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Abstract
Atomie Layer Epitaxy (ALE) is a modern, controlled layer-by-layer deposition technique.
Uniform distri bution of the chemisorbed species over the support is relatively easily achieved.
In the group 'Physics of Surfaces and Interfaces' of the Eindhoven University of Technology,
an ALE attachment to surface analysis equipment is build, to study the growth of small
metal clusters on oxides and sub-mono-atomie layers of metals on ceramic supports.
During this project, the newly designed ALE apparatus has been made operational.
The system was tested by attaching it to a Low Energy Ion Scattering apparatus and
growing CuO on Ah0 3, using copperacetylacetonate and oxygen as reactants. Aftersome
modifications to the apparatus to improve the processing conditions, it was able to achieve
a surface coverage of CuO of 9 at% in one ALE process cycle. By repeating ALE cycles,
the surface coverage of CuO was increased.
To gather more insight in the ALE reaction mechanism, additional analysis techniques were used like X-ray Photoelectron Spectroscopy, lnfra Red Spectroscopy, Ultra
Violet/Visible Spectroscopy and Rutherford Backscattering Spectrometry. It is discussed,
whether these techniques are useful for further studies consiclering ALE growth of CuO
and Ah03.
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Chapter 1
Introd u ct ion
Atomie Layer Epitaxy (ALE) is a controlled layer-by-layer deposition technique. The
deposition is self-controlled through saturating surface reactions. Recent studies proved
that ALE is able to produce films with an uniform distribution of the chemisorbed species
overaporous catalyst support [1].
ALE has shown its commercial manufacturability in the production of electroluminescent display devices. ALE processed electroluminescent displays are world market leaders
in the field. Since a number of years, Microchemistry Ltd. from Finland produces ALEapparatus commercially. ALE has made a strong contribution to material science. It is
used for the development of advanced thin film materials, superlattices and superalloys.
Nevertheless, ALE is still very much in a developing state. Most surface reactions used in
ALE are not yet known in detail [2, 3].
In 1994, the group 'Physics of Surfaces and Interfaces' of the Eindhoven University
of Technology (TUE) decided to build an ALE apparatus for research purposes. Interest
had risen in the production of sub-mono-atomie layers of metals on ceramic substrates
and small metal clusters on oxides. Model systems, necessary for fundamental research,
can be produced by ALE. AnALE apparatus was designed by dr. R.G. van Welzenis and
manufactured by the Central Technica! Workshop of the TUE. It has an unique reactant
handling system and due to its small size it can in principle be connected to the load loek
of all analysis apparatus' available.
This thesis covers the very first steps clone, to make the new ALE apparatus operational. Modifications on the original design have been made, after which the first attempts
to achieve ALE growth, were clone. The system was tested by attaching it to a Low Energy
Ion Scattering apparatus (LEIS) and growing CuO on Ah0 3 using copperacetylacetonate
(Cu(acac) 2 ) and oxygen as reactants. Additional analysis techniques were X-ray Photoelectron Spectroscopy (XPS), Infrared Spectroscopy, Ultraviolet Spectroscopy and Rutherford
Backscattering Speetrometry (RBS). Each technique was useful to obtain more information about the reaction mechanism, responsible for ALE growth.
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The deposition of Cu was stuclied as a function of processing conditions, such as surface
temperature, reaction time, flow rate of the purge gas and the number of ALE cycles.
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Chapter 2
Introduetion to Atomie Layer
Epitaxy
In this chapter, the basic mechanism of the ALE process is explained. The
ALEprocessis illustrated by the growth of CuO on Al2 0 3 • This will make
clear the principal diEferences between ALE and competitive techniques.
In this thesis, the ALEprocessis defined as a deposition technique, based on
saturating surface reactions. The surface is defined as the atoms on the interface
of the solid and gas phase. In case of a porous substrate, this will mean that
even atoms 'inside' the carrier, can be part of the surface. A monolayer bas
been formed, when all the available atom positions on the surface, are covered
with the deposited atoms.

2.1

Comparison with alternative techniques

The use and development of ALE is motivated by the experimental and theoretica! results
according to which ALE:
1. produces epitaxiallayers at temperatures lower than those used in conventional epi-

taxial growth processes,
2. is controllable to an accuracy of one single atomie layer because of saturated surface
reactions,
3. results in uniform layers over large areas, even on non-planar surfaces,
4. makes it possible to study the chemica! reactions associated with growth, in more
detail than in conventional growth environments.

5

These characteristics make ALE an interesting alternative technique for conventional
growth techniques, like vapour pressure epitaxy (VPE), molecular beam epitaxy (MBE)
and chemical beam epitaxy (CBE). For every combination of substrate and absorbent, a
proper reaction procedure has to he found. So far, a fair amount of saturating surface
reactions has been found [4].

2.1.1

Competitive techniques

In general, supported catalysts are prepared by conventional methods from salt solutions,
such as wet impregnation, coprecipitation and ion exchange [5]. Once higher demands on
the deposited material are made, techniques like ALE, MBE, CBE and VPE are used.
The usage of these acronyms is sometimes subjective in literature. The most accepted
characteristics of these techniques are compared with each other in this section.
MBE is an UHV deposition technique, where the transport is clone by beams of evaporated molecules or atoms. Since UHV is used, the apparatus is accessible for several
analysis techniques, which makes it possible to study the growth in situ. This way, the
growth can he controlled accurately. Under optimal conditions, MBE layers can he grown
with excellent purity and very abrupt interfaces.
VPE is based on the reactions between the vapours of chemical compounds. The
reactions produce species, that will he deposited on the surface of the substrate. Typical
pressures for VPE are between 1 and 10- 2 bar [3, 6]. VPE is also referred to as CVD, but
this is broader term, also applicable to the deposition of polycrystalline and amorphous
films.
A number of techniques are variations or combinations of the features of MBE and VPE.
One of them is CBE, a deposition technique performed in an UHV chamber. Molecular
beams of reactive gasses are used as sources. The molecules react on the growing surface
and deliver the material needed for layer growth [7].
In general, MBE, CBE and VPE are used to grow single crystals. In order to regulate
the growth, it is vital that the temperature of the substrate is controlled accurately. The
temperature of the substrate during growth determines the surface mobility of the deposited
particles, which is an requirement for homogenons growth. Furthermore, the deposition by
MBE, CBE and VPE is dependent on the dosing of the reactants. This makes an accurate
reactant flux control necessary. Lattice matching between the substrate and the deposited
material is also an important requirement for single crystal growth. CVD is used for single
crystal growth, but also polycrystalline films are grown using CVD. CVD is able to achieve
high growth rates.
ALE does not require an accurate temperature control, because of the wide temperature window in which the growth rate is constant. Furthermore, the used temperature
is in general lower than for similar growth processes using MBE, CBE or VPE. Dosing
of the reactants do not infl.uence the ALE processing, as long as the surface reaction is
saturating. Since ALE makes use of surface reactions, also porous substrates can he uniformly covered by ALE. Usage of single crystals as substrate enables the growth of single
6
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crystals by ALE. ALE growth does not require an UHV chamber. Modern ALE apparatus
are capable to achieve substantial high growth rates, by using highly sofishisticated gas
handling systems. By minimizing the time length of one ALE cycle, the growth rate can
be increased substantially [4, 7].
A new development involves the combination of VPE and ALE. VPE is used for rapid
growth of bulk layers, after which switching to ALE allows very precise growth of abrupt
heterojunctions [3].

2.2

The mechanism of the ALE process

As mentioned in chapter 1, the apparatus was tested by growing CuO on an Ab0 3 substrate, using Cu( acac ) 2 and oxygen as reactants. These substrate and reactants are
used to demonstrate the reaction mechanism of the ALE process. The molecular structure
of Cu(acac) 2 is illustrated in figure 2.1 [8]:

Figure 2.1: Schematic picture of Cu(acac} 2 -molecule. The specific area of the complex is
58,76 ·10- 2 nm2 /molecule.
To accomplish ALE growth, it is vital that the chemical reaction is thermodynamically
feasible. A second basic condition fora successful ALE process is, that the binding energy
of a monolayer chemisorbed on a surface, is substantial higher than the binding energy of
subsequent layers on top of the formed monolayer. A schematic overview of the assumed
growth mechanism is shown in figure 2.2.
During step 1 an excessof gaseous Cu(acac) 2 is supplied to the substrate. The reactant
will chemisorb on the Ab0 3 -substrate. The surplus of Cu(acac) 2 is unable to chemisorb on
the surface, that already has been covered through the reaction of Cu( acac ) 2 with Ah0 3 •
During step 2, nitrogen is applied to remove physisorbed and surplus gaseous reactant.
During step 3, oxygen is applied to remove the organic ligands from the surface. In this
thesis, step 3 is called the 'post-oxidation' step. Like step 1, this reaction is self terminating

[8].
The surface temperature can be used to control the surface reactions. Consiclering the
role of the surface temperature on the reaction mechanism, an ALE processing window
can be constructed (cf. figure 2.3). The growth per cycle is supposed to be constant when
during the ALE process, the surface temperature is between T1ow and Thigh·
7

This temperature range is limited because [1, 4]:
a. If the temperature is too low, reactants may condenseon the substrate.
b. lf the temperature is too low, the activation energy of the surface reaction between
Cu(acac) 2 and Ah03 may not be exceeded.
c. If the temperature is too high, decomposition of Cu( acac ) 2 may result in condensation of decomposition products on the substrate.
d. If the temperature is too high, a formed monolayer may re-evaporates.

acac-Cu -acac
acac-Cu -acac
acac-Cu -acac
acac-Cu-acac
acac-Cu -acac acac-Cu -acac acac-Cu -acac

acac-Cu-acac acac-Cu-acac acac-Cu-acac

2.

CuO

CuO

CuO

CuO

CuO

CuO

3.

4.
Figure 2.2: ove1·view of assumed ALE process for Cu(acac) 2 on A/2 0 3 •
8
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Within these boundaries, the amount of deposited atoms is usually easily controlled. The
growth per cycle is mostly influenced by [4]:
1. The number of reaction sites on the Ah0 3 -substrate.
2. The spherical hindrance of the acac-ligands. Acac-ligands attached to the surface,
reduce the available space for surface reactions between Cu(acac) 2 and Ah0 3 •
The ALE process results in the formation of a solid film (presumably CuO) and gaseous
side-products (cf. step 4). The gaseous side-products are removed from the growth chamber by pumping. One atomie monolayer or one sub-monolayer is deposited during one
ALE cycle. By repeating this cycle, the Cu coverage should increase. Depending on the
charaderistics of the reaction mechanism, multi-layer structures can he grown [3].

Temperature

Tlow

Figure 2.3: Schematic processing window of the ALE process. Growthjcycle is assumed
to be constant when the ALE surface temperature T is between T1ow and Thigh. Limiting
mechanisms in the different areas of the figure are: a, condensation of Cu{acac)û b, activation energy of the surface reaction is not exceeded; c, decomposition of Cu(acac) 2 ; d,
re-evaporation of a formed layer.

2.2.1

Surface reaction

Step 1 in fi.gure 2.2 represents the surface reaction between Cu( acac ) 2 and Ah0 3 • Literature suggests several possible surface reactions [9]:

Cu(acac)2

+

Az;+

--+

Cu~+

+

[Al(acac)xH3 -x)+
9

(2.1)

Cu(acac)2

+

2 ·OH;

--+

CuO~;

+

2 · acacH

(2.2)

where s denotes surface species. Van Veen et al. showed that almast all acac-complexes
react with coordinatively unsaturated (c.u.s.) Al3+ sites on the 1-Ab03-surface ( cf. reaction 2.1). Only Mo0 2 (acac) 2 showed to he extremely sensitive to hydroxyl ions (cf. reaction 2.2). Both reactions need reaction sites on the surface, which is a basic condition for
ALE growth.
At high temperature, Cu(acac) 2 will decompose. This could also result in Cu deposition
on the Al 2 0 3-substrate:

Cu(acach

--+

Cu~

+

hydrocarbons

(2.3)

The decomposition temperature of Cu(acac) 2 gas molecules is not known in literature.
For comparison, it is noted that Cu( acac ) 2 bonded to silicon, will start to eliminate Hacac
at temperatures above 250°C. The remaining acac-ligands on the surface, will decompose
above 340°C [10]. Deposition of Cu-particles, caused by decomposition of Cu(acac) 2 is
independent of the number of reaction sites on the surface. Therefore, this will not he a
saturating surface reaction, which is necessary for ALE growth.
As indicated in figure 2.3, it is possible that Cu( acac ) 2 gas molecule will condense on
the Ab0 3-surface. These condensed molecules may not react with the surface.
In theory, ALE growth could provide site specific positioning of these Cu-atoms. Blocking or remaval by thermal treatment of specific adsorption sites could allow us to manipulate the deposition of Cu(acac) 2 on the Ab0 3-surface [1, 11, 12].

2.3

Arguments for copper on alumina

It was chosen to test the apparatus by depositing CuO on Ab03. This choice is mainly
based on practical reasons.
Ab0 3 is a very widely used carrier for catalysts. A lot of research on Cu/ Ab0 3-systems
has already been done in the group 'Physics of Surfaces and Interfaces'. These studies
proved to he useful during this project. Recently, surface analysis was done in Eindhoven
on Ni/ Ah0 3-systems, produced by ALE at Microchemistry in Finland [13, 14]. This
Ni/ Ah0 3-systems were produced by using oxygen and Ni(acac) 2 as reactants, therefore
the system is camparabie to ALE produced Cu/ Ah0 3-systems.
Ah0 3 was easily available in an useful format, in which it can he handled properly in
the ALE apparatus. The vapour pressure of Cu( acac ) 2 allowed us to operate in a practical
temperature range [15, 16, 17].
Finally, CuO is of interest for the production of catalysts. For instance, Cu/Cr-catalysts
and Cu/Zn-catalysts are widely used in industry.
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Chapter 3
Test of the apparatus
R. G. van Welzenis, R.A.M. Bink and H.H. Brongersma publisbed 'A Mini-ALE
Attachment to UHV Surface Analysis Equipment ', in which is given a description of the ALE apparatus build at the University of Technology, Eindhoven.
Section 3.1 is a summary of this publication {18}. Preliminary measurements
led to a number of modifications to the original design. This period has taken half a year, after which deposition and measurements became reproducible.
Section 3.2 describes the standard ALE processing procedure. The modifications which have been made to the original design to improve the processing
abilities, are described in section 3.3.

3.1

Original design

Figure 3.1 and 3.2 shows the original setup of the ALE-apparatus.
following requirements:

The design meets the

1. It is easily attachable to the input ports of the load-locks of surface analysis appara-

tus'.
2. Sample transfer between the surface analysis equipment and the growth chamber
should he possible without exposing the sample to a contaminating environment.
3. It is as compact as possible.
4. It was aimed at research purposes and not at production.
5. The surface temperature of the substrate is measurable and controllable during
growth.

11
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Figure 3.1: original design ALE apparatus.1. removable lid; 2. container ho/der; 3. water
cooling; 4. UHV valves (V1 and V2); 5. main body; 6. retractable wobbie stick; 7. rotatable
linear motion transpo1·t md; 8. substrate; 9. piston sample holder; 14. isolation chamber.
Scaled 1:3.
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Figure 3.2: original design ALE apparatus. 5. main body; 8. substrate; 9. piston sample
holder; 10. heat ers; 11.
thermocouple. Scaled 1:2.

ceramic valve; 12.
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growth chamber; 18.

clamp sp1·ing with

Figure 3.3: photo of the ALE attachment. The linear rod has been removed as well as the
pumping conneetion at the rear. One clearly sees the substrate suspended in the gripper
above the piston. The growth chambcr is situated just above the horizontal UHV valve. The
piston sample holder can be moved up and down, thanks to the extended bellows. ( copywrite
TUE, Stafgroep Reproductie en Fotografie)
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Figure 3.3 shows a photo of the ALE attachment. The main componentsof the system
are: two container holders (2), the main body (5), the exchange chamber, the retractable
wobbie stick (6), and the piston sample holder (9). The container holders have a bore, in
which the small container with the metal-organic compound can he placed after unscrewing
the top of the container. These holders are suspended from the main body by thin Ti tubes.
Four additional Ti tubes are connected to an outside gas handling system. The bottorn of
the main body is conically shaped and houses a rotatable ceramic disc with strategically
placed holes. The ceramic disc serves as a valve for the reactant and flush gasses. This
gas handling system operates differently from most known ALE systems. Usually, the
reaetauts are transported through the growth chamber by means of a carrier gas (e.g. N2 ),
but in this case the metal-organic compound is simply valved into the growth chamber
driven by its own vapour pressure in the container. The apparatus is pumped by a small
turbo molecular pump. The conical top of the piston sample holder fits precisely into the
bottorn of the main body, thus closing off the growth chamber. In appendix A more details
are given consiclering the gas handling system.
The main body, the container holders, and the piston sample holder are each equipped
with a heater, controlled by a thermocouple. They are thermally insulated by ceramic
supports and the vacuum in the isolation chamber. When the main body and the piston
sample holder are in contact, their temperatures can not he controlled completely independently. The temperature of the containers, holding the metal-organic compound can
he controlled independently to some extend, because of the thermal 'insulation' provided
by the Ti conneetion tubes [18].

3.2

Operating procedures

Standard ALE processing in this project consists these steps:
1. Preparation of Ab0 3 -substrate.
The preparation is started with a polishing treatment of the Al pill, foliowed with
an ultrasoon bath in methylalcohol for 30 minutes. Subsequently, the remairring
contamination and the oxide top layer is removed by 3 keV Ar+ sputtering. The
used sputter close is 5 · 1017 ions/cm2 • Sirree the ion beam has a limited cross
section, the 'cleared' surface area is a circle with a diameter of approximately
5 mm. After this, the Al substrate is oxidized at 500°C during 30 min, using
100 torr 0 2 to form an Ab0 3 top layer. In this thesis, this oxidation is called
the 'pre-oxidation'.
2. ALE processing. (step 1 and 2 in figure 2.2)
After moving the sample in the centre of the exchange chamber and closing V1,
the sample is put on top of the piston sample holder using the retractable wobbie
stick. Next the UHV valve V2 is opened and the piston is brought into the
15

growth position (fully upward). After setting and stabilising the temperatures,
the growth chamber is flushed with N2 gas. Next the Cu(acac) 2 gas is admitted
from the small container for several minutes, followed by another N2 flush. The
temperature of the container is kept at 70°C, which corresponds to a local
Cu(acac) 2 pressure of 3.6 · 10- 3 mBar.
3. Post-oxidation. (step 3 in ;figure 2.2)
The last step, removal of the ligands from the substrate, can he clone in two ways.
Either artificial air is admitted at 350°C in the growth chamber before retracting
the piston and opening the growth chamber, or the substrate is transported to
the preparation chamber of the LEIS apparatus and oxidized with pure 0 2
at 350°C. All samples, that are described in chapter 5, were oxidized in the
preparation chamber of the LEIS apparatus.
The Cu/ Al 2 0 3 -systems produced by the ALE processing have been transported to the
surface analysis apparatus, described in chapter 4.

3.3

Tests and modifications

Since this ALE apparatus is an unique design, several starting problems had to he dealt
with before the ALE became operational.
The ALE is attached to the load loek of the NODUS (NODUS represents for NOn
Destructive Ultra Sensitive). This LEIS machine was built at Philips Research Laboratories, Eindhoven in the early seventies [19]. Sample holders have been adjusted, to enable
transport from the ALE to the NODUS and vice versa, without breaking the UHV.

Temperature control
The apparatus contains three heaters and four thermocouples. One side of the thermocouples made electrical contact with mass. To avoid electrical short-circuits, the input
connectors of the temperature control box have been insulated. The thermocouples were
calibrated using liquid nitrogen. After initia! measurements, the temperature control system was replaced with an improved temperature control system, which enabled temperature control of the growth chamber and container within 5°C. To he able to maintain the
temperature of the growth chamber at 550°C, a water cooling system has been attached
to the outside walls of the apparatus.

Growth chamber
The growth chamber is closed by moving the piston fully upward. The piston makes a
tight contact with the main body. During initial attempts the growth chamber became
16
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overheated (above 500°C). The piston and main body fused together and it became impossibie to disconneet them. The piston has been replaced with a new piston which is coated
with titanium nitride to avoid this problem in further experiments.
To study the ALE process correctly, it is vital that Cu(acac) 2 only reaches the Ab0 3 surface, during step 2 (cf. figure 2.2). If Cu(acac) 2 is able to reach the surface of the
substrate in other stadia of the ALE process, the whole ALE process could he disturbed [20].
Controlled deposition would not he possible anymore. Therefore, the isolation chamber
should remain free of Cu(acac) 2 •
The dosure of the growth chamber is not perfect. During flushing of the growth chamber
with 20 mBar N2 -pressure, the pressure in the isolation chamber can just he maintained at
10- 2 mBar. Without pressure in the growth chamber, the pressure in the isolation chamber
can easily he pumped down to 10- 6 mBar. By changing the design of the piston sample
holder, it is tried to improve the dosure of the growth chamber. This might eliminate the
leakage of Cu(acac) 2 to the isolation chamber. However, current adjustments to the design
of the piston sample holder did not yet resulted in substantially improved dosure of the
growth chamber.
During tests, the container was heated to 150°C. The Cu(acac) 2 -vapour pressure
reached 0.13 mBar (cf. appendix C). At this pressure, Cu(acac) 2 was able to escape
from the container along the screw cap of the container. The lid of the ALE apparatus
became covered with Cu(acac) 2 • To remove this deposited material, the apparatus was
deaned, but there is no 100% guarantee that all Cu(acac) 2 -molecules were removed.
The ceramic disc is a critica! part of the apparatus. An important charaderistic of the
disc is, whether it is leaking Cu(acac) 2 into the growth chamber. The dosure was tested
by heating the container to 70°C, which corresponds to a Cu(acac) 2 -pressure of 3.6 · 10-3
mBar. The growth chamber was in an opened position and the ceramic disc was positioned,
such that it dosed the Ti tubes. Still the pressure in the apparatus was below 10- 6 mBar.
On the other hand, a nitrogen pressure of 20 mBar on the tubes towards the ceramic disk
was sufficient to raise the pressure in the ALE apparatus drastically. This indicates that
the ceramic disk offers poor dosure of the tubes, which supply nitrogen pressure.
Consequences of imperfect dosing of the growth chamber will he discussed in chapter 5.

Flow control
The last part of the apparatus, which is a candidate for replacement, is the flow controller.
The present controller, Hl- TEC, type F-201-AE, has unwanted control behaviour, when it
is turned on. First, it opens totally, allowing a maximal flow, then it doses totally, allowing
zero flow, after which it starts to adjust the flow rate slowly to the set-value. A flow meter
should he installed, which does not open totally, when it is turned on. Currently, the
maximal flow at the start, is by-passed by turning valves in the gas handling system.

17
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Chapter 4
Analysis techniques
This chapter describes the analysis techniques, which are used to study the
deposition process in the ALE apparatus: LEIS, RBS, XPS, FTIR and UV/Vis
spectroscopy. Since the techniques are widely used, only short descriptions are
given. It is explained why these techniques are chosen to study the ALE process.

4.1

Low Energy Ion Scattering

Low Energy Ion Scattering (LEIS) or Ion Scattering Spectroscopy (ISS) is one of the most
surface sensitive analysis techniques known. By directing a mono-energetic heam of ions
on to the surface, the top layer composition can he derived from the energy distrihution
of the scattered ions (cf. figure 4.1):

E, = (cos0
Ei

+

vA
1

+

2

-

sin

2

0)

2

with

A

(4.1)

Formula 4.1 can he derived with classica! mechanics. Energy and momenturn conservation
cletermine that the final energy (E J) of an ion depends on the primary energy of the ion
(Ei), the masses of the ion (MI) and the target atom (M 2 ) and the scattering angle (0).
Since nohle gas ions are used for the primary heam, their high neutralization prohahility
ensures sensitivity for the outermost layer of the surface [21].
The LEIS signal Si of element i is related to its coverage:
S,· -

da
+
' d!Ji · P.' · 1p · c · a·'

(4.2)

N· · -

Where

Ni
~~i

Pt

the numher of atoms of element i on the surface,
the differential scattering cross-section,
the fraction of ions which escaped the surface in a charged state,
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lp
c

-

ai

-

the primary ion current,
an instrumental factor,
factor, descrihing the influence of the surface structure.

For determination of Ni, it is important to have insight in these factors. Especially Pt
and a are difficult to determine. The ion fraction Pt is unknown for most systems. The
neutralization and reionisation mechanism may he dependent on the chemica! surrounding
of the target atom. This is called the 'matrix effect'. The matrix effect is not yet fully
understood [22, 23, 24]. However, it is nowadays accepted that the matrix effect only plays
a minor role in LEIS, under the proper scattering conditions [25].
The atomie structure of the surface can influence the LEIS signal. It is known that the
surface structure may influence the LEIS signal, due to the trajectory-dependent neutralization of the scattered ions [26]. Furthermore, physical shielding causes effects such as
blocking and shadowing [21]. Both surface structure effects are accounted for by parameter ai.
The quantification of the number of atoms of element i on the surface Ni can he simplified through comparison with a calibration sample. The parameters ~~i' p+, c, and ai are
supposed to he equal in the calibration sample and in the stuclied samples for a justified
companson.
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Figure 4.1: Schematic overview of binary collision.
Besides surface information, the LEIS apparatus can he used for measuring the in-depth
distri bution of the elementsin the sample. Depth profiling is clone by using the primary ion
beam for sputtering. The bombardment time can he converted in a depth scale. Straight
forward interpretation of the depth profile is not always possible. Effects like preferential
sputtering, non uniform ion-current distribution and surface roughness can hinder accurate
depth profiling [11, 27, 28].
LEIS is very useful for studying the ALE process. lts sensitivity for the outermost layer
makes it possible to determine the composition of the top layer after a number of ALE
cycles. In case of a porous surface, LEIS will not detect all particles in the pores.
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4.2

Rutherford Backscattering Speetrometry

The Rutherford Back Scattering (RBS) or High Energy Ion Scattering (HElS) is basedon
the scattering process of low mass ions with an energy of 0.5 to 5 MeV. A beam of high
energy ionsis directedat a sample. At these high energies, ions scatter directly off nuclei of
the atoms. Different elements can he identified from the energy of the backscattered ions.
Apart from mass separation also depth profilescan he obtained with RBS [29, 30, 31].
The RBS measurements have been clone to determine the total amount of deposited
Cu-particles during an ALE cycle. The combination of RBS and LEIS provides insight
in the dispersion of the deposited Cu particles in the substrate. The depth profile gives
insight in the diffusion of copper through the sample.
The RBS measurement performed at Eindhoven University of Technology are standardly clone with a beam of 4 MeV 4 He+. The Cu/ Ah0 3 -systems were measured using 2 Me V*.
Directing 4 MeV 4 He+ on a Cu/Ah0 3 -system, will result in (a,p)-reactions. The created
p-particles cause additional peaks in the RBS spectra, which interfere with the Cu-peak.
By using 2 Me V, these (a, p )-reactions are eliminated.

4.3

X-ray Photoelectron Spectroscopy

X-ray Photoelectron Spectroscopy (XPS) is based on the photoemission process. Surface
analysis by XPS is accomplished by irradiating a sample with x-rays. The energy distribution of the emitted electrons is charaderistic for the sample involved. The emitted
electrons have kinetic energies KE given by:
I< E = hv -

BE - <l>s

(4.3)

where hv is the energy of the photon, BE is the binding energy of the atomie orbital from
which the electron originates, and 4>s is the spectrometer work function. The electrons that
leave the surface without energy loss, must originate within tens of Angstroms below the
solid surface. These electron contribute to the peaks in the XPS spectrum. The electrons,
which undergo loss processes before emerging the surface, form the background signal.
Quantification is more complex when the depth composition is not homogeneous. Atoms
in the top layer attribute more to the XPS peak, then atoms buried in deeper layers. The
escape depth of a photoelectron is dependent on the energy of the photoelectron.
As well as photoelectron are emitted in the photoelectric process, Auger electrons can
he emitted. These latter are due to relaxation of the excited atoms leftafter photoemission
(cf. figure 4.2) [32]. From the Cu 2p 312 peak position, information can he gainedon the
binding state of the Cu atoms, e.g. metallic copper, copper oxide or Cu(acac) 2 [33, 34].
This gives insight in the binding state of copper bonded to the Ah0 3 -surface, before and
after oxidation. Furthermore, if quantification is possible, the ratio of the number of C
and Cu atoms on the surface would supply information about the role of the acac-ligands
during the ALE process.
*RBS spectra are measured by dr.L.J. van IJzendoorn from the Nuclear Physics Group, Eindhoven
University of Technology.
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Figure 4.2: Diagram of the XPS (left) and A uger (right) process. For XPS, a photoelectron
is knocked out by a photon, for A uger, an electron is ejected by the energy of a second
electron, which fills up a vacancy in a lowerlying electronshell.
XPS Spectra were measured with a VG Scientific ESCALAB 200 system, equipped
with a monochromated Al Ka source*. Totransport the samples from the ALE apparatus
to the XPS apparatus, a suitcase and glove box were used, to minimize the adsorption of
contaminations on the surface.

4.4

FTIR and UV /Vis Spectroscopy

Fourier Transfarm lnfra Red (FTIR) spectroscopy is a common technique to study molecular structures. The technique relies on the selective absorption of electromagnetic radiation
by molecules. It is possible to detect and identify the charaderistic vibrations of molecules
by using IR spectroscopy.
Additional to FTIR spectroscopy, Ultraviolet/Visible (UV /Vis) spectroscopy is used to
detect conjugated systems. The promotion of electrans from the ground state to an excited
state gives rise to absorption of UV /Vis radiation. UV /Vis spectroscopy may be used to
quantify the concentration c of dissolved molecules in a solution. The law of Lambert-Beer
relates the total absorption A to the optica! path length 1 and the molecular extinction
coefficient e: [35]
A

=

Io

logI

=

(4.4)

ecl

UV /Vis and FTIR spectroscopy were clone to study the reaction mechanism between
Cu(acac) 2 and the ï-Ab0 3 -surface. lf Cu(acac) 2 reacts selectively with one type of surface
site, it should he possible to determine the surface density of those sites on the ï-Ah0 3 surface.
*XPS Spectra were measured by dhr. C.Verhagen from the group of dr.J.W. Niemantsverdriet, Faculty
of Chemistry, Eindhoven University of Technology.
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It should he noted that the ALE process performed in the apparatus in Eindhoven,
occurs at a gas/solid interface. The samples stuclied with spectroscopy were produced in a
liquid/ solid interface. The different interface might influence the reaction mechanism (e.g.
due to difference in thermodynamics).
UV-Vis spectroscopy was clone with the U-3300 Hitachi Spectrophotometer, a doublebeam apparatus. The IR measurements were clone with a CYGNUS 100, Matson*.

*The spectroscopy experiments were done at Koninklijke- Shell Laboratorium Amsterdam (KSLA).
This was made possible through arrangements by prof.dr. J.A.R. van Veen.
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Chapter 5
Results
This chapter describes the results, gathered by the techniques, mentioned in
chapter 4.
The LEIS measurements should be regarded as an introduetion to an extensive
study of the processes in the ALE apparatus. In this LEIS study, the influence
of the oxidation, flushing, reaction time of Cu(acac) 2 and Al2 0 3, surface temperature and multi-cycle processing have been investigated. The measurements
give an insight in the processing capacities of the ALE apparatus.
Preliminary RBS measurements were done to quantify the total amount of Cuatoms in the samples. The results indicate Cu di/fusion over a large distance
into the bulk of the substrate.
XPS measurements were done to investigate which additional information could
be won, by doing XPS. In principle, interesting information consiclering the
chemica] state of Cu atoms and the dispersion of Cu in the very first layers of
the Al2 03-substrate can be gained {34}.
FTIR and UV/Vis measurements were used to identify the reaction sites on
the Al2 03-surface.

5.1
5.1.1

LEIS measurements
Preparation of alumina-surface

The production of the Cu/ Ah0 3-system starts with the preparation of the Ah0 3-substrate.
The processing conditions are described insection 3.2. Figure 5.1 shows the LEIS spectrum
of the sample after sputtering. All LEIS spectra were measured using 3 keV 4 He+.
The binary collision peak of Al is located at 1757 eV when using the NODUS' geometry.
The sputter cleaned Al clearly shows a reionization tail at the low-energy side of the binary
collision peak. This tail is caused by He+ ions, which have penetrated into deeper layers
under the surface and were neutralized in those deeper layers. After scattering events in
the bulk, a small percentage reionizes at the surface and contributes to the LEIS-signal.
At the high-energy side of the binary collision peak, also a tail is present. This tail is due
to He+ ions, which are scattered on two or more atoms at the surface.
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Figure 5.1: LEIS spectrum of sputtered Al (dotted line), oxidized Al (solid line).

Pre-Oxidation of Al
The Ab0 3 -layer is formed by the pre-oxidation of the Al-pill in the pretreatment room
of the NODUS. The LEIS spectrum after pre-oxidation is also shown in figure 5.1. The
ratio of the Al peak area of the sputtered pure Al to the oxidized Al is 4.5 to 1. The
surface density of Al-atoms is different in Ab0 3 and pure Al. Furthermore, the Al-atoms
in Ab0 3 are shielded by an oxygen overlayer. This reduces the Al LEIS signal in Ab0 3
in comparison with pure Al. The matrix effect seemsnot to play a role in Ab0 3 [11].
The ratio of the peak areas of Al and 0 in Ab0 3 is 3,5 to 1. Other studies found a
higher ratio for 1-Ab03 [21]. This is probably due to incomplete oxidation of the Al-pill.
Al-hydroxides can he still present at the surface [36]. The preserree of hydragen atoms
causes a shielding of the Al and 0 atoms on the surface [11]. Studies report that, 500°C
is not sufficient for a complete oxidation and will result in the formation of Ab0 3 -clusters
and islands on the Al-pill [37].
Oxidized Al clearly shows a background in the spectrum, caused by neutralized particles
being reionized prior to leaving the surface after scattering events in the bulk. This effect
is larger for Ah0 3 than for pure Al due to the preserree of 0-atoms in the surface. The
Ah0 3 -spectrum has a peak at the lowest energies. This peak is called the sputter peak
and is caused by secondary ions, that are sputtered from the surface.
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5.1.2

The post-oxidation step
2

r-----~------.-----~------.-------~----~

Al

!

0

::

F

I!
Cu

0

L-----~------~----~----~~--~~~~--~

0

1000

2000

3000

Final energy (eV)

Figure 5.2: LEIS spectra of run without oxidation {solid line) and with oxidation ( dotted
line}. The ALE processing temperature was 15frC.
The influence of the post-oxidation step in the ALE process is investigated by camparing the LEIS spectra of a normal ALE process and an ALE process, in which the
post-oxidation step, has been left out (cf. figure 2.2). The LEIS spectra are shown in figure 5.2. The surface temperature during the ALE process was 150°C. The fact that before
post-oxidation, still Al and 0 atoms are detected, indicates firmly that the Ah0 3 -substrate
was not completely covered with acac-wings after step 2 (cf. figure 2.2).
During the post-oxidation, acac-ligands are removed. The Ah0 3 -substrate is not shielded anymore by these ligands, so the removal of acac-ligands results in a larger amount of
visible Ah0 3 on the surface.
The Cu LEIS peak area remained constant over the post-oxidation treatment. The
post-oxidation resulted in larger Al and 0 peaks. The ratio of the Al peak area before and
after the post-oxidation is equal to the ratio of the 0 peak area before and after the postoxidation. This suggests that the acac-ligands did not preferentially shielded the Al-atoms
over the 0-atoms on the surface (or vice versa).

5.1.3

Dummy runs

As a result of long term usage of the apparatus, the walls of the growth chamber have
become completely covered with a film, presumable CuO. The titanate oxide walls have
turned red. This Cu deposition over the walls of the ALE apparatus was an important
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reason to test the deposition of Cu with so-called 'dummy runs'. In a dummy run, normal procedure is not changed, except for the fact that during ALE processing the valve
which allowed Cu( acac ) 2 to enter the growth chamber remairred closed. Further operation
procedures remairred similar as described insection 3.2.
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Figure 5.3: LEIS spectra of dummy runs, surface temperature is 25° C ( dotted line) and
15r?C {solid line), the solid line is moved 0.5 arb.un. for clarity reasons.
LEIS studies showed that, no Cu was deposited on the Ab0 3 surface when the dummy
run was performed with the whole apparatus at room temperature. However, when the
dummy run is preformed with the growth chamber heated to 150°C, then Cu turned out to
he easily detectable on the Ab0 3 -surface. The container temperature was 70°C. Figure 5.3
shows the LEIS spectra of the dummy run at 25 and 150°C. One can see the peaks of the
elements 0, Al and Cu. Sometimes elementFis present at 1395 eV.
The dummy runs performed with the apparatus at room temperature proved that the
dosure of the tubes from the container by the ceramic discis sufficient. The vapour pressure
ofCu(acac) 2 at room temperatureis 2·10- 4 mBar (cf. figure C.l). This Cu(acac) 2 -pressure
is sufficient to deposit large Cu-amounts during normal ALE cycles (cf. section 3.2). The
results on ALE growth at room temperature are described insection 5.1.6.
When the sample remairred on the sample holder which is mounted on the moveable rod
(cf. figure 3.1) and the piston sample holder is heated to 150°C, then again Cu-atoms are
deposited on the Ah0 3 -surface. The sample holder was at room temperature during this
experiment. This indicates, there is Cu transport from the walls of the growth chamber to
the substrate.
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Attempts were made, to minimize the amount of volatile Cu complexes in the ALE
apparatus. During over heating of the container, Cu( acac ) 2 has escaped from the container
along the screw cap. The resulting Cu(acac) 2 deposition in the apparatus made the results
inreproduceable. To remove the Cu( acac )2 -molecules from the growth chamber, the growth
chamber was heated and oxidized at 350°C. Due to the presence of a rubber ring in top of
the apparatus, it was impossible to bake out the whole apparatus.

5.1.4

Flushing with nitrogen

Before ALE processing, the chamber is flushed to minimize the contamination in the growth
chamber. In step 2 of the ALE process (cf. figure 2.2), the chamber is flushed once more.
This time to remove all Cu( acac )2 from the growth chamber, that is not chemisorbed on
the substrate. lnsufficient flushing causes the next precursor 0 2 to get in direct contact
with gaseous or physisorbed Cu(acac) 2 •
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Figure 5.4: LEIS spectra with different purge flow of N2 , a=1.9, b=1.3, c=l.O and d=0.4
cc/min.
Figure 5.4 shows LEIS spectra of different runs, in which the flow rate of the nitrogen is
varied. The surface temperature during processing was 150°C. The Cu coverage is constant
within this flow rate range. Due to the imperfect dosure of the growth chamber with the
piston sample holder, no higher flow rate could he maintained then 1.9 cc/min. The time
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conditions, is in the order of a millisecond (cf. appendix C).
The surface temperature during processing has a major in:fluence on the relation between the Cu-coverage and the reaction time. The relation between Cu LEIS signal area
andreaction time, when using a surface temperature of 25°C, is also drawn in figure 5.7.
The Cu-coverage is much higher and constant over the range of 1 min to 40 min. A possible
explanation is given in chapter 6.
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Figure 5.6: LEIS spectra with different reaction times, a=30s, b=2min, c=4min, d=7.5min,

e=14min, f=20min and g=40min.
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5.1.6

Surface temperature

The most interesting parameter for ALE processing is the surface temperature. This is
the main control parameter, as mentioned in chapter 2. By controlling the main body
temperature and the piston sample holder temperature, the surface temperature can he
controlled at temperatures between room temperature and approximately 550°C.
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Figure 5.9: LEIS spectra of Cu deposited on Al2 0 3 at different surface temperatures, a=25,
b=BO, c=125, d=150, e=175, f=200, g=250, h=300, i=380, j=450, k=500 and l=5500C.
In figure 5.9, the LEIS spectra show that the elements 0, F, Al and Cu are present. F is
probable due toa contamination in the NO DUS apparatus. Further, calcium or potassium
is present. The energy resolution is too small to distinguish the Ca and K from one another.
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Quantification of surface coverage
The surface composition is quantitied by relating the peak areas of Cu and Al to the LEIS
signals of CuO and Ah0 3. It is assumed that the Cu-particles on the Ah03 form CuO.
The Cu peak area after ALE processing is compared with the Cu peak area of CuO. The
same can he clone for the Al peak area, by camparing it to Ah0 3. Doing so, tigure 5.10
can he converted to surface coverage %. These results are given in tigure 5.1l.
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Figure 5.10: LEIS peak area versus surface temperature for the elements Al, 0, Cu and
Ca. The points are connected with dashed lines for clarity.
The Cu, Al and 0 peak areas are approximately constant over the temperature range of
80 to 380°C. The Cu signal corresponds to 3 at% Cu coverage. The LEIS spectrum of the
ALE deposition at 25°C is clearly different from the other spectra. More Cu is detected,
corresponding to approximately 9 at% coverage.
Analyzing tigure 5.11, one can see that the total surface is not covered by Ah0 3 and
CuO when ALE processing occurred at temperatures between 80°C and 380°C. Two reasans can he given to explain this phenomena.
First, it could he due to surface contamination which desorbs form the walls of the apparatus, during the ALE processing. The dummy runs showed that there is partiele transport
towards the substrate as soon as the walls of the growth chamber are heated. So heating
of the apparatus, causes deposition of contamination on the substrate.
Second, not removed acac-ligands on the Ab0 3-surface may block Cu and Al-atoms in
the surface. This is not likely, sirree the post-oxidation step of the ALE process was the
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same. The samples were always heated in an oxygen ambient to 350°C, as described in
section 3.2. The post-oxidation step should have removed all acac-ligands, also when the
ALE process was clone at elevated temperatures.
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Figure 5.11: Surface coverage% versus surface temperature.
Above 450°C surface temperature, the recorded LEIS spectra change drastically ( cf.
figure 5.9 and 5.10). Less Al and 0 are being detected. At 500°C, there is alocal maximum
of Cu coverage on the surface. The LEIS signal intensity corresponds to 6 at% coverage.
Furthermore, the peak shape of Cu changes at these high surface temperatures. Especially
the LEIS spectrum of 500°C shows a wide peak at the position of Cu.
The Ca/K peak is only present when the ALE processing surface temperature exceeds
380°C. The high temperature stimulates the segregation to the Ab0 3 -surface. The low
surface energy of these elements is the driving force behind this segregation.
It should be reminded that during the preparation of the Ab0 3 -pill, also high temperatures were used. However, no alkali atom segregation was observed, after pre-oxidation
of the Al-pill. The pill was mounted on the heating block, which was heated to 500°C during the pre-oxidation. It is estimated that the actual temperature of the Al-pill during
pre-oxidation was below 400°C, due to heat transport losses in the sample holder. Therefore, the temperature during the pre-oxidation of the Al pillis too low to initiate segregation
of alkali atoms.
The segregation influences the ALE processing at high temperatures. Since the primary
interest of this project is not surface reactions between the alkali atoms and Cu( acac) 2 , no
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further measurements were clone to gather insight in the processes, that occur when the
ALE processing is disturbed by the alkali atom segregation.

5.1. 7

Multi-cycle processing

To gather more insight in the number of reaction sites and the influence of spheric hindrance,
the experiment was extended by performing multi-cycle processing. The standard procedure of one ALE cycle remained unchanged, as described in section 3.2. But this time, the
cycle was repeated a certain number of times. Figure 5.12 shows the LEIS spectra after 1
to 3 ALE cycles. The Cu peak area signals can be converted to the surface coverage by
CuO of 9, 15 and 23% for respectively 1, 2 and 3 ALE cycles.
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Figure 5.12: LEIS spectra aftera number of ALE cycles, a=l, b=2 and c=3 ALE cycles.
Figure 5.13 shows the depth profile of the sample for different number of repeated ALE
cycles. The depth profile indicates that Cu has not been deposited in multi layers over
the Ah0 3 -surface [25). The sputter yield Y for CuO using 3 keV 4 He+, can be determined
from figure 5.13, Y = 0.2 Cu-atoms/ion. This is in accordance withother studies [38, 39].
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5.1.8

Discussion and recommendations

In this LEIS study, the influence of the oxidation, flushing, reaction time, surface temperature and multi-cycle processing on the ALE process has been investigated.
Figure 5.2 showed the LEIS spectra of the sample before and after the post-oxidation
step 2 of the ALE process. The spectra indicate that the copper coverage on the surface
is constant over this treatment. Extra Al and 0 atoms on the surface become visible for
LEIS, through the removal of the acac-ligands by the post-oxidation.
The formation of CuA1 2 0 4 surface spinels can complicate the interpretation of these
LEIS spectra. It is difficult to distinguish the LEIS spectra of CuO on Ah0 3 and CuAh0 4 ,
sirree the same elements may be present on the surface. If surface spinel formation occurs
during the post-oxidation process, this would interfere with the given interpretation in
section 5.1.2. The formation of bulk CuAb0 4 -spinels is only reported at temperatures
above 900°C. No cuprous aluminate (CuA10 2 ) is formed at temperatures below 970°C
[40, 41]. Surface spinels are reported to develop at temperatures above 300°C, when using
low Cu loadings [42]. Sirree the temperature of post-oxidation temperature was 350°C, it
can not be excluded that CuAh0 4 -surface spinels are formed during ALE processing.
The reaction of Cu(acac) 2 and Ah0 3 did not resulted in total surface coverage of
the Ab0 3-surface by acac-ligands. The LEIS spectrum in figure 5.2 still shows Al203substrate. Assuming that the surface reaction at 150°C is saturating, this indicates that
the surface coverage of Cu is limited by the number of reaction sites on the Ab03-surface
and not by the spheric hindrance of the acac-ligands.
The dummy runs give insight in the Cu distribution within the ALE apparatus. During
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the pre-oxidation of the Al-pill, the copper heating block in the NODUS pretreatment
room is heated to 500°C. During pre-oxidation, no Cu particles are deposited on the
Ah0 3 -substrate. On the other hand, heating of the growth chamber walls, initiates a Cu
transport from the walls to the Ab0 3 -substrate. The Cu transport is not restricted by the
temperature of the substrate.
Two possible transport mechanism for Cu atoms are:
1. Cu( acac )2 is still present in the ALE apparatus from previous ALE cycles. Since the
growth chamber is not completely closed, Cu( acac )2 willleak out of the growth chamber during ALE processing (cf. figure 3.1). These Cu(acac) 2 -molecules might desorb
from the walls of the ALE apparatus, during the subsequent ALE cycles. Desorption
of Cu(acac) 2 -molecules during the post oxidation will initiate CVD processes [20].
This will result in Cu deposition on the substrate.
2. Organic contaminations are present in the ALE apparatus, since the apparatus is
not baked-out. The rubber ring in the head of the apparatus is limiting the bake-out
possibilities. Organic Cu-complexes, that are formed at the walls of the growth chamber, might be volatile enough to enable Cu-atoms transport to the Ab0 3 -substrate
as soon as the growth chamber walls are heated.
Extensive flushing of the growth chamber by nitrogen did not seem to influence the Cu
deposition on the Ah0 3 -substrate. Heating to 350°C and oxidation of the walls of the
growth chamber reduced the Cu transport during the dummy runs, but the Cu deposition
was never completely eliminated.
The influence of the surface temperature on the Cu deposition has been studied, see
figure 5.9. The deposition at elevated temperature proves to be a complex process. The
deposition of Cu atoms by Cu(acac) 2 on Ah0 3 , is intedered by the unwanted Cu-transport
from the walls of the growth chamber. The Cu surface coverage due to ALE deposition
at room temperature is 9 at%. At temperatures between 80 and 380°C, the coverage is
approximately 3 at%. The 0 and Al LEIS signals are smaller when ALE processing occurs
at these elevated temperatures. The smaller Cu, 0 and Al LEIS signals can be explained.
Contaminations could be deposited at the substrate during heating of the growth chamber
walls. Most likely, this contamination are hydrocarbons, which are difficult to detect by
LEIS measurements. As soon as these hydrocarbons are adsorbed on the Ah0 3 -surface,
they might block reaction sites and limit the surface coverage of Cu( acac ) 2 •
The Cu surface coverage after anALE process at 25°C surface temperature was 9 at%.
The first tests of growing CuO on Ah0 3 , were clone at elevated temperatures. At the start
of this project, it was chosen to use elevated surface temperatures between 150 and 300°C.
These surface temperatures are used in other studies for ALE reaction mechanism using
Cr( acac )3 or Ni( acac )2 as reactant [13, 43]. However, the LEIS results presented in this
project suggest that even at substantiallower temperatures, ALE growth is achievable.
The specific area of a Cu(acac) 2 -molecule is 58,76 · 10- 2 nm 2 /molecule. This makes
the maximum Cu(acac) 2 -coverage due to spheric hindrance, 1, 68 · 1014 Cu-particles/cm2 ,
which corresponds to a CuO coverage of 13 at% [10]. Consiclering the accuracy of the
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quantification with LEIS, these results suggest that the spheric bindrance is a substantial
limiting parameter for the surface coverage when doing ALE at 25°C. Nevertheless, these
LEIS measurements do not exclude that the number of reaction sites on the Ab0 3 -surface
is also a substantiallimiting parameter for the surface coverage of CuO on Ah0 3 •
At end of the project, preliminary measurements have been done to study the Cu
coverage as function a subsequent ALE cycles. Figure 5.12 shows that up to three ALE
cycles, an increasing Cu coverage is reached by repeating ALE cycles. In this experiment,
the surface temperature during ALE processing was 25°C.
The increasing Cu coverage as function of the number of ALE cycles can be explained.
1. Spheric hindrance of reaction sites by acac-ligands.
During ALE processing, acac-ligands may block a number of reaction sites, which
are positioned at short distance of the already occupied reaction sites. Thanks to the
removal of the acac-ligands during the oxidation step, these reaction sites become
available for Cu( acac ) 2 in the subsequent ALE cycle. This results in an increasing
Cu coverage as function of the number of ALE cycles.
2. The presence of Cu-atoms on the Ah0 3 -surface after the first ALE cycle.
The reaction mechanism for subsequent ALE cycles is different from the reaction
mechanism of the first ALE cycle. The Cu-atoms already present on the surface,
might act as reaction site for the subsequent ALE cycles. The subsequent ALE cycle
will deposit Cu next to the already present Cu atoms, thereby growing clusters.
Cluster formation has been reported for the growth of Ni(acac) 2 on Ab0 3 -substrates
[13].
The depth profiles in figure 5.13 show no indication for multi-layer growth. However,
this does not exclude the possibility of clusteral growth. To prove clusteral growth, more
repeated ALE cycles should he done.
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5.2

RBS measurements

Five different samples have been measured with RBS. The samples were produced at
different ALE processing surface temperatures; 150, 250, 380, 450, 500 and 550°C. The
elements 0, Al, Cu and some contamination of other elements could he identified.
The Cu average areal density was approximately 1014 at/cm2 for all temperatures up
to 380°C. At 450°C, no Cu could he detected, but at 500°C, a large areal density of
3·10 15 atjcm2 was detected (cf. figure 5.14). Due to large contamination of heavy elements,
the contribution of Cu in the RBS spectra could not he identified accurately. The RBS
spectra indicated that the Cu-atoms haved diffused into the bulk of the Al 2 0 3-Al substrate
over at least 150 nm.
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Figure 5.14: Copper area[ density as function of ALE processing surface temperature, determined by RBS.
The RBS spectra showed the preserree of contamination by several elements in the
Cu/ Ab03-samples. ldentification of these elements was difficult, since the mass resolution
was not sufficient to separate atoms, with only a few atom mass units difference. The
preserree of these elements, most likely In, Pb, Au or W complicated the RBS study.
The long tail of these elements interfered with the Cu peak. In all samples, there was a
substantial content of alkali atoms in the sample. The energy resolution was insufficient
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to distinguish Ca and K from each other. The areal density of K/Ca was approximately
4 · 1015 atjcm2 for all samples.
The Ah0 3 -layer is approximately 15 nm thick. This indicates that the pre-oxidation
temperature of the Al pill was below 500°C, which was the temperature of the copper
heating blockon which the pill was attached (cf. section 5.1.6). Oxidation of Al at 500°C
in an oxygen ambient should have resulted in a substantial thicker Al 2 0 3 -layer [44].

5.2.1

Discussion and recommendations

The average areal density of sample produced at temperatures of 80°C to 380°C was
approximately 1014 at/ cm2 • 1f no Cu-atoms would be diffused into the bulk, this corresponds
to 7 at% surface coverage. ALE processing at 500°C surface temperature resulted in
substantiallarger amounts of Cu deposition on the substrate. Furthermore, Cu has diffused
throughout the bulk of the substrate over a distance up to 150 nm. The AhOa-layer at
the surface was only 15 nm thick. So, it can be concluded that Cu-atoms are diffused
through the Ah0 3 -layer and into the Al bulk. The diffusion of Cu in Ah0 3 / Al has been
also reported in other studies, e.g. via the grain boundary diffusion [29].
To do an accurate quantification with RBS on these Cu/ Ah0 3 -systems, one should use
more clean Ah0 3 -substrates. The RBS spectrum will be less disturbed by the background
signal.
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5.3

XPS measurements

XPS was clone on four different samples. After processing in the ALE apparatus, Ta cover
plates were attached on top of the Cu/ Ah0 3-samples to prepare the samples for the XPS
measurement. This way, only the center part of the sample was probed by the XPS source.
The hole in the Ta plate was exactly placed over the center part of the pills, which was
sputter cleaned during the preparation of the Al pills and therefore well defined. The
surface temperature during ALE growth was 150°C.
The samples, which were stuclied with XPS were:
1. Ab0 3, produced by pre-oxidation of the Al-pill.

2. Ab03 exposed to Cu(acac) 2.
The ALE process was terminated after step 2 (cf. figure 2.2).
3. CuO on Ab03.
The ALE process was completely executed, post-oxidation included.
4. Cu(acac) 2 dried pure powder.
An example of a XPS spectrum is given in appendix B. Table 5.1lists the energy positions
of the Cu 2p312 peak in the measured XPS spectra. It should be noted, that especially
sample 3 had a very weak Cu signal. Charging of the samples also reduced the energy
accuracy, therefore the accuracy of these figures is approximately 0.5 eV.
sample
1.

2.
3.
4.

Cu 2p 3; 2 (in eV)
933.1
931.8
931.4
934.7

Table 5.1: XPS peak position in eV. (Calibrated on C ls)
Sample 2 and 3 showed similar peaks for C, 0 and Al. The Cu signal proved to
be dependent on the oxidation treatment. The Cu 2p 312 signal of sample 3 is 5 times
weaker then sample 2. The XPS spectrum of sample 4, pure Cu( acac )2-powder showed the
expected presence of 0, C and Cu. Finally, theelementIn is present, due to the usage of
ln-glue.

5.3.1

Discussions and recommendations

The initial goals of the XPS measurements as described insection 4.3 proved to be difficult
to attain. The low Cu loading on the surface plus the use of the tantalum cover plate
complicated the interpretation of the XPS spectra..
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The XPS results of sample 1, Ah0 3 showed the preserree of Cu on the oxidized Al.
These results of sample 1 have been verified by LEIS measurements. The initially blanc
sputtered Al-pills proved to he free of Cu and other elements. The polishing treatment,
as described in chapter 3, left Cu on the polished Al. The polish paper had been covered
with Cu-atoms, due to previous polishing treatments. To avoid this contamination on
subsequently produced samples, the polish paper was refreshed after each usage.
The shifting Cu 2p312 peak position is an indication that the chemica! state of the Cuatom is dependent on the treatment of the sample. The ALE deposited Cu atoms seem
to he bonded as Cu2 0 or metallic Cu, and not as Cu(acac) 2 or as surface spinels [34].
The decreasing Cu signal in sample 3 as a result of the post-oxidation of the deposited
Cu(acac) 2 on the Ah0 3 , is not in agreement with the LEIS measurements (cf. figure 5.2).
The constant Cu LEIS peak area suggests that the Cu coverage on the surface is constant,
before and after oxidation. One should keep in mind that LEIS only detects atoms in the
outermost layer of the surface. Combining the LEIS and XPS results, this suggests that
the Cu-atoms just underneath the outermost layer of the surface are diffused into the bulk
during the post-oxidation.
Improverneut of the spectra would he possible, if the sputter cleaned surface area would
he larger. This way, XPS measurements could he clone without using the Ta coverplateon
top of the sample. The ALE processing proved to he reproducible, but the XPS results were
not verified by doing additional measurements. Therefore, it is recommended to produce
additional samples for XPS measurements.

5.4
5.4.1

Spectroscopy
UV /Vis Spectroscopy

The law of Lambert-Beer (cf. formula 4.4) describes the relation between absorbance and
concentration. A calibration was clone with five different Cu( acac ) 2 -solutions, to verify this formula for a Cu(acac) 2 in methanol-solution. It proved to be di:fficult to make
Cu( acac )2 -solutions with su:fficiently high concentrations. Acetoni tril, tolueen, tetrahydrofuran, ethanol, aceton and methanol were tested as solvent. Only methanol was able to
dissolve Cu(acac) 2 in reasonable amounts. The solutions were stored in cells having a
1.00 cm path length. The sample and reference cells are matched in optical path length.
Absorbance at 633.80 nm was measured as a function of Cu(acac) 2 -concentration (cf. tigure 5.15). By doing linear regression on the data from figure 5.15, it is calculated that
1
4
2
é = 5.0 ·10 + 1 cm mol- •

0.4

I

0.2

0.005
Concentration [mol/l]

0.01

Figure 5.15: calibration, Cu(acac) 2 -concentration versus absorbance at 633.80 nm, the line
is calculated by linear regression.

Adsorption isotherm
The adsorption isotherm is measured, in order to determine the saturation coverage of
Cu(acac) 2 on Ab0 3 (200 m 2 g- 1 ). To prepare the Ab0 3 -carrier, it was dried at 300°C
for 2 hours and stored at 120°C in an air ambient. After the carrier was added to the
Cu(acac) 2 -solutions, it was stored for 24 h. Thereafter, the concentration of Cu(acac) 2 was
measured again, c 24 h. Since the surface area of the carrier is known, it is straightforward
to calculate the Cu(acac) 2 -surface density 1 [45].
Figure 5.16 shows the adsorption isothermsof Cu(acac) 2 on Ab0 3 • This graph can be
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divided in two parts. The first part, for concentrations up to 7.0 mol·m- 3 , (7.0 mmol·dm- 3 )
is the usual adsorption isotherm. Surface coverage of Cu(acac) 2 on Ah0 3 after saturation
is approximately 0.5pmol·m- 2 • In the second part of figure 5.16, the concentration of
Cu(acac) 2 in methanol is so high, that Cu(acac) 2 tends to precipitate. Some Cu(acac) 2
might thus precipitate on the Ah0 3 -surface, which explains the abrupt kink in the curve.

le-06

r------..------r-------.-----------,
. _ . . Absorbance isothenn at 25 °C.
.__. Absorbance isothenn at S0°C.

8e-07

6e-07

0
......

~

Cl)

r

4e-07

u

2e-07

0

~--------~--------~----------~--------~

0

0.005

0.01

Concentration Cu(acac~, [mol/1]

Figure 5.16: Adsorption isotherm, the lines are drawn to conneet the points. The dashed
lines represent the estimated error in the data point.
The adsorption isotherm has been determined for 25°C. Three data points of the adsorption isotherm for 50°C have been determined also. The temperature might infl.uence
the reaction between the dissolved Cu( acac ) 2 and the Ah0 3 -surface as well as the number
of reaction sites on the Ah0 3 -surface. The plateau of the 25°C adsorption isotherm approaches the saturation plateau of 50°C closely. Due to the higher temperature, Cu(acac) 2
remains dissolved, so nosharp kink in the adsorption isotherm for 50°C is observed.
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5.4.2

FTIR Spectroscopy

Finally, to study the deposited molecular structures on the Ah03-surface, FTIR was clone.
Six pills were made, by mixing KBr with the samples resulting from the absorption process
of Cu(acac) 2 on Ah0 3. Table 5.2 lists the different pills.
A after 24h.
mixture c
mmol· dm- 3 at 633.80 nm
0.03
1
1.8
0.13
2
5.4
9.4
0.28
3
0.36
4
9.5
9.1
0.39
5
10.0
0.45
6

c24h (at 400nm)
mmol· dm- 3
0.71
2.5
5.7
7.5
8.0
9.2

'

pmol·m- 2
0.11
0.29
0.37
0.41
0.54
0.75

Table 5.2: overview of absorbance as a fundion of Cu(acac) 2 -concentration
Figure 5.17 shows the FTIR spectra of the samples 1 to 6 in the so-called fingerprintarea. The peak at 1290 cm- 1 can he used to identify Al(acac)x. The shoulder around
1450 and the peaks at 1402, 1535 and 1606 cm- 1 are most likely also due to the presence
of Al(acac)x· Figure 5.18 shows the FTIR spectra of KBr with a droplet of dissolved
Cu(acac) 2. The FTIR spectrum of Ah0 3 is also measured. Ah0 3 has a peak around
1635 cm- 1 , due to the presence of water [46]. In preliminary spectroscopy experiments,
extremely high Cu( acac )2-concentration solutions were made, by heating the methanol
solution. During 24 hours of starage in the presence of Ah0 3, the salution were left to
cool down. As a result of adsorption of Cu( acac ) 2 on Ah0 3 and the crystallization of
Cu(acac) 2, both Cu(acac) 2 and Al(acac)x were identified on the Ah03-surface.
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Figure 5.17: FTIR spectra of sample 1 to 6, absorbance versus wavenumber.
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Figure 5.18: FTIR spectra of Cu(acac} 2 , absorbance versus wavenumber.
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5.4.3

Discussions and recommendations

The presence of Al(acac)x, after absorption of Cu(acac) 2 on Al 2 0 3 , indicates that the
acac-ligands are exchanged from Cu to Al. Thus the process involved is chemisorption.
In the introduction, three possible surface reactions are suggested. Reaction 2.3 describes the deposition of Cu, caused by the decomposition of Cu(acac) 2 . This can not result
in the absorption of the acac-ligands on Al3 + sites, so reaction 2.3 is not happening here.
The presence of Al(acac)x indicates that both reactions 2.1 and 2.2 are possible. Other
studies showed that Hacac, which is formed in reaction 2.2, can react with A[3+ sites and
thereby form Al(acac)x· Al(acac)x will remain bonded to the surface [47]. According to
reaction 2.1, Al(acac)x is produced by exchanging the acac-ligand from Cu to Al.
The surface of the alumina used here, CK300, contains about 0.9 JLmol m- 2 c.u.s. AI3+
ions and 3.2 JLmol m- 2 OH- groups [45]. The measured saturation coverage of Cu(acac) 2
on Ab0 3 is approximately 0.5 JLmol m- 2 • This is an indication that the Al3+ ions are used
as reaction sites at these temperatures, as in reaction 2.1.
In the future, it should he possible to extend our knowledge about the reaction mechanism. It is possible to control the number of possible reaction sites. Basic hydroxyl groups
can he selectively removed by a NH 4 F -treatment. A qualitative measurement of basic
hydroxyl groups density can he obtained by effeding the p- exchange at constant pH.
Al3+ ions can he selectively removed by adsorbance of Hacac. The adsorption isotherm
in combination with FTIR spectra would give evidence whether which reaction sites are
involved [9].
Differential Temperature Analysis (DTA) and Mass Spectroscopy (MS) could he used
to study the stoichiometry of the adsorbed phase. More insight in the number of acac
ligands remaining on the surface could he gained, as well as more data to distinguish
between physisorption and chemisorption processes.
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Chapter 6
Conclusions
The ALE apparatus is working
The main purpose of this graduation project was to make the ALE apparatus operational,
as formulated in chapter 1. The results proved that the apparatus is capable of growing
CuO on an Ah0 3 -substrate, using Cu(acac) 2 and oxygen as reactants. To increase the
processing capacities of the apparatus, a number of modifications were made. This has
been described in chapter 3.

Characterization of ALE process
Using the surface analysis techniques LEIS, RBS and XPS, the ALE process has been
characterized. With the apparatus, it is possible to achieve a growth of approximately
9 at% in one ALE cycle. The processing temperature was 25°C. At higher temperatures,
the Cu coverage after one cycle is lower, usually 3 at% (cf. figure 5.9). This Cu coverage
remains constant up to surface temperatures of 380°C. RBS measurements detect a Cu
atom areal surface density of approximately 1014 at/cm2 which corresponds toa maximum
surface coverage of 7 at% (cf. section 5.2). This result is in agreement with the Cu coverage,
detected with LEIS. RBS indicate ditfusion of Cu atoms through the bulk over 150nm.
Other studies report ditfusion of Cu particles through the grain boundaries of the substrate
[29]. ALE processing at temperatures above 380°C is disturbed by the segregation of alkali
atoms.

It should he noted that side effects might complicate the interpretations of the results.
The porous Ah0 3 -surface makes the LEIS, XPS and RBS measurements more diffi.cult to
compare. The atoms which contribute to the LEIS, XPS and RBS signal are not the same
(cf. chapter 4). LEIS is observing only the outermost layer of the sample. Cu-atoms in
the pores of the sample may not he visible with LEIS. The formation of spinels mayalso
infl.uence the visibility of Cu-atoms with LEIS [11]. Formation of surface spinels is reported
in literature, but XPS spectra gave no indication for surface spinel formation.
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The reaction mechanism
FTIR and UV /Vis spectroscopy measurements suggest that the c.u.s. Al3 +-sites act as
reaction sites for Cu( acac ) 2 • The number of Al3 +-sites is limited, therefore the surface
reaction is saturating. The Cu saturation coverage of 9 at% indicates that spherical hindrance of the acac-ligands might he substantiallimiting processing parameter when ALE
processing occurs at 25°C.
An interesting measurement would he to test the influence of the number of reaction
sites. In this way, the influence of the spherical hindrance and the number of reaction sites
on the surface coverage can he determined. The number of reaction sites can he varied by
manipulating the temperature of the Ah0 3 -substrate, in an UHV chamber. H. Knozinger
and P. Ratnasmay reported that the number of Ae+ and OH--sites is dependent on the oxidation temperature of Ah0 3 [48]. UV /Vis and FTIR spectroscopy, described in chapter 5
can he used to determine the number of sites. In situ measurements of the ALE process
with FTIR spectroscopy are possible in some laboratory. These measurement would give
insight in the reaction process of gaseous Cu(acac) 2 with Ah0 3 • As described in section 5.4, the FTIR and UV /Vis measurements of this project were doneon the liquid/solid
interface of Cu(acac) 2-methanol solution and Ah0 3 •
Up to three times repeated ALE cycles result in increasing Cu coverage of the Ah0 3 substrate. Maximum Cu coverage is 23 at%. The formation of multi-layer structures
has not been detected with LEIS measurements. It should he noted that the reaction
mechanism for the subsequent ALE cycles can differ with the reaction mechanism of the
first ALE cycle. The previous deposited Cu-atoms may act as reaction sites for Cu(acac) 2
during subsequent ALE cycles.

6.1

Recommendations

The usage of four analysis techniques, LEIS, RBS, XPS and FTIR/UV /Vis spectroscopy
proved to he useful in studying ALE growth. The quantification accuracy of the surface
composition by LEIS can he verified by using these additional analysis techniques. Especially XPS could he a meaningful contribution to the current understanding of the ALE
process.
The interpretation of LEIS spectra can he eased by using a model system as substrate.
An alternative system could he a thin Al-layer, evaporated on top of single crystal Mo
substrate. In this way, the oxidized Al would have a well defined structure [49]. Depth
profilingasin figure 5.13 fora porous surface is less straight forward than for single crystal
structures. Furthermore, extra surface analysis techniques likeSTMand AFM are possible
on single crystal structures.
Furthermore, the ALE process at surface temperature below 25°C should he examined
more extensively. For example, the influence of the post-oxidation on the surface coverage
for the ALE process at 25°C is still not examined. The unwanted Cu-atoms transport from
the growth chamber walls is not present when the temperature of the apparatus is below
25°C. So the charaderistics of the ALE process at 25°C can he stuclied easily, without
50
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major adjustments of the present ALE apparatus.
The unwanted Cu-atoms transport caused by heating of the growth chamber reduce the
possibilities to study the ALEprocessof CuO growth on Ab0 3 • In chapter 5, two possible
transport mechanism' are suggested. Replacement of the rubber ring in the apparatus
would make it easier to bake out the apparatus. This would decrease the Cu transport,
caused by the presence of organic contamination in the apparatus. The other transport
mechanism, due to Cu( acac ) 2 which is still present in the ALE apparatus from previous
ALE cycles, should he minimized, by adjustments of the piston sample holder. lmproved
dosure of the reaction chamber would eliminate the leakage of Cu( acac ) 2 from the reaction
chamber to the isolation chamber (and vice versa).
The final remark of this thesis is, to consider the use of an already well-known ALE
reaction mechanism for the testing of the ALE apparatus. In this way, verification of the
results with results mentioned in the litereature, provides a direct insight in the capabilities
of the current ALE apparatus at the Eindhoven University of Technology.
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Appendix A
Gas handling system
Figure A.l gives a schematic overview of the gas handling system, which is used in the ALE
apparatus. Ti tube 1 is connected toa simple gas supply system and Ti tube 2 connected
toa small pump.
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Figure A.l: schedule of the ALE gas supply system. 1/2. Ti tubes; 3. container holder;
4, main body; 5. ceramic valve; 6. closed growth chamber; 7. piston sample holder;
8. isolation chamber.
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Appendix B
XPS Spectrum
Figure B.l shows the XPS spectrum of dried Cu(acac) 2 -powder.
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Figure B.l: XPS spectrum of dried Cu(acac) 2 -powder.
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Appendix C
Vapour pressure diagram
Figure C.1 shows the vapour pressure diagram of Cu(acac) 2 [17]. Least squares treatment
of the vapour treatment data yields the following equation:

log P(kPa)

(4.80+0.15) -

(2825±25)

(C.1)

T

0.003

0.0028

0.0026

0.0024

l{f (K-9

Figure C.1: Vapour pressure of Cu(acac) 2
The hitting rate H of a reactant in a closed system can he expressed in terms of the partial
pressure of the reactant:
p

H=

(C.2)

J21rmkT
where p is the partial pressure of the reactant, m is the mass of the reactant molecule and
T is the temperature of the reactant [4].
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