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ABSTRACT 

Magnetron sputtered amorphous FexGeloo.x films have been examined with anomalous 
small-angle x-ray scattering (ASAXS) in an attempt to characterize composition 
fluctuations which have been previously reported in this system. Films grown under 
various deposition conditions have been studied, with the scattering vector both in and 
oblique to the plane of the films, to search for anisotropy. By manipulating the deposited 
power flux and rates of growth, films which have the same composition can be grown to 
different states of phase separation. The total correlation functions have been calculated 
from the oblique scattering experiments. The anisotropy can be successfully modeled as 
a close-packing of oriented prolate ellipsoidal particles, with the elongated axis along the 
direction of film growth. A method for using these measurements to determine the 
compositions of the phase-separating species has been developed and utilized. The 

- results indicate phase separation into a-Ge and a-FeGe2 for the a-Fe,Gerou-x (~~33) alloy. 
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A common approach to understanding vapor-deposited amorphous alloys is to focus 
on the short-range order, while assuming chemical homogeneity and isotropy. An 
interesting problem arises, however, when the equilibrium phase diagram indicates that 
there is no solid solubility throughout the composition range of interest. It is not obvious 
that the quasi-equilibrium state of the amorphous alloy can be treated as homogeneous 
and not phase separated. This is a fundamental problem, since most phase transitions 
(e.g. metal/insulator, para/ferromagnet) in amorphous materials assume little if any order 
exists beyond the first few neighbors. 

Past experiments of Rice et al.1 and Lorentz et al.2 show that composition fluctuations 
of some kind exist throughout most of the composition range (0~~~75) of triode- 
sputtered a-Fe,Gereo, films. The phase diagram of Fe,Geloo-, shows no solid solubility 
throughout most of the composition range, particularly for ~~33 where the equilibrium 
state is a mixture of c-Ge and c-FeGe2. Among its more interesting properties, the alloy 
exhibits a semiconductor to metal transition near lo-15 atomic percent Fe. We have 

- focused on better understanding the apparent phase separation in the composition range 
in which this transition occurs (~~33). By varying growth parameters and checking for 
anisotropy, we have been able to show that deposition conditions critically affect 
amorphous phase growth and that the phases are not packed isotropically but rather 
depend quite significantly on the film surface. 

EXPERIl 'ylENT 

a-FexGeree-x (~~33) films were prepared by magnetron co-sputtering of elemental 
targets onto Si wafers attached to a rapidly rotating substrate table. The Si substrates 
were then removed and films (-5-8 microns thick) rendered free-standing after 
immersion in a warm KOH bath.3 Samples that are sufficiently thick and free-standing 
are x=6, 11, 14, and 18; those that are not free-standing but are kapton-supported, x=0, 
26,44, and 47. Initial characterization of the samples included a check for crystallization 

-- with a conventional Picker diffractometer, a rough determination of the composition with 
an electron microprobe and a thickness measurement with an alpha-step profilometer. 
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-- t. - .- More accurate values of the composition have been obtained using x-ray absorption 

methods.4 
The ASAXS experiment was performed on the eight-pole focused wiggler end-station 

4-2 at the Stanford Synchrotron Radiation Laboratory. The basic line consists of a bent 
cylindrical mirror and a double-crystal monochromator. For this experiment, we used 
Si(ll1) crystals and worked at five incident x-ray energies below the Fe K edge (-200, 
-100, -50, -20, -lOeV, edge at 7112 eV) and the Ge K edge (edge at 11103 eV). In order 
to test for anisotropy, oblique transmission measurements5 which allow for various 
orientations of the scattering vector were performed. By tilting the sample to angle U, the 
scattering vector rotates out of the surface plane, and correlations in electron density are 
projected onto the plane defined at angle o with respect to the surface plane (w=O)--see 
figure 1. The data were background subtracted, scaled per irradiated volume and 
absorption, and placed on an absolute scale (-10% error) with a lupolen secondary 
standard.6 We report results in terms of the structure factor, s(E), which is the fourier 
transform of the electron density pair correlation function, y(F). The total cross-sections 
(integrated intensities) have been obtained by integrating over both the magnitude of the 
scattering vector as well as the polar angle w. The details of the data collection, 
normalization, and manipulation procedures will be summarized more completely by 
Regan.7 

position-sensitive 
linear detector 

Figure 1. Scattering geometry for oblique transmission experiment. 

RESULTS 

Figure 2 illustrates the structure factor S(k,w) determined from the oblique 
transmission experiment for a-FehGeg4 at 6912 eV. A strong anisotropy appears, 
observable from the change in the scattering peak with sample orientation. As the sample 
is tilted, the peak shifts inward to smaller k, monotonically decreasing with tilt angle. 
Th se data indicate that there are in-plane correlations of some kind at approximately 
25 1 , which become gradually weaker and of increasingly greater distance as the 
scattering vector shifts in orientation from the sample surface towards the sample normal. 
The anomalous experiments for all tilt angles show that there is little if any dependence 
on the scattering near the Ge K-edge but a large dependence at the Fe K-edge. Such a 
result had been obtained earlier at normal incidence.1 

The other samples in this composition range (~~33) illustrate the same behavior. That 
is, there is a monotonic decrease in scattering intensity and shift inward in peak position 
with increasing o. As x is further increased to x=44 and x=47, however, the SAKS 
maximum disappears and no scattering is observed throughout the extended range 
k=4nsin6/h=0.012 to 0.6 A-1. This is in contrast to results reported for triode-sputtered a- 
Fe,Gelc+, alloys, where scattering is observed throughout most of the composition range 
(O<x<75). 

-- 

By changing the deposition conditions, films identical in composition can be grown to 
different quasi-equilibrium phase-separated states. Figure 3 compares the scattering from 
samples that vary both in composition and target power. By manipulating the target 
power, a host~of variables in the vapor deposition process are altered (e.g. adatom thermal 
energy and deposition rate), so that it is not surprising that the samples exhibit different 
states. However, it is not obvious as to which particular state is preferred. Samples 
grown at 400 watts show a more “advanced” state of phase separation than those at 100 
watts; that is, the scattering peaks at longer “d-spacings”, the peaks have greater 
magnitudes and they have smaller FWHMs. The greatest change in “d-spacing” length 
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Figure 2. Oblique transm ission SAXS experim ent. Results are placed on 
a per volum e scale, with re the classical radius of the electron. 
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Figure 3. SAXS as a function of com position and power delivered 
to the sputtering target: solid line, 400 W  power; dashed line 100 
W . 

MODELS 

-- 

The issues that any m odel m ust address are not trivial and consequently lead to a deep 
understanding of the amorphous alloy’s structure. The existence of a scattering m axim um 
at a nonzero scattering vector along with the observed anisotropy are difficult to m odel. 
Although a unique structure is not discernible from  scattering m easurem ents, we have 
been able to rule out som e two-dim ensional growth m odels. Then, m ore traditional 
particulate systems are discussed. 
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-- r. - .- Two-Dimensional Models 

One structure common to vapor-deposited films is that from a columnar growth 
process. For a columnar structure, perfect phase correlation exists in the direction of 
growth z; that is, the electron density at 7 - (x,y,z), ~(7) (with respect to an arbitrary 
origin), is identical to the density at point r’ - (x,y,O). The fourier transform of the pair 
correlation for a columnar model with in-plane isotropy is 

SW4 - WO) 
sin’($ksinw) 

( 
-Tksino 2 9 
2 1 

with T the film thickness or column height and S(k,o=O) the structure factor at normal 
transmission, and k and o reciprocal polar coordinates. Given a similar SAXS spectrum 
for o=O as observed for the Fe,Ger~-X films, the peak shifts outward and decreases 
markedly in intensity as the scattering vector changes its orientation to align with the 
sample normal. It is possible to choose a film thickness T for which the peak initially 
shifts inward, but for larger angles the peak eventually shifts outward, in disagreement 
with the data. 

The converse to this model is one with no correlation in the direction of growth. That 
is, the average over all pair correlations that are not in the same layer is 0, as might be 
observed in a system with large thermal fluctuations between deposited layers. The pair 
correlation function for such a model is y(z) - (p(~,)p( 2 + &,))S(z), with a structure factor 

_ S(ko)=S(kcoso,O). Again, the model spectra shift outward with or). The data suggest 
that non-trivial correlations exist in the direction of growth; otherwise, we would observe 
a shift outward rather than inward with sample tilt. More sophisticated growth 
simulations that include tapered and/or shadowed growth might be able to explain the 

. oblique transmission results, however. 

&&&te Models 

Whether phase separation occurs via a spinodal decomposition or nucleation process, 
the late-time structures are fairly similar: there exist regions of well-defined electron 
density. For the Fe-Ge alloy, regions of well-defined electron density are believed to 
exist since the large-k side of the scattering pattern exhibits the characteristic l/e Porod 
law of smooth interfaces. This is a part of reciprocal space where interparticle 
interference effects are less important while scattering from surfaces of the regions in 
space and electron density dominate. 

Consequently, one approach is to consider the scattering due to distinct particles of a 
particular electron density within a background of different density. The origin of the 
maximum in the structure factor is then due to either inhomogeneities within the particles 

- or to an interparticle interference effect between groups of particles. By placing the data 
on an absolute scale, we have been able to show that a simple ellipsoidal inhomogeneous 
particle model that can explain the anisotropy is inadequate--particles would have to be 
packed so close together in order to observe the experimental magnitude in scattering that 
interparticle interference effects between neighboring particles would dominate. The 
simplest model that thus emerges is a collection of oriented homogeneous ellipsoids. 

The observed scattering for the x=11 sample is well represented by the theoretic 1 
scattering -pattern for a collection of oriented prolate ellipsoids of semi-axes {4,4,10} x 
(figure 4). The interparticle interference function is approximated by the analytic hard 
core Born-Green structure factor, ellipsoidal symmetry incorporated by an ellipsoidal 
hard core repulsion potential of semi-axes {21,21,3O}A. It should be noted that the 
typical hard core repulsion model allows one particle (at closest approach) to touch 
another. We found that the best agreement with data occurred when a large buffer zone is 
allowed between the closest point of contact between the particles. 
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Figure 4. (a) Configuration and (b) computed structure factor of the 
oriented prolate ellipsoid model. Horizontal axis: o=O” (in-plane); vertical 
axis: ccr-90” (direction of growth). 

DENSITY CALCULATIONS 

A general, measureable parameter is the mean square fluctuation in electron density 
($), proportional to the total cross-section (also known as the integrated intensity).9 (~2) 
has been determined by integrating the SAKS spectra over all oblique transmission 
angles, and we have been able to show that changes in (~2) with changes in the 
anomalous scattering factors at the Fe-edge help determine the composition of the phase- 
separating species. Since ASAXS is observed up to but not including x=0, it is assumed 
that one endpoint of phase separation is a-Ge, with the other endpoint obviously in the 

. composition range x=26 to x=44. For a solid with two distinct phases, 

( q2) = d1 - c)ln,FcfF,(E) + <@ - %Ge>tk(E)l (2) 

with c the volume fraction of material of phase 1, n,“” the number density of Fe in phase i, 
and f&(E)=26+f(E)+i.(E) the effective number of electrons per Fe atom. The 
anomalous scattering factors, f(E) and f’(E), are apparent only near the particular atom’s 
absorption edge. For this work, we work below the Fe and Ge K-edges, regions in energy 
where f(E) is changing significantly but f’(E) remains essentially constant. 
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Figure 5. Plot of ( q2) versus f(E) at the Fe K-edge for 4 different samples. 

Since there is little if any change at the Ge K-edge, there is no resolvable change in 
-- ($) with energy at the Ge edge, so the number densities of Ge in both phases must be 

close to identical. At the Fe K-edge, however, there is a drastic change. The linear 
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-- c - .- relation between ($)l” and f(E) provides support for the validity of the model equation 

(figure 5). By writing out the volume fraction c in terms of the atomic percent x, we have 

(3) 

By determining ($) and with the knowledge of x and foe, it is possible to determine 
rZ& for a given nGe (usually 2-5% of the number density for crystalline Ge). The atomic 
fraction Fe of the Fe-rich phase is then 

nFE 
. (4) 

nFc +  nGe 

For number densities of 5% less up to the crystalline value for Ge, we have possible 
endpoints that vary from 33 to 37 atomic percent Fe for all samples studied. The number 
density of Ge in c-FeGe2 is very similar to that of c-Ge, in agreement with the Ge edge 
result. 

CONCLUSIONS 

W e  have used oblique transmission ASAXS to better characterize the chemical 
homogeneity of a-Fe,GelmVx films . A simple model that describes the strong anisotropy 

_. and agrees with the absolute scale measurements is a close-packing of oriented prolate 
ellipsoidal particles of a-FeGe2 (a-Ge) in a background of a-Ge (a-FeGe2). These results 
are consistent with partial structure factors which have been determined using differential 
anomalous scattering and the total cylindrical distribution functions, which do not rely on 

. H-two-phase particle model and will be presented elsewhere.10 
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