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Abstract

The microstructural evolution of electroplated Cu films (0.89 to 3.0 lm thick) has been studied by texture analysis.

Before annealing, the volume fraction of (1 1 1) grains decreases with increasing film thickness, while that of (1 0 0),

(1 1 0), and randomly oriented grains increases. Annealing causes a decrease in the h111i fiber intensity in the thinnest

films due to growth of randomly oriented grains and multiple twinning.

� 2002 Acta Materialia Inc. Published by Elsevier Science Ltd. All rights reserved.
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1. Introduction

Copper has replaced aluminum as the main

interconnect material since 1998 due to its high

electrical and thermal conductivity, as well as a

melting point that is almost twice that of alumi-

num [1]. The higher stiffness and yield strength of

copper however may lead to elevated mechanical

stresses as a result of temperature changes imposed

on the copper metallization during microchip
fabrication [2]. These stresses can cause problems

during fabrication and may even impair the reli-

ability of the microchip afterwards. Thus, a good

understanding of the mechanical behavior will aid

in the design of more robust devices.

Mechanical properties of thin films are strongly

correlated with microstructural characteristics

such as grain size, grain orientations and grain

boundaries [3–5]. Thin film microstructure depends
sensitively on the thermal history of the films.

Annealing often leads to normal and abnormal

grain growth due to the need to lower the total

energy accumulated in the film [6–10]. The resulting

equilibrium texture and grain size are determined

by the relative magnitudes of the surface or inter-

face energy, the grain boundary energy, and the

strain energy. These quantities depend in turn on
deposition parameters, substrate composition, film

thickness, and thermal history of the film. The aim

of this work is to investigate the effects of film

thickness and thermal history on the microstruc-

tural evolution of copper thin films using texture

analysis as the main characterization tool.

2. Experimental procedure

Copper films 0.89, 1.81, and 3.0 lm thick were
deposited onto h100i Si single crystal substrates.
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Bare Si substrates were first coated with a 1000 �AA
LPCVD SiNx film and a 200 �AA PVD TaN barrier

layer. Cu films were then deposited to various

thicknesses by means of a standard electroplating
process used in the semiconductor industry [11,12].

Immediately prior to electroplating, a very thin Cu

layer was sputter deposited onto the TaN to act as

a seed layer for the electroplating process.

The films were annealed in vacuum (8� 10�5

mbar) at 400 and 600 �C during 1 h. Film micro-
structure was analyzed in a JEOL SEM in the
backscattered mode. X-ray texture analysis was
performed in a Siemens D5000 diffractometer. An
absorption correction was made to the measured
X-ray intensities [13] since the X-ray penetration
exceeded the film thickness. The macrotexture is
represented by the orientation distribution func-
tion (ODF). X-ray peak analysis is performed us-
ing the software PeakFite 4.0. Volume fractions
of material associated with specific texture com-
ponents were calculated following the methodol-
ogy described in [14]. The microtexture and grain
sizes were measured using electron backscat-
ter diffraction (EBSD) [15]. System software and
hardware (EDAX/TSL) for microtexture mea-
surement was installed on a Topcon SM-510 SEM
at the Naval Postgraduate School in Monterey,
California, USA. The microtexture is represented
by the (1 1 1), (2 2 0), and (2 0 0) pole figures. Mis-
orientation distribution histograms are used to
show the grain boundary character.

3. Results

The microstructure of the electroplated Cu films

was found to be highly dependent on film thick-

ness. Fig. 1 shows the microstructure of Cu films,

3.0 lm (Fig. 1a), 1.81 lm (Fig. 1b), and 0.89 lm
(Fig. 1c) thick. Using EBSD, the average grain size

was measured to be approximately 1 lm in all
films. Twinning as well as isolated abnormally

grown grains, usually with a (1 0 0) orientation and

about 6–8 lm in size, were observed in all films. It

should be noted that the EBSD measurements do

not distinguish between twins and regular grains

and that twins are counted as separate grains.

The texture of the Cu films varies significantly

with film thickness. As shown in Fig. 2, the texture
of the 3.0 lm film is formed by h111i, h100i, and
h110i fibers, as well as a strong random compo-

nent. Fig. 2a shows a u1 ¼ 90� ODF section, in

which the three fiber components are indicated.

The maximum intensities corresponding to the

h111i, h100i, and h110i fibers are 16, 8, and 5,

respectively. The presence of a significant number

of grains with random orientations can be appre-
ciated in Fig. 2b, where the discrete (1 1 1), (2 0 0),

and (2 2 0) pole figures derived from the EBSD

measurements have been represented. Good

agreement between the micro- and macrotextures

indicates that there is no significant texture

gradient across the film thickness. The misorien-

tation distribution histogram depicted in Fig. 2c is

formed by the superposition of a distribution close
to that predicted by Mackenzie [16] for a random

distribution of cubes (see inset) and an excess of

60� h111i (R ¼ 3) coherent twin boundaries. The

latter have low energy and very low mobility.

Approximately 40% of the boundaries are coher-

ent twin boundaries.

As the film thickness decreases, the h111i fiber
becomes stronger and the random component

Fig. 1. SEM micrographs showing the microstructure of the Cu films after deposition. BSE imaging mode. (a) 3.0 lm; (b) 1.81 lm;

(c) 0.89 lm.
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decreases. Fig. 3 shows the texture of the 0.89 lm
film, which is clearly dominated by a sharp h111i
fiber. The predominance of h111i oriented grains
can be appreciated in Fig. 3a, in which the mac-

rotexture of the 0.89 lm film has been represented

by means of a u1 ¼ 90�ODF section. The intensity

of the h111i fiber component has increased with

respect to that of the 3.0 lm film (Fig. 2), reaching

a value of 32. The intensities of the h100i and

h110i fiber components are now 8 and 3, respec-

tively. The predominance of the h111i fiber com-
ponent results in a concentration of poles at 0� and
a sharp ring at 70� in the (1 1 1) pole figure. In the

(1 0 0) pole figure, a h111i fiber texture gives rise to
a ring of uniform pole concentration at 54�, and in

the (1 1 0) pole figure rings appear at 35� and 90�.
The boundary misorientation distribution (Fig. 3c)

resembles that of a fiber texture with excess twin

boundaries. In a histogram for a perfect fiber

texture, the fraction of boundaries is constant over
the entire misorientation range and approximately

equal to 8%. In addition to the misorientation due

to the fiber texture, there is also a peak at 60� due
to h111i (R ¼ 3) coherent twin boundaries. Co-

herent twin boundaries make up approximately

20% of all boundaries in this film. The lower in-

cidence of twins in the thinner films explains the

apparent discrepancy between the EBSD grain
sizes and the micrographs in Fig. 1. Since the

EBSD measurements count twins and since the

number of twinned grains increases with film

thickness, the actual grain size as apparent in Fig.

1 may increase with film thickness, while the

EBSD measurements remain largely unchanged.

Fig. 3. Texture of the 0.89 lm Cu film. (a) Macrotexture: u1 ¼ 90� section of the ODF (levels: 1, 4, 8, 12, 16, 20, 24, 28, 32); (b)

Microtexture: (2 0 0), (2 2 0), and (1 1 1) discrete pole figures; (c) Misorientation distribution histogram.

Fig. 2. Texture of the 3.0 lm Cu film. (a) Macrotexture: u1 ¼ 90� section of the ODF (levels: 1, 4, 8, 12, 16); (b) Microtexture: (2 0 0),

(2 2 0), and (1 1 1) discrete pole figures; (c) Misorientation distribution histogram.
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The volume fraction of (1 1 1) oriented grains is
listed in Table 1 as a function of film thickness.

Normal grain growth was observed in all films

after annealing. Fig. 4 clearly shows that grain size

increases with film thickness for a given set of

annealing conditions. Average values of 5.72, 5.67,

and 1.57 lm were measured for the 3, 1.81, and

0.89 lm thick films, respectively, after a 1 h anneal

at 600 �C (Fig. 4). The abnormal grains grow only
slightly, reaching sizes of approximately 8–9 lm.

For a given film thickness, grain size increases with

annealing temperature. Twinning is apparent in all

annealed films. Annealing also results in a weak-

ening of the h111i fiber texture in the thinner

films. No changes were detected in any of the other

fiber components. The volume fraction of (1 1 1)

oriented grains after annealing is summarized in
Table 1.

4. Discussion

The present results demonstrate that the texture

of electroplated Cu films varies significantly in the

0.89 to 3.0 lm thickness range. In the thinnest

films, a strong h111i fiber texture is present. As the

film thickness increases, the volume fraction of

(1 1 1) grains decreases and that of (1 0 0), (1 1 0),

and randomly oriented grains increases. This loss
of h111i texture with increasing film thickness has

been reported previously for electroplated Cu films

by Walther et al. [17].

Thin electroplated coatings of fcc metals usually

have a h111i fiber texture [17,18], since the (1 1 1)

close-packed surface in these materials is associ-

ated with the lowest surface free energy. The re-

sidual stress in a coating and the associated strain
energy, however, provide a driving force for the

formation of texture components with a higher in-

plane compliance [6]. This follows directly from

the elastic anisotropy of Cu and from the fact that

(1 1 1) grains have the lowest in-plane compliance

of all possible orientations. Formation of more

compliant texture components can happen during

deposition, but also during the subsequent re-
crystallization often observed in electroplated Cu

thin films. When the Cu films are first electro-

plated, the grain size is extremely small (�0.1 lm).

This microstructure is not stable and the film re-

crystallizes at room temperature for several days

after deposition [17,19–21]. During this recrys-

tallization, new low-compliance texture compo-

nents can develop via several mechanisms: normal
growth of small randomly oriented grains at

the expense of (1 1 1) grains, abnormal growth of

grains with a high-compliance orientation such as

(1 0 0) [6], and twinning of (1 1 1) grains [17]. After

recrystallizing, the Cu coatings in the current in-

vestigation have a residual stress of approximately

Table 1

Volume fraction of the h111i fiber texture before and after

annealing at 600 �C for 1 h

Thickness (lm)

0.89 1.81 3.0

Before anneal 58 42 30

After anneal 52 40 31

Fig. 4. SEM micrographs showing the microstructure of the Cu films annealed at 600 �C for 1 h. BSE imaging mode. (a) 3.0 lm; (b)

1.81 lm; (c) 0.89 lm.
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110 MPa. The effect of film thickness in these

coatings can then be understood by realizing that

the strain energy in the film and thus the driving

force for the formation of texture components
with lower in-plane compliance increases with in-

creasing film thickness. Assuming an energy dif-

ference between the (1 0 0) and (1 1 1) surfaces of

approximately 13 mJ/m2 [22] and taking the energy

of the interface equal to that of the surface, we

estimate that (1 0 0) oriented grains are favored

over (1 1 1) grains if the film thickness exceeds 0.6

lm. Based on this calculation one could expect
abnormal grain growth in all samples, as is indeed

observed. The critical coating thickness for twin-

ning is approximately 2.5 lm. Although other

factors such as grain boundary energy should be

taken into account to obtain a more accurate re-

sult, the critical thickness calculation suggests that

twinning is also a viable mechanism for the for-

mation of new texture components in these films
and may explain the big difference in the number

of coherent twin boundaries observed as a func-

tion of film thickness.

We have observed that upon annealing the

volume fraction of (1 1 1) grains decreases slightly

in the thinnest films, while it remains largely un-

changed in the other films (Table 1). No other

texture components are strengthened. This may be
explained by the fact that the residual stress in

unpassivated Cu films relaxes very quickly at high

temperatures [5], thus reducing the driving force

for developing more compliant texture compo-

nents. The present results do suggest a small in-

crease of randomly oriented grains upon annealing

in the thinnest film. This texture randomization

may be attributed to two factors: (a) nucleation
and/or growth of randomly oriented grains at the

expense of (1 1 1) grains or (b) multiple twinning

[23–25] of (1 1 1) grains during growth. According

to Tracy and Knorr [26], twinning can be detected

through analysis of the (1 1 1) pole figure intensity

profile. Fig. 5a shows the (1 1 1) intensity profiles

corresponding to films of 0.89 lm thickness, both

before and after annealing at 600 �C for 1 h. Ac-
cording to [26], a h111i fiber texture produces

peaks at 0� and 70.5�. Single twinning of the (1 1 1)

grains gives rise to the (5 1 1) component. Peaks for

this orientation can be found at 38.2�, 56.2�, and at

70.5�. Multiple twinning results in orientations like

(1 1 2), (5 7 13), and (2 2 5), which give peaks

around 20� and 50�. The presence of a (1 0 0) fiber

texture gives a peak at 54.7�, and a (1 1 0) fiber
texture results in a peak at 35�. Thus, the difficulty

in detecting twinning lies in that some of the peaks

overlap (e.g. 38.2� (5 1 1) and 35� (1 1 0); 56.2�
(5 1 1) and 54.7� (1 0 0)) and therefore a detailed

analysis is needed in order to evaluate vol-

ume fractions of twinned material. However, no

overlapping occurs at the �20� peak, which cor-

responds to grain orientations resulting from
multiple twinning. This peak has been detected in

all as-deposited and annealed samples. The volume

fraction of the multiply twinned grains before

and after annealing was calculated from the

Fig. 5. (a) Radial intensity profile of the (1 1 1) pole figure for a 0.89 lm Cu film, both as-deposited and annealed at 600 �C for 1 h. (b)

Volume fraction of multiply twinned grains (in %).
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appropriate (1 1 1) pole figures according to the

methodology described in [14]. The results are

listed in Fig. 5b. The volume fraction of multiply
twinned grains in the thinnest film increases

slightly after annealing. Thus, as suggested in [27],

multiple twinning is indeed partially responsible

for the decrease in the (1 1 1) texture observed in

the thinnest film.

Annealing results in substantial normal grain

growth. Relaxation of the residual stress at ele-

vated temperature however reduces the driving
force for abnormal grain growth. Additionally,

grain boundary grooving, which occurs preferen-

tially at high angle boundaries [1], may also hinder

the growth of (1 0 0) grains [28]. These grains are

most probably surrounded by high angle bound-

aries since the texture is dominated by (1 1 1)

grains. Grain boundary grooving and twinning are

indeed clearly visible in Fig. 6 showing a 0.89 lm
film annealed at 600 �C for 1 h. Twin boundaries

are not (visibly) grooved. Voids can also be ob-

served at the grain boundaries.

5. Conclusions

The effect of film thickness on the microstruc-

tural evolution of Cu thin films of 0.89, 1.81, and

3.0 lm thickness has been investigated by means of

texture analysis. The following conclusions may be
drawn from this study:

1. The texture of the as-deposited films is highly

dependent on film thickness. In the thinnest

films (0.89 lm), a strong h111i fiber texture is

present. The volume fraction of (1 1 1) grains
decreases with increasing film thickness while

that of (1 0 0), (1 1 0), and randomly oriented

grains increases. All films have a bimodal grain

size distribution with a small number of giant

grains, 6–8 lm in size, providing clear evidence

for abnormal grain growth. The average grain

size of all films is independent of film thickness

and approximately equal to 1 lm. These obser-
vations are consistent with predictions based on

a strain energy minimization model.

2. All films show significant normal grain growth

on annealing. No significant increase in abnor-

mal grain growth is observed. This is consistent

with relaxation of the film stress at elevated

temperature. Annealing leads to texture ran-

domization in the thinnest films, while the tex-
ture remains almost unchanged for the 1.81

and 3.0 lm films. Texture randomization in

the thinnest films can be attributed to growth

of randomly oriented grains and multiple twin-

ning.
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