
* SURFA LUMNAR GROWTH AND I 
I FORMATION IN AMORPHOUS CuTi FILMS 

U. v. Hiilsen *, P. Thiyagarajan **, U. Geyer *, 
* 1. Physikalisches Institut and SFB 345,37073 Gottingen, Germany 
** Argonne National Laboratory, Argonne, IL 60439, USA 

ABSTRACT 

The growth of amorphous CuTi films, prepared by electron beam evaporation, is investigated 
by Scanning Tunneling Microscopy (STM), Small Angle Neutron Scattering (SANS) and in situ 
measurements of intrinsic mechanical stresses (ISM). In early growth stages the films develop 
compressive stresses and, with increasing film thickness, a crossover to tensile stresses. In the 
same thickness range the STM investigations show a change in the growth mode. Our 
experiments suggest a transition from planar growth with statistical surface roughening to 
columnar growth. 

INTRODUCTION 

Many multicomponent metallic alloy films, especially prepared from transition metals by 
thermal evaporation in vacuo or sputtering, remain amorphous at substrate temperatures up to a 
few hundred degrees above room temperature [ 1-41. Some amorphous binary and ternary metallic 
films can therefore be utilized as diffusion barriers for Cu metallization of Si devices, even up to 
800°C [3, 51. For their performance it seems to be crucial that these films are homogenous, with- 
out interfaces along which diffusion could take place, and free of intrinsic stresses. In addition, 
homogenous amorphous films should be perfect to test macroscopic growth models [6] because 
of their structural isotropy and homogeneity. In this paper we report a combination of intrinsic 
stress measurements, Scanning Tunneling Microscopy and Small Angle Neutron Scattering 
studies of thin amorphous metallic CuTi films in order to discuss the growth modes of these 
films. 

EXPERIMENTAL 

The Cu-Ti films were prepared in an ultrahigh-vacuum chamber by simultaneous 
condensation of the elementary metal vapors from two electron-beam evaporation sources onto 
500 ym thick single-crystal quartz substrates or onto the amorphous Si02 layer of a naturally or 
thermally oxidized 500 ym thick Si(100) wafer. The results are independent of the substrates 
used. The growth rate of all films was 0.7 rids. The metal atoms arrived on the substrates at 23" 
from perpendicular. X-ray diffraction analysis of the films did not show contributions from 
crystalline phases to the diffraction patterns. The in-plane mechanical stresses were measured in 
situ during the condensation process by a cantilever beam technique using an optical two beam 
deflection method [7]. The film surfaces were investigated by scanning tunneling microscopy in 
the constant current mode. Scan sizes and vertical scales are given in the figure captions. SANS 
samples consisted of a stack of ten 50 ym thick Si( 100) wafers, each with 300 nm thick CuTi 
films condensed onto both sides at Ts = 300 K. SANS measurements were carried out  at the 
Intense Pulsed Neutron Source, Argonne National Laboratory, with a measured q-vector range of 
0.05 nm-' < Iql < 2.5 nm'l. 
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RESULTS 

Fig.I. (a)  Intrinsic stress mea- 
surements (ISM) of CuTi films of 
different compositions at room 
temperature. The average in- 
plane stress times the thickness is 
plotted vs. the film thickness t. 
The slope of the cunjes at 
thickness t gives the stress that is 
formed in the laj-er t+At. The 
CujoTiso film has not reached a 
state of growth with saturated 
tensile stress. 

(b) ISM of Cu30Ti70 condensed at 
room temperature. The dotted 
lines indicate the shutter 
operations. There is JZO stress 
formation wheii the shutter is 
closed 

Fig. l a  shows the in situ stress measurements for different film compositions during growth 
at room temperature. In all curves we see a crossover from compressive to tensile stresses. The 
crossover thickness depends on the film composition: the higher the Cu content of the alloy, the 
higher is the crossover thickness. In the measurement of Fig lb, the growth process was inter- 
rupted by drawing a shutter between substrate and evaporator at different growth stages. No 
further stress generation is observed after the shutter is closed in any growth stage. If we cut.out 
the parts of the curve where the shutter was closed, we get the same intrinsic stress values as 
without interruption of the growth. Fig. 2 (a-c) show STM images of Cu30Ti70 condensed at 
substrate temperature Ts = 300K at different growth stages. Fig. 2a shows the surface of the film 
in the compressive stress range, Fig. 2b in the crossover range, and Fig. 2c in the tensile range. 
The surface topography does not change with further growth. This evolution of surface 
topography is also found for Cu40Ti60 and C L J ~ ~ T ~ ~ O .  The crossover range in which the surface 
changes from relatively smooth to the sharply clustered surface always correlates with the cross- 
over thickness of the stress measurements. The mean diameter of the clusters is about 20 nm for 



Fig. 2. STM images of the sucface of anzoi-phous Cu30Ti70 .fiIr?is. {a)  100 i i n z  thick. Ts=300K; 
(b) 150 izm thick, Ts=300K; (c) 250 izm thick, Ts=3OOK; ( d )  300 iiin thick, Ts=4OOK. The scaii 
size is 500 nm x500 nnz in all cases, the gray scale covers 15 izin in (a)-(c) and 25 izm in (d) 

Fig 2c. The diameter increases with Cu content and with Ts. Fig. Zd shoiis an STM image of a 
300 nm thick Cu30Ti70 film condensed at Ts=400K. The clusters ha1.e a mean diameter of 32 nm. 
In Fig. 3 we show a log-log plot of the rms surface roughness w of the films vs. film thickness t 
for different compositions in order to achieve the growth exponent [6]. The growth exponent is 
about 1/4 until the film reaches the crossover thickness. Then a dramatic change of the growth 
mode occurs as indicated by a growth exponent of about 4. Finally no further increase of w can 
be detected. Fig. 4 shows a log-log plot of w vs. lateral scan size L for the films at high 
thicknesses. For small lateral size, we find a roughness exponent of about 0.7 which can also 
derived from the height-height correlation function [6]. The surface roughness saturates at 
scansizes of about L=40nm. 



Fig.3. Surface roughness (root 
mean square of sur$ace height 

CuTi films of different 
compositions. condensed at room 
temperature. The black line is a 

- 
a -  - function) vs. film thickness for 

- 
- 0 - linear fit of the roughness values 

of the cu40Ti60films with a slope 
of 0.25. The error bar plotted on 

- - - - - the left side is Qpical. 
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Fig.4. Surface roughness vs. 
lateral scansize for CuTifilms at 
high film thicknesses. The black 
line is a 1inearJit of the roughness 
values of the cu40Ti60 film at 
small scansizes with a slope of 
0.7, 

$ 0 Cu,Ti,,, Ts=300K 
Cu3,Ti7,, Ts=300K 

In Fig 5, SANS cross section data S(q) of Cu30Ti70 and Cu40Ti60 are shown They were 
measured at normal incidence of the neutron beam with respect to the film plane. The increase of 
the scattering cross section S(q) with decreasing wavenumber q reveals the existence of inhomo- 
geneities on a length scale of a few 10 nm in the films. We relate this scattering contrast to the 
cluster boundaries observed by STM and conclude that these extend into the film volume. The 
smaller overall S(q) in (b) indicates a smaller volume fraction of boundaries in the Cu40Ti60 
films. 

In order to get further information on the geometry of the inhomogeneities in the films, 2D 
S A N S  diffraction patterns for oblique beam incidence were measured. While normal neutron 
beam incidence leads to isotropic scattering, the oblique incidence results in anisotropic patterns. 
In Fig. 6 the corresponding S(q,,q,) data of Cu30Ti70 for normal (a) and 30" incidence (b) are 
given. The anisotropy in (b) shows that the clusters seen by STM at the surface extend deeper 
perpendicular to the film than in the film plane, consistent with a columnar microstructure. 



Fig. 5. ID-S.4.W cross section 
data S(q)  of 20 x 300 i i m  thick 
Cu?Ji,O ,films (n )  uizd 20 x 300 
izrn thick Cic+y)Tih~~ ,fi'lnis (17). All 
,films were deposited cit T.y=3UOK. 
The cross sectiori dutn are tclkcw 
ut iioriiicrl Deain iitcideirce. 
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Fig. 6. 2D-SANS cross section data S(q,,q,) of 20 x 300 izin thick Cii:oTi70,filnzs IT.Y=SOOK) 
measured at normal ( a )  arid 30" oblique (b) L?eain incidence. 

CONCLUSIONS 

These results make the following growth behavior of the amorphous CuTi films likely. The 
arriving atoms are strongly bonded to the surface, and due to the lorn. reduced temperature 
T'=Ts/TM (TM = melting temperature) there is only small surface diffusion before the next atomic 
layer is deposited. 

The growth exponent obtained from the solution of a growth equation introduced 
independently by Wolf and Villain [8] and Das Sarrnas and Tamborenea [9] is Vi. uhich is in 
good agreement with our results below the crossover thickness. In this equation. the gron.th is 
described by two terms: the particle flux to the surface with statistical fluctuations and a surface 
diffusion term. Though this equation is introduced to describe MBE Experiments. the gro\vth of 
an amorphous film should be a excellent system to test it because of the absence of diffusion 
barriers like monoatomic steps at the surface. 



When the film reaches a critical roughness it begins to form boundaries between its hillocks. 
This is the start of the crossover that is observed in the stress measurements and the STM 
investigations. The roughening in the crossover range is not further driven by statistical 
fluctuations in the vapor flux but by the ratio of the surface and the interface energies which 
defines the equilibrium contact angle of two clusters [lo]. Since this driving force is nonlocal, 
the roughening of the clusters cannot be described by continuous growth equations of the Wolf 
Villain type. The roughening is finished when this contact angle is reached. Due to the surface 
tension, the clusters have a spherical shape. With the formation of the cluster’s boundaries, 
formation of tensile stress is connected as described by the mismatch model of Hoffman and 
discussed elsewhere [ 10- 121. 

The saturation of the rms-exponent with increasing L can be understood if we assume that the 
boundaries act as diffusion barriers, and so the lateral correlation propagation of the surface 
height function stops at these boundaries. The origin of the column diameter is found in the 
lateral correlation length of the surface described by the growth model for small film thickness 
[ 131. This correlation length depends on the surface diffusion during the film growth. Therefore, 
the diameter increases with increasing substrate temperature as is shown in Fig. 2. 

In summary, the combination of STM and S A N S  measurements reveals a change of growth 
mode in amorphous CuTi films from planar to columnar growth. This change can also explain 
the change in ISM to tensile stress. The initiation of the columnar growth can be described by 
statistical roughening of the surface. The growth exponent in that regime is in agreement with the 
growth equation of the Wolf Villain type in which surface diffusion plays the important role. 
After formation of the column boundaries has started, the roughening exponent increases 
dramatically and cannot be described by statistical roughening models. The ratio of surface 
energy to interface energy now determines the equilibrium contact angle of two columns and is 
responsible for the high growth exponent. 
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