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Growth of ZnO nanocrystals has been carried out by a two-electrode electrochemical cell arrangement.
The nanocrystals serve as substrates onto which tetraphenylporphyrin (TPP) is evaporated under inte-
grated UHV conditions for the development of TPP/ZnO hybrid specimen. The quality of the hybrid
specimen is investigated by XPS measurement. Direct interaction between the valence electrons of the
adsorbed TPP molecules and ZnO electronic levels is revealed by Ultraviolet Photoemission Spectroscopy
(UPS). Absorption spectroscopic studies are used to examine the ground state electronic structure and
polarization dependence (excitation to p* and s* vacant orbitals) of the hybrid specimen. The studies
further show efficient charge transfer from donor (TPP) to proximate acceptor (ZnO). Thus, porphyrin
molecules act as an active layer for generation of electron and as an enhancement for subsequent sudden
transfer of the charge to the ZnO at a timescale faster than that of core hole.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

One of the major promising ways to proffer solutions to the
current global warming crisis is finding alternative energy supply to
burning fossil fuel. Solar energy is one of the potential alternate
sources because of its clear advantages. It is clean, non-polluting,
well distributed and inexhaustible. However, the means of
tapping this renewable source and making it affordably available
for the global needs remains a challenge that is being addressed by
the current technology. For instance, the deployment of commer-
cially available silicon bifacial solar cells is currently limited by their
relatively high cost despite their capability of converting sunlight to
electricity at both front and rare faces of the cell [1]. Also Indium Tin
Oxide (ITO) glass has been described as the most used material for
transparent and conducting electrodes but its cost and scarcity
limit its use in large scale industrial production of solar cell [2],
therefore, there is need to replace this poor mechanically ductile
material (ITO) with indium-free transparent conductive oxides [3].
In another development many reports have shown alternative
growth of solar cell using organicepolymers complex, their
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limitation is still inability to attain considerably high efficiency.
However, the combination of both organic and inorganic semi-
conductor seems promising for fabrication of an efficient hybrid
cell. The compatibility of these two types of material offers
advantages of reduced cost of fabrication, easy preparation from
organic materials and integration into a wide variety of devices.
Also high electron mobility, excellent chemical and physical
stability, size tunability and complementary light absorption from
the inorganic compound can be realized [4]. This emphasizes the
role of metal oxide in the enhancement of photoelectric conversion
efficiency of dye sensitized solar cell (DSSC). In this regard zinc
oxide is a viable choice because of its considerable properties such
as large exciton binding energy and transparency. Kao et al. [5] had
reported that highly crystalline ZnO thin films with large surface
area can yield high incident photon-to-current conversion effi-
ciency under illumination in the application of DSSC. Beek et al. [6]
reported an improved ZnO:polymer bulk-heterojunction photo-
voltaic cell prepared from organozinc compound (diethylzinc) and
a conjugated polymer (polyphenylene vinylene). They inferred that
the presence of crystalline ZnO and its ability to photogenerate
long-lived charges make the combination (bulk) suitable for
application in solar cell. We observe that direct interfacial adsorp-
tion of heterocyclic porphyrin molecule (multilayer or monolayer)
on electrodeposited ZnO crystals as well as electronic feature that
supports the substrateemolecule interaction have not been well
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investigated. Carlson et al. [7] had successfully determined the
electronic energy alignment of the VBM of CdSe to that of ZnO. In
general, alignment of energetic states, passivation of electronic
defect states and the control of local gradients of electrical fields are
crucial for high energy conversion efficiencies in photovoltaic cell
performance [8]. In this work, we developed a recipe for solar
cell component using a combination of 2H-tetraphenylporphyrin
molecule (TPP) and ZnO nanocrystals. Interfacial energy alignment
between the least unoccupied molecular orbital (LUMO) of the
porphyrin macrocycle and valence band maximum (VBM) of ZnO is
tuned to allow fast injection of electrons.

2. Experimental

This section involves two stages: Crystal growth and Evapora-
tion of organic molecule. Nanostructures of ZnO can be prepared in
many viable ways. We used electrodeposition technique in this
work because of its numerous advantages such as catalyst-free
growth, low deposition temperature, inexpensive substrates and
so on [9]. Prior to the growth the substrates (ITO and Si (111) wafer)
were cleaned with ultrasonic bath composition, rinsed thoroughly
with Millipore water and dried in air. The Si (111) wafer was then
degreased in dilute HNO3 solution for a few minutes to remove
oxide layer on the surface [10].

2.1. Growth mechanism

ZnO nanocrystals were grown using a home-made conventional
two-electrode electrochemical cell instead of the common three-
electrode cell used by many authors [11e13]. The cell composi-
tion was made of 0.2 M zinc nitrate electrolyte (pH ¼ 7.0 � 0.1),
graphite plate (counter electrode) and substrate (working elec-
trode). The electrolytic solution was prepared from Zn(NO3)2$6H2O
(99.9% purity, Aldrich) in a 200 ml standard flask. Detailed exper-
imental conditions and procedure had been reported in our
previous work [10]. After the growth, two samples were obtained
and distinguished with respect to substrate, first, ZnO deposited on
ITO substrate denoted as ZnO/ITO and second, ZnO deposited on
Si(111) wafer regarded as ZnO/Si(111). They were washed with
Millipore water, dried with compressed air (nitrogen) and annealed
in vacuum. After the post-deposition heat treatment, ZnO/ITO was
characterized for optical studies using a dual beam UVeVIS spec-
trophotometer. Morphological studies describing the two ZnO
nanocrystals (ZnO/ITO and ZnO/Si(111)) as corals and nanorod
respectively by SEM, crystal structures by XRD and compositional
analysis by XPS had earlier been reported [10].

2.2. Evaporation

Organic molecule (TPP) was evaporated onto the two samples
(specimens) separately. Before the evaporation, each specimen
(now serving as substrate for TPP deposition) and the experimental
chamber were well degassed until UHV conditions (base pressure
10�10 mbar) were attained. TPP molecule was also degassed under
the same conditions. In addition to this basic cleaning procedure,
the specimens were each annealed at 320 �C to remove possible
hydroxyl ion (OH�) and to realize homogenous surface for adhesion
of themolecules. The absence of contaminants has been checked by
XPS and the ZnO nanostructures cristallinity was assessed by
grazing angle X-ray diffraction technique [10]. Charging effects in
XPS, which is an attribute of wide band gap semiconductor were
not observed [14]. After this treatment, the molecule (multilayer)
was evaporated onto ZnO/ITO atw357 �C for 75 min and onto ZnO/
Si(111) at w390 �C for 90 min separately. Monolayer (TPP-ML) was
thereafter obtained by subliming a pre-deposited thick film
(multilayer) of the TPP molecules at w290 �C. Therefore, a ML of
TPP was defined as the maximum coverage of adsorbed molecules
on the substrate surface after the above process [15]. The quality of
the layer(s) and the oxidation states of Zn2þ and O2� were inves-
tigated by carrying out XPSmeasurement of each specimen at every
stage of evaporation. All these stages of experiments and analyses
were carried out in UHV conditions. This allowed high degree
control of surface properties and understanding of electronic
energy alignment of porphyrin chemisorbed onto ZnO crystal
substrates. After obtaining the hybrid samples (TPP/ZnO), detailed
photoemission experiments (absorption spectroscopies) were per-
formed by utilizing synchrotron radiation facility (ALOISA beam-
line) at Elettra Synchrotron Light Source Laboratory Trieste, Italy. No
irradiation damage was observed from the samples irrespective of
time of exposure. Thus, electronic band alignment and charge
transport characteristics are the major contents of this submission.

3. Results and discussion

3.1. Optical properties

The response of ZnO/ITO from ultraviolet to visible light region
was investigated using a dual beam UVeVIS spectrophotometer.
The transmittance (T%) curve of the ZnO along with that of blank
ITO shown in Fig. 1a indicates that the ZnO started transmitting
above a wavelength of about 330 nm (absorption edge) and pro-
gressed gradually across the visible region. Kao et al. [5] observed
similar transmission in pre-annealed ZnO thin film and reported
that this property can enhance incident intensity to obtain large
photocurrent of dye-sensitized solar cell (DSSC). In order to esti-
mate the energy band gap of the sample, a graph of (ahy)2 vs Energy
is plotted from the uvevisible data using a conventional Tauc
equation [16].

ahy ¼ A
�
hy� Eg

�n
2 (1)

where n ¼ 1 for a direct and n ¼ 4 for an indirect band gap. A is an
empirical constant, a(¼�lnT) is the absorbance, hy is the photon
energy while Eg is the energy band gap.

For a direct semiconducting material like ZnO, the energy gap
can be estimated by extrapolating the linear fit of the (ahy)2 to the
zero-crossing value of the abscissa (Energy axis). Therefore, the plot
shown in Fig. 1b gives the optical band gap of the ZnO as 3.30 eV. It
is observed that the measured optical gap is less than the theo-
retical value (3.37 eV), it is however within the limit of ZnO energy
gap (3.35 � 0.15 eV) [9,17].

3.2. Photoemission studies

The covering of ZnO substrates by TPP layer(s) was studied by
UPS measurement and it was observed that molecules of TPP are
covalently attached to the surface of the ZnO. From the valence
band spectra shown in Fig. 2, it can be seen that the signals of Zn 3d
(peak intensity) of the clean specimen (ZnO substrates) are atten-
uated when covered with porphyrin. The values of intensities after
background subtraction from each spectrum are presented in
Table 1. These values are used to estimate the thickness of the layer
deposited on the samples. The useful deduction made here is that
there is good adhesion of TPP molecules onto the ZnO and this
enhances electronehole interaction at the interface. The results of
the layer thickness estimated using the expression stated below are
also included in Table 1.

t ¼ �lðKEZnOÞcos ðqdÞln
�
I
I0

�
(2)
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Fig. 2. Valence band structures of clean ZnO substrates and TPP/ZnO hybrid specimens
determined by UPS measurement. (a) Clean ZnO/ITO (yellow) and TPP/ZnO multilayer
(red). (b) Clean ZnO/Si(111) (yellow), TPP/ZnO multilayer (red), and TPP-ML/ZnO
monolayer (blue). Insets show the valence band edges determined by extrapolating
the leading edge to zero intensity and HOMO positions referenced to Fermi edge at
0 eV. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 1. Optical properties of ZnO in uvevisible range. (a) Transmittance curves of blank
ITO substrate and electrodeposited ZnO. The substrate has about 85% transmittance
while that of the sample lies between 55 and 59% in the visible region. (b) Energy band
gap of ZnO determined using a conventional Tauc equation for a direct semiconducting
material. The value was estimated by extrapolating the linear fit of (ahy)2 to the zero-
crossing value of the energy axis.
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Where I0 is the intensity of the clean ZnO sample, I is the attenuated
intensity of TPP/ZnO, qd is the detection angle of the photoelectron
measured from sample’s surface normal direction, l is the inelastic
mean free path of ZnO electron through TPP layer with kinetic
energy KEZnO and t is thickness of the layer traversed [18]. Boeckl
et al. [19] have reported a value of 3.3 nm as mean free path of Au
(4f) photoelectrons through porphyrin overlayer. This value was
adopted for our estimation.

3.2.1. Ultraviolet photoemission spectroscopy (UPS)
The valence band structures of clean ZnO and TPP/ZnO hybrids

are shown in UPS spectra below (see Fig. 2). From each spectrum
(referenced to Fermi edge at 0 eV) three characteristic peaks are
observed and they can be categorized as a distinct peak and two
broad peaks. These features were used to obtain information about
valence electrons. On the clean ZnO, a distinct peak at binding
energy around 10.9 eV can be ascribed to Zn 3d core level emission
and broad peaks at binding energies closed to 4.8 and 7.8 eV can be
attributed to O 2p and Zn 4s/O 2p valence band emission respec-
tively [20]. However, it can be seen from TPP/ZnO/Si(111) spectrum
(Fig. 2b) that these broad peaks shift to about 4.3 and 6.4 eV binding
energy position accordingly. Our results generally agree with the
findings of Ton-That et al. [21] on valence band of undoped ZnO
(sharp peak at 10.5 eV for Zn 3d andweak bands at 4.2 & 7.1 eV for O
2p and Zn 4s/O 2p respectively). Similar peaks were also observed
by Carlson et al. [7] in their work on valence band alignment of
CdSe/ZnO interface. The distribution of these valence electrons can
also be understood from the density of states (DOS) [22]. Valence
band edge was determined by extrapolating the leading edge of
each spectrum to zero intensity on the binding energy axis. The
values at these binding energies (intercepts) are regarded as VBM
(see insets in Fig. 2). The shift in photoemission intensity (increase)
above/near the VBM observed in the traces of the clean and the
hybrid samples revealed the DOS and valence band alignment. This
correlates to the coverage of the ZnO by the organic molecules
(TPP) and can also be attributed to photoemission from the valence
band of TPP. To effectively determine the alignment we compare
the binding energy for the VBM of clean ZnO to its energy band gap
and then to the binding energy for the VBM of TPP/ZnO hybrid. In
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Table 1
Band edges and molecular orbital positions of clean ZnO substrates and TPP/ZnO hybrid specimens.

ZnO/ITO (clean) TPP/ZnO/ITO multilayer ZnO/Si(111) (clean) TPP/ZnO/Si(111) multilayer TPP/ZnO/Si(111) monolayer

Intensity (a.u) 2322.80 1512.60 2080.20 1185.90 1909.40
VBM (eV) 3.00 2.80 3.20 2.61 2.80
CBM (eV) 0.30 0.50 0.10 0.69 0.50
HOMO (eV) e e e 1.82 1.75
TPP thickness (Å) e 14.20 e 18.50 2.80
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the optical studies of this work we found that our clean ZnO has
energy band gap of 3.30 eV (see Fig. 1b) and in the UPS measure-
ment the VBM of both clean ZnO/ITO and ZnO/Si(111) are deter-
mined as 3.00 and 3.20 eV respectively (shown in Fig. 2), this
supposes their CBM lie at 0.30 and 0.10 eV above Fermi level
accordingly. These CBM edges as well as LUMO energy positions are
not seen here but shall be illustrated in NEXAFS studies. The values
for the VBM of TPP/ZnO specimens are included in Table 1. From the
spectra in Fig. 1b (inset), the peaks at binding energies of about
1.82 eV (multilayer) and 1.75 eV (monolayer) show distinct posi-
tions of HOMO below the respective Fermi edge. Comparing these
values, it is seen that HOMO level decreases by 0.07 eV in mono-
layer. This can be due to quantum confinement effect and it is
supported with the findings of Xiang et al. [4] which reported
a decrease (increase) in HOMO (LUMO) levels of InSb slab when the
thickness of the slab got reduced from 10 to 4 layers. This feature is
suppressed in TPP/ZnO/ITO (Fig. 2a). A possible reason for this can
be the effect of extremely large intrinsic width of the HOMO level
(in relation to the lifetime of the final state) or possible inequivalent
bonding sites at the ZnO surface [14]. The feature corresponding to
O 2p valence band emission can be regarded as HOMO-1 position.
At the neighbourhood of this position, there exists an intersection
of traces of both the clean ZnO and the TPP of the hybrids and it can
be suggested as an indication of band alignment. The ease of direct
interaction between the valence electrons of adsorbed TPP mole-
cules and ZnO electronic levels led to the trapping of HOMO of the
TPP to the VBM of ZnO. Dittrich et al. [8] indicated that energy level
alignment of low dimension semiconductor nanocrystals
(Quantum Dots) can be tuned by varying the molecular dipoles of
the adsorbed molecules.

3.2.2. X-ray absorption spectroscopy (XAS)
XAS is a useful technique to acquire information on the

unoccupied states and localized structure of absorbing atoms in
a range of few angstroms [23]. When absorbed photon reaches one
of the deep inner-shells of the atom it transfers its energy to the
ejected photoelectrons and there exists a sharp jump (absorption
edge) indicating the opening of an additional photoabsorption
channel. These features are observed in the NEXAFS spectra taken
at C 1s edge (see Fig. 3) where we investigated the adsorption of
TPP molecules on ZnO. The measurements were carried out at
ALOISA beamline as a function of the angle between the surface and
the linear electrical field of the synchrotron radiation [24]. The
spectra were obtained in total electron yield mode at grazing
incidence from the sample surface with a tilt of 6�. It is noted that
for direct probing of unoccupied electronic sites NEXAFS can give
information on modification of the electronic structure (especially
from strong p* levels) upon metal intromission, the possible
relaxation of electronic levels upon core hole creation could limit
the observation of this spectroscopy at the ground state of the
system [14]. Therefore, the NEXAFS spectra at C K-edge revealed
significant core excitonic effect which affects energy and intensity
only. Variation of this core excitonic effect among excitations could
be explained in terms of the excited site and the vacant orbital [25].
The first two structures belonging to peaks hyw 284 eV and 285 eV
in Fig. 3(a and b) are assigned to the macrocycle and absorption
structure due to the p* states located in the phenyl groups
respectively [15]. The C 1s/p* excitation (huge/sharp absorption
peak at hy w 285 eV photon energy) was observed when the
electric vector of the impinging radiation was in the plane of inci-
dence and normal to the plane of the macrocycle, this peak indi-
cates (i) the polarization dependence of core excitonic effect at the



Fig. 4. ResPES spectra (raw-data images). (a) TPP/ZnO/ITO (multilayer), (b) TPP/ZnO/
Si(111) (multilayer), and (c) TPP-ML/ZnO/S(111) (monolayer). The signal at binding
energy close to 10.9 eV corresponds to Zn 3d peak. Data in the range below the Zn peak
are used for the analysis.
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carbon sites and (ii) the molecules in the specimen are well
orientated and vertically grown onto the ZnO substrates [26]. Vil-
mercati et al. [24] indicated that NEXAFS spectra taken at C 1s edge
can give information about the geometry of a system. The strong
intensity at this energy also implies there is large concentration of
excited atoms in the low-lying vacant orbitals (LUMO). The polar-
ization dependence is examined by distinguishing the excitations
to p* and s* vacant orbitals (DOUS). The observed C 1s/p* exci-
tation can be described as contribution from resonance [25]. Fuller
description of exciton de-excitation and charge transport shall be
presented in the analysis of ResPES spectra (resonance behaviour).
Considering the peak intensities of both monolayer and multilayer
(see VB spectra in Fig. 2b & NEXAFS in Fig. 3b) and considering the
fact that excitation intensity is simply determined by the overlap
between the initial C 1s and final empty molecular orbital [25], it
can be seen that photoelectron peak becomes more pronounced in
monolayer indicating that large molecules are desorbed from the
multilayer and being strong at the low energy region showing the
dominance of excitation of atom at the localized core hole of low-
lying vacant orbital (LUMO) than higher-lying orbitals. Thus the
LUMOs are more stable and degenerate.

3.2.3. Resonance photoemission spectroscopy (ResPES)
In this measurement photon energy scans are taken through the

absorption edge of C 1s core level. In Figs. 4 and 5 we present
respectively the ResPES spectra (raw data image) collected as
a function of binding energy and the NEXAFS spectra obtained in
Auger yield mode. In each ResPES image (see Fig. 4(aec)), strong
intensity due to Zn 3d core level in the valence band is observed at
w10.9 eV and below this region resonance occurs. From the NEX-
AFS spectra (Fig. 5) we see clearly intense peak at low photon
energy indicating excitation of electron into the p* states of the TPP
macrocycle and also corresponding to the enhancement of electron
in the valence band of ZnO (low binding energy region below Zn 3d
on the ResPES image). These features can be described as the
resonant contributions of the spectra participating in charge
transfer processes. Weinelt et al. [27] mentioned that modifications
of photoemission intensity (enhancement) at the core level
threshold are due to core hole assisted processes. The broad peaks
emanating at higher energy in the NEXAFS show s bond (where
resonance is zero) and can be attributed to strong C KVV Auger
emission (linear dispersion) in the ResPES spectra. Therefore we
subtracted these Auger emissions and focussed the data analysis to
the lower binding energy regionwhere a small dispersing intensity
due to C 1s core level excitation is observed [24]. To further
understand the resonance behaviour of our samples we integrated
all the resonance contributions in the range below Zn 3d peak and
subtracted non-resonant spectra to obtain the pure resonant
spectra shown in Fig. 6. In both NEXAFS and ResPES all the analyses
were carried out in the same way. Therefore, comparing each
resonant spectrum in Fig. 6 with the respective NEXAFS spectrum
in Fig. 5 we see that resonant photoemission intensity is completely
screened or quenched indicating that the excited electron is
suddenly transfer to another molecule or to another atom. This
means when electron is excited into the TPP macrocycle empty
state there is ultrafast charge delocalization and resonance decays
completely, that is, the excitation is quickly transferred away from
the excited atom to the ZnO matrix on a timescale faster than the
lifetime of core hole. Thus, the TPP acts as the electron donor and
the ZnO as the electron acceptor. Vilmercati et al. [24] illustrated
the timescale of charge transfer using Fano profile of some resonant
features [27, 28] and found that for resonance not to be observed,
the timescale of charge transfer must be shorter than 1e2 fs. This
process of ultrafast electron transfer between donor and proximate
acceptor upon photoexcitation aids efficient charge production
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required for generation of photovoltaic current. It is therefore seen
that charge transfer modifies the energy level alignment and it is
due to a competition between the molecular conformation and the
adsorbate self-assembly driving force.
4. Conclusions

Vacuum evaporation technique was used to deposit organic
molecule “Tetraphenylporphyrin” (TPP) onto electrodeposited ZnO
layer. The molecular interaction and electronic properties of the
hybrid samples were investigated by photoemission experiments.
Energy alignment and occupied molecular orbitals (HOMO posi-
tion) were determined from the study of valence band structures.
We have used the dependence of NEXAFS from the linear polari-
zation of light to study the electronic transitions from core levels to
empty states and to determine the interactions and adsorption
geometry of the TPP deposited on substrate surface in both
multilayer andmonolayer [15]. The prominent absorption peak at C
1s edge indicates the excitation of electron into the empty state
(LUMO) of the porphyrin macrocycle. Analysis of ResPES spectra
reveals that excitations are not localised in the empty state of the
TPP macrocycle, instead, ultrafast charge transfer is aided. Thus, we
can suggest that the TPP/ZnO hybrid can be a good recipe for the
fabrication of efficient solar cell component. Dittrich et al. [8] re-
ported that the possibility of exploring specific effects such as the
extraction of charge carriers, multi-exciton generation or electronic
transport in minibands of quantum dots can enhance solar cells
performances.
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