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Cavity polaritons in ZnO-based hybrid microcavities
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Department of Electrical and Computer Engineering, School of Engineering, Virginia Commonwealth

University, Richmond, Virginia 23284, USA

(Received 15 October 2007; accepted 7 December 2007; published online 10 January 2008)

Among wide-bandgap semiconductors, ZnO is a very attractive candidate for blue-ultraviolet lasers
operating at room temperature owing to its large exciton binding energy and oscillator strength.
Especially, ZnO-based microcavity structures are most conducive for polariton lasing at room
temperature. We report the observation of cavity polaritons in bulk ZnO-based hybrid microcavities
at room temperature. The bulk ZnO-based hybrid microcavities are composed of 29 pairs of
Alj5sGaysN/GaN distributed Bragg reflector (DBR) at the bottom of the \-thick cavity layer and
eight pairs of SiO,/SizN,; DBR as the top mirror, which provided cavity Q values of ~100.
Anticrossing behavior between the lower and upper polariton branches was observed at room
temperature. From the polariton dispersion curve, the vacuum Rabi splitting was estimated to be
~50 meV. These results are promising toward the realization of ZnO-based microcavity polariton
devices. © 2008 American Institute of Physics. [DOI: 10.1063/1.2830022]

Since the first report of the coupled exciton-photon mode
splitting in GaAs-based microcavities (MCs),' planar semi-
conductor MCs attracted a great deal of attention due to the
possibilities of enhancement and control of the interaction
between photons and excitons in these structures. The
coupled exciton-photon mode, namely, cavity polalritons,2
which are the elementary optical excitations in semiconduc-
tor MCs, may be viewed as a superposition of excitons and
cavity photons. The major feature of the cavity polariton
technology centers around large and unique optical nonlin-
earities, which would lead to another class of optical devices
such as polariton lasers having very low thresholds™* and
polariton parametric amplifiers with ultrafast response.s’6
From the point of view of materials, the experimental obser-
vations of these features at room temperature (RT) are pre-
vented in GaAs-based MCs because of the slow relaxation of
photoexcited polaritons down to the bottom of the lower po-
lariton branch. In II-VI semiconductors, the large exciton
binding energy allows the observation of nonlinearities up to
220 K in CdTe-based MCs,6 however, the II-VI technology
has not yet been proven technologically so far. On the other
hand, IlI-nitride based semiconductors are much likely to
exhibit cavity polaritons at RT and make polariton based
devices possible due to the large exciton binding energy
[~26 meV for bulk GaN layers and >40 meV in narrow
quantum wells (QWs)] and strong coupling to the light field.
Several groups have already reported polariton luminescence
at RT from bulk’® and QW (Ref. 9) GaN-based MCs. Re-
cently, polariton lasing at RT in bulk GaN-based MCs in the
strong coupling regime was observed under the nonresonant
pulsed optical pumping.10 Another wide-bandgap semicon-
ductor, ZnO is even a more attractive candidate for polariton
lasers at RT owing to ~60 meV bulk exciton binding energy,
which is almost twice larger than that of GaN. Zamfirescu
et al" predicted a large vacuum Rabi splitting, Qg
~ 120 meV, for cavity polaritons in an all-ZnO-based MC
that contains two Mg 3Zn,,0/Zn0 distributed Bragg reflec-
tors (DBRs), which projects to an extremely low threshold
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polariton laser (~2 mW) at RT. A record Qg,,; of
~191 meV has been predicted in a model one-wavelength
(\)-thick ZnO-based MC utilizing SiO,/ZrO, bottom and
top DBRs.'? However, there have been no experimental veri-
fications of these values and even no reports on observation
of cavity polaritons in ZnO-based MCs.

In this letter, we report the growth and characterization
of bulk ZnO-based hybrid MCs, which exhibit strong cou-
pling between the exciton and cavity modes. The investi-
gated structure consists of a A-thick bulk ZnO cavity layer
sandwiched between a 29 pair Al, ;Gay sN/GaN DBR and an
8 pair Si0O,/Si;N, DBR used for bottom and top reflectors,
respectively. The anticrossing behavior was observed in
angle-resolved photoluminescence (PL) measurements at RT.

The bottom DBR was directly grown on a 200-nm-thick
AIN buffer layer on (0001) sapphire substrate by low-
pressure metal-organic chemical vapor deposition. The AIN
buffer is chosen to avoid cracking due to the built-in strain
caused by the lattice mismatch. Trimethylgallium (TMGa),
trimethylaluminum (TMALI), and ammonia (NH;) were used
as sources for Ga, Al, and N, respectively. After depositing a
200-nm-thick AIN layer at 1050 °C, the wafer temperature
was ramped to 1000 °C for the 29 pair AIGaN/GaN DBR
growth. The V/III ratio was set to 2000 with a ~300 nm
growth rate for AIGaN and GaN to achieve smooth inter-
faces. The Al composition in the DBR was nearly 50% as
confirmed by high-resolution x-ray diffraction. A A-thick
(~160 nm considering A =380 nm in air) ZnO cavity layer
was grown at the bottom AlGaN/GaN DBR by plasma-
assisted molecular beam epitaxy (MBE) in a manner similar
to that of ZnO grown on epitaxial-GaN.13 The bottom DBR
was heat treated in the MBE system for ~15 min below
700 °C and then exposed to a Zn beam before the ZnO
growth for preventing oxidation of the Al(Ga)N layer. The
ZnO growth was carried out at 650 °C following the depo-
sition of a low temperature ZnO buffer layer at 300 °C under
oxygen rich conditions. The growth mode was two dimen-
sional as monitored in sifu by reflection high energy electron
diffraction. PL spectrum at RT shows the suppression of the
deep level emission band of ZnO in Fig. 1(a), which indi-

© 2008 American Institute of Physics
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FIG. 1. (Color online) (a) Room temperature (RT) photoluminescence (PL)
spectrum from a half cavity (without the top DBR). The inset shows the
sample structure. (b) Cross-sectional SEM image of a \-thick ZnO-based
hybrid microcavity (MC). (¢) AFM image of the ZnO cavity layer grown on
the bottom DBR. rms surface roughness is 1.3 nm over an area of
2X2 um?.

cates good material quality. To complete the MC structure an
eight pair SiO,/Si3Ny dielectric DBR was deposited by ul-
trahigh vacuum remote plasma enhanced chemical vapor
deposition on ZnO. As seen from the cross sectional scan-
ning electron microscope (SEM) image of the ZnO hybrid
MC in Fig. 1(b), the interface between the bottom DBR and
the ZnO cavity layer is fairly smooth, though the Si0,/Si;N,
DBR interface is not very clear. The rms surface roughness
of the ZnO cavity layer, determined from the atomic force
microscopy (AFM) image shown in Fig. 1(c), was 1.3 nm
overa2Xx?2 ,umz area, while the bottom DBR surface had a
rms roughness of 1.0 nm over the same area and exhibited
atomic steps.

A typical reflectivity spectrum at RT (solid line) from a
29 pair Al)sGaysN/GaN DBR for near-normal incidence
and the spectrum calculated using the transfer matrix
method'* (dashed line) are shown in Fig. 2(a). The refractive
index values used for the calculation were taken from Brun-
ner et al."” The measured peak reflectivity and the stop band-
width are ~90% and ~150 meV, respectively, for the 29
pair Aly sGay sN/GaN DBR, both smaller than the calculated
values. This discrepancy is due to the likely variations of the
thickness and variations in the Al composition as the sample
was not rotated during growth. The PL spectrum from a
half-MC (without the top SiO,/Si;N, DBR) at 300 K is also
shown in Fig. 2(a). The PL emission peak from the ZnO
cavity layer (3.29 eV) was located within the stop band in
the bottom DBR, which is imperative. Figure 2(b) shows the
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FIG. 2. (a) RT reflectivity spectrum of a 29 pair AljsGa,sN/GaN DBR
(thin solid line) showing a peak reflectivity of ~90% and a stop bandwidth
of ~150 meV. The dashed line shows the calculated reflectivity spectrum
using the transfer matrix method. RT PL spectrum (thick solid line) from a
half cavity (without top SiO,/Si;N, DBR) shows that the peak position is
located within the stopband of the bottom DBR. (b) RT reflectivity and PL
spectra from the full MC. The PL peak and the dip in reflectivity are in good
agreement.

reflectivity and PL spectra from the full-MC (including the
top Si0,/Si;N, DBR) at near-normal incidence. The energy
of the observed reflectivity dip is consistent with the PL
emission peak from a full-MC (3.23 eV), which corresponds
to the lower polariton mode from the ZnO-based hybrid MC.
A cavity quality value (Q value) of ~100 was obtained from
both the reflectivity and PL spectra. A weak emission peak at
3.30 eV, which corresponds to the upper polariton mode,
was also observed. However, the observation of the upper
and lower polariton modes is strongly dependent on sample
position, due to the thickness nonuniformity in the ZnO cav-
ity layer and the bottom DBR.

Angle-resolved measurements can be used to trace the
polariton modes in MCs without any change in the position
or temperature. Angle-resolved PL measurements were con-
ducted at RT under a weak excitation power density using a
He-Cd laser. The laser beam was focused on the sample
surface and the PL was collected by a 400 um core optical
fiber at different angles. The PL spectra at RT were measured
from 0° to 40°, as shown in Fig. 3(a). For reference, the PL
spectrum from a half-MC (dashed line) is also shown in the
upper part of the figure. It is clear that the lower polariton
mode gets close to the uncoupled exciton mode, and the
upper polariton mode is dispersed from the exciton mode to
the cavity mode. The experimental cavity polariton disper-
sion curve shown in Fig. 3(b) exhibits a typical anticrossing
behavior between the cavity mode and exciton mode when
the cavity mode energy crosses the exciton mode. Although
the resolution of the upper polariton branch was limited in
the angle-resolved PL spectra, the anticrossing behavior con-
firms the strong coupling regime in hybrid ZnO-based MCs.
A vacuum Rabi splitting of ~50 meV is estimated at the
resonant condition of #=22°, which is larger than that re-
ported in bulk-GaN hybrid MCs,” but smaller than that pre-
dicted by Zamfirescu et al."" We believe that the shortcoming
is due to the inhomogeneous broadening in the ZnO cavity
layer. Since the stop bandwidth of the bottom DBR is narrow
(~150 meV) due to relatively low refractive index contrast
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FIG. 3. (a) Angle-resolved PL spectra at RT in the range of 0°-40° for a
A-thick ZnO hybrid MC. The dotted line is the exciton mode. The solid lines
are guides to the eye. (b) Experimental cavity polariton dispersion curve.
The dashed lines represent the cavity and exciton modes.

in semiconductor layers and, therefore, the upper polariton
features are not clear at large angles, it might be difficult to
observe a clear anticrossing behavior. However, it should be
noted that polariton lasing depends on the formation of a
Bose-Einstein condensate in the lower energy trap states de-
fined by the lower polariton branch. Therefore, clear obser-
vation of the lower polariton branch with a large Rabi split-
ting is the basic requirement for realization of the polariton
laser, and clear tracing of the upper polariton branch, espe-

cially at large angles, is not absolutely necessary to prove the
existence of a strong coupling regime. Under the weak exci-
tation conditions employed in our study, the nonlinear fea-
tures indicative of lasing cannot be observed in the PL spec-
tra at RT. In addition, higher Q-value MCs are required for

nonlinear effects in MCs.

In summary, cavity polaritons in a ZnO-based hybrid
29  pair

AljsGaysN/GaN DBR and an 8 pair SiO,/Si3N, DBR, have
been observed, paving the way for polariton lasers operating

is sandwiched between a

MC, which

Appl. Phys. Lett. 92, 011127 (2008)

at RT. In angle-resolved PL measurements at RT, the anti-
crossing behavior between the cavity and exciton modes was
evident. A large vacuum Rabi splitting of ~50 meV at RT
was obtained from the cavity polariton dispersion curve,
which is larger than that observed in bulk GaN-based MCs.
Our results indicate that ZnO-based microcavities can be

used to realize polariton lasers.

This work was supported by Air Force Office Scientific
Research under the direction of Dr. K. Reinhardt and D. D.

Silversmith.
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