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Nonpolar ZnO/ZnMgO-based optical microcavities have been grown on (10-10) m-plane ZnO
substrates by plasma-assisted molecular beam epitaxy. Reflectivity measurements indicate an expo-
nential increase of the cavity quality factor with the number of layers in the distributed Bragg reflec-
tors. Most importantly, microreflectivity spectra recorded with a spot size in the order of 2 ym show
a negligible photonic disorder (well below 1 meV), leading to /ocal quality factors equivalent to those
obtained by macroreflectivity. The anisotropic character of the nonpolar heterostructures manifests
itself both in the surface features, elongated parallel to the in-plane ¢ direction, and in the optical
spectra, with two cavity modes being observed at different energies for orthogonal polarizations.
Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4954796]

Semiconductor-based optical microcavities operating at a
wavelength A are most often fabricated by sandwiching an
active region between two distributed Bragg reflectors
(DBRs). DBRs are formed by stacking 4/4 bilayers displaying
a certain refractive index contrast that imposes, in practice,
the number of layers to be stacked to attain a certain reflectiv-
ity level. This type of heterostructure forms the backbone of
numerous devices, including vertical-cavity surface emitting
lasers (VCSEL),"? and has become of paramount importance
in the field of polaritonics. Indeed, the strong-coupling
between excitons and cavity photons gives rise to the forma-
tion of new eigenstates, the so-called microcavity polaritons,
which under certain conditions can undergo a phase transition
into a macroscopically-occupied state that emits coherent
light,** much in the same way as a VCSEL does but with
smaller lasing thresholds. Due to the parallelism between the
two devices, the former one is now referred to as a polariton
laser.>® For a polariton laser to operate at room-temperature’*®
excitons with high-oscillator strengths and binding energies
are beneficial: on the one hand they lead to Rabi splittings suf-
ficiently large for the strong-coupling to be kept up to room-
temperature, and on the other hand they assure stable excitons
under large particle densities, necessary to attain the laser
threshold. This is the reason why inorganic wide-bandgap
semiconductors, including GaN .7 Zn0,} and ZnSe,” have been
paid so much attention in the last years.

Compared with the most mature GaAs-based microcav-
ities,'"* whose optical quality has been continuously
improved,"*'7 wide-bandgap microcavities still exhibit a large
degree of disorder: this disorder is most often associated to the
polariton photonic component due to in-plane fluctuations of
the cavity or DBRs thicknesses;'®'? still, polariton disorder can
also display an excitonic component,” particularly if quantum

“Electronic mail: jzp@crhea.cnrs.fr

0003-6951/2016/108(25)/251904/5/$30.00

108, 251904-1

wells (QWs) are used as active medium. The polariton disor-
der can largely influence the polariton condensation/lasing
process,>"*? irrespective of its actual origin. In extreme cases,
where the disorder is comparable with the system Rabi split-
ting, it can even lead to the loss of the strong coupling.”® In
this respect, current inorganic wide-bandgap microcavities
resemble more the first polariton lasers based on CdTe®*
rather than the current GaAs-based microcavities.'®"?

In wurtzite materials as GaN and ZnO the quantum confined
Stark effect’®* (QCSE) exacerbates the excitonic disorder due
to quantum wells thickness fluctuations in polar quantum wells.
Besides, the spatial separation of the electron and hole wavefunc-
tions due to the QCSE leads to a reduction of the exciton oscilla-
tor strength, thereby reducing the achievable Rabi splitting, and
renders excitons more sensitive to non-radiative defects due to
longer radiative lifetimes. Thus, the growth of nonpolar micro-
cavities”® " is desirable in view of incorporating quantum wells
as active regions in ZnO-based microcavities, all of which have
been grown up to now along the polar ¢ direction,'**'*

In this letter we discuss the fabrication of nonpolar ZnO/
ZnMgO-based microcavities designed to be in the weak-
coupling regime (working A of 410nm, i.e., ~40nm below
the exciton resonance) and we focus on their linear optical
properties, paying special attention to their in-plane homoge-
neity. Indeed, this will determine the disorder associated to
the polariton photonic component.

The heterostructures were grown on 10 x 20 mm” non-
polar (10-10) ZnO substrates, purchased from CRYSTEC, in
a Riber Epineat MBE system equipped with effusion cells
for elemental Zn and Mg, and a radio-frequency plasma cell
for atomic oxygen (a radiofrequency power of 420 W was
used). The multilayer structures, whatever their nature (i.e.,
pure ZnMgO layers, ZnO/ZnMgO Bragg reflectors, or com-
plete ZnO/ZnMgO microcavities), were grown at a growth
temperature of around 400 °C under Zn-rich conditions, as

Published by AIP Publishing.
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established by monitoring the growth rate as a function of
the oxygen flow through the plasma cell. Before introducing
the ZnO substrates into the reactor, substrates were annealed
at high temperature (~1100°C) in an oxygen atmosphere,
leading to a step-and-terrace surface as shown in Figure 1(a).
The typical root-mean square (RMS) roughness of all
the employed substrates was in the order of 0.2nm for a 5
X 5 um? area, corresponding to the reference value (0 x /4
layers) in Figure 1(e). If under the current growth conditions
pure ZnMgO layers with Mg compositions around 23% (see
Figure 2(a)) are grown, the RMS roughness increases with
the deposited thickness, as indicated by the circles in Figure
1(e). The RMS roughness of (10-10) ZnMgO attains values
three times larger than the initial substrate ones for just
400 nm-thick layers. Interestingly, the augmentation of sur-
face roughness with increasing thickness is less pronounced
when ZnO layers are introduced in the heterostructure, repre-
sented by the squares in Figure 1(e), which correspond to
ZnO(2/4-thick)/ZnMgO(//4-thick) multilayers. While the
surface of these layers displays a stripe-like morphology,
with elongated features running parallel to the c¢ axis
(Figures 1(c) and 1(d)), the surface roughness remains
around 1 nm for more than 3 um thick multilayers, with typi-
cal peak-to-valley heights between 3 and 7 A. Furthermore,
for a given multilayer structure comprising 66 x A/4 layers,
an adjustment of the growth conditions, in particular the Zn/O
ratio, enables to improve the surface roughness and bring it
below 1 nm (triangle). These roughness values are compara-
ble with those obtained in homoepitaxial layers grown by
MBE on more standard polar ZnO substrates.** They confirm
the surface quality of the current multilayers. In the context
of polariton condensation and propagation, it is important
that the measured surface flatness remains constant at larger
scales, typically tens of micrometers, to prevent
unintentional condensate localization. This is even more
critical on nonpolar microcavities, where step bunching
might create large thickness fluctuations decreasing the
local quality factor (Q).>” As clearly displayed in Figure 1(f),
the RMS roughness is independent of the surface area and
can be kept below Inm even for the 66 x A/4 layers
structure.

If large-Q and homogeneous cavities are to be obtained,
the previous in-plane uniformity must be accompanied by
constant Mg composition in consecutive ZnMgO layers.
Secondary ion mass spectrometry (SIMS) profiles of nonpo-
lar ZnMgO layers display a constant Mg concentration
(Figure 2(a)), even if the layer thickness is larger than the
critical thickness for plastic relaxation.”® Indeed, it should be
kept in mind for the rest of the article that not only the
400 nm thick ZnMgO layer is cracked, but also all the heter-
ostructures displaying more than 20 x //4 layers.*® The
observed homogenity of Mg composition along the growth
direction is consistent with previous studies on heteroepitax-
ial nonpolar MBE-grown ZnMgO layers.’’ However, we
have observed that for long growth runs, typically longer
than 10 h, a slight increase of Mg composition within con-
secutive ZnMgO layers occurs, as observed in Figure 2(b),
concomitantly with a slight decrease in the thickness of the
individual ZnO layers. These slow variations, compared with
the growth time of individual 4/4 layers, should be taken into
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FIG. 1. Atomic force microscopy images of: (a) an annealed (10-10) ZnO sub-
strate, (b) a 400 nm-thick Zng77Mg( 230 layer, (c), a 10 x (ZnO/ZnMgO)DBR,
and (d) a 16 x (ZnO/ZnMgO)DBR/A(ZnO)/15 x (ZnO/ZnMgO)DBR micro-
cavity. The color scale applies to panels (b)—(d). The orientation of the crystallo-
graphic directions applies to all four AFM images with an uncertainty
(~several degrees) due to the exact sample orientation in the AFM. (¢) RMS
roughness plotted as a function of the number of /4 layers (or equivalent thick-
ness for pure ZnMgO layers) for pure ZnMgO layers (circles), ZnO/ZnMgO
multilayers (DBRs and full microcavities) grown under constant growth condi-
tions (squares), and under further optimized Zn/O ratio (triangle). (f) RMS
roughness as a function of the size of the scanned area for the 66 x A/4 thick
heterostructures in (e) and for the 8 x 4/4 thick ZnMgO layer in (e).

account and corrected for in thick microcavity structures as
the one illustrated in Figure 2(c), which displays the cross
section of a 16 x (ZnO/ZnMgO)DBR/A(ZnO)/15 x (ZnO/
ZnMgO)DBR microcavity structure.

While most ZnO microcavities are based either on
nitride-'>2'33 or on dielectric-DBRs,>!*® it was shown in the
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FIG. 2. SIMS profile of the Mg concentration in (a) a pure ZnMgO
layer (400 nm thick) and (b) 10 x (ZnO/ZnMgO)DBR/A(ZnO)/9 x (ZnO/
ZnMgO)DBR microcavity. The dashed line in (b) is just a guide for the
eyes. (c) Cross-section scanning electron microscopy image of a 16 x (ZnO/
ZnMgO)DBR/A(Zn0)/15 x (ZnO/ZnMgO)DBR microcavity.

2010s that monolithic ZnO-based DBRs and microcavities
were feasible by combining either ZnO and ZnMgO layers, or
layers of ZnMgO with different Mg compositions.>* Indeed,
VCSEL operation in polar ZnO-based microcavities was
demonstrated almost simultaneously in a monolithic and in a
nitride-DBR cavity, > illustrating the possibilities of mon-
olithic cavities. Compared with the first monolithic DBRs,
which were grown along the polar direction,>**° nonpolar
DBRs display a polarization-dependent stopband position, as
seen for a 10 x (ZnO/ZnMgO) DBR in Figure 3(a). This
shift arises due to the ZnO and ZnMgO birefringence,*' and
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has been also observed in nonpolar nitride DBRs.”**® For
the same reason, two orthogonally-polarized cavity modes
are detected at normal incidence in full microcavity struc-
tures containing a central ZnO /4 layer (designed for a wave-
length of about 410nm, i.e., 3.02eV), as shown in Figure
3(b). The solid and dashed spectra correspond to polariza-
tions parallel and perpendicular to the in-plane wurtzite
c-direction, respectively. The fact that for these wavelengths
the cavity mode polarized perpendicular to the c-axis is
observed at higher energies (i.e., lower wavelengths) than
the parallel one is consistent with the isotropic point in
ZnO being found between 395nm (3.14eV) and 400 nm
(3.10eV), combined with a positive ZnO birefringence

Reflectivity (a.u.)

26 27 28 29 30 31 32 33
Energy (eV)

Reflectivity (a.u.)

285 290 295 300 305 310 315 320 325
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1000 T T T T T T
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FIG. 3. Polarization-resolved room-temperature macroreflectivity meas-
urements at normal incidence on: (a) 10 x (ZnO/ZnMgO)DBR, and (b) m
X (ZnO/ZnMgO)DBR/A(ZnO)/n x (ZnO/ZnMgO)DBR microcavities with
n=m — 1 and m=35, 10, and 16. The solid and dashed lines correspond to
polarizations parallel and perpendicular to the c-axis, respectively. In (b)
the spectra are offset vertically for clarity. (c) Q as a function of the num-
ber of pairs in the bottom DBR—the top one having one pair less—for the
cavity modes shown in (b). Full and dashed squares correspond to polariza-
tions parallel and perpendicular to the c-axis, respectively.
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(NpaNperp) for wavelengths larger than the isotropic point.42’43
Furthermore, if we assume that the cavity mode is completely
confined in the central ZnO A-thick layer, then we can estimate
the ZnO birefringence to be close to 0.01, as determined exper-
imentally in ZnO single crystals.***

As stated in the introduction, in order to enhance the
reflectivity of the DBRs and enhance the photonic confine-
ment within a microcavity, the number of bilayers constituting
the DBRs must be increased. This is illustrated in Figure 3(c),
where the experimental Qs for each polarization (extracted by
fitting the cavity modes with pure Lorentzians) are plotted as
a function of the number of pairs in the bottom DBR, the top
one containing one pair less. While these Qs are smaller than
the state-of-the-art Qs in polar ZnO microcavities, obtained
with nitride- and dielectric-DBRs and currently attaining sev-
eral thousands,'*® they are indeed of the same order of mag-
nitude as those obtained previously with a polar monolithic
approach.®? Furthermore, it should be noted that the Qs corre-
sponding to a polarization perpendicular to the c-axis are
larger than those of the polarization parallel to the ¢ direction;
this observation is consistent with the birefringence evolution
as a function of Mg composition (i.e., larger birefringence
than ZnO and same sign) measured in Ref. 44.

Most importantly, the Qs determined by macroscopic
reflectivity measurements (spot diameter in the order of
100 pum) are equivalent to those obtained with a spot of about
2 um, as evidenced in Figure 4(a). This is a first indication of
a large spatial homogeneity and of a reduced photonic disor-
der."®' Tt should be noted that we have performed the
microreflectivity measurements in Fourier imaging configu-
ration, with an objective NA of 0.4, and that the signal nor-
mal to the surface has been filtered out from the overall
signal, which covers otherwise a light cone of =23°. To fur-
ther confirm this, polarization-resolved microreflectivity
spectra have been acquired every 10 um close to the sample
border (about 1 mm from the sample limit), where the inho-
mogeneities are expected to be larger. Four of such spectra
(separated by 50 um) are shown in Figure 4(b) for one polar-
ization. The analysis of the microreflectivity spectra acquired
along a line 150 um long indicate a small shift of the cavity
modes, corresponding to photonic gradients of 20 (+4) ueV/
100 pum for the polarization perpendicular to the ¢ direction,
and of 57 (£8) ueV/100 um for the polarization parallel to
the ¢ direction (see linear fits in Figure 4(c)). These photonic
gradients are of the same order of magnitude as the one sug-
gested by Figure 4(a). In it the macroreflectivity spectra were
acquired at the sample center and are redshifted 8-9 meV of
the microreflectivity spectra acquired at the sample border,
about 10mm away. If we consider a homogeneous energy
gradient, these numbers result in a photonic gradient of about
80-90 neV/100 um, compatible with those extracted from
Figure 4(c). Similarly, the extracted full width at half max-
ima of the cavity modes display fluctuations in the order of
hundreds of ueV. These two figures of merit are at least one
order of magnitude better than those of previous reports, and
show the full potential of ZnO-based nonpolar monolithic
microcavities for studying polariton condensates propagation
within a very homogenous photonic potential landscape. The
reasons for the current improvement, compared with other
wide bandgap microcavities where the photonic homogeneity

Appl. Phys. Lett. 108, 251904 (2016)
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FIG. 4. (a) Polarization-resolved room-temperature macroreflectivity and
microreflectivity measurements at normal incidence on a 16 x (ZnO/
ZnMgO)DBR/A(Zn0O)/15 x (ZnO/ZnMgO)DBR microcavity. The macroreflec-
tivity (diameter about 100 um) spectra were acquired on the sample center
whereas the microreflectivity (diameter about 2 yum) ones were measured close
to the sample border. The solid and dashed lines correspond to polarizations
parallel and perpendicular to the c-axis, respectively. The microreflectivity spec-
tra were offset vertically for clarity. (b) Microreflectivity spectra acquired every
50 um close to a sample border for a polarization perpendicular to the c-axis.
(c) Energy of the cavity modes extracted from polarization-resolved microre-
flectivity measurements performed every 10 um close to the sample border:
polarization perpendicular (squares) and parallel (circles) to the c-axis. The
dashed lines correspond to linear fits of the data. (d) FWHM extracted from
polarization-resolved microreflectivity measurements performed every 10 um
close to the sample border (same spectra as in (c)): polarization perpendicular
(squares) and parallel (circles) to the c-axis. All measurements were carried out
at room-temperature and the cavity modes were fitted with pure Lorentzians.
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has been investigated,l8’19‘21’45 can be the low growth temper-

ature, which helps in preventing any interdiffusion between
Zn0O and ZnMgO thereby allowing for abrupt interfaces, and
the insensitivity of the ZnO/ZnMgO surface features and
roughness to the initial substrate miscut, which renders less
critical the exact unintentional substrate miscut.*®

To conclude, we have introduced the growth of homoepitax-
ial nonpolar (10-10) monolithic ZnO/ZnMgO optical microcav-
ities displaying flat surfaces and homogeneous Mg composition,
even for micrometer-thick heterostructures. The possibility of
stacking a large number of A/4 bilayers has enabled us to charac-
terize optical microcavities with Qs in the order of 600 and dis-
playing a photonic disorder one order of magnitude smaller than
the state-of-the-art in wide bandgap microcavities, reducing the
gap with the most developed GaAs-based microcavities. Still, an
open issue remains concerning the exploitation of such improved
photonic figures of merit in strongly-coupled microcavities, espe-
cially in terms of the active region to be used. Several open pos-
sibilities exist, including the use of ZnCdO QWs or pure ZnCdO
layers with low Cd content, to limit the associated inhomogene-
ous broadening,”® as well as the use of ZnMgO/ZnMgO-based
DBRs and ZnO as active region,32 the problem being in this last
situation the reduction of the DBR stopband.'® One might think
to combine the advantages of both solutions and try to mitigate,
thereby, their respective disadvantages.
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Brandli and O. Tottereau for helpful support in the SEM
and EDX measurements. E. de Prado thanks Ministerio de
Economia y Competitividad for financial support under Grant
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