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Unlike conventional photon lasing in the presence of population inversion, coherent light sources based
on the exciton-polariton (EP) mode regime of light emission have attracted extensive attention recently
because of their low-threshold or even threshold-free operation. Here, an electrically driven EP
microlaser with distinguished multiple-mode structures and efficient suppression of spontaneous
radiation background is represented. The device comprises of a Ga-doped ZnO (ZnO:Ga) microribbon
assembled on a p-GaN substrate. The EP lasing behavior is clearly determined by the presence of
superlinear power dependence, mode spacing broadening in the low-energy regime, larger mass of the
lower polariton than that of classical photons, and especially the low threshold. In the laser device, the
microribbon acts as an excellent laser gain medium and Fabry—Perot (F-P) optical resonator, providing a
platform for the coupling between excitons and cavity photons, thus affording a huge Rabi splitting
energy of 566 meV. By varying the cross-sectional sizes of microribbons, the electroluminescence
characteristics can be significantly modulated. Of particular importance, the Rabi splitting energies can
also be tuned ranging from 503-784 meV in the carefully constructed n-ZnO:Ga microribbon/p-GaN
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DOI: 10.1039/d4tc00882k heterojunction devices. The high Rabi splitting energies are well above the thermal disturbance at room
temperature, which contributes to achieving EP lasers. Therefore, this study provides a workable insight

rsc.li/materials-c into the fabrication of room temperature low-threshold microlaser devices, which are electrically driven.

Fabry-Perot (F-P) mode, random mode, etc.">"* Thus far, the
majority of previously reported low-dimensional coherent light

1 Introduction

With extraordinary behaviors, low-dimensional micro/nano-
lasing devices have captured the focus of extensive research
for their feasibility in advancing the fields of integrated photo-
nics, optoelectronics, medicine, and biology."® Low-
dimensional semiconductor structures (e.g., hanowires, micro-
wires, microribbons, and microdisks) are ideal for constructing
minimized coherent light sources because of their advantages,
such as regular morphologies, distinguished microcavity
performances, high crystal quality, well-faced crystalline struc-
tures, considerably high-energy efficiency, and low-cost fabrica-
tion process.” ™" According to the difference in cavity structures,
microlasers can be classified into whispering-gallery-mode (WGM),
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sources have been characterized under optical excitation, which
immensely restricted their realistic applications. In contrast, elec-
trically driven low-dimensional lasing devices have more scientific
research significance and broad practical application potential.
Although relevant research has published some advances, the
development of designing and constructing high-performance
devices remains slow.”'®*® There are some disadvantages in the
reported devices, such as higher threshold, larger spontaneous
emission noise, a lower quality factor, lower operating tempera-
ture, etc. These limitations are mainly due to the Joule heating
effect, low carrier injection efficiency, high optical loss at the
microcavity interface, and lack of excellent optical feedback during
the device preparation process.*?°>* Therefore, it is a milestone
toward the practical application of electrically pumped lasers.

As a bosonic quasiparticle, exciton-polariton (EP) can achieve
coherent light in the absence of population inversion, which
provides a new feasible solution for constructing low-threshold
or even thresholdless electrically driven low-dimensional
coherent light sources.>®?” Until now, light-driven EP lasers
have been demonstrated from many semiconductors.”” !
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The strong light-driven coupling between light and matter
reveals the rich physical significance and connotation of EP
lasing, which provides a good idea for further constructing
electrically driven EP lasers.*>> However, because of the lack
of suitable materials and device structures, the investigation
progress of electrically driven EP lasers is floundering. The
shortcomings such as cavity quality that needs to be improved,
uncontrollable output, suppression of conductive functional
layers, and complex manufacturing processes still exist. Room
temperature electrically driven EP lasers of different systems
also face difficulties, such as the crystal quality of low-
dimensional inorganic semiconductor structures (ZnO, GaN,
GaAs, etc.), the Auger recombination of perovskites, and the
stability of organic materials and structures.*®*¢° These have
plagued the realization of low-threshold minimized and inte-
grated high-performance coherent light sources.

In this study, an electrically driven EP light-emitting and
lasing device was fabricated, which is based on the Ga-doped
ZnO (ZnO:Ga) microribbon prepared by simple chemical vapor
deposition (CVD). In the device, the CVD-synthesized ribbon-
shaped ZnO:Ga was used as the F-P optical resonator, which
was evidenced by the demonstration of lateral-cavity lasing
action. With excellent laser gain characteristics, a high-
performance near-ultraviolet (UV) device can be constructed
by combining the p-GaN layer as a hole provider. The electro-
luminescence (EL) spectrum profiles showed obvious multi-
peak emission features, which have been attributed to the EP
properties. By adjusting the width of microribbons, the EL
characteristics, such as the light-emitting band, mode spacing
and bandwidths, have been significantly modulated. While the
exciton-photon coupling strengths, i.e., the Rabi splitting ener-
gies (Q), were modulated in the range of 503-784 meV. Upon
further optimization of CVD-synthesized ZnO:Ga microribbons
and device design, electrically driven polariton lasing action
was achieved as the driving current at a high level. Based on the
analysis of the EL characteristics, this lasing behavior can be
attributed to the EP mode in the strong coupling regime. CVD-
synthesized ZnO:Ga microribbons with high crystal quality and
excellent laser gain properties are ideal platforms for construct-
ing high-performance low-threshold electrically driven lasers.

2 Experimental section
2.1 Growth of ZnO:Ga microribbons

The growth of individual ZnO:Ga microribbons was carried out
in a high-temperature tube furnace using chemical vapor
deposition (CVD). Low-dimensional ZnO:Ga microstructures
are synthesized using a catalyst-free, vapor-solid approach. In
the growth process, the ZnO-Ga,0;-graphite mixture at a
weight ratio of 7:1:9 serving as the source material was placed
in the centre of a corundum boat. A clean, insulating SiO,/Si
substrate was fixed on the top of the corundum boat to collect
the samples. Under a 135 sccm flow of ultra-dry (99.99%) Ar
gas, the tube furnace temperature reached 1200 °C and the
dwell time was 75 min. As the reaction finished, the furnace
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was cooled down to room temperature naturally and the
products were obtained on the substrate. By adjusting the
proportion of Ga,0;, the Ga impurity was highly efficiently
doped into the microribbon.>*4°*2

2.2 Device fabrication

In the as-fabricated n-ZnO:Ga microribbon/p-GaN heterojunc-
tion light-emission devices, the commercially-available GaN
substrate contains a 200 nm thick Mg-doped p-type GaN
epitaxial wafer with an acceptor concentration of 5 X
10" em 3. This p-type film is grown on a 2 pm undoped GaN
layer that is on c-plane sapphire.”® The fabrication process can
be summarized as follows: (A) two MgO films with a certain
thickness were deposited on the clean p-GaN substrate using an
electron beam evaporation system. The insulating properties of
MgO layers enabled prevention of direct contact between the
top electrode (ITO) and the underlying GaN substrate. (B) The
Ni/Au (45/55 nm) layer serving as the ohmic electrode was
deposited on the blank GaN substrate using the thermal
evaporation system. (C) A single microribbon was then trans-
ferred to the p-GaN substrate, which was placed between two
MgO insulating layers. (D) A conducting glass ITO was reversely
oriented toward the microribbon and covered on the device.
Finally, an appropriate compressive stress was perpendicularly
applied to ensure good contact with the device. Therefore, the
n-ZnO:Ga microribbon/p-GaN heterojunction light-emission
device was fabricated.**?®

2.3 Materials characterization

The morphologies and structures of CVD-synthesized ZnO:Ga-
microribbons were analyzed by scanning electron microscopy
(SEM) and energy dispersive X-ray spectroscopy (EDS) chemical
maps. The crystal structure was evaluated by X-ray diffraction
(XRD) measurement. The lasing measurement of a ZnO:Ga
microribbon was conducted using a confocal micro-photolumi-
nescence system, in which a spectrometer was equipped to
collect and analyze the optical spectrum, the excitation light is
a 355 nm femtosecond laser pulse. The electrical properties of
the device and the contact characteristics of the electrodes were
measured by using a Keysight B1500A semiconductor device
analyzer. The optical characteristics of the samples were deter-
mined utilizing the He-Cd laser (wavelength: 325 nm) as the
excitation light source. The EL of the devices was characterized
using a test system consisting of an Olympus microscope, a
high-sensitivity charge-coupled device (CCD), and a power
supply device. Optical microscopy EL images were taken using
a microscopic CCD system.*’

3 Results and discussion

The CVD-synthesized ZnO:Ga structures were characterized.
Fig. 1(a) shows a SEM image showing typical rectangular
shapes, optical faces, and sharp edges. It shows negligible
cracks or grain boundaries, suggesting the excellent quality of
monocrystalline character. The EDS measurement result of the

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Characterization of CVD-synthesized ZnO:Ga microribbons. (a) SEM image of the smooth-surfaced microribbon with a width of approximately
60 pum. Inset: EDS mapping result of a ZnO:Ga sample. (b) XRD analysis of the ZnO:Ga product. (c) PL spectrum of a ZnO:Ga microribbon at a high

pumping fluence of 11.6 MW pm™2

emission intensity and FWHM versus various pumping-fluence, yielding a laser threshold of about 9.45 mW pm

sample is shown in the inset of Fig. 1(a), confirming that the
microribbon consists of Ga, Zn and O species. Chemical map-
ping demonstrates that Zn, Ga and O are uniformly distributed
in the ribbon-shaped structure. Fig. 1(b) shows XRD patterns of
CVD-grown ZnO:Ga samples. The main characteristic peaks at
31.8°, 34.5°, 36.4°, and 47.5° are obtained, which could be
assigned to the diffraction from the (100), (002), (101) and
(102) facets of the ZnO hexagonal wurtzite structure, respec-
tively. The above results confirm that CVD-grown ZnO:Ga
microribbons with high-crystalline quality have been success-
fully prepared.*>***

The smooth side surfaces of CVD-grown ZnO:Ga micro-
ribbon could potentially act as reflective mirrors for the typical
F-P microcavity fabrication.'®*"*® Combined with the superior
laser gain properties of ZnO, it is highly possible to achieve
microcavity lasing from the ZnO:Ga ribbon-shaped micro-
crystals. In this regard, a single ZnO:Ga microribbon with a
cross-sectional width of about 32 um was pumped optically
using a 355 nm fs pulsed laser, aiming to investigate the lasing
performances. The variations of PL emissions versus different
pump-fluence were collected. Fig. 1(c) shows a PL spectrum at a
high pump fluence. Obviously, a series of sharp subpeaks can
be resolved over the spontaneous emission band. The average
full width at half maximum (FWHM) is measured to be about
0.40 nm, and the mode spacing among neighbouring emission
modes is derived to be about 1.05 nm. In the case of the F-P
cavity, the free spectral range (FSR), which is based the formula
FSR = A*/2L.n, was examined (A is the emission wavelength, L,

This journal is © The Royal Society of Chemistry 2024

. (d) Excitation-density-dependent PL spectra in the range of 9.4-17.8 mW pm™

2. (e) The variations of integrated
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defines the cavity length, and 7 is the effective refractive index
of ZnO:Ga). Thus, the emission characteristics could be attrib-
uted to the F-P cavity. Varying the pumping-fluence in the
scope of 9.4-17.8 mW pum™ >, the PL emission spectra are
depicted in Fig. 1(d). The emission bands are dominated by a
group of sharp light-emission lines, and the broad spontaneous
emissions are completely suppressed. The emission intensity
starts to increase nonlinearly. Fig. 1(e) shows the variations of
the integrated emission intensity and FWHM versus different
excitation densities, respectively. From the graph, the FWHM
dramatically decreases from 18.5 to 0.16 nm above a lasing
threshold of 9.45 mW pm 2, and the typical two-stage shape
pumping-fluence-dependent emission relationship also confirms
a distinct transition from spontaneous radiation to stimulated
lasing. Therefore, the demonstration of lasing action is achieved
on account of the ZnO:Ga microribbon.

Importantly, as the microribbon was pumped at high excita-
tion density, the emission spectra exhibited a visible broadening
toward a longer wavelength shoulder. That is, several new
emission modes appear on the longer wavelength band, reveal-
ing a redshift of the gain profile. With respect to the specific
lasing emission mode, the dominant wavelengths of the
whole emission band exhibit a considerable red shift ranging
from 393.5 to 403.0 nm. Apart from the redshift of the lasing
wavelengths, the corresponding FWHM and mode spacing of
the lasing emission spectra display visible broadening from
0.16 to 0.66 nm and 0.8 to 1.40 nm, respectively. The pumping-
fluence-dependent lasing characteristics can be attributed to
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electron-hole plasma (EHP) emission.”” It is well-known that
the incorporation of the Ga-dopant into ZnO structures enables
to tune the capability of n-type conduction of one-dimensional
ZnO:Ga structures, such as nanowire, microwire, microribbons
and so on, with increasing Ga,0; weight in the source materials.
That is, an increase of the Ga-content in CVD-synthesized ZnO
samples, can result in higher electron concentration. The changes
of electron concentration in Ga-doped ZnO samples were indeed
dominated by Ga-impurities. Considering that, the electronic
transport properties are close to the metallic limit in CVD-
synthesized one-dimensional ZnO structures, the electron concen-
tration could be estimated to be about 5.0 x 10" cm™ 343
As the pump-fluence beyond a certain value, the carrier concen-
tration in the ZnO:Ga microribbon would be larger than that of
the critical Mott transition density, thus forming the EHP lasing
emissions. Therefore, the incorporation of Ga-doping allows
the Mott-transition from the excitonic state to the EHP state in
CVD-grown ZnO:Ga samples upon low pulsed laser excitation.
As previously stated, a heterojunction light-emitting device
containing a ZnO:Ga-microribbon and a p-GaN substrate was
fabricated. Schematic of the device is shown in Fig. 2(a), in
which Ni/Au and ITO are electrodes respectively.”>*® Electrical
performances of the ZnO:Ga microribbon, GaN substrate, and
the relating ZnO:Ga/GaN heterostructure were tested. The I-V
curve in Fig. 2(b) indicates the rectification characteristics of
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the device in order to explore its electrical characteristics.
In order to determine the electronic transport properties of
n-ZnO:Ga/p-GaN, electrical characterization of p-GaN with the
Ni/Au electrode and the microribbon with ITO electrode was
performed separately. Good ohmic contacts between the p-GaN
with the Ni/Au electrode and the microribbon with ITO elec-
trode are confirmed by the linear I-V curve, as the inset in
Fig. 2(b).*"** Since the electrodes have superior-quality ohmic
contacts, the rectification characteristics can be attributed to
the high-quality heterojunction formed between the n-ZnO:Ga
microribbon and the p-GaN substrate.*® Turn-on voltage of the
heterojunction was approximately 3.24 V.** As injection current
increases, I-V characteristic curve of the device becomes much
steeper. In addition, the reverse leakage current of the device
was evaluated to be —0.178 mA at —20 V. The comparatively low
leakage current reveals that the surface defects and trap-center
concentration at the n-ZnO:Ga/p-GaN interface are low, which
resembles other previously reported related heterojunction
devices.”**°

The current was injected into the prepared device at room
temperature to explore the EL characteristics. The EL spectra
are plotted in Fig. 2(c) (injection current: 4.0-15.0 mA), and
prominent near-UV spectra can be observed. At this time, the
main peak position exhibited a trifling blue shift, which could
be owing to the variation of radiative recombination regions.
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Fig. 2 Characterization of as-constructed n-ZnO:Ga microribbon/p-GaN heterojunction LED. (a) Structure diagram of the heterojunction device and its
basic properties. (b) /-V characteristic curve of the n-ZnO:Ga/p-GaN heterostructure, showing the rectification characteristics. (Inset) /-V curves
of p-GaN layer with the Ni/Au electrode (red line) and the n-ZnO:Ga microribbon with the In/ITO electrode (blue line). (c) EL spectra of the device (driving
currents: 4.0-15.0 mA). (inset) Integrated EL intensity as a function of the injection current. (d) Gaussian-fitted EL spectrum, revealing three distinct sub-
bands, respectively. (e) The intensities of the LED EL spectrum (blue line), PL spectrum of p-GaN (black line) and PL spectrum of a ZnO:Ga-microribbon
(red line) are normalized for comparison. (f) Energy band structure of the heterojunction device under forward bias.
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By continuously increasing the injection current, the peak
wavelength is finally stabilized at approximately 412.5 nm,
the main shape and peak wavelength of the EL spectrum are
basically consistent, and a stable near-UV emission is gener-
ated. In the Fig. 2(c) inset, the EL intensity is almost linear with
the injection current. This linear behavior shows that radiative
recombination successfully dominates the EL.>° Subsequently,
the carrier radiative recombination paths and EL mechanism of
the ZnO:Ga/GaN LED was researched. Photoluminescence (PL)
characterization of the p-GaN substrate and a single ZnO:Ga-
microribbon was performed. Fig. 2(d) compares the normalized
spectra of the p-GaN substrate (PL), ZnO:Ga-microribbon (PL),
and the prepared device (EL). Referred to PL spectra,
the broadband EL spectrum could be decomposed into three
distinguished subbands using Gaussian functions, which are
shown in Fig. 2(e). The light-emission peaking at around
395.8 nm could be assigned to the near-band-edge emission
of the ZnO:Ga microribbon, while the blue luminescence at
around 445.7 nm is due to the radiative transition between the
conduction band or unidentified shallow donors to Mg-doping
related acceptor levels in the p-GaN layer. And the principal
peak at around 418.5 nm is identified as the interfacial emis-
sions. In which the electrons originated from the ZnO:Ga
microribbon; while the holes were from the underlying GaN
layer. Therefore, the EL of the device is neither consistent with
the deep-level emission of microribbon nor derived from the
light emission from the direct band-to-band transition of the
p-GaN layer.>*>"

To explore the EL mechanism, energy band structure of the
device under forward current injection is shown as Fig. 2(f),
which is based on the carrier diffusion process and Anderson’s
model. At room temperature, the n-type ZnO:Ga microribbon
and p-type GaN band gaps are 3.37 and 3.4 eV, respectively, and
the corresponding electron affinities are 4.35 and 4.10 eV. Once
the p-n heterojunction was formed between n-ZnO:Ga and p-
GaN, a band discontinuity at the interface would be created.
Thereby, a small conduction band offset (AE. = 0.25 eV) and
valence band offset (AE, = 0.22 eV) are produced under thermal
equilibrium at a 0 V bias.>>***' This slight band offset leads to
the same barrier heights for electrons and holes, which is
preferred for light-emitting devices, as it allows a high rate of
electron-hole radiative recombination. Consequently, under
forward-bias, the holes drift from GaN to ZnO:Ga micro-
ribbons, due to which electrons in the ZnO:Ga microribbon
recombine with these drifted holes, yielding efficient LED
emissions in the near-UV region. According to the Gaussian
deconvoluted EL spectrum, the emission band centered at
around 418.5 nm can be attributed to the interfacial radiative
recombination of electrons from ZnO:Ga microribbon and
holes from the underlying p-GaN film. The energy barriers for
holes and electrons with approximately equal heights are
generally formed at the ZnO:Ga/GaN heterostructural interface.
It induced a barrier of 0.44 eV for holes and 0.41 eV for
electrons according to the energy band structure and the
emitted photon energy.”>”®> When the electrical injection
exceeds the conducting voltage, the electrons and holes are

This journal is © The Royal Society of Chemistry 2024
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injected from both sides of the heterojunction, and effectively
transferred to the luminescence region at the junction inter-
face, where radiative recombination occurs. As the injected
current increases, the radiative recombination region is gradu-
ally transferred from the junction interface to the microribbon,
and the radiative recombination at the junction interface is
effectively suppressed. The emission peak with a central emis-
sion wavelength of 412.0 nm indicates that the near-band-edge
emission of the microribbon is dominant.>* >

To explore the luminescence characteristics of the device,
bright blue luminescence can be clearly observed with the
naked eye by injecting a forward current into the device at
room temperature. The optical microscopy image of the hetero-
junction device is comprised of the ZnO:Ga microribbon and
the p-GaN substrate shown in Fig. 3(a), and the optical micro-
scopy EL images at different injection currents are shown in
Fig. 3(b)-(h). Notably, the microscopic EL images show that
the luminescence regions are located on both sides of the
microribbon. When the injection current of the device is low,
a bright blue-violet spontaneous emission is observed from
both sides of the microribbon. As the injection current gradu-
ally increases, the brightest region is clearly and stably dis-
tributed on both sides of the microribbon, and the EL intensity
gradually increases.*' This result illustrates that ZnO micro-
ribbons combined with p-GaN substrates can be used to
develop near-UV light-emitting devices.

The F-P microcavity effect on EL characteristics of the device
was theoretically analyzed and simulated. The standing-wave
field resonant mode distributed in the quadrilateral cross
section was numerically simulated by the two-dimensional
finite-difference time-domain (FDTD) method.>**"** Fig. 4(a)
shows the distribution patterns E(x, y). The standing-wave field
distribution can be formed in the cross section (x-y plane) of
the microribbon. Region I marked in Fig. 4(a) is enlarged, and
shown in Fig. 4(b), which clearly confirms the luminescence
phenomenon at the bilateral profiles of the microribbon.
It shows that the typical F-P cavity luminescence is mainly
emitted from the narrower sides of the microribbon (y-z plane).
Perfect cavity surfaces are formed on the narrower sides of the
microribbon, which is beneficial for the construction of the F-P
type luminescence. By enlarging region II, which was marked in
Fig. 4(a), in Fig. 4(c) the wider sides of the microribbon (x-y
plane), effectively reflecting the photons can be clearly
observed. The fabricated optical microcavity based on the
microribbon can support the standing-wave field between the
narrower sides of the microribbon, where the photons propa-
gate back and forth to show multipeak emission characteristics
in the spectrum. According to the mode spacing (Al ~ /%/2nL),
the emission characteristics of the waveguide cannot be
ascribed to the optical microcavity formed between the nar-
rower sides. In other words, the narrower sides of the micro-
ribbon cannot be used as an optical microreflector alone. The
mixed superposition luminescence characteristics of the micro-
ribbon can be summarized as follows: (1) the monocrystalline
features of CVD-synthesized ZnO:Ga microribbons allows to
achieve droop-free light-emitting/lasing media, and (2) both the
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Fig. 3 EL characterization of the n-ZnO:Ga microribbon/p-GaN heterojunction LED. (a) Optical microscopy image of the heterojunction device
contains a ZnO:Ga microribbon, which was placed on the p-GaN substrate. Optical microscope EL images of the ZnO:Ga/GaN heterojunction LED under
different injection currents (b) 4.0 mA, (c) 8.5 mA, (d) 11.0 mA, (e) 15.0 mA, (f) 20.0 mA, (g) 25.0 mA, and (h) 30.0 mA.

bilateral sides with atomically-smooth surfaces of the micro-
ribbons enable to realize lateral microcavity for the efficient
feedback of propagating photons. That is, the quadrilateral
cross section may lead to competition and selection of propa-
gating photons, which are confined in the microribbon. There-
fore, the narrower and wider sides of the microribbon may
jointly construct an optical waveguide microcavity, resulting in
multipeak emission characteristics.*"****

The detection polarization angle 0° is set parallel to the z
direction along the length direction of the CVD-synthesized
ZnO:Ga microribbon, and the variation in the detection polariza-
tion angle with the EL intensity on the x-z plane is explored. The
results are plotted in polar coordinates in Fig. 4(d), with the
maximum value at approximately 90°. The minimum value is at
approximately 0°, which is larger than the expected value of the
ideal mode with linear polarization. This phenomenon is related
to diffraction at the narrower sides of the microribbon. The angle
corresponds to the optical microscopic EL image in the back-
ground image. This shows that the luminescence direction of the
microribbon on the x-z plane is mainly located in the 90°-270°
direction (x-axis direction), ie., the output directions from the
narrower sides of the microribbon, and the device has good linear

7034 | J Mater. Chem. C, 2024, 12, 7029-7040

polarization. The polarization of luminescence is influenced by
the modes coupled to the optical microcavity. The electric field
polarization dominates in the x direction, while the components
in the y and z directions are very weak, which agrees well with the
observation results. More interestingly, the EL spectrum with
multipeak emission characteristics shown in Fig. 4(e) can be fitted
well by the multi-Lorentzian function to determine each reso-
nance peak. From the Lorentzian fitted spectrum, the mode
spacing of the resonance peak in the low-energy regime is larger
than that in the high-energy regime. The classical photonic crystal
model is not sufficient to explain the luminescence of the device.
Therefore, the obvious multipeak emission feature of the spec-
trum can be due to the EP behavior.””

The classical Lorentz oscillator model was used to explore
the exciton-photon coupling in the microribbon-based micro-
cavity, in which the refractive index and polaron dispersion can
be interpreted by the dielectric approximation form:*®

2 2 27,2

0. W~ — ;T o ck

> g roor )8
7 y]

= e(w, k) = &b (1 +
j=4.B.C
(1)
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exciton—photon coupling strength, called Rabi splitting energy @, is extracted approximately 566 meV.

where 7 is the refractive index, ¢, is the background dielectric
constant, w;r is the transverse resonance frequency, wj, is the
longitudinal resonance frequency, y; is the damping constant,
and the factor ©; has a well-known definition.’**” In eqn (1), we
neglected the spatial dispersion term of excitons. This disper-
sion is already quite weak in GaN and even weaker in ZnO:Ga,
which is a wide-bandgap semiconductor.®® To intuitively give
the energy-wave vector dispersion curve, only A and B excitons
in transverse electric (TE) mode polarization are taken into
consideration. According to eqn (1), the energy-wave vector
dispersion relation of EPs can be expressed as follows:

E(w, k) = lo(k) -
= < )

2 2 2 2
WAL™ — WAT WBL~ — WBT
e | 1+ Q4 5 5 T8 2.2
WATS — @ WBRT” — W

The damping term is neglected in our calculation. According to
eqn (2), the energy-wave vector dispersion curves of the hetero-
junction device in the x-z plane are plotted in Fig. 4(f). The
energy path of the photon in the microribbon (blue line),
the polariton dispersion curve (red line) in the microcavity,

and the experimental points corresponding to the EL peaks
are shown in Fig. 4(f). The figure shows the perfect fit of

This journal is © The Royal Society of Chemistry 2024

experimental points with the EP model.® According to

eqn (2), the obtained curves can be separated into upper
polariton (UP) and lower polariton (LP) branches, and the
minimal vertical distance between two branches is approxi-
mately equal to Q. A large Q value (~566 meV) extracted from
Fig. 4(f) is larger than the exciton binding energy of ZnO and
GaN, which will contribute to the realization of EP lasing.®'
Because of the strong optical absorption in the spectrum region
above the exciton resonance, the EPs oscillating from the UP
branch completely relax in the LP branch by damping. Hence,
solely the emission light with the corresponding mode on the
LP branch can propagate in the microribbon, and be emitted
from the narrower sides of the microribbon.®*®® Therefore,
the experimental points are all on the LP branch and do not
appear on the UP branch. Notably, the resonance peak is
almost not observed at wavelengths below 380.0 nm, which is
due to the significant scattering and absorption loss of photons
in the high-energy regime.®* The exciton binding energy of GaN
is lower than the thermal disturbance at room temperature
(ksT ~ 26 meV), so the combination of the microribbon and the
p-GaN substrate can enhance the exciton-photon coupling.>®*!3

The cross-sectional width of the microribbons can wholly
confine the light waves, forming optical resonances. The influ-
ence of different microribbon widths on the EL characteristics

J. Mater. Chem. C, 2024,12, 7029-7040 | 7035
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Fig. 5 Microribbon width-dependent EL characteristics of the LEDs. (a) EL spectra of LED-A based on a 26 um width microribbon. (b) EL spectra of LED-
B based on a 38 um width microribbon. (c) EL spectra of LED-C based on a 45 pum width microribbon. (d) LED-A: energy-wave vector dispersion curve
(Q ~ 503 meV). (e) LED-B: energy-wave vector dispersion curve (Q ~ 680 meV). (f) LED-C: energy-wave vector dispersion curve (Q ~ 784 meV).

of devices was investigated. Devices were prepared by using
ZnO:Ga-microribbons with the same length but different
widths of 26, 38, and 45 um, which correspond to LED-A,
LED-B, and LED-C, respectively. Fig. 5(a)-(c) illustrate the EL
spectra of the devices with similar injection current ranges.
Significantly, a series of narrow peaks can be clearly distin-
guished on all EL spectra, which are due to the effect of the
optical waveguide microcavity constructed by the quadrilateral
cross section, so that all EL spectra can show multipeak
emission characteristics. With increasing cross-sectional width
of the microribbons, the spectral profiles exhibit significant
broadening. In addition, the main peak shows a red shift of
399.0-422.3 nm, which is due to the self-absorption of guided
light in the microribbon cavity induced by the band tail state.**
Thus, increasing the width of the microribbon can lead to
enhanced polariton relaxation, whereby the photons escape
from the confinement of the microcavity and release additional
energy. In addition, the inhomogeneity of the spectrum spacing
toward the longer-wavelength shoulder indicates that the out-
put signals are attenuated in the light-emission region.>*®
We also gave the energy-wave vector dispersion relationship
corresponding to the above devices to explore the influence of
the microribbon width on the EP effect in devices. The energy-
wave vector dispersion curves of the above three LEDs accord-
ing to eqn (2) and the corresponding experimental points are
shown in Fig. 5(d)-(f), respectively. The large Q values from the
microribbons with different widths are extracted in the figures
(about 503, 680, and 784 meV, respectively), and the Q value
increases with the microribbon width. This phenomenon was

7036 | J Mater. Chem. C, 2024,12, 7029-7040

explained by the increased overlap integral between the exciton
and the photon field. That is, the EP coupling strength of the
devices can be tunable.®* All the energy-wave vector dispersion
curves clearly show anticrossing behavior between the UP and
LP branches. At the same time, the photon energy of the EL
peak fits the EP model well and is all located in the LP
branch.®® Therefore, the prepared devices can simultaneously
indicate strong coupling because of their excellent electronic
transport properties and high-quality optical resonator, pro-
moting the single-microribbon heterojunction to a favorable
platform for low-dimensional lasers.®”

Further optimization treatment was carried out. First, the
CVD-synthesized ZnO:Ga microribbons, which could satisfy
both optical and electrical requirements for the lasing emis-
sions, was achieved through optimizing the growth conditions.
The ZnO:Ga microribbon can support the F-P mode lasing
upon optical excitation, while the Ga-dopant presented in the
ZnO:Ga structure can boost its electronic transport properties,
which are conducive to the current injection for the hetero-
junction devices. Second, heat dissipation, metal-semiconduc-
tor contact for current injection, and the device design
optimization, were further taken into account, which allows
higher injection current operation and possible achievement of
a room temperature electrically pumped lasing emissions with
a much lower threshold. The I-V characteristic curve is plotted
in Fig. 6(a), which shows that the reverse leakage current is
much lower. Fig. 6(b) shows the EL spectra under different
injection currents, revealing the broad spontaneous emission
spectrum observed at low injection currents (0.2-4.7 mA).

This journal is © The Royal Society of Chemistry 2024
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of the device with currents driving from 0.2 to 4.7 mA. (c) EL spectra as the
EL intensity and spectral FWHM versus the injection current. (e) Magnified

driving current increased beyond 15.0 mA. (d) The changes of integrated
EL spectrum plotted at a light-emitting peak of 426.1 nm (~38.0 mA).

The spectrum FWHM of the lasing peak is extracted to about 0.23 nm, and the laser Q-factor is calculated to about 1800.

For the continuous wave (CW) electrically-driven by the driving
current in the range of 15.0-38.0 mA, the EL spectra are depicted
in Fig. 6(c). From the graph, once the current increased to
28.0 mA, three sharp and separated emission peaks were observed
in the EL spectrum, and they were centered at 421.9, 426.1, and
435.0 nm, respectively. The intensity increases rapidly with a
further increase in the injection current, indicating the lasing
action of the device. The EL spectrum is dominated by three sharp
and discrete peaks, and the peak position is almost unchanged.
These results demonstrate that the microribbons can work as
optical waveguide to achieve high-quality stable lasing outputs.
Fig. 6(d) shows the variations in the integrated EL intensity and
the FWHM of the device as functions of the injection current.
As the injection current increases, there is a significant transition
from spontaneous emission to lasing radiation. Soon after the
changeover to superlinear behavior, the FWHM decreased sharply
from approximately 30 nm to 0.23 nm. From the superlinear
behavior, the threshold current of the lasing is estimated approxi-
mately to be 25.6 mA. An obvious narrowing of the linewidth and
arapid increase in the nonlinear dependence of the luminescence
intensity were observed, which provide strong proof of the lasing
behavior.**® A magnified EL spectrum in 426.1 nm lasing mode
at an injection current of 38.0 mA is shown in Fig. 6(e). The
FWHM (d1) of the lasing peak is extracted to be approximately
0.23 nm, and the estimated quality factor Q calculated using the
relationship Q = 4/} is approximately 1800. As a result, the quality

This journal is © The Royal Society of Chemistry 2024

factor of lasing in the device is significantly higher than that of
spontaneous emission in the device. It was confirmed that the
observed sharp peak was the lasing in the microribbon."”*'
The results show that CVD-fabricated microribbons are high
quality, and allow to achieve high-quality lasing emission at room
temperature.

A comparison between the observed lasing peaks and exci-
ton-photon features, achieved under the driving current at a
lower level, was evaluated. Fig. 7(a) compares the normalized
intensities of ordinary EL (~4.7 mA lower than the threshold
current) and lasing emission (~38.0 mA above the threshold
current). Only a broad spontaneous emission peak centered at
around 402 nm can be observed at injection currents lower
than the threshold. When the injected current exceeds the
threshold, three sharp lasing peaks appear on the shoulder of
the spontaneous emission spectrum, and the FWHM of these
sharp peaks is approximately 0.2 nm. The sharp lasing peak
that appears at injection currents above the threshold indicates
the multi-lasing mode behavior of the system. The lasing
spectrum profile (red line) shown in Fig. 7(a) suggests that
the mode spacing in the low-energy regime is larger than that in
the high-energy regime. The observed mode spacing broad-
ening in the low-energy regime phenomenon is obviously
different from the classical photon lasing mode, indicating
that the general photonic model is inadequate to explain the
F-P mode in the device. As the EL characteristics achieved at a
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low injection current level have been assigned to the EP, the
lasing actions achieved at high driving current levels could be
attributed to the strong coupling between excitons and F-P
microcavity photons in the microribbon. This is strong proof of
an EP laser, instead of classical photon lasers.>*?*”%

For a given microribbon, the observed values of mode
spacing between the neighbouring lasing peaks exhibit a con-
siderable increase as the mode number decreases. The unique
changes may be caused by the formation of polaritons in the
anticrossing negative curvature LP branch.®* According to
eqn (2), the energy-wave vector dispersion curves of the device
under ordinary EL and lasing emission are constructed. The
energy-wave vector dispersion curve of the microribbon LED is
plotted based on the EL image with an injection current of
4.7 mA and the experimental points are shown in Fig. 7(b). The
energy-wave vector dispersion curve plotted on account of
the lasing spectrum at an injection current of 38.0 mA
and the experimental points are shown in Fig. 7(c). The Q
(~871 meV) in lasing emission exceeds the dissipative energy
of both photons and excitons, thus meeting the requirement
for the strong coupling condition. The Q under lasing emission
is considerably higher than that under ordinary EL emission
(~486 meV), indicating that the EP coupling strength during
lasing emission is considerably higher than that during
ordinary EL emission. The effective mass of the quasiparticle
is defined by meg = #*(d*E/dk?), which can be inferred from
Fig. 7(c).°® The calculated LP mass is significantly larger than
the bare-photon mass. These results further clearly confirm
the formation of an EP laser. Unlike in conventional photonic
lasers, population inversion is no longer a prerequisite,
which is attributed to the mechanism of boson final-state
stimulation, which makes the EP laser have a significantly low
threshold.>>*°

4 Conclusions

To summarize, we have designed and prepared an electrically
driven EP luminescence and lasing device comprising a p-GaN

7038 | J Mater. Chem. C, 2024,12, 7029-7040

substrate and a single ZnO:Ga-microribbon. In the device,
the microribbon has a natural smooth side, which can provide
a platform for strong coupling between excitons and cavity
photons. The Rabi splitting energy can be tuned in the range of
503-784 meV by varying the cross-sectional sizes of the ZnO:Ga-
microribbon, so that the EP coupling strength can be tunable.
The giant Rabi splitting energies are helpful for the construc-
tion of low-threshold or even threshold-free lasing devices.
Based on this, an electrically driven EP laser with a distinct
multiple-mode structure is realized at room temperature. The
laser device has a much lower threshold of 25.6 mA, effective
suppression of spontaneous emission noise, and a high-quality
factor of 1800. More importantly, this is due to the EPs formed
in the microribbon of the device under current injection. This
work clarifies the role of ZnO:Ga-microribbons in the construc-
tion of EP lasers and provides insights into the realization of
high-quality electrically driven low-dimensional coherent light
sources. We also believe that the demonstrated device can be
used for the construction of ultralow-threshold lasers in the
future.
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