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The hole injection capability is essentially important for GaN-based vertical cavity surface emitting lasers (VCSELs) to
enhance the laser power. In this work, we propose GaN-based VCSELs with the p-AlGaN/p-GaN structure as the p-type
hole supplier to facilitate the hole injection. The p-AlGaN/p-GaN heterojunction is able to store the electric field and thus
can moderately adjust the drift velocity and the kinetic energy for holes, which can improve the thermionic emission proc-
ess for holes to travel across the p-type electron blocking layer (p-EBL). Besides, the valence band barrier height in the
p-EBL can be reduced as a result of usage of the p-AlGaN layer. Therefore, the better stimulated radiative recombination
rate and the increased laser power are obtained, thus enhancing the 3 dB frequency bandwidth. Moreover, we also inves-
tigate the impact of the p-AlGaN/p-GaN structure with various AlN compositions in the p-AlGaN layer on the hole injection
capability, the laser power, and the 3 dB frequency bandwidth.
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1. Introduction

Due to the advantages of low threshold current, single longi-
tudinal mode output, easy process for packaging, wafer level
testing, and circular output beams[1], vertical cavity surface
emitting lasers (VCSELs) have shown tremendous application
potential in data communication, retinal scanning displays,
medical laser, high density optical storage, printing and optical
scanners, etc.[2–4]. Since the first, to the best of our knowledge,
room-temperature electrically injected GaN-based VCSEL was
achieved in 2008[5], great efforts have been made to achieve bet-
ter lasing performance for GaN-based VCSELs[6–8]. However,
the development of GaN-based VCSELs still faces quite a few
challenges. One of the obstacles that hinder the lasing perfor-
mance is lateral optical mode confinement. Lateral optical mode
confinement can be realized by using the buried SiO2 layer
below indium-tin-oxide (ITO), where the design can also reduce
the internal loss[9]. However, an even easier method to achieve
the lateral mode confinement is locally varying the cavity length,
and therefore a nano-height cylindrical waveguide structure

has been reported[10]. Another obstacle that hinders the im-
provement for the laser power is low hole injection, which arises
from the current crowding effect at the aperture periphery and
the hole blocking effect by the p-AlGaN electron blocking
layer (p-EBL). For the purpose of shaping the current paths
for VCSELs, a tunnel-junction VCSEL and a VCSEL with a
p-GaN/n-GaN/p-GaN structured current spreading layer are
proposed to increase the current injection into the aper-
ture[11,12]. Besides, the AlGaN/GaN multiple-quantum-barrier
structured p-EBL and Al composition-graded p-EBL have been
reported, which can promote the hole injection efficiency by
reducing the valence band barrier height of p-EBL[13,14].
Besides shaping the current flow paths and reducing the

valence band barrier height, the hole injection efficiency can also
be effectively improved by increasing the kinetic energy of the
holes. Therefore, in this work, we propose a p-AlGaN/p-GaN
structure as the p-type hole injection layer [see Fig. 1(b)]. The
negative polarization induced sheet charges at the p-AlGaN/
p-GaN interface enhance the electric field intensity in the
p-GaN layer, which will increase the drift velocity and kinetic
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energy of the holes [see Fig. 1(b)]. Besides, the usage of the
p-AlGaN layer can also reduce the valence band barrier height
in the p-EBL [see Figs. 1(a) and 1(b)]. Therefore, the holes can
easily cross over the valence band of the p-EBL after obtaining
more kinetic energy from the p-AlGaN/p-GaN structure, which
results in the increased hole concentration within the multiple
quantum wells (MQWs). Then, the improved hole concentra-
tion will correspondingly enhance the stimulated radiative
recombination rate and then the laser power for VCSELs.
Moreover, the enhanced stimulated radiative recombination
rate indicates the reduced differential carrier lifetime, and this
helps to increase the 3 dB frequency bandwidth. Detailed analy-
sis will be discussed subsequently.

2. Device Structure

We design different GaN-based VCSELs to better explore the
impact of the p-AlGaN/p-GaN structured p-type hole injection
layer on the hole injection capability. The conventional GaN-
based VCSEL is designed for comparison, as shown in Fig. 1(a),
which is composed of a 28-pair AlN/GaN bottom distributed
Bragg reflector (DBR), a 7λ-thick cavity, and a seven-pair
SiO2=Ta2O5 top DBR. The λ is the targeted lasing wavelength
of 450 nm. The device structure between the bottom and top
DBRs consists of an n-GaN layer (880 nm) with the Si doping
concentration of 5 × 1018 cm−3, five pairs of In0.21Ga0.79N
(3 nm)/GaN (4 nm) MQWs, a p-Al0.2Ga0.8N (20 nm) p-EBL,
a p-GaN layer (240 nm), and a 20-nm-thick ITO current spread-
ing layer. Meanwhile, a 20-nm-thick SiO2 is buried below ITO
to obtain lateral optical and electrical confinement due to the
small refractive index and insulation characteristics. The radii
of the SiO2 aperture and the mesa of the VCSELs are designed
to be 4 μm and 6.5 μm, respectively. The conventional VCSEL is
called VCSEL A. The proposed VCSELs (VCSELs B1 to B3) are
identical to VCSEL A except that the 240-nm-thick p-GaN
hole injection layer is replaced by the p-AlxGa1−xN=p-GaN
(50 nm/190 nm) structure in Fig. 1(b). Considering the Mg ion-
ization rate and the Poole–Frenkel effect, the free hole concen-
tration in both the p-AlxGa1−xN and p-GaN layers is set to

8 × 1017 cm−3. The detailed AlN composition (x) in the
p-AlxGa1−xN layer for VCSELs B1 to B3 can be found in Table 1.
Holes will encounter a large valence band offset (φ1) between

the p-EBL and the p-GaN with the value of 159.10 meV for
VCSEL A [see Fig. 1(a)]. However, such valence band offset
(φ2) can be reduced by using the p-EBL=p-AlxGa1−xN structure
[see Fig. 1(b)]. The p-AlxGa1−xN=p-GaN structure enables the
storage of the electric field due to the polarization feature for this
junction, and the electric field in the p-GaN layer will increase
the hole energy, which is able to suppress the hole blocking effect
by the p-AlxGa1−xN=p-GaN interface [see Fig. 1(b)]. As a result,
a compromised effect of the descending hole concentration in
the p-AlxGa1−xN layer and the reduced valence band offset at
the p-EBL=p-AlxGa1−xN interface can decrease the hole block-
ing effect by the p-EBL. Correspondingly, the hole injection effi-
ciency into the MQWs can be enhanced for the proposed
VCSELs.
To better illustrate the aforementioned point of view, in

this work, the Photonic Integrated Circuit Simulator in 3D
(PICS3D) is used to investigate the impact of the p-AlGaN/
p-GaN structure on the GaN-based VCSELs, which contains
various equations such as Poisson’s equation, rate equation,
current continuity equation, carrier transport equation, and
complex wave equation[15]. The Auger recombination is consid-
ered by setting the Auger recombination coefficient to
1.4 × 10−43 m6·s−1[16]. Considering the non-radiative recombi-
nation occurring at defects, the Shockley–Read–Hall (SRH) life-
time is set to be 1 × 10−8 s[16]. In the meantime, we also consider
a 40% polarization level for the [0001] oriented VCSEL struc-
ture[17,18]. The band-offset ratios for the InGaN/GaN and
GaN/AlGaN heterojunctions are set to 0.70/0.30 and 0.50/
0.50, respectively, which defines the ratio of the conduction band
offset and the valence band offset[19,20]. The polarization level of
40% is assumed in our model for the GaN/AlGaN heterojunc-
tion[21,22]. The average optical loss for the p-GaN layer, the
p-EBL, the MQWs, and the n-GaN layer in our modes is set
to be 1000m−1.

3. Results and Discussion

To probe the impact of the p-AlxGa1−xN=p-GaN hole injection
layer on the hole injection capability, we firstly demonstrate the
longitudinal hole concentration profiles in theMQWs region for
VCSEL A and VCSELs B1 to B3 in Fig. 2(a). It shows that the
hole concentration for VCSELs B1 to B3 is higher than that
for VCSEL A. It is worth noting that the hole concentration
in the central aperture for VCSELs B1 to B3 is not remarkably

Fig. 1. Schematic diagrams for (a) the conventional InGaN/GaN VCSEL and
(b) the InGaN/GaN VCSEL with a p-AlGaN/p-GaN structured p-type hole injec-
tion layer, in which polarization induced sheet charges exist at the p-AlGaN/
p-GaN interface. Theφ1 andφ2 denote the barrier heights at p-EBL/p-GaN and
p-EBL/p-AlGaN interfaces, respectively.

Table 1. Different AlN Compositions of the p-AlxGa1−xN Layer for VCSELs
B1 to B3.

Devices VCSEL B1 VCSEL B2 VCSEL B3

AlN composition (x) 0.02 0.10 0.16
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increased when compared with VCSEL A, and this means that
the current spreading effect for VCSELs B1 to B3 shall be further
improved [see Fig. 2(b)]. However, this makes sense such that
GaN-based VCSELs with lateral injection current schemes are
challenged by the worse current spreading effect[23]. Once the
p-AlGaN/p-GaN structure is adopted, the vertical hole injection
is significantly promoted before the holes can be laterally spread.
However, the overall hole concentration in the active region
can be increased by generating high-order laser beams. Then,
we present the injection hole current for the three devices in
Fig. 2(c), which shows that the hole injection current is increased
greatly for VCSELs B1 to B3 when compared with VCSEL A.
Therefore, the total laser power is enhanced for VCSELs B1
to B3 in Fig. 2(d). Meanwhile, Fig. 2(d) also indicates that the
threshold current slightly decreases for VCSELs B1 to B3 due
to the improved hole injection capability. However, if we com-
pare VCSELs B1, B2, and B3, we find that the hole concentra-
tion, laser power, forward voltage, and hole injection current
increase first and then decrease as the AlN composition of
the p-AlxGa1−xN layer increases. Therefore, the variations in
the hole concentration, laser power, forward voltage, and hole
injection current for VCSELs B1, B2, and B3 are closely associ-
ated with the p-AlxGa1−xN=p-GaN structure.
As mentioned previously, the enhanced hole concentration in

the MQWs and the improved laser power are attributed to the
promoted hole injection capability, which is tentatively attrib-
uted to the electric field in the p-AlxGa1−xN=p-GaN hole injec-
tion layer. Therefore, we present the electric field profiles in the
p-AlxGa1−xN=p-GaN heterojunction for VCSELs A, B1, B2, and
B3 to further probe the impact of the p-AlxGa1−xN=p-GaN hole
injection layer on the hole transport, as shown in Fig. 3(a). We
can clearly see that the electric field intensity in the p-GaN
region for VCSEL A is smallest among the discussed VCSELs,
especially at the p-AlxGa1−xN=p-GaN interface in Fig. 3(a).
The smallest electric field intensity is attributed to the ab-
sence of negative polarization induced sheet charges at the

p-AlxGa1−xN=p-GaN interface for VCSEL A. Therefore, the
electric field in the p-GaN layer only arises from the applied
bias. Meanwhile, we find that the electric field intensity in the
p-GaN region becomes stronger with AlN composition in the
p-AlxGa1−xN layer increasing to 0.02, 0.10, and 0.16, respec-
tively. Hence, the p-AlxGa1−xN=p-GaN enables the storage of
the electric field in the p-GaN layer. However, it is worth noting
that the electric field intensity in the p-AlxGa1−xN layer is
weaker for VCSELs B1 to B3 when compared with that for
VCSEL A. Therefore, it is important to consider the compro-
mised effect of the electric fields in p-AlxGa1−xN and p-GaN
layers. By following W = e∫ L

0Efielddx (W, L, and Efield represent
the obtained total energy for the holes, the integration range, and
the electric field, respectively), we can get the energy that the
holes obtain from the p-AlGaN and p-GaN layers, where the val-
ues are−1.53 eV, −1.64 eV, −1.86 eV, and−1.76 eV for VCSELs
A, B1, B2, and B3, respectively. Hence, the optimized VCSEL B2
with the p-Al0.10Ga0.90N structure can properly increase the hole
energy to promote the hole injection. However, the comparison
among VCSELs B1, B2, and B3 shows that when the AlN com-
position in the p-AlxGa1−xN layer increases to 0.16, the electric
field intensity in the p-GaN region for VCSELs B1 and B3
becomes weaker than that for VCSEL B2. If we refer to Fig. 2(b),
we find that the forward bias for VCSEL B3 becomes smaller
than that for VCSEL B2, which is likely due to the increased
hole concentration in the p-GaN layer and enhances the electri-
cal conductivity therein for VCSEL B3[24]. To prove our point,
we then show the hole concentration profiles in the p-EBL/
the p-AlxGa1−xN heterojunction and p-GaN layer for VCSELs
A, B1, B2, and B3 in Fig. 3(b). The integrated hole concentration
levels in the p-GaN layer are calculated to be 1.12 × 1012 cm−2,
2.09 × 1012 cm−2, and 3.25 × 1012 cm−2 for VCSELs B1 to
B3, respectively. The increased hole concentration in the
p-GaN layer for VCSEL B3 may arise from the blocking effect
by the increased valence band barrier height for the
p-Al0.16Ga0.84N=p-GaN. In order to further explore the impact
of the blocking effect by the increased valence band barrier
height for the p-AlxGa1−xN=p-GaN, we then calculate the
integrated hole concentration levels in the p-AlxGa1−xN layer,
where the numbers are 3.38 × 1012 cm−2, 3.13 × 1012 cm−2,
1.89 × 1012 cm−2, and 7.95 × 1011 cm−2 for VCSELs A, B1,

Fig. 2. (a) Hole concentration profiles in the MQWs region, (b) lateral distri-
bution of hole concentration, and (c) hole injection current for VCSELs A and B1
to B3 at 20 mA. (d) Laser power and applied voltage in terms of the injection
current for VCSELs A and B1 to B3.

Fig. 3. (a) Electric field profiles in the p-AlxGa1-xN and p-GaN layers for VCSELs
A, B1, B2, and B3, (b) hole concentration profiles in the p-EBL, p-AlxGa1-xN, and
p-GaN layers for VCSELs A, B1, B2, and B3, respectively. Data are calculated at
the current of 20 mA.
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B2, and B3, respectively. Therefore, the hole concentration in
the p-AlxGa1−xN layer is slightly lower for VCSELs B1 and
B2 when compared with that for VCSEL A, although the
valence band barrier height exists at the p-AlxGa1−xN=p-GaN
interface. However, the integrated hole concentration in the
p-Al0.16Ga0.84N layer is the lowest in spite of the increased hole
energy for VCSEL B3, which is likely attributed to the larger
valence band barrier height for the p-Al0.16Ga0.84N=p-GaN
interface, such that more holes are confined in the p-GaN layer.
Therefore, there is a tradeoff between the hole acceleration effect
and the hole blocking effect for the p-AlxGa1−xN=p-GaN design.
The other advantage for the proposed device is that the

adoption of the p-AlxGa1−xN layer can produce a p-EBL=
p-AlxGa1−xN junction, and such a junction helps to reduce
the valence band barrier height when compared with the
p-EBL/p-GaN junction. Thus, the hole injection capability in
the MQWs from the p-AlxGa1−xN layer can be enhanced.
Then, we present the valence band profiles in the p-EBL/
p-GaN, p-EBL=p-Al0.02Ga0.98N, p-EBL=p-Al0.10Ga0.90N, and
p-EBL=p-Al0.16Ga0.84N regions for VCSELs A, B1, B2, and B3
in Figs. 4(a)–4(d), respectively. According to Figs. 4(a)–4(d),
we then demonstrate the valence band barrier heights of the
p-EBL/p-GaN, p-EBL=p-Al0.02Ga0.98N, p-EBL=p-Al0.10Ga0.90N,
and p-EBL=p-Al0.16Ga0.84N junctions, which are 159.10 meV,
153.10 meV, 86.20 meV, and 34.80 meV for VCSELs A, B1,
B2, and B3, respectively. Therefore, the p-EBL=p-AlxGa1−xN
junction enables a reduced hole blocking effect by the p-EBL
[see Fig. 3(a)]. However, despite the smallest valence band
barrier height of the p-EBL=p-Al0.16Ga0.84N junction for VCSEL
B3, the lowest hole concentration in the p-Al0.16Ga0.84N layer
[see Fig. 3(b)] sacrifices the hole injection into the MQW
when compared with VCSELs B1 and B2. As a result, the
compromised effect by both the hole concentration in the

p-AlxGa1−xN layer and the valence band barrier height at the
p-EBL=p-AlxGa1−xN junctions promises the largest hole con-
centration in the MQWs for VCSEL B2 among the investigated
devices.
Up to now, we have realized that using the optimized

p-AlxGa1−xN=p-GaN structure as the hole injection supplier
will be able to improve the hole injection capability and enhance
the laser power. Nevertheless, this design of multiple junctions
may increase the parasitic capacitance for VCSELs B1 to B3 and
decrease the modulation response capability. Therefore, it is
necessary to present the impact of the designed VCSELs with
the p-AlxGa1−xN=p-GaN structure on the 3 dB frequency band-
width. The calculated frequency response characteristics are
presented in Figs. 5(a) and 5(b) for VCSELs A, B1, B2, and B3
at the injection current levels of 1 mA and 20 mA, respectively.
The insets of Figs. 5(a) and 5(b) demonstrate the 3 dB frequency
bandwidth for the discussed VCSELs at the current levels of
1 mA and 20 mA, respectively. If we compare Figs. 5(a) and
5(b), we find that the 3 dB frequencies for all the discussed
VCSELs are increased as the injection current increases. To bet-
ter explain the variation trend of frequency response character-
istics with the injection current increasing, we also show the
stimulated radiative recombination rate (Rsti) in the MQWs
region for the discussed VCSELs at the current levels of 1 mA
and 20 mA in Figs. 5(c) and 5(d), respectively. We can clearly
see that the stimulated radiative recombination rate in the
MQWs region at the current of 20 mA for VCSELs A, B1, B2,
and B3 is higher than that at the current level of 1 mA, such that
all of the quantum wells can produce the stimulated recombina-
tion at the current level of 20 mA, while the three quantum wells
close to the n-GaN layer side show the absorption at the current
level of 1 mA. The increased stimulated radiative recombination
rate can reduce differential carrier lifetime, and this therefore

Fig. 4. Valence band profiles in the p-EBL and the p-AlGaN layers for (a) VCSEL
A, (b) VCSEL B1, (c) VCSEL B2, and (d) VCSEL B3. Data are calculated
at the current of 20 mA.

Fig. 5. Calculated small-signal modulation response at the current levels of
(a) 1 mA and (b) 20 mA for VCSELs A, B1, B2, and B3. Stimulated radiative recom-
bination rate (Rsti) in the MQWs at the currents of (c) 1 mA and (d) 20 mA for
VCSELs A, B1, B2, and B3. Insets of (a) and (b) show 3 dB frequency bandwidth
at the currents of 1 mA and 20 mA, respectively.

Vol. 20, No. 3 | March 2022 Chinese Optics Letters

031402-4



helps to increase the 3 dB frequency bandwidth. Therefore,
Fig. 5(b) generally shows that the most increased laser power
canmaximize the 3 dB frequency bandwidth, which is due to the
reduced differential carrier lifetime for VCSEL B2. Nevertheless,
we also find that the 3 dB frequency bandwidth is the smallest for
VCSEL B3 among the discussed VCSELs at the current of
20 mA, although the stimulated radiative recombination rate
for VCSEL B3 is increased when compared with that for
VCSELs A and B1. This is mainly because the larger parasitic
capacitance can be produced when the higher AlN composition
is utilized in the p-AlxGa1−xN for VCSEL B3.

4. Conclusion

To summarize, we have proposed and systematically analyzed
the impact of different p-AlxGa1−xN=p-GaN structures as the
hole supplier on the hole injection capability, the laser power,
and the 3 dB frequency bandwidth for GaN-based VCSELs.
By using the p-AlxGa1−xN=p-GaN heterojunction, the increased
local electric field is produced in the p-GaN layer, which is very
useful for increasing the kinetic energy and the drift velocity for
holes. Therefore, more holes can reach the p-AlxGa1−xN layer.
Meanwhile, the usage of the p-AlxGa1−xN layer reduces the
valence band barrier height in the p-EBL. As a result, the
enhanced hole injection capability and the correspondingly
increased laser power can both be achieved. However, more
attention has to be paid such that the multiple p-EBL=
p-AlxGa1−xN=p-GaN junctions may increase the parasitic
capacitance, which will sacrifice the 3 dB frequency bandwidth
in spite of the increased stimulated recombination rate.
Therefore, the AlN composition for the p-AlxGa1−xN layer
has to be carefully set so that both the increased 3 dB frequency
bandwidth and the enhanced laser power can be obtained.
We believe that the proposed VCSEL structure in this work is
very useful for making high-efficiency GaN-based VCSELs,
and the device physics reported here is very important for the
VCSEL community.
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