MICROSTRUCTURE AND PROPERTIES OF COPPER THIN FILMS ON

SILICON SUBSTRATES

A Thesis

by
VIBHOR VINODKUMAR JAIN

Submitted to the Office of Graduate Studies of
Texas A&M University
in partial fulfillment of the requirements for the degree of

MASTER OF SCIENCE

August 2007

Major Subject: Mechanical Engineering



MICROSTRUCTURE AND PROPERTIES OF COPPER THIN FILMS ON

SILICON SUBSTRATES

A Thesis

by

VIBHOR VINODKUMAR JAIN

Submitted to the Office of Graduate Studies of
Texas A&M University
in partial fulfillment of the requirements for the degree of

MASTER OF SCIENCE

Approved by:
Chair of Committee, Xinghang Zhang
Committee Member, Karl Hartwig

Haiyan Wang
Head of Department, Dennis O’Neal

August 2007

Major Subject: Mechanical Engineering



il

ABSTRACT

Microstructure and Properties of Copper Thin Films on Silicon Substrates
(August 2007)
Vibhor Vinodkumar Jain, B.E., Shivaji University, India

Chair of Advisory Committee: Dr. Xinghang Zhang

Copper has become the metal of choice for metallization, owing to its high electrical and
thermal conductivity, relatively higher melting temperature and correspondingly lower
rate of diffusivity. Most of the current studies can get high strength copper thin films but
on an expense of conductivity. This study proposes a technique to deposit high strength
and high conductivity copper thin films on different silicon substrates at room
temperature. Single crystal Cu (100) and Cu (111) have been grown on Si (100) and Si
(110) substrates, respectively. Single crystal Cu (111) films have a high density of
growth twins, oriented parallel to the substrate surface due to low twin boundary energy
and a high deposition rate. The yield strengths of these twinned Cu films are much
higher than that of bulk copper, with an electrical resistivity value close to that of bulk
copper. X-ray diffraction, transmission electron microscopy and nanoindentation
techniques were used to show that high density twins are sole reason for the increase in
hardness of these thin films. The formation of growth twins and their roles in enhancing

the mechanical strength of Cu films while maintaining low resistivity are discussed.
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1. INTRODUCTION
Recently copper has become a primary focus for the integrated circuit metallization
replacing aluminum owing to its higher electrical and thermal conductivity, higher
melting temperature and correspondingly lower rates of diffusivity. These advantages
have drawn significant research in the areas of deposition, characterization and copper
films and enhancement of film quality via tailoring deposition techniques. As conducting
materials are being used in many diverse applications, it is required that they have both
high strength and conductivity at the same time. However, pure metals for example
silver, copper and aluminum are very soft. Strengthening these metallic films by various
approaches like grain size reduction, solid solution strengthening, cold working leads to
high strengths but low electrical conductivity. For instance Cu with 2 or 3 time higher
strength (achieved by alloying), usually has a loss of conductivity about 50 to 60 percent
in comparison with pure copper. The primary source of strengthening of thin films has
been confining dislocation motion. Introduction of defects, such as grain boundaries and
precipitates, have proven to be an effective technique to enhance mechanical strengths to
a great extent. But these defects also act as a very powerful scattering site for electrons,
and thus lead to a lower electrical conductivity. Such dilemma has led to exploration of a
different type of defects, twin boundaries. Twin boundaries act as barriers to dislocation
motion in a similar manner to grain boundaries, but the electrical scattering coefficient at
coherent twin boundaries is about one order of magnitude lower than that at grain

boundaries.

This thesis follows the style and format of Scripta Materialia.



Therefore there is great potential in design high-strength and high-conductivity
Cu films by tailing twin boundaries. The primary goal of present work is to deposit
copper, single crystal in nature with good balance of electrical and mechanical
properties.
1.1. Thin film deposition
Thin films can be defined as “thin material layers ranging from fractions of a nanometer
to several micrometers in thickness” [1]. A proper distinction between thin film
deposition and thick film deposition should be bared in mind. Thin film deposition
involves deposition of individual atoms, while the latter deals with the deposition of
particles, for example thick film technique is painting [2]. Usually thick film deposition
doesn’t give much control over the quality of films and is relatively inexpensive than
thin film deposition. Today thin film technology itself is a separate branch of material
science and has evolved into a set of techniques used to fabricate many products [3].
Applications include very large scale production of electronic packaging, sensors,
integrated circuits, optical film and devices and also protective and decorative coatings.
At present, the enormous opportunities and rapidly changing needs for thin films and
thin film devices are opening new frontiers for the development of new processes,
materials and technologies [4, 5, and 6].

1.1.1. Thin film deposition steps

Almost all thin film deposition techniques have four or five basic sequential steps as
shown in Fig. 1. A source of pure material to be deposited acting as a target in growth

process, such as in physical vapor deposition. Material is transported to the substrate via



either liquid or vacuum medium. The deposition of the material onto the substrate then
follows; this process may or may not be followed by annealing process depending on the
desired properties of the thin film to be deposited. In final step the film is analyzed to
evaluate the process. And the analysis is incorporated in order to adjust the deposition

conditions.

Solid/Liquid/ Vapor
Gas

> Source

A 4

Vacuum
Transport Gas
Fluid

A 4

Energy Input
Deposition Substrate
Material deposited

A 4

Annealing

!

Composition and Structure

Structure
Analysis Composition
I L Properties

Modification incorporation

Figure 1 Schematic repesentation of thin film deposition steps



A source of material for thin film deposition may be a solid, liquid, vapor or gas.
For solid materials we need to device a method to vaporize them and transport them to
the substrate. Various known methods to do this are to heat the target, hit it with high
energy ions, laser beam or electron beam. These methods are appropriately called
Physical vapor deposition (PVD). In many cases the material is supplied in the forms of
gases or liquid and deposition occurs right after chemical reaction close to substrate.
Such growth process is typically called chemical vapor deposition (CVD). In both CVD
and PVD techniques impurity contamination and supply rate are major areas of interest.
The thin film properties are dependant on the deposition rate and the amount of materials
supplied and thus the deposition rate is of importance.

Uniformity or arrival rate over the substrate is the major area of concern in
transport step. Uniformity of the thin film deposited is dependent on the type of
deposition process CVD or PVD. Basically, the atoms travel in straight path in high
vacuum system during PVD process with little or negligible amount of collision,
whereas in CVD process, they have random paths with lots of collisions due to the usage
of chemical gasses or liquid.. Thus, the uniformity in the case of vacuum system is
dependent on the supply rate and the geometry of the substrate surface. Whereas, in a
CVD process the uniformity is dependent on the gas or liquid flow patterns and on the
diffusion of the source molecules through the surrounding other gases involved. There is
an added advantage with High vacuum transport medium i.e. the clear access to the
deposition surface; this allows the possible use of the analytical techniques involving

electron beams.



Often termed as heart of thin film deposition process, deposition step is
considered to be composed of six different sub sequences. The atoms and molecules
arriving encounter absorption. Upon arrival near the surface, molecules or atoms feel an
attraction due to interaction with the surface molecules. This happens even in
symmetrical molecules or atoms as they also behave as oscillating dipoles and causes
induced dipole interaction called Van der Waal’s force. The absorbing species then go
though surface diffusion to find most active sites or find epitaxial sites. This process
requires breaking bonds between the absorbate and the surface site so that the absorbate

can move to new location and form new bonds.

Chamber Evaporation

® '
Atomic Cluster ®
@ formatation L]
N : =] BEwvaporation
@ R I from
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Interdiffusiton A
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Terrace vacancy Kink
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¥ ‘
47 Y

Figure 2 Atom/molecule interactions with substrate [7]



In the process of surface diffusion the atoms or molecules interact within
themselves and form bigger clusters (See figure 2). These clusters or nuclei are
thermodynamically unstable and tend to desorb in time depending on the deposition
parameters. After reaching a certain size the clusters becomes thermodynamically stable
and the nucleation barrier is said to have been overcome. This step involving the
formation of stable, critical sized nuclei is called the nucleation stage [2].

The critical nuclei grow in number as well as in size until a saturation nucleation
density is reached. The nucleation density and the average nucleus size depends on a
number of parameters such as the energy of the impinging species, the rate of
impingement, the activation energies of adsorption, desorption, thermal diffusion,
temperature, topography, and chemical nature of the substrate. A nucleus can grow both
parallel to the substrate by surface diffusion of the adsorbed species, and perpendicular
to it by direct impingement of the incident species. In general, however, the rate of
lateral growth at this stage is much higher than the perpendicular growth. The grown
nuclei are called islands.

In coalescence stage, small islands start coalescing with each other in an attempt
to reduce the substrate surface area. This tendency to form bigger islands is termed
agglomeration and is enhanced by increasing the surface mobility of the adsorbed
species, for example increasing the substrate temperature. In some cases, formation of
new nuclei may occur on areas freshly exposed as a consequence of coalescence. Larger

islands grow together, leaving channels and holes of uncovered substrate. The structure



of the films at this stage changes from discontinuous island type to porous network type.
Filling of the channels and holes forms a completely continuous film [7].

1.2. Thin film deposition techniques

Rapidly changing needs for the thin film materials and devices are creating new
opportunities for the development of the new processes, materials and technologies.
There are basically three categories of thin film deposition processes: PVD, CVD and
chemical methods (Figure 3). It should be noted here that it is improper to associate high
vacuum to categorize these processes as both PVD and some of the CVD processes use

high vacuum environment [8§].

lThin film depositionJ
|
| |

Chemical Deposition Processes Physical Vapor deposition
l | | |
: , | |
[ Sol-gel ] [ Plating ] | C\V.D | [ Evaporation ][Sputter De osition]
Electrrc:- less Therrmal The:rmal Ma nétron
[ J ) | [[mag )
[Electrc;plating] | MOCVD | | MBE | DC l
: !
PEGVD ] | EBeam | [ RF |

Figure 3 Thin film deposition techniques



1.2.1. Physical vapor deposition

Physical vapor deposition is an atomistic deposition process, where materials are
transported in the form of vapor to the substrate where it condenses, in the presence of
high vacuum or low pressure. These processes can be used to deposit thin film ranging
form few nanometers to thousands of nanometers, however they can also be used to form
multilayer coating, graded composition deposits, very thick deposits and freestanding
structures. Substrate can range from very small to very large sizes and from flats
surfaces to complex geometries [9].

PVD processes can be used to deposit films of elements and alloys as well as
compounds using reactive deposition processes. In reactive deposition processes,
compounds using reactive material with the ambient gas environment such as nitrogen
are employed. Quasi-reactive deposition is the deposition of films of a compound
material from a compound source where loss of the more volatile species or less reactive
species during the transport and condensation process, is compensated for by having a
partial pressure of reactive gas in the deposition environment [9, 10].

The PVD process is divided into two major categories: Sputtering and thermal
evaporation.

1.2.2. Sputter deposition

Sputtering is an important PVD technique, when a solid surface is bombarded with
energetic particles such as accelerated ions, surface atoms of the solid are scattered
backward due to collisions between the surface atoms and the energetic particles. This

phenomenon is called as back sputtering or just sputtering. Cathode sputtering is used



for the deposition of thin films. Several sputtering systems are proposed for thin film
deposition including dc diode, rf diode, magnetron, and ion beam sputtering. The dc
sputtering system is composed of a pair of planar electrodes. One of the electrodes is a
cold cathode and the other is the anode. The front surface of the cathode is covered with
target material to be deposited. The substrates are placed on the anode. The sputtering
chamber is filled with sputtering gas, typically argon gas. The glow discharge is
maintained under the application of dc voltage between the electrodes. The positive
argon ions generated in the glow discharge are accelerated at the cathode fall and sputter
the target, resulting in the deposition of the thin films on the substrates as seen in figure

4.

Target (Cathode)

‘ f ‘ Plasma

. v L

[l
Gas inlet 0 Gas outlet

7
Deposited layver
Substrate (Anode)

Figure 4 Schematic representation of sputter deposition system [11]
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In order to sustain the glow discharge with insulator target, rf voltage is supplied
to the target. Hence, the system is called rf sputtering system. In magnetron sputtering, a
parallel magnetic field is superposed on the glow discharge. Electrons in the glow
discharge show cycloid motion, and the orbit drifts in the direction of the E x M, Where
E and M denote the electric field in the discharge and the superposed magnetic field.
Magnetic field is oriented such that these drift paths for electrons form a closed loop.
This causes an increased rate of collision between the electrons and the sputtering gas
molecules. The magnetic field causes the plasma density to increase which leads to
increased current density at the cathode and hence causing to increase the sputtering rate
and efficiency of the sputtering reactor [10, 11].

1.2.3. Thermal evaporation

Thermal evaporation deals with the evaporation of the source materials in a vacuum
chamber and condensing the evaporated particles on a substrate. This process is
conventionally called vacuum deposition. Besides regular thermal evaporation and e-
beam evaporation, molecular beam epitaxy (MBE) is one of the most reliable deposition
processes in thermal evaporation (See figure 5). The system is a controlled process,
where the evaporation rate of the source materials is controlled in situ by a computerized
process control unit. This kind of deposition process is now widely used for the
controlled deposition of alloys and compounds. A typical MBE system is composed of a

growth chamber, the analysis chamber and, a sample chamber [10].
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Figure 5 Schematic representation of molecular beam epitaxy system [10]

1.2.4. Pulsed laser deposition

(PLD) is an improved thermal process used for the deposition of alloys and compounds
with a controlled chemical composition. In this process a high power pulsed laser is
irradiated onto the target of source materials through a quartz window. Laser power
density is increased by a use of quartz lens. The target material is locally heated by this
high density laser and causes the target material to melt and vaporize in vacuum, atoms
vaporized get collected on nearby sample surfaces to form thin films (See figure 6). PLD
is simple in design and has an advantage of target being of different forms such as

powder, sintered pellet, and single crystal [11].



Laser

Beam
Target

Carousel

Laser  gubstrate
Rotating Plume
Target

Vacuum
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Figure 6 Schematic diagram of pulsed laser deposition system [11]

1.2.5. Chemical vapor deposition

basic steps involved in a CVD process are enlisted as follows [12] (See figure 7):

1. Transport of reactants by forced convection to deposition region.

I == ¢ SEi
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In chemical vapor deposition one or more gaseous species are used to react with/on a

solid surface and one of the reaction products is a solid phase material. Some of the

2. Transport of reactants by diffusion from the main gas stream through the

boundary layer to the wafer surface.

3. Adsorption of reactants on the wafer surface.

4. Surface processes, including chemical deposition or reaction, surface

migration to attachment sites, site incorporation and other surface

reactions.

5. Desorption of byproducts from the surface.
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6. Transport of byproducts by diffusion through the boundary layer and
back to the main gas stream.
7. Transport of byproducts by forced convection away from the deposition

region.

Gas phase reactions
O\
depsorption
O O psorp

Transport to surface
Surface diffusion

| O==>0O  OOCO oo

Adsorption of film precursor Nucleation and island growth ~ Step flow growth

Figure 7 Schematic representation of chemical vapor deposition process [11]
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1.3. Microstructure of epitaxially grown Cu thin film

Recently, copper has come in lime light of researcher due its future in electronic
packaging applications. Copper has become the conductor of choice owing to its low
electrical resistivity i.e. 1.67uQcm which is less than aluminum 2.65 pQcm, and large
electro-migration resistance, it is also a favorite area of research due to the potential
application in metallization of semiconductor devises such as ULSI [13,14]. An
immense effort is being dedicated to deposit high quality thin film copper by various
techniques.

Evaporation deposition process is a classical way of depositing thin film and is
relatively simple. Thermal Evaporation deposition is a very economical way depositing
thin films but the quality of films and microstructure obtained by evaporation
depositions has always been a sight of concern for evaporation deposition, Jian and
Mayer stated that in 80nm thick copper deposited by e-beam evaporation on NaCl and
Si0, at a vacuum of 2 x10'Torr showed traces of non-uniform deposits and
microstructural defects when observed in transmission electron microscopy. TEM
images revealed the presence of randomly distributed 0.5um grains. The film was then
annealed for one hour at 300°C after which normal grains grew to 50nm but still there
was no significant growth in secondary grains [15]. Thermal Evaporation deposited thin
films do not show good chemical bond with the substrate due to the low kinetic energy
and have non uniformity in sticking coefficient [16]. MBE is a new development in
evaporation process and facilitates the deposition of high quality thin films by slow

evaporation of material from Knudsen effusion cells; the deposition process is controlled
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very accurately by a computerized system [17]. MBE is very expensive technique of
depositing and is certainly not suitable for mass depositions.

High quality thin film can be grown by dc magnetron sputtering of high purity
copper target in a high vacuum environment [18]. Kah Yoong Chan and group [19]
deposited Cu with strong (111) texture on P-type silicon by dc magnetron sputtering
system, a 5.08cm diameter circular target of purity 99.995% purity. The argon used was
99.995% pure and the substrate used was 6mm x12mm in dimensions and the deposition
was done at room temperature. It was seen that the higher deposition power increased
the Ar ion flux and kinetic energy leading to better sputtering of atoms and energy for
movement on surface of substrate. The film obtained is also continues and high quality
with less voids, the diffusion of adatoms, and moment transfer to the film was enhanced
this led to higher diffusion lengths, which led to settlement of adatoms in voids and in
turn deposition of continues and high quality film. All the measurements in these
experiments were done by AFM, X-ray diffraction showed dominant presence of Cu
(111) and traces of Cu (100) oriented grains.

1.3.1. Intermixing of copper and silicon

As seen from the literature survey and above examples substrate heating and post
deposition annealing is integral part of evaporation processes in order to get high quality
films. In the copper silicon system this leads to formation of silicides which could range
up to 200nm thick. The atomic mixing and formation of silicides during deposition of a
thin film are caused by diffusion processes which are dominated by thermal effects (See

figure 8) and are also influenced by the energy of the incident particles [20]. The two
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main reasons for interface mixing in Cu and Si is solid state chemical reaction at
interface and increase in diffusivity. The diffusion of copper into silicon increases in an
order of magnitude as the temperature increases above 120°C (See figure 8). Better
quality deposits can be obtained at lower substrate temperatures by sputter depositions,
thus large scale interdiffusion can be avoided. The secondary electrons generated at the
target in magnetron sputtering do not hit the substrates as they are confined in the
cycloidal trajectories near the target and so do not cause the increase in temperature of
substrate, enabling the use of low temperature substrates and surface sensitive substrates.
Even though there is less interdiffusion the film formed adheres to the substrate due to
localized mixing caused by the high kinetic energy impacts. MBE (requires UHV) and
electroplating can be used to produce high quality films but complexity and cost of the
process are the limiting factor. On the other hand in magnetron sputtering ions have
higher kinetic energy which leads to higher deposition rates and better deposition
conditions as the adatoms have higher interdiffusion lengths thus the films obtained are

of better quality [21, 17].
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Figure 8(a) Interatomic mixing of copper and silicon at 300°C. (b) Interatomic mixing of
copper and silicon at 100°C

1.3.2. Single crystal copper

A mono-crystal or single crystal solid is a type of solid in which the crystal lattice
orientation is continuous and unbroken to the edges of the sample, i.e. the sample is free
from grain boundaries. Grain boundaries have significant effects on various properties of

a material, and can have effects on the functionality of the material which are eliminated

in the case of single crystal copper [22].

1.3.2.1. Epitaxial growth of single crystal copper thin film

Many research groups have dedicatedly worked on various methods to grow single
crystal copper films, some of these novel methods are explained briefly below.

Single crystal Cu with (111) orientation was grown on mica surface by M.A
Otooni in 1978 (See figures 9 and 10) [23]; this process took the advantage of seeding

effect to enhance the continuity of the thin films. Seeding the surface with nuclei
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induced two different effects: 1) the nuclei acted as new source for the supply of copper
atoms to the thin regions of the film; 2) At the nuclei edges thin regions could be
produced due to the lateral growth of nuclei. The seeding areas had four five carbon
coated grids on freshly cleaved mica substrate. The evaporated metal passes through the
grid and formed the desired seeds and deposited copper nuclei of approximately 700-
800 A° thickness. The substrate during this process was at 435°C and at a vacuum of 2
x10 ° Torr and the sample was annealed for 4hours before gradual cooling at the room
temperature. Now, the grid is removed and is followed by second phase of deposition in
which a layer of copper of thickness 200-300A is deposited at a substrate heated at

435°C and at a vacuum of 2 x 10 Torr. [23]

MBH - i
[ ® ] /HC//E/E/

Figure 9 Schematic representation of the deposition process: 1) Evaporation on the grid,
2) Removal of the grid, and 3) Deposition on the mica
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Figure 10 TEM diffraction pattern for Cu (111) as obtained by deposition over mica
substrate

Copper was also deposited using a dc magnetron sputtering with a base pressure
of 1.3 x 107Pa on Magnesium oxide substrate by J.M. Purswani and group. The
substrates were polished and cleaned with repeated bath of trichloroethylene, acetone,

isopropanol, and deionized water then dried using dry No.
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The substrate was then thermally degassed at 800°C for 1 h. A water cooled
copper target was used to as a source and was at a distance of 25cm. The target was first
cleaned for first Smins with the substrate covered to protect it from any unwanted
deposition. Sputtering was then carried out at 150W power, giving a deposition rate of
10nm/sec. After deposition the substrate was let cool to a temperature of 50°C, several
deposition were done at different deposition temperatures of 50,100, 200°C and the
epitaxial orientation was determined using X-ray diffraction and was found that the
copper film deposited to be single crystal copper of (100) [24] ( See table 1).

Brockway and Marcus [25] worked on single crystal copper thin film; they
deposited single crystal copper film on to NaCl substrate. These single crystal copper
films were deposited by physical vapor deposition of 99.999% pure copper at a rate of
400 A/min. The NaCl surface was polished with moist metallographic polishing cloth
and rinsing in methanol. NaCl was maintained at a temperature of 330°C during
condensation process and then cooled to room temp in about 7-8 mins. The condensed
films were annealed at a temperature of 630°C for approximately ten minutes [25] ( See

table 1).
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Table 1
A systematic representation of various techniques for epitaxial growth of Cu [24, 25, 26-
32]
Deposition Buffer Growth Cleaning
Technique Substrate  Temp Layer rate Technique Vacuum
Cleaved
Thermal o 425°C  NotKnown N  NotKmown 2 x 10°Torr
Evaporation . Known
Monoclinic
NaCl
Thermal . F.C.C 300°C  Not Known Not Not Known 2 x 107 Torr
Evaporation Known
a=5.62 A
NaCl Polishing-
Egzﬂgf{iﬁon F.C.C 330°C  Not Known ?Ig?f water and 10” Torr
P a=5.62 A methanol bath
Super-
Polishing,
c-cut rinsing in
Thermal ) 200- 0.2- 6
Evaporation Sapphlre 630°C Not Known /s alcohol and 5 x 107 Torr
Trigonal glow
discharge
(argon)
NaCl
Thermal o ¢ 325°C  NotKnown OO Cleaved NaCl 107 Torr
Evaporation Known
a=5.62 A
Silicon 0.4- Etched with 5
gagieton - pes R NotKnown  0.88nm/ 10% HF <107 Pa
p € 253924 s solution
NaCl-
Thermal F.C.C/ o 11- 9
Evaporation Mica- 440°C  Not Known 14A/s Not Known 5 x 107 Torr
Monoclinic
Silicon
Sputtering D.C.S 777; Molybdenum IOA Not Known 10"°Torr
~ 877°C B.C.C /min
a=5.392 A
Etched in
e-beam Silicon Not No Buffer Not 1:50 HF:H;0 -10
Evaporation DCS Known layer Known Annealed for 10" Torr
P a=5.392 A y 10 min at

850°C
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1.4. Mechanical properties

Improved mechanical properties of metals, has always remained of key area of interest
of metallurgist and material science engineers. There are several hardness enhancement
techniques are available and the one to be applied depends on the properties required and
its ability to tailor it. Usually hardness of a metal is improved by a little sacrifice of
ductility [22].

Hardness is defined as the ability of a material to resist deformation. Deformation
on the other hand corresponds to large number of dislocation motions, many dislocation
in crystalline metals are edge and screw dislocations [33, 34]. For this reason practically
all strengthening mechanisms of materials eye towards restraining and hindering the
motions of dislocations. Some of the well known phenomenons for strengthening are
reduction of grain size, solid-solution strengthening, and strain hardening.

1.4.1. Grain-size reduction

An immense amount of concentration is being paid in the contemporary time towards
grain-size reduction induced hardness in metals. Grain boundaries have proved to be a
strong barrier to the motion of dislocation. This is because different gains in
neighborhood have different orientations, so in order to cross the grain boundary the
dislocation motion has to change the direction of motion and with in a grain boundary
region due to atomic disorder there is discontinuity of slip planes from one grain to
another. As the grain size decreases the harder the metal gets this phenomenon is
governed by ‘Hall-Petch equation’

o,= 0o + k,d " (1)
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where oy is yield stress, d is the average grain diameter; 6o minimum stress needed to
cause a dislocation motion (material constant) and £, is fitting parameter and is constant
for a material [24-26, 35-37].

In nanocrystals due to presence and influence of defects such as porosity,
dislocation many authors have posted observation of what is called as inverse Hall-Petch
relationship, i.e. the softening of materials occur with decreasing the grain size after an
extent. According to this theory at nano-level the deformation process is different than
the traditional way, the deformation is no longer dominated by dislocation motion but
are now dependent on the grain boundary sliding and as the grain boundary become
smaller more the sliding will cause the material to become soft [38-41].

1.4.2. Solid-solution strengthening

One of the most commonly seen strengthening mechanism in metals is adding impurity
atoms to form substitutional or interstitial solid solution, in other word to alloying the
metal, This is called as solid-solution strengthening. Almost all high purity metals are
seen to be softer and weaker than their alloys with same base metal. The concentration
of these impurities shows an increase in tensile and yield strength.

The impurity atoms (solute) take place in between the pure metal (solvent) atoms
and impose strain onto the neighboring atoms. This imposed strain interacts with the
dislocations and restrict their motions causing hardening of metal. When solute and
solvent atoms differ in size, local stress fields are created (if solute atom size is larger
than solvent atom size, this field is compressive, and similarly, when solute atoms are

smaller than solvent atoms, this field is tensile). Depending on their relative locations,
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solute atoms will either attract or repel dislocations in their vicinity, requiring a higher
force to overcome the obstacle. This is known as the size effect. In substitutional solid
solutions, these stress fields are spherically symmetric, meaning they have no shear
stress component. As such, substitutional solute atoms do not interact with the shear
stress field characteristic of screw dislocations. Conversely, in interstitial solid solutions,
solute atoms cause a tetragonal distortion, generating a shear field that can interact with
both edge, screw, and mixed dislocations [42, 22].

1.4.3. Cold working

Cold working means working of metals below their recrystallization temperature. Due to
cold working the hardness increases on the expense of ductility. Basically cold working
leads to strain hardening due to multiplications of dislocation, an anneal metal contains
about 10*-10° dislocations per mm” while a cold worked metal may have about 10"
dislocations per mm®.

During initial stages of plastic deformation the dislocations form a coplanar
array, as this deformation continues cross slip takes place and multiplication of
dislocation is seen, on further deformations high dislocation density or tangles formation
is seen, which then enhances to tangling network. Most of the energy exhausted during
deformation is in the form of thermal energy but some part of it is used to increase the

internal energy of the system by being stored in the crystal lattice [43].
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1.4.4. Strengthening of thin films

Strengthening of thin films act in a very different manner than in bulk material, for
example in thin films of nanometer regime solid solution hardening is not an option as
the impurities tend to diffuse to the grain boundary region. For example in
electrodeposited nanocrystalline nickel, carbon impurities tend to diffuse in side the
grain boundary. On the other hand the hindering the dislocation motion still is the main
objective of most of the hardening techniques in thin films and so hall petch relation still
holds true for thin films [44]

1.4.5. Grain-size reduction in thin film

Grain size reduction works is a similar fashion as it works in bulk materials and thin film
have been seen with increasing hardness as the grain size go smaller, following the hall-
petch equation. M.D Merz and group deposited copper films with grain size ranging
from 8 to 0.056um, these films showed an increasing trend in yield strength from 73.4 to
481 MPa confirming hall-petch relation ship [45]. Based on this relationship
nanocrystalline materials are expected to show higher strengths than microcrystalline
material. Nanocrystalline copper was deposited by means of magnetron sputtering
process also two other batch one with surface mechanical attrition treatment (SMAT)
and ECAE process were made the average grain size was 2 to 18mn for the former and
10nm for the later, the hardness values obtained are 3.02 GPa for the former and 1.75
and 1.67 GPa for the later and concluded that 10nm small grain size copper also follow
hall-petch relation [46, 35]. A schematic graph showing grain size strengthening in

different system is shown below in figure 11 [47-50].
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Figure 11 Plot of yield strength vs. grain diameter (d)

1.4.6. Film thickness reduction

It is known that the thin film materials show more strength than their bulk counter parts;
this high strength is attributed to the microstructure of these thin films. It has been seen
that the grain size in thin film materials usually don’t increase more that the film
thickness and so inherently thin films are stronger owing to small grain size [51, 52].
Apart from the grain size the dislocation density of a thin film is usually higher that bulk
materials, this is due to the misfit stresses generated in the thin film deposited over thick

substrate, to relax these stresses threading dislocations are formed which contribute to
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high dislocation densities. Dislocation motions in thin films are also hindered by the

substrate and the oxide layer, if present.

o sin @ b Ml ln( ﬁsh]+ HeH, ln( ﬁotj )
cos@cos A 2z(1=v)h| pu, + i, b U+ H, b

where uy s and p, are elastic shear moduli of film, substrate and oxide,® and 4 are angle
between glide plane normal and film normal, film normal and burgers vector, / is the
thickness of film, ¢ is the thickness of oxide, fs and f, are numerical constants i.e. 2.6
and 17.5

The above expression predicts the increase in yield strength increase in thickness,
but it doesn’t take into account the increase in the strength due to other factors such as

point defects, grain boundary etc [53, 54]
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1.5 Electrical resistivity
Quantum mechanics says that there should not be any interaction between accelerating
electrons and atoms in a perfect crystal lattice, which implies that there should be a
continues increase in current with time as long as the electric field is applies. In
practicality this in not true and the current reaches a constant value, which suggests that
there must be some resistance to flow of electrons. This could be scattering due to
dislocations, grain boundaries or thermal vibrations etc [22, 55].

In metals scattering of electrons are affected by defects in the crystal lattice, as
the number of these defects increase there is increase in the resistivity of the metals. It is
said that the total resistivity of the metal is the sum of resistivity contribution by thermal

vibrations, impurities and plastic deformation.i.e.

P = Pr+ P+ Py 3)

1.5.1.Temperature influence

As the temperature rises there is an increase in the thermal vibrations and lattice
irregularities, these vibrations and irregularities act as electron scattering centers and so
it is observed that there is an increase in resistivity as the temperature increases above -

200°C.

4)
/Ot = 100 + at

where pj and a are constant for a particular metal.
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1.5.2.Impurity influence

Impurities in an element act as a scattering center and in turn help to increase the
resistivity of the element. As the amount of impurity in metal increases, the resistivity

increases [52].

p,=Ac (1- C[) ©)

where A4 is composition independent constant, function of both impurity and host metals,
C; 1s impurity concentration in atom fraction.

For a two phase allow with a and f phase, the resistivity is approximately given

by

pi =paVa +pﬂVﬂ
(6)

where V is the volume fraction of each phase, p is the resistivity of each phase.
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1.6. Copper database (microstructure, mechanical and physical properties)
Tables 2, 3, 4, 5 and 6 enlist microstructural, mechanical, thermal, electrical and various

other properties related to Cu.

Table 2

Microstructural properties of Cu

Microstructure

Crystal Structure Face Centered Cubic
Atomic Radius 1.35A

Atomic number 29

Atomic weight 63.546 g-mol !

Electron configuration 15%282P%35%3P%3D'%4S!
Table 3

Mechanical properties of Cu

Mechanical properties

Modulus of Elasticity 110Gpa
Bulk Modulus 140Gpa
Poisson’s Ratio 0.343
Shear Modulus 46Gpa
Hardness, Vickers 369Mpa
33.3Mpa

Tensile Strength, Yield
Elongation at Break 60%




Table 4
Thermal properties of Cu
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Thermal properties

Specific Heat Capacity 0.385 J/g-°C

Thermal Conductivity 385 W/m-K

Melting Point 1083.2 - 1083.6 °C

° [ R
Thermal Expansion (25°C) 16.5 pm'm K

Table 5
Electrical properties of Cu

Electrical properties

Electrical Resistivity 1.7e-006 ohm-cm

Table 6
Miscellaneous properties of Cu

Miscellaneous properties

Grain Boundary Energy 625mJ/m”
Stacking Fault Energy 45 mJ/m’

Twin Boundary Energy 24 mJ/m*
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2. EXPERIMENTAL

2.1. Sputter deposition

Single crystal copper thin films were sputtered on to Silicon substrates of different
crystallographic orientations. (Si (100), Si (110), Si (111) and SiO3). 99.999% pure Cu
target was deposited using custom made four ion gun magnetron sputtering device,
which was evacuated to a base pressure of 5 x 107 Torr before deposition. The substrate
were etched in 10 percent HF-deionized water and the substrate were neither heated nor
cooled during the deposition, this gave a very clean single crystal silicon substrate free
from silicon dioxide layer. The deposition rate was varied from 1.0-2.0nm/sec, the
deposition rate was controlled by controlling the dc power supply to the magnetron guns
and entire deposition was done at room temperature.

Cylindrical and planar types of magnetron sputtering systems are widely used for
thin film depositions. Several hundred Gauss of magnetic field is generated by
permanent magnets embedded in the cathode. Sputtering process is widely in use for the
deposition of magnetic materials, this is made possible due to improved design or the
magnetic flux distribution with a strong permanent magnet (rare-earth metal) [19]. A

base pressure around 10~ to 10~ is maintained and the deposition rate R is given by

R=— (7)
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where k= r./r, for cylindrical system, 7. is cathode radius, 7, is anode radius, ¢ is the

sputtering time, W is the amount of sputtered particles from the unit cathode area

(L
e N (8)

where, J is the ion current density at cathode, e is the electron charge, S is the sputter

yield, 4 is the atomic weight of sputtered material, N is the Avogadro’s number, ¢ is the
sputter time

2.2 X-ray diffraction

X-rays can be defined as “electromagnetic radiations in the wavelength regions around
1A” [56]. X-ray tube usually operates by the acceleration of electrons to high energy and
allowing then to strike a metallic target. Using X-rays one can investigate the structure
of matter at the molecular level and is commonly engaged for the determination of
positions of atoms in a crystalline structure. It is an analytical technique, where a single
crystal is bombarded with X-rays to produce a diffraction pattern which in turn are
recorded and analyzed systematically to study the nature of the crystal. Bruker D8

Discover equipment was used for this study.
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Figure 12 Parallel rays reflected from points with partial reflectivity obeying Bragg’s
law

dsind

In order for the diffraction to occur, the obstacles should be regularly spaces;
they should be capable of scattering the wave and have spacing that comparable in
magnitude to the wavelength. Now when an X-ray impinges on to a solid material, there
is some portion of the beam that is scattered by the electrons of the atoms, now if the
beam was incident at an angel theta the constructive interference of the scattered ray will
also occur at the same angle with the plane. Now the length traveled by the beam 2-b-2’
is more than the length traveled by 1-a-1’ by cb + bd and is equal to the whole number
‘n’ of wavelengths as seen in figure 12.

NA=cb +bd

nA = dpsin® + dpsind

nA = 2dpsind 9)
where dj is the d spacing between the two atomic plane.

This is known as the Bragg’s law [57].
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Figure 13 Schematic representation of a diffractometer [22]

A diffractometer is a common apparatus used to determine the angle at which
diffraction occurs (See figure 13), specimen is in the form of plate is supported in order
to incorporate the rotation about its axis (perpendicular to the page). Diffractometer
generates a monochromatic X-ray beam whose intensities are recorded. The counter and
the source are on the same plane and can rotate. The carriage and the specimen are
couples so the rotation of the specimen by and angle theta will accompany rotation of
angle 2 theta by the counter. As the counter moves at constant angular velocity the

recorder records beam intensities of the beam diffracted [22].
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2.3. Transmission electron microscopy

TEM is playing an important role in materials research; more recently thin film science
has found the use of TEM in variety of configurations [58-60]. A perfectly normal eye
can resolve points that at about 0.1-0.2mm apart and any instrument that can reveal
details finer that 0.Imm can be called as a microscope [61]; any microscope using
electrons to do this is basically an electron microscope. Like many other types of
electron microscope TEM is also composed of a number of different systems, working in
tandem to form a unit capable of imaging thin specimens. Electron guns and condenser
lenses give rise of radiation striking thin specimens form the illumination system, where
as specimen manipulation and imaging systems are composed of specimen stage,
holders, and objective, intermediate and projector lenses [62].

Transmission electron microscopy was done in order to look at plan view and
cross-sectional sample of 1.5um thick copper thin film on different silicon substrates.
The bright-field and diffraction pattern images were taken using a JEOL JSM 2010
electron microscope, with a lanthanum hexaboride (laB¢) filament gun, acceleration
voltage used during the process was 200KV. The JEOL JSM 2010 Transmission electron
microscope has a resolution of 0.23nm and a tilt limit of +/-30 degrees; the images taken
by the camera are developed in the form of negatives. The negative are then scanned
using Epson 4870 scanner and are then processed with the help of Adobe Photoshop

CS2 software.



37

2.3.1 Sample preparation technique for TEM

One of the major limitations of the TEM is its sample preparation; the specimens for
TEM should be thin or in other words should be electron transparent. Today TEM
sample preparation methods exist for almost all the material known. The methods used
for the sample preparation for this study are as follows:

2.3.1.1 Plan-view sample preparation

A slice (about 2 x 2mm) of copper over silicon was cut with the help of diamond tip
cutting pen. The slice is then cleaned gently using acetone so as to remove all the
impurities on the surface of the copper film; slice is bonded to polishing crystal cylinder
with copper film facing down, so that the silicon substrate could be polished. The slice
was polished to an approximate thickness of 100um using allied tech MetPrep polisher,
followed by dimpling by 3pum copper wheel and 1um polishing cloth to a final thickness
of about 10-15um on Gatan dimple polishing machine. The specimen was then ion
milled to obtained the required electron transparency by using Gatan Precision Ion
Polishing System, with ion beam energy at 4KeV, double beam configuration, both top
guns at angle 5.5° and sample rotation at 3rpm. Schematic representation of the process

is shown in figure 14.
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Figure 14 Systematic representation of plan-view sample preparation

2.3.1.2 Cross-section sample preparation technique

Two nearly equal slices of copper thin film on silicon were cut with the help of diamond
pen. This was done my scratching away silicon on the silicon substrate, so that they form
a site for cracks to propagate and then the silicon is tapped lightly till the slice breaks.
The two slices were then cleaned in alcohol and were bonded together face to face with
the help of resin bond. As the single crystal copper samples cannot be heated they were
placed in spring loaded die for 5 days, to let the bond set.

The samples were then removed gently from the die and bonded on to a polishing
crystal cylinder with the help of crystal bond. Then the samples were put through a
series of mechanically grinding and polishing processes to get final surface with Ium

surface roughness. Once smooth surface was obtained the sample was removed and
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polished on the opposite side to a total thickness of 100um.The sample was then
dimpled on Gatan dimple polishing machine. After dimpling process a molybdenum O-
ring was bonded (resin bond) to the sample, to support it. Sample was then ion milled in
Gatan Precision Ion Polishing System, with ion beam energy at 4KeV and sample

rotation at 3rpm. Schematic representation can be viewed in figure 15.

Observation
Direction

Stick 2 slices face to face

— 3

~v1nm’

Mechanical Polishing

\ ion milling

Stick the foil on O-ring
Ar ion beam —— —_—
—T 1 0t

3nm

Figure 15 Systematic representation of cross-section sample preparation
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2.4. Nano-indentation hardness measurements
Indentation has been a common technique for the hardness measurement from many
years and involves a fixed load applied to an indenter, and the resultant indentation is
observed in figure 16. Hardness is the load on the indenter divided by the projected area
of the indentation [63]. There is no physical property measured in this test, but hardness
of a material is directly affected by the yield strength or the stiffness of the material.

In a thin film material, indentation in the range of micrometers may go through
the thickness of the material onto the substrate and so the measured hardness would a
convoluted value of film and substrate. So, an indentation in the range of nanometers is
required. These instruments measure both load on the indenter and its displacements
during the course of indentation, hence are called depth-sensing indentation [64-68].

Hardness measurements for this study were conducted on Ficherscope
HM2000Xyp hardness tester, for every sample, hardness was measured at an indentation
depth of 100nm to 250 nm with an interval of 25 nm and for each indentation depth an
array of 9 indentations were preformed i.e. for each sample a total of 63 indentations
were performed. Indentation load was set to be 300mN and a complete indentation cycle

was completed in 30secs.
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Figure 16 Block diagram of nanoindenter [51]

2.4.1 Determination of indentation hardness

In order to calculate indentation hardness, it is assumed that all the deformations during
unloading of indenter are elastic. Following are the sequential description of indentation
process (See figures 16, 17 and 18):

e Indenter is presses against the sample with load ‘P’

e Displacements are caused by both elastic and plastic deformation of the specimen

e Indenter is retreated

e All the elastic deformations are recovered

e Residual indentation may remain
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Figure 17 Schematic representation of an indentation hardness curve [51]

Indentation hardness is defined as the ratio between maximum load and the
projected area between the indenter and specimen i.e.
Hir = Ppar/ A, )
where 4. = f'(h,) (10)
h. is the height of contact of indenter with the specimen and is given by,
he = hmax — & (hmax — hy) (11)

¢ is a function of shape of indentation tip and its values are presented in table 7.
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Table 7
A systematic representation of various indenter geometry and corresponding € values
Indenter shape €
Flat punch 1.0000
Cone 0.7268
Sphere 0.7500
Paraboloid 0.7500

The value of f'in equation 2 is defined of every type of inventor in International

Standards. For Vickers indenter the value of ‘f* is 24.50

surface profile after

Indenter load rem oval Initial surface

l-l-ll-l-‘_l-d

sutface profile under load

Figure 18 Schematic diagram of an indenter with various terminologies used in
calculations

2.4.2 Determination of indentation modulus

For indentation modulus measurement it is assumed that the ‘compliance of the sample

and of the indenter tip can be combined as springs in series’ [69].



44

1 — (1 _vindentor ) + (ﬂ) (12)
EIT

r indenter

where E, is the reduced modulus, E;genser 18 the indenter modulus, E;7 is the indentation
modulus, V;,genter 18 the Poisson’s ratio for the indenter, v;7 is the Poisson’s ratio for the

specimen.
Contact stiffness is defined as the slope of the Force/Loading curve during
unloading cycle (See figurel7) [70]

dP_2E, N4
dh  x (13)

where 4 is contact area.

S:

Value of reduced modulus can be obtained from equation (2) and can be

substituted in equation (1) to get the value of indentation modulus, i.e.

Y N A;hc) _ (1 — Vzindenter )}

) 2
—(1-
E=( VIT)/{\/; E

(14)

indenter
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2.5. Four point resistance test

Four point probe resistant test setting was used for the resistivity measurements, from 0
K to 300 K. Four point probe resistance measurement test is relatively a very simple
resistance measurement technique, without any curve fitting process and any need to the
measurement of physical dimensions of the resistor. A common four point probe consists
of diffused semiconductor resistor R extending between contacts a and b. There are two
more contact ¢ and d for the purpose of contact making (See figure 19).

A precaliberated current is sent from the point a to point b and resultant voltage
drop between ¢ and d is measured. The resistance between ¢ and d can be calculated by
known current and the measured voltage. Current is then passed between ¢ and d and the
resulting voltage loss is measured. The resistance of resistor R between points ¢ and d
and value of the contact resistance at contact a and b are calculated using the known
current and the measured voltage. From these measurements the value of contact

resistance can be easily extracted using Ohm’s Law. [71].

] ]

o | [+ ]

Figure 19 A schematic representation of four point probe



3.1 Microstructure

3.1.1 X-ray diffraction

3. RESULTS
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Copper was sputter deposited onto Si(100), Si(110) and SiO, using magnetron sputtering

technique at deposition powers of 100W, 200W, 600W and 800W. X-ray diffraction was

done on all the samples to examine microstructures. X-ray diffraction patterns are shown

in Figure 20 for Cu films grown on Si (100) substrates, only very strong copper (200)

peaks can be seen all specimens together with Si (400) peak.
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Figure 20 X-Ray results of Cu film deposited on Si (100) substrate

600W deposition power

at 100W, 200W,
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X-ray diffraction patterns of copper films on silicon (110) substrates revealed
only strong Cu (111) peaks at 43.3 degrees and strong Si (220) peaks at 47.5 degrees, as
seen in figure 21. X-ray diffraction studies were conducted for Cu films deposited at all

deposition powers, and similar results were observed in all other cases.
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Figure 21 X-Ray results of Cu film deposited on Si (110) substrate at 100W, 200W,
600W deposition power
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X-ray diffraction results for copper on silicon dioxide showed strong Cu (111)
peak as well as much weaker Cu (200) diffraction peaks, very typical for polycrystalline

Cu films grown on silicon dioxide (See figure 22).
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Figure 22 X-Ray results of Cu film deposited on SiO, substrate at 100W, 200W, 600W
deposition power
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3.1.2 Transmission electron microscopy

To further study microstructural details, JEOL 2010 was used for transmission electron
microscopy analysis. Sample preparation for plan-view and cross-section samples are
presented in detail in experimentation section.

3.1.2.1 Cu films on Si (100)

Figure 23 is the cross-sectional transmission electron microscopy (XTEM) image of Cu
on Si (100). Grain boundaries are not detected. The diffraction patter clearly shows the

arrangement on single crystal copper (100) grown on silicon (100) substrate.

(200)Cu -
LY

‘(200)si,

. (022)8i .
]

- . -
3
(020)Cu

Figure 23 XTEM image of Cu films grown on Si(100) shows no grain boundaries.
Contrast is mostly originated from dislocations. Diffraction pattern indicates that Cu
(100) single crystal films were grown on Si (110) substrate.
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At lower magnifications, the cross-sectional TEM micrograph of Cu films alone,
as shown in Figure 24, clearly shows a network of dislocations in copper without any

sign of grain boundaries.

(200)Cu

L

(02~D)Cu

Figure 24 XTEM image of Cu films grown on Si(100) shows no grain boundaries. A
network of dislocations is seen. Diffraction pattern indicates that Cu (100) single crystal
films were grown on Si (110) substrate
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3.1.2.2 Cu films on Si (110) substrate

TEM studies of Cu films grown on silicon (110) were performed to examine the
microstructure of Cu films from two different orientations: namely Si [111] and Si [112].
Si (110) is a special substrate, where two different orientations may be obtained during
sample preparation. As shown schematically in Figure 25, these two orientations are Si
[111] and Si [112] and are perpendicular to each other. Figure 26 shows Cu film on Si
(110) substrate from Si (111) zone. Si substrate clearly shows [111] diffraction zone.
The copper film shows highly twinned structure, with twin interfaces oriented
predominantly parallel to substrate surface. Again no grain boundaries were detected.
The diffraction pattern of Cu shows single crystal Cu (111) with twins along Cu (110)
diffraction zone. Presence of some kind of impurity can also be detected form the

diffraction pattern which comes from TEM sample preparation process.

Figure 25(a) The diffraction pattern in Si (111) zone. (b) The diffraction pattern in Si
(112) zone.
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. Cu S‘H‘I)
< Cu(200) |

~Gu(11 1)

\

Figure 26. XTEM image of Cu films on Si (110) substrate along Si (111) diffraction
zone. Cu films has single crystalline nature with Cu (111) planes and (111) type twin
interface parallel to substrate surfaces. The diffraction zone of Cu film is Cu [110].
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In Figure 27 (a) we can see another XTEM example of Cu films grown on Si
(110) substrate. A very high density of grow twins are clearly seen in the specimen.
Again single crystal Cu films were grown with Cu (111) planes parallel to substrate
surfaces. Diffraction pattern of Cu confirms that the Cu films indeed has single
crystalline nature with (111) type twin interface orientated parallel to substrate surface.
In twinned Cu films, the Cu [110] zone axis has rotated with respect to each other about

one set of common (111) twin plane as shown in Figure 27 (b).

CUV“OU) #-Cu(111) *

Figure 27 (a) XTEM image of Cu films on Si (110) substrate along Si (111) diffraction
zone, the diffraction zone of Cu film is Cu [110].(b) Schematic analysis of the
diffraction pattern, indicating the twin structure.
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Figure 28 shows the same Cu film examined along Si [112] diffraction zone. The
high density growth twins seen along Si [110] zone in Figures 27(a) and 26 are not
visible in this case. Instead the micrograph shows a large number of dislocations (most
of them seems to be threading dislocations) without signs of grain boundaries. The
diffraction patter shows single crystal Cu films with Cu [112] diffraction zone parallel to
Si [112] diffraction zone with however 90 degree rotation. Cu (111) planes are parallel

to substrate surface.

»~A 0 -
Si(131) cl..?%m Cu(131)
iy - M\ e -

Si(111)

Figure 28 XTEM image of Cu films on Si (110) substrate along Si (112) diffraction
zone, the diffraction zone of Cu film is Cu [112]. None of the twinning observed in Cu
(110) zone are visible here
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3.1.2.3 Cuon SiO,

It was clearly seen in XRD that Cu films on SiO; has polycrystalline nature with strong
(111) texture. Plan-view micrograph confirmed Cu films indeed have conventional
polycrystalline structure (figure 29). The average grains size measured over number of
samples is approximately 400nm. Presence of a large number of twins can also be seen
inside Cu grains. Diffraction pattern has shown some impurities originated from TEM

sample preparation besides Cu (111) and Cu (200) diffraction rings.

Cu (111)

N\

Figure 29 Plan view transmission electron microscope image of Cu on SiO, shows
grains of about 400nm and highly twinned structure
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3.2. Mechanical properties

Conventional uniaxial tensile test are not feasible for thin film due to the dimensional
constrains. Instead hardness and elastic modulus of films were measured in all
specimens using a Ficherscope HM2000Xyp instrument. The instrument allows accurate
measurement of film hardness and indentation modulus as a function of indentation
depth using analysis method similar to nanoindentation techniques. In-depth information
regarding the data analysis and standard practice of calculations is discussed in
experimental section. Figure 30 shows load vs. displacement curve obtained by
indentation test on Cu (100) films grown on Si (100) substrate. Maximum load imposed
is 250 mN and maximum displacement obtained is 250nm, similar types of tests were
done for all other samples. Indentation hardness vs. indentation depths and indentation

modulus vs. indentation depths plots are shown in figures 31 and 32, respectively.

0.08 010 012 014 016 018 020 022 024 026
e 3

Load mN

. — .
0.08 010 012 014 016 018 020 022 024 0.26
Displacements pm

Figure 30. Load vs. indentation depths curve
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Figure 31. Indentation hardness vs. indentation depths for Cu (100) on Si (100)
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Figure 32. Indentation modulus vs. indentation depths for Cu (100) on Si (100)
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3.2.1 Indentation hardness

Figure 31 shows indentation hardness vs. indentation depth plot for Cu (100) films
grown on Si (100) substrate. Single crystal Cu (100) deposited on Si (100) shows and
average indentation hardness of 1.4 Gpa (figure 33). Highly twinned single crystal Cu
(111) deposited on Si (110) Figure 34 shows an average indentation hardness of 2.2 Gpa,
6 times greater than that of the conventional bulk Cu. ~ 0.36Gpa. Copper films deposited
on SiO; have an average indentation hardness of 2.5 Gpa, Figure 35. Hardness results

are reproducible by comparing different sets of data.
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Figure 33 Indentation hardness vs. deposition power plot for Cu (100) on Si (100)
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Figure 34 Indentation hardness vs. deposition power plot for Cu (111)/Si(110)
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Figure 35 Indentation hardness vs. deposition power plot for Cu on SiO,
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3.2.2 Indentation modulus

Indentation modulus for as-deposited Cu was calculated from the results of
nanoindenation tests. Figure 32 shows hardness vs. indentation modulus plot for Cu
(100) on Si (100) similar plots were plotted at every deposition powers and averaged
over. The procedure for these calculations is clearly mentioned in experimental section.
Single crystal Cu (100) on Si (100) reported an average indentation modulus of 133 Gpa,
comparable to that of bulk Cu, ~ 120 Gpa. Single crystal Cu (111) on Si (110) reported
an average indentation modulus of 134Gpa and Copper on SiO, has an average

indentation modulus of 125 Gpa (See figures 36, 37 & 38).
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Figure 36 Indentation modulus vs. deposition power plot for Cu (100) on Si (100)
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3.3. Electrical properties

Four point resistivity tests were done on as-deposited single crystal Cu (100), Cu (111)
and polycrystalline Cu films on SiO,. All the samples show a linear increase in
resistivity as the temperature increases. Electrical resistivity tests were done from 0 K to
300 K. Repeated measurements show reproducible results. At room temperature (298 K)
the resistivity measurement for Cu (100) in Si (100) was 1.95 £ 0.02uQ-cm, 2 + 0.02
uQ-cm for Cu (111) on Si (110) and 1.90 £ 0.02 uQ-cm for polycrystalline Cu films
grown on SiO,. These results are slightly higher than that of bulk high purity Cu, ~ 1.75

uQ-cm at room temperature (See figure 39).
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Figure 39 Four point resistivity test results for as deposited coppers on silicon substrates
from OK to 300K
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4. DISCUSSION

4.1. Microstructure

4.1.1 Epitaxial growth of copper thin film on Si substrate

There is still no universal theory or law that can predict the [Ipitaxial growth of thin
films on substrates, one can predict or understand the [Ipitaxial growth of thin films by
geometric matching rule. In a deposition process, maximizing the bond density leads to
the minimization of interfacial energy. So is it is favorable for the depositing atom to
align themselves with the substrate and grow epitaxially by matching the periodicity and
structure of the substrate. In ‘homoepitaxy’ (thin film material is same as the substrate)
the interface energy is zero i.e. the interface disappears into bulk material. In
heteroepitaxy this is not possible, but the depositing thin film prefers the orientation with
minimum surface energy. Fundamental criterion for epitaxy is fractional mismatch ‘f” at

the interface. The fractional mismatch in atomic periodicities is defined as [72]:

f=2t— (15)

where ayand a; are the atomic spacing of thin film and substrate in one direction, f'is the
fractional mismatch.

If fis smaller than 10% [pitaxial growths is said to be possible.
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Tabulated format of Si and Cu d-spacing
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Silicon Orientation  Si‘d’ Spacing
hlk

Copper Orientation
hlk

Cu‘d’ Spacing

111 3.1130
200 2.6960
220 1.9063
311 1.6257

111
200
220
311

2.0871
1.8075
1.2781
1.0899

In the case of Cu films deposited on Si (100), Cu has face center cubic (fcc)

structure and Si has diamond cubic structure.The tabulated values of d-spacing for Cu

and Si are shown in table 8. The lattice constants are 0.361nm and 0.543nm. If Cu (100)

was to grow on Si (100) there is an apparent fractional mismatch of 33 % or 0.33 which

is greater than 0.1. But this mismatch (between Cu (100) and Si (100)) decreases to 5%

when Cu (100) rotates at an angle of 45 degrees; this can explain the rotation of Cu (100)

on Si (100) as seen in the diffraction patterns (figure 40). Diffraction pattern of cross-

sectional view of Cu (100) on Si (100) clearly shows that the Cu (020) has tried to fit

with Si (022) by 45 degree rotation in [110] diffraction zone of Si.

- -4‘Cu(2 00 )

Figure 40 Schematic of diffraction pattern
between Cu and Si atomic planes

Cu(200) Cu (220)

o b

showing the crystal graphic orientations
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For Cu deposition on Si (110), one would have thought deposition of Cu (110) with a

rotation of 90 degrees with respect to Si (110) would take place as the fractional

mismatch becomes 0.057 or 5.7 percent only as clearly seen in figure 41.
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* Si(200)
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(a)  Cu(110)Zone (c) cuensiciio
® Cu O Si

Figure 41 Schematic representation of Cu (110) deposition on Si (110) with a 90 degree
rotation

But the X-ray and Transmission Electron Microscope Diffraction pattern show
deposition of Cu (111) on Si (110), therefore lattice mismatch should be seen from a
completely different angle. ‘Invariant line criterion states the optimum matching
between two crystal planes at an interface is achieved when there is at least one direction
along which the two crystals match perfectly on the interface [73]’. The lattice distance
of Si (100) is 0.543, which is just 0.057 times greater than twice the lattice distance of
Cu (110) i.e. 0.512 (2 X 0.256) and so taking invariant line criterion in mind it should be

possible to grow Cu (111) on Si (110) (figure 44). In diffraction pattern (See figures 42
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and 43) of Si [111] zone for Cu (111) on Si (110) the depositing can be clearly

understood.

(110)

(112)

Figure 42 Schematic representation of Cu (111) deposition on Si (110)
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Cu (200)a
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Cu (111)a

.

@ Si(220) si (220) @

o
\ /1 (200)b
[

b

(a) (b)
Figure 43(a) Schematic representation of twin formation of Cu (111) on
Si (110) in Si [111] zone, (b) TEM diffraction image of Cu (111)/ Si (110) in Si [111]

zone
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Figure 44(a) Schematic representation of twin formation of Cu (111) on Si (110) in Si
[112] zone, (b) TEM diffraction image of Cu (111)/ Si (110) in Si [112] zone

4.1.2 Twin formation in Cu (100) deposited on Si (100)

Along [111] direction, the stacking sequence of (111) planes is ABCABCABC....., but
in the case of (100) the stacking sequence is ABABAB....... During the growth of (111)
planes, if the film occurs to have ‘A’ stacking, then the forthcoming atoms can either
occupy the parent lattice ‘B’ or twin lattice ‘C’ sites. So the subsequent atom which then
deposits can either form a normal lattice or twin lattice. But in the case of (100) the
subsequent atom can only occupy parent lattice site ‘B’. This simple analysis indicates
that geometrically twins can not form in Cu (100) single crystal deposited on Si (100)

substrate.
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4.1.3 Twin formation in Cu (111) on Si (110)

As explained above (111) plane has stacking sequence ABCABCABC..... and if the
atom first occupies site ‘A’ then the subsequent atom can deposit at ‘B’ or at faulted site
‘C’, thus it can either form a normal lattice or a twin lattice. The low binding energy
difference for atoms that occupy either parent or stacking faulted lattice sites are small
(2.567 eV for normal lattice and 2.565 eV for faulted one); this results in easy nucleation
of twin domains. Further evolution of domains formed on (111) in [111] direction takes
place by lateral expansion of domains. The boundary energy between twin domains is
many times larger than that in stacking fault and twin boundary energies, due to which in
plane domain boundaries are highly mobile. As a result of less driving force for
coarsening in the [111] direction there is layer by layer growth of (111) plane and leads
to flat plate like twin structure. Annihilation of these domain boundaries resulted in
source for vacancies. On surface this will lead to high surface mobility, whereas if
happens in underling layers would cause vacancy trapping [74]. Zhou and Wadley
confirmed above discussion with the help of molecular dynamics (MD) simulation of the
deposition process

Thermodynamically, the density of growth of twins in sputter deposited Cu can
be interpreted in a similar fashion as used for austenitic stainless steel thin films [11].

According to this model:

. 4 (16)

rperfect -
{kT [J 27mkT }}
—In| —
Q P,
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*

Y
rtwin =
[len{J\/Mka}_}/,]

Q P h

s

(17)

where 1 is the critical size of the nucleus (twin and perfect), y is the surface energy,
7,1s twin boundary energy, k is the Boltsmann constant, T is the substrate temperature,

Q is atomic volume, Py is vapor pressure of solid, h is the inter-planar thickness, J is the

*

diffusion flux, Usually, r,,.., < r... and so the nucleation of the perfect nucleus free

erfect
from twins will be preferred, but from equation: 2 &3 it can be observed that at high
deposition rates and low twin boundaries energies the difference comes down to
negligible and the twin formation can take place freely

The model further predicts that twinned nuclei will form at rates comparable to
defect free nuclei if the free energy change from vapor to solid is comparable to perfect
and twinned nuclei. That is, when the deposition material has low stacking fault and twin
boundary energies and the deposition rates is high the formation of twins will be
preferred. For Cu the stacking fault energy is 45mJ/m” and the twin boundary energy is
20mJ/m* and the deposition rate is varied from lnm/sec-2nm/sec which is higher than

the one predicted in the model for the formation of twins.

1., KTAG,(hAG,—7,)

twin

2
nlpeféct _ 7y “hy, (18)

The process parameters and material properties can be manipulated for provide

ways to control the twin densities during the depositions [75, 76].
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4.2. Mechanical properties

Nanoindentation tests were conducted on Cu thin films deposited over Si substrates a
quantitative analysis of the hardness result is shown in the figure 45. The copper films
have much higher hardness than that of the bulk Cu. In figure 45 indentation hardness of
bulk copper is depicted by a dashed line and indentation hardness for single crystal Cu
(100) and Cu (110) films, and polycrystalline Cu films on SiO, are compared. It can be
clearly seen that in the case of SiO,, the hardness increases as a function of deposition
power, where as this was not seen in the case of Cu on Si (100) and Si (110). The
maximum hardness observed with Cu on Si0O, is ~2.8 Gpa and 2.5 Gpa in the case of Cu
on Si (110)
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Figure 45 Quantitative analysis of Cu deposited on Si substrates
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To understand the difference in film hardness deposited on different Si
substrates, we will briefly discuss factors that might affect Cu films hardness, including
film thickness dependent hardness, texture dependent and grain boundary dependent
harness.

4.2.1. Thickness dependence of hardness

In general finer microstructures attribute partly towards the mechanical properties of thin
film. Dislocation density, grain size and film thickness itself can be a huge factor
contributing towards hardness. Much of the strength can be attributed to the fact that the
substrate constrains dislocation motion in the film. Any oxide layer present on the
surface of the film can also constrain the movements of dislocations within the film.
According to W.D. Nix there is a linear relation between film thickness and strength, as
the thickness decreases the strength increases. But the above relation is true only up to a
certain limit. As film thickness increases to over 200nm there is a decrease in the effect
of thickness on strength and the film thickness and strength curves reaches a plateau
thereafter (See figure 46). Because the thickness of our copper film is 1 to 1.5 um it is
believed that film thickness lie in this plateau region and so the film thickness doesn’t

play a big role in strengthening these thin films.
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Figure 46 Biaxial strength vs. film thickness graph of Pb/Si and Al/Si [74,77]

4.2.2. Texture dependence of hardness

Anisotropy in the hardness of crystalline minerals has been well established
phenomenon. Single crystal metal posses material properties depending on the
crystallographic orientation. This anisotropy in the properties of single crystal is related

to effective resolved shear stress given by the equation [78]:

r,'= %(gj cos A cos ¢(cos @ + sin )/) (19)

where 7, is effective resolved shear stress, F' is applied force, 4 is cross-sectional area of
specimen, /A is angle between the stress axis and slip direction, @ is the angle between
the stress axis and the normal to the slip plane, ¢ is the angle between the face of the
adjacent facet and the axis of rotation for given slip system, y is the angle between slip
direction and axis parallel to indenter face.

This could be the reason for the extraordinary hardness seen in single crystal

copper deposited on Si (100) and Si (110). Biaxial moduli were calculated for Single
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crystal Cu (100) and Cu (111) (See table 9). The details of the method used for the

calculations can be obtained from reference [79].

Table 9

Single crystal copper and their biaxial modulus

Single Crystal Copper Biaxial Modulus
Cu (100) 115 Gpa

Cu (110) 215 Gpa
Cu(111) 262 Gpa

From nanoindentation tests indentation modulus for all single crystal coppers
were calculated as seen in figure 47. These indentation modulus values were found to be
approximately the same. Such observation indicates that the observed hardness
difference between Cu (100) and Cu (111) films is not because of the texture

dependence as well.
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4.2.3. Grain-size reduction induced hardness

Grain boundaries have proved to be a strong barrier to the motion of dislocations. This is
because different gains in neighborhood have different orientations. And so to cross the
grain boundary dislocations have to change the direction of motion and with in a grain
boundary region due to atomic disorder there is discontinuity of slip planes from one
grain to another. Grain size dependent hardness is not applicable in this study because
XRD analyses clearly depict that the Cu (100) and Cu (111) thin films are single crystal
in nature (See figures 20 & 21), whereas in Cu on SiO; the grain size is too large
(micrometer range as seen in figure 48, to create such high strength (2.2-2.5 Gpa) in

polycrystalline Cu films.
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Figure 48 Statistical result form TEM for average grain size of Cu on SiO;
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4.2.4. Nanoscale twinning induced hardness

Twinnings are defined as a type of boundary across which there is specific mirror lattice
symmetry [22]’; that is atoms on both sides of the boundary are mirror image of each
other.

4.2.4.1.Cu(111) on Si (110)

As the influence of impurities, density, Average grain-size and texture can be ruled out
for contributing to extraordinary hardness, the variation in strength can be solely
attributed to Twin boundaries. Twin boundaries have proven to have an equivalent effect
on the strength of materials as grain boundaries. Hall-petch governed strengthening was
witnessed in a-brass with grain boundaries in the range of tens of micrometer, where
twin spacing was the main governing factor in strengthening [80]. The interaction of
glide dislocation with twin boundary affects immensely the mechanical property of thin
film. It is indicated that the propagation of slip bands are blocked by these twin defects.
It is seen that twin boundaries are very strong obstacles to transmission of glide
dislocations. Though Dislocations can pile-up and transfer across the twin boundary due
to stress concentrations at twin slip band intersections, but dislocation pile ups form at
high lamellae thickness, with twins spaced at nanometer range the strength is said to
dependent on single dislocation motion across twin boundary. Thus, by decreasing the
twin spacing to nanometer range the tensile strength can in increased by many folds [81].
Higher the twin boundary density- higher is the capacity of dislocation accumulations,

leading to enhanced strengthening.
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Statistical measurement of the twin thickness and spacing over several samples
of Cu (111) on Si (110) deposited at 800W indicated that the twin thickness in one batch
or samples is 20nm and spacing of same order 20 nm, and the twin thickness in other
batch was 10nm and spacing Snm (See figures 49 (a), (b), (¢), (d)). The variation in the
twin spacing is suspected to the heating effect in earlier samples. Further studies are

underway in our laboratory to understand how to tailor twin spacing experimentally.
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Figure 49 Statistical result from TEM images show that (a) Average twin thickness for Cu(111)
sample deposited with heating affect is 20nm and (b) Average twin spacing is 20nm, whereas (c)
Average twin thickness for Cu (111) sample deposited without heating affect is 10nm and (d)
Twin spacing is 5nm
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It is clear from above statistical data that the former Cu (111) on Si (110) had
twin thickness and twin spacing much less than the later mentioned Cu (111) on Si (110)
samples. In order to prove that twin boundary is the sole reason for the high strength

nanoindentation test was done on the later Cu (111) on Si (110) samples (See figure 50)
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Figure 50 Indentation hardness vs. indentation depth plot for Cu (111)/Si(110) without
heating effect

It was seen that the hardness of Cu (111) on Si (110) with twin thickness and
spacing has hardness of 3.1 GPa, which is about 1 GPa higher than the sample with twin
thickness and spacing about 10nm and 20 nm. And confirms our hypothesis that the
extraordinary strength of Cu (111) on Si (110) is solely due to the high density twinning

and as the twin density increases the hardness also increases (See figure 51 & 52).
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Figure 52 Yield strength vs. inverse displacement for different types of copper thin film
[47-50, 82].

Above plot gives a comparative picture of all the different hardened copper
obtained by various techniques. The hall-petch hardening is presented by the line.
Literature review shows that all the coppers as they get hardened loose conductivity and
so the copper with yield strength around 800 MPa have very high resistivity. The
resistivity study for copper deposited in this study is discussed in electrical property

section.
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4.2.4.2. Cu on SiO,

As seen from XRD results the Cu films on SiO; is polycrystal in nature with dominant
grain orientations of (111). The average grain size seen in the plan view samples were
about 600nm (See figure 48). Further, there was a presence of high density of twins at
present at an angle. In Statistical measurement from a number of plan view TEM graphs
it was confirmed that the average twin spacing and thickness of these twins is ~50 nm

(See figures 53 and 54).
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Figure 53 Statistical data from TEM results showing that the average of twin intercepts
on horizontal plane in Cu on Si0; is 50 nm
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It has been already a proven fact that twin densities play an important role in the
mechanical properties of the material [75, 76, and 81]. In polycrystal films as the density
of twins decreases the yield strength of the metal has been seen dropping. It is known
that when glide dislocation come in contact with the twin boundary in side the grain, the
dislocation glide will encounter high density of twin boundaries. These dislocations can
also pile up and propagate across the twins, if they went dislocation dissociation
reaction, which will require stress concentrations at twin slip band intersection giving us
the improved strength.

Summarizing, it is clearly seen that in Cu (111) on Si (110) and Cu on SiO, the
high hardness was not caused by grain—size reduction, texture effect or by thickness
reduction. And these aspects had a negligible effect on the hardness of these sputter
deposited films. The high density twin boundary have proved to be very effective barrier
to the dislocation motion and as their density increases the hardness increases, so twin
boundaries can be considered to be the sole reason for the high hardness observed in the

Cu films.
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4.3. Electrical properties

It is seen that as the temperature increases the resistivity increases, it is known that as the
temperature rises there is increase in the thermal vibrations and lattice irregularities,
these vibrations and irregularities act as electron scattering centers causing the resistivity
increases. At room temperature (298 K) the resistivity measurement for Cu (100) in Si
(100) was 1.95 = 0.02uQ-cm, for Cu (111) on Si (110) the resistivity is 2 + 0.02 pQ-cm
and for Cu on SiO; the resistivity is1.90 + 0.02 pQ-cm. The resistivity of coarse grained
copper is reported to have resistivity of 1.67+.01 pQ-cm which is just a fraction lower
than the resistivity reported by copper in this study as shown in Figure 55.In comparison
copper with similar hardness are nanocrystalline copper, it is already a fact that grain
boundary are effective electron scattering site and as the number of grain boundaries
increase the resistivity also increases. These copper have reported a resistivity value or
about 18+1 pQ-cm which is at least one order of magnitude higher that nano-twinned Cu
in this study [81]. Therefore the current studies indicate that growth twins may provide
barriers for dislocation transmission, but not interfering with electron trespassing.
Therefore by design metallic materials with high density twins might be a promising

approach in achieving high-strength and high conductivity.
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5. CONCLUSION

Sputter deposition is one of the best techniques for the deposition of Cu thin films free
from intermixing with substrate at room temperature. Cu thin films were sputter-
deposited onto Si (100), Si (110) and SiO, substrates. Epitaxial growths of Cu (100) on
Si (100) substrate, and Cu (111) on Si (110) substrate were observed via XRD and TEM
studies. TEM studies also reveal high density of {111} type growth twins in single
crystal Cu (111) grown on Si (110) substrates. Grow twins oriented parallel to substrate
surfaces with twin spacing of a few or tens of nanometers. Our thermodynamic model
indicates that since twin boundary energy of Cu is small, at higher deposition rates, high
density growth twins can be induced. Nanoindentation studies show that Cu films with
high density growth twins have very high hardness, 2-2.5 GPa. Such studies indicate that
twin boundaries can act as strong obstacles to the transmission of dislocations, in a
similar fashion as grain boundaries. Electrical resistance of high-strength, nanotwinned
single crystal Cu films is similar to that of conventional bulk Cu. This project indicates
that twin boundaries may provide a very effective approach in producing high strength

and high electrical conductivity metallic materials.
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6. FUTURE WORK
From this study it was proven that twin density plays an important role in enhancing
mechanical properties of Cu thin films while maintaining low electrical resistivity of
metals.

e Deposition condition seems to play a very important role in twin formation in
Cu thin films. Further studies will focus on understanding the effects of
deposition parameters on the formation of growth twins.

e The thermal stability of these twin boundaries is unknown. So further studies
will involve the understanding of thermal stability of these twin boundaries and
compare such studies with the thermal stability of grain boundaries in
nanocrystalline Cu.

e Ni has the same crystal structure as that of Cu, with however a much higher
stacking fault energy. We will investigate the sputter-deposited Ni films to gain
knowledge about the formation of growth twins in Ni, and the influence of the
twin density in increasing the mechanical strength of Ni films.

A comparison between the contemporary studies and current studies is shown in
figure 56. A similar range of hardness value obtained by the synthesis of Cu with
nanocrystalline grains leads to a resistivity value around 18 pQ-cm, whereas in this study
the Cu deposited has resistivity value of ~1.9 uQ-cm. We will attempt to deposit Cu
films with hardness value of 4 GPa or higher by inducing higher density of growth

twins, while maintaining resistivity value in near vicinity of 1.9 uQ-cm.
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