Measuring the Electronic Properties of

Thin-Film TiOs Polymorphs

Kelda Diffendaffer
Adviser: Dr. Janet Tate

Oregon State University, Physics Department

5/23/2019

®

1 Abstract

There are many factors that affect the resistivity of a TiO, thin film,but the
most important one is the presence or absence of oxygen vacancies, which is
controllable through the partial pressure of oxygen during sputter coating.
To accurately measure TiOy’s electrical properties (such as its Hall coeffi-
cient, carrier type, carrier density, etc), we must have a resistivity below 400
mohm cm. This will occur when the TiO5 is underoxygenated, or TiOs_,.
Brookite is especially difficult to measure, as underoxygenated brookite eas-
ily becomes rutile instead. Further study is necessary to determine how to

make underoxygenated and pure brookite.
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2 Introduction

TiO, is a simple oxide system, with three common metastable polymorphs:
rutile, anatase, and brookite. The conditions that lead to the synthesis

of one polymorph over another are mysterious, particularly in the case of



brookite. Previous research by this group (V®) indicates that the amount of
oxygen present during the synthesis conditions strongly affects which poly-
morph is formed, with rutile being formed with thicker films with less oxygen,
while anatase is formed with more oxygen (with brookite forming somewhere
around the middle). However, using oxygen to select for a polymorph leads
to challenges in determining the electrical properties of the polymorphs.

When stoichometrically pure, TiO5 is an electrical insulator, with strong
bonds and no carrier motion of any kind. However, TiO,_, is generally
an n-type semiconductor ), which means that electrons are the majority
charge carriers. Oxygen vacancies are the cause of these extra electrons in
the conduction band, and the more oxygen vacancies a sample of TiOs has,
in general, the more conductive we expect the material to be. Adequate
conductivity is vital for accurate measurements of the electrical properties of
the materials.

To measure the electrical properties of the material, we need to isolate
the effect that the polymorph has on the resistivity, carrier concentration,
Hall coefficient, etc. In this thesis, I will attempt to isolate the effect that
specific polymorphs have on the electrical properties of a thin film of TiO,_,.
I will also detail the other factors that must be accounted for when measuring
a thin film of TiO,_, and their expected effects, in the hopes that further
research will be able to effectively determine the effect of specific polymorphs
on the electrical properties of TiOy. For the method of polymorph selection
through oxygen levels present during deposition to be successful - not just

for TiO,, but other oxide systems as well - this must be well understood.
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Figure 1: Geystategraphy of TiO,. Brookite is easily distinguishable from

rutile and anatase. In this model, blue atoms are titanium, and red are
oxygen.

2.1 The TiO; Polymorph System

TiOy is a useful material, with applications including pigments, semicon-
ductors, reflective coatings for dielectric mirrors, and, most interesting to
researchers, as a photocatalyst. Nanosized titanium dioxide (both in a thin
film and a nanoparticle form) acts as a catalyst for a reaction that absorbs UV
light and, in the case of TiO,, generates free radicals which oxidize the target
material. This phenomenon can be used for many self-cleaning, sterilizing,
hydrophobic, deodorizing, anti-fouling, anti-fogging, and pollution reducing
coatings (Y. However, photocatalytic activity is not equally present among
the polymorphs of TiOs,.

There are three relatively stable forms of TiO,: rutile (tetragonal), anatase
(tetragonal) and brookite (orthorhombic). See figure 1 for more details. At
all temperatures and pressures, anatase is less stable than rutile, and brookite
is even more unstable ®. While antase and brookite are metastable, when
heated to around 600° C, anatase converts to rutile irreversibly. Brookite

is even more unstable than anatase. Over the last few decades, thin films
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Figure 2: Visualization of the relationship between thickness, oxygen pressure
(pOs) during deposition, and the TiO, polymorphs formed after annealing
at 400° C. The location of the circles indicates film thickness and pO, during
deposition, while the coloring indicates the fraction of each polymorph formed
after crystallization. Red indicates rutile; green indicates anatase and blue
indicates brookite. 2

of mixes of polymorphs including brookite have been produced but until re-
cently, few pure thin films could be produced to study. Most of the techniques
for creating thin films result in anatase. Takahashi et al. were among the
first to prepare almost pure brookite films with vapor phase decomposition
of tert-butyl titanate (®). Since then, many have synthesized brookite with
methods ranging from PVD (physical vapor deposition) to hydrothermal syn-
theses. However, while many have had success in producing brookite films,
the mechanism for stabilization of this metastable polymorph is unclear.

In 1956, Mashio et al. published a paper on the photocatalytic behavior

of TiO5. They concluded that, in nanoparticle form, anatase was the most ef-



ficient photocatalytic form of TiO, (V). However, later research showed that
the inclusion of brookite in samples of antase boosted the photocatalytic
effect of the material . Nanocrystalline brookite particles have been ana-
lyzed and found to be comparable and perhaps superior to nanocrystalline
anatase as a photocatalyst. Research into brookite-rich thin films is rarer,
but brookite-rich thin films were found to behave in ways largely consistent
with better performance as a photocatalyst than anatase films (©.

Brookite is therefore an understudied and promising material, but it has
proven difficult to synthesize. A paper published by the Tate group earlier
this year sheds light on why - see figure 2. Brookite forms reliably only in a
narrow range of parameters. This presents additional problems for control of
oxygen vacancies - too much or too little oxygen during synthesis can easily
cause rutile or anatase to form instead of brookite, or for a mixture to form
(which presents uniformity problems during measurement)®. Ideally, we
would like to be able to synthesize pure brookite thin films with the amount

of oxygen vacancies that we desire.

2.2 Electrical Properties Relation to Thin Film Syn-

thesis

Stoichiometric TiO, is an electrical insulator when in crystalline form. Tita-
nium bonds with the oxygens strongly, and this results in no carrier motion
between atoms. TiO,_, is deficient in oxygen, and thus the titanium atom
has extra electrons in its conduction band, from the unsatisfied bonds pre-

viously filled by oxygen. These electrons are available to be carriers, and



transfer from titanium atom to titanium atom, in search of a hospitable lo-
cation. The more oxygen defects a given polymorph has, the more we would
expect it to conduct.

The predominant defects in high purity single-crystal TiO, have been
determined to be oxygen vacancies *). (Interestingly, however, very oxidized
TiO9,, pure crystals display p-type behavior. We did not observe this, nor
would we expect to, as this occurs only in extremely oxidized samples ()7,
Technically, TiO, is an amphoteric semiconductor, but we will only consider
n-type situations.) The conductivity of TiOs can be tuned by controlling
these vacancies, and this has been done in a variety of other forms such as
nanowires and resistive switching devices ®©).

Besides the oxygen vacancies, there are other factors that affect the resis-
tivity of the material: phases, grain boundaries, and the overall crystallinity.
We believe that the phase of the TiOs (rutile, anatase, or brookite) matters
to the conductivity of the thin film, but data on this is difficult to find, espe-
cially isolated from other effects on conductivity. It is difficult to make high
quality, pure thin films of specific polymorphs, so there is a second effect
we need to consider when determining their electrical properties, which is
the geometries of mixed phase samples. Chunks of an unwanted phase could
disrupt the flow of current within the sample. Amorphous samples, on the
other hand, will not have much in the way of crystal grain boundries as com-
pared to a fully crystallized mixed-phase sample. Within grains however,
better crystallinity increases the mean free path which means a decreased

resistivity.



2.3 Electrical Properties: What to Measure

The simplest electrical property we can measure is the resistivity (p). We
put current through the sample and measure its resistance, then compensate
for the geometry of our sample and various errors that may occur due to
imperfections in the material. The resistivity measured is a fundamental
property of the material and not dependent on the size and shape of the
sample.

The three most interesting and useful electrical properties of a material
are the carrier density, mobility, and the carrier type, all of which are more
difficult to measure. Carriers can be of two types (or a mix of the two):
electrons or electron holes. These correspond to p and n type semiconductors
respectively. Carrier density refers to the number of carriers per a unit of
volume, and the mobility refers to how easily the carriers move through the
material. The more carriers are available to carry charge or the higher the
mobility, the more conductive the material is. Determining these values is
not as simple as determining resistivity, and we must apply something called
the Hall effect to this problem. See figure 3.

When a magnetic field is applied perpendicularly to an electric field, the
magnetic field exerts a force on the carriers and pushes them in a direction
that is dependent on the type of carrier the material has. This is known as
the Hall effect, which is really based on the Lorentz force. When an electron

moves in the direction of the current flow, it experiences a force (F,,):

— —

Fm:_qU_L}XB <1)
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Figure 3: Diagram of the Hall Effect. The magnetic field, applied perpendic-
ularly to the current flow, causes a voltage, due to the Lorentz force pushing
carriers either with or against the arrow labeled F,,.

Where 0y is the drift velocity of the carrier 9. Pushed by this force,
charge carriers are pushed to the edge of the sample. If the charge carriers
are holes, there will be a build up of positive charge pushed in the direction
of an, and corresponding negative charge will build up on the opposite edge.
If the charge carriers are electrons, the build up of charge will be negative,
and the resulting Hall voltage will be opposite in sign, when compared to the
case with holes as the charge carriers. Some additional mathematics allows
us to relate the sign and magnitude of the Hall voltage to the charge density,
carrier type, and the mobility.

With these values, we know a great deal about the nature of the material

we are measuring.
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Figure 4: A summary of the production and measurement process. Alternate
methods of deposition are possible, and amorphous samples are measured the
same way as crystalline TiO, samples are.

3 Methods

The data-gathering process can divided up into 5 steps: synthesis of amor-
phous samples, conversion to crystalline forms, preparation for measurement,

measurement, and analysis. An overview of the process is shown in figure 4.

3.1 Synthesis

Samples consist of a thin film (15 - 60 nm) of TiOy on glass (a-Si02, GM
associates).These are produced via RF sputter deposition, which provides

good uniformity, smoothness, and highly controllable thickness. Sputtering

10



is a high energy deposition technique which uses molecules of an inert gas
(argon in this instance) to transfer energy to a target of material, removing
particles of the material (in our case titanium). Ionized argon strikes the
titanium metal target, pulled in by a RF voltage applied between the target
and the substrate. The ejected titanium particles fly off from the target in
every direction, coating the inside of the chamber, and thereby the sample,
with titanium. These particles often retain a high mobility when they strike
the substrate, leading to an increase in crystallinity in the sample (increasing
the structure in our ’amorphous’ films). The presence of oxygen gas in the
system causes us to deposit an oxide of titanium, rather than pure titanium.
This coating varies from completely transparent to a dark and shiny gold
color (see figure 5).

After cleaving into an appropriate size (about 1 cm?), these ’amorphous’
samples can be prepared for measurement, but to compare the amorphous
precursor films to the crystalline results, half of each sample is rapidly an-
nealed (using an AET Thermal RX thermal annealer) in flowing nitrogen at
400 °C for varying lengths of time. These samples are then cleaved as well,
and prepared for measurement.

It is important to note that, during synthesis, the partial pressure of
oxygen is varied to provide a rough control of z, in the formula TiO,_,.
Lower pO2 corresponds to higher x, and higher pO2 corresponds to lower
x. Additionally, during annealing, oxygen content was intended to be held
constant, but the nitrogen flush is imperfect, and can allow some oxygen to

be added to the sample.
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Figure 5: Samples of TiO,, from left to right: 1 - Sample mounted onto sam-
ple board, 2 - sample with contacts attached, and 3- a cleaved but untouched
sample. The third sample’s color is indicative of a highly conductive rutile
sample, while the other two are nearly clear, and are likely to have a lower
conductivity.

3.2 Preparation for Measurement

Our samples are measured two primary ways: optically and electrically.
While thickness can be estimated based on synthesis conditions, thickness is
verified optically by measuring reflectance and transmittance, then analyzed
with LabSpec 5.0 and SCOUT. Thickness can also be verified with EPMA
profilometers. Raman spectroscopy (Horiba Jobin-Yvon LabRam800) is the
primary tool for determining the phase of the material.

To accurately measure electrical properties, we must make indium con-
tacts on the thin film. This is done with a soldering iron set at 230 °C. A
dab of pure indium solder is melted to the contact pads on the measurement
card, which simply allows us to measure between contact points swiftly and
accurately. Another dab of indium solder is added to the sample. On the
film itself, our contacts must be very small, around 20 microns in our case,
as close to the edges of our sample as possible, and equidistant from each
other. A nickel chromium wire (Tophet A), is then used to attach the indium
contacts to contact pads on measurement boards for the Lakeshore 7504 Hall

Measurement System (HMS).

12



Using the Lakeshore Hall system, we pass current through the material
and measure the resultant voltage accurately, while varying the magnetic
field. This allows us to calculate the resistivity of the material, doping type,
sheet carrier density and the carrier mobility. Given the imperfect shape
of our sample, a rough rectangle, we apply van der Pauw’s method. This
method has four conditions: the contacts are at the circumference of the
sample, the contacts are sufficiently small, the sample is homogeneous in

10) Error is in-

thickness, and the surface does not contain isolated holes
troduced by large contacts on the order of D/L, where D is the average
diameter of the contact and L is the distance between them, so just from our

minimized contact size (D = 20 p m, L = 1 cm), we can expect error on

the order of 0.2.

3.3 Measurement

We use a Lakeshore 7504 Hall Measurement System (HMS). It is capable of
measuring the Hall coefficient, carrier density, and resistivity of the material.
It consists of an electromagnet (which produces up to 8.0 kG in its current
configuration), a constant-current source (Kiethley 220 Programmable Cur-
rent Source with a Kiethley 465 Autoranging Picoammeter for accuracy),
a high input impedance nanovoltmeter (Keithley 2182 Nanovoltmeter), and
software to compute properties of the material from simple measurements.
Four leads are connected to four contacts which fit van der Pauw’s criteria,
see figure 6. They must be considerably smaller than the sample length,

equidistant from each other, close to edge but not touching it, and the contact

13
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Figure 6: Contact Placement on Sample.

must be ohmic.

This allows us to pass a constant current in through any two points we
choose, and to measure the resulting voltage through two other contacts.
By applying van der Waal’s formula and then the mathematics necessary to
determine the Hall coefficient, we can determine various properties of the
material.

We first need to define several parameters:
e p = sample resistivity (in © cm)

e d = conducting layer thickness (in cm)

®

) e [15 = positive DC current [ injected into contact 1 and taken out of

contact 2. Likewise for o3, I34, etc.

e V15, = DC voltage measured between contacts 1 and 2 (V; — V3). Like-

wise for Vag, Va4, etc.

Ideally, the sample will be internally consistent (ie single phase or amor-

phous), totally uniform, and with completely ohmic contacts. This is never

14
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Figure 7: Four terminal resistance, shown with an applied current I34 and a
measured voltage of V) .

the case, so we check for consistency by measuring the material with dif-
ferent geometries. The procedures followed are detailed by NIST () and
seem complex but arise from a simple concept: given a uniform material, the
orientation of the measurement with respect to the sample should not mat-
ter. Therefore, we can obtain more accurate data by measuring the sample
with the current and field reversed, or from opposite contacts. Any constant
offset in the voltage measured will not reverse with the change in orientation,
and can be identified through this. There are many ways that errors in the
voltage measured can creep in. For instance, a temperature gradient in the

material will introduce a Seebeck voltage, so temperature must be stabilized.

3.3.1 Resistivity

Measuring the resistivity of the material does not require a magnetic field,
though including the effects of a magnetic field will inform us if it is a mag-
netoresistive material. First, we measure four-terminal resistance (see figure
7 ) for all possible orientations, given that the terminals we measure voltage
from cannot be the same as the terminals we put current into (excluding

diagonal connections, like Vi3).

15
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This gives us eight measurements of voltages, which corresponds to eight

values of resistances:

R21,34 - ‘/534/]21 <2>

Once the resistance has been calculated with each geometry, we can cal-

culate the characteristic resistances.

Ry = (Ra134 + Ri243 + Raz o + R3s21)/4 (3)

Rp = (Rsg41 + Ros1a + Ris23 + Ra132) /4 (4)

These characteristic resistances can be used to calculate the sheet resis-

tance (Rs) by applying the van der Pauw equation:

e(=mRa/Rs) | (-mRp/Rs) _ q (5)

A numerical solution to this equation is used, and all calculations are
automatically performed by the Lakeshore HMS software. Using the optical
measurements for the thickness (or our estimates based on highly predictable

deposition rates), we can calculate the bulk resistivity:

This is independent of the sample geometry and size, and is an important

property of the material itself.
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Figure 8: Example of four terminal resistance, for hall effect measurements.

3.3.2 Hall Measurements

Unlike the resistivity measurements, the Hall measurements require a strong,
precise and controllable magnetic field. As described earlier, the Hall voltage
arises from the application of a magnetic field perpendicular to the flow of

current. To explain the procedure, we must define new terms:

e B = a constant and uniform magnetic field intensity, applied parallel to
the z-axis (so, the magnets are parallel to the surface of the sample).
B is positive when the field points in the positive z direction, and
negative when it points in the negative z direction. B must be uniform
and constant within 3% and within a few degrees of exactly parallel for

our data to be accurate.
e d = conducting layer thickness (in cm)

e Vo _p = Hall voltage, measured between terminals 1 and 2 with a

(D negative magnetic field. Likewise for Vasn, V34 _p, etc.

o V5 p = Hall voltage, measured between terminals 1 and 2 with a

17
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positive (P) magnetic field. Likewise forVas 4, Va4 45, ete.

First, we apply a positive magnetic field, B. We apply a current diago-
nally across the sample (see figure 8 ) and measure the voltage across the two
remaining terminals (for example, inputting I3 and measuring Va4 +p5). We
then flip the current’s direction (from I3 to I3, for example), and measure
the Hall voltage again, from the opposite direction (from Vay 15 to Vio 45).
We then flip the locations of the input and output terminals, and repeat the
measurements. Finally, we repeat the process with the field direction flipped.

This results in eight measurements of Hall voltages, which can be used
to determine the sample type (n or p) and the sheet carrier density ns.
The carrier type determines the sign of the Hall voltage (depending on if
the charge carriers are electron holes or electrons), and the carrier density
determines the magnitude of the Hall voltage. The more charge carriers there
are, the stronger the Hall effect is.

The sample type is determined by the sign of V,;, with positive being

p-type and negative being n-type.

Var =Ve +Vp + Vg + Vi (7)
Ve =Vau1—Vou_ B (8)
Vb =Visyp — Vio—p (9)
Ve=Vis+p—Vis_B (10)
Ve =V3148 — V31_B (11)

18



The sheet carrier density (in cm™2) is calculated for p-type with:

IB
ps =8x107° 12
qVau (12)
And for n-type:
IB
ne = 8% 1078~ 13
| q%ﬁ (13)

Where [ is the input dc current in amperes. Specify units of ¢, V, B
The bulk carrier density (in cm ™) can be calculated from the sheet carrier
density, if we know the thickness of the conducting layer.
n=— (14)
p=" (15)

Finally, we can calculate y, the Hall mobility (in em?volts~'sec™!).

1
qns I

p= (16)

This requires us to know the sheet resistance, which we determined earlier

with resistivity. (O
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4 Results

4.1 Electrical

Thirty nine samples were measured, but resistivity was measurable for only
eighteen. Of those eighteen, only eight had a high enough signal for the Hall
effect measurements that those were measurable (that is, enough carriers
that the effect of the magnetic field would be measurable). See figure 9 for
these fully measurable samples.

More samples were measurable for just resistivity. These are included in

figure 10.
- Time Predicted Carrier Density

Tioz pO2 (%) min) | Thickness (nm) [RESIStVItY (@5kG) (em3/c) visual | Brookite | Rutile |Anatase
5-005 Post 4.26 30 60 393 pohm cm 0.7*10/24 Dark Gold 0 I.E 0
5-005 Pre 4.26 30 60 16.22 ohm cm 0.25*10%19 0 100 0
5-011 Post 2.86 15 30 315.75 mohmcm | 0.7*10420 Clear 60 40 0
5-011 Pre 2.86 15 30 3.915 ohm cm 0.65*10*19 60 40 0
5-017 Post 0.43 7.5 15 332 mohm cm 0.4*10420 Silver 0 2 98
5-017 Pre 0.43 7.5 15 1.0425 mohm c¢cm | 0.53*1023 0 2 98
5-025 Post 2.86 17 34 9.21 ohm cm 0.7*10~18 Clear 99 1 0
5-049 Post 2.86 20 40 147.4 mohm cm 1*10720 97 3 0
5-039 Pre 2.86 52 104 [ 4030hmem | 02%10019 | [ tow [ H None

Figure 9: Successfully measured samples, including Hall data. Predicted
thickness is based on deposition rates, and has proven to be within a few nm
of the optically measured thickness. Polymorph percentages are an estimate,
based on optical measurements.

4.2 EPMA

Electron probe microanalysis (or EMPA) is a measurement technique which
uses a powerful electron source to bombard the material to be analyzed,
which liberates matter and energy from the sample. X-rays in particular

are emitted in various ranges characteristic of the elemental species present

20



Predicted

Tio2 pO2 (%) ;::1; Thickness (nm) R:;ssﬁk:;y Visual
5-005 Post 4.26 30 60[393 pohm cm Dark Gold
5-005 Pre 4.26 30 60/|16.22 ohm cm
S-011 Post 2.86 15 30|315.75 mohm cm_|Clear
5-011 Pre 2.86 15 30[3.915 ohm cm
S-017 Post 0.43] 7.5 15/332 mohm cm Silver, semiclear
5-017 Pre 043 75 15/1.0425 mohm cm
5-025 Post 2.86 17 34/9.21 ohm cm Clear
S-049 Post 2.86 20 40/147.4 mohm cm
5-002 Post 2.86 15 30/16.2 ohm cm Clear
5-029 Pre 2.86 17 34(12.025 ohm cm
5-030 Post 2.86 34 68736 mohm cm light gold transp
5-031 Post 2.86 8 16/473 ohm cm Clear
5-049 Pre 2.86 20 40/9.02 ohm cm
s-0a8  [Pre 2.86| 30 60(27.2 ohm cm
5-030 Pre 2.86 34 68(4.2 ohm cm
5039  |pre 286 52 104[4.03 ohm cm

Figure 10: Successfully measured samples, including resistivity only.

in the sample. The sample composition can be identified through this non-
destructive technique. It is considered to be the most precise and accurate
micro-analysis technique available for determining the elemental composition
of the surface of materials (*?).

For our thin films, EPMA can reach below our films and measure the
composition of the substrate, so equivalent films were deposited onto pure
silicon substrates. Glass (SiOy) substrates creates a large background sig-
nal of oxygen in the sample, and while varying the excitation voltage can
remove this error, it’s simpler in this case to use a pure Si substrate. Our
measurements were taken at CAMCOR at the University of Oregon, using a

CAMECA SX50 Electron Microprobe. See figure 11 for data.
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e et p02 (%) Thickness (nm) e PostA(EPMA) | A Ti PRE | O PRE |Ti POST| 0 POST
Predicted Thidnes T a) Thickness (nm) | thickness | (at %) | (at%) | (at?s) | (at %)
$-009-Si 7 0.43 30 32.9 34.2 1.3 0.474 | 0.526 | 0.452 | 0.548
$-010-Si ? 0.43 60 63.6 65.1 15 0.561 | 0.439 | 0.532 | 0.468
$-012-Si ? 2.86 30 25.8 27.3 15 0.347 | 0.653 | 0.337 | 0.664
$-022-Si ? 2.86 30 18.4 18.8 0.4 0.342 | 0.658 | 0.335 | 0.665
5-029-Si 5 2.86 34 21.83 15.4 -6.43 0.340 | 0.660 | 0.332 | 0.668
5-030-Si Brookite 2.86 68 63.28 61.34 -L.94 0.355 | 0.645 | 0.349 | 0.652
5-030-Si Rutile 2.86 68 63.28 614 -1.88 0.355 | 0.645 | 0.350 | 0.651
$-031-Si ? 2.86 16 16.71 17.8 1.09 0.3458 | 0.6542 | 0.3363 | 0.6637
$-032-Si ? 1.18 34 45.96 46.85 0.89 0.3761 | 0.6239 | 0.3578 | 0.6422
5-038-Si i 2.86 8 2.91 3.39 0.45 0.3717 | 0.6283 | 0.34 0.65

Figure 11: EPMA samples measured.

5 Discussion

TiOs is considered fully oxygenated at an atomic percentage of 66% (2 out of
3 atoms are oxygen). Any percentage less than that indicates oxygen vacan-
cies. For all samples measured, the oxygen atomic percentage was less than
or equal to fully oxygenated. As can be seen on the graph of EPMA data,
most of the samples were already highly oxygenated when measured. Despite
this, oxygen content did increase after anneal — the line indicates where a
sample would be considered unchanged on anneal. Annealing, despite being
in a nitrogen flow environment, caused the samples to absorb oxygen. See
figurel2 for details.

When we discard highly oxygenated samples (samples with a pre-anneal
oxygen content greater than 65%), we see a trend that indicates that lower

oxygen content samples absorb more oxygen on anneal. This makes sense,

22
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Figure 12: Oxygen content measured with EPMA - the line indicates points
along which no change happens on anneal.

as less oxygenated samples contains more sites to accept a free oxygen. See
figure 15 for details.

Unfortunately, we don’t know the polymorph composition of these sam-
ples, which does not allow us to further distinguish between the absorption
behaviour of different polymorphs, with the exception of sample 30. Sample
30 is a sample with a mixture of two polymorphs, about 22% brookite and
78% rutile. The brookite portion absorbed more oxygen proportionally than
the rutile did. We cannot conclude anything specific from this one point, but
it would be worthwhile to measure more samples this way, differentiating
between recognizable polymorphs.

Sample 30’s resistivity was 4.1 ohm c¢m, which was on the edge of what

was measurable and did not allow us to measure carrier density as well. The
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Figure 13: Change in oxygen content versus pre anneal oxygen content

other resistivities varied from 393 pohms cm to 16 ohms cm. When plotted
against the oxygen percentage in the atmosphere during synthesis, we can’t
determine a pattern. See figure ?7.

Ti0O2 is known to be an n-type semiconductor. Our measurement of S017,
for example, shows that TiO2 is an n type, with a carrier density of 0.4 % 10%°
cm~3. This means that oxygen vacancies are the charge carriers for TiO2.
Larger oxygen deficiencies mean more carriers, which correlates to better
conductivity.

Without EPMA data, we can still perhaps estimate the oxygen content
of the sample. Consider sample 30. On anneal, we would expect the oxygen

content to increase, if the sample started out not fully oxygenated. This

absorption of oxygen should cause the samples to increase in resistivity, but
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Figure 14: Resistivity versus oxygen content available during synthesis.

there are two extra factor to considers.
e Crystal Grain Boundaries: increase on anneal, increases resistivity

e Crystallization within a crystal: increase on anneal, decreases resistiv-
ity
e Oxygen Vacancies: decrease on anneal, increases resistivity

These three factors determine the resistivity of the sample. For fully
oxygenated samples, the crystallization and crystal grain boundaries are the
dominant factors, with crystallization within a grain boundary generally out-
weighing the increase in crystal grain boundaries. The mean free path de-
creases, and thus resistivity decreases. A sample that is not fully oxygenated,
meanwhile, will have its resistivity increased by the decrease in oxygen va-

cancies. See figure 15
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Figure 15: Change in resistivity versus oxygen present during synthesis

Considering sample 30, we can see the resistivity decreases on anneal. It
has the smallest decrease of the three samples, which is due to its increase
in oxygen (which was not dramatic, but still significant — see EPMA data).
5049 and S005 both also decreased. Looking at their absolute resistivity on
pre anneal, they were both above 4 ohm cm. I believe this is indicative of a
nearly fully oxygenated sample. S017 and S011 both were not very resistive
in the pre anneal measurements, and they became much more resistive.

We can therefore confirm that, given the resistivity measurements correla-
tion with EPMA data, that TiO2 is an n-type semiconductor. Furthermore,
the effects of crystallization will be swamped by the increase in oxygen con-
tent for samples less than about 4 ohm cm. However, in order to accurately
measure the resistivity and carrier density of TiO2, we need resistivity to

be less than about 400 mohm cm. This presents a problem, as pre and
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post anneal measurements of resistivity will be distorted by the absorption
of oxygen, even in a nitrogen flush.

For further work, samples will need to be produced which are underox-
ygenated, with resistivities of less than 400 mohm cm. As Brookite forms
best at around a 2.86% oxygen environment, this presents a problem, as
many samples produced began nearly full oxygenated, and only got worse
with annealing. S011 was the only sample which we can reasonably expect
to not be fully oxygenated, and it was only 60% brookite. For future work,
some samples should be annealed in a vacuum oven if possible, to isolate the
crystallization changes, and brookite will need to be synthesized at the lower
edge of its oxygen needs — which fights for dominance with a more stable
polymorph, rutile, which needs less oxygen to form. See figure 2.

Finally, considering the difficulty of synthesizing pure and oxygen de-
ficient brookite, it may be necessary to extrapolate the resistivity of pure

brookite from fractional brookite samples, taking into account the level of

oxygen deficiencies we will expect from them.
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