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We have accomplished the research objectives of this three year project. It includes the
establishment of GaN-based quantum confined structures fabrication technology, modeling and
design of high Q microcavity and cavity quantum effect, fabrication of GaN vertical cavity
surface emitting lasers (VCSELs) with micricavity and quantum confined structures,
investigation of performance of the fabricated GaN VCSEL devices, and Demonstration of
controlled photon emission and lasing of the GaN VCSEL devices. We have demonstrated several
kinds of new technologies and successfully fabricated the first electrically pumped GaN VCSEL.
In addition, we have also reported the first room-temperature (RT) optically pumped GaN
photonic crystal surface emitting lasers (PCSELs) and discussed the corresponding physical
mechanisms and polarization. Moreover, by employing the high-reflectivity GaN/AIN distributed
Bragg reflectors (DBRs) developed in our research group, we have fabricated ZnO-based high
quality factor (Q) microcavity structures. Because of the strong interaction between photon and
exciton in the microcavity, we have observed the microcavity polariton at RT. Therefore, we used
different nano-technologies to fabricate many types of microcavity structures and investigated

various possibilities about control of photon emission.

Keywords: GaN, VCSEL, Photonic crystal, Microcavity
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An Optical microcavity consists of two high-reflectivity mirrors and a thin active layer in
which photons are confined in small volumes by resonant recirculation. Microscale cavity
ensures that the resonant frequencies are sparsely distributed throughout the spectrum and can be
controlled by changing the cavity volume. Microcavities made of active III-V semiconductor
materials can control emission spectra, which has been widely used in the fabrication of vertical
cavity surface emitting lasers (VCSELs) and resonant cavity light emitting diodes (RCLEDs). In
addition to the planar-type microcavities, microcavities based on photonic crystals can provide
extremely small mode volumes. A photonic crystal (PC) is a bulk spatially periodic structure
whose dielectric constant is modulated with a period comparable to the light wavelength. The
interaction between such a crystal and photons essentially modifies the spatial distribution and
the energy spectrum of the electromagnetic field; it means that the photonic crystal can be
engineered to possess a photonic band gap (PBG) for a specific range of frequencies for which
electromagnetic waves are forbidden to exist within the crystal. Based on a appropriate design of
photonic crystal lattices and the use of active layer, photonic crystal surface emitting lasers
(PCSELs) can be achieved and provide a large area single mode laser. Beyond the standard
applications of the surface emitting lasers, microcavity polariton is another hot topic in recent
year. Photons and excitons can be confined in a semiconductor microcavity simultaneously.
Under this condition, when the cavity photon mode is resonant with an exciton mode, the strong
coupling regime is achieved and the new coupled modes, named cavity polaritons are created.
microcavity polaritons are admixed quasiparticles originated from the strong interaction between
cavity photons and excitons. The half matter-half light nature of the Bose particles provides the
extremely light effective mass and the controllable exciton-polariton dispersion curves by
designing different cavity-exciton detuning values. These unique MC polariton properties are
very important for the study of the fundamental physical phenomena including strong light-matter
interaction, solid-state cavity quantum electrodynamics, and dynamical Bose-Einstein
condensates (BEC). In this research report, we will focus on the investigation and development of
above applications from semiconductor microcavities. Our research results in three years about
VCSELs, PCSELs, microcavities, and nanotechnology on LEDs will be reviewed in detail. The
related publications about the research results of GaN-based VCSELs, PCSELs, microcavities,
and nanostructure GaN LEDs are also listed in this report for the readers to obtain the detailed

information.
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1. GaN-based vertical-cavity surface-emitting lasers (VCSELS)

VCSELs have many inherent advantages, such as circular output beam, low beam
divergence, high modulation bandwidth, single longitudinal mode, and convenient wafer-level
testing [1]-[3]. These advantages make VCSELs promising optoelectronic devices for many
practical applications, such as high density optical storage system, laser printing, free space
optical interconnects, fiber-optic communications, etc. Conventional GaAs- and InP-based red
and infrared VCSELSs have been commercialized for a long time due to its lattice-matched DBRs
and suitable GaAs and InP substrates. However, the development of GaN-based VCSELs is
relatively slow even though the idea of such a VCSEL has been proposed by Iga et al. since 1979
[4]. GaN and its most relevant alloys such as InGaN and AlGaN have many unique properties
suitable for fabrications of various photon emission devices including LEDs and edge-emitting
laser diodes (LDs). By varying the alloy composition, different photon emission can be obtained
over a wide range of energy from 0.7 to 6.2 eV, covering the wavelength range from infrared to
ultraviolet. However, there are several key technical issues in realization of nitride-based laser
devices. These include no suitable GaN substrate material, difficulty in p-doping, and relatively
high defect densities of epitaxially grown films, limiting the development of GaN-based
optoelectronic devices. As for GaN-based VCSELs, the lasing action of GaN-based VCSELs is
mostly reported under optical pumping conditions. There are three critical difficulties in
fabricating electrically pumped GaN VCSELs. One is the lack of suitable substrates, leading to
much higher defect densities in GaN films. Another is the difficulty in growing high-quality and
high-reflectivity GaN-based DBRs due to the large lattice mismatch between GaN and AIN layers.
The other is to obtain low-resistive p-type GaN layers, originated from the high activation energy
of Mg dopants. Despite the material quality or fabrication problems, our research group was still
devoted to the study of GaN-based VCSELs. Based on our previous research results about the
improvement of high-reflectivity GaN/AIN DBRs [5], we have successfully demonstrated
optically pumped GaN VCSELs at RT and electrically pumped GaN VCSELs at 77 K.

2. GaN-based photonic crystal surface-emitting lasers (PCSELS)

During the past decade, photonic crystals (PCs) have drawn much attention, and have many
advantages to control the light propagation and photonic bandgap. The applications of PCs
nanostructure can function as good photonic devices [6]—[8]. In general, there are two types of
PC lasers, which have been developed and investigated. The first one fabricates a PC defect with
an optical gain surrounded by 2-D or 3-D PC mirrors to form a resonant cavity, and lasing actions
arise from the resonant cavity modes with high Q-values and a small modal volume. This kind of
microcavity laser can achieve strong Purcell effect and the low-threshold lasing [9], [10]. Another
type of PC lasers can operate without any defined cavity and extrinsic mirror because Bloch
waves have an intrinsic feedback mechanism near the bandgap edge. Thus, this kind of PC laser
is called as the band edge laser. The multidirectional distributed feedback effect near the band
edges in two-dimensional (2D) PC structures can create a surface emitting laser [11], [12]. This

kind of PC surface emitting lasers (PCSELSs) could be considered as a candidate for perfect single
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mode emission over a large area, high output power, and surface emission with narrow
divergence angle [13], [14]. These PCSEL structures are usually composed of a perfect PC lattice
and the laser action would happen in those band edge points in the photonic band diagram by
satisfying the Bragg condition. The surface emission would occur when the vertical diffraction
conditions are satisfied. Due to the advantages of the nitride-based materials, we focused our
attention on the research topic of GaN-based PCSELs. The lasing action of GaN PCSELs was
observed at RT by optical pumping technique. The corresponding laser performance and

characteristics are also discussed in this report.
3. Semiconductor microcavity polaritons

Semiconductor microcavities have recently gained intense interest in the research of strong
light-matter interaction since the pioneering work of Weisbuch ef al. in 1992. [15]. In microcavity
structure with strong interaction of excitons and photons, the new quasiparticles termed cavity
polaritons are created and characterized by bosonic properties including very light mass and
controllable dispersions. These unique MC polariton properties provide the possibility to
investigate the fundamental physical phenomena including strong light-matter interaction,
solid-state cavity quantum electrodynamics (CQED), and dynamical BEC. Besides, further
applications of microcavity polaritons include polariton lasers [16], polariton light-emitting
diodes [17], and polariton parametric amplifiers [18]. The first experimental observation of strong
coupling regime confirmed by an anticrossing of the exciton and photon modes was reported in a
GaAs-based microcavities [15]. Because of the nearly lattice-matched AlGaAs/AlGaAs DBRs
and the high-quality GaAs/AlGaAs quantum wells (QWs), the growth and fabrication of
GaAs-based semiconductor microcavities with high-quality factor (Q) are relatively easy.
Consequently, the investigation of GaAs-based microcavity polariton has been widely reported
and the electrically driven polariton LEDs are also demonstrated [17], [19]. Nevertheless,
polariton optoelectronic devices operating at high temperatures require wide-bandgap material
systems which can provide larger exciton binding energy than GaAs and can assure the existence
of excitons at that temperature. In this sense, nitride-based material systems have attracted much
attention in this research field due to their large exciton binding energy of about 26 meV for GaN
bulk layers [20] and about 40-50 meV for GaN-based QW structures due to the quantum
confinement effect [21]. Furthermore, ZnO-based microcavity is an attractive alternative for the
study of polariton-related properties at RT since the exciton binding energy is as even larger
about 60 meV for bulk ZnO layers. Therefore, based on our previous research results about the
high-reflectivity AIN/GaN DBRs [5], we have fabricated ZnO-based microcavity structure and
successfully observed the strong light-matter interaction. The cavity Q value is about 250,
which is the state of the art for a ZnO-based microcavities and has a large vacuum Rabi splitting

of about 72 meV. The detail research results will be shown in this report.
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1. Recent development of GaN-based VCSELSs

The fabrication of GaN-based VCSEL is a significant challenge due to the difficulty of
growing high-reflectivity nitride-based DBRs. Despite the material quality and fabrication
problems, realizations of the GaN-based VCSELs have been reported. The first demonstration of
the RT optically pumped GaN-based VCSELs has been reported by Redwing et al. in 1996 [22].
The fully epitaxial VCSEL structure consists of a 10 pm GaN active region sandwiched between
30-period Aly12GaggsN/ Aly4GagsN DBRs with the reflectivity values about 84~93% from the
theoretical prediction. The relatively low reflectivity results in the high threshold pumping energy
~2.0 MW/cm® and the employment of thick GaN gain layer. Furthermore, Arakawa et al.
fabricated an Ing ;GagoN VCSEL and observed the lasing action at 77 K for the first time in 1998
[23]. The 3-A cavity comprising an Ing;GagoN active layer was grown on 35-pair
Alp34GagesN/GaN DBRs with the reflectivity of 97%. The top-DBR consisting of 6-pair
Ti0,/S10, multi-layer providing the reflectivity of 98% was evaporated on the top of the active
layer to form the hybrid VCSEL structure (i.e., the VCSEL structure consisting of semiconductor
grown mirror and dielectric deposited mirror). The emission linewidth significantly decreased
from 2.5 nm to 0.1 nm after the threshold condition. Thereafter, Song et al. demonstrated a
VCSEL structure consisting of InGaN multiple quantum wells (MQWs) and 10-pair SiO,/HfO,
top and bottom DBR by using laser left-off technology in 1999 [24]. Since the reflectivity of top
and bottom DBRs were 99.5 and 99.9% respectively, the cavity Q factor is larger than 600 in
their experiments. In the same year, Someya et al. reported the RT lasing at blue wavelengths in
hybrid GaN-based VCSELSs [25]. Lasing action was observed at a wavelength of 399 nm under
optical excitation and the emission linewidth decreased from 0.8 nm below threshold to less than
0.1 nm above threshold. In 2005, crack-free fully epitaxial nitride microcavity using
lattice-matched AlInN/GaN DBRs has been reported by Carlin et al. [26]. The optical cavity was
formed by a 3A/2 GaN cavity surrounded by lattice-matched AlInN/GaN DBRs with reflectivity
values close to 99%. The cavity mode was clearly resolved with a linewidth of 2.3 nm. However,
the laser behavior has not been reported in this kind of VCSEL structure at that time. Other
optically pumped results reported in recent years are aimed at improving the device performance
and investigating the physical mechanisms [27-34]. It was not until 2008 that the first electrically
pumped GaN VCSEL was demonstrated at 77 K under CW operation by our group [35] and
recently the RT CW GaN VCSEL was also reported by Nichia Corporation [36].

2. Recent development of GaN-based PCSELs

The PCSELSs have been demonstrated by many research groups in recent years. Kwon et al.
reported RT optical pumping of photonic crystal air-bridge slabs lasers by using InGaAsP QWs
emitting at 1.5 um in 2003 [37]. A low threshold incident pump power of less than 1 mW is
achieved for the laser operating at the second bandedge near the X and M points, with only 15x15
lattice points. The measured characteristics of the bandedge lasers closely agree with the result of
calculations based on the plane-wave-expansion method and the finite-difference time-domain

method. In addition to the InP-based materials, Notomi ef al. demonstrated a series of



two-dimensional (2D) hexagonal organic photonic-crystal lasers whose lattice constant varies
from 0.18 to 0.44 pum, and observed clear lasing oscillation at the four lowest band gap
frequencies [38]. They used in-plane beam propagation analysis to clarify the 2D feedback
mechanism at each gap frequency, which differs for different gaps. Theobserved K; lasing
oscillation is due to coupling of three nonparallel diffracted waves, which has a purely 2D
character. Furthermore, Noda’s group published electrically pumped GaN-based PCSELs at
blue-violet wavelength at RT in 2008 [39]. They have developed a fabrication method, named
“air holes retained over growth,” in order to construct a two-dimensional GaN/air PC structure.
The resulting periodic structure has a PC band-edge effect sufficient for the successful operation
of a current-injection surface-emitting laser. Our research approaches to the fabrication of GaN
PCSELSs are based on the combination of AIN/GaN DBRs and PC bandedge effects. RT optically
pumped GaN PCSELs have been demonstrated in our research results and will be presented in

the following sections.

3. Recent development of semiconductor microcavity polaritons

The first experimental observation of strong coupling regime confirmed by an anticrossing
of the exciton and photon modes was reported in a GaAs-based MC [15]. Thereafter, many
research groups are devoted to this research field and the related literatures have been reported in
recent years. Tsintzos et al. demonstrated a electrically pumped GaAs-based polariton LEDs,
which emits directly from polariton states at a temperature of 235 K. Polariton
electroluminescence data reveal characteristic anticrossing between exciton and cavity modes, a
clear signature of the strong coupling regime. The first experimental results of the strong
coupling regime in GaN-based MCs were reported by Antoine-Vincent et al. in 2003 [40]. RT
polariton lasing in a bulk GaN MC under nonresonant pulsed optical pumping has been
demonstrated by Christopoulos et al. [41]. The 3A/2 bulk GaN cavity was sandwiched between a
bottom 34 pair AlggsIng1sN/Alg2GagsN DBR and a top 10 pair SiO,/Si3N4 DBR. The Q factor
obtained was ~ 2800. Further challenging RT strong coupling regime and nonlinear effects in
GaN-based QWs microcavities were studied. Christmann et al. employed GaN-based hybrid
microcavities which consist of a 3\ cavity layer with 67 period of GaN/Aly,GaosN MQWs
sandwiched between a 35 pair of lattice-matched AljgsIng1sN/Alp>GagsN DBR and a 10 pair
Si0,/Si3Nys DBR. The vacuum Rabi splitting of 56 meV is observed at RT. Furthermore,
ZnO-based MC is an attractive alternative for the study of polariton-related properties at RT since
the exciton binding energy is as even larger about 60 meV for bulk ZnO layers. Theoretical
analysis has expected that a bulk ZnO MC is a potentially excellent candidate for the realization
of room-temperature (RT) polariton lasers [42], [43]. Consequently, several experimental results
about ZnO MCs have been reported in recent years [44]-[47]. Schmidt-Grund et al. demonstrated
MC structures with ZnO as the cavity surrounded with ZrO,/MgO DBRs. The maximum Rabi
splitting value about 78 meV was estimated from the coupling of the excitons and the Bragg
band-edge modes. Besides, Nakayama et al. reported a MC consisting of a ZnO active layer and
HfO,/Si0, DBRs at the bottom and top. The Rabi splitting energy was estimated to be ~80 meV
at 10 K. Nevertheless, this kind of double dielectric DBR MCs may easily suffer the degradation
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of ZnO crystal quality and be found to be polycrystalline. Furthermore, Médard et al. reported
hybrid ZnO MCs with bottom 7.5-pair Aly>GagsN/AIN DBR grown on Si(111) substrates and 10
nm aluminum top mirrors [44]. The maximum Rabi splitting of about 70 meV was obtained at 5
K. Shimada et al. demonstrated another kind of hybrid MCs composed of 29-pair
AlpsGagsN/GaN DBR at the bottom of the ZnO cavity layer and 8-pair SiO,/Si3N4 DBR as the
top mirror [45]. The Rabi splitting was estimated to be ~50 meV at RT. In our research results, we
have fabricated a high Q ZnO-based microcavity and the vacuum Rabi splitting is of about 72

meV.
(B) A7 3%~ B8t

1. Research results of GaN-based VCSELS

The evolution of nitride-based light-emitting devices suffered many obstacles, such as the
absence of lattice-matched substrates [48], low activation ratio of p-type (Al)GaN , large mobility
difference  between electrons and holes, crystal-structure- and  strain-induced
quantum-confined-Stark effect (QCSE), etc. These problems have been widely investigated in
nitride-based LEDs and LDs. Nevertheless, the most difficult challenge for nitride-based
VCSELs is the lattice-mismatched nitride-based DBRs. High-quality and high-reflectivity DBRs
are necessary to achieve threshold condition due to the relatively short gain region of a VCSEL.
In general, there are three kinds of material systems used in nitride-based DBRs, including
AIN/GaN, Al(Ga)N/(AD)GaN, and AlInN/GaN. The AIN/GaN DBRs offer the highest refractive
index contrast among the Ill-nitride compounds and provide highly reflective structures together
with a large stopband width. However, the large lattice mismatch between AIN and GaN is up to
2.4%, which generally results in a tensile strain and the formation of cracks. These cracks tend to
grow into V-shaped grooves and seriously affect the reflectivity of the DBR due to scattering,
diffraction, and absorption. To prevent the formation of cracks, the Al\Ga;_\N/Al,Ga;_,N system
is usually used to reduce the strain in the whole DBR structure. Nevertheless, the refractive index
contrast decreases with increasing Al composition in GaN or Ga composition in AIN, which leads
to a reduced stopband width and the requirement of increased number of pairs to achieve high
reflectivity. An alternative approach was proposed by Carlin and Ilegems [49]. They
demonstrated high-reflectivity AlInN/GaN DBRs near lattice matched to GaN. The 20-pair DBRs
exhibited a peak reflectivity over 90 % and a 35 nm stopband width at 515 nm. Although this
kind of DBR has been reported, the growth of high-quality AlInN film is difficult due to the
composition inhomogeneity and phase separation in AlInN, which results from large mismatch of

covalent bond length and growth temperature between InN and AIN.

In order to obtain high-reflectivity and large-stopband DBRs for nitride-based VCSELSs, our
group is keeping on the study of growing high-quality AIN/GaN DBRs. In our previous study, we
reported the growth of crack-free AIN/GaN DBRs with insertion of 5.5 periods of AIN/GaN
superlattice (SL) [5]. Fig. 1 shows cross-sectional transmission electronic microscopy (TEM)

images of the SL DBR structure. The lighter layers represent AIN layers while the darker layers

6



represent GaN layers. The interfaces between AIN and GaN layers are sharp and abrupt in
low-magnification TEM image, as shown in Fig. 1(a). The arrows indicate the SL insertion
positions. Fig. 1(b) shows the cross-sectional TEM image of one set of 5.5-pairs AIN/GaN SL
insertion layers under high magnification. Detailed observations by this TEM image reveal that
the V-shaped defects in the AIN layers are always observable at the GaN-on-AIN interfaces and
filled in with GaN. These V-shaped defects have been reported earlier and could be due to various
origins such as stacking mismatch boundaries and surface undulation. The GaN/AIN SL insertion
layers were ended by one more AIN layer to identify the changing from the AIN layer to the GaN
layer. Here a set of GaN/AIN SL insertion layers can be seen as a quasi alloy of an Al,Ga;_,N
layer for a low refractive index quarter-wave layer in the DBR structure. The effect of the SL
insertion layers on the structural characteristics of the nitride DBRs is relevant to the mechanism
of strain relaxation. The relaxation process of AIN/GaN SL layers keeps relatively better
coherency, i.e., GaN and AIN SL layers are fully strained against each other. Therefore, the SLs
behave like effective bulk layers which have in-plane lattice constant between bulk GaN and AIN
DBR layers. The subsequent growth of five-pair AIN/GaN DBR could follow the AIN/GaN SLs,
which will make the DBR layers suffer relatively smaller strain as compared with DBR layers
grown on bulk GaN layer. Consequently, the insertion of the SL layers during the growth of the
DBR layers could act as strain buffers between DBRs and the underlying GaN bulk layer because
the in-plane lattice constants of the SL layers are close to those of the AIN layers in the DBRs.

AIN/GaN [=—.
DBRx5 {

AIN/GaN |
DBRx5 | =
AIN/GaN [~
DBRx5 {

i
TN

Fig. 1. Low-magnification cross-sectional TEM image of the SL DBR structure. (b)

High-magnification cross-sectional TEM image of the SL DBR structure. The 5.5-pair

AIN/GaN SL can be observed clearly

Another consideration of the VCSEL design is the thickness and position of the InGaN/GaN
MQWs inside the GaN microcavity. Typically, the cavity length of VCSELSs is on the order of few
half operating wavelengths. In such a short cavity device, the electromagnetic waves would form
standing wave patterns with nodes (electromagnetic wave intensity minima) and anti-nodes
(electromagnetic wave intensity maxima) within the GaN microcavity. The location of the
InGaN/GaN MQWs with respect to the anti-modes can significantly affect the coupling of laser
mode with the cavity field. The proper alignment of the MQWs region with the anti-nodes of the
cavity standing wave field patterns will enhance the coupling and reduce laser threshold

condition. As a result, the precise layer thickness control in the VCSEL fabrication is important.
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Wang’s group used ten pairs InGaN/GaN MQWs to form a 1/2A optical thickness to fully overlap
with one standing wave pattern in order to have a more thickness tolerance during the fabrication
and to have a higher longitudinal confinement factor with respect to the total cavity length. Fig. 2
shows the refractive index value in each layer and the simulated standing wave patterns inside the
hybrid DBR VCSEL structure. Since the bottom AIN/GaN DBR and the GaN cavity are
epitaxially grown, the precise layer thickness can be controlled by the in-situ monitoring system.
By fixing a specific monitor wavelength, the thickness of each quarter-wavelength GaN and AIN,
and GaN cavity can be precisely controlled by following the reflectance signals during the metal
organic chemical vapor deposition (MOCVD) growth. The total reflectance signal at 460 nm for
the half-cavity structure is shown in Fig. 3 The relative reflectivity is gradually saturated with
increasing number of DBR pairs, as shown in Fig. 3(a). The AIN/GaN SL layers are inserted in to
AIN/GaN DBR at the time indicated as SL. The cavity thickness and positions of MQWs can also
be in-situ monitored by observing the oscillation periods during the growth, as shown in Fig. 3(b).
After the growth of nitride-based half cavity, an eight-pair of Ta;Os/Si0, dielectric mirror was
deposited by electronic beam evaporation as the top DBR reflector to form the hybrid

microcavity.
1.4
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Fig. 2. Schematic representation of the relation between refractive index and longitudinal

optical field for a typical hybrid DBR VCSEL.

Because of the difficulty of growing high-quality and high-reflectivity nitride-based DBRs,
the possible design of GaN based blue-VCSELs has been proposed by Iga in 1996 [50]. The
corresponding structural designs for nitride-based VCSELs can be classified into three major
types, as shown in Fig. 4. The first one is monolithic grown vertical resonant cavity consisting of
epitaxially grown Ill-nitride top and bottom DBRs [Fig. 4(a)]. The advantage of the fully
epitaxial microcavity is the controllable cavity thickness which is beneficial to fabricate
microcavity structure. However, VCSELs require extremely high-reflectivity DBRs (i.e., high
cavity Q factor). The fully epitaxial nitride microcavity is very difficult to achieve this
requirement. The second one is vertical resonant cavity consisting of dielectric top and bottom
DBRs [Fig. 4(b)]. The double dielectric DBR VCSELSs can exhibit high cavity Q factors because
of the high-reflectivity DBR, which are relatively easy to fabricate. The large refractive index
contrast in dielectric materials can make high-reflectivity and large-stopband DBR with less

number of pairs. The drawback of the double dielectric DBR VCSEL is the difficulty of
8



controlling the cavity thickness precisely and the complicated fabrication process due to the
employment of laser lift-off technique [51]. In addition, the thickness of the GaN cavity should
keep as thick as possible to avoid the damage of the InGaN/GaN MQWs during the laser lift-off
process. Such a thick cavity length could increase the threshold condition and reduce the
microcavity effect. Although the cavity layer can be polished and thinned using
chemical-mechanical polishing (CMP) technique, the smooth surface is another key issue for
high-quality GaN cavity. The third one is the VCSEL structure combining an epitaxially grown
DBR and a dielectric type DBR which compromises the advantages and disadvantages of the
above two VCSEL structures [Fig. 4(c)]. The hybrid DBR VCSEL can eliminate the complex
process and keep the feasibility of coplanar contacts with dielectric DBR mesas for the future
electrically pumped VCSEL applications. The major requirement for the fabrication of hybrid
DBR VCSEL is to grow high-reflectivity and high-quality nitride-based DBRs. Our approaches
to the realization of GaN-based VCSELSs are mainly based on the double dielectric DBR VCSELs
and the hybrid DBR VCSELs. The device performances of these two VCSEL structures will be

analyzed and discussed in the following sections.
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Fig. 3. (a) In-situ normal reflectance measurement during the growth of the AIN/GaN DBR and
GaN microcavity with InGaN/GaN MQWs by a fixed measurement wavelength of 460nm. The
AIN/GaN superlattices are inserted into AIN/GaN DBR at the time indicated as SL. (b)
Enlarged part of reflectance signals during the growth of the GaN microcavity consisted of
n-GaN, InGaN/GaN MQWs and p-GaN layers.
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dielectric DBR VCSELs. (c) Hybrid DBR VCSELs

1. (a) Research results about optically pumped GaN-based VCSELSs



The hybrid DBR GaN-based VCSELs were grown in a low-pressure high-speed
rotating-disk MOCVD system. Two-inch diameter (0001)-oriented sapphire substrates were used
for the growth of AIN/GaN DBR and cavity. During the growth, trimethylgallium (TMGa),
trimethylindium (TMIn), and trimethylaluminum (TMAI) were used as group III source materials
and ammonia (NH3) as the group V source material. Then, the growth process was as follows.
The substrate was thermally cleaned in hydrogen ambient for 5 min at 1100°C, and then a 30 nm
thick GaN nucleation layer was grown at 500°C. The growth temperature was raised up to
1100°C for the growth of a 2-um GaN buffer layer. Then the 29 pairs of AIN/GaN DBR with six
AIN/GaN superlattice insertion layers were grown under the fixed chamber pressure of 100 Torr.
In order to reduce the tensile strain between the AIN and GaN, they inserted one superlattice into
each five DBR periods at first twenty pairs of DBR. Then the superlattice was inserted into each
three DBR periods for the remaining nine pairs of DBR to reduce the tensile strain. The overall
AIN/GaN DBRs has 29 pairs with six superlattice insertion layers. On top of this 29-pair
AIN/GaN DBR is a 790-nm-thick Si-doped n-type GaN cladding layer. The MQW active region
consists of ten 2.5-nm-thick Ing>GapsN QWs and 7.5-nm-thick GaN barrier layers. A
120-nm-thick Mg-doped p-type GaN cladding layer was grown on top of the MQWs to form a 5A
cavity in optical thickness for center wavelength of 460 nm. Here, they chose 460 nm as the
designed lasing wavelength mainly due to the consideration of the higher absorption of the
indium tin oxide (ITO) layer at shorter wavelength for the further electrically pumped GaN
VCSELs. Besides, the grown epilayer thickness is easier to monitor at this wavelength by the
in-situ monitor system. After the growth of nitride-based half cavity, an eight pairs of Ta;Os/S10,
dielectric mirror was deposited by electronic beam evaporation as the top DBR reflector to form

the hybrid microcavity.

The experimental results obtained from the performance characteristics of optically pumped
VCSELs provide useful information for further development of electrically pumped VCSELs. It
allows the estimation of the threshold condition of the designed VCSEL structure and provides
better understanding of the material properties. From the reflectivity spectrum of the full VCSEL
structure, the accuracy of the cavity thickness can be assured. Fig. 5 shows the RT reflectivity
spectrum of whole microcavity under near normal incidence. The peak reflectivity is about 97 %
with a large stopband of 70 nm originated from the large refractive index contrast between Ta,Os
and SiO; layers. The irregular long wavelength oscillations of the reflectivity spectrum arise from
the modulation of the respective top and bottom DBR spectra. On the other hand, the short
wavelength oscillator is relatively regular, which only results from the top dielectric DBR since
the short-wavelength light is absorbed by GaN layer. The photoluminescence (PL) emission
spectrum of the full microcavity was measured at room temperature and shown in Fig. 5 as well.
The excitation source is a 325-nm He-Cd laser and the cavity resonance mode at 464.2 nm with a
full-width at half-maximum (FWHM) value of 0.61 nm is clearly observed. The cavity mode dip
is located at reflectivity curve corresponding to the emission peak. This indicates that the
InGaN/GaN MQWs emission peak was well aligned with the hybrid microcavity. The cavity Q
factor was estimated from the A/A\ to be about 760.
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Fig. 5. Room-temperature reflectivity spectrum and PL spectrum of whole GaN-based

microcavity

To examine the lasing action, they measured the emission intensity of the hybrid microcavity
with increasing pumping power using a microscopic optical pumping system. The optical
pumping of the samples was performed using a frequency-tripled Nd:YVO, 355-nm pulsed laser
with a pulse width of ~0.5 nm at a repetition rate of 1 kHz. The pumping laser beam with a spot
size ranging from 30 to 60 pm was incident normal to the VCSEL sample surface. The light
emission from the VCSEL sample was collected using an imaging optic into a spectrometer/CCD
(Jobin-Yvon Triax 320 Spectrometer) with a spectral resolution of ~0.1 nm for spectral output
measurement. Fig. 6 shows the emission intensity at RT from the hybrid GaN-based VCSEL as a
function of the excitation energy. A distinct threshold characteristic can be found at the threshold
excitation energy of ~55 nJ corresponding to an energy density of 7.8 mJ/cm”. Then the laser
output increased linearly with the pumping energy beyond the threshold. A dominant laser

emission line at 448.9 nm appears above the threshold pumping energy.
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Fig. 6. Laser emission intensity as a function of the exciting energy at room temperature
conditions for the hybrid DBR VCSEL. (Inset) Laser emission intensity versus pumping energy
in logarithmic scale. The difference between the heights of the emission intensities before and
after the threshold corresponds roughly to the value of £. The dash lines are guides for the eye.

The laser emission spectral linewidth reduces as the pumping energy above the threshold
energy and approaches 0.17 nm at the pumping energy of 82.5 nJ. In order to extract the
spontaneous coupling factor S of this cavity from Fig. 6, they normalized the vertical scale and

re-plotted it in a logarithm scale as shown in the inset in Fig. 6. The difference between the
11



heights of the emission intensities before and after the threshold roughly coincides with the value
of S. The f value of this hybrid GaN-based VCSEL estimated from the inset of Fig. 6 is about
6x107%. The alternative approach to estimating the S value is based on the approximation

equation which can be expressed by

P=1iF (1.

with

3 0
F =
" Ax* V. /(A/n)

(1.2)

where F), is the Purcell factor, Q is the cavity quality factor, 4 is the laser wavelength, V. is the
optical volume of laser emission, and # is the refractive index. Since the photoluminescence
spectrum of the hybrid DBR VCSEL showed a narrow emission peak with FWHM of 0.61 nm,
cavity quality factor was estimated to be 760. The refractive index is 2.45 for the GaN cavity. For
the estimation of the optical volume, they used the spot size of the laser emission image which
was about 3 um and the cavity length of about 9.5\ with considering the penetration depth of the
DBRs. By using these parameters, the Purcell factor of about 2.9x10 was obtained and they
estimated the f value to be about 2.8x102, which has the same order of magnitude as the above /3
value estimated from the inset in Fig. 6. This f value is three order of magnitude higher than that
of the typical edge emitting semiconductor lasers (normally about 10*~107 [52]) indicating the
enhancement of the spontaneous emission into a lasing mode by the high quality factor
microcavity effect in the VCSEL structure. The variation of the laser emission intensity with the
angle of the polarizer was also measured and showed nearly a cosine square variation. The result
shows that the laser beam has a degree of polarization of about 89%, suggesting a near linear

polarization property of the laser emission.

The schematic fabrication flowchart for dielectric DBR VCSELs is shown in Fig. 7. The layer
structure of the GaN-based cavity, grown on a (0001)-oriented sapphire substrate by MOCVD is described
as followed: a 30-nm nucleation layer, a 4-pm GaN bulk layer, MQWs consisting of 10 periods of 5-nm
GaN barriers and 3-nm Ing ;GaggN wells, and a 200-nm GaN cap layer. The peak emission wavelength of
the MQWs for the as-grown sample was obtained to be 416 nm. Then, the dielectric DBR consisting of
6-pair SiO,/TiO, was evaporated on the top of GaN-based cavity. The stop band center of the DBR was
tuned to 450 nm. The reflectivity of the SiO,/TiO, DBR at 414 nm is obtained to be 99.5%. Next, in order
to enhance the adhesion between the epitaxial layers and silica substrate, an array of disk-like patterns
with the diameter of 60 pum was formed by standard photolithography process and the SiO,/TiO, DBR
mesas were formed by the buffer oxide etcher. The wafer was then mounted onto a silica substrate, which
is nearly transparent to the wavelength of the excitation light and the VCSEL. A KrF excimer laser
radiation at 248 nm was guided into the sample from back side of the sapphire to separate the sapphire

from the epitaxial layers [53]. After the laser lift-off process, the sample was dipped into the H,SO4
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solution to remove the residual Ga on the exposed GaN buffer layers. In the next step, the sample was
lapped and polished by diamond powders to smooth the GaN surface since the laser lift-off process left a
roughened surface. The mean surface roughness of the polished GaN surface measured by the atomic
force microscopy (AFM) is about 1 nm over a scanned area of 20x20 um”. However, to prevent the
possible damage of the quality in MQWs during the lapping process, the 4-pm GaN bulk layer was
preserved. Finally, the second DBR consisting of 8-pair SiO,/Ta,Os was deposited on the top of the
polished GaN surface. The reflectivity of the SiO,/Ta,Os DBR at 414 nm is 97%. The stopband center of
the DBR was also tuned to 450 nm. The thickness of the whole epitaxial cavity was equivalent to the
optical thickness of 24.5 emission wavelength. The optical thickness of the MQWs covered nearly half of

the emission wavelength right between two adjacent nodes.
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Fig. 7. Schematic process flowchart of the dielectric DBR VCSELs incorporating with two
dielectric DBRs fabricated by the later lift-off technique.

Fig. 8 shows the laser emission intensity from the dielectric DBR VCSEL as a function of the
pumping energy at room temperature conditions. A clear evidence of threshold condition
occurred at the pumping energy of E; = 270 nJ corresponding to an energy density of 21.5
mJ/cm®. The output laser intensity from the sample increased linearly with the pumping energy
level beyond the threshold energy. The estimated carrier density at the threshold is in the order of
10 cm™ assuming that the pumping light with the emission wavelength of 355 nm has
experienced a 60% transmission through the SiO,/Ta;Os DBR layers and undergone a 98%
absorption in the thick GaN layer. According to the report by Park [54], the gain coefficient of
InGaN at this carrier density level is about 10* cm™. Wang et al. estimated the threshold gain (g
value of the VCSEL using the equation gy > 1/(&L,) * In(1/R;R,), where & is the axial
enhancement factor, L, is the total thickness of the InGaN MQWs, and R; and R, are the
reflectivity of the dielectric DBRs. Since the active region covers half of the emission wavelength,
£ is unity. They obtained an estimated gain coefficient of about 10* cm™" which is consistent with
the above g, value estimated from the carrier density. This also proved that the quality of the
MQWs had been kept after the laser lift-off and lapping process. The inset shown in Fig. 8 is the
laser emission intensity as the function of pumping energy in a logarithmic scale. From the
logarithmic data, the spontaneous coupling factor f was estimated from the difference between
the heights of the emission intensities before and after the threshold condition. The estimated S
was about 1.1x107. Since the cavity volume of this dielectric DBR VCSEL is large than the
above hybrid DBR VCSEL, the Purcell factor and the spontaneous coupling factor shall be lower

accordingly.
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Fig. 8. Laser emission intensity as a function of the exciting energy at room temperature
conditions for the dielectric DBR VCSEL. (Inset) Laser emission intensity versus pumping
energy in logarithmic scale. The difference between the heights of the emission intensities
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Fig. 9. Emission spectra from the dielectric DBR VCSEL at various pumping energy. The
lasing emission wavelength is 414 nm with a linewidth of 0.25 nm. The inset shows the
rescaled emission spectrum under pumping power of 0.25E,.

Fig. 9 shows the evolution of the VCSEL emission spectrum with the pumping energy at
room temperature. When the pumping energy is below the threshold, the spontaneous emission
spectrum shows multiple cavity modes. The mode spacing is about 7 nm corresponding to a
cavity length of 4.3 um, which is nearly equal to the thickness of the epitaxial cavity. The
linewidth of a single cavity mode is 0.8 nm as shown in the inset of Fig. 9. The cavity quality
factor estimated from the linewidth is about 518. Considering the optical absorption of GaN layer,
an estimated effective cavity reflectivity based on this Q factor is about 97%, which is close to
the cavity reflectivity formed by the two dielectric DBRs. This result indicates the laser cavity
structure was nearly intact after the laser lift-off process. As the pumping energy increased above
the threshold, a dominant laser emission line appeared at 414 nm with a narrow linewidth of
about 0.25 nm. The lasing wavelength is located at one of cavity modes near the peak emission
wavelength of the InGaN MQWs. The laser emission polarization contrast between two
orthogonal directions was measured as well. A degree of polarization of about 70% is estimated.
The lower degree of polarization in comparison to the hybrid DBR VCSEL could be due to the
smaller Q factor for this dielectric DBR VCSEL.
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1. (b) Research results about electrically pumped GaN-based VCSELSs

To fabricate the VCSEL structure for electrical excitation, additional processes for current
injection are necessary. Since the epitaxially grown bottom AIN/GaN DBR was un-doped and
non-conductive, the epitaxially grown wafer should be further processed to form the intra-cavity
co-planar p- and n-contacts for current injection. First, the mesa region was defined by
photo-lithography and etched using an inductively coupled plasma reactive ion etching system
with Cl/Ar as the etching gases to expose the n-GaN layer for the n-contact formation. Then a
0.2-um thick SiN, layer was used as the mask to form a current injection and light emitting
aperture of 10 pm in diameter, which was then deposited an ITO as the transparent contact layer.
Since the ITO locates just next to the VCSEL microcavity, the thickness of 240 nm corresponding
to 1A optical length (A = 460 nm) has to be accurate to match the phase condition and reduce the
microcavity anti-resonance effect. The ITO was annealed at 525°C under the nitrogen ambient to
reduce the contact resistance as well as to increase transparency thus reducing the internal cavity
loss. A high transmittance of about 98.6% at A = 460 nm was measured for the deposited ITO
after the annealing. Then the metal contact layer was deposited by the electron beam evaporation
using Ti/Al/Ni/Au (20/150/20/1000 nm) and Ni/Au (20/1000 nm) as the n-type electrode and
p-type electrode to form co-planar intra-cavity contacts, respectively. Finally, an eight-pair
Ta,0s/S10, dielectric DBR (measured reflectivity of about 99% at A=460 nm) was deposited on
top of the ITO layer to form the top DBR mirror and complete the full hybrid microcavity
VCSEL device. Fig. 10(a) shows the schematic of the electrically pumped hybrid GaN-based
VCSEL structure. Fig. 10(b) shows the scanning electron microscopy (SEM) image of the
completed VCSEL devices. For VCSEL performance characterization, the fabricated VCSEL
devices were diced into an individual device size of 120 pm x 150 um and packaged into the
TO-can. The packaged VCSEL device was mounted inside a cryogenic chamber for testing under
the 77 K condition. Fig. 10(c) shows the optical microscopy image of a GaN VCSEL sample
device at an injection current of 1 mA. The GaN VCSEL sample was placed inside a liquid
nitrogen cooled chamber at 77K and tested under CW current injection condition using a CW
current source (Keithley 238). The emission light was collected by a 25 pm diameter multimode
fiber using a microscope with a 40x objective (numerical aperture = 0.6) and fed into the
spectrometer (Triax 320). The system has a focal distance of 320 mm and a grating of 1800 g/mm
with a spectral resolution of 0.15 nm. The output from the spectrometer was detected by a
charge-coupled device (CCD) to record the emission spectrum. The spatial resolution of the
imaging system was about 1 pm as estimated by the diffraction limit of the objective lens. The

cross-sectional SEM image of the whole hybrid VCSEL structure is shown in Fig. 11.
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Fig. 10. Structure of electrically pumped hybrid GaN VCSEL. (a) The schematic diagram of the
intra-cavity GaN VCSEL. (b) SEM image for the VCSEL with the intra-cavity with two
co-planar p- and n-contacts for current injection. (c) The vertical surface emission image of a
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Fig. 11. Cross-sectional SEM image of the whole hybrid GaN-based VCSEL structure with
hybrid DBRs, MQWs, and ITO layer.
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Fig. 12. (a) The reflectivity spectra of top and bottom DBRs show that the highest peak
reflectivity of bottom and top DBR is about 99.4% and 99%, respectively. (b) The PL spectrum
of the GaN VCSEL structure excited by a CW He-Cd laser (325 nm) at room temperature.
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Fig. 12(a) shows the reflectivity spectra of crack-free 29-pair AIN/GaN DBR with six SL
insertion layers and 8-pair Ta,Os/SiO, DBR, respectively. A high peak reflectivity of 99.4 % with
a spectral band width of ~25 nm was observed from 29-pair AIN/GaN DBR. The flat-topped
stopband indicates the high crystal quality of the AIN/GaN DBRs. The 8-pair Ta,Os/Si0, DBR
shows a peak reflectivity of about 99% at 460 nm. The hybrid microcavity quality factor Q of the
fabricated GaN VCSEL without the ITO layer was estimated from the PL spectrum of the VCSEL
structure as shown in Fig. 12(b). The VCSEL structure was also excited by a CW 325 nm He-Cd
laser with a laser spot size of about 1 pm in diameter. From the PL emission peak of 454.3 nm
and a narrow linewidth of 0.21 nm, the cavity Q factor can be calculated by A/AA to be about
2200. This Q value is larger than that of the previous optically pumped VCSEL structure, which
may originates from the improvement of AIN/GaN DBR reflectivity and the better sample quality.
On the other hand, the Q value is slightly higher than the value obtained from the whole VCSEL

structure with intra-cavity ITO contact layer due to the additional absorption loss of the ITO.

Fig. 13(a) shows the light output power versus injection current and current-voltage characteristics
(typical L-I-V characteristics of a laser) of the VCSEL sample at 77 K. The turn on voltage is about 4.1 V,
indicating the good electrical contact of the ITO transparent layer and the intra-cavity structure. The serial
resistance of the VCSEL is about 1200 ohm at the driving current of 2.5 mA due to the small current
injection aperture. The laser light output power showed a distinct threshold characteristic at the threshold
current (Iy,) of about 1.4 mA then increased linearly with the injection current beyond the threshold. The
threshold current density is estimated to be about 1.8 kA/cm® for a current injection aperture of 10 pm in
diameter. The corresponding threshold carrier density is about 2.6x10" cm™, estimated by assuming that
the carrier lifetime of InGaN MQW is 6.4 ns and the internal quantum efficiency is 0.9 at 77 K [55].
However, according to the observation from CCD image, the injected carriers are not uniformly spreading
over the whole 10-um current aperture, resulting in the spatial non-uniformity in the emission intensity.
The actual area for carrier localizations appearing in the current aperture should be much smaller than the
10-um current aperture. The carrier localization area was estimated to be about 30~50% of the total
aperture. Then the carrier density for the lasing spots should be in the range of 5.2x10" to 8.7x10" cm™.
Furthermore, they also estimated the threshold gain coefficient (g;) of the current injection VCSEL
operated at 77K using the equation:

R R,

gchLeﬂd—:d“<ai>+iln[ ! j (1.3)
where L.y is the effective cavity length, <¢;> is the average internal loss inside the cavity, d, is the total
thickness of the multiple quantum well and R;, R, are the reflectivity of the top and bottom DBR mirrors,
respectively. Since the internal loss inside the cavity mainly came from the ITO absorption, a threshold
gain coefficient value was obstained to be about 8.8x10° cm™', which is a reasonable value for the carrier
density in the range of 5.2x10" to 8.7x10" c¢m™. Furthermore, the spontaneous emission coupling factor
p of the VCSEL sample was estimated from Fig. 13(b), which is the logarithm plot of the Fig. 13(a). The
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extracted /8 value is about 7.5x107 for the GaN VCSEL. Moreover, the f value was also estimated from
the Purcell factor F, using the approximation equation as that shown in expressions (1) and .2). The cavity
0 value is about 1800 based on the emission linewidth of 0.25 nm near the threshold. The optical volume
V, is estimated to be about 1.2x10™"" cm® for an emission spot size measured to be about 3 um. The cavity
length is about 10.5A considering the thickness of the ITO and the penetration depth of the DBRs. By
using these parameters, a Purcell factor could be estimated to be about 7.9x107* and an estimated f§ value
of about 7.4x107* was then obtained. This value is close to that obtained above from Fig. 13(b). The high

value of the microcavity VCSEL could be responsible for low threshold operation of the laser.
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Fig. 13. (a) The light output intensity versus injection current and current-voltage
characteristics of GaN VCSEL measured under the CW condition at 77K. (b) The logarithm
light output intensity as a function input current at 77 K. The two solid lines are guides for the
eye.

Fig. 14 shows the laser emission spectrum at various injection current levels. A dominant single laser
emission line at 462.8 nm appears above the threshold current. The inset in Fig. 14 shows the light
emission linewidth at various injection current levels. The laser emission spectral linewidth reduces
suddenly with the injection current above the threshold current and approaches the spectral resolution limit
of 0.15 nm at the injection current of 1.71y. Another inset in Fig. 14 shows the CCD image of the spatial
laser emission pattern across the 10 um emission aperture at a slightly below the threshold injection
current of 1 mA. The non-uniform emission intensity across the emission aperture with several bright
emission spots was observed. Earlier report showed that InGaN MQWs tend to have indium
inhomogeneity [56]. Therefore, the non-uniformity in the emission intensity across the aperture could be
due to the indium non-uniformity that creates non-uniform spatial gain distribution in the emitting aperture.
Actually, the lasing action mainly arises from those spots with brightest intensity as indicated in the inset
of Fig. 14. The spatial dimension of these bright spot clusters is only about few pm in diameter. Similar
result was also observed and reported recently for the optically pumped GaN VCSELs. The polarization
characteristics and far-field pattern (FFP) of the laser emission were also measured. The laser emission has
a degree of polarization of about 80% and the FWHM of the FFP is about 11.7° in both horizontal and

vertical directions.
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Fig. 14. The laser emission spectrum at different injection current levels measured at 77 K.

(Inset) The light emission linewidth at various injection current levels and the CCD image of
the emission from the aperture.

2. Research results of GaN-based PCSELSs

The GaN-based 2D PCSEL was grown by a MOCVD on c-face 2 in diameter sapphire.
TMIn, TMGa, TMALI, and ammonia were used as the In, Ga, Al, and N sources, respectively. Fig.
15(a) shows the schematic layer structure of GaN-based 2D PCSELs with bottom AIN/GaN
DBRs. The 35 pairs quarter-wave GaN/AIN DBR grown on a 2 um thick undoped GaN buffer
layer was crack free and had a flat surface. Then, an active region grown atop the DBR typically
composed of ten Ing,GapgN QWs (Ly=2.5 nm) with GaN barriers (Lz=7.5 nm), and was
surrounded by a 560 nm thick Sidoped n-type GaN and a 200 nm thick Mg-doped p-type GaN

layer.
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Fig. 15. (a) Schematic layer structure of GaN-based 2D surface-emitting PC lasers with bottom
AIN/GaN DBR and the lowest order calculated mode intensity profile along with the refractive
index distribution. (b) Top view scanning electron microscope images of the PC structures with
hexagonal lattices and circle unit cells.

The typical photoluminescence (PL) spectrum had a peak centered at a wavelength of 425
nm with a linewidth of 25 nm. At normal incidence at RT, the DBR showed the highest
reflectivity of 99% at the center wavelength of 430 nm, with a stopband width of about 30 nm,

measured by an n&k ultraviolet-visible spectrometer. The as-grown sample was then first

deposited with a hard mask consisting of a SiN layer of 200 nm by plasma-enhanced chemical
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vapor deposition, followed by a soft mask consisting of a polymethylmethacrylate (PMMA) layer
of 150 nm. Using electron-beam lithography, we defined on the soft mask a hexagonal PC pattern
with the lattice constant a ranging from 190 to 300 nm and the circular hole diameter r chosen
such that r /a is about 0.28. The whole PC pattern is of a circular shape with a diameter of 50 pm.
Then, the PC pattern on soft mask was transferred to SiN film by inductively coupled
plasma-reactive ion etching (ICP-RIE). After the PMMA layer was removed by acetone, we used
ICP-RIE to etch down the as-grown sample to about 400 nm deep. The etching penetrated the
QW active regions and created the PC patterns in the nitride layers. Finally, the SiN hard mask
was removed by buffered oxide etch dipping. The top view of the hexagonal PC pattern on the

GaN-based structure thus created was shown in Fig. 15(b).
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Fig. 16. Measured output intensity versus input excitation energy density from the GaN-based
2D surface-emitting PC lasers with bottom AIN/GaN distributed Bragg reflectors at room
temperature.
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Fig. 17. Emission spectra under varied excitation energy density from the GaN-based 2D
surface-emitting PC lasers with bottom AIN/GaN distributed Bragg reflectors at room
temperature.

The optical pumping was performed using a frequency tripled Nd:YVO4 355 nm pulsed
laser with a pulse width of ~0.5 ns at a repetition rate of 1 KHz. The pumping laser beam had a
spot size of 50 um and was normally incident onto the sample surface covering the whole PC

pattern area. The light emission from the sample was collected by a 15x objective lens through a

fiber with a 600 um core, and coupled into a spectrometer with a charge-coupled device (CCD).
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The spectral resolution is about 0.1 nm for spectral output measurement. Fig. 16 demonstrates the
output emission intensity as a function of the pumping energy density from the sample with PC
lattice constant of 290 nm. The clear threshold characteristic was observed at the threshold
pumping energy density of 3.5 mJ/cm2, with a peak power density of 7 MW/cm2. Then the laser
output increases abruptly with the excitation energy density beyond the threshold. Fig. 17 shows
the excitation energy density dependent emission spectra. These spectra clearly show the
transition behavior from spontaneous emission to stimulated emission with a single dominant
peak. Above the threshold, we can observe only one dominant peak wavelength of 424.3 nm with

a full width at half maximum (FWHM) of 0.11 nm limited by our measurement resolution.
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Fig. 18. (a) Normalized frequency as a function of the lattice constant. The solid circle points

are the lasing wavelengths from the different PC structures. (b) Calculated band diagram of the

2D hexagonal-lattice structure. The dotted lines are guides for band edges.

It is worth noting that the single mode lasing phenomenon only occurs in the area with PC
patterns. On the other hand, multiple lasing peaks were occurred when the area without PC
patterns was pumped at the threshold energy density two order of magnitude higher. The
normalized frequency (lattice constant over wavelength, a/A) for the lasing wavelength emitted
from our PC lasers with different lattice constants were plotted, as shown in Fig.18(a). All the PC
lasers have lasing peaks in a range from 401 to 425 nm. It can be seen that the normalized lasing
frequency (dotted points in the figure) increased with the lattice constant in a discontinues and
steplike fashion. To calculate the band diagram of the hexagonal PC patterns in this structure, we
employ the plane-wave expansion method in two-dimensions with an effective index approach
that took into account the effects of partial modal overlap of electromagnetic fields with the PC
structures. As a starting point, the ratio of light confined within the 2D PC structure to light
extended in the entire device I'y and the effective refractive index of the entire device ner were
first estimated by the transfer matrix method. The calculation shows that the lowest order guided
mode has the highest confinement factor for both PC and multiple quantum well regions, as
shown in Fig. 15(a), and the I', and nes are estimated to be 0.563 and 2.495, respectively. Then,

we determine the effective dielectric constants of the two materials in the unit cell, & and &,
using nj/f: fe+(1-f)&, and Ae=g,—&,= Ig(Enar—é&air), Where, the F(anz/ \/E az) is a filling factor

and &, and &, are dielectric constants of GaN (2.52) and air (=12), respectively. The values of g,
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(4.11) and &(7.07) thus obtained were then put into the calculation of the band diagram for the

2D hexagonal-lattice structure with »/a =0.28.

Fig. 18(b) shows the calculated band diagram of the 2D hexagonal-lattice structure for
transverse-electric mode. It can be expected that the lasing occurs at special points such as at
Brillouin-zone boundary near the band edges, because the Bragg condition is satisfied and the
density of states is higher in these points. At these lasing points, wave can propagate in different
directions and couple with each other. The dotted lines are guides for band edges calculated in
Fig. 18(b) and extended horizontally to Fig. 18(a) with the same normalized frequency. It can be
seen that different groups of the normalized frequency observed in the PC samples with different
lattice constants occur exactly at band edges such as I', M, and K points, indicating that the laser
operation was provided by multidirectional distributed feedback in the 2D PC structure. The
characteristics of I', M, and K points lasing can be further identified by the polarization angle of
the output emission. Note that the output intensity is higher when some of the lasing frequencies
are in the stopband of DBR, which could be due to that the bottom DBR here could be treated as
a high reflectivity reflector, facilitating top emission efficiency. The lasing area of the GaN-based
2D surface-emitting PC laser, obtained by a CCD camera is relatively large which covers almost
whole area of PC pattern with only one dominant lasing wavelength. The measured FWHM of
laser emission divergence angle is smaller than 5°, which is limited by our measurement setup,
indicating that the surface emission is almost normal to the PC surface. It’s interesting to note that
the threshold power density of GaN-based 2D surfaceemitting PC laser is in the same order of or
even better than the threshold for GaN-based VCSEL we demonstrated recently. Unlike the small
emission spots observed in the GaN-based VCSELs, the large-area emission in 2D
surface-emitting PC laser has great potential in applications required high power output

operation.

We will further report the characteristics of GaN-based PCSELs and demonstrate the
specific lasing characteristics at the following different band edges: I', K, and M points calculated
by using the plane-wave expansion method. The lasing modes corresponding to the different
points of Brillouin-zone boundary can be confirmed by the polarization directions of the laser
emissions. Fig. 19(a) shows the laser intensity as a function of the pumping energy at RT
condition from the sample with PC lattice constant of 234 nm. The clear evidence of threshold
condition occurred at the pumping energy (Ew) of 165 nJ corresponding to an energy density of
2.7 mJ/cm2 and the output laser intensity from the sample increased linearly with the pumping
energy level beyond the threshold energy. Only one dominated wavelength at 401.8 nm with a
linewidth of 1.6 A was measured, as shown in the inset of Fig. 19(a). Different lasing frequencies
were measured from different PC lattice structures. The normalized frequencies as a function of r
/a ratio were plotted as square points in Fig. 19(b). On the other hand, we apply the plane-wave
expansion method in two dimensions with an effective index model considering the effects of the
partial modal overlap of electromagnetic fields with the PC structures to calculate the band
diagram of the hexagonal PC patterns in this structure. The solid (black), dot (red), and dash

(green) lines are the calculated band edge frequencies at the I, K, and M Brillouin-zone
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boundaries as a function of r /a ratio, which were in accordance with the measured results.
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Fig. 19. (a) Laser emission intensity as a function of the pumping energy at room temperature
condition for the GaN-based PCSEL. The inset shows only one dominant mode appearing in
the lasing spectrum. (b) Normalized frequency vs r /a ratios. The solid (black), dot (red), and
dash (green) lines represent the simulation results of I', K, and M lasing groups by PWE
method. The square points, inserted in the diagram, present the experiment results mapped and
compared with the simulation results.
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Fig. 20. (a) The measured polarization curves for different band edge lasers grouped into T’
(red-circle points and solid line), K (green triangle points and dot line), and M (blue-square
points and dash line) boundaries calculated by the plane-wave expansion method. (b) The main
polarization directions obtained in (a) and their corresponding diffracted laser beams, which are
normal to the polarization directions in a K-space map corresponding to our hexagonal PC
lattice.

The measured polarization curves for different band edge lasers grouped into I' (red-circle
points and solid line), K (green-triangle points and dot line), and M (blue-square points and dash
line) boundaries calculated by the planewave expansion method are shown in Fig. 20(a) and the
degree of polarization from the emission defined as (Lya—Inin) /(Inaxtlmin) Wwas somehow around
50%. The polarization angles from the emissions of devices with different normalized frequencies
grouped into I', K or M band edge lasers were different. Since the PC lattices provide the optical
feedback, which is the origin of the band edge laser operation, the direction and the polarization
of the laser light will strictly follow the PC lattice vectors. The symmetric feedback directions
provided by the 2D lattice vectors could result in a relatively low degree of polarization if the

measurement of the polarization is from the top of the device. As a result, it should be rather
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difficult to distinguish the specific polarization directions in PCSELs when they are categorized
as I', K, or M band edge lasers. However, the feedback beams could not be equally diffracted by
PC lattices probably due to some disorders or imperfections in the structure. This will result in
some beams diffracted in specific directions having higher intensity. The ideally symmetric
polarization directions will also be broken. The main polarization directions and the main
diffracted laser beams, which are normal to the main polarization directions, can be drawn in a
K-space map corresponding to our hexagonal PC lattice, as shown in Fig. 20(b). These main
diffracted laser beams, shown as dash lines in Fig. 20(b), point exactly to the " (solid-red line),
K (dot-green line), and M (dash-blue line) boundaries. The distinct polarization directions

provide solid evidence that the lasing actions of our PC laser originate from different band edges.
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Fig. 21. (a) Laser emission intensity vs pumping energy in a logarithmic scale. The S value
estimated from the difference between the two dash lines is about 5x107. (b) Temperature
dependence of the lasing threshold pumping energy (Ey,).

To understand the spontaneous coupling factor fof the GaN-based PCSELs, we further
replotted the laser emission intensity versed pumping energy from Fig. 19(a) in logarithmic scale,
as shown in Fig. 21(a), and then calculated the difference between the heights of the emission
intensities before and after the threshold, corresponding roughly to the value of £. The S value of
our PCSEL was estimated to be about 5x10°. Interestingly, this value is smaller than the
GaN-based vertical cavity surface emitting lasers. However, the £ factor is still larger than the
typical edge emitting lasers (normally about 107°) indicating the enhancement in the spontaneous
emission into a lasing mode by the high quality factor in GaN-based PCSELs. Fig. 21(b) shows
the seminatural-logarithm plots of the dependence of the threshold pumping energy [In(Ew)] on
the operation temperature (7). The threshold energy gradually increased as the operation rose
from 100 to 300 K. The relationship between the threshold energy and the operation temperature

T/TO . -
, where T is the characteristic temperature

could be characterized by the equation: Egn=FExe
and Ej is a constant. Therefore, we obtain a characteristic temperature of about 148 K by linear
fitting of the experiment data, which is close to the value reported for GaN-based edge emitting

lasers.

Moreover, we calculated the coupled-wave model in 2-D hexagonal lattice to explain the
discrepancy in threshold power with a TE-like mode by considering higher components of Bloch
modes and the corresponding coupling coefficients [57], [58]. The single mode lasing

phenomenon only occurs in the area with PC patterns. The normalized frequency (lattice constant
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over wavelength, a/A ) for the lasing wavelength emitted from our PC lasers with different lattice

constants were plotted as shown in Fig. 22(a). All the PC lasers have lasing peaks in a range from

401 nm to 425 nm. It can be seen that the normalized lasing frequency (dotted points in the figure)
increased with the lattice constant in a discontinues and step-like fashion. To calculate the band

diagram of the hexagonal PC patterns in this structure, we employed the plane-wave expansion

method in two-dimensions with an effective index approach that took into account the effects of
partial modal overlap of electromagnetic fields with the PC structures [59]. As a starting point,

the overlapped ratio of light confined within the 2D PC structure to light extended in the entire

device, I'y, and the effective refractive index of the entire device n.y were first estimated by using

the transfer matrix method. The calculation showed that the lowest order guided mode had the

highest confinement factor for both PC and MQW regions and the I'y, and n.y were estimated to

be 0.563 and 2.495, respectively. Then, we determined the effective dielectric constants of the

two materials in the unit cell, &, and &, usingr, = 15, +(1- f)-¢, and Ac=g,-5, =T, (&,, —€..) s

where f =27r?/(a*\3) is a filling factor and &,,,;and &, are dielectric constants of GaN (= 2.52)

and air (= 1%), respectively. The values of ¢, (4.11) and &, (7.07) thus obtained were then put into

the calculation of the band diagram for the 2D hexagonal-lattice structure with »/a = 0.25.
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Fig. 22. (a) Normalized frequency verses PC lattice constant. The solid square points are the
lasing wavelengths from the different PC structures. (b) Calculated band diagram of the 2D
hexagonal-lattice structure. The dotted lines are guides for band edges.

Fig. 22(b) shows the calculated band diagram of the 2D hexagonal-lattice structure for
transverse-electric (TE) mode. It can be expected that the lasing occurs at special points such as
at Brillouin-zone boundary near the band edges, because the Bragg condition is satisfied and the
density of states is higher at these band edges [59]. At these lasing points, wave can propagate in
different directions and couple with each other. The dotted lines are guides for band edges
calculated in Fig. 22(b) and extended horizontally to Fig. 22(a) with the same normalized
frequency. It can be seen that different groups of the normalized frequency observed in the PC
samples with different lattice constants occur exactly at band edges such as I', M, and K points (or
more specifically labeled as I'l, K2, M3), indicating that the laser operation was provided by
multidirectional distributed feedback in the 2D PC structure [60]. The characteristics of I, M, and
K points lasing can be further identified by the polarization angle of the output emission. Note
that the output intensity is higher when some of the lasing frequencies are in the stopband of
DBR, which could be due to that the bottom DBR here can be treated as a high reflectivity
reflector, facilitating top-emission efficiency. As shown in Fig. 23, we are able to classify the
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lasing actions into three groups, where lasing within I'l mode shows the lowest threshold power
while lasing within M3 mode has the highest threshold power. Such results could be attributed to
the different coupling effects at different band edges, which can be explained by coupled-wave

model calculation.
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Fig. 23. Different threshold power versus normalized frequency.

Fig. 24. Schematic diagram of six propagation waves in hexagonal lattice for I'l band.

To simplify the calculation, the 2D PC structure investigated here consists of an infinite
hexagonal lattice with circular air holes in the x and y directions. The corresponding 2D K space
is shown in Fig. 24. The structure is also assumed to be uniform in the z direction. In addition, the
gain effects are neglected here during the calculation to extract the pure diffraction effects. While
considering the infinite structure, the scalar wave equation for the magnetic field H. in the TE

mode can be written as

2 2
0 }fz +8—H22+k2HZ =0 2.1)
ox oy ’
where
K =B +2jaf+25) k(G)exp[j(G-r)], (2.2)

G#0

And the magnetic field can be described by the Bloch mode when considering the I'l band edge
as shown in Fig. 24:

26



H_(r)=Y haexp[ j(k+G)-r], (2.3)

where
1.3, -1, V3,
gt —ifpy (3+°27) —ify (542 )
H. =H/(x,y)e”™ +He % 2 +He % 2
-1, V3, 1.3,
B % =iy (5 E-—0) —ifo (5X-—-7)
+He™ +He "2 2 +He 2 2 (2.4)

b

Substituting Eq. (2.4) and Eq. (2.2) into Eq. (2.1), and comparing the equal exponential terms, we
can obtain six wave equations.

—aEH1 +(~a—id)H, = —i%(Hz +H6)+i%(H3 +H)+ir,H,
X

10 J3 0

X K K X
—EaHz —751‘[2 +(—a—l§)H2 :—ZEI(I‘I1 +H3)+172(H4 +H6)+ZK'3H5
10 V3o . K K .
—5§H3 —7—H3 +(—a—15)H3 =—l?1(H2 +H4)+l?2(Hl +H5)+ZK3H6

aiH“ +(—a—iS)H, = —i%(H3 +H) +i%(H2 +H )+ ir,H,
X

10 . N30 _ K K .
E&HS +75H5 +(—a—i6)H, :—zj(H4 +H6)+172(H1 +H,)+ir,H,

10 30 . K K .
5 6xH6 +75H6 +(—a—id)H, =—Z?I(H1 +H5)+172(H2 +H,))+ik,H,

(2.5.a-¢)

where H,, H,, Hs, Hs, Hs and Hg express the envelope magnetic field distributions of individual
light waves propagating in the six equivalent I'-M directions: 0°, +60°, +120°,+180°, +240°, and
+300° with respect to the x-axis. x,, «,, and x, are the coupling coefficients between light
waves propagating at 60° to each other (4, and H,, H, and H3, and so on), at 120° (H, and Hs, H,
and H,, and so on), and at 180° (H, and Hi, H, and Hs, and so on), respectively. J is the deviation
of the wave number S (expressed as 2zv/c, where v is the frequency and c is the velocity of light)

from the fundamental propagation constant B, (equal to 4r//3a, where a is the lattice constant)
for each cavity mode, and expressed as 6= (8" -;)/24,. o is the corresponding threshold gain.

By solving Eq. (2.5.a-e), an eigen frequency v for each band-edge mode and the
corresponding threshold gain a for a given set of coupling coefficients, «,, «,, and «,, can be

obtained. When only the eigen frequencies are concerned, the derivation terms and the threshold

gain a in Eq. (2.5.a-€) can be set to zero, and the individual eigen frequencies can then be derived

as follows:

V1:

C
> (B — & — K, + k) (2.6.2)
ﬂneﬁp
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c 1 1
v, = ——K +—K, —K
2 27n,, (4 STy 3) (2.6.b)
C
Vy = > By + K — K, —K3) (2.6.c)
a0
c 1 1
v, = F—K +—K, +K
4 27n,, (4 ST 3) (2.6.d)

where, c is the velocity of a photon in vacuum, and n.; is the effective refractive index of the
device structure. There are four eigen mode frequencies, v; to v4, which correspond to the four
band-edges, including two degenerate modes with v, and v4. Once the frequency of the eigen
mode at the individual band-edges is obtained, the coupling coefficients «,, «,, and «,, can be
derived from Eq. (2.6.a-d) as follows:

-V, =V, +V, +y,

K = 2
1 v, +2v, +v, +2v, A (2.7.2)

Vv, +Vv, =+,

K, = 2
? v, +2v, +v, +2v, A (2.7.5)

v, =2y, —v, +2v,

K, = 2
’ v +2v, +v, +2v, A (2.7.¢)

By comparing the value of coupling coefficients «x,, x,, and «,, based on actual device
parameters we can determine which kind of distributed feedback mechanism provide the major

significant contribution to support the lasing oscillation at I'1 band edge.

Fig. 25. Schematic diagram of propagation waves in hexagonal lattice for (a) K2 band edge; (b)
M3 band edge.

Similarly, we use the same calculation method to solve coupling coefficients for K2 and M3
operation modes. We can obtain two individual eigen mode frequencies for K2 and four eigen
mode frequencies for M3, listed as below:

(1) K2 (shown in Fig. 25(a). There are two eigen mode frequencies with only one coupling angle

at 120° for one coupling coefficient.)
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V, =V
Kk=—"-12
v, B (2.8)

(2) M3 (shown Fig. 25(b). There are four eigen mode frequencies with three coupling angles, i.e.
82°, 98°, and 180° for coupling coefficients «,, «,,and «;.)

v, —V,—V,+V
K =————2f, (2.9.2)

V1+V2+V3+V4

-V +v, =V, +V
K, =————Lf, (2.9.b)

Vi +V, vty

-V, —V,+Vv,+V
K =——2——"f (2.9.¢)

VitV Fy

The coupling coefficient of each PC surface-emitting laser could be then evaluated by using
the band edge frequencies shown in Fig. 22(b). First, for 'l mode, substituting the normalized
frequencies, 0.4482, 0.4595, 0.4704, 0.4930 with the PC lattice constant of about 180 nm into the
expression of Eq 2.7(a), 2.7(b), and 2.7(c), we obtain the coupling coefficients x;~17480,
Kky~11240, x3~11268 (cm™). The largest coupling coefficient x; shows that the light waves
propagating at 60° to each other dominate the coupling effect.Similarly, for K2 mode, substituting
the normalized frequencies 0.5326 and 0.5413 with the PC lattice constant of about 220 nm into
the expression of Eq 2.8, we obtained the coupling coefficient x~4089 (cm™).

For M3 mode, substituting the normalized frequencies, 0.6089, 0.6094, 0.6141, and 0.6234
with the PC lattice constant of about 247 nm into the expression of Eq 2.9(a), 2.9(b), and 2.9(c),
we obtain the coupling coefficient x~1241, x»~1356, x3~2683 (cm™). The largest coupling
coefficient k3 shows that greatest feedback effect is similar to that of a conventional in-plane
distributed feedback laser. Moreover, it is interesting to note that the lasing action within I'l
mode shows the lowest threshold power in Fig. 23, which could be attributed to the largest
coupling coefficient. On the other hand, lasing within M3 mode has the highest threshold power

due to the lowest coupling coefficient.

3. Semiconductor microcavity polaritons

In order to study the optical properties of ZnO-based MC polaritons, growth of high-quality
ZnO films and fabrication of high-Q ZnO MCs are necessary. Furthermore, the knowledge of the
polariton dispersion curves from ZnO-based MCs at RT is crucial for the advanced design of
polariton-based optoelectronic devices operating at high working temperature. In this study, we
report the experimental observation of strong coupling regime in bulk ZnO-based hybrid MCs at
RT according to the angle-resolved reflectivity spectra. The investigated structure consists of a
302 bulk ZnO cavity layer sandwiched between two high-reflectivity DBRs and has a cavity
quality factor (Q) about 250, which is the state of the art for a ZnO-based MC. Furthermore, the
measured angle-resolved reflectivity spectra are theoretically investigated by employing transfer
matrix method and the influence of exciton scattering states is also taken into account in our
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calculations to compare the experimental and theoretical results.

The present hybrid MC structure consists of a bulk ZnO 3A/2 thick cavity sandwiched
between a bottom 30-pair AIN/Aly,3Gag77N DBR and a top 9-pair dielectric SiO,/HfO, DBR.
The AIN/AlGaN DBR was grown by metalorganic chemical vapor deposition (MOCVD) on a 3
um thick GaN buffer layer on c-plane sapphire substrate. During the growth, TMGa and TMAI
were used as group III source materials and NH; as the group V source material. After thermal
cleaning of the substrate in hydrogen ambient for 5 min at 1100 °C, a 30-nm-thick GaN
nucleation layer was grown at 520 °C. The growth temperature was raised up to 1040 °C for the
growth of 3 um GaN buffer layer. Then, the AIN/AIGaN DBRs were grown under the fixed
chamber pressure of 100 Torr. The bulk ZnO 3A/2 thick cavity was grown on AIN/AlGaN DBR
by pulsed-laser deposition (PLD) system, which is commonly adopted for the growth of ZnO
epi-films [61]. The beam of a KrF excimer laser (A = 248 nm) was focused to produce an energy
density ~5-7 J .cm” at a repetition rate 10 Hz on a commercial hot-pressed stoichiometric ZnO
(99.999 % purity) target. The ZnO films were deposited with a growth rate ~0.5475 A s™' at
substrate temperature of 600 °C and a working pressure ~ 9.8x 10~ Torr without oxygen gas
flow. Finally, the 9-period SiO,/HfO, dielectric DBR was deposited by dual electron-beam gun
evaporation system to complete the MC structure. The low-magnification cross-section SEM
image of the ZnO hybrid MC structure is shown in Fig. 26(a). Fig. 26(b) shows the cross-section
SEM image of the AlGaN/AIN and SiO,/HfO, DBRs, and ZnO bulk layer under high
magnification. The interfaces between each layer are well defined. To further illustrate the
configuration of the hybrid MC structure, the refractive index profile and the electric-field
intensity in the growth direction for normal incidence at photon energy of 3.23 eV are displayed
in Fig. 27.

- AlGaN/AIN
DBR

Fig. 26. (a) Low-magnification cross-section scanning electron microscopy image of the 3A/2
bulk ZnO hybrid microcavity structure. (b) Cross-section scanning electron microscopy image
of the AlGaN/AIN and SiO,/JHfO, DBRs, and the 3A/2 ZnO bulk layer under high
magnification.

RT microphotoluminescence (xPL) spectra were performed under normal incidence by
focusing the laser beam using an UV microscope objective (15x) which makes the laser spot size
about 3 um. The emission light from sample surface was collected along the normal direction by

a 600 um core UV optical fiber. The excitation source of the PL measurements is a 266 nm

radiation from a frequency tripled Ti:sapphire laser. RT angle-resolved reflectivity measurements
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were carried out by using a two arm goniometer and a xenon lamp was employed as a white light
source combined with a 100 um core optical fiber. The reflected light was then collected by a 600
um core UV optical fiber mounted on a rotating stage with an angular resolution of ~1° and
detected by a liquid nitrogen cooled charge-coupled device (CCD) attached to a 320 mm single

monochromator with a spectral resolution of about 0.2 nm.
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Fig. 27. Refractive index profile and the electric-field intensity in the growth direction for

normal incidence at photon energy of 3.23 eV.
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Fig. 28. Refractive index profile and the electric-field intensity in the growth direction for

normal incidence at photon energy of 3.23 eV.

The optical properties of the 3A/2 ZnO film grown on 30-pair AIN/AlGaN DBR were
investigated by performing the RT PL measurements, as shown in Fig. 28. The half-cavity
structure exhibited strong near-band-edge emission around 378 nm (3.28 eV), which has been
known to be of free excitonic nature [62]. Additionally, the green PL mainly comes from the
deep-level emission which is related to the crystal defects, such as oxygen vacancies and zinc
interstitials in the films as reported by Vanheusden et al. [63]. The good material quality of the
ZnO film can be observed from the suppression of the deep level emission band in the RT PL
spectrum. Another feature of the PL spectrum is the long tail extending from the near-band-edge
emission. This property is usually observed from RT PL spectra of ZnO films and caused by band

structure deformation due to the crystal lattice deformation [64]. Moreover, it is noteworthy that
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the growth of 3\/2 cavity length, which is relatively thicker than A/2 or A cavity is employed in
this study since the ZnO crystal quality and optical properties can be effectively improved by

increasing the film thickness [65].
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Fig. 29. (a) RT normal incidence yPL spectrum of the full ZnO hybrid microcavity structure.
The emission peak energy is nearly pure cavity photon mode because of the large negative
exciton-photon detuning. (b) The RT reflectivity spectra of a 30-pair AIN/Aly,3Gag77N DBR
(dashed line) and a 9-pair SiO/HfO, DBR (solid line). (c) RT normal incidence reflectivity
spectrum of the full ZnO microcavity structure.

In order to investigate the optical quality of the full ZnO MC structure, the RT u#PL
measurements were performed at normal incidence and the corresponding PL spectrum is shown
in Fig. 29(a). The emission peak energy of the full ZnO MC is about 3.232 eV (A ~ 383.6 nm),
which means that the emission peak is nearly a pure cavity photon mode because of the large

32



negative detuning between cavity photon energy at zero in-plane wave vector and exciton energy
(A = E,p—E,.x). Under this circumstance, we can estimate the intrinsic cavity quality factor with
the minimum perturbation of the exciton-photon coupling. From Fig. 29(a), the PL linewidh is
only 13 meV (AM ~ 1.53 nm) due to the MC effect. Therefore, the cavity quality factor Q (=A/AL)
is about 250 based on the #PL measurement results. Such a Q value is the state of the art for
ZnO-based MCs and demonstrates the high local quality of our ZnO MC structures. Moreover,
another relatively week PL emission peak was observed at 413 nm in Fig. 29(a). This emission
originates from the Bragg leaky modes of the top SiO,/HfO, DBR structure. The reflectivity
spectra of the 30-pair AIN/Aly23Gag77N DBR and the 9-pair SiO,/HfO, DBR were measured at
RT respectively for normal incidence, as shown in Fig. 29(b). The peak reflectivity of bottom
AIN/AlGaN DBR is about 93% and the stop band width is about 145 meV. As for the top
Si0,/HfO, DBR, the peak reflectivity and the stop band width are 97% and 790 meV, respectively.
Fig. 29(c) shows the RT normal incidence reflectivity spectrum of the full ZnO MC structure. The
cavity dip can be clearly observed in the reflectivity spectrum, which shows a precise alignment
between the DBR stop band and the ZnO cavity thickness. Although the measurement of the
reflectivity spectrum was performed by using an optical lens to focus the incident while light
beam, which results in a relatively larger spot size, the cavity dip (~ 383.4 nm) is consistent with
the #PL measurement results. Nevertheless, the microscopic fluctuation in thickness, interface
roughness, and crystal imperfection will cause the inhomogeneous broadening of the cavity mode
when we use the incident while light beam with a larger spot size (~50 um in diameter). As a
result, a relatively lower Q factor ~ 196 was extracted from the reflectivity spectrum shown in
Fig. 29(c) as compared with that from the #PL measurement. Furthermore, the irregular long
wavelength oscillations of the reflectivity spectrum arise from the modulation of the respective
top and bottom DBR spectra. On the contrary, the short wavelength oscillator is relatively regular,
which only results from the top dielectric DBR since the short-wavelength light is absorbed by
AlGaN layers in the bottom nitride-based DBR structure.

To further probe the characteristics of strong exciton-photon coupling in the ZnO MC
structure, RT angle-resolved reflectivity measurements were performed for the observation of
in-plane polariton dispersion curves. The color map of the angular dispersion of measured
reflectivity spectra from 8 to 38° is shown in Fig. 30(a). Furthermore, the color maps of the
calculated angle-resolved reflectivity spectra without and with taking the resonant exciton into
account are shown in Figs. 30(b) and 30(c), respectively. The dashed white lines represent the
calculated dispersion curves including exciton mode, cavity mode, lower polariton branch (LPB),
and upper polariton branch (UPB). In our simulation, the reflectivity spectra were carried out
based on transfer matrix method and the resonant exciton was modeled by a Lorentz oscillator
dispersive dielectric function, which can be expressed as follows:

B
P E = + . 31
g( ) Ep E()z—E2+]rE ( )

where Ej is the exciton transition energy. The physical parameter B is related to the exciton

oscillator strength and I' is the broadening parameter. Originally, the planar cavity photon
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dispersion with small in-plane wave vector 4, can be expressed as

2
E, (k)= % (2171[) +kj~ 2;[?0 + 72;{; k7, (3.2)

where 7 is the effective cavity refractive index and L is the effective cavity length. Therefore, the
pure in-plane cavity dispersion will take this parabolic form. Nevertheless, the in-plane dispersion
of polaritons depends on the dispersion of photons and the degree of the mixing with excitons. By
comparing Figs. 30(a) and 30(b), the pure cavity mode follows the parabolic dispersion, which is
consistent with the Bragg mode (BM) from the low energy side of the stop band. Nevertheless,
the measured dispersion of the LPB obviously deviates from the parabolic cavity mode and

approaches to exciton mode with increasing angle.
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Fig. 30. (a) Color map of the angular dispersion of measured reflectivity spectra from 8 to 38°
at RT. (b) Color maps of the calculated angle-resolved reflectivity spectra without taking the
resonant exciton into account. (c¢) Color maps of the calculated angle-resolved reflectivity
spectra with taking the resonant exciton into account. (d) Simulation of angle-resolved
reflectivity spectra for the bulk ZnO MCs after taking the absorption continuum into account.

Furthermore, a good agreement is found between the experimental and theoretical LPBs, as
shown in Figs. 30(a) and 30(c), when we consider the strong exciton-photon coupling in our
calculation by assigning the parameter B related to the oscillator strength of about 10° meV?. This
value is nearly two times more than that of GaN-based materials due to the larger oscillator
strength of ZnO materials. In addition, this value is also in good agreement with the recently
published value. As can be seen from Fig. 30(c), we estimated that the anticrossing occurs near
the angle of about 34° and the corresponding vacuum Rabi splitting value is about 72 meV. This
large vacuum Rabi splitting is a state-of-the-art value in ZnO MCs at RT, which may originate
from the high cavity quality factor, good ZnO crystal quality, and larger ZnO thickness. On the
other hand, although the angular dispersion of the LPB is well visible from experimental results,
the signature of the UPB is not observable, as shown in Fig. 30(a). Moreover, another interesting
issue regarding the anticrossing behavior in bulk ZnO MCs was investigated by Faure et al. in
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2008. They theoretically expected that the anticrossing behavior can be properly defined in bulk
GaAs and GaN MC:s (i.e., the upper and lower polariton branches can be probed by experimental
measurements), whereas only the lower polariton branch (LPB) is a well-defined and well-mixed
exciton-photon state in bulk ZnO MCs. They proposed that the upper polariton branch (UPB) in
bulk ZnO MC:s is strongly damped due to the absorption by scattering states of excitons.

In order to understand the invisible UPB in bulk ZnO MCs, we further take into account the
effect of absorption continuum induced by scattering states of the exciton in our simulation. The
absorption continuum is added to the dielectric function and the amplitude is adjusted to match
the experimental absorption spectra [66]. Fig. 30(d) presents the simulation of angle-resolved
reflectivity spectra for the bulk ZnO MCs after taking the absorption continuum into account. It is
clearly observed that the UPB is significantly broadened due to its crossing with the continuum
states of excitons. In wide bandgap semiconductor-based MCs, the vacuum Rabi splitting energy
is nearly the same or larger than the exciton binding energies, especially for ZnO-based MCs,
which will give rise to the energy overlap between the UPB and the continuum states. Such a
situation is especially important for bulk ZnO MCs due to the relatively thick cavity layer and the
large absorption coefficient (~2x10° cm ') for ZnO materials [67]. These effects induce the
damping of the coherence for upper polariton states and lead to the invisible dispersion of the
UPB.
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Fig. 31. (a) Color map of the angular dispersion of measured reflectivity spectra from 8 to 38°
at RT. (b) Color maps of the calculated angle-resolved reflectivity spectra without taking the
resonant exciton into account. (¢) Color maps of the calculated angle-resolved reflectivity
spectra with taking the resonant exciton into account. (d) Simulation of angle-resolved
reflectivity spectra for the bulk ZnO MCs after taking the absorption continuum into account.

To further confirm our experimental results and get further insight into the significant
influence of the continuum states, we prepared a ZnO MC with relatively thinner cavity thickness,
i.e., smaller exciton-cavity detuning. Fig. 31 (a) shows the color map of the measured

angle-resolved reflectivity spectra of the ZnO MC with smaller detuning. Similar situations
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including non-parabolic LPB and invisible UPB are observed in Fig. 31(a). The simulation of
angle-resolved reflectivity spectra for the pure cavity mode and the polariton modes are shown in
Figs. 31(a) and 31(b), respectively. Based on identical simulation parameters, the calculated LPB
is also in good agreement with the measured results. An identical vacuum Rabi splitting value is
obtained at the resonant angle of about 24°. Moreover, the calculated angle-resolved reflectivity
spectra including the continuum absorption is plotted in Fig. 31(d), which is also in good
agreement with measured results. By comparing Figs. 30(a) and 31(a), the different
exciton-polariton dispersion curves due to different detuning values can be obviously observed.
Consequently, the evidence for exciton-photon strong coupling in bulk ZnO MCs at RT is
confirmed by the observation of the lower polariton dispersion curves from two different
detuning values. Although the full anticrossing behavior cannot be experimentally demonstrated
because of the strong continuum absorption, it should be noted that clear observation of the LPB
is more important for the investigation of Bose-Einstein condensation and polariton lasing.
Prospects regarding the experimental observation of the complete anticrossing behavior may be
achieved based on a ZnO/ZnMgO QW-MC due to the decrease in the thickness of ZnO
absorption and the enhancement of exciton binding energies, pushing the continuum states of

exciton to higher energy values.
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In this project, we have collaborated with Prof. Iga and Prof. Koyama of Tokyo Institute of
Technology to conduct the research of CW electrically pumped GaN VCSELs. Prof. Iga is the
inventor of VCSELs and a world class expert in the research of VCSELs. The experience gained
from Prof. Iga and Prof. Koyama on the GaAs-based VCSELs is very useful for this effort and
ensures the successful outcome of this experiment. We also collaborated with Prof. Yamamoto
and Prof. Fan of Stanford University to establish the theoretical analysis of GaN microcavity and
GaN PCSELs. Besides, we also collaborate with many international experts in different fields.

Affiliation Professor Topic
Tokyo  Institute  of Prof. Iga GaN VCSELs
Technology
Tokyo ~Institute  of Prof. Koyama GaN VCSELs
Technology
Stanford University Prof. Yamamoto GaN microcavity
Stanford University Prof. Fan GaN PCSELs
University of Illinois at )
Urbana Champaign Prof. S. L. Chuang Design of QWs
Yale University Prof. Han Epitaxy of GaN materials
Ren§ sclacr Polytechnic Prof. S.-Y. Lin Photonic crystal design
Institute
Kyoto University Prof. Noda GaN PCSELs

SRS EENE

The main objective of this proposed research project is to investigate the basic properties of

mesoscopic GaN-based quantum confined structures by means of nano fabrication techniques

related to the material, electrical and optical aspects and of the novel methodology to achieve

controlled photon emission from the GaN-based quantum confined structures. The specific

objectives of this proposal include:

(1) Establishment of the fabrication technology of GaN quantum confined structures such as
quantum dots and nanostructures;

(2) Simulation and modeling of the optical properties of a high-Q microcavity and development
of device design guidelines for fabrication of microcavity quantum confined structures;

(3) Fabrication of devices incorporating the quantum confined structures into a high-Q
microcavity;

(4) Investigation of the optical properties of the fabricated quantum confined structures and
microcavity structures;

(5) Investigation and demonstration of the controlled photon emission from the microcavity
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quantum confined structures or devices.

This project has the following major impacts and contributions to the domestic academic
potential and capability as well as the international academic status of our country. These are
briefly described below.

1. Our research project is focused on the high efficiency nitride-based light emitting devices. We
have demonstrated the first electrically pumped GaN VCSEL at 77 K in the world. The lasing
action of GaN PCSELs was also observed under optical pumping at RT. These two kinds of
blue vertical-cavity semiconductor lasers are important light sources for the applications of
laser projector, laser display, and high-density optical storage system. As for the study of
GaN-based microcavity exciton polaritons, they are one kind of the important single photon
light sources and critical approaches to achieve RT Bose-Einstein condensation in solid. The
microcavity polaritons are also an approach to fabricate thresholdless polariton lasers.
Furthermore, GaN-based blue and ultraviolet LEDs are promising light sources for the future
solid-state lighting. Thus the program will not only enhance the academic research capability
of our team members in particular but also our country in general. The outcomes of this
research project could also contribute to the national development and related applications of
nanotechnology.

2. This program will train many research team members including graduate students, postdoctors,
and technical staff with multiple disciplinary knowledge and skills. These members will
become the main workforce for the emerging nanotechnology related industry and new
information technology of our country.

3. Our research subject is a frontier research topic currently being pursued by the leading
international research teams in USA, Japan, France, and Germany. Our research effort on this
subject will promote the international academic status and visibility of our country.

4. The development of high efficiency nitride-based light emitting devices, including GaN
VCSELs, PCSELs, nanolasers, and LEDs is critical for the academic research and industry
development. They will provide a key enabling component for the emerging new applications
and make a major contribution to this new and revolutional information technology of the

ncw acra.
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