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In this paper, the wavelength current tuning characteristics of high-temperature-operation single-mode vertical-
cavity surface-emitting lasers (VCSELs) for chip-scale atomic sensing systems are studied. Excellent wavelength
current tuning robustness is helpful to improve the stability of atomic sensing systems. By optimizing the size of
the oxide aperture combined with surface relief mode control technology, the single-mode VCSEL with an 8 µm
oxide aperture can achieve 2.02 mW output power at 355 K, and the wavelength current tuning coefficient is
∼0.25 nm/mA. This excellent wavelength current tuning robustness results from the low active current density and
device heat generation due to the optimized oxide aperture size. © 2022 Optica Publishing Group under the terms of the

Optica Open Access Publishing Agreement

https://doi.org/10.1364/AO.450782

1. INTRODUCTION

Vertical-cavity surface-emitting lasers (VCSELs) are unique
semiconductor lasers with the advantages of surface emis-
sion, low threshold current, and small power consumption
[1,2]. Single-transverse-mode VCSELs (SM-VCSELs) are
preferred optical sources for small low-power atomic sensors,
including chip-scale atomic clocks, magnetometers, and gyro-
scopes [3]. VCSELs for these atomic sensors must meet critical
requirements [4–7]. An important property is the robustness
of wavelength tuning. The atomic sensing system scans the
working current of VCSELs to find the working point precisely
matching the alkali metal atomic absorption peak. The bet-
ter the wavelength tuning robustness of VCSELs, the lower
the requirement of current control precision of atomic sensor
systems.

To achieve single-mode operation, the oxide aperture diam-
eter of a traditional oxide confined VCSEL is generally<4 µm.
The wavelength current tuning rate of this small oxide aper-
ture VCSEL is ∼1.1 nm/mA [8,9]. A small oxide aperture
suffers from high current density and heat generation in the
active region. The device temperature increases rapidly with
the increase in injection current, resulting in degeneration of
wavelength current tuning characteristics.

A large oxide aperture helps to reduce the current density and
temperature of the device to improve the wavelength current
tuning characteristics while degrading single-mode stability
due to the existence of higher-order modes. Therefore, vari-
ous alternative approaches have been investigated to achieve
high single-mode output power with aperture diameters
larger than 4 µm; such approaches include photonic crystal or
hole-structure integrated VCSELs [10,11], antiresonant reflect-
ing optical waveguide VCSELs [12], Zn-diffusion VCSELs
[13], and VCSELs with surface relief [14]. A single-mode
output power of 6.5 mW at room temperature was achieved
from an 850 nm VCSEL with a shallow surface relief, and a
wavelength current tuning rate of ∼0.5 nm/mA with 6 µm
oxide aperture was obtained [15]. By using a photonic crystal
structure, a VCSEL with a 20 µm oxide aperture can achieve
single-mode operation with a wavelength current tuning rate
of ∼0.2 nm/mA [16]. Antiresonant reflecting optical wave-
guide VCSELs realized a wavelength current tuning rate of
∼0.7 nm/mA with 6 µm oxide apertures [17]. The above
reports indicate that a large oxide aperture can improve the
wavelength current tuning robustness of VCSELs. However,
the sizes of the oxide apertures used are different, lacking unified
standards and relevant studies.
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To improve the wavelength current tuning characteristics
of SM-VCSELs at high temperatures, this study analyzes the
influence of oxide aperture diameter on the temperature char-
acteristics of VCSELs. First, the basic structure of VCSELs is
described, and an electrothermal numerical simulator including
a heat equation solver is established. The simulation results
are discussed. Last, experimental samples with different oxide
aperture diameters are prepared, and device performances are
compared.

2. DEVICE STRUCTURE AND SIMULATION
ANALYSIS

A. Device Structure

The epitaxial structures of the two groups of SM-VCSELs
are identical. A schematic of the epitaxial and device
structure is shown in Fig. 1. N-DBR and P-distributed
Bragg reflector (DBR) consist of 34.5 pairs and 22 pairs
of Al0.12Ga0.88As/Al0.9Ga0.1As layers, respectively. The
active region is composed of three compressively strained
In0.06Ga0.94As quantum wells with a gain spectrum peak of
894 nm at 300 K. The oxide layer is realized by a 30 nm thick
Al0.98Ga0.02As layer inserted between the active region and
P-DBR. After wet oxidation, a part of Al0.98Ga0.02As is trans-
formed into amorphous (Alx Ga1−x )2O3 to form the oxide
aperture. As shown in Fig. 1(a), the oxide aperture diameter
of the VCSEL is 8 µm. To suppress high-order-mode lasing,
a common surface relief technique with a diameter of 5 µm is
used. The surface relief is obtained by etching an annular groove
with depth of ∼63 nm on the upper surface of the VCSEL.
Figure 1(b) shows the device structure of the control group with
a 3µm small oxide aperture diameter and no surface relief.

Fig. 1. Schematic of VCSELs with (a) large oxide aperture and sur-
face relief and (b) small oxide aperture.

B. Electrothermal Model

Heating is an important factor that affects VCSEL operation
(e.g., drop in optical gain and increase in carrier leakage) and
leads to a decrease in photoelectric conversion efficiency. At
steady state, the thermal diffusion equation to be solved is in the
following form:

ρC∇T +∇ · (−κ∇T)= Qtot, (1)

where ρ is the material density, C is the specific heat capac-
ity, T is the temperature, and κ is thermal conductivity. Four
kinds of thermal behavior contribute to the total heat source
Qtot in VCSELs: Joule effect, optical absorption, nonradiative
recombination, and carrier capture/escape [18]:

Qtot = Qjoule + Qoptical + Qrec. + Qcapt./esc.

Qjoule = σ
−1‖J ‖2

Qoptical = αWopt

Qrec. = E g Rnr

Qcapt./esc. =1C/V C cap

, (2)

where σ is electrical conductivity, J is the current density, α is
the internal loss due to intraband and free-carrier absorption,
Rnr includes Shockley–Read–Hall and Auger recombinations,
E g is the bandgap, 1C/V is conduction/valence band offsets,
and Ccap is the carrier capture/escape rate. A 2D axisymmetric
model based on finite the element method is established using
COMSOL Multiphysics. The bottom and top DBRs are substi-
tuted with an effective medium to simplify the calculation. This
approach is widely used and has been proven to have no effect
on simulation results [19,20]. The substrate thickness is set to
30 µm. The VCSEL chip is packaged in TO form after prepa-
ration. The lower surface of the chip is in contact with an AlN
heat sink, and the temperature of the AlN heat sink is controlled
by thermoelectric cooler (TEC). The rest of the surface of the
device is exposed to air. The boundary conditions in the model
are all set as convection boundary conditions, the partial heat
transfer coefficient in contact with air is set as 0.012 W/(m2

·K),
and the ambient temperature is set as 300 K. The heat trans-
fer coefficient of the lower surface of VCSEL in contact with
the AlN heat sink is set as 150 W/(m2

·K), and the heat sink
temperature can be set according to specific requirements. The
parameters of the DBR regions are fitted to account for structure
simplification. The internal loss α is set to 8 cm−1 according to
our test experience of the device. Table 1 [21] shows the main
material parameters used in thermal simulation.

Table 1. Material Parameters in Thermal Simulation at 300 K

Layers
Conductivity, σ ,

(�·m)−1

Thermal
Conductivity, κ ,

(W/m/K)
Capacity, C,

(J/kg/K)
Material Density, ρ,

(kg/m3) Reference

P-electrode 1× 107 300 132.2 1.93× 104 [21]
P-DBR 445.4 54.29 375.5 4.53× 103 fit
Active layer 120 43.75 332 5.39× 103 [21]
N-DBR 739.2 54.29 375.5 4.53× 103 fit
Substrate 4.5× 104 45 327 5.32× 103 [21]
N-electrode 1× 107 300 132.2 1.93× 104 [21]
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Fig. 2. (a) Color graphic of the temperature distribution in a cross-sectional plane of a 3 µm oxide aperture diameter VCSEL at 3 mA and 300 K.
(b) Temperature distribution along the epitaxial direction of VCSEL at 300 K with different oxide aperture diameters.
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Fig. 3. Surface current density and temperature distribution of VCSELs along the r direction with different oxide aperture diameters at 3 mA. The
heat sink temperature is 300 K.

C. Numerical Simulation Results

A colorgraphic of the temperature distribution in a cross-
sectional plane (r−z plane), i.e., 3 µm oxide aperture diameter
VCSEL, is given in Fig. 2(a). The continuous wave (CW)
injection current is 3 mA, and the temperature of the lower
surface of the VCSEL (or heat sink) is set to 300 K. The black
arrows represent the direction of the current vector. The current
crowding effect caused by the presence of an annular elec-
trode injection window and oxidation aperture can be clearly
observed. The current injection close to the oxide aperture
rim is stronger than that in the center. The temperature in
the active region is the highest. The temperature distribution
along the epitaxial direction of the VCSEL at 300 K (heat sink
temperature) with different oxide aperture diameters under a
fixed current of 3 mA is shown in Fig. 2(b). The VCSEL with
an oxide aperture diameter of 3 µm shows a steeper change in
temperature along the epitaxial direction and the highest tem-
perature in the active region of approximately 335 K. When the
oxide aperture diameter is increased to 10 µm, the temperature
changes gently, and the highest temperature is only ∼ 310 K.
Importantly, the temperature drop of the device decreases with
increasing oxide aperture diameter. The temperature drop is no
longer evident when the oxide aperture diameter is larger than
8µm.

Figure 3 shows the current density and temperature distri-
bution with different oxide apertures at the injection current
of 3 mA. Because the two-dimensional axisymmetric model
is adopted, the calculated result is the surface current density,
which does not affect the conclusion. The heat sink temperature
is 300 K. The current density distribution along the R direction
in the active layer decreases with increasing oxide aperture diam-
eter [Fig. 3(a)], thereby decreasing the temperature of the active
region as the diameter of the oxide aperture increases [Fig. 3(b)].
The insets of Figs. 3(a) and 3(b) represent the changes in cur-
rent and temperature in the center of the active region with
the diameter of the oxide aperture, showing the same trend as
that in Fig. 2(b). The temperature and current density drop
of the device decrease with increasing oxide aperture diam-
eter and reach saturation when the oxide aperture diameter is
larger than 8 µm. As shown in the Fig. 3(b), the temperature
of the VCSEL decreases from ∼333 to ∼323 K with the oxide
aperture diameter increasing from 3 to 4 µm. When the oxide
aperture diameter increases from 8 to 9 µm, the temperature of
the VCSEL decrease only from ∼311 to ∼310 K. A too large
oxide aperture will lead to a high threshold current of the device,
and increase the power consumption of only VCSEL, which
is not conducive to the application of VCSELs in chip-scale
atomic sensor systems. Therefore, the VCSEL with an 8 µm
oxide aperture was finally adopted for experimental verification.
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Fig. 4. Spectral characteristics of (a) 8µm and (b) 3µm oxide aperture SM-VCSELs at 305 and 355 K.

3. EXPERIMENTAL RESULTS AND DISCUSSION

On the basis of the simulation results, SM-VCSELs with oxide
aperture diameters of 3 and 8 µm are prepared, and their per-
formances are compared. The VCSEL is fabricated through a
standard process. The mesa and surface relief are formed with
inductively coupled plasma reactive ion etching. The etching
depth of the relief is 63 nm. The oxide aperture is formed by
selectively oxidizing the Al0.98Ga0.02As layer. The SiO2 insu-
lating layer is deposited by plasma-enhanced chemical vapor
deposition. The light-emitting aperture is formed using a lift-
off process step. The chip is packaged in a TO56 form, and
the heat sink temperature is controlled by TEC. The ambient
temperature during the test is room temperature.

The spectral characteristics of the 3 and 8 µm oxide aperture
SM-VCSELs at heat sink temperatures of 305 and 355 K are
shown in Fig. 4. At 305 K, the VCSEL with an 8 µm oxide
aperture can maintain stable single-mode operation when
the current is below 7 mA. The side-mode suppression ratio
(SMSR) at 7 mA decreases to 13.7 dB as other modes appear.
Given the decrease in carrier density in the active region at a high
temperature of 355 K, the device can maintain single-mode
operation at a current of 7 mA, and the SMSR is 29.92 dB.
Some unexcited modes can be seen on the short wave side of the
lasing peak in Fig. 4(a) because the surface relief increases the
loss of the other modes of the large aperture VCSEL, making
them unable to meet the threshold conditions. The VCSEL
with a 3µm oxide aperture can maintain single-mode operation
only when the current is less than 3 mA at 305 K. When the
current is greater than 3 mA, the high carrier density in the active
region makes the high-order transverse mode reach the lasing
threshold, and the phenomenon of multi-transverse-mode
lasing appears. The optical power of the device decays when the
current is greater than 3 mA at 355 K due to thermal saturation
[Fig. 4(b)].

The near-field patterns of VCSELs with different oxide aper-
tures measured using an eyepiece with a magnification of 100×
are depicted in Fig. 5. To obtain clear near-field patterns and
avoid detector saturation, different attenuation rates are used
when testing different devices. Figure 5(a) depicts the near fields
of VCSELs with 8µm oxide apertures. The spot profile changes
little with temperature. At 7 mA, a primary single-lobe spot can
be seen, indicating the single-mode state of the VCSEL. A very

305 K

355 K

3 mA 7 mA

3 mA 7 mA

1 mA

1 mA 5 mA

3 mA

(a) (b)

Fig. 5. Near-field patterns of VCSELs with (a) 8 µm and (b) 3 µm
oxide apertures at 305 and 355 K.

weak stray light distribution can be seen below the primary spot,
representing the unexcited high-order mode, which is consistent
with Fig. 4(a). The near-field of a VCSEL with a 3 µm oxide
aperture is shown in Fig. 5(b). At 305 K, a single-lobe spot can
be seen at low current, while the spot is deformed at high current
due to high-order-mode lasing. At 355 K, when the injection
current is >3 mA, the output power of the device decreases
sharply, resulting in an undetectable near-field spot.

The precise absorption wavelength of the D1 line of alkali
metal atom Cs133 is 894.6 nm, so the pump source in the atomic
sensing system using the Cs133 D1 line is required to work at the
operating temperature (generally >345 K), and the operation
wavelength is near this wavelength. Chip-scale atomic sensing
systems, such as atomic clocks and atomic gyroscopes, work
by scanning the injection current of the pump source to find
the operating wavelengths that match the alkali metal atomic
absorption peaks. Figure 6 shows the dependence of the lasing
wavelength on the device temperature and injection current
of the prepared 8 and 3 µm oxide aperture SM-VCSELs. The
temperature and current scanning ranges required to achieve
a wavelength variation of 1 nm (894–895 nm) and wave-
length accuracy of 894.6 nm are illustrated in Fig. 6(a) (8 µm
oxide aperture) and Fig. 6(b) (3 µm oxide aperture), respec-
tively. The SM-VCSEL with a large oxide aperture has a larger
temperature–current tunable range. Under the condition of
fixed temperature, the wavelength current tuning rate of a large
oxide aperture SM-VCSEL is only ∼0.25 nm/mA, in contrast
to ∼1.22 nm/mA for the control group with 3 µm apertures.
The robustness of this wavelength to current benefits from the
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Fig. 6. Dependence of lasing wavelength on device temperature and injection current of (a) 8µm and (b) 3µm oxide aperture SM-VCSELs.
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Fig. 8. Power–current characteristics of the (a) 8µm and (b) 3µm oxide aperture SM-VCSELs at different temperatures.

low current density and low device heat generation of large
aperture SM-VCSEL. This ultra-low wavelength current tuning
rate of the VCSEL with an 8 µm oxide aperture is also better
than most SM-VCSELs with large oxide apertures (>4 µm),
and close to the results of VCSELs with 20 µm oxide apertures
and photonic crystal structure, as described in the Introduction.

The temperature coefficient of the wavelength of a GaAs-
based VCSEL is ∼ 0.06 nm/K [22]. Assuming that when the

heat sink temperature is 305 K, and the injection current is at
the threshold, the initial temperature of the VCSEL is 305 K,
the VCSEL temperature at different heat sink temperatures
and injection currents can be calculated according to the las-
ing wavelength and temperature coefficient of wavelength.
Although this hypothesis deviates from the actual temperature
of the VCSEL to some extent, the relative temperature change
calculated according to the temperature drift characteristics of
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wavelength is real. Figure 7 shows the comparison of simulation
and experimental results of VCSEL temperature with heat sink
temperature and injection current. In the simulation results,
the maximum temperature point was selected to represent the
temperature of the VCSEL, which also deviated from reality
to a certain extent, but the trend of temperature change was
reasonable. Figure 7(a) shows the temperature variation trend of
an 8 µm oxide aperture VCSEL. The simulation results show a
stronger tendency for temperature to increase with current than
the experimental results. For a 3µm oxide aperture VCSEL, the
agreement between simulation and experimental results is very
high, as shown in Fig. 7(b). The possible reason for the deviation
of simulation and experimental results when the oxide aperture
increases is that the radial area of a fundamental mode light field
in a VCSEL with a large oxide aperture is large, and the method
of using the highest point of temperature inside the device to
represent the overall temperature of the device has a large error.
In spite of this error, it can still be found by comparing the tem-
perature change with the current of the VCSEL with two kinds
of oxide apertures: both experimental and simulation results
show that the device temperature of the VCSEL with an 8 µm
oxide aperture shows a more gradual trend with current increase,
which is also the reason that the wavelength of the VCSEL has
good robustness to current.

Figure 8 depicts the power–current-voltage characteristics
of the VCSEL at different temperatures. The threshold current
of the 8 µm oxide aperture VCSEL increases from 1.06 to 2.36
mA with the heat sink temperature increasing from 305 to
355 K. The maximum output power of the 8 µm oxide aper-
ture VCSEL at 365 K is 2.02 mW [Fig. 8(a)]. The 3 µm oxide
aperture VCSEL has an advantage of low threshold currents
[<1 mA, Fig. 8(b)]. However, the output power of the device
decreases rapidly with increasing temperature and has almost no
output power at 355 K. By fitting the I-V curves, the resistance
of a VCSEL with an 8 µm oxide aperture is ∼45�, while that
of a VCSEL with a 3 µm oxide aperture is ∼190�. The low
resistance reduces the heat generation of the VCSEL for better
high-temperature-operation characteristics.

4. CONCLUSION

We demonstrate a high-temperature-operation 894 nm SM-
VCSEL with high output power. The influence of oxide
aperture diameter on the temperature and current charac-
teristics of VCSELs is studied in detail by simulation and
experiment. An important conclusion of the simulation analysis
is that although a large oxide aperture diameter helps reduce
device temperature, this improvement decreases with increas-
ing aperture diameter. The experimental results show that the
VCSEL with an 8µm oxide aperture can maintain stable single-
mode operation at high temperatures. Benefiting from low
current density and low device heat generation, the wavelength
of a large aperture SM-VCSEL is more robust to current and
is more suitable for use as a pump source for chip-scale atomic
sensing systems.
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and J.-W. Shi, “Anti-waveguiding vertical-cavity surface-emitting
laser at 850 nm: From concept to advances in high-speed data
transmission,” Opt. Express 26, 445–453 (2018).

https://doi.org/10.1109/JSTQE.2011.2119469
https://doi.org/10.1109/JPHOT.2012.2190723
https://doi.org/10.1063/1.5026238
https://doi.org/10.1364/OL.30.002351
https://doi.org/10.1063/1.4764010
https://doi.org/10.1134/S2075108718030057
https://doi.org/10.1117/12.715077
https://doi.org/10.1109/68.623244
https://doi.org/10.1364/OE.23.014763
https://doi.org/10.1364/OE.23.014763
https://doi.org/10.1063/1.1830071
https://doi.org/10.1109/JSTQE.2019.2917551
https://doi.org/10.1109/JSTQE.2019.2917551
https://doi.org/10.1109/JQE.2002.805107
https://doi.org/10.1364/OL.398896
https://doi.org/10.1364/OE.21.005781
https://doi.org/10.1109/LPT.2003.821085
https://doi.org/10.1063/1.1481984
https://doi.org/10.1364/OE.26.000445


Research Article Vol. 61, No. 9 / 20March 2022 / Applied Optics 2423

18. A. Tibaldi, F. Bertazzi, M. Goano, R. Michalzik, and P. Debernardi,
“VENUS: a vertical-cavity surface-emitting laser electro-opto-
thermal numerical simulator,” IEEE J. Sel. Top. Quantum Electron.
25, 1500212 (2019).

19. H. Li, P. Wolf, X. W. Jia, J. A. Lott, and D. Bimberg, “Thermal analy-
sis of high-bandwidth and energy-efficient 980 nm VCSELs with opti-
mized quantum well gain peak-to-cavity resonance wavelength off-
set,” Appl. Phys. Lett. 111, 243508 (2017).

20. M. Streiff, A. Witzig, M. Pfeiffer, P. Royo, and W. Fichtner, “A com-
prehensive VCSEL device simulator,” IEEE J. Sel. Top. Quantum
Electron. 9, 879–891 (2003).

21. Ioffe Physico-Technical Institute, “Physical properties of semicon-
ductors,” http://www.ioffe.ru/SVA/NSM/Semicond/index.html.

22. http://vixarinc.com/wp-content/uploads/2021/05/V00140.pdf.

https://doi.org/10.1109/JSTQE.2019.2893755
https://doi.org/10.1063/1.5003288
https://doi.org/10.1109/JSTQE.2003.818858
https://doi.org/10.1109/JSTQE.2003.818858
http://www.ioffe.ru/SVA/NSM/Semicond/index.html
http://vixarinc.com/wp-content/uploads/2021/05/V00140.pdf

