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This paper provides the analytical tools for an interpretation of the electro-reflectance effect in semicon-
ductors, which is observed as a change in the reQectance in the presence of an electric Geld at approximately
the photon energies of interband transitions. Previously only applicable to ~2 at an M'0-type absorption edge,
the theory of Franz and Keldysh is expanded for the most general case of Geld-induced changes of both && and
e& at both Mo- and M&-type edges. Every member of this group of four components displays a highly indi-
vidual line shape and symmetry character, facilitating the recognition of basic patterns in the experimentally
observed structure. By comparing such structure with the calculated line shapes, an assignment to interband
transitions of a certain type and at certain photon energies will be suggested. The coefBcients which deter-
mine the fractional contributions of 6 ~~ and ge2 to the change in reQectance in different spectral regions are
calculated for Ge, Si, and GaAs. The analysis is applied to the 3.4-eV region in Si, and satisfactory agree-
ment with experiment is obtained by placing a parabolic cVO-type edge at 3.33 eV and a saddle-point 3E&-type
edge at 3.41 eV. The calculation produces a shift of the effect with increasing average Geld toward shorter
wavelengths for the parabolic and toward longer wavelengths for the saddle-point edge. This is in agreement
with experimental observations for Si and GaAs and conGrms a valuable experimental criterion which dis-
criminates between the two different types of interband transitions.

INTRODUCTION

~ 'HIS paper analyzes an effect which is observed
as a change in the reflectance of a semiconductor

induced by an electric Geld perpendicular to the re-
Qecting surface. ' Since the reflectance responds to the
electric Geld in a pronounced structure of peaks at
approximately the photon energies of interband transi-
tions, the effect will add to the information that band-
structure analysis extracts from optical studies on semi-
conductors. The derivative nature of the effect en-
hances the structure considerably in comparison to
ordinary reflectance studies, providing much higher
resolution and sensitivity. Moreover, the effect gives
information which makes the assignment of structure
in the reflectance to the correlated interband transi-
tions less ambiguous by establishing experimental
criteria which discriminate among the different types
of these interband transitions. ' This paper provides the
analytical tools for such an interpretation of the electro-
reflectance effect with respect to band structure
analysis.

Early studies of the fundamental absorption edge in
germanium suggested that the change in the reflectance
was caused by a modulation of the electric field in the
surface potential barrier of the reflecting surface and
that the underlying phenomena was a Franz-Keldysh
effect observed in reflection rather than in transmission.
With this assumption, the calculation produced satis-
factory agreement with the experimental results, but
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only after two difficulties were overcome: (1) The
Franz-Keldysh theory had to be employed in full, using
numerical evaluations rather than asymptotic expan-
sions of the Airy function; and (2) since the Franz-
Keldysh theory calculates the field-induced change in
the imaginary part e2 of the dielectric constant, while
the reflectance in this spectral region, however, is
predominantly determined by the real part e&, the
experimental quantity hR/R had to be related to theory
through Kramers-Kronig integrals. 4

Later experimental work. proved that the electro-
reflectance effect was present not only at the funda-
mental absorption edge, but at higher interband edges
as well. 2 ~ 5 This confronted the analysis with two prob-
lems which had to be solved before the interpretation
could be extended into the region above the funda-
mental edge: First, the reflectance response is composed
not only of contributions from e& as in the case of the
fundamental edge, but also of contributions from e2,

and the proportions of e1 and e~ are different in different
parts of the spectrum. Secondly, the higher interband
edges to which the observed reQectance structure
correlates may not be of the same type as the funda-
mental edge, which necessarily must be a parabolic
edge (Mo type). Since the effect of the electric field on
the density-of-state function may be entirely different
at a saddle-point edge of the type M&, no predictions
could be made until this effect was calculated in
Phillips' duality theorem. '

The following study expands the analysis in both
respects and presents a framework of calculations into
which, in principle, the structure of the reflectance
response to the electric Geld should fit for every part of
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the spectrum and for both types of interband transi-
tions. In Sec. I is recapitulated the formalism which
describes the inQuence of an electric field on e~ and e2

in the neighborhood of a critical point of the parabolic
type. Normalized A~~ and A&2, which will later serve
as the basic building blocks for the analysis and which
can be carried through the necessary mathematics in
a linear form, are defined. Section II describes the
transformation which is used to calculate the inQuence
of the electric field at a saddle-point edge from the
same effect at a parabolic edge. More realistic expres-
sions are obtained in Sec. III by exposing the calcu-
lated absorption edges to lifetime-broadening.

At this point of the analysis, the changes in e~ as
well as in e&, induced by an electric field around both
types of edges, are available. Section IV now investi-
gates the extent to which he~ and A&2 contribute to the
reflectance response AE/R in different parts of the
spectrum. For three different materials, Ge, Si, and
GaAs, the fractional coefficients n and P which de-
termine this contribution are calculated. Section V dis-
cusses, from a general point of view, what can be
learned from the symmetry properties and the sign of
the components Ae~ and d, e2, as well as their super-
position in AR/E for spectral regions, in which either
one or the other of the fractional coefffcients n and p
predominate or in which they both contribute equally.
Using the 3.4-eV region in m-type Si as an example, it is
demonstrated how the assignment of structure to
correlated transitions can be guided by these proper-
ties. On the basis of the previous calculations, the con-
clusion is inevitable that the structure in this region
correlates to a parabolic edge preceding a saddle-point
edge by about 0.1 eV, a conclusion which could be
supported previously only by rather circumstantial
evidence. Finally, Sec. VI calculates how a given peak
of the reQectance response shifts with an increase in the
average electric field around which the ac voltage
modulates, with the result that structure related to
parabolic edges shifts opposite to structure related to
saddle-point edges. This provides an experimental
criterion for the assignment of structure to either type
of transition. An example demonstrates that the direc-
tion and magnitude of the calculated field shift agrees
with experimental observations on GaAs, ' where such
an "anti-Franz-Keldysh" shift was actually reported
for the structure observed at 2.9 and 3.1 eV, correlat-
ing it unambiguously to a saddle-point edge.

I. NORMALIZED FRANZ-KELDYSH EFFECT
AT A PARABOLIC EDGE

In the weak-field approximation, sufBcient for the
purpose of this study, Tharmalingam and Callaway~ find
for the absorption coefficient rr(&o, F) in the presence of

an electric field Ii the following expression, which holds
throughout the region of the fundamental absorption
edge:

E
u(ro, F)=—8»'"

8 Ai(P) '
-plA (p) I',

where R= (2e'C '/helm') (2'/h)'I' Or
' e'F'——/2ph and

P = (co&—ro)/0». Ai(P) is the Airy function, deffned by

cos (-,'u'+up) du.Ai(p) =
gs 0

Co is a constant involving the matrix elements between
the periodic parts of the Bloch states at the band edges,
in addition to material parameters and fundamental
constants. Lr& is the energy of the band gap, and p, is
the reduced mass of the electron-hole pair for this
transition. e, m, A, and c have their usual meanings.

Applying the relations between the optical constants
e and e and the imaginary part e2 of the complex dielec-
tric constant, it follows that

es (a),F)= (uc/(o)rr (oo,F)

and therefore

s((u,F)= (8/cu')l) p'"{Ai y},
where 8= (2e'C '/hnz')(2p/h)ei' does not contain the
frequency except for a slight dependence through the
matrix elements. {Airy} is an abbreviation for the
expression inside the brackets of Eq. (1), which depends
only upon the difference of the frequency with respect
to the edge M~.

For F~0, Eq. (4) goes over into the familiar ex-
pression for the absorption due to direct allowed transi-
tions above a parabolic edge (~)d'or),

s

e2((u, 0) =0.3187X (8/co') (ro —ro&)'"

and gives es —+ 0 as F +0 below the e—dge (a& &&or).

It was shown in a previous paper4 in what manner the
constant 8 in front of an expression of the type of
Eq. (5) can be used as a free parameter in order to fft
the field-free case as closely as possible to the experi-
mentally observed absorption curve. Rather than
calculating the absorption coefficient in the presence of
an electric field from first principles, this adjustment
process makes the electric field act as an operator on an
experimentally observed curve. In this analysis, the
constant 8 will be used in an even wider sense, represent-
ing the "strength" of the transition.

Multiplying e& by ~'/8 results in an expression which
is independent of the actual location of the edge and of
its strength. A normalized parabolic edge (PAR) at
4o~ is therefore defined as one for which the following

' K. Tharmalingam, Phys. Rev. 130, 2204 (1963);J. Callaway,
ibid. 130, 549 (1963); 134, A998 (1964).

8 J. Sardeen, F. J. Blatt, and L. H. Hall, Photocondgctieiky
Confereloe (John Wiley 8r Sons, Inc. , New York, 1956), p. 146.
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relation holds

LNorm(es) p&R) = (o~'/8) es ——0.3187 ((o—oui)'" )

( ) ) (6)

Multiplying Eqs. (4) and (5) by otic/8, and subtracting,
gives the change in the imaginary part of the dielec-
tric constant in normalized form at such an edge

LNorm (Des) ppR) = IIp'~'{Airy) —0.3187 (oi —cu,)'I',
(oi)(di)

=0+'is{Airy) . (~ &~i) (7)

The field-induced change in e2 causes a related change
in e&, which is determined by the Kramers-Kronig dis-
persion relation'
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FIG. 1. The normalized change of the real part e1 of the dielec-
tric constant, as induced at a parabolic edge by an electric held
of 45 kV/cm.

9 F. Stern, Sol~ State Physics (Academic Press Inc. , New York,
1963), Vol. 15, p. 327; Phys. Rev. 133, A1653 (1964).

It is not immediately obvious from Eq. (8) that hei
can be written in the same normalized form as A&2.

No closed analytical expression could be found which
made (o~s/B)d, ei strictly independent of ho&i. Numerical
computation of Eq. (8) for several values of kui
in the interval from 0 to 5 eV showed, however,
that (cP/B)d, ei does not change more than 1% in
this interval.

The normalized change in the real part of the dielec-
tric constant is therefore defined as

LNorm(hei) p~Rj= (a&'/B)hei. (9)

Plots of the numerical values of LNorm(hei) p~aj and

FIG. 2. The normalized change of the imaginary part e2 of the
dielectric constant, as induced at a parabolic edge by an electric
field of 45 kV/cm.

LNorm(Des)p~Rj are shown in Figs. 1 and 2 as func-
tions of the distance h(o&,—cubi) from the parabolic edge.
An electric field of 45 kV/cm is representative for the
surface potential barrier of a semiconductor. The
details of the numerical calculations of Eqs. (7) and
(9) were described in a previous paper. '

In closing this section the importance of this normali-
zation should be emphasized. The fact that he~ as
well as A&2 can be separated into one part which de-
pends only upon the relative distance from the edge
h(&u —o~i), multiplied by the square of the frequency,
will facilitate the final analysis. The experimentally
observed quantity

(hR/R) = (8/~o') $n(~) XNorm (Ae,)+P (~)
XNorrn(Ass)] (10)

can now be discussed mainly in terms of the spectral
dependence of the fractional coeKcients n and p, since
most observed structure has only a width of the order
of 0.1 eV, so that ~' can be considered constant for one
group of peaks. The appearance of an observed group
of peaks as to sign and multiplicity can be reproduced
by arranging the normalized values of Ae~ and de~
on the energy scale until the experimental result is
matched as closely as possible, considering the fractional
coeKcients n and p only. The final size of the calculated
structure can be adjusted in two ways: either by
determining the "strength" of the transition from a
match between Eq. (5) and an experimental absorption
curve, or, in cases where the related absorption edge
cannot be distinguished with sufhcient contrast, by
matching the observed hR/R as to the magnitude. If
the modulating electric field is known with sufhcient
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accuracy, this second process should permit conclusions
to be drawn as to the magnitude of the parameters con-
tained in 8, i.e., reduced mass and matrix elements. Parabolic Edge

II. NORMALIZED FRANZ-KELDYSH EFFECT
AT A SADDLE-POINT EDGE

Since the Franz-Keldysh effect was previously ob-
served in transmission only, the experiment was re-
stricted to the fundamental absorption edge."Repre-
senting a minimum in the band separation in k space,
this edge is necessarily of the parabolic type and no
need existed for an expansion of the theory to other
types of transitions. The observation of the Franz-
Keldysh effect in reQection on interband edges above
the fundamental edge changed this situation. First the
theory, in order to be expanded to saddle-point edges,
must take into account that the effect could now be
produced at critical points located on interband-energy
surfaces of less than cubic symmetry. Consequently
the effect must be expected to vary with the angle
between the electric field and the principal axis of the
saddle-point surface. Polarization of the light and
orientation of the reQecting surface will be of impor-
tance. " Secondly, the square-root singularities in the
joint density-of-state function, which lead to an expres-
sion for e2 of the type of Eq. (5) in the case of a parabolic
edge, now have the form

2(or~0) sp= A'—0.3187 (B/or ) (or&
—or)'I, (or &orr) (11)

LNorm (Ao2) s p$ = 0 3187(oui
—or)'r2 —0p'r2(Airy),

(or (ory)

(or)org). (12)= —ep'I'{Airy},

Notice that A&2 is independent of the "background"
term A on either side of the edge. The normalized form
can be carried through the Kramers-Kronig inte-
gral, giving the normalized change /Norm(keg) sp$
= (or'/B)her. No separate diagrams for /Norm(h~i) spj

' T. S. Moss, J. Appl. Phys. 32, 2136 (1961); D. %illiams,
Phys. Rev. 126, 442 (1962); M. Chester and P. H. Wendland,
Phys. Rev. Letters 13, 193 (1964); A. Frova and P. Handler,
ibid. 14, 178 (1965); L. M. Lambert, Phys. Rev. 138, A1569
(1965)."J. C. Phillips and B. 0. Seraphin, Phys. Rev. Letters 15,
107 (1965l.

for a saddle-point edge. In order to establish the effect
of an electric 6eld Ii on such a nondegenerate 3E~-type
saddle-point edge, Phillips proved the following duality
theorem for the case that E is parallel to the principal
axis of the isoenergetic saddle-point cone: The change
in e2 at a saddle-point edge is obtained from the corre-
sponding change at a parabolic edge by reversing the
signs of (or —orr) and Ae2. ' The theorem is illustrated in
a qualitative form in Fig. 3.

It follows from the transformation properties of the
theorem that the field-induced change in e2 is given in
a normalized form at a saddle-point edge by

F=O

F=F,

~ ~~e F Fi

I
I

'h~

Photon Energy i

FIG. 3. The 6eld-induced change in e& at a parabolic and a saddle-
point edge, according to Phillips duality theorem.

or LNorm(hc2) sp) are given, since they can be derived
from Figs. 1 and 2 by simple transformations.

Notice, however, that this transformation is entirely
different for the real part of the dielectric constant
compared to the imaginary part. The change in e2,

for which the duality theorem applies, transforms like
a reflection at the origin: (or —orr) —+ (or|—or) and
A&2 —+ —A&2. This is rot true for the change in ej, since
the "weighting function" (or"—or') —' contained in the
Kramers-Kronig integral causes Ae~ to transform as
reQection about cv& only, so that the duality theorem
must read in this case: (or —orr) ~ (orr —or) and hem~
A&2. This can easily be seen for a point co in the neigh-
borhood of the edge: A value A&2 to the right of the
edge is transformed into its negative value at an equal
distance to the left of the edge. While previously
weighted by a negative (or"—or') ', the negative value
after transformation is now weighted by a positive
(or"—or') ', so that the sign of the product is unchanged.
Upon integration over cv', the above difference in
the transformation properties of Ae~ and d ~2 is
demonstrated.

III. THE EFFECT OF LIFETIME BROADENING

The strong oscillations of he~ and de2 behind the
edge as shown in Figs. 1 and 2 are probably not a
realistic description of the situation. Lifetime broaden-
ing due to interaction with phonons leads to an in-
trinsic level width of more than 0.05 eV in the region of
the edge, so that the prospects for resolving these
Stark splittings are not favorable. The experiment
supports this view since only one high-energy satellite
is observed, and this is presumably just the vestige
of the Stark oscillations. '

In order to obtain a more realistic picture of the
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broadening parameter F and, for a fixed F=0.035 eV,
in Figs. 6 and 7 for different values of the electric field.
Except for the elimination of the parentheses, no
separate nomenclature is introduced for the lifetime-
broadened values, which are used exclusively from now
on through the rest of the paper, with the value
F=0.035 eV. This is close to 2kT at 200'K at which
temperature most of the significant measurements
were taken. Notice that introduction of lifetime
broadening has the desired effect of damping the
oscillations above the edge and rounding off the spike
w ose sharpness is an artificial product of the
calculations.

For small broadening F=0.015 eV, comparison of
Fig. 1 with Fig. 4 and of Fig. 2 with Fig. 5 reQects the
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absorption process, lifetime broadening is introduced
using the convolution

The IMld-induced change d,ec(~,F)Ln is calculated b
convoluting e&(~,0) and e&(~,F) separately and then

Lg ae

forming the difference. Aeq(ce, F)Ls is calculated by
integrating over Dec(~,F)Ls according to E . (8).

TLLhe numencal values for both quantities are plotted
in Figs. 4 and 5 for different values of the Lorentzian
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difference of the transformation for Bey and
Fig. 1 transforms into Fig. 4 (except for the broadening)
by reQection at the ordinate. Figure 2 goes over into
Fig. 5 by a 180-deg rotation around the origin.

It should be pointed out, that the narrow range of
suitable F values represents a result of physical signifi-
cance. The order of magnitude estimate of F, as ob-
tained from ordinary reRectance measurement Sq 1S

eV. The high resolution of the electro-reQectance
e ect in conjunction with these calculations permits the
deduction of the Lorentzian broadening parameter with
much greater precision. F=0.015 eV must be con-
sidered too small because the strong oscillations still
existing in the calculation for this value are not ob-
served in the experiment. F=0.050 eV, on the other
hand, suppresses the effect to an extent that the con-
stant 8 in Eq. (5) cannot be matched in e&. Hence it is
reasonable to conclude F=0.030~0.010 eV, a value of
considerably greater precision than any previously
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obtained from experiments with less resolution. The
implication is that it is now possible to measure the
Lorentzian lifetime-broadening parameter as a function
of energy and temperature using the electro-reQectance
technique.

IV. THE FRACTIONAL COEFFICIENTS
n AND Il

The analysis has now progressed to the point where
the effect of the electric Geld on the real as well as on
the imaginary part of the dielectric constant can be
calculated. The Geld-induced changes in e~ and
depend only on the relative distance from either a
parabolic or a saddle-point edge, so that the edge can
be placed at any point on the energy scale. Strength of
the transition and actual photon energy are added to
the normalized form as multiplicative factors.

0.03-

0.01-

-0.01

-0.03-

I

4 eV

Fro. 8. The fractional coeflicients n and p in Eq. (14) for
germanium, after Ref. 12.
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The fractional coefficients tr and P are functions of
photon energy, and their sign and relative magnitude
determine the result of the analysis in the different
spectral regions. Figures 8 through 10 plot these coeK-
cients for Ge, Si, and GaAs, as calculated from experi-
mental values of the optical constants. " The three
diagrams are very similar: A low-energy region, which
contains the fundamental absorption edge, is dominated
by e. The o. dominance in this region makes it difGcult

to understand the Franz-Keldysh effect in reQection
without applying the Kramers-Kronig dispersion rela-
tion. Rising P and falling cr produce a crossover, which

in all three materials is located near a region of pro-
nounced structure in the reQectance. a goes through
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Proceeding further from such a knowledge of Ae~

and he~ as functions of the modulating electric Geld,
the analysis must now evaluate to what extent these
two functions contribute to the change in reQectance
AR/R. Differentiating Fresnel's formula, expressed in
e~ and e2, gives

AR/R= G(et)e2)Aet+P (elpe2)A22 y (14)
where
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FIG. 9. The fractional coe/licients o! and P in Eq. (14) for
silicon, after Ref. 12.

n H. R. Philipp and E. A. Taft, Phys. Rev. 120, 37 (1960);
H. Ehrenreich and H. R. Philipp, in Proceedings of the International
Conference on the Physics of Senticogdnctors, Exeter, 1962 (The
Institute of Physics and The Physical Society, London, 1962),
p. 367.
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FIG. 10.The fractional coefficients n and p in Eq. (14) for
gallium arsenide, after Ref. 12.

zero and changes sign in the region where p is strongest;
p then also goes through zero. The change of sign in p
is again a region of structure in the reflectance of all
three materials. '3

V. ANALYSIS OF THE 3.4-eV REGION
IN SILICON

Figures 4 through 7 show the four basic elements of
the analysis: the electric-6eld-induced changes in e&

and e2 on a parabolic as well as on a saddle-point edge.
The different transformations which derive them from
e2 at a parabolic edge give them a different appearance
with respect to general symmetry, ratio of the peak
height, and location relative to the edge. At both types
of edges, hei is characterized by two peaks of opposite
sign, the larger peak being negative and located close
to the edge. The sequence, however, reads down-up at
the parabolic edge and up-down at the saddle point.
he2 shows a strong center peak, surrounded by satellites
on either side. The center peak is positive and below the
edge in the parabolic, and negative and above the edge
in the saddle-point case.

If structure is observed at a given photon energy,
the signs and relative sizes of n and p must first be
determined. This decides the fractions of the con-
tribution of ht. ~ and A&2 to the reflectance response
AR/R at this photon energy. After this determination,
both types of edges can be tried with this mixture,
moving them through the region of the structure. The
best fit with the experiment determines the final
selection.

This adjustment process is demonstrated for the
3.4-eV region in n-type Si.As shown by the dashed line in
Fig. 11, a threefold structure of one positive and two

~' M. Cardona, J. Appl. Phys. 32, 2151 (1961);T. M. Donovan,
E.J.Ashley, and H. E.Bennett, J. Opt. Soc. Anr. 53, 1403 (1963);
U. Gerhardt, Phys. Letters 9, 118 (1964).

negative peaks is experimentally observed. ' At 3.33
eV Fig. 9 shows that rr and P are of about equal size.
The reflectance response consists therefore of approxi-
mately equal contributions from he& and he2. For a
saddle-point edge, this ratio produces an up-down se-
quence of approximately equal peak size, which is not
observed. Better agreement is obtained for the para-
bolic edge, which gives a strong negative peak above the
edge.

Leaving the 6rst negative peak and proceeding to
3.4 eV, o. decreases quickly and yields completely to the
growing P at 3.5 eV. The remaining part of the struc-
ture is therefore P dominated. The experiment can be
reproduced with the up-down structure of a saddle-point
6~2, placed at 3.41 eV, with the small admixture of
De~ emphasizing this line shape.

The solid curve in Fig. 11 was computed by super-
imposing all four components, taking the spectral de-
pendence of n and P into account point by point:

DE
—LQ(M)Eel(rd)+p(re)de2(M)) ' PAR

+L~(~)~er(~)+p(~)~es(~)j'"" » (1&)

The Lorentzian broadening parameter F is 0.035 eV.
The details for the experimental curve are reported in
separate papers. ' "

Since no other arrangement of edges reproduces the
observed structure as well, the conclusion seems in-
evitable that this structure is correlated to a parabolic
edge at 3.33 eV and a saddle-point edge at 3.41 eV,
in agreement with previous assignment. ""As derived
from Poisson s equation in the surface potential barrier,
the modulating 6eld is not constant in the region of the
optical absorption, so hence no conclusions can be
drawn from the magnitude of 8 which matches the
size of the responce in Eq. (10).The same 8, however,
roughly matches Eq. (5) assuming the value for e2 of
Si at 3.4 eV.~2

The positive peak is produced automatically by the
calculations as a satellite structure, though it has been
classihed from experiments by its response to tempera-
ture and field as of excitonic origin.

VI. ANTI-FRANZ-KELDYSH EFFECT AT
SADDLE-POINT EDGES

This final section demonstrates how the transforma-
tion properties of the duality theorem provide, in the
form of an anti-Franz-Keldysh effect, criteria for the
assignment of structure to transitions even more

'4B. O. Seraphin and N. Bottka, Phys. Rev. Letters 15, 104
(1965).

"H. Ehrenreich, H. Philipp, and J. C. Phillips, Phys. Rev,
Letters 8, 59 (1962); J. C. Phillips, SoLid State Physics, edited by
F. Seitz and D. Turnbull (Academic Press Inc. , New York, 1966),
Vol. 18; D. Brust, Phys. Rev. 134, A1337 (1964); M. L.
Cohen and J. C. Phillips, i'. 139, A912 (1965); G. Vf. Gobeli
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VII. CONCLUSIONS

In all spectral regions investigated here, the electro-
reQectance effect can be understood as a Franz-Keldysh
phenomenon, observed in reQection and caused by the
electric 6elds in the surface potential barrier.

The reQectance response at higher interband transi-
tions can be derived from the known response at the
fundamental transition, using the Kramers-Kronig dis-
persion relation and Phillips' duality theorem.

Using reasonable values for lifetime broadening, line
shapes of the reQectance response can be calculated,
which are distinctly different for different types of
interband transitions and in different parts of the
spectrum. This facilitates the recognition of basic
patterns in the experimentally observed structure. A
comparison of the observed and the synthesized struc-
ture suggests type and energy of the associated inter-
band transition.

The analysis supports previously reported con-
clusions about the 3.4-eV region in Si. The experiment
is reproduced by the synthesized structure if a para-
bolic edge is placed at 3.33 eV and a saddle-point edge
at 3.41 eV.

Using the transformation properties of the duality
theorem and the Kramers-Kronig dispersion relation,
it is demonstrated that structure at a saddle-point edge
shifts with dc Geld into a direction opposite to the shift
at a parabolic edge. This establishes a valuable experi-
mental criterion, verifj. ed for Si and GaAs for the dis-
crimination among the diGerent types of interband
transitions.

In order to synthesize the observed reQectance
response it is necessary to use the value F=0.030
+0.010 eV for the Lorentzian lifteirne-broadening
parameter. It is concluded that a study of the electro-
reQectance eGect at various edges and over a range of
temperature will yield this lifetime-broadening param-
eter with considerably higher precision than previous
order-of-magnitude determinations.
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