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ABSTRACT OF THE DISSERTATION

IN SITU INFRARED SPECTROSCOPY STUDY OF ATOMIC LAYER
DEPOSITION OF HIGH-K METAL OXIDE AND METAL ON

PASSIVATED SILICON SURFACES

By MIN DAI

Dissertation Director:

Prof. Yves J. Chabal

Atomic layer deposition (ALD) is a novel and promising film deposition method for
microelectronics and many other areas with documented commercial success. Notable
advantages include accurate thickness control and high conformality, all of which are
particularly important for deep trenches, porous materials and nanoparticles.

The key elements of ALD including starting surfaces and precursors are investigated
with in situ Fourier transform infrared spectroscopy, using a variety of starting surfaces:
hydrogen-terminated Si (H/Si), oxidized Si, nitrided Si, and self-assembled monolayers
(SAMs) grafted on H/Si surfaces. In particular, the formation of nitrided surfaces using
thermal NH; reaction with flat and vicinal H/Si(111) is studied and a mechanistic
understanding is achieved with the aid of density functional theory calculation. An
unexpected NH incorporated bridging structure is found at the dihydride step edge. The
properties and stability of methyl and carboxylic groups terminated alkene-based SAMs

grafted to H/Si(111) surface via direct Si-C bonds are also addressed. The carboxylic
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groups terminated SAM can be grafted without formation of interfacial SiO,. Moreover,
the use of SiNy and SAM successfully minimizes the interfacial SiO, during ALD
process.

With a thorough understanding of the starting surfaces, the nature of ALD grown
high-k metal oxides and metal is studied. Water- and ozone-based ALD of HfO, and
ALOs are investigated mechanistically. Unexpected intermediate species and reaction
pathways are found to depend on ozone partial pressure, such as formate intermediate for
Al,O3 deposition.

La;0; and Cu deposited by novel precursors, La('Pr-MeAMD)y/D,O and
[Cu(*Bu-amd)]o/H, respectively, are explored in many aspects such as the nature of
precursor gas phase, the ALD temperature window, the film properties, and so on. In all
cases, a mechanistic picture of the surface interaction and film growth is unraveled using
infrared spectroscopy and other complementary techniques, such as Rutherford back
scattering spectroscopy and X-ray photoelectron spectroscopy. Gas phase studies show
that the two precursors are both readily hydrolyzed and highly reactive. ALD-deposited
La,0; films are of poor quality due to the hygroscopic nature of La,0s, and Cu diffusion

and agglomeration are inferred from the evolution of IR vibrational modes.
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Chapter 1: Introduction

1.1 Atomic layer deposition

Deposition of thin films has great significance in every field with numerous
applications such as in optics, optoelectronics, microelectronics, superconductors,
catalysts, solar energy, and so on. Particularly, the demand of continuous shrinking of
devices for nanotechnology such as in microelectronics and micro-electromechanical
systems (MEMS) requires various thin film deposition methods suitable for different
applications and conditions. Among them, atomic layer deposition (ALD) as a novel
deposition method is attracting more and more attention of both academic and industrial
researchers due to its great advantages in depositing high quality thin films.

ALD was first introduced and realized in 1970s by T. Suntola and co-workers in
Finland to deposit ZnS [1] referred as atomic layer epitaxy at that time. After 30 years of
development, it has become one of the most important methods to deposit thin films.
Compared with other deposition techniques such as CVD, sputtering, MBE, evaporation,
and so on, ALD can be initiated at lower temperature and with more flexible growth
parameters without damaging the surface.

The advantages of ALD include excellent thickness control, high quality (e.g.
pin-hole free films), and highly conformal deposition [2, 3, 4, 5, 6]. Thus, it is a very
good deposition tool for various rough surfaces such as trenches [7, 8], nanowires [9, 10],
nanoporous materials [11, 12], and so on due to its excellent step coverage [13, 14]. For
example, trenches are commonly used for trench capacitor in DRAM to achieved high
capacitance. How to deposit high quality and uniform high-x insulator/metal gate into
those deep trenches is challenging. For this purpose, ALD is becoming the best choice

because of its good step coverage.



ALD has already been utilized to deposit various materials such as metal oxides [6],
metals [15], organic films [16] and nitrides [6] with commercial success. Its applications
include in microelectronic, photonics, MEMS, 3D optoelectronics, photovoltaics,

catalysts, electrolyte fuel cells, and so on [17].
& .O,'G' fo i o

Starting surface Precursor A in Purged by inert gas

Precursor A 1 'n ¢¢ﬁ¢n ‘
143

Precursor 3 1A m — EEEuuTY

Purged by inert gas Precursor B in

Fig 1.1 Ideal ALD process based on self-terminating mechanism. Precursor A exposure
followed by Precursor B exposure is one cycle. The rest of the precursor is purged away.
ALD is based on self-terminating reaction mechanism [18, 19]. Two precursors, A
and B, are individually and alternatively introduced into the reactor. Each precursor will
not react with itself but react with each other. Thus, the film could be deposited layer by
layer. The thickness of the film is naturally controlled by the number of growth cycles
(one dosing of precursor A with one dosing of B is called one cycle). In this way, a
uniform, pin-hole-free film could be obtained. The schematic procedure of ALD growth
is shown in Fig. 1.1. Starting from a reactive surface, precursor A is carried in and reacts
with the surface until saturating it. Then the rest of the precursor and byproducts are
purged away by inert gas. After that, precursor B is carried in and reacts with the first
layer of adsorbed precursor A on the substrate until saturating the surface, and then again
the rest of the precursor and byproducts are purged away so that one cycle of film is

deposited. By repeating this process, we can deposit the film layer by layer. The thickness



of the film can be easily controlled by the number of cycles. The typical growth rate is
about 1 A/cycle. Most ALD processes are thermally activated and plasma has been used
as well to increase the precursor reactivity [20, 21].

In the ideal case, compared with CVD process, the temperature, pressure, and the
precursor pulse length will not affect the ALD growth. So ALD is able to deposit high
quality film at lower temperature with higher parameter tolerance, which is a great
improvement.

However, the real ALD has many critical issues. They can be briefly summarized as

follows:
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Fig 1.2 Examples of typical ALD metal precursors [22], including metal halides, metal-N,
metal-O, metal-C bonding types and so on.

1) The precursor—precursor is the key element for all ALD process. Several basic

requirements must be satisfied for acceptable ALD precursors [22]. First the precursor

must be highly reactive with both the starting surface and the other precursor previously

attached to the surface but not self-reacting. At the same time, they must be sufficiently



volatile at a temperature at which they are thermally stable. A reasonable and
reproducible evaporation rate for the precursors is desired as well. On the other hand, the
byproducts after reaction should not be reactive to or etch the surface and can be easily
purged away. Also, they should not contaminate or damage the ALD reactor.

As for the structures, most ALD metal and metal oxide precursors are halides or
metal organic compounds. Fig 1.2 shows the structures of typical ALD precursors having
been utilized. There are also some pure organic precursors used to deposit organic films
[23]. Usually water or ozone is used as oxidant for metal oxides [24], and H, [15] or
oxygen [25] is used as reductant for metals. NHj3 is also used for nitride deposition [26].

2) The growth temperature—only within the ALD temperature window can we have
real ALD process with a constant growth rate [19]. If the temperature is too low, it may
not initiate the reactions for ALD or may cause insufficient reactions. The physisorption
of the precursor on the surface could also occur, resulting in higher growth rate than
normal. If the temperature is too high, the precursor may decompose to give CVD growth
or may desorb from the surface resulting in lower growth rate. Fig 1.3 shows the relation
between the ALD deposition rate and temperature.
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Fig 1.3 ALD temperature window. Only within the ALD window, the growth rate is
constant. Higher or lower temperature will cause unexpected growth rate.

3) The starting surface—ALD cannot deposit the film on any surface. The surface



must be chemically reactive enough with the precursor enabling the precursor to
chemically bond to the surface. Otherwise the growth will not take place. If the reactivity
is too low to have saturated growth, it will result in rough film [27]. On the other hand,
the surface must be stable during the transportation and pretreatment before the ALD
process. Various surfaces have been used for different purposes, such as SiO,, H/Si,

nitride, SAMs, graphene, and so on [28, 29, 30, 31, 32].

1.2 ALD of high-x metal oxide

The transistor--the basic of modern integrated circuit devices, is becoming smaller
and smaller defined as scaling [33]. In transistors, silicon dioxide has been used for
decades as a gate insulator material due to its excellent quality on silicon. Scaling
includes reducing the oxide thickness, junction depth, and depletion width to achieve
high-speed and low-power consumption. It requires the SiO, gate insulator layer as thin
as possible. However, there is a physical limit for such kind of scaling. When the SiO,
thickness goes down to 10-12 A, there is no full band-gap structure and it results in
significant leakage current [34, 35]. Thus, alternative insulator materials replacing SiO,
are necessary [36]. High-x (1>3.9, « is the dielectric constant) materials, such as HfO,,
AlLOs, and La,0s, are good candidates to replace SiO,. By using high-k, the physically
thickness of the high-k insulator (#en) would be thicker than that of SiO; (#,) with
equivalent capacitance, as shown in Eq. 1.1. Therefore, the leakage current is decreased
without impairing the performance of devices. Although high-k materials can replace the
Si0,, many important issues need to be addressed before the application including band
alignment to silicon, film morphology, thermal stability, mobility of charge carriers,

electrical defects, and so on [36].
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Several methods are used to deposit high-k insulators, such as ALD [36], MBE [37],
CVD [38] and PVD [39]. Among them, ALD is the most promising and widely used
method due to its many advantages as we mentioned in the previous section.

For each high-k material there are several types of precursors, and for each precursor
before its industrial application, we must have a fundamental understanding of its every
aspect during the ALD process, such as the quality of the deposited film, the reaction
mechanism during the ALD process, the properties in the gas phase and on surfaces, and
so on. The interface between the substrate and the high-k insulator is also crucial because
the interfacial SiO, significantly decreases the effective dielectric constant value of
high-k materials [36]. So, the formation of interfacial Si0, must be examined during the
ALD process for each new precursor due to its individual physical and chemical

properties.

1.3 ALD of metal

No doubt that pure metal deposition has plenty of applications almost in every field.
Considering the great advantages of ALD, it is promising to deposit pure metal film by
ALD, such as to deposit metal gate on high-k insulator. However, only a few pure metals
such as tungsten, ruthenium and platinum have been deposited by ALD due to lack of
good metal precursors [15], which makes the deposition of metal the least understood
among all ALD systems. Thus, many potential applications of ALD are hindered. The
major difficulty is that most of the precursors either have very low vapor pressure or have

very low reactivity [15, 40].



With the great effort of chemists, more and more new metal precursors have been
synthesized for ALD recently, which make it possible to deposit copper, iridium
palladium, rhodium, titanium, tantalum, and so on [15, 40, 41, 42]. Although the
deposition by these precursors is successful, the detailed picture of the ALD process, such
as the reaction mechanism, the ALD temperature window, and the film quality, is not
clear yet. It makes the mechanistic study of metal ALD process, the evaluation of the
precursor properties and the quality of the films by those new precursors become urgent.
On the other hand, metal diffusion and agglomeration are well known issues for metal
deposition such as copper [40, 42]. So the study of metal thermal dynamic behavior on

surfaces during ALD is also critical.

1.4 Overview of the dissertation

Despite the great success of ALD, many physical and chemical processes during the
ALD growth have not been not well understood yet. Since different precursors have
different physical and chemical properties, a case-by-case study is necessary for each
precursor. However, the mechanistic study of ALD is far behind the experimental
applications of ALD due to the lack of efficient mechanistic study tools. Only a few
precursors have been studied in detail while with the fast inventions of more ALD
precursors. The actual understanding of reactions during ALD processes is significantly
important because it could greatly assist the design and optimization of the ALD
processes.

Most of ALD issues are related to surface chemistry and it is well known that
Fourier transform infrared (FTIR) spectroscopy is a powerful tool to study surface

chemistry. Further, there is no doubt that an ideal method to study the ALD processes is



in situ observation, Combining those two factors, we developed a home-made ALD
reactor with capability of in situ FTIR spectroscopy measurement to mechanistically
study the ALD process. By using this unique method, the reactions of the precursor on
different surfaces and the formation of interfaces are monitored without interference from
the external world. The species on the surfaces are identified and thereby the reaction
mechanism of ALD can be inferred. With these understandings, we are able to improve
the ALD process.

By using in situ FTIR and other techniques, this dissertation will cover the following
topics:

Chapter 1 is the introduction of the dissertation. It briefly reviews the fundamentals
of ALD including the ideal mechanism, the advantages, the critical issues of ALD, and
the applications of ALD for high-k materials and metals.

Chapter 2 introduces the instruments used for the studies, the configuration of our
home-made ALD with the in situ transmission FTIR setup, typical ALD growth
conditions, sample preparations, and some details about data analysis.

Chapter 3 will show the silicon surface preparation by thermal NHj3 nitridation with
in situ FTIR study. Nitridation is used to minimize the formation of interfacial SiO,
between the high-k insulator and the silicon substrate. Three types of
hydrogen-terminated Si(111) surfaces (H/Si) including flat, monohydride stepped and
dihydride stepped surfaces are used to study the initial interaction between NH; and the
surface Si-H by varying the temperature from 150°C to 600°C. Density functional theory
calculation is used to confirm our experimental observations. As an example, HfO, by
ALD of TEMAH/D;O0 is deposited on this nitride.

Chapter 4 focuses on the ozone based ALD. Instead of using water as the oxidant,



ozone is used to grow high-k metal oxides to eliminate trapped water (-OH) inside the
film during the growth. This chapter will show the Al,Os; deposition by TMA and ozone
on H/Si. The gas phase reactions of TMA/H,O and TMA/ozone will be presented. As
another example, HfO, deposition by TEMAH and ozone on thin silicon nitride as an
oxidation barrier is studied as well.

Chapter 5 will cover the IR mechanistic study of ALD of La,O3 on H/Si surface by a
new precursor--La(iPr-MeAMD)3 [43] and D,O at different temperatures. The precursor
gas phase IR spectra, reactivity, ALD window, and impurities in the film are discussed.
With these understandings, alternating TMA/D,O ALD cycle and La/D,0O cycle are used
to deposit LayAlyO nano-laminate to improve the film quality. Ex situ Rutherford
backscattering spectroscopy (RBS) is used to check the growth rate and film uniformity.

Chapter 6 will show the example of pure copper deposition on various substrates
including H/Si, SiO,, SiNy and Al,O; by using a new precursor [Cu(*Bu-amd)], [44]
reduced by H,. Precursor gas phase and the deposition temperature dependence on SiO;
are also studied. The in situ FTIR spectra clearly indicate the copper agglomeration and
diffusion on SiO, surface, and X-ray photoelectron spectroscopy (XPS) is used to
investigate the contents in the film as well.

Chapter 7 explores the ALD on self-assembled monolayer (SAM) [45] grafted on
H/Si(111) due to its extraordinary electrical properties [46] and potential application for
area-selective ALD growth [47, 48]. As examples, the stability of two kinds of SAMs
including -COOH and -CHj; terminated H/Si(111) is studied. HfO,, Al,Os, and copper are
deposited on -COOH terminated surface which demonstrates that it is a promising
starting surface for ALD.

The appendix chapter presents the preliminary in situ FTIR study of HfO, deposited
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on hydrogen-terminated trenched Si(100) surface. The preliminary results of thermal
stability and reactivity of the trenched H/Si surface are shown in this chapter. Then HfO,

deposition is examined by IR spectra and RBS.
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Chapter 2: Experiment Setup, Substrate Preparation,
and Data Analysis

Having been mentioned in the introduction chapter, the deposition is done in our
unique home made atomic layer deposition system. Its most striking feature is that this
system enables in sifu transmission infrared spectroscopy study. The detailed information

will be discussed in the following part of this chapter.

2.1 Home made atomic layer deposition system
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Fig 2.1 Schematic diagram of home made ALD system. The system is equipped with in
situ FTIR and mass spectrometer. Transmission geometry and resistivity heating are used.

Our home made ALD system is presented by Fig 2.1. We have 3 ALD systems (I, II
and III) at Rutgers. ALD I and ALD II were designed and realized by previous group

members (Dr. Martin M. Frank, Dr. Rhett Brewer, Dr. Ming-Tsung Ho and Dr. Yu Wang).
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I was incorporated to finish ALD III and modified ALD II and III afterwards. I was also
involved for the design and realization of the new generation of optimized ALD systems
at UTD. As in Fig 2.1, the main reactor is a UHV chamber denoted by the gray circle in
the diagram. The sample is placed at the center of the chamber and positioned by
tantalum sample holder. DC current passes the sample by applying a DC voltage so that
the sample is heated by the resistivity heating method. In this way, the sample is heated
without touching anything and remains clean, as well as enabling a transmission IR
spectroscopy scheme. The incident angle of the IR can be adjusted by rotating the sample
through a manipulator. Sample temperature is monitored by a thermal couple (welded on
a tantalum clip) clipped to it, and controlled by Eurotherm 2404 controller with HP 6010
DC power supply.

Thermo Nicolet Nexus 6700 and 670 IR spectrometers are used and equipped with
the liquid nitrogen cooled external MCT-B (Mercury Cadmium Telluride) detector which
is favorable for the signal below 1000 cm™. Typical mid-infrared 400-4000 cm™ with the
resolution of 4 cm™ is utilized. The infrared beam comes out from the spectrometer and is
aligned to pass through the center of the sample by using an external parabola mirror.
Then the transmitted beam is reflected and focused again onto the external MCT-B
detector by an ellipsoidal mirror. Transparent KBR windows are mounted to the chamber
to let IR beam enter the chamber and protected by gate valves during the sample
treatment. The detailed and classical introduction of FTIR technique can be found in
many IR books [2, 3, 4, 5, 6]. Fig 2.2 gives a rough idea of the FTIR spectrometer. Note
that the mirror on the top right corner of the diagram can rotate to let the IR beam out of

the spectrometer and then be introduced into our ALD reactor as shown in Fig 2.1.
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Fig 2.2 Diagram of Nicolet FTIR spectrometer [1]. The mirror at the top left corner can
rotate to let the IR beam go out to ALD reactor.

The whole system is pumped by an adixen Drytel 1025 dry pump. The MKS 653B
throttle valve is used to control the pumping flow. The base pressure of the system is 10™
to 107 torr. The pressure is monitored by the Baratron Capacitance Manometer. A mass
spectrometer SRS RGA 300 is equipped in the system also. To minimize the adsorbed
water inside, the ALD reactor is baked at 60°C all the time. And therefore, all IR
measurements in this dissertation are performed at a substrate temperature of 60°C.
Because at higher temperature, the excitation of Si electron to conduction band will

reduce the signal intensity, lowest temperature for IR measurement is desired and 60°C is

the lowest temperature in this case.
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1/4 inch stainless steel tubings are used for all gaslines. Gas flow is controlled by
MKS 1479A series mass flow controllers and Swagelok pneumatic valves. N, gas for
system purging and precursor carrying gas is purified by the Centorr 2A and Oxygon
OG-120M (both with oxygen impurity < 10 ppm) purifiers followed by an additional
Aeronex Gate Keeper gas purifier. Ultra high purity (> 99.999%) NHj3, H, and D, are
introduced into the ALD reactor after purified by Aeronex Gate Keeper gas purifiers.
Ozone are generated by passing O, (> 99.999%) through the INUSA 5000 ozone
generator. Most important, the ALD metal or metal oxide precursors are equipped in the
system as well, such as D,O and TMA ( for Al,O3) which are both kept at room
temperature, TEMAH kept at ~75°C for HfO,, La('Pr-MeAMD); kept at ~130°C for
La,0;, [Cu(*Bu-amd)], kept at ~95°C for Cu. They will be discussed in detail in later
chapters.

Other instruments are also used in the study, including Rutherford backscattering
spectroscopy (RBS), X-ray photoelectron spectroscopy (XPS)--PHI 5600 ESCA (at
UTD), Atomic Force Microscopy (AFM)--Veeco Dimension 3100 (at UTD), and

Ellipsometry--Horiba Jobin Yvon iHR 320 ellipsometer (at UTD).

2.2 Sample preparation and FTIR data analysis

In our study, double side polished, float-zone grown, and lightly doped (~10 Q-cm)
Si(111) and Si(100) wafers are used. The sample sized is 1.5 cmx3.8 cm. Before any
further treatment, the sample is first rinsed by acetone, methanol, and deionized water (DI
water, 18.2 MQ-cm), and then standard RCA [7, 8] (SC1--DI water: H,O,: NH,OH =
4:1:1, SC2--DI water: H,O,: HCI = 4:1:1 at 80°C for 10 min) cleaning is performed

followed by excessive dionized water rinsing. Hydrogen-terminated Si(100) (H/Si)
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surfaces is achieved by a ~40s HF (~20%) etching after RCA cleaning, and for H/Si(111)
an additional 2.5 min NH4F (~49%) etching [9, 10] is used. In the end, the sample is dried
by N». Sometimes, instead of RCA cleaning, piranha solution is used for better cleaning
by putting the sample into a mixture of concentrated sulfuric acid and hydrogen peroxide
at the ratio of 3:1 at 90°C for 45-60 min, followed by thoroughly DI-water rinsing. It has

been proven that this method is more efficient than the normal RCA cleaning [7].

Table 2.1 The elements concentration of Si0,/Si(100) surface after RCA cleaning by XPS

Elements C O Si
Concentration (%) 2.4 63.7 339

The Si(100) surface is covered by a thin layer of SiO, (~70A) from Virginia
Semiconductor. The constitution of the Si(100) after RCA cleaning is measured by XPS
and is shown in table 2.1. The carbon contamination is very low after RAC cleaning and
could result from the contamination during the transportation. By fitting of the shifted Si
2p peak due to SiO,, the O/Si ratio of this SiO, oxide is ~ 2.11 which is very close to the

1deal ratio.

Table 2.2 The elements concentration of H/Si(100) by XPS

Elements C O Si F
Concentration (%) 1.3 0.8 97.6 0.3

H/Si1(100) surface is also studied by XPS to verify the quality of Si-H passivation.
The elements concentration is shown in table 2.2. Trace amount of carbon contamination
is found and accompanied by trivial oxygen amount which may come from the
environment as well. Fluorine contamination can be detected due to the HF and NH4F
etching but its concentration is very low. The XPS result confirms that our initial Si

surface is very clean.
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After the pretreatment, the Si substrate is loaded into the ALD reactor immediately
to carry out IR measurements. FTIR technique is a powerful tool to investigate chemical
bonds on surface, in gas phase, in solids and even in liquid. The typical IR incident angle
used is ~74° (Brewster angle) for highest transmission signal intensity, because the
p-polarized component completely transmits through the sample without any reflection.
Information of both parallel and perpendicular to the surface is achieved at this angle.
Normal incidence (~0°) or close to normal incidence (~20°) is also used to get the
information more parallel to the surface in our study. That is, the incident angle
dependence can identify the orientation of chemical bonds on the surface. The dipole of
the bond perpendicular to the surface can not be observed at normal incidence due to its
non-response to the paralleled electrical field, while both parallel and perpendicular
components can be observed at 74° [11].

To get the absorption spectrum which shows the change in the interface, surface and
film, a reference much be used. The Absorbance (A) can be obtained by using the

following equation:

A=-log,,—— (Eq. 2.1)

where I(v) and I,(v) are the transmission single beam spectrum of the subject and the
reference, respectively. Thus, all changes of the subject relative to the reference are
exhibited by the absorption spectrum. All positive features in absorbance spectrum
correspond to the formation of new chemical bonds and all negative features correspond
to the removals of the chemical bonds relative to the reference. The frequency, height,
shape, width and integrated area of theses peaks contain many information of a specific

chemical specie, including the chemical bond, dipole, concentration, absorption response,
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surface morphology, and so on. However, in reality, some artifacts may appear due to the
systematic change in the IR optical bench such as the temperature fluctuation, vibration,
degradation of IR source, strong IR absorption (caused by bulk Si substrate and others),
absorbed contaminations, and so on. All these will affect the single beam and introduce
unwanted artificial bands in the spectrum or distort the baseline of the spectrum.
Furthermore, considering the overlapping of different species’ vibrational modes in the
same frequency range, all make the analysis of IR data more complicated. Although some
effort is needed, IR is a great tool to study surface chemistry.

To reduce some of the systematic error, the spectra in this thesis are taken with a
resolution of 4 cm™ for 1000 scans per loop and more than 3-4 loops. Only the last three
loops are used and averaged in order to improve signal-to-noise ratio, which is

proportional to the square root of the number of total scans.
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Fig 2.3 The absorption spectrum of H/Si(111) referenced to the SiO, at 74°. The inset on

the top right shows the single beam of the surface and the inset at the bottom shows the
hydrogen terminated Si(111) surface.
Usually two kinds of methods are utilized to present different aspects of the same

data. One method is the normal way in which we reference all the data to the same

background such as the initial starting surface to show the accumulation of the total
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changes relative to the background. The other method is called differential spectra where
each spectrum is referenced to the surface after previous treatment. That is, defining B as
the background, and C, D, E...as the subsequent treatments on the surface, the normal
way is to reference C to B, D to B, E to B ..., while the differential method is to reference
C to B, D to C, E to D.... Differential spectra are very useful to show the change of the
surface after each treatment.

High sensitivity is achieved by this transmission FTIR geometry. It allows us to
measure chemical species on the surface at monolayer level. As an example, the spectrum
of H/Si(111) surface is presented in Fig 2.3, which is the absorption spectrum of H/Si(111)
referenced to the SiO»/Si(111) surface at 74°. The small inset on the top right of Fig 2.3 is
the single beam of the surface which is used to get the absorption spectrum by Eq. 2.1.
The shape of the single beam is the combination of IR source radiation, detector
sensitivity, beam splitter and KBR window. H/Si(111) is a simple and nearly perfect flat
surface to study the surface chemistry, as shown by the inset at the bottom of Fig 2.3. In
Fig 2.3, the sharp peak at 2083 cm’™ is the stretching mode of Si-H and the peak at 627
cm” is Si-H bending mode [12, 13]. The two negative bands at 1050 cm™ and 1225 cm’™
are assigned to SiO; TO and LO phonon modes due to the etched SiO, [14]. The water
from environment outside the ALD chamber along the IR beam path such as in the
spectrometer is featured by the stretching band at 3500-4000 cm™ and the bending band
at 1300-1900 cm™. Since the bending band of the water overlaps with most of C, O and N
related modes, water spectrum subtraction is used frequently in the data analysis of this
thesis to remove the water effect.

The other most frequently used surface is H/Si(100) surface which has defects and

more impurities than H/Si(111) surface. H/Si(100) is less stable in the ALD reactor under
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the N, purging than the H/Si(111) surface. The thermal stability of these two surfaces will
be shown in the Appendix chapter. The study concludes that H/Si(111) surface is stable
up to 300°C while H/Si(100) surface is stable up to 250°C due to the environmental -OH

group and other oxygen impurities.
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Fig 2.4 The absorption spectrum of H/Si(100) referenced to the SiO,. The inset shows
the detail of the Si-H stretching modes.

The spectrum of H/Si(100) surface which is referenced to oxide at 74° is presented
in Fig 2.4 and the inset is the magnified Si-H range. Different from the flat H/Si(111)
surface, the Si-H stretch has three modes for H/Si(100), which are due to monohydride
(Si-H), dihydride (Si-H;), and trihydride (Si-H3), showing a more complicated surface
morphology [15]. The etching of SiO, is featured by the negative peaks at 1066 cm™ and
1254 c¢m™, the TO/LO phonon modes. The rocking mode of the SiO, is observed also
around 810 cm™. Compared with H/Si(111) surface, the SiO; TO/LO modes blueshift to
higher frequency, due to the thicker SiO, layer on the top of silicon [14].

Studies have shown that the SiO, TO/LO modes blueshift with SiO, thickness
increasing, and the shift of LO mode is greater than that of TO mode [14]. What’s more,
the integrated area of the two bands is correlated with the thickness of the SiO; film. In

many cases, the integrated area of the TO/LO modes is used to fast estimate the thickness
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of the Si0,. To calibrate it, ellipsometry is used to measure the thickness of SiO, film and
then the IR integrated area of the corresponding SiO, TO/LO modes at 74° (incident
angle) is recorded. The ellipsometry is done at the angle of 70°. The results are
summarized in table 2.3. Assuming a linear relation, the fitting gives about 0.047 cm™'/A

which will be used as a rough estimation standard for SiO; in the following chapters.

Table 2.3 Relation between the thickness of SiO, and integrated area of SiO, IR TO/LO

modes
Integrated area (cm™) 0.47 2.79 0.48 0.52
Thickness (A) 15.8 66.3 16.9 22.0
Substrate type Si(100) Si(100) Si(111) Si(111)

In addition to the integrated area of SiO,, the integrated area of Si-H stretching
mode is also useful to examine the quality of H/Si after etching. At 74°, the integrated
area of Si-H stretching mode for H/Si(111) is 0.010-0.013 cm™ and for H/Si(100) the area
is 0.020-0.024 cm™. The DTGS detector and MCT-B detect have very similar value in
this case.

During all the experiments, after the pretreatment of the surface, the sample is
loaded into the ALD reactor immediately and then is heated to 60°C to take the
background spectra with a small flow of N, purging (~100 sccm). After that, the next
treatment is performed such as one precursor dosing or thermal annealing, then the
substrate temperature is decreased to 60°C again and spectra are taken at this temperature
with N, purging. The same process repeats until the whole experiment is done. In
addition, after each ALD precursor dosing, excessive amount of N, (~500 sccm) is used

to purge the chamber for at least Smin.
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2.3 Summarys

In this chapter, the schematic layout of our home made ALD system is presented. All
instruments for the experiments are described, such as the FTIR spectrometer, XPS, RBS,
AFM, mass spectrometer, ellipsometer and so on.

The preliminary treatments of the Si surface are discussed including RCA cleaning
and acid etching. XPS results show that the Si surface is clean before loaded into chamber.
H/Si(111) and H/Si(100) surface are discussed by FTIR as examples to show the basic of

IR data analysis.
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Chapter 3: Thermal Nitridation of H/Si for ALD

Passivation of semiconductor surface is conveniently realized by terminating surface
dangling bonds with a monovalent atom such as hydrogen, often achieved by a simple
wet chemical process (HF treatment) [1, 2]. However, the real potential of surface
chemical passivation lies in the ability to replace surface hydrogen by multivalent atoms
to form surfaces with tailored properties. While some progress has been made to attach
organic layers on top of hydrogen-terminated surfaces [3, 4, 5], it has been more
challenging to understand and control the incorporation of multivalent atoms, such as
oxygen and nitrogen, within the top surface layer of H-terminated surfaces, partly
because such processes are dominated by defect sites.

Silicon nitride (Si3N4) has been studied for years due to its superior thermal,
mechanical and electrical advantages and therefore is utilized in many fields. In
microelectronics, it is an excellent diffusion barrier against oxygen, water and sodium
ions, which make it a very good material as insulator layer and passivation layer [6, 7].
Recently, since the urgent need of high-x materials to replace silicon dioxide, it also has
been utilized as a barrier to prevent the formation of interfacial silicon oxide between the
silicon substrate and high-« insulator layer, which will significantly decrease the effective
dielectric constant [8].

Usually silicon nitride can be obtained by CVD, sputtering or plasma nitridation.
However, thermal nitridation by the exposure of silicon to ammonia gas (NHj3) is one of
the most promising methods to form the nitride layer because of its high compatibility
with ALD, which is the most widely used method to deposit high-x materials [9, 10].

Since hydrogen-terminated Si (H/Si) is generally used as the starting surface in order to
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obtain atomically sharp, oxide free Si and high-x interface [11], it is also an ideal starting
surface for nitridation. Although extensive studies have focused on the dissociation of
NH; on Si surface in UHV (non-passivated and reconstructed Si surface) or high
temperature nitridation (above 600°C), and mostly on Si(100) [12, 13, 14, 15, 16, 17, 18,
19], the detailed studies of the initial reaction of NH; with H/Si surface is few, such as the
NHj; dissociation and nitrogen insertion.

In this chapter, we will discuss the thermal NHj nitridation of H/Si(111) surface in
the home made ALD reactor by utilizing in situ FTIR. To study the effect of defect sites,
both flat H/Si(111) and vicinal H/Si(111) including monohydride stepped and dihydride
stepped surfaces are introduced. Then by varying substrate temperature from 150°C to
600°C at 25°C step in NHjs, the onset of NH; reaction can be established precisely
through the unambiguous IR spectra and first principle density functional theory (DFT)

calculation.

3.1 Thermal NH; nitridation of flat H/Si(111)

The preparation of flat H/Si(111) is performed in the same way as described in
Chapter 2, and then the samples are introduced into the ALD chamber immediately.
Thermal nitridation is performed by exposing the Si substrate to NH; gas [99.999%, with
Aeronex hydride gas purifier (oxygen and non-methane hydrocarbons impurity <I ppb)]
from 150°C to 600°C at ~ 7-9 torr. The nitridation time is 2 min for each temperature. The
heating and cooling process are both done in NH; ambient. During the in situ FTIR
measurements, the substrate temperature is kept at 60°C and the incident angle of IR

beam is ~74° (~Brewster angle).
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Fig 3.1 Nitridation of flat H/Si (111) (Spectra are referenced to oxide surface.). The inset
shows the close view of Nx-Si-H stretching mode at 425°C. The intensity loss of Si-H
indicates the onset of the reaction.

Nitridation spectral results of flat H/Si (111) surface at different temperatures are
presented in Fig 3.1 and 3.2, where Fig 3.1 shows the absorption spectra referenced to the
native oxidized surface and Fig 3.2 shows the spectra referenced to H/Si (111). In Fig 3.1,
the very sharp peak at 2083 cm™ assigned to Si-H stretching vibrational mode [v(Si-H)]
indicates the atomically flat, monohydride terminated Si (111) surface formed after
HF/NH,F etching [20]. Up to 300°C, there is no intensity loss of v(Si-H) at 2083 cm’
and no observable feature in the lower frequency range (Fig 3.2), meaning the surface is
stable at this temperature. Starting from 350°C, v(Si-H) intensity decreases accompanied

by the frequency redshift due to Si-H decoupling, and a peak at 1535 cm™ appears which
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is assigned the bending mode [scissor mode, d(NH;)] of -NH; species on silicon [15, 17,
21]. These two features indicate initial desorption of Si-H and dissociation of NH3 on the
surface. It can be concluded that NH; reacting with the H/Si (111) surface is initiated by
replacing the surface hydrogen with Si-NH,, which is in agreement with other

experimental and theoretical studies on Si surface in UHV [13, 15, 18, 22].
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Fig. 3.2 Nitridation of flat H/Si (111) (Spectra are referenced to H/Si (111) surface.). SiNy,
NH and Si-NHj; species are observed as the feature of nitridation.

At 400°C, the integrated area of v(Si-H) decreases by ~18% and the frequency
redshifts to 2077 cm™. This redshift is caused by the decoupling of H/Si (111) stretching
mode due to the hydrogen dissolving and formation of surface Si-NH; [23]. Meanwhile,
in Fig 3.1 for the band of H-Si stretching mode, a shoulder around 2068 cm™ is observed

upon 375 °C, which increases at 400°C, decreases and then merges into the other after
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425°C. This shoulder has a different origin than the redshift due to decoupling. It may
result from the effect of opposed NH,+H for the HN-Si-Si-H units which redshifts the
v(Si-H) as shown in Fig 3.3(a). The H,N-Si structure induces an analogous polarization
which weakens the adjacent Si-H bond and this weakening effect is enhanced by the
cooperative interaction of two opposed NH, groups causing the red shift of Si-H band [15,
18].

Above 400°C, the insertion of N into Si—Si back bonds [N-Si-H as indicated in Fig
3.3(b)] results in the blueshift of v(Si-H) shown as a broad peak around 2167 cm™ in Fig
3.1, implying the formation of nitride. The inset of Fig 3.1 exhibits the detail of Ny-Si-H
stretching modes. At 425°C, the two peaks observed at 2169 cm™ and 2212 cm™ are
corresponded to different number of N atoms inserted to the Si-Si back bonds, N»-Si-H
and N3-Si-H respectively [as Fig 3.3(b)] [24, 25]. On the other hand, in Fig 3.2, the very
broad band due to Si-N-Si bond at 700-1100 cm™ is observed and starts from 425°C [26,

27].

) )
N//Si\Si N//Si\N

N N

(a) (N-black, H-while, Si-gray) (b) 2 N atoms and 3 N atoms insertion

Fig 3.3 (a) Opposed NH,+H, on Si (100) [18] and (b) nitrogen insertion into Si-Si to
form N-Si-H, which can explain the shifted Si-H stretching modes.

Note that as in Fig 3.2, N-H bending mode [6(N-H)] is observed as well around 1180
cm” as a small bump [29, 30, 31]. It has been reported that the frequency of Si-N-Si is

related to the N-H concentration [30], where the higher N-H concentration, the higher

1

Si-N-Si frequency, with the lower limit at 835 cm™ which is corresponded to
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stoichiochemistry SizN4 structure. If the frequency redshifts, it indicates that the N/Si
ratio is lower. In our case, the Si-N-Si TO mode is around 838 em’ for 600°C which is
pretty close to that of the Si3Njy structure.

According to above results, thermal NHj nitridation is initiated by the dissociation of
NH; which replaces the surface Si-H by Si-NH, at ~350°C. Upon 400°C, nitrogen
insertion is observed. With these understanding, then we go on to the nitridation of

vicinal H/Si(111) surfaces.

3.2 Thermal NH; nitridation of vicinal H/Si(111)

(b)

Fig 3.4 The schematic of (a) monohydride and (b) dihydride stepped H/Si (111) surfaces
(Si-yellow and H-white). A an B, D and E are coupled surface hydrogen atoms.
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Two types of stepped Si (111) wafers with 9° miscut ([112] and [112]) are utilized

in the nitridation experiments. The stepped hydrogen-terminated Si(111) surfaces are
achieved by 30 seconds HF (~20%) etching at room temperature and an additional 3-4
min NH4F (~49%) etching at 2-4°C [32]. After the samples are immediately introduced
into the ALD chamber, the thermal nitridation is performed by exposing the Si substrate
to NHj; gas and in situ FTIR measurement is carried out at 60°C with the incident angle of

~70° as well, which are the same as flat H/Si(111) surface. Fig 3.4 presents the structural
configuration of the monohydride and dihydride Si(111) surfaces. The one along [112]
direction gives the step Si atoms with one hydrogen bond (monohydride, B), and the
other along [112] direction gives two hydrogen bonds (dihydride, C and D) for the step

Si atoms. Note that for the monohydride surface, the stepped Si-H (B) projects to
between the two Si atoms of the lower terrace and for the dihydride surface the stepped
Si-H (D) projects to the Si-H (E) of the lower terrace.

The nitridation of monohydride surface is show in Fig 3.5(a) and (b), which are
reference to oxide and H/Si respectively. Different from the flat H/Si surface, the spectra
of monohydride surface show three peaks which are located at 2071 cm™, 2081 cm™ and
2087 cm™ [Fig 3.5(a)]. The mode at 2081 cm™ (C)) is assigned to Si-H terrace stretching
mode, and the other two modes at 2071 cm™ (C,) and 2087 cm™ (C3) are associated with
the asymmetric and the symmetric stretching modes resulting from coupled motion of
stepped Si-H and the terrace Si-H next to it [33, 34], as the hydrogen atoms denoted by A
(Ha) and B (Hp) in Fig 3.4(a).

At 350°C, the total integrated area of Si-H stretching modes slightly decreases
accompanied with the observed 8(NH,) at 1535 cm™, indicating the starting of NH;

dissociation. Upon 375°C, the Si-H intensity keeps decreasing but due to the overlapping
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of the terrace and stepped modes, the evolution of each mode cannot be easily
distinguished. To separate those modes, Lorentian curve fitting is carried out for the
results from 300°C to 425°C. The fitted integrated area and peak position for each mode
are shown in Fig 3.6(a), (b) and (c). It can be seen that the integrated area of Si-H terrace
mode is reduced at 350°C and the stepped modes start to vary around 350°C, implying the

surface is attacked by NH3 upon 350°C.
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Fig 3.5 Nitridation of monohydride stepped H/Si(111) (a) referenced to oxide surface. C;,
C,, and C;j are Si-H terrace, monohydride asymmetric, and monohydride symmetric
stretching modes, respectively; (b) referenced to H/Si (111) surface. The intensity loss of
Si-H indicates the onset of the reaction.

However, it cannot be distinguished that the terrace Si-H is attacked first or the
stepped Si-H reacts first due to their structure similarity. Note that the intensity of terrace

Si-H increases slightly at 375°C and then decreases after 400°C. This slightly increase
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could result form the contribution of the decoupled terrace Si-H (Ha) due to the loss of

stepped Si-H (Hp).
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Fig 3.6 The fitting results of the Si-H stretching modes of monohydride H/Si(111): (a)
terrace Si-H mode; (b) symmetric stepped Si-H mode; (¢) asymmetric stepped Si-H mode.
The blue lines are corresponded to the integrated area and red lines are corresponded to
the frequency.

It is quite interesting to notice that the intensity of symmetric stepped Si-H mode
decreases as the temperature increases until 425°C, while the asymmetric stepped Si-H
mode is increasing at the same time. Since the symmetric mode and asymmetric mode

must decrease or increase in the same way, it can be inferred that a new mode occurs in
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the same frequency range which overlaps with the asymmetric mode. Again, this new
mode may be caused by opposed NH,+H for the H,N-Si-Si-H units which redshifts the
terrace stretching mode, as we discussed previously for the nitridation of flat surface in
Fig 3.3(a).

Similar to that of the flat surface, upon 350°C, the observed 8(NH,) at 1535 cm’™
blueshifts to 1544 cm™ at 550°C as the growing of SiNy layer. The stretching mode of
N,-Si-H appears around 2167 cm™ at 400°C [25], accompanied by the Si-N-Si phonon
mode at 700-1100 cm™ and 3(N-H) at 1180 cm™, implying the insertion of N into the
Si-Si network. At 550°C, the Ny-Si-H survives and its intensity is about twice of that on
the flat H/Si(111) surface at the same temperature. The broad TO/LO modes of Si-N-Si
centered at 832 cm™ and 1045 cm™ are not as sharp as the flat Si(111) surface, indicating
that the nitride on monohydride surface may be rougher and contain more Si than the flat
surface.

Therefore, the nitridation process of monohydride stepped H/Si(111) shows no
difference compared to the flat surface in spite of the presence of steps. For both cases,
the NH; dissociation and interaction with Si-H ending with Si-NH, start from ~350°C,
and the nitrogen insertion to Si-Si network is observed at ~400°C.

As for the dihydride surface, the nitridation results are presented in Fig 3.7(a) and
(b), which are reference to oxide and H/Si respectively. As in Fig 3.7(a), the stretching
modes of Si-H are featured by three well separated bands at 2083 cm™ (C4), 2100 cm’™
(Cs) and 2135 cm™ (Cs). The mode at 2083 cm™ is associated to the terrace Si-H bonds,
and the modes at 2100 cm™ and 2135 cm™ are associated to the asymmetric and the
symmetric stretching modes which result from the coupled motion of the stepped Si-H

(Hp) and the terrace Si-H (Hg) next to it [Fig 3.4(b)] due to the strong steric interaction
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between them [33, 34, 35].
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Fig 3.7 Nitridation of dihydride stepped H/Si(111) (a) referenced to oxide surface. Cy, Cs,
and Cg are Si-H terrace, dihydride asymmetric, and dihydride symmetric stretching
modes, respectively; (b) referenced to H/Si (111) surface. The intensity loss of Si-H

indicates the onset of the reaction.

The loss of the Si-H starts at 325°C evidenced by the intensity loss of Si-H
stretching modes, which is 25°C lower than that of the flat surface and the mono-hydride
surface. At the same temperature, a negative peak is observed at 914 cm™ and assigned to
the scissoring deformation mode of dihydride, indicating the loss of Si-H begins with the
most reactive stepped dihydride (Hc or Hp). Upon 375°C, only two Si-H stretching
modes are left. The symmetric dihydride stretching mode is quenched and the peak at the
same position of the asymmetric mode remains, though the asymmetric and symmetric

mode must be reduced simultaneously. On the other hand, the strong negative band of
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dihydride scissoring deformation mode at 914 cm™ shows that all the surface dihydride is
consumed at 375°C. In addition, a peak at 775 cm™ starts to appear at 325°C. All these
strongly suggest that a new Si-H mode should be forming during the initial nitridation,
with its stretching mode around the same frequency range as the asymmetric dihydride
stretching mode and accompanied by a bending mode around 775 cm™. It should also be

note that no 8(NH,) at 1535 cm™ is observed until 400°C.

Fig 3.8 The schematic of H-Si-NH-Si bridging structure due to NHj3 interaction with
dihydride (N-blue, H-white, and Si-yellow). D and E are reacting with NHs, which cause
the appearance of new Si-H modes in the spectra: ~2100 cm™ and 775 cm™.

All above strongly indicates that dihydride surface should be via a different initial
nitridation mechanism than the flat surface and monohydride surface. We conclude that
NH; attacks the Hp and Hg, first by forming a H-Si-NH-Si bridging structure due to the
strong steric interaction between these two Si-H bonds, as shown by Fig 3.8. The left

stepped Si-H (Hc) in this bridging structure results in the new stretching mode around
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2100 cm™ and the bending mode around 775 cm™. The intensity of its bending mode (at
775 cm™) increases when raising the nitridation temperature, reaching maximum at

375°C due to more reacted Hp and Hg, and then it decreases when the temperature is

above 375°C.
x10° 2085 x10°
° =:::2‘§\ 4 -/l\$ 2110
—n 2080 2105
5 ~a 3 .
ol B—m— 2100
EE "3, 2005
< § < o <
= it 2090 ©
Sap@lemce L J2070E 5 O] (b) Asymmetric ®—®—® ]
< <
S 6 (c) New stepped \ 2114 § 59 - 2136 g
N g S EH m 2134 2
L % ==, 2132 "o
2 n m 12100
/ s . ' . 2130
of I—mn m W 12093 0}(d) Symmetric w—m—m 12128
300 325 350 375 400 425 300 325 350 375 400 425

Temperature (°C) Temperature (°C)

Fig 3.9 The fitting results of the Si-H stretching modes of dihydride H/Si(111): (a) terrace
Si-H mode; (b) symmetric stepped Si-H mode; (c) asymmetric stepped Si-H mode. The
blue lines are corresponded to the integrated area and red lines are corresponded to the

frequency. All the Si-H modes are now separated.

Again we fit the Si-H stretching modes by Lorentian curve fitting to separate
different Si-H modes. Fig 3.9(a)-(d) present those fitting results. Clearly observed from
the fitting results, the intensity of the new stretching mode due to the H-Si-NH-Si
bridging structure achieves the highest value at 375°C and then decreases, which is
consistent with the variation of its bending mode. Upon 400 °C and as shown in Fig

3.7(b), NH3 begins to dramatically interact with terrace Si-H and N is inserted into the
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Si-Si network, leading to the rise of 3(NH,) around 1540 cm™ and stretching mode of
Ny-Si-H around 2167 cm™ in the spectra, along with the growing of Si-N-Si phonon
mode at 700-1100 cm™ and 8(N-H) at 1180 cm™. There is no individual TO/LO modes of

Si-N-Si as shown for the flat surface, possibly suggesting a rough nitride surface.

Fig 3.10 Reaction scheme for NHj; reacting at the dihydride H/Si(111) step edge.
Reaction site structures are fully optimized at the PBE/DNP level of theory. The -NH
incorporated bridging structure forms as the final state.

To support our conclusion of the nitridation mechanism, fully periodic density
functional theory calculations (done by Dr. Mathew Halls) are carried out for dihydride
surface using the gradient-corrected PBE functional [36] as implemented in the DMol3
package [37]. A numerical atomic basis set of double- quality, augmented with
additional polarization functions (DNP) was employed in this work. The convergence
criteria for structural optimizations were 1.0x10™ au and 2.0x10” auw/A for energy and
gradient, respectively. Subsequent vibrational calculations verified the nature of the
optimized structures. The stepped surface model was based on a 2x5 supercell/6 layer

slab of the hydrogen terminated (111)-Si surface with a 25 A vacuum slab. A



40

Monkhorst-Pack k-point mesh with a spacing of 0.04 A" was used to sample the

Brillouin zone.

Erei (€V)

Reaction Coordinate

Fig 3.11 PBE/DNP calculated reaction energy profile for the reaction of NHj at the
dihydride-H/Si(111) surface leading to the NH incorporated step-edge structure.

Thus, the atomistic details of the structure, reaction mechanism and the energetics
for the initial reaction of NH; at the dihydride H/Si(111) step edge are analyzed
theoretically. In addition to providing vital information related to the kinetic and
thermodynamic feasibility of the proposed NH-incorporated structure, characteristic
vibrational modes are also determined for the final product, allowing comparison to our
experimental observations and assisting in the interpretation of unexpected infrared
modes. The activation energies and overall reaction enthalpies are calculated for the
interaction of NH3 with the dihydride H/Si surface for the process outlined in Fig 3.10.

The overall process for the incorporation of H-Si-NH-Si bridging at the dihydride step
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edge involves two reaction steps: 1) the initial reaction of NHj at the lower step edge (Hp)
Si-H (R) forming a step-edge -NH, species (P1), and 2) the subsequent reaction of the
step-edge -NH, (P1) with the adjacent lower terrace Si-H (Hg), producing the final NH
incorporated step-edge product (P2). The critical point structures for this process are
labelled and shown in Fig 3.10 and Fig 3.11 (top). Reactant, product and linking
transition state structures were fully optimized and verified by subsequent frequency
analyses.

The reaction energy profile for the step-edge nitridation is shown in Fig 3.11
(energies denoted by e). As presented there, as NHj interacts with the step-edge Si-H
reaction site, the system proceeds through a transition state (TS1) having an energy 1.62
eV higher than the initial separated reactants (R). Structurally, the transition state has
elongated Si-H, N-H and Si-N, H-H distances relative to their initial and final values,
respectively, consistent with transitional nature of these bonds. From the TS1 state the
system evolves forming the step-edge-NH, (P1) species, with the loss of H,. The
formation of the P1 intermediate product is calculated to be exothermic by 0.13 eV. From
the -NH, P1 structure the system can react further to produce the final NH incorporated
step-edge product (P2). As shown in Fig 3.11, the second step-edge reaction step has a
classical barrier height of 1.40 eV. The second transition structure has bond lengths
consistent with the reaction path linking the P1 and P2 structures. The formation of the
final NH bridging structure with loss of H; is predicted to be exothermic by 0.36 eV.

The density functional theory results presented here indicate that the initial reaction
of NH; at the stepped edge of dihydride surface to form the unique NH incorporated
step-edge structure is thermodynamically favourable overall. The energies of both the

intermediate product (P1) and the final step-edge product (P2) are lower than the starting
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reactants, with the final P2 product being most stable. The initial reaction step is found to
dominate the kinetics of the process, with the activation energy for the second reaction
step being smaller (TS2) than that for the initial reaction (TS1). These results reveal that
nitridation of the stepped dihydride surface is energetically favourable and the initial NH;

step-edge nucleation readily leads to formation of the final products.

Table 3.1 Calculated PBE/DNP wavenumbers and mode assignments corresponding to
the observed infrared (IR) bands

Calculated® (cm™) Observed IR (cm™) Assignment
894 914 Si-H; scissoring deformation
2134 2100 Bridged H-Si-(NH-Si) stretching
772 775 Bridged H-Si-(NH-Si) bending
1165 N/A N-H bending
856 N/A Si-N stretching

* PBE/DNP calculated harmonic frequencies.

Following the analysis of the mechanism and energetics for the proposed initial
step-edge nitridation reaction, the theoretically predicted properties of the final P2
structure perfectly match our experimental observations. Both the ~ 2100 cm™ and 775
cm’” vibrations are associated with the remaining step-edge Si-H (Hc) after bridging NH
incorporation to form the H-Si-NH-Si structure. The remaining Si-H (Hc) stretching
mode and its bending mode for the step-edge H-Si-NH-Si structure are in excellent
agreement with the observed infrared bands as shown in table 3.1 (calcd (v/3): 2134/772

cm’™; expt (v/8): 2100/775 cm™).

3.3 HfO, deposition on nitrided Si(111) surface

Thermal NHj; nitridation of silicon has shown advantage as an oxygen barrier in
ALD of Al,Os3 [8]. Based on the nitride achieved in the previous discussion, HfO, is

deposited on it to demonstrate its application for ALD. Known as a high-k metal oxide
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(dielectric constant ~25), HfO, is the most promising and well studied candidate to
replace SiO, [38], and has been utilized by Intel for modern chips due to its great

performance on silicon substrate [39].

Fig 3.12 The chemical structure of TEMAH for deposition of HfO,. The ball-stick 3D
view is on the left side.

In our study, HfO, is deposited by using Tetrakis (ethylmethylamino) hafnium
(TEMAH, Hf[N(CH3;CH,;CHj3)]s) [40] and D,O. TEMAH is one of most popular
precursors used in ALD of HfO, [41, 42]. The chemical structure is presented in Fig 3.12
along with its ball-stick schematic drawing in 3D view. The Hf-N is the most reactive
bond and can be easily hydrolyzed by water to form metal oxide. Here, heavy water D,O
is used to facilitate our IR data analysis since its spectral range is well separated from that
of water from environment. Thus spectral variation caused by environmental water
fluctuation in the IR spectrometer can be easily distinguished.

Ideally, the reaction mechanism of TEMAH and D,O is straightforward. As
described in Fig 3.13, after the 1* TEMAH dosing on the starting surface, Hf atom is
chemically bonded to the surface with unreacted ligands. Due to precursor
self-terminating reaction and steric hindrance, the surface will be saturated by one layer
of adsorbed TEMAH. Then the subsequent pulse of D,O will react with the remaining

ligand and replace it with -OD specie. When the surface is exposed to TEMAH again, the
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precursor will be attached to the surface via Hf-O-Hf bond with unreacted ligands. The

same process repeats for the following cycles so that HfO, is deposited layer by layer.

| | oD oD
\Hf/ \Hf/ D,O DO\'_IW/OD DO\|_||f/OD
| | | |
K/
N
\H!f/\| / \F!'f/
0 /Hf (|)

Fig 3.13 ALD reaction scheme of TEMAH and D,0O. The ligand of the Hf precursor is
replaced by -OD and -OD can further react with the Hf precursor.

However, the practical scheme is not so simple. Due to the residue water in the
reactor, TEMAH could be partially hydrolyzed and the partially hydrolyzed precursor
incorporates the surface interaction. For example, on H/Si surface, the partially
hydrolyzed precursor competes with the intact precursor to react with the surface Si-H by
forming Hf-O-Si featured by a band centered at 1000 cm™ [23]. Furthermore, the water
cannot fully remove the ligands and therefore organic impurities (N, C, O) will exist in
the film due to insufficient water reaction. In many cases, trapped water/OH inside the
film is observed as well.

After the 500°C thermal NH; nitridation of monohydride stepped H/Si(111), 20
cycles of HfO, are deposited on it. During the deposition, TEMAH is kept ~75°C to raise

its volatility but without thermal decomposition. D,O is kept at room temperature due to
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its high vapor pressure. The deposition is performed at 100°C by alternative exposure of
TEMAH and D,0O dosing. For each precursor dosing, saturation pulse length is used.
Before each subsequent precursor exposure, the reactor is purged by excessive amount of
N for at least 5 min to remove the residue precursor and reaction byproducts. /n situ IR

measurements are carried out at 60°C (substrate temperature) with IR incident angle ~70°.
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Fig 3.14 Differential spectra of first 3 cycles TEMAH/D,0 on nitride surface which
shows the OD exchange with TEMAH. Each spectrum is referenced to the previous one
and the 1* TEMAH is reference to the nitride surface.

Fig 3.14 shows the differential spectra of the first 3 cycles TEMAH/D,O which
present the change of surface after each precursor dosing. As expected, after each D,O
exposure, -OD stretching mode is observed at 2726 cm™ and quenched by the subsequent
TEMAH dosing, clearly demonstrating the ALD ligand exchange feature as shown by the
ideal ALD scheme in Fig 3.13. Note that the -OD specie is not completely consumed by
the next TEMAH pulse, indicating the -OD accumulation inside the film.

Then we reference all the spectra of 20 cycles HfO, to the 500°C thermal NH;

nitride. The spectral results are shown in Fig 3.15. Upon the 1* TEMAH dosing, a broad
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band centered around 1072 cm™ appears. According to our previous study of TEMAH on
H/Si surface, a similar broad band appears at ~1000 cm™ and is assigned to Hf-O-Si due
to partially hydrolyzed TEMAH precursor (Hf-OH) [23]. Therefore, the broad band at
~1072 cm™ is assigned to the Hf-O-SiNy band. It slowly increases for the subsequent
cycles and saturates after 5-10 cycles, confirming that it is an interfacial mode. Direct
adsorption of intact TEMAH on the surface via Hf-Si or Hf-N bond cannot be observed
because their frequency and intensity is out of our detectable range, but their existence

cannot be excluded.
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Fig 3.15 Absorption spectra up to 20 cycles TEMAH/D,0 on nitride surface showing the
formation of HfO; and surface Hf-O-SiNy. All spectra are referenced to the nitride
surface.

As for more ALD cycles, the observation of a broad band around 660 cm™ is

attributed to HfO, phonon mode, implying the continuous HfO, layer on nitride. No
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TO/LO SiO; modes [43] are evidenced, implying that the interfacial SiO, is minimized
benefiting from the protection of nitride. Since no substantial amount of SiO; is detected
as well for the HfO, deposited on H/Si(111) at 100°C, the advantage of SiNj is not as
obvious as the Al,O3 case. However, our further discussion of ozone based ALD of HfO,
on nitride will clearly show the advantage of using nitride to minimize the interfacial

Si0; in the next chapter.

3.4 Summary

In this chapter, we studied the mechanism of thermal nitridation of H/Si(111) by
NHj; for ALD application, with the aid of in situ FTIR and first principle DFT calculation.
Besides flat H/Si(111) surface, vicinal Si(111) surfaces including monohydride and
dihydride stepped H/Si(111) surfaces are used to study the effect of defects during the
nitridation process. By varying the temperature from 150°C to 600°C at a small
temperature step of 25°C, the surface interaction with NHj is investigated to conclude the
whole picture of NHj nitridation.

Flat H/Si(111) surface and monohydride stepped H/Si(111) surface show the same
nitridation behavior due to their structural similarity. Upon 350°C, NH; dissociates and
replaces the surface Si-H by Si-NH,; species, which is featured by the observation of
scissoring deformation mode of -NH, and loss of Si-H stretching modes. The nitrogen
atoms start to be inserted into Si-Si network to form SiNy layer around 400°C featured by
the Ny-Si-H mode and SiNy TO/LO modes.

Dihydride stepped H/Si(111) shows a very different nitridation mechanism than the
flat and monohydride cases. Desorption of Si-H begins at 325°C without the observation

of -NH; scissoring deformation mode. The new mode observed at 775 cm’! indicates that
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the thermal nitridation is initiated by forming an H-Si-NH-Si bridging structure at the
step edge and is therefore attributed to Si-H bending mode of the H-Si-NH-Si structure
due to the -NH- bridging process. This process achieves maximum at 375°C. DFT
calculation perfectly confirms our vibrational mode assignments and assumed nitridation
model. Upon 400°C, nitrogen insertion into Si-Si back bond is evidenced by N,-Si-H
mode and SiNy phonon modes.

With above understandings, HfO, is deposited on this nitride by TEMAH/D,0. The
precursor structure, properties and ideal reaction mechanism are discussed. Differential
spectra of each precursor dosing captured the ALD ligand exchange by showing the
periodic variation of -OD stretching mode and the HfO, nucleation is confirmed by its

phonon mode around 660 cm™.
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Chapter 4: ALD of Al,0; and HfO, with Ozone

H,0 is most frequently used oxidant for ALD to deposit metal oxides [1]. However,
most ALD precursors are extremely sensitive to water, and H,O or hydroxyl group (-OH)
tends to be strongly physisorbed on surfaces or in ALD reactor. The trapped water/OH
may release during the metal precursor dosing and hence increase the growth rate making
the deposition more like CVD process. Thus, long purging time is needed to remove the
residue water/OH and hot-wall ALD is necessary to reduce adsorbed water.

Another issue of water based ALD is that the deposited metal oxide film contains
hydroxyl groups [2]. These hydroxyl groups make the film oxygen rich and may oxide
the interface during post-annealing treatment by forming interfacial SiO,, which greatly
minimizes the advantage of using high-k oxide [3]. In addition, the hydroxyl groups will
degrade the electrical property of high-k oxide film such as increasing the leakage current.
Therefore, ozone has been used as the oxidant for ALD growth to prevent those
drawbacks caused by water [4, 5, 6, 7, 8]. Studies have shown that ozone based ALD can
deposit high-x oxide film with improved electrical and structural properties including low
leakage current [9, 10, 11]. Particularly, ozone has several other advantages over water. It
is a strongly-reactive oxidizing agent with high volatility. The concentration and flow of
ozone can be easily controlled compared with water vapor. In addition, it is not sticky and
can be easily purged away. The decomposed product of ozone is oxygen which is
harmless. So it is becoming a promising alternative ALD oxidant. However, the carbon
contamination and complicated reaction mechanism are common issues for ozone.

Despite its importance, the mechanistic study of ozone based ALD is rare and the

mechanism is not well understood. So, this chapter will discuss the ozone based ALD
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compared with water based ALD. Both positive and negative parts of ozone based ALD

will be investigated by the examples of high-k metal oxides, Al,O3 (~8) and HfO,.

4.1 TMA gas phase and gas phase reaction

TMA (tri-methyl aluminum) is a simple and most well studied precursor for long
time [12, 13, 14, 15, 16]. Once it was a CVD precursor and now it is widely used for
ALD growth. It is very volatile and can be kept at room temperature since its vapor
pressure is high enough for ALD application without carrier gas.

Numerous studies [17, 18, 19] of TMA have shown that the monomeric TMA tends
to form dimer structure because it has only six electrons in its valence shell which is
electron-deficient. The more stable dimer structure with an eight electron configuration is
desired and therefore the dimer exists in most cases. It is known that TMA can dimerize
in the solid state, in solution (with solvents such as benzene and so on), and in the gas
phase. As shown by Fig 4.1, the chemical structure of monomeric TMA is presented on
the left and the TMA dimer is on the right, where the dimer structure is formed through

the bridging of CH3 group.

Fig 4.1 Structure of TMA monomer (left) and dimer (right) used for deposition of Al,O3

The existence of dimer structure in the TMA gas phase can be easily confirmed by

its IR spectrum, which is shown in Fig 4.2 (the spectrum on the top in red). The dimer
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and monomer can be identified by the band shift of -CH; due to -CHj3 bridging. For
example, the stretching modes of -CHj3 at 2800-3000 cm™ are split into the bridged -CH;
modes and terminal -CH; modes, along with many other bridged modes and terminal
modes. The detailed band assignments are shown in table 4.1. Note that in spite of some
debates for the assignments [20, 21, 22, 23, 24], there is no doubt that large extent of
TMA dimer exists inside the gas phase. The gas phase spectrum is identical to that in
other studies and trivial amount of CH4 is observed, implying little hydrolysis or
decomposition of TMA. Thus, it can be concluded that the TMA is quite pure before

further ALD reaction.
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Fig 4.2 The TMA gas phase spectrum and the spectrum after reaction with D,O. The
spectrum on the top in red shows the TMA gas phase (referenced to vacuum) and the
spectrum at the bottom in black is after D,O exposure (referenced to TMA). The
superscript ‘b’ denotes the ‘bridged’ and ‘t” denotes ‘terminal’. The TMA ligand features
disappear after D,0.

Using TMA and water to deposit Al,O3; has been extensively studied. But direct gas
phase reaction study is rare. Here, after introducing the gas phase TMA into the ALD

reactor and taking the spectrum, D,O is introduced in to study the reaction byproducts

and then the detailed reaction can be concluded. As in Fig 4.2, the spectrum at the bottom
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in black is the TMA precursor after D,O exposure and referenced to TMA. It can be seen
that all the TMA related bands such as Al-C and CHj; vibration modes show as negative
peaks implying the strong reaction between TMA and D,O. The reaction byproducts can
be directly detected from the spectra including CD4, and CHy, featured by the gas phase
peaks centered at ~2199 cm™ (stretching mode of CDy), 3017 cm™ (stretching mode of
CH,), and 1305 cm™ (deformation mode of CH,). CH4 comes from the H,O impurity
inside D,O and isotope exchange. Thus, the reaction between TMA and water can be

easily summarized as the following reaction:

2A1(CH3)3 + 3H20— A1203 + 6CH4

Table 4.1 The IR band assignment of TMA gas phase [20, 21, 22, 23, 24]

Assignments ~ Wavenumbers (cm™)

V(AI-C)° 477
vs(Al-C)' 567
p(CH;)" 607
Vas(Al-C)° 650
p(CH;)' 700
p(CH;)" 775
8(CH;)' 1208
8(CH3)" 1254
Val(CH3)" 2840
v{(CH3)' 2901
Vas(CH3)' 2941

"The superscript ‘b’ denotes the ‘bridged’ and t’ denotes ‘terminal’

However, ozone shows very different reaction than water and it is more complicated
due to ozone’s high reactivity with hydrocarbon species. Fig 4.3 shows the spectra of
TMA interaction with ozone, where the spectrum on the top in red shows the TMA gas
phase (referenced to vacuum) and the spectrum at the bottom in black is after ozone

exposure (referenced to TMA). Compared with the water case, CH is not the only
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byproduct after TMA reaction with ozone and only shows small amount in the spectrum.
It can also result from the residue water in the ALD reactor instead of ozone gas. A little
CO and CO; are observed and evidenced by their stretching bands at 2100-2300 cm™.
The loss of the Al-C stretching modes and shift of CHj stretching modes (2960 cm™ and
2856 cm™) and rocking mode (620 cm™) indicate the breaking of TMA molecule due to
the reaction. The peaks at 998 cm™, 1024 cm™, 1068 cm™ and 1109 cm™ are tentatively

assigned to C-C and C-O related modes [25].
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Fig 4.3 The TMA gas phase spectrum and the spectrum after reaction with ozone. The
spectrum on the top in red shows the TMA gas phase (referenced to vacuum) and the
spectrum at the bottom in black is after ozone exposure (referenced to TMA). The
subscript ‘b’ denotes the ‘bridged” and ‘t’ denotes ‘terminal’.

Some study has shown that the TMA and ozone reaction simply gives
Aly(CH3)6.,(OH), +(n/2)C,Hs (gas) [26]. Some other studies assumed the products as
AlO3 and H,O with CO; [27]. However, according to our experiment, the dominant IR
bands are not from CO, or H,O. The strongest peaks (1000-1200 cm™) are not

gas-phase-like peaks such as C,Hs. The real reaction is not as simple as assumed. Unlike

the water case, the CH3 bands are not removed, but shifted. Therefore, the likely reaction
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byproducts are Al-O-CH3, Al-O-C-O4H,, and CH3-OH besides the detectable CO, CO,
and CHg4, but H;O and C,H,4 cannot be excluded. Further study based on first principle
calculations and experiments is necessary to get a clear understanding of the gas phase
reaction between TMA and ozone. After the discussion of TMA gas phase, we will go on

to the TMA/ozone on surfaces.

4.2 Al,O; deposition on H/Si(111) using TMA/ozone

The surface interaction between H/Si(111) and TMA

CH; CH;
\N 7/
Al CH; CH;
\N 7/
CH; (0] Al H
] '. '. |
./SI\./SI\./SI\./SI\.
Si Si Si Si Si

Fig 4.4 The schematic of adsorbed species on the H/Si after TMA exposure. Three types
of spices are presented on the surface and can be confirmed from IR spectra.

Before further discussion of Al,O; deposition on H/Si, the interaction between
H/Si(111) and TMA is studied as the fundamental of following discussions. Previous
studies have shown that the TMA will attack the Si-H bond on the H/Si(111) by forming
Si-O-Al(CHj3)x, Si-Al(CHj3)x, and Si-CHj species [28, 29]. The formation of Si-O-Al is
due to the residue water partial hydrolyzing TMA to Al-(OH)x, which will compete with
intact TMA to be adsorbed on H/Si(111). The interaction is schematically described by
Fig 4.4.

It can be experimentally proved by in situ FTIR which shows the H/Si(111) exposed
to TMA at 300°C. Saturation pulse length is used for the TMA exposure. The IR spectrum

is in Fig 4.5 which is referenced to H/Si(111). In the spectra, the Si-CH; specie is
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confirmed by CHj rocking mode at 770 cm™ and deformation mode 1248 cm’, the
Si-O-Al(CHj3)y specie is confirmed by the broad peak at 984 cm™ which is Si-O mode
shifted by Al atom, and the Al-CHj; specie is confirmed by the CH3 deformation mode at
1217 e¢m™. The Al-CH; directly attaching Si via Si-Al bond cannot be observed in the
spectrum, because it is out of our detection ability. However, the band analysis of Al-CH3
deformation mode by previous study shows the existence of direct bond of Si-Al [28],
where the methyl deformation mode observed at 1217 cm™ with a shoulder at 1206 cm™
is a useful indicator of Si-Al bonding environment. According to our single unit cell
cluster DFT calculation, the -CH; umbrella deformation mode of Si-O-Al-CHj is ~6 ¢cm’
higher than that of Si-Al-CHjs. This suggests that AI-CH; of TMA is attached to Si atoms

either directly or through O atoms.
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Fig 4.5 IR absorption spectrum of H/Si(111) exposed by TMA at 300 °C which is
referenced to H/Si(111) at incident angle ~74°. The inset shows the initial H/Si(111)
(spectrum at the bottom in black ) and the surface after TMA exposure (spectrum on top
and in red) which are all referenced to SiO,.

The variation of Si-H at 2083 cm™ indicates the adsorption of TMA on H/Si(111) by
replacing Si-H. The coverage can be deduced by the loss of Si-H. As shown by the inset
of Fig 4.5 which is referenced to SiO; surface, the initial Si-H (bottom spectrum in black)

at 2083 cm” decreases and red shifts to 2050 cm™ due to decoupling of Si-H by the
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adsorbed TMA species after TMA exposure (top spectrum in red). The intensity loss of
Si-H suggests a ~75% surface coverage. From the intensity of CHj stretching modes, it
can be concluded that Si-CHj3 is the dominant specie on the surface and it substantially
blocks the reaction sites for TMA, resulting in the incubation period for further Al,O3

deposition.

Brief review of A,O; deposited by TMA and D0
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Fig 4.6 Differential FTIR absorption spectra of 10 cycles Al,O; on H/Si(111) at 300°C.
Each spectrum is referenced to the previous surface. The 1% TMA is referenced to H/Si
starting surface and the 10™ TMA is referenced to the 9™ cycle (9" D,0). The inset on the
right shows the scheme of ALD reaction.

Before going on to using TMA and ozone to deposit Al,Os, we first briefly review
the deposition by TMA and D,0O for comparison with ozone based ALD. For this purpose,
10 cycles Al,Os are deposited on H/Si(111) at 300°C with saturation pulse length for each
precursor dosing. Although it has already been studied [28], it is the basic of our later

discussions.
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Fig 4.6 shows the differential spectra of 10 cycles Al,O3, where each spectrum is
referenced to the previous surface and the bottom is referenced to H/Si(111). The 1*
TMA on H/Si has been discussed in detail in the previous section. The subsequent D,O
pulse removes the -CHj3 ligands on Al as expected, featured by the negative peak at 1217
cm’' (the deformation mode of Al-CH3) and putting -OD groups onto Al. The next TMA
pulse replaces the -OD groups and is attached to the Al via O-Al bond, evidenced by the
positive peak at 1217 cm™ (the deformation mode of Al-CHj). This process repeats and
AlLOs is deposited monolayer by monolayer. The reaction scheme is described in the
inset of Fig 4.6 on the right side. Note that the 10" cycle shows stronger intensity for
Al-CHj; variation at 1217 cm™ and for the broad -OD stretching band variation at 2760
cm’, as the ALD ligand exchange phenomena. It confirms the ALD scheme and indicates
the initial incubation period in the Al,O3 ALD growth.
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Fig 4.7 Absorption spectra of 10 cycles Al,O5; on H/Si(111) at 300°C. All spectra are
referenced to the H/Si(111) surface. SiOy, Al,O3, carbon impurity and trapped water are
observed in the spectra.

800

The spectra in Fig 4.7 are referenced to initial H/Si which are used to examine the
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chemical species in the film. The broad band centered at 906 cm™ keeps growing with
more cycles. It is assigned to the AI-O phonon mode, confirming the formation of
continuous Al,Os film with nearly complete Si-H loss. The shoulder appears at
1000-1200 cm™ is due to the interfacial Si-O, and the amount is minimal because no
individual TO/LO modes are observed. The -OD stretching band at 2760 cm™ indicates
the existence of trapped D,0O/OD substance inside the film. The -CH3; modes at 770 cm’!
(Si-CHj3 rocking), 1248 cm™ (Si-CHj; deformation), 1217 cm™ (Al-CH; deformation), and
2800-3000 cm” (CHj; stretching), suggest the detectable amount of hydrocarbon
impurities in the film.

With above knowledge, we will discuss ozone based ALD in the following sections.
First we will investigate the ozone ALD growth with excessive ozone pulse length, and
then the growth with shorter ozone pulse length will be discussed to show the

improvement in the film quality.

Al,Oj3 deposited by TMA and ozone(l)-long ozone pulse

The deposition with long ozone pulse length will be discussed first. The ALD of
TMA-+ozone on H/Si(111) is performed at 300°C for 20 cycles. Saturation pulse length
for TMA and excessive pulse length for ozone are used, where the ozone exposure
amount is 200sccm for 2s. The differentia spectra are shown in Fig 4.8. The H/Si surface
after first TMA dosing has been discussed in the previous section. The methyl
deformation mode of AI-CH; at 1217 cm’ and loss of Si-H at 2083 cm™ indicate
adsorbed TMA on the surface. The Si-CH; rocking mode (770 cm™) and deformation
mode (1248 cm™) are observed as well as the Al-O-Si band at 984 cm.

After the 1% ozone exposure, the surface is oxidized immediately shown by SiO,
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TO/LO modes at 1027 cm™ and 1154 ¢cm™, which are the features of continuous SiO»
layer. Its integrated area implies about 4 A SiO, which is close to 1 monolayer of SiO,.
We have exposed the H/Si(111) surface to the same amount of ozone only without TMA.
Identical integrated area of LO/TO modes of SiO; is obtained (~1 monolayer oxide). It
suggests that whether the Si surface is hydrogen-terminated or with adsorbed TMA and
-CHj; group, it is same vulnerable to ozone exposure. It is also supported by the variation
of Si-CHj rocking mode at 770 cm™ and the appearing of the band at 1270 cm™ which is
assigned to the methyl deformation mode due to Oy-Si-CHj, indicating the oxygen

insertion to the Si-Si back bond and the oxidation of the surface [30].
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Fig 4.8 Differential FTIR spectra of 20 cycles TMA and ozone deposition on H/Si(111) at
300°C. Each spectrum is referenced to that of the surface subjected to the previous
treatment. . The 1% TMA is referenced to H/Si starting surface and the 19" TMA is

referenced to the 18" cycle (18" Os). The inset is the detailed spectral feature at
2750-4000 cm™ to show the v(CHs) and v(OH)
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The further loss of Si-H confirms the attacking of ozone to the Si surface at later
cycles. This oxide phonon band is disrupted after each TMA pulse because of the
chemical bonding between the surface Si-O-Si matrix and TMA. The subsequent TMA
and ozone pulses show the periodic gain and loss of Al-CH; at 1217 cm™ and -CH;
stretches at 2800-3000 cm™', suggesting the ALD ligand exchange and the continuous
growth of AL,Os. That is, after TMA, the Al-CHj; is attached to the surface and after
ozone, the -CH3 is attacked. But the actual reaction mechanism is not so simple.

From the second cycle, several new bands have been observed accompanied by the
variation of Al-CH3 deformation mode. The weak band at 1470 cm™ is assigned to
Al-O-CHj3; methyl deformation mode indicating the insertion of oxygen into Al-C bond
after ozone exposure. More important, the bands at 1400 cm™ and 1610 cm™ are assigned
to the formate (OCHO") species on the surface [31, 32]. The 1600 cm™ band is the
asymmetric stretching mode while the 1400 cm™ band can be deconvoluted to three
bands at 1405, 1385 and 1360 cm’'. These bands are attributed to OCO deformation, CH
in-plane bending and OCO symmetric stretching modes of the formate species,
respectively [31]. At 300°C, the formate species can decompose to gas-phase CO or CO,,
producing OH groups on the surface [33]. These hydroxyl groups out of the formate
decomposition are most likely the origin of the -OH stretching band at 3750 cm™ after
each ozone pulse as shown by the inset of Fig 4.8.

To support our band assignments and rule out other possible surface species,
periodic and cluster based first principle calculations are carried out (done by Dr. Mathew
Halls). The calculations using the density functional theory (DFT) code DMol3 are
carried out [34], using all-electron calculations with the gradient corrected PBE [35]

functional along with a double numeric polarized basis set (DNP). The vibrational modes
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associated with O3 ALD surface structures are calculated using fully periodic Al,O;

surface models, as well as simple cluster models, for comparison with experimental data.
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Fig 4.9(a) Periodic model vibrational density of states (VDOS); and (b) cluster model IR
calculations of each surface structure done by DFT. The top differential spectra are the
same experimental data as in Fig 4.8. The presence of formate species is confirmed.

Periodic atomistic models are base on a 5-layer slab o the (001)-Al,Os surface.
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Calculations are carried out for the -Al(CH3),, -AI(OCHj3),, -AI(OH),, and -Al(OOCH)
species using 2x1 and 2x2 supercells, respectively, with a 20 A vacuum slab. A
Monkhorst-Pack k-point mesh with a spacing of 0.04 A" was used to sample the
Brillouin zone. For the cluster models, cluster stoichiometries of Al,O3;H,-(CHjs)s,
Al,O3H,-(OCHj3),, Al,O3H-(OH), and Al,O3-(OOCH), were used.

Fig 4.9(a) shows the calculated vibrational density of states from periodic Al,Os
surface models and Fig 4.9(b) shows the computed vibrational frequencies with
corresponding intensities from cluster adsorbate models, along with the experimental
spectra (top panel) for comparison. The shaded vertical areas represent characteristic
wavenumber regions are included to facilitate comparison between the experiment and
theory. The surface species considered in the calculations include methyl -Al(CHj3), (red
bar), methoxy -Al(OCHs), (yellow bar), formate -Al(OOCH) (gray bars) and hydroxyl
-Al(OH),. Comparison of the observed IR spectra with the computed spectra for both the
periodic (Fig 4.9(a)) and cluster models (Fig 4.9(b)) supports our assignments. The
predicted frequencies for the -Al(CH;), umbrella modes at 1211-1240 cm™ can be
compared with the observed frequency at 1217 cm™. The computed frequencies of
1473-1483 cm™ for the methoxy species correspond to the -Al(OCH3), deformation seen
in the IR at 1470 cm’™.

As shown in Figure 4.9, only the symmetric and asymmetric OCO stretching
vibrations are calculated to be at 1350 and 1622 cm™, respectively, in good agreement
with experimental values (1360 cm™ and 1610 cm™). In general, there are two different
formate-aluminum bidentate geometries: a chelating structure, in which each formate
binds to a single Al center, and a bridging structure, where a formate bridges between two

Al centers. The computed v,,(OCO) and v(OCO) modes are comparable for these two
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possibilities. However, the CH in-plane bending vibration for the chelating structure is
100 cm™ lower than for the bridging structure. The 8(CH) vibration is observed at 1385
cm” which corresponds to the calculated bridging formate mode at 1393 cm™. Thus, our
analysis conclusively shows that a major intermediate in the O3 ALD reaction pathway at
TMA derived A,O; interfaces is the bidentate bridging formate species.

Upon O3 exposure, possible initial surface reaction products include AI-OCH; and
AI-CH,OH species. Our calculations (done by Dr. Mathew Halls) show that methoxy is
the thermodynamically preferred product by 1.54 eV, in agreement with previous work by
Elliott [26]. Some previously proposed Os; ALD reaction mechanism was largely
motivated by the detection of a signal of mass 28 u upon Os exposure, interpreted to be
due to loss of C;Hy4 [36]. However, CO also has a mass of 28 u. Therefore, the reaction

mechanism for O3 ALD is much more complicated than might be assumed.
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Fig 4.10 Reaction scheme of formate formation after ozone, removal of formate after
TMA (top) and self decomposition of formate to AI-OH (bottom).

To simply, the reaction scheme of the formate is shown in Fig. 4.10, which shows
the formation of formate and the formate reacting with TMA along with the possible
formate decomposition to AI-OH. Most likely, after ozone exposure, the OCO formate is

formed following a intermediate stage of Al-O-CHj species [32], and then the two
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adjacent Al-O-CH3; is combined to form the formate structure with C,H,4 as the byproduct,
as described by Fig 4.11. It is very possible due to the observation of Al-O-CHj; in our

spectra and is energetically favorable according to our DFT calculation.
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Fig 4.11 A possible pathway to form formate after ozone exposure. Two adjacent
methoxy groups can be combined to form formate species.
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Fig 4.12 Absorption spectra of 20 cycles Al,05 at 300°C referenced to H/Si(111) taken at

IR incident angle of 74°, except the spectrum on the top which is taken at 20° to show the
angle dependence. Substantial interfacial SiO, are observed.

Finally, we referenced all the spectra to the initial starting H/Si (111) surface to
study the quality of Al,O; film. As in Fig 4.12, the four spectra at the bottom are take at

~74° (IR incident angle) and the spectrum on the top is taken at 20°. Strong SiO, TO/LO
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modes at 1040 cm™ and 1221 em™ indicate the substantial interfacial SiO, interfacial
layer. According to the LO position, the thickness of SiO, can be estimated as ~8 A [37].
The mode at 951 cm™ is attributed to the AL,O3; phonon mode implying the formation of
continuous film. The spectrum at 20° doesn’t show this mode meaning it is an Al-O LO
mode. Small amount of residue carbon impurities are observed inside the film due to the

formate and methyl species at 1300-1600 cm™.

Al,Oj3 deposited by TMA and ozone(Il)-short ozone pulse

Due to strong oxidation from ozone and the negative effects of interfacial SiO,, the
method to minimize SiO; is desired. It incents us to use shorter ozone pulse to reduce the
interfacial silicon oxide while keep enough amount of ozone to have saturation growth.
So, we deposit 20 cycles Al,O; by the same saturation pulse length of TMA as the
previous experiment, but with shorter ozone pulse length (100 sccm for 1s) now. The
result is shown in Fig. 4.13.

As shown by Fig 4. 13(a), the 1* TMA shows the same features as our previous
discussion. The observed methyl deformation mode of AI-CH; at 1217 cm™! and loss of
Si-H at 2083 cm™ indicate adsorbed TMA on the surface. Other modes are observed as
well including unwanted Si-CHj3 rocking mode (770 cm™) and deformation mode (1248
cm™), and Al-O-Si band at 984 cm™. The subsequent TMA and ozone pulses show the
periodic gain and loss of AI-CH; at 1217 cm™ suggesting the ALD ligand exchange and
the continuous growth of Al,Os. This disrupted band at 800-1000 cm’! after each TMA or
ozone pulse is because of the chemical bonding between the surface and TMA or ozone
to form Al,Os.

However, much different from the long ozone pulse case, after the 1% ozone

exposure, no separated SiO, TO/LO modes are observed. Only a broad band at 800-1200
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cm’ appears resulting from the interfacial Al-O-Si. The SiO, amount is much less than
that of the long ozone pulse case (1 monolayer). No observation of 1270 cm™ due to
O,-Si-CH; or variation of Si-CH; rocking modes at 770 cm™, indicating little oxygen
insertion to the Si-Si back bond. It is also confirmed by no further loss of Si-H after the
ozone exposure. The negative Si-H band after the 2°* TMA dosing is the result that the
previous ozone pulse removes the -CHj3 ligands (Al-CHj3) and recovers the reaction sites
(Si-H) which were blocked by the -CHj; ligands. These strongly suggest that the ozone
pulse only removes the methyl ligands from the adsorbed TMA and keeps the Si surface

intact.
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Fig 4.13 Differential FTIR spectra of (a) 20 cycles TMA and ozone deposition on
H/Si(111) at 300°C with reduced ozone. Each spectrum is referenced to that of the surface
subjected to the previous treatment. . The 1* TMA is referenced to H/Si and the 20™ TMA

is referenced to the 19™ cycle (19™ Os); and (b) the same differential spectra of the 3™
cycle but showing the region of 3500-4000 cm™
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Fig 4.14 A possible pathway to form Al-OH after ozone exposure with alcohol species on
the surface. This reaction pathway is not energetically favorable.

More important, no observable formate features around 1400 cm™ and 1610 cm™ in
the spectra, indicate a different reaction pathway for the short ozone pulse case. The weak
-OH stretch variation at 3742 cm™ shown in Fig 4. 13(b) may suggest the formation of
Al-OH specie after each ozone exposure and the Al-OH reacts with TMA to form
Al-O-Al after the TMA exposure. It has been proposed that two pathways are possible for
the Al,O; deposition based on ozone [27, 38]. The first pathway is through the breaking
of Al-C bond of adsorbed TMA on the surface to form Al-O-CHj species leading to the
formate species as we discussed in the long ozone pulse case. The other pathway is
through the oxygen insertion to AIC-H bond to form AICH,-OH species which will
further react to form Al-OH so that the subsequent ALD growth could continue. The latter
reaction scheme is shown in Fig 4.14. However, this scheme is not energetically favored
according to the DFT calculations done by Elliott [26]. The activation barrier for
AICH,-OH is much higher than that of Al,(CH3)s.,(OH), or Al-O-CHj3 species. Thus the
production of Aly(CH3)s.,(OH),+(n/2)C,;Hy after the ozone exposure is likely and
energetically favorable [26]. However, the pathway initiated with Al-O-CHj; cannot be
excluded due to its comparable low activation energy. As the result of the small ozone
amount, AI-O-CH3; is more isolated on the surface and cannot form formate species with
adjacent methoxy groups. Then it may decompose to Al-OH or Al,O; [39, 40] and

thereby the subsequent TMA can react with this surface. Conclusively, the reaction



pathway depends on the ozone amount.
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Fig 4.15 Absorption spectra of 20 cycles Al,O5 at 300°C with reduced ozone referenced
to H/Si(111) taken at IR incident angle of 74°, except the spectrum on the top which is

taken at 20° to show the angle dependence. The inset compares the deposition of 10

cycles Al,O3 by TMA and D,O and 20 cycles Al,Os (top in black) by TMA and ozone

(bottom in red).

Then all spectra are referenced to the starting H/Si to shown the film contents, as in

Fig 4.15. The strong and sharp mode centered at 931cm™ shows the formation of

continuous Al,Os3 and is assigned to the Al,O; LO mode according to the spectrum taken

at 20°. Only a shoulder appears around 1060 cm™ which is attributed to the interfacial

Si-O, and it does not change after 5 cycles, implying it is mainly due to the interfacial

Si-O-Al bond. No SiO; LO mode is observed up to 20 cycles. The Si-CHj; survives after

20 cycles and is only partially changed to O,-Si-CH; at 1270cm™. These evidences
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confirm that Si-O amount is minimal. The featureless spectra in 1300-2100 cm™ shows
no detectable formate species inside the film consisting with our assumption of a different
reaction pathway.

By comparing the spectrum with that of 10 cycles Al,O3; deposited by TMA and D,0,
as the inset of Fig 4.15, the Al-O and interfacial Si-O modes show similar intensity and
shape. According to the intensity of Al-O phonon mode, the growth rate of the ozone
based Al,Oj; is about 1/2 of the water based case, which is in agreement with our ozone
based HfO, deposition [41] and some studies have shown that the growth rate depends on
the amount of ozone [42]. The film has similar quality for both water and ozone ALD but

definitely ozone ALD has no trapped water inside the film.

4.3 HfO, deposition using TEMAH/ozone

Since HfO, has higher dielectric constant than Al,Os; and is being used in the
industrial, it is necessary to study its deposition based on ozone for future applications. In

the following section we will show the deposition HfO, on H/Si(100) and SiN.

HfO, deposited on H/Si(100) by TEMAH/ozone

20 cycles HfO, are deposited on H/Si(100) by TEMAH and ozone at 100°C, and for
each precursor, saturation exposure time is used. The differential spectra are shown in Fig
4.16. After the first TEMAH dosing, the precursor is chemically adsorbed onto the
surface, evidenced by the loss of Si-H stretching modes at 2000-2200 cm™, the loss of
dihydride scissor mode at ~912 ¢cm™ and the appearance of ligand-related modes
including the bands ~1300-1600 cm™ and CHy stretching modes at 2800-3000 cm™.

Through the intensity of v(Si-H), it can be concluded that ~17% H is replaced by
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TEMAH for the 1* TEMAH dosing. The low H loss is partly due to the bulky ligand
which blocks the reaction sites. The formation of Hf-O-Si band centered at 940 c¢cm’

suggests the precursor is partially hydrolyzed by the residue water as expected [43].
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Fig 4.16 Differential FTIR spectra of 20 cycles TEMAH and ozone deposition on
H/Si(100) at 100°C. Each spectrum is referenced to that of the surface subjected to the
previous treatment. The 1* TEMAH is referenced to H/Si (IR incident angle ~ 74°).

A |

After the 1% ozone exposure, the Si-O TO/LO modes at 1025 cm™ and 1175 cm™
imply the forming of continuous SiO, and the thickness is about 6-7 A according to the
integrated area. Upon the ozone dosing, the further loss of v(Si-H) as well as the
formation of O,-Si-H at 2260 ¢cm™ consolidates the surface oxidation. The new modes
appear at 1500-1750 cm™ (at 1585, 1614, 1659, and 1710 cm™) are possibly attributed to

the carbonyl/nitro derivatives such as C=0, -NO,, N=O stretching and -NH bending
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modes due to the ligand oxidation by ozone [4]. The band at ~1270 cm™ is tentatively
assigned to C-O-H stretching mode [25]. Some studies do have shown that
TEMAH/ozone reaction byproducts possibly include CO,, H,O, CH,0, and NO,/NO by
RGA [4]. The reaction is quite complicate and the detailed mechanism is not clear yet.
The variation in the SiO, range (900-1200 cm™) for subsequent TEMAH/ozone pulses is
due to the disruption of SiO, by the precursors.

The periodic gain and loss for the CH, stretching modes at 2800-3000 cm™ and the
carbonyl/nitro derivatives’ modes at 1500-1750 cm™ as well as v(COH) at 1270 cm™,
indicate the ALD ligand exchange and layer by layer deposition. In addition, the 2™
TEMAH dosing consumes the O,-Si-H (the loss at 2260 cm™) as the result that the ligand
of TEMAH on the surface is partially removed by the previous ozone dosing so that some

reaction sites under it are restored to react with TEMAH.
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Fig 4.17 Absorption spectra of 20 cycles HfO; on and referenced to H/Si(100) at 100°C
(IR incident angle ~ 74°). Substantial SiO, and carbon impurities are observed.
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Then we reference all the spectra to H/Si(100) as Fig 4. 17. The very broad Hf-O
band 1s observed at 700-900 cm'l, showing the growth of HfO,. The SiO, increases with
more cycles and is estimated to be ~1.5 nm for 20 cycles. The COH (1270 cm™),
carbonyl/nitro derivatives (at 1585, 1614, 1659, and 1710 cm™) and CH, (2800-3000
cm™) modes keep increasing with more ALD cycles, indicating the accumulation of
impurities inside the film. Our study shows that these contaminants can be partially
removed after the post-deposition annealing at a moderate temperature (~ 400°C) in N,
without further substantial oxidation. However, higher temperature annealing results in

much more oxide.

HfO; deposited on SiN, by TEMAH/ozone

We have demonstrated that significant amount of SiO, forms for the ozone based
deposition of HfO, on H/Si. Since SiNy is a good barrier to prevent oxidation and has
higher dielectric constant than SiO,, it motivates us to deposit HfO, on nitrided silicon.

Starting from H/Si(100) surface, we thermally anneal the surface in NH; at 600°C
for 2min. The thickness of the nitride is about 6A. Then 20 cycles HfO, are deposited on
it at 100°C by TEMAH and ozone with saturation pulse length for each precursor. The
differential spectra of HfO, on SiNy are shown in Fig 4. 18. The inset of Fig 4.18 shows
the SiNy which is referenced to the H/Si(100) surface. The observed SiNy TO/LO modes
(800-1200 cm™) and the complete loss of Si-H stretching modes (2000-2200 cm™)
indicate the surface is covered by continuous SiNj layer. The mode at 1545 cm™ is the
-NH, scissor mode on nitride. The negative peak at 912 cm™ is due to the dihydride
scissor mode.

After the first TEMAH dosing, the precursor is chemically adsorbed onto the surface,
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featured by the loss of NH, scissor mode at 1545 cm™, and the observation of
ligand-related modes including the bands at ~1300-1600 cm™ and CHy stretching modes
at 2800-3000 cm™. The band centered at 1020 cm™ is assigned to Hf-O-SiN, due the
partially hydrolyzed TEMAH. Upon the 1% ozone exposure, Si-O mode is observed at
1108 cm™ indicating the oxidation of SiN,, and the thickness is less than 1 A according to
the integrated area. No separate SiO, TO/LO modes are observed. The SiO, amount is

much less than that on the H/Si case, so SiNy successfully minimizes the interfacial SiOs.
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Fig 4.18 Differential FTIR spectra of 20 cycles TEMAH and ozone deposition on SiNy at
100°C. Each spectrum is referenced to that of the surface subjected to the previous
treatment. The 1¥ TEMAH is referenced to SiN, (IR incident angle ~ 74°). The inset is
the spectrum of SiNy which is referenced to the H/Si(100) surface.

On the other hand, the same bands are observed in Fig 4.18 showing the ligand
oxidation by ozone, including the band at 1270 cm™ assigned to v(COH), and the modes

appearing at 1500 cm™-1750 cm™ (1585, 1614, 1659, and 1710 cm™) which are possibly

attributed to the carbonyl/nitro derivatives. Again, the variation in the Si-O range
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(900-1200 cm™) for subsequent TEMAH/ozone is due to the disruption of SiO, by
precursors. The ALD ligand exchange is confirmed by the periodic gain and loss of the
CH, stretching modes at 2800-3000 cm™ and the carbonyl/nitro derivatives’ modes at
1500-1750 cm™ as well as v(COH) at 1270 cm™, indicating and the layer by layer ALD

growth.
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Fig 4.19 Absorption spectra of 20 cycles HfO, on SiNy and referenced to SiN,(100) at
100°C (IR incident angle ~ 74°). Less interfacial SiO, and same carbon impurities are
observed in the spectra.

1 cycle

Similarly, we present all the spectra using SiNy as the reference to show the species
accumulated inside the film. The spectra are exhibited in Fig 4.19. With the increasing of
cycle number, Hf-O phonon mode is observed at ~680 cm™, indicating the formation of
continuous HfO,. Our angle dependent IR measurement shows that it is more like Hf-O
LO mode. Our RBS measurement determines the growth rate of ozone base HfO,
deposition as ~0.49 A which is lower than that of water based deposition (~1.24 A).

The interfacial Si-O modes are observed at 1020 cm™ and 1120 cm™ and may partly
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correspond to the Si oxynitride either. The integrated area shows that the thickness of this
interfacial layer is only ~3-4 A for 20 cycles which is close to 1 monolayer. It stops
growing after 10 cycles indicating it is only an interfacial layer. The v(COH) at 1270 cm™,
and the carbonyl/nitro derivatives at 1400-1750 cm™ as well as the CHj stretching modes
at 2800-3000 cm™, accumulate in the film due to the insufficient ligand removal by

ozone.
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Fig 4.20 Absorption spectra show the annealing of 20 cycles HfO, on SiNy referenced to

SiNy. The bottom spectrum is the as-deposit HfO, film. (IR incident angle ~ 74°). The
carbon impurities can be removed but with increased interfacial SiO,.

Post-annealing of the 20 cycles as-deposited HfO, film in N; (~0.4 torr) for 2min is
performed. The results are shown in Fig 4.20 and referenced to SiNy surface. The bottom
spectrum shows the as-deposited film. At 400°C, the carbonyl/nitro derivatives are

partially decomposed evidenced by the decreased intensity of the COH mode at 1270
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cm” and the carbonyl/nitro derivatives at (1400-1750 cm™), and by the partial loss of
CHy stretching modes at 2800-3000 cm. However, the bands at 1593 cm’! and 1646 cm’
survive even after 700°C annealing, implying some impurities are strongly bonded in the
HfO,. The increasing of Si-O TO/LO modes with the raised temperature is expected
because of the environmental oxygen contamination and the oxygen from the
decomposition of carbonyl/nitro derivatives. The blue shift of SiO, LO mode (1177 cm™)
results from the increased SiO, amount, but it is still much lower than the typical value
(>1200 cm™). It may indicate that it is not pure SiO,.

Interestingly, a new unexpected mode appears at 2217 cm™ at 400°C and decreases
upon 600°C annealing. It cannot be attributed to the Si-H stretching mode because our
experiments have shown that Si-H nearly completely decomposes at 600°C. The likely
assignment is v(C=N) resulting from the rich N content due to the SiNy layer. The carbon
and nitrogen may rearrange and combine to form nitrile groups at ~400°C because of the
oxygen consumption by SiNy oxidation and the decomposition of the ligand-related

impurities.

4.4 Summary

In this chapter, the ozone based ALD of Al,O; and HfO, are investigated for the
future application which can eliminate the trapped water/OH inside the film compared
with water based deposition. However, more complicated reaction mechanism of ozone
based ALD is found and substantial carbon impurities are incorporated during the
deposition, which may affect the final film quality.

For the ozone based Al,Os by TMA/ozone, the gas phase of TMA is first examined

by in situ FTIR. The TMA in the ALD reactor shows little impurity due to hydrolysis and
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is in large extent of dimer structure. Then D,O is introduced to the reactor to study the
gas phase reaction between TMA and D,O. This reaction is straightforward and CH4, CDg4
are observed as the only byproducts. When ozone is introduced into the TMA gas, the
reaction i1s much more complicated. Unexpectedly, C,Hy4 is not the only byproduct and
the oxidation of the methyl terminal group/Al-O-CH; may prevail which needs further
study.

Al,O3 deposition with long and short ozone pulse length is studied on H/Si(111) at
300°C. In the long pulse case, the cleavage of Al-C bond to form formate is observed by
two unexpected modes at 1400 cm™ and 1600 cm™. With the aid of DFT calculation, the
assignments of the new modes are confirmed. Substantial SiO, interfacial layer is
observed in this case. As for the short ozone pulse case, little interfacial Si-O is observed.
The carbon impurities are trivial as well, indicating an improved film quality which is
comparable to water based deposition. The growth rate is about 1/2 of that of water based
deposition. In addition, no observation of formate species for the short ozone pulse case
suggests a different reaction pathway. Thus, the reaction pathway depends on the ozone
amount.

The ozone based HfO, ALD 1is performed on both H/Si (100) and
600°C-thermal-NHj3 nitrided H/Si(100) surface at 100°C. On H/Si(100) surface, ozone
substantially oxidizes the surface. Carbonyl and nitro derivatives are observed as the
impurities inside the film, which come from the strong oxidation of ligands by ozone.
Then we deposit HfO, on SiN, surface by ozone based ALD. The thin nitride (~6A)
successfully minimizes the formation of interfacial Si0,. However, the film still contains
substantial carbonyl and nitro derivatives. The post-annealing experiment shows that a

moderate temperature annealing at ~400°C can partially eliminate those impurities with
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slightly increase of SiO, interfacial layer. Some impurities survive even after 700°C
annealing. More interesting, an unexpected peak at 2217 cm™, which is possibly due to
the formation of nitrile (-C=N), is observed after 400°C annealing, indicating the
reorganizing of the film contents. All suggest that the ozone based ALD is a much more

complex system.
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Chapter 5: La,O; and La,Al,O Growth on H/Si by ALD

Lanthanum oxide (La,Os3) is widely used in industry and laboratory. It has been used
to make optical glasses to improve the refractive index and chemical durability [1, 2, 3].
It can also be used to develop ferroelectric materials [4, 5]. Since La;Os has the largest
band gap among the rare earth oxides (~4.3 eV) with the lowest lattice energy, very high
dielectric constant (~ 27) and good thermal stability on Si [6, 7, 8], it is also a candidate
to replace SiO; as an insulator material [6, 9, 10]. La,Os films can be obtained by many
different methods, such as chemical vapor deposition, thermal oxidation, sputtering, and
soon[1,2,3,11,12,13].

Due to its great advantages equivalent to or over other methods such as uniformity
and high quality, ALD is being used to deposit La,O; as well. In the following part of this
chapter, we will study the ALD of La,O; film by using a brand new precursor [14],
lanthanum tris (N,N’- diisopropylacetamidinate) [La(iPr-MeAMD)g] and heavy water
(D20). The precursor ALD temperature window, reaction mechanism and film quality
will be investigated. The deposition of lanthanum aluminate film on H/Si will be studied

also.

5.1 Lanthanum precursor gas phase
La('Pr-MeAMD); precursor has high volatility (80°C/0.04 torr) among most of

known lanthanum precursors [15], and has been successfully demonstrated for ALD [16].
The chemical structure of La('Pr-MeAMD); precursor is shown in Fig. 5.1 with its
ball-stick three dimensional view. It is thermally stable enough and the metal-N bond has
low bond strength compared with metal-CI and metal-O bonds to make it highly reactive

with water [14, 17]. On the other hand, the metal-N bond causes fewer impurities than the
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metal-C bond during the deposition. Thus, it is a suitable precursor for ALD. To have as
high as possible vapor pressure for ALD, the precursor is kept at ~130°C for all
experiments. Purified N, (oxygen impurity <10 ppm) is used as the carrying gas to

deliver more precursor to the ALD reactor.

Fig 5.1 Chemical structure of La('Pr-MeAMD); precursor and its ball-stick three
dimensional view used to deposite La;Os
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Fig 5.2 FTIR absorption spectrum of gas phase La('Pr-MeAMD)s (top in black)
referenced to vacuum and the spectrum after exposed to D,O (bottom in red) referenced
to the La precursor showing the gas phase reaction.

Before the ALD of La,0s, the precursor gas phase is first examined to know the
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status of the precursor in our chamber before its reaction with the surface, which is
crucial for any ALD application. The spectrum on the top (in black) of Fig 5.2 shows the
IR absorption spectrum of the La precursor gas phase in our ALD reactor which is
reference to vacuum. As in Fig 5.2, all the features associated with the organic -NCN-
ligand of the La precursor is observed such as the hydrocarbon bending/stretching modes

and the -NCN- stretching mode as well as the C-C stretching mode.

Table 5.1 Calculated PBE/DNP wavenumbers and mode assignments corresponding to
the observed infrared (IR) bands based on calculations for the intact La precursor (Lals)
and the free ligand HL/DL (H-Ligand/D-Ligand).

Observed IR (cm™)  Calculated® (cm™) Species Assignment

3456/2564 3464/2534 HL/DL  NH(ND) str
2968 3110 (3033) HL(LaL;) CHj asym str
2942 2950 Lal; CHj; sym str
2874 2970 (2876) HL(LalL;) CH str

1665/1659 1636/1625 HL/DL  C=Nstr
1492 1517 Lals NCN str + CHj scissor def
1450 1473 Lals NCN str + CHj scissor def
1381 1377 HL(LalL;) CHj; umbrella + CH bend
1317 1355 Lal; CH wag
1265 1304 Lals CH bend
1188 1185 (1193) HL(LaL;) CN str + CHjrock
1126 1159 Lal; CH; rock + NCN str
1022 1047 Lals CH; rock + NCN bend
786 774 Lal3 CC str

* PBE/DNP calculated harmonic frequencies. (str-stretching, def-deformation)

The detailed assignments of those key modes are listed in table 5.1. First-principle
calculations based on density functional theory (DFT) are carried out to aid in the
interpretation of IR features of the intact La precursor with three amidinate ligands (LaL;)
and of an isolated amidine (a hydrogenated ligand, HL), where L represents a ligand

(done by Dr. Mathew Halls). Calculations are carried out using the gradient-corrected
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PBE functional [18] as implemented in the DMol3 package [19]. A numerical atomic
basis set of double-( quality, augmented with additional polarization functions (DNP)
with a real-space cutoff of 5.8 A is employed. For La the core electrons are represented
with an effective relativistic semi-core pseudopotential (PSPP) along with the DNP basis
for valence electrons [20]. The convergence criteria for structural optimizations are
1.0x107 au and 1.0x107 au/A for energy and gradient, respectively

Note that in the IR spectrum of the La precursor gas phase, the strong mode at 1665
cm” and the weak mode at 3456 cm™ are assigned to v(C=N) and v(N-H) in the
hydrogenated ligand H-Ligand, respectively. However, they are not part of the intact
precursor. When the chelated ligand of the precursor is intact, the m-electrons within the
bond of the N-C-N linkage are delocalized, leading to a mode at 1492 cm™. When the
precursor is hydrolyzed to form the localized C=N in the HN-C=N bond, the band at
1492 cm™ will be shifted to 1665 cm™ (calc. 1636 cm™) with the stretching mode of N-H
at 3456 cm™'. In addition, our real-time mass spectroscopy of the ALD reactor confirms
that a gas phase molecule with atomic mass 142 is observed, which corresponds to the
HL species. Since HL is non-reactive, it remains in the gas phase and is preferentially
detected by mass spectroscopy. It also does not affect film growth during the ALD
process which we will show later.

To further prove this process and study the preliminary of ALD reaction mechanism,
D0 is introduced into the chamber with La precursor to investigate the gas phase
reaction. In Fig 5.2, the spectrum at the bottom (in red) shows the spectral changes
(referenced to La precursor) occurring after the lanthanum precursor is exposed to water
(D,0). Most of the methyl-related bands of the La('Pr-MeAMD); precursor lose their

intensity, and some new bands are observed between 1300 and 1430 cm’! after the D,O
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exposure. The N-H stretching at 3456 cm™ is shifted to 2564 cm” due to isotope
replacement (N-D), predicted by DFT at 3464 cm™ and 2534 cm™, respectively. The
isotope effect is also evident for the C=N stretching of N-C=N from HL to DL as the
band shifts from 1665 cm™ to 1659 cm™. Calculations show a corresponding redshift of
~11 cm™ due to the H/D exchange. These suggest the precursor reacts with DO so that
the -NCN- ligand bonded to the precursor is detached to form the free ligand as DL
molecule containing N-D and C=N bonds.

Thus it can be concluded that the precursor is partially hydrolyzed in the chamber
before reacting with the surface. This precursor is very sensitive to the water as expected.
In the following part of this chapter, we will study the precursor behavior on hydrogen

terminated Si(111) surface.

5.2 ALD of La,0; on H/Si(111) surface

To investigate the interaction of the precursor with the surface, H/Si(111) is used to
deposit La,Os3 by La(iPr-MeAMD)g and D,0. Saturation pulse length is used for each
precursor dosing and the IR incident angle is ~74°. Two deposition temperatures are used

to study the temperature dependence including 200°C and 300°C.

Deposition at 200°C

The deposition of 20 cycles La,O3 on H/Si(111) at 200°C is studied first. Fig 5.3
shows the spectrum of 1% La precursor exposed to H/Si(111). The decrease of Si-H
stretch intensity at 2083 cm™ indicates that the La('Pr-MeAMD); precursor readily reacts
with the atomically flat H/Si(111) surface. The first La(iPr-MeAMD)g pulse consumes

about 40% of surface hydrogen, and more than 80 % of surface H by the end of the 5™



90

cycle, as presented in Fig 5.4(a) which shows the loss of Si-H for the first 3 cycles
deposition (all spectra are referenced to the oxide). Most of this reaction results from the
La precursor attacking rather than D,0O. Rutherford backscattering (RBS) measurements
show ~3x10" cm™ La atoms are on the surface after the first ALD cycle, corresponding
to ~40 % of H density on H/Si(111) (7.8x10' c¢cm™). This indicates a one-to-one
interaction. That is, after the precursor dosing, each La atom is boned to one Si by
replacing the Si-H. Ideally, the reaction should follow this mechanism:

LsLa+Si-H —~ L,La-Si+HL,

 La-O-Si  La precursor on H/Si(111) v(Si-H) I
- 4x10°

Ligand related

Absorbance (a. u.)

900 1200 1500 1800 2100 3000

Wavenumbers (cm™)

Fig 5.3 FTIR absorption spectrum of 1st La('Pr-MeAMD); on and referenced to H/Si(111)
at 200°C. The La-O-Si species and ligand related features are observed at 928 cm™,
1400-1600 cm™ and 2800-3000 cm™. Hydrogenated ligand is not reactive.

However, the mode at 928 cm™ which is due to the bond of La-O-Si results from the
partially hydrolyzed precursor as we have discussed for precursor gas phase [21]. It
suggests the coexistence of both La-Si and La-O-Si. Since the Si-La stretching band is
below our accessible spectrum range, it is impossible to determine how much of the

reaction with the surface is due to the partially hydrolyzed precursor. No observation of
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the C=N mode at 1665 cm™ confirms that the free ligand (HL) is volatile and will not
affect our ALD deposition. The broad band around 1300-1600 cm™ is attributed to the
surface amidinate ligand, and the band at 2800-3000 cm™ is due to V(CH,). Fig 5.4(b)
shows the differential spectra of the first 3 cycles La(iPr-MeAMD)3 and D,0 in order to
present the change after each treatment. The periodic intensity gain and loss of the CHy
stretching modes at 2800-3000 cm™ is due to the ALD ligand exchange. After each La
precursor dosing the ligand is added on the surface and after each D,O exposure, the
ligand is hydrolyzed. The enhanced intensity for later cycles may indicate a short

incubation period.

3rd Dzo

3rd La
2nd DZO

MJ\AM 2nd La

AP 15t D,0

v(Si-H) w'“'dw\ g 1st La

| 2050 2100 25002700 2900 3100
Wavenumbers (cm™) Wavenumbers (cm™)

Absorbance (a. u.)
Absorbance (a. u.)

Fig 5.4 (a) Absorption spectra of first 3 cycles La('Pr-MeAMD);+D,0 on H/Si(111)
referenced to oxide; (b) Difference spectra of first 3 cycles La('Pr-MeAMD);+D,0 on
H/Si(111), where each spectrum is referenced to the previous spectrum and the 1% La is
referenced to H/Si(111).

For the subsequent cycles, we reference the spectra to H/Si(111) surface to show the
evolution of La,Os film. The spectra are presented in Fig 5.5. With more ALD cycles, the

La,O3 phonon modes are observed at 450-540 cm™ [3, 13]. The broad bands at 800-1200



92

cm’ are assigned to the Si-O stretching modes of lanthanum silicate [22]. The spectral
results of normal incidence (electric field parallel to the interface) indicate that the modes
at 985 and 1170 cm™ are LO modes which are polarized perpendicular to the surface. All
suggests the formation of a thin lanthanum silicate in addition to the Si-O-La interfacial

layer during the ALD of La,0;.

La-O La-silicate — Carbonate
800-1200 cm™ 1300-1600 I5X1 0

Absorbance (a. u.)

J 1" D,O

!
M g

Carbonate ' 1* La

500 600 1000 1500 2000 2500 3000

Wavenumbers (cm™)

Fig 5.5 FTIR absorption spectra of 20 cycles of La precursor and D,O on H/Si(111) at
200°C. All spectra are referenced to H/Si(111). Substantial carbonated impurities,
interfacial SiO, and trapped water are observed.

Besides, carbonate and D,0O are detected in the films evidenced by the broad bands
at 1300-1600 cm™ and 2400-2700 cm™, respectively. The doublet centered at 1460 cm™,

1415 cm™ together with the band at 860 cm™ are due to carbonate species [23]. It is
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known that La,0O; can react with ambient CO,, resulting in carbonate species [2, 12, 24,
25, 26, 27, 28]. However, since all our ALD process is performed in situ in vacuum
chamber with N», the observed carbonate present in the film must originate from intrinsic
surface reactions. It is likely that lanthanum carbonate is produced through the thermal
decomposition of lanthanum acetate. There is in fact possible evidence of some acetate
species present on the surface, characterized by the broad bands at 600-700 cm™ and
2800-3000 cm™ [29]. The areas under these bands (and the bands between 1300 and 1600
cm™) grow almost linearly with the number of ALD cycles.

As in Fig 5.6(a), the differential spectra for each half-cycle clearly shows that the
intensity of these vibrational modes increases after D,O pulses rather than after
La('Pr-MeAMD); pulses. It suggests that these carbonate bands arise from reactions
between D,O and the remaining amidinate ligand. The possible reaction scheme is

described by the following two steps:

/LNA\NJ\ %‘/LN/LO' ' }NDZ

2)

/L + >—ND
o o 2

D,O

Some of the resulting acetate ions are likely to remain in the film as impurities because
the lanthanum acetate bond is roughly as strong as a lanthanum-hydroxyl bond. Thus
there is little thermodynamic driving force to hydrolyze the acetate ions to acetic acid,
which would vaporize off the surface. And then part of lanthanum acetate is thermally

decomposed into lanthanum carbonate as the observed strong doublet centered at 1460



cm™ and 1415 cm™ as well as the band at 860 cm’™.

After the deposition, in situ post-deposition annealing in N, for 5 min from
400-800°C is performed. The spectral results are shown in Fig 5.6(b) where the spectra
are referenced to H/Si and the bottom spectrum is the 20 cycles La,O; as-deposit film. At
500°C, the carbonate species are almost completely removed as evidenced by the loss of
carbonate broad bands at 1300-1600cm™. However, the resulted excessive oxygen from
the decomposition of carbonate species and trapped D,0 in La,O3 cause the oxidation [30]

of Si interface featured by the broad peaks at 900-1200 cm™ (TO/LO modes of SiO,

[31)).
Carbonate
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=
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Fig 5.6 (a) Differential spectra of 19™ cycle and 20™ cycle La,O5 deposition in the
carbonate range; (b) the absorption spectra showing the post annealing of 20 cycles
La,Os in N, which are reference to the H/Si(111). The spectra shows ALD ligand

exchange and removal of carbonate species.

Deposition at 300°C
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The above experiments show that at 200°C the deposited film contains substantial
amount of impurities including acetate/carbonate and D,0O. These impurities can be
substantially reduced by thermal annealing at a moderate temperature (< 400°C) without
much increasing the interfacial SiO, layer. So a higher deposition temperature, 300°C is
used to deposit La,0; with the same condition as 200°C. The results are presented in Fig
5.7.

As in Fig 5.7, at 300°C, the intensities of bands at 1300-1600 cm™ and 2800-3000
cm’ for acetate/carbonate, and at 2400-2700 cm™ for D,O are suppressed substantially.
According to the drastic loss of Si-H stretching mode at 2083 cm™', Si-H reacts with surface
hydrogen very strongly at 300 °C, where almost all Si-H bonds are consumed in 5 ALD
cycles. And with more ALD cycles, the observed La,O3; phonon modes at 450-540 cm™
confirm the formation of La,0O; layer. Although the amount of interfacial SiO; is increased
compared to the deposition at 200°C (~ 100% increase), the total amount of that interfacial
layer is estimated to be ~ 3 A according to the integrated area of SiO,. These observations
suggest that 300°C is a better deposition temperature for LayO3 growth.

Note that in Fig 5.7 there are two new features at 1990 and 2110 cm™ observed
during the deposition at 300°C. As in Fig 5.8 (differential spectra of the first 3 cycles),
their intensities are increased after each La precursor pulse, and then dramatically
reduced after each D,O pulse. Although the frequencies of these two bands are within the
range of Si-H stretching mode, but their integrated areas are much greater than that of the
initial Si-H stretching mode. Since only C, N, H, D, and O are involved in the film, their
origin is very likely related to C and N. They can be either assigned to stretching
vibration of the triple bond (C=N) in the cyanamide (N-C=N)*, or to the double bond

(C=N) in the carbodiimide (N=C=N)* [32, 33].
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Fig 5.7 FTIR absorption spectra of 20 cycles of La precursor and D,O on H/Si(111) at
300°C. All spectra are referenced to H/Si(111). Less carbonated species and less D,O are

observed. But the interfacial SiO, increases substantially.

The formation of the cyanamide (or carbodiimide) species on the surface may be

attributed to precursor ligand decomposition at 300°C and probably through B- or

d-hydrogen transfer within the ligand. Fig 5.9 shows the possible decomposition

pathways from intact ligand to cyanamide. B-hydrogen transfers to form NH bonds in the

ligand and propene (Cs;Hg) is produced as a gas phase byproduct. N=C triple bonds are

produced through the second B-hydrogen transfer with methane (CH4) as a gas phase

byproduct. This N=C triple bond can also be formed directly through &-hydrogen

transfers from the intact ligand on the surface. Finally cyanamide is formed through

additional B-hydrogen transfers with propene as a byproduct which is pumped off without
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further interaction with the surface.

1990 cm™ 2110 cm™

3rd DzO

3rd La
2nd D,O
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1900 2000 2100 2200
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Fig 5.8 Differential spectra of the first 3 cycles of La precursor and D,O on H/Si(111) at
300°C, where each spectrum is referenced to the previous spectrum and the 1% La is
referenced to H/Si(111), and the exchange of the decomposed ligands with D,0 is
observed as well.

Generally, the precursor ligand decomposition on the surface leads to further
reaction among precursor molecules during the precursor dosing, and thereby destroys
the self-limitation of the ALD reaction. However, in this case the La precursor with
decomposed ligand is not reactive with other La precursor molecules, and then the
decomposed ligand is removed from the surface by the subsequent water pulse, as
evidenced by the loss of the intensity at 1990 and 2110 cm™ as shown by the differential
spectra in Fig 5.8. Thus the self-termination property of the precursor will not be affected
by the ligand decomposition. In fact, the smaller decomposed ligand facilitates access of
more precursor molecules to the surface (smaller steric interactions), speeding up the film

growth.
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Fig 5.9 Possible decomposition pathways from intact precursor ligand to cyanamide
(proposed by Prof. Roy Gordon). The actual pathway is not clear yet.

5.3 Miscellany of La(Pr-MeAMD); ALD temperature window

Lanthanum oxide is known to be highly hygroscopic [25, 34]. During the ALD
process, it can slowly absorb water either from the ambient or when exposed to water,
forming lanthanum hydroxide. Lanthanum hydroxide then slowly desorbs -OH during
lanthanum precursor exposures. CVD-like reaction can thus happen and destroys the
ALD self terminating condition [16].

One example is shown in Fig 5.10, where the H/Si(111) surface is exposed to the La
precursor several times continuously at 300°C. After each dosing of La precursor at
300°C, we cool down the sample and take IR spectra which will take about 1 hour, and
then increase the temperature to expose the surface to La precursor again. This process

repeats and Fig 5.10 shows the differential spectra of the effect of multiple dosing. After
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the 1* dosing of the La precursor, the subsequent precursor exposures keep consuming
the Si-H evidenced by the continuous intensity loss of Si-H stretching mode at 2083 cm™.
Upon the 4™ La dosing, the ligand decomposition is observed and featured by the modes
at 1990 cm™ and 2110 cm™. These findings suggest that the self terminating condition is
broken so that the reaction will not stop. Due to the highly hygroscopic nature of La,0;
and the extreme sensitivity of the precursor to water, the adsorbed La precursor on the
surface is slowly hydrolyzed during the measurement so that further reaction can occur
when exposed to the next dosing La precursor without water dosing. Thus, the deposition

is more like a CVD process.

N sy L2x10
~/\K\-*—-—-‘5th La

1990 E2.110 4th La

~ 3rd La

Tr— 2nd La

Absorbance (a. u.)

Ist La

2000 2200
Wavenumbers (cm™)

Fig 5.10 Differential spectra of continuous multiple dosing of La precursor on H/Si(111)
at 300°C. Each precursor is referenced to the previous one and the 1* La is referenced to
H/Si. The ligand decomposition is observed.

Similar results are obtained for 250°C and 400°C. In addition, the RBS result shows

that the precursor decomposes at 400°C leading to a CVD process. As for the vibrations
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of ligand decomposition at 1990 cm™ and 2110 cm™, they show the minimum intensity at
300°C. When temperature goes below 200°C, precursor physisorption is observed on the
surface frequently. Thereby, the deposition of La,0; is not a well defined ALD process in
our ALD reactor. Ex situ RBS didn’t show a clear relation between the deposition rate
and temperatures or between the deposition rate and cycle numbers. The film is not
uniform and the growth rate somehow is quite random. 300°C appears to be the best

choice for the deposition temperature.

5.4 ALD of La,Al,O on H/Si(111) surface

Now we are in dilemma: at low temperature (< 250-300°C) deposition, substantial
amount of carbonate species and D,O exists inside the film or physi-sorption occurs;
while at 250-300°C the deposition somehow is more CVD-like due to the trapped
water/OH by lanthanum oxide. Study has shown that the water adsorption/desorption
problems due to the hygroscopic nature of La,O; can be overcome by deposition of
alternating layers of La,O3; and Al,O3, which remains the high dielectric constant [9, 16].
Thus, LayAlyO nanolaminate is deposited on H/Si(111) in our ALD reactor to have
reaction mechanistic study by in situ FTIR.

During the deposition of LacAl,O, a full cycle of TMA/D,O is introduced after
every La(iPr-MeAMD)g/Dzo cycle and saturation pulse length is used for each precursor
dosing. Fig 5.11 shows the differential spectra of H/Si(111) exposed to alternating
La,03/Al,03 ALD cycles at 300°C, where each odd number of cycle is La,O3 cycle and
each even number of cycle is Al,Os cycle.

The 1% La exposure shows the same features as we have discussed previously. Upon

the subsequent 1% D,0, interfacial SiO, is observed at this temperature in addition to the
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evidence of lanthanum silicate, featured by the modes centered around 1034 and 1155

cm™. The slight loss of these modes after the 2" TMA pulse shows the disruption of the

oxide matrix by TMA. The vibrational mode at 1211 cm’! s assigned to -CHj;

deformation mode of AI-CH; [35, 36]. Upon D,O exposure,

ALD ligand exchange

behavior is presented by the intensity decrease of AI-CHs at 1211 cm™ and the increase of

-OD band at 2745 cm™ as expected (from Al-CH; to Al-OH).

Carbonate
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1 " 1 " 1 " /L1

800 1200 1600 2000 2800

Wavenumbers (cm™)

4hD,0

4th TMA

3rd DO
3rd La
2nd DO
2nd TMA

Ist DZO

1stLa

Fig 5.11 Differential spectra of first 4 cycles of LayAl,O nanolaminate on H/Si(111) at
300°C, where each spectrum is referenced to the previous spectrum and the 1% La is
referenced to H/Si(111). ALD ligand exchange is observed.

As shown by Fig 5.11, TMA pulses after complete La/D,0 cycles appear to react

with residual surface amidinate ligands as evidenced by the loss of the modes around

1300-1600 cm™ (2™ TMA and 4™ TMA). In addition, the mode observed after the 2™
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TMA dosing at 1271 cm™ is assigned to the umbrella deformation mode of -CHj directly
bonded to Si atom (Si-CHs) [35]. The subsequent La('"Pr-MeAMD); pulse appears to
reacts with Si-CHj as evidenced by the negative peak at 1271 cm™ (3™ La) and all surface
H atoms are consumed by then. The cyanamide (or carbodiimide) species are observed at
1993 and 2115 ecm™ due to decomposition of the La precursor ligand, and are reacting
with the subsequent water pulse as illustrated in Fig 5.11 (3" La and 3™ D,0). The
periodic intensity gain and loss of CHj stretching modes at 2800-3000 cm™ indicate the

ALD ligand exchange behavior as well.

A 890

=}
3 | v
= ! e ni] 20 cyC
= r———\,,--—-m——w] 416 cyc
2 \ 1 e i J10eye
Na) j e R W ! 1
< i J4npoO
\ W ! ! 2
: s i 4th TMA
'y : — T 5d Do
) ‘ — i d3rd La
4 ‘ e 0 ~-~12nd D O
\ : " v ! | 2nd TMA
; o ™ T 3 ! 1st DO
: IstLa

1 1 2 1 1 1 N 2
500 1000 1500 2000 2500 3000
Wavenumbers (cm™)

Fig 5.12 FTIR absorption spectra of 20 cycles of LayAl,O nanolaminate on H/Si(111) at
300°C. All spectra are referenced to H/Si(111). The film quality is improved featured by
reduced interfacial SiO,, carbonated species trapped D,0O, and decomposed ligand
byproducts.

Again, all the spectra of 20 cycles La,Al,O are referenced to H/Si(111) surface to
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study the contents accumulated in the film as in Fig 5.12. Compared to the similar cycles
La,0; as in Fig 5.5 and 5.7, the vibrational signature of acetate/carbonate impurities in
the 1300-1600 cm™ region is almost completely absent. It can be concluded that the
suppression of impurity incorporation is mainly due to the interaction of TMA with the
surface amidinate ligand as described above. However, the interfacial SiO, amount is
comparable to the pure La,O; deposition at 300°C because the TMA/D,O ALD cycle
produces interfacial oxide at this temperature as well. The strong peak centered at 890
cm™ can be attributed to La-O-Al phonon absorption [9]. In addition, little ligand
decomposition residue is observed after 20 cycles. The La atom surface density measured
by Rutherford backscattering confirms that the lanthanum aluminate film thickness is

uniform and the CVD like deposition is minimized.

5.5 Summary

In this chapter, we discussed the deposition of La;O3; and lanthanum aluminate by
using a new precursor, La(iPr-MeAMD)3, and heavy water (D,0).

With the aid of first principle DFT calculation, the precursor gas phase is checked
first by FTIR and all ligand features are observed. Partial hydroxylation of the precursor
is discovered by the unexpected stretching modes resulting from C=N and N-H in free
hydrogenated ligands. Then D,0O 1is introduced into the La precursor to study the
precursor gas phase reaction. Free ligand is observed as the byproduct of the reaction
which is proved to be unreactive with the surface.

The growth of La,O; on H/Si(111) surface shows that, due to the precursor reaction
with residual water vapor, the initial interaction of La(iPr-MeAMD)3 with H/Si involves

the formation of a Si-O-La bond at the interface. Despite the large size of the precursor (i.e.
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potential steric hindrance), there is a complete reaction of all surface Si-H bonds within a
few ALD cycles (~10 cycles at 200°C and 5 cycles at 300°C). This reaction is facilitated at
300°C by the fact that the adsorbed precursor ligand readily dissociates to form much
smaller cyanamide (or carbodiimide) species which readily react with water pulses. The
size and partial reactivity of the precursor contribute to the observation of trapped acetate
and carbonate impurities, which are produced upon water interaction with adsorbed ligands
during the growth. The concentration of these impurities decreases at higher growth
temperatures or upon post annealing. In general, the ALD of pure La,O; films is difficult
because they are highly hygroscopic, resulting in thickness non-uniformities on a
macroscopic scale. Introducing alternating TMA/D,0O and La(iPr-MeAMD)3/D20 ALD

cycles suppresses CVD-like reactions and minimizes the acetate/carbonate incorporation.
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Chapter 6: ALD of Cu on Si Surfaces

ALD is advantageous to deposit highly uniform thin film with high aspect ratio [1],
and quite a number of compounds, such as high-k metal oxides including high-quality
thin films of AL,O3, ZrO, and HfO,, have been successfully grown by ALD. ALD of pure
metals, however, is sparse and shows limited success [2, 3]. Recently, more and more
researches have been underway to produce suitable precursors which satisfy stringent
requirements for ALD [4], and this should be paralleled with mechanistic in situ studies
of ALD of metals for practical applications.

Due to its lower resistivity, lower electromigration and higher melting point, copper
(1.72x10°Q-cm, 1083 °C) is replacing aluminum (2.82x10°Q-cm, 659°C) as an
interconnect material in integrated circuits [S]. In such application, a highly conformal
and continuous copper seed layer is needed before subsequent electrochemical deposition
of copper film with high growth rate [6]. Considering the great advantages, ALD of
copper is becoming a good choice.

However, ALD of copper is challenging. Several copper (I) and copper (II)
precursors were commonly used in the past, such as CuCl [3, 7], Cu(Il)-2,2,6,6
-tetramethyl-3,5-heptandionate [Cu(thd),] [8, 9], Cu(Il)-1,1,1,5,5,5-hexafluoro-2,4
-pentanedionate [Cu(hfac);] [10, 11], and Cu(II) acetylacetonate [Cu(acac);] [12, 13], but
all suffered from undesirable properties as ALD precursors [14]. For example, CuCl has
very low vapor pressure, and the Cu film deposited by Cu(hfac), contains fluorine which
reduces the Cu adhesion on the substrate. They all have very low reactivity with low
growth rate, so that either high temperature (> 200°C), which is not preferable for smooth

Cu growth due to Cu agglomeration and diffusion [14, 15, 16], or plasma is needed to
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enhance the reactivity.
In this chapter, we will discuss ALD of Cu by a new copper(I) amidinate precursor.
By using in situ FTIR, ex situ RBS, and XPS, the interaction mechanism and film

properties are explored for the initial Cu ALD cycles.

6.1 Precursor properties and the gas phase IR spectrum

Recently, Gordon et al. reported ALD grown Cu films with high conformality, high
conductivity and aspect ratio over 35:1 by using a novel liquid precursor copper (I)
di-sec-butylacetamidinate ([Cu(*Bu-amd)],) [17]. Cu(*Bu-amd)], has equilibrium vapor
pressure as high as 0.23 torr at 95°C, low melting point (77 °C) and fast vaporization rate
(38.8 nmol/cm*min at 100°C). It is very stable with a half-life around 33 days at 190°C
in benzene-dg solution. Most of all, this precursor is highly reactive and can be reduced
by molecular H, at relatively low temperature (<200°C) which is more favorable to
deposit smooth and continuous pure thin copper layer. It also readily reacts with water
and NHs, producing copper oxide and copper nitride, respectively. The chemical structure
of the copper precursor [Cu(*Bu-amd)]; is shown by the inset of Fig 6.1.

Before depositing copper, the [Cu(*Bu-amd)], gas phase IR spectrum is measured to
determine the composition and the state of the gas phase precursor prior to reaction. As
shown in Fig. 6.1, the spectrum is characterized by v,(CHs) at 2971 cm™, v{(CHs) at
2882 cm™, v4(CHa) at 2932 cm™, vy(CH,) at 2861 cm™, and 8(CHs) at 1377 cm™. The
NCN-related ligand modes and the other CHx bending and deformation modes are in the
range of 1000-1600 cm’’, where the band at 1492 cm™ is assigned to V(N-C-N) in the
intact ligand. The very strong and sharp feature at 1664 cm™ cannot be assigned to any

mode (e.g. NCN stretch) of the ligand bonded to the metal (Cu) center. Instead, it is the
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characteristic of C=N stretching mode in the -HNC=N- molecule (HL, L denotes the
ligand) as the La precursor. Along with the v(NH) at 3456 cm™, the observed C=N
stretching mode at 1664 cm™ is the result of partial hydrolization of the parent precursor,
most likely due to a small amount of residual water in the ALD chamber or precursor gas
line. This gas phase IR spectrum is useful to interpret some of the surface reactions.

For the following experiments, the precursor is kept at 94-100°C to generate a high
enough vapor pressure. During film deposition, the pressure of the copper precursor is
around 2 torr and that of Hy/NHj is >11 torr. The thickness of the ALD-grown copper
films is measured by ex sifu RBS, assuming that the copper film density is equal to the

density of bulk copper (8.96 g/cm’, or 8.49x10** atoms/cm’).
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Fig 6.1 Gas phase FTIR absorption spectrum of the copper precursor [Cu(*Bu-amd)],
used in this study (Partial pressure ~0.4 torr , IR path length ~6 inch). Its chemical
structure is shown on the upper left corner (inset).

6.2 ALD of Cu on H/Si surface

H/Si is the most widely used surface in microelectronics, and the Cu deposition is

first examined on H/Si surface. Fig. 6.2 shows the differential absorption spectra of
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H/Si(100) exposed to [Cu(*Bu-amd)], precursor at 185°C. In total, an integrated exposure
of 6s is performed to investigate the surface saturation. The incident angle of IR is 74°
with a single transmission configuration as usual. Each spectrum is referenced to that
recorded after the previous pulse to highlight changes occurring after each 2s exposure to

Cu(*Bu-amd) each time.
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Fig 6.2 Differential FTIR absorption spectra of [Cu(*Bu-amd)], on H/Si (100) surface.
Each spectrum is referenced to the spectrum recorded for the previous treatment. The
spectrum of H/Si is referenced to that of the oxidized surface; the spectrum of 2s Cu
precursor exposure is referenced to that of the H/Si(100) surface; the spectrum of 4s Cu
precursor exposure is referenced to that of the 2s Cu precursor exposure, and so on. The
incident angle of IR is ~74°

As shown in Fig. 6.2, the initial H/Si (100) surface is characterized by Si-H
stretching modes centered at 2087 cm'l, 2104 cm™ and 2140 cm'l, which are attributed to
mono-, di- and tri-hydrides, respectively [18]. By monitoring the intensity of the Si-H
stretching bands, the reactivity of the copper precursor with the surface can be inferred.

After the first 2s dosing, the intensity of the Si-H bands is decreased by ~ 14%, and only
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by ~ 21% and ~22% (relative to the original H/Si surface) after the second (4s) and third
exposures (6s), respectively. The change after 4s exposure is negligible according to the
differential spectra, suggesting no more chemical bonding formation. These data indicate
that the saturation is achieved after ~ 4s integrated exposure time. Concurrently, the
asymmetric stretching modes of CHs at 2966 cm™ and CH, 2926 cm’™ are observed after
the first dosing of Cu precursor with little intensity increase afterwards. The behavior of
Si-H and CHjy stretching modes indicates that most of the surface reaction occurs during
the first precursor dosing (2-4s exposure). RBS measurement performed after 2 cycles of

[Cu(*Bu-amd)]»/H, on H/Si(100) shows that the Cu thickness is about 0.24 A.
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Fig 6.3(a) Absorption spectra of 10 cycles Cu on H/Si(111) reference to oxide (left) and
(b) the plot of the loss of Si-H vs number cycles (right). The incident angle of IR is ~74°.
The Cu precursor can react with H/Si.

A study has shown that there is no Cu growth on H/Si surface by this precursor [14]

but our spectra clearly show that there are obvious chemical reactions between

[Cu(CBu-amd)], and H/Si. To confirm it, atomically flat and almost defect-free
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H-terminated silicon (111) is used. The results of 10 cycles of Cu on H/Si(111) at 185°C
(incident angle 74°) are shown in Fig 6.3 and Fig 6.4. The Cu precursor pulse length is
35s and H, pulse length is 200s to ensure saturation reaction.

As in Fig 6.3(a), the spectra clearly show that after the 1* dosing of Cu precursor
exposure, there is ~18% loss of surface hydrogen as well as the red shift of Si-H
stretching mode, indicating that the Si-H can react with the Cu precursor. The CHy
stretching modes are observed also as the proof of the reaction. After 10 cycles, the Si-H
loss 1s about 86% [Fig 6.3(b)]. However, the Cu amount on the H/Si(111) is quite low.

RBS shows that the Cu thickness is about 0.9 A for 10 cycles.
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Fig 6.4 Differential spectra of 10 cycles Cu on H/Si(111). Each spectrum is referenced to
the spectrum recorded for the previous treatment and the 1% Cu spectrum is referenced to
H/Si(111). The 10™ Cu is referenced to the 9™ H, (9 cycles). The incident angle of IR is
~74°. Most of the reaction occurs for the first cycle.

From the differential spectra in Fig 6.4, it can be concluded that most of the reaction
takes place at the first several cycles (=5 cycles) and little change is observed for the 10"

cycle. One interesting feature in Fig 6.4 is that after the H, dosing, the Si-H is recovered
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partially. It may result from the Cu diffusion into Si by forming CuSis [19, 20, 21], where
H; reduces the Cu precursor attached on the Si surface to Cu atoms and a few Cu atoms

diffuse into the Si network to free the surface Si atoms, which are passivated again by H.

6.3 ALD of Cu on SiO,

In general, oxidized Si surface is much more reactive to metal precursors than H/Si
surface. We therefore studied the reactivity of [Cu(*Bu-amd)], with Si(100) covered by
thin oxide (60-100 A). On this surface, Cu is deposited at different temperatures, with 35s

dosing of [Cu(*Bu-amd)], and 200s dosing of H, to study the temperature dependence of

ALD.

Deposition at 185°C

The differential absorption spectra for the first 3 cycles Cu deposited on SiO; at
185°C are shown in Fig 6.5, where each spectrum is referenced to that of the previous
treatment to see the change on the surface after each treatment.

As shown in the spectra, upon the initial dosing of [Cu(*Bu-amd)], on the oxide
surface, there is a clear intensity decrease of SiOx phonon absorption evidenced by two
negative peaks centered at 1075 cm™ and 1247 cm™ (TO/LO modes of Si-O-Si), along
with the loss of isolated -OH stretching/bending modes at 3737 cm™ and 1660 cm™
respectively [22]. Their intensity loss indicates that initially a part of the SiO, matrix is
chemically involved with the Cu precursor. Concurrently, a broad absorption band
centered at 1010 cm™ appears, corresponded to the formation of Si-O-Cu bonds due to
the adsorbed Cu precursor on SiO,. The reaction scheme is shown in Fig 6.6(a) and (b).

Upon the H, exposure (1 cycle), there is a partial recovery of SiOyx phonon modes and
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-OH stretching mode. This observation suggests that after the H, dosing, the Cu precursor
on the surface is reduced to pure copper atoms which then migrate and self-agglomerate
to form copper particles [14, 23, 24]. As they agglomerate, the chemical bonds between
Cu and the underlying SiOy surface are broken, partially restoring the SiO, phonon
modes and reactive sites of the surface. This process is schematically illustrated in Fig 6.6
(c)-(e). The same phenomena in the SiO, range (900-1250 cm™) are observed for the 20"
cycle implying that the surface is not saturated due to the Cu agglomeration effect. In
addition, the removal of ligands on the Cu atom can also open more reaction sites which

were initially blocked by the intact ligands.
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Fig 6.5 Differential spectra of the first 3 cycles Cu on oxide. Each spectrum is referenced
to the spectrum recorded for the previous treatment. The bottom is referenced to initial
oxide surface. The incident angle of IR is ~74°. The surface is not saturated and ALD
ligand exchange is observed.
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In Fig 6.5, the mode appearing at 1510 cm™ is assigned to v(N-C-N) in the intact
ligand on the Cu atoms (shown in Fig 6.6 (b)). Along with CHy stretching modes at
2800-3000 cm’, their intensity increases after each copper precursor dosing, and
decreases after each H, dosing, confirming that the precursor is adsorbed on the surface
with intact ligands after the Cu precursor dosing and the H, dosing does react by
removing those ligands, as shown in Fig 6.6 (b)-(d). For each cycle, H, removes the
ligands almost completely, leaving little N and C remnant inside the film for the initial
cycles. These spectra show a direct observation of the ALD process through the ligand

exchange.

Fig 6.6 Schematic of Cu precursor and
H, interaction on the SiO, surface. The
Cu precursor reacts with SiO, and Cu

atoms agglomerate after H, reduction.
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The spectra of subsequent cycles (up to 20 cycles) referenced to the initial SiO,
surface are presented in Fig 6.7 to show the Cu film on SiO,. Two incident angles are
used, ~74° (left) and ~0° (right), to see the polarization effect. IR of 74° incidence is
sensitive to both parallel and perpendicular components to the surface, while normal
incidence is only sensitive to the parallel component. The spectra show that there is no
difference between the two angles, indicating that the film is isotropic. Consequently, the
strong peaks at 1010 cm™ and 1112 cm™ cannot be assigned to SiO, TO/LO modes since
the LO mode of SiO, is angle dependent and will not appear at normal incidence. Their
frequencies are also much lower than that of typical SiO, TO/LO modes which are

around 1075 cm™ and 1247 cm™' respectively as observed in Fig 6.5.
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Fig 6.7 Absorption spectra of the first 3 cycles Cu on Si oxide. Each spectrum is
referenced to the spectrum recorded for the previous treatment. The bottom one is
referenced to initial oxide surface. The left one is taken at 74° and the right one is taken at
0°. Ligand related impurities are observed and spectra show little difference at different
angles.

It is most likely that they are related to Cu-incorporated Si oxide as Cu-SiOx modes

[25, 26, 27] because Cu-O stretching modes are all below 700 cm™ [28, 29, 30]. By peak
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deconvolution, we find that the intensity of 1010 cm™ band increases much less after 10
cycles as shown by Fig. 6.8, while the intensity of 1112 c¢cm™ band obviously keep
increasing. It is well known that copper readily diffuses into SiO, [31, 32]. Therefore, we
can tentatively assign the 1010 cm™ band to the surface mode of Cu-O-Si while the 1112

cm’”’ band to the silicon oxide disrupted by Cu diffusion.
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Fig 6.8 Fitted integrated area of 1010 cm™ mode. This mode almost saturates after 10
cycles and is assigned to the surface Si-O-Cu mode

1 cycle Cu deposition at other temperatures

Because temperature has a great effect on Cu agglomeration and diffusion, we
varied the growth temperature from 100 °C to 300 °C to study the temperature
dependence of the growth. The spectra of 1 cycle of Cu on SiO, at different temperatures
are shown in Fig. 6.9 (a) with the same growth parameter (35s Cu precursor and 200s
H,).

The Cu precursor reaction with the surface at 100°C is not as strong as that of higher
temperatures, and H, cannot reduce the absorbed Cu precursor on the surface shown by
the featureless spectra after Hy. At 140°C, H, can have the reaction as shown by the loss
of -NCN- mode at 1510 cm™ and CH, stretching modes around 2957 cm’! (all are

ligand-related modes), but very little agglomeration is observed by the variation of SiO,
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TO/LO modes after the H, dosing. Above 140°C, the agglomeration is clearly observed
after the H, dosing. On the other hand, as shown in Fig. 6.9 (b), higher temperature gives
higher 1112 cm™ band, while the 1010 cm™ band keeps similar, implying that higher
temperature possibly causes more Cu diffusion but the surface Si-O-Cu should keep
constant once the surface is saturated. This diffusion could be the result that the adsorbed
precursor on the surface partly decomposes to Cu atoms due to the increased temperature,

and thereby Cu diffusion may occur.
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Fig 6.9 (a) Differential spectra of the first cycle Cu on oxide at different temperatures.
The Cu is referenced to the oxide and the H, is referenced to the Cu. (b) The absorption
spectra of Cu precursor on oxide at different temperatures referenced to oxide. The
incident angle of IR is ~74°. The H; is less reactive at 100°C.

Carefully looking at the spectral range at 1500-1600 cm™, actually two modes are
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observed: 1510 cm™ and 1608 cm™, especially at low temperature like 100°C or high
temperature like above 250°C . The 1510 cm™ band has been assigned to v(NCN) in the
intact ligand, while the 1608 cm™ band is possibly due to ligand hydrogenation. As
illustrated by Fig 6.10, the Cu precursor reacts with the hydroxyl group on the SiO,
surface to free one hydrogenated ligand and leave one ligand bonded to the Cu in a
bidentate structure featured by the 1510 cm™ band. Then the bidentate ligand rearranges
to the monodentate binding featured by the 1608 cm™ band with release of a copper atom.
And according to our preliminary DFT calculation (done by Dr. Mathew Halls), the
monodentate ligand may have been hydrogenated to have the structure of HL-Cu (L

denotes the intact ligand).
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Fig 6.10 Schematic of ligand rearrangement on the surface. The ligand may be
hydrogenated on the surface to have the mode at 1608 cm™ (from the discussion with
Prof. Roy Gordon and Dr. Mathew Halls).
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This reaction can be activated by either temperature or H,. The temperature
activated rearrangement occurs above 250°C as shown in Fig 6.9. However, the
monodentate state also exists at lower temperatures as evidenced by a weak 1608 cm’
band at 140°C-220°C (Fig 6.5 and Fig 6.9) and a stronger 1608 cm™ band at 100°C,
which indicates that this feature may result from either the precursor thermal

decomposition on the surface or source hydrolization.
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Fig 6.11 The ligand behavior: the Cu precursor is exposed to the SiO, at 250°C (the
bottom spectrum which is reference to the initial SiO,) and then is exposed to the
precursor again at 185°C (the top spectrum which is reference to the bottom one). The
incident angle of IR is ~74°. It may indicate a competitive reaction.

There are some interesting behaviors of the ligand rearrangement. First, it is a
competitive reaction. The rearranged ligand can be removed by the precursor with intact
ligands, which can be observed in Fig 6.11. After the oxide surface is exposed to the
precursor at 250°C, both bands at 1510 cm™ and 1608 cm™ are observed. After the
subsequent Cu precursor dosing at 185°C on it, the 1608 cm™ band is removed and
additional 1510 cm™ band is added on the surface, indicating the growth of another layer

of Cu. The second feature of the rearranged ligand is that it can occur with the aid of Ha.

Fig 6.12 shows the 10" cycle Cu on SiO; at 185°C. Upon H, dosing, the 1510 cm™ band
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is removed and the 1608 cm™ band appears, implying that a part of the bidentate ligands
are rearranged to the hydrogenated monodentate state (HL). At 300°C, both intact

(bidentate) and rearranged (monodentate) ligands are removed by H, as shown in Fig

6.9(a).
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Fig 6.12 The differential spectra of the 10" cycle of Cu deposited on SiO, at 185°C: the

10™ Cu spectrum is reference to the 9 cycles (9™ H,) and the 10™ H, is reference to the
10™ Cu. The incident angle of IR is ~74°.

3000

Note that another mode at 970 cm™ appears simultaneously with 1112 cm™ after the
10™ Cu precursor dosing (see Fig. 6.12), and it can be possibly assigned to another mode
of Cu in SiO, [25]. It has no polarization dependence according to the IR
angle-dependence study. This mode appears as a shoulder after the 1% Cu precursor
dosing as shown in Fig 6.5 and 6.9 but not at 100°C, confirming its assignment.
Considering the ligand rearrangement and H, reactivity, the appropriate temperature
range for the Cu deposition is between 140°C and 220°C; i.e., monodentate state of
hydrogenated ligand at 1608 cm™ is minimal after the Cu precursor dosing and the

reactivity of H; is high enough.

Cu deposition at 140°C and 125°C

As shown in Fig 6.9, less Cu agglomeration and diffusion is observed below 140 °C
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according to the variation in SiO, TO/LO modes. Thus, the growth temperature is
accordingly lowered to 140°C and 125°C in order to study the dynamics of Cu atoms

during the deposition.
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Fig 6.13 Results of 10 cycles Cu growth at 140°C. The incident angle of IR is ~74°. (a)
Differential spectra of the first 3 cycles Cu on oxide. Each spectrum is referenced to the
spectrum recorded for the previous treatment. The bottom is referenced to initial oxide
surface. (b) The absorption spectra up to 10 cycles Cu on SiO,, all the spectra are
referenced to SiO,.

Figure 6.13 shows spectra of 10 cycles of Cu ALD at 140°C. The 1 Cu precursor
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dosing shows similar reactivity as 185°C. But, upon the 1* H, dosing, almost no change
in the SiO, phonon modes around 1000-1300 cm™ is observed, implying less Cu
agglomeration due to the lowered temperature. The 1608 cm™ mode after the 1% H,
dosing indicates that the intact ligand (1510 cm™) is rearranged to hydrogenated
monodentate state by H, because of the low reactivity of H, at low temperature. The
intensity of the 1608 cm™ band is about 60% of the 1510 cm™ band, indicating that most
ligands may just be rearranged on the surface. Thus, the growth rate will be much lower
than that of 185°C because of insufficient reaction of H, to remove the ligand.

Although the Cu agglomeration is absent for the 1* cycle, it occurs for the 2™ cycle.
Upon the 2" H, dosing, Si0, TO/LO modes are partially recovered again. Therefore, it
can be concluded that the agglomeration only takes place when Cu reaches a critical
thickness on the surface [33, 34]. The minimized diffusion of Cu is also seen in Fig
6.13(b) which shows different cycles Cu referenced to the oxide. The intensity of
Cu-SiOy band at 1112 cm™ is much less than that at 185°C, but it may also be caused by
much less Cu deposition at lower temperature.

For the deposition at 125°C, as in Fig 6.14(a), the first cycle shows the same feature
as at 140°C. But the agglomeration doesn’t occur for the initial cycles until the 10™ cycle
where the agglomeration 1s observed after the H, dosing. The ligand related bands also
show less change after H, exposures. All indicate that the growth rate is lower and more
cycles are needed to reach the critical thickness for Cu agglomeration than that at 140°C.
Fig 6.14(b) shows absorption spectra of up to 10 cycles Cu referenced to the oxide where
even less Cu diffusion is observed. Note that remnant ligand impurities (according to the
bands at 1510/1608 cm™ and 2800-3000 cm™) are observed in the for all cases

(125°C-185°C).
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Fig 6.14 Results of 10 cycles Cu growth at 125°C. The incident angle of IR is ~74°. (a)
Differential spectra of the first 2 cycles Cu and 10" cycle on oxide. Each spectrum is
referenced to the spectrum recorded for the previous treatment. The bottom is referenced
to initial oxide surface and the 10" Cu is referenced to 9 cycles (9™ H,). (b) The
absorption spectra up to 10 cycles Cu on SiO», all the spectra are referenced to SiO,.

RBS and XPS analysis of Cu on SiO»
The areal density of Cu atoms is measured by ex sifu RBS. Table 6.1 shows the RBS

results of 10 ALD cycles of Cu on SiO, at 125°C, 140°C, and 185°C with the accuracy
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within 6%.

Table 6.1 The thickness of 10 cycles Cu on SiO; at different temperatures by RBS

Temperature (°C) 125 140 185
Thickness (nm) 0.29 0.64 1.18-1.04"

"According to the results of 2 identical experiments

At 185°C the growth rate is about 1.1 A per cycle which is a typical ALD growth
rate, while the growth rate decreases with the temperature. The decrease of the growth
rate is caused by combined effects of diffusion, agglomeration and H; reactivity due to
the temperature. Cu diffusion and agglomeration at higher temperature make more
reactive sites available on the surface. Different positions on the sample for the growth at

185°C are tested by RBS and the same thickness is obtained implying a homogenous

growth.
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Fig 6.15 The relation between thickness of 1cycle of Cu and growth temperature.
The highest growth rated achieved at 185-250°C

The Cu areal density on SiO, after one ALD cycle at different temperatures is
summarized in Fig 6.15. The highest growth rate is obtained around 200°C. The low
growth rate at below 185°C is due to insufficient surface reactions, and the decreased

growth rate at 300°C could be the result of Cu desorption due to the low adhesion of Cu
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to SiO, surface [35, 36] or system error. At 185°C, the thickness after the first cycle is
about 1.4 A which is higher than the growth rate derived from 10-cycle films (~1.1 A),
confirming that the growth rate decreases when the surface is covered by Cu [14].

The element composition of the Cu film is analyzed by ex situ XPS measurements.
All spectra are calibrated by C 1s at 284.5 eV. Fig 6.16(a)-(c) show the spectra of Cu 2p
and C 1s of 10-cycle Cu films grown on SiO, at different temperatures, and table 6.2(a)
summarizes the concentration of each element in the film. The low concentration of N
indicates little ligand associated impurities is left in the Cu film. One the other hand,
more Si and less Cu are detected with decreasing growth temperature, suggesting the
growth rate decreases which is consistent with the RBS results. In addition, C 1s is fitted
to three peaks as shown in Fig 6.16, where peak 1 is at 284.5 eV as the calibration, peak 2
is at ~285.8 eV and peak 3 is at ~287.8 eV, and table 6.2(b) shows their concentration
relative to the total carbon. Peak 1 could be due to CHy bonds, and peak 2 and 3 could
result from C-N bonds of the residue ligand in the Cu film [37]. In Fig 6.16, the satellite
shake-up peaks around 945 eV and 965 eV resulting from CuO become more obvious at
low temperature [37, 38, 39]. The fitting results of Cu 2p;, are shown in table 6.2 (¢) to
see the CuO percentage relative to the total Cu amount (Cu’, Cu'*, and Cu®"). It can be
clearly observed that CuO concentration increases when we decrease the growth
temperature.

The increase of CuO concentration with the decrease the growth temperature is
confusing because Cu should be oxidized less and Cu diffusion is suppressed at low
temperature. A possible explanation is that due to less Cu diffusion, more Cu atoms are
exposed to the environment on the surface and readily oxidized. At high temperature such

as 185°C, most of the Cu atoms diffuse into SiO, and therefore are prevented from
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oxidation.
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Fig 6.16 XPS results (Cu 2p and C 1s) of 10 cycles Cu on Si0; at different temperatures.
The spectra are calibrated by C 1s at 284.5 eV. The C s is fitted to 3 peaks. The analysis

is shown in table 6.2.
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Table 6.2(a) The summary of element concentration by XPS results for 10 cycles of Cu
on Si0O; at different temperatures.

FElements Cu C N O Si

c . 185°C 178 47.6 18 26.8 6.0
Onc(e(;:)ra“on 140°C 135 378 13 352 122
125°C 112 301 0.9 418 160

Table 6.2 (b) The concentration of different carbons in total C for three fitted C 1s peaks
for 10 cycles of Cu on Si0; at different temperatures.(Peak 1 ~284.5 eV, Peak 2 ~285.8
eV, and Peak 3 ~287.8 ¢V)

C s (eV) Peak 1 Peak 2 Peak 3
Concentration 185°C 70.7 15.0 14.3
. 140°C 75.4 10.9 13.7
in C (%) -
125°C 76.0 7.5 16.5

Table 6.2 (c) The relative CuO concentration in total Cu

Temperature 185°C 140°C 125°C
CuO (%) in Cu 13% % 2% 20% =+ 5% 26% =+ 5%
x10* x10°
4t
24 | Cu2p 932.6
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Fig 6.17 XPS results (Cu 2p and C 1s) of 10 cycles Cu on SiO; at 140°C (fresh sample
transferred to XPS chamber immediately). The spectra are calibrated by C 1s at 284.5 eV.
The amount of CuO and C impurities is reduced. Table 6.3 shows the analysis summary.

Table 6.3(a) The summary of element concentration by XPS results for 10 cycles of Cu
on SiO; at 140°C (fresh sample transferred to XPS chamber immediately).

Elements Cu C N O Si
Concentration (%) 20.1 26.3 1.6 38.2 13.8
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Table 6.3 (b) The relative carbon concentration for three fitted C 1s peaks for 10 cycles of
Cu on SiO; at 140°C.(Peak 1 ~284.5 eV, Peak 2 ~286.0 ¢V, and Peak 3 ~287.8 eV).

Counts/s

Counts/s

Cls(eV) 284.5 (Peak 1)  286.0 (Peak 2)  287.8 (Peak 3)
Concentration in C (%) 81.8 14.0
x10° x10°
531.6
Ols 185°C
at 8r
@
2
c
>
2t 8 at
0 1 L L 0 1 1 N
540 535 530 525 535 530 525
x10°* Binding Energy (eV) x10° Binding Energy (eV)
531.6 .
1oL O18 531.7 125°C Ols 140°C
81
g
[2]
0.6} c
3
530.0 3 4t
529.4
0.0
1 1 1 O C 1 1 1 1
535 530 525 540 535 530 525

Binding Energy (eV)

Binding Energy (eV)

Fig 6.18 XPS results (O 1s) of 10 cycles Cu on SiO; at different temperatures (fresh
sample transferred to XPS chamber immediately). The spectra are calibrated by C 1s at
284.5 eV. The O 1s is fitted to 3 peaks for SiO, CuO and Cu,0, and the analysis is in
table 6.4.

To prove this assumption, 10 cycles of Cu are deposited on SiO, at 140°C and then

transferred into the XPS chamber immediately to minimize possible oxidation. Fig 6.17

shows the results by the XPS spectra. The shake-up satellite peaks from CuO are

suppressed. The CuO is about 12%+ 3% of total Cu according to fitting results of Cu

2p1/2, which is comparable to that of 185°C.

By comparing the concentration of each element in table 6.3(a) for the fresh sample
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with table 6.2(a), the decreased C concentration in the fresh sample possibly indicates
that carbon contamination is reduced due to the immediate measurement. So, an in situ
XPS method is much more preferable for future studies.

In the spectra of Cu 2p, since Cu’ cannot be distinguished from Cu'* by XPS, we fit
the O 1s to see if a clue can be obtained. Fig 6.18 shows the XPS spectra of O Is, and
table 6.4 summarizes the fitting results of three O 1s peaks possibly assigned to SiO, at
~531.6 eV, Cu,0 at ~530.1 eV and CuO at ~529.3 eV [37, 38, 39]. Combining table 6.2,
6.3, and 6.4 and assuming the Cu/O ratio of Cu,O as 2:1 and CuO as 1:1, we can roughly
estimate the percentage of pure Cu (Cu’) in all elements as shown in Table 6.5. Thus, we
confirm the presence of Cu’ indirectly.

Table 6.4 The relative O concentration for three fitted O 1s peaks for 10 cycles of Cu on
Si0, at different temperatures.

Peak 4 (CuO  Peak 5 (Cu,O  Peak 6 (Si0;

O 1s

~529.4 ¢V) ~530.0eV) ~531.6 eV)
185°C 3.6% 14.5% 81.9%
Concentration 140°C 4.4% 8.9% 86.7%
in O (%) 125°C 4.6% 6.0% 89.4%
140°C (fresh) 7.3% 10.3% 82.4%

Table 6.5 The estimation of pure Cu (Cu’) concentration in all elements for 10 cycles of
Cu on Si0; at different temperatures.

Concentration 185°C 9.06%
of pure Cu in 140°C 5.68%
all elements 125°C 4.26%
(%) 140°C (fresh) 9.44%

6.4 ALD of Cu on SiN, and Al,O;
The surface reaction of [Cu(*Bu-amd)], with other surfaces are studied including

SiNx and Al,Os surfaces. SiNy (~6 A) is achieved by thermal annealing of H/Si(100) at
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600°C for 2min as discussed in Chapter 3, and then 10 cycles Cu are deposited on it at
185°C. Al,Os is achieved by 10 cycles TMA+D,0 on H/Si(111) at 300°C (~1 nm). Then

Cu is deposited by using the same parameter as on SiO, at 185°C.

10 cycles of Cu on SiN, at 185°C

The spectrum associated with silicon nitride, grown on H/Si (100), is shown in the
inset of Fig 6.19, which is referenced to the H/Si (100) surface. The negative band around
2100 cm™ indicates the loss of all Si-Hy during the nitridation at 600°C. A peak centered
at 1545 cm™ is associated with the scissor mode of -NH,. SiN, phonon modes (TO/LO)
are observed around 840 cm™ and 1058 cm™, showing the formation of a SiNjy layer. A
noticeable peak centered at 936 cm™ is caused by the loss of Si-H, (dihydride scissor

mode at 914 cm™) [40].
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Fig 6.19 Differential FTIR absorption spectra of 10 cycles (H, dosing after
Cu(*Bu-amd)],) Cu on SiNy at 185°C. Each spectrum is referenced to that of the previous
surface and the bottom spectrum is referenced to the SiNy starting surface. The Cu dosing
is referenced to H, dosing and the 10" Cu is referenced to the 9 cycles (9™ H,). The inset

is the spectrum of the SiNj starting surface referenced to the H/Si (100) surface.
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Fig 6.19 summarizes the differential spectra associated with each half cycle for up to
10 cycles of copper deposited on the nitrided surface. The variation of the mode around
1150 cm™ is due to the interaction between the surface and the Cu precursor, which is
related to surface Cu-SiN,/Cu-O-SiNx bonds. It is relatively weak compared to SiO;
surface as discussed in the previous section. The intensity recovery of the band around
1150 cm™ after H, may suggest the agglomeration of Cu on the surface. The intensity loss
of 8(NH,) at 1545 cm™ and observation of v(NCN) at 1504 cm™ due to intact ligands
attached to Cu on the SiNy surface, imply that the reaction starts by replacing surface

-NH; with the Cu precursor.
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Fig 6.20 FTIR absorption spectra of 10 cycles Cu on SiNy at 185°C. All spectra are
referenced to SiNy surface. Less Cu agglomeration and low growth rate are found.

The ALD feature of ligand exchange is observed by the variation of CHy stretching
modes at ~2956 cm” and v(NCN) at 1504 cm™; i.e., increase upon copper precursor
exposures and decrease upon H, exposures. Comparing with SiO,, the reduced intensity
of the ligand exchange and very little change in the spectra of the 10™ cycle indicate a

much lower growth rate. Ex situ RBS confirms that the thickness of 10 cycles Cu on SiNy
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at 185°C is only about 0.14 nm. It indicates that the reactivity of this precursor is very
low on the SiNy obtained by thermal NHj; nitridation, and is consistent with the IR study.
The spectra of up to 10 cycles Cu on SiNy referenced to the starting SiNy surface are
shown in Fig 6.20. Most of the reaction occurs at the first cycle. No clear Si-O-Cu or Cu
in SiO, bands as on SiO, surface are observed in this case. The peak at 950 cm™ may be
related to thermal effects of IR absorption of the substrate or Cu/SiNyx complex. XPS
analysis summarized in table 6.6(a) also confirms that the Cu concentration on this

surface is very low.
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Fig 6.21 XPS results (C 1s) of 10 cycles Cu on SiNy at 185°C. The spectra are calibrated
by C 1s at 284.5 eV. The C s is fitted to 3 peaks. The analysis is shown in table 6.6.

Table 6.6(a) The summary of element concentration by XPS results for 10 cycles of Cu
on SiNj at 185°C

Elements Cu C N O Si
Concentration (%) 4.5 314 10.0 214 32.7

Table 6.6(b) The relative carbon concentration for three fitted C 1s peaks for 10 cycles of
Cu on SiNy at 185°C
C1s(eV) 284.5 (Peak 1)  285.7 (Peak 2)  288.0 (Peak 3)
Concentration in C (% ) 70.7 17.0 12.3
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The XPS spectrum of C 1s shows the same feature as on the SiO; surface and can be
fitted to three peaks as in Fig 6.21 and table 6.6(b), where peak 1 (284.5 eV) may be
related to CHy bonds, and peak 2 (285.7 eV) and 3 (288.0 eV) are possibly related to C-N
bonds in the residue ligands. By the fitting of Cu 2p;., the CuO percentage in total Cu
(Cu’, Cu'’, and Cu?") is about 57%+ 6%. The relatively high CuO amount may be the
result of reduced diffusion so that most Cu atoms are on the surface and oxidized before

the measurement.

10 cycles of Cu on Al,O; at 185°C
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Fig 6.22 Differential FTIR absorption spectra of 10 cycles copper ALD on Al,O3 at
185°C. Each spectrum is referenced to the previous surface. The 1* Cu is referenced to
Al,O; starting surface and the 10™ Cu is referenced to 9™ cycle (9™ H,). The inset is the
10 cycles Al,Os starting surface referenced to H/Si (111) surface. ALD ligand exchange is
observed.

AlLOs 1s a typical high-x oxide, and it is quite interesting to study the Cu growth on
it in order to test the application of this precursor to deposit metal on high-x oxide. Fig

6.22 shows the differential spectra of 10 cycles Cu ALD on Al,Os at 185°C. The ALLOs3
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film is deposited by 10 ALD cycles with TMA/D,O on H/Si(111) at 300°C. The
absorption spectrum of Al,Os film referenced to H/Si (111) is shown in the inset of Fig
6.22. The negative peak at 2083 cm™ indicates that all the surface hydrogen is removed
upon Al,O; deposition. The broad peak centered at 920 cm™! corresponds to Al,Os
phonon mode confirming the formation of an Al,Os thin film. The shoulder at ~1100 cm™
is due to the interfacial Si-O bonds.

As shown in Fig 6.22, similar to what has been observed on the SiO, surface upon
the first dose of [Cu(*Bu-amd)],, a broad negative peak around 920 cm™ due to the
perturbed Al,O3; phonon mode is observed, resulting from chemical interactions of the Cu
precursor with the surface. After the 1% H, dosing, this absorbance feature is partially
recovered as evidenced by a positive band at the same spectral position. The same trend
is observed for the subsequent cycles. These observations may suggest the Cu
agglomeration on Al,O3 as on SiO;.

The v(CHy) intensity increase after Cu precursor exposures and the partial decrease
after H, exposures in the 2800 cm™-3000 cm™ range are observed all the way up to the
10" cycle. Together with the variation of v(NCN) at 1508 cm™ (intact ligand on Cu), they
are related to the exchange of intact -NCN- ligands on Cu. That is, after the Cu precursor
dosing, the Cu precursor with -NCN- ligands is chemically bonded to the surface and
after the H, dosing, the ligands are removed. According to ex situ RBS, the Cu thickness
is about 0.44 nm for 10 cycles. XPS analysis in table 6.7(a) also shows the low Cu
concentration, confirming the small amount of Cu on this surface.

The XPS C 1s shows the same feature as on the Si0, surface. The fitting results of
the three peaks are summarized in table 6.7(b), where peak 1 (284.5 eV) may be related

to CHy, and peak 2 (285.8 V) and 3 (287.9 eV) are possibly related to C-N bonds in the
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residue ligands. According to the fitting of Cu 2py, the CuO percentage in total Cu (Cu’,

Cu'", and Cu™) is about 22% =+ 5%, which is higher than that of Cu on SiO, at 185°C and

may also imply less Cu diffusion into Al,Os.
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Fig 6.23 XPS results (C 1s) of 10 cycles Cu on Al,O; at 185°C. The spectra are calibrated
by C 1s at 284.5 eV. The Cls is fitted to 3 peaks. Table 6.7 shows the XPS analysis
summary.

Table 6.7(a) The summary of element concentration by XPS results for 10 cycles of Cu
on Al,O; at 185°C

Elements Cu C N O Si Al
Concentration (%) 6.0 38.0 0.8 20.5 8.8 25.9

Table 6.7(b) The relative carbon concentration for three fitted C 1s peaks10 cycles of Cu
on Al,O3 at 185°C

C Is(eV) 284.5 (Peak 1) 285.8 (Peak 2)  287.9 (Peak 3)
Concentration (%) in C 77.8 10.6 11.6

6.5 Other application: deposition of Cu;N

Including deposition of Cu, this Cu precursor can also be used to deposit nitride with

NHj;. According to recent studies, CusN has been utilized as a material for optical storage
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devices in microelectronics [41]. It is an insulating material with low reflectivity and high
resistivity, and is also a promising candidate as an insulating barrier in magnetic tunnel
junctions [42]. Moreover, it is metastable that it decomposes to N, and Cu above 200°C
[43]. This property is useful for write-once optical data storage. Recently, Gordon’s group
has succeeded to deposit pure, smooth, continuous, and conformal copper films by
thermal reduction of CusN using this metastable property [43]. So it is interesting to

utilize in situ FTIR to study the surface reactions of this process.
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Fig 6.24 Differential FTIR absorption spectra of 20 cycles CusN on SiO, at 160°C. Each
spectrum is referenced to the previous surface. The 1% Cu is referenced to SiO, starting
surface and the 20™ Cu is referenced to 19" cycle (19" NH3). ALD ligand exchange is

observed.

CusN is deposited by using [Cu(*Bu-amd)], and NH; at 160°C on a thin silicon
oxide surface, which is reported to produce stoichiometrical CusN [43]. The Cu precursor
pulse length is 35s and the NHj pulse length is 100s to ensure surface saturation. The
differential spectra of 20 cycles CusN are shown in Fig 6.24. The 1* Cu dosing on SiO; is

featured by the loss of SiO, phonon modes (1075 cm™ and 1247 cm-'") and the gain of
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Si-O-Cu mode (1010 cm™) as well as the Cu diffusion in SiO, modes (970 cm™ and 1112
cm™). The loss of -OH bending mode at 1660 cm™ indicates the replacement of -OH
group by the Cu precursor. The 1% NH; exposure reacts with the intact ligand [v(NCN) at
1510 cm™'] from the previous Cu precursor dosing. The appearance of the band at 1608
cm’' indicates that a big part of the intact ligands are not removed but rearranged by NH.
Therefore, only a part of v(CHy) around 2956 cm™ is reduced. A little Cu agglomeration is

observed by the weak band at 1247 cm™ in the spectrum of the 1% NH; dosing.
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Fig 6.25 FTIR absorption spectra of 20 cycles CuzN on SiO, at 160°C. All spectra are
referenced to SiO, surface. Less Cu diffusion and some ligand related impurities are
observed in the spectra. The growth rate is low.

There is an increase of the intact ligand upon the 2™ Cu pulse as evidenced by a
positive 1510 cm™ peak. This 2" Cu pulse also removes the rearranged ligand band at
1608 cm™ as shown in the previous section. The variation in the SiO, phonon modes
suggests that the previous NH; dosing reacts with the ligand on the surface, recovering
more reaction sites on the SiO, surface for the subsequent Cu precursor. For the
following cycles, the same scheme continues. The decreased ligand feature for 20™ cycle

indicates the growth rate decreases with more ALD cycles.
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By using the starting SiO, surface as the reference, the accumulation of all
substances of the film is studied as shown in Fig 6.25. Very little agglomeration and
diffusion are observed in this case compared to the Cu deposition on SiO,, implying a
smooth and uniform growth.

The 20-cycle Cu;N film is annealed in forming gas [mixture of H, (10%) in Ny, ~5.2
torr, 5 min] at 200°C and then at 225°C to reduce the film to Cu. Fig 6.26 shows the FTIR
absorption spectra of the annealing which are all referenced to the as-deposited CuszN
film. A part of the intact and rearranged ligands are removed as evidenced by the negative
peaks at 1510 cm™ and 1608 cm™ as well as the loss of CH, stretching modes. At 225°C,
the decomposition of CusN film is more obvious. A broad peak around 1200 cm’
assigned to SiO, phonon mode may suggest the agglomeration of Cu. Since the intensity

is weak, the Cu agglomeration is not as drastic as on SiO; surface.
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Fig 6.26 FTIR absorption spectra of 20 cycles CusN reduced by forming gas. All spectra
are referenced to 20 cycles as-deposited CuzN on SiO; surface. Only part of the ligand-
related modes are reduced.

The XPS analysis is summarized in table 6.8. The Cu concentration suggests a low

deposition growth rate. According to RBS measurement, the thickness of the Cu reduced
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from 20-cycle CusN is ~0.34 nm.

Table 6.8 The summary of element concentration by XPS results for 20 cycles of reduced

CU3N
Flements Cu C N O Si
Concentration (%) 9.8 40.1 2.1 34.2 13.8

6.6 Summary

As a summary of this chapter, we successfully deposited copper using a novel liquid
Cu precursor--copper(I) di-sec-butylacetamidinate ([Cu(sBu-amd)];) and molecular
hydrogen on different substrates. The gas phase IR spectrum shows that the precursor is
partially hydrolyzed. In-situ FTIR spectroscopy, ex situ RBS, and XPS are used to study
the ALD processes with the temperature range from 100°C to 300°C. On oxidized Si(100)
surfaces (~6-10 nm SiO;), the evolution of SiO, phonon modes in the IR spectra clearly
shows the agglomeration and the diffusion of Cu on/into SiO; during the initial 10 cycles.
Cu agglomeration and diffusion increase when the deposition temperature is raised. The
hydrogen reduction of the surface ligand and ligand rearrangement are observed by the
modes attributed to CH, and -NCN- bonds.

Ex situ XPS results confirm the deposition of copper on the SiO, surface. Both FTIR
and XPS results show residue ligand impurities inside the Cu film with small amount of
N (< 2%) and substantial amount of C for the initial cycles due to incomplete ALD
reactions. The Cu growth rate is determined by ex situ RBS measurements. The
maximum growth rate on SiO; is found in the range of 185-250°C based on one ALD
cycle. At 185°C, the thickness of 10 cycles Cu is 1.04-1.18 nm, and the film is very
uniform.

The Cu deposition at 185°C on other surfaces are studied as well, such as the
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hydrogen -terminated Si(111) and Si (100), nitrided Si(100) (SiNy) and Al,Os surfaces.
FTIR and XPS show the similar film contents and growth mechanism as on SiO,.
However, much lower growth rate is found for all those surfaces than that of SiO, surface;
i.e., 0.09 nm on H/Si(111), 0.14 nm on SiNy and 0.44 nm on Al,Os after 10 ALD cycles.
This indicates that [Cu(sBu-amd)], has low adhesion on those surfaces.

At last, CuzN is deposited on SiO; at 160°C successfully. The ligand exchange of the
ALD process is observed by FTIR. After annealing at 225°C in forming gas, the Cu;N is
partially reduced to Cu with little Cu agglomeration. FTIR spectra show the incomplete

loss of CHy and ligand bands, and XPS analysis confirms the residue C and N impurities.
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Chapter 7: SAMs Modification of H/Si, and ALD of
A1203, HfOz and Cu on SAMs

Self assembled monolayers (SAMs) have been attracting tremendous interest of
current researchers since 1980’s for its excellent physical and chemical properties and
wide applications in many areas [1, 2, 3, 4, 5, 6]. It may show different physical and
chemical properties depending on its structure and composition so that it can be used to
modify the surface for both the wet-chemical control of surface reactivity and the surface
functionalization in molecular growth processes.

Generally, SAMs are prepared by surfactant molecules spontaneously attaching a
monomolecular layer onto different surfaces. Without complicate and expensive
experimental instruments, SAMs can be prepared simply by the putting the substrate into
a solution of the desired molecule and then removing the excess. Typically, the molecules
in a SAM are attached to the surfaces via chemical bonds which are dense and
well-ordered exhibiting higher stability than normal organic thin films [7].

SAM is an ideal system that allows fundamental studies of interfacial chemistry and
self-organization. The examples of the functional head groups of SAMs are -SH, -CN,
-COOH, -NH,, -CH3, and so on. Alkyl thiols on gold [8] and Alkyl silanes [9] on SiO; are
the most well studied two SAM systems. It can be used as sensors, transducers, protective
layers and has many other applications [1, 5, 10].

Due to the high flexibility of functional head groups of SAMs, they have special
meaning in ALD. By varying the functional head groups to reactive or unreactive groups,
selective ALD growth is achieved [11, 12], and Fig 7.1 shows an example [11]. In

addition, SAMs (alkyl chains) have shown extraordinary electrical properties close to the
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ideal insulator on Si via direct Si-C bonds [13]. This Si surface passivated by alkyl chains
through Si-C bonds has shown high stability both in the air and in water [7]. These types
of SAMs can also serve as diffusion barrier to protect surfaces from oxidization. Another
advantage of using SAMs for ALD is that the appropriate functional head group can have
higher reactivity than H/Si so that lower reaction temperature can be used which is
preferable to minimize the formation of interfacial SiO, during the deposition of high-k
metal oxide or the incubation period can be reduce. Thus, SAMs are becoming a

promising method to modify surfaces for ALD application [14].
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Fig 7.1 Area-selective growth of HfO, [11]. On the patterned SiO,/Si surface, since
ODTS can only be grown on Si0O,, so only the SiO, area is covered by SAM. The
functional head group of the SAM (as “R” in the Figure) is chemically unreactive. Thus
the HfO, can only be deposited onto the Si-H area. By this method, area-selective growth
of ALD is achieved.

In this chapter, we will discuss the application of SAMs passivated Si based on

H/Si(111) starting surface. The stability including thermal annealing and ozone exposure
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is studied. Then ALD of Al,O3;, HfO, and Cu are deposited on SAMs to investigate the
precursor/surface interaction and film quality for potential applications. Two types of
SAMs are studied, the -CH; terminated SAM and -COOH terminated SAM, since one

has the chemically unreactive head group and the other has the reactive head group.

7.1 Stability of the -CH; and -COOH SAMs

-CHj; SAM is prepared as  follows: neat I-octadecene  (Cis,
NN s pre-treated with molecular sieve, and then N gas is
bubbled through the solution for at least]l hour to remove the oxygen and H,O. H/Si(111)
sample is placed into the solution for 2 h at 200°C with N, purging. After the reaction, the
sample is removed and rinsed with THF, dichloromethane and dionized water, and then

dried by Na.

Sy

Und ns

-CH3 SAM -COOH SAM

Fig 7.2 The schematic of -CH3 SAM and -COOH SAM. The molecules are directly bond
to H/Si(111) surface via Si-C bond. The number of carbon atoms is marked on the left of
the figure.

Similarly, -COOH monolayer 1is formed via thermal hydrosilylation by
I-undecylenic acid (/\/\/\/\/\ COOH). Fresh H/Si(111) is immersed into

distilled neat deoxygenated 1-undecylenic acid under argon or N, and heated at 120°C for

2-15h. After the reaction, the derivatized silicon sample is removed, rinsed with ethyl
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acetate, then further cleaned by sonication in hot acetic acid followed by immersion in
boiling dichloromethane, and dried by N,. Then the freshly prepared SAMs are
introduced into ALD chamber for further treatment. Note that all the following spectra

are taken at incident angle of ~74°.
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Fig 7.3 Absorption spectra of (a) -CH; SAM and (b)-COOH SAM referenced to

H/Si(111). Small amount of Si-O for CH; SAM and no oxide for COOH SAM are
observed.

The schematic of the two SAMs are shown by Fig 7.2. The -CH; SAM has 18
carbon atoms and -COOH SAM has 11 carbon atoms in total. The IR spectra of -CHj
SAM and -COOH SAM are presented in Fig 7.3(a) and (b), which are referenced to the
H/Si(111). For both spectra, the loss of Si-H is shown as negative peak around 2083 cm’
[v(Si-H)], indicating that the desired molecules have been chemically bonded to the Si
surface via Si-C by replacing the surface hydrogen. For the -CH; SAM, the monolayer is

featured by CH,; scissoring deformation mode at 1465 cm'l, vas/Vs(CHy) at 2924/2853
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cm’™, Va/Vs(CH3) at 2966 cm™'/2883 cm™. CH, is the dominant part in the hydrocarbon
chains. The loss of surface hydrogen is ~83% which is higher than the ideal coverage of
alkyl chains on H/Si (~50%) [15]. The extra loss of hydrogen is due to the small amount
of oxidation which can be observed around 1000 cm™ (Si-O phonon). According to the

integrated area of the Si-O band, the thickness of SiO, is ~2 A.

As for -COOH SAM in Fig 7.3(b), the loss of Si-H is ~58% according to the
negative v(Si-H) band at 2083 cm™ after alkylation, indicating the coverage of SAM. It is
in good agreement with theoretical predictions for alkyl chains adsorption on H/Si(111)
surfaces [15]. The vibration features of the carboxylic acid head group--the strong C=0
stretching mode at 1714 cm™, C-OH stretching mode at 1276 cm™, and C-O-H bending
modes at 1413 cm™'--suggest that the acid end group is intact after the reaction [16]. The
interface reaction is dominated by thermal hydrosilylation of surface Si-H with C=C [17,
18]. The absence of any absorption band corresponding to Si-O-C around ~1100 cm™
confirms the direct bonding of Si-C. It should be note that the free carboxylic acid

carbonyl stretching frequency should be ~1760 cm™. The observed frequency of C=0 is

hydrogen bond which will redshift the frequency to ~1710 cm™ [19, 20]. In addition,
8(CH,) at 1460 cm™ from the Alkyl chains is observed as well.

The stretching modes of CH; at 2926 cm’ (asymmetric) and 2854 cm’ (symmetric),
have been correlated to the degree of chain packing [21, 22]. Our observed value of 2926
cm’ is very close to that of the best monolayer with -COOH terminated SAM (2924 cm™)
[23]. For methyl-terminated SAM, the best v,s(CH,) value has been achieved is ~ 2918
cm’. However, as we will show later, the overall quality of the -COOH SAM is good

enough to protect the silicon surface from oxidation during the ALD process without
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decomposition.

In contrast to the -CH3; SAM, the absence of absorption bands in the 900-1200 cm’!
region for -COOH SAM indicates that the surface is essentially oxide free (no SiOs,
Si-O-C or Si-O-Si bonds). The presence of the carboxylic end group is thought to be
responsible for the integrity of the interface by trapping residual water during reaction

which prevents water diffusion through the SAM layer.

Thermal stability

Then the fresh SAMs are loaded into our ALD chamber immediately to perform the
thermal stability check. Thermal annealing is carried out in purified N, (impurity < 107
ppm) at ~3-4 torr for 5 min. All experiments are done by in situ method to minimize the
interference from the external environment. The annealing results are shown in Fig 7.4(a)
and (b) for -CH; SAM and -COOH SAM respectively, which are both referenced to the
fresh SAMs.

As in Fig 7.4(a), by observing the evolution of CH, and CHj stretching bands
(2800-3000 cm™) as well as the variation in the SiO, phone mode (900-1200 cm™), the
stability is directly obtained. This type of SAM is stable up to 150°C. Upon 200°C, CH,
and CHj3 start to decompose as shown by negative bands along with the formation of a
broad Si-O band around 1000 cm™, implying the degrading of the SAM and the oxidation
of the silicon surface. The degradation strongly occurs at 300°C, ~55% according to the
intensity loss of v(CH;) and v(CHj3), which is in good agreement with the literature
measured by ATR [24]. The loss of CH, deformation mode at 1465 cm™ is observed
above 300°C as well. In addition, the weak feature appearing at 2080 cm™ upon 300°C
annealing is attributed to the formation of Si-H bonds on the Si surface. It was previously

observed in UHV environment and taken as the evidence for thermal decomposition of
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alkyl chains through B-hydride elimination with cleavage of Si-C bonds [25]. Note that
the observed Si-O TO/LO frequencies (984 cm™ and 1105 cm™) is lower than that of
typical SiO, phonon modes (1060 cm™ and 1250 cm™) [26], indicating the Si-O-C could

be involved which will redshift the Si-O frequency.

(a 8(CH,) vSi-H) ] ax10f|
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Fig 7.4 The annealing results of (a) -CH3; SAM and (b)-COOH SAM in N, referenced to
the fresh SAM surface. COOH SAM is more stable than CH; SAM. The stability can be
inferred from the loss of CH, modes and C=0 modes.
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Shown by Fig 7.4(b), the -COOH terminated SAM exhibits a quite different thermal
behavior, where its Alkyl chain is more stable than that of -CH; SAM. At 150°C the
surface shows no loss for both -CH, and -COOH groups. However, the positive spikes
appearing at 2916 cm™ [v4(CH,)) and 2848 cm™ [v(CH,)] may indicate the -CH, chain is
perturbed such as tilted or reorganized to more ordered status.

Upon 200°C, the SAM starts to degrade evidenced by a little loss of v(C=0) at 1714

cm™ which is the key feature of the -COOH functional group, and v(C=0) partly

and become isolate -COOH due to the degradation. The broad Si-O band at 900-1200
cm’ indicates the oxidation of Si surface. However, the -CH, chain remains intact until

350°C, showing higher stability than that of -CH; SAM.

APl

Fig 7.5 The schematic for transformation of carboxyl group to anhydride group. The
adjacent COOH groups are combined to anhydride groups during the annealing.
At 250°C, except for the loss of v(C=0) at 1714 cm™', two new bands appear at 1760
P9
cm” and 1822 cm™, which are assigned to v(C=0) in anhydride form of —C—0—C—, as

the symmetric mode and asymmetric mode respective [19]. It can be inferred that -COOH

is partially transformed into anhydride before the decomposition of -CH; chains as shown
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by the scheme in Fig 7.5, and this process may result in the higher stability for the -CH,
chain of -COOH SAM. Our observations are in good agreement with the literature by
ATR studies [27].

At 350°C, all -COOH decomposes and -CH, starts to degrade featured by the
intensity loss of CH, stretching modes at 2800 cm™'-3000 cm™, C-OH stretching mode at
1276 cm™ and C-O-H bending modes at 1413 cm™. The Si-O bands (984 cm™ and 1105
cm’™") keep increasing with the raising temperature, indicating the cleavage of Si-C bonds
and further oxidation of the surface. At 450°C, the SAM is completely removed from the
surface.

The above studies clearly illustrate the thermal stability of the two types of SAMs.
Only a moderate thermal annealing below 200°C can be performed without substantial

SAM degradation. Based on these, then we can evaluate the ALD application on SAMs.

Stability under ozone exposure

In many cases, ozone is used as oxidant for ALD to minimize the H,O inside the
deposited film to improve its quality. Thus, it is necessary to study the stability of SAMs
when exposed to ozone ambient. For this purpose, -CH3; SAM is exposed to 200 sccm
ozone at 60°C for 2s and -COOH SAM is exposed to 100 sccm ozone for 5s from 60°C to
300 °C. The spectral results are shown in Fig 7.6(a) and (b) which are referenced to the
fresh SAMs.

As shown in Fig 7.6(a), -CH; SAM is exposed to ozone at 60°C and the spectrum is
referenced to the fresh -CH; SAM. It can be seen that the Si is oxidized immediately after
the ozone exposure evidenced by the broad Si-O phonon band at 900 cm™-1200 cm™. The
intensity loss of v(CH>) and v(CH3) (2800 cm™-3000 cm™) as the key features of the alkyl

chain confirms the degradation of the SAM by ozone. The data clearly suggests that -CHj



SAM is very vulnerable to ozone.
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Fig 7.6 The absorption spectra of (a) -CHs SAM and (b)-COOH SAM which are exposed
to ozone and referenced to the fresh SAM surface. CH; SAM degrades immediate after
ozone exposure while COOH SAM is more stable.

Compared with -CH; SAM, -COOH SAM shows higher stability than that of -CHj3

SAM again as indicated by Fig 7.6(b) where all spectra are referenced to -COOH SAM.

There is no change in the spectrum at 60°C, and only a small variation is observed at

100°C for v(C=0) at 1714 cm™, implying no substantial changes for the SAM upon

100°C. At 120°C and 150°C, the intensity loss of v(C=0) at 1714 cm™ increases slightly,
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and v(C=0) partially blueshifts to 1760 cm™ due to the isolated -COOH groups after the
slight degradation of head groups. The tiny broad band at 900 cm™-1200 cm™ may result
from base line fluctuation because of no substantial change for v(CH,) (2800 cm™-3000
cm’™), meaning the underlying -CH, chain remains intact.

Starting from 150°C, the Si surface is being oxidized according the increased Si-O
band with the loss of -CH, according to the negative v(CH,) bands. These features
suggest a slight degradation of CH, chains starting from this temperature. As the
temperature increases, the intensity of Si-O band keeps increasing and the loss of more
v(CH,) (2800-3000 cm™) confirms further oxidation of Si surface. Note that the loss of
CH, deformation mode at 1465 cm™ is observed at 300°C as well. Compared with
thermal annealing in N, there is about 50°C temperature difference for the stability since
ozone is much more chemically reactive which makes the SAM more vulnerable.

-COOH SAM is a stable surface. Our study shows that the surface remains
unchanged with N, purge for days. Even after dipping the -COOH SAM terminated Si
into HF or HCl for minutes, the SAM survives. This monolayer shows high quality
among organic films.

Thus, we checked the stability of two types of SAMs: one with chemically
unreactive methyl functional group, and the other with chemically reactive carboxylic
functional group. The -COOH SAM shows great stability as an ultra thin organic film. It
survives after annealing in N, or after exposed to ozone at a moderate temperature. It can
be used as one of the surface passivation methods to modify Si surface for ALD
application due to its active functional group and good stability. Next, we will
demonstrate ALD on this surface for both metal and metal oxide, including Al,O3, HfO,

and Cu.
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7.2 ALD of AL,O; on -COOH SAM

ALD of ALO; with TMA+D>0 on -COOH SAM

N /S [ 5x10*
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N O#@ 10s TMA
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750 1000 1250 1500 1750 2/7/50 3000
Wavenumbers (cm™)

Fig 7.7 Differential FTIR absorption spectra of TMA on -COOH SAM surface at
100°C. Each spectrum is referenced to the spectrum recorded for the previous treatment.
The spectrum of 1s TMA exposure is referenced to SAM; the spectrum of 2s TMA
precursor exposure is referenced to that of 1s TMA exposure; the spectrum of 5s TMA
exposure is referenced to that of the 2s TMA exposure, and so on. The inset shows the
ionic structure after the reaction between COOH and TMA.

After introduced into the ALD reactor, the Si(111)-(CH;);0-COOH SAM sample is
pre-annealed in N; at 120 °C for Smin in order to further stabilize the surface and remove
physically adsorbed species. In situ FTIR measurements are performed in transmission
geometry (~74° incidence) at all stages of the process. 10 cycles Al,O3 are deposited on
SAM using alternative pulses of TMA and D,O at 100°C. The pressure of both TMA and
DO pulses is ~3-4 torr. Saturation pulse length is used for each precursor dosing. Usually
ALD by TMA/D,O on H/Si surface is achieved at ~300°C due to the reactivity between

TMA and H/Si [28, 29]. Since -COOH SAM is more reactive than H/Si surface, it
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enables us to deposit Al,O; at a much lower temperature. Post-annealing is carried out in
situ under purified N, purge (~3 torr) for 5 min after the deposition.

The ALD self-termination nature of TMA on the COOH-SAM surface is checked
first, as shown in Fig 7.7 which presents the differential spectra. The differential manner
means every spectrum is referenced to the spectrum recorded after the previous treatment,
highlighting the chemistry induced by the very last processing step. In the figure, the
complete loss of C=0 stretching mode at 1714 cm™ after 1s TMA exposure at 100°C
indicates the reaction between TMA and -COOH, and all surface reactive sites have been
reacted. Two strong bands appearing at 1476 cm™ and 1581 cm™ with a shoulder at 1610
cm’ are assigned to the C=0 symmetric and asymmetric stretching modes in the acid salt
structure (AI-CO,") as shown by the inset of Fig 7.7 [19]. The peaks at ~1213 cm™ and
706 cm™ are assigned to -CH; symmetric deformation mode and rocking mode of Al-CHs,
respectively [28, 30, 31]. The additional features at 2800-3000 cm™ are assigned to -CHj
stretching modes. All these bands clearly demonstrate that TMA is chemically attached to
the SAM surface with intact -CHj ligand. Fig 7.8 shows the scheme for the reaction of

TMA on the SAM surface.

H,C.  CHs
Al
Oj/OH Os O
HsC. _CHj ; j/
Al + : - 5 | + CH,
CHs
Si Si

Fig 7.8 Scheme of TMA reacting with the -COOH SAM surface. TMA will react with
COOH to form the COO-ALl ionic structure at the interface.

Additional TMA pulses only bring slight fluctuation in the region around 1580 cm™,
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which could result from the interference of C=0O bond in CO,-Al by the absorbance of
non-reacted TMA molecule in the surrounding environment. The spectral stability at
~1213 cm™ confirms that no Al-(CHs) is adsorbed or desorbed from the surface. In
addition, the intensity of the -CH, stretching mode of Alkyl chains at 2800-3000 cm
remains unchanged after TMA exposure, suggesting that the SAM is intact. Therefore,
only the SAM head group is reactive and TMA does show self-terminating nature on it,
which is a necessary condition for ALD. Al,O; deposition does not alter the organic

monolayer significantly.
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Fig 7.9 Differential FTIR absorption spectra of 10 cycles Al,O3 on -COOH SAM surface
deposited at 100°C. Each spectrum is referenced to the spectrum recorded for the
previous treatment. The bottom spectrum is referenced to SAM. The scheme of the ALD
reaction is shown on the right side. ALD ligand exchange is observed by Al-CH3, OD and
CHj; modes.
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The well defined growth of 10 cycles TMA and D,O at 100 °C is shown in Fig 7.9,
where each complete cycle corresponds to one exposure of TMA followed by one
exposure of D,O. The bottom spectrum is referenced to SAM surface and shows the same
features as the 1 TMA exposure in Fig 7.7, where the TMA completely consumes the
accessible COOH groups on the surface to form a complete layer. After the first D,O
exposure, the peak intensity of the deformation and rocking modes of Al-CHs at 1213 and
~706 cm’ strongly decreases, as expected due to the hydrolysis of AlI-CH; by D,O
(Al-CHj; is replaced by AI-OD) [32]. The intensity variation associated with modes at
1476 and 1581 cm™ (i.e. shift to ~1460 cm™ and ~1624 cm™) is tentatively attributed to
the environment change of C=0 after hydrolysis of Al-CHs; The weak band centered at
2743 em™ (OD stretch) confirms that hydrolysis has taken place.

In contrast to the growth of Al,O3; on H/Si (exhibiting interfacial oxidation), there is
no interfacial SiO, upon water exposure or later on cycles in the ALD process. On the
other hand, CHj; attached to Si (Si-CH3) is the dominant reaction of initial TMA on H/Si
which causes incubation period for ALD growth, while on SAM the Al-CHj is the
dominant part evidenced by strong and comparable intensity of Al-CHs; methyl
deformation mode (~1213 cm™) from the 1% TMA to 3™ TMA without any observation of
Si-CHj3. This feature indicates less incubation period on SAM and further proves that
-COOH SAM is more favorable for TMA than H/Si.

For the following cycles, the periodic ALD ligand exchange behavior is observed,
showing the layer by layer growth. After the second TMA exposure, TMA reacts with
surface Al-OD groups to form Al-O-Al-CH3, indicated by the AI-CHj3 characteristic peak
at 1213 cm™ and broad ALO; band at 700-800cm™. The subsequent D,O exposure

leading to replacing -CHs by -OD is as expected. The reversible intensity variation
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(positive/negative) of the features at 1467 cm™ and 1640 cm™ is related to the peak shift
induced by the change of C=0O bond environment in the interfacial (CO,)-Al" due to the
ligand exchange. In subsequent ALD cycles, these changes in the 1400-1650 cm™ region
are still observable but with decreased magnitude as the number of TMA/D,O cycles
increases. This suggests that these features are only associated with the interface between

the SAM and Al,Os.
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Fig 7.10 Absorption spectra of 10 cycles Al,O; on SAM deposited at 100°C. All
referenced to the SAM surface. The inset compares 10 cycles Al,O3; on SAM with that on
Si0, (referenced to SiO;). The quality of Al,O; is as good as that on SiO; surface.

As Fig 7.10 which shows Al,O3; growth up to 10 cycles referenced to -COOH SAM,
two bands at ~730 and ~930 cm™, assigned to the TO and LO phonons of amorphous
AlLOs, steadily increase in intensity with the number of cycles and blueshift slightly.
There are no detectable contributions in the 1000-1200 cm™ and ~800 cm™ range where

the Si-O-C, AI-O-Si, or Si-O-Si stretching modes are located [26, 33]. No Si-CHj
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umbrella mode ~1266 cm™ is observed as well [34]. These results clearly indicate that
neither TMA nor oxygen penetrates through the SAM to reach the silicon. All ALD
reactions are limited to the top surface of the -COOH functionalized SAM. Therefore,
oxygen diffusion to the interface is suppressed due to the protection of SAM as a good
barrier. Note that there is some D,0 incorporation in the Al,O3 film as the band at 2743
cm™ which has been observed by other studies as well [35]. The overall quality of the
AlLOs film is as good as that of aluminum oxide grown on hydrophilic SiO,. The inset of
Fig 7.10 shows that the TO/LO phonons of Al,O; grown on COOH-SAM and SiO; are
virtually identical, both much stronger and narrower than those of Al,O3; grown on H/Si.
The stability of the Al,Os;-coated SAM is investigated by carrying out annealing
experiments. Fig 7.11 shows the spectral evolution resulting from post-annealing of a
10-cycle ALD-grown Al,O3 film on -COOH SAM, where all spectra are referenced to the
SAM surface. The Al,Os-coated SAM is completely stable upon annealing to 300°C. The
degradation of the SAM is observed in the range of 300-400°C, as an intensity loss of
-CHj stretching modes of the Alkyl chains at 2800-3000 cm™'. The biggest loss of -CH,
occurs in this 300-400°C range. After annealing to 400°C, a weak feature appears at 2055
cm™' along with the further reduction of -CH, mode intensity. This feature, attributed to
the formation of Si-H bonds at the surface, was previously observed in UHV
environments and taken as the evidence for thermal decomposition of alkyl chains
through B-hydride elimination with cleavage of Si-C bonds [25]. The formed Si-H
disappears at 500°C, as expected due to its thermal stability. Upon Si-H removal, the
TO/LO modes of SiO, appear in the 1000-1200 cm™ spectral region, and the C=0O
stretching modes (1400-1600 cm™) are greatly reduced, suggesting that the whole CH,

chains are decomposed and oxygen diffuses into the Si substrate. At higher temperatures,
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the TO/LO phonon modes of deposited Al,O; film become sharper. The LO mode of the
AL, O; blueshifts to ~955 cm'l, indicating that Al,Os film becomes denser after annealing.

Note that Al,O3 film remains after the SAM is thermally decomposed.

Absorbance (a. u.)

as deposit

600 900 1200 1500 1800 2100 2700 3000
Wavenumbers (cm™)
Fig 7.11 Annealing of 10 cycles Al,O3 on -COOH SAM surface in N». All spectra
are referenced to SAM surface. The bottom spectrum shows as-deposit Al,O;. SAM
decomposes at 400°C featured by the intensity loss of CH, modes.

ALD of AL,O; with TMA+ozone on -COOH SAM

As we have discussed and also observed in the spectra such as in Fig 7.10, visible
amount of D,O exists inside the film, which makes the film an oxygen rich film and
substantially affects the quality of the film. Thus, ozone instead of water has also been
used to deposit metal oxide films. The problem of ozone ALD is that due to ozone’s high

reactivity, the organic ligand will react with ozone and leave C-O/C=0 related species
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inside the film [36, 37]. We have shown that the -COOH SAM is relatively robust when
exposed to ozone up to ~150°C. The following section will explore the ozone ALD of

Al,O3 on -COOH SAM at 100°C.
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Fig 7.12 Differential FTIR absorption spectra of 20 cycles Al,O5 by ozone at 100°C on
-COOH SAM surface. Each spectrum is referenced to the spectrum recorded for the
previous treatment. The bottom spectrum is referenced to SAM. Weak ALD ligand

exchange is observed.

20 cycles Al,Os are deposited by TMA and ozone with saturation pulse length at
100°C. The incident angle of IR beam is ~74°C. Fig 7.12 shows the differential spectral
results of the deposition. For the 1* dosing of TMA on SAM, the spectrum is identical to
that in the previous discussion, showing the stretching/deformation modes of Al-CH3 and
the variation of C=0 stretching mode. These features indicate TMA is chemically bonded

to the SAM surface as having been discussed.



164

Upon the subsequent ozone exposure, the tiny negative band of v(CHy) at 2800-3000
cm” shows the reaction of Al-CH; methyl ligands with ozone. The weak and reversible
intensity variation of the features at 1476 and 1581 cm™ is related to the peak shift
induced by the change of C=0O bond environment in the interfacial (CO,)-Al from
Al-CHj; to Al-O-Al. The detailed reactions between TMA and ozone have been discussed
in the previous chapter for ozone ALD. Shown by the spectra, methyl ligand is not
completely removed especially for the 1% cycle, meaning an insufficient ALD ligand
exchange which will lower the deposition rate. The following cycles repeat the same
scheme: after TMA dosing, Al-CHj is adsorbed onto the surface; after ozone dosing, the

methyl ligand is partially removed.
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Fig 7.13 Absorption spectra of 20 cycles Al,O3 by ozone on SAM. All referenced to the

SAM surface. Al,O3 and substantial carbonated species are observed. The CH; intensity
loss indicates the degradation of SAM.

Although tiny changes are observed in the differential spectra, when we reference
the spectra to SAM surface as in Fig 7.13, the Al-O phonon mode centered at ~905 cm’

is observed and indicates the formation of Al,O3;. The Al-CH; methyl deformation mode
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at 1213 cm™ does not increase much after 20 cycles indicating that it is mainly from the
I TMA dosing and at the Al,O3-SAM interface. In the 1300-1700 cm’! range, in addition
to the interfacial v(C=0) modes (1476 cm™ and 1581 cm™) due to (CO,)-Al, two strong
peaks centered at 1609 cm™ and 1409 cm™ are tentatively assigned to C=0/C-O related
modes due to the decomposition of the underlying -CH, chains by ozone, with the proof

of v(CH,) intensity loss at 2926 cm™ and 2856 cm™.
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Fig 7.14 Annealing of 20 cycles Al,O3; by 0zone on -COOH SAM surface. All spectra are
referenced to as deposit Al,O3 on SAM. The carbon impurities and SAM are eliminated.
But interfacial Si-O modes occur at 900-1200 cm™ in the spectra.
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The presence of formate species [37] in Al,O3, as discussed in Chapter 4, cannot be
excluded and may be buried in the two strong peaks centered at 1609 cm™ and 1409 cm™.
Therefore, although -COOH SAM is stable at this temperature when exposed to ozone,
after the reaction of the functional group with TMA, its stability is reduced and the SAM
becomes more vulnerable to ozone. So the enhanced stability of -COOH SAM could
result from the big and densely packed -COOH head group compared with -CH; SAM.

After the degradation of the SAM, the broad band between 900-1200 cm™ (Si-O phonon
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mode) shows the formation of interfacial SiO, as expected, but the thickness is much less
than that on H/Si for the long ozone pulse case and comparable to the short pulse case.
SAM does protect the surface in spite of the small amount of SiO,. In contrast to Al,O3
on the SAM by TMA/water, the height of the 20-cycle Al,O3 phonon mode by ozone
based ALD is about 1/2 of that of 10-cycle water based ALD, showing ozone based ALD
has lower growth than water ALD possibly due to the absence of trapped water inside the
film.

The in situ post annealing in N, for 5 min is performed afterwards. The results of the
annealing from 150°C to 600°C are shown in Fig 7.14 which are referenced to
as-deposited 20 cycles Al,O; on SAM. The film is stable at 150°C concluded by the
nearly featureless spectrum. Starting from 300°C, C-O/C=0 related species in the film
decompose shown by the broad negative bands around 1300-1700 cm™. Upon 400°C, the
remnant -CH, chains begin to decompose, which is similar to the results of annealing of
SAM and Al,0O3-coated SAM by TMA/water where the initial decomposition of -CH,
chains start upon 400°C. The expected Si oxidation is observed in the ranged of 900-1200
cm'l, including Si-O-C/Si-O-Al modes at 945 cm’! and Si0, TO/LO modes at 1053 cm’!
and 1206 cm™. In summary, the -COOH SAM can be used to deposit metal oxide by

ozone, but due to ozone’s high reactivity Si-O forms during the deposition.

7.3 ALD of HfO, on -COOH SAM

As a typical high-k insulator material, HfO, is also deposited on the -COOH SAM
surface. 10 cycles HfO, are deposited on the SAM by TEMAH and D,O at 100°C.
Similarly, saturation pulse length is used for each precursor dosing and the IR incident

angle is ~74°C. The reaction between TEMAH and water has been discussed in the
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previous chapter in detail.
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Fig 7.15 Differential FTIR absorption spectra of 10 cycles HfO, on -COOH SAM surface

at 100°C. Each spectrum is referenced to the spectrum recorded for the previous
treatment. The bottom spectrum is referenced to SAM. The scheme of the ALD reaction
is shown on the right side. Weak ALD ligand exchange is observed. The ionic structure
after TEMAH reacting with COOH as COO-Hf is shown by the inset.

The spectral results are shown in Fig 7.15 which is in the differential form to see the
change on the surface after each treatment. For the 1¥ dosing of TEMAH on SAM, the
spectrum is quite similar to that of TMA on SAM. Carboxylic groups on the surface are
completely consumed, implying TEMAH is chemically adsorbed on the SAM surface,
featured by the intensity loss of v(C=0) at 1714 cm™, and the positive bands at 1594 cm™

and 1458 cm™ which are assigned to v,(C=0) and v{(C=0) in acid salt structures

(Hf'-CO;) as the small inset in Fig 7.15. Since TEMAH contains C-N bonds, the
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broadening of v,s/vs(C=0) modes is caused by other C, N and O related modes. The
intensity increase of v(CHy) around 2800-3000 cm™ is attributed to the precursor ligand
as well. These bands further confirm that Hf with attached ligands is chemically adsorbed
to the SAM surface. Different from TEMAH directly exposed to H/Si, there is no
interfacial Hf-O-Si mode observed. Therefore, all ALD reactions are limited to the top
surface of the -COOH functionalized SAM.

Upon the subsequent D,O exposure, there is a positive band for v(CHy) at
2800-3000 cm™', which is abnormal because the Hf precursor should be hydrolyzed by
D,0 and the ligand should be replaced by -OD. It could be caused by perturbed
underlying -CH, chains since the bands are mainly of vs/v,s(CH;). The possibility of
ligand from hydrolyzed residue TEMAH in the chamber adsorbed to the surface cannot
be excluded. The reversible intensity fluctuation of the bands at 1476 and 1581 cm™ is
related to the v(C=0) shift induced by the change of C=0 bond environment in the
interfacial (COz')-HfF as the Al,Os case. In addition, the D,O incorporation is observed
by -OD stretching mode at 2707 cm™ as the evidence of ALD ligand exchange. The
reaction scheme is shown on the right side of Fig 7.15. The following cycles repeat the
same scheme: after TEMAH exposures, Hf-ligand is adsorbed on the surface; after D,O
exposures, the chemically adsorbed precursor is reacted to form HfO,,

The spectra in Fig 7.16 are referenced to the SAM surface to show the evolution of
HfO, film with number of cycles. HfO, phonon mode is observed as a broad band
centered at ~680 cm™, implying the formation of continuous HfO, film. It can be seen
that v(D,0) (2707 cm™) intensity keeps increasing with the increased number of cycles,
indicating trapped D,O in the film. By v(CH,) around 2800-3000 cm’, it can be

concluded that some carbon impurities from ligands remain inside HfO,. Absence of Si-O
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mode around 900-1200 cm™ and no intensity loss of v(CH,) suggest that no interfacial
Si0; exists and the underlying -CH, alkyl chains keep intact, which is in good agreement

with the result of Al,O3 on SAM.

/L
7/

Hf-O

—

4x10™

v(C=0)
v(D,0)

B AN

v(CH) 1 cyc

Absorbance (a. u.)

3 cye

1 " 1 " 1 /L 1

800 1200 1600 2800
Wavenumbers (cm'l)

Fig 7.16 Absorption spectra of 10 cycles HfO, on SAM. All referenced to the SAM
surface. HfO, phonon mode is observed. The impurities in the film such as CHx and D,O
are confirmed by the spectra
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Fig 7.17 Annealing of 10 cycles HfO, on -COOH SAM surface. All spectra are
referenced to as-deposit HfO, on SAM. The interfacial SiO, increases and the COOH

SAM degrades above 400°C.
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Post annealing of the film is performed in N, for Smin in situ which is shown by Fig
7.17 (referenced to HfO,). Upon 300°C, there is no interfacial SiO, formation evidenced
by the absence of SiO, band (900-1200 cm™). v(C=0) redshifts to 1533 cm™ and 1454
cm’, suggesting the interface between the SAM and HfO, is perturbed. The SAM is
intact at this temperature according to the absence of v(CH;) intensity change. Upon
annealing at 400°C, the SAM starts to decompose, shown by the negative v(CH,) and
V(C=0) bands around 2800-3000 cm™ and 1300-1700 cm™. The expected SiO, is
observed by the broad band centered at 900 cm™ and it keeps growing with increased
temperature. The removal of residue Si-H and D,O inside the film is featured by the
negative bands of v(Si-H) at 2074 c¢cm™ and v(D,0) at 2707 cm™'. Note that the same
phenomena has been observed as the annealing of Al,O; on SAM at 300°C and
400°C--the formation of Si-H at 2052 cm™ due to thermal decomposition of alkyl chains

through B-hydride elimination with cleavage of Si-C bonds.

7.4 ALD of Cu on -COOH SAM

The deposition of metal electrode on SAM has been an issue for long time [38, 39].
The difficulty is that either the metal deposition may decompose the SAM such as by
using sputtering and CVD, or the metal may diffuse through SAM causing short. Since
ALD has the advantages of depositing smooth and uniform film at relatively low
temperature, ALD of Cu on SAM as electrode or seed layer is very interesting and
promising.

For this purpose, 10 cycles Cu are deposited by ALD ([Cu(*Bu-amd)], and H;) [40]
on -COOH SAM/HSIi(111) at 185°C. The incident angle of IR beam is ~74°. The

differential spectra of this deposition are presented in Fig 7.18.
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Fig 7.18 Differential FTIR absorption spectra of 10 cycles Cu on -COOH SAM surface at
185°C. Each spectrum is referenced to the spectrum recorded for the previous treatment.
The bottom spectrum is referenced to SAM. The scheme of the ALD reaction is shown on

the right side. The inset shows the ionic structure formed after the reaction between Cu
precursor and the COOH SAM.
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Fig 7.19 Absorption spectra of 10 cycles Cu on SAM referenced to the SAM surface at
185°C. Substantial amount of ligand related impurities are observed in the spctra.
Similarly, the variation of C=0O stretching modes after the 1* Cu precursor exposure

indicates the Cu precursor is chemically adsorbed to the SAM surface, evidenced by the
negative band of -COOH at 1714 cm™ and the positive bands at 1562 cm™/1440 cm’
which are assigned to v,s/vs(C=0) in acid salt structure (CO;") as the small inset in Fig

7.18. The coverage can be concluded by the intensity loss of -COOH stretching mode and
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is about ~65%, which is less than TMA and TEMAH cases. In addition, the intensity for
the shift of v(C=0) is much lower than the TMA and TEMAH cases, along with the lower
intensity of v(CHy) from the ligand, suggesting a lower reactivity of the Cu precursor
with -COOH SAM. The subsequent H, exposure shows little effect according the
spectrum but with tiny variation in the C=0 stretching modes as having been discussed.
The 2™ dosing of Cu precursor add a little CHy to the surface without observable NCN
Cu precursor ligand feature at 1509 cm™, suggesting a low growth rate. The CH,
introduced by the 2" H, exposure could be caused by the residue Cu precursor in the

environment or the perturbed CH; chains of the SAM as the HfO, case.

4
192 x10

Cu 2p wre’ |

Erﬂgchar'p '\ E 9319
10 L 9621 9536 / i

/ N
0.8} <« > U\/ |

965 960 955 950 945 940 935
Binding Energy /eV

0.6

Counts/s

0.4r
0.2 \
0.0

970 960 950 940 930
Binding energy (eV)

Fig 7.20 XPS Cu 2p of 10 cycles Cu on SAM. The inset [41] shows the spectra of pure
Cu and CuO. Compared with the standard spectra, the CuO amount is minimal in the Cu
film on COOH SAM.

To determine the species inside the Cu film, the spectrum of 10 cycles Cu is

referenced to the starting SAM surface which is shown in Fig 7.19. The strong stretching

bands of CHy are clearly observed at 2800-3000cm™. Moreover, the NCN Cu precursor



173

ligand feature appears at 1513 cm', indicating the C and N impurities inside the film. The
bands at 1300-1476 cm™ are related to the C, N and O bonds of impurities inside the film.
No evidence of -CH; loss indicates that the alkyl chains of the -COOH SAM survive
during the ALD process.

To prove the deposition of the Cu, XPS analysis is carried out and Fig 7.20 shows
the Cu 2p spectrum. The Cu 2p;; at 931.9 eV [42], compared with the pure Cu and CuO
in the inset of Fig 7.20, can be either Cu’ or Cu'" but believed to be Cu’ according to the
conductivity study done by Gordon’s group [40]. The small satellite peak resulting from
Cu”" around 945 eV could be caused by the interfacial (CO,)-Cu bond or trace amount of

CuO.

7.5 Summary

In this chapter, two types of SAMs on H/Si(111) have been discussed: one with
chemically unreactive functional group -CHj3 which is CH3-(CH;);7-H/Si(111), and the
other with chemically reactive functional group -COOH which is COOH-(CH,)o
-H/Si(111). The -COOH type SAM is achieved without any Si-O or Si-O-C bond but the
-CHj3 type SAM has trace amount of SiO; at the interface.

The stability of those two SAMs under thermal annealing and ozone exposure is
investigated. The -COOH SAM has higher stability for both cases. The carboxylic head
group survives without substantial decomposition up to 200°C for thermal annealing and
100°C for ozone exposure. In both situations, the deterioration of the carboxylic head
group starts first, and the -CH, chains decompose at a higher temperature. The -CHj
SAM decomposes above 150°C for annealing and degrades immediately upon ozone

exposure at 60°C. Thus, -COOH SAM shows better quality.
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ALD of Al,Os, HfO, and Cu are deposited on -COOH SAM surface. By using in
situ FTIR, the reaction mechanism is studied. All the reactions start from the interaction
between the precursor and -COOH groups by forming (CO;)-metal salt structure.

For Al,O; deposition on -COOH SAM at 100°C, both TMA/D,O and TMA/ozone
are used. For TMA/D,0, the quality of Al,O3; on SAM is similar to that on SiO,. No
interfacial SiO; is observed and little ALD incubation period is detected, but D,O
impurity is observable inside the film. The SAM remains intact during the ALD process.
The post annealing result shows the decomposition of the SAM above 300°C. For
TMA/ozone, substantial amount of C-O/C=0 impurities are found inside the film due to
the decomposition of the underlying SAM and TMA ligands. Its growth rate is about 1/4
of that of water based ALD. Small amount of Si-O is observed by FTIR.

HfO, is deposited by TEMAH/D,O on -COOH SAM at 100°C. Similarly, no
interfacial SiO, is observed during the deposition and the underlying SAM is intact.
However, D,0 is incorporated inside the film. The post annealing shows that coated
SAM is stable up to 300°C. Above this temperature, SiO, keeps growing with the
increased temperature.

Finally, ALD of pure copper on -COOH SAM is demonstrated. It is concluded that
the growth rate is low by the intensity of ligand related modes. Residue NCN ligand
related carbon impurities are detected inside the film. The alkyl chains survive during the

deposition of Cu and XPS Cu 2p spectrum confirms the existence of copper film.
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Chapter 8: Summary

The main contribution of the work described in this thesis is the fundamental
understanding of the ALD process for a variety of important systems, derived from in-situ
FTIR studies. This technique was essential to characterize the properties of both starting
surfaces and precursors, and to study the essential elements of ALD. The mechanistic
aspects of ALD are investigated including the side reactions taking place during ALD
growth, which provides the necessary insight to suggest possible optimization schemes

for future ALD applications, as summarized below.

1) Two types of starting surfaces are discussed in detail: nitrided Si surface and
SAMs modified H/Si surface. In this dissertation, SiNy is used as an oxygen barrier to
suppress interfacial SiO, for ALD of high-x metal oxides, and SAMs are for
area-selective ALD. But both have many other applications as well.

For the nitrided surfaces, we studied the mechanism of thermal NH; nitridation of
flat H/Si(111) surface and vicinal H/Si(111) surfaces including monohydride and
dihydride stepped surfaces. By varying the temperature from 150°C to 600°C at a small
temperature step of 25°C, the surface interaction with NHj is investigated to conclude the
whole picture of NH; nitridation. Flat H/Si(111) surface and monohydride stepped
H/Si(111) surface show the same nitridation behavior due to their structural similarity.
The nitridation starts from NHj; dissociation by replacing the surface Si-H with Si-NH, at
350°C. The nitrogen insertion to Si-Si network and formation of SiNy layer take place
above 400°C. Dihydride stepped H/Si(111) shows a very different nitridation mechanism,
where desorption of Si-H begins at 325°C accompanied by the forming an unexpected

H-Si-NH-Si bridging structure at the step edge. DFT calculation perfectly confirms our
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vibrational mode assignments and assumed nitridation model. Upon 400°C, nitrogen
insertion to Si-Si back bond is evidenced. Theses information is helpful to determine
condition for initial interaction between NH;3 and surface Si-H and we understand how
NHj; attacks the surface and is bonded to the surface. By varying the temperature, the
termination of the Si surface can be changed.

For the SAM-terminated surfaces, the stability of two types of SAMs is studied
including -COOH terminated SAM (reactive) and -CH; terminated SAM (unreactive)
grafted on H/Si(111) surface via direct Si-C bond. -COOH SAM has higher stability
under thermal annealing in N, and ozone exposure. The carboxylic head group survives
without substantial decomposition up to 200°C for thermal annealing and 100°C for
ozone exposure, while the CH, chains decompose at a higher temperature. The -CHj3;
SAM decomposes above 150°C for annealing and degrades immediately upon ozone
exposure at 60°C. Thus, -COOH SAM shows much better quality and it is a very reactive

surface for ALD which can be utilized for selective growth.

2) ALD of high-x metal oxides and pure metal are studied, including HfO,, Al,O3,
La;0; and pure Cu on various surface:

HfO, is deposited by TEMAH/ozone at 100°C, and it is compared with the
deposition by TEMAH/D,0O. On H/Si surface, ozone based HfO, shows substantial
interfacial Si oxide and carbonyl/nitro derivatives as impurities in the film without
trapped water/OH. By using SiNyx and -COOH SAM surfaces, the interfacial SiO; is
suppressed for ozone based ALD.

AlOs is deposited by TMA/ozone on H/Si(111) at 300°C. When excessive ozone
exposure is used, an unpredicted formate surface intermediate is detected and studied

assisted by DFT calculations. Substantial interfacial SiO, is observed during the ALD
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process. When the ozone pulse length is shortened, the film quality is improved
evidenced by the absence of formate species and minimal interfacial SiO, which is
comparable to water based ALD but with lower growth rate. The gas phase reaction of
TMA/D;O0 is straightforward and CH4/CDy are the only byproducts, while the reaction of
TMA/ozone is much more complicated. C;Hy is not the only byproduct and the oxidation
of the methyl terminal group/Al-O-CH; may prevail which needs further study. The
reaction pathway could be determined by ozone amount. By using -COOH SAM surface,
high quality Al,Os is achieved by TMA/D,O at 100°C without interfacial SiO, due to the
high reactivity and protection of -COOH SAM.

In short, ozone based ALD can improve the film quality but the reaction is much
more complicated due to ozone’s high reactivity. The amount of ozone significantly alters
the reaction pathway and the film quality. By using SiNy and SAMs surfaces, the surface
properties are modified and interfacial SiO, is suppressed which are very good starting
surfaces for ALD.

La,Oj5 is deposited by using a brand new precursor, La('Pr-MeAMD)s, and D,0. By
checking the La precursor gas phase, all ligand features are observed. Partial
hydroxylation of the precursor is detected in the gas phase by the unexpected stretching
vibrational modes resulting from C=N and N-H in free hydrogenated ligands. The gas
phase reaction of La('Pr-MeAMD); and D,O confirms this finding. The growth of La,0;
on H/Si(111) surface shows that La(iPr-MeAMD)g is highly reactive with H/Si and
involves the formation of a Si-O-La bond due to the partially hydrolyzed precursor,
where the free hydrogenated ligand is unreactive with the surface. For the deposition at
200°C, substantial acetate/carbonate impurities are detected, while for the deposition at

300°C, acetate/carbonate impurities are reduced but cyanamide (or carbodiimide)



181

intermediate species are observed with increased interfacial SiO,. The highly hygroscopic
nature of La,O; results in CVD-like deposition and thickness non-uniformities on a
macroscopic scale. The deposition of La,AlyO nanolaminate by alternating TMA/D,O
and La(iPr-MeAMD)3/D20 ALD cycles successfully suppresses CVD-like reactions and
minimizes the acetate/carbonate incorporation while remains the high dielectric constant.

Thus, the properties and reactions of the new La precursor are studied in detail. The
intrinsic of La,O3; makes the ALD process difficult. With the understanding of the its
mechanism, the ALD process can be optimized such as by using Al,O3 incorporated
La,0s.

Finally, pure copper is deposited by using a novel liquid copper precursor--copper(I)
di-sec-butylacetamidinate ([Cu(*Bu-amd)],) and molecular hydrogen on SiO, surface.
The evolution of SiO; phonon modes in the IR spectra clearly shows the agglomeration
and the diffusion of Cu on/into SiO, during the initial 10 cycles. Cu agglomeration and
diffusion increase when the deposition temperature is raised. The H, reduction of the
precursor ligand and ligand hydrogenation are observed by the vibrational modes
attributed to CHy and NCN bonds. Ex situ XPS results confirm the deposition of copper
on the Si0O; surface. Both FTIR and XPS results show residue ligand impurities inside the
Cu film with small amount of N (< 2%) and substantial amount of C for the initial cycles
due to incomplete ALD reactions. RBS indicates that the growth rate on SiO; is
temperature dependent and the maximum growth rate is found in the range of 185-250°C
based on one ALD cycle. At 185°C, the thickness of 10 cycles Cu is 1.04-1.18 nm with
uniform distribution.

The Cu deposition at 185°C on other surfaces is studied as well, such as H/Si, SiNy,

AL,Os; and SAM surfaces. FTIR and XPS show the similar film contents and growth
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mechanism as on SiO,. However, much lower growth rate is found for all those surfaces
than that of SiO, surface. CusN is deposited on SiO, at 160°C successfully. After
annealing at 225°C in forming gas, the CusN is partially reduced to Cu with little Cu
agglomeration.

Therefore, the properties and the initial interactions of the new precursor with SiO,
and other surfaces are addressed and Cu agglomeration/diffusion is observed as well for
the initial ALD cycles. This information is critical for the subsequent processes of Cu
ALD. In addition, ALD of metal on SAMs may resolve the problem of making metal

electrode on SAMs as the application for organic devices.
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Appendix: ALD of HfO, on Trenched H/Si

With the fast development of modern microelectronics, structures have evolved
from planar dimensions to three dimensions, which greatly decrease surface area and cost
per bit [1]. For example, deep trenches are used for trench capacitors in DRAM
(Dynamic Random Access Memory) which can have much larger capacitance than that of
planar capacitors due the increased surface area without increasing the wafer area [2, 3,

4]. The schematic diagram of a trench capacitor is shown by Fig A.1.

+— Metal gate

Doped Si

Si

Insulator

Fig A.1 Diagram of a trench capacitor in silicon. (yellow-metal gate, green-insulator,
gray-doped silicon)

Normally the trench is quite deep to increase the surface area with high aspect ratio.
High-k metal oxide is utilized as insulator to further improve the capacitance. How to
deposit highly conformal and uniform high-k metal oxide and metal into the deep trench
as insulator layer and metal gate is challenging [5].

Due to the great advantages of ALD to deposit homogeneous and high quality film,

it is becoming the major method for those applications. Trenched surfaces are very
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different from flat surfaces due to its artificial roughness, and it is very important to study
the behavior of ALD precursor on it. In this chapter, we will perform in situ FTIR
measurements of trenched surfaces and compare the results with those obtained on flat
surfaces. This work is put in an appendix because the interpretation of the data is beyond
the scope of this thesis. The results/interpretation are therefore to be considered as

preliminary.

A.1 Thermal stability of H/Si surfaces
Before we go on to HfO, deposition on H-terminated trenched samples, the thermal
stability of different H/Si including flat H/Si(111), flat H/Si(100) and trenched H/Si(100)

is studied. The annealing is performed in purified N, at ~3-4 torr for Smin.

Si-H I 4x10™
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Fig A.2 Absorption spectra of annealing of flat H/Si(111) at 300°C referenced to initial
H/Si(111) which is at the bottom in red and the initial H/Si(111) referenced to oxide
which is on the top in black. The incident angle is ~74°. The H/Si(111) is stable at 300°C.
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Annealing of flat H/Si(111) at 300°C is shown in Fig A.2. The black curve is the
initial H/Si(111) spectrum referenced to an oxide surface and the bottom red curve
shows the difference due to annealing, using the initial H/Si(111) as reference. The Si-H
stretching mode is at 2083 cm™' as discussed in chapter 2 [6]. The single Si-H peak in
the spectrum is due to the monohydride structure on H/Si(111). After annealing at 300°C,
the surface remains almost unchanged (no net loss of integrated area). It can be
concluded that the Si-H is stable at this temperature. Normally Si-H is much more stable
in UHV environment and can survive at higher temperature. Our ALD reactor is not
maintained as UHV environment, thus residue water and other contaminants existing in

the chamber reduce the stability of Si-H.

- T 150°C T1x10* 2103
200°C |
250°C

2088/ | 2139

300°C

H/Si(100)
2000 2100 2200
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Absorbance (a. u.)

400°C

I4x1o4
1

2110

2000 2200

Wavenumbers ( cm'l)

Fig A.3 Absorption spectra of annealing of flat H/Si(100) which is referenced to initial
H/Si(100) and the inset is the initial H/Si(100) which is reference to oxide surface. The
incident angle is ~74°. The surface is stable up to 250°C
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Flat H/Si(100) surfaces are then annealed in N, as shown by Fig A.3, where the
spectra are referenced to the initial H/Si(100). The inset shows the initial H/Si(100)
referenced to oxide. The peaks at 2088 cm™, 2103 cm™ and 2139 cm™ are attributed to
Si-H monohydride, dihydride and trihydride modes, respectively [7]. The H/Si(100) is
stable up to 250°C. Upon 300°C, the Si-H begins to desorb starting with the loss of
dihydride and trihydride stretching modes at 2110 cm™ and 2142 c¢m™. The positive peak
at 2100 cm™ corresponds to an increased concentration of dihydride, most likely resulting
from the partial decomposition of trihydride. The band at 2060 cm™ is caused by the
isolated monohydride stretching mode due to the decomposition of surface Si-H.
Therefore, it is clear that H/Si(111) is more stable than H/Si(100) because there are more

reactive dihydrides and trihydrides and more defects on H/Si(100) surfaces.

Si(100)

Fig A.4 The structure of trenched sample, including the cross section and top views. The
typical size of the trench is ~0.1-0.2um wide and ~6-8um deep (provided by Dr. Uwe
Schroeder).

The structure of the trenched sample we used is shown by Fig A.4. The trenches are

on one side and the other side is flat. The substrate is (100) oriented and CZ grown. The
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typical size of the trenches is ~0.1-0.2um wide and ~6-8um deep. The surface is
artificially rough. The hydrogen-terminated trenched Si(100) is measured by IR with the
IR facing the trenched side, as the inset in Fig A.5. The spectrum is presented in Fig A.5
which is taken at normal incidence. The stretching modes of Si-H are around 2100 cm™
and the bending mode of Si-H are observed ~620 cm™. The broad negative band at
900-1300 cm™ corresponds to SiO, TO/LO modes due to the etching of HF [8].

Note that to fully remove the SiO,, 10 min HF etching is used in this case. The
prolonged etching time will not rough the surface once the surface is fully passivated by
hydrogen [9]. As in the inset of Fig A.5, three strong modes are observed at 2087 cm™,
2104 cm™ and 2139 cm™, which are tentatively assigned to monohydride, dihydride and
trihydride modes. Due to the roughness of the surface, more coupled modes may appear
and overlap within this range. The spectrum taking at ~74° shows little difference from
that of normal incidence resulting from the surface roughness. So it can be concluded that
trenches dominate the contribution.

The sine-wave like baseline oscillation in Fig A.5 is caused by the trenched surface
[10]. There is an interference due to the change of index of refraction between the trench
area and the solid Si region. The oscillation frequency depends on the depth of the
trenches. The effective refractive index of the surface is related to the trench top width
since the increased top void fraction will make it closer to that of the air lowering the
reflectivity. Although an accurate model is difficult, we use a highly simplified mode

according to Fabry-Pérot interferometer [11]:

2
Al = 4

~— 90 EqA.l
2nd cos@

where # is the refractive index, d is the trench depth and n=ng=4, to get an estimate of the
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trench depth and find that d is around 1-5um.

5(Si-H)

T 5x10°

Absorbance (a. u.)

1 \
A

1000 1500 ; 2000 2500 3000 3500 4000

1 \
/ Wavenumbers (cm’l) \
1 \
1

2139
I1x103
2104

2000 2100 2200

Fig A.5 The absorption spectrum of hydrogen terminated trenched Si(100). The inset
shows the magnified Si-H stretches. The incident angle of IR is ~0°. The curved baseline
is due to the trenches. And the small schematic shows the IR transmission geometry.

Thermal annealing is carried on for H-terminated trenched Si as well with the same
condition. The spectral results are shown in Fig A.6. Upon 250°C, the surface Si-H starts
to decompose featured by the negative bands corresponded to monohydride, dihydride
and trihydride stretches which are centered at 2085 cm'l, 2108 cm'l, and 2137 cm'l,
respectively. The band appearing at 2061 cm™ is due to the decoupled Si-H resulting from
thermal decomposition. At 350°C, the surface is being oxidized evidenced by the broad
Si-O band center ~998 cm™'. The modes appearing at 2175 cm™ and 2264 cm™ are caused

by the oxygen insertion into Si-Si bond. The 2175 cm™ mode is assigned to Si-H shifted
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by insertion of two oxygen atoms (O,-Si-H) and 2262 ¢cm™ mode is assigned to Si-H

shifted by insertion of three oxygen atoms (O3-Si-H) [12], which are getting stronger with

more Si-O formation.
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Fig A.6 Absorption spectra of annealing of H-terminated trenched Si surface which are
referenced to H/Si. The surface is not as stable as the flat surface and Si-H starts to
desorb from the surface upon 250°C annealing.

By comparing above results, it is found that H/Si(111) is the most stable surface and
remains unchanged at 300°C annealing. Due to the presence of more defects,
H-terminated trenched Si(100) is the least stable surface and its Si-H decomposes at
250°C while flat H/Si(100) is stable up to 250°C. However, when the ALD reactor is
contaminated such as by large amount of residue metal precursor and hydroxyl group, the

stability of H/Si will be further decreased.
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A.2 HfO, deposition on trenched H/Si(100)
Based on the thermal stability study of H/Si we have discussed above, HfO; is
deposited on them by TEMAH and D,0. The comparison of HfO, deposition on flat

H/Si(100) surface and on trenched H/Si(100) will be presented in the following part.
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Fig A.7 Absorption spectra of trenched H/Si(100) exposed to TEMAH at 100°C which
are referenced to H/Si. The bottom spectrum in black is taken at normal incidence and the
top spectrum in red is taken at 74°. The inset shows the spectrum of flat H/Si(100)
exposed to TEMAH at 100°C and taken at 74°. The loss of Si-H indicates the interaction.

First the trenched H/Si surface is exposed to TEMAH at 100°C as shown by the
spectra in Fig A.7 which are referenced to H/Si and show the range of Si-H stretching
modes. The spectrum for the trenched sample taken at 74° has a substantial change in the
Si-H stretching modes, indicating the TEMAH is interacting with the surface Si-H and
the flat H/Si(100) exhibits similar feature after TEMAH dosing at 74° (the inset of Fig
A.7).

However, the spectrum of the trenched sample taken at normal incidence only shows
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small changes (Si-H loss less than 2%) in the range of the Si-H stretches. Since the 74°
spectrum gives the information (dipoles vertical and parallel to the surface) of both flat
surface and trenches (the side of the hole), and normal incidence gives mostly the
information (bonds parallel to the surface) of trenches, the spectral results may indicate
that at 100°C, TEMAH precursor doesn’t enter the trenches to have sufficient reaction
with Si-H. But due to the complexity of the surface geometry, it cannot be simply

explained.
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Fig A.8 Absorption spectra of trenched H/Si(100) exposed to TEMAH at various
temperatures which are referenced to H/Si and taken at normal incidence. Little change is
observed at 150°C, and at higher temperature, more Si-H loss is observed.

When the temperature is increased to 200°C, the loss of Si-H becomes more intense
as shown by Fig A.8, where the surface is thermally stable in N, as studied in the

previous section, possibly indicating that the precursor has sufficient kinetic energy to be
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driven into the trenches. With further increased temperature, although much more loss of
Si-H is observed, the contribution of the precursor interaction cannot be distinguished

from the thermal effect.
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Fig A.9 Absorption spectra of 10 cycles HfO, on trenched H/Si(100) at 300°C which are
referenced to H/Si taken at normal incidence. The inset shows 20 cycles HfO, on flat
H/Si(100) at 100°C which is referenced to H/Si and taken at 74°. Small amount of
Hf-O-Si and impurities is observed. Compared to the deposition on flat H/Si, there is no
significant difference.

Further, 10-cycle HfO, is deposited on trenched H/Si(100) at 300°C (Fig A.9). The
inset of Fig A.9 shows the spectrum of 20 cycles HfO, deposited on flat H/Si(100)
surface at 100°C. Hf-O mode observed ~680 cm™ indicates the formation of continuous
HfO, layer. The broad band around 990 cm™ is due to the interfacial Hf-O-Si bond [13].
Less amount of impurities (C, N and O) for the deposition at 300°C are observed by the

region at 1300-1700 cm™ than that at 100°C as well as the reduced D,O amount. The
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interfacial SiO, is not obvious in both cases. There is no significant difference between
the flat surface and trenched surface according to the spectral features.

However, due to the complicated surface geometry of trenched H/Si(100) surfaces,
the RBS spectrum of 10 cycles HfO; on it has a large tail for the Hf peak as shown by Fig
A. 10. Thus, it is very difficult to get the Hf atom areal density through RBS

measurement as we relied on before.
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Fig A.10 RBS spectrum of 10 cycles HfO, on trenched H/Si(100) at 300°C. There is a big
tail for the Hf peak because of the trenches which makes the analysis difficult.

A.3 Summary

In this chapter, the thermal stability of flat H/Si(111), H/Si(100) and trenched
H/Si(100) in N, is studied by in situ FTIR. Flat H/Si(111) shows the highest stability and
trenched H/Si(100) shows the lowest. Due to the surface roughness of trenched H/Si(100)
samples, little direct information can be obtained by using normal and ~74° incidence for
the IR measurements. The interference resulting from the trenches can be used to

estimate the trench depth with a simple model.
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The deposition of HfO, by using TEMAH and D,O is carried out at various
temperatures. Compared with the deposition on flat H/Si(100), higher temperature (above
200°C) is needed to drive the TEMAH precursor into the trench, as determined from the
results of normal incidence and ~74° IR absorption spectra. The RBS spectrum shows a
large tail resulting from the trenches which makes the analysis difficult. As a result, the

interpretation is only qualitative.
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