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Green Vertical-Cavity Surface-Emitting Lasers
Based on Combination of Blue-Emitting
Quantum Wells and Cavity-Enhanced

Recombination
Rongbin Xu, Yang Mei, Huan Xu, Lei-Ying Ying, Zhiwei Zheng , Hao Long ,

Dan Zhang, Baoping Zhang , and Jianping Liu

Abstract— We fabricated green vertical-cavity surface-
emitting lasers by employing InxGa1−xN/GaN quantum
wells (QWs) active layers. The In fraction of the QW is
0.18 and the electroluminescence emission peak is around
445 nm, dominantly in the blue. With such QWs embedded in
a microcavity, however, lasing was achieved at the emission
edge (∼493 nm), approaching to the green region. Such
phenomenon is attributed to the cavity-enhanced recombi-
nation, where the cavity effect and photon–electron interac-
tions or the gain enhancement factor play important roles.

Index Terms— Quantum well (QW) devices, semiconduc-
tor lasers, vertical-cavity surface-emitting lasers (VCSELs).

I. INTRODUCTION

TO REALIZE full-color mobile projectors, it is essential to
have laser light sources in the three primary RGB colors.

The development of a high-performance green laser is one
of the most critical issues. Presently, green lasers based on
double-frequency technologies are practically used [1], [2].
However, they are big, inefficient, and costly. Thus, semicon-
ductor lasers have attracted significant attention in recent years
owing to their small size and low cost [3]. The 2-D InGaN
quantum wells (QWs) have been widely used for the active
regions of semiconductor lasers that emit in the blue and green
regions [4]–[6]. However, it is difficult to achieve InGaN/GaN
QWs with both a high indium content and a high mater-
ial quality compared with low-In-content QWs [7]. In-rich
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InGaN/GaN QWs are usually accompanied with high density
of defects and a large polarization field [8], [9]. The defects
result in nonradiative recombination and the large polarization
field causes the quantum confinement Stark effect (QCSE)
which spatially separates the hole and electron wavefunctions.
These issues will decrease the internal quantum efficiency in
the green region, resulting in the so-called “green gap” [10].

Vertical-cavity surface-emitting lasers (VCSELs) with pla-
nar microcavity structures offer several distinct advantages,
including low-divergent output beams, high-speed modulation,
and circular beam profiles. They are also easy to fabri-
cate into 2-D arrays [11]. VCSELs are attracting growing
attention as demonstrated by the fact that apart from acad-
emic researchers [12]–[22], they have been reported also by
industrial researchers [23]–[28]. Compared with conventional
edge-emitting semiconductor lasers, VCSELs have a much
smaller volume and can be classified as microcavity light
emitters. In 2011, Nichia first realized a current-injected green
GaN-based VCSEL with five pairs of InGaN/GaN QWs as
its active region [25]. However, only pulsed operation could
be realized and the wavelength was 503 nm. The authors
attributed this to the severe QCSE in the high-In-content
QWs. Recently, we demonstrated high-performance VCSELs
emitting at wavelengths covering most of the “green gap” by
using InGaN quantum dot (QD) active regions [20], [21]. The
wavelength was extended to 565.7 nm. Moreover, due to the
broad spontaneous emission (SE) band, we obtained different
lasing wavelengths by tuning the cavity length [21]. However,
the growth of QDs is complex and difficult. The output power
of the devices is still low (∼10 μW).

When the light-emitting medium is placed inside a small
resonant cavity, the SE rate at cavity modes will be boosted,
which is known as the optical cavity effect. In a cavity,
the optical density at the cavity mode is strongly enhanced.
Owing to the cavity effect, ON-resonance optical transitions
have a much shorter lifetime compared with SEs without a
cavity. In the case of a silicon-vacancy center in diamond
embedded within a monolithic optical cavity, tenfold lifetime
reduction and 42-fold enhancement in emission intensity were
observed when the cavity is tuned into resonance with the
optical transition of the vacancy [29]. This likewise has
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been demonstrated in GaAs and InGaN QWs [30], [31]. In
InGaN/GaN QWs, the emission lifetime may become nearly
10× shorter with a cavity [31].

In this paper, we fabricated green GaN-based VCSELs by
combining normally blue-emitting InGaN/GaN QWs with a
microcavity. Due to the cavity effect, there are a few resonant
modes in the blue (peak at ∼440 nm) and nearly green (peak
at ∼493 nm). At lower currents, the blue modes are dominant
while with increasing currents, the green modes grow rapidly
and finally, reach lasing. The lasing characteristic also benefits
from the good coupling between electrons and photons at
resonant modes.

II. MATERIALS AND FABRICATION

The epitaxial structure was grown on a c-plane (0001) sap-
phire substrate via metal–organic chemical vapor deposition.
The InGaN/GaN QW active region consisted of two periods
of a 2.5-nm In0.18Ga0.82N QW and a 6-nm GaN barrier.
Moreover, a 20-nm Al0.2Ga0.8N electron blocking layer was
inserted on the top of the InGaN QWs to prevent carrier
overflow.

The fabrication process of the device was similar to that
reported in [20]–[22]. The device was fabricated using sub-
strate transfer technique and laser lift-off process. Fig. 1 shows
the schematic of the VCSEL and a surface photograph of
a device. The current injecting aperture was formed using
patterned SiO2, and a 30-nm-thick indium tin oxide (ITO)
layer was used as a current spreading layer. A 13.5-pair
Ti3O5/SiO2 bottom distributed Bragg reflectors (DBR) and
an 11-pair Ti3O5/SiO2 top DBR were used as cavity mirrors.
Cr/Au was used for both p- and n-type electrodes.

III. RESULTS AND DISCUSSION

Fig. 2 presents the room temperature (RT) electrolumi-
nescence (EL) spectra measured from a device under dif-
ferent injection currents. The cavity effect is obvious that
the gain of the active region is “channeled” into the cav-
ity modes and the ON-resonance wavelengths are strongly
enhanced. We divided the cavity modes into two groups: the
cavity modes centered at the emission peak were defined
as MS1, while the cavity modes centered at the emission
edge were defined as MS2 (highlighted by the yellow-shaded
area). Due to the cavity effect, carriers are captured mainly
by the ON-resonance wavelengths because of the shorter
lifetime of related recombination. For the cavity mode at
MS1/MS2 boundary, the EL intensity is weak because of
the less-gain enhancement factor or overlap between active
region and the standing wave [32]. Under a current of 15 mA,
the main mode in MS1 (440-nm mode) is stronger than the
main mode in MS2 (493-nm mode). When the current is
increased to 25 mA, the intensities of the main mode in
MS1 and MS2 are almost equal. When the current reaches
35 mA, the change from SE to lasing is achieved and the
emission color of the device changes from blue to green. The
linewidth of the lasing peak is about 0.55 nm, as shown in the
inset of Fig. 2(d). As the current is increased further, the lasing

Fig. 1. (a) Cross-sectional schematic of the VCSEL. (b) Optical image
of a real device.

Fig. 2. EL spectra of the VCSEL measured at four different currents.
(a) 15, (b) 25, (c) 35, and (d) 45 mA. Inset: linewidth of the laising peak
measured with a higher resolution.

modes become dominant while MS1 and the background
emission are suppressed.

For MS1, it originates from 2-D QWs. On the other hand,
MS2 originates from InN-rich low-bandgap localization cen-
ters caused by the condensation of indium in the InGaN/GaN
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Fig. 3. Integrated EL intensity of MS1 and MS2 as a function of the
injected current.

Fig. 4. (a) Enlarged EL spectra of the lasing region for different currents.
Inset: normalized intensity of EL spectra at two different injection currents
above threshold. Mode competition and peak shift were observed. Near-
field patterns for device at (b) 20 and (c) 40 mA. The images were
taken under low-gain settings to avoid saturating the camera. In the
photographs, the luminous circles from inside to outside are ITO aperture,
the interior boundary of n-type electrode, and the top DBR edge,
respectively.

QW, which are similar to zero-dimensional structures such as
QDs or color centers [33]. Generally, the carriers in the QW
can freely move in the well-plane and be easily captured by
the localization centers. The evolution of the spectra in Fig. 2
reflects the carrier capture and recombination related with two
emission bands at different injection currents. The integrated
EL intensity of MS1 and MS2 as a function of the injection
current is shown in Fig. 3. At relatively small currents, MS1 is
stronger than MS2. This can be understood when considering
the low density of localized centers. With increasing current,
much more carriers can be captured and recombine through
the localization centers. In other words, MS2 exhibits a much
faster growth rate and becomes stronger than MS1 with
increasing current injection. At even larger currents, lasing
can be achieved. Such phenomenon is attributed to the cavity-
enhanced recombination, which will be discussed in the latter
part of this paper.

Fig. 4(a) shows the evolution of the emission spectra of
the lasing modes at different driving currents. It is clearly
revealed that the intensity of the lasing peak increased dra-
matically above the threshold current. The relative intensity
of different cavity modes was found to vary with increasing

Fig. 5. (a) I–L and I–V characteristics of the VCSEL with a
15-µm-diameter current aperture under CW operation at 300 K. (b) Laser
emission intensity versus injection current in logarithmic scale. The solid
red curve represents a fit to the experimental data using a rate-equation
model. (c) Polarization characteristics of the laser emission at an injection
current of 1.09 Ith.

currents, as shown in the inset of Fig. 4(a). Above threshold,
the main mode at ∼493 nm is always dominant while the
suppression of side modes becomes pronounced at the higher
current. Compared with common microcavity light emitting
diodes, this phenomenon of mode competition is a typical
characteristic for lasers [34]. Near-field patterns of the device
at 20 and 40 mA are shown in Fig. 4(b) and (c). The green light
emitted from current aperture, and with a cavity, is strongly
enhanced when the threshold condition is reached. On the
other hand, the leakage light from the circular DBR edge,
which is due to SE without the cavity effect, is always blue.
This phenomenon demonstrates unambiguously that the green
emission originates from the cavity effect.

Fig. 5(a) shows the current–light output (I–L) and
current–voltage (I–V ) characteristics of the device under RT
continuous wave (CW) operation. To extract the threshold
current, we applied linear fits to the I–L data below and above
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Fig. 6. Calculated reflection spectrum of the microcavity and measured
EL spectrum of the device without top DBR. EL spectrum was plotted
using a logarithmic scale on the y-axis.

Fig. 7. Refractive index and the distribution of the optical field for the
446- and 493-nm cavity modes of the VCSEL.

the threshold. A threshold (Ith) was clearly observed around
a current of 32 mA, and the threshold current density was
found to be ∼18 kA/cm2. The output power of the device at
50 mA was ∼178 μW. A rate-equation model is adopted to
fit the experimental data of emission intensity versus current
in logarithmic coordinates [35]. The “S” shape of L–I curve
in logarithmic coordinate shows a standard lasing evolution
process including SE region, amplified SE (ASE) region, and
lasing region. The ASE regime is highlighted by the yellow-
shaded area. Fig. 5(c) depicts the polarization characteristics of
the VCSEL. Polarization measurements show that the degree
of polarization is 71% under CW operation of 1.09 Ith, which
is another evidence of lasing action. In addition, we fabricated
the devices with different current aperture sizes. Since the
lasing can be achieved at the same current density, the devices
with smaller aperture size have lower junction temperature
because of the lower current. This suggests that smaller
devices have a better spectral stability.

Fig. 6 shows the simulation result of reflection spectrum
and the measured EL spectrum of the device without top
DBR, which equals approximately the gain band. Moreover,
the emission spectrum is modulated by the cavity formed
between bottom DBR and the top GaN/air interface. The DBR
shows a wide stopband of about 140 nm. In our experiment,

several cavity modes satisfying the gain-cavity alignment were
observed, as shown in Fig. 2.

The lasing action benefits from the cavity-enhanced recom-
bination. The recombination of excitons localized at certain
potential minima is similar to “QDs” or some “color centers.”
However, due to the low density of such localization centers,
the green emission intensity is low when there is no cavity,
as can be seen from Fig. 6. When a cavity is applied,
however, cavity effect causes significant enhancement in the
recombination efficiency at resonant modes. For InGaN/GaN
QWs, emission lifetimes of 155, ∼100, and <25 ps (the
system limit) for wafer only, half-cavity, and full-cavity struc-
tures, respectively, have been observed previously [31]. For a
color center like silicon-vacancy in diamond, tenfold lifetime
reduction and 42-fold enhancement in emission intensity were
observed [29]. Therefore, the emission lifetime of the deep
localized luminescence centers is expected to be significantly
shortened when the emission coincides with the cavity mode.
The short lifetime indicates a high carrier capture efficiency
and can compensate the low density of emission centers,
resulting in stronger emission intensity.

Another important factor is gain enhancement factor (�r)
which reflects the spatial overlap or coupling between the
cavity mode and the emitting center and has a crucial effect
on the lasing characteristics. Fig. 7 shows the optical field
(squared electric field) of the 446- and 493-nm cavity modes
calculated by the transfer matrix method. In calculation,
the refractive indexes of Ti3O5 and SiO2 are 2.4 and 1.465,
and the thicknesses of Ti3O5 and SiO2 are 46 and 75 nm,
respectively. It can be seen that a good coupling between
the active region and the antinode of the optical field for the
493-nm cavity mode is achieved. A better overlap means a
larger gain enhancement factor, which can effectively decrease
the threshold gain of the VCSEL [36]. Compared with the
mode at 493 nm, however, the active region is overlapped
more closely with the node of the standing wave for the
446-nm mode, resulting in a small gain enhancement factor.
�r is estimated to be 1.82 for 493 nm and 0.21 for 446 nm.
The threshold current density is strongly dependent on �r

and increases exponentially with �r reduction when �r is
smaller than 1 [32]. That is the reason why the 446-nm
mode did not achieve lasing although this wavelength is near
the peak of the EL emission band. Moreover, the longer
lasing wavelength also benefits less absorption loss in the
active region [16]. All these factors contribute to the lasing
at 493 nm.

IV. CONCLUSION

In summary, we have demonstrated green GaN-based
VCSELs using a normally blue-emitting QWs with a micro-
cavity. The green light appears at the emission edge of the
QW and comes from InN-rich lower bandgap. With a cavity,
the cavity-mode matched localization centers are featured with
enhanced emission efficiency. Combining with higher capture
efficiency to injected carriers, the emission intensity shows
superlinear increase with injection current, and eventually,
lasing action is achieved. A threshold current of 32 mA
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(threshold current density ∼18 kA/cm2) and output power
of 178 μW at 50 mA were observed. Our result presents novel
opportunities for the design and fabrication of green VCSELs.
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