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The observation of extensive small-a~~le x-ray scattering from hydrogenated a-Si in-
dicates that the void distribution in this material is very similar to that for evaporated
a-Si. Thus the improved electrical properties of the hydrogenated material are not due
to this material having a homogeneous structure.

The doping of crystalline semiconductors with
substitutional impurities for the purpose of con-
trolling electronic properties is a most impor-
tant feature of modern solid-state electronics.
Prior to 1969, attempts to control the properties
of amorphous tetrahedrally coordinated semi-
conductors in a similar manner were unsuccess-
ful. The main reason for this failure was the
high level of the localized-state density found in
the mobility gap of evaporated or sputtered a-Si
(Spear') and a-Ge. These states were thought to
be related to microvoids and point defects.

It was demonstrated' in 1969 that a-Si prepared
by the glow-discharge decomposition of silane
with about 200 ppm of phosphine could lead to a
hundred-fold increase in specimen conductivities.
Subsequent investigations of electrical proper-
ties, '~ optical properties, "and the distribution
of localized states" have been undertaken on
specimens of a-Si prepared from the gas-phase
decomposition of silane in a rf glow discharge.
These studies indicate that the gap-state densi-
ties are remarkably low in such specimens when
deposited at relatively high substrate tempera-
ture (500-600'K). Samples prepared in such a
manner may contain from 18 to 50 at.% hydrogen, '
and are, thus, called hydrogenated a-Si.

This paper reports a study of the small-angle
x-ray scattering (SAXS) from a 10-p, m sample
of a-Si fabricated by the glom-discharge decom-
position of silane onto a 20-p. m Al substrate.
It contains 15 at. % hydrogen. The objective was
to determine whether a sample so prepared was

free from microvoids that are normally associated
with a high level of localized-state density. The
observed SAXS, however, is very similar to
that observed for evaporated a-Si.' This indi-
cates that samples produced from the glow dis-
charge of silane contain a distribution of voids
or holes containing an undetermined amount of
hydrogen (x rays are only weakly scattered by
the hydrogen relative to the Si atoms) similar to
that found in evaporated samples. Thus the im-
proved electrical properties of the hydrogenated
a-Si are not the result of the material being free
from microregions of low electron density.

The scattering of x rays is sensitive to the fluc-
tuations in the electron density in the sample.
The SAXS is determined by such fluctuations or
inhomogeneities in regions measuring about 6 A
or more in size. These inhomogeneities may be
due to voids or phase-separated regions dis-
persed in an approximately homogeneous medium.
In the approximation that the inhomogeneities
ax'e widely dispersed and the approximate law of
Guinier holds, the scattering is proportional to"

I,(s)~Q M(R, )R, ' exp(- R,'s'/3),

where I,(s) is the calculated intensity, M(R, ) is
the volume fraction of the inhomogeneities with
radius of gyration R„and s is the scattering
vector (s =4n sin0/A. ). For a spherical particle
Z, '=0.6R2, w~ere R is the radius of a sphere.
An instrumental resolution function, P(s), may
be defined, the convolution of which with I (s)
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yields a representation of the observed intensity

I,(s) =I, '(s) = fI,(s)P(s —s,)dso. (2)

A least-squares procedure" may be employed to
obtain M(R, ) by fitting I,'(s) to I,(s).

The experiments were carried out on a Picker
FACS-1 single-crystal dnfractometer using Cu
Ko. radiation with a diffracted beam monochrom-
ator, a scintillation detector, and a pulse-height
analyzer. Data were collected in the range s =0.05
(2&=0.70') to s=2.4 (2&=34.25 ) in increments
of 0.05-s units. The x-ray-source size, incident-
and diffracted-beam collimators, and detector-
slit system were chosen so that the resolution
function (the function that would be a 5 function
for perfect resolution) has a full width at half
height of 0.015-s units in the range of data collec-
tion. In order to minimize the background scat-
tering, the sample was placed in a He atmosphere.
Diffraction data were measured for samples of
a-Si on Al in He, of Al substrate in He, and of He
only. Absorption measurements were then taken
for the a-Si on Al in He and Al in He samples at
28 = 0' to determine the attenuation of the charac-
teristic radiation by the samples. In this way
the appropriate amount of the He-only pattern
was subtracted from the Al-in-He pattern to yield
the Al-only pattern illustrated in Fig. 1. Like-
wise, an appropriate fraction of the Al-in-He pat-
tern was subtracted to yield the a-Si-only pat-
tern also shown in Fig. 1. A Guinier plot of the
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FIG. 2. A Guinier plot (Ref. 10) of the SAXS of hy-
drogenated a-Si.

intensity is given in Fig. 2.
Table I lists the observed and calculated inten-

sities corresponding to the derived M(R, ). The
intensity is given in electron units and was scaled
with the large-angle data to correspond to a scat-
tering volume for a single silicon atom (20.02
A'). The fractional void volume, X„, was ob-
tained" as

X„=fs'I (s)ds/(2 m' V„p') = 0.009 37,

where V„ is the atomic volume and p is the elec-
tron density of the silicon phase. The small-
angle x-ray scattering for the sample starts to
rise rapidly at about s =0.3 just as it does for the
evaporated silicon sample reported by Shevchik
and Paul. ' The M(R, ) function illustrated in Fig.
3 indicates a much sharper distribution of void
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TABLE I. Observed and calculated intensities for
hydrogenated a-Si. Io is the experimental intensity.
I, ' is the calculated intensity that has been broadened
with the instrumental resolution function. I, is the
unbroadened intensity calculated for the void volume
distribution illustrated in Fig. 3.
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FIG. 1. The SAXS of hydrogenated a-Si and the Al
substrate on which it was deposited.

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40

2664.00
510.00
197.98
85.34
39.59
15.36
7.43
2.77

2664.30
509.30
198.88
86.02
36.41
15.69
7.07
3.35

3707.64
709.95
284.96
123.22
52.10
22.46
10.13
4.81
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ing very similar to that observed for evaporated
a-Si. Therefore, the improved electrical proper-
ties are not due to the elimination of electron-
density inhomogeneities in the hydrogenated sam-
ple.

We thank Professor H. Fritzsche of the Univer-
sity of Chicago for the preparation of and per-
mission to examine the hydrogenated a-Si sam-
ple, Dr. J. Karle of this Laboratory for discus-
sion and encouragement, and Dr. P. C. Taylor
and Dr. S. G. Bishop of the Naval Research Labo-
ratory for discussions and for introducing us to
the problem.
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FIG. 3. Fractional void volume distribution for hy-
drogenated a-Si (top) and the associated standard devi-
ation curve (bottom) .

sizes than does the corresponding figure in their
paper. ' However, greatly different experimental
arrangements were employed and different meth-
ods for obtaining M(R, ) were used. It would be
necessary to collect data under the same condi-
tions for both types of samples in order to draw
firm conclusions on this point. It may be stated,
however, that this hydrogenated a-Si sample
produces a large amount of small-angle scatter-
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The problem of superflow through a random bond network is formulated. The flow is
taken to be limited by the critical velocity. This problem is solved for a two-dimensional
system; a first approximation for attacking the problem in three-dimensional system is
described. Possible applications are to superfluid flow through Grafoil.

The recent success of the Kosterlitz-Thouless
theory' 3 in providing an explanation of superfluid
flow experiments on Mylar and other substrates
has focused attention on the nature of two-dimen-

sional systems (system = helium+ substrate) and
their flow properties. Certainly, the most exten-
sively studied two-dimensional system, the heli-
um-Grafoil system, is an excellent candidate for
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