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Transparent conductive oxides (TCOs), primarily indium doped tin oxide, have
been widely used in numerous fields since decades ago, such as solar cells, displays,
OLEDs and ‘smart windows’ etc. Owing to the scarcity of indium, there is a great
demand for new alternative materials. Metal/insulator/metal (MIM) diodes are a critical
component of high speed hot electron transistors as well as optical rectennas for energy
harvesting. The performance of the MIM diode is one of the major factors limiting these
applications. The objectives of this thesis are to (i) deposit and investigate the electrical
and optical properties Nb doped TiO2 as a TCO and (ii) to deposit and investigate the
electrical properties HfO2 and Nb2O5 in MIIM diodes. These films are deposited using
atomic layer deposition (ALD). Due to potential nucleation delays, doping and formation
of laminates via ALD is not always straightforward.
For Nb-doped TiO2 films, different doping strategies are investigated along with
the impact of post deposition forming gas anneals. It is found that the Nb content and the
resistivity of Nb-doped TiO2 can be precisely controlled by Nb2O5 cycle ratios. The
lowest resistivity film of approximately 4.2 x 10-3 Ω-cm is achieved with a 0.39 atomic
Nb/(Ti+Nb) ratio, and has a transmittance spectra of 62% - 82% in the visible region, and
an RMS roughness of 0.18 nm.

ALD is also used to fabricate TaN/HfO2/Nb2O5/Al and TaN/Nb2O5/HfO2/Al
diodes. Though all as-deposited diodes show a poor asymmetry (ηasym), ηasym can be
significantly improved by post deposition annealing in air and forming gas.
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Atomic Layer Deposition (ALD) Process Development of Nb-doped
TiO2 as a Transparent Conducting Oxide (TCO) and ALD of
HfO2/Nb2O5 Bilayers as Insulating Barriers for
Metal/Insulator/Insulator/Metal (MIIM) Diodes
1. Introduction
1.1 Transparent Conductive Oxides
Transparent conductive oxides (TCO) are a kind of oxide both electrically
conductive and optically transparent. TCOs have been used in many applications since
decades ago. Traditionally, TCOs are mainly applied as electrodes in solar cells and
displays, and defrost coating on aircraft windshields. However, with the development of
the modern society and technology, the consumption of materials for TCOs has been
soaring tremendously, and due to the expansion of the utilization of TCOs such as flat
panel displays based on thin film transistors (TFTs)1, there have been demands for
exploring novel improved and specialty materials as well as new methods of preparation.
There are three general requirements for TCOs2:
(1) Resistivity less than 10-4 Ω cm (which equals to 1.4 Ω/□ for a 700 nm thick film)
(2) Transmittance higher than 80% in the regime of visible wavelength
(3) Band gap wider than 3 eV
In order to achieve a combination of optical transparency and excellent
conductivity, besides the properties of materials themselves, one approach is to dope the
materials. Doping can provide extra carriers like electrons or holes to enhance the
conductivity. However, the higher the doping concentrations are, the more photon
scattering there are. Therefore, there is always a compromise between optical
transparency and electrical conductivity. Another way to get a good conductivity while
avoiding compromising the transparency is to increase the carrier mobility instead of
increasing the carrier concentration. A band gap of at least 3 eV allows those photons in
the visible range pass through without interacting with the lattice.

2

Tin-doped indium oxide, or common called as indium tin oxide (ITO) is one of
the most well-investigated and widely used TCOs. ITO has been fabricated by a variety
of deposition techniques, such as pulsed laser deposition (PLD), r.f. sputtering,
magnetron sputtering, reactive e-beam evaporation etc. According to literatures, the
resistivity of ITO can be as low as 2 x 10-4 4 cm and its transmittance can be as high as
90% in the visible light range3–5. Another merit of ITO is its wide band gap around 3.5 4.3 eV, which not only allows the photons in the visible wavelength to pass through the
film, but also those in the near-ultraviolet range. However, ITO begins to fail to satisfy
the expanded use of TCOs because of the scarcity and rising price of indium. Therefore,
there are demands for exploring new materials and processes to broaden TCOs and to
make TCOs more economical. Nb-doped anatase TiO2 is one of the most promising
candidates to substitute ITO in the future. Nb-doped TiO2 is non-toxic and the abundance
of niobium is 100 times more than indium in nature which makes this material more
economically affordable. Various deposition techniques have also been investigated to
prepare Nb-doped TiO2 like PLD, metalorganic chemical vapor deposition (MOCVD),
sol-gel, liquid phase deposition (LPD) etc. However, in comparison to ITO, which has
been investigated and commercially available since decades ago, Nb-doped TiO2 is
relatively new, and a better understanding of its electrical and physical properties are
needed before being put in market. So far PLD is the deposition technique which has
achieved the best Nb-doped TiO2 films. Nb-doped anatase TiO2 by PLD can possess a
resistivity about 2-3 x 10-4 4 cm, a transmittance over 90% in the range of visible
wavelength, and a band gap wider than 3 eV

6,7

. However, PLD has such a drawback as

lack of scalability of large area deposition. The other techniques possess drawbacks as
well: sol-gel needs a long processing time and has the disadvantage of large shrinkage
during process whereas MOCVD process is complex and many toxic and corrosive gases
are to be handled. In this thesis, atomic layer deposition (ALD) is used to prepare Nbdoped TiO2 films. Compared to other methods, ALD has such advantages as large area
deposition, high conformity and uniformity, excellent trench filling, low deposition
temperature, and precise thickness control.
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1.2 Metal-Insulator-Metal (MIM) Diode
Metal-insulator-metal (MIM) diodes can be used in many different fields,
depending on the requirement of applications. For instance, nearly every electronic
device includes numerous capacitors, which has a simple structure of MIM, a thin high k
insulator being sandwiched by two metal electrodes. Capacitors require high capacitance
with little dependence of applied voltage. However, for lots of insulators their
capacitance has been found a non-linear relationship with the applied voltage. The
dependence between capacitance and applied voltage as well as the methods to decrease
such dependence have been widely investigated.8–11 For another example, MIM diode has
been drawing increasing attention recently from such applications as large-area displays12,
optical rectennas13,14, tunneling diodes15–17 and hot electron transistors18,19 due to its
asymmetric and non-linear current-voltage (IV) characteristics as well as high operation
speed due to operation based on electron tunneling(~10-15s)20,21.
In a traditional manner, an MIM diode works in the way depicted in FIG 1.1,
which is controlled alone by the difference in metal workfunctions. The asymmetric and
non-linear IV relationship is attributed to polarity-dependent electron tunneling induced
by the different workfunctions of two different metals, and an insulator with a large
electron affinity (χ) is desired to lower the tunneling barrier so as to facilitatethe
tunneling. Therefore, a large difference in conductivity between on and off states can be
achieved as well as a small turn-on voltage (Von).
(2)

e-

Insulator

Metal 1

Φb2
Metal 2

Metal 1

Insulator

Φb1

Φb1

Φb2
Metal 2

(3)
Φb1
Metal 1

Insulator

(1)

Φb2
eMetal 2

-V

+V

FIG 1.1 Band diagrams of an MIM diode under positive bias (1), no bias (2) and negative
bias (3), the value of the forward bias equals to the value of the reverse bias
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However, it has been recently found that improved current rectification can also
be obtained by metal/insulator/insulator/metal (MIIM) diodes, in which a laminate
bilayer tunnel barrier consisting of two insulators with different electron affinity (tinis
used in addition to the different metal workfunctions (fm).22–26 In FIG 1.2 at small
positive bias, Fowler-Nordheim electron tunneling can easily happen through Insulator 1
while Insulator 2 does not serve any resistance; at small negative bias with the same
amplitude as positive bias, electrons need to tunnel through both Insulator 1 and Insulator
2 resulting in much smaller tunneling current thanks to the band offset Φoffset.
(2)

(3)
Φb1

Φb2
Metal 2

Metal 1

Insulator1

Metal 2

Metal 1

Insulator2

Φb2

Insulator1

e-

Φb1
Insulator2

Metal 1

Insulator1

Φb1

Φoﬀset

Insulator2

(1)

e-

Φb2
Metal 2

-V

+V

FIG 1.2 Band diagrams of an MIIM diode under positive bias (1), no bias (2), negative
bias (3)

In addition to asymmetry and nonlinearity, zero-bias resistance and zero-bias
responsivity can be other two important factors, especially in applications like optical
rectenna solar cells.27 The relevant equations are listed in Chapter 3.4. The cutoff
frequency is inversely proportional to the product of resistance (R) and capacitance (C).
The closer the impedance of the MIIM device is to the impedance of the antenna, the
higher the cutoff frequency. High zero-bias responsivity will significantly improve the
energy harvesting.
Quite a few methods have been used to fabricate MIM and MIIM diodes, such as
thermal evaporation28, plasma oxidation29, and ALD24,25 etc. Because of the exponential
dependence of tunneling on film thickness, uniform insulator thickness is critical. In
order to deposit ultrathin smooth films with uniform thickness ALD is an ideal choice. As
discussed in the previous chapter, ALD can provide benefits of precise thickness control,
high conformity and uniformity, low deposition temperature and large area deposition etc.
In this work, HfO2 and Nb2O5 stack are deposited by ALD on TaN substrate and Al top

5

electrodes are deposited by thermal evaporation. HfO2 and Nb2O5 has band gap EG(HfO2)
= 5.8 eV25 and EG(Nb2O5) = 4.3 eV24, electron affinity χ(HfO2) = 2.5 eV25 and χ(Nb2O5)
= 4 eV24, respectively. TaN and Al has workfunction ΦTaN = 4.6 eV30 and ΦAl = 4.2 eV25.
This MIIM diode is promising because of large band offset Φoffset = χ(Nb2O5) - χ(HfO2)
= 1.5 eV and reasonable workfunction difference ΦTaN - ΦAl = 0.4 eV.

6

2. Background

T °C

2.1 Nb-doped TiO2 deposited by various methods

FIG 2.1 TiOx-NbOx phase diagram

In FIG 2.1, the solubility of Nb2O5 in TiO2 is limited below around 8%, and with
higher Nb2O5 content other compounds or mixture phases appear such as TiNb2O7 and
Ti2Nb10O29. However, even within the solubility, many external factors such as O2 partial
pressure or deposition conditions may cause Nb to segregate on the grain boundaries.31
For the purpose of this thesis, the presence of any undesirable mixture or compound
phases will strongly deteriorate the qualities of the Nb-doped TiO2 thin films.
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Table 2.1 Nb-doped TiO2 by various methods
Deposition
technique

Composition/
ALD
precursors

Resistivity
(x10-4Ω cm)

Carrier
conc.
(cm-3)

Transmittance
(%)

Hall
Mobility
(cm2V-1s-1)

PLD

Ti0.97Nb0.03O2

2-3

97

22

7

Sol-gel
MOCVD

Ti0.88Nb0.12O2
Ti1-xNbxO2
(0<x<0.2)
Ti0.85Nb0.15O2

500
----

0.01-2
x 1021
~1019
----

-------

0.2-0.8
----

32

3.3

~1021

80

7.6

34

----

9.5

~ 1021

75

3.9

35

Ti0.75Nb0.25O2
/TiCl4,
Nb(OC2H5)5,
H2 O
Ti0.69Nb0.31Oy
/Ti(OMe)4,
Nb(OC2H5)5,
H2 O
Ti0.96Nb0.04O2
/ TiCl4, tertbutyl- imidotrisdiethylamidoNiobium
(TBTDEN),
H2 O
5%Nb:
TIO2/TiCl4,
Nb(OC2H5)5,
H2 O

14

~1021

----

~10

36,

19

----

60 - 80

----

38

31

~ 1020

~ 80

2.1

39

11

~ 1021

~ 63 - 80

~2

40

RF
magnetro
n sputter
Reactive
sputter
ALD

ALD

ALD

ALD

Ref

33

37

Several deposition methods have been explored to prepare Nb-doped TiO2 films
on different substrates, such as pulse laser deposition (PLD), sol-gel, and sputtering, etc.
as listed in Table 2.1. In pulsed laser deposition, a Ti0.95Nb0.05Ox target is focused on by a
pulsed laser, a plasma plume is produced consisting of electrons, ions, neutrals etc., and
those particles travel in vacuum to the surface of substrates to grow films. In spite of the
best results from PLD as shown in Table 1, PLD lacks the scalability to deposit large
areas uniformly and conformally.41 In sol-gel process, a solution containing Ti and Nb
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sources is prepared at first, glass substrates are dipped into the solution, then they are
slowly pulled out and put in a furnace for drying and preheating treatment, and such
process is repeated for a few times before the final annealing. Although the preparation of
films via sol-gel can be processed at the room temperature, it is highly likely that the final
films suffer a severe shrinkage during the process. MOCVD was used to prepare Nbdoped TiO2 films with precursors of titanium isopropoxide (Ti(OC3H7)4), niobium
ethoxide (Nb(OC2H5)5) and O2 plasma.33 MOCVD is capable of depositing films
conformally, but it has such disadvantages as high deposition temperature and complex
processes. In sputtering, a target containing Ti and Nb sources are bombarded by
energetic particles, and Ti and Nb species travel in vacuum to deposit films. Compared to
PLD, layer-by-layer deposition is more difficult to control and particles used to sputter
may contaminate the growing films. There are only a few papers reporting Nb-doped
TiO2

by

atomic

layer

deposition

Ti(OMe)4/Nb(OC2H5)5/H2O40

and

(ALD)

using

TiCl4/Nb(OC2H5)5/H2O36,37,

TiCl4/tert-butyl-imido-tris-diethylamido-Niobium
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(TBTDEN)/H2O , and the resistivity and transparency comparable to ITO about10-4 Ω
cm and 92% in the visible range.42 In this thesis, titanium tetra-isopropoxide
Ti{OCH(CH3)2}4 was investigated to broaden the precursors used to deposit Nb-doped
TiO2, and possibly to achieve a better result.

2.2 Nb2O5 properties
Nb2O5

has

a

band

gap

EG

=

4.3

eV,

an

electron

affinity

{"citationID":"8eGCSnkH","properties":{"formattedCit24 The abundance of niobium (Nb)
in nature is 20 ppm which is about 100 times more than indium (In). Nb2O5 is widely
used in capacitors due to its high insulating property. The most stable oxidation state of
Nb is +5. And Nb2O5 has many polymorphs depending on the annealing temperature.43,44
Generally, in FIG 2.2 there are four polymorphs43: TT-Nb2O5, T-Nb2O5, M-Nb2O5 and HNb2O5, in which T, short for German “tief”, means low-temperature, M means medium
temperature, and H means high-temperature. And other new forms such as B- (German
“Blatter”) and P- (prism) Nb2O5 can also be obtained. And sometimes, H, M and T are
written as α rβ rand γ . Apart from the temperature of the thermal treatment and the
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starting materials, the presence of impurities and the interactions with other compounds
have a high influence on the crystallization behavior of Nb2O5.

FIG 2.2 Polymorphs of Nb2O5

TT-Nb2O5 can be achieved by heating sulfate niobic acid and chloride niobic acid
at 500℃ to 600℃, or by treating amorphous Nb2O5 with longer heating time at 440˚C.
Even lower heating temperatures can be utilized to obtain TT-Nb2O5, for instance,
through the oxidation of NbO2 in air at 320℃ to 350℃, or through the reaction of NbO2
with Cl2 at 270℃ to 320℃.
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FIG 2.3 T- Nb2O5 crystal structure parallel to the [001] plane: oxygen(○), niobium
(●○)
T-Nb2O5 and TT-Nb2O5 have been considered to be the same, since the
conversion from TT- Nb2O5 to T- Nb2O5 is continuous, and T-Nb2O5 has similar XRD
patterns to TT-Nb2O5 with some split strong reflections and many additional very weak
ones. It is commonly conceived that T-Nb2O5 is a more ordered form of TT-Nb2O5. In
FIG 2.3 one unit cell of T-Nb2O5 contains 42 oxygen atoms and 16.8 Nb ions. Half of 16
Nb ions are dwelled in distorted octahedra, and the other half are dwelled in pentagonal
bypyramids. The rest 0.8 Nb ion is dwelled in interstitial nine-coordinated sites.43

FIG 2.4 H-Nb2O5 crystal structure: NbO6 octahedra (diamond), niobium (●)

At the thermal treatment temperature around 1000℃ to 1100℃ in air, all niobium
oxides as well as all Nb2O5 polymorphs have enough kinetic energy to reconstruct their
crystal structures, and to be transformed to H-Nb2O5 in FIG 2.4, which is the most stable
phase.43 However, the temperature can be decreased to 750˚C when H-nuclei or HCl is
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present in chemical transport. A unit cell of H- Nb2O5 belongs to monoclinic group,
containing 14 formula units, which means one unit cell comprises of 28 niobium atoms
and 70 oxygen atoms. The structure is made up of 3x4 and 3x5 blocks. NbO6 octahedra
are linked with each other by corner sharing within blocks, blocks are connected by
octahedral edge sharing, and one of the 28 niobium atoms occupies the tetrahedral sites at
some block junctions.43,44

2.3 HfO2 properties

FIG 2.5 Unit cells of HfO2 at different temperature and pressure conditions

HfO2

has

a

band

gap

EG

=

5.8

eV,

an
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affinity

5r5qrv","properties":{"formattedCitation":"{\\rt = 18.25 HfO2 can possess different crystal
structures at different temperatures and different pressures. Five common unit cells are
shown in FIG 2.5.45 ZrO2-like seven-fold-coordinated Baddeleyite crystal structure is
formed with Hf directly bonding oxygen in the oxygen and ambient conditions.
Monoclinic baddeleyite structure P21/c (Z=4) with the largest volume transforms into
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tetragonal (P42nmc) and cubic structure of CaF2 type (Fm3m) when temperature
increases from the room temperature to 1022°C and 2422°C, respectively, while the
pressure remains ambient. In cubic structure, each O atom is located at the center of a
tetrahedron formed by four Hf atoms bonded to this O atom. The phase transition of HfO2
occurs at different pressures; P21/c (monoclinic (MI)) changes into Pbcm (Pbca,
orthorhombic (OI)) and further into Pnma (orthorhombic (OII)) at 12±0.5 and 28±2 GPa,
repectively.

2.4 Atomic layer deposition (ALD)
Atomic layer deposition (ALD) is a technique to deposit films by successively
pulsing precursors onto the surface of substrates. Different precursors are separated by
purges in order to avoid CVD-like reactions. The idea of ALD was first proposed in 1952,
and it was in 1970s that ALD was really introduced to industry. The initial motivation of
ALD was to manufacture thin film electroluminescent (TFEL) flat displays because of
the strong demand of large area luminescent insulator films with high quality dielectric.
Since mid-1990s and 2000s, there has been a soaring interest in ALD after realization of
advantages such as high scalability, simple process, easy and precise thickness control,
and potentials in other film depositions other than TFEL.
ALD is characterized by self-limiting reactions: ideally after every single
precursor pulse is exposed to the surface, a monolayer or a submonolayer of this
precursor will cover the whole surface leaving no surface reactive groups to chemisorb
any more precursor molecules, which means that the surface reaction is saturated, and
ideally only limited by the number of reactive groups on the surface. In principle,
complex 3D structures can be uniformly and conformally covered by films without
pinholes via ALD. Inert gasses such as N2 and Ar are usually used as a carrier gas and a
purge gas. With the help of plasma, O2, N2 and H2 can be used as precursors.46,47,47 In
addition, UV light has also been utilized recently to facilitate ALD such as ZrO2.48,49
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2.4.1 Fundamentals of ALD
Films are deposited by repeating ALD cycles, the number of which depends on
the desired film thickness. One typical ALD cycle is composed of 4 steps, as illustrated in
FIG 2.6:
(1) The first precursor pulsed into the reaction chamber;
(2) Purge or evacuate the excessive unreacted precursor and gaseous byproducts;
(3) The second precursor pulsed into the reaction chamber, H2O is used as an
example;
(4) Purge or evacuate the excessive unreacted precursor and gaseous byproducts.

OH

OH

OH
H2O

O

H2O
H2O
O

O

STEP 3

STEP 1
OH

OH

OH
OH OH
O

STEP 2

O

O

O

OH
O

STEP 4

O

FIG 2.6 A schematic of one ALD cycle

Irreversibility and saturation are two crucial factors for reactions in ALD. The
surface chemisorption of precursor molecules must reach saturation on the whole surface

14

to cease further deposition and those chemisorbed species cannot be desorbed during the
subsequent purge otherwise uniformity will decrease. According to the literature, the
causes of saturation derive from the number of reactive groups on the surface and steric
hindrance of the ligands.50 Ideally, when all reactive surface groups are occupied, the
reactions saturate. In practice, saturation occurs well before all surface groups are
occupied. After ligands of precursors exchange with reactive groups, adjacent reactive
groups can be shielded by the chemisorbed species resulting in inaccessibility to
precursor molecules, which means no more chemisorption of precursors and the reactions
effectively reach saturation. There are five general ways how precursor molecules behave
during chemisorption, as illustrated in FIG 2.7: a) chemisorption can be saturated and
irreversible; b) chemisorption can be saturated but reversible; c) the combination of first
two ways; d) chemisorption will continue without saturation with time continuing; e)
saturative and irreversible chemisorption not reaching saturation. As aforementioned two
factors, only the first way of chemisorption is desired in ALD. The speed to reach
saturation depends on the reactiveness of precursors and the deposition temperature. The
more reactive precursors are, the faster the reactions proceed. And at lower deposition
temperature, the reaction rate is probably much lower because of low reaction energy.

FIG 2.7 (a) Irreversible saturating reactions; (b) reversible saturating reactions; (c)
reactions combined with irreversible and reversible reactions; (d) irreversible nonsaturating reactions; (e) irreversible saturating reactions not allowed to saturate. The
purge starts at the vertical dashed lines in each graph.

FIG 2.8 shows the possible relationships between the film deposition rate,
referred as growth per cycle (GPC) or growth rate (GR), and deposition temperatures. An
ALD temperature window as labeled S1 and S2 in FIG 2.8 is defined as the temperature
range where GPC is only weakly dependent of or independent of the deposition
temperature. . At temperatures below ALD window, the increase of the growth rate with
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the increasing temperature is probably caused by incomplete reactions due to slow
reaction rate at low temperatures. It is also possible that the growth rate decreases with
temperature derived from a condensation of precursors, which have low vapor pressure,
as well as a multilayer adsorption. At temperatures higher than ALD window, the
decomposition of precursors will increase the growth rate while desorption of precursors,
on the contrary, will decrease the growth rate. And within the ALD window, the growth
rate can either be constant or decrease with temperature. With temperature increasing, the
reactive groups on the surface are reduced, such as loss of hydroxyl groups (–OH) due to

Growth per cycle (GPC)

dehydroxylation.51

H2

L2
S1

L1

S2

H1

Growth temperature

FIG 2.8 Growth rate at different growth temperatures

2.4.2 Growth of single elements and binary compounds by ALD
ALD can be used to deposit single element such as C52, Al53 and Si54,55,56,57, etc.
and binary compounds like SiO2, Al2O3 and TiN to name a few. In growth of single
elements by ALD, usually two precursors are needed: one is served as a reducing agent to
reduce the other precursor to a single element. In some cases, H2 is used as a reducing
agent, but H2 is not reactive enough, so the external activation treatments like plasma,
irradiation or flash heating are necessary. For instance, diamond can be applied to cutting
tools and microelectronics, and ALD provides a way to coat diamond uniformly and
conformally on a tip or an edge of a cutting tool. Komarov et al. used the mixed CFx and
H radicals, which were generated by flowing H2 and CF4/H2 through a hot filament, to
successfully deposit diamond-like C on Mo substrates.52 Al was also deposited with
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success from trimethylaluminum (TMA) and H2 with the help of plasma by Lee et al.53 Si
has also been obtained by ALD with precursors such as SiCl4 and Si2H654, SiCl2H2 and
H255,56, Si2Cl6 and H2 plasma57 etc. As for binary depositions, the most common ones
include metal and nonmetal oxides, chalcogenides, and nitrides. The deposition is very
straightforward: combining two precursors, each of which provides with one desired
element. H2O, H2O2, O2 and O3 are usually used as oxygen source to deposit oxides. O3 is
a very reactive oxygen source, but Kosola et al. found that by using O3 they got ALD
SrCO3 instead of SrO, which caused high incorporation of carbon impurities and
undesired carbonate phases.58 Compared to other three precursors, O2 is less reactive, so
sometimes plasma or UV light is needed as a means of activation. Al2O3 is a high-k
dielectric oxide, which has been used as a gate oxide in capacitors and transistors. Al
precursors used in literatures include TMA59,60, AlL3 (L=Cl, Br)61,62, AlEt363, Al(OEt)362
etc. Besides aforementioned oxygen sources, Al(OEt)364, Al(OiPr)364 and NO265 have also
been utilized. NH3, N2 and the mixture of NH3 and H2 or N2 and H2 are commonly used
as nitrogen sources to deposit nitrides. Because of good conductivity of TaN, it can be
used as an electrode in the electrical measurement. TaN films with a resistivity as low as
350 μΩ cm were deposited from TaCl5 and N2 plasma at 300℃ by Kim et al.66

2.4.3 Growth of multicomponent compounds by ALD
Increasing attention has been paid to multicomponent compounds by ALD,
because on one hand there is a desire to broaden the applications of ALD, and on the
other hand the advantages of ALD can make the best use of the electrical, magnetic and
ferroelectric properties of oxides among these multicomponent compounds. All-solidstate thin film Li-ion batteries increase the interest in Li-containing multicomponent
compounds via ALD.67 And ALD ternary selenides and tellurides have recently caught
attention as well because of possible applications in phase-change random access
memory (PCRAM).
There are three typical means of multicomponent compounds deposition via ALD.
The first way is to simply combine two binary ALD processes or more to deposit ternary
or quaternary compounds. The composition can be controlled by the cycle ratios.
However, due to the introduction of other cations to the surface during each binary
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deposition cycle, the surface would change from substrate to the binary materials. Each
binary material probably has a different nucleation delay on different surfaces, and such
nucleation delay can strongly affect the incorporation of the components of those binary
materials. Poor consideration of nucleation cycles between different materials may result
in failure of multicomponent compounds deposition. In addition, the ALD windows of
each binary deposition may be different. Therefore, a combination of these two processes
will result in narrowed ALD window for a ternary deposition, and a careful selection of
two binary depositions is of importance, because it is possible that these two ALD
windows may even have no overlap, making a ternary process impossible. For instance,
Zr- or La-doped PbTiO3 can be applied to ferroelectric random access memories
(FeRAMs), pyroelectric infrared sensors and electro-optic devices.68,69 PbTiO3 has been
successfully deposited by combining PbO and TiO2 ALD with precursors Ph4Pb, Ti(O-iPr)4 and O3 at 250℃ and 300℃,69,lead bis(3-N,N-dimethyl-2-methyl-2-propanoxide)
and titanium tetra(tert-butoxide) and H2O at 200℃.68 Their ALD windows overlap
between 250℃ and 300℃, and at some point between 150℃ and 270℃, respectively.
And the stoichiometric composition was achieved by adjusting Pb/Ti cycle ratios.
The second way is to use one precursor which contains two of three desired
elements, usually one desired cation and one desired anion. For example, avoiding using
H2O, O3 or other compounds as an oxygen precursor, Ritala et al. utilized metal alkoxides
containing both oxygen and one metal sources as well as metal halides as another source
of a different metal.70 In his paper, binary and ternary oxides such as aluminum oxide,
aluminum titanium oxide, zirconium and hafnium aluminum oxide and zirconium silicate
were explored by using metal alkoxides and metal halides without separate oxygen
precursors. Their motivation was to find substitute gate oxide for SiO2 and to minimize
the interfacial layer between oxide and Si substrates. In metal alkoxides, the metal is
directly connected to the oxygen of the ligand, and this bond is usually stronger than Si-O,
which makes the Si surface less likely to be oxidized during oxide deposition. Though
they minimized the possible interfacial layer between the Si substrate and oxides to one
monolayer thick, the atomic ratios of those oxides were not easily controlled. For some
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cases, halides could serve as etching agent, which would etch the surface during film
growth influencing the atomic ratios.
The third way is similar to the second one, but instead of using one precursor
containing one cation and one anion, one of two precursors including two desired cations
is used such as bimetallic precursors. But it is difficult to find such precursors with proper
reactiveness, thermal stability and enough volatility. This method has been exemplified
with SrTa2O6 71and BixSiyOz72. SrTa2O6 is a promising oxide for ferroelectric nonvolatile
random access memory (FeRAM). Vehkamaki et al. tried SrTa2(OEt)10(dmae)2 and
SrTa2(OEt)10(ME)2 as bimetallic precursors to obtain SrTa2O6, but the latter one is less
thermodynamically stable leading to no apparent ALD window and self-limiting behavior
than the former one. They concluded that SrTa2(OEt)10(dmae)2 was a promising ALD
precursor and post-annealing was needed because as-deposited SrTa2O6 films were
amorphous.71 And depending on the stoichiometry, BixSiyOz can serve as insulating
layers, dielectric layers for dynamic random access memory (DRAM) and
photoconductive materials etc.. Harjuorja et al. used bimetallic precursor Bi(CH2SiMe3)3
and O3 to deposit BixSiyOz. Bi(CH2SiMe3)3 decomposed at temperature higher than
350℃, and different stoichiometry of BixSiyOz was achieved with different annealing
temperatures.72
ALD has advantages of precise film thickness control, uniform and conformal
film deposition, and from the thermal budget point of view, low deposition temperature
can be realized in ALD. Therefore, in order to make full use of ALD, more precursors for
multicomponent compound deposition are desired to be explored.

2.4.4 Doping by ALD
Doping is a method to introduce extrinsic species or impurities into the host
matrix of a semiconductor to obtain enhancements in its properties such as electrical
properties. Even a very low doping concentration can greatly modify the properties of
semiconductors.
Based on the alternate sequential pulsing nature of ALD, doping cycles can be
introduced between host cycles, like a combination of two binary processes, or mixing
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dopant precursors with host precursors. Compared to doping by spin coating on the
surface, in which the movement of dopants is driven by post-thermal treatment and it
probably results in uneven vertical distribution, the layer-by-layer doping nature in an
atomic scale makes dopants uniformly distributed vertically even for thicker films.
Meanwhile, doping by ALD doesn’t cause any surface damage while the damage is
inevitable for ion implantation.

2.4.4.1

Cation doping
Table 2.2 Cation doped oxide by ALD

Material
TiO2

ZrO2
ZnO
Al2O3
HfO2

Dopant

Precursors

Al

Ti(OC3H7)4 + Al(CH3)3 + O3

Nb

TiCl4 + Nb(OC2H5)5 + H2O
TiCl4 + TBTDEN + H2O
Ti(OMe)4 + Nb(OC2H5)5 + H2O
Y(thd)3 + ZrCl4 + H2O
--- + Al(CH3)3/Al(CH3)2(OiPr) +H2O
Zn(C2H5)2 + Al(CH3)3 + H2O
(CH3)3PO4 + Al(CH3)3 + H2O
---(MeCp)2HfMe(OMe) + (iPrCp)3Er + O3

Y
Al
Al
P
Er
Er

Reference
73

36,37,40
39
38
74
75
76,77
77
78
79

Cation doping is similar to ternary deposition, combining two binary processes
with a careful adjustment of dopant cycle ratios in order to keep the doping concentration
within the solubility limit of the host matrix lattice and to avoid the appearance of
secondary phases. Table 2.2 shows the feasible combinations of binary depositions so as
to perform cation doping. For instance, rutile TiO2 has a dielectric constant as high as
about 100, but the narrow 3.1 eV band gap allows high leakage current, so Kim et al.
doped rutile TiO2 with Al by ALD to greatly reduce the leakage current in order to apply
it as a dielectric oxide in DRAM.73 However, not all dopants can donate electrons or
holes, depending on if dopants successfully substitute host atoms in the lattice. One
possible way of increasing doping efficiency, defined as the atomic density of active
dopants divided by the total atomic density of dopants, has been exemplified with Aldoped ZnO with different Al precursors.75 Both Al(CH3)3 and Al(CH3)2(OiPr) were used
to deposit Al-doped ZnO films, but films obtained from Al(CH3)2(OiPr) had a 60%
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doping efficiency which is 6 times higher than films obtained from Al(CH3)3. The less
chemisorption of Al atoms in each Al2O3 cycle caused by larger volume of
Al(CH3)2(OiPr) molecules widely dispersed Al atoms in the film, therefore enhancing the
active dopant densities.
In this work, Nb-doped TiO2 belongs to cation doping. On the basis of the
alternately pulsing nature of ALD, a number of supercycles with different Nb2O5 cycle
ratios were used. A supercycle is defined as the combination of TiO2 cycles and Nb2O5
cycles, and the Nb doping concentration was controlled by the Nb2O5 cycle ratio as
illustrated in FIG 2.9, and the Nb2O5 cycle ratios are defined as
TTIP H O
2
pulse pulse

purge

NEO
pulse

…

…
time

One supercycle

FIG 2.9 A schematic of the composition of one supercycle

Nb! O! cycle ratio =

number of Nb! O! cycles
,
number of Nb! O! cycles + number of TiO! cycles

(2.1)

A range of the Nb2O5 cycle ratios from 0 to 50% was investigated.

2.4.4.2

Anion doping

Compared to cation doping by ALD, anion doping can be more complicated.
Table 2.3 illustrates a few anion doping examples. There are two possible manners to
perform anion doping. The first one is similar to a ternary process as well, alternately
pulsing two different ALD binary depositions with the same cation species. For instance,
by mixing ZnO and ZnS cycles, S-doped ZnO films with different S/O atomic ratios were
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obtained.80 S-doped ZnO with different compositions exhibited different electrical
properties, and can be applied to transparent thin film transistors (TTFT). The second
approach of anion doping is to use a co-precursor mixture. Lim et al. used Zn(C2H5)2 and
ammonia solution to deposit N-doped ZnO as an active layer for high performance TFT,
and the electron concentration was lowered to below 1015 cm-3.81 For another instance, N
and S can be introduced to TiO2 films by mixing NH3 / H2O and H2S / H2O, respectively,
of which doping concentration is controlled by NH3 and H2S partial pressures.82,83
Table 2.3 Anion doped material by ALD
Material
ZnO
TiO2
Ta3N5

Dopant
S
N
N
S
O

Precursors
Zn(C2H5)2 + H2O + H2S
Zn(C2H5)2 + H2O + NH3
TiCl4 + H2O + NH3
TiCl4 + H2O + H2S
TaCl5 + NH3 + H2O

Reference
80
81
82
83
84

2.5 Conduction mechanisms
Conduc'on Mechanisms

Bulk-limited

Electrode-limited

²
²
²
²

Scho8ky emission
Fowler-Nordheim tunneling
Direct tunneling
Thermionic-ﬁeld emission

²
²
²
²

Poole-Frenkel emission
Ohmic
Hopping
Space-charge-limited

FIG 2.10 Classification of conduction mechanism in dielectrics

Analysis of conduction mechanisms can help us better understand how a device
works and how they can be used in applications. In general, a conduction mechanism can
be categorized into two groups, as shown in FIG 2.10: electrode-limited conduction
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mechanisms and bulk-limited conduction mechanisms.85 In electrode-limited conduction
mechanisms, the properties of electrodes and the electrode-dielectric interface are of
critical importance. Among all, the barrier height at the electrode-dielectric interface is
the most crucial as well as the effective mass of conduction carriers. In bulk-limited
conduction mechanism, instead of the electrode, the properties of the dielectric itself have
the most influence. The most important factors are the trap type and the trap energy level
in dielectrics. In MIIM diodes, tunneling is the dominant conduction mechanism.
Therefore, there is a need to understand some basic conduction mechanisms.

2.5.1 Schottky Emission
Schottky emission describes that an electron with enough thermal energy to
overcome the metal-dielectric interface barrier, transferring from the metal to the
dielectric. FIG 2.11 shows Schottky emission from the point of view of band diagram
theory. The relationship between the current density, J, and the applied electric field, E,
in Schottky emission is

𝐽 = 𝐴∗ 𝑇 ! exp

−𝑞 𝜙! −
𝑘𝑇

!"
!!!! !!

,

(2.2)

4𝜋𝑞𝑘 ! 𝑚∗ 120𝑚∗
𝐴 =
=
ℎ!
𝑚!
∗

where T is the temperature, q is the unit electron charge, ϕB is the Schottky barrier height
in the unit of volts, εr and ε0 are the optical dielectric constant and the permittivity in
vacuum, respectively, h is the Planck’s constant, k is the Boltzmann’s constant, A* is the
effective Richardson constant, and m* and m0 are the effective electron mass in dielectric
and the free electron mass, respectively. Schottky emission belongs to electrode-limited
conduction mechanism because the Schottky barrier height ϕB serves an important factor.
Schottky emission is strongly temperature dependent. To be noted, the optical dielectric
constant εr = n2.
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qΦb

Metal

Metal

Insulator

FIG 2.11 Band diagram of Schottky emission in metal-insulator-metal structure

2.5.2 Fowler-Nordheim (FN) Tunneling
Quantum mechanics tells that an electron has a probability of tunneling through a
thin barrier even when the energy of the electron is less than the barrier height. FIG 2.12
shows the process of tunneling based on the band diagram theory. The relationship
between J and E in FN tunneling is

qΦb
Metal

Metal

Insulator

FIG 2.12 Band diagram of FN tunneling in metal-insulator-metal structure

𝑞! 𝐸!
8𝜋 2𝑞𝑚∗!
𝐽=
exp −
8𝜋ℎ𝑞𝜙!
3ℎ𝐸
where 𝑚∗! is the tunneling effective mass.

! !

𝜙!!

!

,

(2.3)
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2.5.3 Direct Tunneling
Similar to FN tunneling, an electron also tunnels through a barrier from one side
to the other in FIG 2.13. However, an electron has to tunnel through a trapezoidal barrier
in direct tunneling instead of a triangular barrier in FN tunneling. The simplified
relationship between J and E in direct tunneling is

qΦb

Metal

Insulator

Metal

FIG 2.13 Band diagram of direct tunneling in metal-insulator-metal structure

8𝜋 𝑞𝜙! ! ! 2𝑚!"" 3 𝑉
𝐽 ~ exp −
3ℎ𝑞 𝐸
2𝜙!
~ exp −

8𝜋 2𝑞
𝑚!"" 𝜙!
3ℎ

! !

𝜅 ∙ 𝑡!" ,

,

(2.4)

where 𝑚!"" is tunneling effective mass, and 𝑡!" is the oxide thickness.

2.5.4 Thermionic-Field Emission
Thermionic-field emission lies between Schottky emission and field emission,
which says that electrons tunnel through a dielectric between the workfunction of a metal
and the bottom energy of the conduction band of the dielectric shown in FIG 2.14. The
relationship between J and E in thermionic-field emission is
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qΦb
Insulator

Metal

Metal

FIG 2.14 Band diagram of thermionic-field emission in metal-insulator-metal structure

𝐽=

𝑞! 𝑚 𝑘𝑇 ! ! 𝐸
𝑞𝜙!
ħ! 𝑞! 𝐸 !
exp
−
exp
, (2.5)
𝑘𝑇
24𝑚 𝑘𝑇 !
8ħ𝜋 ! !

2.5.5 Poole-Frenkel Emission
In Poole-Frenkel emission in FIG 2.15, conduction is limited by the capture and
reemission of electrons from traps in dielectric into the conduction band. The Coulombic
potential barrier of trapped electrons is reduced due to the applied electric field, and those
electrons are therefore of higher chance to be excited into the conduction band. PooleFrenkel emission is very similar to Schottky emission, but the Poole-Frenkel barrier is the
depth of the trap. The relationship between J and E in Poole-Frenkel emission is

qΦT

Metal

Insulator

Metal

FIG 2.15 Band diagram of Poole-Frenkel emission in metal-insulator-metal structure

𝐽 = 𝑞𝜇𝑁! 𝐸𝑒𝑥𝑝[(−

𝑞 𝜙 ! − 𝑞𝐸 𝜋𝜀! 𝜀!
],
𝑘𝑇

(2.6)
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where 𝜇 is the mobility, Nc is the density of states in the conduction band, 𝑞𝜙 ! is the trap
energy level.

2.5.6 Ohmic Conduction
Ohmic conduction indicates that it is the thermally generated carriers that mainly
attribute to the current density, and the current density is proportional to the applied
voltage, which is caused by the movement of thermally generated mobile electrons in the
conduction band and mobile holes in the valence band. The relationship between J and E
in Ohmic conduction is
𝐽 = 𝑞 𝑛𝜇! + 𝑝𝜇! 𝐸 = 𝑞{𝜇! 𝑁! exp

− 𝐸! − 𝐸!
𝑘𝑇

+ 𝜇! 𝑁! exp

− 𝐸! − 𝐸!
},
𝑘𝑇

(2.7)

where Nc and NV is the density of states in the conduction band and the density of states
in the valence band, respectively. EC is the bottom energy of the conduction band, EV is
the top energy of the valence band, and EF is the Femi-level energy.

2.5.7 Hopping Conduction
Hopping conduction indicates that trapped electrons tunnel from one trap to
another in FIG 2.16. The relationship between J and E in hopping conduction is
qΦT
a
Metal

Insulator

Metal

FIG 2.16 Band diagram of hopping conduction in metal-insulator-metal structure

𝐽 = 𝑞𝑎𝑛𝑣 exp

𝑞𝑎𝐸 𝐸!
−
,
𝑘𝑇
𝑘𝑇

(2.8)
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where 𝑎 is the mean hopping distance or the mean spacing between traps, 𝑛 is the
electron density in the conduction band of the dielectric, 𝑣 is te frequency of thermal
vibration of trapped electrons, and 𝐸! is the activation energy which is the energy an
electron needed to be released from the trap to the bottom of the conduction band.

2.5.8 Space-Charge-Limited Conduction (SCLC)
In SCLC conduction, there are usually three regions: Ohm’s law, traps-filled
limited (TFL) current, and Child’s law.85 Ohm’s law dominates at the low field, where
injected carriers are negligible compared to the equilibrium carrier density. When
injected carriers are no longer negligible in traps-filled limited region, traps are filled up
and a space charge shows up. Because of excessive carriers, the Fermi level EF begins to
move up and gets closer to the trap level ET. In this case, JTFL is proportional to V2. At the
onset of the region of Child’s law, the injection of carriers is strong enough to make EF
≈ ET, the current increases sharply. In the region of Child’s law, Jchild is proportional to
V2 again. The general J-V curve looks like in FIG 2.17.

FIG 2.17 A typical SCLC J-V curves with three conduction regions: Ohm’s law, trapsfilled limited and Child’s law
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3. Experimental
3.1 Film preparation
3.1.1 Nb-doped TiO2 film
TiO2, Nb2O5 and Nb-doped TiO2 films were prepared by a SUNALE R-150 ALD
reactor (Picosun Oy, Finland). Metal precursors used for TiO2 and Nb2O5 process were
titanium tetra-isopropoxide Ti{OCH(CH3)2}4

(TTIP) (98%, Strem Chemicals) and

niobium ethoxide Nb(OCH2CH3)5 (NEO) (99.99%, ProChem), respectively. Deionized
H2O was served as the oxygen source for both oxides. TTIP was heated to 55°C and NEO
was heated to 125°C to maintain enough vapor pressure, and DI H2O was kept at room
temperature. Inert gas N2 was served as a carrier and purging gas. The exposure time to
the substrate was controlled by ALD valves. The flow rate was kept at 150 sccm adjusted
by mass flow controllers (MFCs). The deposition pressure was around 30 Pa. For recipe
development, 6" Si wafers were used. For electrical measurement, 1"x1" TaN coupons
were used as bottom electrodes, and for doping experiment, all substrates were 1"x1"
coupons, including (100) Si coupons with 1 nm native oxide, and Corning 1737 glass
coupons. FIG 3.1 shows the schematic structure of 50 nm Nb-doped TiO2 on corning
1737 glass substrates. Films were prepared at 200°C, 250°C, and 300°C, and were
annealed in a forming gas (H2/N2, 10%/90%) at 500°C, 600°C and 650°C for 90 min with
a ramp rate of 20°C/min.

Nb-doped TiO2
~50 nm
Corning 1737 glass
FIG 3.1 Schematic structure of 50 nm Nb-doped TiO2 on 1”x1” corning 1737 glass
substrate
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3.1.2 Bilayer film of HfO2 and Nb2O5
0.25mm

0.25mm
Al

~100nm

Nb2O5
HfO2
TaN

Al

~100nm

HfO2
Nb2O5
TaN

FIG 3.2 Schematic structure of TaN/HfO2/Nb2O5/Al (left) and TaN/Nb2O5/HfO2/Al (right)

Besides Nb2O5, HfO2 films were also prepared by a SUNALE R-150 ALD reactor
(Picosun Oy, Finland). Same to Nb-doped TiO2 film preparation, niobium ethoxide
Nb(OCH2CH3)5 (NEO) (99.99%, ProChem) was used to deposit Nb2O5 and deionized
H2 O

was

used

as

oxygen

precursor.

Tetrakis(ethylmethylamino)

hafnium

Hf[N(CH3)(C2H5)]4 (TEMAHf) (99.99%, Sigma Aldrich) was used as Hf precursor
which was heated to 90°C. Film stacks with two different orientations of
substrate/HfO2/Nb2O5 and substrate/Nb2O5/HfO2 were deposited at 250°C on TaN and ntype Si and were either left as-deposited, or followed by air or forming gas (H2/N2,
5%/95%) anneal at 400°C for 30 min with a ramp rate of 10°C/min. The schematic
structures are shown in FIG 3.2. While the total film thickness was kept at constant
approximately 5 nm, the thickness ratios between HfO2 and Nb2O5 were varied from 1:4,
2:3, 2.5:2.5, 3:2 to 4:1. The individual film thickness was estimated based on their
individual growth rate instead of direct measurement.

3.2 Contact deposition
A cook thermal evaporator (CVE-301-T-FR, Cook Vacuum Products, Inc.) was
used to deposit an Al top electrode. The tool was operated under 10-5 torr, and small Al
clips were evaporated in a spiral boat heated by electricity. A shadow mask was used to
deposit Al dots with different diameters. But only Al dots with a 0.25 mm diameter were
used to do the IV test, because the pattern transfer for smaller dots was poor and larger
dots became dominated by extrinsic defects. The deposition rate was monitored by a
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thickness monitor (Model TM-350, Maxtek, Inc.) to make sure that the thickness of Al
was always around 100 nm for each deposition.

3.3 Characterization techniques
3.3.1 Spectroscopic ellipsometer
The film thickness and the index of refraction were studied by spectroscopic
ellipsometer (SE) (V-VASE Z046B, J.A. Woollam Co., Inc.) in a range of wavelength
from 400 nm to 1500 nm, by measuring the change in polarization between the incident
light and the light reflected from the films. The reflected light can be resolved into an splane component perpendicular to the plane of incident and a p-plane component parallel
to the plan of incident. Ψ is a relative p-to-s amplitude ratio and Δ is a phase shift. The
film thickness and the index of refraction were calculated by fitting Ψ and Δ with a
Cauchy model and the relationship between the index of refraction and the wavelength is
𝑛 𝜆 =𝐴+

𝐵
𝑐
+ ! , (3.1)
!
𝜆
𝜆

In addition, transmittance spectra were measured in a wavelength from 280 nm to
1000 nm by another SE (ESM-300, J.A. Woollam Co., Inc.).

3.3.2 Four-point method
A four-point probe (Jandel RM2) was used to measure the resistivity of Nb-doped
TiO2 films. Four collinear probes were placed on the surface of films, and the voltage
was measured through the inner probes while an applied current was passing through the
outer probes. The relationship between the resistivity and current and voltge is
𝜌 = 2𝜋𝐹

𝐹 = 𝐹! 𝐹! =

𝑉
,
𝐼

3.2

𝑡 𝑠
ln (2)
2ln (2) ln 2 + ln { 𝐷 𝑠 ! + 3 / 𝐷 𝑠

!

−3 }

,

(3.3)
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where s is the spacing between adjacent two probes, F is the correction factor due to the
thickness and lateral dimensions of samples, t and D, are the sample thickness and width,
respectively.

3.3.3 Atomic force microscope
Atomic force microscopy (AFM, Asylum Research) was used to study the
topology of films. In short, AFM is equipped with a cantilever with a sharp Si3N4 tip, and
the topology is mapped by measuring a reflected laser from the top surface of the
cantilever deflected due to the force between the tip and the surface of a sample.

3.3.4 X-ray diffraction
An X-ray diffractometer (Bruker AXS D8 Discover) equipped with CuKα1 (ipped
with CuKXSwas used to study the crystal structure, the inter-planar spacing, and the
average grain size in the films. Specific crystal structure and possible composition can be
known by comparing with standard X-ray patterns in the database. The inter-planar
spacing and the mean grain size of crystallites can be estimated via Bragg’s law
2𝑑 𝑠𝑖𝑛 𝜃 = 𝑛𝜆,

(3.4)

and Scherrer Equation
𝜏=

0.9𝜆
,
𝛽𝑐𝑜𝑠𝜃

(3.5)

where λ is the wavelength of the X-ray beam, θ is the incident angle, d is the interplanar spacing, n is any integer, τ is the mean size of the grain size, and β is the line
broadening at half the maximum intensity (FWHM).

3.3.5 Probe station
A probe station (Alessi REL- 4800) was used to study the electrical properties of
films by measuring their current (I) vs. voltage (V) (I-V) curves. The bottom contact was
made via scribing through the films followed by soldering a layer of indium. Two
tungsten needles were placed by a manipulator, landing onto the bottom and top
electrodes of a semiconductor diode at room temperature in a dark box, and IV curves
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were plotted by measuring the current or voltage between these two needles. The
relationship between the resistivity and I and V is
𝜌=

𝑅𝐴 𝑉 𝐴
=
,
𝑑
𝐼𝑑

3.6

where A is the area of the top Al electrode in cm2, and d is the thickness of films.

3.3.6 Seebeck system
A homemade Seebeck system was used to implement the Seebeck measurement.
The Seebeck effect is that a thermoelectric voltage is induced by a temperature gradient
across a thin film. The Seebeck coefficient, a measure of the thermoelectric voltage, can
be defined as the voltage difference divided by the temperature difference, and the sign of
the Seebeck coefficient indicates the carrier type: negative for electrons and positive for
holes. In the case of this thesis, the relationship between the Seebeck coefficient and the
carrier concentration and the relationship between the electron mobility and the carrier
concentration are
𝛼=

8𝜋 ! 𝑘!! ∗ 𝜋 ! !
𝑚 𝑇( ) ,
3𝑒ℎ!
3𝑛
𝜇 = 𝜌𝑒𝑛

!!

,

(3.7)

(3.8)

where 𝛼 is Seebeck coefficient, kb is the Boltzmann constant, h is the Planck constant, m*
is the effective mass, n is the carrier concentration, T is the temperature, ρ is the
resistivity and μ is the electron mobility.
However, the prerequisite is that the semiconductor material must be degenerate.
To be degenerate, a certain critical carrier concentration nc must be reached which can be
estimated by Mott’s criterion86:
𝑛!! ! 𝑎!∗ ≈ 0.25,
𝑎!∗ =

ℎ! ε! ε!
𝜋𝑒 ! 𝑚∗

(3.9)
,

(3.9)
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where 𝑎!∗ is the effective Bohr radius, h is plank’s constant, ε 0 and ε m is the
permittivity of vacuum and the static dielectric constant of the semiconductor material,
respectively.

3.3.7 X-ray photoelectron spectroscopy
XPS measurements were performed by Dr. William Stickle at HP Corporation
using a PHI Quantera Scanning ESCA system using monochromatic Al Kα radiation
with a 200 µm spot size. The data were acquired with a 45º emission angle and an
electron analyzer pass energy of 69 eV for the narrow scans and 228 eV for the survey
scans. The energy scale of the spectrometer is calibrated to Au 4f at 84.0 eV and Cu
2p3/2 at 932.7 eV.

3.4 Important parameters for MIIM diode
Important parameters include IV asymmetry ηasym, the turn-on voltage, Von, V(η
MIN)

or V(ηMAX) the voltage at which ηMIN or ηMAX is located, zero-bias resistance, R0,

and zero-bias responsivity, R.
IV asymmetry (ηasym) is to represent how asymmetric the current is under the
bias with different polarity and is defined as the absolute value of negative current (I_)
divided by positive current (I+).
𝜂!"#$ = 𝐼! /𝐼! ,

(3.10)

The turn-on voltage, Von, is defined as the voltage at which I_ is 10 times higher or
lower than I+ meaning that η reaches 10 or 0.1.
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4. ALD Nb-doped TiO2 as TCO
4.1 TiO2 process development
4.1.1 TiO2 ALD temperature window
0.06
GPC (nm/cycle)

0.05
0.04
0.03
0.02

TiO2
TiO2
Nb2O5
Nb2O5

0.01

TiO2 ALD
temperature
window

0
100

150

200
250
Tdep (°C)

300

350

FIG 4.1 GPC of TiO2 and Nb2O5 as a function of Tdep, TiO2 shows an ALD temperature
window between 250°C and 300°C, but Nb2O5 show no obvious ALD temperature
window

In order to determine the ALD temperature window for TiO2 and Nb2O5, films
were deposited on 1"x1" Si substrates at temperatures between 150°C and 300°C, using
preliminary pulse lengths and purge times based on the literature59,87,88of 0.2 sec pulses of
either TTIP or NEO, 1 sec H2O pulses, and 20 sec N2 purges time. FIG 4.1 shows the
relationship between the growth per cycle, GPC, and deposition temperature, Tdep, for
both TiO2 and Nb2O5 processes The GPC of TiO2 decreases with decreasing Tdep from
250°C to 150°C, which is probably due to slower growth reaction at lower Tdep. The TiO2
ALD temperature window was found to lie roughly between 250°C and 300°C with a
GPC of approximately 0.038 nm/cycle, consistent with previous reports using the same
precursors.89
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Nb2O5, on the other hand, shows no obvious ALD temperature window, and its
GPC decreases with increasing Tdep due to either film densification or desorption of
chemisorbed precursors. This means that from FIG 4.1 the difference between the GPC
of Nb2O5 and the GPC of TiO2 increases with decreasing Tdep. Three Tdep's were used to
deposit Nb-doped TiO2 which wer 200°C, 250°C and 300°C. Because the GPC of TiO2 is
higher than the GPC of Nb2O5 at 200°C, close to the GPC of Nb2O5 at 250°C and lower
than GPC of Nb2O5 at 300°C.

A(004)

250
200

10

20

30

40

Si
Si
A(105)
A(211)

300

A(400)

A(101)

Log Intensity a. u.

4.1.2 TiO2 deposition

50
2θ

60

70

80

90

FIG 4.2 XRD patterns of as-deposited TiO2 films on Si substrate prepared at 200°C,
250°C and 300°C, A(hkl) indicates anatase peaks with a plane orientation of (hkl), and
the vertical lines are anatase TiO2 peaks with relative intensity. A stands for anatase.

Three TiO2 samples were deposited on 1"x1" Si substrates at the deposition
temperature of 200℃, 250℃ and 300℃ with 0.2 sec TTIP, 1 sec H2O, 20 sec purge time
and 1200 cycles. The thickness of deposited films is 37.7 nm, 44.9 nm and 45.8 nm,
respectively. FIG 4.2 shows the XRD patterns of TiO2 outside and inside the ALD
temperature window. The XRD patterns reveals that within the deposition temperatures
between 200°C and 300°C, only anatase phases are present in the films. To be convenient,
A stands for anatase in all figures. In addition, A(101) and A(400) peaks grow stronger
with increasing deposition temperatures, while A(004), A(105) and A(211) peaks
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diminish with the deposition temperatures, indicating that films become more A(101)and A(400)-oriented. Therefore, 300°C is chosen to develop the TiO2 recipe.
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FIG 4.3 Thickness of films on Si substrates and non-uniformity at 300°C deposition
temperature as a function of (1) TTIP pulse length, (2) H2O pulse length with 1200 cycles
and (3) purge time with 600 cycles
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To investigate the effect of precursor or purge time on the film growth at 300°C,
the duration of one precursor pulse or purge time is varied with other parameters fixed.
For instance, to investigate the effect of the TTIP pulse, the TTIP pulse varied from 0.1 to
1 sec while the H2O pulse, purge times, and number of cycles were fixed at 1 sec, 20 sec,
and 1200 cycles, respectively. FIG 4.3 (1) shows the effect of TTIP pulse length on the
GPC and film non-uniformity. The GPC doesn’t strictly saturate after pulse is longer than
0.2 sec, but non-uniformity drastically increases from 0.6% to 3.5%, which is probably
due to slightly overlap of TTIP and H2O pulse caused by insufficient purge time.
(However, industries prefer shorter purge times and 20 sec purge time gives only 0.6%
non-uniformity) However, there is no point using a purge time longer than 20 sec because
it is unacceptable in industries. On account of both the GPC and the non-uniformity, 0.2
sec TTIP is chosen due to very high uniformity. 1 sec H2O is long enough to reach
saturation with a low non-uniformity around 0.58% in FIG 4.3 (2). The non-uniformity of
films with 2 sec H2O is a bit higher than those with 1 or 1.5 sec H2O, and it is because
purge time is not sufficient to remove all excessive H2O out before exposure of TTIP.
The GPC and non-uniformity of films are not influenced much with a halved purge time
of 10 sec as shown in FIG 4.3 (3), but the deposition time is significantly reduced.
Therefore, 0.2 sec TTIP pulse, 1 sec H2O pulse and 10 sec purge time were enough to
reach saturation with non-uniformity as low as 0.58%.
Shown in Fig. 4.4, the thickness of the TiO2 films increases linearly with the
number of cycles. From the slope of this line, the GPC is found to be 0.039nm/cycle,
which is close to 0.04 nm/cycle reported in the literature.90 From the intercept of the
linear extrapolation to the x-axis, it is seen that there is about a 20-cycle delay before film
growth begins. This is known as the nucleation delay or incubation time. The nucleation
delay for an ALD process is often strongly dependent on the materials, the surface of
substrates, the deposition temperature, and the affinity of precursors.91 The higher the
affinity, the more precursors can be adsorbed on the surface to nucleate. In this case,
nuclei of TiO2 are formed on the surface of Si substrates during these 20 cycles. From
spectroscopic ellipsometry, it is found that the refractive index of the TiO2 films is about
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n = 2.49 at 632 nm which is close to the 2.5 reported in the literature59, indicating that the
density of those TiO2 films are close to the density of bulk TiO2.
50
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FIG 4.4 Thickness of films on Si substrates as a function of the number of cycles at
200°C, 250°C and 300°C deposition temperature

The GPC's at deposition temperatures of 200°C and 250°C in FIG 4.4 were
explored for later investigation of the effect of deposition temperatures on Nb-doped
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TiO2 films. The growth rate at 200°C and 250°C is 0.031 nm/cycle with 84 cycles of
nucleation delay and 0.039 nm/cycle with 59 cycles of nucleation delay, respectively.
In conclusion, the final recipe for TiO2 process at a deposition temperature of
300°C is 0.2 sec TTIP pulse, 1 sec H2O pulse and 10 sec purge time with TTIP at 55°C
and water at room temperature, and the GPC is 0.039 nm/cycle.

4.1.3 TiO2 film properties
Based on aforementioned recipes, films deposited at 200°C, 250°C and 300°C,
respectively, show a high current leakage, likely due to electrons generated by oxygen
deficiency92 as shown in Eqn. (4.1), in which 𝑂! indicates an oxygen atom in the lattice,
𝑉! indicates a fixed double positively-charged oxygen vacancy in the lattice. For every
mole of oxygen vacancies created, two moles of electrons are created to maintain charge
balance.
𝑂! = 𝑉! + 1 2 𝑂! + 2𝑒 ! ,

(4.1)
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FIG 4.5 IV curves of as-deposited TiO2 films deposited at different temperatures, and
inset IV plot shows the linear relationship between I and V of the film deposited at 200°C
at voltage above 0.7 V.

All films exhibit an exponentially relationship between I and V at voltage below
0.7 V, and a linear relationship at voltage above 0.7 V as shown in FIG 4.5. Films
deposited at 200°C, 250°C and 300°C have a resistivity of 29.7 Ω cm, 37.2 Ω 37.and
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39.5 Ω cm, respectively, calculated from the linear fitting as the inset plot exemplifies.
The reason for films obtained at 200°C possessing a slightly lower resistivity is due to the
existence of (004) plane orientation which is more conductive than other orientations.36

4.2 Nb2O5 process development
4.2.1 Nb2O5 ALD temperature window
Please refer back to Chapter 4.1.1.

4.2.2 Nb2O5 deposition
Nb2O5 deposition was performed on Si substrates at the deposition temperature of
300°C in order to be compatible with TiO2 deposition. The XRD pattern in FIG 4.6
indicates that as-deposited 30 nm thick Nb2O5 films on Si substrates are amorphous,
showing no niobium oxide peaks, in contrast to the crystalline TiO2 prepared at the same
deposition temperature.
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FIG 4.6 XRD pattern of as-deposited Nb2O5 film prepared at 300°C. All peaks belong to
the Si substrate

As shown in FIG 4.7 (1), NEO pulse time is varied for a fixed H2O pulse and
purge times xx cycle depositions were performed. Film thickness increases from 1.5 to 2
sec NEO pulse with and it decreases from 2 to 4 sec NEO pulse, which is probably due to
the desorption of NEO molecules on the surface.
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FIG 4.7 Thickness of films on Si substrates and non-uniformity as a function of (1) NEO
pulse length, (2) H2O pulse length with 1200 cycles; (3) film thickness as a function of
the number of cycles

FIG 4.7 (2) shows that 2 sec H2O pulse is enough to reach saturation. In addition,
the index of refraction is 2.37, close to 2.39 reported for ALD of Nb2O5 using NEO and
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H2O in the literature,93meaning that the quality of the thin film Nb2O5 is close to the
Nb2O5 films from the literature.
The growth rate of Nb2O5 films is about 0.032 nm/cycle, close to the 0.035
nm/cycle reported for ALD using NEO and H2O.93 Once again in contracts to the TiO2
process, instead of intercepting the x-axis, Nb2O5 has an intercept on the y-axis,
indicating no nucleation delay for the growth of Nb2O5 films. This is likely due to
substrate-enhanced film growth, similar to ALD Al2O3 on the fluorinated W surfaces94
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FIG 4.8 Film thickness as a function of the number of cycles at 250°C and 300°C

The growth rates at deposition temperatures of 200°C and 250°C were also
explored for later investigation of the effect of deposition temperatures on Nb-doped
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TiO2 films. The growth rate at 200°C and 250°C is 0.045 nm/cycle without nucleation
delay and 0.040 nm/cycle without nucleation delay, respectively, shown in FIG 4.8. Both
of the growth rates are higher than that at 300°C, which is probably due to the
densification of precursors at the lower deposition temperatures.51,96
In conclusion, the final recipe chosen for the Nb2O5 process at a deposition
temperature of 300°C is 2 sec for both NEO pulse and H2O pulse, and 20 sec purge time
with NEO at 125°C and water at room temperature, and the growth rate is 0.032 nm/cycle.

4.2.3 Film properties
In FIG 4.9 Nb2O5 films show a much higher leakage current than TiO2 films. The
resistivity of Nb2O5 is strongly affected by stoichiometric deviations, which means even a
small amount of oxygen vacancies can highly decrease its resistivity transited from
insulating to n-type semiconducting behavior.97 Based on the slope of the IV curve, the
resistivity of Nb2O5 films is about 140.8 Ω cm.
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FIG 4.9 IV curves of as-deposited Nb2O5 films deposited at 300°C, and inset plot shows
the linear relationship between I and V above 1 V.

4.3 Nb-doped TiO2 process development
4.3.1 Doping strategies
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Table 4.1 Two doping strategies
Nb2O5 cycle ratio (%)

Nb2O5 cycle

TiO2 cycle

Supercycles

Strategy 1
10

9

1

133

20

4

1

270

30

4/3*

1/2*

137

40

1/2*

1/1*

278

50

1

1

704

10

9

1

133

20

8

2

135

30*

7

3

137

40

6

4

139

50

5

5

141

Strategy 2

*indicates one supercycle for 30% = (4 TiO2 + 1 Nb2O5) + (3 TiO2 + 2 Nb2O5)
* indicates one supercycle for 40% = (1 TiO2 + 1 Nb2O5) + (1 TiO2 + 2 Nb2O5)

Two different doping strategies were proposed based on the number of Nb2O5
cycle per supercycle as shown in Table 4.1. Strategy 1 is to keep the minimal number of
Nb2O5 cycles per supercycle in order to avoid uneven doping and segregation of Nb2O5.
However, for 40% and 50% Nb2O5 cycle ratio, one TiO2 cycle would be used between
Nb2O5 cycles. There would be an issue if the nucleation delay of TiO2 may inhibit the
incorporation of Ti into the films, which will be discussed in the next section. Strategy 2
is to keep a total of 10 subcycles per supercycle to avoid using single one TiO2 cycle
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between Nb2O5 cycles. But there is a risk of uneven doping and segregation of Nb2O5 due
to the varied number of Nb2O5 cycles in one supercycle. The number of supercycles was
calculated on the basis of the growth rate of each oxide to keep the final film thickness
around 50 nm. It is to be noted that all strategies include an initial 20 TiO2 nucleation
cycles at 300°C prior to the occurrence of doping.

4.3.1.1

Investigation of nucleation delay

During the doping process, the surface switches back and forth between Ticontaining species and Nb-containing species. TiO2 may have different nucleation delay
on the substrate and on Nb-containing surface at different Tdep, as mentioned for the TiO2
film growth on a Si substrate in Chapter 4.1.2. The same goes with Nb2O5. Therefore, it
may be necessary to add additional nucleation cycles before the very first TiO2 cycle and
Nb2O5 cycle in every single supercycle to make sure the successful deposition of TiO2
and Nb2O5.
Nb2O5 has a substrate-enhanced growth mode on both Si and TiO2 surface as
shown in FIG 4.7, indicating that no nucleation cycles are required. FIG 4.10 shows the
number of nucleation cycles for ALD of TiO2 on Si and Nb2O5 surfaces as a function of
Tdep. On Si, TiO2 shows a substrate-inhibited growth mode at 200°C, 250°C and 300°C.
The number of nucleation cycles decreases with increasing Tdep, suggesting that higher
thermal energies at higher Tdep facilitates the film nucleation. On an about 12 nm thick
ALD Nb2O5 film, however, TiO2 changes from substrate-enhanced growth to substrateinhibited growth from 200°C to 250°C, and the number of nucleation cycles increases
with increasing Tdep, opposite to TiO2 nucleation on Si. This illustrates the critical role of
the specific surface on ALD nucleation. It is possible related to desorption of precursors
on the Nb2O5 surface at higher Tdep. For this work, the thickness of Nb2O5 deposited with
5 cycles may not be thick enough to produce such an effect. Therefore, it may be
unnecessary to add additional nucleation cycles after Nb2O5 cycle in every single
supercycle.
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FIG 4.10 TiO2 nucleation cycles on Si and Nb2O5 surfaces as a function of Tdep

4.3.1.2

Investigation of doping strategies

In order to investigate the doping strategies outlined in Table 4.1 and determine
the impact of nucleation delay, two supercycle runs were performed, consisting of either
1:1 or 5:5 Nb2O5:TiO2 cycles per sublayer as indicated in Table 4.2. The depositions
were performed on Si substrates without adding any TiO2 nucleation cycles. The number
of supercycles for each run was chosen to target a total film thickness of 50 nm,
calculated assuming the growth rate of each oxide on Si substrates and no impact from
nucleation delay.
Table 4.2 Film thickness and refractive index of two runs from strategy 1 and 2
Refractive
Thickness
Supercycles
index at 632
(nm)
nm

Strategy
No.

Nb2O5 cycle
ratio (%)

TiO2
cycle

Nb2O5
cycle

S1

50

1

1

705

52.8

2.401

S2

50

5

5

141

53.1

2.407

As listed in Table 4.2, the final thickness of the Nb2O5-TiO2 doped films is close
to the target calculated thickness. The measured refractive index of each film was
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between 2.40-2.41, intermediate between the refractive indices of the individual films
nTiO2 = 2.49 and nNb2O5 =2.37. The result indicates that even without TiO2 nucleation
cycles during doping, films were successfully deposited as expected based on bulk
deposition rates without any thickness loss. This indicates that even 5 Nb2O5 cycles had
almost no influence on TiO2 growth therefore no nucleation delay.
XRD patterns in FIG 4.11 of the as-deposited films show an absence of any peaks
indicating that both runs are amorphous, which means that the dopants hinder the
crystallization of TiO2 at 300°C. After post-annealing in a H2/N2 for 1.5 hr, films from S2
still remain almost amorphous except for a tiny oxygen-deficient TiO peak. On the other
hand, films from S1 (1:1 cycles) show other peaks belonging to Ti2O3 and rutile TiO2.
Niemelä et al. reported the similar appearance of rutile TiO2 peaks when Nb atomic
percentage is higher than 40%.36 To sum up, films from these two runs successfully
incorporate both Ti and Nb atoms, but FIG 4.11 indicates that films from S2 with 5
Nb2O5 cycles in one supercycle show undesired rutile TiO2. Therefore S1, representing
Strategy 1, is the best doping choice.

TiO

Si
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S1 annealed
S1 as-deposited
Ru5le
Ti2O3 TiO
2

S2 annealed

Ti2O3
Si

S2 as-deposited
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FIG 4.11 XRD patterns of films with the 50% Nb2O5 cycle ratio for as-deposited and
annealed at 600°C in H2/N2 for 1.5 hr, unlabeled peaks belong to Si substrates

4.3.1.3

Film properties
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All films were prepared based on doping strategy 1 from Table 4.1 with Nb2O5
cycle ratios varying from 0 to 50% of the supercycle. All depositions were followed by a
post-annealing at 600°C in H2/N2 for 1.5 hr. Atomic Nb/(Ti+Nb) ratio are measured via
XPS by William Stickle at HP. Shown in FIG 4.12 it is found that the atomic Nb/(Ti+Nb)
ratio is linearly dependent on the Nb2O5 cycle ratio and that the atomic Nb/(Ti+Nb) ratio
is almost two times the corresponding Nb2O5/(TiO2+Nb2O5) cycle ratio. This result
indicates that Nb is successfully incorporated in the films and that the doping
concentration can be accurately controlled by the Nb2O5 cycle ratio. However, it has
previously been reported that the correspondence between the film composition and the
doping cycle ratios is almost one-to-one.36,38 The difference in the correspondence
observed here can be attributed to different TiO2 and Nb2O5 growth rates at different
deposition temperatures, different precursor molecule sizes, and possible different
nucleation delays as well as doping strategies. Due to the different Ti precursor and
deposition temperature used in this thesis, TiO2 and Nb2O5 growth rates are different
from the literatures; especially TiO2 has a much slower growth rate, which leads to less
Ti deposited per ALD cycle vertically. In the meantime, TTIP molecules are much larger
than TiCl4 molecules, which results in less dense areal Ti density per ALD cycle. In
addition, the previous reports fail to mention the number of nucleation cycle and the
doping strategies they used. It is possible that TiO2 based on TTIP in this thesis has a
higher nucleation delay than TiO2 based on other precursors in the literatures, which
hinders the incorporation of Ti. Besides, the doping strategy in this thesis utilizing the
least number of Nb2O5 cycles in one supercycle has a higher doping efficiency. All of
these differences increase the atomic Nb/(Ti+Nb) ratios during ALD process.
The depth profile in FIG 4.12 shows that all elements are uniformly distributed
within the films. It indicates the success of Nb doping and its content can be controlled
by Nb2O5 cycle ratios. Note that the carbon content was high on the surface, because of
high contamination probably caused by sample storage and transportation.
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FIG 4.12 Sputter depth profile of Nb-doped TiO2 films with 20% Nb2O5 cycle ratio
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FIG 4.13 Resistivity at the room temperature of Nb-doped TiO2 films on Corning 1737
glass annealed at 600°C in H2/N2 for 1.5 hr as a function of Nb2O5 cycle ratios

As-deposited Nb-doped TiO2 films as well as both as-deposited and annealed
undoped TiO2 films were too resistive to be measured by four-point probe. However,
after annealing, doped films became conductive and FIG 4.13 shows their resistivity as a
function of Nb2O5 cycle ratio. The resistivity of films decreases with the Nb2O5 cycle
ratio below 20%, while it increases when the Nb2O5 cycle ratio is above 20%. The
decrease in resistivity is attributed to the increase in carrier concentration because of Nb
doping. The increase in resistivity is probably caused by increasing scattering due to Nb
content and because of the decrease in anatase (004) peak, shown in FIG 4.14. The lowest
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resistivity occurs at the Nb2O5 cycle ratio of 20%, which is about 0.14 Ω cm, which is
still 2 orders higher than about 1.9 mΩ cm reported by a Pore et al.38 and 1.4 mΩ cm
reported by Niemelä et al.36, both of which were deposited via ALD.
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FIG 4.14 XRD patterns of Nb-doped TiO2 films with different Nb2O5 cycle ratios
annealed at 600°C in H2/N2 for 1.5 hr; there are only anatase TiO2 peaks when the Nb2O5
cycle ratio is below 30%, and other peaks appear when above 40%

In FIG 4.14, when the Nb2O5 cycle ratio is below 30% only anatase peaks are
observed. With the Nb2O5 cycle ratio above 50%, the anatase peaks disappear and other
peaks show up which are very similar to the films deposited from TiCl4, Nb(OEt)5, and
H2O reported by Niemelä et al.36 At the 40% Nb2O5 cycle ratio, the films are nearly
amorphous. The A(004) peak grows stronger when the Nb2O5 cycle ratio increases from
0% to 20%, but it diminishes when the Nb2O5 cycle ratio is higher than 20%, and
completely disappears with the 40% Nb2O5 cycle ratio and above, indicating that a
certain amount of Nb content facilitates the growth of A(004), however, when Nb content
is too high, the growth of A(004) is inhibited. According to Niemelä et al.36, the c-axis
oriented {001} facets have an effective mass ma,b* ≈ 0.2 − 0.6 me, while mc* ≈ 0.5 − 4 me,
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where me is the electron mass, indicating that A(004) is more conductive than other facets.
Meanwhile, the films with the 20% Nb2O5 cycle ratio has the strongest (004) peak, which
explains why the lowest resistivity lies at the 20% Nb2O5 cycle ratio. Moreover, with the
50% Nb2O5 cycle ratio, the NbO2 phase appears probably due to segregation of Nb at the
grain boundaries, and the Ti2Nb10O29 also appears because Nb concentration exceeds its
solubility in the anatase TiO2 lattice.
Compared to 0.64 Å radius of Nb5+, Ti4+ has a slightly smaller radius of 0.61 Å.
The interplanar spacing of anatase TiO2 lattice therefore will be expanded by the
substitution of Ti4+ with Nb5+.36 As shown in FIG 4.15, the interplanar spacing of
TiO2(101) planes increases linearly with the Nb2O5 cycle ratio from 0% to 20%, but it
becomes sublinear above 20%. Therefore, Nb has a good solubility in an anatase TiO2
lattice when a cycle ratio is below 20%.36
3.60
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FIG 4.15 Interplanar spacing d(101) as a function of Nb2O5 cycle ratios from XRD
anatase (101) peak for Nb-doped TiO2 films annealed at 600°C in H2/N2 for 1.5 hr

In FIG 4.16, pure TiO2 has an RMS roughness Rq of 2.8 nm and an average peakvalley roughness Rtm of 11 nm, but its surface roughness is significantly decreased to Rq
= 0.3nm and Rtm = 2.8 nm via Nb doping. Rq and Rtm are maintained about 0.3 nm and 1
nm, respectively, when the Nb2O5 cycle ratio lies between 20% and 40%. Rq and Rtm
begin to increase when Nb2O5 cycle ratio is 50%, which is probably due to the
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appearance of other crystal phases. The result indicates the Nb doping can significantly
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FIG 4.16 RMS roughness Rq and average peak-valley roughness Rtm as a function of the
Nb2O5 cycle ratios

As for the transmittance spectra, in FIG 4.17, a bare corning 1737 glass substrate
has a constant transmittance about 90% in the visible wavelength from 400 to 800 nm,
while all Nb-doped TiO2 films have a transmittance between 56% and 73% as a function
of wavelength. There are two possible reasons for the reduced transmittance as compared
to 60%-80% transmittance of films prepared by PLD.98 The first reason is that the index
of refraction of Nb-doped TiO2 films is higher than 2.4 at 632 nm, which increases the
reflection and reduces transparency.32 The other reason is because of low crystalline
quality, meaning that there are more grain boundaries created by small grains which are
about 43 nm calculated from Scherrer Equation (3.5), and therefore more photons are
reflected leading to the reduced transmittance.32 Within the visible wavelength, the
difference of the transmittance between films is less than 5%, indicating there is no
significant influence of Nb doping on the transmittance.
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FIG 4.17 Transmittance of Nb-doped TiO2 films with different Nb2O5 cycle ratio
prepared at 300°C and annealed at 600°C in H2/N2 for 1.5 hr (solid lines) and the Corning
1737 glass substrate (dashed line) as a function of the wavelength
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FIG 4.18 Atomic Nb/(Ti+Nb) ratio in Nb-doped TiO2 films as a function of deposition
temperatures

To try and reduce resistivity, the effect of deposition temperatures on Nb content
in Nb-doped TiO2 films with the 20% Nb2O5 cycle ratio was investigated. Films were
deposited at 200°C, 250°C, and 300°C followed by the same post annealing at 600°C in
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H2/N2 for 1.5 hr. In FIG 4.18, the atomic Nb/(Ti+Nb) ratio changes slightly at different
Tdep. Though Nb2O5 has a higher growth rate at 250°C than at 300°C, the lower
nucleation delay of TiO2 is the more dominant factor resulting in a lower atomic
Nb/(Ti+Nb) ratio at 250°C. At 200°C, however, the much higher growth rate of Nb2O5
and lower growth of TiO2 serves a more crucial factor than the nucleation delay of TiO2,
which makes the atomic Nb/(Ti+Nb) ratio slightly higher at 200°C than at 300°C.
The impact of deposition temperature on the resistivity of the 20% Nb2O5 cycle
ratio Nb-doped TiO2 films followed by a post anneal at 600°C in H2/N2 for 1.5 hr is
shown in FIG 4.19. The Nb-doped TiO2 films deposited at 200°C and 250°C have oneorder of magnitude lower resistivity compared to the same films deposited at 300°C.
Though the difference in resistivity of films deposited at 200°C and 250°C is almost
negligible, lower deposition temperatures are preferred in industries on account of energy
saving and thermal budgets.
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FIG 4.19 Resistivity of Nb-doped TiO2 films with 20% Nb2O5 cycle ratio annealed at
600°C in H2/N2 for 1.5 hr as a function of deposition temperatures

In FIG 4.20, XRD shows that A(200) only appears in films deposited at 300°C,
which is perpendicular to A(004) plane, but as mentioned early, electrons have the
lightest effective mass on A(004) plane, and heaviest effective mass on A(200) plane.
Therefore, films deposited at 300°C has the highest resistivity. Films deposited at 200°C
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have a slightly higher A(004) peak than at 250C and both of them have no A(200) peak.
Therefore, films deposited at 200°C have the lowest resistivity and films deposited at
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FIG 4.20 GIXRD patterns of Nb-doped TiO2 films with 20% Nb2O5 cycle ratio prepared
at 300°C and annealed at 600°C in H2/N2 for 1.5 hr as a function of deposition
temperatures, and all peaks belong to anatase TiO2

As shown in FIG 4.21, the surfaces of Nb-doped TiO2 films deposited at 200°C
and 250°C are slightly smoother than the surface of Nb-doped TiO2 films deposited at
300°C, while there is no big difference in the surface roughness at the deposition
temperatures of 200°C and 250°C. However, overall the deposition temperatures have
little impact on the surface roughness.
a

b

c

FIG 4.21 AFM images of Nb-doped TiO2 films with 20% Nb2O5 cycle ratio prepared at a)
200°C, b) 250°C, c) 300°C and annealed at 600°C in H2/N2 for 1.5 hr
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In FIG 4.22, the negative sign of the Seebeck coefficients indicates that the
majority carriers are electrons, and the absolute value of the Seebeck coefficient increases
with increasing deposition temperatures, indicating that the carrier concentration is higher
for Nb-doped TiO2 films prepared at lower deposition temperatures because of higher Nb
content and probably higher occupancy of Nb at the anatase lattice donating more
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electrons.
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FIG 4.22 Seebeck coefficients of Nb-doped TiO2 films with 20% Nb2O5 cycle ratio as a
function of Tdep

4.3.3

Effect of annealing temperatures

To investigate the effect of annealing temperatures on resistivity of Nb-doped
TiO2 films with the 20% Nb2O5 cycle ratio, films were annealed at three different
temperatures, including 500°C, 600°C and 650°C, in H2/N2 for 1.5 hr. In FIG 4.24, with
higher annealing temperatures at 650°C, resistivity of Nb-doped TiO2 films can be
significant reduced while annealing temperatures lower than 600°C have little effect,
which means 650°C is a critical point where more Nb dopants were activated by
replacing Ti atoms in the anatase lattice resulting in lower resistivity. But the annealing
temperatures does not affect much the small difference between films deposited at 200°C
and 250°C. Though higher annealing temperatures are desired, Corning 1737 glass
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substrates will be strained with the thermal treatment higher than 666°C. The lowest
resistivity obtained is 4.2 × 10-3 Ω cm for Ti0.58Nb0.42O2, which is close to 1.4 × 10-3 Ω
cm reported by Niemelä et al.36 and 1.9 × 10-3 Ω cm reported by Pore et al.38 for ALD
Nb-doped TiO2. However, it is still one order higher than the 2 - 3 × 10-4 Ω cm reported
for PLD epitaxial Nb-doped TiO2 films on SrTiO3 and LaAlO3 by Furubayash7. Because
their lattice constant a(STO) = 3.905 Å and a(LAO) = 3.791 Å matches a(anatase TiO2) =
3.785 Å, resulting in highly c-axis oriented {001}

Nb-doped TiO2 films, and

subsequently leading to lower resistivity as discussed earlier.
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FIG 4.23 Resistivity of Nb-doped TiO2 films with 20% Nb2O5 cycle ratio deposited at
200°C, 250°C and 300°C as a function of Tanneal

Similar to resistivity vs. Tanneal, the Seebeck coefficient α has a sharp increase at
650°C in FIG 4.25, while it only increases slightly from 500°C to 600°C, which explains
why resistivity decreases abruptly at 650°C. Based on Mott’s criterion, assuming m* ≈ me
and knowing anatase TiO2 εm = 5599, one can get 𝑎!∗ = 2.9 nm and nc ≈ 6.44 × 1017 cm-3,
which suggests that Nb-doped TiO2 can be regarded as a degenerate semiconductor as
long as its carrier concentration is higher than nc ≈ 6.44 × 1017 cm-3. For the best result α
(Ti0.58Nb0.42O2) = -42.62 .324 in FIG 4.24, one can get n = 3.23 × 1020 cm-3, 𝜇 = 4.6
cm2/Vs. Since n > nc, Ti0.58Nb0.42O2 is degenerate and the calculation is self-consistent. In
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addition, both n = 3.23 × 1020 cm-3 and 𝜇 = 4.6 cm2/Vs are comparable to Nb-doped TiO2

Seebeck coeﬃcient (μV/K)

films deposited by ALD36, PLD7 and sputtering34,35.
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FIG 4.24 Seebeck coefficients of Nb-doped TiO2 films with 20% Nb2O5 cycle ratio
deposited at 200°C as a function of Tanneal
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FIG 4.25 Transmittance of the best Nb-doped TiO2 films with 20% Nb2O5 cycle ratio
prepared at 200°C and annealed at 650°C in H2/N2 for 1.5 hr (solid lines) and the Corning
1737 glass substrate (dashed line) as a function of wavelength

FIG 4.26 shows the transmittance spectra of the corning 1737 glass substrate and
the best Nb-doped TiO2 films with 20% Nb2O5 cycle ratio prepared at 200°C and
annealed at 650°C. The best film has a transmittance of 62% - 82% in the wavelength of
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visible light, which even slightly higher than 60%-80% transmittance of films prepared
by PLD.98
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5. ALD Nb2O5 and HfO2 MIIM diodes
5.1 Single layer oxide IV curves
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FIG 5.1 IV curves of as-deposited, air-annealed and forming gas (FG)-annealed TaN/5
nm single layer HfO2 or 5 nm single layer Nb2O5/Al

In FIG 5.1, as-deposited 5 nm Nb2O5 film shows a much higher leakage current.
However, after post anneal, the leakage current is significantly decreased, especially after
forming gas (FG) anneal. As-deposited 5nm HfO2 shows much smaller leakage current
than 5 nm Nb2O5, and air anneal has little effect on its IV curves, while FG anneal
increases the leakage current at the negative bias.

5.2 Investigation of dual layer oxide orientation and oxide thickness
ratio
5.2.1 IV curves and asymmetry
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FIG 5.2 IV curves and ηasym vs. V of as-deposited (a, b), air-annealed (c, d) and FGannealed (e, f) TaN/HfO2/Nb2O5/Al with different HfO2/Nb2O5 thickness ratios, in the
legend, for example, 1/4 indicates 1nm HfO2/4nm Nb2O5

TaN/HfO2/Nb2O5/Al was first investigated with the schematic structure as shown
as the inset in FIG 5.2 (b). IV curves of TaN/HfO2/Nb2O5/Al with different HfO2/Nb2O5
thickness ratios are shown in FIG. 5.2. For as-deposited TaN/HfO2/Nb2O5/Al, in FIG 5.2
(a), the leakage current decreases with increasing HfO2 thickness and decreasing Nb2O5
thickness. Since Nb2O5 is much leakier than HfO2, the results are as expected. FIG 5.2 (b)
shows a log plot of device I-V asymmetry where ηasym = I- / I+ and ηasym = 1 indicates a
symmetric device. The 1nm HfO2/4nm Nb2O5 and 2nm HfO2/3nm Nb2O5 devices have
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poor asymmetry (ηasym = 1) indicating no difference between negative and positive
current. The rest of devices show some ηasym < 1 indicating higher positive current than
negative current. 4/1 device has the highest ηasym and it increases with the applied bias.
However, they have a high Von (defined as ηasym > 10) above about 1.5V, and poor ηasym
at low bias. In an attempt to improve asymmetry and to lower Von, air and FG anneals
were performed. In FIG 5.2(c) and (d), following air anneal, the IV curves of the
TaN/HfO2/Nb2O5/Al devices become less variant,ηasym is significantly improved, and
Von is reduced from > 1.5V to 0.15V - 0.51V. The 2.5/2.5 device shows that ηMAX (the
direction of the asymmetry does not matter) is about 10-3 indicating I_ is 10-3 times
smaller than I+, and V(ηMAX), which is the voltage at which ηMAX of each device is
located, is between 0.57V and 1.08V. In FIG 5.2 (e) and (f), after FG anneal, the overall
conduction of the devices is reduced and significant differences between positive and
negative currents are obvious. The best ηMAX comes from 4/1 device which is about 10-4,
even one order lower than air-annealed 2.5/2.5 device of ηMIN = 10-3. However, Von and
V(ηMIN) are increased to 0.66V – 0.87V and 1.47V – 2.07V, respectively.
Next, the reverse oxide orientation TaN/Nb2O5/HfO2/Al stack was investigated
with HfO2 deposited on Nb2O5. In FIG 5.3 (a) and (b), as-deposited devices show less
variant IV curves compared to the opposite oxide orientation, but the leakage current
generally follows the same trend - deceasing Nb2O5 thickness reduces the leakage current.
In addition, all devices show much poorer η asym which is around 1 indicating no
difference between positive and negative currents, except 1/4 device which shows ηasym
slightly bigger than 1. Similarly, air anneal and FG anneal were performed in an attempt
to improve ηasym. FIG 5.3 (c) and (d) shows that air anneal slightly reduced the leakage
current, but most devices show generally poorηasym. The exception is the 2.5/2.5 device
which showed VON = 0.3 V and ηMAX = 4.63 x 10-2 at 0.51 V for air-annealed devices,
VON = 0.15 V and ηMAX = 1.15 x 10-3 at 0.93 V for FG-annealed devices . The FG
anneal, however, in FIG 5.3 (e) and (f), greatly reduced the negative current and
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increased ηasym. For all devices, Von and V(ηMAX) are 0.15V – 0.69V and 0.69V – 1.98V.
FG-annealed 2.5/2.5 device has the largest ηasym about 10-3 and smallest Von about 0.15V.
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FIG 5.3 IV curves and ηasym vs. V of as-deposited (a, b), air-annealed (c, d) and FGannealed (e, f) TaN/Nb2O5/HfO2/Al with different Nb2O5/HfO2 thickness ratios, in the
legend, for example, 1/4 indicates 1nm Nb2O5/4nm HfO2

In short conclusion, even though ηasym of FG-annealed TaN/4nm HfO2/1nm
Nb2O5/Al is one order lower than η asym of FG-annealed TaN/2.5nm Nb2O5/2.5nm
HfO2/Al, indicating that former device has a bigger difference between positive and
negative current namely bigger asymmetry, the latter device has a much smaller Von and
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high enough asymmetry. Therefore, FG-annealed TaN/2.5nm Nb2O5/2.5nm HfO2/Al is a
more promising device.

5.2.2 Analysis of band diagram and conduction mechanism
Band diagrams simulated using Boise State University (BUS) band diagram
program, shown in FIG. 5.4, were examined in order to understand the IV behavior of
these devices. TaN/2.5nm HfO2/2.5nm Nb2O5/Al has a barrier height Φb_TaN/HfO2 = 2.1 eV
at the interface of TaN/HfO2, a barrier height Φb_Nb2O5/Al = 0.2 eV at the interface of
Nb2O5/Al and a band offset Φoffset = 1.5 eV at the interface of HfO2/Nb2O5. TaN/2.5nm
Nb2O5/2.5nm HfO2/Al has a barrier height Φb_TaN/Nb2O5 = 0.6 eV at the interface of
TaN/Nb2O5, a barrier height Φb_HfO2/Al = 1.7 eV at the interface of HfO2/Al and the same
band offset Φoffset = 1.5 eV at the interface of Nb2O5/ HfO2.
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FIG 5.4 Band diagram of TaN/2.5nm HfO2/2.5nm Nb2O5/Al (left) with no bias (a),
positive bias (c) and negative bias (e), and TaN/2.5nm Nb2O5/2.5nm HfO2/Al (right) with
no bias (b), positive bias (d) and negative bias (f)
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2.5/2.5 devices with two different oxide orientations are here used to represent
other devices with different oxide thickness ratios. In FIG 5.4 (a) and (b), unbiased
devices show flat Fermi level with the workfunctions of both TaN and Al on the same
level. For the TaN/2.5nm HfO2/2.5nm Nb2O5/Al devices, under positive bias applied to
the Al electrode electrons have a probability of tunneling directly through the HfO2 layer
into the conduction band (CB) of the Nb2O5 (step tunneling), while under small negative
bias electrons have to tunnel through both Nb2O5 and HfO2, as shown in FIG 5.4 (c) and
(e), respectively. Under larger magnitude negative bias, the possibility of resonant
tunneling exists as electrons begin to Fowler-Nordheim tunnel into the CB of the Nb2O5.
Assuming that step-tunneling dominates asymmetry25,26, there should be a higher positive
current than a negative current, resulting in ηasym < 1. This assessment appears to be in
agreement with the observed IV behavior discussed in FIG. 5.2 in the previous section.
For the reverse oxide orientation TaN/2.5nm Nb2O5/2.5nm HfO2/Al devices in
FIG 5.4 (d) and (f), it is conceivable that the tunneling of electrons should behave in the
opposite way, indicating that electrons have to tunnel through both Nb2O5 and HfO2
under positive bias, while they are able to tunnel through the single HfO2 (step tunneling)
under negative bias. This would predict a higher current at negative bias than at positive
bias, resulting in ηasym > 1, which, however, is opposite to the observed IV behavior in
FIG. 5.3 where ηasym < 1.
However, the positive bias case in FIG. 5.4(d) suggests that resonant tunneling100
may be activated which could overwhelm step tunneling and result in ηasym < 1.
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6. Conclusions
6.1 ALD Nb-doped TiO2 as TCO
ITO is one of the most widely used and well-developed TCOs, but in view of the
scarcity and increasing price of indium, novel specialty materials have to be explored.
Nb-doped TiO2 is a very promising candidate to substitute ITO in the future, because it
has a comparable transparency and electrical conductivity with ITO.
ALD is an ideal method to deposit Nb-doped TiO2 films, because it can precisely
control the film thickness and composition, and it has the capability of obtaining
conformal and uniform films over large areas as well as on complex 3D and porous
structures. In addition, films can be obtained at relatively low deposition temperatures in
medium vacuum. ALD TiO2 and ALD Nb2O5 were successfully performed with TTIP
and NEO as metal precursors and H2O as the oxygen precursor.
Two different doping strategies were explored before the performance of doping.
The final film thickness from different doping strategies is close the target thickness
calculated on the basis of growth rates of each oxide, and XRD patterns show no phases
of niobium oxide or other compounds, indicating the success of doping via ALD.
Nb-doped TiO2 films were successfully deposited via ALD followed by post
annealing. The Nb concentration in Nb-doped TiO2 films can be controlled by the Nb2O5
cycle ratios. The lowest resistivity about 4.2 x 10-3 3 cm occurs at the 20% Nb2O5 cycle
ratio with the atomic Nb/(Ti+Nb) ratio of 0.39. Besides, the Nb-doped TiO2 films have a
smooth surface with RMS roughness of 0.18nm. The transmittance spectra in the
wavelength of visible light is between 62% and 82%, which is close to 60%-80%
reported in the literatures.38

6.2 ALD Nb2O5 and HfO2 MIIM diode
Both as-deposited TaN/HfO2/Nb2O5/Al and as-deposited TaN/Nb2O5/HfO2/Al
show a very poor asymmetry. Post air and FG anneals help increase their asymmetry. FGannealed TaN/4nm HfO2/1nm Nb2O5/Al has the highest ηasym but also a high Von.
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However, air-annealed TaN/2nm HfO2/3nm Nb2O5/Al and FG-annealed TaN/2.5nm
Nb2O5/2.5nm HfO2/Al have a reasonably high ηasym ~ 10-3 and a low Von ~ 0.15V, which
make them more promising than FG-annealed TaN/4nm HfO2/1nm Nb2O5/Al.
Band diagram shows that TaN/HfO2/Nb2O5/Al should have η asym < 1 and
TaN/Nb2O5/HfO2/Al should have ηasym > 1, if tunneling is the dominant conduction
mechanism. However, both of them have η asym < 1. The analysis of conduction
mechanisms reveals that tunneling is not the only active charge transport mechanism.
Instead, such conduction mechanisms as Poole-Frenkel emission, Schottky emission and
space-charge-limited conduction are present, which result in ηasym < 1 for both devices
with the opposite oxide orientations. However, ηasym < 1 is consistent with the electrode
work function different, indicating that the electrode work function different may be
dominant in those devices.
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7. Future works
7.1 ALD Nb-doped TiO2 as TCO
Even though higher annealing temperatures are not desired in industries, it is
necessary to investigate if resistivity can be further reduced with higher annealing
temperatures. In addition, other special substrates such as SrTiO3 (STO) and LaAlO3
(LAO) are worth investigation as well. Moreover, since the 0.39 atomic Nb/(Ti+Nb) ratio
for the lowest resistivity film is much higher than that in other reports, more
investigations should be performed to decrease the Nb content while avoiding increase in
resistivity.

7.2 ALD Nb2O5 and HfO2 MIIM diode
Post-anneal helps increase the asymmetry of TaN/HfO2/Nb2O5/Al and
TaN/Nb2O5/HfO2/Al, so higher post-anneal temperatures shall be investigated to further
improve the asymmetry. Moreover, it is necessary to investigate if Von, ηMAX and V(η
MAX)

are tunable by varying the thickness of one oxide and fixing the other constant.
For further investigation, ALD Nb-doped TiO2 will be used as an electrode of

ALD Nb2O5 and HfO2 MIIM diode to see the possibility of application of MIIM in
transparent devices.
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