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Abstract
A comprehensive neutron scattering study has been performed of hydrogenated
(Si0.78H0.22), deuterated (Si0.77D0.23) and partially fluorinated deuterated
(Si0.725D0.120F0.155) amorphous silicon, prepared by the glow-discharge
technique. The measurements performed include diffraction, small-angle
neutron scattering (SANS) and inelastic neutron scattering, and the data
obtained are discussed in terms of various structural models in the literature.
The real-space correlation function for Si0.77D0.23 exhibits sharp peaks at 1.49
and 2.36 Å, due to Si–D and Si–Si covalent bonds, respectively, while peaks
centred at 3.2 and 3.8 Å are due to Si–D and Si–Si second-neighbour distances.
High-energy resolution inelastic scattering measurements for Si0.78H0.22 show
that there are approximately equal numbers of ≡SiH and =SiH2 groupings,
there being no indication of excitations corresponding to –SiH3 groupings.
The presence of molecular hydrogen is demonstrated unambiguously by the
observation of the ortho-to-para conversion, via molecular rotation modes
at 14.5 and 29.4 meV. The shift in the Si–H stretch modes introduced by
deuteration is slightly less than the value of

√
2 expected for free hydrogen,

indicating a small but observable influence of the amorphous silicon matrix.
The size of the cages containing the H2 molecules has been investigated via
SANS, which yields a mean Guinier radius of ∼5–6 Å. In addition, the use of
the H–D SANS contrast technique indicates that each cage contains on average
about 60 H2 (D2) molecules. The data for the Si0.725D0.120F0.155 sample are
consistent with a previously suggested model of network cages predominantly
containing molecular SiF4.

(Some figures in this article are in colour only in the electronic version)
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1. Introduction

Hydrogenated amorphous silicon is a most important but complicated technological material.
Despite its widespread use, for example in xerography, solar cells and flat-panel liquid
crystal displays [1, 2], its structure and properties are poorly understood, particularly in
respect of the role played by the hydrogen atoms. In particular, understanding the way
in which hydrogen affects the electronic properties and hence the electronic density of
states requires accurate data on both the atomic structure and dynamics. A comprehensive
neutron scattering investigation has therefore been performed of hydrogenated (Si0.78H0.22),
deuterated (Si0.77D0.23) and partially fluorinated deuterated (Si0.725D0.120F0.155) glow-discharge
amorphous silicon, involving diffraction, inelastic scattering and small-angle neutron scattering
(SANS), using instruments at the ISIS spallation pulsed neutron source and at the high-flux
reactor at the Institut Laue-Langevin (Grenoble, France). A survey of the instruments at ISIS,
suitable for studying amorphous silicon materials, has been published by Howells [3], and
several of these instruments have been employed in this work. The present paper will report
hitherto unpublished diffraction data on all three samples, summarize the important results
from the earlier inelastic scattering [4–6] and SANS measurements [7], together with further
analysis and new inelastic scattering data, and provide a unified interpretation of the combined
data set, thus acting as a final report on these studies. A comparison will also be made with the
various structural models proposed in the literature and outlined below.

Detailed reviews of previous studies of the structure and dynamics of hydrogenated
amorphous silicon have been given by Knights [8] and by Elliott [9], and so only a brief
summary of the most important results will be presented here. Initially, it was thought that
the material prepared by the glow-discharge decomposition of silane (SiH4) did not contain
hydrogen but comprised a continuous random network, along the lines of that suggested for
evaporated Si and Ge and represented in an idealized, defect-free form by the structural models
of Polk and Boudreaux [10], Wooten and Weaire [11], etc. (See [12] and [13] for a discussion of
these models and a comparison with neutron data for amorphous Ge.) This idealized structure
is illustrated schematically in two dimensions, using three-connected Si atoms, in figure 1(A).
However, in reality, the latter materials contain significant numbers of broken bonds, as detected
by electron spin resonance (ESR) spectroscopy (∼1019–1020 spins cm−3 [14, 15]), which lead
to states in the gap that contribute to the optical absorption and electronic conduction processes.
These states act as non-radiative recombination centres with the result that photoconductivity
and photoluminescence are small, and hence pure amorphous Si is of very limited use as an
electronic material. It was thus realized that, in the glow-discharge material, these broken
bonds are passivated by hydrogen atoms to form Si–H bonds, as shown on the left-hand side of
figure 1(B).

Several diffraction and extended x-ray absorption fine structure (EXAFS) studies of glow-
discharge hydrogenated amorphous silicon have been reported in the literature [16–26], and
they are summarized in table 1. Neutron diffraction is a more powerful technique than x-ray
or electron diffraction, when studying glow-discharge hydrogenated amorphous silicon, since
hydrogen has only one electron and hence does not contribute appreciably to the overall x-ray
or electron scattering. As a result, x-ray [16, 17] and electron [18, 19] diffraction measurements
are dominated by the scattering from Si and yield very little information on the structural role
of the H atoms. The x-ray data of Shülke [17], for glow-discharge material of composition
Si0.67H0.33, yield a mean Si–Si bond length of 2.363±0.008 Å and a second Si–Si coordination
shell at 3.86 Å. The Si–Ŝi–Si bond angle, βSi, variation is 7.9◦ ± 0.4◦, and the first-neighbour
Si–Si coordination number, nSi(Si), is 3.4 ± 0.1. The structure above 3 Å in the real-space
correlation function was interpreted as being due to a mixture of 35% staggered (bond torsion
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(A)

(B)

(C)

Figure 1. Two-dimensional (2D) schematic diagrams showing (A), a continuous amorphous Si
network; (B), hydrogenated amorphous silicon with terminal Si–H bonds and a disordered boundary
region; and (C), a Si network cage containing H2 molecules. The larger blue (or darker) atoms are
Si and the smaller cyan (or lighter) atoms H. In reality, the van der Waals radius for hydrogen is
much larger than the radius employed in (B) and (C), and the H2 molecules in (C) are in a highly
compressed state. Hence they are very much closer to each other, and to the terminal H atoms lining
the cage walls, than might be inferred from this diagram.

(dihedral) angle, α = 0◦), 45% eclipsed (α = 60◦) and 20% ‘middle’ (α = 35◦–45◦)
configurations of adjacent tetrahedra. In general, x-ray and electron diffraction studies suggest
that the Si network of the hydrogenated material is similar to that for evaporated amorphous
silicon, but with the broken bonds saturated with H atoms.
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Table 1. Diffraction and EXAFS studies.

Ref. Author(s) xa Method rSi−H (Å) nSi(Si) rSi−Si (Å) rSi−(2)Si (Å)

[16] Mosseri et al 0.33 X-ray — 3.5 2.38 —
[17] Schülke 0.33 ± 0.02 X-ray — 3.40 ± 0.10 2.363 ± 0.008 3.86 ± 0.01
[18] Barna et al — Electron — 4.0 ± 0.5 2.35 —
[19] Graczyk 0.20–0.40 Electron — 3.55–3.25 ± 0.1 2.375 ± 0.05 3.69 ± 0.05
[20] Postol et al ∼0.14 Neutron — — — —
[21–24] Bellissent et al 0.16 Neutron 1.48 — 2.35 3.84
[25] Filipponi et al 0.14 EXAFS — 3.92 ± 0.16 2.35 ± 0.01 —

0.21 EXAFS — 3.60 ± 0.16 2.36 ± 0.02 —
[23, 26, 27] Menelle et al EXAFS — 3.78 —

a Composition: Si1−x Hx .

An additional advantage with neutron diffraction is that the H–D isotopic substitution
technique can be used to (partially) separate the individual component real-space correlation
functions [20–24]. On the other hand, the analysis of neutron data for samples containing
hydrogen is hampered by the large incoherent scattering cross section for 1H, and so very
high statistical accuracy is required when recording the diffraction pattern. The low atomic
mass of H and D also make it difficult to make (Placzek) corrections for departures from the
static approximation. Neutron diffraction experiments have been performed [20] on sputtered
amorphous Si, Si–H and Si–D with approximately 14% H/D concentrations. The data were not
taken to sufficiently high scattering vector magnitudes, Q, (Qmax = 8.75 Å

−1
) to obtain good

real-space resolution, although it was concluded that the structure of amorphous Si was not
significantly altered by the inclusion of large amounts of hydrogen. The isotopic substitution
technique has also been employed by Bellissent and co-workers [21–24] (Qmax = 16 Å

−1
) to

separate the Si–Si, Si–H and H–H component correlation functions for sputtered hydrogenated
amorphous silicon containing 16 at.% hydrogen. Three samples were used, of composition
Si0.84H0.16, Si0.84H0.10D0.06 and Si0.84D0.16.

Filipponi et al [25] have investigated glow-discharge hydrogenated amorphous silicon
using EXAFS spectroscopy and compared this material with crystalline and sputtered
amorphous silicon. A similar comparison of EXAFS measurements on sputtered hydrogenated
amorphous silicon, crystalline and amorphous silicon [23, 26, 27] indicates small changes in the
shape of the first (Si–Si) peak in the pair-correlation function, but the total coordination number
for Si is unchanged. It is concluded that the structure of amorphous silicon is heterogeneous,
rather than homogeneous, and that hydrogenated amorphous silicon should be regarded as
being similar to pure amorphous silicon but with the broken bonds decorated with hydrogen
and having a heterogeneous distribution of hydrogen; i.e. with hydrogen-rich regions.

Small-angle x-ray scattering (SAXS) [28–30], SANS [20, 22, 31–37] experiments and
electron microscopy [18, 35, 38] all indicate that glow-discharge hydrogenated amorphous
silicon is normally heterogeneous and consists of sections of a more-or-less continuous network
linked by highly disordered (boundary) regions (figure 1(B)—note that, in the real material,
the disordered boundary regions are much thicker than shown in this schematic diagram).
More specifically, depending on the preparation conditions, a columnar microstructure may be
observed [18, 38], which is characteristic of thin-film preparation techniques. Leadbetter et al
[29, 31] find that anode-deposited glow-discharge samples have a columnar morphology with
a dominant column diameter of ∼60 Å. From their SANS measurements on sputtered samples,
Postol et al [20] and Bellissent et al [32–34, 36, 37] obtain radii of gyration of ∼270 and
∼125 Å, respectively. Bellissent and co-workers [32, 34, 35] also observe a diffraction ring
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at 0.22 Å
−1

, suggesting a possible correlation length of ∼30 Å. The intensity of the SANS
decreases with the hydrogen isotope concentration, from which it is inferred that hydrogen
clusters are present in the matrix [32–34]. Antonio and Konnert [28] have performed SAXS
measurements on glow-discharge hydrogenated amorphous silicon and conclude that the void
distribution for this material is very similar to that for evaporated amorphous silicon.

As discussed in [2], it has been suggested, as a result of nuclear magnetic resonance
(NMR) [15, 39–47] and infra-red (IR) [48, 49] measurements, that a significant fraction of
the hydrogen is present in the form of H2 molecules trapped under high pressure within
the cages defined by the amorphous covalent network (figure 1(C)) and that this molecular
hydrogen undergoes a very broad solid–fluid transition between ∼20 and ∼30 K, a temperature
considerably higher than the melting and boiling points for normal (n-) H2 at atmospheric
pressure (13.8 and 20.3 K, respectively [50]). (Note that, at normal pressure, the H–H stretching
mode for molecular H2 is not IR active.) This temperature indicates that the H2 is under
considerable pressure (∼2 kbar [48]). In addition, the NMR studies show that orientational
ordering may take place at ∼20 K [41]. More recent studies [46] report the gradual ortho–
para conversion of the trapped D2 in the deuterium analogue at 4.2 K and outline the effects of
annealing and deposition rate on these properties [45]. In addition to the high-pressure H2 found
in hydrogenated amorphous silicon, molecular SiF4 is also known to exist in the fluorine-doped
derivatives [51–54]. For samples prepared by photochemical vapour deposition, Langford et al
[54] have suggested that these SiF4 molecules are contained within cages of much the same
size as those containing the molecular H2 in the hydrogenated material.

Structural models of the network component of hydrogenated amorphous silicon have been
published by Weaire et al [55, 56], Guttman [57] and Winer and Wooten [58]. The Weaire
et al model is in the form of an approximately spherical cluster, comprising a total of 397
atoms (314 Si and 83 H), while that of Winer and Wooten has been generated with a periodic
boundary. The latter model has 105 atoms (81 Si and 24 H), and Winer and Wooten [58]
have also calculated the full vibrational spectrum for their model, together with the density of
vibrational states involving only the motion of the hydrogen atoms. Of the 24 H atoms, two
are involved in a single =SiH2 group, while the other 22 are in ≡SiH groups. A different
approach, comprising a heterogeneous system with local defects, has been employed by Sadoc
and Mosseri [59] and by Rivier and Duffy [60].

The growth of thin films of hydrogenated amorphous silicon is principally controlled
by the phenomena of absorption, desorption, surface mobility and nucleation, all of which
are strongly influenced by the preparation method/conditions. Thus, given the variability of
preparation techniques and conditions, it is vital to obtain dynamical and structural data on
the same, well-characterized sample(s). Previous neutron scattering studies of hydrogenated
amorphous silicon and related materials have been hampered by the small quantities of sample
available, and so much larger samples of hydrogenated (Si0.78H0.22), deuterated (Si0.77D0.23)

and partially fluorinated deuterated (Si0.725D0.120F0.155) amorphous silicon have been prepared
for the present studies by the glow-discharge technique.

High-resolution measurements of the inelastic scattering are required to investigate the
vibrational modes of the system to check the interpretation of IR and Raman spectra [61, 62]
and to look for modes which may be missed in the optical spectra because of selection rules.
Neutron measurements are useful because they are free from the problem of selection rules
and the spectral dependence of the coupling of the electromagnetic radiation to the vibrational
excitations. Inelastic neutron scattering also offers added possibilities for mode assignment
through the Q dependence of a chosen mode, as revealed in the dynamic structure factor,
S(Q, E). This, combined with the freedom from matrix element effects which can confuse
the interpretation of optical spectroscopic results, should give unambiguous information with
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regard to the short-range structure in network amorphous solids. The experimental difficulty is
to provide energy transfer resolution which can match that offered by Raman and IR techniques.
With each increase in neutron source intensity, advances in this direction can be made, and
examples of this are given in the following sections. In particular, the results obtained with
the instrument MARI [63] at the ISIS pulsed neutron source (Rutherford Appleton Laboratory,
UK) show that new information is obtained with each increase in resolution.

Although the existence of trapped high-pressure molecular H2 is now well
documented [5, 6, 9, 39–49], very little is known about its local environment. That the H2

is confined within network cages would seem a necessity of its nature, but the size, shape,
number, and distribution of these regions is still uncertain. In the present study, SANS has been
employed to investigate the regions containing H2 (D2) in amorphous Si0.78H0.22(Si0.77D0.23).
SANS is better suited to this task than is small-angle x-ray scattering (SAXS), since the
hydrogen contrast is small for x-rays and, for neutrons, H–D isotopic substitution can be used
to separate the fluctuations in the H/D density from those of the amorphous silicon matrix. A
SANS investigation has also been carried out on amorphous Si0.725D0.120F0.155, to examine the
local environment of the SiF4 molecules.

2. Experimental procedures

2.1. Sample preparation

The samples used in these studies were prepared at the Xerox Webster Research Center (USA)
by the glow-discharge decomposition of electronic-grade source gases in a cylindrical cross-
flow reaction chamber (xerographic drum coating unit) [64]. The inner rotating drum (diameter
240 mm and length 400 mm) was covered with an iron-free aluminium sheet (thickness 50 μm)
which served as a cathode in the deposition process. The inner diameter of the electrically
grounded counter-electrode was 280 mm. The deposition system was checked for leak tightness
before each run, typical leakage rates being approximately six orders of magnitude lower than
the gas flow rate.

A DC discharge was created in the annular space between the electrodes by applying a
negative potential (1250 V) to the heated inner electrode (substrate, 230 ◦C). The total current
was sustained at a constant 300 mA during the deposition. Prior to each run, the apparatus was
cleaned by removing all previous deposits and cleaning in an Ar/H2 (or Ar/D2) atmosphere.
The deposition of the hydrogenated and deuterated amorphous silicon films was carried out
at a pressure of 250 mTorr of SiH4 or SiD4 (98% D, Cambridge Isotope Laboratories, Inc.),
respectively. The gas flow rate into the chamber was 200 cm3 min−1 and two films were
deposited in runs of typically 4.5 h each. The fluorinated amorphous silicon film was deposited
at 250 ◦C, by flowing a mixture of SiF4 (140 cm3 min−1) and D2 (25 cm3 min−1) at a pressure
of 700 mTorr. Again, a DC discharge was maintained (−500 V, 500 mA), this time for 14 h, at
which time the SiF4 feedstock ran out.

The aluminium substrates were removed from the deposited films by dissolving in 10%
HCl (DCl), after which the films were thoroughly washed in H2O (D2O) to remove any traces
of AlCl3. The film flakes were then vacuum dried at 70 ◦C. The dissolution of the Al substrate
was performed in a dry-box under a continuous purge of dry nitrogen.

Table 2 summarizes some of the physical properties of the present samples. The
compositions were determined by NMR analysis, which indicates that, within the precision
of ±2 at.%, the hydrogenated and deuterated samples contain the same amount of H/D.
The NMR data also indicate that the amorphous Si0.77D0.23 contains 3% D2 and 1% –SiD3

groups. Band gaps were determined by measuring the optical absorption as a function of
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Table 2. Sample parameters.

Si78H22 Si77D23 Si72.5F15.5D12

NMR analysis
At.% H 22 ± 2a — —
At.% D — 23 ± 2b 12
At.% F — — 15.5

IR analysis
At.% H 21 — —
At.% D — 24 —

Metallic impurities (ppm) <2 <2 <2
Band gap (eV) 1.72 1.75 —
ESR density (spins cm−3, g = 2.0054) 1.1 × 1016 9.8 × 1015 1.7 × 1016

Xerographic charging (V μm−1) (−) 2 + PDc 2 + PDc —
Xerographic charging (V μm−1) (+) 2 2 —
�i b̄i (10−14 m) 0.241 37 0.472 91 0.468 50

a Includes unbonded H2.
b Includes 3 at.% D as D2 and 1 at.% D in –SiD3 groups.
c Photodischarge.

wavelength and extrapolating the results on a Tauc plot [65]. The xerographic data show that
the Si0.77D0.23 sample is slightly n-type and has an electron range exceeding 25 μm. This is
typical behaviour for undoped hydrogenated amorphous silicon. The spin densities measured
by ESR are typical of cathodically deposited DC materials and quite acceptable for xerographic
applications, although somewhat higher than for anodically deposited material. The Si0.78H0.22

and Si0.77D0.23 samples are analytically pure, show typical optical and electronic characteristics
and are nominally the same. No optical or electrical measurements were performed on the
fluorinated material due to its poor adhesion to glass substrates.

To extract the real-space total correlation function, T (r), from the diffraction data, it is
necessary to know the average number density, ρ0, and the total scattering amplitude per
composition unit (c.u.). For the present samples, the data are normalized to a composition
unit containing a total of one atom. A complication with materials containing voids is that
the mass density used to calculate ρ0 should be that of the bulk material, excluding the void
volume. Hence a measurement of the mass density yields a lower limit for ρ0.

The mass density of the Si0.78H0.22 sample was determined to be 2.063 ± 0.003 g cm−3,
using a Quantachrome micropycnometer with helium as the measurement gas. This is similar
to the values obtained by other authors; namely 2.02 g cm−3 for Si0.67H0.33 [17] and 2 g cm−3

for Si0.65H0.35 [16]. Helium was used since it is the most penetrating of the rare gases. The mass
density yields an average number density of ρ0 = 0.056 14±0.000 08 c.u. Å

−3
, corresponding

to a silicon atom number density of ρ0
Si = 0.043 79 ± 0.000 06 atoms Å

−3
, which is ∼88%

of that for crystalline Si (ρ0
Xtal = 0.04 994 atoms Å

−3
[66]). Similarly, Graczyk [19] quotes a

silicon atom density of ∼79% of the crystalline value for both glow-discharge Si0.80H0.20 and
Si0.75H0.25. In the analysis of the diffraction data, to allow use of the H–D isotopic substitution
technique, it was assumed that the H/D content of the hydrogenated and deuterated samples is
the same; i.e. that xH = xD = 0.225. The resulting values for the total scattering amplitude
per c.u. are given in table 2, the neutron scattering lengths, b̄Si = 0.414 91 × 10−14 m,
b̄H = −0.373 90 × 10−14 m, b̄D = 0.6671 × 10−14 m and b̄F = 0.5654 × 10−14 m being
taken from Sears [67].
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Si0.78H0.22

Si0.77D0.23

Si0.725D0.120F0.155

Figure 2. Background-corrected diffraction patterns for the three samples obtained with the ILL
D4b diffractometer. The turn up at low Q is small-angle scattering.

2.2. Neutron diffraction

A discussion of the neutron diffraction technique and a summary of the formalism employed
here can be found in [68]. Neutron diffraction patterns were recorded for all three samples,
using the D4b diffractometer at the Institut Laue-Langevin (ILL), and are shown in figure 2. The
maximum scattering vector magnitude, Qmax, is 22.95 Å

−1
. A cubic spline fit was made to each

diffraction pattern, following subtraction of the empty sample can background. The diffraction
patterns were corrected for absorption and multiple scattering [69]. However, the presence of
either H or D atoms in the samples meant that it was not possible to use the analytical form
for the Placzek corrections for departures from the static approximation [69], and so the self-
scattering, I S(Q), was obtained by an iterative procedure based on a polynomial fit to the highly
smoothed intensity data, generated via a running 101 point average. The final self-scattering
for Si0.77D0.23 is shown in figure 3, together with the corrected, normalized diffraction pattern,
I (Q). The data for Si0.78H0.22 and Si0.77D0.23 have been extended to higher scattering vector
magnitudes (Qmax = 28.485 Å

−1
), by combining them with data obtained from the ISIS LAD

spectrometer 150◦ detector bank. Similar corrections were performed for these data, and again
it was necessary generate I S(Q) iteratively, using the same procedure. The reasons for the
relatively low Qmax, despite the fact that the LAD instrument is capable of recording data up
to 60 Å

−1
, is that the samples do not scatter strongly and the Si tetrahedra in the amorphous

network are distorted, leading to oscillations in the interference function, Qi(Q), which decay
rapidly at high Q. The final interference function, Qi(Q), for Si0.77D0.23 is shown in figure 3
and the real-space total correlation functions, T (r), for all three samples in figure 4. To allow a
direct comparison, all three correlation functions in figure 4 were generated with the same value
of Qmax (22.95 Å

−1
). The higher-resolution real-space correlation functions for the deuterated

and hydrogenated samples, obtained from the combined D4b and LAD data, are shown later
in section 3 (figure 12). Due to the problems in calculating the self-scattering, the vanadium-

8
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Figure 3. Upper curves: the corrected, normalized diffraction pattern, I (Q) (solid line—cubic
spline fit with the SANS contribution removed) for Si0.77D0.23, from D4b, together with the self-
scattering (dashed line). Lower curve: the combined (D4b + LAD) interference function, Qi(Q).

Si0.725D0.120F0.155

Si0.77D0.23

Si0.78H0.22

Figure 4. The real-space total correlation functions, T (r), for the three samples (Qmax =
22.95 Å

−1
).

normalized diffraction patterns were renormalized to be consistent with the measured average
density for the Si0.78H0.22 sample. In the case of Si0.725D0.120F0.155, it is assumed that the Si
network density is the same as that for Si0.78H0.22.
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Si0.77D0.23 (MARI)

Si0.78H0.22 (HET)

Si0.77D0.23 (MARI)

Figure 5. The inelastic neutron scattering from Si0.78H0.22 and Si0.77D0.23 measured using the ISIS
HET and MARI spectrometers with E0 = 129.9 meV (HET) and E0 = 108.7 meV (MARI). The
sample temperature is 20 K. For the top curve, the energy scale for the deuterated sample has been
multiplied by 1.373 (see the text).

Si0.78H0.22 (HET)

Si0.77D0.23 (MARI)

Si0.78H0.22 (HET)

Figure 6. The inelastic neutron scattering at 20 K for Si0.78H0.22, from the ISIS HET spectrometer
(E0 = 292.8 meV), and that for Si0.77D0.23 obtained with both the HET (E0 = 220 meV) and
MARI spectrometers (E0 = 398.3 meV).

2.3. Inelastic neutron scattering

Measurements of the neutron-weighted vibrational density of states have been performed using
both the HET and MARI spectrometers at the ISIS pulsed neutron source and a range of
incident neutron energies, E0, to allow the optimum energy transfer resolution to be obtained
for selected regions of the spectra [6]. Figure 5 compares the uncorrected scattering functions,
S(Q, E), for the hydrogenated and deuterated samples, while figure 6 provides a similar
comparison at higher E0 values, to allow inclusion of the Si–H/D stretching modes.
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Figure 7. The effective vibrational density of states for Si0.78H0.22 and Si0.77D0.23 at 100 K, as
measured with the IN6 spectrometer at the ILL. In the top curve, the energy scale has been doubled
for the deuterated sample, to illustrate the expected isotopic shift for D2 molecules.

In order to further investigate the low-energy excitations, and in particular a mode
occurring at 14.5 meV for the hydrogenous sample, higher-resolution measurements were
carried out at both 100 and 300 K using the ILL IN6 spectrometer with an incident energy
of 3.12 meV. Figure 7 shows the form of the vibrational densities of states at 100 K. The
spectrum for the deuterated sample is repeated at the top with the energy transfer scale doubled
(cf section 4.2). Further experiments on Si0.78H0.22 have been performed using the ISIS HET
spectrometer at an incident energy of 50 meV. In this case the sample was cooled from room
temperature as rapidly as possible (taking about 2 h) and then constant-temperature data were
repeatedly recorded at regular intervals, mostly 2 h apart, observing the change in intensity of
the para-H2 and ortho-H2 peaks (at 14.5 and 29.4 meV, respectively). These measurements were
performed at stable temperatures of 19.3 and 35.6 K, for durations of 24 and 65 h, respectively.
A period of 23 days was allowed between the two measurements to allow the distribution of
H2 molecules between the ortho and para states to resume its room-temperature state. The first
and last spectra at 19.3 K are compared in figure 8.

A search has also been made for evidence of both translational and rotational hydrogen
diffusion. This experiment was undertaken with a full width at half maximum (FWHM) energy
resolution of 1.23 μeV, using the ILL IN10 instrument and an incident energy of 2.08 meV.
The scattering in the region of the elastic line was recorded at 4 and 302 K, but no increase
in width or change in peak shape was observed, as may be seen from figure 3(A) of [5],
which compares the two elastic peak profiles after internormalization to the same maximum
intensity. In addition, the profile at both temperatures is in excellent agreement with the
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Figure 8. The time dependence of the peaks arising from the ortho (29.4 meV) and para (14.5 meV)
rotational modes of H2 molecules at 19.3 K. The upper spectrum was recorded for 30 min at a
median time of 139 min, after cooling, and the lower curve was accumulated for 2 h at a median
time of 1416 min.

Figure 9. Quasi-elastic neutron scattering data for hydrogenated amorphous silicon from the IN10
spectrometer (ILL), showing the temperature dependence of the logarithm of the ratio of the elastic
peak intensity at zero kelvin, I0, to that at temperature T , IT. •: experimental data; dashed line:
zero; and solid line: fit to the initial slope of ln(I0/IT).

instrumental resolution function as determined from a vanadium standard. A further experiment
was performed to measure the temperature dependence of the Debye–Waller factor for the
hydrogen atoms between 2 and 302 K by recording the scattering in a 1.23 μeV window at the
elastic energy. The temperature dependence of the logarithm of the ratio of the intensity at zero
kelvin to that at temperature T is shown in figure 9.
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Figure 10. The high-energy transfer inelastic neutron scattering from hydrogenated amorphous
silicon measured at 30 K with the MARI spectrometer (ISIS) and an incident neutron energy of
908 meV [5].

An experiment to look for the H–H stretch mode was performed using the ISIS MARI
spectrometer with the sample at 22, 33 and 42 K and an incident energy of 908 meV [5]. These
temperatures were chosen because of the solid-to-fluid phase transition mentioned in section 1.
The observed spectra did not change over this temperature range, but this may just reflect the
relatively low resolution of the neutron technique, in this energy range, compared to that of IR
absorption spectroscopy. Summed data for the combined measurements are plotted in figure 10.

2.4. Small-angle neutron scattering

The SANS intensities were measured using the D17 instrument at the ILL. A helical slot
velocity selector was employed to provide neutrons of wavelength, λ, equal to 9 and 12 Å,
with a resolution �λ/λ of 10% (FWHM). The scattered intensity was recorded by a two-
dimensional 128 × 128 cell multidetector (each cell 5 mm × 5 mm), which was positioned
at distances of 0.85 and 2.5 m, respectively, for the two wavelengths, thus providing data
in the scattering vector magnitude range 0.005 � Q � 0.4 Å

−1
. The powdered samples

(2 mm thick) were contained in silica cells of rectangular cross section and wall thickness
0.5 mm. Background measurements were recorded for both an empty sample container and
a cadmium absorber, which was used to determine the background component transmitted
and therefore attenuated by the sample. Transmission cross sections were measured at each
wavelength and a 1 mm thick water sample in a similar cell was employed to provide both the
detector efficiency profile and a normalization standard, the latter by reference to the results of
Hulme [70] for water normalized to a single-crystal vanadium plate. The full details of the data
reduction are given in [7]. In addition to the normalization, it is also necessary to remove the
incoherent-scattering contribution to the measured cross section for the hydrogenated sample.
The uncertainty in the hydrogen content of this material (±2 at.%) introduces an additional
error of the order of ±0.06 barns/str/atom into the corrected differential scattering cross
section. As an example, the fully corrected SANS differential cross section for Si0.77D0.23,
in the range 0.05 � Q � 0.4 Å

−1
, is shown in figure 11.
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Figure 11. The fully corrected SANS for the Si0.77D0.23 sample in the region 0.05 � Q � 0.4 Å
−1

.

3. Diffraction

All three correlation functions in figure 4 exhibit peaks at 2.36 ± 0.02 and 3.84 ± 0.01 Å due
to Si–Si bonds and the Si–(2)Si distance, respectively (cf table 1). In the case of Si0.77D0.23

and Si0.78H0.22, the features due to Si–H interactions can be easily identified since, for the
hydrogenated sample, the peaks are negative, as a result of the negative value of b̄H. The first
major peak occurs at 1.49 Å for Si0.77D0.23 and Si0.78H0.22 and arises from Si–D and Si–H
bonds, respectively, while for Si0.725D0.120F0.155 this peak is broader, and shifted to slightly
higher r (1.55 Å), due to the presence of both Si–D and the longer Si–F bonds. Since
the Si0.77D0.23 and Si0.78H0.22 samples are of the same composition, within the experimental
uncertainty, and have been analysed with their average composition (x = 0.225), a simple
subtraction of the data for Si0.78H0.22 from those for Si0.77D0.23 yields the D–H difference
correlation function

�TDH(r) = TD(r) − TH(r)

= 2(1 − x)b̄Si(b̄D − b̄H)tSiH(r) + x(b̄2
D − b̄2

H)tHH(r) (1)

where

TD(r) = (1 − x)b̄2
SitSiSi(r) + 2(1 − x)b̄Sib̄DtSiH(r) + xb̄2

DtHH(r) (2)

and

TH(r) = (1 − x)b̄2
SitSiSi(r) + 2(1 − x)b̄Sib̄HtSiH(r) + xb̄2

HtHH(r) (3)

are, respectively, the total correlation functions for Si0.77D0.23 and Si0.78H0.22. �TDH(r)

is shown in figure 12, together with TD(r) and TH(r), and only involves Si–H and H–H
correlations. Alternatively, it is possible to use a different weighting of the two data sets to
obtain the Si–H + H–H difference correlation function

�TSi(r) = [b̄DTH(r) − b̄HTD(r)]/(b̄D − b̄H) = (1 − x)b̄2
SitSiSi(r) − xb̄Db̄HtHH(r) (4)

(figure 12, top), which is dominated by the Si–Si contribution and approximates the x-ray
correlation function, T X(r).
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Figure 12. The real-space total correlation functions for Si0.77D0.23 and Si0.78H0.22 (Qmax =
28.485 Å

−1
), together with the D–H difference correlation function, �TDH(r), and the Si–Si + H–

H difference, �TSi(r).

Those features which increase in intensity in the D–H difference correlation function,
�T (r), with respect to TD(r) are Si–H (or Si–D) correlations, and those which decrease in
intensity are H–H (or D–D) correlations. Examination of this function aids a comparison with
the previous lower-resolution (Qmax = 16 Å

−1
) neutron diffraction measurements of Bellissent

and co-workers [21–24]. In the latter investigation, all three component correlation functions
(Si–Si, Si–H and H–H) were extracted by isotopic substitution, and a schematic diagram
summarizing the distances identified in this work is reproduced in figure 13. There is good
agreement between the Si–Si peaks at 2.36 and 3.84 Å, and a feature at 5.75 Å is also observed
in both data sets. These peaks disappear in �TDH(r) (figure 12) and so are conclusively Si–Si
interactions. Analysis of �TDH(r) shows the first two Si–H correlations at 1.48 and 3.2 Å. Both
of these peaks are very sharp. The peak at 5.1 Å in �TDH(r) was observed at 4.9 Å in the earlier
study, where it appears as a much smaller, broader feature. A similar difference in position and
broadness of the peak at 6.9 Å is also evident. As this region describes the intermediate-
range order, small differences might be expected as a consequence of the different preparation
techniques. In the earlier study, the H–H component correlation function was difficult to extract
and is consequently very noisy. Despite this, the rather broad feature at 2.41 Å, assigned to
the H–H separation in a =SiH2 grouping, is also observed in �TDH(r) as a shoulder on the
leading edge of the second Si–H correlation. Assuming that the H–Ŝi–H angle is equal to
the tetrahedral angle (109.47◦), the Si–H bond length of 1.494 Å yields an H–H distance of
2.440 Å, whereas Bellissent et al [21–24] obtain a Si–H bond length of 1.48 Å and a H–H
distance of 2.41 Å (figure 13).

The ESR data in table 2 for the hydrogenated and deuterated samples indicate very few
broken bonds. Hence, assuming total coordination numbers of 4.0 and 1.0, respectively, for Si
and H, the four component average coordination numbers are given by

nSi(Si) = (4 − 5x + xM)/(1 − x) (5)
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Figure 13. Interatomic distances in hydrogenated amorphous silicon, as identified by Bellissent and
co-workers [21–24].

nSi(H) = (x − xM)/(1 − x) (6)

nH(Si) = (x − xM)/x (7)

and

nH(H) = xM/x (8)

where xM is the atomic fraction involved in H2 molecules. The NMR data for the deuterated
sample (table 2) give xM = 0.03. Thus, if x is taken to be the average value for the
hydrogenated and deuterated samples (x = 0.225), the component coordination numbers
become

nSi(Si) = 3.75 (9)

nSi(H) = 0.25 (10)

nH(Si) = 0.87 (11)

and

nH(H) = 0.13. (12)

The Si–D, Si–H, Si–F and Si–Si bond lengths, ri j , were investigated by fitting the relevant
peaks in T (r) (figures 14 and 15), and the values obtained are summarized in table 3, together

with the root mean square (rms) bond length variations, (u2
i j)

1/2, and the coordination numbers,
ni( j), where appropriate. As may be seen from the later figures 25 and 27 showing the
component correlation functions for the structural models of Weaire et al [55, 56] and Winer
and Wooten [58], there is a problem in fitting for the Si–Si bond length in that both Si–H and H–
H interactions extend under the Si–Si peak. For this reason nSi(Si) was initially fixed at the value
given by equation (9), and a fit was performed to the low-r side of the peak. However, in the
case of Si0.77D0.23 and Si0.725D0.120F0.155, this led to a Si–Si bond length that was slightly shorter
(2.337 ± 0.005 Å) than those obtained for Si0.78H0.22 and in previous studies of Si1−xHx using
x-rays and EXAFS spectroscopy (cf table 1). In addition, the fit residual had a well-defined
peak at 2.48 Å. Since the models suggest that the Si–H and H–H contributions are relatively
featureless, a second fit was performed to the full peak such that the residual was well behaved
and yielded the parameters given in table 3. It should be noted, however, that the Si–H and H–
H interactions contribute to the peak area and so it was not possible to extract nSi(Si) from this
latter fit. The Si–Si bond length and Si–(2)Si second-neighbour distance were also extracted
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Figure 14. A fit to the Si–H (Si–D) and Si–Si peaks in TD(r), TH(r) and �TDH(r).
——: experimental data; - - - -: fit; and · · · · · ·: residual.

Table 3. Peak fits to the real-space correlation function, T (r).

Sample Bond ri j (Å) (u2
i j )

1/2 (Å) ni( j)

Si0.77D0.23 D–D 0.7414a 0.05a 1.00a

Si–D 1.494 ± 0.005 0.066 ± 0.006 0.23 ± 0.01
Si–Si 2.360 ± 0.002 0.082 ± 0.002 —

Si0.78H0.22 Si–H 1.494a 0.066a 0.23a

Si–Si 2.355 ± 0.002 0.066 ± 0.002 —

�TDH(r) Si–H/D 1.495 ± 0.004 0.091 ± 0.004 0.28 ± 0.01

�TSi(r) Si–Si 2.357 ± 0.004 0.074 ± 0.005 —

Si–(2)Si 3.854 ± 0.011 0.279 ± 0.008 —

Si0.725F0.155D0.12 Si–D 1.497 ± 0.016 0.03 ± 0.05 0.17 ± 0.02
Si–F 1.591 ± 0.013 0.060 ± 0.019 0.27 ± 0.03
Si–Si 2.377 ± 0.004 0.085 ± 0.004 —

a Fixed.

from a fit to �TSi(r) (figure 16), but again it was not possible to extract nSi(Si) due to the H–H
contribution to �TSi(r).
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Figure 15. A fit to the first two peaks in the total correlation function for Si0.725D0.120F0.155.
——: experimental data; - - - -: fit; · · · · · ·: individual peaks; and — · · —: residual.

Figure 16. A fit to the first and second peaks in �TSi(r). ——: experimental data; - - - -: fit; and
— · —: residual.

A most interesting feature in TD(r) is the small peak at r = 0.76 Å, which is seen most
clearly in figure 4 and is in the correct position to be attributed to the D–D bond length in the D2

molecule. A careful examination of the other correlation functions shows that similar peaks are
not apparent, but they may well be swamped by the higher noise levels. In the final D4b + LAD
data, the peak still appears for Si0.77D0.23, and a peak now appears in the Si0.78H0.22 correlation
function, although it only has the same intensity as the noise at lower r . This peak is slightly
larger than the noise level at lower r , but is still quite prominent and symmetric. Its origin
was therefore investigated by comparison with the expected peak if 3 at.% of the deuterium in
Si0.77D0.23 is incorporated into D2 molecules. The simulated peak uses the H–H bond length
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Figure 17. A fit to the first Si–D peak in TD(r), including the simulated intramolecular D–D peak
at 0.74 Å, calculated assuming that 3 at.% of the deuterium in Si0.77D0.23 is incorporated into D2

molecules. ——: experimental data; - - - -: fit; and — · —: residual.

from the literature (0.7414 Å [32]), together with an rms bond length variation of 0.05 Å, and
is included with the fit to the Si–D bond length in figure 17. As may be seen, given the noise
level, the simulated peak is in excellent agreement with the experimental data. The diffraction
data could therefore be yielding a direct measurement of the D–D correlation in molecular D2,
but the noise levels are generally too high to be conclusive. The existence of D2, DF or F2 in
amorphous Si0.725D0.120F0.155 is not implied from the existence of D2 in Si0.77D0.23 (or H2 in
Si0.78H0.22), because this material clearly does not follow the same deposition kinetics.

4. Inelastic neutron scattering

As indicated in section 2.3, a series of neutron inelastic and quasi-elastic scattering experiments
has been performed to investigate specific energy transfer regions. Table 4 summarizes the
energies of the various modes observed and compares these energies with the results of optical
spectroscopy [61, 62]. These mode assignments are discussed in more detail in the following
subsections.

4.1. Neutron-weighted vibrational density of states

For the deuterated sample, the ≡SiD and =SiD2 stretching vibrations are partially resolved
(figure 6) and so a two-peak fit was performed to the composite peak at ∼188 MeV, for both
the HET and MARI data, and it is shown in figure 18. The resulting energies are given in
table 5. The situation for the hydrogenated sample is more complicated in that the ≡SiH and
=SiH2 stretching modes are superimposed on a broad peak arising from the third harmonic of
the Si–H bending vibration. Hence it was necessary to perform a three-peak fit, as illustrated in
figure 19. For both samples, the fit is excellent, and it was unnecessary to include a contribution
from –SiH3 or –SiD3 groups; i.e. there is no evidence for excitations corresponding to these
groups in the neutron-weighted vibrational density of states.
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Figure 18. A fit to the ≡SiD and =SiD2 stretch modes for the Si0.77D0.23 data in figure 6.•: experimental data; ——: fit; · · · · · ·: individual peaks; and - - - -: background.

Table 4. Vibrational energies in amorphous Si0.78H0.22 and Si0.77D0.23 (in meV).

IR (Si–H) Si–H (neutron) Si–D (neutron) Assignmenta

14.4 Si network
14.5 Para-H2 rotation

19.1 Si network
27 29.4 Ortho-H2 rotation
38 38 38 Si network
60 60 61 Si network
80 78 53 Si–H/Dn Rock & Wag

110 110 80 Si–H/D2 bend
159 111 Si–H/Dn 2nd Rock & Wag

160 Si–D2 2nd bend
248 251 183 Si–H/D stretch
260 259 189 Si–H/D2 stretch

240 Si–D2 3rd bend
295 —

a 2nd and 3rd refer to harmonics.

Table 5. Peak fit to Si–H/D stretch modes (in meV).

Sample Instrument Si–H/D Si–H/D2

Si78H22 HET 250.6 259.3
Si77D23 HET 182.3 188.6
Si77D23 MARI 182.8 189.1

It is interesting that the peaks for the ≡SiH and =SiH2 stretching modes are significantly
broader than the resolution of the instrument (FWHM = 3.3 meV) at this energy transfer—
i.e. the stretch modes are not sharp and well defined. The present spectra can be analysed using

20



J. Phys.: Condens. Matter 19 (2007) 415109 A C Wright et al

Figure 19. A fit to the ≡SiH and =SiH2 stretch modes for the Si0.77H0.23 data in figure 6. Key as
figure 16, except that the background includes a contribution from the third harmonic of the Si–H
bending vibration.

Si0.77D0.23 (HET)

Si0.77D0.23 (MARI)

Si0.78H0.22 (HET)

Figure 20. Inelastic neutron scattering data for Si0.78H0.22 and Si0.77D0.23 recorded with the HET
and MARI spectrometers. The data are the same as those in figure 6, except that the energy scale
for the Si0.77D0.23 sample is expanded by a factor of 1.373 (see the text).

theoretical neutron cross sections [71] and show that there are approximately equal numbers of
≡SiH and =SiH2 groups. The average reduction in excitation energy introduced by deuteration
is 1.373, which is slightly less than the factor of 1.414 (

√
2) expected for a hydrogen atom

connected to an infinite mass, indicating the small but observable influence of the silicon matrix,
as may be seen in figure 20, in which the energy scale for the Si0.77D0.23 sample is expanded
by a factor 1.373. Because of the very large incoherent neutron cross section for hydrogen, the
function for the hydrogenous sample is dominated by modes involving hydrogen motion while
the distribution for the deuterated sample reflects both deuterium and silicon vibrations.

The =SiH2 bending mode is observed at 110 meV, which is contrary to the results of
Kamitakahara et al [72] who failed to observe this mode in a previous neutron experiment
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and deduced that published conclusions from infra-red spectroscopy were wrong because of an
abnormally large matrix element.

A large peak at 14.5 meV is observed for the hydrogenous sample [4], which had not
been previously reported. Two earlier model calculations had predicted a peak at this energy:
the first [48] involves a rotational mode of –SiH3 groups and the second [49] a surface mode
on large internal surfaces. Martinez and Yndurain [73] have also suggested that a mode at
214 cm−1 (26.5 meV) in the IR absorption spectrum of hydrogenated amorphous silicon is
due to the presence of internal small (∼7 atoms) surfaces associated with voids. However, as
indicated above, there is no observable evidence in the full density of states for –SiH3 groups
in the present sample, and the surface mode suggestion is not compatible with the observed
isotopic shift of a factor of ∼2 (cf below). As will be demonstrated in section 4.2, this peak
does in fact arise from the rotation of H2 molecules.

4.2. Low-energy excitations

Neither density of states obtained with the ILL IN6 spectrometer shows a pure Debye variation
(E2) as E tends to zero. As in the HET experiment, a strong peak is observed for the
hydrogenated sample at 14.5 meV, while for the deuterated sample, the corresponding mode
appears as a bulge on the side of the silicon density of states at about 7 meV (cf plot versus
2E at the top of figure 7). The Q dependence of the inelastic structure factor at this energy
indicates that the mode is not associated with sound propagation and is of a localized nature,
although experiments using a higher value of E0 are strictly required to cover a larger range
of Q, both for this mode and the rest of the low-energy transfer region so that unambiguous
conclusions can be drawn. The isotopic shift of a factor of about two is consistent with an
assignment as a rotation of molecular hydrogen.

The HET data for Si0.78H0.22, measured with an incident energy of 50 meV (figure 8),
show peaks at 14.5 and 29.4 meV which arise from transitions between the rotational energy
levels of H2 molecules [74]. The first of these transitions (at 14.5 meV) is from the ground
state with rotational quantum number J = 0, for which the molecules are in the para-hydrogen
form (anti-parallel spins), to the J = 1 state, in which the molecules are in the ortho-hydrogen
form (parallel spins). The second transition (at 29.4 meV) is from J = 1 (ortho-H2) to J = 2
(para-H2). The observation of these transitions is strong evidence that the sample contains
molecular H2. For a two-dimensional rotor, a peak would be observed at 7.3 meV, and its
absence indicates that the H2 molecules rotate in three dimensions, and are not constrained, as
they would be if confined to a surface.

At room temperature the distribution of the H2 molecules between the para-H2 and ortho-
H2 states is given almost exactly by the degeneracies of the states, so the fraction of molecules
in the ortho state, co(0), is 0.749. However, when hydrogen is cooled there is a conversion to
the para-H2 ground state which, in the absence of a catalyst, occurs slowly over many hours.
The intensities of the two INS peaks at 14.5 and 29.4 meV are proportional to the number of
para-H2 and ortho-H2 molecules, and hence the evolution of these two peaks can be used to
monitor the ortho–para conversion. The observation of this conversion in our data is further
evidence of the presence of molecular hydrogen. Figure 21 shows the integral, Io(t), of the
INS spectra from HET in the region of the ortho-H2 peak at 29.4 meV, together with a fit of the
following function [74]:

Io(t) = B + Aco(0)

K tco(0) + 1
, (13)

where K is the ortho–para conversion rate, A is a constant of proportionality, and B represents
the background contribution to the spectrum in this region which arises from other processes.
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Figure 21. The time evolution of the integral from 25.5 to 32 meV of the INS spectra of Si0.78H0.22
measured on HET (points with error bars), together with the fit described in the text (smooth line),
for data measured at temperatures of (a) 19.3, and (b) 35.6 K.

(The para-H2 peak is not suitable for this analysis because it is too close to the elastic line for
reliable results to be obtained.) The fits yielded values for the conversion rate, K , of 2.2±0.3%
and 2.4 ± 0.2% h−1 for temperatures of 19.3 and 35.6 K, respectively. The error for the 19.3 K
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value is larger as a consequence of the shorter duration of the measurements. The quoted errors
are based only on the errors on the peak integral, indicated by error bars in figure 21, and it is
likely that the true errors are larger due to uncertainty in defining the time at which conversion
starts. For an accurate determination of the conversion rate by this method, the data should be
recorded for significantly longer than 1 day.

Our results show no significant change in the conversion rate for a temperature above and
below the solid-to-fluid phase transition. Milenko et al [75] have used thermal conductivity
to measure the ortho–para conversion rate for liquid and gaseous hydrogen over a wide range
in temperature and pressure. Nevertheless, the values for the conversion rate, K , measured by
Milenko et al at low temperature are not as high as those that we have determined, and a small
extrapolation of their data is necessary for a comparison with our results. This extrapolation
shows that our values for K are equivalent to a hydrogen density, ρH, of about 0.06 atom Å

−3
.

4.3. Quasi-elastic neutron scattering

The quasi-elastic neutron scattering experiments show that the diffusion coefficients of all
forms of hydrogen in amorphous Si0.78H0.22 remain very low up to 300 K. The temperature
factor varies smoothly, giving no indication of the onset of hydrogen translational or rotational
diffusion. The temperature dependence of the logarithm of the ratio of the intensity at zero
kelvin to that at temperature T (figure 9) appears to start to increase significantly from its zero-
kelvin value at ∼30 K. The fit to the initial slope above 30 K in figure 9 crosses the zero line
at 33.5 K. This is extremely interesting in the light of the solid-to-fluid phase transition, which
has been reported [49] at around 30 K for the molecular hydrogen occluded at high pressure in
hydrogenated amorphous silicon.

4.4. High-energy excitations

The peak at 420 meV in figure 10 is the fifth overtone of the group of SiHx bending modes
around 80 meV, while the strong peak at 510 meV is the second overtone of the SiHx stretch
group at 250 meV. The peak at 570 meV can be assigned to the expected molecular hydrogen
H–H stretch mode since its intensity is too large to be an overtone in the known sequences. As
the resolution in E is 12 meV for this experiment, it is difficult to see how more detailed
information can be gained by this technique for this mode without significantly improved
instrumentation.

5. Small-angle neutron scattering

An increase below Q ∼ 0.04 Å
−1

is observed in the scattered intensity from all three samples.
A least-squares fit to a plot of ln(dσ/d	) versus ln(Q) is consistent with a Q4 dependence
(cf figure 22), indicative of small-angle scattering in the Porod region [76]. The absence of
an interference peak in this region means that the inhomogeneous regions can be treated as
independent scatterers. Assuming that they have spherical symmetry or are randomly oriented,
thus giving on average a spherical shape, a reverse Monte Carlo algorithm was employed to
model the particle size distribution [7]. The results did not vary significantly between the three
samples, and the final particle size distribution for amorphous Si0.77D0.23 is shown in figure 23.
The particle radii exhibit a Lifshitz distribution of sizes [77], with most of the regions having a
radius of ∼50 Å. The relative volume fractions of the variously sized particles calculated from
this model indicates that, although regions in the size regime ∼50 Å are the most numerous, the
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Figure 22. A ln(dσ/d	) versus ln(Q) plot of the fully corrected SANS for the Si0.77D0.23 sample

with Q � 0.09 Å
−1

, together with a Porod fit (solid line). (The error bars are within the point
symbols.)
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Figure 23. The particle size distribution obtained from a reverse Monte Carlo fit to the SANS data
for Si0.77D0.23 [7].

majority of the volume fraction is made up of inhomogeneities in the range 150–300 Å. This
size range is in good agreement with the results of Bellissent and co-workers [32–34, 36, 37].
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Figure 24. A Guinier plot of the SANS from Si0.77D0.23. •: data; ——: fit.

Table 6. SANS parameters.

Si78H22 Si77D23 Si72.5F15.5D12

Guinier fit
RG (Å) 5.3 ± 0.2 4.9 ± 0.1 5.9 ± 0.1
CG (barns/str/atom) 1.5 ± 0.1 0.66 ± 0.03 1.3 ± 0.1
RS (Å) 6.8 ± 0.3 6.3 ± 0.2 7.6 ± 0.2

Inhomogeneities

QP (Å
−1

) 0.166 ± 0.005 0.175 ± 0.005 0.227 ± 0.005
DI (Å) 28.6 ± 0.8 27.5 ± 0.8 15.1 ± 0.8

ρI (10−5 Å
−3

) 1.02 ± 0.08 1.15 ± 0.08 6.91 ± 0.10
fI (%) 1.37 ± 0.20 1.22 ± 0.02 12.8 ± 0.1

In addition to the SANS described above, the intensity from each sample displays an
interference peak at higher Q (cf figure 11), which is much more pronounced than the ‘weak
diffraction ring’ reported by Bellissent et al [32, 34, 35]. Figure 24 shows a Guinier plot of the
data above the interference peak for the Si0.77D0.23 sample. A clearly defined Guinier region
is visible. The position of the peak, QP, was obtained by the least-squares fitting of a third-
order polynomial to the cross section data, and this position, the Guinier constant, CG, and the
radius of gyration, RG, are summarized in table 6, together with the corresponding data for the
Si0.78H0.22 and Si0.725D0.120F0.155 samples. To allow the comparison with other studies, table 6
also includes the spherical radius, RS = (5/3)1/2 RG [76].

The reciprocal-space peaks for Si0.78H0.22 and Si0.77D0.23 are at a slightly smaller value
of Q than that (0.22 Å

−1
) suggested by Bellissent et al [32, 34, 35], while the values of RG

for Si0.78H0.22 and Si0.77D0.23 correlate well with the SAXS values of Williamson et al [30] of
∼5 Å for inhomogeneities in non-device-quality material. The value of RS calculated for the
fluorinated sample does, however, seem to contradict the suggestion of Langford et al [54] that
the radii of these regions increase from 5.2 to ∼15 Å on fluorination, the present data indicating
a more modest rise from ∼6.6 to 7.6 Å.
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Assuming a random distribution, the values of QP can be related to the average centre–
centre separation of adjacent inhomogeneities, DI, and hence the inhomogeneity number
density, ρI, in the sample can be calculated [7, 76], together with the total (inhomogeneity)
fraction, fI, of the sample that is made up of these regions (see table 6). The calculated values
of ρI for Si0.78H0.22 and Si0.77D0.23 are smaller than those found by Williamson et al [30] of
∼5 × 10−5 Å

−3
, but fI for the fluorinated sample is in good agreement with that suggested by

Langford et al [54] of 14–19%. The former discrepancy may be explained by differences in
sample composition and/or preparation conditions.

From the definition of the Guinier constant, and making the approximation that the
scattering length density of the matrix containing the inhomogeneities is equal to that of
the bulk sample, 〈cS〉, the scattering length density of the inhomogeneities, 〈cI〉, may be
obtained [7]. If it is assumed that the Si0.78H0.22 and Si0.77D0.23 samples are identical insofar as
the internal structure of these inhomogeneities is concerned, the ratios of their scattering length
densities can be directly related to the ratio of the average atomic scattering lengths in these
regions. For these two component systems, the scattering length densities can be expanded in
terms of the fractional composition, xi , and neutron scattering length, b̄i , of each component
atom. Moreover, since the samples are considered to be structurally identical, it follows that
xH = xD = x , giving a value for x of either 0.0 ± 0.1 or 0.9 ± 0.1. This suggests that the
regions in question are either precipitates of pure silicon or that they are largely hydrogen-filled
cages.

To give the observed scattering, a silicon precipitate would need a density of
0.165 atom Å

−3
, a value over three times higher than that of crystalline silicon, and hence

these results show that the SANS arises from cages containing hydrogen only. A hydrogen
density, again calculated from 〈cI〉, gives ρD = 0.10 ± 0.01 and ρH = 0.13 ± 0.02 atom Å

−3
,

which is a factor two higher than the estimate from the kinetic studies described in section 4.2.
These results are consistent with ∼140 hydrogen or deuterium atoms in each cage, a number
much larger than would be expected purely from the hydrogen termination of broken Si bonds
at the surface of the cage (<50 atoms). The surface of these cages can be expected [54] to
be made up largely of Si atoms without broken bonds, suggesting that the large majority of
the observed hydrogen must be in the form of molecular H2. This assumption leads to a total
H2 content of ∼3 at.%, which is in excellent agreement with NMR measurements made on
the Si0.77D0.23 sample (cf table 2). In addition, the value of ∼50–60 H2 molecules per cage is
consistent with that suggested by Chabal and Patel [49] of �100 molecules in any one cluster.

The density of hydrogen calculated for these materials is consistent with that for
pressurized fluid hydrogen at 300 K and, assuming that the pressure–density phase relationship
is the same as that for compressed fluid n-H2 on the 300 K isotherm, it can be calculated that
these densities correspond to a hydrogen pressure of ∼10 kbar in the deuterated material, and
∼25 kbar in the hydrogenated material [78]. The associated pressure increases exponentially
with increasing density and, as a result, the ∼10% errors inherent in the density calculations
give rise to a ∼70% uncertainty in the associated pressures. However, the values quoted
above are not inconsistent with those from NMR data, which suggest a pressure of ∼2 kbar
at cryogenic temperatures [48], and with the inelastic neutron scattering results outlined in
section 4 [6].

It has been suggested [54] that the molecular SiF4, known to exist in the fluorinated
material [52], is contained as single isolated molecules in cages of much the same size as
those observed here. If it is assumed that the scattering regions in the Si0.725D0.120F0.155 sample
are caused by a mixture of D2-packed cages of the type found for Si0.77D0.23 and of the SiF4-
containing type suggested by Langford et al [54], the (measured) average scattering length
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Figure 25. A comparison of the Weaire et al [55, 56] model (dashed lines) with the experimental
total correlation function for the Si0.77D0.23 sample.

density for the inhomogeneities in this material is related to the scattering length densities of the
two types of scattering centres and their fractional composition. The scattering length density
of D2-filled cages calculated above, the average scattering length for an SiF4 molecule and the
known cage volume then suggest that, if this particular model is correct, ∼98% of the cages
contain an SiF4 molecule. This percentage indicates that, within experimental uncertainties,
the SANS observed from this material is consistent with a model of SiF4-containing cages of
largely the same size and distribution as those predicted by Langford et al [54]. Moreover,
the similarity in the cage size observed for Si0.77D0.23 and Si0.725D0.120F0.155, despite the vastly
different internal pressures, suggests that inhomogeneities of these dimensions are inherent to
the structure of the amorphous silicon matrix, rather than the result of the structures placed on
it by the constituent gases.

6. Structural models

As indicated in section 1, random network models of hydrogenated amorphous silicon have
been generated by Weaire et al [55, 56] and by Winer and Wooten [58]. The former is a
cluster model and, to correct for the finite model size, it is necessary to limit the calculation
of the component correlation functions, ti j (r), to the atoms contained within a sphere. In the
case of the Weaire et al model, many of the H atoms are situated towards the edge, where the
model density starts to decrease. Hence the choice of the diameter of the calculation sphere
is a compromise between maintaining a sufficiently high density together with an adequate H
content. The comparison with experiment was therefore performed with 390 atoms (314 Si and
76 H) included within a sphere of diameter 26.2 Å, yielding a composition Si0.805H0.195. This is
slightly less H than the total in the present Si0.78H0.22 and Si0.77D0.23 samples, but is very close
to the network composition, if it is assumed that 3 at.% of the H is present as H2 molecules. Of
the 76 H atoms, 8 are incorporated into (4) =SiH2 groups. The component correlation functions
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for the model were thermally broadened, weighted by the appropriate neutron scattering lengths
and folded with the peak function, P(r), which defines the experimental resolution in real
space, before adding to give T (r), as shown for the deuterated model in figure 25.

That the average number density for the chosen spherical cluster (0.041 42 c.u. Å
−3

;
ρ0

Si = 0.033 34 atoms Å
−3

) is too low may be seen from the fact that the model T (r) falls
below the experimental data. Figure 26 compares the model with the total correlation functions
for both the deuterated and hydrogenated samples, together with the D–H difference correlation
function, �TDH(r). The negative value of b̄H leads to a fortunate cancellation of the effects of
the incorrect density and composition, such that the average density contributions, T 0(r), for
the model and the hydrogenated sample almost coincide. Allowing for the density discrepancy,
the main features in the correlation functions for the Weaire et al model are in good agreement
with experiment, indicating that it is a very reasonable representation of the network component
of the structure.

Since the Winer and Wooten [58] model has a periodic boundary, it is not necessary
to correct for the finite model size, but the maximum value of r is limited to half of the
minimum dimension of the unit cell (rmax = 4.9 Å). The average number density is
0.0575 c.u. Å

−3
(ρ0

Si = 0.0444 atoms Å
−3

) and the composition is Si0.77H0.23; i.e. identical
to that of the present Si0.77D0.23 sample. The small number of atoms in the unit cell, combined
with the imposition of periodic boundary conditions, means that the model network exhibits
considerable strain/distortion, as may be seen from the experimental component correlation
functions in figure 27 and the comparison with both samples and �T (r) in figure 28. For this
reason, the Winer and Wooten model is not in as good agreement with experiment as that of
Weaire et al [55, 56].

Winer and Wooten [58] have calculated the hydrogen atom vibrational density of states
for their model (figure 4 of [58]). This exhibits a broad distribution of modes centred around
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Figure 27. A comparison of the Winer and Wooten [58] model (dashed lines) with the experimental
total correlation function for the Si0.77D0.23 sample.

85 meV, and extending from ∼45 to 125 meV, presumably including the Si–H rocking, wagging
and bending vibrations (table 4). There is also a group of modes centred at 250 meV,
corresponding to the Si–H stretching vibrations. Given the absence of H2 molecules in the
model, a small peak at 22 meV, which is much more intense in the full vibrational density of
states, presumably arises from vibrations of the silicon network.

7. Conclusions

The present suite of neutron scattering experiments confirms the results of previous studies
which suggest a close relationship between the network structure of hydrogenated amorphous
silicon and that of evaporated amorphous silicon. In the hydrogenous material, the broken
bonds of the latter are saturated with H atoms to form approximately equal numbers of ≡SiH
and =SiH2 groups. The number of –SiH3 groups in the present samples is small (<1 at.%
H), and they were not detected in the inelastic neutron scattering experiments. The network of
Si0.78H0.22 and Si0.77D0.23 is well represented by the structural model of Weaire et al [55, 56].

The inelastic neutron scattering experiments unambiguously demonstrate the existence
of high-pressure molecular H2 (D2) trapped in the cages of the amorphous network at high
densities and at pressures of the order of ∼10–20 kbar at ambient temperature, as shown by
the observation of the ortho–para conversion at low T , via the molecular rotation modes at
14.5 and 29.4 meV. Further neutron scattering evidence for the existence of H2 (D2) molecules
in the present samples is afforded by the neutron diffraction data for the deuterated sample,
which exhibit a small feature at the expected intramolecular D–D distance, and the SANS
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experiments, which indicate the presence of H2 (D2) filled cages, with each cage containing,
on average, ∼50–60 H2 molecules. In addition, further inhomogeneities are observed with
effective spherical radii up to 450 Å and a Lifshitz distribution of sizes.

The use of silicon tetrafluoride in the feedstock during the deposition process, on the other
hand, produces a material whose network short-range order is unlikely to differ greatly from
that of hydrogenated amorphous silicon, suggesting that the previously observed differences in
electronic behaviour between these materials may be due in some part to this change in cage
content. The SANS data for the Si0.725D0.120F0.155 sample are consistent with a cage structure
containing mainly isolated SiF4 molecules.
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