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Effect of Charged Surfaces on the Optical Absorption Edge*
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Electric 6elds existing within the space-charge region near a charged surface of a solid are shown to be cap-
able of signidcantly altering the fundamental optical absorption edge. Their effect is to produce below the gap
energy an exponential tail whose slope and magnitude depend on the Geld strengths. Furthermore, at any
given frequency in this tail, an apparent absorption coefficient should be observed having an inverse de-
pendence on the sample thickness. Using representative values for the relevant quantities, it is found that
this effect can produce an apparent absorption coefhcient of 200 cm ' at the photon energy equal to the
energy gap with the tail extending below this for ~0.02 eV. Some data are cited to support the suggestion
that such absorption effects occur very commonly although they have not been recognized.

INTRODUCTION
' 'T is well known that surfaces of solids commonly
~ ~ acquire a charge and this charge is compensated by
an equal and opposite charge distributed through a
space-charge region adjacent to the surface. ' The elec-
trostatic field within the space-charge region frequently
reaches peak values in excess of 10s V/cm near the sur-
face. Thus, beneath any charged surface there exists a
thin layer containing fields of sufficient magnitude to
cause a measurable broadening of the fundamental
optical absorption edge. ' Such broadening, when caused
by a uniform applied field, is the Franz-Keldysh ef-
fect.' 6 The purpose of this paper is to present a cal-
culation of the corresponding optical absorption to be
expected from a surface-charge-induced analog of the
Franz-Keldysh effect. A closely related effect on the
reQectivity has been observed recently in several
materials. ~

The present discussion is confined to absorption at
photon energies ko equal to or less than the energy gap
Ace, of the ideal solid in order to avoid the spectral region
in which strong bulk absorption occurs. It should be
noted, however, that the process being considered is
truly fundamental absorption, since it excites electrons
from lower to higher bands of the solid. It differs from
ordinary fundamental, absorption only because the crys-
tal wave functions are altered by the electric Geld.

varies only in a direction normal to the surface and at
a rate slow enough so that it may be regarded as essen-
tially constant within any thin, but macroscopic, layer
parallel to the surface. This latter assumption permits
the direct application of the Franz-Keldysh type of
analysis to obtain a local absorption coefficient A as a
function of Geld F and photon energy Ace. Then the total
absorption coe@cient o. at any value of co is found by
integrating A(co,F) over all field strengths, provided
a weighting function 8'(F) is available to describe the
probability distribution function of the Geld. Thus

A (zo,F)W(F)dF .

A (zo,F)= (0)'t'
(6u~gz1)/0

(2)

It is clear that this is equivalent to integrating over the
position coordinate x since F is a (one-dimensional)
function of position. The weighting function is therefore
a measure of the thickness of the layer containing a given
value of Ii. In this simple case it is easily seen that
W(F)= (dF/doc) ' and F,„ is the magnitude of the
field at the surface (x=0).

As in Ref. 8, the local absorption coeKcient is com-
puted using the relationship for direct transitions

METHOD where Ai(s) is the Airy function' and 0 is a measure of
the field strength given by

Evaluation of this surface-induced absorption is ac-
complished by the method previously developed to
evaluate the effect of impurity fields. The assumption
is made that the electric field in the space-charge region

0= (e'F'/2Itm*)'ts

*Supported in part by the U. S. Ofhce of Naval Research.' For a review of surface properties of semiconductors see T.3.
Watkins, Progr. Semicond. 5, 1 (1960).' Richard Williams, Phys. Rev. 126, 442 (1962).' W. Franz, Z. Naturforsch 13a, 484 (1958).

zL. V. Keldysh, Zh. Eirsperim. i Teor. Fiz. 34, 1138 (1958)
/English transl. :Soviet Phys. —JETP ?, 788 (1958)g.' K. Tharmalingam, Phys. Rev. 130, 2204 (1963).' Joseph Callaway, Phys. Rev. 134, A998 (1964).

7 B. O. Seraphin and N. Bottka, Phys. Rev. Letters 15, 104
(1965).' David Red6eld, Phys. Rev. 130, 916 (1963).

in terms of the electronic charge e, and the reduced ef-
fective mass of the valence and conduction bands no*.

LIt should be noted that this notation differs somewhat
from that of Ref. 8 and uses the expression for 0 agree-
ing with that of Refs. 5 and 6 rather than that of Ref.
3.Also, the value of the integral in Eq. (2) at the energy

gap (co=zoo) should be 0.067 rather than Franz's value
used in Ref. 8.1

z National Bureau of Standards, Barzdbook of Mathematical
Functions, edited by M. Abramowitz and I. A. Stegren (U. S.
Government Printing Ofhce, Washington 25, D. C., 1964),
p. 446 ff.
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The dimensionless frequency (ca,—co)/0 used in Eq.
2 will be used hereafter because of its convenience and
applicability to various materials, Geld strengths, and
other related problems.

To obtain a probability distribution function for the
electric fields needed in Eq. (1) it is necessary to And
a solution for Poisson's equation in the space-charge
region. Because such solutions depend on a number of
factors (such as concentrations of fixed and mobile
charges, temperature, surface charge density), several
representative types were assumed and used in these
calculations. It appears that the resulting optical ab-
sorption is not very sensitive to the shape of the poten-
tial distribution in the space-charge region provided
that the screening length X and bulk-to-surface potential
difference y, are fixed.

One specific, simple example is the parabolic potential
distribution which occurs in the presence of a uniform
concentration of space charge. A more realistic, simple
approximation to actual cases is an exponential poten-
tial &p=y, expL —x/Q for which W(F)=X/~F~ andF, =

~
F,

~

= q, /X. Both of these forms have been used
in the present calculations and show little difference in
result. The numerical values given below utilized the
exponential potential with which Eq. (1) takes the form

~(f) P(D f)'"f =~ "'~~
[ Ai(s))2ds, (3)

where f= (~,—a&)/0, is the dimensionless frequency re-
ferred to 0„ the value of 0 at the surface where Ii =Ii,.
This equation was evaluated numerically" over a range
of frequencies from the energy gap (f=0) down until
n(f) dropped to 10 ' n(0).

~'The integrals were evaluated with the aid of a program
developed by H. J.Bowlden. The program as used on an IBM 7094
and values of the integrals computed at 20 values of j from 0
to 4 are available.

RESULTS

This procedure gives the relative absorption as a func-
tion of frequency with parameters m* and +, describing
the material; q, is the bulk-to-surface potential differ-
ence, and X is the range of the screening charge. The
results are shown in Fig. 1 using a logarithmic scale for
n, the uniform field (Franz-Keldysh) effect is also shown
for comparison. It is of considerable interest that the
line through the points computed for surface fields is
actually straight over five decades below the absorption
value at the energy gap. %e thus And an exponential
absorption tail of the type observed in many materials
and associated with impurity fields in some cases of bulk
absorption. In the present case, as in other field-induced
absorptions, the exponential character of the tail has
its origin in the exponential-like attenuation of the wave
functions within the energy gap. (The choice of an
exponential potential function in the space-charge re-

FIG. 1. Calculated optical
absorption edge for frequencies
at and below the energy gap.
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"The writer is indebted to B. O. Seraphin and N. Bottka for
pointing out the need for the factor of m ' which was missed in
previous work.

gion is coincidental. A parabolic potential also leads to
an exponential absorption tail, as do others. )

From this general result for relative absorption it
turns out to be very simple to convert to absolute mag-
nitudes of n for any given problem. This follows from
the fact that above the energy gap n is not affected signifi-
cantly by moderate fields, so the theoretical absorption
can be equated to field-free observed values. Thus
for a direct-transition energy gap, the typical ob-
served absorption above the edge can be represented by
E(hs&—h~, )')', where E determined experimentally con-
tains all the relevant quantities such as densities of
states, transition probability, etc. This can be equated
to the Franz-Keldysh result in the asymptotic limit"
of large negative f which is just ~ '(h~ tao, )')'. —In thi—s
way the Franz-Keldysh effect can be obtained merely
by multiplying the relative values by mE.

To compare such calculated values with experiment,
however, it is essential to recognize that the present
case of surface-layer absorption differs from customary
bulk absorption in one important respect. This may be
readily seen from the defining relation for the absorption
coeScient as the fractional rate of attenuation of light
intensity I,

n= I '(dI/dx) .
Thus for a sample of thickness T, incident and trans-
mitted intensities Io and Iz, respectively, we have
(ignoring reflections)

T I0
n(x)dx=ln —.
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For the ordinary case of uniform, bulk absorption, n is
not a function of x and this can be directly integrated,
giving the standard relation nT=ln(Ip/Ip).

In the present case n is a strong function of x and this
standard relation is not applicable. It is useful, however,
to examine the consequences of surface absorption when
it is not recognized as such and is interpreted as bulk
absorption. There is reason to believe that such mis-
interpretation may be quite comxnon. Clearly, ' the use
of the bulk absorption relation will lead to an apparent
absorption coefFicient

But since (in an otherwise ideal sample) absorption
below the energy gap occurs only in the two surface
regions, Ip will not vary with thickness. Therefore the
n,» will have a reciprocal thickness dependence at axed
frequency.

To obtain a theoretical value which can be compared
to this Q' pp all that is needed is to calculate the value
for ln(Ip/Ip') by use of Eq. (4), whose integral is evalu-
ated as in Eq. (1).This integral should then give the
product (n,»T). By this means we may assess the mag-
nitude of the apparent absorption coeKcient due to
surface charge-induced effects in terms of the properties
of the ideal crystal, surface conditions, and the sample
thickness. An illustrative calculation of this type has
been performed by choosing reasonable values of the
relevant parameters and the convenient frequency f=0.
This is, of course, the highest frequency for which an
ideal material should have a=0 and happens to sim-
plify greatly the evaluation of Eq. (3) which becomes
n(0) =0.20) (Q,)'i'. In terms of photon energy measured
in electron volts we have hD, =7.3X10 (m/m*)" I7, l~,

so that n(0)~5.4X10~(m/m*)'i'(q )')'~s with tp, in
volts and A, in cm.

As an illustrative example, consider a S-p, thick. speci-
men of GaAs with p, =0.3 V and X= 10 ' cm. Using the
values m*/m=0. 044 (with the light holes dominant)"
and's EC=5.8X10 cm ' eV 'I' we evaluate Eq. (5) by
means of Eqs. (4) and (3), finding at the energy gap

n,p, (0)=2T 'prE(5.4X10 ') (23)"'
X(0.3X10 ")"'~200 cm '

where the factor of 2 is for the two surfaces which the
light must traverse. This value establishes the magni-
tude of the vertical scale in Fig. 1 as applied to this
example. The magnitude of the horizontal scale is de-
termined by the value of 0, which is equivalent here to
AQ, =0.02 eV. Thus the n,» drops by about a factor of
100 in the range 0.02 eV below the gap.

DISCUSSION

The close similarity of these results to numerous ob-
served absorption edges suggests that surface-charge-

n H. Ehrenreich, J. AppL Phys. (Suppl. ) 32, 2155 (1961)."L Kudman and T. Seidel, J. Appl. Phys. 33, 771 (1962).

induced absorption may be a very common occurence
although heretofore unrecognized. In comparing these
results with the many observations of exponential ab-
sorption tails, however, several other factors must be
considered. Absorption below the energy gap could arise
from surface damage in polished material, strains, tran-
sitions to impurity states, and field-induced funda-
mental absorption caused by bulk impurity fields. Only
in this last case, very similar to the present surface field
case, have exponential tails of this sort been accounted
for. A rough comparison can be made of the relative
strength of such impurity field absorption and surface
field absorption within the framework of the present
work. and Ref. 8. The result of this comparison is that
the two types lead to equal (apparent) absorption co-
e%cient at co=co, when

T—8~ )2 2 $)(]0—10@2/3

where T and) are in cm, y, in volts, and 1V is the im-

purity concentration in cm '. Unfortunately, this rela-
tion is difficult to verify, chief because X is seldom
known well and can be a complicated function of E.

Surface damage due to polishing has often been hy-
pothesized as the cause of thickness-dependent, expo-
nential absorption tails, but there is no evidence to
confirm this. In fact, such surface layers would lead to
a T ' dependence by the same arguments as used here,
although there is no basis for an exponential spectral
dependence. There has been one report of an observed
inverse thickness dependence in ZnTe and this was
ascribed to surface damage. "But when these same sam-
ples were etched suKciently to show fine structure near
the absorption edge, a strong thickness dependence was
still evident. '4

In the most detailed study of the absorption edge of
GaAs, the thinner samples had appreciably higher
values of 0, and internal strains were invok. ed to explain
this observation. "Here, too, there is no evidence to
support such a hypothesis for the freely suspended sam-
ples which are generally thought to be relatively
strain-free.

The magnitudes of 0, near the energy gap in the last
two cases cited were substantially greater than the 200
cm ' found in the present illustrative estimate. If sur-
face fields are responsible, this indicates that both
groups of materials had very long screening lengths
()10 4 cm). Their very high resistivities make this
conjecture fairly reasonable.

Finally, it is clear that for very thin specimens P T,
the two space-charge regions will interact and the T
relation should fail. This was observed in the work on
ZnTe." It is also possible that the absorption tails
caused by surface fields Inay be temperature-dependent
if the screening length changes with temperature.

'4 E.Loh and R. Newman, J.Phys. Chem. Solids 21, 324 (1961).
"M. D. Sturge, Phys. Rev. 127, 768 (1962).


