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Franz-Keldysh Effect of the Refractive Index in Semiconductors
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Changes in the shape of the fundamental absorption edge of a semiconductor as induced by strong electric
Gelds will lead to correlated changes in the refractive index. Computation of the dispersion integral for an
absorption edge that is modiGed by the Franz-Keldysh effect proves that the refractive index of germanium
and gallium arsenide changes by as much as 0.02, for instance, for electric Gelds characteristically present
in a p-rl, junction. The fact that the refractive index depends upon electric fields extends the Franz-Keldysh
effect to reflection phenomena, even if this refractive index is much greater than the extinction coefFicient,
which is usually the case near the fundamental edge of semiconductors. Based on this dependence of the
refractive index upon electric Gelds, the Geld effect of the reflectance in germanium is interpreted and good
agreement is obtained with experiment. It is pointed out that this mechanism could be relevant for the
confinement of the radiation in a gallium arsenide laser.

I. INTRODUCTION"UMEROUS experimental observations have con-
firmed the prediction of Franz' and Keldysh'

that in the presence of an electric field the fundamental
absorption edge of semiconductors acquires an ex-
ponential tail, ' ' which is sometimes referred to as a
shift of the edge towards lower photon energies. Al-
though it is generally recognized that as a result of this
effect the transmission properties of semiconductors
in the vicinity of their fundamental edge depend
upon electric fields, very little attention has been paid
to the inQuence on the refl.ectance. Since in this wave-
length region the extinction coefficient is always much
smaller than the refractive index, the refl. ectance is
almost entirely determined by the latter. It can easily
be shown that the 6eld-induced change in the extinction
coefficient alone changes the refl.ectance only by
amounts beyond detection.

This argument, however, neglects the close relation
between the two optical constants as described by the
dispersion relation. ' A change in the absorption
coefficient due to Franz-Keldysh effect cannot be
without consequence to the refractive index. If the
correlated change is sufficiently large, the whole com-
plex of reflection phenomena —on external as well as on
internal interfaces —becomes dependent upon electric
6elds in about the same manner the Franz-Keldysh
effect acts on the transmission properties.

In this paper, calculations are presented of the
refractive index of germanium and gallium arsenide in
the presence of electric fields. In the wavelength region
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of the fundamental edge the field-induced change in the
absorption coefficient is computed using expressions
which Callaway' and Tharmalingam' derived. Applica-
tion of the Kramers-Kronig dispersion integral to this
change produces the correlated change in the refractive
index.

Based on these numerical results, an interpretation of
the 6eld effect of the reflectance in germanium is
presented. It was recently reported" " that the
reflectance near photon energies of direct interband
transitions depends upon the surface potential at the
reQecting interface. Good agreement is obtained with
this experimental observation assuming a Franz-
Keldysh effect of the refractive index in the strong
electric 6elds of the surface potential barrier. The
explanation falls short of the experiment by two orders
of magnitude, if only the absorption coefficient is
assumed to change.

Considering reflection from internal interfaces, it is
pointed out that the Franz-Keldysh effect of the refrac-
tive index may be relevant to radiation confinement in
narrow P-n junctions.

II. THE REFRACTIVE INDEX IN
AN ELECTMC FIELD

1. Field-Induced Change in the Absorytion
CoeRcient

The basic studies of the inhuence of an electric field
on the optical absorption edge of semiconductors were
done by Franz' and Keldysh. ' Their results were ex-
tended to photon energies greater than the band gap by

' J. Callaway, Phys. Rev. 130, 549 (1963); ibid 134, A998.
(1964).' K. Tharmalingam, Phys. Rev. 130, 2204 (1963)."B.O. Seraphin, Proceedings of the International Conference on
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Sulyanitsa, " Callaway, ' and Tharmalingam. " They
obtained explicit expressions for the absorption coef-
ficient which can readily be evaluated. For the purpose
of this paper is it sufficient to use the weak-field approxi-
mation for the absorption coeKcient n. (ca,F) in the
presence of an electric field Ii, as derived by
Tharmalingam:

n(cv, F)= (CHp't'/cu)Lld Ai(P)/dPl' —Pl Ai(P) l'j, (1)

with Hp'= (esF'/2p/s) and P= (cot—co/H~). Here Ai(P)
is the Airy function, "defined by

1
Ai(P) =

ger
cos (-', n'+ up) du. (2)

e and It are the charge of the electron and Planck's
constant, respectively. A~& is the energy of the band
gap. p is the reduced mass of the electron-hole pair.
In the following calculations, p, =0.069mo for ger-
manium'~ a,nd @=0.065mo for ga, ilium arsenide' are
used. C 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. C will not be given explicitly,
since no calculation of the absorption coefficient from
first principles is intended. C and ~~ will rather be used
as free parameters in order to fit the limiting case of
Eq. (1) for F —& 0 to measured values of the absorption
coefficient. For F —+0, Eq. (1) goes over into the
familiar expression for the absorption due to direct
allowed transitions behind the edge" (co)~r)
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=n(~,F)—n(~, 0) is calcula, ted by subtracting Eq. (3)
from Eq. (1).

C
An(a), F)=—Hp'"

d Ai(p) '-

—plAi(p) l'

—0.3187(a)—~,)'" (o))u, )

d Ai(p) '
—PIAi(P) I (~ «r)

FIG. 1. The change in the absorption coefficient of germanium,
as induced by electric fields of different strength, calculated
from Eq. (4).

n(a, 0) ~ 0.3187 (C/(o) (co—(ur)'" (3)

and gives n —& 0 as F ~ 0 in front of the edge (a&(a&t).
C and co& are adjusted such that Eq. (3) reproduces as
close as possible the upper part of the experimental ab-
sorption edge C= 7 7~X 10"cm sec s= 1.22X1o'
sec ' give the best fit for the measurement of Dash and
Newman'0 of the absorption edge in germanium, and
C=1.76X10" cm ' sec '" ~~=2.15X10"sec ' repro-
duce the values of Moss" for gallium arsenide satis-
factorily. Using these values, the change An(~, F)

"D. S. Bulyanitsa, Bull. Leningrad Univ. 10, 20 (1959);
Zh. Eksperim. i Teor. Fiz. M, 1201 (1960) L'English transl. :
Soviet Phys. —jETP 11, 868 (1960)7.' L. D. Landau and E. M. Lifshitz, Quantum Mechanics
(Addison-Wesley Publishing Company, Inc., Reading, Massachu-
setts, 1958), p. 519.

'~ T. S. Moss, Optical Properties of Semicond'uctors (Butter-
worths Scientific Publications, Ltd. , London, 1959), p. 132.
Correctly, a frequency-dependent reduced mass p(co) should be
used instead of this average value for the minima in the (111)-
direction. This simplification does not affect the calculations
seriously. Considering the light holes or using the electron mass
for the direct transition, for instance, would only result in a slight
compression of the horizontal scale towards the center of Fig. 1—4."T. S. Moss, J. Appl. Phys. 32, 2136 (1961).' J. Bardeen, F. J. Blatt, and L. H. Hall, Photoconductinity
Conference (John Wiley R Sons, Inc. , New York, 1956), p. 146.

'0 W. C. Dash and R. Newman, Phys. Rev. 99, 1151 (1955).
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FIG. 2. The change in the absorption coefficient of gallium
arsenide, as induced by electric fields of different strength, cal-
culated from Eq. (4).

Plots of the numerical values of An versus photon
energy as obtained from Eq. (4) are shown in Figs. 1
and 2 for germanium and gallium arsenide, respec-
tively. The calculations on either side of the funda, -
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one on either side. The eRect was studied in particular
as a function of the surface conditions for the funda-
mental absorption edge at 0.80 eV. It was found that the
response is always negative regardless of the direction
into which the potential barrier grows and further, that
the eRect disappears for the Rat-band position in
which no potential barrier exists at the interface. It was
concluded from these two observations that the electric
field in the potential barrier, rather than the external
modulation field, is the cause of the change in reRect-
ance. An attempt to support this conclusion by a
numerical estimate fails, however, as long as only the
usual Franz-Keldysh eRect of the absorption coefficient
is assumed. The total differential of

(e—1)'+k'

(n+1)'+k'

with respect to the two optical constant g and k gives
for the fundamental absorption edge of germanium,
using v=4.00 and k= 1.55&(10-',

where
hR//R =0.2676m+ 0.00226k,

LN = (l%/4m)hn. (10)

Transmission measurements through reverse-biased
p-e junctions show that a peak value for An of less than
10' cm—' is obtained for a field strength of 0.5)&10'
V/cm. ' Using this value of hn(10' cm ' in Eq. (10)
and inserting the resulting hk value in Eq. (9) produces
hR/E. &2X10—', in disagreement with the experimental
value of 10 ' by almost two orders of magnitude.

If, on the other hand, the Geld-induced change in the
refractive index is calculated by inserting the de
function for the same field strength into the dispersion
integral Eq. (7), it is easily seen from Fig. 3 that the
he values of approximately 10 ' bring Eq. (9) into the
right order of magnitude. Ke conclude, therefore, that
even on this very general basis it is necessary to assume
the coupling of e and k, as described by Eq. '(7)'in
order to obtain agreement with the experiment as to the
order of magnitude. The agreement goes much further
than this, however. In a previous paper" it was shown
that by inserting experimental An values into Eq. (7)
for fields determined from Geld eRect measurements, the
spectral distribution of the effect could be satisfactorily
reproduced in front of the edge. This can be demon-
strated easily from Fig. 3 as well. Since AR/R is
essentially a linear function of he, according to Eq. (9),
it follows the he plot of Fig. 3. A negative center peak
at the edge is accompanied on either side by a positive
satellite peak. Further oscillations of the eRect on the
short-wavelength side of the edge are rapidly damped
for these small 6elds. )Vote added im proof. J. C. Phillips
(private communication) points out that lifetime broad-
ening presumably rounds oQ the sharp corners at 8=Eg
and damps the oscillations more rapidly. ) That it is
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necessary to assume at least one of these oscillations,
however, in order to reproduce the almost always ob-
served peak behind the edge, proves in our opinion that
these oscillations are real. Transmission measurements
of the Franz-Keldysh eRect, restricted to the regions
of smaller absorption in front of the edge, were not
able to prove these oscillations so far.

Figures 5 and 6 demonstrate that the wavelength
positions of these peaks as well as the phase relation be-
tween reflectance response and modulating field are
reproduced correctly by Eqs. (7) and (9). Figure 5
is repeated from Ref. 13 and shows how the three peaks
move on the wavelength scale if a dc bias increases the
height of the potential barrier, around which the ac
field of constant amplitude modulates the surface
potential and therefore the reflectance. Kith —260 V
producing the field-free Bat-band position, according to

IOO

E
O

80—
I

CQ

C3 60—

V
V
V
V
V
V
V
V
V
V
.V
V
V
V
V
V
V
V
V

I I I I

-0.06 -0.02 EG

V
V
V

V
V

V
V

V
V

V
V
V

I I I

0.02 0.06 eV

Photon Energy

Pro. 6. Simulation of the experimental situation of Pig. 5 by
assuming a variable dc bias superimposed on an ac field of con-
stant amplitude in Eqs. (7) and (9). Orientation of the triangles
in both figures signifies the phase relation between reflectance
response and modulating field.
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simultaneous field-effect measurement, triangles above
the abscissa belong to an e-type surface of increasing
average field strength in the potential barrier. Triangles
with the base up represent a positive peak of AR/R
produced by the positive half-wave of the modulating
field, and triangles base down mean that AR/R goes
negative when the positive half-wave increases the field
strength in this n-type surface.

Figure 6 plots the results of a calculation which
simulates the experiment by superimposing a modula-
tion field of 10' V/cm constant amplitude onto a dc
bias field of variable strength. The wavelength position
of the first three peaks of AR/R is plotted as a, function
of this dc bias. They show the correct phase relation to
the modulating field, as indicated by the orientation of
the triangles. In addition to this, the peaks move into
the right direction if the average field strength is in-
creased. The short-wavelength peak moves stronger to
higher energies than the center peak does and the long-
wavelength peak moves slightly to smaller energies.
Since the measurement was taken at —65'C, the posi-
tion of the peaks in relation to the edge is approximately
correct, the energy gap being 0.833 eV at this tempera-
ture. Since the experimental peaks fit into Fig. 6 in the
lowest part, up to 20 kV/cm only, the separa, tion of the
peaks by about 0.01 eV agrees well in both cases.

It is concluded that not even on the very general basis
of Eqs. (8) and (9) can an explanation be given for the
field effect of the reflectance in germanium, if only the
absorption coeKcient is assumed to change in the
electric field. But that agreement is found on a large
scale if the refractive index is assumed to be affected,
too, according to the dispersion relation of Eq. (7).
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as induced by electric 6elds of different strength. Enlarged detail of
I'ig. 4 for photon energies smaller than the gap.

2. Radiation Confinement in Narrow P-n Junctions

Figure 7 presents an enlarged detail of Fig. 4 for
photon energies smaller than the fundamental absorp-
tion edge. The electric fields for which he is plotted,
typical for unbiased narrow P-I junctions, raise the
refractive index by amounts of up to 1.2)&10 '. The
peak of this increase shifts towards the edge Eg for de-
creasing electric field, reducing "linewidth" and height
at the same time. The peak moves away from the edge
for increasing field, leveling off in height, but spreading
out in width. In a previous paper, " the wavelength
position of the peak increase was expressed in terms of
the forward bias and the built-in potential of a linear-
gradient-type junction. It was pointed out that this
mechanism contributes in principle to the radiation
confinement in a gallium-arsenide injection laser, but
that no final conclusion can be drawn at the present
time as to the extent of this contribution.

APPENDIX

The dispersion integral in Eq. (7) was calculated on
the IBM 7094 Data Processing System, using Simpson's
rule over a grid size of Ace=1&(10" sec '. This grid
separates the points equidistantly by 4.13&(10—' eV
on the abscissa of Figs. 1—4, sufficiently close to each
other even for the region around the pole cv'=co of the
integrand in Eq. (7). Since AN(co) was computed for
grid points only, two regular grid intervals her straddled
the pole co'=co, contributing the principal value of the
integral

os+6 co

co—

Aced

1 2(v+ D(u
= ——ln

2' 2M Aco

Equation (7) calls for integration over the whole fre-
quency range 0(co'( ~. Fortunately, the integrand
converges so rapidly that in order to calculate De(io)

"B.O. Seraphin and N. Bottka, Appl. Phys. Letters 6, 134
(1965l.

IV. SUMMARY

Relatively large changes in the refractive index of a
semiconductor of up to 0.02 must be expected if the
fundamental absorption edge is modified by the pres-
ence of an electric field. The change is suKciently large
to produce Franz-Keldysh —type effects for this wave-
length region not only in transmission, but also in
reBection.

The calculations are applied to the recently reported
field effect of the reflectance in germanium. The Franz-
Keldysh effect of the absorption coefficient alone falls
short of the experiment by two orders of magnitude.
However, the concept of a field-dependent index of
refraction, as developed by these calculations, satis-
factorily reproduces the experimental results as to sign,
magnitude, spectral distribution, and shift of the peaks
with increasing field.
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0) GO (d GO

&0.01
8 It. n(co')dec'

(A2)
M —M

even for Aco=Eg&0. 12 eV. Calculations show that
A=EG —0.125 eV, and B=EO+0.30 eV, satisfy the
inequality of Eq. (A2).

Aside from this question of convergence, an estimate
must be made for the contributions from interband
transitions above the fundamental edge. The next

over 0.12 eV on either side of the edge Eg, the integra-
tion had to be carried out over an interval A-B, only
slightly larger than the range of Ae. A and 8 are
determined from the requirement that the total con-
tribution from regions outside 3-8 should not exceed
1% of the integral over 2 8-

"an(co')d~' "An(co')dec'

reflectance response comparable in strength to the
response at 0.8 eV was observed in germanium at 2.1i.
eV. Approximating this response by assuming a con-
stant An=5&10' cm ' between the photon energies
E1=2.05 eV and E2=2.15 eV, an upper limit for the
contribution 5e of this transition to the refractive
index at the high-energy end Es——Eg+0.12 eV is ob-
tained by

8E Itc
S~(E,) =Sn-

'r E1 E Eo 7l

(E„Et)
X =9.4X10 '. (A3)

E2—E2

This proves that even the closest transition of con-
siderable response contributes only amounts of the
order of 1% to the Ate in the region of the fundamental
edge.
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Photoemission Investigation of the Band Structure of PbTef
W. E. SPIcER AND G. J. LAPEYRE f.

Stamford Etectrortics Laboratories, Stanford Urtiuersity, Stanford, Califorrtia
(Received 17 February 1965)

easurements of the spectral distribution of photoemissive quantum yield and the energy distribution of
photoemitted electrons from PbTe for 5.0 eV &hv & 11.5 eV are reported. The electron amenity is found to be
4 6+0.3 eV. Regions with high density of states are located 0.7 and 1.2 eV below the valence-band maximum
and assigned to the (L4+,Le+l and Le+ symmetry points, respectively. By using the photoemission data and
Cardona and Greenaway's optical data, the L6 and (LS,L4') conduction-band points are located approxi-
mately 1.3 eV above the valence-band maximum. A high-density point is found 2.4 eV below the valence-
band maximum. Evidence is presented that this high-density point is not due solely to structure near the
L point.

I. INTRODUCTION
' 'N recent years there has been considerable interest in
~ ~ the band structure of PbTe and the other lead salts.
First-principle theoretical calculations have proved dif-
ficult because of problems in determining both the core
and valence potentials. However, the recent work of
Pratt and Ferreira and. of Conklin, Johnson, and Pratt,
which uses only a minimum of experimental data, has
produced reasonab)e results at the L point. '

By making use of the Shubnikov —de Haas method,
and other experimental data, the band structure has
been determined in detail at the band extrema which are

t Work supported by the Advanced Research Projects Agency
through the Center for Materials Research at Stanford University.*Participant, National Science Foundation Research Participa-
tion for College Teachers.

f. Permanent address: Department of Physics, Montana State
College, Bozeman, Montana.' G. W. Pratt, Jr., and L. G. Ferreira, Physics of Semiconductors
(Dunod Cie. , Paris, 1964), p. 69; J.B.Conklin, Jr., J. E. Johnson,
and G. W. Pratt, Jr., Phys. Rev. 137, A1282 (1965).

located at the L point. ' ' Through consideration of the
interactions with other bands at the L point necessary
to give the observed band structure, Cuff et a/'. 4 have
estiinated the location of the other bands near the L-
point extrema. Kleinman and i,in' have used the data
at the extrema as well as the optical data of Cardona
and Greenaway' as the basis for a pseudopotential band
calculation.

The only experimental studies previously available
which gave direct information concerning the band
structure away from the extrema are contained in the
optical studies of Cardona and Greenaway. ' These

J. 0. Dimmock and G. B. Wright, Physics of Semiconductors
(Dunod Cie, Paris, 1964), p. 77.' K. F. Cuff, M. R. Ellett, C. D. Kuglin, and L. R. Williams,
Physics of Semiconductors (Dunod Cie. , Paris, 1964), p. 679.

K. F. Cuff, M. R. Ellett, C. D. Kuglin, and L. R. Williams
(unpublished).' L. Kleinman and P. J.Lin, Physics of Semiconductors (Dunod
Cie. , Paris, 1964), p. 63.

M. Cardona and D. L. Greenaway, Phys. Rev. 133, A1685
(1964).


