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Qptical absorption in amorphous Si films at high pressure
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We report the pressure-dependent optical absorption in the fundamental edge region of amorphous silicon

prepared by sputtering and glow discharge methods. For pressures up to 20 kbar we find a negative pressure

coefficient of about 1 X 10 eV/bar for the isoabsorption energies. In a higher range of pressure, starting

with pressures of about 50 kbar, we observed irreversible red shifts in the absorption curves.

INTRODUCTION

Optical experiments at hydrostatic pressures in

the range 0-10 kbar have long played a very use-
ful role in revealing the details of the band struc-
ture of crystalline semiconductors. In particular,
measurements of absorption and reflectance on a
large number of materials have led to the formula-
tion of a well-known empirical rule governing the

pressure dependence of band-energy extrema.
Simply stated, the rule is: Pressure coefficients
of the energy extrema of zinc-blende semiconduc-
tors depend principally upon the identity of the

symmetry point (I', X, L, etc. ) associated with the

extremum, and very little upon the identity of the

actual component materials. '
According to this rule, for instance, the I' points

of the conduction-band minima located at the cen-
ter of the Brillouin zone have pressure coefficients
(with respect to the valence-band I'-point maxi-
mum) which are always positive and of a magnitude

dE/dP =10 ' eP/bar Qn th. e other hand, X points
or points nea, r X (at the zone boundary in the (100)
direction of k space) have negative pressure co-
efficients about an order of magnitude smaller
than I' points. Finally, L points at the zone bound-

ary in the (111)direction have positive pressure
coefficients about half as large as 'those at I'.

Since this rule holds without serious exception
in all crystalline semiconductors of the zinc-blende

type, it can be extremely useful as a tool with

which to identify incompletely known band struc-
tures in new materials. In particular, with re-
spect to amorphous materials, optical investiga-
tions at high pressures can perhaps furnish the
answer to the following question: For those
amorphous materials that are characterized by
an absence of long-range order, and a retention
of short-range order (as is the case for the tetra-
hedrally bonded amorphous semiconductors) what

remains, if any, ' of the crystal band structure
which can be identified by the pressure depen-
dences in an optical absorption experiment?'

There are two circumstances which led us to

consider amorphous silicon (a-Si) as a likely can-
didate for this type of investigation. The first is
that among the well-studied crystalline semicon-
ductors, such as Si, Ge, GaAs etc. , only in the

cage of Si are the X, L, and I' points of the con-
duction band well separated (on the scale of the

fundamental band gap). Therefore, in a-Si, simple

optical measurements have the best chance to be
free of ambiguity. ' The other circumstance is
that recent work by Connell and Paul' seemed to
indicate that the pressure coefficient of the funda-

mental absorption in a-Si is positive, albeit still
small, whereas it is known to be negative in the

crystalline state. Since the coefficient is so small,
it seemed desirable to repeat those measurements

over a wider range of pressures than was available

to Connell and Paul.

EXPERIMENTAL

The diamond anvil cell has been employed in this
work to obtain the optical data at high pressure.
This device in one form or another has been in use
in a number of laboratories in recent years to
achieve pressures previously requiring much more
bulky apparatus. When used in a Bridgman con-
figuration with a metal gasket and fluid interposed
between the anvils, the cell is uniquely suitable
for achieving with relative ease quasi-hydrostatic
pressures well in excess of 100 kbar. A particu-
larly valuable innovation, first introduced at the

National Bureau of Standards, was the ruby fluo-
rescence method of measuring the pressure, which

provided a reproducible pressure scale of unprec-
edented convenience. 4 However, weighing these
undoubted advantages against older methods must
be the fact that the size of the diamond anvils and

the overall scale of the apparatus necessarily re-
strict the sample size to about 0.1 mm. Because
of this latter restriction, the cell was initially
used principally for x-ray investigations and the
direct observation of phase changes, and only

rarely for straightforward optical investigations.
We found, however, that with due regard to the
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design of optical components, and the use oe of the
b t ailable detectors and light sources, thees avi

rmountablesmall sample size is not always an insurmoun
impediment, and the cell may be used in conven-
tional fashion to obtain transmission, reflection,
and luminescence spectra at high pressures. '

The li htFigure 1 illustrates the optical setup. T e ig
source is a quartz halogen lamp or a Xe high-
pressure arc lamp which is focused on an aper-
ture whose diameter is slightly smaller than that
of the sample in the cell. The cone of radiation
leaving the aperture is returned to the desired

f the cell and brought to a sharp focus by
means of a large spherical mirror equipped wi

z micrometer adjustments. Because the
aperture is nearly at the center of curvature of the
spherical mirror (the magnification is almost 1:1),
the resultant image in the cell proper is free of
coma and spherical aberration. The measurement
consists of alternately passing the radiation first
through the sample and then through the empty
portion of the cell, thus compensating for the re-
flection losses at the diamond-air and the diamond-
liquid interfaces. The transmitted radiation is
collected by a reflecting objective (which eiimina es
chromatic effects) mounted at the end of a micro-
scope tube. eTh latter forms part of a conven-

mbl equipped with the usual adjus-
ments for focusing and directly viewing e sam

when viewing thewith ocular eyepieces. Except when vi g
e the radiation is focused onto the endsample, e r i

ht fiber bundle whose other end tterminatesof a lig i
eter. The spec-at the entrance slit of a spectrome er.

tral range covered by the apparatus is 0.6-4.5 eV
with special fibers required for the ir and uv

ranges.
ed in thisTwo different type of samples were used in s

study. A sputtered film about 10-p, m thick was
prepared by rf sputtering from a nominally in-
trinsic si icon cl cathode onto a room-temperature
copper substrate. Flakes of freely supported a-Si

l d ff the substrate and were used for the op-
— a diffrac-'tical measurements as well as for x-ray i rac-'

tion analysis w ical h'ch confirmed the amorphous state
of the film. Similar flakes 3-5-p, m thick of a-Si
from a glow discharge' of silane were kindly sup-
plied to us by the Marburg group. These samples
were grown at -250 C, and were originally on

quartz substrates.

RESULTS

Our first results were obtained on sputtered a-Si.

similar to those of Connell and Paul, ' but, as we
shall see, our conclusions regarding the optical
properties at high pressure differ. This material
tended to exhibit a pronounced absorption tail to-
wards low energies. In analyzing the data it was
necessary to exercise extreme care to correct for
changes in the reflection losses at the sample-
liquid interface. It will be recalled that under
appropriate conditions ~viz. , R e '«1 aa/4v)'

where R is the reflectance, n the absorp-
tion coefficient, and n the refractive index of the
sample whose thickness is d], the absorption co-



3662 B. WELBER AND M. H. BRODSKY

I I I I I I I I I

p l.5

tD

I~ I4

0.70

0.65

I I I I I I I I I

0 10 2 30 30 40xlo

PRESSURE (kg/cm j

FlG. 2. Variation of the refractive index of the alcohol
medium with pressure. These data are used to calculate
the factor O. -R), also shown.

R = Hn„- n„,)/(n„+ n„,)]', (2)

and it is obvious that this quantity must decrease
steadily and substantially as the density of the
liquid and hence, its refractive index, increase
with pressure. We calculated the pressure de-
pendence of the refractive index of the liquid
(which consisted of a mature of methyl and ethyl
alcohol) from the known density vs pressure data,
employing the Clausius-Mossotti equation to relate
the density to the refractive index. Implicit in this
procedure is the assumption that the molecular
polarizability is independent of density. This turns
out to be an excellent approximation as we later
verified by measuring the absolute reflectance of
a diamond-liquid interface at various pressures.
The refractive index together with the factor
(1 -R) is plotted in Fig. 2. It is clear that failure
to take this pressure dependence into account cor-
rectly would lead to erroneous conclusions regard-
ing small changes in a.

The calculated values of a vs 5 ~ for a number
of pressures are shown in Fig. 3. The principal
result of these measurements on a sputtered
sample of a-Si is that the shift in the band edge that
was obtained from isoabsorption values is negative
with increasing pressure, having everywhere a
value

& E~/n. P = —(1 a 0.5) x 10 eV/bar .

This value is very similar in magnitude and the
same in sign as what has been found for crystalline

efficient can be found from ari expression

I/Io= (1-R) e

which is a simplified form of the exact Barnes and
Czerny formula. Here I/I, is the transmission
ratio, which we measured, and R is the actual re-
flectance of the sample in the medium, which we
inferred as follows: To a sufficient approxima-
tion
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FIG. 3. Results of measurements on a sputtered sam-
ple of g-Si. Shown are the relative absorption data after
correction for the pressure-dependent effect of the sam-
ple liquid interface.

Si. Although it differs in sign with what is reported
by Connell and Paul, namely, +0.25 x 10 ' eV/bar,
a negative sign is not ruled out by the typical ex-
perimental uncertainty usually encountered at the
low pressures availab)e to them. We estimate
about a + 50% uncertainty in our coefficient~ mainly
due to the corrections required by Eq. (2).

The range of pressure covered in the measure-
ments of Fig. 3 is not sufficiently great to say
whether tPe shift is linear with pressure, nor
whether there are any irreversible changes oc-
curring, though we made some attempt to ascer-
tain the latter.

These points were investigated for the a-Si films
obtained from a glow discharge of silane gas. Con-
ditions in this experiment were more nearly "ideal"
in the sense that it was possible to span a rather
wide range of pressures. Two samples were used.
The first was employed in a series of measure-
ments where the pressures were progressively in-
creased 'from 0 to 69 kbar. It was ~ the course of
analyzing these data thai we were led to the con-
jecture that there may be irreversible changes oc-
curring in the material as it is carried into the
high-pressure ranges. A second experiment was
then performed which confirmed this conjecture.

Fig. 4 shows the absorption data on the first
sample of silane-discharge-grown a-Si. We show

only the data in the strongly absorbing region. The
sample was about 5- p.m thick, and its full spec-
trum covered the energy range 0.6-2 eV. It exhi-



OPTICAL ABSORPTION IN AMORPHOUS Si FILMS AT HIGH. . . 3663

a-Si +IN-l

I r Ir~
p P

d'or

I—

~
x~~6 0
~~x~"~~o ~V

0
v—~—g—~

I I I

'l.5 l.6 l.7 l.8
PHOTON ENERGY (eV)

~ 69.l

I

l.9 2.0

FIG. 4. Absorption spec-
tra for a series of pres-
sures of glow discharge
g-Si. All data shown are
on one sample. Sample
No. 104 refers to the num-
bering of Dr. H. Fischer
and Dr. D. Engemann of
Marburg University who

supplied the samples under
study.

bits in the lowest energy range the usual well de-
veloped set of interference fringes whose finesse
very nearly correspond to the ideal zero-absorp-
tion value expe'cted from the Fabry Perot formula
for a plate in an alcohol medium. At 1.5 eV, which
is where Fig. 3 begins, the fringe amplitude and
finesse is already sufficiently degraded so that, a
simple averaging of maxima and minima sufficed
to extract the absorption coefficient. In the region
of highest absorption (o.d= 7), the tendency of the
data to flatten must be regarded as instrumental,
due undoubtedly to the effects of scattered radia-
tion reaching the detector.

The data of Fig. 4 is used to make an isoabsorp-

tion plot for the value ed=4, as shown in Fig. 5.
From this figure, it is immediately apparent that
although the pressure coefficient in the low-pres-
sure region is indeed small and of order -1x 10~
eV/bar it shows a tendency to accelerate to much
larger values at pressures higher than -20 kbar.
It is this sort of behavior which suggested that
irreversible effects may be setting in.

Another sample of the same material was there-
fore employed in a series of measurements whose
precise purpose was to look for irreversibility by
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FIG. 5. Isoabsorption plot of data of Fig. 4 for the val-
ue nd=4. Plots for other values of ad behave similarly.

FIG. 6. Isoabsorption data for a sample undergoing
excursions into the high-pressure region followed by re-
laxation to atmospheric pressure. The arrows show the
sequence of pressures, the Points the actual values of
the isoabsorption energies as a function of Pressure. The
irreversible effects evidently grow larger as the termi-
nal pressure is increased. Sample is a second piece of
the same film described by the data in Figs. 4 and 5.
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going up and down the pressure range. The result
was a family of curves not unlike those in Fig. 4.
However, when the isoabsorption data was plotted
in the manner of Fig. 5, it became obvious that
release of the pressure from some high value does
not reproduce the initial state. These data are shown
in Fig. 6 which traces the pressure history of the
sample by a series of arrows.

DISCUSSION

The results presented above give us only rudi-
mentary information about the pressure-dependent
optical absorption in a-Si. First we infer by an
isoabsorption analysis a negative and, on the scale
of the zincblende structure crystals, small dE/dP.
This finding is common to the 1.0-1.1 eV rising
absorption range of the sputtered sample and to
the corresponding 1.7-1.8-eV range of the silane
glow discharge samples. In the sputtered case,
the absorption process is almost certainly not
intrinsic, but most likely associated with defects,
e.g., dangling bonds. ' For the silane glow dis-
charge films, the dangling bond absorption is be-
lieved to be negligible near 1.0-1.1 eV and the-
observed edgelike absorption we observe at 1.7-
1.8 eV may involve intrinsic processes' but even
here we do not know that for sure. It is strange that
we observe dE/dP= 1x10' eV/bar for both
cases. Furthermore, the dE/dP = -1x 10 ' eV/bar
value is, in zincblende structure crystals, asso-
ciated with transitions to the conduction-band
minima along the reciprocal space (100) direction,
a direction of no special or identifiable signifi-
cance for amorphous structures. At this point,
we do not wish to speculate further on the meaning
of this result, particularly in light of the irrever-
sible effects discussed below.

We have found, for the silane glow discharge
films, that the rise in absorption shifts irreversib-

ly to the red after the application and release of
pressures of 50 kbar or more. This raises the
question that the observed dE/dP is due in part to
structural changes and not at all analogous to the
similar dE/dP of crystal silicon. It is not sur-
prising that there may be a pressure-induced re-
laxation of the amorphous silicon structure. We
know that a-Si is permeated with voids, ' probably
of the size of 2 to 5 atom vacancies. ' Glow dis-
charge films, even if free of dangling bonds, may
not be void-free. The voids almost certainly contain
hydrogen on the dangling bonds that preclude their
observation by the normal methods of electron spin
resonance or optical absorption. Thus the applied
pressure may be redistributing the atoms in and
near the voids in an irreversible fashion that shows
up as the extra absorption when the pressure is
released. Et is important in this connection to note
that pressure-induced partial recrystallization is
an unlikely explanation of the irreversibiliy, since
this would produce den'eased overall absorption
in the 1.V-1.8-eV energy range when the pressure
was released.

CONCLUSIONS

In summary, we have found that the measured.
pressure coefficients as obtained from the iso-
absorption levels in our samples of a-Si are nega-
tive and of order of magnitude 10 ' eV/bar For.
pressures exceeding about 50 kbar we have ob-
served irreversible red shifts of the same order
of magnitude in those samples which we were able
to examine in this pressure regime.
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