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Abstract: In this study, we theoretically designed and experimentally fabricated an InGaN
vertical-cavity surface-emitting laser (VCSEL) with a tunnel junction (TJ) structure. From numerical
simulation results, the optical loss of the device can be reduced by a TJ structure. Additionally, the
leakage current of the VCSEL with TJ structure was much smaller than that of the VCSEL with
an Indium-Tin-Oxide (ITO) layer. We have been demonstrated that laser output performance is
improved by using the TJ structure when compared to the typical VCSEL structure of the ITO layer.
The output power obtained at 2.1 mW was enhanced by a factor of 3.5 by the successful reduction
of threshold current density (Jg,) from 12 to 8.5 kA/cm?, and the enlarged slope efficiency was due
to less absorption in VCSEL with a TJ structure. Finally, the samples passed the high temperature
(70 °C) and high operation current (1.5 x Jy,) test for over 500 h.
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1. Introduction

The GaN-based material system features high emission efficiency with the characteristic of
direct-bandgap, whose emission wavelength can cover the overall visible light spectrum by tuning
alloy compositions [1-4]. These advantages enable these materials to have many potential applications.
On the other hand, compared to edge-emitting lasers and light-emitting diodes (LEDs), vertical-cavity
surface-emitting lasers (VCSELSs) have the superiority of low power consumption, circular beam shape,
high modulation response, and low divergence angles [5-8]. Armed with these attributes, GaN-based
VCSELs are destined to replace conventional LEDs and lasers as light sources in many applications,
including optical storage, laser printers, projectors, displays, solid-state lighting, and visible light
communications. If green and blue forms of this device are united with red-emitting GaAs VCSELs,
this could spawn incredibly small, wearable projectors for full-color displays [9-12].
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Our group demonstrated the first electrically pumped GaN-based VCSEL at 77K in 2008, it was
realized with a high quality epitaxial bottom AlGaN/GaN distributed Bragg reflector (DBR) on c-plane
sapphire, by inserting superlattice structure to release the strain. The emission wavelength was 462 nm
with a 1.4 mA threshold current and a 10 um SiO; defined current aperture [13]. In 2009, Nichia corp.
exhibited a GaN-VCSEL on GaN substrate with top/bottom dielectric DBR, they used a complicate
bonding process to avoid the use of epitaxial DBR layers [14]. However, the threshold current was
comparatively high, at 7 mA. In 2010, we further improved the performance of VCSEL on sapphire by
placing the Indium-Tin-Oxide layer (ITO) current spreading layer at the optical field node, which can
significantly reduce the loss of light [15]. In the structure, the laser has a thin Indium-Tin-Oxide layer of
30 nm as the transparent conducting layer combining with a thin heavily doped p-type InGaN contact
layer to reduce the optical loss while maintaining good current spreading capability. An AlGaN electric
blocking layer on the top of the InGaN multiple quantum well is also inserted to prevent the carrier
overflow [16]. Above the threshold current, the laser has a threshold current of 9.7 mA corresponding
to 12.4 kA /cm?. The laser emission wavelength is 412 nm with a linewidth of about 0.5 nm. The laser
has an estimated spontaneous emission coupling factor of about 5 x 1073, In general, the indium
tin oxide (ITO) has been the most commonly used material to improve lateral current spreading on
the p-side of the VCSEL device. However, the high absorption loss of ITO can lead to significantly
higher threshold currents and lower light outputs [17,18]. In this work, the numerical simulation was
performed via Crosslight software Photonic Integrated Circuit Simulator in 3D (PICS3D) on tunnel
junction (TJ) structure GaN VCSELs [19-21] as well as an ITO based VCSEL which we had used
before [16]. The experimental and modeling results demonstrate that laser output performance is
improved by using the TJ structure when compared to the typical VCSEL structure of the ITO layer.

2. Experiments

The structure of a conventional InGaN-based VCSEL, used as a reference in this study, was grown
on a c-plane sapphire substrate by a metal-organic chemical vapor deposition (MOCVD) system. The
subsequent epitaxial structure consisted of a 30 nm thick GaN nucleation layer, 25 pairs of AIN/GaN
DBRs with A/4n (n denotes the refractive index, and n for AIN is 2.1, while n for GaN is 2.4) thickness
of each layer, a 790 nm thick n-type GaN layer (n-doping =5 x 10'® cm™3), ten pairs of Ing 1GagoN
(2.5 nm)/GaN (10 nm) multi-quantum wells (MQWs), followed by a 25 nm thick p-Aly5Gag 75N
electron blocking layer (EBL) (p-doping = 3 x 10 cm~3), and a 120 nm thick p-type GaN layer
(p-doping =5 x 10'7 cm~2). The location of the MQWSs was designed at the anti-node of the standing
wave to enhance the coupling efficiency and confinement factor. The thickness of the resonant cavity
was 7A. In the fabrication process, a 200 nm thick SiNx layer was deposited by plasma-enhanced
chemical vapor deposition (PECVD) as a current-confined layer. In this way, the current injection
aperture was designed to be about 5 pm 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 (RTA). 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 TayO5/5iO; 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 AIN/GaN DBR and the ten pairs
of TapO5/Si0, DBR showed a high reflectivity over 99% at the peak wavelength at 410 nm in the n-k
measurement system. The TJ structure consisted of 30 nm p++-GaN, 40 nm n++-GaN, 100 nm n-GaN,
and 30 nm n+-GaN with a Si doping concentration of approximately 1 x 10?0 cm~3, 1.8 x 10! cm 3,
32 x 108 cm =3 or 1 x 10! em~3. Figure 1 shows the schematic diagram of the InGaN-based VCSEL
structure with ITO and TJ structure in this specific study.
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Figure 1. Schematic of GaN-based VCSEL structures with (a) ITO and (b) TJ structure.

3. Theoretical Models

To investigate the effects of using TJ structure [22-25], and to further analyze the carrier transport
and distribution within the MQW active region of the InGaN-based VCSELs, an advanced simulator
PICS3D was utilized in this specific study. The PICS3D is based on three-dimensional finite element
analysis and can deal with the optical and electrical properties of 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 VCSELSs, the carrier-transport and Poisson equations are solved
in a 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 [26].

4. Results and Discussions

Figure 2 shows the refractive index and the standing wave profiles for VCSELs with ITO and
TJ structures, respectively. The blue line is the distribution of refractive index for VCSEL while the
black line is the distribution of standing wave profile for VCSELs. We designed the location of ITO at
the node of the standing wave to reduce optical loss for ITO absorption. The absorption coefficient of
30 nm p+ GaN and 40 nm n+ GaN layer are 10?> cm~!. The absorption coefficient of 40 nm ITO layer
is 103 cm~!. Therefore, the optical loss of the VCSEL device is reduced efficiently using TJ structure.
Therefore, the intensity of the standing wave is reduced at the location of ITO as shows in Figure 2a.
On the other hand, the standing wave intensity loss is decreased at the location of TJ structure. Thus,
the optical loss of the VCSEL device is reduced efficiently by using the TJ structure.

The lateral leakage current density of VCSELs with ITO and TJ structures at 10 mA are shown
in Figure 3, respectively. The x-axis starts from the reference position (which is the center axis of the
VCSEL) and goes out along the ITO or TJ layer. We can observe that the current distribution was
nonuniform for the VCSEL device with ITO because leakage current exists in the area with a radius
of 9 um from the central axis. In contrast, the current distribution is uniform for the VCSEL device
with T] and concentrated within a radius of only 3 um from the central axis. In addition, the leakage
current of VCSEL device with TJ structure (4500 A /cm?) is less than that with ITO (70,000 A /cm?).
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Figure 2. Refractive index and standing wave profile for VCSELs with (a) ITO and (b)T] structures.
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Figure 3. Lateral leakage current density near the (a) ITO and (b) TJ structures at 10mA.

The experimental and simulative results of the output power of VCSEL devices with ITO and TJ
structures are shown in Figure 4a. The results were obtained at 300 K under continuous wave current
injection. It was apparent that experimental results and simulative results are consistent with each
other, for both ITO and TJ structures. Moreover, the threshold current density was reduced from 12
to 8.5 kA /cm? and the slope efficiency was improved when the TJ structure was utilized because of
the less optical loss within TJ structure region. Accordingly, the laser output power can be increased
from 0.6 mW to 2.1 mW (improving to 350 %) with a current of 10 mA. Curves between voltage and
current density are demonstrated in Figure 4b, and the turn-on voltage for VCSEL with TJ structure
(4.9 V) was higher than with ITO layer (4 V). The series resistance of device can be increased using TJ
structure. However, the VCSEL with a TJ structure performs better than that with ITO layer because
the former has a better power output and can reduce the threshold current density.

The VCSEL device reliability is a very important issue for many practical applications. It is
the strongly desirable feature for parallel optics applications. In the following, we observed the
performance of the high temperature operating life (HTOL) stress test (70 °C/1.5 x Jy,) of both VCSEL
devices are shown in Figure 5. It was obvious that there are 6 failure devices for VCSEL with ITO
structure while all VCSEL devices with the TJ structure worked well after 500 h. Therefore, the TJ
structure not only can greatly improve the electrical and optical properties but also can successfully
maintain the device performance. The degradation of VCSELSs with ITO structure might be attributed
to the ITO/p-GaN interface during high driving condition. Further investigations shall be performed.
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Figure 5. The HTOL (70 °C/1.5 X J,) performance of light output for VCSEL device with (a) ITO and
(b) TJ structure.

5. Conclusions

In this study, we demonstrated an InGaN VCSEL with a TJ structure experimentally and
theoretically. From simulation results, the optical loss of device can be reduced by a TJ structure.
On the actual device performance, it was not only reduced in threshold current density but also
improved the output power of the device. From the HTOL test, it passed over 500 h. The results
suggest weaker optical loss and better photoelectric properties using the TJ structure, which can be
really useful for GaN optoelectronic and other commercial applications in the coming days.
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