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1 Abstract

The optical properties of Titanium dioxide(TiO») thin films vary based on if the oxide is in an amor-
phous or crystalline state as well as the thickness of each film. When crystalline, TiO, can be formed into
three pol distinct polymorphs: rutile, anatase, and brookite. These crystalline phases are not present
in the amorphous state so knowing phases of amorphous precursors is valuable information. With re-
cent developments, known parameters can be used to create amorphous precursors that can have their
crystalline phases known before annealing these thin films as well as thicknesses. To determine these
optical properties, transmission and reflection spectroscopy was performed over the wavelength range
200 nm to 1000 nm.

Previous research had shown that absorption observed in the longer wavelength range (¢, 600nm)
was strong for brookite and rutile thin films. This was observed for TiO, thin films of different thicknesses
and different phase combinations. This paper expands upon these findings by exploring pure phase
TiO, thin films that possess similar thicknesses. This would try to account for the correct error when
determining absorption coefficients. Performing a Tauc Analysis would provide the bandgap energies
for these films.

The same observance of absorbance in the long wavelengths was found in the pure phase films.
Anatase absorbed very little with rutile absorbing the most and brookite slightly less. This follows the
reasoning that defect states found in the amorphous films are present with films of similar thickness and
in pure phase. The Tauc Analysis indicates that there is a decrease in energy for anatase and brookite
when modeling them as a direct bandgap. This discovery did not carry over to the indirect bandgap

analysis where on average the values remained the same.
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2 Introduction

2.1 Goal

Titanium Dioxide(TiO2) has been a widely studied in the material science community[1]. The ap-
plications vary from having self cleaning properties to being hydrophilic when lit up by UV light and
hydrophobic in a light deprived environment[2]. To make the oxide viable for commercial use, the band
gap, index of refraction and the allotropic forms must be fleshed out in understanding of how they work.
Depositing TiO» onto a substrate allows for easy analysis through either electrical or optical methods.
Creating samples of similar thicknesses and atomic orientation is very difficult. Janet Tate’s research
group, the Tate Lab have been working to determine a effective method for producing these TiO, where
we can predict the amorphous precursor’s for thin film samples before annealing them. The method
used by Okan Agirseven in the Tate lab for producing these thin films is RF sputtering currently[3]. Re-
cently he has managed to determine parameters to set where the amorphous precursors are known
ahead of time. This has allowed him to produce films of similar thicknesses made up of 100% of each
allotroptic form of TiO,. Patrick Berry performed transmission(T) and reflection(R) measurements for
films with some pure phase however these films were of different thicknesses[4]. The goal of this project
was to determine how the optical properties vary across the allotroptic forms when now being able to

produce them at the same thickness.

2.2 Optical Properties of Thin Films

RF Sputtering allow molecules to be deposited onto a substrate surface uniformly[6]. This uniform
deposition ensuring testing at any position along the materials surface provides similar results. TiO is
a oxide semiconductor that can be deposited with this technique, onto Silica (SiO) substrates. When
deposited onto Silica, the TiO»’'s molecular structure has long-range disorders. This is known as the
amorphous form of TiO2 Rearranging this state requires annealing the molecular structure reforming
the TiO, into a crystalline state in any variation of three polymorphs. These polymorphs include brokite,
rutile, and anatase as seen in figure 2.1 . Each one is made up of the molecule TiO, however their
geometric arrangement of Ti and O, will vary. Due to this chemical variance, the three polymorphs,

bandgap, transmission of light, reflection of light, and index of refraction will also differ.
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Figure 2.1: Polymorphous forms of Titanium Dioxide with the red dot representing the oxygen atoms
and the red the titanium atoms.[5]

RF Sputtering is a effect method for creating TiO, made up of a smooth layer with a combination
of any of the three polymorphs. The issue that has arisen is the amorphous precoursers of TiO, can
be made up of any random combination of brookite, rutile and anatase using modern methods. The
inability to make a sample with predetermined specifications prevents efficient analysis of TiO.. With
however recent developments as of Okan Agirseven, these amorphous precursors can be determined
before the process of anneal which reforms the disorder molecular chains to clearly organized long
order chains. Since each polymorph possesses different optical properties, creating parameters so for
example a sample is made of 100% of anatase would provide easy examination of how the bandgap

changes for a sample of 100% of brookite.

2.2.1 Refractive Index and Transmission and Reflection

All electromagnetic radiation propagates through a vacuum at the speed of light. As light approaches
a medium other than a vacuum, the speed decreases. This change in speed is classified by the Refrac-
tive Index, a ratio which takes the quotient of the speed of light in a vacuum divided by the speed in a

different medium.
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c is speed of light = 3 x 10® ™ and v is the speed of light through a medium. The value for n in is the
real component of the refractive index which is accompanied by an imaginary component « . Therefore,

the complex refractive index is,

N = Nypeql + 1K, (2)

The imaginary component « is the extinction coefficient which accounts for the attenuation as the light
travels through a new medium. An attenuation in optics is the gradual loss of intensity which the light
experiences. This attenuation includes the scattering of light and the absorption from the medium the
light travels through. TiO. for example contains an absorption between the wavelengths of 300nm to
400nm. This absorption is known as the bandgap which will be further discussed in a later section. The

drop of the flux density occurs as a rate of e!, where the wave travels the distance y

which is the penetration depth within the material[7]. For TiO,, this distance is big enough that the
material can be transparent as its thickness is much less in terms of length. To calculate the real part

of the index of refraction, an equation known as the Sellmeier equation can used to determine its value

B;)?
N =1+ 55 (4)

where B;j and C; are values that must be experimentally determined with varying A(wavelength) values.

The imaginary component can be found from

al
R = Ea (5)

where alpha is the absorption coefficient. Looking at the behavior of light interacting with a medium other
than a vacuum, there is absorption as well as the transmission of light and reflection. The transmission
of light is the amount of radiation that propagates through the medium and exits outside of the opposing

side. TiO, visually is clear to be transparent which allows a large portion of the light to transmit through.
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The rest of the light must get reflection after the incident light interacts with the medium. Combining
the absorption, transmission, and reflection should equal the flux before the light interacted with the

medium. T and R spectroscopy is a direct way that the transmission and reflection can be measured.

POSITION OF GRATING

NORMALWHEN 1 =D
AND LIGHT IS REFLECTED
IN ZERO ORDER.

D LiGyT

A POSITIVE
o ANCES

THE GRATING ANGLE & IS POSITIVE

THE ANGLE OF INCIDENCE 1 1S & + @ AND IS POSITIVE
THE ANGLE OF DIFFRACTION D 1S & - ¢ AND IS POSITIVE
THE ORDER IS &< sin @ x cos ¢ AND IS POSITIVE

Figure 2.2: Diffraction Grating of an Incident Monochromatic Light source[8]

Using diffraction grating, in figure 2.2, the incident light approaches the grating then once the two
interact, the light gets emitted back out into the medium. The angle the light hits the grating will deter-
mine the wavelength of light that gets emitted. For this project, by using this technique the wavelength

of light can be generated across a range of wavelengths.The incident light is made up of the T and R
I=T+R+A, (6)

where A is the absorption. This reflection and transmission data can then be plugged into a formula

confirmed by

=e ™, (7)

determining the « (absorption coefficient) and d (width of material) becomes doable once these trans-

mission and reflection values are found[9].

2.2.2 The Bandgap

TiO2 has a bandgap of 3.2 to 4.0 eV which is determined experimentally using spectroscopy. The

bandgap must be small enough that the electrons can transition from the valence band to the conduction
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band[11]. The valence band is the region where the electrons would be and when the energy needed

to leap to the conduction band is met, the empty “holes” in the conduction band are filled.

Conduction
-* Band
ey
o2
= = Band
8 g Gap
L e
I}
Valence Band

Figure 2.3: Bandgap in between the valence band and conduction band. The bandgap rising in terms
of electron energy expressed in electron volts

The electrons need energy to make the jump between the two bands as seen in figure 2.3. One
method is exciting the electrons by sending light to the semiconductor. This energy measured in electron
volts(eV) increases as you jump from the valence to the conduction band. Similarly in order to drop from

the conduction to the valence band there would need to be a release in energy. In certain cases this

energy comes off as photons of light.

2.3 Interference Fringes: Destructive and Constructive Waves

As light interacts with a new medium, the wave will either reflect off the medium’s boundary or trans-
mit through. The amount of light flux transmitted over the incident flux determines the transmittance.
The reflectance is the same except the ratio of the reflected lights flux and incident light is taken. In
figure 4, the electric field(Ey) travels in the same direction as the incident waveform. After interacting
with the first layer of TiO,, the reflected light will experience a = phase shift due to interacting with a

medium of higher index of refraction.
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Figure 2.4: Change==Light interacts with the TiO, sample first transmitting and reflecting off of the TiO»
sample. The transmission light interacts with the SiO, substrate transmitting once again with the light
reentering air and reflecting the other portion of light through the TiO, then out to air

Due to the phase shift the reflected light,there will be optical length difference(OPD. In equation 7,

the OPD is represented using the thin film seen in figure 2.4 for the first reflected light wave.

A = nTiOg (AB —|— BC) — (AD)TL(”»,- (8)

Expanding this to an m number of interference’s will result in equations 9 and 10. One where the
two waves interfere constructively seen in equation 9 and one where they destructive interfere seen in

equation 10 ¢

2nTiOzdcos(0y) = (m + %))\0 9)
2nTi02dcos(6;) = (m) g (10)

In experimental work these interference patterns will appear as fringes in the reflectance data. The
fringes with a maximum of reflectance will infer a minimum in the transmittance and visa versa. This

detail will important for analyzing the transmission and reflection data.
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3 Materials and Methods

3.1 Grating Spectrometer

The in house grating spectrometer Dr.Mclintyre’s lab measures the transmission and reflection of
incident light after passing through thin films. The spectrometer requires a xenon lamp light source
powered by a LPS 251 Lamp Power Supply. An ozone eater is attached to the rear of the lamp to
prevent ozone from leaking into the nearby environment caused by the ultraviolet radiation projected by

the lamp. The light from the xenon lamp, contains wavelengths from 185nm to 2000nm[10]. Realigning

Enclosed cyclinder which  Black Box with various

Light propagating from Iight__passes through r_nirro_rs inside that reflect
Xenon Lamp AN light filtered from the
AN grating to the thin film
X sample

Xenon Lamp

Plastic vaccum
hose to funnel
to ozone eater

Containment boxes with
0.25 micrometer grating
used to filter specific
light wavelengths

Figure 3.1: Broad view of spectrometer experimental layout

the grating angle to the incident light changes which wavelengths reflect from the gratings surface.
The first containment seen in figure 3.1, will filter out wavelengths except for ones between 200nm to
1000nm while the second filters out the light again by 1nm increments within the previously mentioned
range. Light enters the black box through a 13.6mm opening and then gets magnified by a convex lens.
A mirror redirects the light by 90 degrees in the counterclockwise direction.An iris is position afterwards
to alter the amount of area the light passes through a circular opening. Thin films are placed in a stand

and aligned with the light passing through the iris.
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Figure 3.2: Optical layout inside the black box including the 835 Optical Power Meter

The transmission and reflection of light were recorded in units of voltage with the Si-detector.To
properly quantify the data, the total voltage of light before any

To utilize this light for measurements, a optical power detector with a circular lens allows light to
transmit through which then travels through a fiber optic cable to a 835 Optical Power Meter. This setup
is seen in figure 3.2 where the power output was measured in terms of watts. This detector has two
positions, one for the transmission and one for the reflection of the thin films.To analyze this data, the
proprietary software known as LabVIEW is used to store the transmission and reflection data.Graphs

are plotted with this data in LabVIEW and also exported into an Excel notebook known as Index Calc

3.2 Error due to alignment

The majority of the spectrometer’s orientation remains fixed, however with each new film the light
reflected will produce a different reflection angle. The transmission is unaffected continuing along the
same path as the incident light. To account for this angle difference in each film, the stand holding the
TiO2 can be rotated horizontally and vertically. Aligning the reflected light with the detector properly is

imperative for consistent and accurate results.
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3.3 Index Calc

The transmission and reflection data collected from LabVIEW can be imported into a excel note-
book made by James Haggerty known as Index Calc. The main purpose of this notebook is to use the
transmission and reflection data to determine the thickness and index of refraction for TiO,. The reflec-
tion graph displayed in Index Calc places the experimental data along with a fitting curve. This fitting
curve is dictated by the fringes at different wavelengths as well as the thickness of the thin film. The
fringe values are recorded into the notebook and a guess for the thickness are the preliminary values
needed to approximate the fit. Two buttons control the first step of the fitting, first by using the fringes
to find a reasonable thickness and second doing the reverse. lterating over these two buttons over time

produces a better fit to the experimental data.

3.4 Tauc Analysis

To determine the bandgap values, a process known as a tauc analysis was performed. Figure 3.3
presents an example of the plots produced from the analysis. The curves change as a function of
energy in electron volts. The y axis is this energy multiplied by the absorption coefficient. For the direct
bandgap, the («E) value is raised to a half and for the indirect it was raised to 1. The linear behavior
seen in certain ranges of energy, is where a linear fit is placed and extrapolated to the x axis. This done
to determine the onset absorption which will occur just before the linear increase.

The urbach tail, which is the exponential portion of the curve to the left side of the linear absorption
curve. This portion can occur due to localized states that mix into the bandgap. This establishes the
reasoning for making the linear fit extrapolate before the exponential drop off which would provide a

inaccurate bandgap value.
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Figure 3.3
3.5 O, deficiency
Sample # Oz(at %) pO2
TiO2_S_065_Pre(rutile) 0.63 1.67
TiO2_S_065_Post(rutile) 0.65 1.67

TiO2_S_072_Pre(brookite) 0.64 2.86
TiO2_S_072_Post(brookite) 0.65 2.86
TiO2_S_085_Pre(anatase) 0.66 2.86

TiO2_S_085_Post(anatase) 0.65 2.86

Table 1: Thickness and bandgap for thin film rutile, anatase, and brookite samples

Using a electron probe micro-analyzer (EPMA), Okan Agirseven from the Tate lab was able to de-
termine the oxygen percentage portion for the thin films. Table 1 shows us that the O, was highest in
the anatase pure phase sample. With a higher oxygen content, there are less electron holes to be filled

up and absorbed.
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4 Results and Discussion

Transmission and reflection measurements were recorded for 24 samples of TiO, on a SiO, sub-

strate, which includes the amorphous and crystalline forms. Using T and R, the film thickness, index of

refraction at 633nm and the bandgap were all determined. The following plots and data will be labeled

in colors, blue for brookite, red for rutile and green for anatase polymorphs.

Sample # Minimization Parameters (X2[R], X2[T7)

Film Thickness(nm)

n @ 633nm Sellmeier error

050 _Pre

051_Pre

051_Post

052 _Pre

052_Post

053 _Pre

053_Post

054 _Pre

054 _Post

060_Pre

060_Post

065 _Pre

065_Post

068_Pre

068_Post

072_Pre

074 _Pre

074 _Post

077 _Pre

077_Post

085_Pre

085_Post

086_Pre

086_Post

0.22,0.31
0.9, 0.37
0.01,0.14
0.87,0.92
0.99, 0.64
0.48, 0.40
0.62, 0.52
0.83, 0.96
1.95, 2.21
0.81, 0.46
1.4,0.78
0.95,0.15
1.2,0.73
0.97, 0.50
0.8, 0.46
0.4,0.75
0.53, 0.30
0.98, 0.44
0.84, 034
0.88, 0.37
0.25,0.24
0.86, 0.29
0.69, 0.16

0.85,0.28

43.9

34.2

349

25

23.1

26

28.95

26

29.9

20

21

45.0

40.2

55.1

25.0

27.0

54.9

55.1

128.1

127.0

38.0

38.0

165.1

164.7

2.43

2.43

2.53

2.45

2.68

2.08

2.22

2.19

2.01

2.64

2.6

2.36

2.35

2.46

2.38

2.6

2.37

2.45

2.47

2.53

2.53

2.54

2.46

2.51

0.25

0.73

0.94

0.25

0.90

0.30

0.09

0.56

0.67

0.67

0.47

0.18

0.75

0.34

0.39

0.51

0.63

0.98

0.34

0.22

0.75

0.89

0.07

0.34

Table 2: Thickness and bandgap for thin film rutile, anatase, and brookite samples

Table 2 is the list of TiO, pre and post anneal samples, each had transmission and reflection mea-
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surements recorded over the wavelength range 200-1000 nm. The minimization parameters provide
a value to indict the amount of error when fitting to the transmission and reflection data. Values less
than 1 provide the best fit, between 1 and 2 is considered a good fit, and values over 2 indicate a bad
fit. The thicknesses varied on accuracy based on these minimization parameters. The refractive in-
dices were found from altering the sellmeier coefficants that makes up the sellmeier equation. A similar
minimization parameter was recorded for the sellmeier coefficients fitting the index of refraction curve
depicted by the fringe data input into Idex Calc. The thickness and refractive indices were compared

with ellipsometry data found by the Tate Lab from Joseph Kreb, which can be found in the appendix.

4.1 Transmission and Reflection

The calculated transmission and reflection measurements produced graphs as seen in figure 4.1
with sample TiO,_086_Pre. The expected corrected transmission should follow equation 6 where the
light exists in transmission, reflection or absorbance. This follows the law of energy conservation, where
all the energy before interacting with the system must be retained in the thin film through one of these
three behaviors. For Sample 86_Pre, between 200-320nm, around 30% of intensity from the reflection,
0% from transmission, indicating the remaining portion of light is absorbed. This area of high absorption
is where the bandgap exists. After this region, the reflection of light and transmission are much higher
with the absorption values dropping significantly as the wavelength increases to 1000nm. From Eqn 6,
% hovers at 90% of the raw intensity of light. Therefore we can conclude that a portion of the intensity
is absorbed however it is not due to the bandgap. One possible reason is the defect states present

could produce an absorption outside the bandgap.
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Figure 4.1: ;25 graph for all samples measured

The SiO, substrates were used due the samples low absorbance across the UV-VIS-NIR spectrum.
Looking at figure 4.2, the transmission hovers at 92% from 220nm to 1000nm and the reflection contains
the other 8% of light. Some noise appears between 200-220nm in the SiO; intensity plot. The intensity
exceeding 100% indicates a misalignment of the incident beam. If there was some absorption within
this region, that would carry over to the TiO2’s intensity plot seen in figure 7. So we can conclude that

the SiO, substrate has a negligible effect on the absorption seen within the UV-VIS-NIR spectrum.
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Figure 4.2: ;15 graph for all samples measured

Now that both the transmission and reflection behavior for the substrates and thin films are estab-
lished, we want to try and find some distinction between the films. The thickness, atomic arrangement,
and amorphous precursors are three physical properties that directly affect the optical properties. A
method for analyzing these affects is plotting the pre and post anneal ﬁ. These plots can be seen
in figure 4.3 and 4.4, where the rutile, brookite, and anatase are indicted as mentioned previously by
their distinct color choice. With the pre anneal samples in figure 4.4, we view a variety of samples
measured with clear curves with only visible noise in the rutile curve around 800-1000nm’s. There is a
clear trend of rutile samples transmitting less than brookite and anatase in the 350-1000nm wavelength
range. Brookite transmits better than the rutile sample and anatase overall has the best transmission in
this range.

After annealing the structure of the TiO> becomes highly ordered. In the post anneal seen in figure
4.4, we see the brookite samples increase in transmission in between 350-1000nm, going from around
95% up by about 3 to 5%. The only sample which still observes a high absorption in this range is
the rutile sample. In table 1 we observed the O, content increase for brookite and rutile films when

transitioning from amorphous to crystalline. The anatase films decrease in oxygen content, which at
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this moment we don’t have an explanation for.
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The correlation however between brookite and rutile growing in transmission as well as O, content
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seems to hold as a possible reason for the absorption observed in the 350-1000nm range. The crys-
talline films become more oxygen full therefore this causes a decrease in absorbance and a increase in

transmission.

4.2 Absorption Coefficient

In figure 4.5 and 4.6, we see the respective absorption coefficient values as a function of the wave-
length calculated with equation 7. We can more clearly distinguish the absorbance of each sample.
Anatase has values of absorbance coefficients ranging from 0 to 10,000 cm™. There is one sample,
60_Pre which most likely was not properly aligned during the experiment causing unrealistic behavior of
a negative coefficient number. The pre anneal brookite samples resided much higher betwen 10,000 to
40,000 cm™'. Rutile values were the highest go from 40,000 cm™ up to 110,000 cm™". These samples
were determined to be at a variety of thickness measurements however there are clear sections defined
for each polymorph. This indicates that the coefficents regardless of thickness are restricted to specific

values, only scaling up or down within this region by their thickness.
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Figure 4.6

4.3 Pure Phase Films

All the ﬁ curves shown so far are from samples with various thicknesses and phase fraction per-
centages. Samples 65, 72, and 85 were all produced with 100% phase refractions of each polymorph.
These curves in figure 4.7, were plotted with both pre and post anneal samples of TiO.. For sample
65, which was 100% rutile, the thickness measurements were 45nm for the pre and 40.2 for the post.
The anatase sample was 85, which for pre and post were both essentially 38nm. Due to the current
situation with the pandemic, sample 72 pre was only measured with no comparison to the post for this
analysis. With the brookite and anatase samples isolated around the same value thickness, the effects
of the thickness should be negligible to the curves. In this figure,it is more clear that rutile tends to
absorb around the 60-70% range for wavelengths 800-1000nm. The anatase samples were clearly the
least absorbent as expected with transmissions around 100% recorded for wavelengths 400-1000nm.
These plot show that when considering thickness independence, the phase each polymorph is made of

will affect the absorbance seen between 400-1000nm.
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Figure 4.7: % plots for samples 85 pre and post, 72 pre, and 65 pre and post. The expected trend is
that anatase transmits or reflects nearly 100% of light at wavelengths beyond the bandgap range(250-
350) followed by a slightly absorbent brookite than finally rutile absorbing the most past this. This also
helps further display the effects of O, deficiency on the absorbance seen outside of the bandgap.

4.4 Band Gap Analysis

A Tauc analysis was performed for each sample to find the indirect and direct bandgap values. The
goal was to formulate any unique behavior that occurred with the samples. In table 3, the calculated
values for each sample were found for all 24 samples. Initially the behavior seen was a decrease in
the bandgap energy was observed for the indirect and direct. Certain samples however experienced
a significant increase in energy after the annealing process. Only one direct bandgap sample, 86
increased from 3.9 eV to 4 eV. The indirect bandgap values were a mixture of increasing, decreasing,
and remaining the same. There was not clear distinction, unlike the direct bandgap with a clear decrease
on nearly all the thin films.

Sample 86 was the thickest film at 165.1 nm pre anneal, sample 77 however was also relatively
thick compared to the other films at 128.1 nm in the amorphous state and did not experience the same

increase. The other corresponding 100% anatase phase samples to 86, all decreased in energy after
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the annealing process. There was not any discernible property for samples which increased in energy
and those that decreased. None of the unique properties appeared to play a role including the thickness

and crystalline phase composition.
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Sample ID # Direct Bandgap(eV) Indirect Bandgap(eV)

050_Pre(95A,5B) 4.1 3.4
051_Pre(95B,5R) 4.1 3.5
051_Post(95B,5R) 4 3.6
052_Pre(98B,2R) 4.1 3.5
052_Post(98B,2R) 4.0 3.4
053_Pre(99.993A,0.007) 3.9 3.3
053_Post(99.993A,0.007) 3.8 3.4
054_Pre(96B,4A) 4.1 3.6
054_Post(96B,4A) 3.8 35
060_Pre(66A,33B,1R) 4.0 3.5
060_Post(66A,33B,1R) 3.9 3.5
065_Pre(100R) 4.2 3.6
065_Post(100R) 3.9 3.6
068_Pre(100A) 4.0 3.4
068_Post(100A) 3.9 3.5
072_Pre(100B) 4.1 3.6
074_Pre(90.5B,9.5R) 4.2 3.4
074_Post(90.5B,9.5R) 4.0 3.4
077_Pre(63B,37R) 4.1 3.5
077_Post(63B,37R) 4.0 35
085_Pre(100A) 4.1 3.5
085_Post(100A) 4.0 3.4
086_Pre(100A) 3.9 3.4
086_Post(100A) 4.0 3.4

Table 3: Direct and indirect bandgap results in terms of electron volts(eV). While a polymorph can only
possess either a direct or indirect bandgap, both were calculated as the mathematical process does not
dictate which bandgap the thin film has.
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Phase Anneal State

Direct Bandgap(eV)

Indirect Bandgap(eV)

Anatase-Pre

Anatase-Post

Brookite-Pre

Brookite-Post

4.0

3.9

4.1

4.0

Table 4

3.4

3.4

3.5

3.5

In table 4, there are the average bandgap values determined for the anatase and brookite thin films.

Rutile was not considered as there was only one sample, so a average would be nonsensical. The pre

annealed state films on average produced higher direct bandgap values than the post annealed films.

This behavior did not carry over to the indirect where the average was the same for pre to post for both

sets of samples. There is not any indication on why the small shift was present in the direct bandgap

analysis and not the indirect. The change could be related to the defect states which were shown to be

a possibly affecting the long wavelength regions however this is simply speculation.The presented data

does not provide enough evidence to determine the cause for the possible decrease in energy found

with the direct bandgap results.
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5 Conclusion

TiO2 has proven to be useful for its self cleaning properties, ability to repel water when under the
influence of ultraviolet light, and other uses. The process for developing TiO, onto SiO, did not have
a defined model for creating samples with known amorphous precursors. With recent developments
in the Tate lab, Okan Agirseven has developed a method for setting parameters to know the crys-
talline phase structures before the annealing process was performed on these films. By measuring
the transmission(T) and reflection(R) using T and R spectroscopy, within the ultraviolet to near infrared
range(UV-VIS-NIR), the thickness, absorption and refractive indices of the thin films were calculated.
These T and measurements were recorded for the sputtered amorphous precursors and the corre-
sponding crystalline films.

In the research preceding this project, Patrick Berry from the Tate Lab performed similar T and R
measurements for TiO thin films of various thicknesses and crystalline state phases. He was not able
to measure samples of the three pure phase polymorphs that all around the same thickness. With
this project, similar thickness films of pure phase were produced and measured for their T and R.
The absorption in the longer wavelength range( > 600 nm) observed was also seen in previous results
analyzed by Berry for mainly brookite and rutile samples.The current hypothesis is the oxygen deficiency
create defect states that cause absorption in these long wavelengths. Results for % indicate from pre
to post anneal there is a decrease in absorption as more oxygen vacancies are filled.

Oxygen deficiencies is a reasonable explanation, more samples of pure phases at higher thick-
nesses would both provide a more concrete understanding of this behavior. The bandgap was explored
for amorphous procurers and their crystalline form. Anatase films on average had a lower bandgap en-
ergy for the amorphous films for the direct and indirect bandgap compared to the brookite films. Rutile
was not considered as the sample size was not enough to determine an average. The direct bandgaps
experienced a average loss in energy from pre to post anneal. The indirect bandgaps experienced no
loss in energy from pre to post anneal. There was not a clear indication on why this occurred and further
research will likely provide a clearer explanation of this behavior observed. Overall, the goal to deter-
mine if similar thickness pure phase films produced results seen in previous research was a success

and is open for further developments to be explored.
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6 Appendix

6.1 Section 1: Ellipsometer vs Spectrometer Comparison
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