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Dependence of exciton reflectance on field and other surface characteristics: The case of
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Reflectance spectra at 2'K for the fundamental exciton of pure InP are reported. Both "free" surface
and biased Schottky barriers are investigated. It is shown that interference effects, due to various
mechanisms of interaction with the surface, have a dominant role in changing the line shape of the
excitonic structure, much in the same way as done by electric fields in the Schottky-barrier case. The
importance of taking into account the strong spatial inhomogeneity of the surface layer, even in the
absence of surface fields, is discussed for both cases of "classical" and spatial dispersion. It is found
that, owing to the above features, spatial-dispersion effects may be severely obscured. From the analysis
of the measured spectra, a value of 1.41SS eV is derived for the transverse exciton energy and of 4.9
meV for the effective-Rydberg energy.

I. INTRODUCTION

Ref lectivity measurements in the energy region
immediately below the fundamental gap of solids
are used to determine the basic parameters of the
exciton bound states. For III-V compound semi-
conductors, good quality epitaxial materials have
now become available and this has stirred renewed
interest in this type of experiments and in the un-

derstanding of the boundary mechanisms affecting
the spectral line shape. Information deduced from
reflectance is often useful in the analysis of the
luminescence spectra, a field which has also re-
ceived great attention in recent years. GaAs has
been thoroughly investigated by all optical tech-
niques, while InP is still in a rather developmen-
tal stage. Reflectance spectra in the former ma-
terial exhibit strong deviations from the usual line
shape of classical oscillators. This behavior was
attributed to spatial dispe-rsion effects (i.e. , k
dependence of the optical constants) and to the re-
lated additional boundary conditions. In this paper
we discuss, on the basis of new results obtained
for InP and of earlier data for GaAs reported by
other workers, the dominant effect of interference
across a surface layer, where the exciton proper-
ties are greatly distorted owing to interaction with
the boundary. We shall also propose that the non-
homogeneity of this region is so important, that
approximations in terms of a layer of uniform be-
havior cannot be made without running into a seri-
ous loss of resolving power as to the basic details
of the dispersion mechanism involved and of the
actual boundary conditions to be used.

In Sec. II we will try to give a general feeling
for the various aspects of the surface boundary
problem, referring to earlier work in the field to
point out the state of the art; this will be followed
in Sec. III by a description of the experimental
procedure, including preparation and character-
ization of samples for both "free surface" and
Schottky-barrier-controlled reflectance measure-
ments. Finally, the experimental results and a
discussion will be presented in Sec. IV, at the end
of which we shall summa. rize our conclusions, with
the hope that we have at least succeeded in promot-
ing some new theoretical interest in a problem
which presents itself as a rather stimulating but
complex task.

II. EXCITONS AT THE SURFACE BOUNDARY

The authors have recently reported the observa-
tion of interference effects in the low-temperature
reflectance of GaAs around the n = 1 state of the
fundamental exciton. ' Similar results have been
found earlier in CdS by Tyagai et al. at room
temperature (the binding energy being in that case
much larger). The interference effect is attrib-
uted to the existence of a surface layer where
bound exciton states are quenched due to the pres-
ence of an electric field, as discussed for instance
by Blossey. The GaAs experiment' was per-
formed by means of a Schottky barrier, which al-
lowed, in first place, application of fields high
enough to produce ionization of the n = 1 bound state
over a sizeable distance below the surface, and
also precise control of the interference conditions
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by acting upon the depth of the space-charge
region. As a result, it was demonstrated that the
spectrum of the exciton reflectance could be made
to change with continuity through a variety of line
shapes.

Now, even in the absence of an electric field,
i. e. , when dealing with a "free" no-contact sur-
face at temperatures where carrier freeze-out
takes place (as is the case for instance of absolute
reflectance measurements in GaAs at 2'K by Sell
et al. 4), other surface mechanisms should be ca-
pable of affecting the exciton behavior over appre-
ciable distances, giving rise to interference in a
way similar to the field-induced-quenching effect
discussed above. Therefore, deviations from
"normal" line shape are always to be expected, no

matter whether one is in the presence of spatial
dispersion effects, ' or whether the "classical"
limit (i. e. , no dispersion) is used. When dealing
with a spatially dispersive medium the various
authors ' had to resort to additional boundary
conditions to derive an expression for the reflec-
tivity: This implies particular physical mecha-
nisms at the surface, different from the bulk be-
havior. The presence of an "image-force barrier"
was postulated, for instance, by Hopfield and
Thomas. This originates from the repulsive in-
teraction of the exciton with its electrical image,
when the former approaches the surface. The re-
pulsive potential becomes infinite at the boundary,
where the local polarization of the exciton oscilla. -
tor is zero. Deeper into the crystal, one should
have a gradual change in the exciton parameters
towards the bulk equilibrium conditions.

The situation is obviously not dissimilar from
the one we have discussed for the Schottky-barrier
configuration, apart from the detailed profile of
the field, which is no longer triangular. The re-
gion of graded behavior should have an extension
which is proportional to the volume occupied by
the exciton wavefunctions, thus we expect that its
influence on the line shape be particularly strong
for Wannier excitons, which extend spatially over
many lattice constants. In the spatial dispersion
treatment by Hopfield and Thomas, the inhomoge-
neous region characterized by the image-force
barrier is not treated as such, being replaced by
a uniform film, devoid of excitons, of thickness
approximately equa, l to twice the radius of the first
Bohr orbit of the exciton. This layer affects the
reflectance line shape to a far larger extent than
any spatial-dispersion or lifetime-broadening ef-
fect one may wish to introduce. This can be de-
duced from the CdS spectra of Hopfield and Thom-
as and the GaAs results by Sell et al. In fact,
even in the no-dispersion framework, where ad-
ditional boundary conditions are not needed, the
physical mechanisms arising from the presence of

the surface have to be taken into account. Biell-
man et a/. have recently come to the conclusion
that, also for PbIz, any dispersion model without
a finite surface layer of a,nomalous refractive in-
dex behavior cannot give account of certain fea-
tures of the excitonic spectra. Conversely they
show that, provided such layer is included, any
type of dispersion (classical or not) gives at least
qualitative agreement with the observed spectra.
An experimental confirmation of the occurrence
of forces repelling the exciton away from the sur-
face into the bulk can be inferred from experi-
ments in thin films of the layer compound MoS~. '
An increase in energy of the exciton levels is ob-
served when the crystal thickness approaches the
size of the corresponding orbit. It has been shown
theoretically" that this effect stems from the ex-
citon distortion associated with the spatial confine-
ment. In thick crystals this is still true for exci-
tons approaching the surface to a distance of the
order of the effective Bohr radius: The energy of
the level would then tend to increase and the exci-
ton therefore experiences a repulsive force.

In any case, in doing reflectance measurements,
one has to do with a stratification of media, i. e. ,
free space, transition surface layer, and normal
bulk substrate. The principal difficulty sits in the
inhomogeneity of the thin intermediate layer,
where the variation of the optical parameters is
too fast to permit use of the WKB approximation
valid in electroreflectance of semiconductors
above the gap. ~ It can be verified, starting from
the data of Ref. 4, that in GaAs the peak contribu-
tions of the n = 1 exciton oscillator to the real and
imaginary parts of the dielectric function are re-
spectively equal to 6 and 12, against background
values of 12.6 and 0. '3 The entire exciton terms
are rapidly washed out, approaching the surface,
over a distance which should not exceed an effec-
tive Bohr diameter, i. e. , about 250 A in GaAs and
InP. For Schottky barriers, instead, this distance
is determined by the particular profile of the field.
It is because of this dramatic variation that we are
led to expect a major dependence of the line shape
on interference effects, even though precise de-
tails can only be predicted if the nonuniformity of
the surface layer is duly taken into account.

The role of the broadening parameter I' is also
rather important. First of all, for I' (in the bulk)
larger than the transverse-longitudinal exciton
splitting, spatial dispersion effects are probably
masked. ' In GaAs the splitting is estimated to be
-0. 1 meV4 and in InP it is approximately 0. 14
meV. " These values can hardly be larger, even
at 2 K, than the width of the line associated with
phonon interaction, sample inhomogeneity, strain,
etc. Moreover, the possible enhancement of the
collision processes approaching the surface, works
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in the direction to make spatial dispersion effects
unimportant at least in the inhomogeneous region.

In what follows, we shall report experimental
measurements of reflectance in InP "free" sur-
faces as well as in Au-contact Schottky barriers.
This semiconductor has not been given so far as
much attention as its companion material GaAs,
mainly because of the relatively recent acquisition
of good quality epitaxial samples. As a conse-
quence, little is known about its excitonic struc-
ture near the fundamental gap, apart from that
found in early transmission measurements, indeed
quite good, done by Turner et al. '4 on bulk sam-
ples having carrier concentration equal to =5& 10'
cm . An experimental reflectance curve has been
reported by White et al, ' but no discussion of its
features was attempted. Our results on "free"
surfaces will be in agreement with the latter ex-
periment, showing reproducible differences from
the behavior obse rved in GaAs. Such dif fe rences
will be satisfactorily accounted for in terms of the
surface interference effect. The Schottky-barrier
samples will be used to confirm our earlier obser-
vation' in GaAs of field interference, to show that
the effect is of general significance and that it can
be readily detected by looking at absolute reflec-
tance, without a need for modulation-spectroscopy
techniques.
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FIG. 1. Photoluminescence of the epitaxial InP sam-
ple used to measure the reflectance curve of Fig. 3, tes-
tifying to the good degree of purity of the material.

III. EXPERIMENTAL APPROACH

In this section the essential features of the ex-
perimental apparatus are illustrated and the differ-
ent methods of sample preparation are described.
All reflectance measurements were performed at
about 2 "K, using normal incidence from a tung-
sten source. The energy accuracy was better than

0. 1 meV in the wavelength range of interest.
I et us first describe the experimental situation

for those experiments involving "free-surface"
samples. Measurements were performed using
both monochromatic light and white light, in the
latter case the wavelength selection occurring after
reflection at the crystal surface. It should be
mentioned that no difference was apparently seen
in the two cases. Various samples were used:
(i) n-type bulk material, supplied by Royal Radar
Establishment, with doping ND —X„=4& 10 ' cm
at room temperature, which was polished and
etched. (ii) n-type epitaxial layers with either de-
generate or semi-insulating substrate: For these
samples the surface was left as grown. Charac-
terization of these crystals has been done by lumi-
nescence. As an illustration, we show in Fig. 1

the near-gap luminescence at low laser-excitation
intensities (-100 mW!cm~). This sample was
used for the "free surface" experiment described
in Fig. 3. A sharp line structure due to several
bound excitons is observed: From comparison of
these spectra with luminescence results taken
from samples with known carrier concentration, "
we infer XD —X„=10"cm at room temperature.
The spectrum shows the following features which
cannot be observed in material with higher carrier
concentration"': (a.) iwo lines at 1.415 eV (ex-
citon bound to neutral acceptor), (b) two lines and

shoulder at 1.417 eV (radiative decay connected
with donors), and (c) broader line at 1.4188 eV
(probably free-exciton decay). As to ref lectivity
measurements, we may anticipate here that we
were never able, in InP samples, to observe the
so-called "spike" on the high-energy side of the
exciton structure, reported by Sell et n/. 4 for
GaAs. This was true even for the high-quality ep-
itaxial sample described in Fig. 1; however, we
had no difficulty in detecting that spike when using
GaAs crystals of comparable quality.

When using the Schottky-barrier configuration,
experiments were only done with monochromatic
light. The barrier was prepared by evaporation
of a thin semitransparent gold layer onto the sur-
face of the crystal. Characterization of the bar-
rier was done by C-V along with I-V and photo-
voltage measurements, as described in an earlier
publication. ' The f ield-induced interference ef-
fect discussed in Sec. II can be directly observed,
at fixed wavelength, as an oscillatory reflectance
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of the shallow donor levels. The barrier then
sweeps carriers away to a depletion depth ~, as
in normal room-temperature behavior. It should
be pointed out that the interference effect de-
scribed here lends itself to be used for a charac-
terization of the depletion-layer parameters; in
particular, from the spacing of the oscillation, it
allows a determination of the sample doping other
than by galvanomagnetic measurements.

0.5 1.0 1.5 IV. RESULTS AND DISCUSSION

(VEI;-V) (y 'h)

FIG. 2. Oscillatory behavior of the reflectance in
Schottky barriers for varying bias. The quantity (V~,
—V) is proportional to the depletion-layer depth &&.

The photon energy was fixed at S~ = l.4183 eV (Epitaxial
InP. ) From the period of the oscillations one computes
N~-N~=4. 4 &10 cm . Numbers 1-4 refer to the15 -3

spectra of Fig. 4.

versus applied voltage across the metal-semicon-
ductor contact. Figure 2 shows absolute reflec-
tance versus (Va, —V) "2, where Va, is the built-in
barrier, equal to 0. 782 V, at a fixed value of the

wavelength.
The data shown refer to epitaxial material; the

behavior of bulk material is very similar. In the
latter case, the carrier concentration could be
carefully determined by Hall measurements, thus
allow ing a precise determination of the proportion-
ality constant between the depletion-layer depth
and (V» —V)'~2. It turns out that the separation
between maxima corresponds very well to half a
wavelength in the medium, i. e. , 1250 A in our
case.

Ar. estimate of the depletion depth at zero bias
in bulk InP gives 4800 A, corresponding to a sur-
face field of 3x 10 V/cm. Hence, the width of

the region where the field is smaller than the ex-
citon ionization value of -4x 10 V/cm [for a. bind-

ing energy of 5 meV (Ref. 17)] is -650 A, indicat-
ing that in most of the depletion region the only

possible absorption is associated with the Franz-
Keldysh exponential tail of the edge and, maybe,
with transitions involving impurities. Such ab-
sorption explains the slow decay of the oscillations
observed in Fig. 2. When the depletion-layer
boundary is moved deeper into the sample, the in-
terfering light beam, containing the exciton infor-
mation, travels longer distances and gets increas-
ingly attenuated.

Few words remain to be said about the occur-
rence of a depletion layer at -2 'K, where com-
plete carrier freeze-out should be taking place.
This is due to the presence of the metal-semicon-
ductor contact potential, causing field-ionization
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FIG. 3. Absolute reflectance (dots) of "pure" epitaxial
InP in the "free surface" configuration. Spectrometer
resolution is better than 0. 1 meV. Calculated best fits
in terms of interference theory with spatial dispersion
(dashed line) and no dispersion (solid line) are also shown
("uniform-layer" approximation) .

From our previous arguments, we can say that
the surface inhomogeneous layer in the Schottky-
barrier configuration is rather different from the
one discussed in Sec. II for the "free" surface. In
the Schottky case, the exciton behavior is deter-
mined by the influence of an electric field of tri-
angular profile, extending over at least 30 effective
Bohr radii at zero bias (for the doping used). In con-
trast, the "free surface" transition behavior is main-

ly restricted to within a Bohr diameter or so and has a
more complex origin. Although we cannot predict
the details of the spectra, we foresee some differ-
ences in the line shapes for the two cases. The
"free surface" spectrum corresponding to the ep-
itaxial sample of Fig. 1 is reported in Fig. 3.
This curve agrees very well with that reported in
Ref. 15. As previously mentioned, no "spike" on
the high energy side is observed, however, the
structure is by no means the "normal" reflectance
expected for a classical oscillator. Figure 4 il-
lustrates the evolution of reflectance curves mea-
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app ie

it been possible to reproduce the line sha e of th
ep as

-surface spectrum, as we had predicted.
he main difference appears in the behavior of the

background level, which is probably aff t d hec e ere

of
y e e ectric field via the Franz-Keldy h ff te ys e ect

o the continuum, in the manner which we have
discussed in Sec. III. Electroreflectance spectra
of the type reported earlier for GaAs' have also
been measured as shown in F' . 5 fig. or a number
of values of the dc bias across the barrier We
are in a position now to demonstrate that each
electro ref 1oreflectance spectrum is given by the differ-
ence of two absolute reflectance curve . Ow'rves. ing to
the periodicity in the mechanism of the line shape
evolution, even for modulating voltages much
smaller than the dc bias one can obtain modulated
signals which are as large as the total exciton con-

is is illustrated intribution to the reflectance. Th' ' 'll
Fig. 6. These results indicate, however, that
there is no particular advantage here in us' d-
u ation techniques. In discussing the data we
shall ths a erefore refer to absolute spectra and re-
frain from comparing the present electroreflec-

aine earlier fortance spectra with those obtain d l'

GaAs. '
The Schottky-barrier spectra of Fig. 4 confirm

beautifull thatu i u y at the interference effect across the
exciton-free surface layer can alter dramatically
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conditions
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, electroreflectance here is not "dno a erivative-
type spectrum. (Epitaxial InP. )

the reflectance line shape A
' 'lpe. similar effect must

be responsible, to a large extent, for the anoma-
lies of the "fro e" ree surface" spectrum of Fi 3 W
shall tr to my to make a theoretical estimate of this ef-
fect in the usual a rpproximation of a homogeneous
intermediate layer, ' i. e. , assuming that interfer-
ence occurs across a surface region of thi k

w ic is totally devoid of excitons. In agreement
with our discussion in Sec. II 't 'll b
parent from the results that this assumption is
very drastic and casts doubt on all other details of
the mechanisms involved. To prove this, we do
our calculations for the two diff to eren cases when
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In the above equations, 4wa is the exciton polariz-
ability, cdp is the transverse exciton frequency, M*
is the total exciton mass.

Figures 7-9 give the results of our calculation,
as obtained for different values of 1. For varying
l, continuous evolution through all possible line
shapes is observed both for the "classical" and the
spatial-dispersion case. This is qualitatively sim-
ilar to what is experimentally observed in the volt-
age-controlled interference of our Schottky bar-
riers. Bearing in mind that the calculation, al-
though made for Inp, applies rather well to GaAs
also, due to the similarity of all basic parameters,
let us examine the figures to deduce the following
points.

(al Neither model gives rise to positive "spikes"
on the high-energy side, as observed for GaAs, '"
unless the interference angle 8 is at least about
271, the exact value of this threshold depending
slightly on the model used and on the value of I.
For higher values of 8, both "classical" and spatial
dispersion curves present such a spike, which is
merely a result of interference.

(b) For I' larger than the transverse-longitudi-
nal splitting of the exciton, equal to -0. 14 meV in
InP, spatial dispersion effects tend to be masked,
as shown by the similarity of the spectra of Figs.

8 and 9 (with suitable readjustment of e).
(c) For a given material, comparison of the

"free surface" spectrum with the calculated curves
of Figs. 7-9 should be indicative, within the limits
of the uniform-layer approximation made, of the
value of the Bohr radius. This will be very clear
from the results of the best-f itting procedure done
below for InP and GaAs.

(d) It is rather likely that no two semiconductors
will have the same type of exciton-reflectance line
shape, unless there is at least an accidental coin-
cidence in the values of the interference angle.
This is indeed what is found experimentally if one
looks through the literature.

(e) Owing to the influence of I' on the line shape,
even in the same material, line shape differences
can be brought about by the presence of defects,
strains, or by the treatment of the surface. The
last one would directly influence the surface scat-
tering mechanism and might therefore affect also
the interference conditions.

A more quantitative theoretical fit of our InP
"free surface" reflectance, as well as of a repre-
sentative spectrum of GaAs reported by Sell et
al. , has been attempted using the CERN D506-
D516 error-minimization program. The param-
eters which were allowed to vary were the trans-
verse n = 1 exciton energy E,„, the phenomenolog-
ical broadening parameter 1", the interference
angle & and the exciton polarizability 4mo. For

TABLE I. Best-fitting parameters for the calculated curves of Fig. 3 (InP) and for one representative experimental
curve of GaAs reported by Sell et g$. In the fitting procedure of the spatial-dispersion case, an effective total mass of
0. 298 mo has been used for GaAs, and of 0.200 ~0 for InP, as estimated with the criteria indicated in Ref. 8, using
values given in Ref. 17. Comparison is made with data from transmission and luminescence; in the latter case, energ-
ies need not correspond exactly to the transverse exciton level.

Material Source

Transverse Exciton
exciton energy polarizability 471 0. Effective Interference Broadening

(eV) (x 103) depth l (A) angle 8 (deg) I' (meV)

InP
(- 2'K)

Reflectance (present work,
no dispersion)

Reflectance (present work,
spatial dispersion)

Luminescence (present
work)

Transmission (6 K)
(Ref. 14)

1.4185

1.4185

1.4183

1.4165

2. 35

3.9

2. 35

300

260

0.32

0.05

GaAs
(- 2'K)

Reflectance (present work,
no dispersion)

Reflectance (present work,
spatial dispersion)

Luminescence and reflec-
tance (Ref. 4)

Transmission (Ref. 18)

l. 5149

l. 5150

1.5149

1.5151

0.69

1.58

1.6

340

295

290

106

90

0.12

0. 004
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InP the best fits obtained, with "classical" and
spatial dispersion in the uniform-layer approxi-
mation, are shown in Fig. 3 and the corresponding
values of the adjustable parameters are listed in
Table I along with those used for GaAs. It should
be mentioned that some discrepancies in the oscil-
lator strength are found for other samples. The
table also gives values deduced from other experi-
ments. It can be seen that both models give a rea-
sonably good fit of the data, with a small edge in
favor of the classical one for InP. This is a quite
surprising result, pointing to a very anomalous
dispersion behavior at the surface. In GaAs, spa-
tial dispersion is slightly more evident, as the
"classical" curve deviates more markedly from
the experimental results (the reader is referred
to Ref. 8 for visual presentation of best-fitting
curves in terms of spatial dispersion effects in

GaAs). The absence of a "spike" in Inp is clearly
related to the smaller value of the interference
angle, as previously discussed. Here again, how-

ever, it is found that in the spatial dispersion case,
I' turns out to be unrealistically small. The value
of I' determined in the "classical" treatment is
much closer to that obtained by transmission data
at the same temperature in GaAs (this result may,
however, be purely accidental).

In all cases there is one major point of discrep-
ancy between theory and experiment, and that is
the positive bump below the main peak. In the uni-
form-layer approximation used, this structure can
by no means be fitted using physically meaningful
parameters. This suggests that the graded, inho-
mogeneous surface layer may have a very tangible
effect on the line shape, actually to the point of
making a distinction between the "classical" and
spatial dispersion cases rather unclear. Note that
in the latter case, not only does such region affect
the physical parameters of the excitonic system
(e. g. , its wave functions, energy levels, broaden-
ing, etc. ), but also the definition of the boundary
conditions applied. In light of the above arguments,
we can justify our findings and also similar con-
clusions by Biellman et al. concerning PbIz, which
we have anticipated in Sec. II. In particular, it is
not surprising that, to use more realistic values of

I' in the spatial-dispersion model, one would have
to resort to a wrong, namely much larger, value
of the effective mass.

We conclude therefore by suggesting that reflec-
tance is not a good tool to reveal spatial-dispersion
effects in III-V compounds. Detailed knowledge of
the effects taking place in the inhomogeneous sur-
face layer is required before we can draw valid
conclusions about the mechanisms underlying the
anomalous line shape of the exciton oscillator. The
only feature which is readily understood is the
dominant role of the interference effect across the
surface layer, whatever its origin may be, al-
though details of the line shape can depend upon the
type of decay of the exciton perturbation away from
the surface. These conclusions have been substan-
tiated by looking at the reflectance of Schottky-bar-
rier structures, where it was possible to control
the interference effect alone, without altering the
spatial dispersion conditions. Our results indicate,
in particular, that the exciton-reflectance line
shape of semiconductors should be dependent on
the value of the exciton binding energy. If we trust
that a unique surface scattering mechanism applies
to both InP and GaAs, we can infer from the "free-
both InP and GaAs, we can infer from the "free-
surface" experimental data a value of the exciton
Rydberg for InP. Using the best effective depths
lisped in Table I, we can estimate the ratios be-
tween the InP and GaAs Bohr radii. We find for
both the spatial and the no-dispersion case a value
of 0. 9. From the constancy of the product ((&)
x (effective Rydberg) x (effective Bohr radius)I,
since the effective Rydberg for GaAs is equal to
4. 2 meV from both theory' and experiment, ' we
deduce for InP a value of 4. 9 meV, in excellent
agreement with theoretical predictions. '
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