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It is well knowr that.the transition from an insulator to a metallic conductor may be induced in amorphous
semiconductor : metal alloys by increasing the metal concentration above a certain critical limit. However, without a detailed
understanding of the changes taking place in the atomic scale structure, it is difficult to ascribe a mechanism to the process.
We have investigated the microstructure of one such alloy system, a-Si; ,Ni,H, using EXAFS as the principal technique.
Thin film samples, prepared by tf co-sputtering, were studied over the composition range 0 < y < 0.3. Both silicon and nickel
K-edge EXAFS results are presented, together with complementary data from Raman scattering, nentron diffraction and
scanning calorimetry experiments. The results indicate that the samples contain two separate amorphous phases: a Ni: Si alloy
which is embedded in the surviving, modified a-Si host network. The measured electrical conductivity is discussed in the light

of this structural model.

1. Introduction ,

The existence of a metal-insulator transition
(MIT) in a variety of systems has attracted consid-
erable attention over the past decade for both
fundamental and technological reasons. One such
system involves the alloying of a-Si with d-band
metals. By varying the composition, it is possible
to control the electrical conductivity of the alloy.
The conductivity increases with an increasing pro-
portion of metal atoms until the latter rises above
some critical limit which results in a transition
from semiconducting to metallic behaviour. The
alloying is ‘thought to produce impurity levels
deep within the intrinsic bandgap, and hence in-
duce the MIT at a metal concentration of around
15% [1].

Early work on microcrystalline Si : Ni alloys [2]
reported that the MIT occurred at 13 at% Ni, and
this transition was assumed to be of Anderson
type. This process involves the impurity states at
the Fermi level becoming delocalised as the den-
sity of states rises. More recent work [3] on
amorphous Si: Ni.systems shows an enhancement
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of the DC conductivity by up to 8 orders of
magnitude over that of amorphous silicon for as
little as 5 at% Ni, but an optical gap remains up to
about 25% Ni. ‘

While much work has focussed on the MIT in
such systems, few structural studies have been
undertaken — yet it is far from obvious how the
metal impurity atoms are incorporated into the
amorphous semiconducting host. Without a more
detailed knowledge of the atomic scale structure,
the mechanisms responsible for the MIT cannot
be fully understood. Therefore, we have investi-
gated the structure of a-Si; _,Ni H over the com-
position range 0 <y <0.3. '

2. Sample preparation and characterization

Thin films of a-Si; _,Ni H were prepared by rf
reactive co-sputtering [4] under controlled condi-
tions: an rf power of 200 W and a total gas
pressure of 7.3 pbar. Argon of 99.998% purity was
used as the sputtering gas, with 99.993% pure H,
added in the ratio 10:1, Ar:H,, to saturate dan-
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gling bonds in the films [5]. The metal content of
the samples was altered by varying the number of
Ni or NiSi, discs placed on the 10 cm diameter,
crystalline -Si target. These ‘discs were arranged
uniformly to give a homogeneous distribution at
the substrate; the target—substrate separation was
5.5 cm. Substrates suitable for EXAFS, Raman
spectroscopy, DC conductivity, IR absorption and
electron microprobe analysis were held at ambient
temperature during sample deposition.
Determination of the sample’s thickness was

undertaken using a profilometer (Talysurf). The.
sample composition was measured using the tech-'

nique of energy dispersive electron microprobe
analysis (and later checked by “He™ Rutherford
backscattering), and was found ‘to be uniform
(4y =0.02) for any particular Film. In addition
to Si and Ni, immediately after deposition each
sample was found to contain approximately 8 at%
Ar, incorporated during the sputtering process. It
is not possible to estimate the hydrogen content of
the films by these methods; however, IR absorp-
tion measurements indicate, as expected, the pres-
ence of Si—H covalent bonds at all compositions.
In addition, the IR spectra show no significant
contamination of the samples by O, or N,.

Optical reflectivity measurements in the UV
and visible ranges, performed in a parallel study
[6], show a large increase in absorption with the
addition of even small amounts of Ni, the a-Si: H
bandgap being reduced to very small values. This
is supported by DC conductivity measurements [7]
where a”dramatic increase in conductivity, com-
pared to that of the undoped a-Si: H, is obtained
on the addition of a few percent Ni. These con-
ductivity results show qualitative agreement with
those made by Rogachev et al. [3], any quantita-
tive differences probably being due to differing
methods in the determination of sample composi-
tion. o

Raman scattering providés an extremely sensi-
tive test for the presence of c-Si, which produces a
characteristic phonon peak at 522 cm™". In a-Si,
this peak is broadened and shifted to around 480
cm™ 1. The Raman specira obtained using the 5145
A line of an argon ion laser showed no evidence of
¢-Si in any of the samples, though the broader a-Si

‘peak was present in all compositions.

3. EXAFS experiments

Extended X-ray absorption fine structure (EX-

'AFS) data from both the silicon and the nickel

K-edges were collected for samples in the com-
position range 0 <y < 0.3 using the 2 GeV Syn-
chrotron Radiation . Source at the Daresbury
Laboratory with beam -currents between 150 and
250 mA. :

-~ Silicon K-edge experiments were performed on
beamline 3.4 using a Cr-plated mirror to focus the
beam at the sample. The energy of the X-ray beam

"was defined using an InSb double-crystal mono-

chromator with a harmonic rejection set at 70%.
The incident beam was monitored using an Al
foil.

Absorption by the sample was measured using
the electron drain- current method, a modification
of the total electron yield method [9] necessitating
a conducting substrate. Samples of 1-2 pm thick
films deposited on stainless steel substrates were
used, the angle between the incident beam and the
sample being varied to optimize the counting sta-
tistics. .

Measurements on the nickel K-edge were per-
formed on beamline 7.1 using a Si(111) double-
crystal monochromator and a harmonic rejection
of 50%. All these experiments were performed in
transmission mode with detection by Ar/He gas
ionization chambers [10]. In this case, 1-2 pm
thick films were deposited on mylar substrates
and stacked to obtain the optimum absorption-
thickness product (pt~ 1-2) at the absorption
edge. More comprehensive beamline specifications
for both 3.4 and 7.1 can be found elsewhere [8].

4. Data analysis

The transmission data was energy-calibrated by
the EXCALIB program [11] available at the
Daresbury Laboratory; while the EXBACKYV pro-
gram [11] was used to fit low-order polynomials to

" the smooth atomic absorption backgrounds ()

of the pre- and post-edge data so that this could
be subtracted from the spectra, leaving only the




Fourier transformations showed that, within ex-
perimental error, these variations in the pre-edge
background subtraction did not significantly alter
the data.

A simplified version of the EXAFS function for
K-edges, which shows clearly the structural infor-
mation contained .in the spectra, is expressed by

. the equation [12]

~4(k)N,
(R})

Xexp( —_iRJ) sin(2kR; +28+ %) (2)

X(k) = Z | E ()| exp( 207k?)

Here N, is the number of neighbouring atoms in a
shell of radius R; around the absorbing atom,
each having a backscattermg amplitude F;(m)

‘which is a function of both atom type and photo-

electron momentum, k. A(k) is an energy-inde-
pendent factor which corrects for amplitude re-
ductions due to events that result in absorption
but not EXAFS (such as multiple excitations). The
first exponential term is the Debye—Waller factor
which provides a description of the static and
thermal disorder of the system. o/ is the mean
square deviation in interatomic distance, R;. The
second exponential term acts as a damping factor
which accounts for losses by inelastic scattering
and multielectron excitation, with A being the
elastic mean free path of the photoelectron. The
phase shift experienced by the photoelectron on
passage through the emitting atom potential is
described by 8, while ¥, represents the phase of
the backscattering factor.

Structural information was obtained by multi-
parameter fitting of the experimental data to the
EXAFS function in k-space, using the least-
squares routine available in the EXCURVS3
curved wave package [13].
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their accepted values.
Transferability of the modified phase shifts to

“other systems was tested by using them to fit to

data collected on three more known compounds —
NiSi,, SiO, and NiO. In each case, the element of
interest is in a very different chemical environ-
ment to that of the original standards, yet the new
phase shifts yielded reliable interactomic dis-
tances.

The amplitude factor (AFAC), which corrects
for events such as multiple excitations, was varied
on the standard samples to obtain a most likely
value for each atom type, its magnitude was fixed
at this “best” result thereafter. The photoelectron
mean free path, A, described in terms of an imag-
inary part of the potential (VPI) in the experimen-
tal fits, was allowed to float around the value
obtained from the standard samples. The EX-
CURYVSS fitting routine uses a non-linear least-
squares fit for the fast curved wave theory [14] to
the data, with interatomic distance (R), coordina-
tion number (N ), Debye—-Waller factor (4 = 20?)
and energy offset (EO) as variable parameters.
The edge was assumed to occur at the energy of
the principal maximum in the first derivative of
the near-edge raw data, and zero wavevector (k =
0) was taken as a value EO below this edge. The
useful energy range of the spectra extended to
500-600 eV above the edge and Gaussian windows
were used in the Fourier transformations. The
quality of the fit of X(k) to the experimental
spectra may be quantified by using a parameter
known as the fit index (FI), which is defined as

A
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where N, =number of data points, and wt=
integral k& weighting factor.

























