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ARTICLE INFO ABSTRACT

Keywords: We demonstrated a method of transverse mode selection of vertical-cavity surface-emitting lasers
VCSEL (VCSELs). A ring-shaped anti-phase SiO, layer was introduced to filter the modes whose intensity
Higher-order modes distribution overlapped with the extra layer. The effective index method considering the size of
SiO, layer

the oxide aperture was applied to decide the inner/outer radius of the ring. Conventional re-
ference device and two-round of confirmatory studies of ring-shaped SiO, VCSEL were fabricated
and characterized. In comparison with the spectra of the conventional VCSEL, the VCSELs with
ring-shaped SiO, layer emitted two stable transverse modes over the entire current range. This
method may offer a new idea to solve the device request for the few-mode optical communica-
tions in the future.

Mode control

1. Introduction

Vertical cavity surface emitting lasers (VCSELs) have numerous unique advantages, such as single longitudinal mode output,
circular beam, ease of two-dimensional array formation and high modulation bandwidth, making VCSELs a key component for
optical communications [1,2].

To cater to the requirements of increasingly information driven society and economy, the higher-capacity and faster-speed fiber-
optic communication and optical interconnects systems are extensively demanded. The capacity increase and between the continuing
growth of mobile internet application and services is supplement and promote each other, and both of them drive next generation
wireless communication network. However, we are facing difficulty of near peak transmission-capacity of air-interface spectrum
efficiency. In terms of carrier wave, the exploitable freedoms of frequency, polarization, amplitude and phase have been exhausted in
wave division multiplexing (WDM) technology [3]. Therefore, the wireless communications system capacity increase in the next
decade would be driven by the upgrades in devices, network architecture improvements as well as information and communication
technology convergence. Space-division multiplexing (SDM) including core multiplexing and mode-division multiplexing (MDM)
over few-mode fiber (FMF) is likely to become a promising technology to overcome the capacity crunch [4-7]. Already some densely
packed VCSEL arrays have been fabricated for high-speed communication [8,9]. In MDM technologies, the optical signals from VCSEL
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Fig. 1. The cross sectional view of ring-shaped SiO, VCSEL: here 1,5 represents the outer radius of SiO; ring; 1y represents the inner radius of SiO,
ring.

arrays should be combined into a bundle of single-mode fibers with different modes or separate cores by multiplexers (MUXs) [10].
Whereas some VCSEL arrays are not compact enough for coupling into FMFs without sophisticated coupling optics [11-15].
Therefore, developing a single VCSEL with controllable numbers of transverse modes simultaneously and carrying more information
is meaningful. The immature few-mode vertical cavity surface emitting laser (VCSEL) has been employed to explore new technology
to increase transmission capacity. However, there is no confirmative effective method to develop few-mode VCSEL until now.

In this paper, we proposed a stable two transverse mode emitting VCSEL with a SiO, ring-shaped mode filter layer. This method
avoids redesign of epitaxial structure and precise etching depth control of surface relief. We can obtain same functions as the
conventional surface relief by adjusting thickness of the current insulation layer and the inner/outer radius. The dielectric film was
deposited on the surface of VCSEL through the PECVD. The current injection window and the ring-shaped mode filer were si-
multaneously formed by a single exposure and etching process. The size of the oxide aperture and the ring-shaped dielectric layer was
decided by the simulation results of effective index model. A conventional reference device and a VCSEL with ring-shaped mode filter
layer were fabricated and characterized.

2. Device structure

Many efforts have been implemented to control the numbers of transverse modes of large oxide aperture VCSELs: photonic crystal
waveguides [16], wedge-shaped holey structures [17], micro-lens [18], Zn diffusion structure [19] and etched surface relief [20-22].
Here we take advantages of a non-destructive relief method allows for mode selection by depositing a dielectric anti-phase ring-shape
SiO, layer. The epitaxial structure of the 850 nm VCSEL was shown in Fig. 1. The VCSEL consisted of a Si-doped distribute Bragg
reflector (DBR) stacked up with 34 pairs of Al 12Gag ggAs/Aly oGag 1As layers. Three 7.2 nm thick GaAs strained quantum wells were
embedded in the center of one-wavelength thick Al 3Gag 7As spacer. A 30-nm-thick Alg 9gGag 02As layer was inserted on top of the p-
spacer layer and oxidized to form the current and light confinement aperture with diameter of 6 um. The p-DBR contained 20.5 pairs
of C-doped Alj 12Gag ggAs/ Alp.9Gag1As. A heavily doped p-GaAs contact layer was deposited to increase the efficiency of current
injection. The SiO, membrane was deposited by plasma enhanced chemical vapor deposition (PECVD) technology on top-surface of
VCSEL. The ring-shaped SiO,, current injection window and the out window of the light were obtained simultaneously through a
single self-aligned photoresist process.

3. Simulation

An effective index model was modeled to investigate the influence of oxide size on the transverse modes characteristics in large
oxide aperture VCSELs and to determine the size of the ring-shaped [23]. The relationship between mode-order supported by the
oxide confined VCSEL and the size of the oxide aperture was shown in Fig. 2. We can see that the fundamental mode (LPy;) can be
obtained when the diameter of oxide aperture was less than 3 um. The VCSEL supported much more transverse mode and shown a
non-linear growth with the enlarging of the diameter of oxide aperture. Therefore, few-mode can be emitted from the unprocessed
VCSEL when diameter of oxide aperture was kept 4-6 pm. In this work, the diameter of oxide aperture was determined to be 6 um, 8
modal orders could be excited from the VCSELs in normal work condition accordingly. The ring-shaped SiO- relief was introduced
into conventional VCSEL to filter extra transverse mode. The ring with outer radius of 4 um and the inner radius of 1.7 ym was
confirmed by considering to introduce a 5t/2 phase jump in the areas of SiO, covering. The region from the outer radius of the ring to
the mesa edge was covered by p-metal.

The transfer matrix method was applied to calculate the reflectivity of the p-side of the VCSEL with different thickness of SiO,
layer. In the calculation, the SiO, layer were divided into large numbers of slices, and the numbers of the matrix element of slice was
related to the variation in SiO, thickness. Simultaneously, we also calculated the mirror loss effected by the extra SiO, layer. The
calculation results were shown in Fig. 3. A maximum mirror-loss and a minimum reflectivity can be obtained when the SiO, layer
reached a thickness of 145 nm, respectively. That was caused by a 5/2 phase jump introduced by a quarter of the optical thickness
SiO; layer. Thus, the regions covered with the SiO, layer suffered from a larger mirror-loss and threshold gain, and the modes emitted
from these areas can be suppressed. The mesa center of VCSEL, encircled by the ring-shaped SiO,, suffered less mirror-loss. The
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Fig. 2. The simulation of 6 um oxide-confined VCSEL: the transverse mode order probably excites with respect to oxide aperture.
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Fig. 3. The simulation of 6 pm oxide-confined VCSEL: (red) the relationship between mirror loss and SiO, thickness; (blue) the relationship between
reflectivity and SiO, thickness.
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Fig. 4. The P-I-V characteristics in comparison between (a) the ring-shaped SiO, and (b) conventional VCSELs at room temperature.
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Fig. 5. (a—d) Spectra of the ring-shaped SiO, VCSEL at various currents: (a) I = 1 mA; (b) I = 2maA; (¢) I = 3mA; (d) I = 4 mA; (e-h) Spectra of the
conventional VCSEL at various currents: () I = 1 mA; (f) I = 24 mA; (g) I = 3mA; (h) I = 4mA.

modes emitted from center had a much smaller threshold gain to be lased in priority.

4. Results and discussion

The power-current-voltage (P-I-V) characteristics of the VCSEL with a ring-shaped SiO, layer and conventional VCSEL were
measured under the continuous-wave (CW) condition at room temperature and shown in Fig. 4. The VCSEL with a ring-shaped SiO,
has a turn-on voltage of 1.487 V, a threshold current of 0.5 mA and a maximum output power of 1.048 mW. The conventional VCSEL
shows a turn-on voltage of 1.456 V and a threshold current of 0.6 mA. Compared with the conventional VCSEL, the slope of the I-V
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Fig. 6. (a—d) spectra of the ring-shaped SiO, VCSEL at various current: (a) I = 1 mA; (b) I = 2mA; (¢c) I = 3mA; (d) I = 4mA.
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Fig. 7. Near-field pattern of the ring-shaped SiO, VCSEL. (a) I = 1 mA; (b) I = 5mA.

curve of the ring-shaped SiO, VCSEL is larger, indicating a slightly higher series resistance. The VCSEL with ring-shaped SiO, is lower
in output power than the conventional VCSEL. The ring-shaped SiO, acts as a dielectric phase structure and control the number of
emitting modes. The higher-order modes suffer a significant loss and are suppressed naturally. The suppression of higher-order modes
leads to the decrease of total output power compared with the conventional VCSEL. An earlier thermal roll-over occurs under the
same measurement condition. That can be explained by the power of those suppressed modes were transferred to self-heating, thus
decreasing the device efficiency.

A stable two modes lasing property were achieved on the device of VCSEL with a ring-shaped SiO,, layer. The spectra of the ring-
shaped SiO, VCSEL and conventional VCSEL were tested and shown in Fig. 5(a—d) and (e-h), respectively. Fig. 5(a—d) shows spectra
of the ring-shaped SiO, VCSEL at current of 1 mA, 2mA, 3 mA and 4 mA. It can be seen that the first two modes were stable emitted
along with the increase of current. The spectra intensity of them is higher than the third and fourth modes with more than 25 dB at 3
mA and 4 mA. The first fundamental mode (LPy;) and second higher-order mode (LP;;) are naturally orthogonal, and the split
between them is approximately 1 nm. Fig. 5(e-h) shows the spectra of conventional VCSEL at 1 mA, 2mA, 3mA and 4 mA. Large
numbers of modes can be observed simultaneously due to the large oxide aperture size of 6 um.

To verify the reliability and repeatability of the dielectric phase structure design, another wafer was used to repeat all of the
fabrication process of the previous VCSEL with a ring-shaped SiO,. Since we were only concerned about the transverse mode effected
by the ring-shaped SiO, layer, the high-resolution spectra (resolution=0.02nm, 0.02nm is narrow enough to distinguish the
transverse mode of the VCSEL) were measured at 1 mA, 2mA, 3mA and 4 mA, and they were shown in Fig. 6(a)-(d), respectively.
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Similarly, only two dominated modes appeared at different currents. That is in agreement with the measured results presented in
Fig. 5(a—d). The introduced ring-shaped SiO, serves as a mode discriminator for the conventional VCSEL. The spectra prove that the
ring-shaped SiO, provides mode selectivity to suppress higher order modes.

Additionally, the near-field patterns of the VCSEL with a ring-shaped SiO, at 1 mA and 5 mA were measured and shown in Fig. 7.
Only the lobe of first fundamental mode was detected in Fig. 7(a) when the current was at 1 mA, which coincided with the result of
spectrum in Fig. 5(a). Two lobes were close enough and unable to be distinguished in Fig. 7(b) when the current increased to 5 mA,
the near-field pattern always remained stable two lobes.

5. Conclusion

In summary, it is demonstrated a stable two transverse mode VCSEL with 6 um oxide aperture were achieved by use of the ring-
shaped SiO, dielectric anti-phase filter. Base the simulation, the inner and outer radius of ring-shaped SiO, was defined with 1.7 um
and 4 pm, and the thickness was set by 145 nm. Conventional reference device and two-round of confirmatory studies of ring-shaped
SiO, VCSEL were fabricated and characterized. Both of the spectra and near-field measurement of ring-shaped SiO, VCSEL displayed
the stable two modes emitting under different current. This mode discrimination method improves the modal properties of the VCSEL
without extra fabrication step compared to the conventional VCSEL and has a great potential application in few-mode VCSEL and the
corresponding few-mode optical communication.
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