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Kinetic roughening of amorphous Zr g5Al; sCu,- 5 films investigatedin situ
with scanning tunneling microscopy
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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
ZrgsAl; Cuy 5 films is investigatedn 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 expooémipproximately 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 Villaieurophys. Lett13, 389(1990]. [S0163-182807)07139-7

I. INTRODUCTION

Kinetic roughening has attracted great interest during
the past few years. Due to common growth conditiGag.,
low temperatures and high deposition ratesthin-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equilibrium” growth conditions is no longer valid.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 responsible
for the development of the surface morphology in such “far-
from-equilibrium” growth phenomena. Under these condi-
tions fluctuations become relevant. In this context one of the
most challenging problems is the understanding of the dy-
namics of rough interfaces.

Approaches to this research area are analytical theories,
including modeling the dynamics of an interface with a sto-
chastic differential equatiofLangevin equatio?) in the form

az(F,t)

ot =_V](r1t)+7](rvt)v (1)

based on mass conservation. In this type of equgiiort) is
responsible for the mass transport parallel to the surface
z(r)=h(r)— h, with r=(x,y) and h being the average film
thickness. According to the random nature of molecular-
beam deposition, a noise termwith Gaussian distribution

is introduced, which will be responsible for surface roughen-
ing. In the absence of any lateral mass transport, the surface
is uncorrelated and the roughnessvill evolve proportional

to the square root of the film thickness, provided the deposi-

tion is at constant rata= h/t. Any relaxation mechanism,
introduced in continuum theory approaches, will modifiy this

power law of roughening. FIG. 1. Growth-induced surface structures dfi &100 nm film

A basic assumption for all these models is the isotropicdeposited at temperatui,=300 K (a) are relaxed during an an-
nature of the growing interface. Dealing with molecular- nealing step al,=670 K for 10 min(b). The STM image shows
beam growth, a crystalline anisotropy with the formation ofonly the intrinsic roughness, corresponding to the atomic disorder
facets is undesirable. Therefore, systems that condense iné®the amorphous alloy.
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FIG. 2. Growth sequence showing the evolution of surface morphology with increasing film thid?raea{a) 5 nm, (b) 15 nm,(c) 30
nm, (d) 60 nm,(e) 120 nm,(f) 240 nm, andg) 480 nm. The films are deposited at substrate temperdture 300 K. All STM images are
scanned with the same parameters.

an amorphous state have the advantage of comparing thphology. Alternatively, the representation of the height-
evolution of the interface during growth with such models. difference correlation functidrf

Experimentally, film growth can be studied with small-
angle x-ray scattering methott$ scanning tunneling micros- - -
copy (STM), and atomic force microscopy. In an earlier H(R):=([z(r)—z(r+R)]*): r 3
paper it was shown that the results of both complementary

. can be derived as commonly used for growth studies in the
techniques compare well for an amorphous ZrCo alloy W& 2mework of fractal concepts

investigated. . : . Lo
Solving the growth equation one obtains the height-height In this work we presentn situ STM investigations on

e 9,10 )
correlation of the interface, which provides a link betweenamorphous Z8A 7.6CUz75 films.”* ~The temary alloy be

the model and the experiment. From the STM images, rel_ongs toa spgcigl clas's#’flzmetallic glasses with an extended

corded in a constant current mode, the height-height Correlas:upercooleqlllqwd region;” “the temperatu_re range between

tion functiord’ glass trans!thn temperf?ltufﬁ\g and'crystalllzatlon _tgemperg—
ture T,. This in fact indicates an increased stability against
nucleation and crystallization for temperatures abdyand

C(R):=(z(Nz(r+R)), r (2)  therefore allows studies in the undercooled liquid.

is calculated from th_e image data. Theré}myR denotes thg Il. EXPERIMENTAL DETAILS

average over all pairs of surface points, separated horizon-

tally by distanceR. In addition to that quantitative informa- ZrAICu films, with the composition of ZgAl ; Cuyy 5
tion, one obtains a qualitative impression of surface morwithin £2 at. % for each component, are cocondensed in
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ultrahigh vacuum(UHV) onto silicon substrates by three
rate-controlled electron-beam evaporators with a total depo-
sition rate of 0.79 nm/s. The inital roughness of the silicon
wafers, covered with 0..xm of thermal oxide, is about 0.29
nm as determined from a small-angle x-ray-diffraction pat-
tern. During deposition the substrate is rotating to avoid con-
centration gradients in the film. The tilting angle between
crucibles and substrates is about 10°. Shadowing effects ar
neglected for the films we investigated.

The surface morphology of the films is analyzed with
scanning tunneling microscop§yHV-STM1, Omicron in
the constant current mode using electrochemically etchec
tungsten tips. Tunneling conditions of typicallyy = 1.0 V
andl, = 1.0 nA are chosen for scanning a sample area of
200X 200 nn? with a step size of 0.5 nm. In addition, the
amorphous nature of the films is verifie situby x-ray
diffraction.

C(R)/o?

Ill. RESULTS

Thin films of ZrAICu show smooth hill-like surface struc-
tures[Fig. 1(a)], similar to those known from other amor-

FIG. 2. (Continued.
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phous alloys® The so-called mesoscopic surface roughness FIG. 3. Height-height correlation functioB(R)/o? (normal-
is relaxed after annealing the amorphous films to temperaized. In the inset the determined correlation lengh is plotted
tures above the glass transitidg of about 650 K, as shown versus film thicknes#.



9890 B. REINKER, M. MOSKE, AND K. SAMWER 56

FIG. 4. STM images of ZrAICu films with =100 nm depos-
ited at different substrate temperatures (a) 600 K, (b) 640 K,
and(c) 670 K (crystalline.

d=(0311002)nm

0 10 20 30 40
Distance A,—B,; (nm)
FIG. 5. Magnification of the area of the bottom left corner of

Fig. 4(c) and profile along the distanck;-B,, showing the step
structure of several atomic layers.

surface structures during film growth. In Fig. 2 the growth
sequence of an amorphous ZrAICu film is shown in repre-
sentative STM topographs. For this growth study, with the
substrate at temperatufg = 300 K, we have interrupted the
deposition at several thickness stages for monitoring the sur-
face morphology with STM. With increasing film thickness

h the lateral size of the uniform surface structures increases.
After deposition of 120 nm, a maximum size of about 18 nm
in the lateral direction is reached, as determined f@fR),
shown in Fig. 3. With further deposition surface roughening
is increased, up to a film thickness of about 300 nm, where a
stationary state for surface roughness /C(0) is reached
for the frames 208 200 nn? investigated[see Fig. 29)].
Alternatively, the same thickness-dependent values of rms
roughnessr can be determined from a Gaussian fit to the
height-distribution data of the STM images.

It is remarkable that at a film thickness of about 120 nm
surface structures of the same size and shape as shown in
Fig. 1(b) are observed. In a statistical manner both Figb) 1

in Fig. 1(b). For further details see Ref. 14. Such a relaxedand Ze) are equivalent, i.e., the dynamics of surface mor-
surface with rms roughness of about 0.1 nm, due to the visphology is independent of the initial substrate features.

cous flow of the film abovély, is the starting point for a

Additionally, we have investigated the dependence of sur-

growth sequence of the same amorphous alloy, as showiace morphology due to different substrate temperatiites

below.

during deposition. The STM images are presented in Fig. 4.

First we will focus on the evolution of the amorphous Up to temperatures near the glass transitignthe amor-
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[rrrm LR LAY T TABLE I. Results fromC(R) andH(R) calculated at different
/ _ 1 thickness stageh.
h=240nm
Film Correlation rms Average
1.0000 E thickness length roughness surface slope
- h (nm) R; (nm) o (nm) x (nm~Y)
h=120nm
1 0 0.10
h= 60nm 5 6.0 0.17 0.064
= 15 9.5 0.21 0.064
R= 30
0.1000 F E e 430 13.0 0.24 0.064
. = nm 1
Fe Sam 60 15.0 0.31 0.079
N’E\ 120 17.5 0.44 0.1
3 240 17.5 1.00 0.24
@ K 480 1.43
T 50100 ;/ rms—roughness o -
- 1] the surface current is driven by differences in surface chemi-
1.0F LIS B cal potentialu, which is set proportional to local surface
= 1 curvaturet®!® For small surface gradients it can be approxi-
E . ] mated byuxV2z(r). Thus, due to the absence of desorption
0.0010 L e . - o (for substrate temperaturds< 650 K a supersaturation of
. n -7 ~h = 10 . . . . 7.20
5 Cae ] 10%° or greater is estimatedq. (1) is rewritten as”
- LA ]
0.1 1 1 g
1 az(r,t) - -
10 100 =—D, V4(r,t)+ n(r,t
film thickness A (nm) | at L (r.O+7(r,0), @
0.0001 Ll Ll Lol L1

with D being the coefficient for surface diffusion. Assum-
1 10 100 ; ' . -
R (nm) ing s_elf-affme growth, a gcahng behavior is e_xpect_ed, de-
pending on the system dimension. In three dimensions the
FIG. 6. Height-difference correlation functidh(R) and surface interface evolves wittw = 1 andgB = 0.25. This may fit to
roughnessr (insey depending on film thickness in a log-log plot. the experimental results for the early stages of ZrAICu film
growth observed by STM.
phous hill-like structures are smeared out, i.e., the lateral size The solution of the linear Langevin equation in Ed),
is increased while surface roughness is decreased. At sulpart from scaling concepts, gives the height-height correla-
strate temperatures abovg the atomic mobility is suffi-  tion function. In reciprocal space, the Fourier transformation
cently high and the film crystallizes during depositidfig.  of the height-height correlation has the form
4(c)]. Small crystallites with flat terraces of step size 3.1
+0.1 A are observedFig. 5), corresponding to the lattice

parametera=3.2204 A of bct-ZpCul® The crystalline C() =(|2(4,)|2) g Dv (1—e20ua't), )
phase is also verified with x-ray diffraction. ' a D.g*
IV. DISCUSSION Therein the parametdd,, is a constant depending on evapo-

ration conditions, such as deposition rates. Deposition with

The question whether or not the surface is self-organizedandom nature will generate a “white” spectrum of surface
can be answered by presenting the height-difference functiodisturbances in Fourier space. Due to a limited adatom mo-
H(R) with log-log scales. From Fig. 6 it is shown that up to bility disturbances with spatial frequencies lower than
a film thickness of about 30 nm the surface shows dynamig.~ (D t) ¥ will not participate in surface relaxation, i.e.,
scaling behavior for in-plane correlations and vertical fluc-the corresponding long-range corrugations in real space are
tuations(see, e.g., Refs. 2 and.3At small distanceR the  responsible for surface roughness. Frequency modes with a
correlation functiorH(R) will fit to ( kR)2%, wherex indi- periodicity higher tharg, are “damped out” with a power
cates an average surface sldp@he roughness exponeat  of g *. In Fig. 7 two calculatedC(q) curves are presented,
= 0.8 is independent of film thickness, while the growth showing the predicted power law. Moreover, with higher
exponentB = 0.2 is only defined for the early stages of film substrate coverage a peak is evolving in the regiog.of
growth. With a further increase of film thicknesspecomes The above description considers only linear effects for the
thickness dependen(Table ), indicating the roughening growth front dynamics and should be regarded as resonable
transition mentioned above. The vertical direction of the hill-approximation. In fact, the results differ from a self-affine
like surface structures grows faster than the lateral ones. scaling behavior, as observed for film growth with a mode

The results for films grown at elevated temperatures sugselection process involved. Nevertheless, nontrivial relax-
gest that surface relaxation is governed by a diffusive surfacation patterns will only lead to small deviations in the region
current. In a growth model proposed by Wolf and Villdin  of the “cutoff’ frequency q. (see Fig. J. Therefore, the
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FIG. 7. Height-height correlation functio@(q). For surface
corrugations with periodicity greater thap the shape follows a FIG. 8. IRR: (nm) vs 1/T. From the slope, determined by linear
power law of 1¢*. regression, an average activation energy for surface diffusion

Ep=0.52 eV is detected.
average size of the surface structures, in one approximation,
corresponds tR.~2m/q., i.e., the magnitude dR; is pre- V. CONCLUSION

. 4 g . . _
dominated by thé/"z(r) term of surface diffusion. Assum In conclusion, we can state that amorphous metals, for

eexample, ZrAlCu, are favorite systems for growth studies in
fre framework of kinetic roughening due to their isotropic
surface features. For the early stages of film growth, starting
with a flat surface, the evolution of surface morphology
seems to be self-organized. With increasing surface rough-
) . e ; ness during film growth a roughening transition is observed,
gives at least the correct magnitude of activation energies fQg stapilization of a uniform size of surface structures in-

aditom m(:.bllltydonbmetal S.;Jgf‘?‘ces- ing film thick volved. The lateral siz&; of the hill-like surface structures
S mentioned above, with Increasing Tiim tnickness, _ac'depends on the adatom mobility. For films deposited at el-
companied by an increase of surface roughness, nonline

ffect dina to th . tal dit il @Vated substrate temperaturgy, is shifted towards higher
eliects, €.g., according lo the expenimental conditions ot fim, ) o.q | Describing the evolution of these amorphous films in

: . X : : . ; The context of stochastic growth equations, the lateral size of
ited films, for example, with an isotropic particle flux incom- h ‘ . domi d by WHe(r ;
ing from all directions, shadowing enhances local instabili-N€ Surface structures is predominated by Wrte(r) surface

ties. In a continuum approach such effects can be taken inf@ifusion term. Thus, from the development Bf with in-
account by modulating the deposition rate with respect to ag€2Sing substrate temperature, we are able to estimate an
exposure angle, depending on the surrounding at each sufYerage activation energy for surface diffusion.

face poin! In our case, the molecular beam is directed

more or less perpendicular to the substrate,. such that_ film ACKNOWLEDGMENTS
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