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Optical Constants of Gern1anium in the Region 0—27 ev*
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The reRectivity E has been measured for Ge crystal over the energy range 7.6—18.0 ev and the trans-
rnissivity T for an evaporated Ge film over the range 16.6—27.4 ev. The reactivity data near normal in-
cidence, combined with existing data at lower energies, were used in the Kramers-Kronig dispersion relation
to evaluate the index of refraction n and extinction coefficient k of Ge over the range 0—18 ev. Electron
characteristic losses are predicted at 10 and 15 ev, consistent with those observed at 11 and 16 ev. The
plasma frequency of bulk Ge as determined by the optical data is Ace= 10 ev.

I. INTRODUCTION

]~OMPITTATIONS of the optical constants of Ge,~ based on a technique developed by Robinson, '
have recently been carried out by Philipp and Taft'
over the range 0—10 ev. These computations have been
subsequently repeated by Rimmer and Dexter. ' Al-
though certain extrapolation procedures used in these
two analyses were somewhat diGerent and arbitrary,
there was general agreement in the final results, minor
diRerences occurring in the fine structure.

The purpose of the present work is to extend the
previous results to energies beyond 10 ev. The optical
constants at higher energies are particularly significant
in that they can be used to determine the plasma fre-
quency of Ge.

The reAectivity R has been measured for a Ge crystal
over the range 7.6—18 ev, and the transmissivity T has
been obtained for an evaporated Ge film over the range
16.6—27.4 ev. The data on reAectivity, combined with
those of Philipp and Taft, ' were used in a dispersion
relation to evaluate the real and imaginary parts of
the complex index of refraction, n=m —ik, over the
range 0—18 ev. These in turn were used to predict
electron energy characteristic losses and the plasma
frequency of bulk Ge.

II. EXPERIMENTAL

The reQectivity R at room temperature, shown in
Fig. 1, has been measured inside a vacuum monochroma-
tor4 at angles of incidence of 15', 25', 35', 45', and 55'
over the range 7.6—18.0 ev. The polished e-type Ge
crystal which was used had a thickness of —,

' in. , a re-
sistivity of 22 ohm cm, and was cut along the (111)
plane. Damage caused by polishing was estimated to be
up to 6p, in depth. A point of inRection at 14.7 ev in the
reQectivity curve at 15 turned into a peak at higher
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angles of incidence, and in addition, another broad
peak was observed near 16.5 ev. The peaks at 14.7 and
16.5 ev are not due to interference between front and
back surface reQections because their positions should
have changed with angle of incidence.

In the region 7.6—11.3 ev, the values of the reQectivity
at 15' incidence obtained here fall somewhat below
those obtained by Philipp and Taft' from an etched
crystal of Ge at a small angle of incidence. Measure-
ments on an evaporated film' of Ge (not shown) gave
higher values of reQectivity in the region 7.6—11.3 ev,
but the general form of the curve was unchanged.

Attempts were made to prepare unbacked films of
Ge, but the films could not be Qoated o6 in water and
broke into too many small pieces. Also, an attempt was
made to evaporate Ge on single crystals of stilbene,
but this was not successful, probably because of the
high vapor pressure of stilbene, since the glass bell jar
was coated with Ge.

The transmissivity T at room temperature, which is
shown in Fig. 1, was obtained for a film of Ge, 800 A
thick, which was evaporated on a glass slide coated
with sodium salicylate. It is seen that T rises from
0.33% at 16.6 ev to a maximum of 4.4% at the limit of
measurement near 27.4 ev.

The values of the absorption coefficient p, and the
extinction coe%cient k can be calculated directly from
the transmissivity and are given in Table I. It should
be emphasized that these results apply to a thin evapo-
rated film of Ge and should not be compared quantita-
tively with the results for p, and k obtained in the next
section. The latter are based on reRectivity data ob-
tained for a Ge crystal and refer to the bulk material.

III. DISPERSION ANALYSIS

The real and imaginary parts of the complex re-
fractive index n=m —ik for Ge were obtained' by
making use of the Kramers-Kronig relation'

E q" 1nR(E')
g(E) = — ' dE', (1)

~"a=o P' E'—
5 See also S. Robin-Kandare and M. B. Vodar, J. recherches

centre natl. recherche sci. Labs. Bellevue (Paris) 10, 311 (1959).
The calculations were performed on the IBM—709, Western

Data Processing Center at UCLA.
7 F. C. Jahoda, Phys. Rev. 107, 1261 (1957).
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values o as anf D h d Newman' in the range 0. — .7 ev,
and with those of Archer' in the range 1.9—. ev. e

as obtained withbest fit to these data, shown in Fig. 2, was ob a'

a value of 82=34.5 ev. As can be seen in Fig. 2, this
iso ields valueschoice of the parameters a, b, and E2 also yie

'te well with the measured va ues
ith those ofof Archer' in the region 1.9—3.4 ev and with those o

Salzberg and Villa, "and Briggs" below 0.7 ev.
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IV. RESULTS AND DISCUSSION

The values of the index of refraction m and the ex-
tinction coe cien caffi t k lculated from the dispersion
relation are s own in ig.h

'
Fig. 2 and the corresponding

absorption coe%cient, p, in Fig. 3. In the region 0— ev
of e and k obtained here are substantially

the same as those obtained by Philipp an a an
by Rimmer and Dexter. ' Beyond 6 or 7 ev the general
behavior of t e n anf h d k curves is more or less the same
as that which would be expected on the basis of the free
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FIG. 3. Absorption coeKcient p for Ge as calculated
from dispersion relations.
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It is, however, possible to extract the parameter co„,
as defined above, from the e and k curves shown in
Fig. 2, and the value thus obtained is in fact in good
agreement with the value A~„=16 ev. This will be dis-
cussed elsewhere. "

In addition to the peak at 10 ev, there seems to be
another small but sharp peak in the 2tsk/(tt'+k')'
curve at 15 ev. It is not altogether certain that this
second peak is real; it may be an extraneous result
introduced by the extrapolation procedure used in the
dispersion analysis or by small errors in the reQectivity
data. Certainly a visual inspection of the e and k
curves shown in Fig. 2 would not lead one to expect
this peak. In any case the two peaks at 10 and 15 ev
are consistent with the electron characteristic losses in
Ge observed by Powell" at 11.1 and 16.0 ev, and also

by Marton et al. ,' at 16.0 ev.

"J.S. Nodvik and P. E. Kaus (to be published).
's C. J. Powell, Proc. Phys. Soc. (London) 76, 593 (1960). We

are grateful to Dr. Powell for informing us of his results prior to
publication.' L. Marton, L. B. Leder, and H. Mendlowitz, Advances in
E/ectrorr/os and E/eotroN Physics (Academic Press, Inc. , New
York, 1955), Vol. VII.

A more complete discussion of the results obtained
in this work will be presented later. "

V. SUMMARY

The reRectivity has been measured for an e-type Ge
crystal over the range 7.6—18.0 ev, and the trans-
missivity for a thin Qlm of Ge over the range 16.6—27.4
ev. The reQectivity data were used in a dispersion rela-
tion to evaluate the optical constants e and k. Analysis
of the quantity, Im(1/e), indicates that the plasma fre-
quency for bulk Ge is Ace=10 ev. This analysis also
predicts electron characteristic losses at 10 and 15 ev
consistent with those observed at 11 and 16 ev.
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