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Fabrication and Characterization of Low-Threshold
Single Fundamental Mode VCSELSs
With Dielectric DBR Mirror

Pingping Qiu

Abstract—The SiO>/SiN, dielectric film stacks deposited by
inductively coupled plasma chemical vapor deposition (ICP-CVD)
are employed on the top of the oxide-confined vertical-cavity
surface-emitting lasers (VCSELSs). The reflecting mirror charac-
teristics of the dielectric films are measured with varying numbers
of pairs from 4 to 12. The prepared devices have low threshold
current of 0.3 mA, single-mode peak power of 1.4 mW at room
temperature. The thermal resistance of the device depending on
ambient temperature is estimated according to the relationship of
wavelength shift and dissipated power, allowing us to extract the
actual temperature in active region and the temperature depen-
dence of the output characteristics of the VCSEL. The beam prop-
erty of the device is characterized by the far field pattern (FFP).
Depending on the drive current, the average divergence angles
of the output beam estimated from the full-width-half-maximum
(FWHM) of the FFP varies between 20.4° and 21.2°. Further-
more, polarization-controlled single mode emission is achieved by
introducing a built-in grating into the VCSEL with orthogonal
polarization suppression ratio (OPSR) around 19 dB.

Index Terms—Semiconductor laser, vertical-cavity surface-
emitting lasers, dielectric distributed Bragg reflectors, single
fundamental mode, polarization stable device.

1. INTRODUCTION

ERTICAL-CAVITY surface-emitting lasers (VCSELs)
V are the promising optical sources for data communica-
tion, photonic integrated circuits, and sensing due to their low
power consumption, low fabrication cost, high beam quality,
and wafer-level testing [1]-[3]. Compared to the edge-emitting
lasers, the cavity length of the VCSELs is extremely short,
thus highly reflective reflectors (>99%) are required to obtain
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enough optical gain. Conventional VCSELs use epitaxially-
grown semiconductor distributed Bragg reflectors (DBRs) as the
bottom and top reflectors. Typically, it needs 25 to 40 pairs of
semiconductor DBRs due to their low refractive index contrast
[4], [5]. This leads to a high series resistance and thermal heating
especially in the p-type DBRs. Besides, it suffers scattering
from the dopants, and free-carrier absorption, which degrades
the performance of the devices. However, dielectric DBRs,
composed of dielectric film stacks e.g., a-Si/SiNy, ZnS/MgFs,
Si04/SiNy, can offer much higher index contrast and less ab-
sorption [6]-[8]. A few pairs of dielectric DBRs are enough for
VCSEL to achieve lasing. More importantly, dielectric DBRs
can be deposited after the epitaxial growth and during device
fabrication, which increases the flexibility in the device design.
For example, an index guide structure is introduced into the
device for transverse mode control before depositing dielectric
DBRs [9], [10].

There are a lot of methods for dielectric film deposition. Such
as plasmas-enhanced chemical vapor deposition (PECVD),
thermal evaporation, sputtering and inductively coupled plasma
chemical vapor deposition (ICP-CVD) [11]-[14]. Thomas
Maier et al. deposited SiO2/SiNy as top Bragg mirrors using
PECVD. But, in order to obtain dense dielectric films with
low optical losses, the sample was heated to 300°C during
deposition. After that, extra etching process was performed to
expose the pads for contacting [7]. In magnetron sputtering,
the deposition rate can be accurately controlled thus the
film thickness. C. Levallois et al. deposited a-Si/a-SiNy using
magnetron sputtering. An index contrast of 1.9 between a-Si and
a-SiN, was obtained. The reflectivity of four and a half periods
of a-Si/a-SiNy attains 99.5% at 1.55 pum [8]. Compared with
sputtering or chemical vapor deposition, thermal evaporation is
relatively gentle because material is deposited with compara-
tively low kinetic energy, and without introducing plasma in the
chamber or corrosive chemical reactions. But to obtain good
adhesion of dielectric films, tightly controlled temperature is
required [6]. The dielectric films deposited by ICP-CVD have
advantages of high density and good adhesion to substrate [14].
In particular, ICP-CVD produces high quality dielectric films
at low deposition pressures and temperatures with low damage,
which is compatible with the lift-off process of VCSELs.

In this work, we designed and experimentally demonstrated
the low-threshold single fundamental mode VCSELs with
dielectric DBR mirror. The SiO»/SiN, dielectric films
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deposited by ICP-CVD were used to replace the conventional
semiconductor DBRs. The prepared devices have low threshold
current of 0.3 mA, single-mode peak power of 1.4 mW. The
thermal behavior of the device is analyzed by estimating the
thermal resistance according to the relationship of wavelength
shift and dissipated power. And the beam property of the device
is characterized by the divergence angles of the output beam.
Based on the device, we further realized a polarization-stable
single mode VCSEL by introducing a built-in grating.

II. DEVICE DESIGN AND FABRICATION

The SiO5/SiNy dielectric films developed in this work are
deposited by using ICP-CVD. The refractive index of the SiO,
and SiNy determined by ellipsometry is 1.46 and 2.01 respec-
tively. The refractive index contrast between SiO, and SiNy
is much larger than the conventional semiconductor DBRs, so
fewer pairs of dielectric films are required to reach the high
reflectivity for lasing. Here, we fabricated SiO2/SiNy dielectric
films on quartz substrates, and measured the reflectivity. The
spectral reflectance measurement setup is shown in Fig. 1(a).The
cross-sectional scanning electron microscope (SEM) image of
the prepared SiO2/SiNy dielectric films is shown on the bottom
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(a) The spectral reflectance measurement setup and the cross-sectional SEM image of prepared SiO2/SiNx dielectric films. (b) Measured spectral reflectance

(b)

(a) The schematic structure of VCSEL with SiO2/SiNy dielectric DBRs. (b) The microscope images of the fabricated VCSELSs under wafer-level testing.

right corner of Fig. 1(a), indicating the thickness of SiO (155.2
nm) and SiNy (114.1 nm). A light source of broad spectrum is
coupled to the fiber, through a collimator, and onto the surface
of the sample with normal incidence. The reflected light then
travels back through the collimator and into the fiber, then goes
to an Optical Spectrum Analyzer (OSA). The OSA measures the
amount of reflected light at each wavelength to get the spectral
reflectance. As shown in Fig. 1(b), the measured reflectivity
attains 0.72, 0.9, 0.98 and 0.995 at 4, 7, 10 and 12 pairs of
Si05/SiNy respectively.

The schematic structure of the device is shown in
Fig. 2(a). The VCSELs epitaxial structure are grown by
metal-organic chemical vapor deposition (MOCVD) on n-
GaAs substrate. The active region consists of three undoped
Ing.0915GaAs/Alg 3GaAs quantum wells embedded in one-A
thick Al 3Gag. 7As separate confinement hetero-structure layer.
A 30-nm thick Al 9gGag g2As is grown above the active re-
gion to form oxide aperture for current and optical confine-
ment. The bottom DBRs consist of 37.5 pairs of Si-doped
Alg.1oGag ggAs/Alg 9Gag 1 As with doping level of 2.5x10'8
cm. And 4 pairs of Alg 12Gag.ss As/Alg.9Gag 1 As top DBRs are
kept for the sake of current injection and protection of the active
region [4], followed by 50-nm highly C-doped (2x 10" cm™)
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Fig. 3. The standing wave pattern and refractive index distribution of the

VCSEL with SiO2/SiNy dielectric films.

p-contact layer as well as the grating layer. In order to reduce
the free-carrier absorption and the electrical series resistance,
the first two top DBRs are C-doped at 2x10'8 cm™ for lightly
doped regions, and the last two top DBRs have averaging doping
level of 5x10'" cm™. And 20-nm grading layer with grading
profile goes from Aly 12Gag.ggAs to Alg.9gGag 1As is inserted
between Al 12Gag.gsAs and Aly 9gGag 1 As. The dielectric film
stacks are composed of 12 pairs of SiO2/SiNy. The fabrication
processes of the devices are as follows. First, circular mesa is
formed by BCls/Ar/Cl; inductively coupled plasma reaction ion
etching (ICP-RIE) down to the active region with photoresist
mask. Then Alg 9gGag.g2As layer is selectively oxidized under
400°C to form the oxide aperture for transverse optical and
current confinement. In situ near-infrared microscrope image
of the oxide aperture is presented on the top right corner of
Fig. 2(a) with aperture diameter of 3 pm for the mesa size of 48
pm. Afterwards, the ring-shaped P electrode (Ti/Au: 15/300 nm)
is patterned by magnetron sputtering. The SiO2/SiNy dielectric
films mesa, deposited by ICP-CVD at a temperature of 75°C,
is easily formed with lift-off process. At last, the N electrode
(AuGeNi/Au: 50/300 nm) is thermally evaporated. Fig. 2(b)
presents the microscope images of the fabricated VCSELSs under
wafer-level testing.

To verify the design, an optical simulation for the field en-
hancement inside the structure is presented in Fig. 3. It was
performed by using the commercial software FDTD Solutions
based on finite-difference time domain method. The layer thick-
ness and refractive index (referred to the single-effective os-
cillator model [15]) of the simulated structure are shown in
Table I. As can be seen from Fig. 3, the optical field (blue line)
is maximized across the active region positioned at an antinode
of the standing wave in the vertical resonator, the high modal
gain thus can be obtained through a resonant enhancement of
the longitudinal optical confinement. Optical field confinement
in the longitudinal direction is accomplished by the highly
reflective semiconductor DBRs positioned below and Si02/SiNy
dielectric film stacks above the active region.

III. RESULTS AND DISCUSSIONS

The Fig. 4(a) shows the measured light-current (L-I) curves
of the fabricated device in the temperature range from 5°C to
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TABLE I
LAYER THICKNESS AND REFRACTIVE INDEX OF THE SIMULATED DEVICES

Layer Thickness (nm) Refractive index
Dielectric films 153/111 1.46/2.01
4 Top DBRs 63.9/73.8 3.5/3.03
Oxide layer 30 2.99/1.65
One-A cavity 116.1/30/116.1 3.37/3.67/3.37
Bottom DBRs 63.9/73.8 3.5/3.03
Substrate 5000 3.6

45°C. The device has low threshold current of ~0.3 mA. The
maximum output power attains 1.6 mW at 5°C and reduces to 1.2
mW at 45°C. The reduction in output power is mainly due to the
increased internal losses resulted from the elevated temperature.
Fig. 4(b) plots the spectra of the same device under different
bias currents from 1 mA to 5 mA, at 25°C under continuous
wave operation. The device maintains single-mode operation
throughout all bias currents. The side-mode suppression ratio
(SMSR) exceeds 30 dB at the bias current of 5 mA. The lasing
wavelength was red-shifted from 905.78 nm (1 mA) to 910.84
nm (5 mA). A wavelength-tuning coefficient of ~1.26 nm/mA
was measured.

In VCSELSs, a temperature increase can be caused by an ambi-
ent temperature increase and, more importantly, by the internal
heating of the active region. A high temperature in internal de-
vice will degrade the output performance and lifetime [16]-[18].
The thermal behavior of the VCSELSs can be characterized by
thermal resistance. According to the relationship of emission
spectra and dissipated power, the thermal resistance Ry, can be
determined from Ry, = AT/AP giss = (AMAP g;)/(AM AT)
[18], [19]. AMAP 4 is estimated by the fundamental mode
peak emission wavelength shift rate versus the variation of the
dissipated power, where the P g;5s = IX V-P o ypus. AAMAT s esti-
mated by the fundamental mode peak emission wavelength shift
rate versus the heat-sink temperature variation. The emission
spectrum under different injection currents at ambient tempera-
ture from 5°C to 45°C is recorded using the OSA. To ensure
no thermal wavelength shift appears, the fundamental mode
peak emission wavelength without internal heating (at P g;ss
= 0 mW) is obtained by simple linear extrapolation. Fig. 5(a)
plots the fundamental mode peak emission wavelength versus
dissipated power. The rate AA/AP 4,55 increases with increasing
ambient temperature. AAMAP ;4,15 0.253+0.008, 0.256+0.006,
0.25840.007, 0.265+0.005, 0.269+0.005 nm/mW at the tem-
perature of 5°C, 15°C, 25°C, 35°C, and 45°C, respectively.
Fig. 5(b) shows the extracted peak emission wavelength shifting
with varied ambient temperature. We can easily see that the
wavelength shifts with ambient temperature linearly with a
slope of 0.062 nm/°C, as shown in Fig. 5(b). Thus, the thermal
resistance depending on the ambient temperature can be derived.
The calculated values of R;;, under different ambient temperature
are plotted in Fig. 6, which is comparable to the counterpart of
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(a) L-I curves of the device in the temperature range from 5°C to 45°C. (b) Spectra of the device taken at bias current of 1 mA, 2 mA, 3 mA, 4 mA and 5
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the GaAs-based VCSELs [18], [20]. The thermal resistances
increase with increasing ambient temperature.

According to the ambient-temperature-dependent thermal re-
sistance, the actual temperature in active region can be calculated

from Tactive = Tambient+RthXPdiss [18], [201 Flg 7(3) PlOtS
the output power curve and active region temperature of the
device versus injection current at ambient temperature of 25°C.
The active region temperature attains 116°C at the injection
current of 5 mA. Fig. 7(b) presents the colormap of the active
region temperatures versus both injection current and ambient
temperature, where we can see that the active region temperature
increases with both injection current and ambient temperature.
The active region temperature attains 135°C at the saturation
current of 4.8 mA for the ambient temperature of 45°C.

To characterize the beam property of the device, the far field
patterns (FFPs) are measured at room temperature under con-
tinuous wave operation. The measured FFP in Fig. 8(a) shows
a single lobe exhibiting Gaussian-like profile. The divergence
angles of the output beam estimated from the full-width-half-
maximum (FWHM) of the FFP are shown in Fig. 8(b) and (c).
The FFPs had a divergence angle of 21.4° and 20.3° in the x
(Fig. 8(b)) and y (Fig. 8(c)) directions respectively for the drive
current of 5 mA. The average divergence angles are between
20.4° and 21.2° depending on the drive current.



QIU et al.: FABRICATION AND CHARACTERIZATION OF LOW-THRESHOLD SINGLE 1500106

°C Active region temperature °C

i 1450 165.0

$ 40 145.0
1250 37

121 g 125.0

= 1050 = 30 105.0
£0.91 5

33 85.00 g 85.00

% 0.6 f 20 65.00
s & 65.00 &

o 2 45.00
3 g

31 & 3 B0 10 25.00

S Tambient=25 °C < :
0.0 T T T T T 25.00 5.000
0 1 2 3 4 5) 0 1 2 3 4 5
Current (mA) Current (mA)
(a) (b)

Fig. 7. (a) Power curves of the device with color coding of active region temperature at the ambient temperature of 25°C. (b) Colormap of the active region
temperatures versus both injection current and ambient temperature.

@ 5 mA 1.0 1.0 " \_ = xdirection 1.0 ,, \- -y direction

o o
o ®
nd o
o ®

. :

o
£
"

Normalized intensity
Normalized intensity

o
N
~
-
2
N
N

0.0{ 0.0{
-30 -20 10 0 10 20 30 -30 20 10 0 10 20 30
Divergence angle (Degree) Divergence angle (Degree)

() (b) (c)

Fig. 8. (a) The FFP of the device at the current 5 mA. (b) and (c) are the measured divergence angles of the device in the x and y directions respectively for the
drive current of 5 mA.

12 : 5 20 3604
saMaximum: 00 e - 6 mA k‘-
- -+ Minimum _ .= y ]
Voltage |7~ L4 300 i i e
0.99—--0PSR 7 J - 16 g SmA
- : < ~ M 2404
Z ’ s 82
~ J 4 mA
:,3’0.6- go 15 = g 180 » l
= S| & 8 1201 3mA
£ > o =
0.3 L8 604
2mA
O-WM
0 L4 T T T T
0 908 910 912 914 916 918
Current (mA) Wavelength (nm)
(@) (b)

Fig.9. (a) Polarization-resolved operation characteristics of the VCSEL with built-in gratings. The inset shows the cross-sectional SEM image of the device. (b)
Spectra of the device taken at bias current of 2 mA, 3 mA, 4 mA, 5 mA and 6 mA respectively at the temperature of 25°C.



1500106

Single-mode VCSELs have been widely employed in data
center research [21], [22]. However, for many applications, the
VCSELs are required not only to be single-mode, but also to be
polarization-stable for high system performance [23], [24]. Un-
fortunately, VCSELSs inherently have an unstable and hardly pre-
dictable polarization due to cylindrical symmetry and isotropic
gain. This increases the relative intensity noise of VCSELs and
limits their use in polarization-sensitive applications [23], [24].
Typical methods used to control the polarization of VCSELs
include introducing a polarization-dependent gain by an oriented
substrate [25], an asymmetric resonator [26], or introducing
polarization-dependent mirror loss by surface grating [27], [28].
As for the dielectric DBRs VCSEL, the surface grating is diffi-
cult to prepare due to the poor conductivity of dielectric films.
Here we introduce built-in gratings into the device to control the
polarization state. The gratings with period of 300 nm, duty cycle
of 0.6, and an etch depth of 50 nm, are fabricated by focused
ion beam before depositing dielectric films. Mass-production
can be written using e-beam lithography and etched using
ICP-RIE. Fig. 9(a) presents the polarization-resolved operation
characteristics of the VCSEL with built-in gratings, where we
can see that the device exhibits a strong polarization control.
This can be attributed to the polarization-dependent mirror loss
introduced by the built-in gratings. The magnitude of the OPSR
defined by 10log(P,aa/Pmin) is around 19 dB. The optical
powers P, ., and P,,;, are measured behind a polarizer, whose
transmission direction is oriented orthogonal and parallel to the
grating strips, respectively. The inset in Fig. 9(a) shows the
cross-sectional SEM image of the device, indicating the built-in
gratings. Fig. 9(b) plots the spectra of the device under different
bias currents from 2 mA to 6 mA, at 25°C under continuous
wave operation. The device maintains single-mode operation
throughout all bias currents with SMSR exceeds 40 dB.

IV. CONCLUSION

In summary, we prepared SiO5/SiNy dielectric films as DBR
mirror. With such highly reflective dielectric film stacks, we
developed a low threshold single fundamental mode VCSEL.
The device has a threshold current of 0.3 mA, peak single
fundamental mode power of 1.4 mW. The thermal properties
are analyzed by estimating the thermal resistance of the device
according to the relationship of wavelength shift and dissipated
power, which is comparable to the counterpart of the GaAs-
based VCSELs. Furthermore, we demonstrate the polarization
control of the device by introducing built-in gratings. By mod-
ifying the semiconductor DBRs mesa, lithographically defined
pattern can be integrated to the device.
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