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Vertical-cavity surface-emitting lasers (VCSELs) are promising in various applications including full-color mobile projectors, laser precision
processing, display, armarium and high-speed air–water optical wireless communication systems with a unique combination of advantages.
However, GaN-based VCSELs with emission wavelengths in green are challenging because of the low emission efficiency of green emitting InGaN
QWs. This is known as the “green gap”, which is mainly caused by the quantum-confined Stark effect and the high density of defects and
dislocations. In this paper, we would like to discuss the origin of the “green gap” and possible approaches to overcome it, and then review our
recent progress in green VCSELs: (1) lasing from 479.6 to 565.7 nm by using QD active area; (2) lasing at 545 nm by using QD-in-QW active
structure; (3) lasing at 493 nm by utilizing blue-emitting InGaN QWs with the combination of cavity effect.

© 2020 The Japan Society of Applied Physics

1. Introduction

Green lasers have attracted a lot of attention for use in
numerous promising applications. Armarium1–5) is one such
application, used in prostate surgery to removing prostatic
tissue.1) 532 nm laser light can eliminate prostatic tissue
which can highly and selectively absorb the laser and can
result in thermal energy. This can release tissue and vapor
bubbles to disrupt the cellular matrix, which is the so-called
green light photo-selective vaporization of the prostate (green
light PVP).5) Green laser can also reduce bleeding volume
and blood transfusions significantly in surgery.6) The high-
speed air–water optical wireless communication system is
another important application of green laser owing to its low
transmission loss, high modulation bandwidth, high security,
high flexibility, low power consumption and low latency.7–10)

In addition, green lasers can also be applied in full-color
mobile projectors,11) laser precision processing,12,13) and
display.14,15)

Green laser can be obtained in two ways: directly emitting
from semiconductor laser diodes (LDs) based on
InGaN,11,16–26) AlInGaP27,28) or perovskite29–32) materials
and wavelength conversion through a nonlinear optical
process such as second harmonic generation (SHG).28)

Semiconductor LDs are characterized by smaller size and
more stable performance compared to SHG lasers, although
SHG technologies have been put to practical use in the green
region.23) In the semiconductor field, AlInGaP materials are
not suitable for wavelengths shorter than 570 nm since the
direct-indirect bandgap transition when the aluminum molar
concentration rises up to 53%.33) And perovskite lasers are
still being developed and only optical pumped ones have
been reported.29) The InGaN-based semiconductors have the
potential capacity for light emission in green light on account
of adjustable direct bandgap energy of InXGa1−XN (0.7–
3.5 eV). Significant progresses have been made in the
development of nitride lasers emitting green lights,11,16–26)

including edge emitting lasers (EELs)21–26) and vertical
cavity surface-emitting lasers (VCSELs).11,16–20) The latter
offers several advantages over EELs with L–I characteristics
of low lasing threshold, small beam divergence, single
longitudinal mode operation and circular beam shape.16)

Recently, great progress has been achieved in the field of
green VCSELs with InGaN active area.11,16,18–20,34) In 2008,
our group firstly realized the optical pumping of blue-green
GaN-based VCSEL after optimising the growth of InGaN/
GaN QWs.16) A lasing wavelength of 498.8 nm with a
linewidth of 0.15 nm was observed under optical pumping
at room temperature (RT). In 2016, we obtained continuous-
wave (CW) lasing of current injected InGaN quantum dot
(QD) VCSELs at 560.4 nm with a low threshold of 0.61 mA
at RT for the first time.18) In 2017, the lasing wavelength
extended from 479.6 nm (blue-green) to 565.7 nm (yellow-
green), covering most of the “green gap”.19) The same year,
we achieved current injected GaN-based VCSELs lasing
simultaneously in blue and green at RT by using a quantum
dot in quantum well (QD-in-QW) active region. Lasing was
first achieved at 545 nm with a threshold current of ∼2 μA,
and with a further increase of current, another lasing peak at
430 nm came out with a threshold current of ∼5 mA.20) In
2018, we fabricated green GaN-based VCSELs by combining
normally blue-emitting InGaN/GaN QWs with a microcavity.
Due to the cavity-resonant effect, the emission efficiency of
localized states was strongly enhanced and, under higher
injections, lasing was achieved in the nearly green (peak at
∼493 nm), which presents novel opportunities for the design
and fabrication of green VCSELs.11)

Here, we will discuss the evolution of green VCSELs
based on InGaN materials. We will primarily focus on recent
key technological developments of GaN-based VCSELs,
especially in the green region, and go in-depth on the
physical principles. This manuscript will summarize the
difficulties and challenges for fabricating high-performance
green GaN-based VCSELs. After discussion of the “green
gap” in Sect. 2, we will expatiate our experience to overcome
manufacturing and material difficulties in Sects. 3–5. In
Sect. 6, summary is given.

2. The “green gap” and possible approaches to
overcome

The “Green Gap” is used to represent the low emission efficiency
in the green spectral region, typically 500– 600 nm.35) Compared
with blue region, a higher indium content is necessary in InGaN
in order to reach green light. This leads to a large strain in InGaN
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layers when grown on GaN. As a result, large piezoelectric field
and more defects are inevitable in case of InGaN/GaN QWs. The
piezoelectric field causes band inclination, leading to the reduc-
tion of the electron–hole wavefunction overlap, and hence the
reduction of radiative recombination,36–38) which is the well
know quantum-confined Stark effect (QCSE). On the other hand,
defects will also capture carriers in the QW and reduce the
emission efficiency. These will of course limit the performance of
green emitting LDs. In the green region, because of the existence
of defects and piezoelectric field caused by lattice mismatch, the
emission efficiency of InGaN/GaN QWs decreases
significantly.39,40) And corresponding devices show strong
efficiency droop40–42) at high operating currents. This is the so-
called “green gap.” It of course will limit the performance of
green emitting LDs. One of the fundamental issues that prevents
longer wavelength LEDs is the big lattice -mismatch between
InGaN and GaN resulting in strain-induced piezoelectric fields
across InGaN/GaN quantum well structures and the crystal
quality deterioration with phase separation of InN.43)

Simultaneously, increased In content gives rise to the QCSE,
leading to reduction of the electron–hole wavefunction overlap,
and hence the rate of radiative recombination.36–38) The re-
searchers came up with various promising approaches22,44–49) to
overcome these problems, including using InGaN–GaNAs QW
structure which allows large electron–hole wavefunction overlap
by confining the hole wavefunction in the GaNAs layer of the
QW.43) Others made effects in optimizing growth conditions of
InGaN layer, such as employing triangular QWs to provide
higher electron–hole wavefunction overlap,46) additional process
of indium pre-deposition before InGaN well layer growth,47)

introducing multiple interruptions during the InGaN-QW
growth48) and two-step high-temperature QW growth with
AlGaN interlayers.49) One effective way is to grow InGaN/
GaN heterostructures along a semi- or non-polar direction to
reduce or eliminate the internal electric fields.22) The electric
fields in a-plane (non-polar facet 112̄0) and m-plane(facet 101̄0)
are vanished completely, in contrast to c-plane (polar facet 0001).
Crystal planes orientated between polar and non-polar facets are
called “semi-polar” planes, such as facet(202̄1), facet(112̄1).
Compared with green EELs grown on C-plane GaN
substrates,21,50) semi- or non-polar GaN-based green EELs

demonstrate better performance.23–26) However, growing on
free-standing semi-/non-polar GaN substrates is limited in a
typical size of 10× 10mm2 and extremely expensive. VCSELs
are particularly worthy of academic investigation combining
more unique features but more challenges. Up to now, RT pulsed
lasing at 503 nm has been reported based on c-plane InGaN/GaN
QWs. By adopting c-plane QDs, on the other hand, RT CW
lasing up to yellow/green has been achieved. Nearly green
VCSELs was also achieved by employing cavity-enhanced
radiative emission of the localized states in a blue-emitting QWs.

3. Green VCSELs based on InGaN QDs

3.1. Advantages of QDs
InGaN/GaN QW structure is subjected to QCSE, defects and
phase separation of InN, compared with GaAs materials, the
large effective mass of the carriers in the GaN-based material
system resulting in a higher transparent carrier density is
another restriction on high-performance green lasers with
InGaN QWs. In view of this, QDs instead of QWs are
promising. QDs are three-dimensionally (3D) confined
quantum structures with a δ-function-like density of states,51)

which leading to low lasing thresholds.52) The stronger carrier
localization effects in QDs s suppress lateral carrier diffusion
and nonradiative recombination by impeding carriers from
being captured by defects outside the QDs when compared to
QWs,53) in spite of the high dislocation densities in the
material.54) The formation of QDs is driven by the strain
itself, and the strain remaining in the QD can be significantly
reduced compared with the case of a two-dimensional QW
epitaxial layer.55)

Based on the above properties, lasers with QDs em-
bedded in the active layer show more prominent perfor-
mance, which surpassing QW lasers, such as the lower
threshold current,52,56) suppression of temperature
dependence,57) smaller linewidth enhancement factor58,59)

and higher material and differential gain.60) Moreover, the
dependences of energy band on QD’s size and composition
provide alternative approaches to adjust the emission
wavelength,61) indicating the potential to fabricate
VCSELs emitting in the “green gap” by employing InGaN
QDs as active region.

(a) (b)

Fig. 1. (Color online) (a) AFM image of the uncapped InGaN QDs. (b) Low temperature normalized power dependent PL spectra of a QD wafer.
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3.2. Image and emission properties of InGaN QDs
The InGaN self-assembled QD wafer used in this work was
epitaxially grown on a c-plane sapphire substrate by a
MOCVD system,62) initialized by a 30 nm thick nucleation
layer and then followed grew ordinally undoped GaN, n-type
GaN, two layers of InGaN/GaN QDs, p-type AlGaN electron
blocking layer, and p-type GaN. The GaN cap layers
employed a two-step method to protect QD from decom-
position during subsequent temperature ramping process to
grow GaN barrier layer. The indium content of the QDs is
about 27%. Detailed growth procedures are available in
Ref. 62. Figure 1(a) shows the atomic force microscope
(AFM) image of the uncapped InGaN QDs. The surface
density of InGaN QDs is about 1.5× 1010 cm−2, and the
average diameter and height measured by AFM are 70 nm
and 1 nm, respectively. Figure 1(b) shows the normalized
photoluminescence (PL) spectra of the QD wafer under
different excitation power at 5 K, excited by a 405 nm LD.
The PL emission spectrum centered at around 520 nm. With
increasing pump level, the PL spectra exhibit a slight blue
shift at the shorter wavelength side due to band-filling effect,
indicating that the QCSE in the QD wafer is very weak,
which will enhance the overlap of electron and hole wave
functions and allows higher internal quantum efficiency.
Temperature dependent PL measurement (not given here)
shows that the QD wafer used in this work has a large
localization energy of 105.9 meV, which effectively prevents
carriers’ trapping at nonradiative centres and results in a high
internal quantum efficiency of 41.1%.63)

3.3. Fabrication process and properties of QD green
VCSELs
The cross section of the fabricated GaN-based VCSEL is
schematically shown in Fig. 2(a). The active region con-
sisted of two periods of InGaN/GaN QD layers, sandwiched
between p- and n-type nitride semiconductor materials. To
form the cavity, we adopted two dielectric high reflectivity
DBR mirror, a 12.5-pair TiO2/SiO2 bottom DBR and a 11.5-
pair TiO2/SiO2 top DBR. The detailed fabrication process
can be found in our previous reports. We first deposited
SiO2 patterned current confinement aperture (10 μm in
diameter) and subsequently deposited indium tin oxide
(ITO) current spreading layer, followed by a p-side contact
around the current aperture and bottom DBR. Then a phase-
shift adjustment TiO2 layer before the formation of bottom

DBR was deposited to minimize the absorption loss of ITO
layer and increase the coupling of photons and carriers.
Subsequently, the wafer was flip chip mounted on a copper
suspending plate and then we utilized laser lift-off to
remove the sapphire substrate and inductively coupled
plasma (ICP) etching and chemical mechanical polishing
(CMP) to remove the u-GaN layer with high dislocation
density and flatted the surface. Finally, after an n-type
contact and a top DBR depositing, we completed the device
fabrication process. Photos of the fabricated single device,
as well as the VCSEL array are shown in Figs. 2(b) and
2(c), respectively.
Figures 3(a) and 3(b) show the RT CW lasing spectra and

light output-current–voltage (L–I–V ) curves of a QD
VCSEL, respectively. Single longitudinal mode lasing was
observed at 560.4 nm with a spectrometer resolution limited
FWHM of 0.16 nm, reaching to yellow-green region. The
threshold current density was approximately 0.78 kA cm−2,
corresponding to the threshold current of 0.61 mA, lower
than that of any InGaN QW VCSEL ever reported, whether
violet, blue or green. The spectral longitudinal mode spacing
between the adjacent cavity modes is about 24 nm, corre-
sponding to a cavity length of 2.6 μm. By keeping the layer
thickness above the active layer to be (2n+ 1)/4 · λ, the
active layer will be placed approximately on the antinode
position of the standing wave. It will result in less absorption
loss in the active region. On the other hand, such a thicker
cavity length can avoid the sample damage caused by ICP.
Such a long cavity leads to more than one cavity modes.
Since the gain spectrum is also broad, it becomes easier to get
resonance between the active layer and certain cavity modes.
Due to the inhomogeneity in the QD size and the fluctuation
of the In content, QD wafer exhibited a broad emission PL
spectrum. Figure 3(c) shows the lasing spectra obtained from
different VCSELs made from the same quantum dot wafer.
With different cavity lengths obtained by CMP, the lasing
wavelength extends from 479.6 to 565.7 nm, covering a
substantial part of the “green gap”.19) The lasing wavelength
of 565.7 nm was the longest ever reported for GaN-based
VCSELs. It is worth noting that this wavelength is near the
edge of the PL emission band. The gain should be not so high
there but the strong coupling between electrons and photons
can get over it. In another words, the large overlap between
the active region and the anti-nodes of the optical field of the

(a) (b)

(c)

Fig. 2. (Color online) (a) Schematic structure of the green emitting VCSEL. (b) Photo of a single device. (c) Photo of the fabricated VCSEL array.
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standing-wave pattern in the cavity can effectively decrease
the threshold gain of the VCSEL.
Low threshold RT CW lasing of current injected InGaN

QD VCSELs covering most of the green region was achieved
for the first time. This can mainly be attributed to the utilizing
of high quality InGaN QDs as active region. The QDs
showed strong carrier localization and negligible QCSE when
compared with QW structure. The low threshold lasing in the
“green gap” also benefitted from the good coupling between
the QD layers and the electric field of the optical modes. The
lasing wavelength can be controlled by adjusting the cavity
length. These results open up opportunities to design and
fabricate semiconductor green lasers with excellent perfor-
mance that may lead to wide-gamut compact displays and
projectors.

4. VCSELs based on QD-in-QW active structure

4.1. Properties of QD-in-QW structure
Using QD as the active layer material in a laser structure
shows an escalating importance to the researchers for their
latent significance in improving the device characteristics,57)

such as lowering threshold current.56) This can be explained
in terms of the QD’s δ-function-like density of state. This has
also been demonstrated in GaN-based green VCSELs as
discussed in Sect. 3. However, the coverage of QDs on the
sample surface is usually very small, and efficient carrier
capture is hampered for a single layer of QDs. Designing
multiple QD layers structure is proposed to provide sufficient
carrier injection and gain for high injection efficiency and
lasing. But too many layers may cause changes in QD shape
and size, and finally the emission characteristics.64) On the
other hand, dot-in-well (QD-in-QW) structure has been
proposed and widely used in GaAs-based light
emitters65,66) and lasers.67,68) This section presents the first
attempt at achieving dual wavelength lasing GaN VCSELs
by using the QD-in-QW design.20)

The VCSEL structure and the fabrication procedure is
similar to VCSEL reported in previous section.11) The active
region uses a QD-in-QW design, with two pairs of
In0.27Ga0.73 N (2.5 nm) QD layers embedded in In0.1Ga0.9 N
(2 nm) QWs capped by an 8 nm thick GaN layer. We
measured the SE spectra of the device without top DBR
under different currents at RT, as shown in Fig. 4. The broad
spectrum is observed owing to the inhomogeneity of the QDs
in size and alloy composition.69–71) We firstly observe a
single broad peak at 525 nm under 100 μA, coming from the

relaxation of carriers from high energy of the QW to the
lowest energy state of QDs. As the current increases, the
band filling effect in QDs63) becomes dominant, which can
explain why 525 nm emission peak is broadening at the
shorter wavelength side. With the further increase of current,
another sharp peak emitted from the QWs at 425 nm grows
rapidly and becomes much stronger, because some localized
carriers thermally escape from the QDs to QWs, and the
carrier concentration increase in QWs. At even higher
injection currents, the QDs become saturated and the
recombination of carriers has mostly taken place in the
QWs, thus the emission peak at 425 nm becomes pro-
nounced. The energy separation between the two peaks is
∼556 meV.
4.2. Emission spectra of VCSELs
The device exhibited dual wavelength lasing. Figures 5(a)
and 5(c) show the lasing spectra of M1 and M2 under RT
CW condition, respectively. The two lasing peaks is defined
as M1 at 545 nm and M2 at 430 nm, respectively. It can be
inferred from the EL spectra shown in Fig. 4 that the two
lasing modes come from the emission of QDs and QWs,
respectively. Figures 5(b) and 5(d) plots the peak emission
intensities of the two lasing modes. The transition from
spontaneous emission (SE) to stimulated emission can be
observed clearly from the nonlinearly L–I (light–current)
curve. A rapid narrowing of the linewidth with the injection
current above the threshold is observed. These nonlinear
curves are favorable evidence that stimulated emission
appears. The threshold currents were of 2 μA for M1 which
is the lowest value reported to date for GaN-based VCSELs.
But this value is not precise because the distribution of
current was not uniform when the injection current is low,
especially the density of carriers flowing through the acti-
vated QDs should be much higher than the surrounding
material. The true threshold current density may be relatively
high in QDs. Therefore, such a low threshold current cannot
reflect the true threshold current density in QD. And the
threshold current for M2 is 5 mA.
CW operation of electrically pumped GaN-based VCSELs

with simultaneous lasing in blue and green were realized by
using QD-in-QW active region. In the QD-in-QW structure,
the QDs can enhance the emission efficiency of the active
layer due to the strong quantum confinement effect or carrier
localization while the QW acts as a reservoir of carriers
resulting in a higher capturing rate of carrier. These results
open novel opportunities to design and fabricate multicolor

(a) (b) (c)

Fig. 3. (Color online) (a) Lasing spectra of the QD VCSEL emitting at 560.4 nm. (b) L–I–V curve of the QD VCSEL. (c) Lasing spectra obtained from
different VCSELs made from the same QD wafer. The lasing wavelengths are from 479.6 to 565.7 nm.
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semiconductor laser sources, such as optical disk writing and
reading, optical displays.

5. Green VCSELs based on purcell effect and
localized states in QWs

5.1. Purcell effect
Microcavity lasers can realize an extremely high efficiency
and high speed due to the volume effect and the control of
SE. And the SE rate will be enhanced in a microcavity with a
high quality factor (Q) and a small mode volume V, that a
phenomenon known as the Purcell effect.72,73) This is also
called cavity effect. Benefit from the enhanced spontaneous
emission, the carriers recombine much faster and the non-
radiative Shockley–Read processes will have less impact.
The Purcell factor (P) is controlled by the volume (V ) and
quality factor (Q) of the optical modes to which it is
coupled,74) and the P is given by:

⎜ ⎟⎛
⎝

⎞
⎠p

l
=P

n

Q

V

3

4
,

2

3

where λ and n are the wavelength in the material and
refractive index, respectively. Various microcavity devices
could potentially display the Purcell effect, such as
microdisks75,76) and VCSELs.76,77) For self-assembled
InAs/GaAs quantum boxes, GaAs-based pillar microcavities
and microdisks have large spontaneous emission factors of 5
and 15, respectively.77) In case of a silicon-vacancy center in
diamond embedded within a monolithic optical cavity,
10-fold lifetime reduction and 42-fold enhancement in
emission intensity was observed when the cavity is tuned
into resonance with the optical transition of the vacancy.77) In
this section, green VCSELs using a normally blue-emitting
QWs are demonstrated. Lasing realized at the emission edge
of the QWs is ascribed to the indium rich localization centers
with combination of the cavity effect.11)

5.2. Properties of cavity-induced green VCSELs
The cross section of the fabricated GaN-based VCSEL is
similar with Fig. 2(a), with difference in DBR and active
region. The device is featured with double dielectric DBR
structure with a 13.5-pair Ti3O5/SiO2 DBR and an 11-pair
Ti3O5/SiO2 DBR, served as bottom mirror and top mirror,

respectively. The InGaN/GaN QW active region consisted of
two periods of a 2.5 nm In0.18Ga0.82 N QW and a 6 nm GaN
barrier. The fabrication procedure was similar with that
described in Refs. 19 and, 20 with substrate transfer
technique and laser lift-off process.
Figure 6 presents the RT electroluminescence (EL) spectra

with different injection currents. The emission of cavity modes
with on-resonance wavelengths are strongly enhanced with a
resonant cavity. The cavity modes are divided into two groups
MS1and MS2. MS1 is defined as laser mode from 433 to
457 nm, while MS2 is defined as laser mode from 475 to
505 nm. The intensity of the cavity modes at the boundary of
MS1/MS2 is weak due to the smaller gain enhancement factor,
or the weak coupling between active region and the antinode
of the standing wave.78) MS1 originates from the 2D QWs,
while MS2 originates from InN-rich low-bandgap localization
centers.11) Carriers in the QW can be easily captured by the
localization centers since they can freely move in the well-
plane. At 20mA, the intensity of MS1 is equivalent to that of
MS2 as Fig. 6(a) showing. Under this current, the main mode
in MS1 (439 nm mode) is stronger than that in MS2 (493 nm
mode). Considering the low density of localized centers, it can
be easily understood that more carriers recombine in QWs.
With increasing current, localization centers in QWs capture
much more carriers. The purcell effect can help to reduce the
carrier lifetime and increase emission rate. The smaller lifetime
means a higher radiative recombination efficiency. The emis-
sion from the localization centers shows a much faster growth
rate. MS2 becomes stronger than MS1 with current increasing
as Fig. 6(b) showing. Eventually, lasing at near green range
(493 nm) was achieved when current is reaching threshold.
Figures 6(c) and 6(d) show EL spectra when current is above
threshold. The inset picture at (b) and (c) show nearfield
patterns for device. These images were taken under low-gain
settings to avoid saturating the camera. The green light is
obviously observed within the current aperture, which can be
attribute to Purcell effect. The leakage light from the circular
DBR edge, which is due to SE without the Purcell effect, is
always blue.
Figure 7 shows I–L and I–V characteristics of the VCSEL

with a 15 μm diameter current aperture under CW operation

Fig. 4. (Color online) Electroluminescent (EL) spectra of the device without top DBR.
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at 300 K. The L–I curve shows a clear kink at 32 mA,
corresponding a threshold current density of 18 kA cm−2.
The output power of the device at 50 mA was ∼178 μW. The
degree of polarization of 71% under CW operation of 1.09 Ith
is another evidence of lasing action (not given here). The
different gain enhancement factor (Γr) can explain why the
493 nm mode achieve lasing. rather than the peak of the EL
emission band (446 nm). Γr reflects the spatial overlap or
coupling between the cavity mode and the emitting center
and is given by:

∣ ( )∣

∣ ( )∣
ò

ò
G =

L E z dz

d E z dz
,r

d

a L

2

2
a

where L, da, E(z) are the cavity length, thickness of the
active region and the electric component of the optical field
standing-wave, respectively. The Γr has a crucial effect on

the lasing characteristics such as threshold current density,
which is deeply influenced by Γr. The threshold current
density increases exponentially with Γr reduction when Γr is
smaller than 1.78)

Figure 8 shows the optical field (squared electric field) of
the 446 and 493 nm cavity modes calculated by the transfer
matrix method. It is evident that 493 nm cavity mode shows a
better coupling between the active region and the antinode of
the optical field than 446 nm mode. The Γr is estimated to be
1.82 for 493 nm and 0.21 for 446 nm. Moreover, the longer
lasing wavelength also benefits from less absorption loss in
the active region.79)

The green GaN-based VCSELs using a normally blue-
emitting QWs with a microcavity were realized. The green
light originates from InN-rich lower bandgap localization
centers at the emission edge of the QW. Owing to the cavity
effect, the cavity-modes matched to localization centers are

(a) (b)

(c) (d)

Fig. 5. (Color online) M1 (a) and M2 (c) laser emission spectra at various injection currents measured at RT. (b) Intensity and linewidth of M1 with
corresponding spontaneous (SP) back ground as a function of current. (d) Intensity and linewidth of M2 as a function of current.
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strongly enhanced. With a larger gain enhancement factor
and less absorption loss in the active region, lasing at green
area is achieved. The result presents novel opportunities for
the design and fabrication of green VCSELs. From the

academic point, this method depends on the coupling
between cavity modes and localization centers. Purcell effect
plays an important role. From the application point, it allows
QW with lower In content to reach VCSEL emitting longer

(a) (b)

(c) (d)

Fig. 6. (Color online) EL spectra of the VCSEL measured at four different currents (a) 20 mA (b) 30 mA (c) 40 mA (d) 50 mA. The inset picture shows
nearfield patterns for device at (b) 20 and (c) 40 mA, respectively.

Fig. 7. (Color online) I–L and I–V characteristics of the VCSEL with a 15 μm diameter current aperture under. CW operation at 300 K.
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wavelength. However, there is still a lot of work to be done
when considering the practical applications.

6. Summary

This paper discussed approaches toward GaN-based green
VCSELs. In the commonly used QW active structure, there
are few problems causing low emission efficiency, repre-
sented by the “green gap,” such as defects, piezoelectric field,
higher transparent carrier concentration, that make the
realization of lasing difficult. However, QD active structure
is highly expected to overcome these problems. Indeed,
InGaN QD-based VCSELs have been demonstrated RT
CW lasing with very low threshold currents and wavelengths
of 479– 565 nm, coving most of the “green gap.” By
employing QD-in-QW active structure, the carrier capture
efficiency can be increased and the threshold current be
lowered further. Interestingly, dual-wavelength lasing, from
QDs in the green and QWs in the blue, has been demon-
strated. Another method to reach green lasing may be
realized by using localization states, in a traditional blue-
emitting QW with the help of a resonant cavity. The Purcell
effect of a cavity is known to increase significantly the
emission efficiency of a radiative center when resonance is
achieved. It is also expected to enhance the recombination
efficiency of the localization state in the QW, and at higher
injections, lasing is obtained with QW as a reservoir for
carrier supplier. When the emission of the localization center
is in the green region, green VCSEL becomes possible.
Based on this effect, VCSEL lasing at 493 nm has been
demonstrated and an output power of 178 μW has been
obtained.
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