5 37 &5 2 ]
2018 4E 4 A

LA 5 2 Ok P il

J. Infrared Millim. Waves

Vol. 37, No.2
April ,2018

XEHE. 1001 —9014(2018)02 -0168 -05

DOI:10. 11972/j. issn. 1001 —9014. 2018. 02. 007

High power single-higher-mode VCSEL with inverted surface relief
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Abstract: An inverted surface relief vertical-cavity surface-emitting laser (ISR-VCSEL) with annular light emitting
window has been presented and investigated. The most prominent structural feature of the device is that the stable
single-higher-order transverse mode emission is supported. The laser emits output power up to 9.8 mW at about six
times threshold current with an SMSR close to 30 dB, and it can still keep the output power of 4 mW even at as
high ambient temperature as 360 K. The measured far field power intensity shows a Gaussian-shaped beam profile

with low divergence.
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Introduction

Single mode VCSELs, as the ideal light sources for
micro positioning navigation timing, chip-scale atomic
clocks (CSACs), the higher data rate communication,
optical storage, laser printing, medical diagnosis, air-
borne Light Detection and Ranging ( LIDAR) systems,

have become a worldwide hot spot''”. In practical ap-

Received date: 2017-09-21, revised date: 2018-01-12

plication, low divergence high power single mode VC-
SELs are usually required, especially single mode opera-
tion at high temperatures. While most single mode VC-
SELs still exhibit low power ( several milliwatts ), tem-
perature sensitive ( multiple modes dominant beyond
room temperature or under large injection current) , and
large beam divergence angle ( greater than 10°) due to
small emitting areas, all these facts limit the applications
in practice. In the system of free-space optical intercon-
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nects, for example, more complicated beam collimation
and coupling is needed, which dramatically enhances the
cost of the system. In LIDAR system, it can reduce the
spatial resolution. Worse, the temperature sensitivity of
the device increases the system cost too.

In order to improve the performance of single mode
VCSELs, many innovative ideas have been developed,
such as anti-guide VCSEL'®' | photonic crystal VC-
SEL'" | long-cavity VCSEL"™ | and SR-VCSEL"' |
etc. However all these devices provide low power (less
than 7.5 mW'** ") and require rather complicated
fabrication steps'”!. Among the various methods, SR-
VCSEL is considered to be one of the most efficient
methods through partially shallow etch on the surface of a
VCSEL. Most SR-VCSELs mainly concentrate on funda-

.79, 16-19 .
mental transverse mode operation' "', leading to low

output powers, high differential series resistances, tight
fabrication tolerances and potentially reduced lifetimes
caused by high current densities, due to upper limit of a-
round 5 pwm aperture diameter'”’. Furthermore, the di-
vergence angles of output optical beams are usually rela-
tively larger'”). In contrast, an interesting method is re-
ported to select a single higher-order transverse mode by
etching a circle in the center of the emission aperture to
form high optical loss region for the fundamental
mode?. In this work, a single high-order transverse
mode ISR-VCSEL with annular light emitting window is
demonstrated, and its characteristics are investigated.

1 Device structure and principle

1.1 Device structure

Figure 1 shows the designed schematic illustration of
the proposed ISR-VCSEL with annular light emitting win-
dow. The bottom n-doped distributed Bragg reflectors
(DBRs) consist of 29 pairs of Al ,5Ga, ;s As/AlAs with
quarter-wavelength-thick layers. And then an Al (Ga,,
As spacing layer is added, followed by the active region
layers. The active region is composed of 7 nm-thick
GaAs quantum wells confined by 10 nm-thick Al ;Ga, ,
As barriers to obtain an emission near 850 nm. Like most
VCSELs, a 30 nm Al o3Ga, o, As layer used for the sub-
sequent selective lateral oxidation is placed above the ac-
tive region. And then the top p-doped DBRs comprising
of 21 pairs of Al ,;Ga, ,5As and AlAs are deposited. Fi-
nally, an Al ,5 Ga, .5 As antiphase layer with quarter-
wave-thick is built, which dramatically increases the top
DBRs loss. To attain spatially varied losses at the top
DBRs, the antiphase layer is partially dry-chemically
etched to form an annular etching region, thus the circu-
lar ISR structure serving as a transverse mode discrimina-
tor is formed.
1.2 Principle and simulation

(A) Single-mode emission

The transverse optical confinement factor r that de-
termines the modal gain is expressed as:

. Joufn‘l’z(x,y)dxdy
meﬁlpz(x,y)dxdy

where ¥ (x,y) is the electric field intensity distribution

, (1)

Fig.1 Schematic cross-section of an ISR-VCSEL with an-
nular light emitting window
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function, and a is the radius of the VCSEL mesa. The
higher-order modes are mainly distributed in the annular
region, and the fundamental mode is mainly distributed
in the central region. Due to the periodic nature of the
phase variations, when a layer of 0. 5 pairs ( quarter-
wave-thick) on top of DBRs has been added, which in-
troduce antiphase reflections, the mirror loss reaches a
maximum'” "’ Tt is worth noting that the added an-
tiphase layer will be etched to form an annular etching
region, differing from the ever reported SR-VCSELs with
central etching''® %', So the etched part of the antiphase
layer becomes low optical loss region and benefits higher-
order modes emitting. In our design, the inside and out-
side diameters of the annular light emitting area are 5 pm
and 15 wm, respectively. And a 15 pum oxide-confined
aperture is defined to get good optical and current con-
finement. Then a single higher-order transverse mode-se-
lection mechanism from an ISR-VCSEL is demonstrated.

(B) Mirror loss

In most VCSELs, the cavity propagation loss is main-
ly due to the outcoupling through the Bragg mirrors and
optical absorption in the semiconductor material. In this
paper, we concentrate on the description of the former.
Owing to the short gain region in VCSEL, highly reflective
mirrors are necessary (reflectivity R > 99% ). The trans-
fer matrix is used to calculate the mirror reflectivity of the
ISR-VCSEL structure. The reflectivity R at the resonant
wavelength of a stack with m pairs is given by ™!

2m
)
nO n2
/E = 2m : (2)
ng nl
e
nO nz
Here n, and n, refer to the refractive indexes of the
incident and substrate media respectively. n, and n, re-
present the refractive indexes of the alternate quarter
wavelength layers. With an extra half pair added, n, in
Eq. (2) is replaced by n}/n,, so the reflectivity R can
be estimated as:

O NE)
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Figure 2 shows simulated mirror reflectivity versus
the number of pairs. As can be seen, the 29 pairs of bot-
tom-DBRs have the highest reflectivity of 99.99% . The
etched part of top-DBRs (21 pairs) also has 99.8% re-
flectivity enough to meet the lasing condition (R >
99.5% ), while the unetched part of top-DBRs (21.5
pairs) has 88% reflectivity only. By partially etching,
the annular etched part forms low optical loss region and
the unetched area forms high optical loss region, sepa-
rately. The mode selection from loss mechanism is real-
ized, and lasing can be quenched locally.

29 pairs 21

pairs )
21.5 pairs

0.85 0.90
Wavelength/pum

Fig.2 Reflection spectra of bottom and top DBRs
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Fig.3 The simulated L-I characteristics of all lasing
modes of the device at room temperature
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All lasing modes of the device are simulated, as
shown in Fig. 3. The device exhibits a single higher-or-
der mode at room temperature under continuous-wave op-
eration with a maximum output power of 15.2 mW@ 50
mA , accounting for 84% of the total power. The simula-
ted result illustrates that a stable single higher-order
mode is attained by the ISR-VCSEL over the entire drive
current range. Figure 4 show the near-field (NF) inten-
sity patterns of the device at three different operating cur-
rents. A donut-shaped intensity pattern is observed at 20
mA. Fundamental mode and several other higher order
modes are absorbed, due to spatially varied losses con-
trast between etched and un-etched areas in the top
Bragg mirror by partially etching, which indicates single
higher-order mode is supported. With the current increa-
ses, other higher order modes successively appear, while

the mentioned single higher-order mode is still dominant,
which is consistent with those ever reported near-field
distributions**'. Though the device is similar to ever re-
ported ISR-VCSELs in terms of mode selection mecha-
nism, it supports single higher-order mode lasing rather
than the fundamental mode, which brings great changes
in its properties, such as output power, temperature sen-
sitivity, and divergence angle.

/=20 mA =40 mA /=50 mA

<

Fig.4 The near-field (NF) intensity patterns of the device
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2 Experimental results and analysis

Figure 5 depicts the experimental and simulated
light-current ( L-1) characteristics of the ISR-VCSEL at
RT under CW operation. The device exhibits a relatively
larger threshold current (7, ) of 5 mA due to the de-
creased mirror reflectivity and higher-order mode opera-
tion, which is larger than the typical single mode VC-
SELs, but similar to other SR-VCSELs"*"* *!. The max-
imum output power can reach as high as 9.8 mW at 29
mA. Whereas in Fig. 3, the device exhibits a threshold
current (I,) of 3.2 mA, and outputs a maximum power
of 18.2 mW at 50 mA. The differences between simula-
ted and measured output power and [, can be attributed
to defects in epitaxial growth, optical absorption, and
non-uniformity etching. The series resistance is about
100 Q. For a typical single mode VCSEL, oxide aperture
is often limited to 5 Mmm] , which leads to a few milli-
watts of power and more than 200 () resistance ™ >/, So
the higher output power and lower series resistance are
attributed to large oxide aperture and the significant large
emitting area.

12
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Fig. 5 The output power vs current of the device at
room temperature. The inset shows a micrograph of an
ISR-VCSEL with annular light emitting window
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Figure 6 shows CW measured optical spectra of the
device at room temperature. The laser exhibits single-
mode emission with a side-mode suppression ratio
(SMSR) greater than 25 dB throughout the whole current
operating range, fulfilling single-mode condition ( SMSR
= 20 dB) ! *?" 73 even at a current of 28 mA, as
the result of the strong mode discrimination introduced by
the ISR. While most single mode VCSELs show multimo-
de behavior when driven current is above two times
threshold' ™’ | the device shows very good single mode
performance. With increasing the driving current above
threshold , the current leakage and carrier effects, as well
as the increased non-radiative recombination, would re-
sult in wavelength red-shift.

8 mA
15 mA
28 mA
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Fig. 6 The measured lasing spectra at different injection
current
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Considering that a certain thermal gradient has an
effect on output power and threshold current, measured
output characteristics dependent on various temperatures
under CW operation are shown in Fig. 7. With the ambi-
ent temperature increased, the output power drops,
mainly because of the change of average refractive index
and the thermal expansion of the semiconductor layers,
resulting in the mismatch between the VCSEL cavity
mode and maximum optical gain'®'. Nevertheless, there
is still power of 4 mW even at a high ambient tempera-
ture of 360 K, whereas multimode behavior has been ob-
served at the current of 15 mA, which means that the de-
signed ISR has weak effect in selection mechanism at
temperature higher than 360 K. Further improvements to
the devices will continue to optimize the cavity design
and active regions.

Figure 8 is the measured far-field intensity profiles
at different measured currents. The enhanced single-
mode operation of the device results in a Gaussian-
shaped beam profile with no side-lobes and a high direc-
tivity. The divergence angle of single-mode VCSEL can
be approximately estimated by Eq. (4). The full-width
at half maximum (FWHM) angle is related to the dif-
fraction peaks of order m, operating wavelength A and
outer diameter D

sinf = (2m - 1)A/(2D) .4

For the case of our demonstrated ISR-VCSE, with
outer diameter of 15 pm, the calculated ideal divergence
angle is ~1.65°, which is much smaller than the meas-
ured results (3.3°). Narrow divergence angle of 7° is

=
=
o
S
(-9
=)
—

Fig. 7 Optical characteristics of the device at different
temperatures
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Fig. 8 The measured far-field intensity profiles under

different current levels
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obtained at high injected current of 28 mA, which is
much lower than the reported values of previous works on
single-mode VCSELs'®*). The excellent performance of
divergence angle is attributed to larger outer diameter
than that of typical single-mode VCSELs.

3 Conclusions

We have demonstrated a single mode ISR-VCSEL.
High power of 9.8 mW at about six times threshold cur-
rent was achieved with an SMSR close to 30 dB. And the
laser output power reaches 4 mW even at high tempera-
ture of 360 K. The far-field intensity profiles of demon-
strated device exhibit single mode performance with a
high directivity (a strongly decreased FWHM of 7° even
when the current is up to 28 mA). These results show
that the device has excellent temperature stability of both
output power and optical mode. They, furthermore, im-
ply that a stable single-higher-mode VCSEL can be a-
chieved by ISR VCSEL with annular light emitting win-
dow , especially for a wide-temperature-range single mode
VCSEL with high power and low divergence.

The ISR VCSEL structure may be used for applica-
tions requiring both narrow radiation beam width and
high output power. For instance, free-space optical inter-
connects can benefit from the structure for reasons related
to crosstalk and optical efficiency as well as in the system



172 aHh 5 =R R 37 %

of LIDAR. The structure provides a guarantee of reliabil-
ity for the spatial resolution and so on.
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