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Raman Scattering by Silicon and Germanium*
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Raman scattering from single-crystal Si and Ge at 300'K was measured using an argon laser as the excit-
ing source. The Grst-order Raman spectrum yields energies for the k =0 optical modes of 520.2+0.5 cm ~ for
Si and 300.7+0.5 cm for Ge. These values are in reasonable agreement with other determinations. The full
widths at half-intensity were found to be 4.6 cm ~ for Si and 5.3 cm ' for Ge. These values are compared with
theoretical predictions. A Rarnan band was observed in Si at 950 cm which is attributed to second-order
scattering and is compared with theoretical predictions.

INTRODUCTION

~ 'HE optical vibrational mod. es of lattices of the
diamond. structure are Raman' active but not

infrared active in 6rst order. Using visible exciting light
one observes a single Raman line from the optic modes
at k=0, where k is the wave vector of the mode. In a
highly perfect intrinsic semiconductor crystal, the
Raman hne is broadened primarily by anharmonic
forces, and a study of the line shapes gives information
about these forces.

Measurements of the Raman-line position in Si have
previously been reported by Russell. ' The optical-mode
frequencies at &=0 have also been obtained in Si and
Ge directly from neutron scattering' and indirectly
from a critical-point analysis of two-phonon infrared
measurements. 4 Theoretical studies of the Raman
spectra of Si and Ge have been made by Cowley' and
and Klemens. 6

Because of the indirectness of the infrared measure-
ments and the low resolution of neutron-scattering ex-

periments, Raman spectroscopy is the only technique
presently available for d.etermining optical-phonon
lifetimes and precise values for the phonon frequency
at 0=0 for Si and Ge.

Because of the small interaction volume available,
Raman spectroscopy with conventional light sources is
extremely dificult in opaque materials, such as Ge and
Si. However, the advent of lasers, and in particular the
argon-ion laser, as monochromatic, high-intensity
sources has made it possible to make high-resolution
Raman-scattering measurements even in such materials.

%'e have measured the Raman frequency shifts and
line shapes at room temperature. These data, which

give the frequencies and linewidths of the optical vibra-

tional modes at k=0 in single-crystal Si and Ge, are
compared with the predictions of Cowley and K.lemens.
The relative first-order Raman intensity for these two
materials and the second-order Raman scattering for
Sl have also bccn measured.

Argon Ion Laser Sample

Monochro meters

EXPERIMENTAL

Figure 1(a) shows a schematic diagram of the exper-
imental arrangement used, in the present study. The
samples, acting as an additional mirror, were placed
within the optical cavity (hemispherical) of the argon-
ion laser. v The internal prism was used to select the
operating wavelength of the laser. The laser was
operated in the 4880 A line for the majority of the
measurements, and the Stokes component was normally
observed. The Rarnan nature of the observed lines was
con6rmed in all cases; this was done by observing,
in addition, either the anti-Stokes component for the
4880 A line or the Stokes component for the 5145 or
the 4765 A line. The power incident onto the sample
for the 4880 A operation was of the order of 2 W.
Figure 1(b) shows an expanded diagram of the sample
orientation with respect to the incident beam and with
respect to the direction of observation. An ang], e of
incidence of approximately 82' was found empirically
to yield the maximum Raman intensity. The incident
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FIG. 1. (a) Experimental arrangement. (b) Detail of sample
orientation.
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TABLE I. Frequency of the optical mode at k=0(cm ').

Present experiment Russell' Neutron Infrared'
(D

lQ
E
EQ

CL

Si
Ge

520.2+0.5
300.7&0.5

~ Reference 2.
b Reference 3.' Reference 4.

522&1 518~8
300+10

522~2
298~2

308 304 300

Frequency Shift (cm 'J
296 292

FIG. 2. First-order Raman scattering from Ge at 300'K. The
dashed curve represents Cowley's theoretical calculations. The
instrumental resolution is indicated by the vertical lines.

light was always polarized parallel to the surface of
the sample. The scattered light was dispersed by two
~-m grating monochromators operated in tandem so
as to reduce the effect of Rayleigh scattering from the
sample. -The signal was detected with a cooled S-11
photomultiplier. The laser beam was chopped within
the cavity at a rate of 540 Hz, and the signal from the
photomultiplier was amplified and phase detected. The
wavelength of the Raman lines was determined by
using nearby calibrating lines of neon and argon. The
samples were in the form of as-grown web strips' and
electrolytically and mechanically polished disk. s from
Czochralski-grown ingots, all of these being grown from
nominally pure material. A boron-doped Si sample
was used to gauge the effect of impurities on line
position and width.

RESULTS

' S. O' Hara and A. I. Bennett, J. Appl. Phys. 35, 686 (1.964).
~ The dashed curve of Fig. 2 is curve A of Fig. 6 in Ref. 5. The

dashed curve of Fig. 3 is the corresponding curve for Si (derived
from unpublished calculations due to Cowley). These theoretical
curves do not include terms corresponding to higher-order phonon
processes as discussed by Cowley. The inclusion of such contri-
butions probably would not affect the lack of agreement between
Cowley's theory and our experimental results.

Figures 2 and 3 are typical experimental first-order
Raman lines observed in Ge and Si, respectively. On
each of the figures the instrumental resolution is shown.
In each figure a theoretical curve (dashed) due to
Cowley is drawn. The experimental positions of the
first-order lines diRered from the peak positions of the
theoretical curves by about 2%. In Figs. 2 and 3, the
theoretical curves have beeii shifted by this amount to
make the peak positions coincide. This difference may
be attributed in part to the experimental uncertainty of
the neutron measurements' on which Cowley's theory'
is based, and possibly in part to an overestimation by
Cowley of the anharmonicity. The experimental line
position and linewidth were found to be the same for
mechanically polished, electrolytically polished, and
as-grown surfaces (web) when the starting material was
nominally pure. For a Si sample containing boron at
5)&10"cm ', the width was found to be larger by about
a factor of 2, and the position was shifted by not more

than 1 cm '. Since this impurity level is at least three
orders of magnitude higher than the nominally pure
material, we conclude that the results obtained with
the pure samples were not significantly affected by
impurities.

Table I compares the present measured values of the
optical-phonon frequencies with previous results. The
present results are within the experimental accuracy of
the infrared and neutron data, but disagree somewhat
with Russell's Raman data on Si.

In Table II are listed the full widths at half-intensity

TABLE II. Measured and theoretical full widths at half-
intensity for Ge and Si at 300'K (cm ').

Si
Ge

Experimental
value

4.6
5.3

Klemens'

8.2
44

Cowleyb

14
17

a References 6 and 10.
b Reference 5.

528 524 520 516

Frequency Shift (cm )

512

FIG. 3. First-order Raman scattering from Si at 300'K. The
dashed curve represents Cowley's theoretical calculation. The
instrumental resolution is indicated by the vertical lines.

"The value for Si was recalculated, with slightly modified
parameters, from those originally used by Klemens.

which we obtain after correcting the measured line
for the instrumental resolution. Also given, for com-
parison, are theoretical values of these quantities as
calculated by Cowley' and as calculated by us using
Klemens's theory. ' An optical-mode lifetime is given by

v=2/Wc,

where r is the lifetime in seconds, W' the Raman line-
width given in Table II, and c the velocity of light.
For silicon, ~ is 1.5)&10 "sec and for germanium r is
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Fxo. 4. Second-order
Raman scattering from
Si at 300'K. The arrows
indicate the positions of
prominent peaks in
Covrley's theoretical cal-
culation. The instrumen-
tal resolution is indica-
ted by the vertical lines.

1.3X10 " sec. Equation (1) is strictly valid only if
the line shape is Lorenzian. The experimental signal-to-
noise ratio was not suKciently high to allow us to decide
if the line shape was Lorcnzian and therefore the
applicability of Eq. (1) is somewhat questionable.

Even with the reservation that the line shape of
Cowley's theory is quite asymmetric and therefore the
comparison of a theoretical half-width with an experi-
mentally determined one may be somewhat misleading,
his theory appears to overestimate the CBects of an-
harmonicity on lifetime. Furthermore, the measure-
ments are accurate enough to show the predicted
asymmetry of the line if present, but from Figs. 2 and 3
the lines are seen to be a]most symmetrical. In com-
paring Klemens's theory with experiment, only order-
of-magnitude agreement should be expected, which is
found to be the case. It should be noted that additional
linewidth due to the breakdown in the momentum
selection rule associated with the 6nite penetration
depth of the exciting light at the surface is negligible.

Figure 4 shows a broad reproducible Raman band
observed for Si. We suggest that this band is the second-
order Raman spectra for Si. Thc vertical arrows ln
Fig. 4 indicate the locations of the large peaks of the
diferent second. -order terms calculated by Cowley.
The relative strengths of some of these terms are not
given by the theory, and thus the theory does not give
the shape of the Raman emission spectrum. The dif-
ference in frequency between the observed R.aman band
and the region of the arrows is within the uncertainty
of the phonon frequencies used to determine the theo-

retical spectra. The ratio of the peak intensity of the
second-order band to the peak of the 6rst-order line was
found experimentally to be approximately 3&10 '.

The measurements of the relative intensities of
6rst-order Raman-scattered light for Ge and Si can be
used in the following way to compare the values of the
changes in the electronic polarizability with lattice
distortion in these two materials. The Born and
Huang" description of the Raman cGcct in terms of an
CBective electronic polarizability operator P will be
used. This polarizability is expanded in the relative
displacement of the two sublattices, and the coefficients
of the linear terms are denoted by u. When account is
taken of the incoherent power loss due to absorption
in reaching a scattering element and then returning to
the surface of the crystal, the ratio of the scattered
intensities can be written

Is;/Io, =PnMei/u'{e (oi)+1)jo.
y Lu'{e(ni)+1)/nisei j„, (2)

where thc subscript on thc square bracket dcnotcs that
the quantities it encloses are for the material noted; 3f
and co are, respectively, the ionic mass and frequency of
the optical mode; rs(ei) is given by )exp(hei/kT) —1j ',
with Tthe temperature; and n is the linear absorption co-
efkcient at the laser frequency and at 300'K. The ab-
sorption coeflicjents are"" na =55&10' cm ' and
ns;=2&&10' cm '. At room temperature, Eq. (2) gives

Isi/Ioe 33n si/n Ge.

The measured value of the intensity ratio is Is;/Io, 10
to 20 and therefore us;/ao, 0.5 to 0.8.
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