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aDipartimento di Fisica ‘‘E.R. Caianiello’’, Università degli Studi di Salerno, Via S. Allende I-84081, Baronissi, SA, Italy
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Abstract

Copper thin films have been deposited on Si substrates by molecular beam epitaxy (MBE) at different deposition rates varying from 1

up to 22 Å/s. X-ray reflectivity and y–2y measurements have shown that the surface roughness correlation length, the structural disorder

and the grain dimensions are strongly affected by the deposition rate. Comparing these results with those obtained for sputtered

deposited thin films with a low deposition rate (2.5 Å/s), a clear similarity between the MBE samples deposited with the highest

deposition rate and the sputtering Cu films is observed. This result has been interpreted considering the different energies of the particles

that approach the substrate in the two deposition techniques.

r 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

A renewed interest in Cu thin films deposited with
different techniques has been recently observed [1–11]
because of the possibility of employing this material for
interconnections, cap layers or contacts in the microelec-
tronic industry. Due to the low cost, Cu is replacing Al in
the fabrication of electronic devices. Because the electronic
industry is projected towards nanoscale applications, the
possibility of obtaining very thin films with flat surfaces
plays a fundamental role in the project of new electronic
components. Cu thin films can be obtained with different
methods. Sputtering [1–5], electroplating [6–9] and thermal
evaporation [10,11] are the most commonly used deposi-
tion techniques even though the structural and electrical
quality of the films strongly depend on the deposition
process. In particular, if one is interested in the purity of
the final product, thermal evaporation in ultra-high

vacuum conditions should be used. Moreover, in order to
avoid interdiffusion between different layers of the same
device, which in the most common cases is a multilayered
structure of different elements, the Cu deposition should be
performed at low or at room substrate temperature. This
gives rise to textured rather than epitaxial growth
confirming that a control of grain dimensions and surface
roughness is of fundamental importance when fabricating
layered structures [2,3,7,10]. Because the deposition time is
one of the decisive parameters in the electronic industry, a
study of the surface quality of Cu thin films on Si
substrates deposited at different rates can give additional
indications about the best growth technique to adopt.

2. Experimental details

We deposited Cu thin films on Si(1 0 0) substrates by
molecular beam epitaxy (MBE) using a 6 kW electron gun.
All the samples have been obtained in the same evapora-
tion conditions except for the deposition rate. The starting
pressure was 1� 10�10 Torr and the pressure during the
deposition was 2� 10�8 Torr. Because our study is directed
towards the fabrication of multiplayer-based devices,
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where any annealing procedure which causes interdiffusion
between the layers and photoresist damage should be
avoided, no substrate heating process was applied and the
studied samples had been obtained at room substrate
temperature. The final nominal thickness was 300 Å for all
the samples. Cu thin films with the same thickness were
deposited by magnetron sputtering using an Ar pressure of
1� 10�3mbar. The base pressure in the chamber was
2� 10�7 Torr. As in the case of MBE, the substrate was at
room temperature during the sputtering deposition. In
both the systems, the deposition rates were controlled by
using a quartz crystal oscillator thickness monitor which
was previously calibrated by depositing test Cu thin films
and measuring their thickness by X-ray reflectivity
measurements. The results reported here are concerned
with three different MBE films deposited with rates of 1, 4
and 20 Å/s and a sputtering-deposited sample with a rate of
2.5 Å/s which are representative of more than 100 samples
deposited with the same techniques.

The surfaces of the MBE thin films were monitored
during the growth by reflection high energy electron
diffraction (RHEED). All the samples were analyzed by
X-rays after the deposition using a Philips X-Pert MRD
diffractometer and performing both high- and low-angle
measurements with Cu Ka1 radiation (l ¼ 1.54056 Å)
obtained by filtering the primary beam with a four crystal
Ge(2 2 0) asymmetric monochromator and a graded para-
bolic mirror. For the high-angle measurements, a 1/161 slit
were positioned between the sample and the detector, while
a parallel beam collimator was used for low-angle
measurements reducing the diffracted beam divergence to
0.011. The high-angle spectra were both W–2W and pole
figure measurements were made in order to determine the
orientation of the samples. On the other hand, low-angle
reflectivity measurements were performed in order to detect
the specular reflectivity intensity and the diffuse part of the
scattered rays (rocking curves). The scan reflectivity data
were collected and shown, for all the samples, in reflectivity
maps which contain both the information on the specular
and on the diffuse reflectivity spectra.

3. Experimental results and discussion

The diffraction patterns obtained by RHEED analysis
during the deposition of the MBE samples showed the
presence of rings already from the first deposited atomic
layers. In Fig. 1a, a typical RHEED pattern obtained for
an MBE-deposited thin film is shown. The presence of
diffracted rings rather than streaks or spots as in the case of
epitaxial films, indicates that, independent of the deposi-
tion rate, the surface of the samples is not oriented and that
no in-plane epitaxial relation exists between the substrate
and the films. This is confirmed by texture measurements
performed on all the samples and is shown in Fig. 1b for
the (1 1 0) reflection of an MBE grown sample. The figure
shows the presence of a diffuse spectrum at about 331 in the
form of a ring which is characteristic of the in-plane

textured growth with the (1 1 1) planes parallel to the
substrate surface. Moreover, the absence of single reflec-
tions spaced DF ¼ 1201 in place of, or superimposed on,
the observed diffuse spectrum excludes any interpretation
about the possibility of an in-plane epitaxial growth.
Although RHEED analysis was not performed in the case
of sputtering-deposited films, X-ray pole figure and W–2W
measurements showed the same textured growth of these
films. In Fig. 2a–d, the Cu(1 1 1) W–2W peaks for the three
MBE and for the sputtering-deposited samples are shown.
The position of the peaks gives a (1 1 1) lattice spacing
d(111) ¼ 2.05 Å for both the MBE and the sputtering-
deposited samples, which corresponds to a lattice para-
meter of 3.55 Å for the Cu cubic lattice unit cell. The lowest
peaks in Fig. 2a–c, on the left side of the Cu(1 1 1)
reflections, are due to the presence of CuO in the Cu films
and they are observable only in the samples deposited by
MBE. The intensity of these peaks decreases as the
deposition rate increases indicating that, in the case of
MBE, oxygen atoms are easily incorporated in the lattice
structure during slow deposition processes. The presence of
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Fig. 1. (a) Typical RHEED pattern and (b) pole figure for Cu thin films

deposited by MBE.
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oxide inside the MBE samples is difficult to explain if one
consider the low evaporation pressure which corresponds
to a mean free path of about 104m for the oxygen
molecules. Nevertheless, the absence of CuO in the
sputtering-deposited samples suggests that most of the
oxide is formed during the migration of the evaporated
ions from the electron gun crucible to the substrate in the
MBE vacuum chamber or on the substrate surface due to
the ionic nature of the evaporated species. Both these
processes are strongly favored with respect to the sputter-
ing where the target to substrate distance is about 100 times
shorter and molecule aggregates rather than ionic species
are deposited.

The experimental data of Fig. 2 were fitted using a
refinement procedure to simulate the Cu structure [12]
introducing a Gaussian disorder between the crystalline
planes. The lines in Fig. 2 were obtained using the variance
of the Gaussian distribution of the Cu lattice spacing
around the average lattice distance d(111) ¼ 2.05 Å as fitting
parameter and using the least square method for the
normalized intensities [12]. The fitting procedure allowed to
estimate the (1 1 1) grain’s dimensions and the average
structural disorder, whose values are shown in Table 1. The
errors associated to structural disorder, the grains dimen-
sion and the roughness correlation length were determined
taking into account the spreading associated to the
experimental data. For all the W–2W measurements we have
D2W ¼ 0.005 on the 2W angle and DI/I0 ¼ 10�3 for the

normalized intensity I/I0. In the case of the MBE samples,
an increase of the grain dimensions and a decrease of the
structural disorder are observed when the deposition rate is
increased. Comparing these values with those obtained in
the case of the sputtered Cu film, it appears that the
structural properties of the sputtered sample are similar to
that observed in the case of the MBE thin film deposited
with the highest deposition rate.
Fig. 3a–d shows the reflectivity maps obtained for the

three MBE and the sputtering-deposited films. The maps
are represented in a dimensional reciprocal space units
where Q? and QJ are the longitudinal and the transverse
directions, respectively, with magnitude l/2D where D is
the layer thickness. All the maps consist of a specular and a
diffuse component [13]. The specular component of the
reflectivity spectrum is obtained fixing the QJ ¼ 0 position
and moving along Q? (perpendicular to the sample
surface). The diffuse component is obtained moving along
the QJ direction at a constant value of Q? (parallel to the
sample surface). The specular part of the spectra are also
reported in the insets where the presence of a critical angle
(at Q?ffi70) and of periodic Kiessig fringes, whose position
and amplitude are related to the sample thickness and the
surface roughness, respectively [14], are clearly shown.
Comparing the reflectivity maps of the MBE samples, a

progressive broadening of the specular peak along the QJ

direction is observed before the critical angle with the
increase in the deposition rate. Because the specular
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Fig. 2. Cu(1 1 1) Bragg peaks for MBE deposited thin films with rates of (a) 1 Å/s, (b) 4 Å/s, (c) 22 Å/s and (d) sputtering deposited thin film with rate

2.5 Å/s. The lines are fits of the data obtained using a Gaussian distribution of the crystalline structure (see the text for details).
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intensity before the critical angle only gives indications on
the quality of the surface, this effect is probably due to an
increase of the surface disorder whose origin will be
discussed below. Here we emphasize the presence of high
asymmetric scattering which is particularly evident in the
case of the highest deposition rate (Fig. 3c) and it is
probably related to the formation of terraces on the film
surface in the direction different from Q?. A progressive
change in the diffuse part of the spectrum is also observed
for the different samples in the region of the maps next to

the specular reflection. In particular, the intensity of the
diffuse part of the spectrum is higher for the samples
deposited with the low evaporation rate and it is reduced in
the case of the MBE sample deposited with the highest
deposition rate. The almost complete absence of the diffuse
part of the spectrum is also observed in the sputtering-
deposited film.
The presence of the diffuse intensity is due to the

presence of correlated roughness in the direction perpendi-
cular to the sample surface [15–17]. This is commonly
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Table 1

Parameters of the investigated samples

Sample Rate (Å/s) Grains dimension (Å) Structural disorder (Å) Roughness correlation length (Å)

MBE1 1 18673 0.027(4) 28175

MBE2 4 20073 0.025(2) 24975

MBE3 22 22674 0.022(1) 9572

Sputtering 2.5 22074 0.020(1) 9872

Fig. 3. Reciprocal space reflectivity maps for Cu thin films deposited by MBE (a–c) and by sputtering (d) showing the specular and the diffuse (indicated

by arrows) part of the spectrum. The presence of diffuse spectrum indicates the presence of correlated roughness. yc is the critical angle. Insets: specular

parts of the reflectivity spectra measured keeping QJ ¼ 0.
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observed in the case of multilayers [18,20], where the
roughness can propagate periodically along the growth
direction reinforcing the diffuse intensity in correspon-
dence of the Bragg reflections. In the case of single layers,
the presence of correlated roughness between the substrate
and the film surface gives rise to the observed weak increase
of the diffuse intensity [19,21]. The lateral correlation
length of the roughness can be estimated by measuring the
width of the diffuse part of the spectrum along QJ [19]. The
values obtained for the different samples, by measuring the
FWHM of the diffuse part of the spectrum in correspon-
dence of the first Kiessig fringe [21], are reported in Table
1. For the MBE deposited thin films, the lateral correlation
length decreases with the deposition rate and the minimum
value approaches that obtained in the case of sputtered
deposited thin films.

The experimental results clearly show a dependence of
the structural and surface properties of the MBE films
on the deposition rate. The formation of small and dis-
ordered grains in the structure of the copper thin films
seems to be favored by a low deposition rate where smooth
surfaces with long roughness correlation lengths are
obtained. Moreover, increasing the deposition rate, the
structural and surface features evolve towards that
obtained in the case of sputtering-deposited thin films.
This can be interpreted considering the different energy of
the particles that impinge the substrate in the two
deposition processes.

In the case of thermal evaporation, increasing the
evaporation rate the supersaturation ratio increases and
the lateral diffusion length of the adatoms decreases [22].
This reflects in a short lateral correlation length at high
rates because the atoms are chemiadsorbed soon after they
hit the surface. The low migration time, enhanced by the
fact that the substrate is not heated, favors the formation
of small oriented grains rather than the formation of flat
terraces giving rise to the (1 1 1) oriented grain structure of
Cu films [10]. The higher is the number of atoms that hit
the surface, the lower is the time spent in a particular area
of the substrate and the higher is the grain dimension. This
happens because the incoming atoms are trapped in the
chemical potential created by the atoms of the surface
before they can escape and migrate on the surface.
Therefore, a high deposition rate prevents the diffusion
of the atoms from the coalescence zone where the surface
energy favors the oriented grain formation.

In the case of sputtered thin films, the energy of the
sputtered Cu atoms is typically about 10 times the energy
of Cu atoms thermally evaporated in vacuum at the
temperature of about 1000 1C [23]. For this reason the
incoming Cu atoms are soon chemiadsorbed by the
impinged surface resulting in a short diffusion length also
at low deposition rates. The factor of 10 between the
energy of the incoming particles in the two different
deposition processes gives the reason for the similarity
between the results obtained in the case of the sputtered

thin film deposited at 2.5 Å/s and the MBE thin film
deposited at 20 Å/s.

4. Conclusions

X-ray analysis of Cu thin films deposited by MBE
showed that both the structural and the surface properties
strongly depend on the deposition rate. Increasing the
deposition rate, more structurally ordered films are
obtained whereas the correlation of the roughness between
the substrate and the film surface is reduced. Comparing
the experimental results with those obtained for a sputtered
thin film, a similarity between the properties of the MBE
thin film deposited with the highest rate and that shown in
the case of sputtering is observed. This result is interpreted
on the basis of the different energies of the particles in the
two deposition processes. The possibility of obtaining
sputtered high quality thin films with a high deposition rate
could enable us to reduce the deposition time and the costs
in the fabrication of electronic devices.
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