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Metalorganic chemical vapor deposition (MOCVD) has not been often used for studying exciton-polariton
condensation and developing polaritonic devices, although it is a powerful mass productive method for practical
applications. Here, we demonstrate that the MOCVD-grown GaAs-based microcavity can realize the nonequilib-
rium condensation of exciton-polariton. We obtained the Rabi splitting values of 10.1 meV in the angle-resolved
reflectance spectrum from the MOCVD-grown microcavity. And, we also measured the angle-resolved pho-
toluminescence depending on pumping power to observe condensation behaviors. Furthermore, we found that
the occupancy distributions of polaritons are in a nonequilibrium state by fitting Bose-Einstein distributions.
To realize the strong coupling and exciton-polariton condensation, we reduced the linewidth broadening of
photoluminescence from quantum wells by optimizing growth conditions and designs.
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I. INTRODUCTION

Since the first observation of Bose-Einstein condensa-
tion in exciton-polariton (polariton) in 2006 [1], which was
achieved with CdTe-based microcavities grown by molecular
beam epitaxy (MBE), the research of polaritons has flourished
for more than a decade. Polariton condensations have re-
vealed numerous interesting phenomena such as superfluidity
[2], quantized vortex [3], soliton [4], and simulating artificial
lattice [5]. Moreover, versatile applications using polaritons
have been studied, such as polariton laser [6,7], light-emitting
device [8], logic device [9], topological insulator [10], and
quantum computing [11].

Recently, various attempts to practically utilize polariton
condensates are currently underway. Several novel materials,
such as wide band-gap semiconductor [12], organic mate-
rial [13], perovskite [14], and transition metal dichalcogenide
[15], have recently been investigated to realize polariton
condensates at room temperature. Although GaAs-based mi-
crocavities require cryostat temperature to form polariton
condensates due to their small exciton binding energy [16],
the GaAs still have advantages when considering large area
fabrication and electrically driven operation. Moreover, a re-
cent report showed that the AlGaAs-based microcavity could
also achieve strong coupling even at room temperature [17].

In a GaAs-based planar microcavity, although the coupled
exciton-photon mode splitting was observed in a GaAs-based
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microcavity grown by metalorganic chemical vapor deposi-
tion (MOCVD) in 1992 [18], condensation has been reported
after that for MBE-grown GaAs microcavities [19,20]. Since
then, several groups have attempted to grow microcavities for
polaritons using MOCVD [21-24], MOCVD handed over the
supremacy to MBE due to relatively higher material quality.
Nowadays, MBE has reached the level of growing microcavi-
ties with a quality factor (Q factor) of 10° order and reaching
thermal equilibrium of polaritons [25].

However, MOCVD has its advantages in terms of mass
productivity for practical applications [26]. The growth rate
of MOCVD is one order of magnitude higher than that of
MBE, and MOCVD can grow many and larger wafers at once.
For instance, in order to grow the sophisticated polariton-
based microcavity samples with top and bottom distributed
Bragg reflectors (DBRs) and several sets of multiple quantum
wells (MQWs), MBE typically requires more than 1 d while
6 h are enough for MOCVD. Furthermore, industries have
already used MOCVD for a vertical-cavity surface-emitting
laser (VCSEL) with GaAs-based systems [27]. Even though
polariton-based microcavities need further requirements than
VCSEL for a strong-coupling regime, the practical use of
MOCVD-grown polariton devices could be feasible enough.

To realize polariton condensates, the first requirement is
satisfying a strong-coupling regime, and the second require-
ment is the higher polariton density than critical density in
principle. However, it can be expressed that a high-quality
structure is needed phenomenologically. Although early re-
sults do not directly mention the Q factor of the samples,
we can estimate them with data. Early MBE-grown micro-
cavities that showed condensation behavior had an order of
103 Q factor [19,20]. However, early MOCVD-grown micro-
cavities are assumed to show an order of 10 Q factor [21-23].
These days, MOCVD also can produce a high-quality struc-
ture of DBRs with a reflectivity (R) >99.98% [28] or MQWs
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FIG. 1. Sample information. (a) Simple illustration of a GaAs-based planar microcavity structure. Sample forms a 3A/2 optical cavity
between two DBRs consisting of 32.5 and 39.5 pairs of AlAs/Aly,GaggAs. The cavity contains three sets of four MQWs consisting of
GaAs/Aly15GaggsAs in the antinode of an electric field. (b) Cross-sectional TEM images of the whole microcavity structure. Red boxes
indicate the position of the images (c)—(e), which show top DBR, cavity region with MQWs, and bottom DBR, respectively.

with a linewidth (AE) <1.0 meV [29], respectively. The
Rabi splitting value in a GaAs-based microcavity is typically
about 4—15 meV [30]. We note that AE from MOCVD is al-
ready narrower than the typical Rabi splitting value. However,
MOCVD has not been paid much attention to for realizing
polariton condensation.

In this work, we demonstrate the nonequilibrium polariton
condensation in a MOCVD-grown AlGaAs-based microcav-
ity. The sample consists of AlAs/Aly,Gag gAs top and bottom
DBRs and contains GaAs/Aly15GapgsAs MQWs. To sat-
isfy the strong-coupling condition, we optimized the growth
condition of the MQW structure to minimize the linewidth
broadening of the MQW emission. We also measure the trans-
mission electron microscope (TEM) measurement to show
the cross section of the structure. Furthermore, we mea-
sured the reflectance spectrum to observe the reflectance
dip of two polariton branches. To see clear anticrossing be-
havior, we etched the top DBR structure with a selective
wet etching process. We measured the clear Rabi splitting
and found that it depends on the number of top DBRs. We
measured angle-resolved photoluminescence (PL) spectra ac-
cording to pumping power. Polaritons form a condensates
state above the threshold density as the pumping power
increases. And we plotted intensity curves, linewidth, and
blueshift according to pumping power. Furthermore, we mea-
sured PL spectra using a continuous-wave (cw) laser to
obtain the occupancy of polaritons for different pumping
powers.

II. EXPERIMENTAL RESULTS

The sample used in the experiments is a GaAs-based planar
microcavity grown by MOCVD on a GaAs substrate. The mi-
crocavity contains 32.5 and 39.5 pairs of AlAs/Alp,GaggAs
DBRs on the top and bottom sides. The sample has three sets
of four GaAs/Aly15GaggsAs MQWs at the antinodes of the
electric fields in the cavity, which are sandwiched by two
DBRs to form an 3 /2 optical cavity. The thickness of the
GaAs well was designed to 10 nm, and the Aly ;5Gag g5 As bar-
rier was designed to 4 nm. The wavelength of cavity mode and
the MQW were designed around 800 nm at 5 K. Figure 1(a)
illustrates the sample structure, and Fig. 1(b) shows the cross-
sectional TEM image of the whole microcavity structure.
Figures 1(c)-1(e) show TEM images of top DBR, MQWs,
and bottom DBR, respectively. The red boxes in Fig. 1(b)
indicate the position of each magnified TEM image shown
in Figs. 1(c)-1(e). We could obtain well-controlled abrupt
interfaces between layers.

The optical measurements were conducted at 5 K with
an optical cryostat. Firstly, we measured angle-resolved re-
flectance spectra to obtain the Rabi splitting value and to
observe polariton branches. However, the high reflectance of
the top DBR caused difficulties in measuring the reflectance
dip of polariton branches. Figure 2(a) shows only a weak
signal of the lower polariton branch. So, we partially removed
top DBRs by a selective wet etching process to confirm the
strong coupling of the microcavity. AlAs and Aly,GaggAs
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FIG. 2. Reflectance spectra for measuring Rabi splitting values depending on the number of top DBRs. Angle-resolved reflectance spectra
of (a) nonetched (i.e., 32.5 pairs) microcavity, (b) 12 pairs of top DBR-etched (i.e., 20.5 pairs) microcavity, (c) 17 pairs of top DBR-etched
(i.e., 15.5 pairs) microcavity. Dotted black and gray lines show fitted energies of QW excitons and cavity mode, respectively. The red and blue
lines show fitted energies of lower and upper polariton branches. The measured Rabi splitting values are 10.1, 9.7, and 8.7 meV for (a), (b),
and (c), respectively. Reflectance dip signals of lower polariton branches in reflectance spectra are blueshifted and broadened by wet etching

of top DBRs due to reduced Rabi splitting.

layers of top DBRs can be selectively etched by two kinds
of wet etchants [31,32]. We used the mixture of citric acids
and hydrogen peroxide solution to etch the Aly,GaggAs
layer and used the mixture of phosphoric acid and hydro-
gen peroxide solution to etch the AlAs layer. The used
phosphoric acid mixture has 50:3:1 = deionized wa-
ter:phosphoric acid:hydrogen peroxide. And the citric acid is
made by citric acid anhydrous powder with deionized water
as a 1:1 mass ratio (e.g., 100 g powder and 100 ml water).
The used citric acid mixture has 8 : 1 = citric acid solu-
tion:hydrogen peroxide. The temperature of each solution is
about 30 °C. We immersed the piece of microcavity into each
acid for a few seconds and washed it with the deionized water
every time before immersing it in other acid solutions. Thus,
we fabricated 12 and 17 pairs of DBR-etched microcavities
using the wet etching process. We note that the nonetched
and etched samples are from an identical wafer. We diced
the wafer into small pieces having 1 mm? area for the wet
etching process. The etched sample also had similar optical
properties to the nonetched one before etching. After the wet
etching process, we could observe clear anticrossing behavior
and upper polariton branches. Figures 2(b) and 2(c) show the
angle-resolved reflectance spectra of 12 pairs of DBR-etched
and 17 pairs of DBR-etched (i.e., 20.5 and 15.5 DBR pairs
remained) microcavities. We fitted the energy-momentum dis-
tribution of lower and upper polariton branches with the
red and blue dotted lines in Figs. 2(a)-2(c). The black and
gray dotted lines indicate the fitting curves of the energy
of the quantum well (QW) exciton and cavity modes. The
QW exciton is at 1553.5 meV, and the cavity mode is at
1547.3 meV. So, the detuning between the cavity mode and
QW exciton is negative with A = —6.2 meV. The measured

Rabi splitting values of the nonetched, 12, and 17 pairs of
DBR-etched samples are 10.1, 9.7, and 8.7 meV, respectively.
With decreasing top DBR, the reflectance dip signals become
deeper and more broadened. The reduced top DBR degraded
the photonic cavity and decreased Rabi splitting values be-
cause the spatial overlap between exciton and cavity modes
was reduced. From the detuning and Rabi splitting value,

we can obtain the Hopfield coefficients [33] such as |C > =
1V/AHQ2—A 2 _ 1J/AMHQ2HA
SR X =i In the n?net'ched sample,
we obtained the fraction of photonic and excitonic parts of the

lower polariton branch, |C|*> = 0.76, |X|> = 0.24.

We also measured the angle-resolved PL spectrum with
increasing pumping power. We used a fs-pulsed Ti:sapphire
laser with an energy of 1.72 eV (723.0 nm) to excite the
sample nonresonantly. The laser has a broad Gaussian shape
with a beam diameter of ~ 35 um to exclude localized ef-
fects or potential gradients [34,35]. Figure 3(a) shows the
PL emissions with broad energy-momentum distribution in
lower polariton branches at a low power pumping case. The
linewidth of the lower polariton branch at k =0 um™" is
about 0.13 meV when P = 0.02 Py,. The experimental Q fac-
tor of the cavity can be deduced from the linewidth value of
the lower polariton branch [36,37]. The Q factor of the sample
we used can be at least about ~ 0_1135/‘576 ~9 x 10°. As the
pumping power increases, the polaritons experience blueshift
due to polariton-polariton interaction [Fig. 3(b)]. The red dot-
ted line shows the initial energy level as a guideline. Above
the threshold density, the polaritons condensed to the ground
state at k = 0 um~! with more blueshift [Fig. 3(c)]. Further-
more, the PL emission follows the lower polariton branch
with linewidth broadening [Figs. 3(d)-3(f)]. We also observed
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FIG. 3. Angle-resolved PL spectra according to pumping power. From (a) to (f), the pumping power is 0.02Py,, 0.83Py,, 1.0Py, 2.0Py,
4.0Py, and 16.0P;, respectively. Py, is about 0.8 uW/um?. Above the threshold density, lower polaritons condensed to a single ground state.
As pumping power increases, dispersions become broadened and follow the lower polariton branches.

the condensates having finite k above the P = 2.0Py,. These
condensates can be understood as the ballistic motion of
polaritons by the potential gradient from the blueshifted
central spot [38]. These phenomena are much more easily
observed in tightly focused beam excitation due to the steep
potential gradient from the pumping spot (shown in Fig. S.2
in the Supplemental Material [39]).

We plotted the pumping power dependency in PL intensity
(black square), blueshift (red circle), and linewidth (blue dia-
mond) of PL emission in Fig. 4. We extracted the PL spectrum
of the ground state at k = 0 um™~' from Fig. 3. Below the
threshold density, the PL intensity shows just a linear increase,
whereas at around the threshold density, the PL intensity
shows a nonlinear increase. The threshold pumping power for
condensation is about 0.8 W /um?. However, the PL inten-
sity of the ground state is not linearly increased far above the
threshold density. Although the total intensity of PL emission
is increased (shown in Fig. S.1 in the Supplemental Material),
the intensity of PL at k = 0 um~! was almost constant. It
is because the portions of PL emission at k # 0 um~' are
increased above the P ~ 2Py, as shown in Figs. 3(d)-3(f). The

PL peak of polariton condensates also showed the linewidth
narrowing above the threshold density. The blueshift of the
PL peak is also observed with increasing polariton density.
The linewidth of PL emission is decreased to about 80 ueV
after condensation. As the pumping power increases further,
the linewidth increases again due to the increased polariton-
polariton interactions.

III. OCCUPANCY OF POLARITONS

Furthermore, we measured the occupancy of lower polari-
tons from PL spectra using a cw Ti:sapphire laser with an
energy of 1.71 eV (725.0 nm) at 5 K. We used an optical
chopper to avoid laser heating. The laser also has a Gaussian
shape with a beam diameter of 35 um. And we used a spatial
filter with a diameter of 22 um to collect emissions from a
filtered area at the center of the excitation spot. We deduced
the occupancy of polaritons from angle-resolved PL spectra
for various pumping powers, shown in Fig. 5. The measured
PL spectra only show the k, = 0 slices with a spectrometer
slit in the vertical direction. So, we extrapolated the polariton
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FIG. 4. Pumping power dependence of polariton condensates.
PL intensity of ground state at k = 0 um™~" (black square), the energy
of ground state (red circle), and linewidth of PL emission (blue
diamond). Integrated PL intensity indicates occupancy of the ground
state, which shows nonlinear increases around threshold density. The
energy of the ground state is increased due to the repulsive interac-
tion between polaritons. And the linewidth of polariton emissions
becomes narrower above the threshold of condensation. After the
condensation, the linewidth is again increased due to the increased
interactions.

density at k, # 0 by assuming rotational invariance in k space.
And we considered the detection efficiencies of the optical
setup, the grating, and the CCD in the spectrometer. And, we
considered the number of the state in a single CCD pixel,
which has a finite size in k-space measurement. We follow
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FIG. 5. Occupancy of lower polaritons for various pumping pow-
ers. The occupancy is deduced from the angle-resolved PL spectrum
data at 5 K using a cw laser. All occupancies are fitted by Bose-
Einstein distribution with each effective temperature Tiy. Fitting
curves are plotted with red lines. Inset shows fitted 7. with different
pumping power.

the calculations in the Supplemental Material of Ref. [25],
with different parameters given by the collected area of emis-
sion with a spatial filter Agps = 379.9 um?, the range of
momentum space by one CCD pixel Ak = 0.036 um™', the
efficiency of CCD in the spectrometer nccp = 0.5, the ef-
ficiency of the grating in the spectrometer Ngraing = 0.8, the
efficiency of the optical setup from the cryostat window to the
spectrometer nsewp = 0.48, and the assumed polariton lifetime
Tpol =5 X 107!2 5. The duty cycle of the optical chopper
(d) is 0.5. The polariton lifetime is assumed from the cavity
quality factor. The setup efficiency is measured by the laser
with an 800 nm wavelength (the emission wavelength of the
lower polariton). The setup contains mirrors, lenses, a dichroic
beam splitter, and a cryostat window. We took the efficiencies
of the CCD and grating from the specification data of our
equipment at 800 nm. All distributions in Fig. 5 are com-
pared to the Bose-Einstein distribution (plotted with red lines),
given by

1

NE) = o — 1 v

where T is effective temperature, p is chemical poten-
tial of polaritons, and kg is the Boltzmann constant. Below
the threshold, distributions showed linear relations in the
logarithmic scale, which are close to the Maxwell-Boltzmann
distribution. However, above the threshold (P > 1.0Py,), the
occupancy of the low-energy states increased, and we could
not find reasonable fittings for the low-energy states. This
can be explained as polaritons are nonideal bosonic systems
[1]. Furthermore, the Ti¢ can be well fitted with high-energy
tails in all distributions, shown in the inset of Fig. 5. The T.
are higher than the cryostat temperature (= 5 K), and the T.¢
changes with different polariton densities. Thus, the created
polaritons are not fully thermalized and condensates are in a
nonequilibrium state [20].

IV. SAMPLE GROWTH TO ACHIEVE STRONG COUPLING

To satisfy the strong-coupling condition and realize polari-
ton condensates in a MOCVD-grown microcavity, we have
tried to reduce linewidth broadening in the PL emission from
our MQW structures. Although MOCVD-grown DBRs ex-
hibit a high-quality cavity mode to achieve strong-coupling
conditions, the MQW emissions typically show a broader
linewidth than MBE samples even at low temperatures. We
have grown the only MQW structure without a DBR cavity to
optimize the growth condition and measure the optical char-
acteristics of MQWs. Initially, we started from s GaAs/AlAs
four MQW structure, which is generally used in the micro-
cavity structure using MBE growth. Figure 6 shows the PL
spectra of only MQW structures at 5 K. The PL emission
of the GaAs/AlAs MQW showed significant linewidth broad-
ening. The measured linewidth is about 18.2 meV, which is
larger than typical Rabi splitting values. Unlike MBE, the
growth temperature in MOCVD is relatively high, which can
cause severe intermixing between the adjacent layers when
there is a large difference in composition. So, we reduced
the Al composition in the barrier as Alj35Gag ¢sAs. We have
grown three sets of GaAs/Alg 35Gag s As four MQWs (a total
of 12 QWs). The linewidth of PL emission was decreased
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FIG. 6. PL spectrum of only MQW structure without DBR cav-
ity at 5 K. There are three kinds of MQWs with different growth
conditions. The linewidth of MQW emission is reduced from 18.2 to
5.4 meV after optimization.

to 9.9 meV. Furthermore, we increased the thickness of the
well and barrier from 3.0 to 4.0 nm in the barrier, and 8.5 to
10.0 nm in the well, reducing the linewidth broadening [40].
Moreover, we further decreased the Al composition of the bar-
rier to Al 15Gag gsAs. We also decreased the growth rate and
introduced growth interruption between each well and barrier
layers in 5 s. Stopping the supply of the sources within a
few seconds can flatten and make high-quality layer structures
when growing thin structures [41]. And we have grown four
MQWs to reduce variation from vertical MQW sets. Then,
the linewidth of PL emission was reduced to 5.4 meV. With
this condition, we successfully realized Rabi splitting in a full
microcavity structure, which is shown in Fig. 2.

However, we could not observe anticrossing behavior with
the unoptimized MQWs. We have also grown the microcavity
with GaAs/Alg35Gag.esAs MQWSs, which has 9.9 meV of the
linewidth of PL emission, shown as the red curve in Fig. 6.
This linewidth is similar to the Rabi splitting value reported
in GaAs microcavities. So, the angle-resolved reflectance and
PL spectra show clear parabolic signals, shown in Fig. 7,
indicating that the microcavity is in a weak-coupling regime.
We speculate that the linewidth of the unoptimized MQW
grown inside the microcavity may not be narrow enough to
meet the strong-coupling condition.

Although we showed the 3X/2 cavity in Fig. 2, we
also obtained the smaller Rabi splitting value in the A/2
cavity. We have grown the microcavity that contains A/2
optical cavity between two DBRs consisting of 32.5 and
40 pairs of AlAs/Aly,GapgAs. The cavity contains four
MQWs in the antinode of an electric field. MQWSs consist
of GaAs/Aly 15GaggsAs. We observed Rabi splitting in the
angle-resolved reflectance spectrum, shown in Fig. 8. The
measured Rabi splitting value is 5.8 meV. The interaction
strength between the QW and cavity modes is proportional
to the square of the number of MQWs, Qg ~ /Now [42].
So, we could confirm that experimentally the tendencies of
Rabi splitting values from 4 MQWs to 12 MQWs as 5.8 to
10.1 meV (10.1/5.8 ~ /3).
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FIG. 7. Weak-coupling regime of microcavity with unoptimized
MQWs. (a) Angle-resolved reflectance spectrum and (b) angle-
resolved PL spectrum of the microcavity at 5 K. The microcavity
contains GaAs/Alj35GagesAs MQWs.

V. CONCLUSIONS

We successfully realize the polariton condensation even
in the MOCVD-grown GaAs-based microcavity. We opti-
mized the MQW quality to satisfy strong-coupling conditions
with the DBR-based cavity. We reduced the linewidth of
MQW emissions from 18.2 to 5.4 meV by changing growth
designs and conditions. And we integrated optimized MQWs
with a DBR-based microcavity having a few thousand of Q
factor. In our microcavity, the measured Rabi splitting value
is 10.1 meV and the measured Q factor is ~ 9 x 10°. Fur-
thermore, we etched the part of the top DBR for observing
anticrossing behavior and the upper polariton branches. We
observed nonequilibrium condensation of polaritons above the
threshold pumping power in angle-resolved PL spectroscopy.
We also observed the nonlinear increase in PL intensity,
linewidth narrowing, and blueshift according to pumping
power. MOCVD has not been significantly considered in
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FIG. 8. Smaller Rabi splitting value in the X/2 cavity.
(a) Angle-resolved reflectance spectrum and (b) angle-resolved PL
spectrum of the microcavity at 5 K. The microcavity contains four
GaAS/AlO‘lsGaO‘gsAS MQWS
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GaAs-based polariton condensation research because of the
strong influence of MBE. From our results, we anticipate that
MOCVD is able to grow the microcavities with high Q factors
(> 10* order) through improvement in adding more DBR
pairs or using longer cavities, such as a 51 /2 cavity. Consid-
ering the mass production ability and growth controllability
of MOCVD, MOCVD can be effective for fabricating practi-
cal GaAs-based polariton devices with proper sample design
and optimized growth conditions. Research on polariton de-
vices has been continuously investigated for the past several
decades. Through this result, we will be able to reevaluate the
MOCVD growth method once again and open the way for the
practical implementation of polariton devices.
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