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Strain-induced growth-mode transition of V in epitaxial Mo/V (001) superlattices
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Epitaxial (001) oriented Mo/V superlattices have been grown on M@01) substrates kept at 700 °C by
magnetron sputter deposition. Films with different modulation peribdmnd with different fractionsX,,, of
V in the period were investigateX(,=D,, /A, whereD \, is the V-layer thicknegsThe A range was 0.313 to
17.7 nm andXy 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
thicknessD.. D, increases from-0.3 to ~8 nm asXy is increased from 0.11 to 0.83 and for equally thick
Mo and V layersD. 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
D.. 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.

[. INTRODUCTION stituent materials but also on the ratio of the layer thick-

nesses and the amount of structural defects. The strain en-
The use of one-dimensional superlattice structures is rapergy in a growing film that has a lattice mismatch to the
idly expanding due to their application in, e.g., semiconduc-Substrate increases linearly with film thickness. This contin-

tor devices and in magnetic recording media. The latter apY€S until a critical thickness has been reached large enough

plication area has in fact been the main driving force for theUCh that the built-in strain energy can act as a driving force

increasing interest in structure and properties of ultrathin me{—ﬁ;rrelgézgonto()f ttr?: ﬁﬁ?;;iggy Etra'ir;]'t;cr)g'jcg%ﬂ bgfd%‘igfﬁ"
tallic films and multilayers. The need for an increased fun- y

damental understanding, and thus control, of film nucleatio dislocationS (MD) or by rearrangement of the film atoms to

> "Oform 3D islands. Such islands can either be coherent at the
and growth processes is thus understandable. The details fﬁ{erface but relaxed at the surfd€eor fully relaxed by

how growth proceeds in a particular case depends on bofyn:g gt their interface to the substraté-° Relaxed 3D is-
the thermodynamics and the kinetics involved. For examplegqg growth, also called SK growth, can occur when the

at high temperatures where surface diffusion is extensive, th@im_substrate interaction is weak, compared to the interac-
wetting of a surface by deposited atoms largely depends ofjon between atoms in the film onfyand when there is a
the energies of the substrate-vacuum, film-vacuum, anthttice mismatch between the film and the substtatée
substrate-film interfacesys, ¢, andy;, respectively. Ne- thickness where the growth turns from 2D to 3D in SK
glecting anisotropy of the surface energies and any kinetigrowth is not easy to predict but it is usually found to be a
barriers, the deposit wets the substrate and nucleates infew monolayers only. Coherent 3D islari@l) growth has
two-dimensional(2D) mode if v;+y;<vys. On the other been observed in several heteroepitaxial semiconductor
hand if y; + y;~ v, the film growth is expected to change to systems:®19-12This growth mode is possible when the dif-
a three-dimensional3D) mode after a few monolayets?  fusion of surface atoms is not limited by kinetics and if there
i.e., the film grows in a so-called Stranski-Krastansk) exists a barrier for the creation of MD’s. The underlying
mode, commonly observed in many heteroepitaxial materialsnechanism for this growth mode is a spontaneous long-
system. Finally, ify,+ y;>vs a 3D island growth mode is range 3D surface evolution that occurs at the surface of a
expected to occur directly. strained solid®~® For a growing film the 3D evolution of
However, as mentioned above, kinetic effects such as higthe surface can be suppressed up to a critical thickness
supersaturation, kinetic energy barriers at surface steps, etd,.'
can significantly influence the growth mode. Also the pres- Whereas different theoretical models for all these strain
ence of strains in heterostructures with a lattice mismatchelaxation mechanisms have been propdsetf*!¢1there
between the two constituents will influence the growth inare still some features where realistic quantitative models as
terms of the interface structure and microstructure of the dewell as experimental data are rather limited. An example of
posited layers. This is of particular importance in superlatticehe latter is the so-called roughening transition that occurs
structures since the total strain not only depends on the corer flat metal surfaces as the temperature exceeds the rough-
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ening temperatur@y .82 Although the implications of the g e @)
roughening transition on crystal growth were pointed out al- U \ L / F
most 45 years ag® 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. 7
In this paper we report on growth, by magnetron sputter- \\ \ / /
ing, of (001) oriented epitaxial Mo/V superlattices on \ i
MgO(001) single-crystal substrates. The system was chosen
as a model system of epitaxial metallic superlattices with a — @
moderate lattice mismatch, between the two constituents.
The lattice mismatch for V. on Mo amounts tgy=—3.9% FIG. 1. Pole-figure plot of the average Mo{222 planes from
and is defined asy,=(apy—aomo/aomo), Whereagy and  two Mo/V superlattices with@ A=1.3 nm and(b) A=10.0 nm.
agwo are the bulk lattice parameters. In particular, we reportrhree{112 substrate peaks are marked withsam (a).
on how the growth modes depend on the wavelergtind
the fraction, X, of V in the period K,=Dy /A where  is offset by a small amount between each scan, a two-
Dy is the V-layer thicknegsof grown structures. It is dem- dimensional map of the intensity distribution in reciprocal
onstrated that the ability to grow smooth layers with sharpspace can be recorded. In this way the location of peaks can
interfaces(thus to avoid 3D growthstrongly depends on be determined accurately. The incident beam, which was pro-
both A andXy . The observed results are discussed in termsgjuced by a Cu laboratory source, was collimated to 0.35°
of existing models for strain relaxation and surface roughenand the secondary optics consisted of a 0.27° parallel-plate
ing. Furthermore, it is demonstrated that, for this materiakollimator followed by a flat graphite secondary monochro-
system, a roughness formed during growth of one layer doesator. The sample was mounted on an open Eulerian cradle
not necessarily accumulate, but that instead a smootheningijth 360° freedom in the azimuthal angle and 100° free-
can be obtained upon growth of subsequent layers. dom in the tilt angley, which tilts the sample normal with
respect to the diffraction plane. A more detailed description
of the RSM using this system is given elsewh&d&SM
made it possible to clearly distinguish the peaks correspond-
The Mo/V superlattices were grown epitaxially on pol- ing to different superlattices in the same sample and the
ished MgQ001) wafers by dual target magnetron sputtering. broadening of the Bragg peaks in different directions in re-
The deposition system and the procedures for substratEprocal space could thus be measured for each superlattice.
cleaning and growth as described elsewffanere used with  Texture pole figures were recorded for the average Mo/V
the following exceptions: The substrates were mildly cleaned002, {220, and{222 lattice planes where the and ¢
using soap and water before the ultrasonic cleaning proceanges were 0-360° and 0—-85°, respectively. Both angles
dure and they were introduced through a load-lock systemvere scanned in steps of 5°.
into the deposition chamber. An ultimate pressure of High-resolution(HR) cross-sectional transmission elec-
<3x10 7 Pa (2< 10 ° Torr) was achieved after baking the tron microscopyXTEM) was carried out in a Jeol 4000EX
Viton sealed chambef4 h at 120 °@, which was equipped microscope operated at 400 kV with a point-to-point resolu-
with a turbo molecular pump and an liquid-nitrogérN ,-)  tion of 0.16 nm and conventional XTEM was done using a
cooled titanium sublimation pump. Furthermore, the back-Philips CM20UT microscope operated at 200 kV. XTEM
ground pressure was always7x 10 ® Pa (5<10 8 Torr) sample preparation was carried out using standard
before initiating the growth, the Ar sputtering pressure wasprocedure$?
0.4 Pa (310 2 Torr, and the nominal deposition rates
were kept at 0.10 nm/s as determined by quartz crystal moni- IIl. RESULTS
tors. The calibration of the quartz crystal monitors was fre-
quently controlled using the method of asymmetric peridds. ~ The crystalline quality of the Mo/{001) superlattices
The substrate temperatufe was kept at 973 K during the was investigated by performing a series of texture scans for
depositions and some of the samples were grown so that théfree different average plane distances of the superlattices.
contained two or more consecutively deposited superlatticeSigure 1 shows the pole-figure plots up #o=60° of the
with different A and X,,. The investigatedA range was Mo/V {222 planes from two superlatticeéa) A=1.3 nm
0.313-17.7 nm an¥y was varied in the range 0.11-0.93. (b) A=10.0 nm, both withX,,=0.5. As can be seen, only
Conventionald— 26 powder x-ray diffractionfXRD) was  four sharp peaks at the samye angle of ~54.7° appear,
carried out on the samples in the low-ang@leflectivity) re-  separated from each other by 90°dn No other peaks that
gion as well as in the high-angle region around the averageould be related to the superlattices were found outside the
Mo/V 002 peak(so-called Bragg peakThese measurements range shown. Thus the films are epitaxial without the pres-
were performed using a Philips PW1820 powder diffracto-ence of high-angle grain boundaries.
meter with an accuracy of 0.01° in62 Reciprocal-space The #-26 powder XRD patterns around the Mo/V 002
mapping(RSM) around the Mo/V 002 and 222 Bragg peaks Bragg peaks from two symmetricX(,~0.5) superlattices
was performed using a Philips MRD system operated withwith A =5.0 and 7.2 nm are shown in Fig. 2. It can be seen
(low resolution parallel-beam x-ray optics. By performing a that the superlattice witlh =5.0 nm has a larger angular
sequence of coupled-26 scans where the incidence angle separation of the satellites and their relative intensities are

o

a) A=L.3nm b) A=10nm

Il. EXPERIMENTAL DETAILS
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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 line=[110] and Bur-
gers vectob=1/2X[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 relaxatiorp of ~50%. p is defined for both Mo and V
by a;(p) =ap+(af —ag)(1—p) wherea, is the actual lat-
tice parameter parallel to the layers aafl is the lattice
; . . . ! parameter common to both the Mo and V layers expected if
50 525 55 575 60 625 65 no relaxation at all has occurred. The dislocations are pre-
20/(deg) dominantly located close to the interfaces, in the V layers. In
contrast to this highly ordered structure, the superlattice with
A=7.4 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 layerbright contrast while the Mo layers
d (dark contrastfollow the wavy surface, keeping a constant
hIg\yer thickness. In order to investigate this phenomenon in
finore detail, XTEM was performed on a specially designed
multilayered superlattice with several consecutively depos-

several symmetric samples with various periods are shown i gdksuperlatt|ces (l)<f different g{erf)gss. T?]e relﬁuve Ihayer
Fig. 3. TheB,, values are corrected from the instrumental ICKN€sses were kept constay =0.5, throughout the

broadening0.12° 26) by quadratic subtraction and the solid sample. Th? left par_t of I_:ig. 6.Sh0WS a schematic o_f this
line is drawn as a guide to the eye. An abrupt increase ir§ample, which contains eight different superlattices with

B, Can be seen wheh is 5 nm. When is smaller than 5 ranging from 10.0 nm closest to the substrate down to 1.24
nrz;fthe largest value o,, is 0.18° 29 (marked by dotted nm at the top of the sample. Also shown in Fig. 6 are two
lines in the figure and vzvahenA exceeds 5.0 NMBy, in- cross-sectional TEM micrographs from the short-period re-
creases to-0 go 20 ' 20 gion (upper imaggand the long-period region of the sample

In order to relate the broadening of the XRD Bragg peaks(loWer image. In the upper image in Fig. 6 the boundary

to the microstructures of the samples XTEM was performecfeglon between the superlattices with=2.40 and 1.86 nm

. s . . Is shown and the lower image in Fig. 6 shows the boundary
on samples with symmetricd,=0.5) periods in the range region between the superlattices with=10.0 and 7.4 nm.

of 0.6-10 nm. Figure 4 shows XTEM images of a SUperlat_Even though the waviness is less pronounced in this sample
tice with A=4.94 nm and Fig. 5 shows XTEM images of a 9 > Pre . Pie,
compared to the sample shown in Fig. 5, it can be seen that

superlattice with =74 n. In each. of Figs. 4 and > the the surface roughness of one V layer is not reproduced in the
upper and .Iower panels ShO\-N overview and detaﬂgd Iatm.:ehext V layer, i.e., the surface roughness is not correlated. On
resolved images, respectively. The superlattice Wltl’k 1 15 .

A=4.94 nm shows flat and smooth layers with sharp inter_he contrary, the in-plane thickness fluctuations of the V lay-

faces. Furthermore. the HR XTEM imade of this superlatticee™’ which occur for largd , are often seen to be correlated.
clearl' resolves th,e(OOZ) and (110 Iatt?ce frinces |Fr)1 the ®rhose parts of the V layers that are relatively thin are often
y 9 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 wheA 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, wheh is increased is corre-
lated to the increased XRD peak width observed when
‘ . . exceeds 5 nm. The fact that the short-period superlattices
5 10 15 20 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
FIG. 3. The full width at half maximumg,,, of the Mo/vV 002  growth proceeds and a smoothening mechanism between
Bragg peaks in symmetricX{,~0.5) Mo/V superlattices as a func- consecutive bilayers is involved. Hence, the layer-thickness
tion of A. fluctuations, referred to as waviness in the present work, is of

Intensity (arb. units)

FIG. 2. #-260 powder XRD patterns around the Mo/V 002 Bragg
peaks from two symmetricX,,~0.5) superlattices withh =5.0 and
7.2 nm.

very different in comparison to the sample with=7.2 nm.
These differences are mainly effects of the different perio
icities of the samples. Furthermore, it can be seen that widt
of the peaks are smaller for the short-period sample. The fu
width at half maximumg,,, of the 002 Bragg peaks from

0.50

0.40

0.30

0.20

Peak width Bao(deg)

0.10 |*

0.00

Superlattice period A (nm)
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50 nm——»]

FIG. 4. Cross-sectional TEM images of a su-
perlattice withA =4.94 nm and,,=0.5. The up-
per and lower panels show overview and detailed
lattice resolved images, respectively.

a different origin than the cumulative layer-thickness fluctua-thogonal to the surfacén the growth direction The RSM

tions caused by low surface mobility and self-shadowing rearound the 002 peaks shows many overlapping peaks. Sev-
ported in several other studiés.?’ eral of the peaks are revealed only by a different width in the

Multilayered superlattice films were also used in the XRDin-plane direction at low intensities. However, in the map

analyses in order to accurately determine the individual layeground the 222 peaks, two sets of superlattice peaks are
thicknesses in the different superlattices. This was done bylearly isolated from each other. The Bragg peaks, marked
the method of asymmetric superlattitéfor a set of samples g, andB,, corresponding to each of the superlattices, are in
where each individual sample contained at least two differengis case recognized by their large intensities. The superlat-
superlattices with different andXy . The two sets of over- ice satellites from each superlattice are seen as peaks equi-

lapping superlattice peaks could be separated by RSM of th stantlv spaced in the arowth direction in reciorocal space
regions around the Mo/V 222 peaks. When each peak h Ihese ﬁegks artla Iabel%d szlsfll S+I1 S+2|p an% '
1 3] P R I N

been identified, the periods were determined and, knowing T 0 ] et ] et 2 . "
the duration of deposition of each layer, the deposition rates - S '52_ 'S . _'52 e N the figure. When the peaks
and the individual layer thicknesses were calculated by th§ave been identified in the 222 map, then the small and over-

method of asymmetric periods. As an example of thisi@Pping features in the symmetric 002 map can be labeled.
method, Fig. 7 shows two RSM's from the regions aroundThe peaks in¢-26 powder diffractograms, which have
(a) the Mo/V 002 andb) the Mo/V 222 Bragg peaks from a higher resolution than parallel-beam RSM, were identified in
sample containing two different superlattices with the same way and were used in order to get more accurate
A1=4.10 nm,Xy;=0.76 andA,=9.6 nm, X,,=0.16, re- values ofA; andA,.

spectively. The intensity is mapped in reciprocal space with The curve in Fig. 3 that shows ho®,, depends om\

the axes in units of & (A ~1) and with thex axis in the was obtained for symmetric superlatticeX,&0.5). Fur-
direction parallel to the sample surface and thaxis or-  thermore, the§-26 XRD patterns used for this result were
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— ¥ l«e— 50 nm—»

FIG. 5. Cross-sectional TEM images of a su-
perlattice withA =7.4 nm andX,,=0.5. The up-
per and lower panels show overview and detailed
lattice resolved images, respectively.

[001]

}4——10 nm

obtained using a powder diffractometer with focusing Bragg-peaks have either largé, or shortA whereas superlattices
Brentano geometry, making it impossible to relate a smallyith wide peaks have relatively sma¥,, values or large
peak broadening to the crsytallographic directions of aA. This result shows that V grows in a 2D fashion to larger
single-crystal sample. Using RSM it is possible to directlylayer thicknesses when the V fraction of the modulation pe-
identify the direction of the peak broadening, making itriod becomes larger. This, in turn, implies that for each par-
easier to identify the features causing the broadening. Thecular asymmetryX,, of a Mo/V(001) superlattice, there is a
increasedd-26 broadening of the Bragg peaks observed incritical V-layer thicknessD. (and periodicity A) above
the Bragg-Brentano geometf¥igs. 2 and Bwas found to  which the x-ray peaks are broad, i.e., the growth of V is 3D
be related to an increased broadening,3, of the Bragg in character. This can be seen in Fig. 9 where the dotted line
peaks in RSM. In order to investigate how the growth of VshowsD, plotted versusX,, (labeled on the top of the fig-
depends om\ as well as orXy, several multilayered super- ure). It can be seen that the transition between narrow and
lattice samples, each containing at least two superlatticeside peaks increases monotonically wXly , indicating that
with different A and Xy, were investigated by RSM. The the 2D-3D transition occurs at a larger V-layer thickness if
superlattices were classified into two groups depending on iX,, is increased. WherX,,=0.5 the transition occurs at
the measureg3, was narrow 3,<0.419 or if the Bragg D, ~2 nm, which is close to the value of 2.5 nm, obtained
peaks were wide (0.4%¥8,). The limit 8,=0.41° corre- using the Bragg-Brentano XRD geometry and TEM. The
sponds to the limif3,,=0.18° 29 at A=5.0 nm marked by other lines in Fig. 9 represent theoretical models for the criti-
the dotted lines in Fig. 3. Figure 8 is a plot showing the resulical thickness, which will be discussed in the next section.
of this classification wher&y, is plotted versus\ and the In summary, the main results are as followis:A transi-
symbols in the figure show which group each superlatticdion from smooth to wavy V layers occurs at a critical
belongs to. The results in Fig. 3 lie on the liXg~0.5. A V-layer thicknesD.. (ii) D, increases wheiXy, increases.
trend can be seen that superlattices that yield narrow Brag@iji) Growth with flat layers can be achieved on top of a
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FIG. 7. Reciprocal-space maps from the regions ardanthe

FIG. 6. A schematic figure of a multilayered superlattice sample,MON 002 and(b) the Mo/V 222 Bragg peaks from a sample con-

which contains eight different symmetric superlattices wthang- taining two different superlattices with;=4.10 nm, Xy,=0.76
ing from 10.0 nm closest to the substrate down to 1.24 nm at the t(:}%DlMO: 0.99 nm, Dyy=3.11 nm, and A,=9.6 nm, X,=0.16
of the sample. The upper TEM micrograph shows the bounda I,DZMOZS'OG nm'DZV:,l'SS nm), rgspec.tlvely. The |nten§|ty of the
region between the superlattices with=2.40 and 1.86 nm and the diffracted x-ray beam is mapped in reciprocal space withxtiaad

lower image shows the boundary region between the superlatticé(s axes in the directions parallel and perpendicular to the sample
with A=10.0 and 7.4 nm surface, respectively.

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 surfacé®?° which is triggered by surface strain

gradients associated with the presence of misfit dislocations.

superlattice with wavy layers if the modulation is changed
such thatD,<D.. (iv) Mo does not show any tendency of
3D growth.

IV. DISCUSSION

. . . A. The role of surface and interface energies
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 thickneBx;,
which for superlattices with symmetric periods+2.5 nm.

In contrary to this, Mo was found to grow with a uniform 10 - - » ™
thickness following the surface of the V layers. The flat- e ke .
wavy transition is associated with an increased XRD peak

width of the superlattice Bragg peaks. The XRD analyses
showed thatD. increases with increasing relative V-layer
thicknessX,, =Dy /A. The layer thickness fluctuations are
nonaccumulative and disappear if the periodicity of a grow-
ing Mo/V superlattice is changed so th&t, becomes
smaller tharD . 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 adDy, exceeddD., the Xy dependence dD., the
smoothening process responsible for the nonaccumulative
surface roughness, and the conformal coverage of Mo on the kG, g, Piot of the relative V-layer thickneds, =Dy /A of each
wavy V surface. sample in this study va.. The open and filled symbols show the

In t_his section we f_irst discuss the expected nucleation, width of the XRD Bragg peakg, . Open triangles represent
behavior of Mo and V in terms of surface and interface en-superlattices withs,<0.41° and filled triangles represent superlat-

ergies. Thereafter, possible reasons for a 3D morphologyices with 8,>0.41°. The results in Fig. 3 lie on the line
evolution of a growing V film are discussed. We concludeX, =0.5.

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

o

(=23

T
= N

>4

|

A=(D+D,,) (nm)
>

[
B bbb
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Relative V-layer thickness X =D /A forces the Mo to nucleate as 2D islands or bind to the step
109 020 040 056 067 076 08 094 1 edges. First, the high surface energy during growth of Mo
] can be lowered by the presence of impurities at the film
D ] 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.
0.04 -0035 -003 -0025 -0.02 -0015 -0.01 -0.005 0 Secondly, initial cross-sectional TEM studies of single-

lattice mismatch n, crystal Mo/W001) superlattices, grown under the same con-

ditions as the Mo/V superlattices in the present work,
showed a pronounced accumulated roughfssplying
that Mo growth is kinetically limited aT =970 K. Thus, we
conclude that the growth of Mo in the present Mo/V super-

Xy, labeled at the top of the diagram. The dotted line correspondg""tt'Ce.S 'S. govgrned by Ilmlted ?‘.”face kinetics, possibly in
o the experimentally determined maximum thickness of 2D V |ay_comb|nat|on with surface impurities that reduce the surface

ers as a function of the minimum possible lattice mismatch betwee§N€rgy. The absence of accumulated roughness must then be
V and the Mo/V superlattice substrate. The relationship betweelU€ 0 the smoothening process during growth of V.
nv andX, was obtained through linear elasticity theory and under FOr the estimations in this section the surface energies
the assumption of no strain relaxatiop=0). Ymo @nd yy, at the growth temperatur;, were calculated
by the empirical rule given by Mu?*! The interface energy

modes of V on Mo and Mo on V were investigated. We Y1 Was calculated as the sum of the energy incrégsedue
found that V should nucleate and grow in a 2D mode up to 40 @n interface b_etween_ regions of unlike atoms, and the
V-layer thickness of at least 30 nm on Mo. This is muchenergyED, associated with an interfacial square network of
larger than the thickness of a few monolayers that is usuallynisfit dislocations. E; was estimated by the equation
found in SK systems and also larger than the critical thick-Ei= Ym0+ Yv—2V¥mo¥v, Which was obtained using the
nessD, experimentally observed in this work. Thus, for the definition of the surface ener§yand the Lorentz-Berthelot
V-layer thicknesses considered in this wofR(<10 nm, rule for the interatomic potential between unlike atotns.
interface and surface energies alone are not critical foFp as a function of film thickness and lattice mismatch was
changing the growth of V from wetting to nonwetting con- calculated using the expression given by Mattheassum-
ditions. Moreover, a substantial bulk diffusion is required toing total strain relaxation of the film.
turn such a thick film from a wetting to a nonwetting state.
This is unlikely to occur at the used growth temperature
T,=973 K, since interdiffusion has been observed experi-
mentally to be negligiblé® Based on these arguments we Since surface and interface energy arguments alone are
conclude that, at temperatures high enough to allow for aninable to explain the observed 2D-3D transition of V, we
extensive surface diffusion but below the temperatures wherivestigated if lattice relaxed Stranski-Krastanow or coherent
bulk diffusion is activated, V will nucleate and grow as a 2D 3D island growth can explain a 3D morphology evolution of
film up to a thickness of-30 nm. Our experimental results V at the observed critical thicknesses. The transition thick-
for V in Mo/V superlattices do not agree with this conclu- nesses for both SK and CI growth depend on the lattice mis-
sion. V layers with a 3D surface morphology are observed amatch between the film and the substrate. The film is the last
much smaller thicknesses, indicating that surface and intefgrowing V layer while the substrate in this context is the
face energies play a minor role for the observed waviness itppmost layer of Mo in the already deposited part of the
the studied superlattices. superlattice. The lattice mismateh,,, of V growing on a

Contrary to V on Mo, surface energy arguments indicate aMo/V superlattice, therefore depends X, i.e., the relative
strong driving force for a three-dimensional nucleation ofamount of V in the superlattice, and the degree of coherency
Mo on V. However, we did not find any evidence of a pro- strain relaxatiorpy,, of the topmost Mo layer. A large value
nounced island growth of Mo on V in our experiments. At of Xy and a small value af,,, (little relaxation) means that
short periods it is clear from the TEM images shown that thethe lattice parameter of the substrétee surface of the latest
growth occurs in a 2D mode. Mo conformally covers the Vdeposited Mo laygrin the plane of the surface is mostly
surface even after the 2D-to-3D transition, indicating a 2Dguided by the V in the superlattice, which thus yields a small
growth of Mo on each terrace of the V surface. Using then, . On the other hand, Xy is small or if py, is large, the
argumentation with surface and interface energies above, thé film will experience a large lattice mismatch. It should be
wetting condition can never be fulfilled for a Mo film on a VV noted that neither SK or CI growth can be expected to fully
substrate sinceyy— ymo<0. This indicates either that the explain the 2D-3D transition of V since the layers were
surface energy is modified during growth of Mo or that thefound to be at least partly relaxed at V thicknesses below
growth is governed by limited Mo surface diffusion, which D, (p~50% in smooth, 2.5-nm-thick, V layers when

wavy - flat

FIG. 9. The critical thicknesses for coherent 3D islanding
(D¢)) and misfit dislocation generatiorD(yp) plotted vs lattice
mismatchs, . The dotted line shows the experimentally determined
critical thicknessD as a function of the relative V-layer thickness

B. 3D evolution due to coherency strain
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Xy=0.5). However, these phenomena cannot be excludel@yers relax by misfit dislocations without island evolution
for other values o, . We have therefore estimated critical when|7,|<0.035 andD,<D.. Stranski-Krastanow growth
thicknesses for 3D surface evolution in SK and CI growthor coherent 3D islanding can not explain the waviness of the
for »y values ranging from 0 topy=—3.9%. Since the V layers asD, exceed®.. Thus, another mechanism has to
2D-3D transition in SK growth is accompanied by MD gen- e employed in order to explain our results.
eration, the critical thickness for MD generatip, can ~ Roughening due to kinetically limited growth is unlikely
bh‘? l‘(‘sed as an apﬁroxlm?tmf).? of thel rr}axml;]rg tranls't'o'}.ince the diffusion length involved is estimated to be in the
E:ljfatgess. V\laenlésgt (\a/vzlggcglc;ljratrggdﬁsi?] Mt?]té dwr?;%}cal um range(using Einstein’s relation and the approximation of
M2 Q 9 y the surface diffusion coefficient described by FI§fin

model of Spencer, Voorhees, and Datfis. . e
The results of the calculatiofisare presented in Fig. 9 On the contrary, the high diffusivity indicates that the sur-

whereDy,p andD¢; are shown together with the experimen- face is above the so-called roughening temperafyré” At
tally determined V-layer thicknesB, for the 2D to 3D Tr NO free energy is needed to form a surface vacancy or a
growth transition.D. is plotted versus the layer thickness kink at a step edge since the formation energy is exactly
ratio X,,, which is labeled at the top of the figure. The rela- balanced by the entropy term. BeldWw the surface is basi-
tion betweenX,, and 7, was obtained using linear elasticity cally flat with only small clusters of adatoms or surface va-
theory assumingy,=0, which certainly is not true, at least cancies present, whereas aboMg the surface diffusion is
not for the superlattice with, =D andXy=0.5, asis evi-  fast and arbitrarily large clusters can be found with a delo-
dent from the TEM results. The experimental curve thus répe4jizeq surface as a consequende. is predicted to be
E)efstﬁgt?nti?l?mrﬂ?nxl[%%rgit:rg(:l;?t?s: rcr):cisnﬂe?ttcx ngiiﬁ wgﬁéorhigher for surfaces with closely packed atoms than for less
Mo/V superlattice substrate with a givéy . Note thatz, is ense surfaces since the formation energies of surface vacan-
negative sincey, is smaller tharg, v cies and kinks are Iarg_er for thg more dense surfaces. The
ov Mo - features of the roughening transition have been modeled by

critﬁ: Salc?r:}cﬁﬁezge?ormMFlljg' ggcer(;?ilgr?dvsﬁ e?b;“}i;vv(;tggtg € Monte Carlo simulations of surfaces described by so-called
Here D, is about 0.5 nm 43 monolayers which is atypi. Solid-on-solid model€® Even though determinations dfx

C . .
cal thickness observed for the 2D-3D transition in SK sys-2r€ rather rare, particularly for bec metals, was recently

tems. Thus, for small values o, (large|7y|), V may well  €xperimentally found to be 800 K for tHd 10} surfaces and
grow in the classical SK mode. For smallep,| values, 860 K for the{100 surfaces of single-crystal T4 These
Dup is smaller tharD.., which is in line with our findings temperatures were determined by the observation of acceler-
that the V layers are partly relaxed before the 2D-3D transiated growth from the vapor phase on the faces of a field ion
tion occurs. This also confirms that V does not grow in amicroscopy tip. The ratio between the melting temperature
classical SK mode in this type of superlattice. The, curve  Tm andTg is thus 0.24 for thg110 surfaces and 0.26 for
is below bothD, and Dy, in the range ofX,, investigated the {100 surfaces of Ta. In the same paper the roughening
experimentally, suggesting that coherent 3D island growttiemperature for{110 surfaces of W was quoted to be
should be the main relaxation mechanism. This is in contra=~ 1000 K, which corresponds /T ,~0.27. Furthermore,
diction with our experimental results and we thus concluddn a recent Monte Carlo simulation of tH&2 bcc FggAlg
that the Cl model used is not applicable to V on Mo at thealloy the roughening temperature for th&00 surfaces of
given growth conditions. One possibility to qualitatively ex- the alloy was found to be-3 of the critical temperature
plain the observed 2D-3D transition Bt , in the framework ~ which, in turn, is lower thariT,,.** These values for bcc
of coherent 3D islanding, is to allow for a certain degree ofmetals are surprisingly low compared to the experimentally
relaxation by MD’s before the 3D surface evolution occurs.determinedTg/T,, of 0.6-0.7 for the{110} surfaces of fcc
Such a “semicoherent” 3D islanding would be an interme-metal$®~*®and the theoretical prediction for tH&00; sur-
diate growth mode between coherent 3D islanding and SKaces of simple cubic materials, which gQiveBgz/T,,
growth and would be in agreement with our observation that= 0.542° Analytical results also indicate that bcc metals have
MD'’s are present at V-layer thicknesses bebw. Although a Tr/T,, close to the value predicted for simple cubic
a theoretical description of “semicoherent” 3D islanding crystals>® However, if we assume that the roughening tem-
has, to our best knowledge, not been reported in the litergperatures for the Mo and \{100 surfaces are at least
ture, it cannot be excluded as the mechanism for the wavi—1/3T,,, we obtain TR°=960 K and TE=720 K,
ness observed in this work. respectively® These values should be compared to the

Even if the preceding treatment certainly is oversimplifiedgrowth temperaturd s=973 K for the superlattices. Thus, a
it demonstrates the sensitivity in surface and strain energwavy V surface can be expected sin‘b@T\é while for Mo
balances and qualitatively predicts the observed 2D nucleng conclusions can be drawn sinEg~TN°. Furthermore,
ation behavior of V during growth of short period Mo/V the observed absence of accumulated roughness in the super-
superlattices. However, the subsequent 3D evolution of \fattices can also be understood in terms of the roughening
cannot be explained by the classical models. This impliegransition. If there is no lateral variation in the chemical po-
that the morphology of V is governed primarily by other tential 4, due to, e.g., surface roughness of the previous
driving forces than surface and coherency strain energies. |ayer 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 from the preceding section that the V layers We conclude that the roughening transition can explain
in a Mo/V superlattice grow in a wetting mode and that thethe observed 3D evolution of the V surfaces as well as the

C. 3D evolution due to the roughening transition
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absence of accumulated roughness in the superlattices. Hot layers with large in-plane thickness fluctuations Cag
ever, it does not explain the smoothening effect, nor thexceed®D,, (i) the Xy dependence db., (iii) the smooth-

strain-dependent critical thickness. ening process responsible for the nonaccumulative surface
o o roughness, andiv) the conformal coverage of Mo on the
D. Surface migration due to lateral variations wavy V surface.

in the chemical potential (i) In the initial stage of growth, i.e., for V-layer thick-

Since both roughening and smoothening involve a signifinesses< 30 nm, a V film wets a Mo surface due to the large
cant surface migration of atoms, we have estimated howdifference in surface energies between Mo and V. Although
MD-induced surface strain and curvature influences the latV is predicted to grow above its roughening temperature, no
eral variations of the chemical potentjal We used the elas- roughening seems to occur until the V layers have achieved a
tic continuum model presented by Freund, Beltz, andcertain thicknes®.. The reason can be that our estimated
Jonsdotti® where the lateral variation of chemical potential T}, for the (100) surfaces may be too low. If this is the case,
w=p(X) as a function of curvature and surface strais  the increasing number of MD's, created upon relaxation as
given by the film grows, will cause a gradient of the chemical poten-

w()=[U(e(x))— k(x)y]X Q, (1) tial along_ the flat surface tha’g provides a strong driving force
for creating surface vacancies and steps above each MD.

whereU(s)>¢? is the strain energy density, is the curva-  Syrface material will be transported away from the regions
ture of the surfacéwhich is positive if the surface is concave gpove the dislocations to areas in between the dislocations.
to the normal directiop y is the surface energy, aidlis the  \we propose that this is the mechanism that triggers the
atomic volume. Thus, in the absence of lateral strain variayp_3p transition. Once the surface starts to be corrugated by
tions, Eg. (1) describes the smoothening due 10 hresence of MD's, faces with less densely packed sur-

40,41 ; ;
curvature;”""i.e., the chemical potential on a wavy SurfaCefaces are created. These faces have a lower energy for cre-

varies S.UCh that .moblle surfas:('a atozns are driven f.rom "tion of steps, which means that they have a lower roughen-
gions with negative curvaturéridges”) down to regions

with positive curvaturg“depressions). On the other hand, ing temperature than th@01) surface with an acceleration

if the surface is flat and the surface strain varies along thé)f tﬁe roughening rate as a consequence. .
surface, there will be a driving force for roughening. Thus a (if) The reason the onset of 3D, evolution occurs a,t thick-
periodically varying strain field due to a MD network in a 2D "€sSses far beyon®yp can agam be understood if the
layer may alone lead to a transition from a 2D to a 3D sur-9rowth temperature is lower thaf, for the (001) surface,
face. but higher than the roughening temperatures for other less
Taking a 2D V layer withD,,=2.5 nm on a Mo/V super- densely packechigh-index surfaces. If this is the case, the
lattice with X,,=0.5 and p=50% as an example of our roughening will not take place unless a high-index famith
calculationd! (corresponding to the situation in Fig),4ve  lower Tg) is created on the surface, but once this has oc-
found that the curvature termx(x)y Eq. (1), is large in  curred the surface roughening evolves precipitously. The in-
magnitude and negative; — 10'° Pal® while the strain term  crease irD, with increasingX \ is a combined effect of the
is positive and on the order of 1®a right above each dis- increased critical thickness for MD generation and the re-
location. Midway between the two dislocatiob¢) is on  duced surface strain and curvature due to these dislocations
the order of 18 Pa whilex(x)y now is positive but smaller when they are located far from the surface.
in magnitude thard(e). This yields chemical potentials of  (jii) The fact that smooth layers can be obtained again
w#~1 eV per atom right above the MD’s apd<10 meV per  during growth by reducindd,, to a value belowD. shows
atom in-between the dislocatiobeforeany roughening has  that V preferably nucleates in the depressions of a wavy Mo
taken place. Thus, due to the presence of MD's there is @yrface. An increased local growth rate can indeed be ex-
g.radlent of the ch(_emlcal potential alon.g the surface that PrOpected in these regions due to the large number of step edges
vides a strong driving force for creating surface vacanciegat provide favorable nucleation sites at the slopes. Further-
and steps. T'h|s gradient can be gxpectgd to Increase WImore, before any MD’s are formed, the gradient in the
decreasing distance b_etw_een the dislocations. chemical potential will be governed by the curvature, which
On the other hand, if V is grown coherently on an alreadythen leads to a mass transport from ridges down into depres-

Walvyb Mt?\ surfacet, theTﬁgrface d'le;]s'tor.] .‘;\.’”:l b?/ gql\ll?]rned sions and thus to a smoothening effect. When the depressions
only by the curvature. 1hs means that, initially, V will NaVe 5o gjaq, the v layer will be smooth and continuous, but

a higher growth rate in the depression and can, before MD’%vith a nonuniform thickness. From this stage, smooth layers

arev\f/ormed,l e(;/er::]gally ptllanatr:ze t?.e Slt”fi(ée' . can continue to grow provided tht, is kept at a value such
e conclude this section by noting thatdoes vary in a that Dy, is below D.. If not so, MD formation can again

way such that there is a driving force for smoothing if trigger the 3D surface evolution
growth occurs on a wavy su'rface while roughening can be (iv) The observed conformal Mo coverage of the uneven
expected when the MD density becomes large enough in flq; layers is either due to a low surface mobility of Mo or due

layers. to an impurity related lowering of the surface energy that
leads to a 2D growth mode. This experimental observation
also implies thaffy° is higher than the growth temperature
Based on the above discussion we can now propose possed,T,,=973 K. The observation that the roughening does
sible explanations fofi) the transition from smooth V layers not accumulate with increasing superlattice thickness is a

V. SUMMARY AND CONCLUDING REMARKS
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consequence of the delocalized surface of the growing V film
aboveTy, i.e., there is no memory effect about the rough-
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