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Behavior of Plasmons in an Amorphous Silicon-Carbon Alloy System Studied
by X-Ray Photoelectron Spectroscopy

Yoshifumi Katayama, Toshikazu Shimada, and Katsuhisa Usami '
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Valence-electron plasmons in an amorphous silicon-carbon alloy system a-Si„C& „.H
(0~x( 1.0) are observed as the satellites of core-electron levels in the x-ray photoemis-
sion spectra. The atomic density of a-Si„C& „-.H as a function of x is determined from
the valence-electron density n„obtai ned from observed plasmon energy h~& with use of
h~~ =hl(4« /m)n„]'~' and the results of thermal effusion experiments. The results are
discussed in relation to the coordination of carbon atoms in a-Si„C& „..H.

PACS numbers: 71.45.Gm, 71.25.Mg, 79.60.Eq

Hydrogenated amorphous silicon u-Si: H has
attracted a great deal of attention not only as a
potential material for solar cells' and imaging
devices'" but also as a good system for the study
of amorphous materials. ' For both purposes, the
interest has extended to the hydrogenated amor-
phous alloys of different group-IV elements with
controlled optical and electrical properties and
increased thermal and chemical stabilities. ' '
The hydrogenated silicon-carbon alloys a-Si„C, „:
H provide particularly good systems for such
studies because of their specific electronic struc-
ture and chemical bonding.

The plasmon energy km~ is given, to the first
approximation, as Pin~=a[(47re'/m)n J ~, where n„
is the valence-electron density. ' In a-Si„C, „:H,
n„ increases with increasing carbon content be-
cause the covalent radius of carbon is smaller
than that of silicon. This Letter describes the
behavior of valence-electron plasmons observed
as satellites of core-electron levels in the x-ray
photoemission spectroscopy (XPS) spectra. The
results are discussed in relation to the coordina-
tion of carbon atoms in a-Si„C, „:H.

Specimens were prepared by diode-type reactive
sputtering. High-purity polycrystalline silicon
and graphite targets were simultaneously sput-
tered in a purified Ar-H, gas mixture. Crystal-
line silicon wafer substrates were used. The
microscopic homogeneity of the specimens was
confirmed by XPS and infrared absorption meas-
urements. Details of sample characterization,
including determination of the alloy composition x
and of the optical gap, have been reported else-
where 7.io

Samples were transferred from the sample
preparation chamber to the XPS vacuum chamber
within 10 min. This maintained sample surfaces
under a close to in, si~ condition. A vacuum
Generators ESCA-3 system was used to take the
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FIG. 1. XPS spectra of a-Si„C, , :H in the energy
range near the Si 2P level. The Si 2P core level is
taken to be the origin of the energy scale.

XPS spectra. The Mg Kn line was used for photo-
e lectr on excitation.

In the XPS spectra, valence-electron plasmon
emission satellite peaks associated with the Si 2s,
Si 2p, and C ls core levels were observed. Fig-
ure 1 shows the XPS spectra of a-Si„Cy; H for
various compositions x near the Si 2p core level
in the energy scale, where the Si 2P levels are
taken to be the origin of the energy. The peak
position ha~ and the full width at half maximum
(FWHM) are plotted a.s a function of x in Figs.
2(a) and 2(b). For reference, the ha~ and the
FWHM measured under the same conditions for
diamond, graphite, cubic crystalline SiC, and
crystalline Si (i.e., compounds with four valence
electrons belonging to each carbon or silicon

1146 1981 The American Physical Society



VOLUME 46, NUMBER 17 PHYSICAL REVIEW LETTERS 27 APRIL 1981

I I

«Diamond
30-

0-
C3~ 25I~ Graphit+
LLI

LLI

O
X
~+ 20-
CL

Cryst. Si &'

I I I I

0 02 0.4 0.6 0.8 1 0

ALL(Ã COMPOSI TION

20 s s I 1 ~ I I ~ I

xl0

~~ Diamond

V

Zz]5—
+

Z
IH

p
— Graphite i

I—
~10
LLj
Cl

w. trom sPecifK; S,l+ n P
weight

5 —p:from plasmon
energy

I I I I I I I I I

0 0.5
ALLOY C(%POSITION x

'IO

FIG. 3. Atomic density of a-Si„C& „.H determined
with use of the plasmon energy @&& and results of the
thermal evolution experiment.
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FIG. 2. (a) The plasmon energy h(d& and (b) the ~HM
of plasmon satellites vs alloy composition x.

atom) are shown as the solid circles.
In the region x = 1.0-0.6 (i.e. , silicon-rich

region), Ku~ in a-Si„c, :H falls on the curve con-
necting the plasmon energies of the crystalline
silicon, cubic SiC, and diamond. In the region of
x &0.6 (carbon-rich region), it deviates from this
curve and approaches the value for graphite. The
curve of the FWHM versus x exhibits a similar
trend. It should be noted that the increase in the
FWHM in the carbon-rich region is not due to in-
homogeneity in the a-Si„C, :H films. As reported

elsewhere, " the microscopic homogeneity has
been confirmed by XPS and infrared absorption
measurements. For example, the binding energy
of the Si 2p core electrons decreases monotoni-
cally as x increases while the linewidth of the Si
2p core levels remains almost constant. There-
fore, it is quite possible that the sudden increase
in the width of the plasmon loss line indicates the
existence of another channel of plasmon damping.

As stated previously, the plasmon energy Sco~

is related to the valence-electron density n„by
R~~=R(4&e'n„/m)'~', where m is the free-electron
mass. It is known that in materials with simple
band structures and in cases when Au& is large
compared with interband energies, the free-elec-
tron mass is used in the formula for the plasma. '
Therefore, an approximate valence-electron den-
sity n„may be obtained from the observed plasmon
energy Sv~.

Each carbon and silicon atom donates four va-
lence electrons, and hydrogen atom gives one va-
lence electron. That is,

&.=4 Nc+4 &si+&'H

where Nc, Ns~, and NH are the atomic densities
of C, Si, and H atoms in a-Si„C, : H, respective-
ly. NH can be determined independently by ther-
mal evolution experiment. ' Thus, with use of
simple arithmetic Nc + Ns; + NH = —,'(n„-NH) + N„,
the total atomic density (Nc + N„+ N„) can be
plotted as a function of x as shown in Fig. 3. For
comparison, the atomic densities of crystal Si,
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SiC, diamond, and graphite are also shown. The
atomic density obtained here reflects the local
structure of amorphous network more directly
than that determined from the macro+'copic mass
density which is averaged over an amorphous
film; this quantity may be considered a useful
measure in discussions of chemical bonding. In
Fig. 3, the atomic density of a-Si„C, :H deviates
from the curve connecting the atomic densities of
crystal Si and diamond at x -0.6 and approaches
that of graphite at x =0. This seems to imply a
drastic change in the chemical-bonding states in
a-Si,C, :H. In addition, the FWHM of plasmon
satellites is greatly enhanced in the same carbon-
rich region, as seen in Fig. 2(b).

Although the position of N~~ is displaced to the
higher-energy side with increasing wave vector
q, "the width of the plasmon satellites observed
in the XPS spectra does not show the effect of
dispersion because of q

' weighting in the cross
section. " As previously stated, inhomogeneity
in the film is not the main cause of the width.
Therefore, the observed increase in the plasmon
width with increasing carbon content is considered
to be due to an increase in plasmon damping. The
damping of the valence-electron plasmons with
small wave vector q is thought of as being mainly
determined by single-particle excitations such as
interband transitions via electron-electron inter-
actions. Furthermore, it is seen in Fig. 2(b)
that the width of plasmon satellites increases
more rapidly at x (0.5 with decreasing x and ap-
proaches the value not of diamond but of graphite
at x =0. This increase is not due to the inhomog-
eneity in the films as described above. There
fore, it is probable that another mechanism of
plasma damping, which is relevant to the plas-
mon damping in graphite, due to single-particle
excitations via r-electron bands of threefold-
coordinated carbon atoms also contributes at x
(0.5.

As previously reported, the optical gap of re-
actively sputtered a-Si„C,„:H reaches a maximum
near x =0.6.' For x )0.6 (i.e. , silicon-rich re-
gion), the optical edge shifts toward the higher-
energy side as x decreases, while for x &0.6
(carbon-rich region) the optical gap decreases as
x decreases. This is a result of a decrease in
the gradient of the (ah@)'i' vs ht plot. This fea-
ture favors diamondlike fourfold coordination in
the silicon-rich region and graphitelike threefold
coordination in the carbon-rich region.

The optical gap Z, and the plasmon energy @su~

are quantities determined mainly by valence

electrons which reflect the electronic structure
averaged over several atomic spacings. On the
other hand, the chemical shifts in the C 1s, Si
2s, and Si 2p core levels in a-Si„C, :H observed
by XPS measurements were examined as quanti-
ties which reflect more local environments. The
binding energy of the C 1s level drawn as a func-
tion of x has a break at x-0.6,"where anomalies
were found in the optical gap E, and the plasmon
energy h~~ as described above, while the binding
energy of Si 2p level is a smooth function of x.
The amount of chemical shift in the Si 2P level
can be understood by considering the electro-
negativity difference between silicon (1.8) and
carbon (2.5). The fact that the C ls binding en-
ergy versus x curve has different slopes on both
sides of x =0.5-0.6 probably shows that some
drastic change occurs in the carbon-atom en-
vironments.

Thermal evolution measurements also provide
a similar break in the x dependence. ' The hydro-
gen evolution temperature at which the greatest
amount of hydrogen evolves from cr-Si,C, „:.H al-
loy films during 15 min of isothermal annealing in
a vacuum with 100 deg interval increased as x de-
creased for x &0.6 and became flat for x (0.5.
This fact seems to show that the nature of the
chemical bond between hydrogen atoms and sili-
con or carbon atoms changes at x -0.5.

In summary, the alloy-composition dependenc-
es of both the quantities reflecting electronic
structure averaged over several atomic spacings
(i.e. , the atomic density and optical gap) and the
quantities reflecting more local environments
(i.e. , the chemical shifts of core-electron levels
and the hydrogen evolution temperature) have
similar breaks at an alloy composition of x =0.5-
0.6. All of these characteristics seem to orig-
inate from the same change in chemical-bonding
structure in a-Si„C, :H alloy films.
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Two-Dimensional Resistivity of Ultrathin Metal Films
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Extremely thin (monolayer to 100 A) continuous metallic films of Pt can be formed on
Si substrates. In the thinnest films the conductance is found to be S = So + o."(e'/~~8) lnT
+ &T, with & = 0.75+ 0.15 from liquid-He temperatures up to T ~ 390 K. Thicker films
show a transition as a function of temperature from two- to three-dimensional behavior,
with a corresponding resistivity minimum. The negative magnetoresistance is in good
agreement with predictions of localization theory.

PACS numbers: 71.55.Jv, 72.15.Qm, 73.60.Dt

Recent theories of conductivity in reduced di-
mensions' ' have predicted that sufficiently fine
wires and thin films do not display ordinary me-
tallic conductivity. Instead, the resistance in-
creases with decreasing temperature and di-
verges as T -0, with A ~ ln T in two dimensions
and R cc 1/T'~' in one dimension. These depen-
dences have now been observed at low tempera-
tures (T & 10 K) in a number of systems. ' ' How-
ever, agreement with theory is far from com-
plete. For instance, the criterion for the obser-
vation of lower-dimensional effects is that the
sample thickness (or diameter) be less than the
Thouless length I ~, where the various theories
estimate LT'=2l, E, (localization theory") or LT'
=4Dk/ksT (many-electron theory'), where l, (f, )
is the elastic (inelastic) scattering length, D
= l, v„/2 is the two-dimensional diffusion constant,
and vF is the Fermi velocity. Experiments"
find that l,. is orders of magnitude smaller than
expected. Furthermore, one-dimensional resis-
tivity has only been observed' in relatively dirty
materials (alloys with enough impurity scatter-

ing that &p/BT is weak or negative even in bulk
samples)" with diameter d ~1700 A; all experi-
ments'" to date on clean metal wires have failed
to observe localization, down to d = 200 A. This
is contrary to theory, which predicts a larger
Thouless length in a cleaner metal (longer mean
free path).

We present here the results of our study of con-
ductivity in ultrathin (monolayer to 100 A), con-
tinuous Pt films. These results are significant
for a number of reasons: (1) They present the
first observation of localization effects in clean
metal films. In agreement with the null results
of Overcash etal. ' and Garland, Gully, and Tan-
ner, "localization is only observed in film less
than 100 A thick. (2) The logarithmic slope ap-
proximately agrees with values measured in Si
inversion layers. ' " Considering that carrier
densities in these two systems differ by several
orders of magnitude, this constitutes an impres-
sive verification of the universality of the effect.
(3) Monolayer films show localized behavior up
to room temperature —twenty times higher than
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