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Epitaxial ~001! oriented Mo/V superlattices have been grown on MgO~001! substrates kept at 700 °C by
magnetron sputter deposition. Films with different modulation periodsL and with different fractions,XV , of
V in the period were investigated (XV5DV /L, whereD V is the V-layer thickness!. TheL range was 0.313 to
17.7 nm andXV was varied in the range 0.11 to 0.93. The as-deposited films were characterized by cross-
sectional transmission-electron microscopy and by x-ray-diffraction techniques. The results show that the
superlattices change from a structure with smooth Mo and V layers with sharp and well-defined layer interfaces
to a structure where the V layers have a large in-plane thickness fluctuation when the V layers exceed a critical
thicknessDc . Dc increases from;0.3 to;8 nm asXV is increased from 0.11 to 0.83 and for equally thick
Mo and V layersDc is ;2.5 nm. The layer thickness fluctuations are nonaccumulative and disappear if the
periodicity of a growing Mo/V superlattice is changed so that the V-layer thickness becomes smaller than
Dc . Mo was found to grow in a two-dimensional mode producing layers with uniform thicknesses, following
the undulated surface of the V layers. The results are explained in terms of growth above and below the
roughening temperatures for V and Mo, respectively. The roughening of V is suggested to be triggered by the
surface strain and curvature induced by misfit dislocations.

I. INTRODUCTION

The use of one-dimensional superlattice structures is rap-
idly expanding due to their application in, e.g., semiconduc-
tor devices and in magnetic recording media. The latter ap-
plication area has in fact been the main driving force for the
increasing interest in structure and properties of ultrathin me-
tallic films and multilayers. The need for an increased fun-
damental understanding, and thus control, of film nucleation
and growth processes is thus understandable. The details of
how growth proceeds in a particular case depends on both
the thermodynamics and the kinetics involved. For example,
at high temperatures where surface diffusion is extensive, the
wetting of a surface by deposited atoms largely depends on
the energies of the substrate-vacuum, film-vacuum, and
substrate-film interfaces,gs , g f , andg i , respectively. Ne-
glecting anisotropy of the surface energies and any kinetic
barriers, the deposit wets the substrate and nucleates in a
two-dimensional~2D! mode if g i1g f,gs . On the other
hand ifg i1g f'gs the film growth is expected to change to
a three-dimensional~3D! mode after a few monolayers,1–3

i.e., the film grows in a so-called Stranski-Krastanow~SK!
mode, commonly observed in many heteroepitaxial materials
system. Finally, ifg i1g f.gs a 3D island growth mode is
expected to occur directly.

However, as mentioned above, kinetic effects such as high
supersaturation, kinetic energy barriers at surface steps, etc.
can significantly influence the growth mode. Also the pres-
ence of strains in heterostructures with a lattice mismatch
between the two constituents will influence the growth in
terms of the interface structure and microstructure of the de-
posited layers. This is of particular importance in superlattice
structures since the total strain not only depends on the con-

stituent materials but also on the ratio of the layer thick-
nesses and the amount of structural defects. The strain en-
ergy in a growing film that has a lattice mismatch to the
substrate increases linearly with film thickness. This contin-
ues until a critical thickness has been reached large enough
such that the built-in strain energy can act as a driving force
for relaxation of the coherency strain. This can be done ei-
ther close to the interface by introduction of misfit
dislocations4 ~MD! or by rearrangement of the film atoms to
form 3D islands. Such islands can either be coherent at the
interface but relaxed at the surface5,6 or fully relaxed by
MD’s at their interface to the substrate.3,7–9 Relaxed 3D is-
land growth, also called SK growth, can occur when the
film-substrate interaction is weak, compared to the interac-
tion between atoms in the film only,3 and when there is a
lattice mismatch between the film and the substrate.1 The
thickness where the growth turns from 2D to 3D in SK
growth is not easy to predict but it is usually found to be a
few monolayers only. Coherent 3D island~CI! growth has
been observed in several heteroepitaxial semiconductor
systems.5,6,10–12This growth mode is possible when the dif-
fusion of surface atoms is not limited by kinetics and if there
exists a barrier for the creation of MD’s. The underlying
mechanism for this growth mode is a spontaneous long-
range 3D surface evolution that occurs at the surface of a
strained solid.13–15 For a growing film the 3D evolution of
the surface can be suppressed up to a critical thickness
DCI .

14

Whereas different theoretical models for all these strain
relaxation mechanisms have been proposed,1,7,9,14,16,17there
are still some features where realistic quantitative models as
well as experimental data are rather limited. An example of
the latter is the so-called roughening transition that occurs
for flat metal surfaces as the temperature exceeds the rough-
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ening temperatureTR .
18–21Although the implications of the

roughening transition on crystal growth were pointed out al-
most 45 years ago,18 there has been surprisingly little inves-
tigation of it for crystal growth from the vapor phase and we
believe that this effect has been neglected in many studies of
epitaxial growth.

In this paper we report on growth, by magnetron sputter-
ing, of ~001! oriented epitaxial Mo/V superlattices on
MgO~001! single-crystal substrates. The system was chosen
as a model system of epitaxial metallic superlattices with a
moderate lattice mismatchh0 between the two constituents.
The lattice mismatch for V on Mo amounts toh0523.9%
and is defined ash05(a0V2a0Mo /a0Mo), where a0V and
a0Mo are the bulk lattice parameters. In particular, we report
on how the growth modes depend on the wavelengthL and
the fraction,X V , of V in the period (XV5DV /L where
DV is the V-layer thickness! of grown structures. It is dem-
onstrated that the ability to grow smooth layers with sharp
interfaces~thus to avoid 3D growth! strongly depends on
bothL andXV . The observed results are discussed in terms
of existing models for strain relaxation and surface roughen-
ing. Furthermore, it is demonstrated that, for this material
system, a roughness formed during growth of one layer does
not necessarily accumulate, but that instead a smoothening
can be obtained upon growth of subsequent layers.

II. EXPERIMENTAL DETAILS

The Mo/V superlattices were grown epitaxially on pol-
ished MgO~001! wafers by dual target magnetron sputtering.
The deposition system and the procedures for substrate
cleaning and growth as described elsewhere22 were used with
the following exceptions: The substrates were mildly cleaned
using soap and water before the ultrasonic cleaning proce-
dure and they were introduced through a load-lock system
into the deposition chamber. An ultimate pressure of
<331027 Pa (231029 Torr! was achieved after baking the
Viton sealed chamber~24 h at 120 °C!, which was equipped
with a turbo molecular pump and an liquid-nitrogen-~LN 2-!
cooled titanium sublimation pump. Furthermore, the back-
ground pressure was always,731026 Pa (531028 Torr!
before initiating the growth, the Ar sputtering pressure was
0.4 Pa (331023 Torr!, and the nominal deposition rates
were kept at 0.10 nm/s as determined by quartz crystal moni-
tors. The calibration of the quartz crystal monitors was fre-
quently controlled using the method of asymmetric periods.23

The substrate temperatureTS was kept at 973 K during the
depositions and some of the samples were grown so that they
contained two or more consecutively deposited superlattices
with different L and XV . The investigatedL range was
0.313–17.7 nm andXV was varied in the range 0.11–0.93.

Conventionalu22u powder x-ray diffraction~XRD! was
carried out on the samples in the low-angle~reflectivity! re-
gion as well as in the high-angle region around the average
Mo/V 002 peak~so-called Bragg peak!. These measurements
were performed using a Philips PW1820 powder diffracto-
meter with an accuracy of 0.01° in 2u. Reciprocal-space
mapping~RSM! around the Mo/V 002 and 222 Bragg peaks
was performed using a Philips MRD system operated with
~low resolution! parallel-beam x-ray optics. By performing a
sequence of coupledv-2u scans where the incidence angle

v is offset by a small amount between each scan, a two-
dimensional map of the intensity distribution in reciprocal
space can be recorded. In this way the location of peaks can
be determined accurately. The incident beam, which was pro-
duced by a Cu laboratory source, was collimated to 0.35°
and the secondary optics consisted of a 0.27° parallel-plate
collimator followed by a flat graphite secondary monochro-
mator. The sample was mounted on an open Eulerian cradle
with 360° freedom in the azimuthal anglef and 100° free-
dom in the tilt anglec, which tilts the sample normal with
respect to the diffraction plane. A more detailed description
of the RSM using this system is given elsewhere.24 RSM
made it possible to clearly distinguish the peaks correspond-
ing to different superlattices in the same sample and the
broadening of the Bragg peaks in different directions in re-
ciprocal space could thus be measured for each superlattice.
Texture pole figures were recorded for the average Mo/V
$002%, $220%, and $222% lattice planes where thef andc
ranges were 0–360° and 0–85°, respectively. Both angles
were scanned in steps of 5°.

High-resolution ~HR! cross-sectional transmission elec-
tron microscopy~XTEM! was carried out in a Jeol 4000EX
microscope operated at 400 kV with a point-to-point resolu-
tion of 0.16 nm and conventional XTEM was done using a
Philips CM20UT microscope operated at 200 kV. XTEM
sample preparation was carried out using standard
procedures.23

III. RESULTS

The crystalline quality of the Mo/V~001! superlattices
was investigated by performing a series of texture scans for
three different average plane distances of the superlattices.
Figure 1 shows the pole-figure plots up toc560° of the
Mo/V $222% planes from two superlattices,~a! L51.3 nm
~b! L510.0 nm, both withXV50.5. As can be seen, only
four sharp peaks at the samec angle of;54.7° appear,
separated from each other by 90° inf. No other peaks that
could be related to the superlattices were found outside the
range shown. Thus the films are epitaxial without the pres-
ence of high-angle grain boundaries.

The u-2u powder XRD patterns around the Mo/V 002
Bragg peaks from two symmetric (XV'0.5) superlattices
with L55.0 and 7.2 nm are shown in Fig. 2. It can be seen
that the superlattice withL55.0 nm has a larger angular
separation of the satellites and their relative intensities are

FIG. 1. Pole-figure plot of the average Mo/V$222% planes from
two Mo/V superlattices with~a! L51.3 nm and~b! L510.0 nm.
Three$112% substrate peaks are marked with ans in ~a!.

53 8115STRAIN-INDUCED GROWTH-MODE TRANSITION OF V IN . . .



very different in comparison to the sample withL57.2 nm.
These differences are mainly effects of the different period-
icities of the samples. Furthermore, it can be seen that widths
of the peaks are smaller for the short-period sample. The full
width at half maximum,b2u , of the 002 Bragg peaks from
several symmetric samples with various periods are shown in
Fig. 3. Theb2u values are corrected from the instrumental
broadening~0.12° 2u) by quadratic subtraction and the solid
line is drawn as a guide to the eye. An abrupt increase in
b2u can be seen whenL is 5 nm. WhenL is smaller than 5
nm the largest value ofb2u is 0.18° 2u ~marked by dotted
lines in the figure! and whenL exceeds 5.0 nm,b2u in-
creases to;0.4° 2u.

In order to relate the broadening of the XRD Bragg peaks
to the microstructures of the samples XTEM was performed
on samples with symmetric (XV50.5) periods in the range
of 0.6–10 nm. Figure 4 shows XTEM images of a superlat-
tice with L54.94 nm and Fig. 5 shows XTEM images of a
superlattice withL57.4 nm. In each of Figs. 4 and 5, the
upper and lower panels show overview and detailed lattice-
resolved images, respectively. The superlattice with
L54.94 nm shows flat and smooth layers with sharp inter-
faces. Furthermore, the HR XTEM image of this superlattice
clearly resolves the~002! and ~110! lattice fringes in the

growth and in-plane directions, respectively, and also a few
misfit dislocations~MD! can be observed. The dislocations
are of edge type with the dislocation lineu5@11̄0# and Bur-
gers vectorb51/23@110# in the plane of the interfaces. The
average distance between adjacent dislocations was 11.0 nm
as determined by measurements in HR XTEM micrographs
from different regions of the sample, altogether representing
760 nm of interface length with a TEM sample foil thickness
of 20–50 nm. This dislocation density is equivalent to a
strain relaxationr of ;50%.r is defined for both Mo and V
by ai(r)5a01(ai*2a0)(12r) whereai is the actual lat-
tice parameter parallel to the layers andai* is the lattice
parameter common to both the Mo and V layers expected if
no relaxation at all has occurred. The dislocations are pre-
dominantly located close to the interfaces, in the V layers. In
contrast to this highly ordered structure, the superlattice with
L57.4 nm exhibits a large waviness of the layers and the
crystal lattice is highly distorted. The wavy nature of the
layers can be seen to have the origin in large thickness varia-
tions in each V layer~bright contrast! while the Mo layers
~dark contrast! follow the wavy surface, keeping a constant
layer thickness. In order to investigate this phenomenon in
more detail, XTEM was performed on a specially designed
multilayered superlattice with several consecutively depos-
ited superlattices of different periods. The relative layer
thicknesses were kept constant,XV50.5, throughout the
sample. The left part of Fig. 6 shows a schematic of this
sample, which contains eight different superlattices withL
ranging from 10.0 nm closest to the substrate down to 1.24
nm at the top of the sample. Also shown in Fig. 6 are two
cross-sectional TEM micrographs from the short-period re-
gion ~upper image! and the long-period region of the sample
~lower image!. In the upper image in Fig. 6 the boundary
region between the superlattices withL52.40 and 1.86 nm
is shown and the lower image in Fig. 6 shows the boundary
region between the superlattices withL510.0 and 7.4 nm.
Even though the waviness is less pronounced in this sample,
compared to the sample shown in Fig. 5, it can be seen that
the surface roughness of one V layer is not reproduced in the
next V layer, i.e., the surface roughness is not correlated. On
the contrary, the in-plane thickness fluctuations of the V lay-
ers, which occur for largeL, are often seen to be correlated.
Those parts of the V layers that are relatively thin are often
directly followed by locally thick V layers. Furthermore, the
conformal Mo coverage of the wavy V surface can also be
seen in this sample. The short-period superlattices in Fig. 6,
which were deposited on top of the wavy structures, exhibit
very smooth layers. The TEM analysis showed that the tran-
sition from wavy to flat V layers occurred whenL was
changed from 7.4 to 5.0 nm in this sample. This coincides
with the period where an abrupt increase in XRD peak width
was observed. Thus, we conclude that the change in micro-
structure, observed by TEM, whenL is increased is corre-
lated to the increased XRD peak width observed whenL
exceeds 5 nm. The fact that the short-period superlattices
grew with very flat layers on top of the wavy superlattices
shows that the roughness of the V surface at a particular
stage of the growth is not accumulated or increased as the
growth proceeds and a smoothening mechanism between
consecutive bilayers is involved. Hence, the layer-thickness
fluctuations, referred to as waviness in the present work, is of

FIG. 2. u-2u powder XRD patterns around the Mo/V 002 Bragg
peaks from two symmetric (XV'0.5) superlattices withL55.0 and
7.2 nm.

FIG. 3. The full width at half maximum,b2u , of the Mo/V 002
Bragg peaks in symmetric (XV'0.5) Mo/V superlattices as a func-
tion of L.
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a different origin than the cumulative layer-thickness fluctua-
tions caused by low surface mobility and self-shadowing re-
ported in several other studies.25–27

Multilayered superlattice films were also used in the XRD
analyses in order to accurately determine the individual layer
thicknesses in the different superlattices. This was done by
the method of asymmetric superlattices23 for a set of samples
where each individual sample contained at least two different
superlattices with differentL andXV . The two sets of over-
lapping superlattice peaks could be separated by RSM of the
regions around the Mo/V 222 peaks. When each peak had
been identified, the periods were determined and, knowing
the duration of deposition of each layer, the deposition rates
and the individual layer thicknesses were calculated by the
method of asymmetric periods. As an example of this
method, Fig. 7 shows two RSM’s from the regions around
~a! the Mo/V 002 and~b! the Mo/V 222 Bragg peaks from a
sample containing two different superlattices with
L154.10 nm,XV150.76 andL259.6 nm,XV250.16, re-
spectively. The intensity is mapped in reciprocal space with
the axes in units of 1/d ~Å 21) and with thex axis in the
direction parallel to the sample surface and they axis or-

thogonal to the surface~in the growth direction!. The RSM
around the 002 peaks shows many overlapping peaks. Sev-
eral of the peaks are revealed only by a different width in the
in-plane direction at low intensities. However, in the map
around the 222 peaks, two sets of superlattice peaks are
clearly isolated from each other. The Bragg peaks, marked
B1 andB2 , corresponding to each of the superlattices, are in
this case recognized by their large intensities. The superlat-
tice satellites from each superlattice are seen as peaks equi-
distantly spaced in the growth direction in reciprocal space.
These peaks are labeled . . .S1

22,S1
21 ,S1

11 ,S1
12 , . . . and

. . .S2
22 ,S2

21 ,S2
11 ,S2

12 , . . . in the figure. When the peaks
have been identified in the 222 map, then the small and over-
lapping features in the symmetric 002 map can be labeled.
The peaks inu-2u powder diffractograms, which have
higher resolution than parallel-beam RSM, were identified in
the same way and were used in order to get more accurate
values ofL1 andL2 .

The curve in Fig. 3 that shows howb2u depends onL
was obtained for symmetric superlattices (XV'0.5). Fur-
thermore, theu-2u XRD patterns used for this result were

FIG. 4. Cross-sectional TEM images of a su-
perlattice withL54.94 nm andXV50.5. The up-
per and lower panels show overview and detailed
lattice resolved images, respectively.
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obtained using a powder diffractometer with focusing Bragg-
Brentano geometry, making it impossible to relate a small
peak broadening to the crsytallographic directions of a
single-crystal sample. Using RSM it is possible to directly
identify the direction of the peak broadening, making it
easier to identify the features causing the broadening. The
increasedu-2u broadening of the Bragg peaks observed in
the Bragg-Brentano geometry~Figs. 2 and 3! was found to
be related to an increasedv broadening,bv of the Bragg
peaks in RSM. In order to investigate how the growth of V
depends onL as well as onXV , several multilayered super-
lattice samples, each containing at least two superlattices
with different L andXV , were investigated by RSM. The
superlattices were classified into two groups depending on if
the measuredbv was narrow (bv,0.41°! or if the Bragg
peaks were wide (0.41°,bv). The limit bv50.41° corre-
sponds to the limitb2u50.18° 2u atL55.0 nm marked by
the dotted lines in Fig. 3. Figure 8 is a plot showing the result
of this classification whereXV is plotted versusL and the
symbols in the figure show which group each superlattice
belongs to. The results in Fig. 3 lie on the lineXV'0.5. A
trend can be seen that superlattices that yield narrow Bragg

peaks have either largeXV or shortL whereas superlattices
with wide peaks have relatively smallXV values or large
L. This result shows that V grows in a 2D fashion to larger
layer thicknesses when the V fraction of the modulation pe-
riod becomes larger. This, in turn, implies that for each par-
ticular asymmetryXV of a Mo/V~001! superlattice, there is a
critical V-layer thicknessDc ~and periodicity L) above
which the x-ray peaks are broad, i.e., the growth of V is 3D
in character. This can be seen in Fig. 9 where the dotted line
showsDc plotted versusXV ~labeled on the top of the fig-
ure!. It can be seen that the transition between narrow and
wide peaks increases monotonically withXV , indicating that
the 2D-3D transition occurs at a larger V-layer thickness if
XV is increased. WhenXV50.5 the transition occurs at
DV'2 nm, which is close to the value of 2.5 nm, obtained
using the Bragg-Brentano XRD geometry and TEM. The
other lines in Fig. 9 represent theoretical models for the criti-
cal thickness, which will be discussed in the next section.

In summary, the main results are as follows:~i! A transi-
tion from smooth to wavy V layers occurs at a critical
V-layer thicknessDc . ~ii ! Dc increases whenXV increases.
~iii ! Growth with flat layers can be achieved on top of a

FIG. 5. Cross-sectional TEM images of a su-
perlattice withL57.4 nm andXV50.5. The up-
per and lower panels show overview and detailed
lattice resolved images, respectively.
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superlattice with wavy layers if the modulation is changed
such thatDV,Dc . ~iv! Mo does not show any tendency of
3D growth.

IV. DISCUSSION

We have experimentally observed, in single-crystal
Mo/V~001! superlattices, that a transition from smooth to
wavy V layers occurs at a critical V-layer thicknessDc ,
which for superlattices with symmetric periods is;2.5 nm.
In contrary to this, Mo was found to grow with a uniform
thickness following the surface of the V layers. The flat-
wavy transition is associated with an increased XRD peak
width of the superlattice Bragg peaks. The XRD analyses
showed thatDc increases with increasing relative V-layer
thicknessXV5DV /L. The layer thickness fluctuations are
nonaccumulative and disappear if the periodicity of a grow-
ing Mo/V superlattice is changed so thatDV becomes
smaller thanDc . The results point at four phenomena occur-
ring during growth of the superlattices; the transition from
smooth V layers to layers with large in-plane thickness fluc-
tuations asDV exceedsDc , theXV dependence ofDc , the
smoothening process responsible for the nonaccumulative
surface roughness, and the conformal coverage of Mo on the
wavy V surface.

In this section we first discuss the expected nucleation
behavior of Mo and V in terms of surface and interface en-
ergies. Thereafter, possible reasons for a 3D morphology
evolution of a growing V film are discussed. We conclude

that the classical concepts of growth modes cannot explain
our experimental results, instead we suggest that the V
growth is governed by the so-called roughening transition of
a crystal surface,18,20 which is triggered by surface strain
gradients associated with the presence of misfit dislocations.

A. The role of surface and interface energies

Using the arguments concerning the surface and interface
energies outlined in the Introduction, the expected growth

FIG. 6. A schematic figure of a multilayered superlattice sample,
which contains eight different symmetric superlattices withL rang-
ing from 10.0 nm closest to the substrate down to 1.24 nm at the top
of the sample. The upper TEM micrograph shows the boundary
region between the superlattices withL52.40 and 1.86 nm and the
lower image shows the boundary region between the superlattices
with L510.0 and 7.4 nm.

FIG. 7. Reciprocal-space maps from the regions around~a! the
Mo/V 002 and~b! the Mo/V 222 Bragg peaks from a sample con-
taining two different superlattices withL154.10 nm,XV150.76
(D1Mo50.99 nm, D1V53.11 nm!, and L259.6 nm, XV250.16
(D 2Mo58.06 nm,D2V51.55 nm!, respectively. The intensity of the
diffracted x-ray beam is mapped in reciprocal space with thex and
y axes in the directions parallel and perpendicular to the sample
surface, respectively.

FIG. 8. Plot of the relative V-layer thicknessXV5DV /L of each
sample in this study vsL. The open and filled symbols show the
v width of the XRD Bragg peak,bv . Open triangles represent
superlattices withbv,0.41° and filled triangles represent superlat-
tices with bv.0.41°. The results in Fig. 3 lie on the line
XV50.5.
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modes of V on Mo and Mo on V were investigated. We
found that V should nucleate and grow in a 2D mode up to a
V-layer thickness of at least 30 nm on Mo. This is much
larger than the thickness of a few monolayers that is usually
found in SK systems and also larger than the critical thick-
nessDc experimentally observed in this work. Thus, for the
V-layer thicknesses considered in this work (DV,10 nm!,
interface and surface energies alone are not critical for
changing the growth of V from wetting to nonwetting con-
ditions. Moreover, a substantial bulk diffusion is required to
turn such a thick film from a wetting to a nonwetting state.
This is unlikely to occur at the used growth temperature
Ts5973 K, since interdiffusion has been observed experi-
mentally to be negligible.28 Based on these arguments we
conclude that, at temperatures high enough to allow for an
extensive surface diffusion but below the temperatures where
bulk diffusion is activated, V will nucleate and grow as a 2D
film up to a thickness of;30 nm. Our experimental results
for V in Mo/V superlattices do not agree with this conclu-
sion. V layers with a 3D surface morphology are observed at
much smaller thicknesses, indicating that surface and inter-
face energies play a minor role for the observed waviness in
the studied superlattices.

Contrary to V on Mo, surface energy arguments indicate a
strong driving force for a three-dimensional nucleation of
Mo on V. However, we did not find any evidence of a pro-
nounced island growth of Mo on V in our experiments. At
short periods it is clear from the TEM images shown that the
growth occurs in a 2D mode. Mo conformally covers the V
surface even after the 2D-to-3D transition, indicating a 2D
growth of Mo on each terrace of the V surface. Using the
argumentation with surface and interface energies above, the
wetting condition can never be fulfilled for a Mo film on a V
substrate sincegV2gMo,0. This indicates either that the
surface energy is modified during growth of Mo or that the
growth is governed by limited Mo surface diffusion, which

forces the Mo to nucleate as 2D islands or bind to the step
edges. First, the high surface energy during growth of Mo
can be lowered by the presence of impurities at the film
surface, acting as a surfactant. For example, a reduction in
the film surface energy can be achieved by surface segrega-
tion of a small amount of V to the surface of the growing Mo
film. This kind of growth would require a high surface mo-
bility of V and it would imply that Mo atoms penetrate the
surface V layer and nucleate as the second atomic layer from
the surface. As will be shown in Sec. IV C the growth tem-
perature is above the so-called roughening temperature for V,
which shows that the V surface diffusivity indeed is high.
Secondly, initial cross-sectional TEM studies of single-
crystal Mo/W~001! superlattices, grown under the same con-
ditions as the Mo/V superlattices in the present work,
showed a pronounced accumulated roughness,29 implying
that Mo growth is kinetically limited atT5970 K. Thus, we
conclude that the growth of Mo in the present Mo/V super-
lattices is governed by limited surface kinetics, possibly in
combination with surface impurities that reduce the surface
energy. The absence of accumulated roughness must then be
due to the smoothening process during growth of V.

For the estimations in this section the surface energies
gMo andgV , at the growth temperatureTs , were calculated
by the empirical rule given by Murr.30,31The interface energy
g1 was calculated as the sum of the energy increaseEi , due
to an interface between regions of unlike atoms, and the
energyED , associated with an interfacial square network of
misfit dislocations. Ei was estimated by the equation
Ei5gMo1gV22AgMogV, which was obtained using the
definition of the surface energy21 and the Lorentz-Berthelot
rule for the interatomic potential between unlike atoms.32

ED as a function of film thickness and lattice mismatch was
calculated using the expression given by Matthews7 assum-
ing total strain relaxation of the film.

B. 3D evolution due to coherency strain

Since surface and interface energy arguments alone are
unable to explain the observed 2D-3D transition of V, we
investigated if lattice relaxed Stranski-Krastanow or coherent
3D island growth can explain a 3D morphology evolution of
V at the observed critical thicknesses. The transition thick-
nesses for both SK and CI growth depend on the lattice mis-
match between the film and the substrate. The film is the last
~growing! V layer while the substrate in this context is the
topmost layer of Mo in the already deposited part of the
superlattice. The lattice mismatchh V , of V growing on a
Mo/V superlattice, therefore depends onXV , i.e., the relative
amount of V in the superlattice, and the degree of coherency
strain relaxationrMo of the topmost Mo layer. A large value
of XV and a small value ofrMo ~little relaxation! means that
the lattice parameter of the substrate~the surface of the latest
deposited Mo layer! in the plane of the surface is mostly
guided by the V in the superlattice, which thus yields a small
hV . On the other hand, ifXV is small or if rMo is large, the
V film will experience a large lattice mismatch. It should be
noted that neither SK or CI growth can be expected to fully
explain the 2D-3D transition of V since the layers were
found to be at least partly relaxed at V thicknesses below
Dc (r'50% in smooth, 2.5-nm-thick, V layers when

FIG. 9. The critical thicknesses for coherent 3D islanding
(DCI) and misfit dislocation generation (D MD) plotted vs lattice
mismatchhV . The dotted line shows the experimentally determined
critical thicknessDc as a function of the relative V-layer thickness
XV , labeled at the top of the diagram. The dotted line corresponds
to the experimentally determined maximum thickness of 2D V lay-
ers as a function of the minimum possible lattice mismatch between
V and the Mo/V superlattice substrate. The relationship between
hV andXV was obtained through linear elasticity theory and under
the assumption of no strain relaxation (r50).
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XV50.5). However, these phenomena cannot be excluded
for other values ofXV . We have therefore estimated critical
thicknesses for 3D surface evolution in SK and CI growth
for hV values ranging from 0 toh0523.9%. Since the
2D-3D transition in SK growth is accompanied by MD gen-
eration, the critical thickness for MD generationDMD , can
be used as an approximation of the maximum transition
thickness. We use the single-film model of Matthews7 to cal-
culate DMD and DCI was calculated using the dynamical
model of Spencer, Voorhees, and Davis.14

The results of the calculations31 are presented in Fig. 9
whereDMD andDCI are shown together with the experimen-
tally determined V-layer thicknessDc for the 2D to 3D
growth transition.Dc is plotted versus the layer thickness
ratio XV , which is labeled at the top of the figure. The rela-
tion betweenXV andhV was obtained using linear elasticity
theory assumingrMo50, which certainly is not true, at least
not for the superlattice withDV5Dc andXV50.5, as is evi-
dent from the TEM results. The experimental curve thus rep-
resents the maximum thickness of a flat V film as a function
of the minimum possible lattice mismatch between V and a
Mo/V superlattice substrate with a givenXV . Note thathV is
negative sincea0V is smaller thanaiMo .

As can be seen in Fig. 9,Dc coincides only with the
critical thickness for MD generation whenuhVu>0.035.
HereDc is about 0.5 nm (;3 monolayers!, which is a typi-
cal thickness observed for the 2D-3D transition in SK sys-
tems. Thus, for small values ofXV ~largeuhVu), V may well
grow in the classical SK mode. For smalleruhVu values,
DMD is smaller thanDc , which is in line with our findings
that the V layers are partly relaxed before the 2D-3D transi-
tion occurs. This also confirms that V does not grow in a
classical SK mode in this type of superlattice. TheD CI curve
is below bothDc andDMD in the range ofXV investigated
experimentally, suggesting that coherent 3D island growth
should be the main relaxation mechanism. This is in contra-
diction with our experimental results and we thus conclude
that the CI model used is not applicable to V on Mo at the
given growth conditions. One possibility to qualitatively ex-
plain the observed 2D-3D transition atDc , in the framework
of coherent 3D islanding, is to allow for a certain degree of
relaxation by MD’s before the 3D surface evolution occurs.
Such a ‘‘semicoherent’’ 3D islanding would be an interme-
diate growth mode between coherent 3D islanding and SK
growth and would be in agreement with our observation that
MD’s are present at V-layer thicknesses belowDc . Although
a theoretical description of ‘‘semicoherent’’ 3D islanding
has, to our best knowledge, not been reported in the litera-
ture, it cannot be excluded as the mechanism for the wavi-
ness observed in this work.

Even if the preceding treatment certainly is oversimplified
it demonstrates the sensitivity in surface and strain energy
balances and qualitatively predicts the observed 2D nucle-
ation behavior of V during growth of short period Mo/V
superlattices. However, the subsequent 3D evolution of V
cannot be explained by the classical models. This implies
that the morphology of V is governed primarily by other
driving forces than surface and coherency strain energies.

C. 3D evolution due to the roughening transition

We conclude from the preceding section that the V layers
in a Mo/V superlattice grow in a wetting mode and that the

layers relax by misfit dislocations without island evolution
whenuhVu<0.035 andDV,Dc . Stranski-Krastanow growth
or coherent 3D islanding can not explain the waviness of the
V layers asDV exceedsDc . Thus, another mechanism has to
be employed in order to explain our results.

Roughening due to kinetically limited growth is unlikely
since the diffusion length involved is estimated to be in the
mm range~using Einstein’s relation and the approximation of
the surface diffusion coefficient described by Flynn33!.

On the contrary, the high diffusivity indicates that the sur-
face is above the so-called roughening temperatureTR .

21 At
TR no free energy is needed to form a surface vacancy or a
kink at a step edge since the formation energy is exactly
balanced by the entropy term. BelowTR the surface is basi-
cally flat with only small clusters of adatoms or surface va-
cancies present, whereas aboveTR the surface diffusion is
fast and arbitrarily large clusters can be found with a delo-
calized surface as a consequence.TR is predicted to be
higher for surfaces with closely packed atoms than for less
dense surfaces since the formation energies of surface vacan-
cies and kinks are larger for the more dense surfaces. The
features of the roughening transition have been modeled by
Monte Carlo simulations of surfaces described by so-called
solid-on-solid models.20 Even though determinations ofTR
are rather rare, particularly for bcc metals,TR was recently
experimentally found to be 800 K for the$110% surfaces and
860 K for the $100% surfaces of single-crystal Ta.34 These
temperatures were determined by the observation of acceler-
ated growth from the vapor phase on the faces of a field ion
microscopy tip. The ratio between the melting temperature
Tm andTR is thus 0.24 for the$110% surfaces and 0.26 for
the $100% surfaces of Ta. In the same paper the roughening
temperature for$110% surfaces of W was quoted to be
;1000 K, which corresponds toTR /Tm'0.27. Furthermore,
in a recent Monte Carlo simulation of theB2 bcc Fe0.8Al0.2
alloy the roughening temperature for the$100% surfaces of
the alloy was found to be; 1

3 of the critical temperature
which, in turn, is lower thanTm .

35 These values for bcc
metals are surprisingly low compared to the experimentally
determinedTR /Tm of 0.6–0.7 for the$110% surfaces of fcc
metals36–38 and the theoretical prediction for the$100% sur-
faces of simple cubic materials, which givesTR /Tm
50.54.20Analytical results also indicate that bcc metals have
a TR /Tm close to the value predicted for simple cubic
crystals.39 However, if we assume that the roughening tem-
peratures for the Mo and V$100% surfaces are at least
;1/3Tm , we obtain TR

Mo*960 K and TR
V*720 K,

respectively.31 These values should be compared to the
growth temperatureTS5973 K for the superlattices. Thus, a
wavy V surface can be expected sinceTS.TR

V while for Mo
no conclusions can be drawn sinceTS'TR

Mo . Furthermore,
the observed absence of accumulated roughness in the super-
lattices can also be understood in terms of the roughening
transition. If there is no lateral variation in the chemical po-
tential m, due to, e.g., surface roughness of the previous
layer or MD’s at the V/Mo interface, then there will be no
correlation between the surfaces of two neighboring V lay-
ers.

We conclude that the roughening transition can explain
the observed 3D evolution of the V surfaces as well as the
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absence of accumulated roughness in the superlattices. How-
ever, it does not explain the smoothening effect, nor the
strain-dependent critical thickness.

D. Surface migration due to lateral variations
in the chemical potential

Since both roughening and smoothening involve a signifi-
cant surface migration of atoms, we have estimated how
MD-induced surface strain and curvature influences the lat-
eral variations of the chemical potentialm. We used the elas-
tic continuum model presented by Freund, Beltz, and
Jonsdottir,15 where the lateral variation of chemical potential
m5m(x) as a function of curvature and surface strain« is
given by

m~x!5@U„«~x!…2k~x!g#3V, ~1!

whereU(«)}«2 is the strain energy density,k is the curva-
ture of the surface~which is positive if the surface is concave
to the normal direction!, g is the surface energy, andV is the
atomic volume. Thus, in the absence of lateral strain varia-
tions, Eq. ~1! describes the smoothening due to
curvature;40,41 i.e., the chemical potential on a wavy surface
varies such that mobile surface atoms are driven from re-
gions with negative curvature~‘‘ridges’’ ! down to regions
with positive curvature~‘‘depressions’’!. On the other hand,
if the surface is flat and the surface strain varies along the
surface, there will be a driving force for roughening. Thus a
periodically varying strain field due to a MD network in a 2D
layer may alone lead to a transition from a 2D to a 3D sur-
face.

Taking a 2D V layer withDV52.5 nm on a Mo/V super-
lattice with XV50.5 and r550% as an example of our
calculations31 ~corresponding to the situation in Fig. 4!, we
found that the curvature term,k(x)g Eq. ~1!, is large in
magnitude and negative,;21010 Pa,15 while the strain term
is positive and on the order of 107 Pa right above each dis-
location. Midway between the two dislocationsU(«) is on
the order of 108 Pa whilek(x)g now is positive but smaller
in magnitude thanU(«). This yields chemical potentials of
m'1 eV per atom right above the MD’s andm<10 meV per
atom in-between the dislocationsbeforeany roughening has
taken place. Thus, due to the presence of MD’s there is a
gradient of the chemical potential along the surface that pro-
vides a strong driving force for creating surface vacancies
and steps. This gradient can be expected to increase with
decreasing distance between the dislocations.

On the other hand, if V is grown coherently on an already
wavy Mo surface, the surface diffusion will be governed
only by the curvature. This means that, initially, V will have
a higher growth rate in the depression and can, before MD’s
are formed, eventually planarize the surface.

We conclude this section by noting thatm does vary in a
way such that there is a driving force for smoothing if
growth occurs on a wavy surface while roughening can be
expected when the MD density becomes large enough in flat
layers.

V. SUMMARY AND CONCLUDING REMARKS

Based on the above discussion we can now propose pos-
sible explanations for~i! the transition from smooth V layers

to layers with large in-plane thickness fluctuations asD V

exceedsDc , ~ii ! theXV dependence ofDc , ~iii ! the smooth-
ening process responsible for the nonaccumulative surface
roughness, and~iv! the conformal coverage of Mo on the
wavy V surface.

~i! In the initial stage of growth, i.e., for V-layer thick-
nesses, 30 nm, a V film wets a Mo surface due to the large
difference in surface energies between Mo and V. Although
V is predicted to grow above its roughening temperature, no
roughening seems to occur until the V layers have achieved a
certain thicknessDc . The reason can be that our estimated
TR
V for the ^100& surfaces may be too low. If this is the case,

the increasing number of MD’s, created upon relaxation as
the film grows, will cause a gradient of the chemical poten-
tial along the flat surface that provides a strong driving force
for creating surface vacancies and steps above each MD.
Surface material will be transported away from the regions
above the dislocations to areas in between the dislocations.
We propose that this is the mechanism that triggers the
2D-3D transition. Once the surface starts to be corrugated by
the presence of MD’s, faces with less densely packed sur-
faces are created. These faces have a lower energy for cre-
ation of steps, which means that they have a lower roughen-
ing temperature than the~001! surface with an acceleration
of the roughening rate as a consequence.

~ii ! The reason the onset of 3D evolution occurs at thick-
nesses far beyondDMD can again be understood if the
growth temperature is lower thanTR

V for the ~001! surface,
but higher than the roughening temperatures for other less
densely packed~high-index! surfaces. If this is the case, the
roughening will not take place unless a high-index face~with
lower TR) is created on the surface, but once this has oc-
curred the surface roughening evolves precipitously. The in-
crease inDc with increasingX V is a combined effect of the
increased critical thickness for MD generation and the re-
duced surface strain and curvature due to these dislocations
when they are located far from the surface.

~iii ! The fact that smooth layers can be obtained again
during growth by reducingDV to a value belowDc shows
that V preferably nucleates in the depressions of a wavy Mo
surface. An increased local growth rate can indeed be ex-
pected in these regions due to the large number of step edges
that provide favorable nucleation sites at the slopes. Further-
more, before any MD’s are formed, the gradient in the
chemical potential will be governed by the curvature, which
then leads to a mass transport from ridges down into depres-
sions and thus to a smoothening effect. When the depressions
are filled, the V layer will be smooth and continuous, but
with a nonuniform thickness. From this stage, smooth layers
can continue to grow provided thatXV is kept at a value such
that DV is below Dc . If not so, MD formation can again
trigger the 3D surface evolution.

~iv! The observed conformal Mo coverage of the uneven
V layers is either due to a low surface mobility of Mo or due
to an impurity related lowering of the surface energy that
leads to a 2D growth mode. This experimental observation
also implies thatTR

Mo is higher than the growth temperature
used,Tm5973 K. The observation that the roughening does
not accumulate with increasing superlattice thickness is a
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consequence of the delocalized surface of the growing V film
aboveTR

V , i.e., there is no memory effect about the rough-
ness between successive V layers. This 3D morphology is
frozen-in in the superlattices by capping the undulated V
layers with Mo, which leads to a ‘‘lasagne-like’’ structure as
seen in Fig. 5.
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