experimental procedure reported else-
where.® In brief, a reaction solution, prepared by taking 6 mL of
ammonia (25%) and 120 mL of zinc chloride solution (ZnCl,, 0.1M)
with pH value maintained to 10.0, was poured into bottles with
autoclavable screw caps. The substrates were then placed vertically
dipped into the solution. These closed bottles were heated at 95 °C for
duration of 90 min, and then allowed to cool to room temperature
thereafter. The samples were taken out of the solution as soon as they
reached room temperature, and washed thoroughly with de-ionized
(DI) water. On drying in air, the substrates were found to be covered
with a white layer of ZnO. CdS nanoparticles were deposited on ZnO
nanostructures by pulsed laser deposition (PLD) technique. For this
purpose, a target of CdS of high purity (99.999%) was used. The ZnO-
coated copper substrate was placed at a distance of 4 cm from the CdS
target. The target was ablated using a KrF excimer laser (4 =248 nm, ¢
=25 ns) at an energy density of ~2 J/cm?®. The deposition was carried
out at 500 °C in vacuum for three different time periods of 10, 20, and
30 min, with the repetition rate of S Hz.

For fabricating solar cells, cleaned ITO coated glass substrates with
sheet resistance of 10.0 Q/[] were used. A thin layer of poly(3,4-
ethylene dioxythiophene):poly(styrene sulfonate) (PEDOT:PSS)
(Aldrich) conductive polymer for hole collection was spin coated on
the ITO/glass substrates, followed by annealing at 120 °C for 10 min
in air. For the preparation of the active layer, first a solution was
prepared by dissolving regioregular poly(3-hexylthiophene) (P3HT)
(Aldrich) at a concentration of 10 mg/mL separately in three different
types of solvents, e.g.,, chlorobenzene, chloroform, and toluene. Then
the ZnO nanostructures were lifted off from the copper substrates and
dissolved separately in the above three solvents containing P3HT. In
each solvent, five different concentrations of ZnO were used resulting
in ZnO:P3HT composite with weight ratio of 0.5:1, 1:1, 2.5:1, 5:1, and
12:1. For the fabrication of CdS decorated ZnO:P3HT hybrid device,
three CdS decorated ZnO nanostructured samples of varying
deposition time of CdS were dissolved separately in chloroform
solvent containing P3HT, resulting in CdS decorated ZnO:P3HT
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composite with a weight ratio of 5:1 in each case. This mixture of
P3HT and CdS decorated ZnO nanostructures (only ZnO for control
devices) were spin-coated on the PEDOT:PSS layer, and then baked at
160 °C for 10 min in air to remove the solvent. Al was deposited as the
top electrode by thermal evaporation using a shadow mask of area 0.2
X 0.2 cm® The schematic diagram of the fabricated hybrid device is
shown in Figure 1.

Top electrode (Al)
CdS decorated ZnO

P3HT

PEDOT:PSS

Bottom electrade (ITO)

\ Glass substrate

Figure 1. Schematic device structure of hybrid polymer CdS modified
ZnO:P3HT blend, sandwiched between bottom contact ITO and top
contact Al

The morphology of the grown nanostructures was analyzed using a
field-emission scanning electron microscope (ZEISS SUPRA 40)
equipped with energy-dispersive X-ray analyzer, and a transmission
electron microscope (JEOL JEM - 2100) operated at 200 kV. The
phase of the grown nanostructures was studied by X-ray diffraction
(XRD) (Philips X-Pert MRD) at a grazing incidence mode using Cu
Ka radiation (45 kV, 40 mA). The chemical bonding of CdS decorated
ZnO nanostructures was studied using X-ray photoelectron spectros-
copy (XPS). XPS spectra were recorded on a PHI 5000 Versa Probe II
(ULVAC — PH]J, INC, Japan) system using a microfocused (100 ym,
25 W, 15 KV) monochromatic Al-Ka source (hv = 1486.6 eV), a
hemispherical analyzer, and a multichannel detector. The typical
vacuum in the analysis chamber during the measurements was in the
range of 1 X 107'° Torr. Charge neutralization was used for all
measurements using a combination of low energy Ar" ions and
electrons. The binding energy scale was charge referenced to the C 1s
at 284.6 eV. Elemental compositions were determined from the
spectra acquired at pass energy of 117.4 eV. High-resolution spectra
were obtained with analyzer pass energy of 29.35 eV at the step of 0.2
eV and S0 ms time per step. Ar" ion gun has been used. Optical
absorption spectra were recorded by Perkin-Elmer Lamda 45
spectrophotometer. Photoluminescence (PL) measurements at room
temperature were carried out with a He—Cd laser as an excitation
source of wavelength 325 nm with an output power of 45 mW and a
TRIAX 320 monochromator fitted with a cooled Hamamatsu R928
photomultiplier detector. Current—voltage (I—V) characteristics of the
fabricated devices were measured using a Keithley 4200-SCS
measurement unit along with a Newport 67005 solar simulator
under AM 1.5 (100 mW/cm?) solar irradiation conditions. For the
photocurrent measurements at short-circuit condition, a lock-in
amplifier (Standford research system-SR830 DSP) was used with a
chopping frequency of 110 Hz during illumination of the samples with
monochromatic light from a broad band source.

B RESULTS AND DISCUSSION

Images a and b in Figure 2 show the FESEM images of the
grown ZnO nanostructures on the copper substrate at different
magnifications. A high density of randomly oriented nanorods,
having hexagonal rod base with a gradually diminishing tip
diameter, is found to be formed all over the substrate. The
length of these nanorods is 1—2 ym with tip diameter of about
100—-170 nm. HRTEM was carried out to further study the
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Figure 2. FESEM images of the grown ZnO nanostructures on copper substrate at (a) low- and (b) high-magnification. Inset shows magnified image
of the micrograph. (c) TEM image of the grown ZnO nanorod; (d) the corresponding HRTEM image of the ZnO nanorod with SAED pattern in
the inset.

Figure 3. FESEM images of the grown CdS decorated ZnO nanorods on copper substrate, with deposition time of CdS of (a) 10, (b) 20, and (c) 30
min. Inset shows the magnified image of the micrograph.

crystallinity of the grown ZnO nanostructures. Figure 2¢ shows diameter. Figure 2d reveals the HRTEM image of the portion
the TEM image of a nanorod with gradually decreasing tip encircled in Figure 2¢, which demonstrates well-defined lattice
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Figure 4. (a) TEM image of a fully CdS covered ZnO nanorod (CSZO-3 sample), (b) the corresponding HRTEM image of a CdS nanoparticle, (c)
EDX (from region 1 shown in part a), and (d) corresponding SAED pattern of the nanorod. The dashed lines in a and d are intended to guide the

eye.

fringes with the lattice spacing of 0.26 nm, in agreement with
the spacing of the (0002) planes of the wurtzite ZnO.* It also
indicates that the nanorods grow along the c-axis. The
corresponding selected area electron diffraction (SAED)
pattern, shown in the inset of Figure 2d, is also consistent
with the HRTEM result.

Figure 3a—c shows the FESEM micrographs of CdS
decorated ZnO nanorods on the copper substrate, grown at
varying deposition time of CdS for 10, 20, and 30 min. The
inset shows the magnified view of the micrographs. As revealed
in Figure 3a, for the deposition time of 10 min, CdS
nanoparticles are formed, which partially covers the surface of
ZnO nanorods. When the deposition time is increased to 20
min, more CdS nanoparticles cover a larger surface area of the
ZnO nanorods (Figure 3b). Figure 3c shows that the
deposition time of 30 min produces much larger number of
CdS nanoparticles, which merge to form a continuous layer to
fully cover the surface of the ZnO nanorods. In the subsequent
discussions, these CdS decorated ZnO nanorods, with
deposition time of 10, 20, and 30 min, are referred to as
sample CSZO-1, CSZ0-2, and CSZO0-3, respectively.
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For a closer observation on the fully CdS covered ZnO
nanorods, HRTEM was carried out on the CSZO-3 sample.
Figure 4a shows the TEM image of a CdS decorated ZnO
nanorod. As can be seen, a number of CdS nanoparticles,
forming a continuous layer of ~80 nm thick, uniformly cover
the surface of the ZnO nanorod. The HRTEM image in Figure
4b of a CdS nanoparticle (from the portion encircled in Figure
4a) reveals lattice fringes with a lattice spacing of 0.34 nm,
which corresponds to the (0002) lattice planes of the wurtzite
CdS.*' Figure 4c presents the energy-dispersive X-ray spec-
troscopy (EDX) spectra of the CdS decorated ZnO nanorods
(from region 1 of Figure 4a), which shows the presence of Zn,
O, Cd, and S. The corresponding SAED pattern in Figure 4d
displays a set of diffraction spots that originate from the single
crystalline hexagonal ZnO core and several diffraction rings
attributed to the polycrystalline hexagonal CdS shell. Thus, the
TEM analysis reveals that polycrystalline hexagonal CdS
uniformly covers the surface of the single crystalline ZnO
nanorods for CSZO-3 sample.

Figure S shows the X-ray diffraction pattern of ZnO
nanorods with and without CdS attachment. It is found that
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Figure S. XRD pattern of the CdS modified and unmodified ZnO
nanorods on copper substrate.

the CdS decorated ZnO nanorods consist of diffraction peaks
corresponding to hexagonal CdS and wurtzite ZnO. The other
peaks are attributed to the copper substrate. This result
suggests that the deposited nanostructures are highly crystalline
in nature.

The elemental bonding of the partially CdS covered ZnO
nanorods was examined by XPS. The XPS spectrum of CSZO-1
sample with wide energy scan revealed the presence of
elemental Zn, O, Cd, and S in the sample. The high-resolution
XPS spectrum for each element is shown in Figure 6. The
binding energy for Zn 2p;,, electrons in Figure 6a, fitted by

Gaussian curves, shows two peaks at 1021.3 eV and 1022.2 eV,
which are associated with Zn®* in ZnO wurtzite structure and
zinc hydroxide species, respectively.”** The O 1s electron
binding energy peak, shown in Figure 6b, can be fitted well by
three Gaussian components having centres at 530.1 eV, 531.3
eV, and 532.3 eV. The peak at 530.1 eV is assigned to the O 1s
level in the ZnO structure, which is surrounded by the Zn
atoms with their full complement of nearest-neighbor O*~
ions.*”*> The peaks at 531.3 eV and 532.3 eV are related to the
O 1s in the zinc hydroxide species**® and adsorbed or
chemisorbed oxygen species due to surface hydroxyl groups,
respectively.**”** The spectrum of Cd 3d in Figure 6c shows
two peaks at 405.4 and 412.1 eV, corresponding to the binding
energy of Cd 3ds;, and Cd 3d;;, electrons, respectively in
Cds.®*° Figure 6d shows the spectrum of S 2p electron peak
at 162.4 eV, which corresponds to the binding energy of S 2p
bonded in CdS.>

Both CdS-decorated and unmodified ZnO nanostructures
were used for the fabrication of solar cell devices. To study the
efficiency of electron-hole pair generation in ZnO:P3HT hybrid
photovoltaic device, we used different organic solvents such as
chlorobenzene, chloroform, and toluene. Figure 7a—c shows
the ultraviolet—visible (UV—vis) absorption spectra of
ZnO:P3HT hybrid blend in chlorobenzene, chloroform, and
toluene solvents, respectively. It is found that the nature of the
absorption spectra depends on the casting solvent and also on
the variation in ZnO concentration in the blend. The figures
reveal that the 7— 7* band of P3HT shows absorption only in
the visible region (400—650 nm). There are three peaks located
at 516, 555, and 604 nm, for all the films. The presence of three
vibrational absorption peaks indicates that there is a strong
interchain-interlayer interaction among the P3HT chains.>" For
the blend structure of ZnO:P3HT, the absorption is found in
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Figure 6. High-resolution XPS spectrum of (a) Zn, (b) O, (c) Cd, and (d) S, for partially CdS covered ZnO nanorods (CSZO-1 sample).
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Figure 7. UV—vis absorption spectra of hybrid polymer ZnO:P3HT blend with different weight ratios, in solvents of (a) chlorobenzene, (b)
chloroform, and (c) toluene. (d) UV—vis absorption spectra of P3HT, CdS modified ZnO:P3HT blend (of varying surface coverage of ZnO
nanorods by CdS nanoparticles), and control ZnO:P3HT blend in chloroform solvent. The weight ratio of both ZnO:P3HT and CdS-modified

ZnO:P3HT is S:1.

the visible as well as in the ultraviolet region. This broadens the
range of the absorption band. For the chlorobenzene-cast films,
there is a drop in the absorption around 400 nm, which makes
the peak in the ultraviolet and visible regions well distinguish-
able from each other. But for the chloroform-cast films, the
P3HT appears to have a much broader peak, and the lowest
absorbance is exhibited by toluene-cast films. With the increase
in ZnO concentration in the ZnO:P3HT blend, the absorbance
of P3HT gradually decreases and the rate of decrease is faster in
chloroform-cast films than the others. However, three vibra-
tional peaks of P3HT are still distinguishable for the blend
films, which indicate a good polymer ordering in the blend
films.>" Figure 7d shows the UV—vis absorption spectra of CdS
decorated ZnO nanorod:P3HT hybrid structure. For compar-
ison, the spectra of P3HT and unmodified ZnO nano-
rods:P3HT of ZnO:P3HT weight ratio of S:1 (similar to CdS
modified one) in chloroform solvent are also presented. It
reveals that the CdS modified ZnO device shows much higher
absorption over the entire visible range than that of the
unmodified ZnO one. It also shows a higher absorption in the
range 300-580 nm as compared to P3HT. The absorption
intensity is found to depend on the surface coverage of ZnO
nanorods by CdS nanoparticles. With the increase in the
surface coverage, the absorption intensity is also enhanced. The
maximum absorption is observed when CdS fully covers the
ZnO nanorods, i.e. for CSZO-3:P3HT sample. This enhanced
absorption in the UV region is due to ZnO and that in the
visible region is considered to be due to CdS nanostructures.
To study the effect of ZnO concentration and the solvent on
the efficiency of charge generation and transfer, photo-
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luminescence measurements were performed. Figure 8a—c
shows the photoluminescence spectra of ZnO:P3HT blend in
chlorobenzene, chloroform and toluene solvents, respectively.
As seen in all cases, the photoluminescence intensity of P3HT
is quenched by the addition of ZnO. This is due to the fast
deactivation of the excited states by the electron-transfer
reaction.”” The quenching of emission owing to P3HT is
enhanced with the increasing addition of ZnO. For ZnO:P3HT
weight ratio of 0.5:1, 1:1, 2.5:1, 5:1, and 12:1, the photo-
luminescence intensity of P3HT is quenched by S8, 68, 75, 80,
and 86%, respectively, for the chlorobenzene solvent. The
corresponding values are found to be 57, 72, 76, 82, and 86%
and 52, 63, 73, 79, and 85% for the chloroform and toluene
solvents, respectively. This suggests that the ZnO nanorods
behave as good electron acceptors when blended with P3HT.
The residual PL is due to the excitons that are generated at a
long distance from the ZnO:P3HT interface.” Thus increased
quenching of the P3HT intensity with ZnO loading indicates
the higher rate of dissociation of excitons. Also, as can be seen,
at a particular ZnO concentration, the solvent plays an
important role in the quenching mechanism. Highest PL
quenching is observed for the chloroform-cast films, whereas
the lowest one is observed for the toluene-cast films. High
boiling point solvents like chlorobenzene (b.p. of 131°C) and
toluene (b.p. of 110 °C) enhances the length of the conjugated
chain making some of the photogenerated excitons unable to
reach the neighboring ZnO molecules, as a result these excitons
recombine radiatively, and give rise to the photoluminescence
peak. But in lower boiling point solvent (chloroform), the
donor and acceptor distributions are fast frozen and thus much
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Figure 8. Photoluminescence spectra of hybrid polymer ZnO:P3HT blend with different weight ratios, in solvents of (a) chlorobenzene, (b)
chloroform, and (c) toluene. (d) Photoluminescence spectra of P3HT, CdS-modified ZnO:P3HT blend (of varying surface coverage of ZnO
nanorods by CdS nanoparticles), and control ZnO:P3HT blend in chloroform solvent. The weight ratio of both ZnO:P3HT and CdS-modified

ZnO:P3HT is S:1.

larger donor/acceptor interfaces are formed, leading to the
dissociation of more photogenerated excitons. As a result, there
is enhanced quenching in the photoluminescence intensity with
the chloroform as the solvent.’> Figure 8d compares the
photoluminescence intensity of hybrid CdS decorated ZnO
nanorods:P3HT along with that of P3HT and unmodified ZnO
nanorods:P3HT blend in chloroform solvent. It is found that
the quenching of the photoluminescence intensity of P3HT is
enhanced by the addition of CdS on the surface of the ZnO
nanorods. The quenching increases with the increase in surface
coverage of ZnO nanorods by CdS nanoparticles. The
photoluminescence intensity of P3HT is quenched by 85, 88,
and 91% for the CSZO-1:P3HT, CSZO-2:P3HT, and CSZO-
3:P3HT samples, respectively. Thus, the highest PL quenching
is about 9% higher for the CdS decorated ZnO than that of the
unmodified one.

The current density—voltage (J—V) characteristics of the
ZnO:P3HT hybrid device using chlorobenzene, chloroform,
and toluene solvents, measured under 100 mW/cm* AM 1.5
simulated solar irradiation condition are shown in Figure 9a—c,
respectively. All the photovoltaic measurements have been
carried out in air. The effect of ZnO concentration and casting
solvent on the efficiency of the photovoltaic cells has been
studied. As can be seen, for all the solvents, there is a gradual
increase in short-circuit current density (Jsc) with the increase
of ZnO concentration in the blend up to a ZnO:P3HT weight
ratio of 5:1, but it decreases when the ratio is increased to 12:1.
On the other hand, the open circuit voltage (V) increases
with the rise in ZnO concentration in the blend up to
ZnO:P3HT weight ratio of 2.5:1, but gradually decreases
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thereafter. The fill factor (FF) and power conversion efficiency
(PCE) follows the same trend as that of Jgc. The maximum
PCE for each solvent is obtained when the ZnO:P3HT weight
ratio is S:1. The above results are summarized in Table 1. At a
low ZnO concentration, the electron transport is relatively
poor.”® But with the increase of ZnO loading, an enhanced
dissociation of photogenerated excitons takes place leading to
larger number of electrons and holes. This generates more
percolation pathways leading to the improved electron
transport, and thus increased photocurrent. But the further
increase of ZnO fraction in the blend film reduces the polymer
content. Thus though the dissociation of more excitons occurs
as revealed by the PL spectra (Figure 8a—c), the inter-
penetrating pathways for hole transport becomes poor.***> As a
result, the photocurrent decreases. Among the casting solvents,
toluene shows the lowest PCE for each ZnO concentration,
than that obtained using chlorobenzene and chloroform. The
result can be well explained from the UV-visible and
photoluminescence spectra. Toluene exhibited the lowest
absorption among the solvents. Also, the quenching of
photoluminescence intensity with the addition of ZnO is
lower as compared to other solvents (chlorobenzene and
chloroform), which indicates that lesser number of excitons are
dissociated into electrons and holes. This may lower the
efficiency of the toluene-cast films. Chloroform-cast films
exhibit higher efficiency than the chlorobenzene-cast films. The
efficiency has been found to be maximum for chloroform-cast
film at ZnO:P3HT weight ratio of 5:1, and the corresponding
values of photovoltaic parameters are: J,. of 0.849 mA/cm?, V.
of 425 mV, FF of 32%, and PCE of 0.12%. Figure 9d shows the
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Figure 9. Current density—voltage characteristics of photovoltaic cells fabricated with hybrid polymer ZnO:P3HT blend with different weight ratios,
in solvents of (a) chlorobenzene, (b) chloroform, and (c) toluene. (d) Current density—voltage characteristics of photovoltaic cells fabricated with
CdS modified ZnO:P3HT blend (of varying surface coverage of ZnO nanorods by CdS nanoparticles) and control ZnO:P3HT blend in chloroform
solvent. The weight ratio of both ZnO:P3HT and CdS modified ZnO:P3HT is 5:1.

Table 1. Photovoltaic Parameters Obtained for Solar Cells Fabricated with Hybrid Polymer ZnO:P3HT Blend with Different

Weight Ratios and Using Different Casting Solvents

solvent ZnO:P3HT weight ratio  short-circuit current density, J,. (mA/cm”) open circuit voltage, V,. (mV) fill factor, FF (%) efficiency, 1 (%)
chlorobenzene 0.5:1 0.325 402 20 0.03
1:1 0.375 485 21 0.04
2.5:1 0.458 590 21 0.06
S:1 0.519 527 24 0.07
12:1 0.226 417 17 0.02
chloroform 0.5:1 0.636 371 28 0.07
1:1 0.684 403 29 0.08
2.5:1 0.777 457 31 0.11
S:1 0.849 425 32 0.12
12:1 0.538 412 28 0.06
toluene 0.5:1 0.010 103 26 0.0003
1:1 0.020 202 27 0.0011
2.5:1 0.042 303 28 0.0036
S:1 0.066 294 30 0.0058
12:1 0.005 94 25 0.0001

current density—voltage (J—V) characteristics of the CdS
decorated ZnO nanorods:P3HT hybrid device measured
under the same condition. The characteristics for unmodified
ZnO device of ZnO:P3HT weight ratio of 5:1 in chloroform
solvent has also been plotted for comparison. The figure shows
a clear increase in the - and V. with the introduction of CdS
nanoparticles on the surface of the ZnO nanorods. These
parameters are again found to depend on the surface coverage
of ZnO nanorods by CdS nanoparticles. With the increase in
the surface coverage, Jsc increases by a small amount, but there
is a noticeable increase in V. The results obtained for CdS
modified ZnO devices are summarized in Table 2. The
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photovoltaic parameters are found to be highest for CSZO-
3:P3HT devices and the values are: J,. of 1.674 mA/cm?, V,_ of
557 mV, FF of 40%, and PCE of 0.38%. Thus, the maximum
efficiency obtained for CdS decorated ZnO device is enhanced
by more than 300% over the unmodified one.

The increase in Ve and Jgc with the introduction of CdS
nanoparticle can be well understood from the band diagram of
Figure 10. For eflicient transfer of electrons from donor to
acceptor, the lowest unoccupied molecular orbital (LUMO) of
donor have to be 0.3 to 0.5 eV higher than that of acceptor.*® In
ZnO:P3HT blend, this energy difference is 1.2 eV, which is
much higher than that needed. The conduction band minimum
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Table 2. Photovoltaic Parameters Obtained for Solar Cells
Fabricated with Hybrid Polymer CdS-Decorated ZnO:P3HT
Blend (of varying surface coverage of ZnO nanorods by CdS
nanoparticles) with Weight Ratio of 5:1 and Using
Chloroform As the Casting Solvent

device short-circuit current  open circuit fill
fabricated density, [, voltage, V. factor, efficiency,
with blend (mA/cm?) (mV FF(%) n (%)
CSZO- 1.567 43S 37 0.2§
1:P3HT
CSZ0- 1.627 473 39 0.30
2:P3HT
CSZ0- 1.674 587 40 0.38
3:P3HT
2, _
€
3k e”
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—
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Figure 10. Schematic energy band diagram of the CdS-decorated

ZnO:P3HT hybrid solar cell investigated in this study.

of CdS lies lower in energy than the LUMO of P3HT but
higher than the conduction band of ZnO. So when CdS is
introduced on the surface of ZnO nanorods, it creates a
cascaded band structure, where electrons can easily transfer
from P3HT to ZnO via CdS. Also, because of the valence band
energy alignment of CdS relative to the highest occupied
molecular orbital (HOMO) band of P3HT, CdS acts as a
blocking layer by obstructing the transfer of holes from P3HT
to ZnO, thus reducing the recombination and increasing the
carrier lifetime. This efficient transfer of electrons together with
reduced recombination increases the V¢ and Jsc in the CdS
decorated ZnO devices. This process of electron transfer can be
further improved by increasing the surface coverage of ZnO
nanorods by CdS nanoparticles. When ZnO nanorods are only
partially covered by CdS nanoparticles, in the uncovered
portions, no cascaded band structure is formed, and the
electron transfer occurs there in the same manner as in the
unmodified devices. An increase in the number of nanoparticles
results in an enhancement in the surface coverage of ZnO
nanorods by CdS. When CdS fully covers the ZnO nanorods,
the cascaded band structure is most efficiently formed. This
increases the efliciency of electron transfer and the resultant
Voc and Jgc. All these factors result in enhancing the efficiency
of CdS modified ZnO devices over the unmodified one. The
above results appear to be corroborated by the photo-
luminescence spectra of Figure 8d, where it was found that
the quenching of the photoluminescence intensity enhanced
with the introduction of CdS on the ZnO nanorods. This
implies that the electrons are more efficiently transferred in the
CdS-modified ZnO devices, and the rate is enhanced with the
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increase in the surface coverage of ZnO nanorods by CdS

nanoparticles.
The calculated external quantum efficiency (EQE) of

ZnO:P3HT blend using chloroform as the casting solvent (as
highest efficiency has been obtained using this solvent) is
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Figure 11. External quantum efficiency of the photovoltaic cells
fabricated with hybrid polymer (a) ZnO:P3HT blend with different
weight ratios, and (b) CdS-modified ZnO:P3HT blend (of varying
surface coverage of ZnO nanorods by CdS nanoparticles) and control
ZnO:P3HT blend. The weight ratio of both ZnO:P3HT and CdS
modified ZnO:P3HT is 5:1. Chloroform has been used as the casting
solvent in both a and b.

shown in Figure 11a. The EQE has been calculated using the
relation

100-1240-J; .

EQE (%) = -
0

(1)
where Jgc is the short-circuit current density (mA/cm?), 4 is the
wavelength (nm) of incident radiation, and P, is the incident
light intensity of the source (mW/cm?). Each curve shows its
respective highest EQE around 510 and 550 nm, with a
shoulder peak around 600 nm. There is also a hump around
340 nm. This shows that the photocurrent action spectra
closely follow the absorption spectra of the devices. With the
increase of ZnO concentration (up to ZnO:P3HT weight ratio
of 5:1), the EQE also increases. The highest EQE of ~7% is
obtained for ZnO:P3HT weight ratio of 5:1 at around 510 and
550 nm. But for ZnO:P3HT weight ratio of 12:1, the EQE
decreases to ~3%, which is least among all the films. Figure 11b
shows the EQE of CdS decorated ZnO:P3HT device, along
with that of unmodified one (of ZnO:P3HT weight ratio of
5:1). The CdS-modified ZnO device shows its highest peak at
510 nm, with shoulder peaks around 550 nm and 600 nm,
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along with a hump around 340 nm. The EQE in the range
300—620 nm is much higher for the CdS-modified device than
the unmodified one, and increases with the increase in the
surface coverage of ZnO nanorods by CdS nanoparticles. The
highest EQE value obtained at 510 nm is ~16%, which is more
than two times from that of the unmodified device.

B CONCLUSIONS

We have fabricated hybrid photovoltaic devices based on active
layers consisting of CdS modified and unmodified ZnO
nanorods blended with P3HT. The optical and photovoltaic
properties of these devices have been studied. It has been found
that the CdS modified ZnO device shows a higher open circuit
voltage, short-circuit current, and fill factor than that of
unmodified one. This resulted in an increase in maximum
efficiency by a factor of 3.0 for the CdS modified device. The
experimental results show that with increase of ZnO
concentration up to a certain amount in the blend, the
efficiency of the cell increases. But the further increase of ZnO
concentration decreases the polymer content in the film, so the
pathway for hole transport becomes poor, which in turn
decreases the efficiency of the cell. The casting solvent also
plays an important role in governing the efficiency of the cell. In
chloroform-cast films, more excitons dissociate into electrons
and holes, which in turn increases the efficiency of the cells as
compared to those of chlorobenzene and toluene-cast films.
The absolute efficiency can be further increased with the
introduction of a buffer layer at the interface of ZnO:P3HT
blend and the top metal electrode, and if the photovoltaic
devices are fabricated and measured under a controlled
environment using a glove box.
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