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Abstract 

Metal induced decrease of crystallization temperature of sol-gel derived titanium dioxide 

(TiO2) thin films is reported. It is shown that the Au induced onset of crystallization occurs at 

a temperature of 250
o
C as compared to 400

o
C when it is deposited directly on the same 

substrate. The crystallization process is probed using x-ray diffraction and confirmed by 

Raman spectroscopy. The onset of crystallization is evidenced by the appearance of the 

diffraction peak from the (101) plane of anatase TiO2 and the peak due to A1g + B1g Raman 

mode at 515 cm
-1

. Polarized optical microscopy and Raman imaging indicated that the spatial 

spread of crystallization across the surface of the film increases with increase in temperature. 

Unipolar Resistive switching is demonstrated by fabricating an Au/TiO2/Au stack, which 

shows formation at 9V, set voltage of 0.5V and reset voltage of 3.3V. The maximum set-reset 

resistance ratio achieved was 10
5
. The mechanism of resistive switching is established by a 

correlation with photoluminescence spectra which indicate the presence of defects that aid in 

the switching process.   

Keywords: Titania, metal induced crystallization, Resistive switching, photoluminescence  

1. Introduction 

Low temperature (i.e. temperatures < 400
o
C) crystallization of oxide thin films grown 

by chemical solution techniques is essential, since many electronic and optoelectronic devices 

are fabricated on substrates that cannot withstand high temperatures. For example,  decrease 

in crystallization temperatures of amorphous Silicon films has been achieved by techniques 

including excimer laser annealing,
1
 metal-induced crystallization (MIC)

2
 and electric field-

aided crystallization.
3
 In MIC, a thin layer of metal such as Ni, Cr, Al, Au or Sn is brought in 

contact with the amorphous Si film. This results in the reduction of the crystallization 
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temperature as a result of silicide seeding or layer excahnge.
4
 The driving force behind metal 

induced crystallization is the difference in the free energy between amorphous and crystalline 

phases of the material.
5
 Titanium dioxide (titania) has been one of the most prominent oxide 

materials for many years due to its application in diverse fields.
6–10

 More recently, there has 

been a resurgence of interest in TiO2 because of its resistive switching behavior and is one of 

the main contenders for next-generation non-volatile memory devices.
11,12

 In spite of the fact 

that the MIC process is well studied for amorphous silicon and the mechanism behind its 

crystallization is understood, there are very few reports of such studies in the case of oxide 

films.
13–16

Yang et al. have reported that Cu and Ni induced crystallization reduces the 

crystallization temperature by 30
o
C (from ~250 to ~220

o
C).

15
 Sarrano et al. have reported that 

the anatase to rutile phase transformation occurs at relatively lower temperatures in Ag doped 

Titania films.
17

 Perkas et al. have reported gold induced crystallization of SiO2 and TiO2 

powders at 80
o
C by insertion of Au nanoparticles.

18
 Clearly, there is evidence that metal 

induced crystallization can aid in lowering the crystallization temperature of TiO2. However, 

there are no reports of such studies on sol-gel derived TiO2 films. Low temperature synthesis 

of TiO2 films is important in the context of electronic and opto-electronic applications since it 

will enhance the possibility of fabricating such devices on substrates such as glass. The 

objectives of the present study are, therefore, to demonstrate (1) Au induced low temperature 

crystallization of sol-gel derived TiO2 thin films and (2) resistive switching in an Au/TiO2/Au 

memory device. X-ray diffraction, Raman spectroscopy, polarized light optical microscopy, 

Raman imaging and Photoluminescence (PL) have been used to confirm the crystallization of 

TiO2.  

2. Experimental 

Au films of 80nm thickness were deposited on a borosilicate glass (BSG) substrate by 

ion beam sputter deposition. The details of the Au film deposition are discussed elsewhere.
19

 

TiO2 sols were synthesized by the hydrolysis of alkoxides in alcoholic solutions in the 

presence of an acid catalyst. The procedure of preparation includes the dissolution of one 

mole of tetrabutyl-orthotitanate ((C4H9O)4Ti or TTiP (Aldrich Chemicals) in four moles of 

acetic acid (CH3COOH). One mole each of distilled water and Ethanol (C2H5OH) are added 

as solvents. This solution is transparent and ready for thin film deposition. The BSG 

substrates were ultrasonically cleaned in acetone and methanol, followed by rinsing in iso-

propanol and drying in a vacuum oven. The TiO2 thin films were spin coated (Spin 150-NPP) 
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at 3000 rpm, from the resulting sol, on the BSG substrates. The thickness of the films was 

measured after deposition using a surface profilometer (model XP-1 of Ambios Technology, 

USA). A series of BSG/TiO2 and BSG/Au/TiO2 stacks were heated to temperatures ranging 

from 200 to 500
o
C for 4hr in ambient atmosphere. The extent of TiO2 crystallization was 

followed in a powder x-ray diffractometer (CPS120 of Inel, France) equipped with a Co Kα 

X-ray source (wavelength = 0.178896 nm) and gas phase position sensitive detector. The 

Raman spectra were recorded in air using an Nd-YAG 532 nm laser in the back scattering 

geometry (model alpha 300 of WiTec, Germany). Polarized light confocal optical microscopy 

(POM) images were acquired at room temperature to probe the crystallization of TiO2 with 

annealing temperature. Plane polarized 532nm laser is focused by 100× objectives on to the 

sample and the reflected signal is collected through cross Polaroid configuration and sent to 

photomultiplier tube (PMT) detector. 500×500 points were chosen across the selected region 

over each sample. The laser power is maintained such that the PMT detector remains 

unsaturated. The surface features of the samples were imaged in a field emission scanning 

electron microscope (FE-SEM Model Ultra55 of Carl Zeiss, Germany). The 

photoluminescence (PL) spectra are collected in backscattering mode on 355nm diode laser 

excitation source based PL spectrometer (WiTec alpha 300 SNOM instrument) operated at 7 

mW. The Au/TiO2/Au resistive random access memory (RAM) device was fabricated by 

thermal evaporation and spin coating techniques. In brief, 80nm Au bottom electrode was 

deposited on BSG substrate by thermal evaporation. This is followed by the deposition and 

annealing of a 100nm thick TiO2 film, as discussed above. Top electrodes of Au of 1mm 

diameter were coated using shadow mask technique by thermal evaporation. The schematic 

representation of fabricated resistive RAM device is presented in the Fig. 1. Resistive RAM 

characterizations are carried out in a semiconductor device analyzer (Agilent B1500). 

3. Results and Discussion 

The sol-gel derived TiO2 thin films deposited directly on BSG substrates (referred as 

BT films in the rest of the paper) are transparent whereas the BSG/Au/TiO2 thin film stacks 

(referred as BAT films in the rest of the paper) are opaque due to the thin gold under-layer. 

The effect of annealing temperature on the crystallization of BT thin films is presented using 

X-ray diffraction and Raman spectroscopy in Fig. 2(a) and (b), respectively. The X-ray 

diffraction pattern of BT thin films displayed in Fig. 2(a) demonstrates that the crystallization 

is initiated at 400
o
C. The XRD pattern of TiO2 thin films annealed up to 300

o
C has a broad 
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peak centered on 2θ=26.5
o
, which may be assigned to the amorphous BSG substrate. At 

higher annealing temperature of 400
o
C, a strong broad peak centered on 2θ = 29.4

o
 which 

may be assigned to the (101) plane of anatase phase of TiO2 appeared. Additional faint peaks 

at 2θ = 36.9
o
 and 56.5

o 
are also indentified as belonging to the (110) and (200) planes of 

anatase phase of TiO2 (indexed according to the PCPDF file no- 89-4203). The intensity of 

the peaks increases with increase in annealing temperature to 500
o
C. From this study, it is 

observed that the onset of crystallization of the BT thin film in to the anatase phase occurs at 

400
o
C. The crystallite sizes of the samples annealed at different temperatures were derived 

from the full width half maxima of the intense (101) peak using Debye-Scherrer relation.
20

 

The calculated crystallite size is approximately same for samples annealed at 400 and 500
o
C, 

i.e. 9±2 nm. The modification of titanium alkoxide by chemical reaction, formation of 

intermediate complex ligands and the subsequent formation of TiO2 nanoparticles using 

Raman and IR spectroscopy techniques are commonly reported in the literature.
21

 The Raman 

scattering spectra excited by 532nm Nd-YAG laser, for BT thin films annealed at various 

temperatures is displayed in Fig. 2(b). The Raman spectra for the BT films annealed at 200 

and 300
o
C have a strong and broad band around 560 cm

-1
, along with weak bands at 456 and 

670 cm
-1

, which may be assigned to the intermediate ligand complex.
22

 This observation 

leads to the inference that the titanium alkoxide did not result in the formation of Titania up 

to an annealing temperature of 300
o
C. However, the spectrum for the film annealed at 400

o
C 

exhibited a dramatic change with the appearance of a new Raman band centered around 635 

cm
-1

. Significantly, there is a complete absence of the previously observed Raman bands 

indicating that the intermediate ligand complex has decomposed to form Titania at 400
o
C. 

The intensity of the band centered around 635cm
-1

 is strengthened for the film annealed at 

500
o
C, indicating the relatively enhanced TiO2 crystallization. This Raman band at 635cm

-1
 

can be assigned to the Eg mode of the anatase phase of TiO2. The anatase phase of TiO2 has 

six allowed modes (A1g + 2B1g+ 3Eg)
23

 at 143.4 cm
-1

 (Eg),196.2 cm
-1

 (Eg), 396.5 cm
-1

 (B1g), 

517.7 cm
-1

 (A1g + B1g), and 639.4 cm
-1

(Eg).
21,23

 The strong Raman band centered around 635 

cm
-1

 in BT films annealed at 500
o
C confirm that the TiO2 films crystallized in to the anatase 

phase. The shift in the peak position (~635cm
-1

) and broad peak width (~60cm
-1

) of the 

Raman band of anatase TiO2 Eg mode may be due to the particle size effect (9±2 nm). The 

phonon confinement model or spatial correlation model explains the correlation between 

particle size and phonon momentum distribution.
24,25

 Phonons are increasingly confined 

within the particle with reduction in particle size and hence the distribution of phonon 
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momentum increases. This phonon dispersion causes asymmetric broadening and may lead to 

a shift of the Raman bands.
24,25

 From a detailed study of XRD and Raman spectra, it is 

concluded that the onset of crystallization of BT thin films occurs at 400
o
C.  

The X-ray diffraction patterns and Raman spectra of the BAT films annealed at 

various temperatures from 250
o
C to 450

o
C for 4hr are compared in Fig. 3 and Fig. 4 

respectively. The XRD pattern of BAT films annealed at different temperatures have a set of 

strong diffraction peaks (shown in Fig 3(a)) which are identified as belonging to the thin Au 

layer. There is a weak diffraction peak at 2θ =30.9
o
 distinctly visible in the magnified XRD 

pattern in the range of 2θ= 28 to 34
o
 in Fig. 3(b). The intensity of this peak continues to 

increase with increase in annealing temperature and it can be assigned to the (101) plane of 

the anatase phase indicating onset of TiO2 crystallization at 250
o
C. Further, the BAT stack 

annealed at 400
o
C has an additional low intensity peak at 2θ =56.9

o
 which can be assigned to 

the (200) plane of anatase TiO2. From this observation, it is inferred that the TiO2 

crystallization is initiated at 250
o
C. This is in contrast to the BT films, wherein it was 

observed that onset of crystallization occurs at 400
o
C. Hence, the introduction of a Au metal 

layer decreases the crystallization temperature by almost 150
o
C. The crystallite size 

calculated from FWHM of (101) plane is 13±3nm for the BAT films annealed from 250 to 

450
o
C. No systematic change in the crystallite size is observed with annealing temperature. 

However, the size of crystallites is relatively larger in the case of BAT samples as compared 

to the BT samples. Similar observation of relatively long range crystallization is reported for 

Al/Sn induced Silicon crystallization.
 20,26

 The Raman spectra of BAT films annealed at 

different temperatures presented in Fig. 4(a) also confirms the argument drawn from XRD 

results. The Raman spectra of the BAT film annealed at 250
o
C (shown in Fig. 4(b)) has a 

diffuse and broad feature at 515 and 639 cm
-1

, which may belong to the TiO2 anatase phase. 

A relatively distinct and broad Raman peak centered around 639 cm
-1

 is recorded for the 

BAT films annealed at 300
o
C. With further increase in annealing temperature, the Raman 

modes of anatase phase of TiO2 at 391(B1g), 515 cm
-1

 (A1g + B1g) and 639.4 cm
-1

(Eg) become 

more intense. The increase in the intensity and decrease in the full width at half maxima of 

these three Raman modes with annealing temperatures indicates the increase in the 

crystallization of anatase phase of TiO2. A small shift in Raman modes for the sample 

annealed at 250
o
C can be attributed to the onset of crystallization and small particle 

dimensions. Further confirmation of TiO2 crystallization is derived from confocal POM 

micrographs depicted in Fig. 5 (a)-(d) for the BAT stacks annealed at a) 250, b) 300, c)350 
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and d) 400
o
C. The POM image of BAT stacks annealed at 250

o
C shows initiation of 

crystallization centers that are very small in dimension. At 300
o
C, there is growth of these 

crystal centers which are distributed across the surface of the sample with approximate 

dimensions in the range of 500 nm to 1 µm. The dimensions of the crystallized regions are 

found to increase with annealing temperatures at 350
o
C and 400

o
C respectively. This 

observation supports the inference drawn from XRD and Raman spectroscopy that the 

presence of Au induced lower temperature crystallization of the TiO2 films. To further 

investigate the two regions identified in POM, Raman imaging technique has been employed 

to investigate the nature of crystallization across the surface of the sample. A 25×25 µm
2
 

region was subjected to Raman imaging and 100×100 Raman spectra with spectral 

integration time of 3s were collected. The Raman image was extracted by selecting a filter 

across the Raman shift of 639 cm
-1

, which is the Eg mode of anatase TiO2 phase. The Raman 

images of annealed BAT films are shown in Fig. 6(a)-(d) for temperatures of (a) 250
o
C, (b) 

350
o
C ,(c) 400

o
C and (d) 450

o
C. The Raman image of BAT film sintered at 450

o
C extracted 

for the Raman shift at 0 cm
-1

 is presented in the Fig. 6(e). The Raman spectra of BAT film 

annealed at 250
o
C has circular bright regions of diameter approximately 2µm. The brightness 

of the circular region is proportional to the area under the Raman shift centered at 639 cm
-1

, 

which further indicates the extent of TiO2 crystallization. However, there are relatively less 

bright regions of the order of same dimension distributed across the Raman image which 

correspond to lower intensity of Eg mode peak. In contrast, the completely dark regions 

belong to amorphous part of the BAT film. For confirmation of this inference, the Raman 

spectra collected in dark and bright regions of the BAT film are presented in the Fig. 6(f). 

The dimensions and distribution of the bright regions increases with annealing temperature, 

which further confirms the inferences drawn from the XRD and Raman studies, discussed 

earlier. It was observed that the dimensions of crystallized regions obtained in POM and 

Raman imaging are slightly different. This is due to difference in the resolution and number 

of points collected across the unit region. Further, to verify that the Raman image is not 

influenced by artefacts in the morphology of the sample, the Raman image for the Raman 

shift centered at 0 cm
-1

 (i.e. Rayleigh scattering) for the BAT film annealed at 450
o
C was also 

extracted. It was indeed found that Rayleigh scattering is independent of the TiO2 phase 

present across the surface of the sample. However, the morphology of the sample may 

influence the Rayleigh scattering signal, due to fluctuations in the focusing point. The 

Rayleigh line Raman image of the BAT sample annealed at 450
o
C has no feature similar to 
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those observed in Fig. 6(d) for the Raman shift at 639 cm
-1

 for the same sample. From this 

observation, we confirm that the bright regions observed in Raman images Fig. 6(a)-(d) are 

purely due to TiO2 crystallized region. 

These observations indicate that the mechanism of Au induced TiO2 crystallization is 

similar to MIC in Au/Si
27

 and Ni/TiO2
15

 bilayer systems. In the Au/Si system crystallization 

of a-Si is initiated when Au intermixes with the Si. Au induces instability in the bonding 

character of the Si adjacent to the metal by screening the coulomb interactions by its mobile 

free electrons. This results in the reduction of activation energy for Si dissociation at the 

Au/Si interface which in turn leads to the release of Si atoms that migrate readily. These free 

Si atoms diffuse to interfaces of the intermixed region and get crystallized
27

. An analogous 

mechanism has been proposed by Yang et al. for Ni induced TiO2 crystallization, where at 

first the valence electrons of Ni are partially transferred to the anti-bonding orbital of Ti-O 

bonds in a-TiO2 to form a O-Ti-O-Ni network
15

. In the next stage, the annealing process 

breaks the weakened Ti-O bonds and activates the rearrangement of Ti-O bonds leading to 

the crystallization of TiO2. It is, therefore, postulated in the present case that the free 

electrons from Au are transferred to the adjacent Ti-O bond in TiO2. This process weakens 

the Ti-O bonds and further annealing process results in rearrangement of Ti-O bonds which 

leads to TiO2 crystallization.  

Before proceeding to device fabrication, the surface morphology of BAT samples 

were examined under FESEM and are presented in the Fig. 7 (a)-(d) for annealing 

temperatures of a) 300, b) 350, c) 400 and d) 450
o
C. A crack free, smooth and 

homogeneously spread morphology is observed throughout whole sample for all BAT films. 

Very tiny regions (grains) of few tens of nanometer with different contrast from its 

background, that are homogeneously distributed over the BAT film annealed at 300
o
C is 

recorded and is shown in Fig. 7(a). The dimensions of these grains are found to increase with 

increase in annealing temperature in Fig. 7(b)-(d). The morphology of BAT film annealed at 

450
o
C in Fig. 7(d) shows, the growth of very fine pores across the intersection regions of the 

grains. The current-voltage (I-V) and resistance-voltage (R-V) characteristic of an 

Au/TiO2/Au structure based on the BAT stack annealed at 300
o
C is presented in Fig. 8(a) and 

8(b), respectively. The inset in Fig. 8(a) shows that, as the voltage of positive polarity 

increases a sudden change in resistance was observed at 9.1 V and the resistance dropped to 

10 Ω from a value of 10
9
Ω (Fig. 8(b)). This voltage is called the formation voltage. The 

observed switching behavior is typical for a unipolar Resistive RAM device. A compliance 
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current of 10mA was set to avoid permanent breakdown of the device due to high current 

when it switched into the low resistance state. The device is reset, i.e. switch back from low 

resistance state (LRS) to high resistance state (HRS) at a positive voltage of 0.5 V and current 

of 44 mA. The reverse switching from HRS to LRS called set, was obtained at 3.3 V. This 

switching behavior is reproducible for a large number of cycles. The LRS and HRS resistance 

values are 10 Ω and 1 MΩ (from Fig. 8(b)) leading to a HRS to LRS resistance ratio of five 

orders. These values are comparable to those reported in literature.
28

 

To determine the mechanism of switching in these films photoluminescence (PL) 

spectra were recorded, since they are very sensitive to the presence of defects. The PL spectra 

of BAT films annealed at various temperatures, for the excitation wavelength of 355nm and 

collected at ambient room temperature are presented in the Fig. 8(c). The electronic band 

structure of TiO2 possesses a highly ionic lattice with the valence band composed of oxygen 

2p orbital and the conduction band consists mostly of excited states of Ti
4+

. It has been 

reported earlier
29

 that there is an excitation peak at 380nm for a polycrystalline TiO2 due to an 

O
2-

→Ti
4+

charge-transfer transition within a regular titanate octahedron. In general, the PL 

spectra of TiO2 have contributions from (1) exciton emission, which is due to the transitions 

of electrons from the conduction band to the valence band and (2) the transition of electrons 

from the defect energy level to the valence band. From electronic band structure calculations 

exciton emission is expected to lie in the wavelength range of 380-390 nm, located in the UV 

region, while the defect energy levels lie in the wavelength range between 400-600 nm 

located in the visible region.
30,31

 The BAT stack annealed at 250
o
C has no significant PL 

emission. In contrast, a diffuse broad emission was recorded for the film annealed at 300
o
C. 

The intensity of the PL emission spectra and different contributions to the emission peak are 

well resolved with increase in annealing temperature. The BAT stack annealed from 300
o
C to 

450
o
C has emission peaks at 422, 434, 468 and 515nm. The emission at 422nm can be 

assigned to the Wannier-Mott free excition emission, which predominates in semiconductors. 

Wannier-Mott excitons are described as electron-hole pairs that are free to hop between 

different crystal sites by exceeding the strength of their Coulomb coupling. Due to this 

reason, Wannier-Mott excitons possess relatively lower binding energy and hence the 

emission in our case (422nm) is red shifted relative to electron band structure calculations 

(388nm). Similar observation of Wannier-Mott excitons emission at 412 nm
32

, 418nm
33

 for 

titania has been reported earlier by other workers. The emission at 434 nm is situated at about 

~650 cm
-1

 which is lower in energy to exciton emission. This shift is in good agreement with 
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the phonon shift of ~640 cm
-1

 for Eg mode.
21

 Therefore this emission is attributed to the 

phonon repetition of free excition line. Similar phonon repetition emission line has been 

reported by  Hart et al.
32

 The emissions at 468nm and 515nm are assigned to the emissions 

due to oxygen vacancy-defect energy level transfer. Two kind of oxygen vacancies exists in 

titania, one is the neutral oxygen vacancy which emits at 465nm and the other is an oxygen 

vacancy losing an electron which emits at 515nm 
31,34

. In general, the defect energy emission 

will dominate over the exciton emission and will strongly depend on a number of processing 

parameters. It can, thus, be inferred from the PL spectra that the titania films in the present 

case have a large number of defect states which provide the flexibility to tailor the switching 

properties as desired. Thus, the combination of low temperature crystallization and favorable 

switching properties makes the approach used in the current study very attractive for 

applications.  

4. Conclusions 

The lowering of crystallization temperature of Titania film by contact with Au layer is 

reported. The BSG/TiO2 films are crystallized at temperature starting from 400
o
C, in contrast 

to TiO2 deposited on an Au coated BSG substrate which showed an onset of crystallization at 

250
o
C. Thus, we conclude from our work that the thin Au layer has brought down the 

crystallization temperature of Titania film by 150
o
C. The crystallized BSG/Au/TiO2 exhibit 

good resistive switching and photoluminescence characteristics which are suitable for 

technological applications.  
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Figure captions: 

 

Figure 1:  Schematic representation of Au/TiO2/Au resistive RAM memory device. 

Figure 2: (a) X-ray diffraction pattern and (b) Raman spectra of BSG/TiO2 (BT) films 

annealed at different temperatures. 

Figure 3:  (a) X-ray diffraction pattern along with (b) the magnified 2θ region for 

BSG/Au/TiO2 (BAT) films annealed at different temperatures. 

Figure 4:  (a) Raman spectra of BSG/Au/TiO2 (BAT) films annealed at different 

temperatures along with (b) magnified Raman spectra of BAT film annealed at 

250
o
C. 

Figure 5:  Polarized light confocal optical micrographs of BSG/Au/TiO2 (BAT) films 

annealed at (a) 250
o
C, (b) 300

o
C, (c) 350

o
C and (d) 400

o
C. 

Figure 6: Raman image extracted for the Eg Raman mode at 639cm
-1

 for BAT films 

annealed at (a) 250
o
C, (b) 350

o
C, (c) 400

o
C, (d) 450

o
C, (e) Rayleigh line (0 

cm
-1

) Raman image of BAT film annealed at 450
o
C, (f) Raman spectra 

collected in the bright and dark region of the Raman images (a)-(d) 

Figure 7:  Field emission scanning electron micrographs of BSG/Au/TiO2 (BAT) films 

annealed at (a) 300
o
C, (b) 350

o
C, (c) 400

o
C and (d) 450

o
C. 

Figure 8:  (a) Current-Voltage and (b) Resistive-Voltage characteristics of Au/TiO2/Au 

resistive RAM device fabricated at 300
o
C; (c) Photoluminescence spectra of 

BSG/Au/TiO2 (BAT) films annealed at different temperatures. 
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Schematic representation of Au/TiO2/Au resistive RAM memory device.  
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(a) X-ray diffraction pattern and (b) Raman spectra of BSG/TiO2 (BT) films annealed at different 

temperatures.  

251x112mm (150 x 150 DPI)  
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(a) X-ray diffraction pattern along with (b) the magnified 2θ region for BSG/Au/TiO2 (BAT) films annealed at 
different temperatures.  

259x112mm (150 x 150 DPI)  
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(a) Raman spectra of BSG/Au/TiO2 (BAT) films annealed at different temperatures along with (b) magnified 
Raman spectra of BAT film annealed at 250oC  
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Polarized light confocal optical micrographs of BSG/Au/TiO2 (BAT) films annealed at (a) 250oC, (b) 300oC, 
(c) 350oC and (d) 400oC.  
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Raman image extracted for the Eg Raman mode at 639cm-1 for BAT films annealed at (a) 250oC, (b) 
350oC, (c) 400oC, (d) 450oC, (e) Rayleigh line (0 cm-1) Raman image of BAT film annealed at 450oC, (f) 

Raman spectra collected in the bright and dark region of the Raman images (a)-(d)  
265x178mm (150 x 150 DPI)  
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Field emission scanning electron micrographs of BSG/Au/TiO2 (BAT) films annealed at (a) 300oC, (b) 350oC, 
(c) 400oC and (d) 450oC.  
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(a) Current-Voltage and (b) Resistive-Voltage characteristics of Au/TiO2/Au resistive RAM device fabricated 
at 300oC; (c) Photoluminescence spectra of BSG/Au/TiO2 (BAT) films annealed at different temperatures.  
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