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High-resolution Si 2p core-level spectra reveal a homogeneous broadening for amor-
phous compared to crystalline silicon. This is due to static fluctuations in valence charg-
es brought about by bond-length and bond-angle variations in the amorphous network.
The observed Gaussian broadening of 256 meV corresponds to mean deviation from charge
neutrality of approximately 0.11 elementary charges. The addition of hydrogen reduces
the charge fluctuations by -25/0.

PACS numbers: 72.80.Ng, 73.60.Fw, 79.60.Eq

Amorphous solids exhibit a number of proper-
ties not usually found in their crystalline counter-
parts. For example, the electrons at the band
edges of semiconductors are localized and con-
tribute to the electric current via hopping be-
tween localized states a process that dominates
the transport of amorphous silicon or germanium
at low temperatures. '

Another example of these unique properties is
the excess specific heat and the reduced thermal
conductivity of glasses such as SiO, or As, S3 at
temperatures below - 1 K, that are most likely
due to low-lying excitations connected with the
rearrangement of structural units in the amor-
phous solids. ' Both phenomena are intimately
connected with the loss of long-range order that
can result in a certain flexibility of the amor-
phous network for glasses such as SiO, or As, S,.

The chemical nature of the bonding, i.e. , co-
valent or ionic, however, was thought to be the
same in crystalline and amorphous modifications
of a material. This view relies on the experi-
mental fact that the structural units —Si-Si4, Si-
04 in the case of silicon or SiO„ for example

— —are maintained and that nearest-neighbor dis-
tances are found almost unchanged. In particular
it was taken for granted that the homopolar na-
ture of the Si-Si bond is preserved in amorphous
silicon. Guttman, Ching, and Ra,th, in their re-
cent model calculations of the electron distribu-
tion in amorphous silicon (a-Si), however, found
net static charges on the atoms of an amorphous
silicon cluster as a result of bond-length varia-
tions involving neighbors two or more atoms re-
moved. The charges showed a distribution with
standard deviation 4q, , = 0.2 electrons. 3 Such
charge fluctuations if they exist—would explain
the observed ir activity of the lattice modes in
a-Si."' They would also set up considerable elec-
tric fields within the bulk a-Si with consequences
for the optical absorption and the charge trans-

port. The Coulomb energy between these charg-
es would furthermore contribute to the total en-
ergy of the amorphous network.

We report here direct experimental confirma-
tion of these charge fluctuations and give num-
bers for the average deviation b,q from neutrality
in sputtered amorphous films of silicon. We fur-
ther present evidence that these charges are re-
duced upon hydrogenation of a-Si in such a way
that the reduction is large for atoms bonded di-
rectly to hydrogen and small but finite for a,ll
others.

The charges are determined through the chemi-
cal shift they induce in the binding energy of the
Si 2p core levels as measured in photoemission.
The shift AE is approximately 2.2 eV per unit
charge removed or added to the valence she11 of
Si.' The resolution necessary to detect shifts
corresponding to hq of the order of 0.1e was ob-
tained with use of synchrotron radiation from the
DORIS storage ring, Hamburg, in conjunction
with a high-resolution grating monochromator.
The Si 2p doublet [A(spin orbit) =0.60 eV] of a
crystalline Si(111)surface excited with lt v = 107.5
eV is shown in Fig. 1(a) and is well described by
the convolution of a Lorentzian (1/[(~ —w, )'+ I'])
that takes into account the lifetime of the core
hole [2I' = 210+ 30 meV] and a Gaussian fexp[- (m
—cu, )'/2cr']] representing the combined resolution
of monochromator and electron analyzer (tr„=60
meV).

The corresponding spectrum [Fig. 1(b)] taken
with h v = 110 eV from an amorphous silicon sam-
ple prepared in situ by sputter deposition is con-
siderably broader so that the spin-orbit compo-
nents are no longer resolved. The data points
are again fitted by the convolution of a Lorentzian
and a Gaussian with parameters displayed in Ta-
bl.e I. The width of the Gaussian is partitioned into
a contribution a„due to the experimental reso-
lution obtained from a, spectrum of crystalline
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FIG. 1. Si 2p core-level spectra of (a) crystalline and

(b) amorphous silicon. Data points (circles), the result
of a least-squares fit, and the Lorentzian contributions
to the component lines are shown.

silicon (c-Si) measured under identical conditions
and a contribution o,m«p„ that takes the homoge-
nous broadening into account such that 0.„'
+a„m„„'=O'. The decrease in 2F reflects a re-
duction in the Auger decay rate of the core holes

most likely due to the changed electronic struc-
ture of the valence bands.

Band bending due to surface charges can be
ruled out as the cause for the observed broaden-
ing. The binding energy of the core levels changed
by less than 50 meV for photon energies between
107.5 and 140 eV corresponding to sampling
depths between 30 and 8 A, respectively. Simi-
larly, unresolved chemical shifts due to contam-
ination are not responsible. Aside from the fact
that they would yield an asymmetric broadening
towards higher binding energies, wide energy
scans and valence-band spectra proved the sam-
ple of Fig. 1(b) to be free of any contamination
including hydrogen.

We therefore conclude that the broadening is
due to a distribution of chemically shifted Si 2p
lines, the shifts being due to a distribution of
charges hq on the Si atoms as a result of the pe-
culiarities of the a-Si structure. Two reasons
for such charges come to mind. (i) There may
be fluctuations in the bond lengths of the a-Si net-
work as suggested by Guttman, Ching, and Rath. '
The dominant factor would then be the fluctuations
in next-nearest-neighbor distance reflected in
the nonnegligible variation in bond angle 8 (69
- 10'). Nearest-neighbor distances are quite rig-
id and the overlap between wave functions of sili-
con atoms removed by more than one intermedi-
ate atom is too small to induce any significant
charge transfer. If this point of view is correct,
the charges should be distributed homogeneously
throughout the amorphous specimen;

(ii) There is, on the other hand, ample evi-
dence that a-Si is not homogeneous but contains
a large volume fraction of voids enclosed by in-
ner surfaces. ' It is therefore conceivable that

TABLE I. Parameters obtained in a least-squares fit of Si 2p core levels. Errors in the
last digits are given in parentheses.

Sample
2I

(meV)
0am ~&rms

(mev)
CH

at.Wo

g-si

a-Si:H, four doublets
(a) Equal width

(b) Decreasing width
si
Si-H
Si-H&
Si-H&

106 (40) 256 (10)

106 (40)

192 (10)
128
64

0

106 (40) 186 (10)

0.11

0.08 330 (10)

0.09
0.06

340 (10)

0

0.15

0.15

56 ~ 21 Si-H
18 Si-Hp
17 Si-H3

48; 16.6 Si-H
19.5 Si-H~
12 Si-H&
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the broadening of the Si 2p levels in a-Si reflects
a distribution of "surface" peaks similar to those
obtained for g-Si surfaces. ' Because the surface
atoms on the inner surfaces do not occupy well-
defined and ordered positions as they do on the
Si(ill) face we might expect a range of surface
shifts reflecting the disordered nature of the un-
derlying "bulk. " The magnitude of the surface
shift found in e-Si would nicely account for the
observed broadening in a-Si.

A decision between the two models can be made
based on the results of hydrogenated a-Si (a-Si:
H). The incorporation of hydrogen during the dep-
osition of a-Si is known to form Si-H bonds and
thereby to saturate dangling bonds at the inner
void surfaces as well as other defects.

The Si 2P core-level spectra (b v = 110 eV) of hy-
drogenated a-Si (prepared by adding 50 vol% H,
to the sputter gas) are compared with that of un-
hydrogenated a-Si in Fig. 2(a). The leading (low
binding energy) edge of the spectrum of a-Si:H is
clearly steeper than that of a-Si and extra inten-
sity due to Si-H„configurations is found towards
higher binding energy. From infrared absorption
data and valence-band spectra of the same speci-
mens we know that these films contain Si-H, Si-
H„and Si-H, units adding up to a total bulk hy-
drogen concentration of (35+ 5) at.Pg We have
therefore fitted the spectrum of Fig. 2(a) with a
total of four doublets, assuming a constant shift
EE„per attached hydrogen atom in accordance
with the additivity of chemical shifts that worked
well for a-Si containing the much more electro-
negative fluorine. ' The lifetime broadening I of
all lines was assumed the same as that of g-Si.
Two equally satisfactory fits were obtained (see
Table I); one where the widths of all components
were the same, and oge where we assumed that
the amorphous broadening decreases in propor-
tion to the number of hydrogen atoms attached to
a silicon atom. The latter fit is shown in Fig.
2(b). It implies that the constraints on the Si
bonds are gradually relaxed as one, two, or
three bonds are released from the network. We
favor this fit because the hydrogen content ob-
tained from the properly weighted contribution of
the shifted components to the total spectrum is in
closer agreement with the ir value than the 56
at.% obtained for the other fit of Table I. The re-
maining discrepancy is due to a surface enrich-
ment of hydrogen that will be discussed else-
where.

The reduction in the amorphous broadening up-
on hydrogenation is determined by the leading

hv = 1)0eV —a-Si: H
--- a-Si

I—

X
hv= &10eV

X
b}

a-Si: H

I

I

n=

I0
I

I

a ee4

$4 105

BINDING ENERGY (eV)

)06

FIG. 2. (a) Comparison of the Si 2p core-level spec-
tra of unhydrogenated {'p-Si) and hydrogenated (z-Si:H)
amorphous silicon. The latter is shifted by 0.2 eV to-
wards lower binding energy to facilitate comparison.
The 0.2 eV reflects a corresponding difference in the
Fermi-level position. (b) Least-squares fit of the
g-Si:H spectrum of (a) to four doublets corresponding
to Si atoms bonded ton =0, 1, 2, or 3 hydrogen atoms,
respectively.

edge of the spectrum and is thus virtually the
same for both fits as is the shift per attached hy-
drogen atom LEH = 335+ 10 meV. It corresponds
to a charge transfer of b.q(H) =0.15 electron from
Si to hydrogen, noticeably larger than expected
on the basis of Pauling's electronegativity [Aq(H)
=0.02]. Values of Aq(H) comparable to ours were,
however, obtained by Kelfve et al."from studies
of gaseous Si compounds [hq(H) =0.12] and by
Kramer, King, and McKinnon" from model cal-
culations on a-Si:H clusters [hq(H) =0.27].

The main result of the investigation of a-Si:H
is that the broadening of the Si core levels is re-
duced in proportion to the number of hydrogen
atoms attached to each Si atom. The width for
silicon atoms not bonded directly to hydrogen is
only slightly reduced. This excludes the assump-
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tion that all broadening in a-Si is due to surface
chemical shifts of atoms surrounding voids. It
must rather be attributed to random charge fluc-
tuations as the result of bond length variations in
the amorphous network. The average rms charge
deviation is estimated to be 0.11 electron in a-Si,
only about half as much as obtained by Guttman,
Ching, and Rath. In a-Si:H the incorporation of
hydrogen leads apparently to an overall reduction
in the bond length fluctuations as manifested in
the reduced 0'

ph corresponding to charge fluc-
tuations of only 0.09 electron. This is in agree-
ment with the 20/p attenuation of the TO bands in
the ir spectrum of a-Si upon hydrogenation. '

We thank the staff of Hasylab for their kind hos-
pitality and in particular C. Kunz for making his
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Experimental evidence for thermal excitation of plasmons in two-dimensional electron
systems is reported. The spectral intensity and temperature dependence of the thermal
excitation are calculated by means of Bose-Einstein statistics, and give quantitative
agreement with the results of far-infrared emission experiments. It is found that the
plasmons may contribute significantly to the specfid heat of the two-dimensional elec-
tron system at low electron densities and high temperatures.

PACS numbers: 73.40.Qv, 65.40.-f, 71.45.6m, 72.30.+q

Longitudinal plasma waves in two-dimensional
electron systems (2D piasmons) exhibit a differ-
ent dispersion behavior from 3D carrier systems
and have therefore been the subject of intense ex-
perimental and theoretical. investigations. ' The
dispersion relation ~(k) has been verified with
high accuracy by far-infrared (FIR) absorption'
and emission, ' and recently by light-scattering'
experiments. For strictly two-dimensional plas-
mons one obtains a dispersion relation' ~ propor-
tional. to k' '; for coupled plasmon modes of lay-

ered 2D electron systems the frequency is ap-
proximately a linear function' of the wave vector
k. In the present work it will be shown that pl.as-
mons in 2D and l.ayered electron systems can be
excited thermally by heating the electron gas with
an external electric fiel.d. The spectral intensity
of the excitation wil. l depend on the temperature
and density of the plasma.

The spectral intensity of the longitudinal two-
dimensional plasmons is calculated with Bose-
Einstein statistics. The criterion for wel. l.-de-
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