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Influence of exciton impact iom~~tion and illumination intensity
on the exciton-polariton reflectance of GaAs
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External electric fields cause impact ionization of excitons in GaAs. We investigated the influence of
impact ionization on exciton-polariton reflectance spectra. The change in the reflectance spectra due to the
external field is similar to the change obtained by reducing the illumination intensity to very small values.

This joint behavior is explained in terms of band bending near the crystal surface and related damping of the
exciton polariton.

I. INTRODUCTION

The reflectance of exciton polaritons in semi-
conductors has been the subject of extensive
studies in recent years. These studies investigated
basic physical properties of exciton polaritons
and dealt with the influence of external perturba-
tions on the exciton polariton, especially with the
influence of electric fields applie& perpendicularly
to the crystal surface, "magnetic fields, ' elec-
tron-beam irradiation, ~' or surface treatment. ' '

The experiments on the exciton-polariton re-
f1.ectance indicated that strong internal electric
fields, caused by band bending near the crystal
surface, evoke a field-induced ionization of ex-
citons. ' The field strengths necessary to field
ionize excitons are in the order of several
kV/cm. ". A surface layer is created where ex-
citons cannot exist. Experimental. ly, the influ-
ence of this internal field has been studied, for
example, by applying additional external electric
fields perpendicularly to the sample surface"
or by altering the illumination intensity of the
incident light. " In both cases the external pertur-
bation modifies the band bending near the crystal
surface, alters the internal field, and thus changes
the width of the exciton-free surface layer.

Much lower electric fields in the order of a few
V/cm are sufficient to impact ionize excitons. " "
Free charge carriers are accelerated in an elec-
tric field applied Parallel to the sample surface
and gather kinetic energy sufficient to dissociate
free excitons via impact. This mechanism can be
expected to act directly on the damping of the
exciton polariton. Impact ionization of excitons
thus should change the reflectance spectrum in a
manner describabl. e by a field-dependent damping
constant.

The aim of this paper is to study the behavior
of the exciton-polariton reflectance line shape

under impact-ionization conditions. We measure
the reflectance of n-GaAs in an electric field
applied parallel to the crystal surface and compare
the results with those obtained by varying the
illumination intensity. It turns out that the re-
flectance spectra change under impact-ionization
conditions in the way they do when the illumina-

. tion intensity is reduced to a very small value.
We describe this experimental behavior by a

theoretical model which uses a dielectric function
with a spatially varying damping constant. ""
Both impact-ionization and illumination-intensity
alteration act on this damping constant. The
acting mechanism, though, differs for the two
cases.

We check our interpretation by measuring the
lifetime of the free exciton in a time-resolved
luminescence experiment. We can identify an
impact-ionization-induced change of the exciton
damping by the corresponding change of the ex-
citon lifetime.

II. EXPERIMENTAL

The GaAs samples used in our experiments were
layers grown by liquid-phase epitaxy on semi-
insulating substrates. They exhibited n-type
conductivity with room-temperature carrier con-
centrations between 5 &10' and 1 & 10'~ cm '.
The mobilities at 77 K ranged between 115000 and
130000 cm'/Vsec. The electric field was applied
parallel to the sample surface by means of two
Ohmic contacts. The field strengths quoted in
this paper are the quotients of the voltages applied
and the contact spacings. The fields may not be
correct in absolute units, as the influence of the
photocreated carriers on the conductivity in the
illuminated spot is neglected. But, the way in
which the field strengths are computed is con-
sistent for all measurements. The samples were
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held at 1.8 K in e helium-immersion cryostat.
We used nonmonochromatic light from a tung-

sten-iodine lamp for the reflectance measure-
ments under impact-ionization conditions. The
power density of the incident light beam was
about 10 mW/cm'. The reflected intensity was
detected with a 0.75-m grating monochromator,
and the wavelength resolution was about 0.15A.

A different experimental setup was used for
the study of the illumination-intensity dependence.
In these experiments, the sample wa, s illuminated
by an argon-laser beam (A. =488 nm) with an ex-
tremely low intensity Iz, = 130 nW/cm' and mul-
tiples thereof. Simultaneously we irradiated. the
sample with monochromatic probe light (line-
width about 0.2 A). This light was obtained from
a tungsten-iodine lamp and a 1-m grating mono-
chromator and had an intensity I~ = 150 nW/cm'.
We measured the reflected intensity of the probe
beam as a function of energy under different laser-
illumination intensities IJ..

We also varied the probe-beam intensity I~ in-
stead of the intensity I~ of the additional laser
beam and obtained the same results. However,
such spectra with different probe-beam inten-
sities are not so easily comparable because of
different intensity scales and different time con-
stants of the amplifier.

In all experiments, the spectra were recorded
with a single-photon counting system providing
excel. lent signal-to-noise ratios even at low ex-
citation powers and consequently low reflected
intensities.

The time-resolved measurements of the exciton
luminescence were performed using the technique
of delayed coincidence. " A mode-locked argon
laser (&=514.5 nm) was used as excitation source.
It provided light pulses of approximately 0.3-nsec
pulse width at a repetition frequency of 95.3 MHz.
The time resolution of the detection system was
about 0.7 nsec.

Ga As
F=

1.52 V

1.42 V/cm

strength while the maximum of ref lectivity de-
creases. The spectrum in Fig. 1 at E=1.52 V/cm
demonstrates that even a second maximum arises
at the longitudinal resonance energy under in-
creased field strengths.

The reflectance spectra of Fig. 1 with different
impact-ionization fields resemble spectra taken
by Fischbach et al. ,"who varied the illumination
intensity. We repeated the experiments of Fisch-
bach et al. using the sample of Fig. 1. The varia-
tion of the illumination intensity was achieved by
an additional laser beam as described above.

Figure 2 displays the reflectance spectra ob-
tained in these experiments. The lowest spectrum
was measured at high illumination intensity
(I =I~ +250I~). Its line shape equals that of the
spectrum with E=0 V/cm in Fig. 1. Such a re-
flectance spectrum does not change with il. lumina-
tion intensity I~ as long as Iz, stays higher than
about 40 pW/cm'. A decrease of I~ below this
threshold value, however, causes remarkable
changes in the reflectance spectra as can be seen
in the upper part of Fig. 2. These changes demon-
strate how careful one has to be in interpreting
reflectance spectra at very low illumination in-
tensities. "

The similar behavior of the reflectance line
shape under impact ionization and illumination
reduction (compare Figs. 1 and 2) implies that a
simultaneous variation of the two different experi-
mental parameters amplifies the changes in the

III. RESULTS

Reflectance spectra of one of our GaAs epitaxial.
layers in the energy region of the free-exciton
polariton are shown in Fig. 1. The lowest spec-
trum of Fig. 1 was taken without an external
electric field E. The reflectance spectra are
changed if an external electric field with field
strength E greater than the threshold field for
impact ionization of excitons (E= 1 V/cm in this
sample) is applied parallel to the surface (see
upper spectra of Fig. 1). A second minimum in
ref lectivity appears near the longitudinal. reso-
nance energy k~~ = 1.51515 eV. This minimum
shifts to lower energies with increasing field
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FIG. 1. Experimental reflectance spectra of GaAs
vs energy in the exciton energy region for various field
strengths E parallel to the crystal surface. The hori-
zontal lines assign equal reflectivities.
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FIG. 2. Experimental reflectance spectra of GaAs
vs energy for various illumination intensities I. Ip de-
notes the intensity of the probe beam, Iz is the inten-
sity unit of the additional laser beam. The horizontal
lines assign equal reflectivities.

reflectance spectra. We consequently combined
the two experimental techniques using the inten-
sity I =I~+5Iz, in Fig. 2 and applied an additional
impact-ionization field. The result is seen in
Fig. 3. These ref l.ectance spectra suggest that
changes of the impact-ionization field and of the
illumination intensity affect the reflectance spectra
additively and in the same manner.

IV. DISCUSSION

The most significant change of the reflectance
spectra in Figs. 1-3 is the appearance of a sec-
ond minimum and a second maximum of the re-
flectivity near the longitudinal resonance fre-
quency ~~. An explanation of the experimental
results has to reproduce this significant feature.

Initially we followed the standard procedure and
calculated reflectance spectra of a crystal whose
dielectric function & for excitons shows spatial
dispersion for given wave vector k and frequency
&u (Ref. 9)

E'(e, k) = E' (1+ Mr —co + Pk —z(dI

is a frequency- and wave-vector-independent
background dielectric constant (e =e„ for &o "),
(d& and co~ the transverse and longitudinal reso-
nance frequencies at k =0, I. the empirical damp-

FIG. 3. Experimental reflectance spectra of GaAs
vs energy for the illumination intensity I. The field
strength E of an impact-ionization field is varied.
The horizontal lines assign equal reflectivities.

ing constant, and i =4-1. The influence of spatial
dispersion is described by Pk' = (K&ur/M)k', where
M is the effective exciton mass and h is Planck's
constant divided by 2n.

We included in our calculations an exciton-free
surface layer as proposed by Hopfield and
Thomas. ' They assume a model with a step in
the dielectric function. : an exciton-free layer of
dielectric constant & on top of the bulk of the
crystal, the latter being described by the dielec-
tric function e(&o, k).

We were able to fit the lowest spectra of Fig. 1
(+=0 V/cm) and of Fig. 2 (I=I~ 2+50Iz, ) with this
model using parameters given in the literature. "
However, we could not reproduce the character-
istic features of the other spectra in Figs. 1 and
2 with any set of parameters —neither with spatial
dispersion (P4 0) nor without spatial dispersion
(P = 0).
To overcome this failure we improved our cal-

culations by a model which uses a spatially
varying continuous dielectric function e(v, x)
instead of a step in the dielectric function. In
this model, the damping parameter t used in &

is assumed to decrease exponentially with dis-
tance x from the surface":

(2)

1", is the damping parameter at the surface
(x =0), 1"s the damping parameter in the crystal
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TABLE I. Parameters of the free exciton in GaAs
used for the calculations.

h~z (eV)
S~~ (eV)

II; {meV)
@I, (meV)

Taken from Ref. 19.

1.51499
1.51515

12.6
8,0
0.05

bulk (x- ~), and A the spatial decay constant.
The continuous function I'(x) is approximated
by a step function of at least 100 steps for the
numerical evaluation. This model does not in-
clude spatial dispersion (i.e., P=O in the model),
and its properties will be discussed in more de-
tail elsewhere. "

First we fitted the lowest reflectance spectrum
of Fig. I (E = 0 V/cm) and of Fig. 2 (I =I~+ 250Iz),
The parameters obtained are listed in Table I.
The calculated spectrum is shown in the lowest
part of Fig. 4 (A =190 A). It reproduces the ex-
perimental spectra very well.

An increase of the decay constant A in the ex-
ponential damping parameter I'(x) yields the
spectra presented in the upper part of Fig. 4.
These spectra exhibit the characteristic features
of the experimental spectra of Figs. 1 and 2 and
show especially the two minima and two maxima
in ref lectivity.

The most characteristic changes in the ref l.ec-
tance spectra occur at the l.ongitudinal resonance
frequency +1,. Therefore, we plotted the experi-
mental and theoretical ref lectivities at S~L, of
Figs. 1 and 4. The result is shown in Fig. 5:
the ref lectivity at h~~ versus the field strength
E of impact ionization (left part of Fig. 5) and
versus the decay constant A (right part of Fig.
5). The comparison of the experimental data
and of the theoretical results substantiates that
the model using a damping parameter with spa-
tial dependence perpendicular to the surface
reproduces the observed nonmonotonic behavior.

The following discussion pertains to the physical
meaning of the described model. It is well known
that an always-present surface-charge density
causes a bending of the energy bands near the
surface. " This band bending leads to a depletion
of carriers for n-type material and results in an
electric field near the surface. This electric
field causes a field ionization of excitons, and the
ionization may be described by a damping param-
eter I'(x) with a spatial dependence perpendicular
to the surface. The band bending therefore justi-
fies the use of a spatially dependent damping
parameter.

An illumination of the crystal surface creates
free charge carriers which compensate the sur-
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FIG. 4. Calculated reflectance spectra of GaAs vs
energy for an exponential spatial dependence of the damp-
ing parameter I'(g). The spatial decay constant A is
varied. The parameters used for the calculation are
listed in Table I.

face space chg, rge and reduce the band bending at
the surface. Consequently, a reduction of the
illumination intensity decreases the concentration
of photocreated free charge carriers. This re-
duction effects an increase in thickness of the
surface-space-charge region and so extends the
ionizing field further into the bulk. " Hence, the
layer in which the exciton polariton is damped
will be increased. This behavior may be de-
scribed by a larger decay constant A in the
damping parameter I'(x) (cf. Figs. 2 and 4).

Now we turn from field ionization to impact

g
~ 1.0
X~ Q9-
D Experiment Theory

~ 08-
3
l~

g Q6—

+ 0(- GaAs —Ga As
7 (x) - model~ 04-

I I I I I
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FIG. 5. Experimental reflectivity at the energy h&z
versus the field strengthE of impact ionization cleft-hand
part) and theoretical reflectivity at Scud versus the
spatial decay constant A (right-hand part).
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ionization. The rate of impact ionization is
determined by the concentration of mobile ioniz-
ing carriers. This concentration is diminished
near the surface because of the band bending.
Thus the impact ionization and the corresponding
additiona1. damping of excitons is more efficient
in the bulk than in the region near the surface.
This behavior near the surface may be described
by an increase of the decay constant A in &(x),
too (cf. Figs. 1 and 4). An additional increase of
the damping parameter I & in the crystal. bulk has
no essential influence on the ref l.ectance spectra.

These considerations disclose that impact ion-
ization of excitons by accelerated carriers and
field ionization of excitons by band bending at the
crystal surface cause similar and additive
changes in the reflectance spectra. The super-
position takes place via a superposition of damp-
ing by impact ionization and of damping by field
ionization which both show a spatial dependence
perpendicular to the surface (cf. Fig. 3).

- The change of the decay constant A. due to ex-
ternal perturbation has been obtained indirectly
from the experiments. Measured spectra have
been fitted by a theoretical model containing A as
adjustable parameter. In the case of impact ion-
ization, however, a change of the decay constant
A and thus of the damping parameter I" can be
measured directly. The damping parameter 1"

for excitons is proportional to the constant C = 1/7,
which describes the exponential temporal decay
rate of excitons of density N (v is the exciton life-
time):

dA
dt

=-CX+6

where 6 is the generation rate of excitons.
G equals zero for a time-resolved luminescence

experiment after the exciting laser pulse is
switched off. Thus, from Eq. (3) it follows that

A' =h'0 e

The time-resolved luminescence intensity I
originating from the radiative decay of excitons
is proportional to the actual concentration N
of excitons (without impact-ionization field:
C =CD):

I-A'=8 e

Impact ionization of excitons opens an additional
nonradiative decay channel for free excitons de-
scribed by an additional decay rate CI. The over-
all decay rate C of excitons is then given by
C = C, + CI. An increase of exciton damping due
to impact ionization is therefore expected to
yield a decrease of the exciton lifetime r = 1/C
= 1/(C, + Cg).

I, -N =G/C, . (6)

Impact ionization of excitons opens an additional
nonradiative decay channel with a decay rate CI.,
the overall excitonic decay rate under impact
ionization then is C, + CI. We assume that the
generation rate 6 has not changed essentially in
the electric field. This assumption is reasonable
because the excitonic polarizability and thus the
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FIG. 6. Experimental time-resolved luminescence
intensities of the free exciton in GaAs for different
field strengths I parallel to the crystal surface. The
upper value of I is not directly comparable to those
of all other figures because this figure was taken under
high laser excitation conditions. The temporal decay
constant v was obtained by fitting the experimental spec-
tra with an exponential decay function.

Figure 6 shows the result of such a time-re-
solved luminescence experiment. The integral
luminescence intensity of the free exciton is
plotted as a function of the time elapsed after
pulsed excitation. %e measured a decay time
v, of 7 nsec at zero field. An additional impact-
ionization field parallel to the surface reduces
the radiative lifetime of the free exciton to v =3.5
nsec corresponding to an additional nonradiative
decay channel.

It is not possible to perform a time-resolved
luminescence experiment in order to study the
influence of illumination-intensity changes on the
exciton lifetime. The luminescence is far too
weak to be detectable at the necessary low exci-
tation intensities.

Equation (3) can be used to describe steady-state
luminescence, too. A steady-state luminescence
experiment has a constant generation rate 6 of
excitons; dN/dt equals zero. The luminescence
intensity I, without impact ionization then foll. ows
from Eq. (3):
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longitudinal-transverse resonance-energy splitting
would otherwise be changed essentially. Such a
change, however, is not observed in the experi-
ments. Therefore, the luminescence intensity I
with impact ionization is given by

I/Io = 1/(1 + CI /Co) . (7)

O
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PEG. 7. Experimental steady-state luminescence in-
tensity integrated over the free exciton energy region
vs the field strength E of Impact ionization Qeft-hand
part) and theoretical luminescence intensity for the
free exciton in Gahs vs the spatial decay constant A
(right-hand part). I0 denotes the luminescence intensity
at E=O V/cm, respectively' =190 A.

Our model shouM be able to predict, at least
qualitatively, the behavior of the luminescence
intensity as a function of the electric field. We
infer from our experiments that impact ionization
increases the damping of exciton polaritons. This
damping is described in the model. by a spatially
varying damping parameter I' with decay constant
A. . The decay constant A depends on the applied
electric-f ield str ength.

The left-hand side of Fig. 7 shows the experi-
mental steady-state luminescence intensity inte-
grated over the free exciton energy region versus
the field strength E of the impact-ionization
fjeld

The corresponding theoretical luminescence in-
tensity of Eq. (7) was calculated as a function of
the spatial decay constant A used for the damping
parameter 1 (x). The value of A for the best re-
flectance line-shape fitting (A =190 A, cf. Fig. 4)
vPas used to calculate I' for the case without
impact ionization, where I'-Co. The decay con-
stant A. is greater than 190 A for increasing impact
ionization, where I is proportional to 'Co+ CI.
Using the value of I" at a depth of, e.g. , @=1000 A,
the result for I/I, is shown on the i'ight-hand
part of Fig. 7. (The choice of x=1000 A is arbi-
trary. Other values of x yield similar results. )

As can be seen, the theoretical luminescence in-
tensity decreases with increasing spatial decay
constant A.

The comparison of the experiments and the
theoretical results in Fig. 7 exhibits that the
model predicts the experimental results in a
good qualitative way. This finding confirms the
interpretation of our results.

V. CONCLUSIONS

The theoretical results reproduce the charac-
teristic features of the experiments very well.
We obtained a good quantitativ'e agreement be-
tween theory and experiment, especially for the
spectra at high illumination intensity and without
impact ionization (lowest spectra of Figs. 1, 2,
and 4). This agreement is not as satisfactory
under low excitation and/or impact-ionization con-
ditions (upper spectra of Figs. 1, 2, and 4). We
suppose that the functional description of the
damping parameter I'(x) and of the dielectric
function & is still incomplete.

The first problem is the inclusion of spatial
dispersion of excitons. Spatial dispersion has not
been included because of the difficulty in defining
the additional boundary conditions at the internal
interfaces in the described model '5"

The second question is whether the damping
parameter has a spatial dependence described
by a simple exponential function. The connection
between our calculations and the explanation in
terms of bp, nd bending at the surface is given by
the relation between the damping parameter and
an electric ionization field which decreases linear-
ly from the surface into the crystal bulk.

Attempts to use a corresponding linear decrease
of the damping parameter I'(x) gave no useful re-
sult. A constant surface-damping parameter up
to a certain distance from the surface and a
matching decrease to the bulk damping were not
able to reproduce the characteristic experimental
features either. The exponential decrease of the
damping parameter was the only model with
which we could describe the experimental results
in an adequate way.

These considerations show that the described
model with an exponential decrease of the damping
parameter reproduces the experimental charac-
teristics, but has to be regarded as a first at-
tempt. The main remaining question is the cor-
rect connection between the damping parameter
I' used in the calculations and the electric fields
near the crystal surface under the experimental
conditions used in this work.
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