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Abstract: Vertical-cavity surface-emitting lasers that can be controlled to emit hollow laser
beam in certain LP,; mode are proposed and fabricated. A circular inverted surface relief
with precisely designed diameter and thickness is introduced through theoretical simulation.
The fabricated device shows a stable single LP,; mode operation with excellent robustness
of mode and power to temperature. Preliminary analysis attribute the excellent performance
of the device to the inverted surface relief, leading to hollow near-field spot distribution.

Index Terms: Vertical-cavity surface-emitting lasers, hollow laser beam, inverted surface
relief.

1. Introduction

Semiconducting vertical-cavity surface-emitting lasers (VCSELs) have emerged as attractive low-
cost light sources with advantageous properties, such as low power consumption, surface emission
and high modulation bandwidth [1]-[3]. Longitudinal single-mode operation is an inherent character
of VCSELs due to their extremely short cavity. By contrast, the large transverse dimensions of
VCSELs usually induce oscillation with multiple transverse modes. Based on the application re-
quirements, VCSEL operation modes are broadly classified as single fundamental transverse mode
(SM) and multiple transverse mode (MM). SM VCSELs are primarily used in atomic clocks, gesture
recognition, illumination, and display applications [4], [5]. MM VCSELs are attractive components
for optical data transmission, optical illumination, pumping and laser radars [6]-[11].

High-order transverse mode (HM) VCSELs exhibit novel characteristics, which can be used for
many important and emerging applications. VCSELs can emit localized hollow laser beam (HLB) in
some particular high-order modes. HLB is a laser beam that consists of a dark central region fully
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Fig. 1. Three-dimensional sketch of HLB VCSELs.

surrounded by regions of high intensity. The distinct properties of HLB promote its application to the
optical-trapping of particles [12], laser-driven ion acceleration [13], and the generation of terahertz
radiation [14]. Several general techniques for producing HLB are conical refraction [15], [16],
uniaxial crystal [17], interferometer [18], and photon sieve [19]. Most of these techniques require
complex and large-scale optical devices. In this letter, we demonstrate a simple VCSEL that can
provide HLB from room temperature to high temperatureby using an inverted surface relief. With
carefully designed diameter and thickness of the inverted surface relief, the device achieves stable
HLB emission in single LP,; mode. Compared to traditional techniques for producing HLB, our
results provide a monolithic HLB generation method, which greatly simplifies the system complexity.

2. Device Design and Fabrication

The epitaxial structure of the VCSEL consists of a cavity placed between n-doped bottom and
p-doped top Aly.12Gag.ssAs/Aly.9Gag.1As distributed Bragg reflector (DBR) built by 34 and 20.5
pairs, respectively. The oxide layer is realized by an 30 nm thickness Aly 9sGag.g2As layer inserted
between the active region and the p-DBR. The oxide aperture was 6 um in diameter.The lasing
wavelength of the device is designed to be 895 nm. The schematic drawing of the VCSEL structure
is shown in Fig. 1. At the out put window of the VCSEL, 2 um diameter SiO, reverse phase layer
is deposited at the center of the device to suppress the fundamental transverse mode oscillation.

To design the appropriate SiO, reverse phase layer size, mode analysis of the lasing region
with 6 um diameter was performed using COMSOL Multiphysics. A model similar to optical fiber
is adopted. The material of the core and cladding layer is Ing.1Gag.9As with refractive index of
3.7603 and Al,O3 with refractive index of 1.7578, respectively [20].The diameter of the core and
cladding layer is 6 um and 10 um diameter, respectively. The intensity of some of the lowest-order
LPmn modes that is proportional to the square of the electric field amplitude is shown in Fig. 2.
Each mode with m >1 is formed by coupling two identical angular intensity distributions rotated
with respect to each other, corresponding to two different polarization states. The LPy; mode is
the fundamental transverse mode, and its intensity is confined to the central region of the oxide
aperture with a solid round shape.The majority of the intensity of LP;; and LP2; modes is located
at the periphery of the oxide aperture with hollow round shapes.

The corresponding 1D distribution of the electric field intensities of LPyq, LP;1, and LP2; modes
is shown in Fig. 3(a). The LPy; and LP;; modes overlap at a certain degrees. To obtain a stable
single high-mode operation, the solid round SiO- reverse-phase layer is placed at the center of the
light-emitting aperture. The radius of the SiO, is 1 um, which is equal to the distance between the
center of the oxide aperture and the intersection of the LPy; and LP1; modes. The reflectivity of the
top DBR with different SiO, thicknesses of the VCSEL is calculated by the 1D plane-wave transfer
matrix method. The threshold modal gain I'g.;, can be expressed as follows [21]:

1
+RiRg

1
g = ain + Eln
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Fig. 2. Calculated distribution of the LPmn modes of the VCSEL with 6 ;xm diameter oxide aperture.The
azimuthal number is m = 0, 1, 2. The radial numberisn =1, 2.
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Fig. 3. (a) Distribution of the LPy1, LP11, and LP2;modes along the radial direction. (b) Relationship
between the threshold modal gain and SiO- thickness.

where T is the optical confinement factor, g, is the threshold material gain, «y, is the intrinsic
internal loss, Ry and Ry represent the reflectivity of the top and bottom of the DBR, respectively.
The relationship between I'gy, and the thickness of the SiO, layer is established in Fig. 3(b). A
set of periodic I'gy,, peaks are visible at SiO, thickness values equal to the odd times quarter the
optical wavelength of SiOs. A 405 nm thickness SiO, is adopted, in which the LPy;and LP;; modes
have the maximum threshold modal gain with the highest mirror loss. The lower threshold modal
gain of LPy; mode benefits from the less overlap in space between the SiO, reverse-phase layer
and the field distribution of the LP2; mode.

The epitaxial structure of the VCSEL was grown by an AIXTRON 200-4 MOCVD system. The
bottom DBR, QW, oxide layer and top DBR layers were deposited on an n-GaAs (001) substrate
in order. The VCSEL is fabricated through a standard process.The mesa is formed with inductively
coupled plasma reactive ion etching.The oxide aperture with a diameter of 6 um is formed by
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Fig. 4. (a) The measured spectrum and near field of the VCSEL at 300 K and 2 mA, the illustration
shows the zoomed details of the same spectrum. (b) Measured spectrum under different currents at
300 K and 355 K.

selectively oxidizingthe Alg.9sGag.g2As layer. Then, the SiO, layer with thickness of 405nm is
deposited by plasma-enhanced chemical vapor deposition. The solid round-shaped SiO- reverse
phase layer, electric injection window, and isolation region are defined simultaneously by a single
photolithographic process and coupled plasma reaction ion etching. The light-emitting aperture is
formed using a lift-off process step.

3. Results and Discussion

The spectrum—current characteristic of the VCSEL at different temperatures is shown in Fig. 4. The
spectral resolution is 0.02 nm. As displayed in the illustration of Fig. 4(a), the unexcited LP,; and
LP;; modes are observed, and the LP,; mode is excited perfectly at 300 K with injection current of
2 mA. The near-field ofthe LP2; mode magnified by 100-fold is shown in Fig. 4(a) as a hollow circle
with four sidelobes. This result is consistent with the modeling ones shown in Fig. 2. The emergence
of the other unexcited modes at shorter wavelengths is due to the large oxide aperture of 6 pum.
The spectra that varied with current at 300 K and 355 K are depicted in Fig. 4(b). The device can
maintain stable single high-order operation with side-mode suppression ratio (SMSR) greater than
20 dB from 2 mA to 6 mA at 300 K. As the current continues to increase, a higher mode at shorter
wavelength appears. A similar scenario does not occur when the current is 9 mA at 355 K. The
SMSR of the device rises from 12 dB at 300 K to 26 dB at 355 K when the injection current is 7 mA.

The power—current characteristics of the VCSEL at different temperatures are shown in Fig. 5.
The power values with SMSR greater than 20 dB are depicted by solid graphics. Otherwise, the
values are represented by a hollow graph. The maximum output power with SMSR greater than
20 dB drops from 3.655 mW (6.2 mA) at 300 K to 2.526 mW (8 mA) at 355 K. The threshold current
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Fig. 5. CW L-I performance of VCSEL at different temperatures.
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Fig. 6. (a) Measured near-field under different currents at 300 K. (b) Measured near-field under different
temperature with injection current of 7 mA. (c) Measured far-field under different currents at 300 K.

of the device increases from 1.06 mA at 300 K to 2.36 mA at 355 K.One important reason for the
robustness of mode and power to temperature is the hollow near-field spot distribution of the LP5;
mode located in the cooler region compared with that at the center of the active area.The escape
of the carriers at the center of the active area is more serious than those at the edge area with
temperature increasing. The lower carrier injection efficiency results in a lower gain of the modes
that light distributes at the center of the active area. The LPy; mode ultimately oscillates stably at
high temperature.

The near fields at different currents and temperatures measured using an eyepiece with a
magnification of 100x are depicted in Figs. 6(a) and (b). To prevent the saturation of the detector,
greater attenuation is used when the injection current is greater than 2 mA. A stable hollow circle
near-field spot is observed under each test condition. As shown in Fig. 6(a), low-intensity light is
observed at the center of the spot when the injection current is higher than 5mA, which originates
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from the unexcited modes. In Fig. 6(b), the decreasing intensity at the center of the spot is attributed
to the increase in SMSR at high temperature, which is consistent with the descriptions in Fig. 4.
The area of the hollow part of the measured near fields is larger than the simulation results. This
phenomenon is due to the fact the measured near fields come from the surface of the device,
whereas the simulation results come from the active region, as reported in previous reports [22].
The measured far-field spots under different injection currents at 300 K are shown in Fig. 6(c). A
hollow circular spot is always visible with increasing current, which indicates that the device can
emit stable HLB.

4. Conclusion

In conclusion, we demonstrate a VCSEL operating at stable single LP>; mode, which can emit a
localized HLB. The maximum single-mode output power of the device is 3.655 mW at 300 K and
2.526 mW at 355 K, with a power drop of only 30.8%. The SMSR of the device at current of 7 mA
increases from 12 dB at 300 K to 26 dB at 355 K. The excellent robustness of mode and power to
temperature is due to the inverted surface relief, which leads to hollow near-field spot distribution.
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