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A series of small-angle x-ray scattering (SAXS) experiments has been conducted in
order to probe further the X-ray absorption fine structure (EXAFS)-derived nanoscale
structure of amorphous hydrogenated silicon,tin;—, hydrogenated silicon,nickel;—,, and
germanium,gold,—, materials as a function of metal content. The SAXS results reveal
information on cluster formation within these reactively, radio-frequency—sputtered
amorphous thin films. The data are considered within the context of EXAFS data, and
lend support to a model in which the degree and nature of the heterogeneities depend
primarily on the metal species, with the level of metal content inducing additional

effects. In particular, the results support a percolation model for the metal : nonmetal:

transition in amorphous semiconductor,transition metal,_, alloys, the conducting volume
elements comprising metal, or metal compound-rich regions within the amorphous

tetrahedral host network.

. INTRODUCTION

Noncrystalline semiconductors are of immense tech-
nological interest, having many and varied applications.
Of fundamental significance are materials formed by
alloying amorphous hydrogenated silicon, a-Si:H with
metals (M); by careful control of the composition of
the materials formed (a-Si\M;—,:H), it is possible to
regulate the electrical conductivity and for certain metal
impurities, e.g., noble and transition metals, to induce a
transition from semiconducting to metallic-type behavior
above a certain critical limit. The electronic properties
of such alloys have been extensively studied' and the
metal : insulator transitions (MIT) are often described in
terms of an Anderson-type transition where electrons at
the Fermi level become delocalized and extended state
conduction can occur. However, this approach relies on
the assumption that the impurity atoms are incorporated
randomly into the structure. If clustering of metal atoms
occurs, it is more appropriate to describe the electrical
conductivity in terms of classical percolation theory.?

In contrast to the behavior described above, al-
loying a-Si:H with the group IV element, tin, does
not induce an MIT transition as such. As the metal
concentration is increased, the optical bandgap smoothly
decreases along with a concomitant increase in dark
conductivity.> However, above approximately 5 at.% Sn,
the conduction process changes from n-type to p-type
and the photoconductivity falls.* This latter phenomenon
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has been attributed to the nonsubstitutional inclusion of
impurity atoms.

It is evident that, to clarify our understanding of the
conductivity processes in a-SiyM;-, systems, it would
be advantageous to have a knowledge of the atomic
scale structure of the materials and the way in which
the impurity atoms are included in the tetrahedral ran-
dom network (TRN) of the host semiconductor. To
this end we investigated the structure of three alloy
systems of interest (a-Si,Nij—,:H,’ a-Ge,Au;—;.® and
a-Si,Sn;-, : H;? see also Refs. 8 and 9) over pertinent
composition ranges using the technique of extended x-
ray absorption fine structure (EXAFS).

Broadly speaking, our conclusion was that the in-
clusion of Ni into a-Si and Au into a-Ge leads to local
reordering of the TRN. It was suggested that small
regions of intermetallic compound are formed and are
surrounded by the matrix provided by the persisting
amorphous semiconductor; the systems are therefore,
within this model, heterogeneous. More specifically,
we suggested that clusters of a highly disordered form
of intermetallic NiSi, were formed in @-Si,Ni;—:H,
and analogous (metastable) clusters of AugGesp in the
a-Ge,Au;_,. Indeed, there is some evidence for the ad-
ditional formation of metallic gold clusters at higher Au
concentrations. Certainly, if this picture is at all realistic
it would imply that a percolation medel would be the
most appropriate basis for a description of the transport
behavior. No such evidence for segregation exists for
the a-Si,Sn;—, :H system, but rather the EXAFS data
supported a random substitutional model. Studies on the
nature of the conductivity and magnetoresistance of a-
SiNij_, : H near the MIT!® lend further support to our
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proposed structural model. In an EXAFS study'! that
revisits the earlier experiments in part, data is presented
for relatively high nickel concentrations; this additional
data shows rather similar features to our initial study.
The authors, however, quite justifiably, highlight the fact
that from EXAFS data alone it is not possible to make
an unambiguous statement on the nature of the systems’
structures beyond near-neighbors. This obvious point
reflects one of the intrinsic limitations of the EXAFS
technique, and it is with this in mind that we now present
the results of a complementary study using small angle
x-ray scattering (SAXS).

Il. SAMPLE PREPARATION

Thin film samples of thickness approximately 2 pm
were deposited onto mylar substrates, which were held
at ambient temperature, by reactive cosputtering. Argon
(99.998% purity) was used as the sputtering gas with Hy
(99.993% purity) added in the ratio 10/1, Ar/H,, to sat-
urate dangling bonds in the samples. The total pressure
was 7.3 X 1073 mbar with a constant rf power of 200 W
and a target bias of ~700 V. The composition of the

samples was controlled by varying the number of small

metal disks arranged on the 10 cm diameter crystalline
semiconductor target to give a homogeneous distribution
at the substrate. However, the a-Ge,Au; -, samples were
not hydrogenated to aid qualitative comparison with
previous work on this system. Compositional analysis
was initially performed using an electron microprobe
but later refined significantly using a-particle Rutherford
backscattering. Each sample was also found to contain an
approximately constant proportion (8 at.%) of Ar incor-
porated during the sputtering process; the Ar sites have
been shown to be randomly distributed within the TRN
and to have no discernible effect on the overall network
structure.” The amount of hydrogen incorporated in the
hydrogenated samples was not quantitatively evaluated;
however, infrared absorption spectroscopy shows the
presence of Si—H bonds at all compositions, and work
on analogous materials (e.g., Ref. 18) suggests a total H
content of ~10 at.%.

lil. SAXS EXPERIMENTATION AND
DATA REDUCTION

Small-angle x-ray scattering data was collected
on Station 8.2 at the Synchrotron Radiation Source
at CCRL Daresbury Laboratory, UK. SAXS is a
nondestructive method for examining structure in the
size range ~10 to a few 100 A, and the principles are
detailed elsewhere.!? The main components of the SAXS
setup are presented in Fig. 1. X-rays, monochromated
by an arrangement of optics, are incident on the sample
and scattered to a range of angles §. Variations in
the incident beam intensity, and the transmittance
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FIG. 1. Schematic diagram of the SAXS arrangement.

of the sample, are monitored using the ionization
chambers, labelled IC in the figure. The scattered
radiation travels down an evacuated camera and is
incident on a position sensitive detector at a distance
I from the sample; a beam stop is used to absorb the
straight-through beam which would otherwise damage
the detector. The length of the camera determines the
range of scattering angles subtended by the detector;
this can be chosen to span a range appropriate for the
scattering distribution examined. Typical camera lengths
are between 1 and 3 m, giving a range of scattering
vector Q between 0.01 and 0.2 A~! (where the scattering
vector Q = 441/ A sin 6/2 for a scattering angle ) at the
longer camera length and between 0.04 and 0.7 A~ for
the shorter camera. Standard data reduction, involving
transmission correction and removal of the background
scattering, was carried out before data fitting could
progress. In the case of shorter camera lengths, a
correction to take account of slit smearing'? must be
considered. Subtraction of the scattering due to the mylar
substrate is of self-evident importance, particularly given
the fact that there can be an orientational variation in its
otherwise smooth scattering profile. In these experiments
care was taken to use a section of mylar that had been
shadowed from the depositing plasma, and to maintain
the mylar/sample orientation between pairs of scans.

IV. PHASE SEPARATION
A. The scattering peak

For a phase-separated material in which small
semiconductor, metal; ., regions exist within a semicon-
ductor matrix, the properties of, and correlations between
the alloyed areas result in an electron density contrast,
which in turn gives rise to small-angle scattering
(SAXS). The observed SAXS profile would then consist
of a main scattering peak whose intensity, width, decay,
and position in Q-space depend on the properties of
the separated areas, in particular the position and width
depend on real-space parameters (size/correlation length
and the associated spread) while the peak height will
depend on the scattering contrast and the number of
scatterers. However, the presence of voids will have
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the surface area within a certain radius displays self-
similarity over a range of length scales. If the dimension
over which the cluster exists is large compared to the
size of the individual units within it, then the intensity
profile can be approximated to a very simple power-law
relationship?®? I(Q) ~ Q~P», where D,, is the mass
fractal dimension which may have values between 1
and 3 according to the increasing densification of the
medium. Alternatively, the scattering may be influenced
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from the nonrandom distribution of molybdenum w1thm
the germanium network; this lends additional support to
our interpretation and conclusions presented below.

V. SAXS RESULTS AND DISCUSSION
A. a-Si,Sn1—x:H

Three amorphous hydrogenated silicon,tin;—, films
with nickel concentrations between 3.8 and 12.5 at.%
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