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Far-infrared absorption of pure and hydrogenated a-Ge and a-Si
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The far-infrared spectra of pure and hydrogenated a-Ge and a-Si have been measured with a double-beam,

optically compensated Fourier-transform method. In addition to the standard TA-LA-LO-TO absorption bands,

"critical-point" structures are observed for the TA bands and also their suppression upon hydrogenation. A local

mode, attributed to clusters of four hydrogen atoms, appears at the top of the TA band. These results are discussed

in the light of lattice-dynamical calculations for mass defect clusters.

I. INTRODUCTION

The disorder-induced one-phonon absorption of
amorphous Ge and Si has been reported by several
groups. ' ' The lack of long-range order relaxes
the crystal momentum and symmetry selection
rules and results in dipole-allowed photon absorp-
tion with creation of a phonon. This process is
forbidden in the corresponding crystalline mater-
ials. The only selection rule which applies to
this absorption process in the amorphous mater-
ials is energy conservation.

It is well established that the tetrahedral short-
range order is nearly preserved in amorphous
Ge and Si. As a result, the density of vibrational
states of these materials is a broadened version
of that of their crystalline counterparts. The dis-
order-induced one-phonon absorption spectra of
a-Ge and a-Si should represent that density of
states modulated by transition matrix elements
and statistical factors. 'These matrix elements
are, however, relatively weak throughout the
whole phonon spectrum as a result of the fact that
they should vanish for perfect tetrahedra, i.e. ,
in the crystalline counterparts (this is not the
case in polar material such as GaAs)." Con-
sequently the measurements, which have to be
performed on thin films and in the far infrared,
are difficult and considerable discrepancies
exist among the various reported results.

In this paper, we present the disorder-induced
one-phonon absorption spectra of pure and hydro-
genated a-Ge and a-Si in the region from 15 to
550 cm '. 'The experiments were carried out
with a double-beam, optically compensated Four-
ier-transform spectrometer which has been proved
to be about five to ten times more sensitive in

measuring weak absorptince than usual Fourier-
transform spectrometers. " It is found that the
disorder-induced one-phonon absorption and far-
infrared spectra of a-Qe and a-Si are rather simi-
lar. In addition to the standard TA-LA-LO-'TO
absorption bands which have already been report-

ed in ir absorption' "and in Raman scattering
experiments, '"we observe in the nonhydrogen-
ated materials substructure in the TA band which
is suggestive of critical points in the crystal [such
as TA (I-) and TA (W)j. Upon hydrogenation the
strength of the whole absorption spectrum de-
creases except for the "ppearance of a rather
sharp peak centered at 116 cm ' in Ge and 213
cm ' in Si. These peaks, which have already
been seen in the Raman spectra, "are attributed
here to local modes of (SiH), radicals which are
pulled out of the TA band by the hydrogen.

The decrease of the absorption spectrum upon
hydrogenation is largest for the "LA" band which

is definitely shifted to lower frequencies when

compared with the corresponding peak in the den-

sity of phonons of the crystalline materials. The
"critical-point" structure of the TA band is sup-
pressed by hydrogenation. These results are
discussed in the light of lattice-dynamical cal-
culations for a-Si clusters. "" It is concluded

by comparison with the work of Ref. 12 that the
mechanism responsible for the disorder-induced
lattice charge is mainly to be found in the distor-
tions of the angles between bonds.

II. EXPERIMENT

The samples were prepared by rf sputtering,
a-Ge onto high-purity crystalline Ge substrates
and a-Si onto high-purity crystalline silicon. The
substrate thickness was 0.2 mm. Sample a-Ge (1)
was prepared in a pure-Ar atmosphere (0.01
Torr). Samples a-Ge (2), a-Ge (3), and a-Ge (4)
were prepared by the same procedures in an Ar-
H, mixture (0.01 Torr) with a partial pressure
of H2 of 2x10~, 1x10 ', and 2. 5x10 ' 'Torr, re-
spectively. All a-Si samples were also prepared
in Ar-H, mixtures with different partial pres-
sures of H, . The hydrogen contents in the samples
were estimated from ir bond-wagging bands which
occur between 500 and 700 cm '. ''" Some of
the sputter'ing parameters and characteristics of
the samples are listed in Tables I and II.
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TABLE I. The sputtering parameters and some characteristics of the g-Ge films used. The

substrates are 0.2 mm thick and were held at room temperature during sputtering.

Sample
number

Ar
pressure

(Torr)

1x1P '
1x10 '
1xlp
1x10 ~

Ho

pressure
(Torr)

0
2x10 4

lx10 '
2.5 x10 3

Deposition
rate

(pm/hour)

2
2

2

0.6

Thickness
(p,m)

30
15
15

3

Concentration
of hydrogen

(at. %)

0
6.1
7 4

10.3

The thicknesses of the samples were estimated
with a stylus-type gauge (Tallysurf). Some of the
samples show, in the near and middle infrared,
interference oscillations from which the thickness-
es can also be estimated. These two estimates
are consistent within the experimental error of
about 10-15%.

The absorption spectra of the amorphous films
were measured with a double-beam, optically
compensated Fourier-transform spectrometer
which has been recently developed and described
elsewhere. " A Perkin-Elmer Model 283 spec-
trometer was used in the wave-number region
350-550 cm '. With both instruments, the whole
spectra from 15 to 550 cm ' were obtained.

Interferences which come from multiple re-
flections within the substrates, and sometimes
even within the films, are a serious problem for
far-induced measurements. In this work the in-
fluence of interferences which come from multi-
reflections within the substrates is mostly elim-
inated by the optical compensation of the instru-
ment (a blank substrate of the same thickness
as that for the sample is placed in the reference
beam). ' The interferences which come from the
multiref lection within the amorphous films depend
upon the difference in refractive indices between
the amorphous film and the substrate which may
differ from sample to sample. '" This differ-
ence is in any case very small, especially for
a-Ge without H, or a-Ge and a-Si prepared with
a low partial pressure of hydrogen; these sam-
ples did not show any effect of interferences with-

in the amorphous film in the whole region of mea-
surement. Some of the samples, for example,
a-Si prepared in pure-Ar atmosphere show weak
interference oscillations, whose magnitudes are
much smaller than the main disorder-induced
phonon-absorption bands, but are nevertheless
comparable with some of their details (e.g. , the
critical-point structure of the TA bands). The
effect of these interferences was corrected by
extrapolating the interference oscillations ob-
served in the middle infrared to the far infrared.

Owing to the high accuracy of the compensation
method and the instrument used, the accuracy of
the absorptance (1 —T) measurements of the amor-
phous films is better than 1% but the absolute ac-
curacy of the absorption coefficient is much lower
than this figure due to the experimental error of
the thickness mea. surements of the film. The
measurements for a-Ge in the wave-number re-
gion 260-300 cm ', where the crystalline Ge sub-
strate has a rather low transmission due to two-
phonon absorption, require such high accuracy.

III. RESULTS

The absorption spectra of a-Ge samples with
different concentrations of hydrogen is shown in

Fig. 1. For comparison we have also included
in this figure the phonon density of states of cry-
stalline Ge." For pure amorphous Ge, there are
three main absorption bands centered at 88, 170,
and 280 cm (see Table III) which are quite simi-
lar to those reported in the literature. ' " In

TABLE II. The sputtering parameters and some characteristics of the a-Si films used. The
substrates are 0.2 mm thick and were held at room temperature during sputtering.

Sample
number

Ar
pressure

(Torr)

2xlp ~

2X10 ~

2 x1P
1X10-~

Hp

pressure
(Torr)

0
4x]p 4

2x1P
1 xlp

Deposition
rate

(pm/hour)

2
2
0.8

Thickness
(p,m)

15
15
15

6

Concentration
of hydrogen

(at. %)

0
19.6
24.2
15
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a-Ge, the rest of the spectrum, and especially
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tration of hydrogen. Some absorption features
have also been observed in the very far infrared
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tional modes but associated with electronic pro-
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FIG.. 1. The vibrational absorption spectra of pure and
hydrogenated a-Ge. Included are the density of states of
e-Ge (from Ref. 16) and the positions of some of its crit-
ical points.

addition, in the low wave-number region, there
is an absorption shoulder centered at 50 cm '.
A weak peak is also seen around 120 cm '. With
hydrogenation, the shoulder at 50 cm ' disappears,
but the absorption feature around 120 cm ' in-
creases with increasing H concentration and de-
velops into a well-defined absorption peak at 116
cm '. Except for this peak, the rest of the spec-
trum decreases upon hydrogenation. This de-
crease is particularly striking for the band at
-170 cm ', which is labeled as LA in Table III by
analogy with the density of phonons of crystalline
Ge.

Figure 2 shows the spectra of a-Si samples with
several concentrations of hydrogen. Again, the
phonon density of states of crystalline Si is shown
for comparison. The absorption features of a-Si
are quite similar to those of a-Ge (see also Table
III). An absorption shoulder or plateau is ob-
served in the low-frequency side of the TA band,
now centered at 130 cm '. This shoulder or plat-
eau also weakens and even disappears with in-
creasing hydrogenation. On the high-frequency
side of the TA band there is also a weak shoulder
centered at 210 cm '. Upon hydrogenation, a
strong peak develops out of this feature. For a
hydrogen concentration of 20% in the sample, the

IV. DISCUSSION

We have listed in Table III the positions of the
features observed in Figs. 1 and 2 for the pure
and the most hydrogenated a-Ge and a-Si samples.
For the sake of comparison we have added to this
table the wave numbers of the corresponding peaks
observed in the Raman spectra of pure and highly
hydrogenated a-Ge and a-Si. " We have also listed
the wave numbers of the peaks observed in the
density of states of c-Ge and c-Si. Because of the
close correspondence between peaks in the ir and
Raman spectra of pure a-Ge and a-Si and the den-
sity of phonon states of the crystalline materials,
we label the peaks of the amorphous materials
following the crystalline notation (TA-LA-I, O-TO).

We have listed in the last two lines of Table III
the ratio of the wave numbers of the ir peaks of
a-Si to those of a-Ge and the corresponding ratio
for the peaks in the densities of states of crystal-
line materials. With the exception of the TA (L)
shoulder for the amorphous spectra, the corre-
spondence is very good. The average value of
the amorphous ratio is 1.79, that of the crystal-
line 1.78. This number should equal'

Ga 0

where m represents the atomic mass and a, the
lattice constant. The result of Eq. (1) agrees
well with the value given above within the disper-
sion of the data of Table III.

A rather interesting fact is that the ratio of
wave number of the "local" modes (L), 1.83 ac-
cording to Table III, is a1.so very close to the es-
timate of Eq. (1). This suggests that this mode,
while induced by the presence of hydrogen, does
not correspond to a vibration mainly of the hydro-
gen but to a vibration in which the mass of the
host atoms plays a decisive role, i.e. , an extended
local mode around the hydrogen atoms. The pos-
sition of this peak at the top of the TA bands jn
a region where the density of states falls to near-
ly zero qualifies it as a near-gap state.

It has been recently shown (Ref. 14, Fig. 9)
that at moderately high H concentrations, four
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TABLE III. The positions of the features observed in ir and Baman spectra for the pure and
hydrogenated a-Ge and a-Si. '

Absorption
feature

Sample

LOTA (L) TA (X) TA (W) Local LA

Positions of absorption features (cm ~)

TO

lr
pure g-Ge (1)

Raman
pure a-Ge

Density of states
c-Ge

ir
hydrogenated a-Ge (3)

61

88

80

80

98

120 170 240 280

177 230 278

189 235 282

117 175 240 278

Raman
hydrogenated a- Ge

82 115 177 278

ll
pure g-Si (1)

130 180 210 300 3 92 465

Raman
pure g-Si 150 310 380 480

Density of states
c-Si

Density of states
a-Si

110

120

160

185

215 325 390 480

310 400 490

ir
hydrogenated a-Si (3)

211 310 460

Raman
hydrogenated a- Si

Ratio u&(Si) /~(Ge)
(ir)

Ratio ~(Si) /~(Ge)
(Density of states,
crystalline)

2.60

1.80

150

2.05

2.00

1.79

1.90

215

1.83

310 410 480

1.77 1.63 1.65

1.72 1.66 1.70

' The ir results are from this work; the Raman results are those of Ref. 10. The peaks in
the densities of crystalline states are from Ref. 16. The peaks in the density of states of a-Si
are from Bef. 12.

hydrogen atoms tend to cluster as they saturate
groups of four dangling bonds pointing towards
a Si (or Ge) vacancy. We now explore the pos-
sibility of the L mode being associated with these
(SiH), clusters. Such association would explain,
at least qualitatively, the delay in the appear-
ance of L found with increa, sing H concentra. tion;
I appears first for H-5. 0% (see Fig. 3), i.e. ,
for an average H separation of 7. 3, A. The diam-
eter of the Si4+vacancy cluster is =six times the
covalent radius of Si= 7.04 A. Hence it is reason-
able to assume that the four dangling bonds in the
cluster will be automatically saturated by H if
the average distance between H atoms is ap-
proximately equal to the dia, meter of the cluster.
At smaller H concentrations the four dangling
bonds associated with a vacancy will not all be

saturated. In fact, one will find a large number
of them with only one hydrogen. We believe this
may be the cause of the strong increase in the ap-
parent oscillator strength of the SiH bond-stretch-
ing band (2000 cm ') found in Ref. 14 (see Fig. 3
of this reference) for less than 10% H.

We now proceed to calculate the frequency of
the local mode associated with the (SiH), clus-
ters. Because of the low frequencies involved,
we treat the four H atoms as a single particle
of mass four. The topology becomes again that
of perfect-tetrahedral unhydrogenated silicon.
An examination of the high-frequency local modes
of Si-H discussed in Ref. 17 shows that the bond-
stretching and bond-bending force constants are
close to those for Si-Si (or Ge-Ge) bonds. " We
can thus treat the H, cluster as a mass defect of
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mode [Eq. (6)], & the absorption coefficient.
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FIG. 2. The vibrational absorption spectra of pure and
hydrogenated a-Si. Included are the density of states of
c-Si.(from Ref. 16) and the positions of some of its crit-
ical points.

mass 4. The local mode frequency is then ob-
tained from the secular equation"'":

e(o' g((o')d(o '

~2 ~I 2 (2)

where e, the mass defect, is given by

e = (M —M„)/M,

with M„ the mass of the hydrogen cluster and g(~)
the density of phonon states per primitive cell.

When integrating the nearly vertical upper flank
of the TA bands of Figs. 1 and 2 we obtain a log-
arithmic singularity, and consequently Eq. (2)
aftuays has a, solution (local mode) for the case of
a mass defect very near the upper flank of the
TA density of states (W points of Table III). These
considerations suffice to explain qualitatively the
I. modes under discussion. For the purpose of
evaluating analytically the integral of Eq. (2)
we replace the TA density of states by a rectangle
with the upper flank co~ at the 8' point and the
lower flank at co =100 cm ' for Si and 60 cm '
for Ge. The height H of the rectangle is obtained
from the normalization

g(N )de) = 2 =H((d& —(d }~

~m

TABLE IV. Summary of ir absorption intensities I= fad~ (in om ) of the bond-bending
bands I~, wagging bands I, and the local mode IJ.. Here A is the parameter which determines
the amplitude of the local mode (Eq. 6).

Sample A 'II./I c& (%)

a-Ge (1)
a-Ge (2)
a-Ge (3)
a-Ge (4)
a-Si (1)
a-Si {2)
a-Si (3)
a-Si (4)

2 5x10
8.2 x102
2.5 x 10

1.4 x 104
2.8X104
1.4 x 10

1.4 x10
1.8 x 10
2.4 x 10

3.9X10
4.8 x 10~
3 Px10

2.5 xlp
7.7 x 1P
1.05 x 10

8.6 x103
9.3 x 10
3.9 x 10

1.7 x 105
5.1 X 10
7.0 x 10

2.1 x 106
2 3xlp
1 pxlp

1.2
2.8
2.9

5.3
4.8
3.3

6.0
7.4

10.3

19.6
24.2
15.0
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l, e ~ )

H= 2/((u„—(u ).

The secular equation (2) thus becomes

strength of the ~& bands. We suppose that their
ir activity arises from the dynamical charge for
the bond-wagging modes as ~ must involve al-
most exclusively angular motions without stretch.
In this ease the ratio R:

e(d (M + (d&)(CO —R )

6((d& —QP ) (4) —Q3&)(co + (d )
(5) R =I~/AI (7)

Equation (5) can be solved numerically. For &u„

= ur„(W) of Table III we find &u =224 for Si and

co~ = 124 for Ge, in excellent agreement with the
experiments.

The amplitude of the L-mode vibrations can also
be evaluated with the methods of Refs. 18 and 19.
We find for each of the three degenerate vibra-
tions of the H4 cluster the zero-point amplitude

u l'=A(K/2', M) (6)

with A = 1.5 x10 ' for Ge and A = 4 x10 ' for Si.
The vibrational amplitude on the neighboring Si
(Ge) atoms decays exponentially upon moving away
from the H. The decay length is =7 A (for Si)
and hence the local vibrations extend to the fourth
neighbors of the H cluster (a total of 60 atoms in-
volved}.

We show in Tabl@ IV the integrated strength
I=J nde (in cm ') of the L modes as observed and
also this strength divided by A. The latter quan-
tity is proportional to the square of the effective
charge" which is expected to be nearly the same
for a-Ge as for a-Si. We also list in this table
the corresponding numbers for the wagging and
the bending (=SiH, ) bands and the hydrogen con-
centration. The bending bands are much weaker
than the L bands (after normalization by A}, hence
we can dismiss these bands (i.e. , =SiH, groups)
as the source of the local modes under considera-
tion; the latter could not become ir active by
borrowing oscillator strength from the much weak-
er =SiH, groups. Hence we conclude that the L
modes are associated with (Si),-Si-H types of
groups. According to Table IV the wagging modes
have enough ir strength to lend a fraction of it to
the L modes.

We display in Fig. 3 the quantity A ' J o du& as
a function of hydrogen concentration determined
from the strength of the wagging bands for our Ge
and Si samples. ' A straight line can be drawn
through all points, those for Ge and those for Si,
as expected. This would not be the case if we
had plotted A ' J o.'dry as a function of the concen-
tration of GeH, (or SiH, ) groups (~ to the strength
of the bond-bending bands}. Figure 3, however,
indicates that a minimum H concentration is need-
ed for the "local mode" to appear.

We would now like to interpret qualitatively the

should be of the order of 1. The values of the ra, -
tio in Eq. (7) are shown in Table IV. They are
indeed of the order of unity, as expected.

We note that the ESR signal of a-Ge disappears
for a hydrogen concentration of -5%,'o in agree-
ment with our assignment of the ~~ vibration;
at this concentration (see Fig. 3) all four dangling
bonds associated with vacancies are saturated by
hydrogen.

We discuss finally the ir features other than

e~ in Figs. 1 and 2. The ir spectrum of a-Si has
been calculated for 61- and 62-atom clusters in
Ref. 12. Although these spectra exhibit the TO
and LA features, the TA band is completely ab-
sent, while in Fig. 1 it appears quite prominently.
We believe this discrepancy is an artifact of the
calculation which makes an "ansatz" for the dipole
moment dependent only on disorder-induced fluc-
tuations in the bond lengths. It is well known,
however, that the bond lengths of Ge and Si are
rather rigid and that the disorder is produced
mainly by fluctuations in the bond and dihedral
angles. These fluctuations can even be macro-
scopic, such as those involved in changes be-
tween chair-boat and staggered-eclipsed config-
urations. The ansatz in Ref. 12 is such that only
bond-stretching vibrations produce a dipole mo-
ment [Eq. (5) of Ref. 12 contains only scalar pro-
ducts of bond lengths and phonon displacements].
It is thus quite clear that this is not the mechan-
ism responsible for the observed dipole absorp-
tion. A further discussion of this point must
await a calculation including charges induced by
angular fluctuations.

One of the most interesting features of Figs. 1
and 2 is the decrease in the strength of TA, LA,
LO, and TO bands upon hydrogenation, especially
the two former ones. It is easy to speculate about
one of the sources of this decrease; hydrogenated
samples have less internal tensions and some of
the angular distortions responsible for the dipole
moment can relax. This fact, however, would
probably result in a uniform decrease throughout
the whole spectrum (except for ur~}. Such angular
relaxation is probably responsible for the decrease
of the TO bands and this decrease can be used to
estimate the amount of such relaxation [20/~ for
sample Si (3)]. The additional decrease in oscil-
lator strength of the TA and LA bands should be
sought elsewhere.
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We suggest as an explanation a decrease in the
corresponding phonon density of states produced
by the hydrogenation. Such decrease or blunting
of the TA and LA bands has been pointed out by
Yndurain and Sen" for the TA bands as a result
of disturbing tetrahedra and for the LA bands as
a result of breaking or opening bond rings.
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