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Giant Rabi splitting in a bulk CuCl microcavity
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We have investigated exciton-photon coupling phenomena in a bulk CuCl microcavity with distributed
Bragg reflectors consisting of PbF, and PbBr, layers prepared by vacuum deposition. Reflectance spectra
observed at various incident-light angles demonstrate the strong-coupling behavior of the exciton and photon
modes; namely, the energies of reflectance dips exhibit incident-angle dependence accompanied by an anti-
crossing behavior peculiar to the cavity polaritons. In addition, the emission from the lower polariton branch
was detected with angle-resolved photoluminescence spectroscopy. From the phenomenological analysis with
a 3 X 3 Hamiltonian of the cavity-polariton modes originating from the Z3 exciton, Z; , exciton, and photon, it
has been revealed that the vacuum-Rabi-splitting energies are 97 and 162 meV for the Z; and Z, , excitons,
respectively. These giant Rabi-splitting energies result from the large oscillator strengths of the relevant exci-
tons. Furthermore, the spectral profile of reflectance is reasonably explained by calculations based on a theory

of nonlocal linear optical response.
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Exciton-photon interactions in semiconductor microcavi-
ties have attracted much attention both in physics and in
device applications because of various merits of controlling
optical responses.! In a strong-coupling regime, the mixing
of an exciton and a photon results in formation of cavity
polaritons, which leads to occurrence of vacuum Rabi split-
ting between the lower and upper polariton branches (LPB
and UPB) as an anticrossing behavior. The appearance of the
Rabi splitting was demonstrated in 1992 by Weisbuch et al.”
in a GaAs quantum-well microcavity. In the second stage of
the semiconductor microcavity, the parametric amplification
utilizing the dispersion of the cavity polariton was
discovered.>* Starting with the pioneering works, various
physical phenomena were developed: parametric oscilla-
tions® and polariton lasing.>” Bose-Einstein condensation of
polaritons®~'0 is also an interesting subject though it is still
controversial.

From the viewpoint of quantum infocommunication tech-
nology, the cavity polariton can be utilized for generating
entangled photon pairs.>!'! This proposal is based on a para-
metric scattering process of the cavity polaritons.>? In addi-
tion, it was theoretically predicted that the scattering process
efficiently occurs via a biexciton state in a microcavity.'>4
The generation of entangled photon pairs was already real-
ized in CuCl bulk crystals by utilizing biexciton-resonant
hyperparametric scattering.'>! We note that the binding en-
ergies of the exciton and biexciton of CuCl are 190 and 32
meV, respectively,!’"® which indicates that the stability of
the excitonic system is very high in comparison with that in
usual semiconductors. Thus, it is expected that the efficiency
of the generation of entangled photon pairs will be consider-
ably enhanced in a microcavity of CuCl. Such a CuCl mi-
crocavity, however, has not been realized until now.

In this work, we have focused on the following two sub-
jects: the preparation of a CuCl microcavity and the optical
properties of the cavity polariton. The CuCl microcavity was
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prepared by vacuum deposition. We adopted a multilayer of
PbF,/PbBr, as a distributed Bragg reflector (DBR) because
the band-gap energies of PbF, and PbBr, are higher than that
of CuCl, and they are layered compounds advantageous to
thin-film growth with preciseness owing to van der Waals
interactions in lattice stacking.?’ The incident-light-angle de-
pendence of reflectance spectra clearly exhibits a cavity-
polariton dispersion. From the phenomenological analysis
with a 3 X 3 Hamiltonian of the cavity-polariton modes origi-
nating from the Z; exciton, Z; , exciton, and photon, we have
evaluated the following giant Rabi splitting: 97 and 162 meV
for the Z3 and Z, , excitons, respectively. Note that the Z;
(Z,,) exciton corresponds to the split-off-hole exciton (the
degenerate heavy-hole and light-hole excitons) and that the
Z5 exciton is the lowest-energy excitonic state in a CuCl
crystal.?1-?2 The reflectance spectra of the CuCl microcavity
are discussed with calculations based on a theory of nonlocal
linear optical response.

For the sample preparation, we used a vacuum-deposition
method with three sources of CuCl, PbF,, and PbBr, in 7
X 1070 Pa. The microcavity structure grown on an Al,O4
(0001) substrate consists of a CuCl active layer with an
effective-\ length sandwiched by six periods of PbF,/PbBr,
as the DBR. The definition of the effective-\ length is A
E)\Z@)/\e‘"eb, where Azs) is the resonant wavelength of Z3
exciton in vacuum and ¢, is the background dielectric con-
stant. This is because the radiation field discussed here is
defined by renormalizing the background dielectric constant
of excitonic active layer. The designed thicknesses of the
CuCl, PbF,, and PbBr, layers were 164, 52, and 33 nm,
respectively. The growth rates, which were monitored by a
crystal oscillator during the growth process, were 0.10 nm/s
for CuCl and 0.15 nm/s for PbF, and PbBr,. The substrate
temperature was kept at room temperature. We note that the
microcavity sample was continuously grown without break-
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FIG. 1. (Color online) Refractive index profile of the CuCl mi-
crocavity structure together with the calculated result of the
electric-field intensity (|E|?) along the growth direction for normal
incidence at a photon energy of 3.202 eV that is resonant with the
Zs-exciton energy of CuCl.

ing vacuum. In order to evaluate the quality (Q) factor of the
microcavity, an empty cavity, in which the active layer is
replaced with a A-length PbBr,, was prepared. From the
transmittance spectrum of the empty cavity (not shown here),
the value of the Q factor was estimated to be about 90, which
is sufficient to realize the strong coupling producing the cav-
ity polariton. In measurements of angle-resolved reflectance
spectra, the probe light was a Xe lamp, and the reflectance
spectrum was analyzed with a 32-cm single monochromator
with a charge-coupled device as a detector, where the spec-
tral resolution was 0.15 nm. We also measured angle-
resolved photoluminescence (PL) spectra in a forward-
scattering configuration, where the excitation light was
introduced from the substrate side with an incidence angle of
0°. The excitation-light source was third-harmonic genera-
tion light (355 nm) of a pulsed yttrium aluminum garnet
(YAG) laser, which was out of the stop band of the DBR. All
the optical measurements were performed at 10 K.

Figure 1 shows the refractive index profile of the CuCl
microcavity structure together with the calculated result of
the electric-field intensity (|E|*) along the growth direction
for normal incidence at a photon energy of 3.202 eV that is
resonant with the Zs-exciton energy of CuCl. In the calcula-
tion, we adopted a conventional transfer-matrix (TM)
method, and set the active-layer thickness to the designed
value of 164 nm. It is apparent that the electric field is almost
confined in the DBR cavity, and the three antinodes are lo-
cated on the center of the active layer and the boundary
sides. Thus, we expect the occurrence of strong-coupling
phenomena of cavity polaritons.

Reflectance spectra of the CuCl microcavity at various
incidence angles from 0° to 60° are depicted in Fig. 2, where
the dashed vertical lines indicate the energies of the Z; and
Z, , excitons: 3.202 and 3.270 eV, respectively, which are the
experimental values of a simple CuCl film obtained in this
work. It is apparent that seven dip structures exist in the
spectra. The three dips labeled with open circles shift to the
higher energy with an increase in incidence angle. These
angle-dependent behaviors indicate that the three dips origi-
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FIG. 2. (Color online) Angle-resolved reflectance spectra from
the CuCl microcavity at 10 K. The dip positions labeled with open
circles correspond to the strongly coupled cavity polariton, and
those labeled open squares are due to weakly coupled modes. The
dashed vertical lines indicate the energy positions of the Z; and Z, ,
excitons of CuCl. The dotted curves are a guide for the eyes.

nate from the cavity-polariton modes. In the CuCl microcav-
ity, the Z3 and Z, , excitons contribute to the cavity polari-
tons; therefore, three cavity-polariton modes should be
observed. The angle-dependent three dips can be attributed
to the LPB, the middle polariton branch (MPB), and the UPB
in energy order. It is noted that signal reduction of UPB is
due to the absorption tail of PbBr, which is the constituent
material of DBR. In contrast, the energy shifts of other four
dips are negligibly small, and they exist around the energies
of the Z5 and Z, , excitons. These four dips seem to be due to
weakly coupled modes. The details of the assignment de-
scribed above will be discussed later with theoretical results
of the spectral profile of reflectance.

Angle-resolved PL spectra of the CuCl microcavity are
shown in Fig. 3. In this figure, the reflectance spectra, which
were observed in the same angles, are also shown as a ref-
erence. The sharp PL band with the strongest intensity at
3.180 eV is well known as the bound-exciton band, the so-
called I, band.'” It is reasonable that the bound-exciton PL
band does not depend on the detection angle. However, the [,
state that is a bound exciton could not be observed in reflec-
tance spectra because the oscillator strength of the /; state is
much smaller than that of the free exciton in CuCl. We note
that a broad PL band depending on the angle is observed in
the lower-energy side of the /; band. It is evident that the
energy position of the angle-dependent PL band is identical
to that of the lowest-energy dip of each reflectance spectrum.
This fact indicates that the PL band originates from the LPB.
In addition, two sharp PL bands were observed in the higher-
energy side of the /; band. The energies of these two PL
bands are consistent with those of the angle-insensitive two
dips observed in the reflectance spectra. Therefore, the two
PL bands originate from the weakly coupled modes. The
sharp PL band with a weak intensity appearing at 3.142 eV is

233304-2



BRIEF REPORTS

T L T T T T T
I LPB T=10K]

' 0=40°
:“;_ \,\XIO _:-@\
I ra—
S 35° o
2 b 2
© v ®
— 30°| >
> W 18
(2] |y
3 ol 8
= 5°1 8
- S
o 20°|

00

1

3?0 3?1 3?2 3?3 34
Photon Energy (eV)

FIG. 3. (Color online) Angle-resolved PL spectra at 10 K with
the corresponding reflectance spectra. The down arrows indicate the
peak energy of the PL band due to the LPB. The PL band labeled /,
is attributed to the bound exciton. The PL band labeled 2LO is the
two-LO-phonon replica of the weakly coupled modes in the energy
region slightly higher than the Zs-exciton energy.

lower in energy than the two PL bands due to the weakly
coupled modes by ~52 meV that is twice of the
longitudinal-optical (LO) phonon energy of 26 meV. This
suggests that the 3.142-eV band is the two-LO-phonon rep-
lica of the weakly coupled modes.

In order to clarify the characteristics of the cavity polari-
tons, the energy positions of dips in the reflectance spectra
are plotted as a function of incident-light angle in Fig. 4. The
three dips represented as open circles clearly exhibit the
angle dispersions and anticrossing behaviors. To analyze the
experimental results of the incidence-angle dependence, the
eigenenergies of the cavity polaritons are calculated from the
phenomenological Hamiltonian considering the interaction
between the cavity photon and the two exciton states of Z
and Z, 5, which is given by the following equation:

w
~
T

194
w
T

w
N
T

Photon Energy (eV)

7
Photon, ~

-
——

15¢
i
T

" 1 " 1 " 1 " 1
0 20 40 60 80
Incidence angle (Degree)

FIG. 4. Angle dependences of the energy positions of three ma-
jor dips (open circles) and four minor dips (open squares) in the
reflectance spectra. The solid curves are the incidence-angle depen-
dence of the energies of the strongly coupled polariton modes cal-
culated using the 3 X 3 Hamiltonian. The dashed lines represent the
energies of the bare Z; exciton, Z; , exciton, and cavity photon.
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FIG. 5. Calculated reflectance spectra based on the nonlocal
theory of linear optical response. The vertical dashed lines indicate
the energies of the Z; and Z; , excitons. The fine structures origi-
nating from the weakly coupled modes appear in the shaded areas
in addition to the strongly coupled modes.
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where Ep, Ezs), and Ey 5) are the energies of the cavity
photon, Z;, and Z, , excitons, respectively. The symbol of )5
(€ ,) is the vacuum Rabi-splitting energy between the pho-
ton and Z3 (Z; ,) exciton. The energy of the cavity photon is
written as E,(6)=Eq(1-sin’ 0/n%)~""%, where 6 is the ex-
ternal reflectance angle, E, represents the resonance energy
of the cavity at #=0°, and n.y is the effective refractive
index of the cavity. Since the weakly coupled modes are out
of the strong-coupling regime, we do not consider them in
the analysis with the phenomenological Hamiltonian for the
strong-coupling cavity modes. The solid curves in Fig. 4 in-
dicate the calculated results of the cavity-polariton eigenval-
ues. It is obvious that the energies of the angle-dependent
three dips are well explained by the calculated results;
namely, those are attributed to the strongly coupled cavity
polaritons. In this calculation, €23, €, ,, and E, are fitting
parameters:  13=97 meV, ,,=162 meV, and E,
=3.099 eV. As a result, we demonstrate that the giant Rabi
splitting is realized in the CuCl microcavity. In addition, the
effective thickness of the CuCl layer is estimated to be 169
nm from the value of E(, which is slightly different from the
designed value of 164 nm.

Here, we compare the present results of the vacuum-Rabi-
splitting energies with reported values in bulk GaN micro-
cavities: 30-50 meV.?*?* It is noted that the binding energy
and oscillator strength of the exciton in GaN are the largest
in semiconductors used as active layers of microcavities. The
Rabi-splitting energy of an exciton, (), usually depends on
the oscillator strength.? The excitonic oscillator strength can
be estimated from the splitting energy between the longitu-
dinal and transverse excitons on the basis of a dielectric-
function model.?® According to the parameter values for
GaN,?” the oscillator strength of the A exciton is 3.3
% 10* meV?2. In CuCl, the oscillator strength of Z; exciton is
2.1X10° meV2.!? Thus, the larger oscillator strength leads
to the giant Rabi-splitting energy in the CuCl microcavity.
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Finally, we discuss the reflectance spectra of the CuCl
microcavity from the calculation based on a theory of non-
local linear optical response, the so-called nonlocal theory.?®
For the precise discussion of the polariton mode in the bulk
cavity, we have to consider the spatial structures of the pho-
ton field and the excitonic wave function because a long-
wavelength approximation is unsuitable for the bulk active
layer.”2° Figure 5 shows calculated reflectance spectra
based on the nonlocal theory including a center-of-mass
quantization effect on excitons peculiar to the bulk cavity. In
this calculation, the damping constant of the excitonic re-
sponse and the Q factor of the modeled DBR were phenom-
enologically set to 2 meV and ~90, respectively. It is evident
from Fig. 5 that the seven dip structures observed in the
reflectance spectra (Fig. 2) are reproduced in the calculated
spectra. Namely, the angle-dependent three reflectance dips
are conclusively attributed to the strongly coupled modes:
LPB, MPB, and UPB. In addition, the four minor dips
around the energies of the Z; and Z, , excitons clearly appear
in the spectra. It is considered that these structures are the
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weakly coupled modes. The weakly coupled modes originate
from the spatial mismatch between the cavity field and the
wave function of the center-of-mass quantized exciton
mode.?%30

In summary, we have prepared the effective-N CuCl mi-
crocavity including the PbF,/PbBr, DBR, and realized the
giant Rabi splitting of the cavity-polariton modes consisting
of the Z; exciton, Z, ; exciton, and photon. The angle depen-
dence of the reflectance-dip energies of the strongly coupled
modes are well explained by the phenomenological 3 X3
Hamiltonian: the resultant Rabi-splitting energies are 97
meV for the Z; exciton and 162 meV for the Z, , exciton, the
so-called giant Rabi splitting. The spectral profiles of reflec-
tance including weakly coupled modes are reasonably ex-
plained by the theory of nonlocal linear optical response.
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