PHYSICAL REVIEW B 85, 205320 (2012)

Exciton polaritons in a CuBr microcavity with HfO,/SiO, distributed Bragg reflectors
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We have investigated the characteristics of exciton-photon strong coupling in a CuBr bulk microcavity that
consists of a CuBr active layer with an effective thickness of A/2 and HfO,/SiO, distributed Bragg reflectors: A
corresponds to an effective resonant wavelength of the lowest-lying exciton. The CuBr crystal has three excitons
labeled Z¢, Z, », and Z; at the I" point, where the Z; exciton originates from a triplet state, which is peculiar
to CuBr. Angle-resolved reflectance spectra measured at 10 K demonstrate the strong coupling behavior of
the Z¢, Z, ,, and Z3 excitons and cavity photon, resulting in the formation of four cavity-polariton branches.
Analyzing the cavity-polariton dispersion relations based on a phenomenological Hamiltonian for the strong
coupling, we evaluated the vacuum Rabi-splitting energies of the Z;, Z; », and Z3 excitons to be 31, 108, and
84 meV, respectively. These Rabi-splitting energies reflect the magnitudes of the oscillator strengths of the
relevant excitons. Furthermore, we precisely measured angle-resolved photoluminescence (PL) spectra of the
lower polariton branch under a weak excitation condition. In the bottleneck region, the population of the cavity
polaritons is negligible, and the PL intensity at k£ = O is the highest. These facts suggest that the relaxation process

of the cavity polaritons is not affected by a bottleneck effect.
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I. INTRODUCTION

From the viewpoint of controlling exciton-photon inter-
actions, semiconductor microcavities have attracted much
attention in fundamental physics and applications.! In a
microcavity, the excitons and cavity photon strongly couple
each other, which leads to the formation of cavity polaritons.
The strength of the strong coupling is characterized by the
so-called vacuum Rabi-splitting energy, resulting from an
anticrossing behavior between the dispersion relations of the
exciton and cavity photon. Recently, wide-gap semiconductor
microcavities including active layers of GaN (Refs. 2-7) or
ZnO (Refs. 8-13) have been intensively investigated from the
viewpoint of the stability of excitons. In Ref. 8, it was theoret-
ically predicted that a ZnO-based microcavity is suitable for
polariton lazing at room temperature. The main purpose of the
investigations is to realize Bose—Einstein condensation of cav-
ity polaritons’ and polariton lasing.*>!3 Copper halides such as
Cu(l, CuBr, and Cul are also promising materials for wide-gap
semiconductor microcavities: The exciton binding energies are
190, 108, and 62 meV for CuCl, CuBr, and Cul, respectively. 14
A considerable merit of copper halides is that crystalline thin
films are easily prepared by a conventional vacuum deposition
method."> We have fabricated CuCl (Refs. 16 and 17) and
Cul (Ref. 18) microcavities and precisely analyzed the cavity-
polariton dispersions. The typical values of the evaluated Rabi-
splitting energies are ~100 meV in CuCl microcavities'®!” and
~50 meV for Cul microcavities.'® The excitonic properties of
CuBr have a unique feature: The lowest energy exciton is a
triplet state called the Z; exciton. Thus, there exist three exciton
states labeled Z¢, Z; », and Z3 at the I" point in order of energy.
The Z, , (Z3) exciton corresponds to the degenerate heavy-
hole and light-hole excitons (the split-off-hole exciton). Note
that the oscillator strength of the Z¢ exciton is considerably
enhanced by mixing between the singlet and triplet excitons. !’
Thus, a CuBr microcavity is a new type of a microcavity in
the excitonic properties; however, there has been no report on
cavity polaritons in a CuBr microcavity until now.
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In this work, we have investigated the characteristics of
cavity polaritons in a CuBr microcavity with HfO,/SiO,
distributed Bragg reflectors (DBRs). From angle-resolved re-
flectance spectra, we experimentally determined the dispersion
relations of the cavity polaritons consisting of four branches
due to the strong coupling between the Z¢, Z; », and Z3 excitons
and cavity photon. On the basis of a phenomenological
Hamiltonian, we analyzed the cavity polariton dispersions
and evaluated the Rabi-splitting energies. Furthermore, we
precisely measured angle-resolved photoluminescence (PL)
spectra of the lower polariton branch (LPB) as an image map.
We discuss the cavity-polariton dispersions and the relaxation
process of the cavity polaritons.

II. EXPERIMENTAL DETAILS

The sample of a CuBr microcavity with HfO,/SiO, DBRs
was prepared on a (0001) Al,O3; substrate. The CuBr active
layer with a thickness of A/2 was sandwiched by the DBRs:
The thickness of A corresponds to an effective resonant
wavelength of the lowest lying exciton. The bottom and top
DBRs consisted of 9.5 and 8.5 periods, respectively, and
each DBR was terminated by the HfO, layer. The HfO,
and SiO; layers were fabricated by rf magnetron sputtering.
Commercially supplied plates of HfO, with a purity of 99.9%
and SiO; with a purity of 99.99% were used as the targets.
The sputtering gas was Ar under a pressure of 1.33 Pa, and the
substrate temperature was room temperature. Because CuBr
is a hygroscopic material, the DBRs also acted as protective
layers.”® The CuBr active layer was grown at 60 °C by vacuum
deposition using CuBr powders with a purity of 99.999% in
5 x 107 Pa. It was confirmed from X-ray diffraction patterns
that the crystalline CuBr layer is just oriented along the [111]
direction. Because the active layer thickness was A/2, there
was no spacer layer to form the cavity; namely, the sample
belongs to the category of a bulk microcavity. The effective
length, A, is given by Agx/./€p in a bulk microcavity,21 where
Apx 1s the resonant wavelength of the lowest lying exciton
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FIG. 1. Angle-resolved reflectance spectra of the A /2-thick CuBr
microcavity. The solid circles, open circles, solid triangles, and open
triangles indicate the cavity-polariton modes.

in vacuum, and &, is the background dielectric constant. The
length of A/2 corresponds to 88 nm, where g, = 5.7 (Ref. 14),
and the exciton energy is 2.963 eV, which is defined below
from an absorption spectrum. In addition, a CuBr thin film with
a thickness of 50 nm was prepared to observe an absorption
spectrum. The growth rates of the CuBr, HfO,, and SiO; layers
were precisely monitored during the deposition process using
a crystal oscillator.

In measurements of angle-resolved reflectance spectra, the
probe light source was a Xe lamp, and the reflected light was
detected with a charge-coupled device attached to a 32-cm
single monochromator with a resolution of 0.15 nm. The
p-polarized light was used in the reflectance measurement. An
absorption spectrum was also measured to confirm the exciton
energies and to estimate the relative oscillator strengths of the
excitons with the use of the same system in the reflectance
measurement. The excitation light for angle-resolved PL
spectra was the 325-nm line of a He-Cd laser with a power
density of ~50 mW/cm?. In the measurements of angle-
resolved PL spectra, the incidence angle of the excitation light
was fixed to 0°, whereas the detection angle was varied. The PL
spectra were analyzed with the same monochromator system in
the reflectance measurement. All of the optical measurements
were performed at 10 K.

III. RESULTS AND DISCUSSION

Figure 1 shows the angle-resolved reflectance spectra of
the CuBr microcavity. The four dips in the reflectance spectra
are labeled with solid circles, open circles, solid triangles, and
open triangles. The broad dip located at higher than ~3.2 eV
corresponds to a high—energy-side stop band of the DBR.
As described above, CuBr has the Zg, Z, 5, and Z3 excitons;
therefore, four cavity polariton branches should exist under
the strong coupling between the three excitons and cavity
photon. The energies of the four reflectance dips labeled by the
symbols systematically depend on the incidence angle. This
fact indicates that the four reflectance dips are attributed to the
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cavity polaritons: the LPB, middle polariton branch 1 (MPB1),

middle polariton branch 2 (MPB2), and upper polariton branch

(UPB) in order of energy. We estimate the quality factor, Q,

of the microcavity from the full width at half maximum of the

reflectance dip of the LPB mode at the incidence angle of 0°:
= ~480.

Next, we analyze the dispersion relations of the cav-
ity polaritons. To analyze the experimental results of the
incidence-angle dependence of the reflectance-dip energies,
the eigenenergies of the cavity polaritons are calculated using
the following phenomenological 4 x 4 Hamiltonian for the
strong coupling between the Z¢, Z; », and Z3 excitons and
cavity photon,

Eeaw (0)  Qzp/2 Qz12/2 z3)/2

Qzq) /2 Ezr 0 0 (1)
Q7(1,2)/2 0 E71,2) 0

Qz3)/2 0 0 Ez3)

where Ezs), Ez1.2), and Ez3) are the energies of the Zs, Z »,
and Z3 excitons, respectively, and Qz), Q71,2), and 2z3) are
the vacuum Rabi-splitting energies of the relevant excitons
that are fitting parameters. The energy of the cavity photon,
E .y(0), is given by??

sin20\ '/
) ; (2)

Eea(0) = Ey <l - )
Rete

where 6, Ey, and n.g are the incidence angle, energy of the
cavity photon at & = 0°, and effective refractive index of the
cavity, respectively. According to Ref. 23, we have to take into
account the penetration of the light confined in the cavity
into the DBR to calculate E.,,(6). Therefore, Ey and neg
are treated as fitting parameters. The Rabi-splitting energy
is proportional to the square root of the excitonic oscillator
strength.6 So, if we have the information of the oscillator
strengths of the three excitons in CuBr, the ambiguity of fitting
the Rabi-splitting energies are considerably reduced. However,
no data for oscillator strengths are available, except for the Z; ,
exciton.

In this work, we estimate the relative oscillator strengths
from the absorption spectrum of the CuBr thin film shown in
Fig. 2, where the thin solid curve indicates the experimental
result. We performed the line-shape analysis of the absorption
spectrum using Gaussian functions for the exciton absorption
bands that are shown by dashed curves. For the continuum
states in the energy region higher than ~3.08 eV, we used the
following Sommerfeld factor:**

7 exp(m/+/ A)
Sx HA)———— 3
o H( )sinh(n/JK) ©
with
A = (hw — Eg)/ Ey, “)

where H is a unit step function, E, is the band-gap energy,
and E, is the exciton binding energy. The thick solid curve
indicates the total fitted results. The step-like edge at ~3.08 eV
results from the Sommerfeld factor. In the energy range
from ~2.99 to ~3.08 eV, the fitted spectrum deviates from
the experimental one. The reason for the deviation may be
attributed to the neglect of excitons with n > 2 and various
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FIG. 2. (Color online) Absorption spectrum of the CuBr thin
film, where thin solid curve indicates the experimental result. For the
line-shape analysis, Gaussian functions are used for fitting the exciton
absorption bands (dashed curves). For the continuum transitions,
Eq.(3) is used. The thick solid curve indicates the total fitted results.

phonon-assisted bands. Note that the deviation hardly affects
the estimation of the relative oscillator strengths. From the
integrated intensities of the absorption bands of the Z¢, Z; 7,
and Zj3 excitons, we estimate the relative oscillator strengths
as follows: fz(): fz1.2): fz3) = 0.083:1:0.61. The energies of
the Zs, Z; », and Z3 excitons are 2.963, 2.967, and 3.115 eV,
respectively.

Figure 3 shows the incidence-angle dependence of the
energies of the four cavity-polariton modes (LPB, MPBI,
MPB2, and UPB), where the solid circles, open circles, solid
triangles, and open triangles, which are the same symbols
in Fig. 1, indicate the experimental results. The solid curves
depict the fitted results using Eq. (1). The dashed horizontal
lines indicate the exciton energies, and the dashed curve
shows the cavity-photon dispersion. The values of E( and
negr in Eq. (2) are 2.835 eV and 1.85, respectively. Because
the background refractive index of CuBr is /e, = 2.4, the
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FIG. 3. (Color online) Incidence-angle dependence of the en-
ergies of the four cavity-polariton modes in the X/2-thick CuBr
microcavity, where the solid circles, open circles, solid triangles,
and open triangles, which are the same symbols in Fig. 1, indicate the
experimental results. The solid curves depict the fitted results with
Eq. (1). The dashed horizontal lines indicate the exciton energies, and
the dashed curve shows the cavity-photon dispersion.
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FIG. 4. (Color online) Relative fractions of the Zg, Z;,, and
Z; excitons and cavity photon in the LPB, MPB1, MPB2, and
UPB modes as a function of incidence angle. The relative fractions
correspond to the eigenvectors of Eq. (1).

smaller value of n.g reflects penetration of the light confined
in the cavity into the DBR. It is evident that the fitted
results well explain the experimental results. Thus, we have
succeeded in analyzing the four cavity polariton branches. The
Rabi-splitting energies are evaluated as 31, 108, and 84 meV
for the Z¢, Z, », and Z3 excitons, respectively. The error of
the evaluation is & 7%. Here, we compare the Rabi-splitting
energies with those of other semiconductor microcavities.
Because the Rabi-splitting energy markedly depends on the
active layer thickness,!” the thicknesses should be the same for
comparison. In a A /2-thick ZnO microcavity with HfO,/SiO,
DBRs, the Rabi-splitting energy of the A exciton was reported
as 30 meV.!! As described above, Rabi-splitting energy is
proportional to the square root of the excitonic oscillator
strength. The oscillator strength is given by f = &y(Ef — E3),
where E; (Et) is a longitudinal (transverse) exciton energy.”
The oscillator strengths of the Z, , exciton in CuBr and the A
exciton in ZnO are 4.2 x 10° (Ref. 14) and 4.9 x 10* meV?
(Ref. 11), respectively. Therefore, the ratio of the Rabi-splitting
energy of the A exciton to that of the Z , exciton is expected to
be Q4 : Qza.2) = «/fa 1/ fza.2 = 1 : 2.9. The experimental
ratio, 1:3.6, deviates from the expected ratio by 24%. The
difference between the expected and experimental ratios might
be from some uncertainty of the values of Er, and Et.

Figure 4 show the relative fractions of the Z¢, Z; 5, and Z3
excitons and cavity photon in the LPB, MPB1, MPB2, and
UPB modes as a function of incidence angle. The relative
fractions correspond to the eigenvectors of Eq. (1). In the LPB
mode, the cavity photon is the major fraction in the angle region
lower than ~36°, whereas the Z; , exciton is the major fraction
in the higher angle region. The Z; exciton fraction, which is
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FIG. 5. (Color online) Angle-resolved PL spectra summarized as
a color image map in the A /2-thick CuBr microcavity, where the color
scale intensity is depicted on the top. The dashed curve indicates the
dispersion of the LPB.

the lowest energy exciton, is minor because of the smaller
oscillator strength. The MPB1 mode has no cavity-photon
fraction. This results in the fact that the dispersion of the
MPBI is flat, as shown in Fig. 3. In the MPB2 mode, the Z, »
exciton fraction is the major fraction in the angle region lower
than ~36°. The fraction of the cavity photon reaches a peak at
~44°. In the higher angle region, the major fraction is that of
the Z3 exciton. In the UPB mode, the Z3 exciton fraction is the
major fraction in the angle region lower than ~50°, whereas the
cavity-photon fraction is major in the higher angle region. The
above-mentioned behaviors of the fractions of the Z¢, Z, », and
Z; excitons and the cavity photon explain the characteristics
of the cavity polaritons.

Finally, we discuss the angle-resolved PL spectra, summa-
rized as a color image map shown in Fig. 5, in which the dashed
curve indicates the LPB dispersion. It is evident that the PL
originates from the LPB mode. The PL intensity gradually
increases with a decrease in detection angle lower than ~30°:
The PL intensity is the highest at 0°, corresponding to the
in-plane wave vector k = 0. Tartakovskii et al.?® reported that
a relaxation bottleneck of cavity polaritons exists in a GaAs
microcavity and that the bottleneck effect is suppressed by
an increase in excitation power density from 5 to 80 W/cm?
owing to exciton-exciton scattering processes. In the present
case, the bottleneck region of the LPB is around 35° from
Fig. 3; however, the population of the cavity polaritons in the
bottleneck region is negligible, as shown in Fig. 5. Note that the
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excitation power density is very weak: ~50 mW /cm?. Thus,
in the CuBr microcavity, the relaxation process of the cavity
polaritons is not affected by the bottleneck effect. The reason
why there is no bottleneck effect is considered to be as fol-
lows. In this case, exciton-exciton and/or polariton-polariton
scattering processes do not contribute to the relaxation process
because of the very weak excitation power density. Because
CuBr has high ionicity, the interaction between the exciton and
longitudinal optical (LO) phonon with an energy of 20.7 meV
(Ref. 14) is strong.”’ Therefore, the LO-phonon scattering
dominates the relaxation process. The lack of a bottleneck
effect is advantageous for Bose—FEinstein condensation of the
cavity polaritons and polariton lasing. An investigation of
polariton lasing in the CuBr microcavity is in progress, which
will be reported elsewhere.

IV. CONCLUSIONS

We have fabricated the A/2-thick CuBr microcavity with
HfO,/Si0, DBRs and experimentally determined the cavity-
polariton dispersions using angle-resolved reflectance spec-
troscopy. Strong coupling between the Z¢, Z, », and Z3 excitons
and cavity photon in the CuBr microcavity leads to the
formation of four cavity-polariton branches. From the analysis
of the cavity-polariton dispersions with the phenomenological
Hamiltonian for the strong coupling, the vacuum Rabi-splitting
energies for the Z;, Z;,, and Z3 excitons were evaluated
as 31, 108, and 84 meV, respectively. The experimental
cavity-polariton dispersions were well reproduced by the
fitting procedure. We also calculated the relative fractions
of the constituents to characterize the four cavity-polariton
branches. Furthermore, the angle-resolved PL spectra were
precisely measured. It was found that the PL intensity of the
LPB mode gradually increases with a decrease in the detection
angle: The PL intensity is the highest at 0°, corresponding
to k = 0. We confirmed that the population of the cavity
polaritons in the bottleneck region is negligible. These facts
demonstrate that the relaxation process of the cavity polaritons
is not affected by the bottleneck effect. This is advantageous
for Bose—FEinstein condensation of the cavity polaritons and
polariton lasing.
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