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Theory of infrared absorption in silicon
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A phenomenological theory of infrared (ir) absorption based on dipole moments derived from lo-
cal charges produced by bond-length and bond-angle distortions is applied to calculate the ir absorp-
tion in crystalline (c-Si) and amorphous (a-Si) silicon. In a-Si, the first-order ir absorption is dom-
inated by effective charges due to phonon-induced bond-angle distortions. In c-Si, the second-order
ir absorption is best described by a phonon-modulated version of the same mechanism, A single
value for the coupling constant in the dipole moments (eo ——0.35e) provides reasonably good agree-
ment with the absolute experimental ir absorption spectrum of both c-Si and a-Si, demonstrating
that the ir absorption in both cases can be well described by the same local charge-transfer mecha-
nisms.

I. INTRODUCTION

Symmetry selection rules and the conservation of crys-
tal momentum lead to zero first-order infrared (ir) absorp-
tion in diamond-structure silicon ( c-Si). The lack of
long-range order in amorphous silicon (a-Si) relaxes these
restrictions allowing all vibrational eigenmodes to contri-
bute to the first-order ir absorption. The ir response of c-
Si between zero and twice the Raman frequency
(0 (co (2cott ) should be dominated by second-order (two-
phonon) absorption. ' Both the first- and second-order ab-
sorption processes can be described formally by the expan-
sion of the crystal dipole moment in terms of the nuclear
displacements; the term first order in the nuclear displace-
ments corresponds to first-order absorption, etc. The
crystal dipole moment is coupled to the nuclear displace-
ments through effective charges, also known as dynamic
or transverse charges. The matrix in the second-order
term coupling the nuclear displacements to the crystal di-
pole moment contains seven distinct elements for the dia-
mond structure, and only five have been found to be
essential to produce reasonable agreement with the experi-
mental ir absorption spectrum of c-Si.

Adjustment of the elements of the coupling matrix to
fit the experimental ir absorption spectrum is perhaps the
most straightforward method of interpreting the ir ab-
sorption of silicon. However, one can gain some insight
into the absorption process itself by considering the local
charge-transfer mechanisms that produce the dipole mo-
ments. We have recently described a theory of the first-
order ir absorption in a-Si (Ref. 4) where the dipole mo-
ments are derived from local charges produced by
phonon-induced bond-length and bond-angle distortions.
Here we apply this theory, with no modifications, to cal-
culate the absolute two-phonon ir absorption for c-Si. We
briefly describe the local charge-transfer mechanisms and
the derivation from them of the expressions for the first-
and second-order ir absorption in Sec. II. We present the
results of the calculation and discuss their significance in
Sec. III. We find that the ir absorption in a-Si and c-Si

can be well described by the same local charge-transfer
mechanisms. Finally, in Sec. IV, we make some predic-
tions for the ir absorption of the crystalline B-8 ("BC8")
Si polymorph.

II. THEORY OF INFRARED ABSORPTION

We define two dipole moments as illustrated in Fig. 1.
One is due to the local charge transfer between bonds in
adjacent bond pairs resulting from distortions of their
bond lengths given by

where rI; ——r~;rI; is the bond vector between atoms I and i,
ro ——2.35 A is the equilibrium bond length in the diamond
structure, and i and j are distinct, bonded nearest neigh-
bors of atom I. This mechanism represents the transfer of
negative charge from compressed to extended bonds.

The second dipole moment is due to the local charge
transfer between atoms at either end of adjacent bonds re-
sulting from distortions of the angle between the bonds
given by

PH= y y y l. rl rll+ 3~ rol('rli+rl )«o .
I j i (&j)

In order to obtain true dipole moments, Eqs. (1) and (2),
and subsequent equivalent equations, must be multiplied
by a coupling constant with the units of charge. These
two expressions are translationally and rotationally invari-
ant, orthogonal in the limit of constant bond length for
each bond pair, and produce zero dipole moment when
applied to the diamond structure, as they should. The
terms in square brackets represent the charge transfer.

The absolute first-order ir absorption coefficient can be
described by the following expression:

a(co) =coep(co) Inc

=(27r /ncMV) g (e* ) 5(co —co ),
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e =109.47
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FIG. 1. Schematic representation of the local charge-transfer mechanisms used to describe the infrared absorption of c-Si and a-Si.
Left, the transfer of negative charge from compressed to extended bonds. Right, the transfer of negative charge from the central
atom to its adjacent neighbors for a "compressed" bond angle. Center, bond pair in the undistorted diamond structure. The dotted
arrows depict the direction of charge transfer.

where e2(co) is the imaginary part of the dielectric func-
tion, n the electronic (ir) index of refraction (taken to be
3.4 for both a-Si and c-Si), c the speed of light, M the
mass of silicon, and V the volume of the unit cell. The
sum is over all ir-allowed eigenmodes v, and e„' is the ef-
fective charge for mode v [(e," ) is usually a tensor. In an
isotropic or cubic material, however, it reduces to a sca-
lar]. We describe the effective charges in terms of the
derivatives of Eqs. (1) and (2) (multiplied by coupling con-
stants), each of which involves both a dynamic and a stat-
ic charge-transfer component. The corresponding dif-
ferentials are

pl y y y [u! r! uij rlj ](rl' rlj )/ro
I j i (&j)

PI Xg g [rl' "lj](ui' —uI')«0
I j i (&j)

pp= g g g [u! rlj +ulj'ill'](ri. +rlj)/ro
I j i (&j)

P2 = 2 y y [rl'rij+ 3 "0](ul +uij)«0
1 j i (&j)

(4)

(6)

where uI; ——uI —u;, uI are the components of the eigen-
vector corresponding to the displacement of atom l for
eigenmode v, and the prime designates the static charge-
transfer mechanisms. The effective charge tensor corre-
sponds to a dyadic built from the p vectors. We take the
eigenmodes uI normalized to 1, i.e.,

Jul u! ——1

I

where the summation is over all atoms in the unit cell.
A variant of Eq. (4) was first applied by Alben el al.

to the study of the ir absorption in a-Si. It corresponds to
the local transfer of charge between bonds in adjacent
bond pairs due to phonon-induced distortions in their
bond lengths. We refer to this mechanism as dynamic
stretching. The charges in Eqs. (5) and (7) are determined

by the static distortions from tetrahedral bonding, which
are in general small in a-Si. Equation (6) corresponds to
the local transfer of charge between atoms at either end of
adjacent bond pairs due to phonon-induced distortions in
the angle between the bonds. We refer to this mechanism
as dynamic bending.

We have shown" that only those terms that correspond

to dynamic charge transfer [Eqs. (4) and (6)] give appreci-
able contributions to the ir absorption in a-Si. Also, we
have found that the vector sum of p& and p& provides the
best agreement with the shape of the experimental ir ab-
sorption of a-Si as shown in Fig. 2. We can write the ef-
fective charges for each mode v as

pi = Xg g [ul' rl u!' r! ](u!' u—!')«0—
1 j i (&j)

(10)

1 2 V) V2 V) V~

P2 = 2 X g [uiI ul ulj ulj ](rl; ——rlj)/!'p. ,
1 j i (&j)

VIV~

p3 = g g g [ul; rlj+ulj rl;](ul; +u~j~)/rcl
j i (&j)

(12)

(9)

where eo is a coupling constant equal to 0.35 electrons as
determined by fitting the experimental spectrum with Eq.
(3); the sign of the coupling constants is chosen to corre-
spond to the transfer of negative charge due to the elec-
tronic repulsion caused by overlapping orbitals (see Fig.
1). There is no reason a priori why the magnitude of the
coupling constants of Pz and P~ should be the same.
However, as we will shortly show, equal charges are re-

quired for a good description of the absolute ir absorption
of both e-Si and a-Si.

If we apply p] and pz to c-Si we get zero infrared ab-
sorption, as we must for the one-phonon absorption pro-
cess. We can imagine the two-phonon ir absorption pro-
cess in c-Si as follows. The first phonon displaces the
atoms in the crystal. The phonon-induced lattice distor-
tions that result lead to the local transfer of charges as
discussed above. Because of the symmetry of the dia-
mond structure, the resulting dipole moments will cancel
exactly to give zero ir absorption. A second phonon can
remove the dipole-moment-canceling symmetries by either
moving the charges produced by the first phonon or in-

ducing further charge transfer. The only restriction is
that the total momentum of the two phonons must be
equal to that of the incident photon ( k -0) to obey
momentum conservation rules. We treat this process by
assuming that the charge transfer due to the two phonons
can be described by the second derivative of Pz and P&,
which leads to the following expressions:
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p4
—g g g [ut; u~j +u~j. u~; ](r~;+r[&)/ o

I j i()j)
where we have recognized that only terms of second order
in the displacements contribute to the two-phonon absorp-
tion. It can easily be shown that, because of the diamond
structure symmetry, Eq. (11) is exactly zero, and Eqs. (10)
and (12) are exactly equivalent, for any pair of modes v&

and v2. We therefore restrict our attention to Eqs. (12)
and (13), which are analogous to the static and dynamic
charge-transfer mechanisms pz and p2, respectively,
described above and more fully in Ref. 4.

The absolute two-phonon ir absorption is then described
by the following expression

a(co) =(Arr /ncM V) g g [(co„,+co„,)/co„, co ]
V

1 V2

X [1+n(co„)+n(~ )]

X(e*, ) 5(cg) —~ ~ ),

(14)

where & is Planck's constant, n(co ) the thermal average
phonon occupation number for mode v], the sums are
over all phonons with opposite momenta, and again the
effective charges are given by

e*, , =eo Ip3' 'I /~3 «eo
I

p~' '
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We use Weber's adiabatic bond charge model" to calcu-
late the eigenfrequencies co (k) and eigenvectors u~(k) of
phonons with momentum vector k on an 11~11&11grid
in the first Brillouin zone of the eight-atom diamond cu-
bic unit cell of c-Si. Although random k vectors or the
tetrahedron method would provide more accurate results,
we choose a regular grid for computational convenience.
The two-phonon density of states we obtain is in good
quantitative agreement with (although a bit noisier than)
that obtained by the more accurate methods. We approxi-
mate the delta function in Eq. (14) by a Gaussian with a
full width at half maximum of 5.3 cm '. The calculation
is performed for T=290 K, where the main effect of the
frequency difference terms' we have neglected in Eq. (14)
is to slightly enhance the low-frequency absorption.

III. RESULTS AND DISCUSSION
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FIG. 2. Vibrational properties of a-Si. Top, phonon density
of states calculated for a 216-atom continuous distorted network
{CDN) model of a-Si using Weber's bond charge interactions
(Ref. 7) compared to the results of neutron scattering (Ref. 8).
Middle, comparison of the contributions for the dynamic
stretching p~ and bending p, ~ mechanisms for the same 216-
atom CDN model (Ref. 4). Bottom, absolute ir absorption of
a-Si calculated using the vector sum of the stretching and bend-
ing mechanisms' with a coupling constant (eo ) of 0.35e. The
calculation is compared to the measured ir absorption of a-Si
(Ref. 9).

The results of the two-phonon ir absorption calculation
are shown in Fig. 3 along with the calculated two-phonon
density of states and the experimental ir absorption of c-Si
(Ref. 12). We note that the two-phonon density of states,
except at the frequency extremes, provides a rough ap-
proximation to the shape of the ir absorption spectrum.
The main effect of the matrix elements, i.e., the effective
charges, should be to suppress the high- and low-
frequency features with respect to the mid-frequency ones.

There are two main sources of error, other than the ef-
fective charge ansatz, that might account for any
discrepancies in the present calculation. Although the
Weber bond charge model provides a reasonably good fit
to the experimental phonon dispersion curves of c-Si,"
deviations along the L and A directions are as high as five
percent. These directions contribute particularly strongly
to the infrared absorption. One can get some idea of the
discrepancies involved due to the inadequacy of the Weber
model by comparing the peak positions in the two-phonon
density of states with those in the experimental ir absorp-
tion spectrum. The matrix elements, in the form of the
effective charges, modify the density of states in a smooth
manner, so that major peaks in the density of states
should remain identifiable in the experimental ir absorp-
tion. One can see that the agreement in the frequencies of
most, but not all, of the peaks is within a few percent or
so. We thus believe that inaccuracies in Weber's model
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are the major source of error as far as peak positions are
concerned.

A second source of error arises from the neglect of
higher-order absorption processes. We expect that the
most serious consequence of this neglect might be a slight
underestimation of the ir absorption at higher frequencies.
It can readily be seen in Fig. 3 that the underestimation, if
any, is small.

The ir absorption spectra derived from p3 and p4 are
quite different from each other in terms of both shape and
intensity, as can be seen in Fig. 3. This is also the case for
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FIG. 3. Two-phonon vibrational properties of c-Si. Top,
two-phonon density of states calculated for an eight-atom cubic
unit cell of c-Si using Weber's adiabatic bond charge interac-
tions (Ref. 11) on an 11 && 11 &(11 point grid in the first Brillouin
zone. Middle, the absolute two-phonon ir absorption of c-Si cal-
culated using mechanism p3 and Eq. (14). Bottom, the same cal-
culated using mechanism p4 and Eq. (14). The coupling con-
stant is taken to be e0 ——0.35e for both calculated spectra. The
results are compared to the experimental ir absorption spectrum
of c-Si (Ref. 12).

the dynamic stretching p& and bending p2 mechanisms
applied here to a-Si (see Fig. 2). Perhaps most pertinent
to the present results is the fact that the static stretching
and bending mechanisms p'& and pz, respectively, provide
almost the same results when applied to the a-Si model: a
much reduced intensity compared to the dynamic mecha-
nisms and a shape similar to that of the phonon density of
states. The large differences in the spectral distributions
and intensities of p &

compared to pz in the amorphous
case are partially due to the difference in the magnitude of
the average bond-length and bond-angle distortions found
in the amorphous model structure, 2% and 10%, respec-
tively.

Alben et al. ' have shown that the intensity of the ir
absorption calculated from gs~ should scale roughly as the
square of the distortion from tetrahedral symmetry. They
have also shown that in the case of exact tetrahedral
bonding and central forces, the infrared absorption from
p& should be dominated by mid-frequency components;
the intensity of the absorption at high or low frequencies
should be of fourth order in the distortions. This is cer-
tainly the case for the contribution of p ~

to the ir absorp-
tion in a-Si as shown in Fig. 2, despite the -2% average
deviation from the diamond-structure bond length and the
inclusion of noncentral forces. Although the ir absorption
calculated for p2 should also roughly scale as the square
of the distortion from tetrahedral symmetry, it should not
be dominated by ~id-frequency contributions. Because of
the plus sign in Eq. (6), the charge transfer remains first
order in the phonon-induced bond-angle distortions for all
eigenmodes. This, coupled with the much larger average
angular distortions ( —10%) in the model structure, pro-
vides the significant contribution to the calculated ir ab-
sorption at low and high frequencies that is necessary to
obtain good agreement with experiment in a-Si.

The behavior of the two-phonon ir absorption of c-Si
can be partially understood in this light. The low- and
high-frequency peaks in the two-phonon density of states
in c-Si are composed essentially of modes with significant
TA- TA (bend-bend) and TO- TO (stretch-stretch) charac-
ter, respectively. We expect that the distortions away
from tetrahedral bonding due to the two-phonon displace-
ments for all combinations of eigenmodes (both bending
and stretching) will in general be small. Therefore the ir
absorption spectrum derived from p~ and p3, the second-
order (phonon-modulated) versions of the first-order static
stretching and bending mechanisms p~ and pz, respective-
ly, should be relatively weak with a shape similar to that
of the two-phonon density of states. We have already
made note of the fact that the latter is a reasonable ap-
proximation to Ine experimental ir absorption spectrum
except at low and high frequencies. The reduced contri-
bution to the ir absorption derived from p& and p3 at high
frequencies due to the inverse frequency dependence
should provide a good approximation to the shape of the
ir absorption spectrum in c-Si.

At the same time, we expect that the ir absorption due
to p4, the second-order analog of the first-order dynamic
bending mechanism p2, should have significant contribu-
tions at both high and low frequencies. This is indeed the
case as shown in Fig. 3; however, the "wings" in the p4
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spectrum of c-Si are considerably reduced compared to
those in the analogous p2 spectrum of a-Si due both to the
inverse frequency dependence of the two-phonon ir ab-
sorption, which reduces the intensity of the high-
frequency components, and to the lack of large (phonon-
induced) deviations from tetrahedral bonding in c-Si.

Not only is the ir absorption derived from p3 in good
qualitative agreement with the shape of the experimental
spectrum, but by using the same coupling constant that
gives the best fit to the absolute ir absorption spectrum of
a-Si (eo ——0.35e), we also obtain excellent quantitative
agreement with the absolute ir absorption of c-Si at the
frequency of maximum absorption.

We note that the effective charge at the absorption
maximum (at 450 cm ') in a-Si has a value of 0.46e,
which is in excellent agreement with the value of the
transverse charge calculated by Shen and Cardona' of
0.51e. They used the integrated experimental ir absorp-
tion (f-sum rule) of a-Si to estimate the effective charge
assuming a chemically ordered structure like GaAs. They
suggested that the charges might be localized on dangling
bonds at the surfaces of voids. The excellent agreement
with the absolute ir absorption of a-Si obtained with the
local charge-transfer ansatz, however, indicates that sim-
ple geometric distortions in the bulk are sufficient to ac-
count for the relatively large dynamical charges in a-Si.
Further support for this view derives from the good agree-
ment with the absolute strength of the two-phonon ir ab-
sorption of c-Si using the same coupling constant and
same local charge-transfer ansatz as in a-Si. Certainly the
effective charges in c-Si (e*+„——0.72e at 1000 cm ') do

not arise from dangling bonds at voids or from any other
defect-related mechanisms. Although the effective charge
in the crystal cannot be directly compared with that de-
rived for a-Si, the fact that the coupling constant that
produces good quantitative agreement with experiment in
both c-Si and a-Si is essentially the same demonstrates
that the local transfer of charges due to phonon-induced
deviations from tetrahedral bonding is the dominant
dipole-producing mechanism in both phases of silicon.
We note, however, that the addition of p~ to p3 (the two
contributions are equivalent) would decrease the coupling
constant in c-Si by a factor of 2.

The two-phonon ir absorption derived from p4 is in
poor agreement with experiment. We have investigated
the interference behavior of p3 and p& to see if some com-
bination of these two mechanisms might improve the
agreement. The interference is generally small ( —15%%uo of
the absorption due to p3 alone, see Fig. 3) with roughly
equal numbers of sharp positive and negative peaks distri-
buted at random over the entire frequency range. We find
therefore that the vector sum or difference of p3 and p4
also provide a poor approximation to the experimental ir
absorption spectrum.

We do not understand why the calculated ir absorption
derived from a simple combination of the phonon-induced
dipoles (vector sum) should produce good agreement with
experiment in the amorphous phase but not in crystalline
silicon. We note, however, that in a microscopic theory
the coupling constants would be related to the spectrum
of electronic excitations, which is considerably different in
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FIG. 4. Two-phonon absolute ir absorption calculated using
mechanism p3 (e0 ——0.35e) and the frequency difference analog
of Eq. (14) (Ref. 10) for T=290 K.

amorphous and crystalline silicon. Difficulties in
transferring coupling constants from one semiconductor
to another have been reported earlier. '

For the sake of completeness we show in Fig. 4 the
two-phonon frequency difference ir absorption spectrum
of c-Si at 290 K calculated with our p3 ansatz
(eo ——0.35e). The ir absorption due to this term vanishes
at zero temperature and is small at room temperature.
Absorption measurements at several temperatures should
help to separate it from the frequency sum spectrum dis-
cussed above. Such a procedure has not yet been carried
out.

IV. PREDICTIONS FOR BC8 Si

Although few experimental investigations of the prop-
erties of BC8 Si have been made since its discovery more
than 20 years ago, ' ' several theoretical studies of this
high-density silicon polymorph have been undertaken' '
so that the structural and vibrational properties of the
ideal BC8 Si crystal are well known.

The structure of BC8 Si is characterized by geometric
distortions similar in magnitude to those in a-Si (Ref. 20)
and its symmetry allows only two ir active modes of vi-
bration. In Table I we give the absolute integrated first-
order ir absorption of BC8 Si determined by using the ir
absorption expression in Eq. (3) and by applying the
dynamic stretching p& and bending LM2 mechanisms to the
vibrational eigenmodes calculated with Weber's bond
charge interactions. "

As in a-Si, the spectral distribution of the ir absorption
in BC8 Si calculated from p& is completely different from
that calculated from pz. The dominant high-frequency
contribution for the stretching mechanism is consistent
with the dominant stretching character of the high-
frequency (TO) modes. Similarly, the dominant contribu-
tion from the bending mechanism is at low frequency,
where the modes (TA) have a predominantly bending
character.
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Mechanism
a(co)dao (cm ')

co=220 cm ~=415 crn
—'

TABLE I. Absolute integrated first-order ir absorption
predicted for BC8 Si based on eigenmodes calculated using
Weber's adiabatic bond charge model (Refs. 11 and 20) and Eq.
(3) in the text ( e o ——0.35e ). The integrated value is given
separately for both of the well-separated ir-active modes. Note
that both of the ir-active modes are threefold degenerate. For
comparison, the total integrated ir absorption in a-Si is 7.3 X 10

(Ref. 14).

Mechanism
coLQ coTQ (cm )

—1

co=220 cm co=415 cm

0.1

12.2
2.9
0.7

TABLE II. LO-TO splitting calculated for the two ir-active
modes of BC8 Si using the two dynamic mechanisms described
in the text (eo ——0.35e). For comparison, the splitting in GaAs
is about 20 cm ' (Ref. 21).

p&

pz
Pl+P2
P~ —P2

1.3 X 10'
1.8 X 10
2.0 X 10'
2.3 X 10'

8.2 X 10'
2.0 X 104

2.0X 104

1.6X 10

perimentally due to many complicating factors, the most
troublesome of which is the lack of large samples. Be-
cause of the simplicity of the expected ir absorption in
BC8 Si, the measurement of its ir absorption would pro-
vide a severe test of this theory.

The fact that the predicted absolute integrated ir ab-
sorption is larger than that of a-Si (Ref. 14) is due to the
symmetry of the BC8 Si structure. In a-Si the resultant
dipole moment for the six bond pairs associated with each
atom will be arranged more or less at random within the
constraints of tetrahedral coordination. Such a distribu-
tion leads to an averaging of the dipole moments over
many nonequivalent directions and reduces the strength of
the absorption through destructive interference. In crys-
talline BC8 Si, the dipole moments can interfere construc-
tively, leading to a larger integrated first-order ir absorp-
tion than in a-Si even though the average geometric dis-
tortions are essentially equivalent.

We have calculated the LO-TO splitting for both of the
ir-active modes using the following expression:

coLo —coTo=c J a(co)dcolnnto, (16)

and the results are presented in Table II. The splitting is
small except for the low-frequency bending contribution,
whose absolute ir absorption dominates the calculated
spectrum. For comparison, the LO-TO splitting in GaAs
is about 20 cm

The ir absorption of BC8 Si has yet to be measured ex-

V. CONCLUDING REMARKS

It is satisfying that the ir absorption in silicon can be
described by local (short-range) charge-transfer mecha-
nisms without the need to consider correlations beyond
first nearest neighbors. This allows the treatment of the ir
absorption of both crystalline (two-phonon) and amor-
phous (one-phonon) silicon with the same local charge-
transfer ansatz. We expect that this theory, with little or
no modification, can provide a reasonable description of
the absolute ir absorption of the crystalline and amor-
phous phases of other tetrahedral semiconductors.

Note added in proof: We have recently observed the ir
absorption spectrum due to two differences in c-Si. It has
a shape in agreement with Fig. 4, but its maximum is an
order of magnitude smaller.
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