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Abstract

Abstract

As a transparent conducting oxide (TCO) or a transparent semiconductor, Zinc oxide
(Zn0O) is a promising candidate for many existing and novel thin film applications. Atomic
layer deposition (ALD) exhibits excellent uniformity, conformality and thickness control
and is therefore a suitable method for producing such ZnO thin layers. The first part of
this thesis concerned the ALD process development and characterization of ZnO. The
thermal process showed a good growth per cycle (GPC) of 0.21 nm/cycle, non-
uniformity of 3.3 % and minimum resistivity in the order of 102 Qcm for 40 nm thick
films. The plasma-assisted process gave a GPC of 0.09 nm/cycle, non-uniformity of 22.3
%, a minimum resistivity in the order of 10' Qcm for 40 nm thick films and required a
long plasma dose of 16 s before saturation was reached. These latter results were not
optimal for most applications and therefore this process needs to be further optimized
before the full potential of the plasma-assisted ALD process can be utilized.

The second part of this thesis concerned the doping of ZnO with aluminium. Thermal
ALD processes were developed using both trimethyl-aluminium (TMA) and dimethyl-
aluminium isopropoxide (DMAI) as Al precursors. Minimum resistivities in the order of
10 Qcm were achieved for films of 40 nm thickness at an Al fraction of approximately 3
%, even without optimizing the deposition temperature. The use of TMA and DMAI
showed growth inhibition of subsequent ZnO cycles in both cases. This effect however,
was more pronounced for DMAI. The reason was hypothesized to be the passivation of
surface OH groups and shielding of adjacent OH groups (steric hindrance) by remaining
isopropoxide ligands. DMAI showed higher doping efficiency and lower resistivity than
TMA at equal Al fractions. This was ascribed to the large DMAI ligands, which by steric
hindrance, cause the Al atoms to be more sparsely located throughout the material.
Therefore the coulomb repulsion between donated electrons, which suppresses further
electron donation, was less attenuated.
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Chapter 1: Introduction

Chapter 1

Introduction

Zinc oxide (ZnO) is a versatile material. It was already produced in the Bronze age when
it was used for the healing of wounds M Modern day industrial applications comprise

chemicals, white paints, ceramics, cosmetics and rubber [,

The research on ZnO as a semiconductor material started in the middle of the 20™
century and was relatively intensive in the 1950s and 1970s . However, a significant
increase in the number of publications on ZnO started around 1990. This is shown by
Figure 1.1 (L2 An important factor that triggered this renewed interest in ZnO, was the
progress in nanostructure fabrication techniques (L2 New methods were developed
that could be used to produce structures on the nm scale. ZnO, as a semiconductor, has

many (potential) applications in nanostructures. General examples are ZnO as (-6,

e Transparent conducting oxide (TCO). TCOs are applied as transparent electronic
contacts in solar cells, flat panel displays and touch panels. Another emerging
application is ZnO as a channel layer in transparent thin film transistors (TTFTs).
Electrical conductivity and transparency for visible light are important TCO
properties;

® Junction material or as junction material compound in heterojunction light
emitting diodes (LEDs). ZnO is suitable for this application because it exhibits n-
type conductivity. ZnO in heterojunction LEDs is currently an emerging
application. In the future ZnO can possibly be used in homojunction LEDs as well.
For this to be possible however, p-type conductivity will be necessary;

e Active material in chemical and gas sensors. The surface resistivity of ZnO
depends strongly on adsorbed species. This can be used in sensing devices. The
sensitivity of such devices improves with increasing surface to volume ratio. The
Zn0 layers in these devices are therefore required to be as thin as possible;

® Piezoelectric devices such as mechanical sensors and micromechanical systems
(SEMS), since ZnO is a piezoelectric material;

® Ferromagnetic material in spintronics since ZnO can act as a ferromagnetic
material when doped with magnetic ions;

TCO production is currently the largest application of thin film ZnO. The focus of this
thesis will therefore be on the electrical and optical properties of ZnO.
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Figure 1.1 Increase of the number of publications about zinc oxide (ZnQO) over the last decades =

1.1 Transparent Conducting Oxides

TCOs are metal oxides that are used in optoelectronic devices. A TCO combines the
property of conductivity with transparency in a specific wavelength region. The
transparent wavelength region is determined by the material bandgap. Figure 1.2 shows
an example of a TCO in a heterojunction with intrinsic thin layer (HIT) solar cell, where it
acts as transparent contact that transports charge carriers to the metal contacts.

Ag

TCO
a-Si:H (p*)
a-Si:H (i)

c-Si (n)
a-Si:H (i)
a-Si:H (n*)
TCO

Ag

Figure 1.2 Schematic representation of a HIT solar cell. Sunlight enters the device by passing through the
TCO. The sunlight then creates free charges in the c-Si (n) layer. The free charges are transported through
the TCO to the metal contacts. Picture used from de Wolf et al. [7].
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Important TCO requirements are L],

e High transparency (> 80%) in the spectral region of interest. Typically in the
visible and near infrared region;
e Low resistivity (< 102 Q cm). The resistivity for a n-type material is determined

by both the free electron density and the electron mobility 91,

p=—- (1.1)

Where pis the resistivity, g the elementary charge, n the free electron
density and 1, the electron mobility. A high free electron density causes the
material to be less transparent, mainly in the infrared region. Therefore, low
resistivity values are mainly required to be caused by high mobility values
instead of high electron density.

® The possibility to be deposited at low substrate temperature (< 200 °C for HIT
solar cells);

e (Tunable) roughness, which can be required in solar cells for light trapping;

e High abundance of composing materials and low material costs.

The most widely applied TCO is Indium tin oxide (ITO), In,03:5n (L8101 1 TO can be
deposited with resistivity values in the order of 10* Qcm while exhibiting a
transmittance above 80 % in the spectral range between 400 and 2000 nm. Indium
however, is a scarce material that causes the material to be expensive U For this reason
other materials are being searched that can be used as TCO.

ZnO is a promising candidate for many existing and novel TCO applications. It has a high
direct bandgap of approximately 3.2 eV, which makes it transparent for wavelengths
above approximately 387 nm. Excellent resistivities down to 10" Q@ cm have been
reported for doped ZnO, while keeping the transmittance above 80 % in the visible
wavelength region [12,13], Doping however, is required to reach these low resistivities, as
will be described later. Reported dopants are Al, Ga, In, Band F (4681 7n0 can be etched
to tune the roughness after deposition M. The material is abundant and thus relatively
cheap compared to indium.
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1.2 Zinc Oxide Material Properties

ZnO crystallizes in two main forms, hexagonal wurtzite as shown in Figure 1.3 and cubic

zincblende. The wurtzite structure is most stable under ambient conditions like room

temperature and atmospheric pressure &,

Figure 1.3 Schematic representation of the wurtzite structure lattice placed within a hexagonal prism.

The black atoms are Zn and the grey atoms are O. The lattice constants are a= 0.325 nm, ¢=0.52066 nm
1]

ZnO exhibits an n-type character caused by intrinsic point defects M Intrinsic point
defects are deviations from the ideal crystal structure that are caused by displacement
or removal of lattice atoms. Possible intrinsic defects are vacancies and interstitials.
Historically, it was believed that zinc interstitials (Zn;) and oxygen vacancies (Vo), shown
in Figure 1.4, were the main cause of the n-type conductivity 534 1n this assumption the
oxygen vacancies act as shallow acceptors and play the most dominant role in n-type
conductivity 534 The assumption was based on the existing relationship between
resistivity and the partial O pressure during deposition or annealing, which was
observed in many studies. Modern day theoretical calculations show however, that Vg
only acts as deep donor. Vg can therefore not be the dominant contribution to the n-
type conductivity. Other defects are likely to be more important. The debate on this
topic is still going on but there seems to be some evidence that interstitial or
substitutional hydrogen acts as dominant shallow donor 35141 This is also shown in
Figure 1.4.

10
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(e)

Figure 1.4 Schematic representation of defects in the ZnO crystal: (a) Zinc interstitial (b) Oxygen vacancy.

(c) Hydrogen interstitial at the bond- center site parallel to the c-axis. (d) Hydrogen interstitial at the anti-

bonding site perpendicular to the c-axis. (e) Hydrogen at the substitutional oxygen site Bl

For ZnO, doping is required to achieve sufficiently low resistivities for use in opto-
electronic devices. Doping is the substitution of Zn atoms by group-IIl elements such as
Al, B, Ga or In. These elements act as shallow donor and donate an electron into the
conduction band.

There are several successful deposition techniques for thin layer ZnO. Examples are
magnetron sputtering, chemical vapour deposition (CVD), pulsed laser deposition (PLD),
atomic layer deposition, molecular beam epitaxy, spray pyrolysis and electro chemical
deposition (U This thesis focuses on atomic layer deposition.

1.3 Atomic Layer Deposition

Atomic layer deposition (ALD) (1519 s a thin film deposition technique that exhibits
excellent uniformity, high conformality on high aspect ratio structures and precise
thickness control. This is depicted in Figure 1.5. To understand the origin of this nature it
is illustrative to explain the ALD process with Figure 1.6.

ALD typically consists of two self limiting half-cycles. In the first half-cycle a vapour of
metal-organic or metal-halide precursor is dosed and adsorption of precursor molecules
on available surface sites takes place. This exposure step is followed by a purge step to
remove the volatile reaction products and the excess of unreacted precursor molecules.
The second half cycle is an exposure to an oxidizing or reducing reactant to remove the

11
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ligands from the metallic centre and obtain the desired material. This exposure is again
followed by a purge step to remove reaction products. The two half-cycles make up the
ALD cycle and the ALD cycles are repeated until the targeted thickness is reached.
Doped materials can be deposited by alternating between ALD cycles of different
materials.

Films that are grown by ALD are highly uniform and yield excellent conformality because
one precursor/oxidizing molecule can adsorb at every available surface site regardless of
the incoming particle flux. This insensitivity to the particle flux is only achieved when all
available surface sites have reacted by receiving at least a certain number of particles.
That is, the surface reactions should have reached saturation. In practice this means that
the precursor dosing times must be long enough. Besides this the purge times must be
long enough as well since CVD-like reactions can take place when precursor and
oxidizing molecules are present in the reactor at the same time. Optimizing an ALD
process comprises the determination of the minimum values of precursor dosing times
and purge time steps.

ALD processes can be categorized in thermal ALD and energy-enhanced ALD. With
thermal ALD the reactant is a gas or vapour such as O, or H,O and the chemical
reactions are driven by thermal energy. ALD processes in which the reactivity of the
precursors is enhanced by adding other forms of energy are called energy-enhanced
ALD processes. Examples of energy-enhanced reactants are ozone or plasma (plasma-
assisted ALD). The radicals or other energetic species in energy-enhanced ALD help to
induce reactions that are not possible with just thermal energy. The potential merits
which of energy-enhanced ALD are improved material properties, deposition at reduced
substrate temperatures, increased choice or precursors and materials, good control of
stochiometry and film composition, increased growth rate, more processing versatility in
general [16]

Uniformity Growth control

_Conformality

7

Substrate/
s s

s

Figure 1.5 Schematic visualization of the key advantages of ALD over other deposition techniques. ALD is a
layer-by-layer deposition method that enables precise growth control. Due to the self limiting nature of the
surface reactions the method produces highly uniform layers. This uniformity can even be maintained in
high aspect ratio structures.
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Figure 1.6 Schematic representation of thermal and plasma-assisted ALD. The first half- cycle consists of an
exposure to a precursor gas that is followed by a purge. In this half-cycle adsorption of precursor molecules
takes place. In the second half-cycle the surface is exposed to a reactant gas or to species generated by a
plasma. The second half-cycle is again finished by a purge. The two half-cycles together form the ALD cycle.

ALD is a deposition technique that is rapidly gaining interest. The number of reported
materials that are deposited by ALD is still growing. The available precursors are under
constant development as well, in order to make them better and safer to use.

1.4 Project Goals

This chapter showed that (doped) ZnO is reported to be a promising candidate for many
existing and novel applications. Furthermore, ALD seems to be a viable deposition
method for ZnO. These conditions already led to many reports on the ALD of ZnO %7,
Most of these reports however, report on the thermal ALD of ZnO. Little work has been
reported on plasma-assisted ALD of ZnO.

Besides reports on ALD of intrinsic ZnO, there are a lot of reports on the ALD of doped
ZnO. Aluminium doping, for example, is of interest for tuning the material resistivity [28-
U n all these reports trimethyl-aluminium (TMA) was used as the aluminium precursor.

13
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TMA however, is pyrophoric and potentially dangerous to use in high-volume
manufacturing applications. It is interesting to explore the possibilities of other
aluminium precursors that are less pyrophoric. Dimethyl-aluminium isoproxide (DMAI)
seems a viable alternative of TMA. Aluminium doping of ZnO with the use of DMAI was
not yet been investigated. A comparison of TMA and DMAI as doping precursors is
therefore interesting from both industrial and scientific viewpoints.

Based on these conditions and existing research, the following project goals were set:

e Develop both thermal and plasma-assisted ALD processes for ZnO. The ALD of
Zn0O is new for the PMP group. Only little literature on the plasma-assisted ALD
of ZnO is currently available;

e Characterize the resulting material properties of intrinsic ZnO, both for thermal
and plasma-assisted ALD, using specialized diagnostic techniques. Examples of
the techniques used are spectroscopic ellipsometry, Rutherford backscattering
spectroscopy and X-ray photoelectron spectroscopy;

e Develop ALD processes for aluminium-doped ZnO, using both TMA and DMAI as
aluminium precursors. The ALD of aluminium-doped ZnO with TMA was
described in the literature. The DMAI precursor however, is relatively new. This
research will be the first attempt to use DMAI in the ALD of aluminium-doped
Zn0;

e Use diagnostic techniques to compare the properties of TMA and DMAI as
aluminium precursors for the ALD of aluminium doped ZnO.

1.5 Thesis Outline

This thesis consists two main parts. The first part elaborates on the process
development and characterization of intrinsic ZnO and is described in Chapter 3. The
second part elaborates on the ALD of aluminium doped ZnO, with different aluminium
precursors. This part is described in Chapter 4. Prior to the two main parts, an
explanation of deposition and special diagnostic techniques is given in Chapter 2.

14
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Chapter 2

Deposition & Diagnostic Techniques

2.1 ALD Reactor

All depositions were carried out on an Oxford Instruments OpAL™ reactor located in the
ISO class 6 clean room in the NanoLab@TUe. The reactor is depicted in Figure 2.1. It is
an open-load system, which features a remote-inductively-coupled plasma source. The
reactor consists of a deposition chamber that is continuously pumped by a rotary vane
pump. On top of the reaction chamber the plasma source is connected through a gate
valve. The plasma source can deliver up to 300 W plasma power at 13.56 MHz and is
controlled by an automated matching network. A substrate holder is located in the
centre of the reaction chamber and can hold substrate sizes up to 200 mm. The
substrate holder can be heated up to 400 °C. The chamber wall and gate valve
temperature can be controlled separately. The wall and gate valve temperatures were
chosen to be equal to the substrate temperature for all depositions. However, the wall
and gate valve temperatures can only be set to temperatures up to 180 and 120 °C
respectively. During deposition the typical pressure was between 50 — 500 mTorr.

Precursors are delivered into the process chamber by fast ALD valves from bubbler
source pots that are situated in independently-heated modules, close to the deposition
chamber. The delivery of the precursor can be either vapour-drawn or via bubbling of
the precursor with ultra pure argon carrier gas. After precursor delivery the delivery
lines are purged by the argon gas to remove remaining precursor. The gate valve can be
purged separately. The precursor delivery lines from the module to the process chamber
are heated 20 °C higher than the bubbler temperature, to prevent condensation in the
delivery lines.

Two diagnostics ports are located outside the process chamber at 70° with respect to
the substrate normal. These ports allow for in-situ spectroscopic ellipsometry
measurements.

15
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(a) Plasma feed (b)
gas 0,/H,/N,
SE J SE X
light source Gate } detector ”
3 k.

precursors reactants

Figure 2.1 Oxford Instruments OpAL™ ALD reactor. (a) Schematic representation (b) Photograph.

2.2 Precursors

The precursor that was used for ZnO was Diethylzinc (DEZ), Zn(C,Hs),. The precursor was
contained in a stainless steel bubbler provided by Dockweiler Chemicals GmbH. The
vapour pressure was 2 kPa at 20 °C, which is relatively high. Therefore the bubbler was
not actively heated. No bubbling was needed during deposition. Table 2.1 shows a
number of properties of DEZ.

The aluminium precursors that were used for aluminium doped ZnO will be described in

Chapter 4. Appendix A contains an overview of all the precursors that were used,
together with their properties.

Table 2.1 Properties of DEZ

Precursor property DEZ
Physical state (R.T.) Liquid
Melting point -28°C
Boiling point 118°C
Decomposition >200 °C
temperature
Vapour pressure 9 Torr at 15 °C
Figure 2.2 Diethylzinc molecule. _
Blue = Zn, black = C, white = H. Pyrophoric Yes

16
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2.3 Spectroscopic Ellipsometry

Spectroscopic ellipsometry (SE) is a technique that is suitable to determine the thickness
and optical properties of thin films 421 |t measures the change in polarization state of
the light that is reflected from the sample surface. The change in polarization state,
expressed in terms of amplitude ratio ¥ and phase angle 4, is determined for a set of
wavelengths in a specified photon energy range. The parameters of interest are
subsequently deduced by matching an optical model with the obtained data, using
ellipsometry software. SE can be used both in-situ and ex-situ the reactor chamber. The
working principle is shown in Figure 2.3.

sample

Figure 2.3 The principle of spectroscopic ellipsometry. A polarized, incident wave interacts with the sample
whereby the amplitude ratio ¥ and phase angle A change. The parameters of interest are subsequently
deduced fitting the measured data to an optical model, using ellipsometry software

The SE measurements were performed using a J.A. Woollam Co. Inc. M-2000D together
with a XLS-100 light source (1.2-6.5 eV), or a M-2000F together with a FLS-300 Xe arc
light source (1.2-5.0 eV). The data was analyzed using CompleteEASE ellipsometry
analysis software. The thickness of the layers was found by matching the data with a
Cauchy model to obtain the dielectric function 431 This model is only valid in spectral
regions where the layer shows no absorption. For ZnO this typically was between 1.2
and 3.0 eV. For all other SE measurements the dielectric function was determined by
using a mathematical B-spline model with help of Jan Willem Weber and Valentino
Longo. Transmittance was determined over the instrument’s whole wavelength region
by measuring the light intensity in a ‘straight through’ configuration. This corresponded
to @ =90 °in Figure 2.3.

17
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2.4 Four-point Probe

Four-point probe (4pp) is a technique to determine the electrical resistivity of the
samples. The 4pp setup consists of four evenly-spaced needles that are pressed on to
the sample. This is shown in Figure 2.4. An electrical current is forced through the outer
needles. The resulting voltage drop is measured over the two inner needles. For s>>t,
the resistivity proved to be

pP="—

In

Tt K
7 (2.1)

Where pis the electrical resistivity, t the sample thickness, V the measured voltage and /
the driving current.

The setup consisted of a Keithley 2400 SourceMeter and a Signaton S-301-6 probe. A
home-built Labview program was used to control the Keithley. 100 current points were
measured between the minimum and maximum current setting. The lowest possible
current setting was 0.001 mA. The resistance was extracted from the slope of the
resulting I-V curve. The resistivity was calculated from the resistance by formula (2.1).
The resistivity of each sample was taken to be the average of five measurements on
different sample positions.

ﬂ%ﬂ

Deposited layer |$ t

Substrate

Figure 2.4 Four-point probe technique. Four needles are pressed on to the sample. A current is forced
through the outer needles. The resulting voltage is measured over the inner needles. The ratio between V
and | is the resistance. This ratio can be converted into resistivity by formula (2.1).
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2.5 Hall System Measurements

A Hall system can be used to measure the electronic properties of the material. These
properties are related to each other by 91,

1
p:
qn-p,+p-u,)

(2.2)

Where p is the resistivity, g the elementary charge, n the free electron density, 4, the
free electron mobility, p the hole density and x4, the hole mobility. Generally the
material is either n-type meaning that n >> p, or p-type which means that p >> n.
Therefore the formula can be rewritten as:

L — (2.3)

Where m is either n or p. With the Hall system, both the electronic resistivity p and free
carrier density m are measured. The mobility 4, is subsequently calculated by equation
(2.3). The resistivity is measured by four probes in the van der Pauw configuration B,
The free carrier concentration is determined by a Hall measurement Bl The Hall
measurement uses a magnetic field to create a Lorentz force on the moving charges in
an electrical current. The Lorentz force drives the charges to one site of the material,
creating a potential difference over the material. This potential difference can be

measured and related to the charge density by:

q-d-Vy .

Where [ is the electric current, B the magnetic field, d the thickness of the material and
V4 the measured potential difference. The principle of the Hall measurement is shown in
Figure 2.5.

The Hall system measurements were carried on a BioRad Hall system at Philips MiPlaza
by Michiel Blauw from Holst Centre.
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Figure 2.5 Principle of Hall measurement to measure the charge density. (a) Shows the electrical current.
(b) shows the electron flow of the current. (c) shows the electrons that accumulate during the interaction
with the magnetic field. (d) shows the resulting potential difference that can be measured. The measured
voltage is related to the charge carrier density by formula 2.4.

2.6 Rutherford Backscattering Spectroscopy/Elastic Recoil Detection

Rutherford backscattering Spectroscopy (RBS) is a technique that can be used to
determine material composition and the areal density of atoms (number of atoms/cmz).
From these properties also the mass density can be calculated when the thickness of the
sample is known. A particle accelerator is used to target a high energy (1-2 MeV) beam
of “He®" ions, at the sample. These ions are subsequently scattered from the surface. A
detector is placed under a specific angle and counts the number of scattered ions. The
energy of these ions is measured as well. From the data, the mass and therefore the
species of the target atom, as well as the target atom depth within the sample can be
determined. The principle of the method is shown in Figure 2.6a.

Hydrogen atoms are too light and are recoiled instead of scattered. Therefore a second
technique is used for the detection of H. This technique is Elastic Recoil Detection (ERD),
which is carried out on the same apparatus as RBS. With ERD the incident ion beam is
directed at a grazing angle to the sample. The detector is used to measure the recoiled
H atoms. An additional ‘stopper foil’ is needed to prevent detection of scattered ions.
The principle of ERD is shown in Figure 2.6b.

Both RBS and ERD measurements were carried out by Wim Arnold Bik of Acctec B.V.
Acctec is located at the TU/e.
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Figure 2.6 (a) RBS setup. A high energy ion beam is targeted to the sample. A detector is placed under a
fixed angle and counts the number of scattered ions. The energy of the scattered ions is also measured.
From the data the species of the target atoms, as well as their depth within the sample can be determined.
(b) ERD setup. A high energy ion beam is directed at a grazing angle to the sample. The detector is used to
measure the recoiled H atoms. An additional ‘stopper foil’ is needed to prevent detection of scattered ions.

2.7 X-ray Photoelectron Spectroscopy Study

X-ray photoelectron spectroscopy study (XPS) is a technique to measure the chemical
composition, chemical state and electronic state of the material. An X-ray beam is
targeted onto the sample, causing electrons to escape from the material. The kinetic
energy of these electrons can be measured, from which the electron binding energy can
be deduced. A XPS spectrum shows the electron counts as a function of binding energy,
which is specific for each type of atom. Combining the technique with ion milling, allows
for measuring depth profiles.

XPS measurements were carried out by Yizhi Wu in the NanoLab@TUe clean room. A
Thermo Scientific K-Alpha system was used.

2.8 X-ray Diffraction

X-ray diffraction (XRD) is a technique that reveals information about the chemical and
crystallographic structure of the material. In a crystalline material the crystal lattice is
arranged so that the atoms form a series of parallel planes. These planes are separated
from one another by a distance d. For any type of crystal, planes exist in a number of
different orientations, each with a specific d-spacing. When a monochromatic X-ray
beam with wavelength A is projected onto a crystalline material at an angle 6,
diffraction occurs only when the distance travelled by the rays reflected from successive
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planes differs by a complete number n of wavelengths. This condition is called the Bragg

law [44],

n-A=2-d-sin@ (2.5)

By varying the angle 6, the Bragg's law conditions are satisfied by different d-spacings in
polycrystalline materials. Plotting the angular positions and intensities of the resultant
diffracted peaks of radiation produces a pattern, which is characteristic of the sample.

XRD measurements were carried out by Wytze Keuning in the NanolLab@TUe clean
room. A PANalytical X'Pert Pro MRD system was used.
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Chapter 3

Process Development & Characterization of Intrinsic Zinc
Oxide

This chapter describes the intrinsic ZnO ALD process development and characterization.
The first section describes the ZnO process development. The second section elaborates
on the material characterization.

3.1 Process Development

ALD process development requires finding the optimum step times of the four steps in
an ALD cycle, for a specific substrate temperature. These four steps are precursor
dosing, precursor purge, reactant dosing and reactant purge (see Figure 1.6). The step
times should be minimized in order to get the shortest possible cycle time. The
precursor and reactant step times must be long enough however, to ensure adsorption
on all surface sites and hence an excellent film uniformity. The purge step times have to
be long enough to remove excess precursor, reactant and reaction products. This is to
avoid CVD-like reactions between precursor and reactant in the gas phase.

The minimum step times were determined by measuring the saturation curves. A
saturation curve shows the growth per ALD cycle as a function of the step time of
interest. A dose or purge time is in “saturation” when the growth per ALD cycle is
independent of this dose/purge time. A standard ALD recipe was formed by choosing
the minimum step times from the saturation regime in the saturation curves. This
procedure was followed for both thermal and plasma-assisted ALD processes.

The nucleation behaviour is also a process characteristic. The initial film growth can be
inhibited or accelerated. Because of this it can take a number of ALD cycles, before the
thickness increases linearly with ALD cycles, as is the case for an “ideal” ALD process. A
low number of substrate adsorption sites for instance, can inhibit initial growth. The
nucleation behaviour of ZnO on silicon was studied in order to enhance accurate
prediction of layer thickness during deposition.

3.1.1 Experimental Details of Process Development

Both thermal and plasma-assisted processes were developed at a substrate temperature
of 150 °C. This temperature was chosen since the growth per cycle that was reported in
the literature, showed to be maximum at this point, as described in section 3.2.2.
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For the thermal process H,0 vapour was used as reactant. During operation, material is
deposited everywhere in the reactor, including the gate valve, which is a moving part as
described in section 2.1. When operating the gate valve, the deposited material risks
coming off in the form of flakes. Therefore, the gate valve is purged with a 150 sccm Ar
flow during precursor and H,O dosing, to prevent local material deposition. The
complete thermal ALD recipe is described in Table 3.1 and also in Appendix B.

The plasma-assisted process was less straightforward than the thermal. A 200 W O,
plasma was used as reactant. The gate valve was again purged with Ar to prevent local
material deposition that could cause flakes. The Ar flow was maintained between 70
and 100 sccm. The exact flow value depended on the total pressure, which was kept
below 300 mTorr.

The plasma-assisted process required an additional N, flow of 100 sccm through the
inductively-coupled plasma (ICP) source as well. This flow was necessary during the DEZ
dose in order to prevent material deposition on the ICP source. Conducting material like
ZnO can interfere with the ICP source operation by damping the radiation that is applied
to the O, gas during the plasma step. N, instead of O, was chosen for this purpose since
N, does not react with DEZ, while O, does. The N, and O, gases use the same line
however. As a consequence, a 5 second N; removal/O, build up step was required after
the precursor purge. This 5 second N, removal/O, build up prolonged the plasma-
assisted recipe and is therefore a drawback. Future plans are to install a separate Ar line
into the ICP-source. Ar is not reactive to DEZ or O, and a continuous Ar flow during all
steps, will replace the necessary N, flow. Table 3.2 describes the plasma-assisted recipe.
This recipe is also shown in Appendix B.

Saturation curves were measured by determining the GPC as function of the step time.
For this, the step time of interest was varied while the other step times were taken to be
long enough to ensure they were in saturation. 200 cycles were deposited on a silicon
wafer while the thickness was measured every 10 cycles by in-situ SE. This resulted in
graphs of thickness versus ALD cycles. The slope of the linear part of the graph was then
taken to be the growth per cycle (GPC). The GPC was based on the linear part of the
graph only, to exclude possible nucleation effects.

The nucleation behaviour was measured by depositing 100 ALD cycles on a silicon wafer
and measuring the thickness after each ALD cycle by in-situ SE. During deposition the
optimum settings were used that followed from the saturation curves.
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Table 3.1 Recipe of the thermal ALD process at 150 °C deposition temperature

DEZ dose DEZ purge H,O0 dose H,0 purge
30 ms 5s 20 ms 6s
DEZ on off off off
H,0 0 0 1 0
Ar gate valve 150 0 150 0
(sccm)
Ar through DEZ 0 150 0 0
(sccm)
Ar through H,0 0 0 0 150
(sccm)
gate valve 0 0 0 0

Table 3.2 Recipe of the plasma-assisted ALD process at 150 °C deposition temperature

DEZ dose | DEZ purge | Remove N, + 0, plasma dose | O, plasma purge
30 ms 1s 0, build up 4s 6s
5s
DEZ on off off off off
0, 0 0 50 50 0
(sccm)
N, (sccm) 100 100 0 0 100
Ar gate valve 70 0 100 100 70
(sccm)
Ar through DEZ 0 100 0 0 0
(sccm)
Plasma power 0 0 0 200 0
(W)
Plasma source HOLD HOLD HOLD HOLD HOLD
mode
gate valve 1 1 1 1 1

3.1.2 Results & Discussion of Process Development

Figures 3.1 and 3.2 show the saturation curves of the thermal and plasma-assisted ALD
process respectively. The red lines act as guides to the eye while the lines of the H,0
dosing are mathematical fits.
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Figure 3.1 Thermal ALD saturation curves at a substrate temperature of 150 °C. The red lines act as a
guide to the eye’ while the reactant dosing line is a mathematical fit. This fit consists of an exponential
contribution (@) superposed with a linear contribution (f). These two contributions suggest that two
processes play a role.

The thermal process saturation curves in Figure 3.1a,b,d show typical ALD behaviour.
That is, a constant GPC in the saturation regime, combined with a sub-saturation regime
for lower dosing values in Figure 3.1a,c and a CVD-like regime for lower purging values
in Figures 3.1b,d. The reactant dosing curve in Figure 3.1c shows soft saturation. This
means that the GPC keeps increasing with increasing reactant dosing times. The curve
was fitted by superposing an exponential (o) and a linear fitting function (). These two
functions suggest two simultaneously occurring processes. The first process is the typical
ALD process that contributes the exponential behaviour of function (a). The second
process is some sort of additional growth that is linear with H,O exposure, given by
function (). This additional growth was attributed to an increased OH group density on
the film surface that results from H,O overdosing. This was proposed by Matero et al.,
who experienced a similar effect with the thermal ALD of Al,Os, using trimethyl-
aluminium (TMA) and H,0 431 This explanation was acknowledged by Henn-Lecordier et
al. and their experiments led to a more detailed description of the mechanism 48] In this
description the bipolar nature of H,O causes additional H,O adsorption to the surface,
depending on H,0 dosing time. This excess H,0 could not be completely removed by the
subsequent H,0 purge step. TMA shows high reactivity with H,0 and is therefore likely
to react with the excess H,0, during the following precursor dose step. The reactions
between TMA and excess H,O then cause additional growth. Henn-Lecordier et al.
described this mechanism for growth of Al,O05; by using TMA as precursor. The same
mechanism might be present in the case of DEZ.
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The curves show that saturation occurs at approximately 20 ms precursor dose, 4 s
precursor purge, 10 ms H,0 dose and 5 s H,O purge. A safety margin was incorporated
in the final recipe so the chosen values were: 30 ms precursor dose, 5 s precursor purge,
20 ms reactant dose and 6 s reactant purge. The GPC was found to be 0.21 nm/cycle.
Table 3.1 describes the thermal ALD process with all relevant reactor settings. The
dosing times that were reported in the literature varied over a wide range between 20
ms and 4 s for the DEZ dose and between 15 ms and 2.5 s for the H,0O dose [20-27] Every
ALD reactor has very specific dosing times, which makes comparison to the literature
very difficult.
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Figure 3.2 Plasma-assisted ALD saturation curves at a substrate temperature of 150 °C. The red lines act
as a guide to the eye while the reactant dosing line is a mathematical fit. This fit consists of two
superposed exponential contributions () and (f). Note that de GPC of (b) is lower than that of (a) and (d).
The reason is that (b) was measured with a plasma dose of 5 s while (a) and (d) were measured with a
plasma dose of 10 s. These differences however, had no influence on the final saturation settings that
were chosen, since a 4 s plasma dose was chosen in the end.

The plasma-assisted process saturation curves in Figures 3.2a,b,d, show typical ALD
behaviour. Note that the precursor purge time in Figure 3.2b can be arbitrarily low. This
is caused by the preceding 5 second N, removal/O, build up step, which already acts as
effective purge. Table 3.2 makes this more apparent. The reactant dosing curve in Figure
3.2c shows soft saturation. The process is not even saturated after 16 s which is an
unpractically long step time.

The initial explanation was that the plasma conditions were not optimally chosen. There
could have been insufficient reactive species for instance. This could be caused either by
a plasma power, or an O, flow that was chosen too low. The plasma pressure could also
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be too high, causing a high recombination rate and subsequently cause loss of reactive
species that normally attribute to the deposition process. Finally, the continuous Ar flow
could interfere with the plasma as well. A couple of tests were carried out to investigate
these possibilities:

1. Changing the plasma power from 200 W to 300 W;

2. Increasing the O, flow during the plasma step from 50 sccm to 80 sccm. The total
pressure was maintained constant by simultaneously reducing the Ar flow from
100 sccm to 70 sccm;

3. Reducing the total pressure during the plasma step by reducing the O, flow from
50 sccm to 30 sccm and the Ar flow from 100 sccm to 50 sccm;

4. Turning the Ar flow off during all dosing steps.

None of these tests had any influence on the measured GPC and so the initial
explanation was rejected.

Observing the reactant dosing curve more closely showed that the function could be
fitted by a double exponential function with two time constants (o) and (B):

y=y,+A(l—e"" )+ A,(1—e""F) (3.1)

These two time constants suggested that two processes play a role. First a process with
a short time constant of 0.3 s, component () and second a process with a long time
constant of 7 s, which was component (). The origin of these two contributions is not
yet established. However, there are two possible explanations for this behaviour. The
first explanation is that a thermal growth component was present beside the plasma-
assisted growth component. This thermal component could be caused by reactions
between O, molecules and available OH surface groups or surface ethyl groups from the
DEZ. This possibility can be tested by running the ALD cycles with the plasma power
turned off. A positive GPC value will still be measured in case this explanation is true. A
second possibility is additional O incorporation with increasing plasma dose. This
additional O may cause an increased GPC value. This possibility can be tested by
depositing samples with different plasma doses and subsequently measure the O
content by RBS or XPS.

The curves show that saturation occurs after approximately 10 ms precursor dose, 0 s
precursor purge and 5 s reactant purge. A safety margin was incorporated in the final
recipe so the chosen values were: 30 ms precursor dose, 1 s precursor purge and 6 s
reactant purge. In order to determine the plasma dose, two 4 inch samples of
approximately 58 nm were deposited with 4 s and 12 s plasma dose. These samples
were compared in terms of dielectric function, non-uniformity and resistivity. The
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dielectric functions and non-uniformity proved to be similar. The measured resistivity of
the 4 s plasma dose was a factor 10 lower than that of the 12 s. Higher plasma dosing
may lead to more O incorporation, leading to higher resistivity as described in section
1.2. Combined with the desire to get the shortest possible recipe, this led to the choice
to proceed with a 4 s plasma dose.

The GPC for the chosen settings was 0.09 nm/cycle, as can be seen in Figure 3.2c. Note
that this is far into the saturation regime of the first exponential fit function (o). A
higher plasma dosing time would lead only to moderate increase in GPC, according to fit
function (B). Also note that the GPC in the curves of 3.2a,b,d, are higher than 0.09
nm/cycle. The reason is that these curves were measured with higher plasma doses of 5
s in Figure 3.2b and 10 s in Figure 3.2a,d. These alternative settings plasma dosing
settings however, did not influence the points at which the remaining saturation
regimes started.

The graphs in Figure 3.3 show the nucleation behaviour of both ALD processes. To
obtain these graphs from the measured data, the SE model parameters were kept
constant and the film thickness was fitted backwards.
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Figure 3.3 Graphs of thickness versus ALD cycle on a silicon substrate at 150 °C. (a) Thermal process (b)
Plasma-assisted process

Figure 3.3a shows inhibited growth of the thermal process during approximately the
first 10 cycles. This is denoted as region I. The GPC becomes linear after approximately
10 cycles. This is denoted by region II.
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The graph of the plasma-assisted process in Figure 3.3b shows three different regions.
First there is region III with accelerated growth within approximately the first 6 cycles.
Second of all, there is region IV where the graph shows inhibited growth. This is
approximately between 6 and 32 cycles. Finally, there is region V above 32 cycles. In this
region the graph shows linear growth.

The particular shape of the plasma-assisted nucleation graph could be explained
gualitatively by a model that was proposed by Nilsen et al., which is also known as
“Volmer-Weber growth” 47] This model is explained by Figure 3.4. The basic assumption
was that the difference in number of adsorption sites, on the substrate and the film,
leads to initial island growth. The initial stage of island growth is depicted in Figures
3.4a,b. The dark orange lines represent the surface area on which material will be
deposited in the next ALD cycle. The island size and surface area both increase with ALD
cycles. This means that the amount of material that will be deposited during the next
ALD cycle, which is related to the GPC value, also grows with ALD cycles. This
corresponds to the accelerated growth behaviour of region III in Figure 3.3b.

At a certain point, the situation of Figure 3.4c is reached. The islands have grown to a
size where they start to coalesce. Figure 3.4d shows that further ALD cycles result in a
transition between island and flat surface growth. The surface area, on which material
can be deposited, is reduced with ALD cycles. This behaviour corresponds to the
inhibited growth of region IV in Figure 3.3b. After growing even further, the flat surface
growth of Figure 3.4e is finally reached. Here the size of the surface area is constant
with ALD cycles. This corresponds to the linear growth of region V in Figure 3.3b.
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Figure 3.4 Schematic representation of the island growth model that was proposed by Nilsen at al. The
model shows the island size as a function of ALD cycles. The amount of material that will be deposited in a
following ALD cycle is proportional to the island area, which is shown by orange lines. (a) + (b) show the
initial stage of island growth. The surface area increases with increasing island size. (c) shows islands start
to coalesce and the surface area reached its maximum value. (d) shows the transition between islands
and flat layer. The surface area decreases with ALD cycles. (e) shows the final growth stage. The flat
surface. Surface area is constant with ALD cycles

The Nilsen model helps to understand why the plasma-assisted nucleation curve has the
particular shape consisting of three regions in Figure 3.3b. The shape of the thermal
nucleation curve however, could be explained by the model as well. Note that the
thermal GPC is higher than the plasma-assisted GPC. This causes the flat surface state of
Figure 3.4e to be reached much faster. As a consequence, the region of inhibited growth
would become less apparent in the thermal nucleation graph of Figure 3.3a.

The thermal and plasma-assisted processes showed nucleation behaviour on a silicon
substrate only within the first 10 and 35 cycles respectively. During nucleation the GPC
differed slightly from the GPC after nucleation. All intrinsic ZnO layers that were
deposited in the thesis work had a minimum thickness of approximately 40 nm. This
corresponds to depositions of approximately 191 and 445 ALD cycles for the thermal
and plasma-assisted processes, respectively. This means that nucleation behaviour had
only a moderate effect on total layer thickness. The GPC values found in the saturation
curves could therefore be considered accurate for thickness prediction of samples.
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3.2 Intrinsic Zinc Oxide Material Characterization

After developing the thermal and plasma-assisted ALD processes of ZnO, the following
properties of the material grown by these processes were investigated:

e GPC as a function of deposition temperature. This information provided the
temperature regime in which the processes show sufficient growth and therefore
could be efficiently applied;

e Material composition as function of deposition temperature, as measured by
RBS/ERD;

® The non-uniformity. This is a measure of the thickness distribution within deposited
layers. A low non-uniformity means that saturation conditions are met over the
whole substrate, which is desirable;

e FElectrical resistivity as function of deposition temperature. This is an important
property regarding electronic applications;

e Transmittance as function of deposition temperature. Transmittance is important for
TCO applications as described in Chapter 1;

e Optical band gap as function of deposition temperature. Optical band gap is also
important for TCO applications;

e Crystalinity as function of deposition temperature;

The first sub-section provides the experimental details of depositions and
measurements that were performed to determine the material properties. Further sub-
sections elaborate on the results. The results were compared to literature values when
possible.

3.2.1 Experimental Details of Intrinsic Zinc Oxide Characterization

For determining the non-uniformity, 400 and 850 cycles were deposited with a thermal
and plasma-assisted ALD process respectively. These depositions were carried out in
saturation conditions on an 8 inch silicon wafer. The substrate temperature was 150 °C.
The thickness of the deposited layers was measured on a grid of 28 points by ex-situ SE.

The non-uniformity was then calculated by [481,

non — uniformity :M-loo% (3.2)

average

Were dmax, dmin and daverage are the maximum, minimum and average measured
thicknesses respectively.
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The remaining properties were determined with three temperature series:

1.

In the first temperature series a constant number of ALD cycles were deposited on
silicon. The substrate temperature was varied between 50 °C and 400 °C, in steps of
50 °C. The material thickness was measured after deposition by ex-situ SE. Dividing
the total thickness by the number of cycles gave the process growth per cycle as a
function of temperature. Nucleation effects were neglected as justified earlier.

250 and 550 ALD cycles were used for the thermal and plasma-assisted process
respectively. The processes were assumed to be in saturation for each chosen
substrate temperature. To ensure this, the precursor dosing times were prolonged
to 50 and 40 ms for the thermal and plasma-assisted processes respectively.
Reactant dosing and purge times were kept the same as in the standard recipes
since they were already chosen with a relatively wide safety margin.

In a second temperature series, ZnO layers were deposited with a constant thickness
of approximately 40 nm. Prolonged precursor dosing of 40 ms was used for both
processes again to ensure saturation behaviour at all temperatures. Substrate
temperatures were varied between 50 °C and 400 °C, in steps of 50 °C. Depositions
were carried out on both silicon and glass substrates. The material thickness and €,
were determined by ex-situ SE from the silicon substrate samples. €, is the complex
part of the dielectric function. Ex-situ SE and four-point probe (4pp) were used to
measure the transmittance and electrical resistivity respectively, from the glass
substrate samples. The electrical resistivities were measured within 1 hour after
deposition to exclude aging effects. The material thickness on the silicon substrates
was assumed to be similar to that of the glass substrates. This was checked for one
sample and found to be true.

In a third temperature series approximately 75 nm thick ZnO layers were deposited
on silicon substrates. Prolonged precursor dosing of 50 ms for the thermal and 40
ms for the plasma-assisted processes were used again. The substrate temperatures
were 100 °C, 200 °C and 300 °C. The material composition and crystalinity were
measured by RBS/ERD and XRD respectively. ERD was only performed on the
thermal process samples.

3.2.2 Growth per Cycle as a Function of Deposition Temperature

Figure 3.5 shows the GPC as a function of deposition temperature. Figure 3.5a contains

the measured values for both. Figure 3.5b contains literature values for both processes.

Note that the all literature values were measured on different types of ALD reactors,
under different conditions. Only the values provided by Oxford Instruments were

coming from a similar OpAL™ reactor. These data points are marked by orange borders

in Figure 3.5b.
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Figure 3.5 Growth per cycle as a function of deposition temperature (a) Data obtained in this work. (b)
Literature data. From the literature data only the Oxford Instruments points were coming from a similar
OpALTM reactor. These points are represented with an additional orange border

The thermal process curve in Figure 3.5a increases between 50 and 150 °C. The GPC
seems to reach a maximum value of approximately 0.21 nm/cycle at 150 °C. Above
approximately 150 °C, the GPC gradually decreases with increasing deposition
temperature.

The thermal literature curves in Figure 3.5b are consistent with each other and with the
measurements. The curves show an increasing GPC between approximately 50 and 100
°C. In this region there may be insufficient thermal energy for chemical reactions to
occur 184 Between approximately 100 and 175 °C, the GPC is more or less constant
with values of 0.17-0.22 nm/cycle. This is the optimal temperature region for the
process with respect to GPC. In ALD literature this region is often denoted by
temperature or process window (171849 At temperatures higher than 175 °C the GPC
decreases with increasing deposition temperature. The higher thermal energies in this
region may cause desorption of species that result in a lower GPC [17,18,49]

The plasma-assisted process curve in Figure 3.5a starts with a more or less constant GPC
of approximately 0.06 nm/cycle, at deposition temperatures of 50 and 100 °C. This
region was again associated with insufficient thermal energy for the reactions to take
place. The GPC increases between 100 and 200 °C, where a maximum value of
approximately 0.13 nm/cycle is reached at 200 °C. At temperatures higher than 200 °C
the GPC seems to decrease with increasing deposition temperature. This region was
appointed to be some sort of temperature window. At deposition temperatures above
350 °C the GPC starts increasing again. This might be due to thermal decomposition of
the precursor, that causes CVD-like growth when decomposition products were exposed
to the O, plasma [17.18,49]
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Figure 3.5b contains three plasma-assisted literature curves. These curves are less
consistent with each other and with the measurements. The curve measured by Kim et
al. ¥ increases over the whole temperature range and ends with a very high GPC of
approximately 0.33 nm/cycle. There is no clear temperature window. Thermal
decomposition could already be present at relatively low temperatures in the reactor
that was used by Kim et al. Another reason could be that the purges were not taken long
enough. This would explain the steep increasing curve. The second curve was measured
by Park et al. 241 This curve is increasing with temperature and shows a GPC between
approximately 0.19 and 0.22 nm/cycle. No data points are available for temperatures
above 150 °C. Finally, there is the curve provided by Oxford Instruments. This curve is
not consistent with the measured data between 50 and 125 °C. In this region the GPC
that was found by Oxford instruments, varies between approximately 0.11 and 0.18
nm/cycle. The measured values in this range where approximately constant with 0.06
nm/cycle. At temperatures above 125 °C the two curves become more consistent with
each other. They show the same trend where the Oxford Instruments points are slightly
higher by a constant value of approximately 0.03 nm/cycle. The exact shape of the
entire Oxford Instruments curve can not easily be explained.

As conclusion of this experiment the thermal process temperature window was
estimated to lie between deposition temperatures of 100 and 350 °C. For the plasma-
assisted process the temperature window was estimated to lie between 200 and 350 °C.
The thermal process showed a higher GPC than the plasma-assisted process in general.
In terms of GPC and temperature window the thermal process seemed to be preferable
above the plasma-assisted process.

3.2.3 Material Properties Measured by RBS/ERD

Figure 3.6 contains the graphs that were measured by RBS for both processes. The
graphs show stochiometry, deposited atoms per cycle and mass density. ERD was only
performed on the thermal process samples. This gave the H content of the sample that
Figure 3.6d represents.
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Figure 3.6 Material properties measured by RBS/ERD as function of deposition temperature (a) O/Zn
atomic ratio (b) Deposited atoms per cycle (c) Mass density (d) Atomic H content (thermal process only).

Figure 3.6a shows the atomic O/Zn ratio as function of deposition temperature. For the
thermal process this ratio was approximately 1 for all deposition temperatures. For the
plasma-assisted process the value started at 1.25 for a deposition temperature of 100
°C, and decreased to a value of approximately 1.08 for both 200 and 300 °C. On average
the thermal process contained the least O in the film. This was probably caused by the
higher reactivity of the O species in a plasma, compared to H,O vapour. Figure 3.6¢
shows that the thermal and plasma-assisted processes exhibited similar mass densities
of approximately 5.5 g/cma. Figure 3.10d shows the H content as function of the
deposition temperature for the thermal process. The graph shows that the H content
decreased with increasing deposition temperature. Figure 3.8a it will be shown that the
resistivity increased with increasing temperature. These findings are consistent with the
concept of H acting as shallow donor as described in Chapter 1.
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3.2.4 Non-uniformity

Figure 3.7 shows the non-uniformity measurement results. The thermal process showed
a non-uniformity value of 3.3 %. This was considered to be a decent value since typical
values lie between 0.3 and 4 % on 300 mm wafers %, The plasma-assisted process
showed a value of 22.3 % which was considered to be very high.
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Figure 3.7 Graphical representation of non-uniformity of (a) the thermal process and (b) the plasma-
assisted process. The thickness was determined by ex-situ SE on 28 points of an 8 inch wafer. The colored
planes are a two dimensional interpolation between these measured points. The layers were deposited at

150°C.

There are several important reasons that could cause non-uniformity (501,

1. Overlapping precursor dosing steps can cause CVD-like reactions that locally produce
increased thickness. This overlapping is the consequence of inadequate purging;

2. Precursor doses that are too short can cause the precursor to react completely in
some area of the substrate causing local growth only;

3. Asubstrate temperature gradient can cause a gradient in GPC. Locally high substrate
temperatures can cause precursor decomposition resulting in local CVD-like
reactions;

4. A non-uniform precursor or reactant gas distribution can result in areas where
saturation conditions are not met, causing limited growth within these areas;

5. Downstream reaction by-products can block active surface sites preventing further
ALD reactions.

In the following, the possible causes of non-uniformity will be considered for the
plasma-assisted process. Firstly, the purge times were chosen with a safety margin of a
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couple of seconds within the saturation regime. Second of all, there was a 5 s N, build
up step between precursor and plasma dose, as Table 3.2 shows. This means that
reason 1 is unlikely to occur. Reason 2 is more likely to occur. Saturation curve 3.2c
showed soft saturation of the plasma dose. In the end, a 4 s plasma dose was chosen
that was based on a reasonable GPC that was only evaluated in the middle of the
substrate. The time constants o and [ of the fitting functions in Figure 3.2c, might
however be dependent of position on the substrate. The mechanism causing the soft
saturation can therefore possibly be position dependent, causing the GPC to vary with
position. Reason 3 is unlikely since this would cause a similar non-uniformity in the
thermal process. Reason 4 can possibly occur. During the reactant dose there was an Ar
purge through the fill line as Table 3.2 shows. This purge is known to have no influence
on the GPC in the middle of the substrate. However, it may have somehow influenced
the plasma density, and thus the GPC, on other places on the substrate. Note however,
that similar purges during the plasma-assisted Al,03 process have no strong influence on
the non-uniformity. Therefore reason 4 was finally rejected. Reason 5 is possible to
occur as well. The exact reaction mechanism of the plasma-assisted process is not
studied yet. Some reaction products might cause the blocking of surface sites. Note
however, that one would expect this phenomenon more easily to happen in a flow-type
reactor.

Based on non-uniformity the thermal process is preferable in general. The plasma-
assisted process needs further development before it exhibits the typical advantage of
low non-uniformity that ALD potentially has to offer. Non-uniformity issues are the
possible reason that little literature is available on plasma-assisted ALD of ZnO.

3.2.5 Electrical Resistivity

Figure 3.8a shows the measured resistivity as a function of deposition temperature. The
error bars are not clearly visible on the graph’s logarithmic scale. This is why the
uncertainty is also separately plotted in Figure 3.8b. Each resistivity value is the average
of 5 four-point probe measurements on a sample. The standard deviation in these
values is taken to be a measure of uncertainty. The solid lines in Figure 3.8b act as guide
to the eye.

Figure 3.9 contains the material electrical properties that are found in the literature.
Besides resistivity in Figure 3.9a, they comprise carrier concentration in Figure 3.9b and
electron mobility in Figure 3.9c. These quantities are related to each other by the

following formula 91,

1
p:
q(n-p1, +p-p1,) (3:3)
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Where p is the resistivity, g the elementary charge, n the free electron density, 4, the
free electron mobility, p the hole density and &, the hole mobility. ZnO is a n-type
material. This means that n >> p. Therefore the formula can be written as:

Resistivity ( cm)

10"

10°F

10°F

3

Plasma

Thermal

(a)

50 100 150 200 250 300 350 400
Deposition temperature (°C)

50

40

30

20

Uncertainty %

10

(b)

(3.4)

Plasma

50 100 150 200 250 300 350 400
Deposition temperature (°C)

Figure 3.8 Electrical resistivity for layers of approximately 40 nm, as a function of deposition temperature
(a) Data obtained in this work (b) Separately plotted uncertainty values
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Figure 3.9 Electrical properties as a function of deposition temperature from the literature. These values
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The resistivity in Figure 3.8a was immeasurably high for both processes at deposition
temperatures of 50 and 100 °C. This is indicated with dashed lines. For the thermal
process the resistivity decreased rapidly at temperatures above 100 °C. A minimum
value of 5 - 102 Q cm was observed at 200 °C. At temperatures above 250 °C the
resistivity increased again.

The plasma-assisted process showed resistivity values between 3 - 10" and 1 - 10" Q
cm, in the temperature interval of 100 - 350 °C. At temperatures above 350 °C the
resistivity increased.

The thermal process literature values in Figure 3.9a show the same trend as the
measured curve. That is, a high resistivity starting at temperatures around 100 °C and
decreasing to a minimum value of approximately 102 Q cm around 200 °C. Above 200 °C
the resistivity increased again. The literature curves of Figure 3.9b,c show that the
decreasing resistivity was caused by both an increasing carrier concentration and
mobility. The carrier concentration showed an increase of two orders of magnitude and
the mobility showed an increase of one order of magnitude. This means that the
increasing carrier concentration was the dominant effect in resistivity variation with
temperature.
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The plasma-assisted literature curve exhibits immeasurably high resistivity values at
temperatures below 225 °C. At temperatures above 225 °C the resistivity steeply
decreased due to a increase in carrier concentration. A minimum resistivity value in the
order of 102 Q cm was observed at a temperature of 300 °C. This literature curve is
inconsistent with the measured curve. It is conspicuous that there is only one report on
the electrical properties plasma-assisted processes. Perhaps resistivity values were often
immeasurably high end therefore not published.

The thermal process exhibits a significantly lower resistivity than the plasma-assisted
process. The difference was 3 to 4 orders of magnitude in the temperature range of 150
- 300 °C. Therefore, the thermal process seems to be preferable for the applications
mentioned in Chapter 1. The thermal process resistivity even showed some sort of
temperature window between deposition temperatures of 150 and 250 °C. Resistivity
fluctuations within this window were between 1-102 and 3-:10% Q cm. These minimum
resistivity values were above the desired 10® Q cm as Chapter 1 described. This is the
reason to apply doping, as described in Chapter 4.

3.2.6 Transmittance

Figure 3.10 shows the measured transmittance of the deposited ZnO films for different
deposition temperatures.
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Figure 3.10 Transmittance as a function of wavelength for different deposition temperatures. All samples
had a thickness of approximately 40 nm. (a) shows the transmittance for the thermal process and (b )for
the plasma-assisted process.
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Figure 3.10a shows that the thermal process transmittance is highest at deposition
temperatures of 50 and 100 °C. This relates to the high resistivity values caused by low
carrier concentration as shown in section 3.2.5. Free carriers are known to reduce
transmittance. The overall transmittance was above 80 % for wavelengths above 455
nm. An exception is the 250 °C curve. This curve exceeds 80 % only above 500 nm. All
transmittance values were above 0 %, even at wavelengths below the optical band gap.
The reason was that the 40 nm films are too thin to absorb all light.

The transmission graph of the plasma-assisted process in Figure 3.10b also shows the
highest values for deposition temperatures of 50 and 100 °C. An interesting
phenomenon was that the 50 °C curve showed no transmittance drop at wavelengths
below the optical band gap of approximately 365 nm. This raises the question whether
40 nm was really deposited on the glass sample at this temperature. Maybe the low
temperature caused the thermal energy component of the reaction to be insufficient for
decent growth. In that case less than 40 nm would be deposited, which would explain
the high transmittance. All other temperatures lie close to each other and showed to be
above 80 % for wavelengths above 435 nm. This 435 nm is lower than the thermal
process limit of 455 nm.

In terms of transmittance the thermal and plasma-assisted processes showed to be
similar.

3.2.7 Optical Band Gap

Figure 3.11 shows (&-£°)° as a function of photon energy E, for different deposition
temperatures. The optical band gap (Tauc gap) is defined as the photon energy, where
the extrapolation of the linear part of this parameter, intersects the line (&£)° =0 (421
Note that the dielectric functions were modelled by a B-spline.
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Figure 3.11 (&, ~E2)2 as a function of photon energy for different deposition temperatures. The optical band
gap is defined as the photon energy, where the extrapolation of the linear part of this parameter,
intersects the line (&, E )2 =0 All samples had a thickness of approximately 40 nm (a) Thermal process (b)
Plasma-assisted process.

Both graphs show a relatively high band gap of approximately 3.5 eV up to deposition
temperatures of 100 °C. For the plasma assisted process there was no observable band
gap at 50 °C, which matches the transmittance date in Figure 3.10b. For higher
temperatures the band gap showed no clear temperature dependence and band gap
values were approximately 3.25 eV. The measurement technique was based on €, values
which is an absorbance related quantity. Perhaps the low thickness of 40 nm, together
with the low carrier concentrations, caused this measurement method to be inaccurate
for lower deposition temperatures since there was not enough absorbance to measure
the band gap appropriately. This might be the cause of the higher band gap values that
were measured at lower deposition temperatures.
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3.2.8 Crystalinity

Figure 3.12 shows the XRD data for deposition temperatures.
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Figure 3.12 XRD data for different deposition temperatures. The layer thickness was approximately 75
nm (a) Thermal process (b) Plasma-assisted process

The thermal process in Figure 3.12a shows no preferred orientation at a deposition
temperature of 100 °C, because peaks were observed at (100), (002) and (110). At
higher deposition temperatures the (002) peak becomes dominant, indicating that there
was a transition to a preferred orientation which was enhanced by deposition
temperature. The prominent (002) peaks indicated that the crystallite structure of the
films were mainly oriented with their c-axis perpendicular to the substrate plane.

The plasma-assisted process in Figure 3.12b shows a preferred (002) orientation at
every deposition temperature. The size of the peak grew with increasing deposition
temperature indicating that the (002) direction was enhanced with increasing
deposition temperature.
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3.3 Conclusions and Outlook

Thermal and plasma-assisted ALD processes were developed for intrinsic ZnO. The
thermal process was shown to be good in terms of growth and non-uniformity. The
thermal process was therefore considered to form a solid base for future research and
applications like the ones that were mentioned in Chapter 1. The thermal process
resistivity values however, can be further optimized by doping. Chapter 4 will elaborate
on the Al doping of the thermal process.

The plasma-assisted process showed a lower GPC, a very high non-uniformity and a high
resistivity compared to the thermal process. Also a large soft saturation component was
observed, which means that a very long plasma dosing time was necessary in order to
reach saturation. These challenges must be overcome before the full potential of the
plasma-assisted ALD process can be utilized. A suggestion would be to study the growth
characteristics of the process more closely, i.e studying the saturation behaviour. Two
experiments can be proposed for this. First the O content of a series with different
plasma dosing could be measured. This would tell whether a longer plasma dose
incorporates extra O, which can cause additional growth. Secondly, depositions could be
done with the plasma power turned off. This would tell whether O, acts as a reactant
that causes an additional thermal growth component.
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Chapter 4

Aluminium Doping of Zinc Oxide

4.1 Introduction

Chapter 3 showed that thermal ALD layers of intrinsic zinc oxide exhibited very growth
characteristics and film properties. Only a small nucleation delay was observed and
layers showed only moderate non-uniformity. Minimum resistivity values in the order of
107 Q cm were found, while obtaining a transmittance above 80 % in the visible
spectrum. These results were found for layers of 40 nm thickness, which is a typical
value for ALD applications. The applications that are mentioned in Chapter 1 however,
require resistivity values below 102 Q cm. Therefore, aluminium doping was applied to
reduce the resistivity. With aluminium doping a number of Zn atoms are replaced by Al.
Al atoms contribute a valence electron as a charge carrier. The resulting extra charge
carriers reduce the electrical resistivity. Care must be taken to preserve the material
transmittance. Free carriers can interact with incoming electromagnetic waves, causing
the transmittance to decrease mainly in the infrared region. This interaction can be
described by the Drude model **!.

4.1.1 Literature Overview of Aluminium Doped ZnO by ALD

A number of publications report on the ALD of aluminium-doped ZnO (AZO or ZnO:Al)
(2841 " Different reactors and conditions such as substrate material, substrate
temperature and layer thickness were used to produce AZO samples. In all cases the
samples were deposited with thermal ALD using trimethyl-aluminium as the Al
precursor. The properties of the samples were determined as function of Al fraction.
Different methods were described for measuring the Al fraction. A first example is
measuring by inductively-coupled plasma atomic emission spectroscopy (ICP AES) B2l on
a dissolved material sample. A second example is estimating the Al fraction based on the
Zn/Al cycle ratio. Figures 4.1 and 4.2 show a selection of literature values for electrical
properties and transmittance. Table 4.1 shows the relevant settings that were used.
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Figure 4.2 Measured transmittance as function of aluminium percentage. Data from Ahn et al. [28].
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Table 4.1 Relevant settings of selected literature

Reference Sample Deposition Method of Al %
thickness (nm) | temperature (°C) determination
Elam et al. [32] 74-80 177 ICP-plasma atomic emission
spectroscopy
Banerjee et al. 100 150 Estimation based on Zn/Al
[29] cycle ratio
Ahn et al. [28] 200 200 Estimation based on Zn/Al
cycle ratio
Lee et al. [30] 41-45 200 Estimation based on Zn/Al
cycle ratio
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The selected literature studies showed similar results. Figure 4.1a shows that the
resistivity initially decreased with increasing aluminium fraction. A minimum resistivity
was obtained around 3 at % aluminium. The resistivity increased again with higher
aluminium fraction. The mechanism that caused this behaviour will be explained in
section 4.5. The minimum resistivity value was approximately 10 Q cm. This is close to
the required value for the applications that were mentioned in Chapter 1.

The transmittance results of the different literature studies were also similar to each
other. Transmittance values were most often above 80 % in the 400-800 nm wavelength
region. This is shown by the example in Figure 4.2. The band gap showed a blue shift
with increasing aluminium fraction. The mechanism behind this phenomenon will be
explained later in this chapter.

In all literature on the ALD of AZO, trimethyl-aluminium (TMA) was used as aluminium
precursor.

4.1.2 Aluminium Precursors

Trymethyl-aluminium (TMA), [Al(CH3)s], is a popular aluminium precursor as it exhibits
almost ideal ALD characteristics ">**. However, its main drawback is its highly
pyrophoric nature Y The search for safer precursors for use in industrial-scale, high-
volume manufacturing is ongoing.

A promising alternative is Dimethyl-aluminium isoproxide [AI(CHg)z(u—OiPr)]z (DMAL)
where 'Pr = isopropyl. This precursor is reported to be stable, non-pyrophoric and
therefore potentially safer than TMA 54 Table 4.2 shows several properties of TMA and
DMAI. DMAI was shown to be a comparable aluminium precursor to TMA for deposition
of Al,03, down to deposition temperatures of 150 °C (511,

In this thesis both TMA and DMAI were used for the ALD of aluminium-doped ZnO. The
precursors were compared by evaluating the resulting properties of the samples.

(a)

Figure 4.3 Aluminium precursors depicted as monomers. In reality they are dimeric [51] (a) TMA (b) DMAI.
Blue = Al, black = C, white = H, red = O
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Table 4.2 Properties of TMA and DMAI 1

Precursor property TMA DMAI
Physical state (R.T.) Liquid Liquid
Melting point 15°C <R.T.
Boiling point 125 °C 172°C
Decomposition ~330°C ~370 °C
temperature
Vapour pressure 9 Torrat 17 °C 9 Torrat 67 °C
Pyrophoric Yes No

4.1.3 Measuring Al Fraction with Spectroscopic Ellipsometry

Spectroscopic ellipsometry (SE) can potentially be used to measure the doping
concentration. Longo et al. studied the deposition of Strontium titanate, SrTiOs; (STO)
521 Films with different Sr/Ti ratios were produced by combining x ALD cycles of SrO
with y cycles of TiO,. The Sr/Ti ratio was measured by Rutherford backscattering
spectroscopy (RBS). The dielectric functions & and & of SrO and TiO, films, as well as
those of STO films deposited with different SrO/TiO, cycle ratios, were measured by SE.
Figure 4.4 shows that the dielectric functions of STO were homogeneously distributed
between those of SrO and TiO,. The measured dielectric functions and RBS data were
combined in a CompleteEASE material library. The dielectric function of any STO layer
can be compared to the material library in order to determine the Sr/Ti ratio.
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Figure 4.4 Dielectric functions (a) & and (b) &, of SrO, TiO, and STO films. The corresponding Sr/Ti ratios
from RBS and SrO/TiO, cycle ratios are indicated as well. The dielectric functions of STO were
homogeneously distributed between those of SrO and TiO, [52].
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Figure 4.5 shows the dielectric functions & and & of ZnO and Al,05; layers. Both
dielectric functions were measured for 40 nm thick, thermal ALD layers that were
deposited using OpAL™ at 150 °C. The dielectric functions were fitted with a B-spline
model. Figure 4.5 shows that the dielectric functions of ZnO are clearly distinguishable
from those of Al,0;. Section 4.5.2 will show that during doping, a part of the
incorporated Al atoms does not replace Zn atoms, but will form Al,Os instead. This
means that during doping, the material becomes a composition of both ZnO and Al,0s.
This situation is analogous to the STO film composition that Longo et al. studied. AZO
layers were therefore expected to show intermediate dielectric functions between
those of ZnO and Al,03. An AZO material library could then be built, which can be used
to determine the aluminium fraction directly from the SE data. SE measurements are
relatively straightforward take and could potentially save a lot of (expensive) analysis,
such as Rutherford Backscattering Spectroscopy (RBS).
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Figure 4.5 Dielectric functions of ZnO and Al,O;. (a) & (b) &.The dielectric functions of both materials are
clearly distinguishable in their form. AZO layers, which are a composed of both ZnO and Al,O;, may show
intermediate forms of these dielectric functions. In that case a material library can be built within
CompleteEase, which can be used to determine the Al concentration with SE

4.1.4 Goals

The goal was to develop ALD processes of aluminium doped ZnO, using both TMA and
DMAI as aluminium precursors. The growth, Al incorporation, electrical properties and
optical properties of these processes were then compared. The differences between the
two processes were explained with the differences in chemical composition of the
precursors. Finally, AZO material libraries were built in CompleteEASE. With the help of
these material libraries the Al fraction of arbitrary samples can be determined with SE.
This chapter will only report the results of the thermal ALD process.
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4.2 Experimental

AZO layers were deposited by inserting one Al,O3 cycle after every n ZnO cycles. This
constituted one super-cycle. A number of super-cycles were repeated to achieve the
desired thickness. The mechanism is depicted in Figure 4.6.

§ | 1super-cycle

1 cycle of Al,03

"~ Ncycles of ZnO

Figure 4.6 Representation of doping method. One cycle of Al,O; was deposited after n ZnO cycles to
constitute a super-cycle. A number of super-cycles was repeated to achieve the required layer thickness.
Picture used from [30].

The aluminium fraction was estimated by the following ratio of ZnO and Al,O3; growth

per cycle (GPC) values, which is the same method as described in the literature 223%3%;

[Al] — GPCA!203
[Al]+[zn] GPC,,p +n-GPC,,

(Nominal) Al fraction = -100% (4.1)

Where, for a deposition temperature of 150 °C, GPCrya = 0.10 nm/cycle and GPCppas =
0.07 nm/cycle 541, GPCpez = 0.21 nm/cycle as was reported in Chapter 3. The aluminium
fraction that was determined by formula (4.1) is called nominal aluminium fraction. This
indicates that the value is an estimate. The number of super-cycles was determined by:

N, = (4.2)

Where d is the required layer thickness.

Samples of 40 nm thickness were deposited at 150 °C, on silicon and glass substrates.
The nominal aluminium fraction was varied between 0 and 6 %.
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Table 4.3 shows the Al,03/ZnO cycle ratios, number of super-cycles and resulting
thicknesses of the deposited series. Appendix B contains the ALD recipes of both the
TMA and DMAI Al,O3 processes.

The thickness and transmittance were measured by SE, whereas four-point probe (4pp)
and Hall measurements were carried out to determine the electrical properties. SE and
Hall measurements were taken within one hour after deposition to exclude aging
effects. RBS was used on a selection of samples to determine the aluminium fraction.
XPS was also used to determine the aluminium fraction.

Table 4.3 Deposition cycles for thermal processes

Nominal Al % TMA DMAI
ZnO cycles | Super-cycles Obtained ZnO cycles Super-cycles Obtained
per super- thickness (nm) per super- thickness (nm)
cycle cycle

0 - - 40.1 - - 40.9

1 35 6 42.8 37 5 36.5

2 17 12 39.6 18 14 48.4

3 11 20 41.9 12 20 44.0

4 8 29 41.5 9 27 44.6

5 7 33 40.3 7 34 41.5

6 5 60 39.6 6 39 38.6

4.3 ZnO Growth Delay After Al,O; Cycle

Formula (4.2) was used to calculate the number of super-cycles needed for a sample
thickness of 40 nm. The thickness that was measured by SE deviated from the
prediction. This deviation was proportional to the number of super-cycles and therefore,
to the nominal aluminium fraction. This is shown for the thermal TMA doping process in
Figure 3.7a. The phenomenon however, was observed the thermal DMAI process as
well. Figure 3.7b shows that there was no thickness deviation in the TMA plasma-
assisted process. Note however, that this figure constitutes the only analysis of the
plasma-assisted doping process in this chapter. The plasma-assisted doping process will
not be further elaborated. Also note that the super-cycle values in Table 4.3 were
corrected for the growth delay effect. This means that the super-cycles values that were
shown produced correct thickness results of approximately 40 nm.
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Figure 4.7 Measured and predicted thickness as a function of the number of super-cycles, for the TMA
doping process (a) Thermal (b) Plasma-assisted. Only the thermal process showed a deviation in thickness
that was proportional to the number of super-cycles and therefore to the nominal aluminum fraction.

The observed thickness deviation indicated that the predicted GPC of combined cycles,
that was based on reported bulk GPCs, was not accurate, i.e.,

GP C(n~ZnO+A1203) #n-GPC,,, +GP CA1203 (43)

This means that the ZnO and Al,03 layers influenced each other. To study the combined
growth more closely, SE measurements were taken after each cycle, for the duration of
5 super-cycles. In this case a super-cycle comprised 11 ZnO cycles and 1 Al,03 cycle. A 15
super-cycle base layer of approximately 30 nm was deposited prior to the
measurements. A total layer thickness above 30 nm, guaranteed that optical constants
and thickness parameters were uncorrelated within the SE Cauchy model. This condition
was necessary to obtain accurate thickness results from a backwards fit. In a backwards
fit, the average optical constants of the ZnO and Al,03 layers were used for thickness
fitting.

Figures 4.8 and 4.9 show the results of the TMA and DMAI processes respectively.
Figures 4.8a and 4.9a show the film thickness after each cycle. ZnO cycles are presented
in orange and Al,O3 in black. The thickness values of each subsequent cycle were
subtracted from each other to obtain the GPC, which is shown in Figures 4.8b and 4.9b.
Note that the GPC curves showed some noise which was mostly visible in the TMA
process.
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Figure 4.8 Combined growth of ZnO and Al,0; cycles, with TMA as aluminium precursor. The thickness
was measured after each cycle, for the duration of 5 super-cycles. A 15 super-cycle base layer was
deposited prior to the experiment. The ZnO/Al,O; cycle ratio was 11/1. (a) Thickness (b) growth per cycle.
The ZnO GPC was inhibited after each Al,O3 cycle
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Figure 4.9 Combined growth of ZnO and Al,O; cycles, with DMAI as aluminium precursor. The thickness
was measured after each cycle, for the duration of 5 super-cycles. A 15 super-cycle base layer was
deposited prior to the experiment. The ZnO/Al,O; cycle ratio was 11/1. (a) Thickness (b) growth per cycle.
The ZnO GPC inhibited after each Al,0; cycle
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Figures 4.8a and 4.9a show that the ZnO growth is inhibited after each Al,O3 cycle.
Reduced ZnO GPCs after TMA cycles were already reported in literature and were
primarily believed to result from a decreased number of reaction sites (31361 A possible
mechanism that results in a decreased number of reaction sites is related to the relative
acidity of the ZnO and Al,03 surfaces BY The ZnO surface is basic and the Al, O3 surface
is nearly neutral. During the transition between ZnO and Al,0s, the ZnO and Al,O3
hydroxyls will coexist in the alloy film surface. The coexistence may allow a proton
exchange surface reaction to occur, which is also shown in Figure 4.10 and is commonly
referred to as a Brgnsted-Lowry acid-base reaction.

ZnOH' + AIOH" — ZnOH; --- AlO™ (4.4)

* denotes species at the surface. The hydrogen bond complex ZnOH, .- AlO™" might
deactivate the surface hydroxyl groups and render them less reactive to the ZnO cycle.

The relatively high activation energy of the plasma may affect the number of OH groups
and/or cause the plasma-assisted process to be less sensitive to the number of OH
groups. This may result in the plasma-assisted ZnO growth to be normal.

OH OH OH \OH." ™. OH
N /X
Zn Al Zn Al

=

More Nearly
basic neutral

Figure 4.10 Proposed mechanism to explain the inhibited growth of ZnO after an Al,0; cycle [31]. The ZnO
surface is relatively basic compared to the Al,O; surface. During transition between ZnO and Al,O;, the
ZnO and Al,O; hydroxyls coexist in the film surface. The coexistence may allow a proton exchange
reaction to occur in which a hydrogen bond is formed. This hydrogen bond might deactivate the surface
hydroxyl groups and render them less active to the ZnO cycle.

Etching of the ZnO by the aluminium precursor was mentioned as a second possible
cause of the inhibited ZnO growth Y.
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The hydrogen bond forming and etching that were described by Elam et al. may
contribute to the inhibited ZnO growth after each Al,03 cycle. Figures 4.8b and 4.9b
however, show some additional effects that were different for both aluminium
precursors:

1. After an Al,O3 cycle, the ZnO GPC dropped to an average value of 0.07 nm/cycle
with a 0.01 nm/cycle standard deviation and 0.05 nm/cycle with a 0.01 nm/cycle
standard deviation for the TMA and DMAI process respectively;

2. After each Al,053 cycle, the ZnO required a number of cycles to restore to its bulk
GPC of 0.21 nm/cycle. After TMA this was approximately 6 cycles and after DMAI
this was above 11 cycles;

3. The Al,03 GPCs were higher than the reported bulk values. The average TMA
GPC was 0.17 nm/cycle with a 0.04 nm/cycle standard deviation, while the
reported bulk value was 0.10 nm/cycle. The average DMAI GPC was 0.24
nm/cycle with a 0.01 nm/cycle standard deviation, while the reported bulk value
was 0.07 nm/cycle.

These findings indicated that the ZnO growth was more strongly inhibited after a DMAI
cycle. Also the difference between bulk and single cycle Al,O3 GPC was largest for DMAL.
These differences between the TMA and DMAI process may be a result of the difference
in precursors. The following hypothesis provides a possible explanation of the
mechanism that could cause these differences:

Figure 4.11 depicts the ideal ALD process of Al,O3 on ZnO, for both TMA and DMAI.
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Figure 4.11 Ideal monofunctional ALD process cycles of Al,O3; on ZnO. (a) TMA (b) DMAI

In the ideal processes of Figure 4.11, all OH groups react with precursor molecules
during the first half cycle. During the second half cycle, all ligands react with water
molecules. In reality however, deviations from ideal behaviour are likely to occur. The
Al-O dissociation energy of 501.9 kJ/mol is relatively large compared to the AI-C
dissociation energy of 267.7 kJ/mol 531 This means that OCH(CHs), ligands are more
tightly bonded to Al than CHs ligands. OCH(CHs), ligands therefore could possibly be
more likely to remain present in the material, at least for some number of subsequent
water doses. The presence of these ligands could have caused the additional effects that
were shown in Figures 4.8b and 4.9b.

When ligands remain in the material after the DMAI cycle, they substitute OH groups
that would have been formed in the case where these ligands were completely
removed. The resulting decrease in OH group density would lead to a relatively strong
inhibited ZnO growth after a DMAI cycle. Remaining OCH(CHs), ligands are also
relatively large compared to CH, ligands. Therefore they would be likely to cause steric
hindrance during subsequent ZnO cycles. Steric hindrance, which was also described by
Puruunen et al. ™, can inhibit the ZnO growth as well. A decreased OH group density
and steric hindrance, both caused by a relatively large number of large remaining
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OCH(CHz), ligands, could possibly explain the difference in ZnO growth after DMAI and
TMA cycles (points 1 and 2 of the phenomena in Figures 4.8a and 4.9a).

The remaining ligands and/or OH groups after the second half cycle would also add to
the material thickness and could therefore be detected by SE. This could cause the
single cycle GPC value, which was measured by SE, to be higher than the bulk GPC value
that was found earlier. This effect may have caused the Al,O3 GPC values to appear
higher than the bulk GPCs, which was point 3 of the phenomena in Figures 4.8a and
4.9a. Since OCH(CHs); ligands are larger than OH groups, this additional GPC would be
highest for DMAI.

For the doping experiments the DMAI recipe was used that was developed by Potts et
al. P¥. Note that for this recipe, no H,O saturation curve was measured. The same H,0
dose was chosen as for the TMA process. However, OCH(CHzs), ligands in DMAI are more
strongly bonded than TMA ligands in TMA. This means that the chosen H,0 dose might
not have been long enough to ensure saturation. This could indicate that the hypothesis
of remaining DMAI ligands is true.

The hypothesis of remaining OCH(CHs), ligands can be tested with in-situ quartz crystal
microbalance (QCM). QCM can be used to determine the mass of deposited material
after each cycle. With this technique any remaining ligands can be detected.
Determining the presence of material impurities can be interesting as well. Carbon
impurities, for instance, could be present when ligands remain in the material. A carbon
depth profile can be measured with XPS for this purpose. RBS can also provide
information about the carbon content. RBS measurements however, showed no
evidence of carbon in the films. However, the carbon detection limit was approximately
5 at %, which was relatively high and could be the reason that a low carbon content was
not observed.

4.4 Aluminium Fraction

The nominal aluminium fraction was compared to values measured by RBS and XPS.
Figure 4.12 shows the results for both TMA and DMAI processes. XPS spectra are
sensitive to the chemical environment of the measured species, which makes fitting,
and therefore precise quantification, relatively complicated. RBS spectra are not
sensitive to the specific chemical environment of the species. RBS is therefore
commonly accepted to be more accurate than XPS for quantitative elemental analysis of
thin films. Figure 4.12 shows however, that RBS and XPS data match reasonably well, at
least for nominal Al fractions up to 4 %. XPS data will be used for the remaining analysis
in this thesis.
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Figure 4.12 Al fraction measured by RBS and XPS, as a function of nominal Al fraction. (a) TMA process (b)
DMAI process. Note the difference in vertical scales.

Figure 4.12 shows that the measured Al fraction, in general, was higher than the
nominal Al fraction. The difference between measured and nominal Al fraction,
increased with increasing nominal Al fraction. These differences were largest for the
TMA process.

The difference between measured and nominal Al fraction can be explained by the
average Al;,03; and ZnO GPCs. The nominal Al fraction was calculated by formula (4.1).
Bulk GPC values were used in this calculation. Figures 4.8a and 4.9a showed that the
ZnO growth was inhibited after each Al,O5 cycle. This caused the average ZnO GPC to be
less than the bulk value. The difference between average and bulk ZnO GPCs increased
with nominal Al fraction, since more Al,O3 cycles were inserted. It was this deviation
between bulk GPCs and actual average GPCs that caused a higher amount of aluminium
to be incorporated.

The difference between measured and nominal Al fractions, between TMA and DMAI
processes, was probably caused by steric hindrance during the first Al,03 half cycle.
Figure 4.13 shows that the relatively large OCH(CHs), ligands are more likely to obstruct
OH groups, compared to the CH, ligands. This caused more aluminium atoms to be
deposited in a TMA cycle, than in a DMAI cycle. This is probably the same effect that
causes the different bulk GPCs of both processes.
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Figure 4.13 A schematic representation of steric hindrance during the first Al,0; half cycle. (a) TMA
process (b) DMAI process. The DMAI ligands exhibits the largest steric hindrance because of the largest
ligands. This causes fewer Al atoms to be deposited each cycle.

4.5 Electrical Properties

4.5.1 Measurement Results

Figure 4.12 shows the electrical properties of the films deposited using both the TMA
and DMAI processes. Resistivity values were determined by 4pp and Hall
measurements. Mobility and free carrier concentration were also obtained by Hall
measurements. Figure 4.12a shows some deviation between 4pp and Hall resistivity
values. The 4pp values were generally higher than the Hall values. The 4pp resistivity
values were taken within one hour after deposition and were therefore considered to
most accurately represent the as-deposited properties. Hall measurements were taken
weeks after deposition and may include aging effects. Nevertheless, the trends in
mobility and free carrier concentration could be used to explain the behaviour of
resistivity versus Al fraction.
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Figure 4.14 Electrical properties measured for both TMIA and DMAI processes. (a) Resistivity (b) Mobility
(c) Free carrier concentration

Figure 4.12a shows that the resistivity initially decreased with Al fraction. Minimum 4pp
values of 1.2:10%and 6.5-10™ Q cm were measured for TMA and DMAI respectively. The
minimum values were found at approximately 3 % Al fraction. The resistivity gradually
increased again with further Al fraction. Between Al fractions of 10 and 15 %, the
resistivity started to increase rapidly. Note that the resistivity at 0 % Al fraction was
found to be approximately 0.3 Q cm, while the intrinsic thermal resistivity in Chapter 3
was found to be 0.03 Q cm. This difference may have been caused by changes in the
reactor that took place between both experiments. For example, a 1 cm thick plate was
installed on to the substrate holder, after the experiments in Chapter 3. This plate may
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have caused some decrease in actual substrate temperature. Figure 3.8a shows that the
resistivity would be very sensitive for a decrease in temperature, around 150 °C.

Figure 4.12b shows that the mobility decreased with increasing Al fraction. The TMA and
DMAI curves were consistent with each other. Exceptions were the TMA value at 0 %
and the DMAI value at approximately 11.6 %. These deviations from the general trend
were ascribed to measurement errors. Measurement errors could possibly arise since
the glass samples were too large for the Hall system. This could cause the Hall system
magnetic field to be not completely uniform over the whole sample. This in turn, could
result in a measurement error in free carrier concentration and mobility, while
producing reasonable resistivity results. The silver paste contacts were placed
somewhat further away from the sample edges to prevent this effect. However, the
variation in silver paste contact positions, between different samples, may have caused
some samples to be better than others.

Figure 4.12c shows that the free carrier concentration initially increased with increasing
Al fraction. A sudden, steep decrease however, started between 10 and 15 %. This
phenomenon was believed to be the cause of the rapid resistivity increase that started
in the same Al fraction range.

Figure 4.12 showed that the resistivity initially decreased due to increasing carrier
concentration. After reaching a minimum, the decrease in mobility became dominant
and the resistivity started increasing again. A drop in carrier concentration finally added
to the effect, causing a steep increase in resistivity. The trends in Figure 4.12 were
generally consistent with the literature data shown in Figure 4.1. The DMAI process
showed lower resistivity values up to an Al fraction of approximately 7.5 %. Note that
the minimum resistivity values could be further improved by increasing the deposition
temperature.

4.5.2 Field Effect Model

The formation of insulating Al,Os clusters was mentioned in the literature as the main
reason for the increasing resistivity with Al fraction 2832 The Al atoms that were bound
in Al,03, could not contribute free electrons anymore. In addition, Elam et al. found that
dopants could perturb the ZnO lattice. This perturbation created scattering sites that
decreased the electron mobility and ultimately increased the resistivity 32

Do-Joong Lee et al. expanded the explanation of clustered Al,0; with a field effect
theory B39 This theory provides a broader understanding of the mechanisms that affect
the resistivity during Al doping of ZnO. High angle annular dark field transmission
electron spectroscopy (HAADF TEM) was performed on AZO layers first. The HAADF TEM,
in which the contrast of an image is formed from the mass difference between
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elements, showed that the AZO films had a layered structure. This structure consisted of
a ZnO matrix with intermediate, insulating Al,O3 layers, as shown in Figure 4.15.
Extrinsic doping was believed to occur only at the interface of ZnO/Al,0s. Clustering
between adjacent Al,0s; layers would hardly occur since these layers remained
separated. Instead, a field effect as a result of the material structure was mentioned as
additional mechanism that caused increased resistivity with increasing Al fraction.

- -
~3.9nm

(a) (b)

Figure 4.15 HAADF TEM images of AZO films with different ZnO:Al,0; cycle ratios (a) 49:1 (b) 19:1. The
images show a structure consisting of a ZnO matrix with intermediate, insulating Al,O3 layers [30].

The field effect is explained with Figure 4.16. Free electrons could be located within the
Bohr radius around Al donors. Figure 4.16 shows the Al donors as blue dots and the
electron Bohr radius as red spheres. Figure 4.16a shows the situation in which the Al,0;
planes are widely separated (/ > /). This is the configuration in which electrons are most
easily donated. Inserting additional Al,O3 planes, provides extra donated electrons,
which is shown by Figure 4.16b. Further insertion of Al,03 planes however, causes the
Bohr radius of adjacent planes to overlap (/ < I). In this situation the Coulombic
repulsion force between donated electrons could suppress the donation of additional
electrons. Note that that the planar spacing d between Al was estimated to be equal to
I.. The value of /. was found to be 2.3-2.6 nm.
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Figure 4.16 Schematics of effective field model for AZO films. Blue dots and red spheres represent charged
Al donors and free electron bohr radius. | is the interval between adjacent Al,Os layers and |, is the critical
length just before the decrease of the carrier concentration (a) | >1.(b) | =1.(c) I < I. [30].

Summarizing, the doped material was believed to consist of a ZnO matrix with
intermediate, insulating Al,O3 layers. Carriers were donated at the ZnO/Al,O; interface
only. d and | were the characterizing parameters of the model and represented the
planar spacing between Al atoms and the distance between Al,0s layers respectively.
When the Al,0;3 layers are placed to close to each other, i.e. | < I, the field effect will
terminate the donation of charge carriers. In the next section a method will be
explained to determine the / and d values for the TMA and DMAI process. These
guantities will then be related to the doping efficiency of both processes, which can be
measured as well.

4.5.3 Doping Efficiency

The doping efficiency is the percentage of incorporated Al atoms that donate a carrier.
The doping efficiency was calculated by:

n—n,
ndoping -

-100 (4.5)

Al

Where n is the free carrier concentration of the doped material, ny the free carrier
concentration of the intrinsic material and 4 the number of Al atoms per cm? that was
incorporated by doping. The values of n and ny were determined by Hall measurements.
a1 was calculated by:

X =X Al% =B, It-Al%=4-10"- Al% (4.6)
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Where ¥z, is the number of Zn atoms per cm?®, Al% the XPS Al fraction, [fzn the number of
Zn atoms per cm? and t the thickness of the film. 3, was directly measured by RBS, for
the intrinsic ZnO samples of thickness t in Chapter 3. Note that these samples were
deposited at 100, 200 and 300 °C, as described in section 3.2.1. The RBS data was
therefore interpolated to find the appropriate value of S, at 150 °C, which was 308
atoms/cmz. The average thickness was 77 nm, giving ¥z, to be 4-10% atoms/cm3.

Figure 4.17 shows the doping efficiency as a function of Al fraction. This figure shows
that the doping efficiency decreases with increasing Al fraction. The field effect model of
section 4.5.2 can be used to put the doping efficiency results into broader perspective.
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Figure 4.17 Doping efficiency as a function of Al fraction. The doping efficiency decreases with Al fraction.

The parameters of the field effect model were d and /. Figure 4.16 showed that d was
the planar (horizontal) spacing between Al atoms and / was the vertical distance
between Al,03 layers. The values of d and | were calculated for the TMA and DMAI
process.

The value of / was calculated by:

h
l:— .
k @7

Where h is the sample thickness and k is the number of super-cycles.
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The value of d was calculated by:

M:i@d:; 4.8
k d2 ( )
Xah
k

-h
Where % represents the areal density of Al atoms per super-cycle. Note that within

this calculation the Al atoms were assumed to be located within one monolayer, as
described in the model of section 4.5.2. This model ignores the possible migration of Al
atoms into the ZnO lattice. As a consequence, the calculated d values can be smaller
than in reality.

The average values of d were found to be 0.30 = 0.02 and 0.46 + 0.02 nm for TMA and
DMAI respectively. This means that the distance between Al atoms was larger for DMAI.
This was probably caused by the steric hindrance effect that was described in section
4.4. The range of | was between 1 and 8 nm as will be showed later.

Figure 4.18 shows the doping efficiency as a function of /. The figure shows two
important results. The first result is that the DMAI doping efficiency was generally higher
at specific / values than that of TMA. This could be explained by the planar distance d
between Al atoms. As described in section 4.5.2, donated electrons are located within
the Bohr radius around the Al ion. When the Bohr radii of neighbouring Al atoms
overlap, repulsion forces between electrons will oppose the donation of electrons. The
calculation with equation (4.8) showed that DMAI has a larger planar distance d
between adjacent Al atoms compared to TMA. This means less overlap of Bohr radii and
subsequently a higher doping efficiency at equal distance / between Al,0s3 layers.

The second result is the trend of the doping efficiency. Above a critical distance /.
between adjacent Al,O3 layers, the doping efficiency was expected to be constant. This
means that the distance between Al,0;5 layers was large enough, so that the layers did
not interact by the field effect as explained in section 4.5.2. For values below the critical
distance /., the doping efficiency was expected to be decreasing with decreasing / values.
In this region the Al,O3 layers were close enough to each other, for the field effect to
have influence. Figure 4.18 shows similar trends for TMA and DMAI. The doping
efficiency of both processes seemed reasonably constant above |/ = 3.4 nm
approximately, although an unambiguous conclusion that was based on only two data
point was difficult. Below / = 3.4 nm, the doping efficiency decreased with decreasing /
value. This behaviour was expected according to the field effect model. From this
analysis one could say that the critical / value, I, was found to be 3.4 nm. The literature
that was described in section 4.5.2 reported a value of 2.3-2.6 nm for TMA. Note that a
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larger number of doping efficiency measurements would improve the accuracy of the
preceding analysis.

Doping efficiency (%)

4 nm

— o o,
O N A OOOOO N O
T

.~3
1 2 3 4 5 6 7 8
I (nm)

Figure 4.18 Doping efficiency as a function . For | values up to the critical value I, the doping efficiency
increased. The field effect between Al,O; layers caused the doping efficiency to be suppressed. Above the
critical value |, the Al,O; layers were separated far enough so that the field effect did not influence the
donation of charge carriers anymore.
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4.6 Optical Properties

4.6.1 Transmittance

Figure 4.19 shows the measured transmittance for both TMA and DMAI series.
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Figure 4.19 Transmittance as a function of XPS Al fraction (a) TMA (b) DMAI

Figure 4.19 shows that both TMA and DMAI processes produced layers with a
transmittance above 80 %, in the range between approximately 400 and 1000 nm.

4.6.2 Optical Band Gap

Figure 3.19 shows (.5‘2'E2)2 as a function of the photon energy E, for different Al fractions.
The optical band gap (Tauc gap) is defined as the photon energy, where the
extrapolation of the linear part of this parameter, intersects the line (82'E2)2= 0" Note
that the dielectric functions were modelled by a B-spline. Figure 3.20 shows the values
of the optical band gap as a function of Al fraction.
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Figure 4.21 Optical band gap as a function of Al fraction where (a) TMA (b) DMAI was the Al source

Figures 4.20 and 4.21 show that the optical band gap increases with increasing Al
fraction. The figures also show that the DMAI optical band gap is generally higher than

the one of the TMA.

The increase of optical band gap with increasing Al fraction was ascribed in the

literature to the Burstein-Moss shift

[28,29

], first reported by Burstein 54 Free carriers
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cause the Fermi level to increase. In the case of ZnO, when the free carrier
concentration exceeds the limit of 10 cm?™, the semiconductor becomes fully
degenerate. This means that the Fermi level lies above the conduction band. The optical
band gap is defined as the energy that electrons gain when they interact with a photon.
During this process the electrons in the valance band shift to unoccupied energy levels
in the conduction band, which lie above the Fermi level. The Fermi level increases with
free carrier concentration and therefore also the optical band gap increases. The
principle is shown in Figure 4.21. Note that a carrier concentration of 10™ cm™ is already
present in intrinsic ZnO.

Burstein-Moss

Undoped A A n-doped
g ==>  E,ilg,
‘ ‘
—_— T~

Valence Band

Figure 4.22 Schematic presentation of Burnstein-Moss effect. .n-type donors cause the Fermi level to shift
upwards, into the conduction band. The optical band gap is the energy that an electron gains when
interacting with a photon. This energy increases with increasing Fermi level.

The band gap of the DMAI process was higher than the TMA process since DMAI
exhibited a higher doping efficiency, as was shown in section 4.5.3. This means that at a
specific value of the Al fraction, DMAI donates more carriers than TMA. This was also
shown in Figure 4.14c.

Note however, that Figure 4.14 shows that the carrier concentration decreased above Al
fractions of approximately 12 %. This was due to Al,Os clustering as described in section
4.5. The increasing band gap in the corresponding region of Figure 4.21, could therefore
not be caused by the Burstein-Moss effect. Amorphous Al,O3 has an intrinsic band gap
of 7-8 eV. The mixed composition of ZnO and Al,03, with a band gap that is intermediate
between these materials, may therefore be more likely to cause the band gap increase
that was observed for Al fractions above approximately 12 %.
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4.6.3 Spectroscopic Ellipsometry Material Library

The CompleteEASE SE software contains the functionality for constructing material files
(OC libraries). A material file can be useful for samples that show a systematic shift in
optical properties, related to material composition and/or temperature. The dielectric
functions of samples with different compositions can be added to the material file.
Information about the composition, that is independently acquired, can be added as
well. The dielectric functions, together with the composition information comprises the
reference data of the material file. CompleteEASE contains an interpolating algorithm.
With this, an arbitrary dielectric function can be evaluated from a weighted sum of the
nearest reference fucntions. This way the composition of the arbitrary sample can be
found. SE measurements are relatively straightforward take and could potentially save a
lot of (expensive) analysis, such as RBS.

Figures 4.23 and 4.24 show the dielectric function for the doped samples as a function
of Al fraction, for TMA and DMAI respectively. The figures clearly show that the
dielectric functions shift with increasing Al fraction. This property enables the
construction of a material file within CompleteEASE.

Material files for TMA and DMAI were constructed. Dielectric functions were modelled
by a B-spline, together with XPS Al fractions were used as reference data. With these
material files, both the Al fraction and sample thickness of any doped layer could be
found. Note that this only applied for samples that were deposited under similar
conditions as the reference samples. The method only applies for the approximate Al
fraction region of 0-30 and 0-12 % for TMA and DMAI respectively, since reference data
was only added within this region. The material files could be further improved by using
evenly spaced Al fractions as reference data, since that would provide an evenly spaced
fitting uncertainty.

The constructed material files have not been not tested yet. Testing could be done by
depositing samples with random Al fractions. The Al fractions could then be determined
by the material library and compared to data from RBS or XPS. This comparison would
tell whether the method is accurate enough.

Note that the TMA and DMAI material files are not interchangeable. Both processes
exhibit different doping efficiencies. This means that, at a specific Al fraction, the
processes exhibit different numbers of free carriers, causing the dielectric functions to
be different.
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In this chapter, recipes were developed for aluminium doped ZnO. Both TMA and DMAI
were used as aluminium precursors. In-situ SE was applied to study the growth
mechanism. Aluminium incorporation, electrical and optical properties were studied by
4pp, Hall, RBS, XPS and SE.
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The DMAI process showed a relatively strong growth inhibition in subsequent ZnO
cycles. A hypothesis was formulated that could possibly explain this effect: The
OCH(CHs), ligands of DMAI could remain present in the material after the second Al,03
half cycle. These ligands could passivate OH groups and could also cause steric
hindrance in subsequent ALD cycles. As a result, the ZnO growth could be inhibited
more strongly after DMAI than after TMA.

Remaining ligands can be detected by XPS. A carbon depth profile for instance, could be
measured for this purpose. Future XPS measurements could tell whether or not the
hypothesis is true. An interesting question in this case would be whether or not the
remaining ligands had any effect on resistivity or transmittance. Longer H,0 doses could
be applied as an attempt to remove the remaining ligands. The resistivities and
transmittance of the material, with and without remaining ligands, could than be
compared in order to investigate if removing the ligands could further improve the
DMAI doped ZnO process.

A second effect was that DMAI showed a higher doping efficiency than TMA, up to an Al
fraction of approximately 12 %. Steric hindrance of the DMAI OCH(CHs), ligands, during
the first half cycle, was likely to cause a wider spread of Al atoms than in the TMA
process. This meant the electron repulsion forces were less dominant and more carriers
could be donated. This advantage disappeared at Al fractions above 12 % due to the
field effect between Al,03 layers. The higher doping efficiency caused the resistivity of
the DMAI process to be lower than that of TMA, at Al fractions up to approximately 12
%.

Note that both processes were not optimized for deposition temperature yet. Future
substrate temperature optimization may greatly improve the minimum resistivities of
both processes. Additional resistivity improvements could be acquired as well by fine-
tuning of the optimal Al fraction. Future transmittance measurements could be taken in
the spectral range above 1000 nm as well since the effect of doping might be better
visible in this region. Such measurements would enable a better comparison of the
precursors in terms of transmittance. A final suggestion would be to investigate the
effect of post treatment. Annealing may cause the Al atoms to spread through the ZnO
lattice. This may influence the doping efficiency for both methods, and therefore the
electrical properties.

Regarding the SE material library, two suggestions can be made. First of all, it is
expected that the library can be improved when more reference data is added. The
additional data would preferably contain dielectric functions of samples with equally-
paced, small step size Al fractions, in order to enhance the interpolation. The second
suggestion would be to test the material library that was constructed. Samples with
random Al fractions could be deposited and measured by both XPS/RBS and the SE
library, to make comparison possible. This would tell whether the SE material library is
an accurate method for determining the Al fraction.
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Chapter 5

Conclusions and Outlook

ZnO is reported to be a promising candidate for many existing and novel thin film
applications. An example is ZnO as TCO in solar cells, which needs high uniformity and
thickness control. ALD is a thin film deposition technique that exhibits excellent
uniformity, conformality and thickness control. This thesis concerned two main parts.
The first part was development and characterization of both thermal and plasma-
assisted ALD processes. The second part comprised the ALD of aluminium-doped ZnO,
where both TMA and DMAI were used as aluminium precursors.

In the first part of the thesis, the thermal process showed a good growth per cycle (GPC)
of 0.21 nm/cycle, non-uniformity of 3.3 % and minimum resistivity in the order of 10
Qcm for 40 nm thick films. The thermal process was therefore considered to form a
solid base for future research and applications.

The plasma-assisted process gave a GPC of 0.09 nm/cycle, non-uniformity of 22.3 %, a
minimum resistivity in the order of 10° Qcm for 40 nm thick films and a long plasma
dose of 16 s before saturation was reached. These results were not optimal for
applications like TCOs. Therefore this process needs to be further optimized before the
full potential of the plasma-assisted ALD process can be utilized. A suggestion would be
to study the growth characteristics of the process more closely, i.e studying the
saturation behaviour. Two experiments are proposed for this. First the O content of a
series with different plasma dosing could be measured using RBS or XPS. This would tell
whether a longer plasma dose incorporates extra O, which can cause additional growth.
Secondly, depositions could be done with the plasma power turned off. This would tell
whether O, acts as a reactant that causes an additional thermal growth component.

Although excellent results were achieved with the thermal ALD process, the material
resistivity could be further improved. This could be done by Al doping for instance,
which was the subject of the second part of the thesis. A number of papers already exist
on the thermal ALD of Al-doped ZnO, which reported the use of trimethyl-aluminium
(TMA) as the Al precursor. TMA however, is pyrophoric and therefore carries potential
safety risks when it is applied in high scale industrial applications. Dimethyl-aluminium
isoproxide (DMAI) is a relatively new Al precursor that is not pyrophoric. In this thesis
ALD processes of Al-doped ZnO were developed, where both TMA and DMAI were used.
The use of both precursors was then compared in terms of growth, aluminium
incorporation, electrical and optical properties. Note that the aluminium-doping was
only studied for the thermal process since the intrinsic plasma-assisted process showed
much higher resistivity values than the intrinsic thermal process.
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The DMAI process showed a relatively strong growth inhibition in subsequent ZnO
cycles. A hypothesis was formulated that could possibly explain this effect. The
hypothesis stated that OCH(CHjs), ligands of DMAI could remain present in the material
after the second Al,O3 half cycle. These ligands could passivate OH groups and could
also cause steric hindrance in subsequent ALD cycles. As a result, the ZnO growth could
be inhibited more strongly after DMAI than after TMA.

Remaining ligands can be detected by XPS which would conform the pypothesis. A
carbon depth profile for instance, could be measured for this purpose. Future XPS
measurements could tell whether or not the hypothesis is true. An interesting question
in case when the hypothesis is true would be whether or not the remaining ligands had
any effect on resistivity or transmittance. Longer H,O doses could be applied as an
attempt to remove the remaining ligands. The resistivities and transmittance of the
material, with and without remaining ligands, could than be compared in order to
investigate if removing the ligands could further improve the DMAI doped ZnO process.

A second effect was that DMAI showed a higher doping efficiency than TMA, up to an Al
fraction of approximately 12 %. Steric hindrance of the OCH(CHs), ligands, during the
first half cycle, was likely to cause the Al atoms to be more sparsely located throughout
the material than in the TMA process. This meant the electron repulsion forces were
less dominant and more carriers could be donated. This advantage disappeared at Al
fractions above 12 % due to the field effect between Al,O3 layers. The higher doping
efficiency caused the resistivity of the DMAI process to be lower than that of TMA, at Al
fractions up to approximately 12 %.

Note that both processes had not been optimized for deposition temperature. Future
substrate temperature optimization may greatly improve the minimum resistivities of
both doping processes. Additional resistivity improvements could be acquired as well by
fine-tuning of the optimal Al fraction. Future transmittance measurements can be taken
in the spectral range above 1000 nm as well since the effect of doping might be better
visible in this region. Such measurements would enable a better comparison of the
precursors in terms of transmittance. A final suggestion would be to investigate the
effect of post treatment. Annealing may cause the Al atoms to spread through the ZnO
lattice. This may influence the doping efficiency for both methods, and therefore the
electrical properties.

The higher doping efficiency, with resulting lower resistivity, is the reason that DMAI is
currently regarded to be a better Al precursor than TMA for use in TCO applications.
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Appendix A

Precursor Properties

Table A.1 Properties of DEZ, TMA and DMAI

temperature

Precursor property DEZ TMA DMAI
Physical state (R.T.) Liquid Liquid Liquid

Melting point -28°C 15 °C <R.T.
Boiling point 118°C 125°C 172°C
Decomposition >200 °C ~330°C ~370 °C

Vapour pressure

9 Torr at 15 °C

9 Torrat 17 °C

9 Torr at 67 °C

Pyrophoric

Yes

Yes

No
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Appendix B

Recipes of ZnO & Al,O; Processes

Table B.1 Recipe of thermal ALD process of ZnO at 150 °C deposition temperature

DEZ dose DEZ purge H,O0 dose H,0 purge
30 ms 5s 20 ms 6s
DEZ on off off off
H,O0 0 0 1 0
Ar gate valve 150 0 150 0
(sccm)
Ar through DEZ 0 150 0 0
(sccm)
Ar through H,0 0 0 0 150
(sccm)
gate valve 0 0 0 0

Table B.2 Recipe of plasma-assisted ALD process of ZnO at 150 °C deposition temperature

DEZ dose | DEZ purge | Remove N, + 0, plasma dose | O, plasma purge
30 ms 1s 0, build up 4s 6s
5s
DEZ on off off off off
0, 0 0 50 50 0
(sccm)
N, (sccm) 100 100 0 0 100
Ar gate valve 70 0 100 100 70
(sccm)
Ar through DEZ 0 100 0 0 0
(sccm)
Plasma power 0 0 0 200 0
(w)
Plasma source HOLD HOLD HOLD HOLD HOLD
mode
gate valve 1 1 1 1 1
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Table B.3 Recipe of Al,0;, thermal ALD process with TMA at 150 °C deposition temperature

TMA dose TMA purge H,0 dose H,0 purge
20 ms 3.5s 20 ms 3.5s
TMA on off off off
H,0 0 0 1 0
Ar through TMA 0 150 150 0
(sccm)
Ar through H,0 150 0 0 150
(sccm)
gate valve 0 0 0 0

Table B.4 Recipe of Al,O;, plasma-assisted ALD process with TMA at 150 °C deposition temperature

TMA dose | TMA purge | O, plasma dose | O, plasma purge
20 ms 3.5s 4s 0.5s
TMA on off off off
0, 50 50 50 50
(sccm)
Ar through TMA 0 100 100 0
(sccm)
Ar through H,0 100 0 0 100
(sccm)
Plasma power 0 0 200 0
(W)
Plasma source HOLD HOLD HOLD HOLD
mode
gate valve 1 1 1 1
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Table B.5 Recipe of Al,0;, thermal ALD process with DMAI

DMAI dose DMAI purge H,O0 dose H,0 purge
500 ms 10s 30 ms 10s
DMAI on off off off
H,O0 0 0 1 0
Ar through DMAI 50 200 200 0
bubbler (sccm)
Ar through DMAI 0 0 0 0
(sccm)
Ar through H,0 200 0 0 200
(sccm)
gate valve 0 0 0 0

Table B.6 Recipe of Al,0;, plasma-assisted ALD process with DMAI

DMAI dose DMAI purge 0, plasma dose | O, plasma purge
500 ms 10s 4s 10s
DMAI on off off off
0, 50 50 50 50
(sccm)
Ar through DMAI 50 20 0 0
bubbler (sccm)
Ar through DMAI 0 0 100 0
(sccm)
Ar through H,0 20 0 20 20
(sccm)
Plasma power 0 0 200 0
(W)
Plasma source HOLD HOLD HOLD HOLD
mode
gate valve 1 1 1 1
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