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We report two experiments. The first is an accurate measurement of the phase of the light re-
flected by a CdSe crystal in the excitonic region. The second is a direct measurement of the time de-
lay experienced by a reflected wave packet in the same frequency range. We show that it is neces-
sary to take into account the existence of an exciton-free surface layer to satisfactorily fit the experi-
mental results. The very fast variation of phase near the longitudinal exciton frequency, larger than
7 over 0.3 meV, and the very large delay of 12 ps observed under the same conditions are attributed
to multiple reflections inside the exciton-free layer in a frequency range where the layer acts as an

antireflecting Fabry-Pérot plate.

\

I. INTRODUCTION

The propagation of polaritons in semiconductors, i.e.,
of light coupled to excitons, has been the subject of much
theoretical and experimental study."? As a result of spa-
tial dispersion in the excitonic region, two polariton waves
can be created by the incident light and propagate through
the crystal at the same frequency, with the same polariza-
tion, but with different wave vectors. Maxwell boundary
conditions are no more sufficient and one needs® an addi-
tional boundary condition (ABC) which gives the ratio of
the amplitudes of the two polariton waves at the surface
of the sample.

Many papers have been published on this problem.*~
In the 1970s it was clearly established that the use of the
nonlocal nonhomogeneous dielectric susceptibility togeth-
er with Maxwell’s equations is sufficient to derive the
right ABC. For some of the authors*~° the spatial inho-
mogeneity is only a consequence of the discontinuity at
the surface, and the medium itself is considered homo-
geneous. Several formulations were proposed but unfor-
tunately experiments did not allow one to make a choice
since most of them (reflectivity, transmission, resonant
Brillouin scattering, etc.) are quite insensitive to the pre-
cise ABC. On the other hand, 20 years ago Hopfield and
Thomas® suggested that, in the case of Wannier excitons,
there should exist at the surface an exciton-free layer
(dead layer) whose thickness is roughly equal to the exci-
ton Bohr diameter. They used Pekar’s’ ABC at the inter-
face between the bulk and the dead layer. This model ex-
plains well the existence of a spike in the reflectivity curve
of some samples.”!>!* Recently, increasing attention has
been paid to the effects of the surface. Many mechanisms
have been considered. They include short-range forces
due to the presence of the exciton or the hole at the sur-
face, the image charge potential, and surface electric
fields.'=!2 These studies indicate that it is more ap-
propriate to speak of a transition layer where the polariza-
tion due to the excitonic contribution gradually vanishes
near the surface than to speak of a well-defined dead
layer. These models give a better fit with the reflectivity
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curves than the rough dead-layer model.

Recently, Agrawal et al.!® predicted that, in the cases
of CdS and CdSe, transient reflectivity should persist in
the excitonic region within about 0.1 ps after the incident
light cutoff. Their calculation does not take into account
the existence of a dead layer. On the other hand, it is
known that the phase derivative with respect to the fre-
quency and the time delay are related by a Fourier
transform of the electric field. Nevertheless, Agrawal’s
prediction does not seem to be in agreement with the pre-
vious phase measurement of reflected light achieved in
CdS.lG’”

In this paper we present two kinds of experiments. The
first is an accurate measurement of the phase variation
with frequency in the excitonic region. The second is a
direct measurement of the time delay of the reflected light
by an original, though simple, method. All the measure-
ments are done with a cw dye laser. We emphasize that
no pulsed source is needed to reveal the transient reflec-
tivity.

In Sec. II we describe the experimental setup for the
phase measurement. We then describe the results ob-
tained with a 1.4-um-thick CdSe sample. As shown in
Sec. III, it is necessary to take into account the presence
of a dead layer in order to explain our results. We also
present a brief survey of a three-layer model (a sample of
finite thickness sandwiched between two dead layers).
This model gives very good agreement with the experi-
mental data. Section IV concerns the delay measurement.

II. PHASE MEASUREMENT

The light source is a cw dye laser pumped by an argon-
ion laser. A Lyot filter in the dye-laser cavity selects first
a 0.9-meV spectral width which is narrowed to about 0.03
meV (~0.01 nm) by means of an etalon in the cavity
(Fig. 1). By slightly tilting the plate we can change the in-
cident wavelength. We do measurements every 0.035
meV within about 6 meV. The increment is checked by
successively realizing a maximum or a minimum light in-
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FIG. 1. Experimental setup for phase measurement. LF,
Lyot filter; EP, etalon plate; PD, photodiode; PM1 and PM2,
photomultipliers; P, and P,, polarizers; D, diaphragm.

tensity at the output of a Michelson interferometer adjust-
ed to give constructive interferences every 0.070 meV
(~0.025 nm).

The lowest-energy excitonic transition is allowed only
with a light polarization El€. The E||¢ component of
the light is affected by a phase variation almost indepen-
dent of the frequency in the excitonic region and roughly
equal to 7. Likewise, the amplitude remains almost con-
stant. We can take the phase of this component, d,as a
reference for the variation of the phase ¢, of the El¢
component. For each frequency v we compensate the
phase variation ¢, (v)—¢, by means of a polarizer P; fol-
lowed by a quarter-wave plate whose axes are at 45° to the
c axis. Here, P, is rotated off an angle ¥ with respect to
the quarter-wave-plate axes. The ellipticity cancels out
when p=[¢;, —¢,(v)]/2.

As the amplitude reflection coefficient p, varies with v,
the direction of the linearly polarized reflected light (after
cancellation) also varies with v. Thus the problem is to
establish that the reflected light is linearly polarized what-
ever its direction. This is achieved by means of an elasto-
optic modulator followed by an analyzer. A detailed
description is given in Ref. 16. At each frequency the an-
gular position of the polarizer P; is adjusted to obtain a
zero signal on the output of a lock-in amplifier whose
reference signal is provided by the elasto-optic modulator.
The laser beam, initially linearly polarized, passes through
a quarter-wave plate positioned before the polarizer P;.
This prevents the intensity from varying too much as one
rotates this polarizer. The light is focused on the sample
by a 10-cm-focal-length lens. The reflected beam is made
parallel to the incident one by having it pass through the
same lens. The spot on the sample is about 100 ym in di-
ameter. The adjustment of its position over the best part
of the sample surface is checked by looking through a mi-
croscope lens placed behind it. The sample is freely
mounted in a paper bag immersed in pumped liquid heli-
um at about 2 K. In order to avoid any cause of unwant-
ed ellipticity, we used no mirrors between the first polariz-
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FIG. 2. Phase of reflected light: (a) experimental curve and
(b) theoretical curve obtained in a three-layer model. The inset
shows the layers: media 1 and 5 correspond to vacuum, media 2
and 4 are the exciton-free layers, and medium 3 is the bulk sam-
ple. :

er P, and the photomultiplier. The reflected light was de-
viated by a prism. We also replaced the screwed windows
of the cryostat, which caused some birefringence, by a
plane-parallel-faced cell. The results obtained with a 1.4-
pm-thick sample are shown in Fig. 2. The change of
phase throughout the transition is equal to 27. Close to
the longitudinal frequency v; the curve exhibits a very
fast variation of the order of 7 over 0.3 meV. As the
sample is very thin, we can observe the Fabry-Pérot in-
terferences together with the additional wave interferences
(mainly above v;). This is in good agreement with the re-
flection and transmission spectra obtained simultaneously
on the same sample. Some other samples give the same
kind of phase curve. From now on we shall refer to them
as “S”-type phase curves, yet a thicker one (probably of
poorer quality) yielded a different curve (Fig. 3). On the
low-energy side of the transition the phase is slightly
greater than ; it increases with the frequency, then de-
creases abruptly near the longitudinal frequency v;, and
arrives at a final value slightly smaller than 7 at higher
frequency. This kind of curve will be referred to as an
“N’’-type phase curve.

III. THEORETICAL MODEL

In order to explain our results we first consider a model
with a simple vacuum-sample interface. The sample is as-
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FIG. 3. Ranges of the parameters I" and / corresponding to
different types of solutions for ¢(v). Inset: N-type curve of a
thick sample (~30 pm).
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sumed to be a semi-infinite medium in the z direction.
Let us consider four ABC’s as given in the literature: We
have

(i) P|z=0 (1)

(Pekar’s ABC?), or
(n?—€e )E;+(n3—e)E,=0

’

at the surface 2. P is the excitonic contribution to the po-
larization. E; and E, and n; and n, are the electric
fields and the complex refractive indices corresponding to
the two polariton branches, respectively. We then have

E E
i) L4k, P| =0 or — 42 9,
oz 3 ny—n, np—n,
()
with
2 *
h_ o m
k2 = + = 2_ 2 AN s
% . ﬁwT(w ot+iTw)

where m* is the effective exciton mass, wy is the trans-
verse exciton angular frequency, and T is the phenomeno-
logical damping. This ABC is given by several au-
thors.*~% Next, we have

)

i) 22

% =0 or nl(n%—’ew)El+n2(n%—ew)E2:0,

=z

(3)

given by Ting et al.” in case of Wannier excitons. Final-
ly, we have

(iv) §£+£P

=0
9z  yc

=

or (4)
(1+yn,)ni€ )E, +(14yn,y)(n3 —e, )E, =0,
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FIG. 4. Phase of light reflected from a semi-infinite sample.
The four different cases correspond to different ABC’s (see
text). No dead layer is taken into account.
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used by Kiselev® with y =102,

The curves which correspond to these ABC’s are shown
in Fig. 4. They are all very similar. None of them can
reproduce the S-type curve we obtained with the best
samples.

On the other hand, the dead-layer model gives good
agreement with the experimental data. The exciton-free
layer has a refractive index n , =(e_)'/?. We use Pekar’s
ABC at the interface between the dead layer and the
semi-infinite medium. This is equivalent to taking the ef-
fective complex refractive index n3, given by

nin;+e€,

n3y=
ny +n2

The phase ¢ of the reflected wave is calculated by consid-
ering multiple reflections inside the dead layer.

Depending on the values of the dead-layer thickness /
and the damping coefficient I, we can obtain either an S-
or an N-type phase curve (Fig. 5). The change from one
type of curve to the other occurs with some critical values
of [ and I'. The corresponding curve is shown in Fig. 3.
In the upper part of the plane the curves are of N type,
whereas in the lower part they are of S type. For the crit-
ical values of the parameters I' and I, the derivative
Jd¢ /v becomes infinite at a frequency v, very close to v;.

Let rip=pexplidn)=— | p1a| be the reflection coef-
ficient at the vacuum—dead-layer interface, and let
ry3=pyexpl(i¢,3) be the reflection coefficient at the

dead-layer—medium interface, with
n o ni
Fp3=——"""".
Ny +n 3

Two conditions are fulfilled at the critical frequency v,,
namely
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FIG. 5. Phase of light reflected from a semi-infinite sample
with- a dead-layer of thickness I The parameters e,
#ilw,— o), and T" are given in the text.
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pa(ve)=|rip| and éxnlv.)+2B8=2m,

where B=2mn I/c is the phase shift due to the dead
layer. Under these conditions the dead layer acts as a very
thin Fabry-Pérot' plate at the reflection minimum, and
destructive interferences occur between the first reflected
ray and all the others. As a result, the reflectivity curve
has a minimum equal to zero at frequency v..!* In our
case the two conditions are not fulfilled at the same fre-
quency, but rather for frequencies v,.; and v,, very close
to each other and to vy.

The first reflected ray and all the others can be con-
sidered as two vectors in the complex plane. The very
small resulting sum represents the amplitude and phase of
reflected light. It rotates quickly with frequency when v
is close to either v,; or v,,. This explains the very fast
change of phase close to the longitudinal exciton frequen-
cy. Of course, our simple model can only give the general
shape of the phase curve and not the interference pattern
since it does not take into account the sample thickness.
A three-layer model requires a more sophisticated theoret-
ical treatment since the total electromagnetic field inside
each layer is the sum of two counterpropagating fields.
The impedance method!” is very convenient in solving
such a problem.

The inset of Fig. 2 shows the three layers. Media 1 and
5 correspond to vacuum, layers 2 and 4 are the dead layers
of thickness [/ and refractive index n , =(€, )172, and layer
3 is the bulk medium of thickness d.

We start from the last interface, where the input im-
pedance (the ratio of the electric field and the magnetic
field) is simply equal to the impedance of the medium,
Z =1/N, where N is the complex refractive index of the
layer. We calculate the electric field and the magnetic
field at the next interface by taking into account the phase
shift and the attenuation of the waves in the layer. In the
central layer the problem is complex since two waves can
propagate. The calculation of the input impedance is
done by simultaneously considering Pekar’s condition and
Maxwell’s boundary conditions. We finally obtain the
complex reflection coefficient r=|r |e’® and thus the
phase ¢ of the reflected wave. The calculations are given
in Ref. 20.

To make a comparison with the experiments, we used
parameters which are close to those given elsewhere,® that
is, €,=8.1, #iw; =1.8266 eV, and #lwy—wr)=9x10~*
eV. From the best fit of the experimental and theoretical
curves of reflection and transmission, we obtained a sam-
ple thickness of (1.4%+0.02) um and a damping factor of
(5+1)x 1073 eV. In fact, there is a slight discrepancy be-
tween the best values of T" for the reflectivity and the
phase curves, especially above w;. Thus we think that the
use of a frequency-dependent I', as proposed in Ref. 21,
could improve the fit between the theoretical and experi-
mental curves. Figure 2(b) shows the theoretical curve
calculated with a dead-layer thickness /=100 A. The
dead-layer—thickness determination is not very precise be-
cause the phase curve does not change very much with the
parameters I and / when their values are not close to the
critical ones. The order of magnitude of the thickness is
in good agreement with Hopfield’s evaluation of a intrin-
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sic dead layer [ ~2rg, rp being the exciton Bohr radius.
Nevertheless, we cannot exclude an extrinsic contribution.

IV. TIME BEHAVIOR OF THE REFLECTED WAVE

In addition to the phase measurement, we studied the
time behavior of the reflected wave by an interferometric
method. We perform, after reflection on the sample sur-
face, a cross correlation of the two components of the in-
cident electric field, one parallel to the ¢ axis and the oth-
er perpendicular to it. The discrimination is achieved by
placing two polarizers at 90° in the two arms of a Michel-
son interferometer (Fig. 6). A half-wave plate is used to
precisely align these two polarization directions with the ¢
axis of the sample and the direction perpendicular to it.
The vibration with ELT travels through the arm ending in
the mobile mirror. After reflection on the sample, the
two vibrations are recombined on an analyzer which is ad-
justed to give them equal amplitudes. The oscillation
term in the resulting intensity is

I(n= [ ER0ERt—mar,

where 7 is the delay due to the different path lengths in
the two interferometer arms. E ff and EF are the ampli-
tudes of the reflected light polarized parallel and perpen-
dicular to the c axis, respectively. The envelope of these
interferences is recorded relative to the position of the

. mobile mirror. The link with the frequency domain is ob-

vious since one can write
I(1)= fow aff(v)af(v)cos[217w+¢(v)]dv ,

where aﬁ (v) and af(v) are the frequency spectra of Eff
and E¥, and ¢(v)=¢,(v)—¢, is the phase difference be-
tween the two electric fields. When the phase variation of
the electric field can be described simply by a delay, the
shift of the peak of the interference-envelope curve then
gives a direct measurement of it (we must compensate for
the delay experienced by the EL€ vibration at the reflec-
tion on the sample by providing for a shorter propagation
time in one interferometer arm). Let us call
ri(v)=p,(vlexp[id,(v)] the complex reflection coeffi-
cient for the amplitude of the EL¢ vibration. For the
sake of simplicity, let us assume that p,(v) is almost in-
dependent of v and that ¢, (v) varies linearly with v about
the mean frequency v, of the laser light, at least in a nar-
row frequency range. It is then easy to see that the
derivative of the phase with v around v, is equivalent to a

time delay, i.e.,
/A i
&

szg
L :

Michelson
interferometer

FIG. 6. Experimental setup for time-delay measurement. P,
P,, and P; are polarizers. P, and P, are orthogonal. D is a
diaphragm.
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FIG. 7. Time delay of reflected light: (a) experimental curve,
and (b) theoretical curve obtained with a three-layer model.
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The spectral width of the laser is taken to be 0.06 meV.
The corresponding coherence time (70 ps) allows us to
measure a delay of a few picoseconds. But the delay mea-
surement is then less accurate than the phase measure-
ment. Experimental and theoretical curves are shown in
Fig. 7. We observe a maximum experimental delay of 12
ps at the frequency corresponding to the maximum slope
of the phase curve. The very long delay can be explained
as previously by the multiple reflections in the dead layer.
The delay introduced through the dependence of ¢,; on v,
already greater than that for an ordinary medium, is
enhanced at each reflection.

Above v, in a narrow frequency range, the envelope
curve of the interferences exhibits two maxima (Fig. 8).
Since the phase curve in this frequency region shows a
fine structure due to the interferences with the additional
wave, it can no longer be assumed that the phase variation
is linear with frequency. From the known thickness of
the sample (1.4 um) one can calculate that the time delay
corresponding to the second peak (60 ps) is roughly equal
to the time of flight of a wave packet produced with the
lower polariton branch.?? We interpret, then, the second
maximum of the envelope curve as being due to a round
trip in the sample, one way as a lower polariton wave
(very small delay) and the other as an upper polariton
wave (60-ps time delay). On the other hand, the first peak
appears slightly in advance with respect to the zero delay
(Fig. 8). This is not so paradoxical since we consider only
the peak of the signal. Theoretical investigations of pulse
. propagation in dispersive and absorbing media have been
carried out by Garrett and McCumber?® and by Crisp.?*
Crisp shows that, because of the finite response time of

INTENSITY (arb. units)

DELAY (ps)

FIG. 8. Cross correlation of the E|[¢ and EL¢ components of
the wave packet: (a) before sample, (b) after sample with
fiw, =1.8265 eV, and (c) after sample with #iw,=1.8270 eV.

the medium, polarization depends both on the amplitude
E of the envelope of the incident pulse and its derivative,
OE /9t. The field radiated by the excited dipoles is then
different when they are excited by the front edge or the
trailing edge of the pulse. Thus the maximum of the re-
flected pulse may be either advanced or delayed with
respect to the maximum of the incident one. This effect
is important when the absorption length is of the order of
the dimension of the pulse or the wave packet in the
medium.

V. CONCLUSION

Through a very accurate phase measurement of the re-
flected light in the excitonic region of a CdSe sample, we
showed that it is necessary to take into account the ex-
istence of a dead layer in order to achieve a satisfactory fit
of the experimental results. We attribute the very fast
variation of phase about the longitudinal exciton frequen-
cy to the Fabry-Pérot effect of this dead layer. We are
aware that this model remains a rough approximation and
that a transition layer as described in the Introduction is
certainly a better description of the surface region. How-
ever, there is usually little discrepancy between the two
descriptions for excitons of small Bohr radius.!® Since we
obtain good agreement with the dead-layer model, we
think that, at least in CdSe, this model is an adequate one.

Furthermore, the transient reflectivity was studied by a
very simple interferometric method. The results are in
agreement with the phase measurements. We were able to
measure a delay as large as 12 ps and demonstrate the ex-
istence of two wave packets propagating at different ve-
locities.

We stress that in a reflectivity or transmission experi-
ment the output beam maintains a phase relation with the
incident beam. Transient measurements can thus be per-
formed with a continuous wave.
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