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Abstract: In this paper, we introduce how gallium nitride-based (GaN-based) VCSELs with curved
mirrors have evolved. The discussion starts with reviewing the fundamentals of VCSELs and
GaN-based materials and then introducing the curved-mirror cavity’s principle and history and
the latest research where the structure is applied to GaN-based materials to form VCSELs. We
prepared these parts so that readers understand how VCSELs with this cavity work and provide
excellent characteristics such as efficiency, life, stabilized mode behavior, etc. Finally, we discussed
the challenges and prospects of these devices by touching on their potential applications.
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1. Introduction

Semiconductor lasers become operable when the light and carriers are confined to a
small part of the semiconductor chip. Vertical cavity surface-emitting lasers (VCSELs [1])
are one of the most successful structures that enable semiconductor lasers, and a GaAs-
based material system is almost ideal for fabricating VCSELs. The alternative lamination of
AlGaAs layers having different Al content forms highly reflective mirrors and distributed
Bragg reflectors (DBRs) [2] with electric conductivity. Forming quantum wells between
two DBRs enables the efficient vertical resonance of light. The lateral oxidization of the
AlAs layer formed close to quantum wells provides the horizontal confinement of light
and carriers relative to the center of the device [3]. Combining these structures enables the
efficient operation of GaAs-based VCSELs. By conducting intensive research on this kind
of laser, the device can pave the way toward industrial success with applications such as
sensors, printers, optically defined communication, and so on [4].

We have defined the emission wavelength of semiconductor devices by the band gaps
of the active region used for photon generation. To attain the efficient vertical confinement
of carriers to wells, the band gaps of barrier materials must be wide enough compared to
the band gaps of wells. Moreover, to make VCSELs, the materials used for DBRs must
also possess wider band gaps. These restrictions result in a gallium nitride (GaN) material
system, with wider band gaps than conventional material systems such as AsP-based
semiconductors, which is an adequate choice for making VCSELs with wavelengths shorter
than red light (see Figure 1). The large offset between AlN, GaN, and InN’s band gap
enables efficient carrier confinement to their quantum wells. Pairing GaN and AlN, for
example, enables the formation of DBRs that are transparent to these wavelengths [5].

However, the fabrication of GaN-based VCSELs is not necessarily easy. Nitride with
high aluminum content suffers from high activation energy for p-type dopants [6], which
toughens the formation of conductive p-type DBRs. Achieving conductivity with n-type
GaN-based DBRs is still underway with respect to improvements in large band offsets
between these materials [7]. These challenges compel researchers to use intracavity contacts
covered by dielectric DBRs for the p-side [5,7] and to insert a relatively thick n-spacer
between the quantum well and bottom-side DBRs to attain the current path from the n-side
(see Figure 2a).
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The lattice mismatch between materials introduces additional issues. The bulk GaN 
wafer, which we often use for laser fabrication, has a lattice mismatch relative to almost 
all semiconductor alloys of nitrides. Thus, these materials’ lamination often leads to cracks 
in the epi wafer. Al0.8In0.2N [10], without such a mismatch to GaN, is virtually the only 
choice, although it has other difficulties. This material presents spinodal decomposition, 
which causes the modulation of Al content [11] and roughens the layerʹs surface [12]. Alt-
hough Al’s high affinity to oxide facilitates lateral oxidation, the modulation of Al content 
causes inhomogeneous patterns after oxidation [13] that complicate adopting this ap-
proach when forming the apertures of VCSELs. Because the refractive index difference 
between GaN and AlInN is limited to a few percent, DBR obtained these materials by 
lamination, and they possess narrow stopbands of around 10–20 nm. Thus, making 
VCSELs with this DBR requires delicate control when the thickness of layers is less than 
1% [14]. 

As discussed above, all component-enabled GaAs-based VCSELs, such as electrically 
conductive DBRs, and lateral confinement structures for light and carriers cannot be easily 
obtained with GaN-based VCSELs, driving some scientists to find improved approaches 
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Figure 2. Schematic diagrams of (a) GaN-based VCSEL, the focus of this review, and (b) a typical
GaAs-based VCSEL.

The lattice mismatch between materials introduces additional issues. The bulk GaN
wafer, which we often use for laser fabrication, has a lattice mismatch relative to almost all
semiconductor alloys of nitrides. Thus, these materials’ lamination often leads to cracks in
the epi wafer. Al0.8In0.2N [10], without such a mismatch to GaN, is virtually the only choice,
although it has other difficulties. This material presents spinodal decomposition, which
causes the modulation of Al content [11] and roughens the layer’s surface [12]. Although
Al’s high affinity to oxide facilitates lateral oxidation, the modulation of Al content causes
inhomogeneous patterns after oxidation [13] that complicate adopting this approach when
forming the apertures of VCSELs. Because the refractive index difference between GaN
and AlInN is limited to a few percent, DBR obtained these materials by lamination, and
they possess narrow stopbands of around 10–20 nm. Thus, making VCSELs with this DBR
requires delicate control when the thickness of layers is less than 1% [14].

As discussed above, all component-enabled GaAs-based VCSELs, such as electrically
conductive DBRs, and lateral confinement structures for light and carriers cannot be easily
obtained with GaN-based VCSELs, driving some scientists to find improved approaches
for VCSEL fabrication with GaN. For example, in situ monitoring for the precise thickness
control of semiconductor DBRs could be a straightforward option. Despite these difficulties,
the literature reported a high efficiency of 10% or more, with GaN-based VCSELs having
dielectric DBRs at the top and semiconductor DBRs at the bottom [15,16]. This structure
has two types of DBR materials in a single cavity called hybrid-DBR VCSELs.
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The utilization of bottom-side semiconductor DBRs to broaden their stopband width
is receiving popular research interest. The porous DBR is still showing relatively low peak
reflectivity and a weak output power of less than a milliwatt [17,18], which indicates that
this approach is on its way toward further sophistication.

Another approach is adopting all-dielectric DBRs, where both top and bottom side
DBRs are made of dielectric materials, featuring a wider stopband associated with a larger
refractive index difference between dielectric materials. These types of VCSELs originated
from infrared VCSELs that are reported in the early stage of VCSEL history where both side
mirrors comprised deposited metal layers [19], but this was gradually ignored. In the history
of GaN-based VCSELs, this also became popular in the early stage of its research, which was
conducted by companies and universities in 2008 [20]. However, most of these companies
have not shown reports with this structure in this decade. The issue lies in its fabrication
process. In the fabrication process, the deposition of top-side DBRs is followed by lapping
the bottom side of the wafer and the formation of the bottom-side DBR, in which substrate
thinning determines the cavity length. Considering diffraction loss, a cavity length that is
as short as a few microns is preferable for suppressing the loss to less than 1% per round
trip. However, thinning a wafer down to such thicknesses from initial values of around
300–400 µm is often associated with the introduction of cracks into the wafer.

The all-dielectric structure has merits in that it has a wide stopband, and it has
drawbacks with respect to the stability of the fabrication process. On the other hand, such a
short cavity has a mode spacing of around 10–20 nm, which is as wide as the gain spectrum
of InGaN quantum wells. Thus, cavity length must be precisely controlled by the thinning
process to locate the longitudinal modes in order to closely reach the peak of gain, further
spoiling the fabrication process’s robustness. This issue seemingly has been limiting the
efficiency of such devices to less than 1%, which is considerably lower than the values
reported with hybrid VCSELs.

Another issue with the structures mentioned above lies in heat management since the
materials used for the DBRs of GaN-based VCSELs, semiconductors, and dielectric DBRs
have low thermal conductivity around a few WmK−1 s. While GaN, filling the cavity, has a
higher thermal conductivity of 130 WmK−1 s (please see Table 1), indicating that the heat
exhaust is virtually only via GaN, a longer cavity provides better thermal conditions. A
report revealed that the extension of the cavity ranged from a few microns to several halves
of the thermal resistance of GaN-based VCSELs [21]. However, since we have limited
the cavity length of all-dielectric and hybrid DBR VCSELs to a few microns to void the
diffraction loss, all these structures have heat management issues.

Table 1. Example of thermal conductivity for materials used for GaN-based VCSELs.

Materials Thermal Conductivity (W mK−1)

SiO2 1.5
SiN 1.6
GaN 130

Al0.84InN 4.5

2. Background of the Cavity with Curved Mirror

Among various challenges, this paper reviews the research of all-dielectric VCSELs
with monolithic curved mirrors to solve the problems mentioned in the previous section.

Kogelnik et al. reported that a cavity with a flat and curved mirror at the end forms
a stable laser resonator [22]. We can unfold this kind of cavity into an imaginary cavity
with two curved mirrors and a twice-as-long cavity such as the original cavity, where the
beam’s waist is at the midpoint of the cavity. Thus, looking back at the original cavity with
a flat and curved mirror, this cavity should form the beam waist on the flat mirror. There
are two merits to the use of this cavity configuration. One is the implementation of lateral
optical confinement, and the another implements stability against geometrical disturbances
thanks to the oval shape of the mirror. Because the former suppresses the diffraction loss
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of light traveling in the cavity, we can set a one-meter-long cavity without the dissipation
of light. The latter eliminates the effect of a misaligned light path caused by geometrical
disorders such as mirror tilting. Thus, researchers have commonly used this configuration
in experiments on optical benches and set resonators with curved and flat mirrors that often
extend to several meters or so, essentially with the positioning errors of components being
derived from manual settings. These abilities of the curved–flat configuration provide
efficient cavities even in such a situation. Additionally, this configuration is often used for
external-cavity lasers to eliminate the diffraction loss caused by a relatively long cavity.

Iga et al. reported LED emissions from InP-based vertical cavities with a flat and a
monolithic curved mirror as early as 1978 [23], which was investigated in one trial for
VCSEL operations [24]. The application of this cavity to VCSELs has been rare (see Figure 3).
In this study, Iga adopted a unique process to make the curved mirror: (i) patterning the
resistance disk via photolithography on the substrate, (ii) turning the disks into droplets by
heating, (iii) applying reactive ion etching using the resistance disk as a sacrificing mask
that relieves the shaped drops onto the semiconductor substrate itself, and (iv) depositing
dielectric DBRs onto the semiconductor substrate using vacuum deposition. This process,
now popular for on-chip lens fabrication, is used for all formations of curved mirrors,
which will be introduced later in this article.

In 2003, Park et al. reported the optically pumped laser operation of a GaN-based
vertical laser with a monolithically curved mirror formed on the back side of a sapphire
substrate used for GaN growth [25]. In 2004, Aldaz et al. reported the operation of a
GaAs-based vertical laser with a curved mirror that is monolithically formed on the back
side of the glass plate attached to a GaAs-based half-VCSEL [26]. In these two cases,
they introduced intra-cavity interfaces between substrates and materials consisting of the
active region that is associated with drastic refractive index gaps and the disturbance of
vertical resonation. Even though these presented laser action, such interfaces seemingly
caused high thresholds at 160 kW/cm2 and 20 mA [16,17]. Such an interface also triggers
controversial discussions about whether these should be considered VCSELs or VECSELs.
Thus, one effective approach is to fill such cavities with substantially uniform materials.
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3. Design of the Cavity with a Curved Mirror

The author relates the cavity’s dimension to the resonant modes’ lateral optical behav-
ior. An analytical formulation describing the waist size of a Gaussian beam was given by
Kogelnik [22]:

σ =
1
2

√
λ

nπ

√
LR − L2
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where σ is the standard deviation of the Gaussian profile, n is the equivalent refractive index
of the cavity medium, L is the cavity length, and R is the radius of curvature of the curved
mirror. This is the critical formula used to determine the lateral behavior of resonant modes
in this type of cavity. R must be larger than L to form a stable resonator required by laser
operations. When R is larger than L, this cavity provides a beam waist with stable resonance.
Moreover, this cavity offers firm control for the beam waist size. Figure 4a,b calculate beam
waist sizes via the formula above. Differentiating the abovementioned formula, “R = 2L” is
obtained as a condition that makes dσ/dL = 0. Figure 4a illustrates that the beam waist is
relatively indifferent to L when R = 2L. Figure 4b shows how it depends on R. For example,
the figure roughly interprets that a 10% shift in R causes a change in the beam waist only in
the order of 0.01 µm for many cases. Since the emission angle of the device is reciprocal to
the size of the beam waist, such a minor error in σ will have a negligible impact on emission
angles. Thus, once R is set larger than L, hopefully around 2L, the near-field pattern (NFP)
and far-field pattern (FFP) will be stable against dimensional disturbances.
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Another issue is the longitudinal behavior of resonant modes. The resonant wave-
length meets

λ =
nL
2m
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where m is an arbitrary integer. Thus, we should control cavity length L so that λ is
subsumed by the net gain spectrum of the device, whereas the extension of the cavity
relaxes this restriction. The longitudinal mode spacing, ∆λ, is obtained by the following.

L =
λ2

2n∆λ

(
1 − λ

n
dn
dλ

)−1

Figure 5 shows an example of the relation between the longitudinal mode spacing and
cavity length. In this case, for example, L > 10 µm, the longitudinal mode spacing reduces
to less than a few nanometers and further reduces with the extension of the cavity length.
In such conditions, the longitudinal mode spacing can be narrower than the width of the
net gain spectrum of semiconductor quantum wells, enabling one mode to exploit the gain
and automatically become dominant without the precise control of the cavity’s length.
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To summarize the discussion in this section, VCSELs with curved mirrors with di-
mensions that meet the below information would possess a stable resonance required
for lasing:

• R > L, hopefully around 2L;
• L > 10 µm.

4. Blue and Green VCSELs

The author’s group has been reporting that GaN-based VCSELs’ operations meet the
conditions. Aside from the first report of operation under pulsed current injections in
2018 [27], reports on blue VCSELs with this structure exist: efficient current confinement
by ion-implantation [28], sub-mill ampere operation [29], stabilized lateral modes [30],
and high-efficiency operation up to 13.5% [31] (see Figure 6a); long duration of life reach-
ing 2000 h [32]; and narrow emission angle of 3.9 degrees for circular apertures [33] and
0.5 degrees for oblong apertures [34]. Recently, the present group has also reported the
CW operation of green VCSELs [35], milliwatt class outputs, and its high-efficiency op-
eration [36] (see Figure 6b). The present group also demonstrated white illumination
by combining lasers from blue, green, and red VCSELs [35]. Additionally, we observed
spatially coherent dot generation associated with a sub-degree emission angle for a similar
structure [34].
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The series of research revealed the merits of this cavity structure. As evidence of
the fabrication stability against dimensional errors, a 100% yield of lasing and the high
uniformity of I-V/L have been reported. The standard deviation of Ith and the maximum
output power was 6.1% and 5.1%, respectively [31]. Figure 7 shows the updated data on the
uniformity of blue VCSELs with a curved mirror. It shows that 55 chips showed uniform I-V
and I-L, and the calculated maximum efficiency among these was about 15%. We obtained
these chips in a centimeter-wide area. Figure 8 shows how the Ith of GaN-based VCSELs
is dependent on the wavelength. VCSELs with curved mirrors show a low threshold
current, which is another piece of evidence for this cavity’s superiority, such as its ability to
eliminate diffraction loss.
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5. Applications

We achieved full-color displays for LEDs and edge-emitting lasers by combining
GaN-based blue- and green-light-emitting devices with GaAs-based red-light-emitting
devices. The same results, therefore, can be expected for VCSEL. In particular, low power
consumption, which is the greatest benefit of VCSELs, contributes to the reduction in
battery capacity, leading to a decrease in the form factors of these devices. A full-color
retinal scanning display is an example in which VCSELs seem suitable for applications [38],
a type of AR/VR mobile terminal in which an image is obtained by directly scanning the
retina with a laser beam. We expect to use this application for entertainment and medical
purposes, such as improving the eyesight of patients affected by amblyopia. We can obtain
sufficiently bright images by projecting a laser at approximately µW-class level to the eye.
However, we must conduct safety measures to avoid damage to the retina. VCSELs with
a small output can simultaneously achieve sufficient luminance and safety. This kind of
display, which does not use VCSEL, is already on the market [39] and is often mentioned in
academic societies as a future application of GaN VCSEL.

Meanwhile, laser projectors have promising applications. In devices using edge-
emitting lasers, which are currently widely distributed in the market, the emitted laser is
subjected to fine irregularities on the screen surface, resulting in interference and producing
luminance unevenness, called speckle noise, which degrades the image quality of displays.
The interference becomes blunt by arraying a plurality of VCSEL elements with slightly
different wavelengths, reducing the speckle noise [40]. Furthermore, we may increase the
number of arrays to enhance the output, leading to a larger and brighter projection image.
Additionally, Since the VCSEL array can be used as a display as it is, using VCSEL arrays
might not require any external components such as LCD panels or MEM mirrors to provide
images and will further compact the laser projector.

Apart from displays, there are a variety of potential applications for GaN-based
VCSELs mentioned in papers: optical communication via plastic optical fiber, biosensors,
3D printers, atomic clocks, illumination, laser cutters, and so on [41]. All these use VCSEL’s
ability, which allows low power consumption, high-frequency operation, and arraying.

6. Challenge and Prospects
6.1. Longitudinal Mode Control

Although applications are waiting for the advent of visible VCSELs in the industry,
challenges remain. One issue is a lack of longitudinal mode control. The extremely
long cavity of the device often leads to multimodal emission or mode hopping during
operations, which is a drawback for certain applications, as atomic clocks or any devices
with components require severe wavelength sensitivity. In 2022, we allowed an etalon



Photonics 2023, 10, 470 9 of 15

with considerable modulation in the reflectivity spectrum to replace one of the DBRs and
observed the firm stabilization of emission wavelengths with a side mode suppression ratio
(SMSR) of 40 dB or more [32]. The reflectivity modulation of the etalon imposes different
degrees of optical penalty to each longitudinal mode and automatically selects one with
the lowest penalty (see Figures 9 and 10). By setting the peak reflectivity to as high as 99%,
we can attain the stabilization of longitudinal modes with mill-watt class output power.
The research on this topic is in its preliminary phase and leaves a minor issue. For example,
the etalon itself exhibits a minor absorption of light, which sometimes, for example, halves
the slope efficiency [42].
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6.2. Polarization Control

Another issue is the lack of polarization control since gallium nitride has a hexagonal
crystal and the substrate used for device fabrication usually has a surface parallel to the
basal plane, which is {0001} of GaN. The basal plane has a high degree of hexagonal
symmetry, so the device fabricated over there has no certain preference for polarization
and tends to have an arbitrary direction. We reported that the usage of the semi-polar
{20–21}, a plane of GaN that has lower symmetry (see Figure 11), is effective in locking
the polarization direction of the device [26]. Currently, the {0001} substrate is the most
popular for industrial use, while {20–21} is less popular. Thus, finding a practical approach
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to polarization control with {0001} is essential to quickly put the device into practical use.
There could be possible approaches for its application, such as applying mechanical stress
to quantum wells.
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Figure 11. (a) The {0001}-orientated, or so-called c-orientated, lattice is shown. (b) The {20–21}-
orientated lattice is shown. The {20–21} lattice is obtained by rotating the {0001} lattice by 75 degrees
towards the m direction. The rotation of the crystal reduces the piezoelectric field normal to the
substrate, thereby suppressing the QW degradation for high indium incorporation.

6.3. Efficiency

The efficiency of GaN-based VCSELs is relatively low among the types of light emitters.
The scientific and quantitative discussion of the marginal performance of the device is
still underway. This section tries to observe the perspective of the efficiency of GaN-based
VCSELs via an empirical approach. Figure 12 shows the trend of the wall plug efficiency
of blue LEDs, edge-emitting lasers (EELs), and VCSELs. This figure illustrates that the
improvement in VCSELs is at a similar pace as the past pace of EELs. That may give one
the impression that VCSEL’s efficiency will follow this trend in the coming years, hopefully
at around 40% in 2030.
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Reading how the efficiencies of EELs and VCSELs depend on wavelengths leads us to
another point (see Figure 13). This trend illustrates two aspects; (i) the efficiency of VCSELs
is lower than EELs for all ranges of wavelengths, and (ii) the degree of behind in efficiency
is relatively considerable for shorter and longer wavelengths. Discussion around the cause
of this generally requires complicated analyses considering various parameters. One aspect
of simplifying the discussion is remarking on the geometrical difference in these devices’
electrical (carriers) and optical (photons) paths. They are parallel and have more geometric
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overlap in VCSELs. At the same time, they are orthogonal, and have less overlap in EELs,
enhancing the optical impact in VCSELs associated with implementing current paths. For
instance, one significant way to establish conductivity is doping on semiconductors. This is
associated with plasma absorption, which is generally prominent in the infrared region
and diminishes in the near-infrared region. This is consistent with the trend that VCSELs
have greater plasma absorption relative to EEL around the region between 1.2 and 1.6 mm.
Looking back at GaN-based VCSELs, although plasma absorption is negligible, the inter-
band absorption of materials is serious. Intracavity contacts are required to circumvent
electrically insulated DBRs. For instance, indium tin oxide (ITO) is often the current path
at the top side. ITO’s inter-band transition causes a certain amount of loss even at visible
regions, which degrades the cavities’ Q factor to reduce efficiency [43]. Recent research is
reporting structures where the tunnel junction (TJ) and n-GaN current spreader replaces
ITO, and such a structure reduces optical loss toward better I-L curves [44]. One issue with
introducing TJ has been an operational voltage increase that is as considerable as around or
over one volt, which is caused by the wide band gaps of nitride materials. Recently, the
voltage was reduced to as low as standard VCSELs with ITO [45]. Additionally, a report
indicated that VCSELs with TJ have a longer life than those with ITO [46].
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6.4. Lineup of Colors

Taking that one potent application for visible VCSELs as a display, we must consider
how all three colors, blue, green, and red, can be attained in order to introduce them
into the market. In GaN-based laser research, the study related to blue colors has been
the most intensive and shows the best characteristics such as power (>10 mW), efficiency
(>10%), and life (>2000 h) [32]. At the same time, green shows a power of only around
3 mW, an efficiency around of 3% [47], and no report on its life. We predicted that green
VCSELs should be prepared for practical use later than blue VCSELs. The cause of the
delay in research of GaN-based green VCSELs is a (i) large lattice mismatch between InGaN
multiquantum wells (MQWs) for green emission and GaN used for device fabrication,
which causes defects to deteriorate emission efficiency; (ii) mechanical stress in MQW,
which enhances the piezoelectric field to separate the hall and electron and degrades
emission efficacy [48]; and the (iii) relatively high vapor pressure of InN that impedes
the deposition of InGaN MQWs itself. All these become more serious when researchers
try to add more In into InGaN MQWs for green emissions. This difficulty reduces the
efficiency, power, and life of green-light-emitting devices and not only VCSELs, which
is well known as the “green gap” in the solid-state lighting industry. As with EELs and
LEDs, green emitters were less efficient than blue and red. Ultimately, however, efforts by
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researchers have led to improvements in efficiency, leading to practical use. For VCSELs,
for example, quantum dots [49] and semi-polar substrates [35] are currently used to realize
green light emission, and we expect further progress with respect to overcoming the green
light emission research gap completely.

Red VCSELs based on arsenide and phosphide materials have been reported in the
2000s. Since the GaN-based red light emitter is still on its way toward lasing [50–52], these
materials are currently the most potent choice for VCSEL fabrication. The most serious issue
is the small band offset in this material system, which becomes more remarkable for shorter
emission wavelengths. Although this type of VCSEL shows a 12 mW output at 670 nm, it
diminishes to 4 mW at 650 nm and diminishes below that value for shorter wavelengths [53].
Moreover, the small offset in a bad lineup leads to the devices’ poor thermal stability,
which prevents the device from entering the market. The industry must either wait for
improvements in these arsenic-based devices or lasers based on new materials. GaN-based
materials can have relatively high band barriers so that the temperature characteristics
can be good. Recently, improvements in red GaN-based LEDs [50] have been reported,
and long-wavelength directive emissions using nanowires have been obtained, but their
wavelengths are still shorter than red light [51]. As another approach, Eu-doped GaN
showed incredibly pure red emissions under the current injection [52]. Alternatively, we
have observed an organic laser caused by current injection oscillations in recent years, and
it may also be a candidate for a future red VCSEL [54].

6.5. Comparison between Structures

Table 2 shows a concise comparison between major structures reported for GaN-based
VCSELs. One structure labeled “all-dielectric flat-mirror” showed relatively low efficiency
and a considerably shorter lifetime. As stated in the Introduction, one issue behind this
is the difficulties during the fabrication process. Two of them, the structures labeled “all-
dielectric curved-mirror” and “hybrid flat-mirror,” show relatively high efficiencies and
lifetimes at >15% and >1000 h, respectively. This suggests that these are candidates that
currently compete toward practical applications.

Table 2. Comparison between major structures reported for GaN-based VCSELs.

All-Dielectric
(Curved-Mirror)

All-Dielectric
(Flat-Mirrors)

Hybrid
(Flat-Mirrors)

Affiliation Sony [27–36]
Nichia [20], UCSB
[43,44], Xiamen
[21,49], etc.

Meijo and Stanley
[15], Nichia [16],
NYCU [5], etc.

Bottom DBR Dielectric (curved) Dielectric (flat) Semiconductor (flat)
Top DBR Dielectric (flat) Dielectric (flat/mesa) Dielectric (flat/mesa)

Cavity length 10~50 um A few microns A few microns
Wall plug efficiency >15% ~1% >15%

Output power >10 mW ~mW >10 mW
Life >1000 h ~minutes >1000 h

Lasing yield 100% Not reported >80%

Colors blue (c-plane) and
green (semi-polar)

Blue (c-plane) Green
(c-plane, quantum
dot)

Blue (c-plane)
Green (c-plane)

The apparent difference between them is the cavity length. The curved one is much
longer than others, resulting in heat management advantages, as stated in the Introduction,
which would be advantageous for making arrayed VCSELs for high power outputs where
heat management is more important than in a chip with a single emitter.

Another apparent difference is the variety of substrate types. While hybrid types have
been reported only over c-plane GaN, the curved mirror’s VCSELs have been reported with
multiple substrates, including semi-polar GaN. The curved mirror structure is material
agnostic because we defined the curved structure by the shape of resin droplets formed
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over the substrate. The droplets automatically form spherical surfaces during the reflowing
process to reduce the surface’s free energy; this mechanism is independent of the choice of
the substrate. While, in the hybrid structure, the bottom DBR mirror consists of the lamina-
tion of interfaces between semiconductor layers that are directly formed on the substrate
by epitaxial growth, the surficial morphology of the substrate naturally depends on the
choice of materials. As discussed in Section 1, the material’s characteristics traditionally
play a key role in enabling VCSEL fabrication. This keeps the material systems used for
VCSEL fabrication virtually only to AsP-based systems, with all components, conductive
DBRs, lateral oxidation, etc., available. On the other hand, the curved mirror structure has
unleashed this limitation, as we learned via the realization of VCSEL with gallium nitride,
and this makes other researchers consider other curved mirror VCSELs with new materials.
For example, we could even use organic materials with this approach [54].

7. Conclusions

In this paper, we described the evolution of curved mirror gallium-nitride-based (GaN-
based) VCSELs. The discussion began with a review of the very principles of VCSELs and
GaN-based materials, followed by an introduction to the theory, the background of the
curved-mirror cavity, and the most recent research using this structure to create VCSELs.
These sections explained how VCSELs with this cavity function offer great qualities such as
efficiency, life, stabilized mode behavior, etc. Finally, by briefly mentioning some of these
devices’ prospective applications, the difficulties and prospects of these devices are examined.
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