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Kinetic roughening of amorphous Zr 65Al7.5Cu27.5 films investigated in situ
with scanning tunneling microscopy

B. Reinker, M. Moske, and K. Samwer
Institut für Physik, Universita¨t Augsburg, D-86135 Augsburg, Germany

~Received 13 May 1997!

The isotropic nature of metallic glasses, lacking in long-range structural order, suggests an advantage for
surface growth studies. In the present work the surface topography of vapor quenched amorphous
Zr65Al7.5Cu27.5 films is investigatedin situ with scanning tunneling microscopy. The development of surface
morphology on mesoscopic length scales is analyzed with respect to an increasing film thickness. Vertical
roughness and in-plane correlation are statistically analyzed by a height-height correlation function. With film
thickness less than 30 nm, the surface roughness evolves with a growth exponentb of approximately 0.2.
Above a film thickness of 30 nm we find strong deviations from a self-affine scaling behavior. A roughening
transition is observed, at which the lateral size of the characteristic surface structures converges to a maximum
value. Moreover, the size of the uniform surface structures is increased with elevated substrate temperature
during film deposition. We show that the in-plane size of these structures is governed by surface diffusion. In
an approximation, neglecting nonlinear corrections, the experimental results are analyzed with respect to a
growth model proposed by Wolf and Villain@Europhys. Lett.13, 389 ~1990!#. @S0163-1829~97!07139-7#
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I. INTRODUCTION

Kinetic roughening1–3 has attracted great interest durin
the past few years. Due to common growth conditions~e.g.,
low temperatures and high deposition rates! in thin-film ap-
plications, the description of film growth by ‘‘near
equilibrium’’ growth conditions is no longer valid. In con
trast, a rather restricted atomic mobility will be responsib
for the development of the surface morphology in such ‘‘f
from-equilibrium’’ growth phenomena. Under these con
tions fluctuations become relevant. In this context one of
most challenging problems is the understanding of the
namics of rough interfaces.

Approaches to this research area are analytical theo
including modeling the dynamics of an interface with a s
chastic differential equation~Langevin equation3! in the form

]z~rW,t !

]t
52¹W • jW~rW,t !1h~rW,t !, ~1!

based on mass conservation. In this type of equationjW(rW,t) is
responsible for the mass transport parallel to the surf
z(rW)5h(rW)2 h̄ , with rW5(x,y) and h̄ being the average film
thickness. According to the random nature of molecul
beam deposition, a noise termh with Gaussian distribution
is introduced, which will be responsible for surface roughe
ing. In the absence of any lateral mass transport, the sur
is uncorrelated and the roughnesss will evolve proportional
to the square root of the film thickness, provided the dep
tion is at constant raten5 h̄ /t. Any relaxation mechanism
introduced in continuum theory approaches, will modifiy th
power law of roughening.

A basic assumption for all these models is the isotro
nature of the growing interface. Dealing with molecula
beam growth, a crystalline anisotropy with the formation
facets is undesirable. Therefore, systems that condense
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FIG. 1. Growth-induced surface structures of ah̄5100 nm film
deposited at temperatureTs5300 K ~a! are relaxed during an an
nealing step atTa5670 K for 10 min~b!. The STM image shows
only the intrinsic roughness, corresponding to the atomic disor
of the amorphous alloy.
9887 © 1997 The American Physical Society
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FIG. 2. Growth sequence showing the evolution of surface morphology with increasing film thicknessh̄ at ~a! 5 nm, ~b! 15 nm,~c! 30
nm, ~d! 60 nm,~e! 120 nm,~f! 240 nm, and~g! 480 nm. The films are deposited at substrate temperatureTs 5 300 K. All STM images are
scanned with the same parameters.
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an amorphous state have the advantage of comparing
evolution of the interface during growth with such model

Experimentally, film growth can be studied with sma
angle x-ray scattering methods,4,2 scanning tunneling micros
copy ~STM!, and atomic force microscopy. In an earli
paper5 it was shown that the results of both complement
techniques compare well for an amorphous ZrCo alloy
investigated.

Solving the growth equation one obtains the height-hei
correlation of the interface, which provides a link betwe
the model and the experiment. From the STM images,
corded in a constant current mode, the height-height corr
tion function6,7

C~R!:5^z~rW !z~rW1RW !& r ,R ~2!

is calculated from the image data. Therein^& r ,R denotes the
average over all pairs of surface points, separated horiz
tally by distanceR. In addition to that quantitative informa
tion, one obtains a qualitative impression of surface m
the
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phology. Alternatively, the representation of the heig
difference correlation function4,8

H~R!:5^@z~rW !2z~rW1RW !#2& r ,R ~3!

can be derived as commonly used for growth studies in
framework of fractal concepts.

In this work we presentin situ STM investigations on
amorphous Zr65Al 7.5Cu27.5 films.9,10 The ternary alloy be-
longs to a special class of metallic glasses with an exten
supercooled liquid region,11,12the temperature range betwee
glass transition temperatureTg and crystallization tempera
ture Tx . This in fact indicates an increased stability again
nucleation and crystallization for temperatures aboveTg and
therefore allows studies in the undercooled liquid.

II. EXPERIMENTAL DETAILS

ZrAlCu films, with the composition of Zr65Al 7.5Cu27.5
within 62 at. % for each component, are cocondensed
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FIG. 2. ~Continued!.
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ultrahigh vacuum~UHV! onto silicon substrates by thre
rate-controlled electron-beam evaporators with a total de
sition rate of 0.79 nm/s. The inital roughness of the silic
wafers, covered with 0.5mm of thermal oxide, is about 0.2
nm as determined from a small-angle x-ray-diffraction p
tern. During deposition the substrate is rotating to avoid c
centration gradients in the film. The tilting angle betwe
crucibles and substrates is about 10°. Shadowing effects
neglected for the films we investigated.

The surface morphology of the films is analyzed w
scanning tunneling microscopy~UHV-STM1, Omicron! in
the constant current mode using electrochemically etc
tungsten tips. Tunneling conditions of typicallyUt 5 1.0 V
and I t 5 1.0 nA are chosen for scanning a sample area
2003200 nm2 with a step size of 0.5 nm. In addition, th
amorphous nature of the films is verifiedex situ by x-ray
diffraction.

III. RESULTS

Thin films of ZrAlCu show smooth hill-like surface struc
tures @Fig. 1~a!#, similar to those known from other amo
phous alloys.13 The so-called mesoscopic surface roughn
is relaxed after annealing the amorphous films to temp
tures above the glass transitionTg of about 650 K, as shown
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FIG. 3. Height-height correlation functionC(R)/s2 ~normal-
ized!. In the inset the determined correlation lengthRc is plotted

versus film thicknessh̄ .
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in Fig. 1~b!. For further details see Ref. 14. Such a relax
surface with rms roughness of about 0.1 nm, due to the
cous flow of the film aboveTg , is the starting point for a
growth sequence of the same amorphous alloy, as sh
below.

First we will focus on the evolution of the amorphou

FIG. 4. STM images of ZrAlCu films withh̄5100 nm depos-
ited at different substrate temperaturesTs : ~a! 600 K, ~b! 640 K,
and ~c! 670 K ~crystalline!.
d
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n

surface structures during film growth. In Fig. 2 the grow
sequence of an amorphous ZrAlCu film is shown in rep
sentative STM topographs. For this growth study, with t
substrate at temperatureTs 5 300 K, we have interrupted the
deposition at several thickness stages for monitoring the
face morphology with STM. With increasing film thicknes
h̄ the lateral size of the uniform surface structures increas
After deposition of 120 nm, a maximum size of about 18 n
in the lateral direction is reached, as determined fromC(R),
shown in Fig. 3. With further deposition surface rougheni
is increased, up to a film thickness of about 300 nm, wher
stationary state for surface roughnesss5AC(0) is reached
for the frames 2003200 nm2 investigated@see Fig. 2~g!#.
Alternatively, the same thickness-dependent values of
roughnesss can be determined from a Gaussian fit to t
height-distribution data of the STM images.

It is remarkable that at a film thickness of about 120 n
surface structures of the same size and shape as show
Fig. 1~b! are observed. In a statistical manner both Figs. 1~b!
and 2~e! are equivalent, i.e., the dynamics of surface mo
phology is independent of the initial substrate features.

Additionally, we have investigated the dependence of s
face morphology due to different substrate temperaturesTs
during deposition. The STM images are presented in Fig
Up to temperatures near the glass transitionTg the amor-

FIG. 5. Magnification of the area of the bottom left corner
Fig. 4~c! and profile along the distanceA1-B1, showing the step
structure of several atomic layers.
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phous hill-like structures are smeared out, i.e., the lateral
is increased while surface roughness is decreased. At
strate temperatures aboveTg the atomic mobility is suffi-
cently high and the film crystallizes during deposition@Fig.
4~c!#. Small crystallites with flat terraces of step size 3
60.1 Å are observed~Fig. 5!, corresponding to the lattice
parametera53.2204 Å of bct-Zr2Cu.15 The crystalline
phase is also verified with x-ray diffraction.

IV. DISCUSSION

The question whether or not the surface is self-organi
can be answered by presenting the height-difference func
H(R) with log-log scales. From Fig. 6 it is shown that up
a film thickness of about 30 nm the surface shows dyna
scaling behavior for in-plane correlations and vertical flu
tuations~see, e.g., Refs. 2 and 3!. At small distancesR the
correlation functionH(R) will fit to ( kR)2a, wherek indi-
cates an average surface slope.16 The roughness exponenta
5 0.8 is independent of film thickness, while the grow
exponentb 5 0.2 is only defined for the early stages of fil
growth. With a further increase of film thickness,k becomes
thickness dependent~Table I!, indicating the roughening
transition mentioned above. The vertical direction of the h
like surface structures grows faster than the lateral ones

The results for films grown at elevated temperatures s
gest that surface relaxation is governed by a diffusive surf
current. In a growth model proposed by Wolf and Villain17

FIG. 6. Height-difference correlation functionH(R) and surface
roughnesss ~inset! depending on film thickness in a log-log plot
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the surface current is driven by differences in surface che
cal potentialm, which is set proportional to local surfac
curvature.18,19 For small surface gradients it can be appro
mated bym}¹2z(rW). Thus, due to the absence of desorpti
~for substrate temperaturesTs< 650 K a supersaturation o
1010 or greater is estimated! Eq. ~1! is rewritten as17,20

]z~rW,t !

]t
52DL¹4z~rW,t !1h~rW,t !, ~4!

with DL being the coefficient for surface diffusion. Assum
ing self-affine growth, a scaling behavior is expected,
pending on the system dimension. In three dimensions
interface evolves witha 5 1 andb 5 0.25. This may fit to
the experimental results for the early stages of ZrAlCu fi
growth observed by STM.

The solution of the linear Langevin equation in Eq.~4!,
apart from scaling concepts, gives the height-height corr
tion function. In reciprocal space, the Fourier transformat
of the height-height correlation has the form

C~q!5^uz~qW ,t !u2&q}
DV

DLq4
~12e22DLq4t!. ~5!

Therein the parameterDV is a constant depending on evap
ration conditions, such as deposition rates. Deposition w
random nature will generate a ‘‘white’’ spectrum of surfa
disturbances in Fourier space. Due to a limited adatom m
bility disturbances with spatial frequencies lower th
qc'(DLt)21/4 will not participate in surface relaxation, i.e
the corresponding long-range corrugations in real space
responsible for surface roughness. Frequency modes w
periodicity higher thanqc are ‘‘damped out’’ with a power
of q24 . In Fig. 7 two calculatedC(q) curves are presented
showing the predicted power law. Moreover, with high
substrate coverage a peak is evolving in the region ofqc .

The above description considers only linear effects for
growth front dynamics and should be regarded as reson
approximation. In fact, the results differ from a self-affin
scaling behavior, as observed for film growth with a mo
selection process involved. Nevertheless, nontrivial rel
ation patterns will only lead to small deviations in the regi
of the ‘‘cutoff’’ frequency qc ~see Fig. 7!. Therefore, the

TABLE I. Results fromC(R) andH(R) calculated at different

thickness stagesh̄ .

Film Correlation rms Average
thickness length roughness surface slope

h̄ ~nm! Rc ~nm! s ~nm! k ~nm21)

0 0.10
5 6.0 0.17 0.064
15 9.5 0.21 0.064
30 13.0 0.24 0.064
60 15.0 0.31 0.079
120 17.5 0.44 0.1
240 17.5 1.00 0.24
480 1.43
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average size of the surface structures, in one approxima
corresponds toRc'2p/qc , i.e., the magnitude ofRC is pre-
dominated by the¹4z(rW) term of surface diffusion. Assum
ing DL5D0exp$2ED /kTs%, with D0 to be constant for the
temperatures investigated, it is possible to estimate an a
age activation energyED for surface diffusion. In Fig. 8 the
logarithm ofRc is plotted versus 1/Ts for substrate tempera
tures belowTg . From linear regression of the data points
activation energy ofED 5 0.52 eV is determined. This valu
gives at least the correct magnitude of activation energies
adatom mobility on metal surfaces.

As mentioned above, with increasing film thickness,
companied by an increase of surface roughness, nonli
effects, e.g., according to the experimental conditions of fi
growth, become more and more relevant. For sputter de
ited films, for example, with an isotropic particle flux incom
ing from all directions, shadowing enhances local instab
ties. In a continuum approach such effects can be taken
account by modulating the deposition rate with respect to
exposure angle, depending on the surrounding at each
face point.21 In our case, the molecular beam is direct
more or less perpendicular to the substrate, such that
growth depends only on local surface properties. A modifi
model, including geometrical corrections, will be discuss
elsewhere.22 The comparision of the experimental resu
with simulated surfaces, generated from more general
continuum models, is part of the present investigation.

FIG. 7. Height-height correlation functionC(q). For surface
corrugations with periodicity greater thanqc the shape follows a
power law of 1/q4.
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V. CONCLUSION

In conclusion, we can state that amorphous metals,
example, ZrAlCu, are favorite systems for growth studies
the framework of kinetic roughening due to their isotrop
surface features. For the early stages of film growth, star
with a flat surface, the evolution of surface morpholo
seems to be self-organized. With increasing surface rou
ness during film growth a roughening transition is observ
with stabilization of a uniform size of surface structures
volved. The lateral sizeRc of the hill-like surface structures
depends on the adatom mobility. For films deposited at
evated substrate temperatures,Rc is shifted towards higher
values. Describing the evolution of these amorphous films
the context of stochastic growth equations, the lateral siz
the surface structures is predominated by the¹4z(rW) surface
diffusion term. Thus, from the development ofRc with in-
creasing substrate temperature, we are able to estimat
average activation energy for surface diffusion.
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FIG. 8. lnRC ~nm! vs 1/Ts . From the slope, determined by linea
regression, an average activation energy for surface diffus
ED50.52 eV is detected.
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