VoLuME 39, NUMBER 24

PHYSICAL REVIEW LETTERS

12 DECEMBER 1977

vor the observation of the multiple-quantum tran-
sitions.

!See, for example, V, W. Hughes and J. S. Geiger,
Phys. Rev, 99, 1842 (1955), and references therein.

v, w. Hughes and L, Grabner, Phys. Rev, 79, 828
(1950).

For recent references see A, Carrington et dl., J.
Chem. Phys. 47, 4859 (1967); C. A. McDowell and
I, Tanaka, Chem Phys, Lett. 26, 463 (1974).

‘W. Anderson, Phys. Rev. 104, 850 (1955),

°R. C. Hewitt, S, Meiboom, an and L. C. Snyder, J.
Chem. Phys. 58, 5089 (1973); L. C. Snyder and S. Mei-
boom, J. Chem. Phys. 58, 5096 (1973).

SR, E. McDonald and T. K. McNab, Phys. Rev. Lett.
32, 1133 (1974), and references therem for double-
quantum transitions in depolarization—detected NMR

transitions.,

"A. Pines, D, J. Reuben, S. Vega, and M. Mehring,
Phys. Rev. Lett, 36, 110 (1976), and references there-
in,

%A. G. Danilov and A, Manoogian, Phys. Rev. B 8,
4103 (1972).

?A. Manoogian and B. Auger, Can, J. Phys. 52, 1731
(1974),

105, A, Al’tshuler and B. M, Kozyrev, Electvon Pava-
magnetic Resonance (Academic, New York, 1964),

p. 87.

'S, Vega, T. W. Shattuck, and A Pines, Phys. Rev.

Lett. 37, 43 (1976).

1R, C. McCalley and A. L. Kwiram, Phys. Rev, Lett,
24, 1279 (1970); A. L. Kwiram andL R. Dalton, J.
Am Chem, Soc. 94, 6930 (1972),

154, Manoogian and A, Leclerc, Phys. Rev, B 10,
1052 (1974) .

Photoelectron Spectra of Hydrogenated Amorphous Silicon

B. von Roedern, L. Ley, and M. Cardona
Max-Planck -Institut fiiv Festkovperforschung, 7000 Stuttgart 80, Fedeval Republic of Germany
(Received 25 August 1977)

uv-induced and x-ray—induced photoelectron spectra have been taken on hydrogenated
amorphous silicon prepared iz situ by reactive sputtering. Hydrogen-induced features in
the q¢-Si valence-band region have been identified by comparison with spectra and calcu-

lations appropriate to the adsorption of hydrogen onto Si surfaces.

Films sputtered at

room temperature show peaks related to Si multiply bonded to hydrogen, while deposition
at 300°C or above is mainly causing the formation of singly bonded SiH groups.

When hydrogen is incorporated into amorphous
silicon (a-Si) either by preparing films from a
glow-discharge plasma of silane' (SiH,) or by re-
actively sputtering the material in an Ar-H, mix-
ture,?'® the dangling bonds believed to be present
at the inner surfaces of microvoids or multiva-
cancies are saturated by hydrogen atoms attached
to them.* This conjecture is supported by the re-
duction in the electron-spin-resonance signal®”’
and the presence of Si-H vibrational modes ob-
served in the infrared abosrption.™® The pres-
ence of hydrogen is therefore essential for the
substitutional doping of a-Si either by glow dis-
charge® or by sputtering techniques,*® which has
enabled the construction of solar cells based on
a-Si.'* This exciting possibility has triggered an
increasing number of investigations on the elec-
tronic and transport properties of a-Si with H
concentrations that exceed those necessary to
merely saturate dangling bonds.3'® In this Letter
we report the photoemission spectra of a-Si with
varying degrees of hydrogenation. The H-induced
additional structure in the a-Si valence band can
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be explained by an incorporation of H into the a-
Si network, the main configurations being SiH
and SiH;. These results have been derived by
comparing our spectra with experiments and cal-
culations of H chemisorbed on Si single-crystal
surfaces. A reduction in width of the Si va-
lence band up to 1 eV suggests a partial destruc-
tion of the Si network for H concentrations in ex-
cess of approximately 10%.

Photoelectron spectra of a-Si:H were measured
with a resolution of 0.3 eV using He I (21.2 eV)
and He 1I (40.8 eV) radiation for the valence-
band region, while Al Ko (1486. 6 eV) x rays were
employed to obtain core-level spectra at a reso-
lution of 1.1 eV.

The samples were prepared in situ (base pres-
sure 1X107° Torr) by dc sputtering from a single-
crystal Si target (50 Q cm, # type, 18 mm diam)
in a mixture of Ar and H,. Depending on the dep-
osition temperature Tp, substrates of Cu (7
>300°C) or W (Tp >300°C) were used. The dis-
tance between target and substrate was about 4
cm, and the deposition angle was 45°. The sput-
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ter gas premixed from high-purity Ar (99. 9997%)
and H, (99.999%) flowed at a rate of ~0.1 1/h
through the discharge region at a pressure be-
tween 107! and 10° Torr. The H, concentrations
quoted are partial H, pressures determined with
a membrane gauge in the mixing system. De-
spite a low deposition rate of only 3~15 A/min,
sputtering times of 1-3 h were sufficient to ob-
tain films for the photoemission measurements.

The cleanliness of the a-Si films was checked
in situ by XPS (x-ray photoemission spectroscopy)
scans covering the range of 0-1000 eV binding en-
ergy. Signals from the O 1s and N 1s levels dis-
appeared after prolonged sputtering times. Oxy-
gen and nitrogen concentrations below 2% did not
contribute discernibly to the valence-band spec-
tra. In a few cases an argon concentration of no
more than 1% was detected.

Figures 1(a) (He I) and 1(b) (He II) show the va-
lence-band spectra of a series of samples, sput-
tered with 0%, 10%, and 50% H, in the sputtering
gas. Binding energies are given with respect to
the Fermi energy E; of a clean metal substrate.
a-Si prepared without hydrogen exhibits a promi-
nent peak 2 eV below Ef, due to Si 3p-derived
states in both spectra. Further weak valence-
band emission between 5 and 12 eV can be dis-
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FIG. 1. (a) He I (21.2 eV), and (b) He II (40.8 eV),
induced valence-band spectra of ¢-Si films prepared
by reactive sputtering in an argon-hydrogen atoms-.
phere. The H, concentrations given are those of the
sputter gas, The dashed curve reproduces the elec-
tronic structure of hydrogen adsorbed onto the Si(111)
surface in the form of SiH; as calculated in Ref. 12,

tinguished in the He II spectrum [ Fig, 1(b)].
Taking the lower cross section of Si 3s-derived
states into account,'® this agrees well with the
XPS spectra of a-Si by Ley et al. ™ The position
of the Fermi level coincides to within 0.1 eV with
the top of the valence band.

With the incorporation of hydrogen a new peak
labeled A in Figs. 1(a) and 1(b) around 6 eV de-
velops. The area under this peak is approximate-
ly proportional to the H, concentration in the sput-
tering gas. Its position shifts from 5.9 to 6. 2
eV between H, concentrations of 10% and 50%,
respectively. At the same time the width increas-
es from 1.2 eV full width at half-maximum
(FWHM) to 1.9 eV (see Fig. 1). A second broad-
er peak (2.5 eV FWHM), B in Fig. 1(b), can be
distinguished in the He II spectrum only. Its dis-
tance from peak A increases from 4.3 eV in the
10% spectrum to 5.0 eV in the 50% spectrum.
This last feature is masked by the background of
inelastically scattered electrons in the 21, 2-eV
spectra.

Concomitant with the appearance of peaks A
and B we observe a gradual recession in the lead-
ing edge of the photoemission spectra that reach-
es 1.0 eV for the samples prepared with 50% H,
in the gas. The top of the valence band deter-
mined by the intercept of the steepest descent of
the leading edge with the base line moves by 0. 8
eV in the same direction. These shifts are not
accompanied by a change in the position of the Si
core levels relative to Er. The binding energies
of these levels remain constant to within 0. 2 eV.
This implies that we are not dealing with a shift
of the Fermi level relative to an otherwise un-
changed distribution of energy levels in the Si:H
system, but rather with a depletion of states at
the top of the Si valence band and a Fermi level
that remains unchanged with respect to the inner
potential of the Si matrix.

Spectra different from those described above
were obtained by sputtering a-Si in an atmosphere
containing 10% H, onto a substrate held at 350°C
(Fig. 2). The two H-induced peaks are now at
5.3 (peak C) and 7.5 eV (peak D) below E;. They
are fully developed with an H, concentration of
10% and more H, in the sputtering gas did not
change the spectra. The top of the valence band
recedes simultanously by 0.4 eV. This corre-
sponds to the shift of the sample prepared at
room temperature with 10% H,.

The H incorporated in a-Si can be driven out
by annealing. ' In Fig. 3 we show the changes
in the spectrum of a sample prepared at room
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FIG. 2. He 1 and He II photoemission spectra of
a-Si sputtered with 10% H, in the sputtering gas onto a
substrate held at 350°C. The dashed curve reproduces
the electronic structure of hydrogen adsorbed onto
the Si(111) surface in the form of SiH as calculated in
Ref, 12,

temperature containing the equivalent of 50% H,
upon annealing at a temperature of 400°C. The
decrease in the intensity of peak A is accompan-
ied by a rapid evolution of H, gas as monitored
with a mass spectrometer. At the same time,
states at the top of the valence bands reappear
and the leading edge is continuously shifted up
towards its position in pure a-Si. After 30 min
at 400°C we recorded spectrum b in Fig. 3 that
corresponds approximately to a hydrogen concen-
tration of 10%. Unlike the corresponding spec-
trum in Fig. 1(a) we now observe two new fea-
tures: a peak C at 5.5 eV and a hump D centered
1.9 eV below C. We take that as an indication
that the dehydrogenation of a-Si at elevated tem-
peratures tends to produce the same structure as
the sample deposited at 350°C in Fig. 2. The de-
hydrogenation of the samples deposited at 350°C
proceeds without any observable change in the
position of peaks C and D.

Our results are relevant for the incorporation
of H into the Si network rather than for the initial
stages of hydrogenation that lead to the satura-
tion of internal dangling bonds. This is substan-
tiated by the fact that the peak near 6 eV becomes
detectable only for H, concentrations in the sput-
tering gas in excess of 5%. To saturate the dang-
ling bonds which give rise to the high density of
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FIG. 3. Changes in the valence-band structure of
a-Si (50% H,, spectrum a) upon annealing at 400°C.
Spectrum b was obtained after 30 min at 400°C. Spec-
trum ¢ is that of pure ¢-Si. '

states in the gap, less than 6% H, in the sputter-
ing gas is necessary, as derived from conduc-
tivity measurements. ***° Therefore we argue
that the appearing peak structure arises from the
hydrogen incorporation into the Si network.

The silicon-hydrogen bonds give rise to a two-
peak structure, which can also be seen in the
spectra of SiH, and Si, H,, +,. '*" The explana-
tion of our results is facilitated by theoretical
and experimental studies of hydrogen chemisorp-
tion onto single-crystal Si surfaces. Studies of
the Si(111) surface by Pandey, Sakurai, and Hag-
strum'® show a trihydride- (SiH,-) configurated
hydrogen chemisorption to this surface. Both
tight-binding'®'® and pseudopotential®® calcula-
tions of the density of states of such a hydrogen-
ated surface show two peaks, called A and B in
Ref. 12, arising from the SiH, arrangement.

Our peaks A and B [ Fig. 1(b)] correspond well
to these | see dashed line in Fig. 1(b)]. The half-
width of our peak A (1.9 eV) is smaller than that
of Pandey, Sakurai, and Hagstrum' at (2. 8 eV);
on the other hand, the half-width of our peak B
(2.5 eV) is greater than his (1.5 eV). The dis-
tance between peaks A and B is 5.0 eV in our ex-
periment and 4. 0 in their experiment. Peak
widths and the distance between peaks A and B
are determined by the H-H interaction; hence
these differences are reasonable since the inter-
action in a single-crystal surface layer should
differ from that in amorphous bulk material. We
conclude that the incorporation of hydrogen into
samples sputtered at room temperature results
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in a SiH, coordination (at least if sufficient hy-
drogen is present). Dihydride bands (SiH,) have
been observed in infrared experiments.® Their
A-B splitting®® should be about 1. 6 eV and hence
they do not seem to give the main contribution to
the observations of Fig. 1(b).
By comparison with the theoretical work we
conclude that peak A arises from the H 1s and
the Si 3p orbitals, and peak B from the H 1s and
Si 3s states. The latter corresponds to antibond-
ing s states interacting with the Si-Si bond from
the first- and second-neighboring Si atoms. This
can be deduced from the charge distribution cal-
culations in Ref. 19 and from the work in Ref. 17.
Peaks C and D in our samples deposited at
350°C correspond to similar peaks observed dur-
ing the adsorption of hydrogen on the Si(100) sur-
face. They have been identified as due to the for-
mation of a Si monohydride phase on the (100) sur-
face,?® an assignment that is supported by calcula-
tions of the monohydride phase on Si(111), 1&°
There appears to be a chemical equilibrium be-
tween the hydrogen content of the sputtering gas
and the SiH or SiH, concentration, respectively.
At low temperatures the formation of SiH, is fa-
vored whereas at high temperatures the equilib-
rium is shifted towards the formation of SiH
bonds. During the desorption of hydrogen from
the low-temperature phase, we observe in addi-
tion to a decomposition of the SiH, phase a gradu-
al transformation of some of the SiH, radicals in-
to those of the SiH type (peaks C and D in Fig. 3).
For an estimate of the amount of hydrogen in-
corporated we compare the surface spectra with
ours. The relative size of the SiH, surface peaks
of Pandey, Sakurai, and Hagstrum (Ref. 12) and
ours is about the same. A mean escape depth of
the 21.2-eV photoelectrons?! between 4 and 12 A
corresponds to a Si:H ratio of 33% to 50b. A sim-
ilar hydrogen concentration should therefore be
present in our samples. These results are to be
compared with the infrared and Raman data of
Brodsky, Cardona, and Cuomo (Ref. 8). Samples
deposited at room temperature show all three vi-
brational modes of the SiH, SiH,, and SiH, con-
figurations, and the amount of H incorporated is
estimated to be up to 50%. Samples deposited
above 250°C have only a SiH coordination. An-
nealing experiments by Brodsky ef al. ' on sam-
ples with higher H concentrations show a desorp-
tion of H, when heated to 470°C, but in this case
mainly hydrogen out of SiH, and SiH, positions,
and not SiH, is driven out, a process similar to
that observed in our photoemission spectra.

The shift in the leading edge upon hydrogena-
tion is enough to account for the increase in the
fundamental gap from 1.8 eV in a-Si to about 2.5
eV in the most heavily hydrogenated a-Si. 22> The
Fermi level is seen to move at the same time
from a position close to the valence-band edge
towards the center of the gap. The loss of states
at the band edge is in good agreement with the re-
sults of Ref. 17: A reduction in the band width
with reduced Si concentration was observed in a
number of gaseous polysilane (Si,H,,.,) mole-
cules. This suggests that in our trihydride phase
a large part of the Si network has been destroyed
and that the model of a highly cross-linked poly-
mer of polysilane chains® is a good description
of this material.
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Specific Heats of Superconducting Splat-Cooled “Amorphous” La;_x Au, Alloys

W. H. Shull and D. G. Naugle

Texas A&M University, College Station, Texas 77843
(Received 6 July 1977)

Specific-heat measurements from 1.3 to 6.2 K provide new information about super-

conductivity in an “amorphous” transition-metal system, La,_, Au

x+ These measure-

ments indicate some qualitative differences between “amorphous” transition metals and
simple amorphous metals such as Bi, Ga, Pb, and Sn,

Since the discovery'? of superconductivity in
amorphous metals in the early 1950’s, a large
amount of experimental data and at least a quali-
tative understanding of the influence of the ab-
sence of long-range order on superconductivity
in the simple (nontransition) metals have been
developed. For the simple metals the properties
of the amorphous phase are described reasonably
well by a close-packed structure similar to the
liquid metal, an electronic structure consistent
with the free-electron model, a softened phonon
spectrum, and a sharply enhanced electron-pho-
non coupling at low frequencies.® The softened
phonon spectrum and enhanced electron-phonon
coupling cause the simple amorphous metals to be
very strong-coupling superconductors with ratios
of energy gap to transition temperature, 2A(0)/
kT, as high as 4.5 and electron-phonon coupling
parameters M as large as 2.4. Bergmann® has
attributed the enhanced strong coupling to the
availability of additional phase space for electron-
phonon scattering because the need to conserve
crystalline momentum is eliminated in an amor-
phous structure. Such an explanation may be ex-
pected to be universal and one would suspect that
amorphous transition metals also would be strong-
coupling superconductors. Aside from the experi-
ments by Collver and Hammond® to study T, for
amorphous transition-metal alloy films there are
very few experimental studies of these interest-
ing materials. The very limited experimental
data suggest that highly disordered amorphous
transition metals may differ considerably from
the simple amorphous metals; e.g., measure-
ments for disordered V films indicate a positive
Hall coefficient,’ and preliminary results from
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tunneling experiments with highly disordered
Nb,Si films do not indicate strong-coupling be-
havior.”

We report measurements of the low-tempera-
ture specific heats (1.3-6 K) for two different
“splat-cooled” Lal-xAux'alloys (x =0.20 and 0.24)
in the composition range for which the samples
are reported to be amorphous.® Analysis of the’
specific-heat data provides considerable new in-
formation about the properties of these unusual
“amorphous” transition metals: (1) The large
jump in the specific heat near 3.5 K indicates
that superconductivity in these splat-cooled foils
is a bulk property. The agreement of the heat-
capacity transition temperature T, and transition
width AT with previous resistive measurements
establishes that those previous studies® also deal
with bulk properties. (2) The heat-capacity mea-
surements indicate the presence of a small
amount of a second phase with a superconducting
transition temperature 7,~ 2 K which was not pre-
viously observed by either resistivity or x-ray
measurements. (3) A fit of the normal-state data
by C,=yT +BT?* provides a value of ¥ from which
the electronic density of states N(0) may be de-
termined and a value of B from which the Debye
temperature 6p, which characterizes the phonon
spectrum, may be determined. (4) The magni-
tude of the jump in the specific heat, which is
very close to that expected for a weak-coupling
BCS superconductor, suggests that these materi-
als are relatively weak-coupling superconductors
in contrast to the very strong-coupling simple
(nontransition) amorphous metals. (5) T, and 6p
may be used with the McMillan® expression to
estimate the electron-phonon coupling parameter



