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Wide-band gap ZnO semiconductors are attractive materials for the investigation of microcavity
exciton polaritons due to the large exciton binding energy and oscillator strength. We report the
growth and characterization of bulk ZnO-based hybrid microcavity. The phenomenon of strong
exciton-photon coupling at room temperature has been observed in the ZnO-based hybrid
microcavity structure, which consists of 30 pair epitaxially grown AIN/AlGaN distributed Bragg
reflector (DBR) on the bottom side of the 3/2\ thick ZnO cavity and 9 pair SiO,/HfO, DBR as the
top mirror. The cavity quality factor is about 221. The experimental results show good agreement
with theoretically calculated exciton-polariton dispersion curves based on transfer matrix method.
From the theoretical and experimental exciton-polariton dispersion curves with two different
cavity-exciton detuning values, the large vacuum Rabi splitting is estimated to be about 58 meV in
the ZnO-based hybrid microcavity. © 2009 American Institute of Physics.

[DOL: 10.1063/1.3079398]

Strong light-matter coupling in semiconductor micro-
cavities (MCs) has attracted much attention since the pio-
neering work of Weisbuch et al." in 1992. In MC structure
with strong interaction of excitons and photons, the new qua-
siparticles termed cavity polaritons are created and charac-
terized by bosonic properties including very light mass and
controllable dispersions. These unique MC polariton proper-
ties provide the possibility to investigate the fundamental
physical ~ phenomena including strong light-matter
interaction,” solid-state cavity quantum electrodynamies,4
and dynamical Bose—FEinstein condensates.”® Besides, fur-
ther applications of MC polaritons include polariton lasers,’
polariton light-emitting diodes,® and polariton parametric
ampliﬁelrs.9 As far as material issues are concerned, GaAs-
based MC structures have nearly lattice-matched AlGaAs/
AlGaAs distributed Bragg reflectors (DBRs) and high-
quality GaAs/AlGaAs quantum wells. Therefore, it is
relatively easy to obtain high-quality-factor MCs. However,
the strong-coupling phenomenon in GaAs-based MCs is
hardly observed at room temperature (RT) due to the small
exciton binding energy of about 4 meV for bulk GaAs
materials.'® In GaN-based semiconductors, the large exciton
binding energy is about 26 meV for bulk GaN layers11 and
about 40-50 meV for quantum-well structures.'> Conse-
quently, the strong-coupling I%henomenon,z’3 polariton
condensation,” and polariton laser 12 have been observed at
RT from GaN-based MCs. Furthermore, ZnO-based MC is
an attractive alternative for the study of polariton-related
properties at RT since the exciton binding energy is as even
larger about 60 meV for bulk ZnO layers. Although the ZnO
material has been reported to be the mostly adapted for the
realization of RT polariton lasers,lo the related literature re-
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porting the observation of cavity polaritons in ZnO-based
MC:s is relatively few."?

In this study, we report the epitaxial growth and optical
characterization of bulk ZnO-based hybrid MCs. Strong cou-
pling between the exciton and cavity modes was observed at
RT according to the angle-resolved reflectivity and photolu-
minescence (PL) spectra. Theoretical analysis of the strong
coupling was also performed by employing transfer matrix
method to calculate the reflectivity spectra of the hybrid ZnO
MCs.

The microcavity structure consists of a bulk ZnO 3/2\
thick cavity sandwiched between a bottom 30-pair AIN/
AlGaN DBR and a top nine-period dielectric SiO,/HfO,
DBR. Here we chose A to be 380 nm in air. The aluminum
composition in the DBR was about 23% from the measure-
ment of high-resolution x-ray diffraction. The AIN/AlGaN
DBR was grown on (0001)-oriented sapphire substrates in a
low-pressure high-speed rotating-disk metalorganic chemical
vapor deposition system. During the growth, trimethylgal-
lium and trimethylaluminum were used as group III source
materials and ammonia (NH;) as the group V source mate-
rial. After thermal cleaning of the substrate in hydrogen am-
bient for 5 min at 1100 °C, a 30-nm-thick GaN nucleation
layer was grown at 500 °C. The growth temperature was
raised up to 1020 °C for the growth of 2.8 um GaN buffer
layer. Then, the AIN/AIGaN DBRs were grown under the
fixed chamber pressure of 100 Torr similar to the previous
reported growth conditions."* The bulk ZnO 3/2\ thick cav-
ity was grown on AIN/AIGaN DBR by plasma-assisted mo-
lecular beam epitaxy system under the growth temperature of
about 550 °C. The nine-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 Fig. 1(a).
The interface between the AIN/AlGaN DBR and the ZnO

® 2009 American Institute of Physics
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FIG. 1. (Color online) (a) The schematic diagram of the ZnO-based hybrid
microcavity. (b) The cross-section image of the ZnO microcavity with bot-
tom DBRs observed by SEM. (c) RT PL spectrum from the half-cavity ZnO
film grown on AIN/AlGaN DBRs.

cavity is smooth as seen from the cross-sectional scanning
electron microscope (SEM) image in Fig. 1(b). Figure 1(c)
shows the RT PL spectrum from the ZnO film grown on
AIN/AlGaN DBR. The good material quality of the ZnO film
can be observed from the suppression of the deep level emis-
sion band in the RT PL spectrum.

The reflectivity spectra of a 30-pair AIN/Alj,3Gagy-7N
DBR and a nine-pair SiO,/HfO, DBR were measured at RT,
respectively, for normal incidence, as shown in Fig. 2(a). The
peak reflectivity of bottom AIN/AlGaN DBR is about 93%
and the stop band width is about 145 meV. As for the top
Si0,/HfO, DBR, the peak reflectivity and the stop band
width are 97% and 790 meV, respectively. The RT PL spec-
trum from a half-cavity structure (i.e., without the top
Si0,/HfO, DBR) is also shown in Fig. 2(a). It is found that
the PL spectrum from the half-cavity ZnO layer is mostly
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FIG. 2. (Color online) (a) The RT reflectivity spectra of a 30-pair
AIN/Alj,3Gay 7N DBR (dashed line) and a nine-pair SiO,/HfO, DBR
(solid line). RT PL spectrum from a half cavity is located within the stop
band of the bottom and top DBRs. (b) RT reflectivity and PL spectra from
the full hybrid microcavity.
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FIG. 3. (Color online) (a) The color map of the measured angle-solved
reflectivity spectra from 10° to 40° at RT. (b) The color map of the calcu-
lated angle-solved reflectivity spectra from 10° to 40° without taking the
resonant exciton into account. (c) The color map of the calculated angle-
solved reflectivity spectra from 10° to 40° with taking the resonant exciton
into account.

covered by the stop band width of the bottom and top DBRs.
Figure 2(b) shows the RT reflectivity and PL spectra from the
full ZnO MC structure at normal incidence. The PL line-
width is decreased to be about 15 meV (AN~ 1.73 nm) due
to the microcavity effect, and the PL peak energy is about
3.237 eV (N ~383 nm). Therefore, the cavity quality factor
Q(=N/AN) is about 221 when the pump spot size is about
3 wm. Furthermore, the cavity dip can be clearly observed
in the reflectivity spectrum, which shows a precise alignment
between the DBR stop band and the ZnO cavity thickness.
We found that the cavity dip was strongly dependent on the
sample position due to the thickness nonuniformity in the
ZnO cavity layer and the bottom DBR.

RT angle-resolved reflectivity measurements were per-
formed by using a two arm goniometer and a xenon lamp
was employed as a white light source. The color map of the
angular dispersion of measured reflectivity spectra from 10°
to 40° is shown in Fig. 3(a). Furthermore, the color maps of
the calculated angle-resolved reflectivity spectra without and
with taking the resonant exciton into account are shown in
Figs. 3(b) and 3(c), respectively. The theoretically calculated
exciton-polariton dispersion curves are in good agreement
with the measured results as we assign the parameter related
to the oscillator strength to be about 4.5X 10* meV? in our
calculations. This value is reasonable for the materials with
wide band gap and large oscillator strength.'>'® In Fig. 3(b),
the pure cavity mode, marked with C, follows the parabolic
dispersion, which is consistent with the Bragg mode from the
low energy side of the stop band. However, when we con-
sider the resonant exciton in our calculation, the behavior
shown in Fig. 3(c) is the characteristic of mode mixing be-
tween the cavity and exciton modes, and the formation of
lower and upper polariton branches (LPB and UPB) near the
angle of about 34°. Under this circumstance, the photonlike
LPB will approach to excitonlike LPB with increasing angle.
Therefore, the LPB dispersion curve does not follow the
original pure photon parabolic dispersion curve because of
the streng interaction betweenr photon and exciton modes. In
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FIG. 4. (Color online) (a) The color map of the measured angle-solved PL
spectra from 0° to 32° at RT. (b) The color map of the calculated angle-
solved transmission spectra from 0° to 32° with taking the resonant exciton
into account. Measured (empty squares) and calculated (solid lines) disper-
sion curves as the cavity and exciton modes are resonant at (c) 34° and (d)
21°.

the color map of the measured angle-resolved reflectivity
spectra shown in Fig. 3(a), the dispersion of the LPB devi-
ates from the parabolic cavity mode and approach to exciton
mode with increasing angle. Therefore, by comparing Figs.
3(a) and 3(b), the strong coupling phenomenon between ex-
citon and photon modes is observed in this hybrid ZnO-
based microcavity structure. Although the signature of the
UPB is not obvious on this color map plotted in linear scale,
the broad dip of the UPB could be identified as the measure-
ment angle larger than 35°.

In order to further confirm the strong coupling phenom-
enon, the measurement of angle-resolved PL is performed at
different sample positions, which has relatively small detun-
ing between cavity and exciton modes. The excitation source
of the PL measurements is a 266 nm radiation from a fre-
quency tripled Ti:sapphire laser. Figure 4(a) shows the color
map of the measured angle-resolved PL spectra. We further
calculate the color map of the angle-resolved transmission
spectra using the same detuning value, as shown in Fig. 4(b).
The calculated LPB is also in good agreement with the mea-
sured results. In Fig. 4(a), the signature of the UPB is not
obvious on the measured angle-resolved PL map, which is a
common feature of wide band gap MC."* 1t should be noted
that clear observation of the LPB is more important for the
investi§ation of Bose—FEinstein condensation and polariton
lasing. }

For clearly comparing the theoretical and experimental
exciton-polariton dispersion curves with two different cavity-
exciton detuning values, we further summarize the results
shown in Figs. 3(a) and 4(a), and then illustrate in Figs. 4(c)
and 4(d). The empty squares in Figs. 4(c) and 4(d) represent
the experimental reflectivity dip and PL emission peak val-
ues, respectively, and the solid lines represent calculated re-
sults. By comparing Figs. 4(c) and 4(d), the different

Appl. Phys. Lett. 94, 061103 (2009)

exciton-polariton dispersion curves due to different detuning
values can be obviously observed. The identical vacuum
Rabi splitting value of about 58 meV is estimated at the
resonant angle of 34° and 21°, respectively, due to the two
different detuning values. This vacuum Rabi splitting value
is larger than the previous report,]3 which may originate
from the improvement of reflectivity of bottom DBR, higher
cavity quality value, and larger ZnO thickness.

In summary, the strong exciton-photon coupling at RT
has been observed from the ZnO-based hybrid microcavity
structure. The dispersion curves based on angle-resolved re-
flectivity and PL measurements show obvious characteristics
of strong exciton-photon coupling. Theoretically calculated
exciton-polariton dispersion curves are in good agreement
with the measured results. The large vacuum Rabi splitting
value of about 58 meV is estimated from both different
cavity-exciton detuning values. These results reveal that
ZnO-based microcavities are promising candidate for the re-
alization of microcavity polariton devices.
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