
IEEE PHOTONICS JOURNAL, VOL. 16, NO. 1, FEBRUARY 2024 1500606

Study of Ga-Polar and N-Polar GaN-Based Green
VCSELs by Simulation

Ya-Chao Wang , Yan-Hui Chen, Zhong-Ming Zheng , Tao Yang, Yang Mei , Lei-Ying Ying,
and Bao-Ping Zhang

Abstract—Gallium Nitride (GaN)-based vertical-cavity surface-
emitting lasers (VCSELs) in green spectral region face the diffi-
culty of the “green gap”. One of the main obstacles is the strong
polarization electric field in GaN-based materials, which leads to a
strong quantum confinement Stark effect (QCSE) and reduces the
efficiency of radiative recombination. In this study, we systemically
simulated and compared the optical and electrical performance
of GaN-based green VCSELs based on Ga-polar and N-polar
InGaN quantum wells (QWs) by using the software of PICS3D.
The results show that the light-output power of N-polar VCSEL
is greatly improved by 183% compared to Ga-polar VCSEL at an
injection current of 20 mA, while the threshold current is reduced
by 49%. The improved performance is mainly attributed to: 1) the
decreased QCSE; 2) the more efficient carrier injection, and 3) the
reduced carrier leakage in N-polar devices. The results of this study
suggest that N-polar based GaN is promising for the realization of
high-performance green VCSELs, which can provide a guidance
for the fabrication of high-power green VCSELs.

Index Terms—VCSEL, gallium nitride, N-polar, simulation.

I. INTRODUCTION

GAN-BASED VCSELs are attracting significant attention
due to their compact size, low threshold current, ability to

produce single longitudinal mode output, and their suitability for
implementation in two-dimensional array packages. These char-
acteristics make them highly promising for various applications,
including solid state lighting, displays, data communications,
and high-density optical storage [1], [2], [3], [4]. The world’s
first electrically injected GaN-based VCSEL was achieved in
2008 [5], and research on GaN-based VCSELs has made sig-
nificant progress in past decades. However, most studies mainly
focus on the blue-violet wavelengths, and for the green band with
important practical value, GaN-based VCSELs are developing
slowly. Only a few institutions have achieved GaN-based green
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VCSELs, but with much lower output power than their blue
and violet counterparts [6], [7], [8], [9]. InGaN QWs grown
along the c-axis [0001] direction are commonly used as the
active region in GaN-based VCSELs. For devices emitting in
green, more Indium needs to be incorporated into the active
region, resulting a larger lattice mismatch between InGaN and
GaN, and higher density of defects and dislocations. In addition,
due to the strong spontaneous polarization and the piezoelectric
polarization caused by lattice mismatch between InN and GaN,
the total polarization electric field in the green InGaN QWs
can be as high as 5–10 MV/cm [10]. Such a large polarization
electric field will cause strong QCSE [11]. The large QCSE not
only leads to the separation of the electron-hole wave functions,
but also reduces the quantum barrier height, which weakens the
confinement of the carriers, and makes them to escape from
the QWs more easily. As a result, the luminescence efficiency
is drastically reduced in the green wavelength region, which is
known as “green gap” [12].

Using semi-polar or non-polar GaN substrates for green light
VCSEL fabrication is also a good choice [13]. Considering
the production cost, however, growth on c-plane is preferred.
According to the different arrangement of Ga and N atoms
along the c-axis in GaN, it can be divided into Ga-polar along
the [0001] direction and N-polar along the [0001̄] direction
[14]. Hence N-polar and Ga-polar GaN materials have inter-
nally opposite polarization directions and different properties.
In 2011, Akyol et al. [15]. fabricated a N-polar GaN-based green
light emitting diode (LED) by plasma-assisted molecular beam
epitaxy (PAMBE). They observed that the N-polar structure
effectively reduced the width of the depletion layer, leading to
a lower turn-on voltage. In 2015, Feng et al. [16]. demonstrated
N-polar and Ga-polar GaN-based LEDs using metal-organic
chemical vapor deposition (MOCVD) respectively. They re-
vealed that the N-polar LED exhibited more efficient carrier
relaxation and faster carrier recombination. In 2022 Li et al.
[17]. Numerically investigated the performance of Ga-polar and
N-polar green LEDs by using APYSYS software. They found
that N-polar LED shows a significant increase in output power
and internal quantum efficiency. Importantly, N-polarity has also
been identified as favoring the growth of high In-composition
InGaN films [18], [19], [20].

It has also been reported that the point defect density at
the interface of N-polar QW structures is higher than Ga-polar
structures [21]. However, with the development of high-quality
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Fig. 1. (a) PSP and PPE of GaN and InGaN in Ga-polar; (b) applied electric
field and energy band tilt in Ga-polar; (c) PSP and PPE of GaN and InGaN in
N-polar; (d) applied electric field and energy band tilt in N-polar.

N-polar GaN epitaxy, it may be beneficial for N-polar GaN
to enhance the performance of long-wavelength GaN-based
VCSELs. Therefore, it is necessary to investigate and compare
the optoelectronic properties of Ga-polar and N-polar GaN-
based green VCSELs.

In this study, the simulation and analysis of the optical and
electrical properties of Ga-polar and N-polar GaN-based VC-
SELs in the green wavelength range were conducted by the
commercial software of Crosslight PICS3D. The results show
that N-polar GaN-based VCSELs can effectively increase the
efficiency of carrier injection into the active region, meanwhile,
reduce the carrier leakage compared to Ga-polar VCSEL. The
weakened QCSE and improved overlap of carrier wave functions
result in a higher radiation recombination rate of the InGaN
QWs. With all these improvements, the light-output power of
N-polar VCSEL is increased by 183% compared to Ga-polar
VCSEL, while the threshold current is reduced by 49%. The
advantages of N-polar GaN in green VCSELs are theoretically
illustrated, providing a guidance for the future development of
high-power green VCSELs.

II. DEVICE STRUCTURE AND SIMULATION PARAMETERS

There is a spontaneous polarization (PSP) along the c-axis
in wurtzite GaN, and the PSP is in the direction of [0001̄].
For InGaN/GaN QWs, there is also a piezoelectric polarization
(PPE) with them, and the direction is opposite in well and barrier
layers because of the different type of strain, as shown in Fig. 1(a)
and (c). The total polarized electric field is determined by the
combination of PSP and the PPE, and the direction is [0001] in
the GaN layers, and [0001̄] in the InGaN layers with high Indium
content. During device operation, the applied bias electric field
(Ebias) points from p-GaN to n-GaN, so that it is coincides

Fig. 2. (a) P-I curves for experiment (Ref. [22]) and simulation; (b) simulated
emission spectrum under 20 mA CW operation.

TABLE I
KEY MATERIAL PARAMETERS OBSERVED IN EXPERIMENT AND

USED IN SIMULATION

with the polarized electric field (Epolar) in the InGaN QWs in
Ga-polar VCSEL, as shown in Fig. 1(b). The tilt of the energy
band in the QWs is intensified due to the superimposed effect of
the two electric fields, decreasing the overlap of the electron-hole
wave functions. In contrast, the Epolar is opposite to the Ebias

in N-polar device, as shown in Fig. 1(d). The forward bias
assists the band diagram in QWs to approach flat-band condition,
reducing the QCSE and favors the radiative recombination of
electron-hole pairs [15].

To verify the accuracy of our model, we first simulate a refer-
ence device report by Kuramoto et al. [22]. Crosslight PICS3D
was used to simulate the optical and electrical properties of VC-
SELs, which contains drift-diffusion equations, Schrödinger and
Poisson’s equations, etc. The Auger recombination coefficient
was set to be 1.4 × 10−31 cm6s−1 to account for Auger re-
combination in the material, and the Shockley-Read-Hall (SRH)
lifetime is 1 × 10−8 s [23], [24]. The polarization level was set
as 40% to approximate the polarized charge at the interface [25].
The offset ratio of conduction/valence band in the MQWs was
set to be 70:30. To account for optical losses, the average optical
background loss of the n-GaN, MQWs, EBL, and p-GaN layers
in the cavity was set to 1000 m−1 [26]. Fig. 2(a) shows the
power-current (P-I) characterization of experimental VCSEL
(red dot) and simulated VCSEL (black line). The results of
the experiment and the simulation are in good agreement. The
emission wavelength of the VCSEL is 442 nm, as shows in
Fig. 2(b). The emitting aperture is 8 µm and the cavity length
is 5 λ. Table I lists the key material parameters used in both the
experiment and simulation.

In our proposed device structure, as shown in Fig. 3, we incor-
porate a dual dielectric Distributed Bragg Reflector (DBR) struc-
ture. The bottom DBR consists of 12.5 periods of SiO2/TiO2,
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Fig. 3. Ga-polar or N-polar GaN-based VCSELs device structure.

Fig. 4. (a) P-I curves and (b) emission spectrum for Ga-polar VCSEL and
N-polar VCSEL.

while the top DBR consists of 6 periods of SiO2/TiO2. To
facilitate current spreading, we utilize a 20 nm-thick Indium Tin
Oxide (ITO) layer as the current spreading layer. Additionally,
a 10 nm-thick layer of SiO2 is employed as the current confine-
ment layer. The device features an optical emission aperture,
also serving as the current confinement aperture, with a diameter
of 5 µm. The emission wavelength of the device is targeted at
502.2 nm. It is worth noting that the only difference between
the Ga-polar and N-polar GaN-based VCSELs is the crystal ori-
entation. The detailed parameters of the epi-layers and material
used in the device can be found in our previous work [27].

III. RESULTS AND DISCUSSION

Fig. 4(a) shows the P-I curves for the Ga-polar and N-polar
VCSEL. The luminescence performance of the N-polar VCSEL
is significantly improved. The output power of the N-polar
VCSEL is 1.30 mW at 20 mA, which is 183% higher than the
0.46 mW of the Ga-polar VCSEL. In addition, the threshold
current of the N-polar VCSEL is 4.1 mA, which is also much
lower than the 8.0 mA of the Ga-polar VCSEL (decreased by
∼49%). The emission wavelength of the Ga-polar and N-polar
VCSEL is 502.2 nm, as shows in Fig. 4(b).

To illustrate the reason for the improved luminescence per-
formance in N-polar VCSEL, the energy band of two structures
was analyzed. Fig. 5(a) and (b) show the energy band diagrams
of Ga-polar VCSEL and N-polar VCSEL at 1 mA (below thresh-
old), respectively. The barrier for electron injection (ΔEc1) in
Ga-polar VCSEL is 592 meV, while ΔEc1 is only 267 meV
in N-polar VCSEL, reducing by 55%. The smaller ΔEc1 is

Fig. 5. (a) Energy band diagram at 1 mA in Ga-polar VCSEL, the dashed
line is the quasi-Fermi level; (b) energy band diagram at 1 mA in N-polar
VCSEL; (c) electron concentration distribution in logarithmic coordinates; (d)
hole concentration distribution in logarithmic coordinates.

beneficial for the electron injection into the MQWs. At the
same time, the effective barrier height for EBL in the conduction
band (ΔEc2) is 212 meV in Ga-polar VCSEL. But this value is
653 meV in N-polar VCSEL, which is improved by 208%. The
increased ΔEc2 helps to suppress electron leakage from active
region into the p-GaN. The difference between ΔEc1 and ΔEc2

in the two VCSELs can be attributed to the opposite direction of
the energy band tilt in the InGaN layers. In N-polar VCSEL, the
conduction band of InGaN QW layers tilt upwarping from left to
right side. The electrons preferentially fill the lower energy level
of the conduction band, and this will induce a smaller barrier
potential for the GaN barrier layer on left side and a larger barrier
potential on right side. Therefore, the injection of electrons and
the suppression of their leakage to p-GaN can be both improved
in N-polar VCSEL. The injection efficiency of holes can also
be improved in N-polar VCSEL. Due to the direction of Epolar

in the EBL is the same as Ebias, the valence band of EBL is
tilted upwarping towards the MQWs, and the energy of the holes
is gradually decreased from p-GaN to the MQWs. Therefore,
the holes injected in N-polar VCSEL is only hindered by a
very thin barrier at the EBL/p-GaN interface. They can easily
reach the MQWs by tunneling effect at the EBL/p-GaN interface
and then drift acceleratly in the EBL with the tilted valance
band. So, in N-polar VCSEL, the hole concentration at the
EBL/p-GaN interface is less than Ga-polar VCSEL, which leads
to an increase in the difference between the valence band and
the Fermi energy level, i.e., ΔEv . The values of ΔEc1, ΔEc2

and ΔEv of the two VCSELs are shown in Table II. In addition,
the effective barrier potential for electrons from n-side towards
p-side and holes from p-side towards n-side in each QWs for
Ga-polar and N-polar VCSEL are presented in Tables III and
IV (QWs are numbered in order from the n-side to the p-side).
It can be seen that N-polar VCSEL has an increased barrier
height in each QWs for both electrons and holes compared to
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TABLE II
SIMULATED POTENTIAL BARRIER OF ELECTRONS AND HOLES FOR GA-POLAR

AND N-POLAR VCSEL

TABLE III
EFFECTIVE POTENTIAL BARRIER HEIGHT FOR ELECTRONS IN MQWS

TABLE IV
EFFECTIVE POTENTIAL BARRIER HEIGHT FOR HOLES IN MQWS

Ga-polar VCSEL, which consist with the above analysis. This
suggests that the active region of N-polar VCSEL has a stronger
carrier localization effect than Ga-polar VCSEL, which benefits
the radiative recombination and suppression of carrier leakage.
Fig. 5(c) shows the electron concentration in different layers
plotted in logarithmic coordinates at 1 mA. Due to the improved
barrier height (ΔEc2), the electron concentration of p-GaN in N-
polar VCSEL decreases from 1014 cm−3 to 107 cm−3 compared
to Ga-polar VCSEL. The electrons leakage to p-GaN is reduced
by 7 orders of magnitude. Fig. 5(d) shows the hole concentration
in logarithmic coordinates at 1 mA. The hole concentration
of n-GaN in N-polar VCSEL decreases from 1010 cm−3 to
107 cm−3 compared to Ga-polar VCSEL, benefiting from the
stronger carrier localization in the N-polar VCSEL. It is also
worth to note that the hole concentration of EBL in the N-polar
VCSEL is lower than that in Ga-polar VCSEL. It means that
the holes blocked by EBL is much smaller because of the tilted
valance band, and holes can be injected into the MQWs more
efficient.

Fig. 6(a) and (b) show the electron and hole concentration
in the MQWs at 1 mA, respectively. Compared to Ga-polar
VCSEL, the N-polar VCSEL features a higher electron con-
centration in the first QW and a higher hole concentration in
the fourth QW. This indicates that more carrier reached to the
MQWs at the same injection conditions, which means the more
efficient carrier injection in the N-polar VCSEL. The electrons-
holes wave functions in the fourth QW of Ga-polar and N-polar
VCSEL are shown in Fig. 6(c) and (d). The overlap of the wave
functions (area of yellow section divided by the total area of
curve integral) in N-polar VCSEL is 49.3%, which is higher than
the 40.2% in the Ga-polar VCSEL (improved by ∼22.6%). The

Fig. 6. (a) Electron concentration distribution in MQWs; (b) hole concentra-
tion distribution in MQWs; (c) electron-hole wave functions in Ga-polar QWs;
(d) electron-hole wave functions in N-polar QWs; (e) radiative recombination
rate at 1 mA.

larger overlap of wave functions means a higher probability of
radiative recombination. Together with the more efficient carrier
injection, the radiative recombination rate is higher in N-polar
VCSEL, as shown in Fig. 6(e).

The above effect is even more pronounced at high current
levels. Fig. 7(a) and (b) show the electron and hole concentration
in the MQWs at 20 mA, respectively. Due to the higher ΔEc2 in
N-polar VCSEL, much more electrons are confined in the MQW,
especially in the fourth QW. Fig. 7(c) and (d) show the wave
function distribution in the fourth QW in the Ga-polar VCSEL
and N-polar VCSEL at 20 mA (above threshold), respectively.
The electron-hole wave function overlap in the Ga-polar VCSEL
is 50.5%, and 66.2% in the N-polar VCSEL. Wave function
overlap is improved by ∼31.1% in N-polar VCSEL at 20 mA,
which is higher than the improvement of 22.6% at 1 mA. This
can be explained by the fact that the direction of the polarization
electric field of the MQWs in the N-polar VCSEL is opposite
to the applied bias electric field. Therefore, the QCSE decreases
as the applied bias electric field increases [21]. Note that the
overlap of electron and hole wave function is also improved a
little for the Ga-polar VCSEL under a higher bias voltage despite
of the same direction of polarization induced and applied bias
electric field, and this can be explained by the enhanced carrier
screening effect under high current. The stimulated radiative re-
combination rate at 20 mA is shown in Fig. 7(e). Compared with
the Ga-polar VCSEL, N-polar VCSEL exhibit a much higher
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Fig. 7. (a) Electron concentration distribution in MQWs; (b) hole concentra-
tion distribution in MQWs; (c) electron-hole wave functions in fourth QW of
Ga-polar VCSEL; (d) electron-hole wave functions in fourth QW of N-polar
VCSEL; (e) stimulated radiative recombination rate at 20 mA.

Fig. 8. (a) I-V curves for Ga-polar VCSEL and N-polar VCSEL, inset shows
I-V curves at small current; (b) vertical potential distribution along the marked
position for the inset schematic VCSEL.

stimulated radiative recombination rate, especially in the QWs
near the p-side. This can be attributed to the more efficient carrier
injection, smaller QCSE, better carrier localization and smaller
carrier leakage in the active region of the N-polar VCSEL.

Fig. 8(a) shows the relationship between the injection current-
voltage (I-V) curve of the Ga-polar and N-polar VCSEL. The
inset shows the IV curve under small current. Due to the reduced
carrier injection barrier, N-polar VCSEL have a lower turn-on
voltage compared to Ga-polar VCSEL (inset of Fig. 8(a)),
which is consistent with previous reports [28], [29], [30]. The
voltage increase in the N-polar VCSEL are more significant
than Ga-polar VCSEL under high current. To understand this
behavior, the distribution the consumption of the applied voltage
in the n-GaN, MQWs, EBL, and p-GaN layers at 20 mA is

plot in Fig. 8(b). Indeed, the observed larger voltage drop in the
MQWs of the N-polar VCSEL compared to the Ga-polar VCSEL
indicates a higher resistance in this region. This resistance can be
attributed to the strong carrier localization in the MQWs of the
N-polar VCSEL, especially under high injection levels [16]. The
I-V properties are expected to be improved by In composition
graded Quantum barrier (QB) [31], staggered QW [32] stepped
EBL [33] and et.al.

IV. CONCLUSION

In summary, the optical and electrical properties of Ga-polar
and N-polar GaN-based green VCSELs have been simulated and
analyzed in this work. Among them, the optical output power of
N-polar VCSEL is significantly improved by 183% compared
to Ga-polar VCSEL at an injection current of 20 mA, while
the threshold current is reduced by 49%. This optimization is
due to the fact that under N-polar, the carrier injection barrier
in the active region is lowered while the blocking barrier is
increased, which increases the number of carriers confined in
the MQWs. On the other hand, under N-polar, the polarization
electric field in the InGaN QWs is in the opposite direction
to the applied bias electric field, which reduces the degree of
energy band tilting by superposition and increases the overlap
of the wave functions, thus increasing the emission efficiency
of the device. This paper provides an in-depth analysis of the
mechanism behind the enhancement of optoelectronic properties
by N-polar. Providing a guide for the subsequent fabrication of
high-performance green VCSELs.
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