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Abstract

Copper interconnects in advanced integrated circuits are manufactured by

processes that include electrodeposition, chemical mechanical polishing and

annealing. The as-deposited copper is nano-crystalline and undergoes a mi-

crostructure evolution at room temperature (self-annealing) or during an

annealing step. During this process, significant changes in resistivity and

grain size are observed. In this work, the microstructure evolution in 0.5-3

µm-thick electrodeposited copper thin films was studied. Resistivity mea-

surements were used to quantify the role of deposition conditions on the mi-

crostructure evolution rate. In-situ electron backscatter diffraction (EBSD)

was employed to observe self-annealing at the film surface. The resistivity-

microstructure correlation during self-annealing was examined. A phenomeno-

logical model using the Johnson-Mehl-Avrami-Kolmogorov (JMAK) approach

was developed to describe recrystallization during isothermal and continuous

annealing treatments. The microstructure evolution in copper-silver alloys

and films produced by variable deposition rates was investigated. Phase-field

model was applied to simulate self-annealing and the effect of deposition cur-

rent density.

The results show that the drop in resistivity during self-annealing is ac-

companied by significant changes of the microstructure at the film surface.
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Abstract

Different criteria were developed to assess self-annealing rate from EBSD

maps including grain size, image quality and local orientation spread. Adopt-

ing a grain size threshold, it was found that there is a reasonable correlation

between resistivity and microstructure during self-annealing. The recrys-

tallization in copper thin films appears to be thermally activated with an

activation energy of 0.89-0.93 eV. Adopting the principle of additivity, it

was found that the recrystallization rate during continuous annealing can be

described by the JMAK model using the isothermal resistivity profiles. A

method was proposed to accelerate recrystallization based on a capping layer

deposition. No recrystallization was observed when silver was co-deposited

with copper in the absence of chloride (even when annealed at 100 °C for 5

hours). Phase-field model was able to describe self-annealing and the effect

of deposition current density. The results in this thesis are of significance

to the microelectronic industry where recrystallization is a crucial step in

the fabrication of copper interconnects for the high performance integrated

circuits.
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Chapter 1

Introduction

In any integrated circuit (IC), millions of transistors are fabricated by pre-

cisely doping a semiconductor material like silicon. These transistors are

linked to each other by a backbone network of wires (interconnects). These

interconnects provide the physical channel that carries electrical signals be-

tween transistors as well as power, clock and ground signals. The features size

in advanced integrated circuits and microprocessors has been dramatically

reduced from 3 µm in 1970 to 28 nm in 2011. This is inline with Moore’s law

which predicts that the density of transistors will double every 18-24 months

as a consequence of the increasing demand for high performance ICs. High

performance and reliability of back-end-of the line (BEOL) interconnects are

crucial for future microprocessors and integrated circuits. Copper replaced

aluminum in the last 10 years as the interconnect material of choice because

of its lower resistivity and better reliability. As feature sizes approach the

mean free path of electrons, interconnect resistivity dramatically increases

due to a higher resistivity contribution from surfaces and sidewalls. As a

consequence, interconnect time delay increases and the propagation speed

of electrical signals throughout the integrated circuit is reduced. Moreover,

power consumption and electromigration-induced failure are magnified with

the increase in the applied current density.
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Chapter 1. Introduction

With these challenges, a proper design of interconnect microstructure be-

comes essential. Electrodeposition using the Dual Damascene process is the

method of choice in the semiconductor industry for interconnect fabrication.

However, the role of organic additives in the electrochemical bath and the mi-

crostructure evolution phenomenon that takes place after deposition are still

under debate. In electrodeposited copper films, the as-deposited nanocrys-

talline microstructure is unstable and undergoes a remarkable spontaneous

evolution process at room temperature, known as self-annealing, whereby an

order of magnitude increase in the grain size is observed in a period of few

hours to several days. The transformation in the microstructure causes signif-

icant changes in the film resistivity as well as stress and ductility. There was a

debate in the literature whether self-annealing phenomenon can be described

by grain growth, abnormal grain growth or recrystallization. Additionally,

the role of additives and alloying elements on copper self-annealing are not

yet well understood. Therefore, a better understanding of the microstructure

evolution phenomenon in copper interconnects is of a great importance and

will provide the knowledge necessary to improve interconnects performance

and to address the accelerated reliability challenges.

In this work, the phenomenon of self-annealing was studied. The work

included a systematic investigation of the effect of deposition conditions (de-

position current density, film thickness and electrolyte age) on self-annealing

rate. Moreover, the film microstructure during self-annealing was observed

by in-situ electron backscatter diffraction technique. The correlation between

the film microstructure and its electrical properties during self-annealing was

then discussed. In addition, self-annealing phenomenon was simulated using
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phase-field which is an emerging tool to model microstructure evolution pro-

cesses that include grain growth and recrystallization.

Annealing is a key step in the fabrication of integrated circuits where

copper interconnects are heat treated at elevated temperature to promote

fast microstructure evolution. In this way, low resistivity of the intercon-

nect line is obtained in a reasonable time. There are models available in

the literature which describe the rate of self-annealing as a function of time

after deposition. However, a model to describe the effect of temperature

during annealing treatment is not available despite its significance to the

microelectronic industry. In this work, the microstructure evolution during

isothermal and continuous annealing treatments was quantified using resis-

tivity measurements. Based on the experimental results, a phenomenological

model was developed using the Johnson-Mehl-Avrami-Kolmogorov (JMAK)

approach.

To improve the reliability of copper interconnects, several novel deposi-

tion strategies were proposed in the literature including pulse-deposition and

alloying. In this work, the microstructure evolution in films produced using

variable deposition rates was studied using resistivity and electron backscat-

ter diffraction techniques. From these results, a deposition strategy was

proposed to accelerate the microstructure evolution in copper interconnects.

Further, the microstructure evolution in films that are produced by copper-

silver co-deposition was investigated.

The structure of this thesis is as follows: chapter 2 provides a survey of

the literature and followed by an outline of the research objectives (chapter

3). Chapter 4 deals with the materials and the experimental methodology
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that was followed. The results related to the phenomenon of self-annealing

and resistivity-microstructure correlation are presented in chapter 5. The

microstructure evolution during annealing treatment of copper thin films

is covered in chapter 6. Microstructure evolution in novel interconnects is

presented in chapter 7. Phase-field modelling is discussed in chapter 8 and

followed by a summary and recommendations for future work (chapter 9).
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Chapter 2

Literature Review

2.1 RC Delay

When electrical signals propagate through metallic interconnects, they ex-

perience a time delay caused by the resistance of the interconnect and the

capacitance of two adjacent interconnects separated by a dielectric material.

This delay is known as RC delay (RCdelay = Resistance × Capacitance). It

is well known that transistors switching frequency is inversely proportional

to their size and the time needed for a transistor to switch between two logic

states is referred to as the intrinsic gate delay. As the technology node drops

below 0.25 µm, RCdelay becomes more significant than the intrinsic gate de-

lay of transistors. This trend is illustrated in Fig. 2.1. As a consequence,

the design rules for integrated circuits become restricted which negatively

affects further development of high performance ICs. Bohr [1] used an elec-

trical model to describe the RCdelay as a function of the properties of the

interconnect and dielectric materials where RCdelay can be expressed as

RCdelay = 2ρL2εε0

(
4

p2
+

1

d2

)
(2.1)

where ρ, L, d are the resistivity, length and thickness of the interconnect

respectively, while εε0 and p are the interlayer dielectric constant and the
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2.2. Copper/low-K Metallization

Figure 2.1: Intrinsic gate delay of a transistor vs. RCdelay of interconnect. [2]

distance between the metal lines, respectively. The model shows that RCdelay

strongly increases as the interconnects length increases. Further downsizing

of features size requires smaller dimensions which also contributes to a higher

RCdelay. As implied by Eq. 2.1, the effect of scaling can be minimized by

selecting interconnect materials with low resistivity and dielectrics with low

permittivity constant.

2.2 Copper/low-K Metallization

Aluminum was universally used as interconnect material since the 1970s.

As feature sizes dropped to the deep submicron range, aluminum reached

its technological limits and the RCdelay started to limit the development of

high performance ICs. In 1998, copper replaced aluminum as the material

of choice for interconnects when IBM introduced its 0.18 µm-complementary

metal oxide (CMOS) chip based solely on copper metallization. A compar-
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ison between copper and other possible interconnect materials is shown in

Table 2.1. Copper was an excellent candidate to replace aluminum due to

its better conductivity which allowed for longer and thinner interconnect

lines to be fabricated. As a consequence, faster microprocessors with less

power consumption were produced. In addition to the conductivity advan-

tage, switching to copper improved the reliability of interconnects by being

more immune to electromigration which is the diffusion of atoms under high

applied current density. High electromigration resistance is desirable since

electromigration leads to voids and hillock formation in the interconnect line

which elevates the resistance and may eventually lead to a complete failure

of the microsystem. Copper has electromigration resistance which is several

orders of magnitude higher than that of aluminum which allows for high cur-

rent density to be sustained. Black [3] formulated a semi-empirical equation

for the median time to failure,, where:

tF =
A

j2
exp

(
Qa

kBT

)
(2.2)

Here, A is a constant which is related to the cross sectional area, j is the

current density, T is the temperature, Qa is the activation energy for electro-

migration and kB is Boltzmann’s constant. According to Eq. 2.2, the inter-

connect life time decreases with increasing current density and temperature.

About 10 years following the introduction of Cu interconnects, electromigra-

tion and reliability challenges are magnified and significant effort has been

made to improve the reliability of Cu interconnects [4–15]. Fig. 2.2 shows

an example of interconnect line failure due to electromigration.

The reason why aluminum survived as interconnect material for a long
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Table 2.1: A comparison between the properties of possible interconnect
materials. [16]

Property
Metal

Cu Ag Au Al

Resistivity (µΩ.cm) 1.67 1.59 2.35 2.66

Thermal coefficient of resistivity (K−1) 0.0043 0.0041 0.004 0.004

Thermal conductivity (W cm−1) 3.98 4.25 3.15 2.38

Melting point (°C) 1085 962 1064 660

Corrosion in air Poor Poor Excellent Good

Self-diffusion Q(eV) 2.19 1.97 1.81 1.48

Mean free path (nm) 39 52 38 15

Figure 2.2: Focused-ion-beam (FIB) image of the cross section of a Cu in-
terconnect line after electromigration failure. [15]

period of time before replacing it with copper is that there were a number

of challenges associated with producing copper interconnects in a commer-

cial scale. One of these challenges is the low resistance to corrosion which

was improved by passivating the interconnect surface (normally by capping

the metal line with a thin layer of Si3N4 using techniques like plasma en-

hanced chemical vapor deposition (PECVD) [15, 17]). Also, copper reacts

with silicon at room temperature which necessitates the use of a barrier

layer between the silicon wafer and the copper deposit to eliminate copper

diffusion into silicon. Tantalum (Ta) and Tantalum based films (e.g. TaN)

8
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were used for this purpose [18]. Silicon oxide (SiO2) was traditionally used

as an interlayer dielectric material between interconnects. However, it was

found that materials with dielectric constants lower than that of SiO2 (which

equals to 4.5) along with copper metallization significantly reduce the inter-

connect time delay [19]. One of these materials (often referred to as low-K

dielectrics) is SiCOH which is produced by doping SiO2 with carbon [20].

The dielectric constant of SiCOH is significantly lower than SiO2 (2.7-3.0)

and was used in the 90 nm technology node. The dielectric constant can be

further reduced by using porous SiCOH which was introduced in the 45 nm

technology node [20]. Here, air gaps in the dielectric material contribute to

lower dielectric constant [21, 22] since air has a dielectric constant of unity.

The Cu/low-K enables for a highly complex microprocessors to be fabricated

with several layers of metallization as shown in Fig. 2.3.

2.2.1 Dual Damascene and Electrodeposition

Unlike aluminum, copper lines cannot be fabricated by reactive ion etching

and a new process was necessary for copper metallization. In this process,

introduced by IBM and referred to as Damascene process, a dielectric layer

(e.g. low-K material) is deposited on a silicon wafer by PECVD followed

by lithography and etching to fabricate high aspect ratio trenches. A few

nanometer thick barrier (Ta, TaN, Ti or TiN) and seed layers (Cu) are then

deposited in these trenches by physical vapor deposition (PVD) [24,25]. Cop-

per is then electrodeposited in the trenches and vias followed by chemical me-

chanical polishing (CMP) planarization to remove the excess deposit on the

trench surface [19]. Single Damascene refers to the process of filling trenches
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Figure 2.3: Cross-section of 64-bit high performance microprocessor chip
built in IBM’s 90 nm CMOS technology with Cu/low-K wiring. Courtesy
of International Business Machines Corporation, © International Business
Machines Corporation. [23]

(one level) while Dual Damascene (DD) refers to the filling of trenches and

vias simultaneously. Etch stop or cap-layer (SiN, SiC. . . ) is deposited after

the CMP to facilitate subsequent layer metallization. Figure 2.4 shows a

schematic diagram of the DD process.

Electrodeposition is selected in the DD process as the method of choice to

deposit copper in trenches and vias because of its ability to achieve high qual-

ity filling characteristics of deep features especially when compared with CVD

and PVD techniques. Electrodeposition is performed in a copper-containing

electrolyte and involves the use of a working electrode (i.e. substrate) and

a reference electrode in an electrochemical cell. Upon applying an external

negative potential between the working electrode (cathode) and the reference

(anode), the system will deviate from its equilibrium state and the following
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Figure 2.4: Flow for the fabrication of Cu interconnects in the Dual Dama-
scene process.
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oxidation/reduction reaction takes place

Cu(s) → Cu+2
(aq) + 2e− (Anode)

Cu+2
(aq) + 2e− → Cu(s) (Cathode)

This reduction reaction leads to a deposition of Cu on the working elec-

trode (i.e. seed layer). The deposition current can be described by the

Butler-Volmer model where the relation between the deposition current, i,

the overpotential, E − Eeq, and the bulk electrolyte concentration, , can be

described as

i = i0

(
C0 (0, t)

C0

)
exp

(
−n̄ξF (E − Eeq)

RT

)
(2.3)

Here i0 is an important kinetic term referred to as exchange current, t is the

time, R is the gas constant , F is Faraday’s constant, n̄ is the number of

electrons involved in the reaction, and ξ is a term which describes the rel-

ative sensitivity of the oxidization/reduction processes to the overpotential

[26, 27]. In commercial baths used for copper metallization, high concen-

tration of copper is required to achieve a rapid deposition. Sulfuric acid is

usually added to the electrolyte to increase the conductivity and minimize

the potential gradient during electroplating which results in a uniform fill-

ing [26]. In addition to the concentration of the bath, applied potential and

temperature, the quality and the rate of the electrodeposition depend highly

on the presence of additives and the quality of the seed layer.

Three types of profile evolution are possible in the Damascene process:

(i) Subconformal filling occurs when there is substantial copper ion depletion
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Figure 2.5: A schematic for the evolution of copper filling in a via with
different degrees of conformality. [33]

in the trench which makes current to flow more in the accessible locations

outside the trench [28]. Subconformal filling ultimately results in a forma-

tion of voids in the trench (see Fig. 2.5). (ii) Conformal filling happens when

the deposition rate is equal in all feature sides which eventually leads to the

formation of a seam in the final structure. (iii) Superfilling (superconfor-

mal) occurs when the deposition rate in the bottom of the trench is higher

compared with that on the sides which results in a complete and seamless

filling characteristics. Since voids and seams increase the deposit resistance,

superfilling is highly desirable for high performance interconnects [29–32].

2.2.2 Role of Additives

It was reported that electrolytes containing only copper sulfate, sulfuric acid

and chloride ions produce a conformal filling characteristics [26]. On the other
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(a)

(b)

Figure 2.6: The Cu filling characteristics of high aspect ratio vias by elec-
trodeposition in the (a) absence, (b) presence of additives. [37]

hand, superconformal filling can be achieved by the aid of certain organic ad-

ditives like polyethylene glycol (PEG), bis(3-sulfopropyl) disulfide (SPS) and

Janus green B (JGB) (see Fig. 2.6). The effect of these organic additives

on copper electrodeposition can be classified as a brightener/accelerator, in-

hibitor/suppressor or leveler. PEG, which is a long chain polymer, produces

an inhibitory effect on the deposition kinetics especially in the presence of

chloride [28,34] while SPS accelerates the deposition rate at sites where it ad-

sorbs [35, 36]. Compounds like 3-mercapto-1-propanesulfonate (MPSA) can

also act as accelerators [31]. Levelers like JGB are added in low quantities

to the electroplating bath to suppress the growth rate at regions with high

mass transfer rates thus limiting the copper deposit thickness above trenches
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and vias [26]. The suppressing effect of the leveler on the deposition rate

in the bottom of the high aspect ratio trench is less effective compared with

corners or protruding surfaces. In this way the final trench/via deposit will

be at the same level as that on the surface. However, Kelly et al. [38] found

that all three additives have to be present to achieve leveling, suggesting

additive-additive interaction is responsible for leveling. Using cyclic voltam-

metry (CV) studies, it was found that electrolytes with accelerators (i.e. SPS

or MSPA) produce a deposition current which is several times larger than

that produced when inhibitors are present in the electrolyte at a given po-

tential [26]. Moffat et al. [31] found that the deposition kinetics are heavily

affected by the concentration of MPSA in the presence of other additives.

Several mechanisms were proposed in the literature to describe the role of

additives in superfilling. Andricacos et al. [25] suggested that the superfilling

is a diffusion-controlled process where the inhibition flux varies in the bot-

tom of the trench and in the sidewalls and corners. The diffusion-controlled

theory explains the superfilling as follows: initially, electrolyte containing all

additives fills the via due to capillary forces. PEG has strong adsorption rate

and covers the side walls of the via which produces a PEG diffusion flux in

the via. However, PEG has very slow transport rate to reach the bottom of

the via and this will give sufficient time for SPS which has strong adsorp-

tion on additive-free surfaces to cover the bottom of the via. Unlike PEG,

SPS filling is not mass transport limited which results in accelerating the

deposition in the bottom of the via while the deposition on the sidewalls is

inhibited. PEG can not displace SPS during via filling because of the strong

adsorption kinetics of SPS on the additive-free surfaces. However, SPS can
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displace PEG slowly. A full description of the mass transport kinetics of ad-

ditives was obtained by Akolkar and Landau [39]. A similar mechanism was

proposed by Kondo et al. [35] who suggested that PEG-Chloride molecules

inhibit the deposition process by adsorption on the trench/via entrance while

accelerating complex compounds accumulate in the bottom of the trench/via

which results in a superconformal filling. West et al. [40], Moffat et al [31]

and Josell et al. [29] claimed that the diffusion-controlled mechanism is not

able to describe key superfilling observations like the initial period of confor-

mal growth and the formation of overfill bumps after the filling is complete

and proposed another mechanism based on the curvature-enhanced acceler-

ator coverage (CEAC). In this mechanism, there is a competition between

inhibitors and accelerators and the accelerator is assumed to displace the

inhibitor in deep features and remains segregated at the surface during de-

position. A numerical model was then developed [31, 37] and the simulated

filling profiles were in agreement with the experimental observations. CEAC

theory received acceptance in the literature [41–43] and is believed to describe

the superfilling mechanism better than the diffusion-controlled theory.

2.3 Microstructure Evolution in Copper

Interconnects

Electrodeposited copper thin films and interconnects undergo a room tem-

perature microstructure evolution soon after deposition. Initially, the Cu

microstructure is metastable with an average grain size in the order of 100

nm. The corresponding resistivity of the as-deposited thin film is normally
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20-40% higher than the nominal resistivity of bulk copper (1.67 µΩ.cm). Af-

ter an incubation period of a few hours, a sharp decrease in the resistivity is

measured (see the normalized resistivity profile in Fig. 2.7). The change in

resistivity indicates an underlying microstructure evolution since resistivity is

strongly affected by the average grain size and defect density. As shown in the

corresponding microstructure in Fig. 2.7, some grains with sizes bigger than

the mean grain size start to appear at about 10 hours after deposition. These

grains then continue to grow and consume the microstructure. After about

40 hours following the deposition, the resistivity saturates around the nomi-

nal resistivity of copper (total change in resistivity is≈ 20%). Along with the

changes in resistivity and grain size, changes in the residual stress are also

measured. This microstructure phenomenon is referred to as self-annealing

since no heating is involved. In addition to the resistivity drop and stress

relaxation, other physical properties are also affected by self-annealing. For

example, significant ductility increase was observed by Hasegawa et al. [44].

On the other hand, Dong et al. [45] reported a decrease in the film hardness

where the initial and final hardness values are functions of the deposition

current density. Teh et al. [46] investigated the surface roughness after the

deposition using atomic force microscope (AFM). The researchers reported

an immediate increase in the surface roughness for about 30 hours after de-

position.

To explain the resistivity changes during self-annealing, it is helpful to

discuss the origin of resistivity in polycrystalline materials. The electrical

resistivity of any material is due to the electron scattering events that occur

when an external voltage is applied. The level of scattering determines the
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Figure 2.7: Self-annealing of 1 µm-thick Cu film deposited at 15 mA/cm2

characterized by FIB, resistivity and stress measurements. The film was
deposited on 3-inch Si (100) wafer with 50 nm-thick Cu seed layer. [47]

intrinsic resistivity of the material. The changes in the film resistivity during

self-annealing can be explained using Matthiessen’s rule. According to this

rule, the total resistivity of a material, ρT , can be expressed as

ρT = ρp + ρg + ρs + ρi (2.4)

where ρp, ρg, ρs and ρi are the resistivity contribution from phonons, grain

boundaries, surfaces, and impurities, respectively. Mayadas and Shatzkes [48]

modelled the grain boundary contribution to the resistivity. According to

their model (often referred to as MS model), the ratio between the resistivity

with grain boundaries, ρg, and the bulk resistivity, ρT , can be expressed as
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ρg
ρT

=

[
1− 3α

2
+ 3α2 − 3α3 ln

(
1 +

1

α

)]−1
(2.5)

α =
λ

G

ω

1− ω

where G is the grain size and λ represents the intrinsic mean free path of

electrons which is temperature-dependent (39 nm for pure Cu at room tem-

perature [49]). The term ω is a coefficient (between 0 and 1) that represents

the magnitude of electron scattering from the grain boundary where a value

of 1 represents full scattering of electrons while 0 represents no scattering at

all. The value of ω is material dependent and estimated to be between 0.2

and 0.4 for copper [49, 50] while ω=0.5 was experimentally determined by

Shimada et al. [51] for 1 µm-thick electrodeposited Cu films. The different

values that are available in the literature for the coefficient ω may be related

to the difference in the purity level of the sample. The MS model shows that

there is a strong relationship between the average grain size and the electri-

cal properties of the material which is in agreement with what occurs during

self-annealing. When the thickness of a conductor becomes comparable to its

electrons mean free path, the surfaces of the materials will contribute signif-

icantly to the total resistivity. This phenomenon is known as the size effect

and is considered a major issue in interconnects design. The contribution

of surface scattering as compared to the bulk resistivity can be described

as [50,52,53]:

ρs
ρT

=
3

8

(
1 +

w

d

)
(1− xc)

Agλ

w
(2.6)
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where w is the width, xc is a constant in the range of 0-0.2, and Ag is

geometrical constant near 1. The contribution of the surfaces to the overall

resistivity becomes significant when the sample thickness is comparable to λ

(for the case of copper, this occurs when w drops below 10λ ≈ 400 nm).

The resistivity is also sensitive to defects in the crystal (e.g. dislocations).

In the case of a deformed Cu single crystal, Basinski and Saimoto [54] found

that the value of resistivity per unit dislocation is in the order of 10−19 Ω.cm3.

On the other hand, vacancies contribute to a resistivity increase of about 2.27

µΩ.cm per atomic percent [16]. For the case of copper, and due to the low

concentration of vacancies at room temperature, the contribution of vacancies

to the overall resistivity is negligible [49]. Also, impurities contribute to an

increase in the sample resistivity depending on their concentration. This

can be up to several µΩ.cm per atomic percent for the case of copper. The

coefficient for the resistivity increase depends on the atomic size and valance

of the impurity [49, 55]. For the case of electrodeposited nanocrystalline

copper films that undergo self-annealing, the thickness is larger than λ (as

in the case of as-deposited 1 µm-thick film). Thus, the effect of surfaces

is negligible. Moreover, the concentration of organic impurities that are

normally included in the electrodeposition bath is very low. This suggests

that the major contribution to the high as-deposited resistivity comes from

the electron scattering due to high density of grain boundaries. The decrease

in resistivity during self-annealing is then mainly due to the increase in the

grain size (i.e. reduction of the grain boundary area density).
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2.3.1 Effect of Deposition Conditions on

Self-annealing Rate

Since the microstructure and electrical resistivity affect the performance and

reliability of copper interconnects, the phenomenon of self-annealing was ex-

tensively investigated in the literature [46, 56–63]. The self-annealing rate

was found to be controlled by deposition conditions (i.e. deposition rate,

film thickness and electrolyte recipe). Brongersma et al. [64] observed self-

annealing in films produced with deposition currents > 0.75 A (on 8-in.

Si(100) wafer with 150 nm-thick Cu seed layer) while no self-annealing was

observed for films that were deposited at 0.3 A. With increasing the deposi-

tion current, self-annealing is accelerated as shown in Fig. 2.8. It was also

observed that the extent of the incubation period depends on the deposition

rate where films deposited at high current densities require less time to start

self-annealing. Stangl and Militzer [65] reported a slight decrease in the re-

sistivity during the incubation period. A similar trend can be observed from

the normalized resistivity profiles shown in Fig. 2.8. To see if the current

density affects the as-deposited microstructure, Lee et al. [66] measured the

grain size of films deposited at different current densities and observed that

the initial grain size is independent of the current density (≈0.1 µm). In

agreement with these observations, Stangl et al. [15] reported a constant ini-

tial grain size (90 nm) when the current density is higher than 10 mA/cm2

for a 300 nm-thick Cu layer while films electrodeposited at current densities

less than 10 mA/cm2 showed an average grain size > 400 nm.

At a fixed deposition current density, the self-annealing rate in elec-

trodeposited Cu films was shown to be highly dependent on film thick-
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Figure 2.8: Effect of deposition current on self-annealing rates of 1.15 µm-
thick Cu layer. The resistivity is normalized by the initial resistivity value.
Deposition current is from left to right: 6, 4.5, 3, 1.5, 0.75 and 0.3 A. The
deposition was carried on a 8-inch Si(100) wafer with 150 nm-thick Cu seed
layer. [64]

ness [46, 63, 67]. Very slow or no self-annealing was observed for thicknesses

below 500 nm while self-annealing is accelerated as the film thickness is in-

creased. Little increase in the self-annealing rate was observed for films

thicker than 2 µm. To some extent, these results agree with the work of

Brunoldi et al. [68] who reported only 2.5% change in the resistivity of 70

nm-thick copper film after 200 hours following the deposition. In agreement

with the trend in thin films, Lingk and Gross [69] reported that self-annealing

occurs in Damascene narrow lines and found that the rate of the process in-

creases as the width of the line increases.

The electrolyte chemistry has a consequence on the self-annealing rate in

copper thin films. Hasegawa et al. [44] concluded that self-annealing does not
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occur when no organic additives are present in the electrolyte. Films that

were produced using electrolytes containing only PEG-Cl− additives pro-

duced similar results. However when the plating electrolyte contains SPS-

PEG-Cl− additives at certain concentrations, self-annealing was observed

during the first week following the deposition (see Fig. 2.9). In the absence

of additives, Osaka et al. [70] did not observe significant change in the grain

size in a period of 2 weeks after deposition as shown in Fig. 2.10-a. On the

other hand, the grains grew by a factor of 4-5 when PEG-SPS-Cl− additives

are added to the bath as shown in Fig. 2.10-b. Although these results sug-

gest that JGB is not necessary for self-annealing initiation, Gao [71] reported

that the absence of JGB results in a very slow self-annealing. The rate of

self-annealing, however, is sensitive to the concentration of the additives in

the bath as reported by Ritzdorf et al. [72] who found that higher additive

concentration slows down the self-annealing rate and that was attributed to

the increased incorporation of impurities during deposition. In the case of

Damascene copper interconnects, Neuner et. al. [73] used electron backscat-

ter diffraction (EBSD) to quantify the effect of additive concentrations in a

72 nm-wide copper lines and found that the grain morphology is affected by

increasing the additive concentrations. Thus, there is an optimal additive

concentration to form a high quality film while keeping self-annealing times

at a minimum.

There are evidences that the electrolyte recipe affects the electrical prop-

erties of the deposit. For example, Osaka et al. [70] found that the resistivity

of the as-deposited additive-free film is lower than that when all additives are

present (SPS-JGB-PEG-Cl¯) and this effect was attributed to the increased
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Figure 2.9: Effect of electrolyte chemistry on the self-annealing rate of 3
µm-thick film deposited at 10 mA/cm2. The electrolyte contains (♦) no
additives, (N) PEG-Cl−, (O) PEG-SPS-Cl−. [44]

Figure 2.10: The cross-section of a 3 µm-thick copper film deposited at
10 mA/cm2 observed 1 day and 14 days after deposition using electrolyte
containing (a) additives-free, and (b) PEG-SPS-Cl−. [70]
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carbon concentration. This trend is also clear in the work of Hasegawa et

al. [44] as can be seen in Fig. 2.9. With regard to the microstructure de-

tails, adding PEG-Cl¯ only to the acidic electrolyte seems to generate twins

across the film thickness. In this case, Kelly et al. [38] suggested that the

deposit grows mainly via two-dimensional nucleation of macrosteps (i.e. one

step over another) while a three-dimensional growth was observed when SPS

was added to the electrolyte along with lower grain size and twin density.

Another observation is that sulfur containing additives (e.g. SPS) produce

a bright and smooth deposit. The addition of JGB to the electrolyte in the

presence of the other additives produces more regular grains and significantly

reduces the grain size below 100 nm without twin formation.

In addition to the electrolyte chemistry, the bath age affects the deposition

quality and the subsequent self-annealing. The work of Gao [71] showed that

self-annealing is significantly slowed when aged electrolyte (for few hours

to few days) is used. The same conclusion was also reported by Stangl

et. al. [74] where the researchers found an increase in the incorporation of

impurities in films produced with aged electrolyte along with a small final

grain size compared to the case when fresh electrolyte is used. The effect of

aging is believed to be due to the decomposition of some organic additives

in the solution (like SPS) which results in impurities that are able to pin the

grain boundaries as suggested by Stangl et al. [74].

The excess copper in the overburden layer affects the self-annealing kinet-

ics in the trench/via. Lingk and Gross [69] allowed self-annealing to occur

and then studied the microstructure before and after CMP stage. They

found that the self-annealing that occurred in the excess Cu layer was ex-
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Figure 2.11: Focused ion beam (FIB) image of the microstructure of (a) 1
µm-thick Cu layer on top of Damascene trenches before applying CMP (b)
Damascene trenches after CMP. The sample was stored at room temperature
for 3 days (i.e. complete self-annealing was observed). [69]

tended to the trenches as shown in Fig. 2.11. However, applying CMP

immediately after electrodeposition (i.e. removing the overburden layer) sig-

nificantly reduces the rate of self-annealing in these trenches and incomplete

self-annealing was observed even after 2 months following CMP. A similar

trend was reported by Dubreuil et al. [75]. The fact that the presence of

excess copper accelerates self-annealing may be related to the thickness ef-

fect discussed above. Lingk and Gross [69] concluded that the initiation of

self-annealing occurs at the upper corners of the trenches due to the high

stress and dislocation densities at these sites. In disagreement with Lingk

and Gross [69], Neuner et al. [73] EBSD maps showed that grains in adja-

cent copper interconnects lines have the same orientation which suggests that

self-annealing initiates in the overburden layer (not in the corners) and then

proceeds to the nearby trenches and vias.
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The stress relaxation that was observed by Stangl [47] seems to be af-

fected by the deposition rate. Brongresma et al. [64] observed a change in

the wafer curvature after electrodeposition (which indicates a stress evolu-

tion) and found that the deposition rate plays a role in determining the

as-deposited and final stresses in the film as well as the nature of the stress

(i.e. tensile or compression). Similarly, Harper et al. [49] and Stangl et

al. [47] reported compressive stress while Teh et al. [46] observed a tensile

stress. In addition, Lagrange et al. [67] indicated that the change in stress

occurs immediately after deposition (i.e. no incubation period) and there

is no correlation between resistivity and stress during self-annealing. This

observation was explained by the fact that the two phenomena are not in-

fluenced by the same factors. In disagreement, Stangl et al. [47] found a

reasonable correlation between stress and resistivity and discussed that the

evolution of the stress can be described by two stages. During the incubation

period, the first stress-relaxation stage is accompanied by hydrocarbon seg-

regation. In this stage there is a little decrease in the film resistivity (<3%).

A second stress-relaxation stage is observed where the film resistivity starts

to decrease sharply (see Fig. 2.7). This stage is explained by the reduction

of defects along with film densification [76]. On the other hand, Huang et

al. [58] found tensile stress in all films (1.5-20 µm-thick) and a strong initial

stress-thickness dependence. The researchers explained the variance in the

initial stresses by 1) the longer total deposition time for thicker films allows

for defects to annihilate during deposition; 2) there is some increase in the

initial grain size with increasing the film thickness.

The Hall-Petch relationship relates the flow stress, σ, to the grain size by
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σ = σ0 +
k√
G

(2.7)

where k is a proportionality constant. This model predicts that increasing the

grain size decreases the flow stress in a film of a defined thickness. Read et al.

[77] performed force probe microtensile test and found that the stress-strain

curve of the electrodeposited Cu film agrees with the Hall-Petch relationship.

However, the Young’s modulus was found to be less than its value for bulk

copper.

In the literature, there was a general trend to describe self-annealing us-

ing the conventional processes and terminologies that are used to describe

the microstructure evolution in deformed metals and alloys subjected to an-

nealing treatment. These mechanisms include recovery, recrystallization and

grain growth. Since these terms are proposed in the literature to describe

self-annealing, it is useful to provide a brief review for each one of them.

2.3.2 Microstructure Evolution Mechanisms

Recovery

When a polycrystalline material is cold-worked, the grains become elongated

and a fraction of the deformation energy is stored in these grains in the

form of dislocations and point defects. As a consequence, there is a driving

pressure in the microstructure to release this excess energy and return to

its original state before deformation. The dislocations in the microstructure

can rearrange and annihilate after deformation which reduces some of the

overall stored energy. This process is called recovery and its extent depends
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on many parameters including the level of the deformation strain and the

nature of the material itself (i.e. stacking fault energy). Moreover, higher

annealing temperature promotes recovery by accelerating the movement and

annihilation of dislocations. The recovery stage imposes some consequences

on the mechanical properties like yield stress and hardness. Also, changes

in electrical resistivity after deformation may correlate with recovery [78].

As indicated in the Matthiessen’s rule, the resistivity of a material is af-

fected by the presence of a high density of dislocations and defects. The

annihilation of some of these dislocations during recovery reduces the total

electron scattering. Recovery may not be easily observed using techniques

like optical microscopy, and tracking the mechanical and electrical properties

can provide indirect estimation of the process rate. In some cases, however,

the change in these material properties due to recovery is small. Differential

scanning calorimetry (DSC) is frequently used to quantify recovery where a

distinct small peak in the released heat profile can be associated with recov-

ery [78,79]. The recovery stage eventually leads to a subgrain formation (i.e.

low angle grain boundaries) and occurs prior to the recrystallization stage

which is discussed below.

Recrystallization

The recrystallization process involves forming dislocation-free nuclei in the

deformed grains that grow to consume the microstructure. The recrystallized

grains are surrounded by high angle grain boundaries. The driving pressure

for recrystallization is to minimize the stored energy within the deformed

grains. The driving pressure, ∆P , due to dislocation density, Γ, can be
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expressed as

∆P = 0.5µb2vΓ (2.8)

where bv is the magnitude of the Burger’s vector and µ is the shear modulus.

The velocity of the recrystallized boundary, v, is a function of ∆P and the

mobility of the boundary, M , i.e.:

v = M∆P (2.9)

The mobility of the boundary is frequently described by an Arrhenius rela-

tionship, i.e.

M = Mo exp

(
Q

kBT

)
(2.10)

here, Mo is a pre-exponential constant and Q is the activation energy. Thus,

recrystallization occurs faster at high temperature and for heavily deformed

microstructures in which a high driving pressure due to dislocations is present.

Also, for the same driving pressure, boundaries with high mobilities will move

faster than those with lower mobilities. The mobility term can not be easily

measured. However, Vandermeer et al. [80] measured the stored energy in

cold worked copper using calorimetry analysis. The researchers then mea-

sured the average interface velocity during recrystallization at 121 °C and

found that the relationship between the two quantities obeys Eq. 2.9. The

estimated mobility at this temperature was 6.31 ×10−8 cm4/Js. For recrys-

tallization to occur, however, a minimum deformation level is required (i.e.

critical strain) [78]. Normally, the nucleation initiates at some preferred sites
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in the microstructure (e.g. grain boundaries) and, for a stable nucleus to

form, the driving pressure must be greater than the retarding pressure that

originates from the curvature of the boundary. Thus, there is a critical nu-

cleus radius below which the nuclei are unstable and will not grow.

The fraction recrystallized describes the volume fraction of the recrystal-

lized grains in the material with respect to the overall volume (i.e. 0<f<1)

and can be quantified using characterization tools like EBSD [81], FIB [82]

and transmission electron microscopy (TEM) [83]. In-situ EBSD experiments

were performed by Wright and Nowell [84] on cold worked copper subjected

to annealing treatment (160 °C). By analyzing the orientation maps, the re-

searchers were able to observe the different stages of recrystallization (see

Fig. 2.12). Using a similar approach, local orientation spread maps were

used [85] to locate and identify recrystallized grains as shown in Fig. 2.13.

The local orientation spread measures the deviation from the average orienta-

tion of a group of scan points (3rd neighbor points are normally considered).

The recrystallized grains appear in blue with local orientation spread values

< 1° which indicates low dislocation density. In agreement with Wright and

Nowell [84], Field et al. [81] showed that deformed pure copper (99.99%)

can recrystallize at temperatures between 155 °C and 200 °C. In addition

to techniques like EBSD, other indirect characterization tools are frequently

employed for recrystallization assessment. For example, electrical resistiv-

ity [86] and microhardness [87] were used to quantify the recrystallization of

cold worked copper and its alloys as a function of annealing temperature.

The recrystallization rate and the details of the final microstructure de-

pend on many parameters including the level of deformation, prior grain size,
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Figure 2.12: In-situ EBSD maps showing the progress of recrystallization in de-

formed pure copper at 160 °C at different times. [85]

Figure 2.13: Assessment of the initial stage of recrystallization using local
orientation spread maps. [84]
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orientation, temperature, and the nucleation scenario [78]. For example, a

small initial grain size will result in more nucleation sites compared with the

case of large initial grain size. On the other hand, higher annealing temper-

ature influences the recrystallization rate by promoting the nucleation and

growth processes and, thus, the time required to achieve a fully recrystallized

microstructure is shorter at higher temperatures. When comparing different

recrystallization profiles that are obtained during isothermal heat treatment,

it is convenient to use the time for 50% recrystallization (t50%) as a criterion

for comparison. The temperature dependence of t50% is frequently described

by

t50% = C exp

(
Q

kBT

)
(2.11)

where C is a constant and Q is the activation energy for recrystallization.

Grain Growth

Following recrystallization, the system will continue to evolve to reduce the

total grain boundary area. This process leads to a coarse grain size and is

referred to as grain growth. It is observed after recrystallization but grain

growth is also common without a preceding recrystallization stage. The

driving pressure for grain growth is much less than that for recrystallization

(typically two orders of magnitude lower) and can be expressed by

∆P = 2
γgb
r

(2.12)

where γgb is the grain boundary energy per unit area and r is the grain
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radius. For the case of nanocrystalline copper (r = 50 nm), ∆P≈ 20 J/cm3

is obtained [88]. The evolution of average grain size during ideal grain growth

follows a parabolic relationship with time, i.e.:

r2 − r20 = ct (2.13)

where r0 is the initial average radius and t is the time. However, ideal grain

growth is almost never observed experimentally. The presence of particles

and solutes can retard grain growth. Due to their interaction with the grain

boundary, second phase particles can pin the boundaries and reduce the total

driving pressure. The velocity of the boundary during grain growth in the

presence of these particles can be expressed as

v = M. (P − Pz) = M.

(
2γgb
r
− 3Fvγgb

2rp

)
(2.14)

where Fv and rp are the volume fraction and radius of the particles [78, 89].

As a consequence, particle pinning can limit the final grain size (i.e. the case

when v = 0).

Similar to recrystallization, grain growth is observed experimentally at

sufficiently high temperature, this is because, at low temperatures, the rate

of grain growth is very low. Humphreys and Hatherly [78] pointed out that

the rate of grain growth depends on the size of the sample. For the case of

thin films, the growth stagnates when the growing grains become comparable

or exceeding the film thickness (i.e. columnar grains).

In some cases, some grains in the microstructure have an advantage to

grow at a rate higher than other grains. This will lead to abnormal grain
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growth which is sometimes referred to as secondary recrystallization. The

result of abnormal grain growth is a bimodal distribution in the grain size.

The driving pressure for abnormal grain growth is the same as for normal

grain growth (i.e. reduction of grain boundary area). However, higher mo-

bility of some of these boundaries can be responsible for abnormal growth.

It is indicated that abnormal grain growth may occur in highly textured

materials where many grain boundaries have low energies [78]. In this case,

other grains with some different random orientations (i.e. high angle grain

boundary) will have the advantage to grow due to their boundary mobility

advantage. On the other hand, particle pinning of grain boundaries may also

contribute to abnormal grain growth where some particle-free boundaries

may move rapidly such that many small grains are consumed. Some addi-

tional driving pressure may also contribute to nonclassical abnormal grain

growth (e.g. due to minimization of strain energy and/or surface energy [88]).

In this regard, Zhang et al. [90] claimed that strain-energy-driven abnormal

grain growth occurs in Cu thin films on Si substrates.

2.3.3 Mechanism of Self-annealing

In the light of the above processes, several mechanisms were proposed to

explain the driving pressure for self-annealing. Fukumuro et al. [91] used

thermal desorption spectroscopy of hydrogen and found extremely high con-

centration of vacancy-hydrogen clusters in the as-deposited microstructure.

These vacancy clusters decrease with time after deposition concurrently with

grain growth. The researchers then suggested that self-annealing is caused

by hydrogen induced superabundant vacancies. On the other hand, Harper
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et al. [49] suggested that the grain boundaries are initially pinned by impu-

rities. During the incubation period, these impurities start to coalesce which

eventually frees some grain boundaries. As a result, some grains grow ab-

normally at the expense of the small grains in the film and in this way the

reduction of grain boundary area is the driving pressure that accounts for

the observed drop in resistivity. A similar theory was proposed by Hau-Riege

and Thompson [92] who considered that the 3D grain growth is impaired by

solute drag, and impurities play a crucial role in abnormal grain growth in

Cu thin films. The researchers claimed that the rejection of impurities to

the untransformed grains during growth contributes to the observed abnor-

mality. Based on their TEM observations, a different explanation about

the role of impurities was proposed by Paik et al. [62] who considered that

the impurities that are incorporated in the film during the deposition may

result in a strong anisotropy of grain boundary energies. The researchers

proposed that this anisotropy is then responsible for the observed abnormal

grain growth. Lee and Park [93] suggested that locally applied high stress

originated from trapped PEG at the grain boundary is the driving pres-

sure for self-annealing. According to this assumption, grain growth occurs

after the stress is decreased due to the decomposition of PEG molecules.

However, these mechanisms were not capable of explaining self-annealing in

copper thin films deposited by PVD/sputtering [94–96]. Moreover, the work

of Yoon et al. [61] on the distribution of impurities during self-annealing re-

vealed that the impurities are redistributed in the film due to grain growth

but this redistribution is not responsible for triggering self-annealing itself.

They concluded that the impurities do not have sufficient kinetic energy at
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room temperature and spontaneous diffusion of impurities is not likely the

driving pressure for self-annealing. The fact that high electrodeposition cur-

rent density accelerates self-annealing was explained, according to Chen et

al. [97], by the high nucleation of copper grains during deposition at high

current density which results in a higher total grain boundary energy that

drives self-annealing.

Using the mobility value reported by Vandermeer et al. [80] at 121 °C

and by applying Eq. 2.10, Detavernier et al. [88] estimated the mobility of

the Cu grain boundaries at room temperature and were able to calculate the

driving pressure for self-annealing, ∆P , assuming the velocity of the grain

boundary, v , is 0.1 µm/hour, and by applying Eq. 2.9, concluded that a

driving pressure > 100 J/cm3 is required to account for this speed. This

pressure is much higher than the driving pressure for grain growth (i.e. grain

boundary area reduction) estimated to be in the range of 10-20 J/cm3. How-

ever, the estimated driving pressure was comparable to the stored energy due

to dislocations (Eq. 2.8). Lee et al. [66] were able to provide an experimental

evidence to support the Detavernier et al. [88] argument by observing dislo-

cation loops in copper thin films prior to self-annealing using TEM as shown

in Fig. 2.14. The researchers found an average loop radius of 5 nm which is

independent of the deposition current density. Interestingly, the dislocation

loop density scales with deposition current density which could provide an

explanation why self-annealing rates are accelerated after high current den-

sity deposition. By counting the dislocations loops inside the grains shown

in the TEM image, the researchers estimated the dislocation loop density

to be 1017-1019 loops/cm3 which corresponds to a driving pressure in the
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Figure 2.14: TEM images of dislocation loops in electrodeposited copper
films prior to self-annealing. [66]
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range of 3-300 J/cm3 (i.e. according to the researchers, self-annealing is a

recrystallization process). The time to complete self-annealing based on this

estimation was approximated between 28 and 590 hours which compares well

with the experimental results obtained from resistivity measurements. The

researchers proposed that the self-annealing rate can be calculated by adding

the stored energy due to dislocations to the driving pressure for grain growth

and the velocity of the grain boundary during self-annealing can be described

by

v =
2DgbΩ

kBTδ

[
2γgb
G

+ 2πrd
µb2v

4π (1− ν)
ln

(
rd
bv

)
Γ

]
(2.15)

where Ω is the atomic volume, Dgb is the grain boundary diffusion coeffi-

cient, ν is Poisson’s ratio, δ is the atomic jump distance in the boundary,

and rd is the dislocation loop radius. The estimation of the driving pres-

sure that accounts for self-annealing in the work of Lee et al. [66] is in a

reasonable agreement with the calculation of Detavernier et al. [88] based on

the mobility-velocity approach (∆P=392 J/cm3). The stored energy values

that were reported by Lee et. al. [66] are based on a rough estimation of

the dislocation density (this method may be sensitive to the sample prepa-

ration procedure). No other evidence of high density of dislocations in the

as-deposited microstructure seems to be available in the literature.

Abnormal grain growth is still widely used as a term to describe the

microstructure evolution in copper. In this regard, Chen et al. [98] found

(220) abnormal grain growth during copper wafer bonding and annealing and

that was attributed to the minimization of surface or strain energy. Militzer

et al. [99] explained the observed abnormal grain growth in Cu thin films
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by the fact that desorption of the organic additives increases the mobility of

grain boundaries. According to the researchers, the onset of this process is

attributed to the low concentration of additives (i.e. an incomplete coverage

of all grain boundaries).

On the other hand, it seems that there is an agreement in the literature

that recovery provides the best interpretation for the slight decrease in the

resistivity during the incubation period [65,100–102]. Regarding the slow self-

annealing rate in thinner films, Lagrange et al. [67] explained that this is due

to the physical restrictions when the recrystallized grains become comparable

to the film thickness forcing a 2D growth .

2.3.4 Effect of Annealing on the Recrystallization

Rate of Copper Interconnects

Although self-annealing occurs at room temperature, the transformation rate

is significantly increased when the film is subjected to an annealing stage.

The work done by Jiang and Thomas [103] on blanket films showed that,

by annealing at moderate temperatures (17-80 °C), the transformation rate

increases. About 10 minutes are sufficient to complete the transformation

at 80 °C while about a week is required to achieve the same level at 17 °C.

The final resistivity, however, was found to be independent of the annealing

temperature in this range, as shown in Fig. 2.15, where about 18.2% drop

in the resistivity is observed in all temperature profiles. Although thin Cu

films showed no or slow recrystallization at room temperature, Hau-Reige

and Thomson [92] were able to observe the start of recrystallization in a

300 nm-thick film annealed at relatively low temperature (55 °C, 12 minutes
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Figure 2.15: Resistivity of a 1.6 µm-thick blanket Cu film annealed at differ-
ent temperatures. [103]

holding time) and, using in-situ TEM, were able to observe almost complete

recrystallization within 1 hour of annealing treatment as shown in Fig. 2.16.

Subsequent annealing at 200 °C and 300 °C produced complete recrystalliza-

tion. In comparison, the researchers observed only a partially recrystallized

microstructure at room temperature even after 80 hours following the depo-

sition. The almost completely recrystallized microstructure of 300 nm-thick

film after 1 hour of annealing at 55 °C is surprising when compared with

the resistivity profile of 1.6 µm-thick film at 60 °C in the work of Jiang and

Thomas [103]. One would expect that thinner films will take much longer

time to recrystallize at the same annealing temperature. The fact that differ-

ent electrolytes containing different proprietary additives were used in these

two studies may account for this inconsistency.
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Figure 2.16: Effect of annealing on the microstructure of 300 nm-thick Cu
film annealed at 55 °C for (a) 5 min (b) 12 min (c) 49 min (d) 1 hour. The
images in (e) and (f) are after subsequent annealing for 10 min at 200 °C and
300 °C, respectively. [92]
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The effect of temperature on accelerating the transformation rate can be

explained by the fact that the mobility of grain boundaries, nucleation and

the subsequent growth are all dependent on the annealing temperature. The

fact that the resistivity is not a function of annealing temperature suggests

that the annealing treatment produces a final microstructure with a big grain

size that is sufficient to represent the bulk resistivity of copper (i.e. grain

size > 1 µm). On the other hand, the work of Kang et al. [104] on 500

nm-thick copper film subjected to isothermal annealing treatment (200, 300

and 400 °C for 30 min holding time) revealed changes in film resistivity,

hardness, roughness and grain size. The researchers found that the change

in the resistivity after annealing is higher than that at room temperature.

Only 14% resistivity drop was measured for self-annealed film (2000 hours

after deposition) while annealing produced a change that is between 18% and

19%.

Regarding the mechanical properties, nanoindentation experiments of

Kang et al. [104] revealed a decrease in the film hardness from 2.9 GPa (as-

deposited) to 1.9 GPa after annealing (400 °C for 30 min). The researchers

used scanning electron microscope (SEM) to observe the changes in the mi-

crostructure after annealing and an increase in the mean grain diameter was

observed with increasing the annealing temperature and being 1.81, 1.96 and

2.15 µm for annealing temperature of 200, 300 and 400 °C, respectively. Car-

reau et al. [105] studied the effect of annealing temperature on the resistivity

of the electrodeposited trenches and thin films. The researchers observed a

lower resistivity upon annealing of 300 nm-wide trenches. For the case of

thin films, annealing at 400 °C for 6 hours of 130 nm-thick Cu layer elec-
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trodeposited on 150 nm TaN/Ta barrier layer produced a 500±300 nm grain

size while a 700 nm-thick Cu layer produced an average grain size which is 6

times bigger. Similar observations were obtained by Brunoldi et al [68]. By

combining the grain size results of Carreau et al. [105] and Kang et al. [104],

it is clear that the grain size evolution depends on the film thickness even at

high temperature. This suggests that the optimum annealing temperature

depends on the geometry and higher annealing temperature is required to

increase the final grain size of the microstructure.

Since recrystallization in copper interconnects appears to be a thermally

activated process, the activation energy for this phenomenon can be deter-

mined. In this direction, Donthu et al. [106] and Yin et al. [57] used DSC to

study the recrystallization kinetics in Cu thin films. Normally, an exothermal

peak is observed in systems that contain excess energy due to deformation

(i.e. stored energy due to dislocations). Kissinger’s analysis is commonly

applied to calculate the activation energy , Qe, [107] where:

ln
β

T 2
p

= − Qe

kBTp
+ C (2.16)

where C is a constant, β is the heating rate, and Tp is the temperature at

which the exothermal peak in the DSC profile is observed. Using this tech-

nique, Yin et al. [57] found that the activation energy for recrystallization in

copper interconnects is 0.85 eV. This is comparable with the activation energy

for grain boundary diffusion in copper which is estimated to be 0.92 eV [108].

However, there is some discrepancy in the activation energy in the literature

and values in the range between 0.62-1.18 eV were reported [88,93,103,106].

This maybe due to the different electrolyte chemistry that is employed in
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these independent studies which may play a role in determining the transfor-

mation temperature. Although the transformation kinetics for thin lines is

much slower than that for thin films due to the physical constraints and 2D

growth, Jiang and Thomas [103] found that the activation energy is indepen-

dent of the geometry of the Damascene lines or film thickness. This suggests

that the activation energy for the microstructure evolution in Cu thin films

is a characteristic of the interconnect material itself.

2.4 Modelling of Microstructure Evolution

in Cu Interconnects

Modelling of the microstructure evolution in copper interconnects is neces-

sary to aid understanding of self-annealing where the changes that occur

in the resistivity and the related microstructure details can be predicted.

There were some attempts in the literature to model the self-annealing phe-

nomenon as a function of the time after deposition and accounting for the

effect of deposition conditions (i.e. current density, film thickness, and addi-

tives concentration). The models are based on data obtained using different

characterization tools (i.e. resistivity, X-ray diffraction (XRD), FIB and

TEM). Since self-annealing appears to be a recrystallization phenomenon,

there is an agreement in the literature to model self-annealing based on the

existing recrystallization models that describe the microstructure evolution

processes in deformed metals and alloys. The rule of mixtures is frequently

used to obtain the fraction recrystallized, f , from resistivity data, i.e.
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f =
ρ0 − ρ
ρ0 − ρ∞

(2.17)

Here, ρ0 is the as-deposited resistivity, ρ∞ is the final resistivity and ρ is

the resistivity at any time. Stangl and Militzer [65] proposed an improved

resistivity model to account for the high conductivity paths through con-

nected large grains in the microstructure where the fraction recrystallized is

obtained from

1

ρn
=

1− f 2

ρ∞f + ρinc (1− f)
+
f 2

ρ∞
(2.18)

where ρn is the normalized resistivity and ρinc is the resistivity during the

incubation period. The researchers developed a phenomenological model to

describe self-annealing in electrodeposited Cu thin films using the Johnson-

Mehl-Avrami-Kolmogorov (JMAK) model where the fraction recrystallized

can be described as [78,109]

f = 1− exp (−btn) (2.19)

Here, t is the time after deposition, b is a term that depends on the nucleation

and growth rate of the recrystallized grains and n (Avrami exponent) indi-

cates the nucleation conditions and the dimension of growth. By rearranging

the JMAK equation, the value of n can be obtained where

ln

(
ln

1

1− f

)
= n ln t+ ln b (2.20)

In this way, the value of n can be calculated from the slope of the linear
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curve that represents Eq. 2.20 where the value of f is obtained using a

suitable characterization tool. The value of n is normally used to indicate

the dimensionality of growth and nucleation mechanism. For example, when

the number of the nuclei is fixed (i.e. site saturation nucleation), the case

of n=3 represents a growth in 3D. The value of n is less when the growth

is limited to 2D or 1D (n=2 and n=1, respectively). On the other hand,

when the nucleation rate is constant, the value of n will be 4, 3 and 2 for

3D, 2D and 1D growth, respectively. As observed experimentally, the value

of n falls between the above limits. For example, Ying et al [56] used the

JMAK model to describe their in-situ XRD texture evolution during self-

annealing. The researchers monitored the time variation in the (111) peak

position, breadth and intensity and were able to calculate the recrystallized

volume fraction and found that the Avrami exponent is less than 1.9. The

low value of n can be due to the heterogeneous distribution of the stored

energy in the microstructure [78]. To see if the JMAK model can be used

to describe the microstructure evolution in Damascene trenches, Lingk and

Gross [69] modelled the fraction recrystallized that was obtained using FIB

experiments and the researchers showed that the JMAK model can describe

self-annealing in these narrow lines. Donthu et al. [106] observed the mi-

crostructure during self-annealing and found that the number of nuclei are

fixed which suggests site saturation nucleation mechanism. Stangl and Mil-

itzer [65] assumed that the grain boundary mobility and the driving pressure

for recrystallization are time independent and the growth is considered to be

in three dimensions assuming nucleation site saturation. The Stangl-Militzer

model proposed phenomenological relations between the current density and
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Table 2.2: A survey of Avrami exponent values that are available in the
literature.

Reference n Thickness (µm) Technique

Brongersma et al. [110] 1-3 0.65 <d< 3.15 Resistivity

Hau-Riege and Thompson [92] 1.0 0.3 TEM

Udeno et al. [111] 3.23, 4.2 1, 2 positron beam

Stangl and Militzer [65] 1.6 1 Resistivity

Pantleon and Somers [112] 3-4 1.5 <d< 5 XRD

Ying et al. [56] 1.56-1.89 0.4-1 XRD

Yin et al. [57] 3.54 18 FIB

Walther et al. [113]
2-7 0.5 <d<5 FIB

0.5-4 0.5 <d<5 Resistivity

both the incubation period and the time for 50% recrystallization. The model

prediction of the normalized resistivity profiles as a function of time after de-

position agrees well with the experimental measurement where the actual

driving pressure for recrystallization is assumed to be given by a distribution

in the dislocation density.

Although there was a reported agreement between the experimental re-

sults and the developed models in the above studies, there is a significant

discrepancy in the values of n that are available in the literature. Some of

the results are summarized in Table. 2.2. For example, for 1 µm-thick films,

values of 1.6 and 3.23 were reported. Moreover, and for the same deposition

conditions, Walther et al. [113] found a difference in n value that was ob-

tained from different characterization tools (here, resistivity and FIB). The

reason for the unexpected value of n = 7 that was obtained by FIB for

the 5 µm-thick film is not quite clear. The researchers concluded that self-

annealing is too complex to be described with the JMAK approach. It may

be possible, however, that some additional driving force is supplied during

48



2.5. Current Trends in Interconnects Research

FIB imaging and sample preparation which is not the case during resistiv-

ity probing. Moreover, a different electrolyte recipe in these studies may be

responsible about the wide scatter in the value of the Avrami exponent.

2.5 Current Trends in Interconnects

Research

2.5.1 Novel Deposition Strategies

In the advanced integrated circuits with 22 nm technology node and below,

superfilling of vias and trenches becomes a significant challenge. In addi-

tion, the increase in resistivity due to sidewalls and reliability concerns in

terms of electromigration become magnified. Hence, there is a trend to de-

sign novel deposition strategies that enhance the microstructure of copper

interconnects. Some studies aim to synthesize deposition strategies that will

lead to a different initial microstructure with enhanced properties. In this

direction, Chen et al. [97] proposed a deposition strategy that consists of 3

stages. In each stage, a different deposition current density is used while

switching the deposition on and off in the third stage. The researcher dis-

cussed that this strategy produced an accumulation of big and small grain

sizes which, after the annealing cycle, reduces the residual stresses and void

formation and improves the interface packaging density of Cu interconnects.

There is another direction which is focused on synthesizing Cu microstruc-

ture with high nanotwin density. To produce a nanotwinned microstructure,

pulse electrodeposition is frequently used instead of direct current (DC) de-
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position. Xu et al. [114] proposed that the nanotwins form due to stress

and stress relaxation that occurs during pulse on and pulse off. In another

work, Xu et al. [115] studied nanotwin formation using TEM, in-situ stress

measurement and EBSD and found that high density of nanotwins produced

by pulse electrodeposition improves the mechanical properties. From their

EBSD results, pulse-electrodeposited films appear to have bigger grain sizes

compared to DC electrodeposited films. The researchers claimed that nan-

otwins reduce the strain energy in the microstructure while improving ther-

mal stability compared with fine-grained DC electrodeposited copper. Lu et

al. [116] found that nanotwins prefer to nucleate near grain boundaries to re-

duce the total energy. The researchers also found that the distance between

the nanotwins is affected by the deposition parameters like current density,

time on and time off duration and temperature. An important finding in

the researchers work is that nanotwins do not have significant influence on

the electrical resistivity of Cu thin films. Liu et al. [117] showed that the

intensity of the preferred texture, grain size and the fraction of the twins is

reduced as the deposition current is increased.

2.5.2 Silver and Copper-Silver Alloying

Silver (Ag) has attracted increasing attention recently as a potential inter-

connect material. As can be seen from the comparison presented in Table

2.1, silver has the lowest resistivity of all metals at room temperature. Given

the poor electromigration resistance of silver compared to copper, the gain in

conductivity (around 5%) is not so significant to justify the replacement of

copper with silver. However, as the technology node drops below the mean

50



2.5. Current Trends in Interconnects Research

Figure 2.17: Comparison between the resistivity of sputtered Ag and Cu
films as a function of film thickness. [118]

free path of electrons, the increase in resistivity of silver interconnects is

much less than that in the case of copper interconnects. As shown in Fig.

2.17, the resistivity of sputtered Ag films can be 100% less than that in the

case of copper at the same film thickness. One of the main reasons for this is

the difference in the average grain size, mean free path and grain boundary

reflection coefficient between both materials [32,37].

If silver needs to be the next material for interconnects employing the

same metallization process that is currently in place for copper, a good su-

perfilling of silver in deep trenches is required. Moffat et al. [32] were able to

prove that silver superfilling by electrodeposition can be achieved. The re-

searchers used commercial electrolyte containing 0.34 mol/L KAg(CN)2 and

2.3 mol/L KCN and two additional proprietary additives (i.e. surfactant

and brightener or catalyst). To investigate silver recrystallization (i.e. self-
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annealing), the researchers prepared a 1 µm-thick silver film grown electro-

chemically (at 10 mA/cm2) on a 100 nm-thick copper seed-layer supported on

silicon (100) wafers with a 2.5 nm-thick chromium adhesion layer. From re-

sistance measurements, a 1.8% resistivity drop was observed in 2 days but no

further change was noticed thereafter. However, the researchers found that

recrystallization can be induced by modest annealing temperatures (even dur-

ing SEM or TEM sample preparation) where the resistivity change can reach

up to 10%. The fact that silver also shows some degree of self-annealing sug-

gests that this process is not exclusively a copper phenomenon. In agreement

with Moffat et al. [32], self-annealing in silver thin film was also reported by

Hansen and Pantleon [119] and Pantleon and Somers [112]. Using the XRD

technique, it was found that the as-deposited silver film has a slight preferred

texture orientation, but it then undergoes a strong texture evolution after a

short incubation period. Considerable (111) grain growth was observed com-

pared to slight growth of (200) oriented grains. Grains of (111) orientation

can grow to more than 200 nm during self-annealing. The researchers also

claimed that the kinetics of self-annealing depends on film thickness but no

experimental evidence was presented. Pantleon and Somers [112] proposed

that nucleation, recrystallization and growth can be also used to describe

silver self-annealing. On the other hand, the researchers did not observe self-

annealing in nickel electrodeposited thin films and only normal grain growth

was evident at elevated temperature.

In light of the rapid resistivity increase of copper interconnects in sub-

micron features and the increase in electromigration-induced failure, copper

alloying with silver attracted increasing attention recently because of the

52



2.5. Current Trends in Interconnects Research

possibility to combine two desired features: low resistivity and high electro-

migration resistance while enhancing the mechanical strength of the inter-

connect. Also, it was found that copper alloying with silver can significantly

improve the reliability when used as a seed layer as proven by the work of

Isobayashi et al. [120]. Specifically, Cu-Ag alloys produce less resistivity rise

and greater suppression of stress induced voiding when compared to pure

Cu. It was also reported that silver precipitates and releases energy during

annealing which can enhance the copper grain growth [121]. On the other

hand, there is an effect of silver on the microstructure of electrodeposited

Cu films. From the work of Strehle et al. [122] on the microstructure of the

Cu-Ag alloy, several observations can be made: the mean grain size was not

only dependent on the Ag content (0-4 at%) but also on the plating current

density (5-30 mA/cm2). Also, the film roughness was found to undergo sig-

nificant changes with increasing silver content. On the other hand, the work

of Isobayashi et al. [120] revealed that Cu-Ag grain size is lower than that of

pure copper suggesting a potential pinning effect of silver atoms on the grain

boundaries. This is in agreement with the work of Shao et al. [123] who used

in-situ SEM characterization of Cu-Ag co-deposition and found that Ag in

the electrolyte bath acts as grain refiner as shown in Fig. 2.18. Strehle et

al. [122, 124] did not observe self-annealing in Cu-Ag electrodeposited thin

films but this was attributed to the absence of additives and the effect of

silver on grain boundary motion.

Additives also play a role in improving the reliability of the Cu-Ag system.

It was found that incorporation of impurities (like sulfur) can enhance the

electromigration resistance of the Cu-Ag system. Strehle et al. [125] used an
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Figure 2.18: SEM image of as-deposited films that were produced using:
(a) Acidic sulfate electrolyte (b) 0.1 mM AgNO3 added to the acidic sulfate
electrolyte. [123]

electrolyte solution containing CuSO4, H2SO4, AgNO3 and sulfur-containing

additives for copper-silver deposition. The researchers avoided the use of

chloride in order to prevent AgCl precipitation. An investigation of 1 µm-

thick film revealed that sulfur is present in low concentrations in the form of

CuxS compounds. To investigate the effect of silver on the stress-temperature

behavior of Cu films, Menzel et al. [126] used sensitive laser-optical deter-

mination of the substrate curvature and found that Ag content significantly

affects the stress-temperature profile. In light of the low solubility of Ag in

Cu, the researchers suggested that silver atoms segregate to the surfaces and

the grain boundaries. Ko et al. [121] suggested that silver precipitates in the

grains and then diffuses to grain boundaries during annealing. A strong in-

fluence of the annealing temperature (25-600 °C) and film thickness (50-900

nm-thick) on the resistivity was also observed. Significant effect of annealing
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on the microstructure evolution (i.e. grain size) of Cu-Ag films was reported

along with 21-24% change in resistivity [122].

2.6 Summary of Literature Review

Based on the review that was presented above, some conclusions can be made.

There is some evidence that a high density of dislocations in the as-deposited

microstructure may play a role in driving self-annealing. Nevertheless, there

is still a strong debate about the driving pressure for this phenomenon. There

are some attempts in the literature to describe self-annealing using conven-

tional recrystallization and recovery processes. In the reminder of this thesis,

and while acknowledging the fact that there exists no clear conclusion regard-

ing the actual driving pressure of self-annealing, recrystallization will be used

as a terminology to describe this phenomenon. The self-annealing was also

observed in sputtered copper films suggesting no significant role for impuri-

ties in driving self-annealing. The recrystallization rate is highly influenced

by the deposition conditions and the process is accelerated with increasing

temperature. The JMAK model is suitable to describe the self-annealing

rate (with some notable exceptions). The reason for the wide variation in

the reported value of the Avrami exponent is not clear but maybe related to

the difference in the film thickness and electrolyte recipe (Most of the work

in the literature is based on using proprietary electrolyte chemistry which

complicates the comparison between different independent studies).

Although there has been significant research done on the topic, some work

is still needed to provide a more in-depth understanding of self-annealing and
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annealing in copper thin films. This includes a complete characterization of

self-annealing using a standard (not proprietary ) electrolyte. Since annealing

is a key step in the fabrication of copper interconnects, a model that can de-

scribe the recrystallization rate during isothermal and continuous annealing

treatments will be useful. All the models that are available in the literature

are based on self-annealing profiles. Since the microstructure details appear

to affect the performance of copper interconnects, a better understanding of

the correlation between the microstructure and resistivity is needed. This

also includes an investigation of where self-annealing initiates and what is

the best measure to quantify the microstructure evolution. For future high

performance integrated circuits, further enhancement of the microstructure is

required to address the rapidly rising reliability and performance challenges.

This requires an understanding of the role of alloying and a development of

novel deposition strategies to optimize the microstructure characteristics.
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Chapter 3

Research Objectives

The main objectives of this study are:

1. Quantify the effect of deposition conditions (film thickness, deposition

rate, and electrolyte age) on the recrystallization rate of electrode-

posited copper thin films using a standard (not proprietary) electrolyte.

2. Examine the correlation between the microstructure and resistivity dur-

ing self-annealing.

3. Develop a phenomenological model to describe recrystallization rate

during isothermal and continuous heat treatments.

4. Examine the microstructure evolution in films produced by: 1) variable

deposition rates, and 2) copper-silver co-deposition.

5. Develop a phase-field model to simulate the phenomenon of self-annealing

and the role of deposition current density.
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Chapter 4

Materials and Experimental

Methodology

4.1 Substrate Preparation

The substrates used in this work were 1 mm-thick glass sheets. The procedure

for substrate cleaning involved a treatment in a hot bath containing nitric

acid and sulfuric acid (1:1 volume ratio) for 5 hours. The substrates were then

rinsed with deionized (DI) water in the clean room and dried using nitrogen

gas. The final preparation of the substrates involved hot plate treatment at

90 °C for 10 minutes to completely remove any excess water at the surface

of the substrate.

In this work, physical vapour deposition (PVD) was used to fabricate

a thin chromium (Cr) layer on the top of the glass substrate followed by

a thin layer of gold (Au). The purpose of the Cr layer is to improve the

adhesion between the glass substrate and the Au layer which was used as a

seed layer for the subsequent electrodeposition experiments. In each depo-

sition experiment, three glass slides were prepared and placed in the centre

of the PVD chamber. Since good deposition quality is desired, a suitable

vacuum is required before starting the deposition. The deposition was per-
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formed once a chamber pressure of 1.6×10−6 Torr (2.1×10−4 Pa) had been

reached. The fabrication of Cr and Au layers in the PVD system used here

(AIRCO Temescal CV-B) involves heating the target material using two dif-

ferent methods: electron beam heating or thermal heating. The target ma-

terial then evaporates and transports inside the chamber where it deposits

on the substrate. In the case of Cr deposition, the material was placed in a

crucible and then heated by bombarding it with an electron beam that was

generated from a current filament (cathode) and accelerated towards the cru-

cible (Anode). The deposition rate was controlled by the filament current

while the thickness of the deposited layer was observed using a thickness

monitor. Once the desired thickness was reached (3-10 nm), a shutter was

used to stop the deposition and the filament current was turned off. After

10 minutes, the thermal evaporation of the Au layer was started. The gold

material (fine grain 99.99% pure, Technic Canada) was placed in an alumina-

coated tungsten basket (model RDM-WBAO-3, R.D. Mathis). The basket

was then heated to above the melting temperature of gold using an electric

current (thermal evaporation). The evaporated Au material was deposited

on top of the Cr-coated substrate. Once the required Au thickness (80 nm)

was achieved, a shutter was used again to stop the evaporation of gold on the

substrate and the current was immediately switched off. The samples were

allowed to cool down inside the chamber for 20 minutes. The glass substrate

was then cut to smaller substrates with the desired sizes (1×2.5 cm2 each)

using a diamond saw. Before each Cu deposition experiment, the substrate

was cleaned using a hot mixture of nitric acid and sulfuric acid (1:1 volume

ratio) for 30 seconds and then completely rinsed by DI water.
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4.2. Copper Thin Film Electrodeposition

4.2 Copper Thin Film Electrodeposition

The electrolyte recipe for Cu electrodeposition experiments is shown in Ta-

ble 4.1 which is similar to the recipe used by Kelly et al. [38]. The prepared

electrolyte was always isolated from exposure to light. Except for two ex-

periments that were designed to examine the effect of bath aging, all the

deposition experiments were performed using a fresh electrolyte not aged

more than 5 hours.

The deposition was performed employing a potentiostat (EG&G model

173) equipped with a digital coulometer (model 179). The film was deposited

using a three-electrode system where the substrate (cathode) acts as working

electrode. A platinum mesh was used as a counter electrode while a copper

wire was used as a reference. In each deposition experiment, 200 mL of

electrolyte was used. The film was grown galvanostatically (i.e. constant de-

position current). The films studied in this work were deposited at a current

density in the range of 5 to 40 mA/cm2. During deposition, the solution was

stirred using a magnetic bar to ensure an adequate mass transport around

the substrate. The reaction charge at the cathode was monitored such that

the desired film thickness is achieved. Here, the total reaction charge, q, is

related to the deposition current, i(t), by

q =

t∫
0

i(t).dt (4.1)

For the case of films produced using a constant deposition current, the total
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4.2. Copper Thin Film Electrodeposition

Table 4.1: The electrolyte recipe used in Cu electrodeposition experiments.
Substance Concentration

Cupric Sulfate (CuSO4.5H2O) 0.24 M

Sulfuric Acid (H2SO4) 1.8 M

Polyethylene Glycol (PEG) 300 mg/L

Janus Green B (JGB) 1 mg/L

Bis(3-sulfopropyl) disulfide (SPS) 1 mg/L

Potassium Chloride 105 mg/L

charge can be expressed as q = i.t. According to Faraday’s law of electrol-

ysis, the film thickness, d, is directly proportional to the total charge in the

reaction, i.e.

d =
Mw.q

n̄.D.F.Ad
=

Mw

n̄.D.F.Ad
i.t (4.2)

where D is the density of Cu (8.94 g/cm3), Ad is the deposition area, and

Mw is the molecular weight of Cu (63.5 g/mol). Thus, for the case when the

deposition current density (i.e. i/Ad) is 40 mA/cm2, 68 seconds of deposition

time are required to achieve a 1 µm-thick Cu film (assuming 100% deposition

efficiency). Immediately after deposition, the film was rinsed completely

with DI water and dried with clean pressurized air (Falcon Air Duster). In

this work, 0.5-3 µm-thick Cu films were deposited. The film thickness was

confirmed by two ways: weighing the sample before and after deposition

and using the surface profilometer (Dektak 150). The weight measurements

revealed that the film thickness is always within -5% of the desired thickness.

The same result was also confirmed by the surface profilometer. The scanning

electron microscope (SEM) image in Fig. 4.1 shows the cross section of a 2

µm-thick film where the Au seed layer and the Cu film are marked.
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Figure 4.1: A cross section of a 2 µm-thick film deposited at 40 mA/cm2.

4.3 Resistivity Measurements

Recording of the resistivity evolution of the electrodeposited films commenced

approximately 5 minutes after deposition. Here, the resistivity was measured

using a four-point probe (JANDEL). The four-point probe is a standard tool

that is widely used in the semiconductor industry for wafer and film charac-

terization in which a constant electrical current is injected between the outer

pins of the probe. Due to the resistance of the film being measured, a voltage

will develop which is sensed by the inner two pins of the probe. For a film

with a certain thickness, d, the resistivity is calculated by

ρ = K
V

I
d (4.3)

where I, V are the injected current and the measured voltage, respectively
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4.3. Resistivity Measurements

and K is a geometrical correction factor. The value of K depends on the

dimensions and shape of the film (i.e. square, circle..), and the geometry of

the four-point probe itself (i.e. the spacing between the pins). The four-point

probe employed in this study (JANDEL) has a linear arrangement of the 4

tungsten pins with equal spacing between them (1 mm). For this geometry,

the K value corresponding to 1 µm-thick film with 1 × 1 cm2 dimensions

is 4.2209 [127]. The four-point probe measurement was always conducted

in the centre of the sample to minimize any effect of the sample edges on

resistivity. The voltage signal sensed by the four-point probe was then fed

to a lock-in amplifier (DSP SR810 Stanford Research Systems), analyzed

and filtered to remove the noise components from the measured signal. The

Lock-in amplifier is useful to measure very low voltage signals where the

noise signals are attenuated which improves the signal to noise ratio. In this

work, the current that was injected in the film for resistivity measurements

was a sinusoidal signal with an amplitude of 1.78 mA and a frequency of 1

KHz. A communication link was established between a LabVIEW code on a

remote computer and the Lock-in amplifier. The acquired voltage signal was

then processed by the LabVIEW code to obtain the time-resistivity profile

according to Eq. 4.3. To check the accuracy of the resistivity measurements,

a 25 µm-thick platinum foil was used as a reference. The room temperature

resistivity was recorded at different locations of the sample and the average

of 11 measurements was determined to be 11.02 µΩ.cm with a standard

deviation of 0.07 µΩ.cm. The difference between the average resistivity value

and the bulk resistivity of platinum at 20 °C (10.5 µΩ.cm [128] ) is 5.3% .
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4.4. Annealing Treatment

4.4 Annealing Treatment

The film resistivity was also measured during annealing treatments. For this

purpose, a heating stage was employed. The temperature of the heating stage

was controlled by an autotuning temperature controller (Lakeshore 321) in

which an electrical current is passed through a predefined resistor. In this

setup, the heat treatment parameters are specified by the user (e.g. heat-

ing rate and holding temperature) while the actual temperature of the stage

is measured by a thermocouple. The temperature controller then uses an

internal closed-loop control algorithm (PID controller) to adjust the actual

temperature by increasing or decreasing the current that is passing through

the heating stage resistor. In this setup, the parameters for the PID controller

are auto tuned to achieve a proper response time. During the heat treatment,

the four-point probe was used to measure the resistivity as specified in sec-

tion 4.3. In the present study, the annealing temperature was less than 120

°C which is the maximum temperature allowed for the operation of the four-

point probe. A communication link was established between the LabVIEW

code on the remote computer, lock-in amplifier and the temperature con-

troller such that a synchronized resistivity-temperature-time measurement

was collected.

Two types of heat treatments were performed. First, the samples were

heated from room temperature at a specific heating rate (10 °C/min) to the

desired annealing temperature (40, 60 °C) and held there for a prescribed

annealing time. In the second heat treatment type, the samples were con-

tinuously heated from room temperature to 100 °C at different heating rates

(0.2-15 °C/min). The samples were then air-cooled to room temperature at a
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Figure 4.2: A schematic diagram for the setup used for resistivity measure-
ment during annealing treatment.

rate of 2-5 °C/min. A schematic diagram for the setup used in the annealing

treatment studies is shown in Fig. 4.2.

4.5 Microstructure Observation by EBSD

The microstructure of the film surface was observed by electron backscatter

diffraction (EBSD). The EBSD characterization was carried out in a field

emission gun scanning electron microscope (JEOL JSM-7001F) equipped

with a TexSEM Laboratories (TSL) EBSD system. A schematic diagram

for the principle of EBSD is shown in Fig. 4.3. In this technique, an elec-

tron beam interacts with the surface of the film which results in backscat-

tered diffracted electrons that escape from the sample surface. The diffracted
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4.5. Microstructure Observation by EBSD

electrons are then intercepted by a phosphorus screen where the diffraction

pattern (normally referred to as a Kikuchi pattern) is captured by a CCD

camera (EBSD detector). Here, the sample is rotated by 70° to increase the

number of backscatter diffracted electrons which enhances the quality of the

EBSD pattern. The EBSD pattern is stored and analyzed by a computer

where the planes that generate the EBSD pattern are indexed. The indexed

EBSD pattern is used to determine the crystallographic orientation of the

scanned point. The electron beam is rastered and the EBSD indexing is au-

tomated such that a complete orientation map of a predefined size (e.g. 10

µm × 10 µm) is obtained.

In this work, in-situ EBSD was used to obtain the orientation maps of

films that were deposited at rates of 10, 30 and 40 mA/cm2. In these experi-

ments, the deposition current was controlled by an AUTOLAB potentiostat.

The electrolyte temperature during deposition was 25 °C. The sample prepa-

ration included surface polishing with 20 nm particle size colloidal silica for

3 minutes. The procedure is a combination of polishing and etching that

removes the deformed layer [129]. Conductive liquid silver paint (PELCO®

colloidal silver, supplied by Ted Pella Inc.) was used to mount the glass sub-

strate and make a conducting path between the film and the EBSD sample

holder. The sample was first tilted at 70°. A 10 µm × 10 µm area near the

center of the film was then scanned. The scan step size was 30 nm. The time

between completing the deposition experiment and starting of the EBSD

scan was 3, 1.75 and 2 hours for films deposited at 10, 30 and 40 mA/cm2,

respectively. The time required to complete one scan was 40 minutes for the

film deposited at 10 mA/cm2 and 55 minutes for films deposited at 30 and 40
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4.5. Microstructure Observation by EBSD

Figure 4.3: A schematic diagram of the EBSD technique. The EBSD pattern
of Cu thin film and the indexed planes are also shown.
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mA/cm2. For the sample that was deposited at 40 mA/cm2, another EBSD

scan for a different 10 µm × 10 µm area was performed 49 hours after depo-

sition with a 100 nm step size. To study the film texture, larger orientation

maps ( 75 µm × 75 µm scan area) were collected after 8 days following the

deposition for films that were deposited at 20, 30 and 40 mA/cm2. In these

maps, 100 nm step size was used. EDAX/TSL OIMTM software version 5.2

was employed to clean and analyze the EBSD datasets. The cleaning process

for each case involves single iteration grain dilation. Here, any group of more

than 5 scan points is considered a grain if their misorientation is within 5°.

The grain dilation algorithm works only on points that do not belong to a

specific grain but still have neighboring points that do belong to grains. In

this case, the orientation of a specific point is changed to match that of the

majority neighbours [130].

4.6 X-ray Diffraction Measurements

For the 1 µm-thick film deposited at 40 mA/cm2, X-ray diffraction measure-

ments were carried out using Rigaku Multiflex X-ray diffractometer (Cu-Kα

source with 1 degree diffraction and scattering slits and 0.3 mm receiver slit).

The operating beam voltage and current were 40 kV and 20 mA, respectively.

The area of the film was 1 cm2 and the standard sample holder was used. The

XRD scan started 17 minutes after deposition in a continuous mode (40°-55°

2θ) with a scan speed of 2 degrees/min. The XRD scan was continuously

repeated during the first 7 hours following deposition.
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Chapter 5

Self-Annealing and

Resistivity-Microstructure

Correlation

5.1 Introduction

This chapter deals with the phenomenon of self-annealing that occurs at room

temperature. In section 5.2, resistivity was used to describe self-annealing

in 0.5-3 µm-thick films. The effect of deposition conditions on the process

rate is discussed. Section 5.3 covers the in-situ observations of self-annealing

by EBSD. The correlation between resistivity and the film microstructure is

then discussed in section 5.4. The characteristics of the final microstructure

and film texture are presented in section 5.5.

5.2 In-Situ Observation of Self-Annealing

Using Resistivity Measurements

Table 5.1 shows the as-deposited resistivity and the expected average grain

size of 3 µm-thick films deposited at 40 mA/cm2 (6 samples). Here, the aver-
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Table 5.1: A summary of the as-deposited resistivity and the expected grain
size of 3 µm-thick films deposited at 40 mA/cm2. The experiment was re-
peated 6 times.

Parameter Mean
Standard

deviation

Coefficient of

variation×100

As-deposited resistivity

(µΩ.cm)
2.35 0.06 2.6

(ρ0 − ρT )/ρT×100 40.8 3.6 8.8

Expected grain size (nm)

(ω=0.2)
33.5 2.9 8.7

Expected grain size (nm)

(ω=0.5)
133.8 11.6 8.7

Note: Coefficient of variation= Standard deviation/Mean.

age as-deposited resistivity is 2.35±0.06 µΩ.cm which is around 41% higher

than the bulk resistivity of copper. Since the bulk resistivity of copper is at-

tained when the average grain size exceeds 1 µm, the high resistivity values

of the as-deposited films indicate microstructures that consist of nanocrys-

talline grains. Using the Mayadas-Shatzkes model (Eq. 2.5) and considering

the values of the grain boundary scattering coefficient that are available in the

literature (i.e. ω=0.2-0.5), the expected average grain size that corresponds

to the as-deposited resistivity is less than 150 nm.

The resistivity profiles as a function of time after deposition are shown

in Fig. 5.1. Initially, there is a minor decrease in the resistivity of all films

during the first one hour after deposition (incubation period). Following

the incubation period, a sharp decrease in the resistivity is observed which

indicates a significant increase in the average grain size and a decrease in the

dislocation density due to recrystallization (i.e. self-annealing). After about

3-4 hours following the deposition, the resistivity starts to saturate when a
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Table 5.2: A summary of the final resistivity and the time at 50% recrystal-
lization of 3 µm-thick films deposited at 40 mA/cm2.

Parameter Mean
Standard

deviation

Coefficient of

variation×100

Final resistivity

(µΩ.cm)
1.82 0.06 3.3

(ρ0 − ρ∞)/ρ0×100 22.62 0.70 3.1

Time at 50%

recrystallization (h)
2.17 0.27 12.4

complete self-annealing is attained. Here, the average final resistivity is 1.82

±0.06 µΩ.cm. The total drop in resistivity due to self-annealing is about

21-23%. The resistivity of the film is significantly affected by changes in the

average grain size in the range of 0.1-1 µm and further increase in the average

grain size has no significant effect on resistivity. In all cases, the incubation

period and recrystallization stages can be distinguished based on the rate of

resistivity drop.

The fraction recrystallized, f , can be estimated from resistivity using

Eq. 2.17. As shown in Fig. 5.2, less than 0.1 fraction recrystallized is ob-

served during the first hour after deposition and complete recrystallization

(i.e. f=1) was achieved for all cases in less than 5 hours. As indicated in Ta-

ble 5.2, the average time required to attain 50% recrystallization is 2.17±0.27

hours. The reason for the variability in the as-deposited resistivity and the

time to attain 50% recrystallization is maybe related to some differences in

the film thickness and to some fluctuations of the room temperature. Also,

it is possible that there is some variability in the grain boundary reflection

coefficient.

A dramatic effect of the film thickness on self-annealing rate was ob-
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Figure 5.1: The resistivity of 3 µm-thick Cu films as a function of time after
deposition for 6 samples. All of the films were deposited at 40 mA/cm2.

Figure 5.2: The fraction recrystallized of 3 µm-thick Cu films as a function
of time after deposition. All films were deposited at 40 mA/cm2.
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Figure 5.3: Effect of film thickness on the normalized resistivity profile of Cu
films deposited at 40 mA/cm2.

served even though the films were produced at the same deposition current

density (i.e. same driving pressure for recrystallization). Here, the rate of

self-annealing is accelerated as the film thickness is increased from 0.5 µm

to 3 µm as illustrated in Fig. 5.3. The resistivity profile of the 0.5 µm-

thick film indicates that the film underwent a very slow self-annealing and

less than 5% resistivity drop was measured even after 80 hours following the

deposition. The resistivity profile of the 0.75 µm-thick film shows faster self-

annealing than the 0.5 µm-thick film but 100 hours were not sufficient to

achieve complete self-annealing. As the film thickness is increased further,

complete self-annealing is obtained in a relatively short time (i.e. 10 hours

or less). While about 10 hours was enough to complete self-annealing for
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Table 5.3: A summary of the as-deposited resistivity as a function of the de-
position current density. For each deposition current density, the experiment
was repeated for at least 5 times.

Parameter
current density

(mA/cm2)
10 20 30 40

As-deposited resistivity (µΩ.cm) 2.02 2.14 2.31 2.26
Standard deviation 0.06 0.09 0.17 0.09
(ρ0 − ρT )/ρT×100 21 28 38 35

the 1 µm-thick film, about half that time was sufficient for the 2 µm-thick

film to reach the same stage. The self-annealing of 3 µm-thick film was com-

pleted in 3 hours following the deposition. Here, the effect of thickness on

self-annealing rate is more pronounced for films that are 1 µm-thick or less.

On the other hand, it can be observed that for the films which are com-

pletely recrystallized, (i.e. 1, 2 and 3 µm-thick films), the percentage drop

in the resistivity appears to be independent on the film thickness (20-22%).

Moreover, and from the initial minor resistivity drop, recovery occurred in

all samples.

Table 5.3 shows the room temperature resistivity of as-deposited 1 µm-

thick film as a function of the deposition current density. Here, the average

film resistivity is about 21-38% higher than the nominal resistivity of bulk

copper. It can be noticed that there is an increase in the as-deposited resis-

tivity as the deposition rate is increased. The normalized resistivity profiles

of 1 µm-thick films deposited at 5, 10, 20, 30 and 40 mA/cm2 as a func-

tion of time after deposition are shown in Fig. 5.4. Compared with the 40

mA/cm2 case, an extended incubation period and slower resistivity drop were

observed for films deposited at 30, 20 and 10 mA/cm2. While self-annealing
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Figure 5.4: Normalized resistivity vs. time after deposition of 1 µm-thick Cu
films deposited at different current densities.

is completed within 10 hours in the case of 40 mA/cm2, approximately two

days passed before detecting the onset of self-annealing for the deposition

rate of 10 mA/cm2. It is observed that the total resistivity drop for the films

deposited at 40 mA/cm2 and 30 mA/cm2 was approximately the same (≈

22%). On the other hand, a somewhat lower resistivity drop was observed for

the case of 10 mA/cm2 but even 200 hours following the deposition, the final

saturation plateau in the resistivity may have not yet been attained. For the

lowest deposition current density studied here (i.e. 5 mA/cm2), less than 3%

resistivity drop was observed even after 6 days following the deposition.

The electrolyte age appears to be critical in the phenomenon of self-

annealing. Figure 5.5 shows the effect of electrolyte aging on recrystallization
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Figure 5.5: Effect of electrolyte age on self-annealing rate of 1 µm-thick films
deposited at 40 mA/cm2.

rate. For fresh electrolyte, the film recrystallized in about 10 hours. On the

other hand, the resistivity profile for the film produced using an electrolyte

that was aged for 2 days shows a complete recrystallization in 30 hours. For

the film which was produced using an electrolyte which was aged for 12 days,

the resistivity plateau was not observed even after 100 hours following the

deposition (i.e. incomplete recrystallization). In all cases, the incubation

period was observed but was extended with aging time. It is believed that

the aging effect is a result of the decomposition of additives especially the

brightener (i.e. SPS) [131, 132]. Gao [71] reported that an electrolyte aged

for 5 hours can be used to minimize the aging effect. In this work, all the

samples were produced from an electrolyte not aged more than 5 hours.
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5.3 In-Situ EBSD Observation of

Self-Annealing

A number of cases were selected for in-situ EBSD observation to repre-

sent low, medium and high deposition current density (i.e. 10 , 30 and

40 mA/cm2, respectively). The EBSD orientation maps of 1 µm-thick film

deposited at 10 mA/cm2 are shown in Fig. 5.6. The as-deposited microstruc-

ture consists of nanocrystalline grains as can be seen in the grain size distri-

butions in Fig. 5.7. For the initial microstructure (3 hours after deposition),

the peak of the distribution appears to be around 200 nm with an average

grain size of about 160 nm. The small grain size in this case is responsible

for the high as-deposited resistivity. From the subsequent orientation maps,

no significant change in the grain size was observed even after about 8 hours

following the deposition. This indicates no self-annealing was occurring. As

indicated by the resistivity results shown in Fig. 5.4, a long incubation pe-

riod before the onset of recrystallization is expected for films produced at

low deposition rate (as of 10 mA/cm2). For this case, further in-situ EBSD

scanning was not possible after the 8th scan because of the increase of carbon

contamination at the sample surface.

In contrast, significant changes in the microstructure were observed for

the film deposited at 40 mA/cm2 as can be seen from the in-situ EBSD

orientation maps shown in Fig. 5.8. Initially (2 hours after deposition),

the majority of the grains in the microstructure are smaller than 400 nm in

diameter with an average grain size of about 140 nm as shown in the grain size

distribution in Fig. 5.9. However, some grains appear to be larger than the
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(a) (b)

(c)

Figure 5.6: EBSD orientation maps of 1 µm-thick Cu film deposited at 10
mA/cm2. The scan started at (a) 3 (b) 5 hours after deposition. The ori-
entation map color code in terms of the out-of-plane inverse pole figure is
shown in (c).
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Figure 5.7: Grain size distribution as a function of time after deposition of
1 µm-thick film deposited at 10 mA/cm2.

average as shown near the lower left corner of the map in Fig. 5.8-(a). These

grains seem to be the first indication of recrystallization. In the next map

(Fig. 5.8-(b) at about 2.9 hours after deposition), these recrystallized grains

grow to consume the nonrecrystallized grains while other recrystallization

events occur throughout the scanned area. Self-annealing then continues to

proceed towards completion as can be seen from the maps in Fig. 5.8 (c)-

(f). The progress of self-annealing can be also observed from the changes in

the grain size distribution where grains of diameters greater than 1 µm start

to dominate the microstructure at the expense of the small nonrecrystallized

grains (see Fig. 5.9). Here, some grains that are larger than 2 µm in diameter
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(a) (b)

(c) (d)

(e) (f)

Figure 5.8: EBSD orientation maps of 1 µm-thick Cu film deposited at 40
mA/cm2. The scan started at (a) 2, (b) 2.9, (c) 3.8 (d) 4.8 (e) 5.7 (f) 7.5
hours after deposition. [133]
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Figure 5.9: Grain size evolution as a function of the time after deposition of
1 µm-thick film shown in Fig. 5.8.

appear after 4.8 hours following the deposition while grains with diameters

larger than 4 µm appear after 7.5 hours. Although the majority of the grains

were recrystallized after 7.5 hours, some small grains (i.e. nonrecrystallized)

are still present between the recrystallized grains.

A closer look at the time evolution of the film microstructure in Fig. 5.8

reveals that as self-annealing proceeds, twinning occurs. Twin boundaries

are special boundaries, i.e. Σ3 boundaries, that are identified by a rotation

angle of 60° around the <111> axis in FCC materials. To extract the twin

boundaries from the EBSD map, 5° tolerance from the 60° criterion was used.

For example, in the almost fully recrystallized microstructure (7.5 hours after
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deposition at 40 mA/cm2), 52% of all boundaries are twin boundaries com-

pared with only 11% in the as-deposited microstructure (i.e. 2 hours after

deposition).

In addition to the orientation map, the recrystallization progress can

be tracked by observing the evolution of EBSD image quality (IQ). In the

EDAX/TSL OIMTM system, the bands in the EBSD pattern are detected by

a Hough Transform procedure where the bands are transformed to intensity

peaks. The average height of the intensity peaks represents the image quality

[134]. Other image quality metrics were also proposed (e.g. the intensity

mean of the EBSD pattern itself [134,135]). The IQ is a measure of the quality

of the diffraction pattern. Defects like dislocations produce a distortion effect

on the Kikuchi bands which lowers the IQ value [136]. Moreover, the image

quality is sensitive to other factors including the presence of other phases

and the quality of the sample surface. Figure 5.10 shows the gray scale

representation of the IQ maps for the film deposited at 40 mA/cm2 which

corresponds to the same orientation maps shown in Fig. 5.8. The dark areas

in the IQ map show scan points with poor image quality which is consistent

with what is expected from a nanocrystalline microstructure (poor image

quality may also indicate high density of dislocations). On the other hand,

the bright regions in the IQ map relate to points with high image quality

which may be an indication of the presence of a low dislocation density (i.e.

recrystallized points). As self-annealing proceeds, the fraction of points with

high IQ values continues to increase. The IQ evolution appears to correlate

with the increase in the grain size as concluded from the orientation maps in

Fig. 5.8.

82



5.3. In-Situ EBSD Observation of Self-Annealing

(a) (b)

(c) (d)

(e) (f)

Figure 5.10: The corresponding image quality for the orientation maps shown
in Fig. 5.8. [133]
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Figure 5.11 shows the image quality across the boundary between a re-

crystallized grain and nonrecrystallized grains. It can be seen that there is

a significant difference between the image quality between recrystallized and

nonrecrystallized areas. Moreover, the transition in IQ across the interface is

gradual and the thickness of this transition is about 0.15 µm. This indicates

that points located near the boundaries have lower image quality values com-

pared with points far away from the boundary (i.e. inside a recrystallized

grain). This is due to the overlapping of Kikuchi patterns that originate from

two or more adjacent grains with different orientations (IQ is also affected by

the surface roughness). The orientation map and the corresponding IQ map

after 49 hours following the deposition (shown here in Fig. 5.12) indicate

a completely recrystallized microstructure (dark areas in the IQ map corre-

spond to grain and twin boundaries). Here, the grain size is much bigger

than the initial grain size (i.e. 2 hours after deposition). The changes in

the image quality correlate with the progress of recrystallization as indicated

from the sequential orientation maps. In contrast, no significant changes in

the image quality was detected for the films that did not show self-annealing

as in the case of the film deposited at 10 mA/cm2 during the first 8 hours

following the deposition.

For the intermediate deposition current density of 30 mA/cm2, self-annealing

was observed at the film surface (see Fig. 5.13) . Similar to the film deposited

at 40 mA/cm2, the recrystallized grains appear with diameters exceeding 1

µm (i.e. larger than the film thickness). Also, a similar IQ trend was observed

as self-annealing progresses. In this case, even 10 hours after deposition, a

fully recrystallized microstructure was not observed. On the other hand,
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Figure 5.11: An example of the transition in the IQ across the boundary
between a recrystallized and nonrecrystallized grains.

(a) (b)

Figure 5.12: (a) The orientation map and (b) the corresponding image quality
map of 1 µm-thick film deposited at 40 mA/cm2 scanned 49 hours after
deposition.
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(a) (b)

(c) (d)

(e) (f)

Figure 5.13: EBSD orientation maps of 1 µm-thick Cu film deposited at 30
mA/cm2. The scan started at (a) 5.4 (b) 6.3 (c) 7.3 (d) 8.2 (e) 9.1 and (f)
10 hours after deposition.
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in-situ EBSD seems to be able to capture the stages of self-annealing until

about completion for the case when a fast self-annealing rate is expected (e.g.

deposition rate of 40 mA/cm2).

Figure 5.14 shows the orientation map and the corresponding grain size

distribution of the film deposited at 5 mA/cm2. In this case, no indication

of recrystallization was observed even after 8 days following the deposition.

The majority of the grains are between 0.1 and 0.6 µm in diameter with an

average grain size of 174 nm. From the grain size distribution, less than 1%

of the scanned area is related to grains with diameters greater than 0.6 µm.

Moreover, the microstructure contains a low density of
∑

3 twins (11.2%).

For the case of thicker films, a completely recrystallized microstructure

was observed for 2 µm-thick film that was deposited at 40 mA/cm2 even at

the first EBSD scan (2.9 hours after deposition). Here, grains with diameter

greater than 5 µm dominate the microstructure. No further change in the

grain size was detected afterward as shown in Fig. 5.15. On the other hand,

the 0.5 µm-thick film that was deposited at 40 mA/cm2 showed an average

grain size of 175 nm after about 2 hours following the deposition. For this

case and as shown in Fig. 5.16, no self-annealing during the first 7 hours

after deposition was observed. This observation agrees with the very slow

resistivity drop that was measured for 0.5 µm-thick film (see Fig. 5.3).
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(a)

(b)

Figure 5.14: (a) EBSD orientation map (30 nm step size) of 1 µm-thick film
deposited at 5 mA/cm2 and held at room temperature for 8 days (b) the
corresponding grain size distribution.
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(a) (b)

Figure 5.15: EBSD orientation maps of 2 µm-thick Cu film deposited at 40
mA/cm2 (a) 2.9 (b) 3.6 hours after deposition.

(a) (b)

Figure 5.16: EBSD orientation maps of 0.5 µm-thick Cu film deposited at
40 mA/cm2 (a) 1.8 (b) 6.4 hours after deposition.
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5.4 Resistivity-Microstructure Correlation

During Self-Annealing

To obtain the fraction recrystallized from the microstructure, it is first essen-

tial to distinguish the recrystallized points from those that did not recrystal-

lize. Actually, there exists no unique criterion to obtain the fraction recrystal-

lized from EBSD data. For example, grain size threshold above which a grain

is considered recrystallized can be used for this purpose. When calculating

the grain size from EBSD maps, the twins were ignored. By analysing the

grain size distribution for the sample grown at 40 mA/cm2 current density,

400 nm can be chosen as a reasonable threshold. The fraction recrystallized

is then simply obtained by adding the area fractions of those grains above

the selected threshold. The same threshold value can be adopted for the film

deposited at 30 mA/cm2.

Image quality (IQ) can also be used as a criterion for recrystallization

assessment. Tarasiuk et al. [137] developed a technique to distinguish re-

crystallized areas from the nonrecrystallized based on the difference between

IQ values associated with the as-deformed state and that with the recrystal-

lized (or partially recrystallized) state. As pointed out by Humphreys [138],

there is always a concern since IQ values are orientation-dependant and an

accurate assessment of IQ maps for different samples becomes difficult. As

shown in the IQ maps in Fig. 5.10, the recrystallized areas can be visually

distinguished from the nonrecrystallized. The IQ distribution as a function

of time after deposition for the film deposited at 40 mA/cm2 is shown in

Fig. 5.17. Initially, the IQ distribution appears to be Gaussian with the
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Figure 5.17: The image quality distribution of 1 µm-thick film deposited at
40 mA/cm2 as a function of time after deposition. [133]

peak of the distribution curve at an IQ value of around 400. The majority of

points in the initial scan have IQ values lower than 500. As recrystallization

proceeds, the number fraction of points with IQ higher than 500 increases at

the expense of the points that have lower IQ values (i.e. nonrecrystallized

points or those that relate to the grain and twin boundaries). At 7.5 hours

after deposition, the IQ distribution consists of two distinct peaks: one for

nonrecrystallized points and the other peak relates to those which are re-

crystallized. Humphreys [138] suggested that a scan point can be classified
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as recrystallized if its IQ value is 50% greater than the mean. For the cases

studied here, the IQ distribution profile during recrystallization can be fit

using a double peak Gaussian function, i.e.

f(x) = a1 × exp

(
−
(
x− b1
c1

)2
)

+ a2 × exp

(
−
(
x− b2
c2

)2
)

(5.1)

Here, a1, b1 and c1 are the fit parameters for the first peak (nonrecrystallized

peak in the IQ profile) while a2, b2 and c2 are the fit parameters for the sec-

ond peak (recrystallized peak in the IQ profile). An example of applying this

procedure is shown in Fig. 5.18. Here, the double peak Gaussian function

can describe the data reasonably well. In this work and similar to the grain

size cut-off approach, an IQ value at the intersection of the two peaks can be

assigned as a threshold to distinguish the recrystallized points in the distri-

bution. From Table 5.4, the IQ at the intersection of the two distributions

is between 459 and 531. Here, the average of these values can be taken as a

threshold to distinguish the recrystallized points in the microstructure (i.e.

IQthreshold =488).

Another method for obtaining the fraction recrystallized is to combine

the grain size and image quality (i.e. grain average image quality GAIQ).

For a specific grain, the GAIQ is calculated by adding the image quality for

all the data points within that grain and then divide by the total number of

points [130]. Figure 5.19 shows the relationship between the GAIQ and grain

size (GS) for the film deposited at 40 mA/cm2 at the initial and the final

stages of self-annealing. For 2 hours after deposition, the majority of grains
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Figure 5.18: An example of fitting the IQ distribution profile using a double
peak Gaussian Fit (nonlinear least square method was used to fit the data).
[133]
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Table 5.4: A summary of double peak Gaussian fit parameters for the IQ
profiles shown in Fig. 5.17.

Fit parameter/result
Time after deposition (h)

2.9 3.8 4.8 5.7 6.6 7.5

a1 0.0478 0.0351 0.0219 0.0173 0.0146 0.0128

b1 397 387 389 409 413 405

c1 73.5 63.4 65.4 88.4 92.6 85.2

a2 0.00353 0.00888 0.0130 0.0162 0.0185 0.0203

b2 721 587 637 668 657 633

c2 226 233 222 166 154 155

R2

(Goodness of the fit)
0.96 0.97 0.96 0.96 0.98 0.99

IQ at intersection

of the two
distributions

531 468 459 500 498 472

are below 0.4 µm in diameter and appear to have low GAIQ values (i.e. 300

< GAIQ < 550). This low GAIQ range corresponds to the nonrecrystallized

grains. Only one grain appears to have a diameter larger than 1 µm with

a GAIQ value higher than 550 (i.e. onset of recrystallization). In contrast,

several grains are visible in the same range (i.e. grain size > 1µm and GAIQ

> 550) at 7.5 hours after deposition.

From the EBSD orientation maps, statistical analysis of the orientation

gradient such as local orientation spread (LOS) can be useful to assess the

progress of recrystallization (see the example shown in Fig. 2.13). In calcu-

lating LOS values for copper thin film discussed here, a 3rd neighbour kernel

was considered. Here, the misorientation between each point in the kernel

and all other points is calculated. The average misorientation value is then

assigned as a LOS value [130]. In this calculation, points with misorientation

greater than 5° in the kernel were ignored (i.e. points with misorientation
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Figure 5.19: The image quality distribution of 1 µm-thick film deposited at
40 mA/cm2 as a function of time after deposition.
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Figure 5.20: The local orientation spread (LOS) distribution of 1 µm-thick
film deposited at 40 mA/cm2 as a function of time after deposition.

greater than 5° belong to a different orientation that can be another grain

or a twin within the recrystallized grain). For the case of 1 µm-thick film

deposited at 40 mA/cm2, the initial microstructure (i.e. 2 hours after deposi-

tion) has a LOS Gaussian distribution with the majority of points were found

to have a LOS value of greater than 0.7° (see Fig. 5.20). As recrystallization

proceeds, a distinct peak is observed for points with LOS values less than 0.7°.

The intensity of this peak increases with the progress of self-annealing at the

expense of points with higher LOS values. The local orientation spread gives

a relative indication but not the absolute dislocation density in the grain.

Also, LOS calculation may be affected by the fact that the EBSD step size

96



5.4. Resistivity-Microstructure Correlation During Self-Annealing

Figure 5.21: Comparison between the fractions recrystallized for 1 µm-thick
film deposited at 40 mA/cm2 obtained from resistivity and that obtained
from EBSD using the following methods: grain size (GS), image quality (IQ),
grain average image quality (GAIQ) and local orientation spread (LOS). [133]

used here (30 nm) is comparable to the initial grain size. In the case studied

here, a LOS value of 0.7° can be considered as a threshold to distinguish

recrystallized points from those that did not recrystallize.

Figure 5.21 shows the comparison of the fraction recrystallized profiles

obtained from resistivity and EBSD using the four methods described above:

GS, IQ, GAIQ and LOS for the film deposited at 40 mA/cm2. From re-

sistivity, the fraction recrystallized increases with time and self-annealing is

completed in 10 hours after deposition (f ≈1 at t =10 hours). From EBSD,

97



5.4. Resistivity-Microstructure Correlation During Self-Annealing

all criteria used to asses the fraction recrystallized show an increase in f with

time after deposition. At 49 hours after deposition, GS, IQ and GAIQ show

almost complete recrystallization (f>0.95) while LOS shows somewhat less

complete recrystallization (f ≈ 0.88). Overall, all four EBSD criteria describe

the trend of the resistivity curve reasonably well. The GS and GAIQ criteria

replicate recrystallization more accurately than the IQ and LOS criteria due

to the lower image quality near grain boundaries independent of the state

of recrystallization. Thus the grain size related criteria, GS and GAIQ, are

proposed as a more reliable method to determine the fraction recrystallized

from the EBSD maps. Moreover, it appears that there is a time lag between

the EBSD fraction recrystallized profile as compared to that obtained from

resistivity. This suggests that recrystallization may initiate in the bulk of the

film or near the substrate-film boundary. The recrystallized grains then grow

and proceed to the film surface where the growth of these grains continues in

the lateral direction. The agreement between the fraction recrystallized from

resistivity and microstructure appears to improve as recrystallization pro-

ceeds to completion. Further, resistivity measurements record the recovery

stage that cannot be inferred from the EBSD maps.

In Fig. 5.22, the fraction recrystallized profiles are compared for the

samples grown at 30 and 40 mA/cm2. The grain size criterion was used

here (i.e. GS > 0.4 µm). Similar to the 40 mA/cm2 case, a reasonable

correlation was observed between resistivity and grain size for the film grown

at 30 mA/cm2. Initially, there is some discrepancy between the two fraction

recrystallized curves but for higher fractions (i.e. f>0.5), the agreement

between the two profiles is significantly improved.
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Figure 5.22: Comparison between the fraction recrystallized obtained from
resistivity and that obtained from EBSD for 1 µm-thick films deposited at 30
and 40 mA/cm2. The grain size (> 0.4 µm) was used to obtain the fraction
recrystallized from the EBSD maps. [133]

5.5 Final Microstructure and Texture

The EBSD orientation map of the film surface and the corresponding grain

size distribution for the completely self-annealed 1 µm-thick films that were

deposited at 20, 30 and 40 mA/cm2 are shown in Figs. 5.23-5.25. All films

were scanned at 100 nm step size instead of 30 nm since a big grain size is

expected for a completely recrystallized microstructure (8 days after depo-

sition). Here, larger orientations maps are helpful to get better statistics of

grain size distribution and texture. In all three cases, the majority of grains
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are much larger than the film thickness. While grains with diameters as

large as 12 µm can be observed in the case of films deposited at 20 and 30

mA/cm2, grains with diameters as large as 17 µm are observed for the film

deposited at 40 mA/cm2.

The misorientation profiles for the three films are shown in in Fig. 5.26.

In all the three profiles, the strong peak that appears around 60° indicates

the presence of high density of
∑

3 twins. Here, the corresponding
∑

3 twin

density for the films deposited at 20 and 40 mA/cm2 is 56% and 50%, respec-

tively. On the other hand, the film deposited at 30 mA/cm2 showed less
∑

3

twins fraction (33%). For the case of deformed copper subjected to annealing

at 400 °C for 1 hour, Field et al. [139] found that the twin density is 29-38%.

It appears that the twin density for the case of self-annealed copper film can

be significantly higher than the twin density in conventionally recrystallized

copper. In addition to
∑

3 twins,
∑

9 boundaries can be observed (
∑

9

boundaries are secondary recrystallization twins and, in FCC materials like

copper, are characterized by 38.9° rotation around the <110> axis). How-

ever, the density of these twins is less than 5% in all three cases (i.e. the

majority of twins that are present in the microstructure are
∑

3 twins). The

fact that the electrodeposited copper thin film contains a high density of∑
3 twins was attributed to sulfur that is present in grain boundaries which

lowers the stacking fault energy for copper [140].

The inverse pole figure of the out-of-plane direction shows a (101) tex-

ture for the film which was deposited at 20 mA/cm2 with a strong (111)

texture also being present (see Fig. 5.27). On the other hand, (111) texture

is observed for the films deposited at 30 and 40 mA/cm2 current density.
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However, the film deposited at 40 mA/cm2 showed a stronger (111) texture

compared with the film deposited at 30 mA/cm2 (see Fig. 5.27-c). The (001)

texture is present in the films deposited at 20 and 40 mA/cm2 but not in the

film deposited at 30 mA/cm2.

In addition to resistivity and EBSD, the phenomenon of self-annealing is

associated with changes in the X-ray diffraction (XRD) pattern. Here, in-situ

XRD diffraction was performed for 1 µm-thick film deposited at 40 mA/cm2.

The XRD scans are shown in Fig. 5.28. Initially, there is a strong (111)

peak with weak (200) peak is also present. As self-annealing progresses, the

intensity of the (111) and (200) peaks increases with time after deposition.

However, the (111) peak remains stronger than the (200) peak. The strong

(111) peak and the presence of the (200) peak in the XRD pattern is in

agreement with the EBSD inverse pole figure presented in Fig. 5.27-c.
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(a)

(b)

Figure 5.23: (a) EBSD map of a completely self-annealed 1 µm-thick Cu film
deposited at 20 mA/cm2 (b) the corresponding grain size distribution. The
EBSD scan was performed 8 days after deposition.
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(a)

(b)

Figure 5.24: (a) EBSD map of a completely self-annealed 1 µm-thick Cu film
deposited at 30 mA/cm2 (b) the corresponding grain size distribution. The
EBSD scan was performed 8 days after deposition.
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(a)

(b)

Figure 5.25: (a) EBSD map of a completely self-annealed 1 µm-thick Cu film
deposited at 40 mA/cm2 (b) the corresponding grain size distribution. The
EBSD scan was performed 8 days after deposition.
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Figure 5.26: The misorientation profiles for completely recrystallized 1 µm-
thick films that correspond to the orientation maps shown in Figs. 5.23-5.25.

105



5.5. Final Microstructure and Texture

(a)

(b)

(c)

Figure 5.27: [001] Inverse pole figure of 1 µm-thick film that corresponds to
the orientation maps shown in Figs 5.23-5.25 (a) 20 mA/cm2 (b) 30 mA/cm2

(c) 40 mA/cm2.
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Figure 5.28: XRD profile of 1 µm-thick film deposited at 40 mA/cm2 as a
function of time after deposition.

107



5.6. Discussion

5.6 Discussion

Table 5.5 compares the as-deposited resistivity and grain size as a function of

the deposition current density. Here, the resistivity measurement shows that

the as-deposited resistivity for the film deposited at 10 mA/cm2 is lower than

that for films deposited at 30 and 40 mA/cm2. The EBSD maps show the

trend that the initial grain size decreases as the deposition current density

increases but the variation in the grain size is not very significant (grain size

is approximately 150 nm). Using the Mayadas-Shatzkes model, the measured

initial grain size for the films deposited at 10 and 40 mA/cm2 are within the

expected range. On the other hand, the EBSD grain size corresponding to

the 30 mA/cm2 deposition current density appears to be 8% higher than

what is expected from MS model (this is insignificant since the coefficient of

variation for resistivity measurement for this case is about 7%, see Table 5.3).

The fact that the resistivity is sensitive to the deposition current density

may be related to the presence of high defect density in the as-deposited

microstructure for films produced at high deposition density.

The minor decrease in resistivity during the incubation period is due to

the recovery process which seems to commence immediately after deposition

for the cases presented here. During this stage, dislocations start to annihi-

late. It is possible that the organic additives incorporated in the film start

to decompose and diffuse away from the bulk of the film toward the surface,

which may alter the grain boundary properties and the associated electron

scattering. The work of Stangl et al. [47] seems to support this theory where

the researchers found an increase of carbon concentration at the film surface

during the incubation period. The drop in resistivity during the incubation
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Table 5.5: A summary of the resistivity and initial grain sizes for the 1
µm-thick film studied in this work.

Current density

(mA/cm2)

ρ0
(µΩ.cm)

G (nm)

(EBSD)

G (nm)

(MS model)

ω = 0.2 ω = 0.5

10 2.02 160 65 260

30 2.31 155 36 143

40 2.26 140 39 156

period, ρinc, seems to be linear with ln(t) and the model that was developed

by Stangl and Militzer [65], i.e. ρinc = 0.9939 − 0.0043 ln(t), appears to de-

scribe this behavior well for the results presented here despite the fact that

the bath chemistry that was used in this study is different than that used

by Stangl and Militzer (see Fig. 5.29). The onset of recrystallization can

be determined from the point where the resistivity profile deviates from ρinc.

Here, the length of the recovery stage is 28, 7.5, 2.0 and 0.8 hours for films

deposited at 10, 20, 30 and 40 mA/cm2, respectively.

Self-annealing, when described as a recrystallization phenomenon, can be

explained by the tendency of the system to minimize the stored energy. Nu-

clei that are dislocation-free form and then grow due to the difference between

the stored energy across both sides of the boundary. As the recrystallized

grains increase in size, grain boundaries are eliminated that are associated

with the small nonrecrystallized grains. This leads to a sharp drop in the

resistivity since the electron scattering contribution from grain boundaries is

reduced. The self-annealing rate dependence on the deposition current den-

sity, shown in Fig. 5.4, indicates that the driving pressure for self-annealing

increases with the deposition rate.
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Figure 5.29: The determination of the onset of recrystallization as a function
of the deposition current density.

Lagrange et al. [67] explained the strong effect of the film thickness by the

fact that grain boundaries in thin films (e.g. 0.25 µm) can be easily pinned by

particles while the grains in thicker films are not significantly affected by these

particles (i.e. pinning is more effective in 2D). The researchers found that the

initial stress is not dependent on the film thickness but the thinner films (as of

0.25 µm) showed larger stress change compared with the 0.75 and 1 µm-thick

films. In contrast, the work of Lee and Park [93] showed that the residual

stress increases from 0.1 to 0.6 GPa as the film thickness increases (0.25-2.5

µm). The researchers found that the residual stress is due to the trapped

PEG in the grain boundaries and suggested that the high strain around

the PEG sites results in faster recrystallization in thick films (i.e. more

nucleation sites for recrystallization for thicker films). Stress seems to have a
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strong effect on microstructure evolution processes. For example, Mompiou

et al. [141] performed in-situ straining experiments on nanocrystalline and

fine grain Al samples at room and at intermediate temperatures and found

significant stress-assisted grain growth. The dependance of self-annealing

rate on film thickness (as shown in Fig. 5.3) is maybe due to different stress

levels in the thin film samples.

The EBSD results presented here prove that self-annealing can be ob-

served at the surface of the film and in-situ EBSD technique is powerful to

track the different stages of this phenomenon. However, due to the limited

scan speed and the carbon contamination issue, the recrystallization progress

can not be tracked when very fast or very slow self-annealing is expected. In-

situ EBSD provides the details of grain size evolution during self-annealing

and a complete quantitative assessment of recrystallization can be obtained.

Although XRD provides some texture information, the details of the mi-

crostructure (e.g. twins and local orientation spread) can only be obtained

from EBSD. While the resistivity measurement describes the microstructure

evolution in a larger volume of the film compared with a relatively small

surface area in the case of EBSD, the correlation between the self-annealing

rates in both cases seems to be reasonable. The size of the EBSD map,

however, is limited (length scale of micrometer) which results in a reduced

statistics. Moreover, EBSD provides only information about the surface of

the sample and cannot record the recovery stage. On the other hand, resis-

tivity is a volume measurement and provides better statistics (length scale

of millimeter). Furthermore, the recovery and recrystallization stages can be

distinguished based on the rate of resistivity change. The resistivity, how-
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ever, does not provide insight into the microstructure phenomena that occur

during self-annealing. The fact that recrystallization seems to initiate near

the film/substrate boundary suggests that there are some preferred nucle-

ation sites in the film (it may be possible that the residual stress plays a role

to determine these sites as suggested by Lee and Park [93]).

5.7 Summary

Self-annealing was captured by in-situ EBSD and resistivity measurements

for thin film electrodeposited copper. The resistivity shows a strong effect

of the deposition current density and film thickness on self-annealing rate.

Films that are less than 1 µm-thick undergo very slow self-annealing. The

resistivity showed that self-annealing occurs in the first 200 hours following

the deposition when the current density is 10 mA/cm2 or higher. On the other

hand, no indication of self-annealing was observed for the film deposited at

5 mA/cm2 even after about 1 week following the deposition. In-situ EBSD

results confirmed that the observed drop in resistivity is accompanied by

significant changes in the film microstructure. During self-annealing, changes

in grain size, image quality and local orientation spread were observed. The

changes in grain size and grain average image quality correlate well with the

change in resistivity. The agreement between in-situ EBSD and resistivity

data improves as the fraction recrystallized increases. This finding suggests

that recrystallization appears to start near the substrate and then proceeds

towards the film surface. The evolution of the Cu (111) peak from XRD

agrees with the texture information that are obtained from EBSD.
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Chapter 6

Recrystallization of

Electrodeposited Copper Thin

Films During Annealing

6.1 Introduction

In this chapter, recrystallization of 1 µm-thick copper films was studied dur-

ing isothermal and continuous annealing treatments. In section 6.2, the effect

of isothermal annealing on recrystallization rate is discussed. The continuous

annealing treatment (resistivity-time and resistivity-temperature profiles) is

covered in section 6.3 along with the effect of heating rate on recrystallization

temperature. Section 6.4 deals with the activation energy for recrystalliza-

tion. The information about the activation energy was then used to develop a

phenomenological model to describe recrystallization during annealing. This

model (presented here in section 6.5) was then used to develop a process map

to describe recrystallization in electrodeposited copper thin films.
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6.2 Isothermal Annealing

The normalized resistivities of 1 µm-thick films at three different tempera-

tures are shown in Fig. 6.1. Here, the resistivity profile is normalized by the

initial resistivity value at the corresponding holding temperature. It can be

seen that the incubation period ranges from a few minutes to several hours

depending on the holding temperature. After the incubation period, recrys-

tallization is observed. The change in resistivity due to recrystallization is

usually about 20%. The initial resistivity at 60 °C is higher than that at 40

°C and 20 °C, which slightly reduces the relative resistivity drop. The trend

of the initial resistivity is complicated by the fact that the resistivity increase

with temperature may in part be mitigated by recovery occurring during the

heating stage. Increasing the temperature from 20 °C to 60 °C results in a

reduction in the incubation period and acceleration of the recrystallization

process. Approximately 20 min are required to achieve 50% recrystallization

at 60 °C compared with 20 h at 20 °C. However, recrystallization at 20 °C

occurs without introducing heat to the sample (i.e., the sample undergoes

self-annealing).

6.3 Continuous Annealing

An example of resistivity measurement during continuous heating and cool-

ing cycle is shown in Fig. 6.2. During the initial stage of continuous heating,

the film resistivity increases linearly with temperature due to the increase in

electron scattering. Subsequently, the resistivity decreases gradually, indicat-

ing an increase in the average grain size of the film due to recrystallization.
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Figure 6.1: Normalized resistivities as a function of time after deposition
of 1 µm-thick copper films that were deposited at 20 mA/cm2 and then
isothermally annealed at different temperatures. [142]

After recrystallization is complete, the resistivity resumes its linear increase

with temperature. Upon cooling, the resistivity decreases linearly, reaching

a level that is comparable to the nominal resistivity at room temperature.

However, the change in film resistivity that occurs during heating is irre-

versible (Fig. 6.3). It was observed that there is a difference between the

slope of resistivity-temperature profile during heating and that during cool-

ing. The slope during heating for the case of the film deposited at 20 mA/cm2
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Figure 6.2: Resistivity-time profile during continuous heating/cooling treat-
ment 1 µm-thick copper film deposited at 40 mA/cm2. [142]

(line A in Fig. 6.3) was 0.0029 µΩ.cm/ °C compared with 0.0043 µΩ.cm/ °C

when recrystallization is complete (line B in Fig. 6.3). Here, the difference

in the slope before and after recrystallization is due to the recovery process

that was also observed during the incubation period of isothermally annealed

samples.

Similar to the trend shown in the self-annealed films in Fig. 5.4, the

recrystallization kinetics during annealing is sensitive to the deposition con-
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Figure 6.3: The corresponding resistivity-temperature profile for Fig. 6.2.
[142]

ditions. This is illustrated in Fig. 6.4 where films electrodeposited using

higher current density show faster recrystallization during continuous heat-

ing, which is also consistent with the TEM observations of Lee et al. [66].

Here, the stored energy difference is responsible for the variation in the re-

crystallization temperature. The fraction recrystallized during continuous

heating is calculated from the law of mixture taking the effect of tempera-

ture on resistivity into account, i.e.
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Figure 6.4: Effect of deposition current density on the resistivity of 1 µm-
thick copper films during continuous annealing. The films were heated at 0.4
°C/min to 100 °C and then air-cooled to room temperature. [142]

f =
ρ0 (T )− ρ (T )

ρ0 (T )− ρ∞ (T )
(6.1)

where ρ0 (T ) is the resistivity of the nonrecrystallized material, i.e., line A

in Fig. 6.3, and line B represents ρ∞ (T ). The recrystallization of copper

thin films also depends on the heating strategy. For copper interconnects,

it is crucial to achieve a stable (i.e., recrystallized) microstructure within a

reasonable time period. For thin films produced from the same chemical bath

and at the same deposition conditions, it was observed that the heating rate

has a strong influence on the recrystallization temperature. This effect is

shown in Fig. 6.5 for different heating rates when the temperature is ramped
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Figure 6.5: Normalized resistivity of 1 µm-thick Cu films continuously an-
nealed at different heating rates. After reaching 100 °C, all samples were
air-cooled at a rate of 10 °C/min. [142]

from 25 °C to 100 °C. The temperatures for the onset and completion of

recrystallization increase with increasing heating rate. At a low heating rate

of 0.2 °C/min, recrystallization occurs between 40 °C and 60 °C, whereas for

the highest heating rate employed in this study (15 °C/min), recrystallization

takes place between 90 °C and 100 °C. This trend is summarized in Table

6.1, which gives the temperatures for 50% recrystallization. Furthermore,

the relative change in resistivity that results from the recrystallization does
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6.4. Activation Energy for Recrystallization

Table 6.1: Effect of heating rate on the recrystallization temperature and
time of 1 µm-thick films deposited at 20 mA/cm2. [142]

Heating Rate (°C/min) Time50%Rex (h) Temperature50%Rex (°C)

0.2 1.95 48
1.5 0.48 67
2 0.38 69
3 0.28 75
4 0.22 77

not depend on the heating rate (20%).

6.4 Activation Energy for Recrystallization

Using Eq. 2.11, the apparent activation energy for recrystallization can be

computed from the isothermal resistivity profiles in Fig. 6.1. A plot of

ln(t50%) versus 1/kBT gives a straight line with slope of Q. The value of Q

obtained using this method is 0.89 eV (see Fig 6.6). Mathematically, t50%

(in hours) is described by

t50% (h) = 8.38× 10−15 exp

(
10, 328K

T

)
(6.2)

The activation energy can also be computed from the continuous heating

experiments. Similar to analysing differential scanning calorimetry (DSC)

data, the Kissinger’s analysis (Eq. 2.16) can be applied to compute the ac-

tivation energy for recrystallization of electrodeposited thin films based on

resistivity measurements. In doing so, TP is taken as the temperature at

which 50% recrystallization is achieved, as shown in Table 6.1. As illustrated

in Fig. 6.7, the activation energy for Cu recrystallization is 0.93 eV, which
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6.4. Activation Energy for Recrystallization

Figure 6.6: The relation between the time for 50% recrystallization and
holding temperature. The activation energy for recrystallization is obtained
by fitting the resistivity data.

compares well to the activation energy obtained from isothermal data (0.89

eV). Furthermore, this activation energy is similar to that of grain boundary

self diffusion in Cu (0.92 eV) [108] and agrees well with the work of Detav-

ernier et al. [88] (0.92 eV for films continuously annealed at 0.01-10 °C/min)

and Cabral et al. [143] (0.92 ± 0.19 eV for films annealed at 10-280 °C/min)

on 970 nm-thick Cu films.
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Figure 6.7: Applying Kissinger’s analysis to compute the activation energy
from continuous annealing resistivity measurements. [142]

6.5 Modelling of Recrystallization During

Annealing

Similar to the models available in the literature which describe self-annealing

using the JMAK model (i.e. Eq. 2.19), the recrystallization in Cu films

during isothermal annealing can be described using the JMAK model. Here,

the parameter b will be temperature-dependent, i.e.

f = 1− exp (−b (T ) tn) (6.3)
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The rate parameter b (T ) is frequently described by an Arrhenius relation,

i.e.,

b (T ) = b0 exp

(
−Qrex

kBT

)
(6.4)

Here Qrex represents another effective activation energy for recrystallization

that is related to Q by Qrex = nQ, and b0 is a pre-exponential factor. To

calculate the fraction recrystallized during continuous annealing treatment,

the additivity rule needs to be verified for the reaction. This rule states that

a nonisothermal path can be discretized into many isothermal stages with

small time duration such that the fraction recrystallized, f , is attained at

time tf when

tf∫
t0

dt

τ(T )
= 1 (6.5)

where τ (T ) is the the time required to achieve a certain fraction recrystal-

lized isothermally, and t0 is the initial time. Cahn [144] proposed that any

isokinetic reaction is additive (i.e., when the reaction rate depends on either

its nucleation or growth rate, or the nucleation and growth rates have the

same temperature dependence). The work of Donthu et al. [106] revealed

that nucleation in electrodeposited copper thin films is site saturated; the

reaction is thus growth controlled. This is consistent with the same acti-

vation energies obtained in the present study for isothermal and continuous

heating experiments; i.e., additivity is expected to apply for recrystallization

in electrodeposited Cu films. Mathematically, the additivity rule is valid if

the transformation rate can be written in terms of two separate functions,

g(T ) and u(f), such that
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6.5. Modelling of Recrystallization During Annealing

df

dt
= g (T )u (f) (6.6)

The transformation rate can be obtained from Eq. 6.3, i.e.,

df

dt
= nb

1
n (1− f)

(
ln

(
1

1− f

))n−1
n

(6.7)

Comparing Eq. 6.6 with Eq. 6.7, a JMAK reaction is additive if the exponent

n is constant over the entire temperature range. Starting from the additivity

principle, Ferry et al. [145] developed a model to describe the recrystallization

kinetics during a heating–holding–cooling cycle. The model is described by

f = 1− exp (−Xn) (6.8)

where

X =

T1∫
T0

b (T )
1
n

βh
dT + b (Th)

1
n th +

T2∫
T1

b (T )
1
n

βc
dT (6.9)

Here, βh and βc are the heating and cooling rates, while th is the holding

time at temperature Th. The first term in X represents the contribution

during heating, the second term represents the contribution of the holding

stage, and the third term describes the effect of the cooling stage on the

fraction recrystallized. Similar to the procedure used by Uedono et al [111]

and Hau-Riege et al. [92], the JMAK parameter n can be obtained from the

isothermal profiles by applying Eq. 2.20 for each temperature profile (i.e.

plotting ln[− ln(1 − f)] versus ln(t)). As summarized in Table 6.2, the n

value increases somewhat with temperature, i.e., from 2.1 at 20 °C to 2.6 at

60 °C. For self-annealed samples, Stangl and Militzer [65] suggested that n is
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6.5. Modelling of Recrystallization During Annealing

Table 6.2: JMAK parameters obtained from isothermal resistivity profiles in
Fig. 6.1. [142]

Temperature (°C) n

20 2.1
40 2.2
60 2.6

less than 3 due to the heterogeneous distribution of stored energy in the film,

which tends to lower the overall value of n. The observation of an increasing

value of n with temperature may then indicate that extended recovery during

the heating stage may reduce the degree of heterogeneity of the stored energy

distribution. However, from the results in Table 6.2 , it is still reasonable to

adopt an average n value (n = 2.3) independent of temperature. Assuming

n = 2.3, the rate parameter b(T ) in Eq. 6.3 can be expressed in terms of

t50%(T ) by

b (T ) = − ln (0.5)

(t50% (T ))n
(6.10)

where t50% (T ) is described by Eq. 6.2. This overall JMAK model provides a

reasonable description of the fraction recrystallized for all temperatures, as

shown in Fig. 6.8 . Assuming a constant n value over the temperature range

of interest, the additivity principle can be applied to predict the nonisother-

mal fraction recrystallized based on the isothermal results. The simulated

fraction recrystallized is compared in Fig. 6.9 with the experimental results

obtained during continuous heating. This comparison reveals that the recrys-

tallization in electrodeposited copper films can, to a good approximation, be

predicted using the additivity principle for the temperature range between 25
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6.5. Modelling of Recrystallization During Annealing

Figure 6.8: Comparison between the fraction recrystallized as obtained from
isothermal experiments and as predicted by the JMAK model. [142]

°C and 100 °C. The difference between the model prediction and the exper-

imental results for the high heating rate of 15 °C/min may be attributed to

the assumption of constant n. The results in Table 6.2 indicate an increase of

n with temperature. Furthermore, the JMAK parameters n and b(T ) were

determined for temperatures up to 60 °C, whereas for the highest heating

rate, recrystallization occurs above 80 °C.

Figure 6.10 shows the model prediction for the time required to complete

recrystallization (i.e., f = 0.95) as a function of heating rate and annealing

temperature. This figure can be useful as a process map to evaluate recrystal-

lization during a continuous treatment that includes heating to an annealing

temperature and followed by a holding stage. The time required for recrystal-
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6.5. Modelling of Recrystallization During Annealing

Figure 6.9: Comparison between the fraction recrystallized as obtained from
nonisothermal resistivity measurements and the model predictions. [142]

lization varies from 0.1 h to 8 h for the range of heating–annealing strategies

depicted. For heating rates and temperatures below curve A, no recrystal-

lization occurs during continuous heating and complete recrystallization will

occur during holding. Above curve B, recrystallization is complete before the

annealing temperature is reached. However, the map should be specified for

each deposition condition (deposition current density, bath chemistry, and

film thickness) for a complete description of recrystallization in thin films.

Furthermore, it is still necessary to evaluate whether or not additivity holds

for a wider range of heating rates and temperatures above 100 °C. This will
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6.6. Summary

Figure 6.10: Contour plots of the model predictions for the total time (in
hours) required for complete recrystallization (i.e., f = 0.95) as a function
of heating rate and annealing temperature. [142]

be quite useful for industrial processes, which may involve temperatures as

high as 400 °C [105].

6.6 Summary

In this chapter, recrystallization of 1 µm-thick electrodeposited copper thin

films was investigated during isothermal and during continuous heating. The
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recrystallization rate can be significantly accelerated by moderate annealing

treatment (40-100 °C). There is a difference in the slope of the resistivity-

temperature profile during heating and that when recrystallization is com-

plete. This difference is attributed to the recovery process that takes place

during heating. The activation energy for recrystallization can be extracted

from the isothermal or continuous heating profiles and is determined to be

in the range of 0.89-0.93 eV. The heating rate in the continuous annealing

treatment plays a key role in determining the recrystallization temperature.

Using the isothermal data, a JMAK model was developed and then, adopting

additivity, applied to continuous annealing conditions. The model produced

a reasonable prediction when compared with the experimental results. These

results suggest that the recrystallization in Cu thin films during annealing

is additive. A process map was then developed to describe the total re-

crystallization time as a function of heating rate and holding temperature.

A complete process map should involve other variables including the film

thickness and deposition current density.
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Chapter 7

Recrystallization of

Electrodeposited Copper Thin

Films Produced by Novel

Deposition Strategies

7.1 Introduction

In the Damascene process, copper superfilling is normally achieved by de-

position at low current density. Chang et al. [146] observed optimum filling

(superconformal deposition) at 3.33 mA/cm2 deposition current density but

poor filling quality was observed at 10 or 13.33 mA/cm2 deposition current

densities. As explained by the researchers, the high current densities result

in a deposition rate that is too high at the shoulder of vias and trenches.

From the resistivity data shown in chapter 5, films that are deposited using

low current density undergo a very slow self-annealing process (8 days are

not enough to detect the onset of recrystallization when the film is deposited

at 5 mA/cm2 current density). As a result, annealing treatment at elevated

temperatures (e.g. 400 °C) is normally required in the processing of copper
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7.2. Acceleration of Recrystallization by Variable Current Deposition

interconnects to obtain a recrystallized microstructure in a reasonable time.

As the interconnect line width continues to decrease, even lower current den-

sities are expected to be used in the Damascene process such that higher

annealing temperature (or longer annealing time) may be required. The pro-

cessing temperature for the low-K dielectric materials is often limited. Thus,

a method to accelerate the recrystallization process without increasing the

processing temperature will be of significance. Section 7.2 of this chapter

deals with a proposed deposition method to accelerate recrystallization in

copper interconnects. The method is based on the deposition of a capping

layer on top of Cu metal layer.

Since silver is being investigated as a potential alloying element to fur-

ther improve the strength and electromigration resistance of copper, section

7.3 deals with the effect of adding silver to the deposition bath on the mi-

crostructure evolution in Cu films. The idea here is to investigate whether

recrystallization can still occur in Cu alloys. For this purpose, resistivity

measurement was used to study recrystallization rate in the presence of sil-

ver at room and elevated temperatures.

7.2 Acceleration of Recrystallization by

Variable Current Deposition

To investigate recrystallization in copper thin films using variable current

densities, different samples were prepared using one or two deposition current

densities. In sample 1, a 1 µm-thick film was entirely deposited at 5 mA/cm2.

Samples 2-4 were 1 µm-thick films that were deposited using two sequential
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Table 7.1: A summary of the as-deposited resistivity as a function of the
thickness of the 40 mA/cm2 layer. The total film thickness was 1 µm.

Sample
Thickness of the

40 mA/cm2 layer (µm)
As-deposited

resistivity (µΩ.cm)

1 0 1.99
2 0.2 (Top) 2.03
3 0.5 (Top) 2.12
4 0.8 (Top) 2.15
5 0.2 (bottom) 2.12
6 0.5 (bottom) 2.22
7 0.8 (bottom) 2.26

deposition procedures. First, a layer was deposited at low current density

(here, 5 mA/cm2) for a specified fraction of the total film thickness. In the

second step, a layer was deposited at high current density (here, 40 mA/cm2)

until the total film thickness is achieved. Samples 5-7 were 1 µm-thick films

that were produced using the reverse deposition order (i.e. deposition at

high current density (here, 40 mA/cm2) for a specified fraction of the film

thickness followed by deposition at low current density (here, 5 mA/cm2)

until the total film thickness is achieved). Table 7.1 summarizes the as-

deposited resistivities for all samples. The as deposited resistivity of sample

1 was 1.99 µΩ.cm. This is lower than the resistivities of films deposited at

higher current density (like 30 and 40 mA/cm2 as discussed in chapter 5)

but still corresponds to a nanocrystalline grain structure in the as-deposited

microstructure. The low as-deposited resistivity value agrees with the trend

that resistivity decreases as the deposition current density decreases. For

sample 2, which is composed of 0.2 µm-thick layer deposited at 40 mA/cm2

on top of 0.8 µm-thick layer deposited at 5 mA/cm2, the resistivity is about
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22% higher than the bulk resistivity of copper while for samples 3 and 4, the

resistivity is 27-28% higher. For samples 5-7, the as-deposited resistivities are

comparable with the corresponding resistivies for samples 2-4. Considering

the standard deviation in the resistivity measurements of about 0.1 µΩ.cm,

the resistivity of all samples is within the expected range for a nanocrystalline

microstructure (i.e. 2-2.4 µΩ.cm).

All the samples were annealed at 60 °C to promote faster recrystalliza-

tion. Figure 7.1-a shows the normalized resistivity as function of time after

deposition for samples 1-4. In sample 1, the resistivity increases during heat-

ing and then a recovery period extends for about 4 hours. While the EBSD

orientation map in Fig. 5.14 shows that 8 days were not enough to observe

recrystallization at the surface of a 1 µm-thick film deposited at 5 mA/cm2

when held at room temperature, recrystallization was observed at 60 °C.

Here, about 44 hours were required to complete recrystallization while 50%

recrystallization was obtained after 8.1 hours (see Table 7.2). On the other

hand, less than one hour is sufficient to achieve 50% recrystallization for

sample 2 while about 4 hours are sufficient to observe the resistivity plateau

indicating complete recrystallization. Although this film was deposited using

two different current densities, the shape of the resistivity profile seems to

be similar to the resistivity profiles for films which are entirely deposited at

a single current density (i.e. consist of an incubation period followed by a

sharp drop in resistivity). As shown in Table 7.2, the final resistivity for

this sample was 1.82 µΩ.cm which implies final grain sizes that are in the

order of 1 µm in diameter or larger. As the thickness of the top layer in-

creases, faster recrystallization is observed as indicated from the resistivity
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(a)

(b)

Figure 7.1: (a) Normalized resistivities for 1 µm-thick Cu films that were
produced using two different deposition current densities (as shown in the
figure inset). All films were heated from room temperature to 60 °C at 10
°C/min. The thickness of the layer deposited at 40 mA/cm2 is shown next
to its corresponding resistivity profile. In (b) the order of the deposition is
reversed as shown in the figure inset.
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Table 7.2: A summary of the resistivities and the time for 50% recrystalliza-
tion for the films shown in Table 7.1.

Sample
1 2 3 4 5 6 7

ρ0(60 °C)
(µΩ.cm)

2.15 2.17 2.26 2.27 2.29 2.35 2.21

ρ∞(60 °C)
(µΩ.cm)

1.83 1.82 1.86 1.85 1.96 1.97 1.96

ρ0−ρ∞
ρ0
×100 15 16 18 19 15 16 11

t50%
(h)

8.1 0.7 0.4 0.17 1.53 0.25 0.13

profiles for sample 3 and 4. Here, less than half an hour is sufficient to obtain

50% recrystallization for the two films. The final resistivities for these two

samples were 1.86 and 1.85 µΩ.cm, respectively (i.e. correspond to recrystal-

lized microstructures). It appears that the 40 mA/cm2 layer acts as a seed

layer for recrystallization were nucleation occurs in the top layer followed

by recrystallization to consume the highly dislocated grains. Subsequently,

recrystallization then proceeds to consume the layer deposited at the low cur-

rent density. For 200 nm-thick capping layer as in the case of sample 2, an

order of magnitude less time is sufficient to obtain complete recrystallization

compared with the case when no capping layer is present (i.e. sample 1).

Figure 7.1-b shows the normalized resistivity profiles when the deposition

order is reversed (i.e deposit a layer at 40 mA/cm2 followed by a capping

layer at 5 mA/cm2). Here, a similar trend to that shown in Fig.7.1-a was

observed (i.e. recrystallization occurs faster as the fraction of the 40 mA/cm2

is increased). For this case, recrystallization initiates at the bottom of the

sample (i.e. in the layer deposited at 40 mA/cm2) and then proceeds towards
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the sample surface. The recrystallization rate for sample 5 is slower than

that for sample 2 (around 0.8 hour difference in their corresponding 50%

recrystallization time). The final resistivity for this sample was 1.96 µΩ.cm

(≈42 hours of holding time). Here, the time for 50% recrystallization for

samples 6 and 7 is comparable with that for samples 3 and 4. This suggests

that when the thickness for the layer deposited at 40 mA/cm2 is 0.5 µm or

thicker, recrystallization rate is very fast (less than 25 minutes are sufficient

to obtain 50% recrystallized microstructure) and does not depend much on

the location of the 40 mA/cm2 layer (i.e. top or bottom). For sample 7 and

as indicated in Table 7.2, the percentage change in resistivity is less than the

other samples which is due to the fact that recrystallization occurs during

heating (i.e. the resistivity at 60 °C is lowered).

Figure 7.2-a shows the EBSD orientation map and the corresponding im-

age quality of the film deposited using the deposition conditions of sample 3.

The SEM which was used in this study was not equipped with a heating stage

so the film was left to recrystallize at room temperature (i.e. self-annealing).

For the map that was obtained one day following the deposition, a partially

recrystallized microstructure is observed with some grains having diameters

greater than 1 µm. These grains are recrystallized grains as indicated by

their relatively high image quality compared with the image quality that

corresponds to the small grains in the microstructure. Figure 7.2-b shows

the orientation map and the corresponding image quality for the same sam-

ple after 6 days following the deposition. Clearly, recrystallized grains have

consumed the majority of the film area with some nonrecrystallized grains

are still present in the microstructure. Another observation is that although
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the resistivity measurement shows that 0.5 µm-thick film deposited at 40

mA/cm2 did not undergo a change in resistivity in the first 24 hours after

deposition (see Fig. 5.3), when the same thickness is placed on top of the

0.5 µm-thick layer deposited at 5 mA/cm2, significant recrystallization is de-

tected in the 40 mA/cm2 layer. In this case, recrystallization initiates away

from the substrate where the interaction with the substrate is minimum. It

is also possible that recrystallization initiates at the interface between the

two layers due to the significant stored energy difference between the two

sides of the interface.

When the deposition order is reversed (i.e. same conditions of sample

6), few recrystallized grains can be observed at the film surface after 1 day

following the deposition as can be seen in the orientation map and the cor-

responding image quality shown in Fig. 7.3-a. This indicates that the 5

mA/cm2 layer starts to recrystallize. In this particular case, nucleation ini-

tiates at the bottom layer and then recrystallization proceeds towards the

top surface. Here, the recrystallized grains (those larger than 1 µm in diam-

eter) are bigger than the recrystallized grains observed in sample 3 as can be

seen in the grain size distribution shown in Fig. 7.4. However, after 6 days,

the EBSD map shows an almost fully recrystallized microstructure (see Fig.

7.3-b). These EBSD results prove that the presence of a layer deposited at

40 mA/cm2 either at the top or at the bottom of the film accelerates self-

annealing compared with the case when the film is entirely deposited at low

current density (as shown in Fig. 5.14). These results are in agreement with

the resistivity profiles shown in Fig. 7.1 for annealing at 60 °C.

The acceleration of the recrystallization can be also observed at room
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(a)

(b)

Figure 7.2: EBSD orientation map and the corresponding image quality of
the film that was deposited using two subsequent deposition current densi-
ties (0.5 µm-thick layer at 5 mA/cm2 followed by 0.5 µm-thick layer at 40
mA/cm2) (a) 1 day after deposition (b) 6 days after deposition .
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(a)

(b)

Figure 7.3: EBSD orientation map and the corresponding image quality of a
film that was deposited using two subsequent deposition current densities (0.5
µm-thick layer at 40 mA/cm2 followed by 0.5 µm-thick layer at 5 mA/cm2)
(a) 1 day after deposition (b) 6 days after deposition .
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Figure 7.4: Effect of deposition order on the grain size distribution. In both
cases, the film was 1 µm-thick and the EBSD scans were obtained 1 day after
deposition.

temperature from the resistivity profiles. However, the film takes a longer

time to recrystallize compared to the film that is annealed at a higher tem-

perature (e.g. 60 °C). As shown in Figure 7.5, the resistivity profile that

corresponds to the film deposited at variable current density (0.5 µm at 5

mA/cm2 followed by 0.5 µm at 40 mA/cm2) shows all the three stages of

self-annealing (incubation stage, recrystallization and resistivity saturation).

The initial and final resistivities for this sample were 2.13 and 1.74 µΩ.cm,

respectively (18.3 % resistivity drop). Compared with the film that was

deposited at 5 mA/cm2, the presence of the capping layer promotes recrys-
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Figure 7.5: The effect of capping layer on the resistivity profile of 1 µm-thick
films during self-annealing. The films that were entirely deposited at 5 and
40 mA/cm2 are included for comparison.

tallization and the resistivity starts to saturate at around 40 hours following

the deposition. However, the recrystallization rate for this film is still far

from that for the film that was entirely deposited at 40 mA/cm2 (complete

self-annealing in about 10 hours). Comparing the resistivity profile shown

in Fig. 7.5 with the EBSD orientation map shown in Fig. 7.2-a, it can be

seen that the two techniques show recrystallization during the first 24 hours

following the deposition.
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7.3 Acceleration of Recrystallization in the

Dual Damascene Process

Based on the resistivity and EBSD results presented above, we propose a new

deposition strategy in the Dual Damascene process where a thin capping layer

deposited at high current density is used as a seed layer for recrystallization.

The proposed strategy is illustrated in Fig. 7.6. Here, superfilling of copper

is achieved in trenches and vias by the aid of organic additives using low

deposition current density (i.e. 5 mA/cm2 or less). A thin capping layer

is deposited on top of the overburden layer at high current density (i.e. 40

mA/cm2). The thickness of this layer can be as thin as 200 nm. The wafer

is then annealed at an appropriate holding temperature such that recrys-

tallization is initiated in the capping layer. The wafer is then held for an

appropriate holding time such that recrystallization proceeds in the overbur-

den layer and in the trench/via. When recrystallization is complete and low

resistivity is attained, CMP can be applied to remove the capping and the

overburden layers.
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(a)

(b)

(c)

Figure 7.6: A proposed deposition strategy to accelerate recrystallization in
copper interconnects. (a) achieve copper superfilling in trenches and vias
by electrodeposition at low current density (b) deposit a thin copper film
at high current density on top of the overburden layer (i.e. seed layer for
recrystallization) followed by an appropriate annealing step and (c) remove
the excess copper by CMP after recrystallization is complete.
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7.4 Effect of Silver on Recrystallization Rate

When silver is added to an electrolyte containing chloride ions, the following

chemical reaction occurs:

Ag+(aq) + Cl−(aq) → AgCl(s) (7.1)

The outcome of the reaction is a precipitation of silver chloride which is

a white solid material. To deposit copper-silver alloy, free silver must be

present in the solution to co-deposit with copper. For this purpose, chloride

was initially removed from the standard electrolyte. Figure 7.7 shows the

normalized resistivity of a 2 µm-thick copper film during annealing when

heated from room temperature to 100 °C (heating rate of 5 °C/min ). The

film was started to recrystallize during heating (at 88 °C) and completely re-

crystallized in about 0.5 hour. This indicates that the presence of chloride in

the standard electrolyte is not critical for recrystallization to occur. To check

if copper thin films can still recrystallize when silver is present in the solution,

high purity silver (59 Grade, COMINCO) was dissolved in nitric acid and

then added to the electrolyte bath (not containing chloride). In this way sil-

ver and copper co-deposition occurs. The as-deposited resistivity for this film

was 2.31 µΩ.cm which corresponds to a microstructure with nanocrystalline

grains. However, the film was not shiny which indicates that the film quality

is affected due to co-deposition with silver. As shown in Fig. 7.7, and even

after about 5 hours of annealing at 100 °C, no resistivity drop was detected

and when the film was air-cooled to room temperature, the film resistivity

returned to the same initial resistivity value (i.e. as-deposited resistivity).
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Figure 7.7: Effect of adding silver to the electrolyte (in the absence of chlo-
ride) on the normalized resistivity profile of 2 µm-thick copper film deposited
at 20 mA/cm2. The films were heated from room temperature to 100 °C at
5 °C/min.

This indicates that films which are electrodeposited in the presence of silver

do not recrystallize with the present annealing treatment. Here, the amount

of silver that is co-deposited with copper seems to be significant enough to

pin the grain boundaries even at 100 °C. These results agree with the ob-

servation of Strehle [122, 124] who did not observe self-annealing in Cu-Ag

alloy when chloride was absent. Although the researcher explained that the

absence of additives and the effect of silver on grain boundary motion are

responsible for not observing self-annealing, the present results indicate that
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Figure 7.8: Effect of adding silver to the standard electrolyte on the normal-
ized resistivity profiles during self-annealing of 1 µm-thick films that were
deposited at 20 mA/cm2.

even if the electrolyte contains the necessary organic additives, no recrystal-

lization occurs.

When silver is added to the standard electrolyte (i.e. chloride is present),

the silver chloride precipitates immediately as indicated by the change in

the solution color. However, the deposited film was still shiny and the re-

sistivity measurement shows that self-annealing can still occur as shown in

Fig. 7.8. However, the rate of self-annealing seems to be slower for the films

electrodeposited with silver present in the electrolyte. Here, it appears that

not all silver reacts with chloride and some small amount of silver is still
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available to co-deposit with copper (see the analysis in Appendix A). As the

concentration of silver is increased in the electrolyte, slower recrystallization

is observed. For the case of 0.05 mM of silver, 100 hours were not enough to

achieve complete self-annealing compared with about 40 hours for the case

when no silver was added. When the silver content was increased to 0.5 mM,

less than a 10% resistivity drop was detected even after about 200 hours

following the deposition (i.e. recrystallization was not complete even after

one week following the deposition). The effect of silver in delaying the onset

of recrystallization is less pronounced when the current density is increased

to 40 mA/cm2 as shown in Fig. 7.9. Here, longer incubation period was

observed as the silver content is increased, but all the films completely re-

crystallized in 40 hours or less. For the highest silver concentration studied

here (e.g. 0.5 mM), the recrystallization time is 4 times longer than in the

case when no silver is present. For the case of 20 mA/cm2 deposition current

density, the film deposited with 0.5 mM of silver underwent very slow self

annealing (i.e. recrystallization time much longer than 200 hours). From

these results, it seems that the driving pressure for recrystallization for the

case of films deposited at 40 mA/cm2 is significantly enough to overcome the

dragging effect of silver. Another possible explanation is that the amount of

silver that co-deposits with copper depends on the deposition current den-

sity. Similar results were observed when the films were continuously annealed

from room temperature to 100 °C as shown in Fig. 7.10. For the highest

silver content (0.1 mM), the initial resistivity was 2.43 µΩ.cm compared with

2.09 and 2.03 µΩ.cm for the film deposited with electrolytes containing 0.01

and 0 mM of silver, respectively. Here, it was observed that the recrystal-
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Figure 7.9: Effect of adding silver to the standard electrolyte on the normal-
ized resistivity profiles during self-annealing of 1 µm-thick films that were
deposited at 40 mA/cm2.

lization temperature increases as the silver concentration increases. While

the recrystallization temperature is less than 70 °C for the film produced

without silver present in the electrolyte, annealing to temperatures higher

than 80 °C is required to obtain a recrystallized film in the presence of sil-

ver. This implies that high annealing temperature is required to obtain fully

recrystallized Cu-Ag film.
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Figure 7.10: Effect of adding silver to the standard electrolyte on the nor-
malized resistivity profiles of 1 µm-thick films that were deposited at 20
mA/cm2. The films were continuously annealed from room temperature to
until a complete recrystallization is obtained (heating rate 1 °C/min) and
then air-cooled to the room temperature (10 °C/min) .
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7.5 Summary

In this chapter, a deposition strategy was proposed to accelerate recrystal-

lization in copper interconnects. The deposition strategy compensates for the

slow recrystallization rate that is normally associated with deposition at low

current density. In this method, a capping layer deposited at high current

density on the top of the overburden layer. The resistivity and EBSD results

showed that recrystallization initiates in the layer deposited at high current

density and proceeds to consume the layer deposited at low current density.

It was shown that as the thickness of this layer increases, recrystallization is

achieved faster. This is significant for the processing of copper interconnects

where the temperature (or the holding time) that is required to obtain fully

recrystallized microstructure can be significantly reduced. In addition, the

effect of adding silver to the deposition bath on the recrystallization rate

was studied. When silver is present in the electrolyte not containing chlo-

ride, no recrystallization was detected even when annealed at 100 °C for 5

hours. On the other hand, when silver is added to the standard electrolyte

(i.e. with chloride present), self-annealing occurs even with the presence of

the silver chloride. In this case, the rate of the self-annealing is a function

of the deposition current density and the concentration of silver added. The

results in this chapter confirm that films produced by Cu-Ag co-deposition

require higher holding temperature or longer holding time to obtain a fully

recrystallized microstructure.
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Chapter 8

Phase-Field Modelling of

Recrystallization in

Electrodeposited Copper Thin

Films

8.1 Introduction

Modelling of the microstructure evolution in copper interconnects is of a great

importance to determine the optimum process parameters (e.g. deposition

current density, film thickness and temperature). In the literature, there

exist models to simulate self-annealing and replicate the fraction recrystal-

lized profiles obtained from resistivity measurement using phenomenological

approaches like JMAK model. However, JMAK is not helpful to reveal the

details of the microstructure. In this chapter, self-annealing in electrode-

posited Cu thin films is simulated using phase-field modelling which is an

emerging approach to simulate microstructure evolution processes that in-

clude grain growth and recrystallization. Here, a brief introduction of the

phase-field theory is provided followed by the simulation methodology that
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was employed to model self-annealing. The results of the phase field sim-

ulations for films deposited using different deposition current densities are

presented and discussed.

8.2 Phase-Field Modelling

Phase field model (PFM) is widely used to simulate microstructure evolution

processes that include grain growth, recrystallization and solidification [147–

152]. The method was extended to simulate pinning due to finely dispersed

second phase particles [153,154] and solute drag [155]. In PFM, the interface

between grains is not sharp but considered to be continuously varying with

distance and time (i.e. diffuse interface with a finite thickness as shown

in Fig. 8.1). The total free energy of a polycrystalline microstructure is

composed of a term related to the bulk energy and a second term related

to the interface [156, 157]. In the phase field approach, the total free energy

can be described by a set of field variables φ1, φ2....φQ (often referred to as

order parameters). Here, each crystallographic orientation is represented by

an order parameter. The value of the order parameter, φi, inside the grain i

is 1 while the order parameter at the interface is a continuous function with

values between 0 and 1 [158]. There are different phase-field models available

in the literature (e.g the Fan and Chen model [156] and the multi-phase field

model that was proposed by Steinbach et al. [148]). In the multi-phase field

model, the rate of the change of the order parameter is described by
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Figure 8.1: (a) A schematic of a diffuse interface where the grain proper-
ties change continuously through the interface (b) sharp interface where the
properties change discontinuously at the interface. [157]

dφi
dt

=
∑
i 6=j

Mij

[
σ∗ij

{
φj∇2φi − φi∇2φj +

π2

2η2ij
(φi − φj)

}
+

π

ηij

√
φiφj∆Pij

]
(8.1)

Here, Mij, σ
∗
ij and ηij are the interface mobility, interface energy, and inter-

face thickness, respectively [159]. The term ∆Pij accounts for the driving

pressure for microstructure evolution. The evolution of the of the order pa-

rameter is related to the minimization of the total free energy in the system.

The set of PFM differential equations (shown in Eq. 8.1) can be solved

numerically and the evolution of the microstructure with time can be visual-

ized. The physical parameters like the interface mobility is hard to measure

experimentally. Thus, to simulate the microstructure evolution in real sys-

tems using PFM, input parameters like the interface mobility and nucleation

conditions are considered as adjustable parameters. In addition, PFM sim-
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ulations are computationally expensive. To reduce the simulation time, the

thickness of the interface in PFM simulations is normally considered much

larger than the actual thickness [159].

In addition to its application in grain growth and particle pinning, phase-

field models were developed to simulate recrystallization. The stored energy

driven interface migration at a recrystallization front was simulated by Suwa

et al. [160]. Similarly, Takakai et al. [152] developed a phase field model to

describe static recrystallization using crystal-plasticity theory. However, the

application of phase-field model to describe the microstructure evolution in

thin films and interconnect features has not yet been reported. Thus, the

present work provides a phase-field simulation of recrystallization in elec-

trodeposited copper thin films.

8.3 Simulation Methodology

The microstructure evolution during recrystallization was simulated using

MICRESS® (Microstructure Evolution Simulation Software) [161]. MICRESS

is a commercial code that allows to simulate the microstructure evolution in

time and space during solidification, grain growth and recrystallization. The

software is based on the multi-phase field model that was proposed by Stein-

bach et al. [148] (i.e. Eq. 8.1). To model self-annealing in electrodeposited

Cu thin films, recrystallization in a single phase was simulated assuming two

dimensional and three dimensional domains. Here, a single grain was used to

represent the nanocrystalline grains in the as-deposited microstructure. This

is to simplify the PFM calculations (i.e. the small as-deposited grains are not
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resolved). The stored energy is assumed to be homogenous throughout the

as-deposited microstructure. Here, the driving pressure for recrystallization

was based on the estimation of the dislocation density from the TEM ob-

servations (i.e. ∆P ≈ 3-300 J/cm3 for films which were deposited at 7.5-40

mA/cm2 [66]). Nucleation site saturation was assumed and 13 nuclei were

randomly positioned in the simulation domain at t = 0. The number of nuclei

that was selected here corresponds to the number of grains that were observed

from the EBSD map with grain size greater than 0.4 µm (See Fig. 5.19).

The grain boundary energy was assumed to be constant (0.625 J/m2 [88]).

The interface mobility was considered as a fit parameter to replicate the rate

of self-annealing that was obtained using resistivity data. The grains in the

microstructure were assumed to be isotropic (i.e. no dependence on grain

orientation was considered).

In the 2D simulations, 400×400 grid points were considered. The spacing

between the grid points was constant (∆x = 0.025 µm). The domain size

was the same as the scanned area in the EBSD maps. The initial radius for

all of these nuclei was 0.1 µm and the interface thickness was considered to

be 4∆x. To allow for these grains to grow, their stored energy was considered

to be zero (i.e. no dislocations present in these grains). Periodic boundary

conditions were considered for the 2D simulation. The time step for the sim-

ulations was automatically determined by MICRESS. The total simulation

time was chosen to be greater than 10 hours to replicate the typical time

period that is required to complete self-annealing in 1 µm-thick films. In the

3D simulations, 400×400×40 grid points were considered. Insulated bound-

ary condition was considered at the top and bottom of the film and periodic

155



8.4. Sensitivity Analysis

boundaries on the other sides. After the simulation is complete, the fraction

recrystallized was obtained from MICRESS.

8.4 Sensitivity Analysis

To check the accuracy of MICRESS PFM simulations as a function of the

input parameters including interface thickness and step size, a moving bound-

ary due to recrystallization was simulated. Here a 2D domain with a stored

energy of 300 J/cm3 was considered as shown in Fig. 8.2. The stored energy

of 300 J/cm3 corresponds to a scenario of 1 µm-thick film deposited at 40

mA/cm2 [66]. At t = 0, a grain (0.5 µm-wide) was inserted in the calculation

domain (left corner of Fig. 8.2-a). To simulate recrystallization, the stored

energy inside this grain was considered to be zero. The mobility of the in-

terface was selected to be 7.1× 10−11 cm4/Js. Due to the difference between

the stored energies across both sides of the boundary, the recrystallized grain

size increases with time (See 8.2-b). Figure 8.3 shows the fraction recrystal-

lized as a function of time and interface thickness assuming a fixed step size

and interface mobility. The recrystallization for interface thickness of 4∆x

was faster than when the interface thickness was 3∆x. No significant change

in the fraction recrystallized was observed when the interface thickness was

increased to 5, 6, 7 and 8∆x. However, there is still a significant difference

between the simulated fraction recrystallized and the analytical fraction re-

crystallized that is expected from a sharp interface model (i.e. v = M∆P ).

Figure 8.4 shows the effect of the step size on the fraction recrystallized as-

suming a fixed interface thickness (here, 4∆x). As the ∆x decreases, the
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fraction recrystallized profile approaches the analytical solution. For small

step sizes as of 0.0025 µm, the time required to complete the PFM simula-

tion is very long. This is because MICRESS needs to solve the differential

phase-field equations for each grid point in the domain. To correct for the

dependance of the PFM simulations on the choice of the step size and inter-

face thickness, the mobility of the interface can be increased to compensate

for the difference between the PFM simulation and the analytical solution.

Here, a fixed step size and interface thickness were considered (0.025 µm and

4∆x, respectively). Figure 8.5 shows the fraction recrystallized as a function

of the interface mobility. The recrystallization is faster as the mobility is

increased. Taking M = 7.1×10−11 cm4/Js as a reference, the mobility needs

to be increased to 11.3 × 10−11 cm4/Js to replicate the analytical solution.

For this case, the correction factor, Cf , is 1.59. For the case of grain growth,

a difference between the PFM simulations and the analytical solution was

also observed (see Appendix B). The driving pressure for grain shrinking is

much smaller than the driving pressure for recrystallization that was consid-

ered here (i.e. 300 J/cm3). Thus, it is considered to be reasonable to use the

mobility correction factor of 1.59 in the PFM simulations of self-annealing.
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(a) (b)

Figure 8.2: PFM simulation of the recrystallization process (here, the step
size (∆x) is 0.025 µm, interface thickness is 4∆x and the domain size is
400×400). The mobility of the interface was 7.1×10−11 cm4/Js. (a) t = 0
seconds and (b) 104 seconds.

Figure 8.3: The effect of the interface thickness on the fraction recrystallized
profile that is obtained from PFM simulations. The Analytical solution is
based on (v = M∆P ) where M = 7.1 × 10−11cm4/Js. The time is adjusted
to account for the incubation period in a film deposited at 40 mA/cm2.
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Figure 8.4: The effect of the step size (∆x) in the PFM simulation on the frac-
tion recrystallized profile. The Analytical solution is based on (v = M∆P )
where M = 7.1× 10−11 cm4/Js.
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Figure 8.5: The fraction recrystallized from PFM simulations as a function
of the interface mobility. The Analytical solution is based on (v = M∆P )
where M = 7.1× 10−11 cm4/Js.
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8.5 Simulation Results

8.5.1 2D Simulation

The phase-field simulations for the film deposited at 40 mA/cm2 are shown

in Fig. 8.6. In these simulations, the stored energy in the as-deposited

microstructure was 300 J/cm3. After 0.5 hour, all the nuclei grow at the

expense of the nonrecrystallized grains as can be seen in Fig. 8.6-b. The re-

crystallized area increases with time and recrystallization proceeds towards

completion. After 3 hours, the recrystallized grains start to impinge on each

other and a fully recrystallized microstructure was achieved in about 7 hours

(see Fig. 8.6-f). Figure 8.7 shows a comparison between the fraction recrys-

tallized obtained from resistivity measurements and that obtained from PFM

simulations. The PFM simulations were repeated 3 times (different location

of the nuclei in each case). For the mobility value used here (6.1 ×10−11

cm4/Js), the fraction recrystallized obtained from the PFM is in a reason-

able agreement with the fraction recrystallized obtained from resistivity.

Figure 8.8 shows the PFM simulations for the case of the film deposited at

30 mA/cm2. Here, the mobility was considered constant (6.1 ×10−11 cm4/Js)

while the stored energy was adjusted to replicate the fraction recrystallized

obtained from resistivity. For this case, it was found that a stored energy

value of 130 J/cm3 produces a fully recrystallized microstructure in about

15 hours. Comparing the microstructure evolution that corresponds to this

deposition scenario with the case described in Fig. 8.6 and taking t = 3 hours

as an example, a slower recrystallization is observed for the 30 mA/cm2

scenario. Here, the stored energy difference between the 30 mA/cm2 and
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(a) (b)

(c) (d)

(e) (f)

Figure 8.6: Simulation of the microstructure evolution for the case of the
film deposited at 40 mA/cm2 (a) 0 hour (b) 0.5 hour (c) 1 hours (d) 2 hours
(e) 3 hours and (f) 7 hours.
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Figure 8.7: The fraction recrystallized obtained from resistivity and PFM
simulation for the 1 µm-thick film that was deposited at 40 mA/cm2. The
fraction recrystallized curves were adjusted to account for the incubation
period (tinc =0.8 hour). The PFM simulations were repeated 3 times (nuclei
locations at t = 0 are different in each case).
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40 mA/cm2 cases accounts for the different recrystallization rates. For the

deposition current density of 20 and 10 mA/cm2, the stored energy values

that replicate the fraction recrystallized from resistivity were 50 J/cm3 and

12 J/cm3, respectively. The PFM simulations corresponding to these stored

energy values are shown in Fig. 8.9. The film deposited at 20 mA/cm2 shows

faster recrystallization than the film deposited at 10 mA/cm2. For the 20

mA/cm2 deposition scenario, the PFM simulation shows a fully recrystallized

microstructure in about 30 hours. On the other hand, around 100 hours are

not enough for the film produced at 10 mA/cm2 deposition current density

to complete self-annealing. Figure 8.10 shows a comparison between the

fraction recrystallized profiles obtained from resistivity measurements and

that obtained from PFM simulations. Here, the mobility and the stored

energy that are used in the PFM simulations are appropriate to replicate the

fraction recrystallized profiles obtained from resistivity.
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(a) (b)

(c) (d)

(e) (f)

Figure 8.8: Simulation of the microstructure evolution for the case of the
film deposited at 30 mA/cm2 (a) 0 hour (b) 2 hours (c) 3 hours (d) 7 hours
(e) 10 hours and (f) 15 hours.
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(a) (b)

(c) (d)

Figure 8.9: Simulation of microstructure evolution for the case of the film
deposited at 20 mA/cm2 (a) 10 hours and (b) 30 hours and at 10 mA/cm2

(c) 10 hours (d) 100 hours.
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Figure 8.10: The fraction recrystallized obtained from resistivity and that
obtained from 2D PFM simulation for films deposited at 10, 20 and 30 and
40 mA/cm2. The fraction recrystallized curves were adjusted to account for
the incubation period.
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8.5.2 3D Simulation

To simulate the fact that recrystallization initiates in the bulk of the film

near the substrate, the 13 nuclei were randomly distributed in the lower half

of the film. The stored energy and mobility were the same as those used in

the 2D PFM simulations (i.e. 6.1 × 10−11 cm4/Js and 300 J/cm3, respec-

tively). Figure 8.11 shows the fraction recrystallized obtained from the PFM

simulation of 1 µm-thick film deposited at 40 mA/cm2 and compared with

the fraction recrystallized from resistivity and EBSD profile. There is a rea-

sonable agreement between fraction recrystallized obtained from resistivity

and the fraction recrystallized that was obtained from the PFM simulations.

Here, the PFM simulations show that there is a time lag between the fraction

recrystallized obtained at the surface and that obtained from the bulk of the

film. For this case, the fraction recrystallized that was obtained from the

top surface approaches the fraction recrystallized profile obtained from the

volume of the film after about 4 hours (i.e. f > 0.6). The time lag between

the fraction recrystallized profile obtained from the top surface and that ob-

tained from the bulk is consistent with the experimental observations from

resistivity and in-situ EBSD. However, the PFM simulation does not exactly

replicate the fraction recrystallized that was obtained from resistivity as in

the case of the 2D simulations discussed above.
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Figure 8.11: The fraction recrystallized obtained from resistivity, EBSD and
that obtained from 3D PFM simulation for the film deposited at 40 mA/cm2.
From PFM simulation, two fraction recrystallized profiles were obtained: One
from the bulk of the film and the other from the top surface.
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8.5.3 Recrystallization in Dual Damascene

Interconnects

Using the stored energies and mobility values that were obtained from the

PFM simulations, one can simulate the progress of recrystallization in copper

interconnects. Here, recrystallization initiates in the overburden layer above

the trench corners as proposed by Lingk and Gross [69]. Recrystallization

then proceeds to consume the overburden layer and the Cu trenches. To

simulate this scenario using PFM, two separate phases were considered in

the initial structure: copper phase and Low-K dielectric phase. Since the

microstructure evolution occurs only in the copper phase, no phase interac-

tion was considered between the two phases. Here, through-thickness PFM

simulations were performed and 3 nuclei were placed in the overburden layer

above the trench corners as shown in Fig. 8.12-a. After 12.5 hours at room

temperature, the recrystallized grain grew to consume the overburden layer

and Cu trench. After 37.5 hours, the grains impinge on each other and re-

crystallization proceeds towards completion. Complete recrystallization of

the overburden and the Cu trenches was obtained after 150 hours. Based on

this model, PFM can be useful to simulate the progress of recrystallization

in copper interconnects as a function of geometry. For example, Fig. 8.13

shows the fraction recrystallized obtained from PFM simulations as a func-

tion of the trench height (i.e. different aspect ratio). Here, as the height

of the interconnect trench is increased, longer times are required to obtain

a fully recrystallized microstructure. About 200 hours are required for the

trenches with a height of 3 µm to complete self-annealing compared with less

than 100 hours for the case when the trench height is 0.5 or 1 µm.
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(a) (b)

(c) (d)

Figure 8.12: PFM simulation for recrystallization in copper interconnects
as a function of time. (a) t = 0 h (b) t = 12.5 h (c) t = 37.5 h and (d)
t = 125 h. The interconnect trench width and height were 0.5 µm and 2 µm,
respectively. The height of the overburden layer was 1 µm. The deposition
current density was assumed to be 10 mA/cm2 and the Cu interface mobility
was 6.1×10−11 cm4/Js.
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Figure 8.13: The fraction recrystallized as a function of PFM simulation
time and the Cu trench height. The thickness of the overburden layer and the
width of the trench were constants (1 and 0.5 µm, respectively). The fraction
recrystallized profile was adjusted to account for the incubation period at 10
mA/cm2 deposition current density.
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8.6 Discussion

The simulation results presented in this work show that PFM can be used

to simulate the phenomenon of self-annealing in copper thin films. Here, the

dependence of the recrystallization rate on the deposition current density

can be described by varying the stored energy in the initial microstructure.

The interface mobility at room temperature is hard to measure and was

considered here as a fit parameter. The mobility that was obtained from

MICRESS, MMICRESS, to replicate the fraction recrystallized profiles ob-

tained from resistivity was 6.1 ×10−11 cm4/Js. This mobility value must be

corrected to account for the numerical artifact discussed in section 8.4. The

actual mobility that replicates the resistivity data is

M =
MMICRESS

Cf
(8.2)

Thus, the actual mobility that replicates the resistivity profile is 3.8× 10−11

cm4/Js.

Vandermeer et al. [80] measured the stored energy in cold worked cop-

per using calorimetry analysis. The researchers then measured the average

interface velocity during recrystallization at 121 °C and found that the rela-

tionship between the two quantities obeys Eq. 2.9. The estimated mobility

at this temperature was 6.31 ×10−8 cm4/Js. As explained by Detavernier

et al. [88], the interface mobility at a specific temperature, M (T ), can be

obtained by extrapolation using:

M (T ) = M (T0) exp

(
− Q

kB

(
1

T
− 1

T0

))
.
T0
T

(8.3)
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where M (T0) is the mobility at a known temperature T0. To obtain an

estimate of the mobility of the boundary at room temperature (20 °C), the

mobility at 121 °C can be used in Eq. 8.3. For the activation energy, 0.89-

0.93 eV that were obtained from the isothermal and continuous resistivity

measurements can be used. This results in a room temperature mobility of

0.67 ×10−11 to 1.01 ×10−11 cm4/Js. From the PFM simulation presented

here, the value of the boundary mobility that replicated the resistivity data

(3.8×10−11 cm4/Js) seems to be comparable with the mobility value obtained

by extrapolation. This suggests that the mobility value used in the PFM

simulation above is reasonable. It should be acknowledged that the mobility

value that was obtained here using Eq. 8.3 is based on the data for cold-

worked copper and the stored energy value (300 J/cm3) that was reported by

Lee et al. [66] is higher than what is expected for cold-worked copper (≈2-20

J/cm3 [78]).

Stangl and Militzer [65] proposed that the dislocation density (and hence

the stored energy) is directly proportional to the deposition current density

(i.e. ∆P = Bj∗, where j∗ is the deposition current density and B is the

proportionality factor). Figure 8.14 compares the stored energies values as a

function of the deposition current density that were proposed by Lee et al. [66]

and Stangl and Militzer [65] with the stored energies that were obtained

from the PFM simulations in this work . Here, there is an agreement at low

deposition current density between the PFM simulations and the data of Lee

et al. [66]. It is still reasonable to assume that the stored energy changes

linearly with the deposition current density between 20 to 40 mA/cm2.

The PFM can be used to simulate recrystallization in copper intercon-
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8.6. Discussion

Figure 8.14: The relation between the stored energy and current density as
obtained from the PFM simulations. The proposed relationships between
the stored energy and current density that are available in the literature are
included for comparison.

nects as shown in Fig. 8.12. The recrystallized grains appear to extend

through the entire interconnect trench. This was observed experimentally by

EBSD as shown in Fig. 8.15. Here, a single grain with its twins appears in

the trench of the self-annealed and in the annealed microstructure. The PFM

can be useful where a complete process map of the recrystallization rate as a

function of the interconnect geometry (e.g. the width of interconnect trench,

the height of the overburden layer and thickness of the dielectric) can be ob-

tained. Wu et al. [162] showed that the extent to which recrystallized grains
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8.6. Discussion

Figure 8.15: EBSD maps showing the cross section of Cu trenches after
recrystallization (A) Self-annealed (30 days) and (B) Annealed at 200 °C for
10 minutes. The width, spacing and the height of the trench line were 0.5
µm, 0.5 µm and 0.7 µm. The height of the overburden layer was 0.7 µm. [163]

in the overburden layer affect recrystallization in copper trenches depends

significantly on the width of the interconnect line. The researchers found

that higher annealing temperature is required for the case of narrower lines.

A more in-depth investigation is needed to measure the driving pressure for

recrystallization in narrow trenches. The microstructure in the PFM simu-

lations presented above is not identical to the one observed by EBSD. The

PFM simulation does not include twins that are observed in the recrystal-

lized microstructure. Further, the simulations did not take anisotropy into

consideration. To replicate the details of the microstructure (like twinning

and the development of a preferred texture), more advanced PFM is needed.
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8.7 Summary

In this chapter, the microstructure evolution in electrodeposited copper thin

films during self-annealing was simulated using phase-field. The simulations

were obtained using MICRESS commercial code and simplified by assuming

nucleation site saturation. Using the stored energies reported in the litera-

ture, the mobility of the interface at room temperature was found to be 3.8

×10−11 cm4/Js. By varying the stored energies, the effect of the deposition

current density on self-annealing rate was simulated. From the stored ener-

gies that were found from the PFM, self-annealing in copper interconnects

was simulated. In this case, the fact that recrystallization initiates in the

overburden layer was modelled by assuming nucleation above the trench cor-

ners. The model was extended to assess recrystallization rate as a function

of interconnect height. The PFM simulations presented in this chapter did

not account for the slow recrystallization that is usually observed in narrow

interconnect lines. In addition, the formation of twins and texture develop-

ment during self-annealing were not simulated. A more advanced phase-field

model is needed for this purpose.
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Chapter 9

Conclusion and Future

Remarks

9.1 Summary of Observations

This thesis presented a systematic study of the effect of deposition condi-

tions on the rate of microstructure evolution during the phenomenon of self-

annealing. In-situ EBSD was employed to study the correlation between

resistivity and microstructure during self-annealing. From EBSD results,

criteria based on grain size, image quality and local orientation spread were

developed to assess the self-annealing rate. The correlation between mi-

crostructure and resistivity during self-annealing was then investigated. Fur-

ther, the recrystallization rate during isothermal and continuous annealing

treatment was investigated. A phenomenological model based on the JMAK

approach was developed to describe the effect of temperature on recrystalliza-

tion rate. Moreover, recrystallization in films produced by variable current

density along with the effect of copper-silver co-deposition on recrystalliza-

tion rate were studied. A phase-field model using the MICRESS commercial

code was applied to replicate the rate of self-annealing that was observed

using the resistivity measurements. The major findings of this works are
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summarized below.

9.1.1 Self-annealing and Microstructure-Resistivity

Correlation

A strong effect of deposition rate and film thickness on self-annealing rate

was observed. As the film thickness is increased, self-annealing is acceler-

ated. Similarly, the self-annealing can be accelerated by deposition at high

current density. The time required to complete self-annealing is sensitive to

the age of the electrolyte. Aged electrolyte results in self-annealing times

that can be an order of magnitude longer than when fresh electrolyte is used.

Self-annealing can be tracked at the film surface by in-situ EBSD technique

during the first 10 hours after deposition. The drop in resistivity during self-

annealing is accompanied by significant changes in grain size, image quality

and local orientation spread. The microstructure of self-annealed film con-

tains high twins density with average grain size much larger than the film

thickness. The best method to asses self-annealing from EBSD maps is by

adopting a threshold based on grain size (0.4 µm). Although the resistivity is

a volume measurement while EBSD provides the details of the microstructure

at surface, there is reasonable correlation between the drop in resistivity and

the rate of grain size evolution. Self-annealing appears to initiate near the

substrate and then proceeds towards the film surface. The recovery process

is detected by resistivity measurements but the details of the microstruc-

ture evolution (e.g. grain size and twin density) are obtained from EBSD.

Thus, the combination of resistivity and EBSD characterization provides a

complete description of self-annealing in copper interconnects.
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9.1.2 Recrystallization During Annealing Treatment

The recrystallization in copper interconnects appears to be thermally acti-

vated with an activation energy of 0.89-0.93 eV . For 1 µm-thick films, the

heating rate and the deposition current density control the recrystallization

time and temperature. A unified JMAK model was developed to describe the

recrystallization rate obtained from resistivity measurements during anneal-

ing. Adopting the principle of additivity, the recrystallization rate during

continuous annealing can be described using the isothermal resistivity pro-

files. Based on this model, a process map was obtained to describe the

recrystallization during heating and holding.

9.1.3 Acceleration of Recrystallization

The recrystallization in copper interconnects can be accelerated by depositing

a capping layer on top of the overburden layer. The capping layer is deposited

at high current density (e.g. 40 mA/cm2). The resistivity and EBSD results

showed that recrystallization initiates in the capping layer and then proceeds

to consume the layer deposited at low current density (e.g. 5 mA/cm2). Since

superconformal filling of narrow trenches and vias in Dual Damascene process

is obtained using low deposition current density, the proposed capping layer

is helpful to promote recrystallization in copper interconnects. Thus, the

optimum annealing process temperature could be significantly reduced.
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9.1.4 Copper-Silver Alloying

When silver is present in the electrolyte not containing chloride, no recrystal-

lization occurs for 2 µm-thick films even when annealed at 100 °C for 5 hours.

This suggests that silver inhibits the recrystallization process in electrode-

posited thin films. When silver is added in the presence of chloride ions, silver

chloride precipitates immediately but self-annealing was observed. However,

adding silver to the electrolyte appears to delay the onset of recrystalliza-

tion. High annealing temperature is required to obtain fully recrystallized

copper-silver alloy films.

9.1.5 Phase-Field Modelling

Phase-field modelling was applied to simulate recrystallization in thin films.

Assuming a homogenous distribution of stored energy, the interface mobility

was varied to replicate the fraction recrystallized obtained from the resistivity

measurements. From the phase-field simulation of 1 µm-thick film deposited

at 40 mA/cm2, the mobility of the interface was estimated to be 3.8× 10−11

cm4/Js. Using the stored energies and mobility values that were obtained

from phase-field simulations, recrystallization in copper interconnects was

simulated. Here, self-annealing was initiated by considering nucleation in

the overburden layer above the corners of the trench lines as was proposed

in the literature. The phase-field model is helpful to simulate the effect

of the interconnect geometry on self-annealing rate (e.g. the height of the

interconnect line).
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9.2 Future Work

From this work, it appears that there are still areas where more research

work is needed to provide a more in-depth understanding and better control

of recrystallization in copper interconnects. Some suggestions can be made

as follows:

1. Since the processing of copper interconnects requires temperatures as

high as 400 °C, a systematic investigation is needed to check if recrys-

tallization in copper interconnects at the optimum temperatures can

be described by JMAK and additivity rule.

2. A complete process map to describe the effect of the interconnect geom-

etry (e.g. overburden layer thickness and line width) and the deposition

conditions (e.g. deposition current density and electrolyte chemistry)

on recrystallization rate is needed. This process map will be of signifi-

cance to the microelectronic industry.

3. Since novel deposition strategies including pulse-electrodeposition were

proposed to synthesize copper micostructures with desired character-

istic (e.g. high density of nanotwins), a systematic study is needed to

check whether or not self-annealing can still occur in these films. This

should include a study to quantify the effect of deposition conditions,

film thickness, time on and time off on recrystallization rate. Moreover,

a study to show how the high density of nanotwins in the as-deposited

microstructure affects the progress of self-annealing is required.

4. Although the capping layer deposited at high current density appears to
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accelerate recrystallization in copper thin films, the effectiveness of this

method on promoting recrystallization in very narrow interconnects

lines has yet to be determined.

5. The copper-silver co-deposition should be optimized to produce mi-

crostructures that are resistant to electromigration. Since silver reacts

with chloride which is present in the standard electrolyte, material

other than chloride is needed so that all silver in the solution is avail-

able to deposit with copper.

6. Phase field model is suitable to simulate recrystallization in thin films

and in copper interconnects. An ideal phase-field simulations should

account for anisotropy and twin formation during recrystallization. A

phase field simulation to describe recrystallization rate in narrow inter-

connects trenches and vias (28 nm technology node and below) with the

ability to predict the effect of deposition conditions and temperature

will be useful.
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Appendix A

Copper-Silver Co-Deposition

When silver is added to the standard solution (i.e. chloride is present), silver

chloride (AgCl) precipitates immediately. The solubility limit of silver and

chloride in solution is given by [164]

[Ag+][Cl−] = Ksp = 1.8× 10−10

Here, [Ag+], [Cl−], and Ksp are the concentration of silver (Molar units),

concentration of chloride (Molar units) and the solubility product, respec-

tively. A given amount of silver reacts with a given amount of chloride to

form silver chloride. The solubility equation can be then written as

[Ag+ − xp][Cl− − xp] = Ksp = 1.8× 10−10

Here xp represents the concentration of silver and the concentration of chlo-

ride that are consumed by the reaction. Figure A.1-a shows the amount of

silver that remains in the solution as a function of the concentration of silver

that is added. The silver concentration that is available to co-deposit with

copper increases with increasing the concentration of added silver. However,

the formation of silver chloride decreases the concentration of silver in solu-

tion significantly. Figure A.1-b shows that there is no significant change in

the concentration of chloride when the added silver concentration is less than

0.1 mM.
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Appendix A. Copper-Silver Co-Deposition

(a)

(b)

Figure A.1: (a) The concentration of silver remaining in the solution after
silver chloride precipitation as a function of the added silver concentration.
(b) The concentration of chloride remaining in the solution.
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Appendix B

Phase-Field Model Sensitivity

Analysis of a Shrinking Grain

Figure B.1 shows the PFM simulations for the case of a shrinking grain due

to the curvature driving pressure (i.e. no stored energy was considered). To

simplify the simulations, the grain was simulated as a circle with an initial

radius of 4 µm. The interface mobility was considered to be 7.1×10−8 cm4/Js.

Here, the grain radius decreases with time and the circle disappeared after 6.1

hours. The change in the grain radius as a function of time is shown in Fig.

B.2. Similar to the results observed for the case of recrystallization, there is

a difference between the radius profile from the PFM simulations and that

using the analytical solution (assuming ideal grain growth). As discussed

in chapter 8, the mobility of the interface can be adjusted to replicate the

analytical radius profile. Here, the mobility should be increased to 9.0 ×10−8

cm4/Js. The correction factor in this case is 1.27. There is a difference

between the correction factors obtained from recrystallization and shrinking

grain simulations. This suggests that the accuracy of the PFM simulations

in MICRESS is different for grain growth and recrystallization processes.

204



Appendix B. Phase-Field Model Sensitivity Analysis of a Shrinking Grain

(a) (b)

(c) (d)

Figure B.1: Phase-Field simulation of a shrinking grain due to the curvature
effect. The domain size is 10 µm× 10 µm and the initial radius of the circle
is 4 µm. The interface mobility was considered to be 7.1 × 10−8 cm4/Js and
∆x was 0.025 µm. The interface thickness was considered to be 4∆x. (a)
t = 0h (b) t = 2h (c) t = 4h and (d) t = 6h.
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Figure B.2: The change in the grain radius as a function of time.
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