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This paper presents the surface electronic structure and morphological characteristics of the nano-crystalline titanium dioxide (nc TiO2)
films derived from the two different sol-gels. Using Scanning tunneling microscopy/spectroscopy (STM/S), it was found that the
particles of nc-TiOz produced from batch A have a surface band gap of ~3.3 eV while the particles of nc-TiO2 produced from batch B
have a surface band gap of ~2.6 eV. On other hand, the small particles have aggregated together to form larger particles ranging
from ~120 nm to 150 nm in size and distributed randomly over the surface of the batch A nc-TiOz films. For batch B nc-TiOxfilms, the
small particles have formed larger particles but with their size ranging from 200 nm to 225 nm. That is ascribed to differences between
sol-gels used to prepare nc-TiOz films. As a result of that, the electric power of batch A nc-TiO2/P3HT solar cells is enhanced by more
than 8 times in comparison with batch B solar cells.
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INTRODUCTION

Titanium dioxide (TiO,) is an important inorganic compound that is widely used. It was discovered in 1791 by
William Gregor [1] and attracted the attention of many researchers due to its unique physical, chemical, and electronic
properties [2,3]. It is a white pigment used in plastics, paints, rubbers and paper [4]. Additionally, TiO, is considered to
be a non-toxic material and available naturally at low cost. It is composed of 59.94 % titanium and 40.06 % oxygen.
In 1972, the photocatalytic characteristics of titanium oxide were discovered by Fujishima and Hond [5]. This led to the
establishment of a new area in heterogeneous photocatalysts to overcome problems such as pollution [6]. Another
important application of nc-TiO, was reported first time in 1990 when Grtézel used it in the fabrication of dye sensitized
solar cells with high efficiency [7]. Nano crystalline Titanium dioxide (nc-TiO>) is a well-known electron acceptor and
transparent layer for applications in solar cells. To optimize electronic and photocatalystic function. It is important to
study the spectroscopy and optical microscopy of titanium dioxide layer, hence investigating of surface electronic
structure and morphological characteristics and optical properties are necessary [3,8]. That is attributed to producing
several nanometer and micrometer size titanium dioxide structures of various geometries obtained by various methods:
spray pyrolysis, colloidal suspension and a sol-gel procedure [9,10]. The films prepared by all of these methods contain
either nano-crystals or micro-crystals of TiO». The size of nano-crystals depends on the temperature of annealing and the
content of the materials used to form the TiO,. In this work, we report the electronic , morphological and optical properties
of the nc-TiO; films using scanning tunneling microscopy (STM) and atomic force microscopy. This technique has been
used to show that the age and components of the nc-TiO, films affect the electronic properties of the film.

EXPERIMENTAL

Porous nc-TiO; films were readily prepared by spreading a TiO»sol-gel over the substrate surface and sintering at
high temperature. Two batches of TiO,sol-gel (Ti-Nanoxide T) were purchased from Solaronix SA. According to the
supplier, these batches differed from each other only in terms of age which influenced on the first batch (labeled batch A)
has higher water/ethanol concentration and lower solid residue than the second batch (labeled batch B) in order to
distinguish the films. Prior to use, the TiO»sol-gel was stirred using a clean glass rod for 1 minute. To define the area of
substrate to be coated with TiO,sol-gel, we used 3M Scotch Magic tape. It had a thickness of 50um and is easily removed
from the substrate without leaving traces of adhesive material. The amount of TiO, sol-gel initially used depends on the
substrate area to be coated. Following the procedures in the literature [9], we used around 50 pL of TiO, sol-gel to
coat 5 cm? area of substrate surface. The 50 pL of TiOs sol-gel was deposited on the edge of the substrate using a
micropipette. A cleaned glass rod was used to spread the sol-gel over the substrate area defined by the tape. Then, the
film was left in air for 10 minutes to dry until its milky colour disappeared.

Digital Instruments Nanoscope 3A multimode instrument was used to operate as a Scanning Tunnelling Microscope
(STM) for Scanning Tunnelling Spectroscopy (STS) measurements. It was undertaken to determine the electronic
properties of the nc-TiO,surface. This technique has been used to show that the age of the nc-TiO-film as well as the type
of material attached to the nc-TiO,surface affects the electronic properties of the film [11]. It is conducted by applying a
voltage between the tip and the surface of the sample allowing electrons to tunnel from the tip to the surface of the
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semiconductor (metal) and vice versa. This generates a small current across the gap which depends on the height between
the tip and sample surface, bias voltage and the properties of sample surface (see Figure 1). In STS, we are concerned
with measuring the onset of electron emission from the tip into the semiconductor LUMO level in negative bias and from
the semiconductor HOMO level to the tip in positive bias.

The UV-visible absorption spectra of the various materials used in the construction of the solar cells were obtained
using a Hitachi Model U-2000 Double BeamUltra-Violet/Visible (UV/VIS) spectrophotometer.

Cantilever

Figure 1. Schematic illustration of the scanning tunnelling spectroscopy (Image adopted from reference [12]

RESULTS AND DISCUSSION

In the present study, two nc-TiO; films were studied; one produced from batch A and one from batch B. Figure 2a gives
the tunneling current as a function of voltage for the batch A film. At - 0.7 V, the current flowing is referred to as the anodic
tunneling current while the current flowing at 2.6 eV referred to as the cathodic current. When the tunneling current is zero in
the region that separates the cathodic and the anodic currents this corresponds to the band gap of the sample. Figure 2b shows
the conduction spectrum (dI/dv) versus voltage (V) of the batch A nc-TiO; obtained by numerical differentiation of the
I-V relation. This reveals an increase in conductance for positive voltage influenced by the valence band and negative voltage
influenced by the conductive band of nc-TiO; film. Therefore, the surface band gap energy for the batch A nc-TiO; film is
estimated to be ~3.3 eV based on conductance results and similar to report in the literature [13].
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Figure 2. (a) STS I-V characteristics of batch A nc-TiO: film, (b)STS dI-dV characteristics of batch A nc-TiO: film

On other hand, Figures 3a and 3b show the corresponding tunneling current and conductance plots for nc-TiO; film
produced from batch B. The onset voltage for anodic and cathodic tunneling currents were ~-0.8 V and 1.8 V respectively.
For batch B nc-TiO», there is a reduction, therefore, in the surface band gap energy from ~3.3 eV to ~2.6 eV.
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Figure 3. (a) STS I-V characteristics of batch B nc-TiOz film, (b)STS dI-dV characteristics of batch B nc-TiO: film
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AFM images showed more detailed topographical information of the two samples, making it possible to observe the
difference between them in term of pin holes, average diameter, and shape of nc-TiOoparticles. Figures 4a, 4b show the
AFM images of nc-TiO, films produced from batch A and batch B sol gel. The two films consist of nanoparticles partially
interconnected with each other. However, there are differences between them. For batch A nc-TiO; films, the small
particles have aggregated together to form larger particles ranging from ~120 nm to 150 nm in size and distributed
randomly over the surface of the nc-TiO; film. For batch B nc-TiO-films, the small particles have also formed larger
particles but with their size ranging from 200 nm to 225 nm, the particles are distributed uniformly over the sample area.

300.0 nm

0.0 1: Height 5.0 pm 2 1: Height
(a) (b
Figure 4. AFM topography of nc-TiO: film produced from (a) Batch A and (b) Batch B

Additionally, the batch A nc-TiO, films appear to have a large number of pin-holes in the surface compared with
batch BTiO; films. This difference may be illustrated by extracting a profile of the particles across the film. Figure 5
shows a profile for particles and pin-holes in the batch A nc-TiO; film. It reveals several gaps between the nano-particles
with the depth of the gap ranging from 80nm to100 nm.

Figure 6 shows a different profile for the batch B nc-TiO; film. The number of pin-holes was less than in batch B
nc-TiO; films produced from. It also shows the existence of gaps between nano particles which range in depth from 10 nm
to 30 nm and so much smaller than in the batch A nc-TiO; film.
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Figure 5. A profile of particles and pin-holes on surface of Figure 6. A profile of particles and pin-holes on surface of
nc-TiOz film produced from batch A nc-TiOz film produced from batch B

Optical transmittance spectra of nc-TiO; films produced from batches A and B is shown in Figure 7. The light
ransmission of the two nc-TiO, films was high for wavelength ranging from 720 nm to 500 nm. Below 350 nm,
transmission was very poor in keeping with the optical band gap of the films [14]. Thus, nc-TiO> film is an attractive
material to be used in solar cell fabrication since it allows visible light to pass through it with relatively little absorption.
The slight difference of transmittance between the two samples is probably related to differences in thickness and degree
of light scattering from the different morphologies.
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The properties of the interface between polymer hole conductors and nc-TiO; play an important role in converting
the light to photo current in metal oxide solar cell. Our measurements were made in air, the oxygen component of which
is known to dope P3HT [15] and scavenging electron from the surface of the nc-TiO, layer leading to the production Ti4+
upon exposure to air [8]. From STS measurements, the surface potential energy of batch B nc-TiO, film is ~2.6 eV while
batch A nc-TiO; film has surface potential energy gap energy of 3.3 eV similar to in the literature [13].

The lower value for batch B film
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P3HT/nc-TiO; solar cell.
Figure 7. Transmittance spectra of the TiOz films from batches A and B The latter results were confirmed by
studying the electrical power-voltage (P-V)
characteristics of typical solar cells fabricated from two different batches of nominally identical nc-TiO, sol-gel material.
Figure 9 shows that the batch A nc-TiO,/P3HT solar cells produces a high maximum electric power of 0.08 mW/cm? as
compared to 0.01 mW/cm? for the Batch B nc-TiO»/P3HT solar cells. Additionally, the range of operation of solar cells
starts from zero voltage to open circuit voltage, which was small in batch A nc-TiO,/P3HT solar cells. That indicates to

the difference in interfacial layers, which affect the generation of photo-current in the solar cells.
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! Figure 9. Electrical power versus voltage characteristics of batch
Fn/nc-TiO2/P3HT/Au solar cells

A and batch B nc-TiOz solar cells

These results agree with previous works that the control of electrical surface potential and morphology of nc-TiO,
could be used to enhance the performance of solar cells based on the nc-TiO; [9, 16, 17]. In this work, the more pine holes,
randomly shape, small size of grain and surface electric potential of 3.3 eV in batch A TiO; solar cell led to increase its
electrical power more than 8 times. It was ascribed to better adhesion of hole transport layer (P3HT) on the surface of the
nc-TiOzaccompaniedby P3HT's atoms easily penetrating through small pine holes distributed on the top of the nc-TiO,’s
surface. Additionally, the reduction of electrical surface potential of batch B nc-TiO, from 3.3 to 2.6 eV and the formation
of surface defects in nc-TiO; film decrease the efficiency charge separation and electrical power of batch B TiO» solar cells.

CONCLUSION
We have studied the surface electronic structure and morphological characteristics of the nc-TiO, films produced
from two different batches. The result shows differences in surface band gap and morphological characteristics of nc-TiO,
films. The batch A solar cells show best performance with high electric power of 0.08 mW/cm? while it is 0.01mW/cm?
for batch B solar cells. That is attributed to the small particles ranging from ~120 nm to 150 nm, large number of pinholes
in the surface and surface electric potential of 3.3 eV of batch A nc-TiO; films.
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BUKOPUCTAHHSI CIIEKTPOCKOIIT TA ONITUYHOT MIKPOCKOIIT
JJISI XAPAKTEPUCTHKHA TOHKIX IVIIBOK JIOKCUAY TUTAHY
Xmya Aas-IAmyp
Jenapmamenm izuxu, (paxyrbmem npupoouuuux Hayx, Yuicepcumem Myma, Myma, 61710, Hopoanis

V miif cTaTTi NpeCTaBICHO SISKTPOHHY CTPYKTYPY MOBEPXHI Ta MOP(OIIOTIUHI XapaKTePHCTUKH ITIBOK HAHOKPUCTAIIITHOTO TIOKCHITY
turany (nc-Ti0z2), OTpUMaHKX i3 JBOX Pi3HHUX 30JIb-TEJIB. 3a IOMOMOTOI0 CKaHyIOU0i TyHEJIBbHOI Mikpockomii/cnekrpockomii (STM/S)
Oyno BHsBIICHO, 10 4acTUHKK nc-TiO2, oTpuMani 3 maptii A, MaloTh HIMpUHY 3a00pOHEHOT 30HM Ha moBepxHi ~3,3 eB, Toxi sk
yactuHku nc-TiO2, orpumani 3 maprii B, MaioTs mmpuny 3a00poHeH0i 30HU Ha MOBEpXHI. ~2,6 eB. 3 iHmoro 60xy, 1piOHI YaCTHHKU
arperyBajy pa3oMm, o0 YTBOPUTH OiIbIII YACTHHKU Po3MipoM Bix ~120 uM 10 150 HM i po3MoIiieHi BUMaAKOBUM YHHOM IO TOBEPXHi
wiiBok naptii A nc-TiOz. s mniBok naptii B ne-TiO2 1piOHi 4acTMHKK yTBOPWIIH OLIbII YaCTHHKH, ane iXHil po3Mip KOJIUBAETHCS
Bizx 200 M 110 225 HM. 1le MosICHIOETHCS BIIMIHHOCTSIMH MK 30JIb-T'€JISIMH, 1110 BUKOPUCTOBYIOTHCS [T OTpUMaHHSI TIiBOK nc-Ti0z.
B pe3yibraTi mBOro eNEKTpUYHA TOTYKHICTh COHSYHUX eneMeHTiB Batch A nc-TiO2/P3HT 30inpmiena Oinmpmr HiX y 8 pasiB y
MIOPIBHSHHI 3 COHSIMHUMH eneMenTamu Bach B.

KonrouoBi cjioBa: HaHOKpHUCTATIYHMI TIOKCHJ TUTAHy; YaCTHHKH/INIWIBKY; ITOBEpXHEBa 3a00pOHEHA 30HA; IPOITyCKHA 3/[aTHICTH;
BuMiptoBanHs STS





