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Stress evolution during intermittent homoepitaxial growth of (111)-oriented Cu and Ag thin films
has been studied. A tensile stress change is observed when growth is stopped, but the change is reversed
when growth is resumed. Reflection high energy electron diffraction analysis of the atomic scale
surface roughness during intermittent growth demonstrates a strong correlation between the surface
structure and reversible stress evolution. The results are discussed in terms of an evolving surface defect
population.
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It has recently been shown that a tensile stress change
occurs when Volmer-Weber growth of polycrystalline
metallic thin films is interrupted and that this change is
reversible in that resumption of growth leads to an evo-
lution to the preinterruption stress magnitude and rate of
change [1,2]. This reversible stress change is observed
whether the preinterruption stress is tensile or compres-
sive, and it increases with increasing preinterruption
growth rate [2]. Further, there is a marked kinetic asym-
metry between the stress evolution at the beginning of an
interruption, and the much faster initial rate of stress
recovery after resumption of growth. These reversible
stress changes are observed at all stages of growth,
from the nucleation and growth of isolated islands [3],
through the coalescence stage [2], and into the continuous
film regime [1,2]. It has been argued that reversible stress
changes in the postcoalescence growth stage are associ-
ated with the development of excess surface steps [4] or
reversible trapping of excess atoms at grain boundaries
[5]. Alternatively, it has been suggested that these
changes are associated with reversible changes in the
concentration of adatoms [3] and other surface defects
[2] that accumulate during all stages of Volmer-Weber
growth.

It has been argued that the component of the stress
change that is rapidly recovered when growth is resumed
is associated with the generation of a nonequilibrium
adatom concentration during growth. The undercoordi-
nated adatoms interact with substrate atoms to generate a
force dipole, resulting in a compressive stress in the
surface [6]. In earlier work, a thermodynamic formalism
was derived to relate the observed early-stage stress be-
havior to the force-dipole magnitude [2]. It was found that
values extracted from experiments on continuous poly-
crystalline films compared well with embedded atom
method molecular dynamics calculations of the force
dipole.

When growth is first resumed after an interruption, the
only change in the relaxed surface, and therefore the only
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source of stress, is the modification of the adatom popu-
lation. However, as the growth process continues a num-
ber of different types of defects are created (e.g., surface
vacancies, excess surface steps, etc.), and each of these
defects leads to an associated modification of the average
surface stress. Although it is straightforward to extract
the contribution of the noninteracting adatoms to the
stress evolution, it is more difficult to assign and sum
the contributions of the entire set of defects that exist
once a surface becomes rough on a multilayer scale.
However, the ensemble of surface defects that result
from the dynamic processes of growth leads to stresses
that relax as the structures are eliminated through dif-
fusive processes during growth interruptions.

Based on the arguments outlined above, reversible
stress changes should be observed during interruptions
of homoepitaxial growth for the same reasons they are
observed during the growth of polycrystalline films. To
test this expectation we have carried out experiments on
homoepitaxial growth of epitaxial Ag and Cu films,
materials used in earlier studies of polycrystalline films.
While in situ stress measurements have been reported
during epitaxial growth of metal films [7], there have not
been reports of stress evolution during growth interrup-
tions. We report observations of reversible stress changes
during intermittent growth and also demonstrate a corre-
lation with changes in surface defect concentrations, as
indicated by in situ real-time reflection high-energy elec-
tron diffraction (RHEED).

The ultrahigh vacuum deposition system used in this
study has a base pressure of 5� 10�10 Torr and has three
e-beam deposition sources and a quartz oscillator for use
as a deposition rate monitor. This system is equipped with
an all-electrical stress monitor that is introduced through
the double-valued UHV loadlock chamber. Stress is
monitored in real time as films are deposited on the
cantilvever beam sample. Changes in stress at one surface
of the cantilever cause the beam to bend, and the deflec-
tion is monitored by tracking the capacitance between a
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FIG. 1. Topographic representation of the RHEED pattern
intensity observed during the growth of Cu=Cu�111�. The
thickened isointensity line within the highlighted region rep-
resents the value used to track the surface roughness.
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metal film on the backside of the beam and a fixed sensor.
All of the components of the stress monitoring device,
including the capacitance sensor and cantilever clamp,
were machined into a single piece of glass ceramic.
Because of the monolithic design of the device, sample
placement error has been eliminated and the device is
compact enough to fit through the chamber loadlock. This
device can detect displacements of order 1 nm and has a
bandwidth of 1 kHz. The UHV system is also equipped
with a RHEED system. The RHEED system emits elec-
trons at 10 keV and the configuration allows beam reflec-
tion at angles of incidence between 1� and 3�. The
diffracted electrons illuminate a phosphor screen from
which data are collected using a high resolution digital
camera.

The RHEED technique samples the top few mono-
layers of a sample and therefore gives atomic scale in-
formation about the structure and morphology of
surfaces. In the case of an atomically flat surface only
the two-dimensional periodicity is represented in the
Ewald sphere; therefore, in the absence of a diffraction
condition in the out-of-plane direction, the diffraction
pattern will consist of streaks. In the case of a surface that
is rough on a length scale smaller than the mean free path
of the 10 keV electrons (of order 100 �A [8]), a Bragg
condition associated with the three-dimensional period-
icity of the lattice results in diffraction spots. Therefore,
by tracking the relative ‘‘streakiness’’ of the diffraction
pattern, it is possible to qualitatively track the atomic
scale surface roughness, within the above mentioned
limits [9]. RHEED has been widely used to demonstrate
the relaxation of surface roughness after interruptions of
growth of epitaxial compound semiconductors, e.g., GaAs
[10]. To our knowledge it has not been used to track
surface roughness changes during the growth and growth
interruptions of metal films when those films have been
grown via electron-beam evaporation. The amount of
light emitted by an e-beam deposition source filament is
very high and is not constant, so that the magnitude and
noisy nature of the light emitted by the deposition source
makes collection and interpretation of the RHEED in-
tensity pattern difficult to impossible. To eliminate this
problem in the current experiment, a steel cone was
constructed and inserted into the UHV system so that it
was sealed to the phosphor screen and projected up to the
sample. The cone was aligned such that electrons dif-
fracted from the sample were collected through a 1 cm
diameter orifice. The inside of the cone was also coated
with graphite to reduce internal reflection. The addition of
the cone also significantly reduced diffraction pattern
expansion/contraction and shift effects due to changes
in electric fields associated with the opening and the
closing of the deposition shutter.

Samples were prepared by depositing 100 nm thick
epitaxial Au films on 100 �m thick H-terminated
Si(111) wafers and a subsequent backside Au film was
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deposited to act as a backplane for the capacitance
measurement. The films were analyzed through both
transmission electron diffraction and x-ray pole figure
characterization. The relative spread in the in-plane
and out-of-plane orientations were �2:9� and 0:17�,
respectively.

Transmission electron microscopy (TEM) indicated a
relatively high dislocation density, but no clearly de-
fined domain or low-angle grain boundaries. The samples
were cut into the 1 cm� 3 cm cantilever geometry for
the stress measurements or into the 1 cm square RHEED
sample geometry. Once the samples were loaded either
into the stress monitor or on the RHEED sample jig
they were introduced through the loadlock into the sys-
tem. A 100 nm thick continuous Cu or Ag film was then
grown on the sample and the epitaxial character was
confirmed through in situ RHEED analysis and through
postexperiment ex situ x-ray diffraction and TEM analy-
sis. The Cu films were fully relaxed and the Ag films did
not detectably relax due to their near-perfect lattice
match with the Au. After the films were grown, 24 h
were allowed before further RHEED or stress experi-
ments were performed. During the experiments the depo-
sition rate was held at a constant 1 A=s and the samples
were shuttered during the growth interruption phases of
the experiments. All experiments shown here were per-
formed at a nominal substrate temperature of 300 K.
Figure 1 shows a topographic image of the intensity of
one of the RHEED patterns captured during the Cu
experiments. All of the RHEED patterns described herein
were taken along the h110i azimuth. The highlighted
h1 0i-type diffraction spot on the lower left was used to
track the spot length throughout the experiment.

The Cu experiments consisted of two growth phases
lasting 50 s each (corresponding to growth of 50 A), and
two growth interruptions of 50 s duration each. Figure 2
shows the results for both the stress measurements and
RHEED spot length data. Note the similarities between
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FIG. 2. The Cu=Cu�111� system stress thickness (bottom) and
RHEED spot length (top) as a function of time.
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the reversible stress evolution and the surface rough-
ness. The reversible nature of the stress data is mirrored
in the RHEED data. Also note that the initial slope of the
stress curve at the beginning of growth is much larger
(a vertical line on the time scale shown) than that of the
RHEED data.

The Ag experiments consisted of a single 100 s growth
period followed by a growth interruption of indefinite
length, leading to the results shown in Fig. 3. Again, as in
the Cu system, there is a correlation in the stress change
and a surface structure change when growth is inter-
rupted. Also, although the average stress is evolving
toward a tensile state during growth, the stress change
during the growth interruption is still in the tensile
direction, demonstrating that reversible stress change
does not result from a relaxation of the film stress.

Both Cu and Ag (111)-oriented homoepitaxial films
grow in the ‘‘three-dimensional’’ or ‘‘multilayer’’ growth
FIG. 3. The Ag=Ag�111� system stress thickness (bottom)
and RHEED spot length (top) evolution as a function of time.
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mode at room temperature [11,12]. This kinetic rough-
ening is due to a low interlayer adatom diffusion that
results from the relatively large Ehrlich-Schwoebel bar-
rier for close-packed surfaces of fcc metals [11,13]. Thus,
the adsorbed flux tends to either be incorporated at the up-
step of the adsorbing terrace or form critical nuclei of two
or more atoms, becoming essentially immobile. Flux
impinging on these islands then leads to the nucleation
of new islands, and growth proceeds through a ‘‘wedding
cake–type’’ mode. The low interlayer mobility of the
adatoms and the high probability of nucleation results
in a rapid accumulation of defects ranging from adatoms
and adatom vacancies to a large density of step ledges.
Small multilayer islands on the order of tens of angstroms
in diameter can lead to large step densities, which can
greatly modify the measured average surface stress.When
growth is interrupted, this roughness decays, but it is
kinetically limited by the large Ehrlich-Schwoebel
barrier.

Each type of defect adds both a modification to the
surface stress and a different time scale to the stress
evolution. The compressive stress resulting from the ad-
dition of adatoms does not require diffusion, while the
reduction of the excess adatom concentration does require
diffusion. The creation of small multilayered islands also
requires little diffusion during growth, while down-step
diffusion and the relaxation of the islands takes much
longer. The buildup and decay of these surface defects
leads to the observed reversible stress and structure
changes, with the observed kinetic asymmetry resulting
from the different mechanisms required for the accumu-
lation and reduction of the excess surface defects.

The instantaneous stress (partial derivative of the
stress thickness with respect to thickness) in the Cu
system just after the shutter was opened had an average
value of 9:663� 1:307 GPa. Utilizing the thermody-
namic formalism derived in [2], the instantaneous stress
above corresponds to an adatom-surface force dipole of
magnitude 0:710� 0:096 eV, which compares well with
the previously reported value of 0:67� 0:079 eV for
(111)-textured polycrystalline Cu films. Using nine total
growth phases (data not shown) the average instantaneous
stress in the Ag homoepitaxy system was 3:669�
0:94 GPa, which corresponds to an adatom surface inter-
action of 0:441� 0:113 eV. Embedded atom method cal-
culations of the force-dipole magnitude for these systems
result in a value of 0.572 eV for Cu and 0.430 eV for Ag.
On the time scale of Figs. 2 and 3, the initial stress
evolution appears to have an infinite slope; however, the
RHEED data do not evolve as rapidly. In the first moments
of the growth interruptions, the slope of the stress thick-
ness versus thickness curve is large and positive, a verti-
cal line on the time scale shown. Again, the diffraction
results evolve more slowly. On a longer time scale the
stress evolution also appears to reach a steady state faster
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than that of the RHEED results. These results are con-
sistent with the expectation that isolated atomic defects
such as adatoms do not significantly affect the RHEED
pattern. They also indicate that some of the defects that
result in RHEED spot changes do not significantly affect
the stress.

The change in the surface stress is given by �f 	
���a	step � 
�a	kink � A	adatom 
 � � � , where �, �,
and a are the magnitude of the step-face surface stress
(energy/step atom), the step height, and the inverse of the
step-face area per atom [14], respectively, and 	step is the
step density (#=length), 
 is the kinked step-face surface
stress, 	kink is the kink density (#=length), A is the adatom
force-dipole magnitude, and 	adatom is the adatom density.
The approximate value of A is 0:572 eV=atom [2]. A
simple bond order argument gives the same formation
energy for a kink as a step, so that the addition of kinks
serves only as an effective increase in step length. � and 

are therefore estimated to be 0:59 eV=atom from bond-
order arguments for the formation of a step on the
Cu(111), based on a cohesive energy of 3.544 eV [15].

It is difficult to suggest a reasonable density for the
transient defects present during growth, since all experi-
mental evidence that exists is either from data collected
during growth interruptions or is qualitative (as in the
case of our experiments). However, it has been found that
at steady state and 300 K, STM images of Cu(111) and
Ag(111) steps are not well defined [16] because the den-
sity of defects near step ledges (adatoms emitted by the
steps, kinks, etc.) is large. If we estimate that the average
atomic-scale defect has an elastic component of inter-
action equal to 0.5 eV (as argued above), not taking into
account defect-defect interaction, more than 50% of the
surface during growth must be covered by these average
defects to get a reversible stress equal to that observed in
the Cu system. From this we conclude that defect-defect
interactions significantly contribute to the observed sur-
face stress. In the case of adatoms, the contribution of
defect-defect interactions at 1=3 coverage can double the
surface stress calculated when interactions are not con-
sidered, and this effect continues to grow with higher
coverages [17]. Similar effects are expected for other
defects such as steps and kinks. A complete accounting
of all of the defects present during growth and all of the
interactions among them could significantly reduce the
defect density required to explain our experimental
observations.

In summary, reversible stress changes have been ob-
served during interruptions of homoepitaxial growth of
(111)-oriented Cu and Ag epitaxial films. These changes
are similar in both magnitude and kinetics to those
056104-4
observed during growth of polycrystalline films of the
same materials. For growth of homoepitaxial and con-
tinuous polycrystalline films, analysis of the initial in-
stantaneous stress after the resumption of growth
indicates a dominant role for an increased adatom popu-
lation. Reversible changes in RHEED patterns have also
been observed to correlate with latter-stage stress evolu-
tion before and after interruptions of homoepitaxial
growth. These changes occur at a stage in which multi-
layer surface roughening or smoothing is expected to
significantly contribute to the surface stress. This result
supports the suggestion that reversible stress changes
during interruptions of film growth are associated with
changes in the atomic scale surface structure. In situ
highly sensitive stress measurements provide a quantita-
tive real-time measure of surface evolution during film
growth and during postgrowth smoothing of surfaces.
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