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Abstract: In this paper, the behavior of exciton radiative recombination in a GaN-based triangular-
like ridge cavity is studied at room-temperature. The triangular-like ridge cavity is fabricated on a
standard-blue-LED epitaxial wafer grown on a sapphire substrate. Through the photoluminescence
(PL) and time-resolved photoluminescence (TR-PL) measurements, a clear modulation of the original
spontaneous emission is found in the microcavity, a new transition channel is observed, and the
effect is angle-dependent. Furthermore, by changing the tilt angle during angle-resolution photolu-
minescence (AR-PL), it is found that the coupling between excitons and photons in the cavity is the
strongest when tilted at 10°. By simulation, the strong localization of photons in the top of the cavity
can be confirmed. The PL, TR-PL, and AR-PL results showed the sign of the exciton-photon coupling
in the triangular-like ridge cavity.

Keywords: exciton; cavity; InGaN; exciton-photon coupling

1. Introduction

GaN-based nitrides have achieved great success in solid state lighting because of their
wide and direct band gap properties [1]. So far, various optoelectronic devices based on
GaN-based materials have been developed. For examples, GaN-based light sources from
green to ultraviolet have been realized, and they have broad application potential in the fields
of lighting, display, biomedicine, high-density data storage, and laser application [2—4].

It has been well-known that the light emission in a semiconductor can be from either
spontaneous recombination or simulated recombination, and the excitons always play the
key role. In addition to the normal spontaneous recombination or simulated recombination,
the excitons can also couple with photons to form a new hybrid structure, which is proposed
theoretically by Hopfield in 1950s [5]. According to the strength of the coupling, it can
be divided into strong coupling and weak coupling. When the excitons and photons are
designated weak coupling, it mainly affects the radiation recombination rate of the original
spontaneous recombination. In weak coupling, the probability of photons being bonded
by excitons is extremely low, and the entire system is a dissipative system. In contrast, in
strong coupling, the probability of photons being bund by excitons is very high. Then, the
exciton-photon complex will appear and no longer follow the rule of original spontaneous
recombination. To achieve strong coupling, the probability of photons coupling with
excitons must be greater than the probability of photons escaping from the cavity. For
the solution, one is to use long-lifetime excitons, which is an easy condition for InGaN
material (with a large binding energy and relative longer exciton lifetime). The other one
is to increase the staying time of photons, which means the strong confinement of the
photons. Obviously, with a good optical cavity, photons can be effectively confined. Then,
finally, when a InGaN-based quantum wells (QW) is placed in a good optical cavity [6],
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the coupling between excitons and photons can be increased. If the coupling strength
increases further, an exciton polariton can be formed, and even reach the state of Bose—
Einstein condensate (BEC) under certain conditions. These properties have a wide range of
applications, such as ultra-low threshold polariton lasers [7-9].

Group III nitride semiconductors have a large amount of exciton binding energy
(26 meV for bulk GaN and 40 meV for narrow quantum well QW). Some studies have
indicated that GaN can achieve exciton-polariton at room-temperature in a microcavity
with double distributed Bragg reflectors (DBR) [10-12]. S. Christopoulos et al. studied the
exciton-polariton emission in a GaN microcavity. The result of a low-threshold coherent
emission was one order of magnitude smaller than that of the previously reported nitride-
based VCSEL [13]. In order to make the exciton—photon couple stronger, the restriction
on photons must be strong enough, so it is necessary to explore new high-quality optical
microcavity and easy to be realized. In the past research, different ridge-shape microcavities
have been widely used to limit the distribution of photons in strip lasers [14,15]. For
example, the common rectangular ridge microcavity can confine the light directly below
the ridge. Zhong-Kai Zhang et al. found that a narrower ridge will provide stronger optical
confinement for the lateral mode in the ridge and improve the far-field characteristics of
the device [16]. So, the ridge microcavity can be one of good candidatures, once achieving a
strong photon confinement in a desired ridge shape. Compared with the usual rectangular
ridge cavity, the triangular ridge cavity has a triangular cross section, which can furtherly
concentrate the photons on the top part of the ridge. Clearly, this is beneficial to obtain
high-efficiency photon localization in small volume.

In this paper, the triangular-like ridge cavity with InGaN/GaN MQWs inside is
fabricated. It is found that the triangular-like ridge cavity with an appropriate apex
angle can effectively confine photons, and abnormal emission signals confirm that a new
transition channel appeared in the triangular-like ridge cavity.

2. Materials and Methods

The wafer used in our experiment is a standard blue LED wafer grown on a (0001)
sapphire substrate by using the metal-organic chemical vapor deposition (MOCVD). From the
substrate, a 25 nm GaN buffer layer was first grown. Above the buffer, a 4.5-pm n-type GaN
layer was grown and followed by an 8-period InGaN/GaN (3 nm/12 nm) multiple quantum
wells (MQWs) with the In composition of 15%. Finally, 320 nm p-type GaN was grown.

The fabrication process of the triangular-like ridge cavity is as follows: first, depositing
600 nm SiO, on the wafer surface by plasma enhanced chemical vapor deposition (PECVD,
Oxford, UK), and then transferring the device pattern to the SiO, by photolithography and
inductively coupled plasma (ICP, Oxford, UK) etching. Finally, uncovered GaN material
was etched by ICP to form the ridge. In order to form a triangular cross-section, we mainly
used Cl, /BCl3 to etch GaN while increasing the power of the ICP, and finally obtained a
triangular-like ridge cavity with a larger sidewall inclination.

The optical properties of the triangular-like ridge cavity are measured by photolumi-
nescence (PL), time-resolved photoluminescence (TR-PL), and angle-resolved photolumi-
nescence (AR-PL). In the PL experiment, the excitation source is Mira900F femtosecond
laser (Coherent Inc., Santa Clara, CA, USA). The laser wavelength is set at 375 nm, the pulse
width is 140 fs, and the frequency is 76 MHz. The AR-PL is measured by an angle-resolved
far-field emission spectroscopy microscope system (Shanghai, China). The excitation light
source is a 405 nm semiconductor laser. The diameter of the light spot is adjusted by a
microscope objective (Olympus 100x, NJ, USA) to cover the triangular ridges. The light
emission of the triangular-like ridge cavity is also collected through the same objective
lens. The measurement angle is limited by the numerical aperture (NA = 0.9) of the mi-
croscope objective to a range of £60°. A fiber optic spectrometer (NOVA-EX, Shanghai,
China) scans along the Fourier plane to collect angle-resolved far-field emission spectra.
All measurements are performed at room-temperature.
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3. Results

The morphology of the triangular-like ridge cavity was observed by scanning electron
microscopy (SEM), as shown in Figure 1. Since the distance between the MQWSs and the
wafer top surface is only 320 nm, the triangular ridge with a sharp top corner is not safe
to the MQWs, which has a high possibility to be destroyed by the ion bombing through
the inclined sidewall during the ICP etching. In order to ensure that the MQWs are not
damaged by ICP etching, we have fabricated a triangular-like ridge cavity with small top
flat surface about 0.9 um wide, and the bottom side is 3.6 um wide. The length of the ridge
is 1000 um. To further reduce the damage caused by ICP etching, we also adopted the
low-damage etching parameters reported in our previous work [17]. For reference, part of
the wafer was protected during all process to keep original flat surface.

p-GaN(0.328 pum)

n-GaN (4.575 pm)

Buffer (0.225 pum)

(a) (b)

Figure 1. SEM of (a) the wafer cross section and (b) the triangular-like ridge cavity.

The PL spectrum of the triangular-like ridge cavity at room-temperature is shown in
Figure 2. In Figure 2a, there are two emission peaks, located at 434 nm (P434) and 450 nm
(P450), respectively. In the low-power excitation, the intensity of P434 is relatively stronger.
As the excitation power increases, the intensity of P450 becomes higher. Meanwhile, the
peak position of P434 does not move with the increase in excitation power, but P450 show
a blue shift of 3.4 nm. It is well-known that there are many reasons for the blue-shift of the
luminescence peak with increasing excitation, including the band-filling effect of quantum
wells [18,19], and the quantum Stark effect [20,21]. Regardless, these results reflect that
P434 and P450 may be different transitions. The original of the two peaks need to be judged
in conjunction with other results, such as the full width at half maximum (FWHM) in the
following study.

We obtained the FWHM of the P450 and P434 by Lorenzian fitting, as shown in
Figure 2b. It can be seen that the P434 FWHM keeps widening with the increase in
excitation power, while the P450 FWHM is almost unchanged. According to previous
studies, for a normal recombination process, the density of photo-generated carriers in
MQWs becomes higher with the increase in the excitation power, and then involving more
energy levels into the radiation transition, which leads to the broadening of the FWHM.
Therefore, the increase in P434 FWHM with the increase in excitation power indicates that
P434 is the usual spontaneous emission from the InGaN/GaN quantum wells. However,
the P450 FWHM remains unchanged during all measurements, this indicates an unusual
transition. The carriers in the microcavity should be affected by other factors, which change
the original radiation mechanism.
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Figure 2. (a) The PL spectrum of the triangular-like ridge under different excitation power and
(b) the FWHM curve of P434 and P450.

In order to further investigate the difference between P434 and P450, we measured
the lifetime of P434 and P450 under different excitation powers at room temperature, one
typical result was showed in Figure 3. The data were fitted with a standard two-exponential
component model described by Equation (1):

I(t) = Arexp(—t/m1) + Asexp(—t/T2) (1)

where 17 is fast decay components, and 7 is slow decay components [22].
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Figure 3. The TR-PL spectrum of the triangular-like ridge under excitation power P = 1.25 kW/ cm?.

As shown in Figure 3, the black and red solid lines are the fitting curves, and the
lifetime of P450 is longer than that of P434, whatever for 71 or T,. At the excitation power of
P = 1.25 kW/cm?, we calculated that the 71 of P450 is 70% higher than that of P434, further
confirming the different recombination mechanisms between P434 and P450. As discussed
in Figure 2, the behavior of FWHM has indicated that P434 is the usual spontaneous
emission from the InGaN/GaN quantum wells. The only special figure of our sample is the
ridge structure. As the simulation presented later, the top part of the ridge can accumulate
high density of the light. Thus, we can see that the different background light density may
contribute to the formation of P450, a new transition channel. This can explain the faster
growth of P450 with the increase in excitation power, i.e., the number of photons in the
ridge top part is increasing.
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If the formation of P450 is depended on background light density, and the light
confinement in the ridge clearly is isotropic, then the AR-PL should reveal the difference
between the emissions from the flat area and the triangular-like ridge cavity in one wafer.
In principle, the emission from the flat area should be independence to the measure angle.
During the AR-PL measurements, the scan angle range is from 0° to 60° in 5° interval. The
AR-PL results are shown in Figure 4. Due to the nonuniformity and weaker excitation, the
spontaneous emission from the flat area is around 452 nm.
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Figure 4. The AR-PL spectra of (a) flat area and (b) triangular-like ridge cavity.

From Figure 4, we can see a clear difference in the movement of the peak position with
the measurement angle. In the flat area, there is no surprise that the PL peak is constant
at different angles. However, in the triangular-like ridge cavity, the peak position of P450
first decreases and then increases as the angle increases, which shows a clear isotropic
emission. This is a clear sign of the origin of P450, which is related to the background
light field. Furthermore, we realize that the background light field cannot be uniform, and
the photon can be localized at the top with various modes. So, for the ridge cavity in our
sample, the normal measurement position may not be the best position to reveal the effect
of the photon-coupled emission, it is necessary to tilt the ridge to measure AR-PL again.
We tilt the sample to change the incident angle of the laser spot, as shown in Figure 5b. The
“tilt” measurement means that the 0° line passes through the side wall of the triangular
ridge, rather than perpendicular to the top surface as usual. We further explored the P450
properties at different tilt angles (8, 5°~20°), as shown in Figure 5.

It can be found from Figure 5 that the peak position shows the same changing trend
under all tilt angles (8 = 5~20°), the dash line is an eye-guide line. Although the wavelength
shift is smaller than the linewidth at different tilt angles, this does not mean that there is no
photon-exciton coupling [23,24]. The peak appearing at 410 nm is the emission from the
barrier of the MQWSs, which is also observable at certain angle during the measurement. At
0 = 10°, the peak position changes most obviously. We can obtain Figure 6a by converting
Figure 5d into photon energy. Obviously, only the peak shift of P450 can be observed. In our
AR-PL measurements, a laser spot is large enough to cover the triangular-like ridge, and
the MQWs in the ridge is close to the top surface. So, in the measurements, the excitation
of the MQWs is almost unchanged, thus the distribution of carriers is unchanged either.
Therefore, carrier diffusion has no effect on the shift. We further extracted the peak energy
of P450 at different angles through Gaussian fitting, as shown in Figure 6b. As the angle
increases, the peak energy of the P450 moves to a higher energy until about 40°, and then
drops to the original energy at about 70°. In InGaN material system, due to the special
properties of the material, once the photon cycle occurs, the photons at the high end of
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light

Excitation l

the emission spectrum will usually be absorbed. Therefore, when the photon recycling
effect is enhanced, the luminous peak will be red-shifted, and the luminous intensity will
decrease at the same time. However, none of these are reflected in Figure 6b, so the photon
recycling effect does not show obvious influence on the shift. Since AR-PL measurements
are conducted at constant excitation power, the shift cannot be caused by Stark shift and
phase space filling. Therefore, the shift of the P450 observed in our experiments is likely
caused by coupling with the background light field.
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Figure 5. Schematic of the AR-PL measurements (a) without and (b) with a tilt angle. The ARPL
spectra of different tilt angles (c) 8 = 5° (d) 6 = 10° (e) 8 = 15° (f) 8 = 20°.
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Figure 6. (a) The AR-PL spectra of 8 = 10° and (b) the experimental dispersion curve deduced from
0 = 10° AR-PL spectra.

There have been several reports on the exciton—photon coupling in GaN-based mi-
crocavities (double DBR planar cavity), and always show the angle-depended PL [10-12].
In those cases, the new transition is from the exciton-polariton, and the PL peak energy
behaves like a downward arch under different measurement angle. The angle-depended
PL behavior is the most important evidence for the formation of exciton-polariton. This
judgement can be used for our experiments. The results showed in Figures 3 and 6 clear
indicate the P450 is from exciton—photon coupling. However, the PL peak energy in our
sample behaves like an upward arch under different measurement angle. This can be
caused by the different optical modes in different cavities. The ridge cavity clearly has
different optical confinement from the double DBR planar cavity.

We further use Lumerical’s FDTD Solution software to simulate the optical field
distribution in the triangular-like ridge cavity. Figure 7a,b are the triangular ridge cavities
with an apex angle of 26.8°. The vertical axis and horizontal axis of Figure 7 are the
coordinates of the triangular ridge, and the unit is pm. On the right is the electric field
intensity bar. The difference between the two structure is that Figure 7a is an ideal triangular
ridge cavity, Figure 7b is set according to the real sample structure used in our experiment. It
can be seen that both the ideal triangular ridge and our actual triangular-like ridge increase
spontaneous emission intensity. To more clearly illustrate the enhancement of spontaneous
emission by the triangular-like ridge structure, we plot the PL spectra of the flat area and
the triangular-like ridge under the same excitation power, as shown in Figure 7c. In the
measurement, the laser spot radius is 500 um. For our triangular-like ridge, the width of
MQWs is 0.9 um. So we calculate the actual luminous intensity ratio of the triangular-like
ridge to the flat area to be 3.5 x 10° based on the luminous intensity and effective luminous
area of the two samples. The light extraction efficiency is higher than that of the flat area
due to the special structure of the ridge. The luminous efficiency of the flat area is 5%, so the
light extraction efficiency of the ridge is at most 20 times than that of the flat area. Our actual
luminous intensity ratio is 3.5 x 10, it is clear that the luminous intensity enhancement of
the triangular-like ridge comes from the radiation enhancement. For Figure 7a, the optical
field is mainly concentrated at the top apex, and the internal optical oscillation direction
is relatively sample. However, for our actual microcavity Figure 7b, it is found that the
optical field distribution in the ridge is complexed, which complicates the original single
oscillation mode. Therefore, at different tilt angles, the incident light will match to a certain
oscillation direction, resulting in the weakening or strengthening the coupling of photons
and excitons, depending on the intensity of the corresponding optical mode. In addition,
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since the length of our triangular-like ridge is 1000 pm, the confinement of light in the
direction of the ridge is very weak, which is different from the strong confinement of DBR
microcavity. So these two factors lead to the coupling of excited states to the optical field
rather weak. Anyway, the structural complexity of our triangular-like ridge cavity is much
lower than the double DBR cavity reported previously, so if a strong coupling is achieved
in the triangular-like ridge cavity, then it is very helpful to achieve device application.

10
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(c)
Figure 7. The optical field distribution of (a) a triangular ridge and (b) a triangular-like ridge with an
apex angle of 26.8°, (¢) The PL spectrum of the triangular-like ridge and flat area.

4. Conclusions

We have observed a different exciton recombination channel from normal spontaneous
emission in the GaN-based triangular-like ridge cavity. The new channel shows clear signs
of the coupling of excitons and photons. It is found that the effect is strongest when the
triangular-like ridge cavity is inclined at 10°. The results indicate that the strong light
confinement in the triangular-like ridge is expected to substantially achieve exciton-photon
coupling, and may be another approach to implement device applications.

Author Contributions: Conceptualization, P.C.; Data curation, ].Z. and X.X.; Formal analysis, J.Z.;
Funding acquisition, P.C.; Methodology, ].Z., D.C. and P.H.; Project administration, P.C.; Software, J.Z.
and Z.X.; Supervision, Y.S., R.Z. and Y.Z.; Writing—original draft, ].Z.; Writing—review and editing,
P.C. All authors have read and agreed to the published version of the manuscript.



Crystals 2022, 12, 348 90of 10

Funding: This work is supported by National Nature Science Foundation of China, grant number
12074182, Collaborative Innovation Center of Solid-State Lighting and Energy-saving Electronics and
Open Fund of the State Key Laboratory on Integrated Optoelectronics, grant number IOSKL2017KF03.

Data Availability Statement: All data, theory detail, simulation detail that support the findings of
this study are available from the corresponding authors upon reasonable request.

Acknowledgments: The authors acknowledge Nanjing University and Jiangsu Provincial Key Labo-
ratory of Advanced Photonic and Electronic Materials for their support in advanced micro technology
and clean room facilities.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Yoshida, H.; Takagi, Y.; Kuwabara, M.; Amano, H.; Kan, H. Entirely crack-free ultraviolet GaN/AlGaN laser diodes grown on
2-in. sapphire substrate. Jpn. J. Appl. Phys. 2007, 46, 5782. [CrossRef]

2. Miiller, A.; Marschall, S.; Jensen, O.B.; Fricke, J.; Wenzel, H.; Sumpf, B.; Andersen, PE. Diode laser based light sources for
biomedical applications. Laser Photonics Rev. 2013, 7, 605-627. [CrossRef]

3. Mori, N.; Dejima, N.; Higashiura, A.; Omori, M.; Higuchi, Y. Advanced technology of GaN based tunable violet laser with
external cavity for holographic data storage. In Optical Data Storage 2016; SPIE Optical Engineering + Applications: San Diego,
CA, USA, 2016; p. 995908.

4.  Cantore, M,; Pfaff, N.; Farrell, R M.; Speck, ].S.; Nakamura, S.; DenBaars, S.P. High luminous flux from single crystal phosphor-
converted laser-based white lighting system. Opt. Express 2016, 24, A215-A221. [CrossRef] [PubMed]

5. Hopfield, J.J. Theory of the Contribution of Excitons to the Complex Dielectric Constant of Crystals. Phys. Rev. 1958, 112,
1555-1567. [CrossRef]

6. Saba, M,; Ciuti, C.; Bloch, J.; Thierry-Mieg, V.; André, R.; Dang, L.S.; Kundermann, S.; Mura, A.; Bongiovanni, G.; Staehli,
J. High-temperature ultrafast polariton parametric amplification in semiconductor microcavities. Nature 2001, 414, 731-735.
[CrossRef]

7. Richard, M,; Kasprzak, J.; Baas, A.; Kundermann, S.; Lagoudakis, K.; Wouters, M.; Carusotto, I.; Andre, R.; Deveaud-Pledran, B.;
Dang, L. Exciton-polariton Bose-Einstein condensation: Advances and issues. Int. ]. Nanotechnol. 2010, 7, 668—-685. [CrossRef]

8. Porras, D.; Ciuti, C.; Baumberg, J.; Tejedor, C. Polariton dynamics and Bose-Einstein condensation in semiconductor microcavities.
Phys. Rev. B 2002, 66, 085304. [CrossRef]

9. Kasprzak, J.; Richard, M.; Kundermann, S.; Baas, A.; Jeambrun, P.; Keeling, ]. M.].; Marchetti, F; Szymariska, M.; André, R.; Staehli,
J. Bose-Einstein condensation of exciton polaritons. Nature 2006, 443, 409—-414. [CrossRef]

10. Butté, R.; Christmann, G.; Feltin, E.; Carlin, J.-F.; Mosca, M.; Ilegems, M.; Grandjean, N. Room-temperature polariton luminescence
from a bulk GaN microcavity. Phys. Rev. B 2006, 73, 033315. [CrossRef]

11.  Alyamani, A.; Sanvitto, D.; Khalifa, A.; Skolnick, M.; Wang, T.; Ranalli, F; Parbrook, P; Tahraoui, A.; Airey, R. GaN hybrid
microcavities in the strong coupling regime grown by metal-organic chemical vapor deposition on sapphire substrates. J. Appl.
Phys. 2007, 101, 093110. [CrossRef]

12.  Feltin, E.; Christmann, G.; Butté, R.; Carlin, J.-F.; Mosca, M.; Grandjean, N. Room temperature polariton luminescence from a Ga
N/Al Ga N quantum well microcavity. Appl. Phys. Lett. 2006, 89, 071107. [CrossRef]

13.  Christopoulos, S.; Von Hogersthal, G.B.H.; Grundy, A.; Lagoudakis, P.; Kavokin, A.; Baumberg, J.; Christmann, G.; Butté, R.;
Feltin, E.; Carlin, ].-F. Room-temperature polariton lasing in semiconductor microcavities. Phys. Rev. Lett. 2007, 98, 126405.
[CrossRef] [PubMed]

14. Jiang, J.; Shterengas, L.; Stein, A.; Kipshidze, G.; Belyanin, A.; Belenky, G. Dual-Wavelength Y-Branch DBR Lasers with 100 mW of
CW Power Near 2 um. IEEE Photonics Technol. Lett. 2020, 32, 1017-1020. [CrossRef]

15. Zhao, S.; Qi, A,; Qu, H.; Zhou, X,; Lin, Y.; Wang, Y.; Zheng, W. Effect of ridge structure on electro-optical characteristics of
ridge-waveguide lasers with low vertical divergence based on photonic crystal structure. In AOPC 2017: Laser Components,
Systems, and Applications; Applied Optics and Photonics China (AOPC2017): Beijing, China, 2017; p. 104572B.

16. Zhang, Z.-K; Xu, E; Zhang, ] -C.; Lv, Z.-R; Yang, X.-G.; Yang, T. Influences of Ridge-Waveguide Shape and Width on Performances
of InP-Based Coupled Ridge-Waveguide Laser Arrays. IEEE J. Quantum Electron. 2018, 54, 1-4. [CrossRef]

17. Yu, Z.G.; Chen, P; Yang, G.F; Liu, B.; Xie, Z.L.; Xiu, X.Q.; Wu, Z.-L.; Xu, E; Xu, Z.; Hua, X.-M. Influence of dry etching damage on
the internal quantum efficiency of nanorod InGaN/GaN multiple quantum wells. Chin. Phys. Lett. 2012, 29, 078501. [CrossRef]

18. Zhang, J.-Y,; Cai, L.-E.; Zhang, B.-P; Hu, X.-L.; Jiang, E; Yu, J.-Z.; Wang, Q.-M. Efficient hole transport in asymmetric coupled
InGaN multiple quantum wells. Appl. Phys. Lett. 2009, 95, 161110. [CrossRef]

19. Ryou, ]J.-H.; Lee, W.; Limb, J.; Yoo, D.; Liu, J.; Dupuis, R.; Wu, Z; Fischer, A.; Ponce, FE. Control of quantum-confined Stark effect in
InGaN/GaN multiple quantum well active region by p-type layer for IlI-nitride-based visible light emitting diodes. Appl. Phys.
Lett. 2008, 92, 101113. [CrossRef]

20. Masui, H.; Sonoda, J.; Pfaff, N.; Koslow, I.; Nakamura, S.; DenBaars, S.P. Quantum-confined Stark effect on photoluminescence

and electroluminescence characteristics of InGaN-based light-emitting diodes. J. Phys. D Appl. Phys. 2008, 41, 165105. [CrossRef]


http://doi.org/10.1143/JJAP.46.5782
http://doi.org/10.1002/lpor.201200051
http://doi.org/10.1364/OE.24.00A215
http://www.ncbi.nlm.nih.gov/pubmed/26832576
http://doi.org/10.1103/PhysRev.112.1555
http://doi.org/10.1038/414731a
http://doi.org/10.1504/IJNT.2010.031738
http://doi.org/10.1103/PhysRevB.66.085304
http://doi.org/10.1038/nature05131
http://doi.org/10.1103/PhysRevB.73.033315
http://doi.org/10.1063/1.2728744
http://doi.org/10.1063/1.2335404
http://doi.org/10.1103/PhysRevLett.98.126405
http://www.ncbi.nlm.nih.gov/pubmed/17501142
http://doi.org/10.1109/LPT.2020.3009663
http://doi.org/10.1109/JQE.2018.2860240
http://doi.org/10.1088/0256-307X/29/7/078501
http://doi.org/10.1063/1.3254232
http://doi.org/10.1063/1.2894514
http://doi.org/10.1088/0022-3727/41/16/165105

Crystals 2022, 12, 348 10 of 10

21.

22.

23.

24.

Peng, L.-H.; Chuang, C.-W.; Lou, L.-H. Piezoelectric effects in the optical properties of strained InGaN quantum wells. Appl. Phys.
Lett. 1999, 74, 795-797. [CrossRef]

Tao, T.; Zhi, T,; Liu, B.; Chen, P.; Xie, Z.; Zhao, H.; Ren, F; Chen, D.; Zheng, Y.; Zhang, R. Electron-Beam-Driven III-Nitride
Plasmonic Nanolasers in the Deep-UV and Visible Region. Small 2020, 16, 1906205. [CrossRef]

Brodbeck, S.; Jahn, J.P.; Rahimi-Iman, A.; Fischer, J.; Amthor, M.; Reitzenstein, S.; Kamp, M.; Schneider, C.; Hofling, S. Room
temperature polariton light emitting diode with integrated tunnel junction. Opt. Express 2013, 21, 31098-31104. [CrossRef]
[PubMed]

Tsintzos, S.I.; Savvidis, P.G.; Deligeorgis, G.; Hatzopoulos, Z.; Pelekanos, N.T. Room temperature GaAs exciton-polariton light
emitting diode. Appl. Phys. Lett. 2009, 94, 071109. [CrossRef]


http://doi.org/10.1063/1.123370
http://doi.org/10.1002/smll.201906205
http://doi.org/10.1364/OE.21.031098
http://www.ncbi.nlm.nih.gov/pubmed/24514684
http://doi.org/10.1063/1.3082093

	Introduction 
	Materials and Methods 
	Results 
	Conclusions 
	References

