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Optical properties of CuCl microcavities with fluctuations in their refractive
index profiles along the cavity structures
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We report on the optical properties of the CuCl microcavities that exhibit fluctuations in their refractive index
profiles along the cavity structures. The angle-resolved reflectance spectra of the CuCl microcavities with a
cavity length of half-integer multiples for the Z3 exciton wavelength clearly show three cavity-polariton modes
and minor modes. The Rabi splitting energies observed in the cavity-polariton modes are widely controlled by
changing the cavity length of the microcavity. To analyze the spectral profile and the Rabi splitting energies
qualitatively, the refractive index profiles of the constituent layers in the CuCl microcavities are evaluated using
spectroscopic ellipsometry, and the reflectance spectra of the CuCl microcavities with the fluctuations in the
refractive index profiles of the microcavity structures are calculated using the nonlocal response theory. The
calculated reflectance spectra reproduce very well the cavity-polariton modes and the minor modes, including
their energies and spectral profiles, in the observed reflectance spectra, which indicates an essential role of the
fluctuation effect of the refractive indices of constituent layers in controlling the Rabi splitting energies and the
quality factor of the microcavity.
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I. INTRODUCTION

In semiconductor microcavities, the strong exciton-photon
coupling states form new eigenstates that are referred to as
cavity polaritons. The cavity polariton has many interesting
behaviors, including a peculiar energy-dispersion relationship,
light effective mass, and a bosonic nature, due to the coupling
between photons and excitons. These properties enable many
types of new physical phenomena. The cavity polaritons
in semiconductor GaAs quantum-well (QW) microcavities
were demonstrated by Weisbuch et al. for the first time.1

III-V semiconductor microcavities are reflected in many
polaritonic phenomena, such as the polariton Bose-Einstein
condensation,2,3 a parametric amplifier,4 and polariton lasing5

for many-body quantum coherence phenomena, and the
Jaynes-Cummings ladder6 for single polaritonic phenomena.

Recently, wide-band-gap semiconductor microcavities,
such as those of ZnO and GaN,7–10 have been reported.
Their large exciton binding energies and oscillator strengths
can produce stable polariton states at high temperatures. In
addition, large mode splitting called vacuum Rabi splitting
can also occur. Moreover, the nonlinear optical response is
enhanced in the microcavity system with stable excitons and
biexcitons.11 Notably, the semiconductor CuCl microcavity
exhibits large Rabi splitting energies due to the large binding
energy and oscillator strength of the excitons.12 The nonlocal
optical response theory for the CuCl microcavity predicts
a highly efficient generation of the entangled photon pair,
which is one of the nonlinear optical properties of this
microcavity.13–15 To achieve the highly efficient generation
of the entangled photon pair, it is essential to control the Rabi
splitting energy and the dispersion relationship of the cavity
polariton. Nakayama et al. demonstrated controlling the Rabi
splitting energies from 22 (37) to 71 (124) meV for the Z3

(Z1,2) exciton by changing the active-layer thickness in the

region that is less than half of the effective length for the
resonant wavelength of the Z3 exciton.16 In the region that is
more than half of the effective length, Oohata et al. determined
the optical properties of the CuCl microcavity by comparing
the angle-resolved reflectance and theoretical spectra.12 The
theoretical reflectance spectra have been calculated using the
nonlocal response theory. The nonlocal response theory is
appropriate for a quantitative analysis of the spectral profiles
and the Rabi splitting energies of the microcavities, because
this theory accurately utilizes the electric field variation in the
coherent region of the exciton wave function. Unfortunately,
the calculated and experimental spectra reported in Ref. 12
were not in agreement quantitatively, and the origin of the
disagreement was not revealed. To reveal the origin of the
disagreement is one of the important subjects to control the
Rabi splitting energies and derive novel optical responses in
the wide-band-gap semiconductor microcavities. We expect
that the disagreement between the calculated and experimental
spectra will originate from the imperfections of the spatial
structures in the microcavities. The imperfections cause
the fluctuations in the refractive index profiles along the
cavity structures, and thus the observed optical spectra in
the fabricated microcavities will deviate from the expected
ones in the ideally designed microcavities. To analyze the
spectral profiles and the Rabi splitting energies of the CuCl
microcavities quantitatively, it is necessary to clarify the effect
of the spatial fluctuations in the refractive index profiles
on the microcavity optical properties. Here, we demonstrate
the calculated reflectance spectra of the CuCl microcavities
using the nonlocal response theory and taking account of the
fluctuation in the refractive index profiles of the microcavity
structures.

The CuCl microcavities were fabricated with distributed
Bragg reflectors (DBRs) consisting of PbCl2/NaF multi-
layers. The observed angle-resolved reflectance spectra in
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FIG. 1. (Color online) Refractive index profile of the ideal cavity
structure in the CuCl λ cavity embedded in the PbCl2/NaF DBRs
(black thin line) and the calculated intensity profile of the electric field
in the CuCl λ cavity at the normal incidence, using a transfer-matrix
method (red thick line). nA indicates the refractive index of a layer A.

the microcavities with varying active-layer thickness show
the cavity-polariton and minor modes in the region of the
active-layer thickness that is more than half of the effective
length for the resonant wavelength of the Z3 exciton. This
indicates that the Rabi splitting energies can be controlled
by simply changing the active-layer thickness. Moreover, to
clarify the fluctuations in the refractive index profiles of the
microcavity structures, the refractive index profiles of the
constituent layers in the microcavities have been characterized
using spectroscopic ellipsometry. The reflectance spectra of
the CuCl microcavities with the evaluated refractive index
profiles are calculated using the nonlocal response theory,
and they have been compared with the observed reflectance
spectra. Observing this comparison, we discuss how the effect
of the spatial fluctuation in refractive indices plays a role
in determining the spectral profiles and the Rabi splitting
energies.

II. EXPERIMENT AND ANALYSIS

CuCl microcavities with DBRs on (001) Al2O3 substrates
were grown using the vacuum deposition method. In this work,
PbCl2 and NaF were used as the constituent layers of the DBRs
because the contrast of the refractive index between PbCl2
and NaF layers (nPbCl2 = 2.4 and nNaF = 1.3 at 3.2 eV) was
sufficiently high. Therefore, we expect that the PbCl2/NaF
DBRs will show a high reflectivity and a wide stop band. In an
empty cavity containing the PbCl2/NaF DBRs, the quality (Q)
factor, which was estimated from an empty cavity transmission
spectrum, was approximately 250. This was higher than that of
the PbBr2/PbF2 DBR.12 The CuCl microcavity was comprised
of a CuCl active layer sandwiched between a top DBR with
6.5 periods and a bottom DBR with 6 periods. The active-layer
thickness, called the cavity length Lcav, was designed to have
half-integer multiples of the effective length λ: Lcav = mλ/2.
λ is given by λex/nb, where λex is the resonant wavelength
of the Z3 exciton in vacuum (λex = 387 nm), nb is the
background refractive index, and m is an integer. Hereafter,
we refer to a CuCl microcavity with Lcav = mλ/2 as the
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FIG. 2. (Color online) (a) Angle-resolved reflectance spectra of
the CuCl λ cavity at 13 K. Open circles and open triangles indicate
the strongly coupled modes and weakly coupled modes, respectively.
The vertical dotted lines show the energy positions of the Z3 and
the Z1,2 excitons of CuCl. The dashed lines are guides for the eye.
(b) Variations of the dip energies of the cavity polaritons as a function
of incident angle obtained in the angle-resolved reflectance spectra.
The open circles and triangles are the energy positions of the strongly
coupled modes and weakly coupled modes, respectively. The solid
lines are the dispersion relationships of the cavity-polariton modes of
the LPB, MPB, and UPB calculated from Eq. (2). The dotted lines
indicate the Z3 (Z1,2) exciton energies, and the dashed curve shows
the dispersion relationship of the cavity photon.

“mλ/2 cavity.” The thicknesses of the PbCl2 and NaF layer
were designed to be λ/4. The difference in thickness between
the fabricated and designed DBRs with one period, estimated
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FIG. 3. (Color online) Angle-resolved reflectance spectra of the CuCl microcavities with the active-layer thicknesses of (a) λ/2, (b) 3λ/2,
and (c) 2λ. The open circles and triangles indicate the strongly coupled modes and weakly coupled modes, respectively. Incident-angle
dependence of the cavity-polariton energies obtained in the respective CuCl microcavities with the active-layer thicknesses of (d) λ/2, (e) 3λ/2,
and (f) 2λ. The open circles and triangles are the energy positions of the strongly coupled modes and weakly coupled modes, respectively. The
solid lines indicate the dispersion relationships of the cavity-polariton modes of the LPB, MPB, and UPB calculated from Eq. (2). The dotted
lines indicate the Z3 (Z1,2) exciton energies, and the dashed curves show the dispersion relationship of the cavity photon.

by the ellipsometry measurements, was included within the
range of about 10%. The ideal refractive index profile of the
λ-cavity structure is shown in Fig. 1. The intensity profile of the
electric field, |E|2, along the growth direction at the normal
incidence was calculated for the 387 nm wavelength using
the conventional transfer-matrix method. In the λ cavity, the
electric-field intensity has antinodes at the boundaries between
the active layer and the DBRs, which indicates a loop cavity.
The angle-resolved reflectance spectra were observed at 13 K
using a 32 cm single monochromator combined with a charge
coupled device (CCD) camera, where the spectral resolution
was 0.37 nm. The probe light source was a Xe lamp. The
spectroscopic ellipsometry measurements were carried out in
order to characterize the refractive indices of the constituent
layers and boundary regions between the constituent layers
in the microcavities. The complex pseudodielectric functions
were obtained by measuring the ellipsometric data at room
temperature in the spectral range from 0.75 to 3.85 eV with

a step of 0.02 eV at the incident angle of 65◦ using a
spectroscopic phase-modulated ellipsometer (HORIBA Jobin-
Ybon, UVISEL-9017TK).17–19

III. RESULTS AND DISCUSSION

The reflectance spectra of the λ cavity at various incident
angles from 0◦ to 65◦ are shown in Fig. 2(a). The dashed
vertical lines denote the energies of the Z3 and Z1,2 excitons:
EZ(3) = 3.202 and EZ(1,2) = 3.268 eV, respectively. Many dip
structures were observed in each reflectance spectrum. The
three dips, marked with the open circles, clearly depend on
the incident angle; however, the other dips, marked with the
open triangles change only slightly with the incident angle.
The strong angle-dependent dips originate from the cavity-
polariton modes, which are assigned to be the lower polariton
branch (LPB), the middle polariton branch (MPB), and the
upper polariton branch (UPB) determined by the energy order.
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The other dips are attributed to the weakly coupled modes that
are discussed in previous reports.12,20–22

The energy positions of the dips observed in the angle-
resolved reflectance spectra were plotted as a function of the
incident angle, as shown in Fig. 2(b). The open circles and
triangles show the cavity-polariton and weakly coupled modes,
respectively. The energy positions of the Z3 and Z1,2 excitons
are represented by the horizontal dotted lines. The dashed
curve indicates the dispersion relationship of the cavity photon
given by

Ecav(θ ) = Ecav(0)

(
1 − sin2 θ

n2
eff

)− 1
2

, (1)

where Ecav(0) is the energy of the cavity photon at the incident
angle of θ = 0◦ and neff is the effective refractive index
of the active layer. To evaluate the vacuum Rabi splitting
energies from the incident-angle dependence of the cavity-
polariton modes, the eigenenergies of the cavity polaritons
were calculated using the phenomenological Hamiltonian. The
interaction between the cavity photon and the two states of the
Z3 and Z1,2 excitons is given by the following matrix:23

H =

⎛
⎜⎝

Ecav(θ ) �Z(3)

2
�Z(1,2)

2
�Z(3)

2 EZ(3) 0
�Z(1,2)

2 0 EZ(1,2)

⎞
⎟⎠ , (2)

where �Z(3) and �Z(1,2) are the coupling constants known as
the vacuum Rabi splitting energies for the Z3 and Z1,2 excitons,
respectively. The three solid curves, shown in Fig. 2(b),
are the dispersion relationships of the cavity polariton fitted
to the experimental results using Eq. (2). The fitted dispersion
curves agree with the experimental results. Here, the effective
refractive index of the active layer, neff , is adopted as an
adjustable parameter to the incident-angle dependence of the
cavity-polariton modes, since the electric field of the cavity
photon in the microcavities penetrates into the DBRs, as shown
in Fig. 1. The value of neff is estimated to be 2.07 by fitting to
the incident-angle dependence. Moreover, the evaluated Rabi
splitting energies �Z(3) and �Z(1,2) are 110 and 195 meV,
respectively. These Rabi splitting energies are larger than those
obtained from the CuCl microcavities with the PbBr2/PbF2

DBRs.12 It was noted that the large Rabi splitting energy
were obtained by improving the crystal quality of the CuCl
layer in our microcavities with the PbCl2/NaF DBRs, and the
confinement of the photon in the CuCl microcavities with the
PbCl2/NaF DBRs is stronger than that with the PbBr2/PbF2

DBRs, due to the high contrast of the refractive index between
the PbCl2 and NaF layers.

The reflectance spectra of the λ/2, 3λ/2, and 2λ cavities
observed at the various incident angles and the incident-angle
dependence of the dip energies are shown in Fig. 3. The
Rabi splitting energies in the λ/2, 3λ/2, and 2λ cavities
were estimated using the same method as mentioned above.
All the fitted dispersion curves of the cavity polariton are in
good agreement with the experimental results. The obtained
Rabi splitting energies and the effective refractive indices are
listed in Table I. As the active layer of the cavity becomes
thicker, the Rabi splitting energies also increase. This means
that the thicker active layers produce the wider coupling

TABLE I. Rabi splitting energies, Ecav(0) and neff , estimated in
the microcavities with various active-layer thicknesses, Lcav.

Lcav �Z(3) (meV) �Z(1,2) (meV) Ecav(0) (eV) neff

1/2λ 97 157 3.201 1.52
λ 110 195 3.222 2.07
3/2λ 132 223 3.099 2.07
2λ 135 233 3.116 2.19

regions for the exciton and cavity photon. The variation of the
Rabi splitting energy with the thickness of the active layer is
roughly consistent with the result obtained in the quantum-well
microcavities.22,24 The Rabi splitting energy in the quantum-
well microcavities has a square root dependence on d/Leff ,23,24

where d and Leff are the active-layer thickness and the effective
cavity thickness, respectively. Moreover, the Rabi splitting
energies �Z(3) and �Z(1,2) vary from 97 to 135 meV and
157 to 233 meV, respectively. These variations demonstrate
that the Rabi splitting energies are easily controlled in the
splitting energy region above about 100 meV by changing
the active-layer thickness, and the control range of the Rabi
splitting energy in the high-energy region is larger than that
reported in the ZnO microcavities.25 In the present CuCl
microcavities, because the Bohr radius of the exciton in CuCl
is approximately 0.7 nm,26 the center-of-mass motion of the
CuCl exciton will be confined in the active layer.27 The
variation of the Rabi splitting energy will be explained by
taking account of the overlap between the electric field of the
cavity photon in the microcavity and the confined excitonic
wave functions with various quantum numbers (n � 1) in
the active layer, on the basis of the nonlocal response theory
described later.20 Moreover, when the thickness of the active
layer is extremely thick, we expect that the optical properties
will be close to those of bulk CuCl, as reported in Ref. 24.

The reflectance spectrum of the λ cavity observed at
the normal incidence in Fig. 4 shows not only the cavity-
polariton modes with the large Rabi splitting energies, but
also the weakly coupled modes. The observations of the
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FIG. 4. (Color online) Experimental (black thick line) and calcu-
lated (blue thin line) reflectance spectra for the λ cavity at the normal
incidence. The vertical dotted lines indicate the energy positions of
the Z3 and the Z1,2 excitons of the CuCl active layer.
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cavity-polariton and weakly coupled modes will originate
from the coupling between the cavity photons and excitons
with n � 1.12,20 The coupling strength is represented by the
overlap integral between the electric field of the cavity photon
in the microcavity and the excitonic wave functions with n � 1
confined in the active layer,24 which affects the reflectance
spectra of the microcavities. Because the electric field of the
cavity photon has the spatial variation as shown in Fig. 1, the
long-wavelength approximation will not be adequate to cal-
culate the reflectance spectra of the microcavities. Therefore,
under the calculation of the reflectance spectra of the CuCl
microcavities, we adopted the nonlocal response theory28–30

and compared the calculated reflectance spectra with the
observed ones at the normal incidence. The nonlocal response
theory is appropriate for calculating the optical spectra when
the spatial variation of the electric field cannot be neglected
in the coherent region of the excitonic wave functions.
The nonlocality is incorporated in the theory through the
nonlocal susceptibility in the constitutive equation bridging the
response between the electromagnetic wave and the spatially
extended excitonic polarizations.28 The induced polariza-
tion in the electric field E(r,ω) under the linear response
Pex(r,ω) is

Pex(r,ω) = ε0

∫
d r ′χ ex(r,r ′,ω) · E(r ′,ω), (3)

where χ ex(r,r ′,ω) is the nonlocal susceptibility written by

χ ex(r,r ′,ω) = 1

ε0

∑
μ

Pμ(r)P∗
μ(r ′)

h̄ωμ − h̄ω − iγμ

(4)

in the rotating-wave approximations, where h̄ωμ, and γμ are
the eigenenergy and the damping of the μth excitonic state, and
Pμ(r) is the corresponding excitonic polarization represented
by

Pex(r,ω) =
∑

μ

Pμ(r)bμ(ω). (5)

In this expression, bμ(ω) is the second-quantized annihilation
exciton operator. The electric field E(r ′,ω) is

E(r ′,ω) = E0(r ′,ω) + μ0ω
2
∫

d r ′G(r,r ′,ω) · Pex(r ′,ω),

(6)

where E0(r ′,ω) is the background electric field and G(r,r ′,ω)
is the Green’s function propagating both the transverse and
longitudinal fields. The equation of motion for bμ(ω) is

(h̄ωμ − h̄ω − iγμ)bμ(ω) =
∫

d r ′P∗
μ(r) · E(r ′,ω). (7)

Then, by substituting Eq. (6) into Eq. (7), the self-consistent
equation is obtained as

∑
μ

Sμ,μ′bμ′(ω) = (h̄ωμ − h̄ω − iγμ)b(0)
μ (ω), (8)

Sμ,μ′(ω) ≡ (h̄ωμ − h̄ω − iγμ)δμ,μ′ + Aμ,μ′(ω), (9)

where Aμ,μ′(ω) means the interaction term between the
induced excitonic polarizations via the Green’s function,

Aμ,μ′(ω) ≡ −μ0ω
2
∫

d r
∫

d r ′P∗
μ(r) · G(r,r ′ω) · Pμ′(r ′).

(10)

b(0)
μ (ω) is the exciton operator induced by the background field.

Aμ,μ′(ω) contains the information on the spatial structures
of the excitonic wave functions through Pμ(r) and on that
of the electric field in the multilayered structure through
the dyadic Green’s function, as discussed in Ref. 31. In the
calculation of the reflectance spectrum of the microcavity,
the nonlocal response theory is applied to only the active
layer of CuCl, because PbCl2, NaF, and the substrate have
no nonlocal susceptibilities. The reflectance spectrum of the
λ cavity with the ideal refractive index profile shown in
Fig. 1 has been calculated using Eq. (8), as shown in Fig.
4. In this calculation, the reflectance spectrum is calculated
by using no fitting parameters, but by using the splitting
energies of the longitudinal and transverse excitons in CuCl
reported in Ref. 32 and the respective refractive indices of the
constituent layers obtained by the ellipsometry measurements.
Although the calculated reflectance spectrum shows the cavity-
polariton and weakly coupled modes, the peak energies and
spectral profiles of these modes deviate from the experimental
results.

For the reflectance spectrum calculation based on the
nonlocal response theory, we assumed that the microcavity
has the ideal refractive index profile. This assumption leads to
the deviation between the calculated and observed reflectance
spectra. That is, the deviation will originate from the spatial
fluctuation in the refractive index profile of the microcavity
structure. The spatial fluctuation in the refractive index profile
will reduce the confinement of the photon in the cavity
and decrease the interaction region between the exciton and
the photon. Therefore, in order to reveal the fluctuation in
the refractive index profile of the cavity structure, we have
characterized the refractive indices of the constituent layers
and the interfaces between the layers using spectroscopic
ellipsometry. The sample was a double layer consisting of
PbCl2 and NaF grown on the sapphire substrate. The designed
thicknesses of the PbCl2 and NaF layers were 200 nm. The
complex pseudodielectric functions of the PbCl2/NaF double
layer were obtained in the transparent region to PbCl2 and NaF
from 0.75 to 3.85 eV. In Fig. 5(a), the energy dependence of
the real and imaginary parts of the pseudodielectric functions
Re〈ε〉 (black circles) and Im〈ε〉 (red squares) for the PbCl2
/NaF double layer is shown. In the observed pseudodielectric
functions, the smooth oscillatory structures in the whole
energy range are the interference fringes in the sample. The
pseudodielectric functions were fitted by taking account of
the interference effect and by using the two complex refractive
indices of PbCl2 and NaF, where it is assumed that the
PbCl2/NaF double layer has an ideal structure without the
imperfections around the interface between the PbCl2 and NaF
layers, as shown in the upper side of Fig. 5(b). The broken
curves in Fig. 5(a) are the fitted pseudodielectric functions,
which deviate from the experimental results. The deviation re-
sults from the imperfection of the sample structure around the
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FIG. 5. (Color online) (a) Energy dependence of real and imagi-
nary parts of the pseudodielectric function Re〈ε〉 (black circles) and
Im〈ε〉 (red squares) for the PbCl2/NaF double layer obtained by
spectroscopic ellipsometry. The dashed and solid lines are the fitting
results by assuming that the PbCl2/NaF double layer has a structure
without and with the intermediate layer around the interface between
the PbCl2 and NaF layers, respectively. (b) Schematic diagrams of
the PbCl2/NaF double layer without and with the intermediate layer.
(c) Volume ratios of PbCl2 and NaF as a function of growth position,
(PbCl2)x(NaF)1−x , in the PbCl2/NaF DBR layers with the fluctuation
width of σPbCl2 = 30 nm (solid line) and without the fluctuation
(dashed line).

interfaces between the PbCl2 and NaF layers. Therefore, the
observed pseudodielectric functions were fitted by inserting
the intermediate layer around the interface between the PbCl2
and NaF layers shown in the lower side of Fig. 5(b). Here, we
assume that the refractive index profile in the intermediate
layer continuously changes between the refractive indices
of the PbCl2 and NaF layers, as described later. The solid
curves in Fig. 5(a) are the fitted pseudodielectric functions
obtained by inserting the intermediate layer, which are in
good agreement with the experimental results. The fluctuation
width, which corresponds to σA in Eq. (11) described later, of
the intermediate layer around the interface was about 35 nm.
The spectroscopic ellipsometry results for the PbCl2/NaF
double layer reveal that there are intermediate layers between
the PbCl2 and NaF layers. These intermediate layers are caused
by mixed crystallization or the microscopic roughness of the
interface. Therefore, the deviation between the calculated and
observed reflectance spectra in Fig. 4 will be induced by
the spatial fluctuations in the refractive indices around the
interfaces between the constituent layers.

To determine the relationship between the reflectance
spectra and the spatial fluctuation in the microcavity refractive
index, we discuss the refractive index profile in the microcavity
with the spatial fluctuation. First, we assume that the interme-
diate layers around the interfaces are constructed by mixing
layers A and B (A: CuCl or PbCl2; B: NaF) with the volume
ratio x, namely (A)x(B)1−x . The volume ratio x continuously
changes along the growth direction. This is represented by the

convolution of the step function 
(z) and the Gauss function
G(z,σA) as follows:

x(z) =
∫

dz′
(z′ ∈ A layer)G(z′,σA), (11)

G(z,σA) = 1√
πσA

e−(z/σA)2
, (12)

where the parameter σA is the fluctuation width of the
volume ratio. Figure 5(c) shows the spatial distribution of the
PbCl2/NaF volume ratio. The solid and dashed lines indicate
the fluctuating PbCl2/NaF layer and the ideal PbCl2/NaF
layer, respectively. Moreover, we define the refractive index
profile along the cavity structure by using the effective-
medium approximation (EMA).33 The EMA shows that the
effective dielectric constant of the mixed media can be calcu-
lated. The refractive index obtained using the EMA becomes
nA when the composite layer consists of only layer A (x = 1)
or nB when it consists of only layer B (x = 0). Accordingly, the
refractive index of the composite layer takes values between
nA and nB , depending on the volume ratio x. The calculated
refractive index profiles of the λ cavity are shown in Figs. 6(a)
and 6(b). The volume ratios of the DBRs and active layers have
the various fluctuation widths of σPbCl2 and σCuCl, respectively.
Under the above assumption, the normal-incident reflectance
spectra of the microcavity with the spatial fluctuation have
been calculated by using the nonlocal response theory.
Figures 6(c) and 6(d) show the calculated reflectance spectra of
the λ cavity for the Z3 exciton at the various values of σPbCl2 for
the DBR layer and σCuCl for the active layer, respectively. Here,
the energy of the cavity photon is approximately equal to the
resonant energy of the Z3 exciton, and the damping constant of
the Z3 exciton in the CuCl layer is kept to 2 meV. Figure 6(c)
shows that as σPbCl2 in the DBR layers becomes larger, which
corresponds to the increase of the fluctuation in the DBR layer,
the bandwidth of the stop band becomes narrower, and the full
width at half-maximum (FWHM) of each dip becomes wider;
that is, the Q factor becomes smaller with an increase in σPbCl2 .
Moreover, the Rabi splitting energy becomes slightly smaller
with the increasing fluctuation. This means that the fluctuation
of the volume ratio in the DBRs tends to reduce the contrast
of the refractive indices of the DBRs, and consequently the
confinement of the photon in the microcavity is weakened
due to the narrower stop band and the smaller reflectivity of
the DBR. Figure 6(d) shows that as σCuCl becomes larger,
the Rabi splitting energy reduces considerably, whereas the
width of the stop band and Q factor change negligibly. The
reason for this reduction of the Rabi splitting energy is that
the coupling region between the photon and the exciton
in the microcavity becomes smaller upon increasing the
fluctuation.

The Q factors and Rabi splitting energies for the Z3 and
Z1,2 excitons are plotted as a function of σA in Fig. 6(e) in
order to clarify the effects of the spatial fluctuation on the Q

factor and the Rabi splitting energies. The filled (open) circles
show the variation in the calculated Q factor for the Z3 (Z1,2)
exciton energy versus σPbCl2 in the empty cavity. The triangles
and squares show the variations of the Rabi splitting energy
for the Z3 exciton versus σPbCl2 at the DBR and σCuCl at the
active layer, respectively. The inverse triangles and diamonds
are the variations in the Rabi splitting energy for the Z1,2
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FIG. 6. (Color online) Calculated refractive index profiles in the λ cavities with various fluctuation widths of (a) σPbCl2 (b) and σCuCl.
Calculated reflectance spectra for the Z3 exciton in the λ cavities with various fluctuation widths of (c) σPbCl2 (d) and σCuCl. The vertical
solid lines show the resonant energies of the Z3 exciton. (e) Q factors and Rabi splitting energies as a function of σA obtained from the
calculated reflectance spectra. The filled (open) circles show the σPbCl2 dependence of the Q factors at the Z3 (Z1,2) exciton energy. The
triangles (squares) show the σPbCl2 (σCuCl) dependence of the Rabi splitting energy for the Z3 exciton. Inverse triangles (diamonds) show the
σPbCl2 (σCuCl) dependence of the Rabi splitting energy for the Z1,2 exciton. The range of the Q factor shown by the horizontal dotted lines is
estimated from the observed transmission spectra of the empty cavity. The dashed lines show the Rabi splitting energies for the Z3 and Z1,2

excitons obtained from the observed reflectance spectra of the λ cavity.

exciton versus σPbCl2 and σCuCl, respectively. It is obvious that
the Q factor and the Rabi splitting energies were reduced with
increasing σA. The Q factors are reduced from approximately
1000 to 100 as σPbCl2 increases from 0 to 40 nm. The increase of
σCuCl reduces the Rabi splitting energies drastically, compared
with the variation of the Rabi splitting energy versus σPbCl2 .
This means that the fluctuation in the cavity layer dominantly
affects the Rabi splitting energy.

Next, we estimated the fluctuation width σA in order to
calculate the reflectance spectra of the fabricated microcavities
with the fluctuations in the refractive index profiles of the
cavity structures. As mentioned above, the Q factor for the
empty cavity was experimentally estimated in the range of
approximately 100–250, and the Rabi splitting energy for the
Z3 (Z1,2) exciton in the λ cavity was 110 (195) meV, shown by
the dashed line in Fig. 6(e). By comparing these experimental
values with the calculated ones, the fluctuation width can be
estimated to be σPbCl2 = 30 nm and σCuCl = 6 nm. The value of
the fluctuation for the DBRs is consistent with the estimated
value of the intermediate layer in the PbCl2/NaF double layer
using the spectroscopic ellipsometry.

The reflectance spectra of the microcavities with the
fluctuation width σA at the normal incidence were calculated
using the nonlocal response theory, and the dependence of
the Rabi splitting energies on the active-layer thickness was
obtained from the calculated reflectance spectra. The refractive
index profiles with and without the fluctuations are shown by
the solid and dashed lines in Fig. 7(a), respectively. In Fig. 7(b),
the black thick lines indicate the observed reflectance spectra
at the normal incidence, and the blue thin lines show the
calculated results for each active-layer thickness. The dotted
lines represent the calculated reflectance spectra of the empty
cavities, which exhibit the cavity photon energies at 0◦. In these
calculations, as mentioned above, the calculated reflectance
spectra on the basis of the nonlocal response theory are
reproduced by using no fitting parameters, but by using the
splitting energies of the longitudinal and transverse excitons
in CuCl (Ref. 32) and the background dielectric constant of
CuCl.32 Moreover, the damping constants of the Z3 and Z1,2

excitons are 4 and 16 meV, respectively, estimated by the
absorption spectra of the CuCl layer embedded between the
two NaF layers. The arrows show the LPB, MPB, and UPB in
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the cavity photon energies at normal incidence. The arrows indicate
three polariton modes. The vertical dotted lines show the Z3 and Z1,2

exciton energies.

the energy order. The energy positions and the FWHMs of the
cavity-polariton and weakly coupled modes observed from the
calculated results are in good agreement with the experimental
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FIG. 8. (Color online) Active-layer-thickness dependence of the
Rabi splitting energies obtained from the observed and calculated
reflectance spectra. The filled and open circles indicate the Rabi
splitting energies for the Z3 and Z1,2 excitons, respectively, obtained
from the observed reflectance spectra of the microcavities with
various active-layer thicknesses. The filled and open squares indicate
the Rabi splitting energies for the Z3 and Z1,2 excitons, respectively,
obtained from the calculated reflectance spectra.

results for the respective microcavities. For the higher-energy
side near the UPB, the FWHM of the experimental spectra
is wider than the calculated ones and the reflectivity of the
experimental spectra is lower than the calculated ones because
the exciton continuum state of CuCl exists around 3.4 eV.
Figure 8 shows the Rabi splitting energies from the observed
and calculated reflectance spectra of the microcavities with the
various active-layer thicknesses. The Rabi splitting energies
obtained from the calculated spectra agree well with the
experimental results. This result shows that the exciton-photon
strong interaction can be precisely controlled for the wide
energy ranges. Thus, we demonstrated that the calculation
method with the nonlocal response theory and the fluctuations
in the refractive index profiles well reproduce the reflectance
spectra and the Rabi splitting energies resulting from the
interaction between the excitons and the cavity photon in the
fabricated CuCl microcavity.

IV. CONCLUSION

We have investigated the optical property of the fabricated
CuCl microcavities with the various active-layer thicknesses
consisting of the PbCl2/NaF DBRs with the Q factor of
approximately 250. The three-polariton and the weakly cou-
pled modes were observed in the angle-resolved reflectance
spectra. The dispersion relationship of the polariton modes
was represented by the phenomenological 3 × 3 Hamiltonian.
These results indicate that the Rabi splitting energies are
widely controlled by changing the active-layer thickness.
The reflectance spectra of the CuCl microcavities with the
fluctuations in the refractive index profiles of the cavity
structures have been calculated using the nonlocal response
theory, and the effect of the spatial fluctuations in the refractive
index profiles on the Rabi splitting energies and the Q factor
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has been demonstrated. The calculated reflectance spectra are
in good agreement with the observed ones, which means that
the disagreement between the experimental and calculated
spectra reported in Ref. 12 originates from the fluctuations in
the refractive index profiles of the microcavity structures. The
good agreement between the calculated and observed spectra
in this work demonstrates that the calculation method with
the fluctuation and the nonlocal response theory is crucial
to quantitatively reproduce the Rabi splitting energies and

reflectance spectra caused by the interaction between the
quantized exciton and photon, which is essentially important
for engineering control of the Rabi splitting.
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