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1.  Introduction

Nitride-based materials have attracted much attention due to 
the large tunable direct band gap and their promising poten-
tials for optoelectronic devices, including high power elec-
tronic devices, light-emitting diodes (LEDs), laser diodes 
(LDs), and VCSELs. High-brightness InGaN/GaN LEDs, 
based on a double-heterostructure design, were demonstrated 
by Nakamura et al [1]; then the related ultraviolet, blue, and 
green LEDs were commercialized in the following years [2, 
3]. InGaN-based LDs were also realized under room-temper-
ature (RT) continuous-wave (CW) operation by Nakamura  
et al [4, 5]. So far, InGaN-based LDs have been widely used in 
high-density optical storage systems, laser projection displays, 

and other applications [6, 7]. In addition, much effort has 
been devoted to the development of InGaN-based VCSELs, 
since they are promising in single longitudinal mode emis-
sion, light emission in vertical direction, circular beam shape, 
low divergence angle, lower manufacturing costs, and for-
mation of two-dimensional arrays [8–12]. For InGaN-based 
VCSELs, the active region conventionally consists of InGaN 
MQWs and GaN barriers, followed by a p-doped AlGaN 
EBL, which is inevitably used to block the electrons from 
escaping to the p-layers and to maintain the crystalline quality 
of the active region during the subsequent crystal growth and 
device processing [13]. However, it has been reported that the 
large polarization field in AlGaN EBL reduces the effective 
barrier height for electrons [14]. The overflow of electrons 
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Abstract
In this study, the design and fabrication of a InGaN vertical-cavity surface-emitting 
laser (VCSEL) with a composition-graded electron blocking layer (GEBL) are revealed 
experimentally and theoretically. It has been demonstrated that laser output performance is 
improved by using a GEBL when compared to the typical VCSEL structure of a rectangular 
EBL. The output power obtained at 20 kA cm−2 is enhanced by a factor of 3.8 by the 
successful reduction of threshold current density from 12.6 to 9.2 kA  cm−2 and the enlarged 
slope efficiency. Numerical simulation results also suggest that the improved laser output 
performances are due mainly to the reduction of electron leakage current and the enhanced 
hole injection efficiency in the multiple-quantum-well (MQW) active region.
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outside the active region would recombine with the holes in 
p-layers, which is detrimental to the output performance of 
laser devices. The polarization-field induced band-bending 
and the increased potential barrier height nearby the EBL in 
the valance band also retard the injection of holes. A similar 
phenomenon has been observed in GaN-based LEDs [15, 16].

Therefore, to solve the aforementioned problems, several 
alternatives for replacing the AlGaN EBL have been explored, 
including high-bandgap InAlN, which is lattice-matched to 
GaN [17], quaternary AlInGaN [18] in InGaN-based LEDs, 
and step-graded AlGaN [19] in InGaN-based LDs. In our 
prior study, the feasibility of using GEBL with Al composition 
increasing along the [0001] direction has been shown numeri-
cally in InGaN-based LEDs. Superior LED performance, 
including high output power and low efficiency droop behav-
ior, has been confirmed evidentially [20]. To further prove the 
feasibility of using GEBL, we present in this study the design 
and fabrication of InGaN-based VCSELs with GEBL experi-
mentally. Meanwhile, theoretical explanation of the improved 
laser performance is given by using an advanced simulator [21].

2.  Experiments

The structure of a conventional InGaN-based VCSEL, used 
as a reference in this study, was prepared grown on a c-plane 
sapphire substrate by a metal-organic chemical vapor deposi-
tion (MOCVD) system. The subsequent epitaxial structure 
consisted of a 30 nm thick GaN nucleation layer, 25 pairs 
of AlN/GaN distributed Bragg reflectors (DBRs), a 880 nm 
thick n-type GaN layer (n-doping = 5 × 1018  cm–3), ten pairs of 
In0.1Ga0.9N (2.5 nm)/GaN (10 nm) MQWs, followed by a 20 
nm thick p-Al0.25Ga0.75N EBL (p-doping = 3 × 1017  cm–3), and 
a 100  nm thick p-type GaN layer (p-doping = 5 × 1017  cm–3). 
 In the fabrication process, a 200 nm thick SiNx layer was 
deposited by the plasma-enhanced chemical vapor deposition 
as a current-confined layer. In this way, the current injection 
aperture was designed to be about 10 µm in diameter. Then, 
a 40 nm thick indium-tin-oxide (ITO) layer was deposited as 
the current spreading layer and annealed at 600 °C for 10 min 
by rapid thermal annealing. Then, the p-contact and n-contact 
were deposited with Ni/Au of about 20 nm/150 nm and Ti/
Al/Ni/Au of about 20 nm/150 nm/20 nm/150 nm by the E-gun 
system, respectively. Finally, ten pairs of Ta2O5/SiO2 of the 

top dielectric DBRs were deposited by the ion-assisted E-gun 
system to complete the whole InGaN-based VCSEL devices. 
Both the 25 pairs AlN/GaN DBR and the ten pairs Ta2O5/SiO2 
DBR show a high reflectivity over 99% at the peak wavelength 
at 410 nm in the n-k measurement system. Figure 1 shows the 
schematic diagram of the InGaN-based VCSEL structure in this 
specific study. For the VCSEL with GEBL structure design, it 
is almost identical to the referenced VCSEL structure except 
that the conventional rectangular AlGaN EBL is replaced by 
GEBL directly. During the epitaxial growth, the composition in 
a ternary III-nitride semiconductor can be graded by two meth-
ods: growth temperature ramping and III/III ratio ramping [22, 
23]. Here we have adopted the Al/Ga ratio ramping because the 
higher temperature might damage the quality of InGaN MQWs. 
The growth temperature of conventional EBL and GEBL was 
kept the same as 870 °C, and the aluminum-composition profile 
of GEBL was approximately graded from 0% to 25%.

3. Theoretical models and simulation parameters

3.1. Theoretical models

To investigate the effects of using GEBL, and to further analyze 
the carrier transport and distribution within the MQW active 
region of the InGaN-based VCSELs, an advanced simulator 
(Photonic Integrated Circuit Simulator in 3D, PICS3D) is utilized 
in this specific study. The PICS3D is based on three-dimensional 
finite element analysis and can deal with the optical and electri-
cal properties of the optoelectronic devices by solving Poisson’s 
equation, current continuity equations, carrier transport equations, 
complex wave equations, and photon rate equations. The carrier-
transport model includes the drift and diffusion of electrons and 
holes in semiconductors. For VCSELs, the carrier-transport and 
Poisson equations are solved in cylindrical coordinate system. 
Built-in polarization induced by spontaneous and piezoelectric 
polarization is considered at hetero-interfaces of nitride-based 
devices. In the optical mode model, a basic scalar complex wave 
equation is solved for the lateral modes, while the effective index 
method is chosen for the calculation of the optical lateral modes 
in VCSELs. The method decouples the optical fields in both the 
vertical and the transverse directions [21].

3.2.  Simulation parameters

An important issue in any device simulation is the selection 
of proper material parameters in the physical models. In this 
study, the bandgap energies of the InxGa1–xN and AlxGa1–xN 
ternary alloys can be expressed as follows:

= + − − −−E N xE x E x x(In Ga ) (InN) (1 ) (GaN) 1.4 (1 )g x x g g1� (1)

= + − − −−E N xE x E x x(Al Ga ) (AlN) (1 ) (GaN) 0.7 (1 )g x g gx 1� (2)

where Eg(InN), Eg(AlN), and Eg(GaN) are the bandgap ener-
gies of InN, AlN, and GaN, which have values of 0.71, 6.28, 
and 3.42 eV at 300 K, respectively. The band-offset ratio, 
which is defined as the ratio between the conduction-band 
offset ΔEc and the valance-band offset ΔEv, is assumed to 
be 0.7/0.3 for both the InGaN and AlGaN material systems. 

Figure 1. Schematic diagram of the InGaN-based VCSEL structure 
in this specific study.
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The nonradiative carrier lifetime is assumed to be 50 ns for 
InGaN and 1 ns for AlGaN. We use a Mg activation energy 
of 170  meV for GaN which is assumed to increase by 3 meV 
per Al% for AlGaN. Built-in polarization induced by spon-
taneous and piezoelectric polarization is known to influence 
the performance of InGaN-based VCSELs [24]. In order to 
consider the built-in polarization within the interfaces of 
InGaN-based VCSELs, a method developed by Fiorentini et 
al is employed to estimate the built-in polarization, which is 
represented by fixed interface charges at each hetero-interface 
[25]. Although the interface charges can be calculated by this 
theoretical model, the amount of interface charges obtained 

from experimental measurement is generally varying from 
20% to 80% as compared to that obtained from theoretical 
calculation. It is mainly attributed to the partial compensation 
of the built-in polarization by both defects inside the device 
and injected charge carriers. The separation of electrons and 
holes within the QWs, which are attributable to built-in polar-
ization fields, reduces the photon emission rate and leads to 
an increased threshold current of the VCSELs. In this study, 
in order to have the best fitting to the experimental results, 
the percentage of screening effect is assumed to be 40% of 
the calculated value in simulations. Other parameters of the 
semiconductors used in the simulation are referred to in [26].

Figure 2. Cross-sectional TEM images nearby the MQW active regions of the VCSELs with (a) conventional rectangular Al0.25Ga0.75N 
EBL and (b) GEBL. The EDS curves of (c) conventional rectangular Al0.25Ga0.75N EBL and (d) GEBL.

Figure 3. Calculated energy band diagrams near the active regions of the VCSELs with (a) conventional rectangular Al0.25Ga0.75N EBL and 
(b) GEBL at a current density of 12.7 kA cm−2.
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4.  Results and discussion

The morphologies and elemental composition of the VCSELs 
with conventional rectangular EBL and GEBL examined by 
transmission electron microscopy (TEM) and energy disper-
sive spectrometer (EDS) are shown in figures 2(a)–(d). It is 
clearly found from the EDS analysis in figure 2(d) that the 
Al composition in GEBL is graded from 0% to 25% approxi-
mately. Noteworthily, we still can observe in figure 2(a) that 
there exist several abnormal dark regions at the interface 
between Al0.25Ga0.75N EBL and the last GaN barrier in the 
VCSEL structure with conventional rectangular Al0.25Ga0.75N 
EBL, which indicates that the crystalline quality of the con-
ventional rectangular Al0.25Ga0.75N EBL may not be so good 
in contrast to the GEBL, as depicted in figure 2(b).

In this specific study, the laser output performance of the 
VCSELs is simulated numerically in advance to provide a 
qualitative analysis for realizing the fundamental physics of 
the VCSELs. Figure 3 shows the energy band diagrams near 
the active regions of the VCSELs with conventional rectangu-
lar EBL and GEBL at a current density of 12.7kA cm−2. The 
gray areas in the figures indicate the locations of QWs. Severe 
band-bending occurs within the active region i.e. sloped tri-
angular barriers and wells are observed in the active region 
of the VCSELs, which indicates that the polarization-induced 
electric field separates the electrons and holes to the oppo-
site sides of the QWs, resulting in the decrease of radiative 
recombination since the overlap between the electron and hole 
wave functions is reduced. Figure 3(a) shows more clearly 
that the polarization-induced electric field, which exists at the 
interface of last-barrier/EBL, bends the band profile of the 
last barrier downward. Under this circumstance, the effective 
potential barrier height in the conduction band for confining 
electrons within the QW active region is reduced. This band-
bending will cause an accumulation of electrons and then 
leads to severe electron leakage [26]. Also, an unwilling bar-
rier arises in the valence band, which makes the holes more 
difficult to transport into the active region. The corresponding 
increase in electron leakage and the difficulty in hole injection 
are expected to have detrimental effects on the VCSELs.

As shown in figure 3(b), this obstacle can be easily elimi-
nated by grading the Al composition in AlGaN EBL, since the 

polarization charge density at the interface of the last-barrier/
EBL can be reduced. This GEBL structure is found evidently 
to provide a flatter band profile of the last GaN barrier, while 
the effective potential barrier height in the conduction band to 
confine electrons can be increased simultaneously. Moreover, 
it needs to be underscored that the abrupt barrier height, at the 
interface of the last-barrier/EBL in the valence band when using 
conventional rectangular EBL, can be reduced. Therefore, the 
hole injection efficiency can be improved effectively.

Figure 4 shows the distribution of the carrier concentra-
tion within the MQW active region of the VCSELs with con-
ventional rectangular EBL and GEBL at a current density 
of 12.7kA  cm−2. It is clearly found in figure 4(a) that more 
electrons can be confined efficiently within the MQW active 
region when the GEBL structure is utilized. Also, there are 
more electrons accumulated at the interface of last-barrier/
EBL for the VCSEL with conventional rectangular EBL 
due to severer band banding, which may also induce a more 
detrimental electron leakage current. As shown in figure 
4(b), compared to the VCSEL with conventional rectangu-
lar EBL, there are more holes distributed within the MQW 
active region when the GEBL structure is utilized. The hole 
injection efficiency is improved evidentially. As a result, the 
radiative recombination can be increased accordingly, since 

Figure 4. Distribution of (a) electron concentration and (b) hole concentration near the MQW active region of the VCSELs with 
conventional rectangular EBL and GEBL at current density of 12.7 kA cm−2.

Figure 5. Normalized electron current density flowing along the 
growth direction near the MQW active region of the VSCELs with 
conventional rectangular EBL and GEBL at a current density of 
12.7 kA cm−2.
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more carriers are accumulated within the MQW active region. 
Figure 5 shows the normalized electron current density flow-
ing along the growth direction near the MQW active region of 
the VSCELs with conventional rectangular EBL and GEBL at 
a current density of 12.7kA  cm−2. The electron leakage cur-
rent density can be suppressed attractively when the GEBL 
structure is utilized.

Laser output performances of the VCSELs, with conven-
tional rectangular EBL and GEBL obtained by experiment 
and numerical simulation, are shown in figure 6. The results 
are obtained at 300 K under CW current injection. Both the 
results obtained numerically for the VCSELs, with either con-
ventional rectangular EBL or GEBL, are in good agreement 
with those obtained from experiments. As illustrated in figures 
4 and 5, higher recombination efficiency results because more 
carriers accumulate within the MQW active region; as a result, 
the threshold current density can be reduced from 12.6 to 
9.2 kA cm−2 and the slope efficiency can be improved when 
the GEBL structure is utilized. Accordingly, the laser output 
power can be increased by a factor of 3.8 when the injection 
current density is 20 kA cm−2.

5.  Conclusion

In summary, laser output performances of the InGaN-based 
VCSELs have been successfully improved in this study. The 
results obtained experimentally show that the output power 
obtained at 20 kA cm−2 is enhanced by a factor of 3.8 by the 
successful reduction of threshold current density from 12.6 to 
9.2 kA cm−2 and the enlarged slope efficiency when the GEBL 
structure is utilized. Numerical simulation results also suggest 
that the improved laser output performances are due mainly 
to the reduction of electron leakage current and the enhanced 
hole injection efficiency in the MQW active region. This work 
suggests that better laser output performances of the InGaN-
based VCSELs can be further obtained by the polarization-
engineering in the MQW active region.
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