Exciton-polaritons study in ZnO- based hybrid microcavities
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ABSTRACT

The characteristics of exciton-polaritons in ZnO-based microcavities (MCs) are demonstrated with a large vacuum Rabi
splitting due to large exciton binding energy and oscillator strength. The lower polariton branches (LPBs) can be clearly
observed. For low temperature and large negative detuning conditions, a clear polariton relaxation bottleneck in bulk
ZnO-based MCs has been observed in angle-resolved photoluminescence measurements from 100 to 353 K at different
cavity-exciton detunings. The bottleneck is strongly suppressed with increasing the temperature and pumping power and
reducing detuning. This observed results supposed to be due to more efficient phonon-assisted relaxation and a longer
radiative lifetime of the polaritons. In addition, the linewidth broadening, blue-shift of the emission peak, and
polarization of polariton lasing from below threshold to up threshold are also discussed.
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1. INTRODUCTION

Light-matter interaction is an interesting physical phenomenon. A simple way is to create a high-finesse optical cavity,
which can be used to confine photons, and then put atoms in this cavity. When the cavity configuration is reduced to be
close to, or below the dimension of the wavelength of light, it will be generally termed as “microcavity” [1]. Consider a
semiconductor microcavity structure consisting of a active layer embedded between two high-reflectivity DBRs, the free
electron-hole pairs will be created by exciting the active layer using laser sources or electrical injection. Furthermore, a
quasi-particle, termed as exciton, is created if an excited electron-hole pair bound by the Coulomb interaction. This
exciton has a similar function as the excited atom in a microcavity. When the exciton strongly interacts with the confined
optical field of the semiconductor microcavity, it is possible for this system to be in the strong-coupling regime. If the
rate of energy exchange between the cavity field and the excitons becomes much faster than the decay and decoherence
rates of both the cavity photons and the excitons, an excitation in the system is stored in the combined system of photon
and exciton. Thus the excitations of the system are no longer exciton or photon, but a new type of quasi-particles called
the microcavity polaritons or exciton-polaritons. In the past decade, exciton-polaritons, the half-light/half-matter quasi
particles generated from strong coupling between excitons and microcavity photons in semiconductor high-Q
microcavities (MCs) have attracted much attention [2]. Due to their bosnic nature, exciton-polaritons with very small
effective mass (10™ that of hydrogen atom) increasing the critical temperature of condensation to cryogenic or even RT.
On the other hand, the excitonic nature enables polaritons to interact with phonons, excitons, or polaritons and relax to
their final state. The above mentioned properties have led to demonstration of various experimental results, including
solid state Bose Einstein condensates (BEC) or ultra-low threshold polariton lasers [3-9], and polariton parametric
oscillator [10].
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However, the exciton-polaritons were observed in CdTe [3] and GaAs [4, 5] MCs only at cryogenic temperatures due to
the small exciton binding energies in these materials. In contrast, wide-bandgap semiconductor materials have larger
exciton binding energies [11], and have emerged as candidates for high temperature polariton lasers. Room temperature
(RT) polariton lasing has been demonstrated recently in bulk and multiple-quantum-well (MQW) GaN MCs [9, 10], yet
the exciton binding energy in GaN is only comparable to the thermal energy at 300 K. Another wide-bandgap material,
ZnO, possesses even larger oscillator strengths and exciton binding energies (~60 meV in the bulk layer) [12-14]. RT
photon lasing in ZnO MCs has been reported very recently [15], but RT ZnO polariton lasers have only been discussed
in theory [12, 16]. In this report, the strongly coupled characteristics in ZnO hybrid microcavity are present
systematically.

2. ZnO HYBRID MICROCAVITY
2.1 Sample fabrication

The hybrid microcavity structure consists of a bulk ZnO 3A/2 thick cavity sandwiched between a bottom 30-pair
AIN/Aly;Gag 77N DBR and a top 9-pair dielectric SiO,/HfO, DBR. The AIN/AlGaN DBR was grown by MOCVD on a
3um thick GaN buffer layer on c-plane sapphire substrate. During the growth, TMGa and TMAI were used as group III
source materials and NHj; as the group V source material. After thermal cleaning of the substrate in hydrogen ambient for
5 min at 1100 °C, a 30-nm-thick GaN nucleation layer was grown at 520 °C. The growth temperature was raised up to
1040 °C for the growth of 3um GaN buffer layer. Then, the AIN/AlGaN DBRs were grown under the fixed chamber
pressure of 100 Torr similar to the previous reported growth conditions. The bulk ZnO 3A/2 thick cavity was grown on
AIN/AlGaN DBR by pulsed-laser deposition (PLD) system, which is commonly adopted for the growth of ZnO epi-

films. The beam of a KrF excimer laser (A = 248 nm) was focused to produce an energy density ~5-7 J . cm™ at a
repetition rate 10 Hz on a commercial hot-pressed stoichiometric ZnO (99.999 % purity) target. The ZnO films were
deposited with a growth rate ~0.5475 A . s at a substrate temperature of 600 °C and a working pressure ~ 9.8x 10™

Torr without oxygen gas flow. Finally, the 9-period SiO,/HfO, dielectric DBR was deposited by dual electron-beam gun
evaporation system to complete the microcavity structure.The schematic sketch of the ZnO-based microcavity structure
is shown in Figure 1(a). The measured RT reflectivity of upper DBR, RT PL intensity of the ZnO cavity layer in a half
cavity regime, and measured RT reflectivity of the bottom DBR are shown in Figure 1(b)-(d) respectively. The larger
stop bandwidth of the upper dielectric DBR compare to the bottom epitaxial DBR is due to the larger index difference
between the SiO, and the HfO, layer.
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Figure 1. (a) The ZnO-based hybrid microcavity schematic diagram. (b) The measured RT reflectivity of upper
DBR. (c) RT PL intensity of the ZnO cavity layer. (d) The measured RT reflectivity of the bottom DBR.
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The RT reflectivity and p-PL spectral from the full hybrid microcavity is shown in Figure 2. The narrowed PL linewidth
of full cavity structure about 1.73nm at the 383nm is results from PL signal of the half cavity which is filtered by a
narrow cavity mode of the full MC structure. The calculated cavity quality factor Q is about 221 when the pump spot
size is about 3pum. It’s noteworthy that the cavity dip was strongly dependent on the sample position due to the thickness
fluctuation of the ZnO cavity layer and the bottom DBR. Such behavior also provides various choices of the different
photon-exciton detuning in our sample.
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Figure 2. RT reflectivity and p-PL spectra from the full hybrid microcavity

2.2 Measurement results

Polariton decays in the form of emitting a photon with the same &, and totoal energy Aw = E;pp yps. The one-to-one
correspondence between the internal polariton mode and the external out-coupled photon mode provides great
convenience to experimental access to the strong coupling system. The external emitted photons carry direct information
of the internal polaritons, such as the energy dispersion, population per mode, and statistics of the polaritons.
Consequently, we could probe the internal properties of polaritons by collecting the emitted photons. Each in-plane
photon mode couples only with an exciton state with the same &, which is related to the external angle of incidence 8 via
k; = k sin@. The polariton dispersion and associated phenomena can thus be studied in angular-dependent experiments.
Therefore, the angle-resolved PL is a common optical system to measure the polariton dispersion curves. Figure 3 shows
the schematic sketch of an angle-resolved PL system. The excitation source of the PL measurements is a 355 nm
Nd:YVO, pulse laser at a 1kHz repetition rate and a pulse duration of 0.5 ns. The pumping laser spot size on the sample
surface was about 60 um in diameter at 60° incident angle. The PL emission light from the sample surface was collected
using a UV optical fiber with 600 um core mounted on a rotating stage with an angular resolution of ~1°, and detected
by a liquid nitrogen cooled charge-coupled device attached to a monochromator (iHR 320, HORIBA scientific Inc.) with
a spectral resolution of about 0.2 nm.

To probe the characteristics of strong exciton-photon coupling in the ZnO microcavity structure, RT angle-resolved
reflectivity measurements were performed by using a two arm goniometer and a xenon lamp as a white light source.
Figure 4a and 4b show the experimental exciton-polariton angle-resolved reflectivity spectral at different position of the
sample, the reflectivity dips in the reflectivity spectral represent the position of the LPB. The black and blue dash in the
Figures 4a and 4b depict the bared exciton mode and the fitted LPB of the MC respectively. The different exciton-
polariton dispersion curves due to different detuning values can be easily observed by comparing Figure 4a and 4b. The
LPB dips were then extracted to Figure Sa and 5b for further analyze. An identical vacuum Rabi splitting value of about
68meV is estimated at the resonant angle of 34° and 27°, respectively, due to the two different detuning values. The large
value of vacuum Rabi splitting reveals a high potential of ZnO MC to be the mostly promising candidate for practical
polaritonic devices.

In the experiment, the strong polariton relaxation bottleneck has been observed in bulk ZnO-based microcavities at low
temperature by performing angle-resolved PL measurements. The polariton relaxation from bottleneck to low k states
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can be enhanced with increasing temperature, pumping power and reducing detuning. RT polariton lasing in a ZnO-
based hybrid MC measurements show the linewidth broadening with pumping power and average polarization is not
specific. We also obtain polariton lasing at 353k.
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Figure 3. Schematic sketch of ARPL measurement
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Figure 4. RT angle-resolved reflectivity spectral at (a) 6 =-93meV and (b) d = -53meV.
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Figure 5. Extracted polariton emission peaks (blue squares) and simulated dispersion curves at (a) 6 =-93meV and (b) § =-53meV.
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3. CONCLUSION

In conclusion, The dispersion curves of ZnO MC show obvious characteristics of strong exciton-photon coupling. The
large vacuum Rabi splitting value of 68meV at RT reveals that ZnO MC is a promising candidate to achieve the RT
polariton laser in the nearly future. Besides, characteristics of the polariton lasing have been systematically measured.
The threshold power density, linewidth broadening, blue-shift of emission peak energy and polarization reveal the
fundamental difference between polariton lasing and photon lasing.
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