
Chinese Physics B

PAPER

Stable single-mode operation of 894.6 nm VCSEL
at high temperatures for Cs atomic sensing
To cite this article: Lei Xiang et al 2017 Chinese Phys. B 26 074209

 

View the article online for updates and enhancements.

Related content
Single-Fundamental-Mode 850 nm
Surface Relief VCSEL
Wei Si-Min, Xu Chen, Deng Jun et al.

-

Enhanced thermal stability of VCSEL array
by thermoelectric analysis-based
optimization of mesas distribution
Chu-Yu Zhong, Xing Zhang, Di Liu et al.

-

A Single-Fundamental-Mode Photonic
Crystal Vertical Cavity Surface Emitting
Laser with Seven-point Defect
Zhou Kang, Xu Chen, Xie Yi-Yang et al.

-

This content was downloaded from IP address 159.226.165.17 on 01/06/2018 at 08:44

https://doi.org/10.1088/1674-1056/26/7/074209
http://iopscience.iop.org/article/10.1088/0256-307X/29/8/084208
http://iopscience.iop.org/article/10.1088/0256-307X/29/8/084208
http://iopscience.iop.org/article/10.1088/1674-1056/26/6/064204
http://iopscience.iop.org/article/10.1088/1674-1056/26/6/064204
http://iopscience.iop.org/article/10.1088/1674-1056/26/6/064204
http://iopscience.iop.org/article/10.1088/1742-6596/276/1/012112
http://iopscience.iop.org/article/10.1088/1742-6596/276/1/012112
http://iopscience.iop.org/article/10.1088/1742-6596/276/1/012112


Chin. Phys. B Vol. 26, No. 7 (2017) 074209
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In this paper, stable single-mode operation at high temperatures is produced by the surface-relief-integrated vertical
cavity surface emitting laser (VCSEL). The gain-cavity mode detuning technique is employed to realize high operating
temperatures for the VCSEL. The surface relief is etched in the centre of the top side as a mode discriminator for the
fundamental mode output, and the threshold current minimum is 1.94 mA at high temperatures by the gain-cavity mode
detuning technique. Maximum single-fundamental-mode output power of 0.45 mW at 80 ◦C is obtained, and the side mode
suppression ratios (SMSRs) are more than 30 dB with increasing temperature and current, respectively.

Keywords: single-mode operation, surface relief, gain-cavity mode detuning, vertical cavity surface emitting
laser (VCSEL)
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1. Introduction

Vertical cavity surface emitting lasers (VCSELs) offer
unique advantages over other laser structures, such as beam
quality, wafer-level testing, small power consumption, and
low threshold current.[1] Single mode VCSELs are of in-
terest for applications in micro positioning navigation tim-
ing, chip-scale atomic clocks (CSACs), and the atomic gy-
roscope system.[2–4] For Cs atomic sensing, stable single
mode operation of 894.6 nm VCSELs at high temperatures
must be guaranteed, because the Cs atomic sensor must op-
erate above 80 ◦C and the CPT effect of the Cesium D1
line must be motivated by 894.6 nm.[5] For conventional VC-
SELs, the oxide aperture diameter is limited to 3 µm to
achieve single fundamental modes.[6–8] Unfortunately, lim-
ited oxide apertures will cause limited output powers and
large resistances, consequently limiting their applications.
With the increasing ambient temperature, the emission wave-
length of the VCSELs will be red-shifted, which is detri-
mental for Cs atomic sensing. Therefore, several structures
have been developed for single-mode high-power VCSELs,
such as the proton-implanted structure.[9] the small oxide-
confined structure,[10] the metal aperture,[11] the photonic
crystal structure,[12,13] the triangular-hole structure,[14,15] and
the surface relief structure.[16] In this paper, a novel surface
relief VCSEL (SR-VCSEL) based on gain-cavity mode de-
tuning technology is produced. In the novel SR-VCSEL, the

gain-cavity mode detuning solves the emission wavelength
shift problem, and the shallow-etched surface relief structure
serves as a mode discriminator in order to suppress higher-
order modes. This structure does not impair the electrical or
thermal features of the VCSEL, which is significant for the
applications of Cs atomic sensing.

2. Simulation and experiment
2.1. Device model and simulation

The transverse optical confinement factor Γtrans,01 that de-
termines the modal gain is expressed as

Γtrans,01 =

∫ a

0

∫ 2π

0
E2

01rdΦ dr∫
∞

0

∫ 2π

0
E2

01rdΦ dr
,

where E01 is the electric field amplitude of the LP01 mode, and
a is the radius of the VCSEL mesa. The fundamental mode
LP01 has the highest modal gain, but for higher-order modes
(LP11, LP21) the modal gain decreases with elevated mode or-
der, which provides mode selectivity to obtain the fundamen-
tal mode. According to the relationship between the transverse
mode distribution and the diameter of the optical field of the
7 µm oxide-confined VCSEL, the junction of LP01 and LP11,
LP21 is a key parameter. The higher-order modes are mainly
distributed in the annular region, and the fundamental mode
is mainly distributed in the central region; the diameter of the
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surface relief is set to be 3 µm. In this work, we use the trans-
fer matrix to calculate the mirror loss of the VCSEL struc-
tures. By calculating the reflectivity of the p-side of our VC-
SEL structure with different etching depths, the relationship
of the mirror loss versus the etched depth can be obtained, as
shown in Fig. 1. Due to the periodic nature of the phase vari-
ations, when a layer of about 0.5 (110 nm) or 1.5 (247 nm)
pairs of P-DBRs has been removed, the mirror loss reaches a
maximum. Thus, the etched regions have a maximum thresh-
old gain and increase the losses of higher-order modes. By
removing the higher-order top layer, the higher-order modes
can be suppressed and the LP01 mode area preserved through
shallow etching.
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Fig. 1. (color online) Simulation result of mirror loss versus etched
depth for the surface-etch 894.6 nm VCSEL.

Figure 2 illustrates the gain-cavity mode detuning tech-
nique in structural design. We can see that the temperature
dependence of the cavity mode (the black line) and the gain
peak wavelengths (the red line) are 0.06 and 0.3 nm/K, re-
spectively. Therefore, with the negative gain-cavity detuning,
the gain peak wavelength approaches the cavity mode in the
initial heating stage, and then exceeds the cavity mode in the
later heating process. As a result, the cavity mode gain (the
blue line) increases at first and then decreases with the ele-
vated temperatures. As the threshold current is inversely pro-
portional to the cavity mode gain, the minimum threshold cur-
rent would occur at the maximum of the cavity mode gain.
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Fig. 2. (color online) The relationship between the cavity mode and gain
peak wavelengths under different temperatures. The blue line indicates
the cavity mode gain at different temperatures.

2.2. Device structure and fabrication

Figure 3 shows the cross-section structure of the sur-
face relief VCSEL (Fig. 3(a)) and the conventional VCSEL
(Fig. 3(b)). The epitaxial semiconductor structure of the
894.6 nm VCSEL is grown on GaAs substrate by metal-
organic chemical vapour deposition (MOCVD). The active re-
gion contains three InGaAs strained quantum wells to pro-
vide optical gain, the bottom distributed Bragg reflector (N-
DBR) and the top DBR consist of 34 and 22.5 pairs of high-
index Al0.12Ga0.88As and low-index Al0.9Ga0.1As layers, re-
spectively. In addition, a 30-nm-thick Al0.98Ga0.02As layer is
inserted between the active region and the p-DBR.
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Fig. 3. (color online) Schematic cross section of surface relief VCSEL
structure (a) and the conventional VCSEL structure (b).

Using SiO2 as the etching mask, the top DBR is patterned
as a circular post by inductively coupled plasma reaction ion
etching (ICP-RIE). To achieve the current and light confine-
ment, a 7-µm-diameter oxide aperture is formed by selective
oxidization of the Al0.98Ga0.02As layer. The positive electrode
(Ti/Pt/Au) contact is formed on the top side after oxidation
to realize ohmic contact. After that, the diameter of the sur-
face relief is 3 µm, which is introduced into the central re-
gion on the top by one additional lithography step. Then, 1.5
pairs, (247 nm) of DBRs are etched by wet chemical etch-
ing (CH3OH:H3PO4:H2O2:H2O = 6:1:1:30) and the diameter
of the etched surface relief ring is 10 µm. Finally, the n-contact
(Au/Ge/Ni) is formed at the bottom of the substrate, and an-
nealed by rapid thermal annealing at 400 ◦C.
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3. Results and discussion
Figure 4 shows the mode characteristics of SR and con-

ventional VCSEL, which are measured under the continuous-
wave (CW) condition at room temperature. The optical spectra
of the conventional VCSEL (Fig. 4(a)) shows numerous peaks
at different driving currents, which means more modes appear
and no significant fundamental mode is obtained. However,
the optical spectra of the SR-VCSEL (Fig. 4(b)) always stay
at a single peak state: the fundamental mode is still dominating
and no more modes appear with increasing currents. The side
mode suppression ratio (SMSR) reaches 35 dB throughout the
whole current operating range. With increasing driving current
above the threshold, current leakage and carrier effects, as well
as increased non-radiative recombination, would lead to wave-
length red-shift. The comparison of Fig. 4(a) and Fig. 4(b)
proves that shallow surface relief provides mode selectivity to
obtain the fundamental mode, and higher-order modes can be
effectively suppressed.
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Fig. 4. (color online) (a) The spectra of the conventional VCSEL at dif-
ferent driving currents; (b) the surface relief VCSEL at different driving
currents.

The temperature dependences of the spectrum character-
istics are shown in Fig. 5. As predicted from simulations, the
fundamental mode has most of its field intensity in the un-
etched areas, and higher-order modes experience higher cav-
ity loss in the etched areas, thereby being suppressed. In this
work, single-mode operations with side mode suppression ra-
tios (SMSR) greater than 30 dB at different temperatures are
realized. The temperature dependences of the spectrum char-

acteristics further prove that SR-VCSELs can help to achieve
stable single modes.
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Fig. 5. (color online) The spectra of SR-VCSEL at different tempera-
tures of 22 ◦C, 50 ◦C, 70 ◦C, and 80 ◦C. The operating current is 4 mA.

Figure 6 shows the power-current characteristics of the
SR-VCSEL under different temperatures. The device exhibits
a maximum output power of 0.45 mW at 80 ◦C, and the max-
imum output power gradually declines as the ambient temper-
ature rises from 22 ◦C to 90 ◦C; meanwhile, thermal roll-over
occurs earlier with the elevated driving current. It can be seen
that the linear increase of the power-current curve has some
slight deviation. The main reason is that the SR-VCSEL needs
higher carrier densities to maintain the threshold gain, so the
carrier and current leakage effects lead to this deviation; in-
creasing non-radiative recombination would be responsible for
the deviation with higher carrier densities.[17]
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Fig. 6. (color online) The light-current characteristics of SR-VCSEL
under the continuous wave condition at different temperatures.

The SR-VCSEL shows excellent wavelength perfor-
mance and low threshold current owing to the gain-cavity
mode detuning technique in the structural design. As shown
in Fig. 7, the red line illustrates the red-shift of the emission
wavelength, and the blue line represents the threshold current
that varies with changing temperature. In order to reduce the
threshold current, the cavity mode should receive the maxi-
mum optical gain, as simulations predicted. The threshold
current exhibits a distinct minimum value of 1.94 mA when
the substrate temperature is 50 ◦C. The threshold current of
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the VCSELs usually varies with temperature and can be ex-
pressed by[18]

Ith(T ) = Ith,min[1+CT(T −Tmin)
2],

where CT > 0, the threshold current will increase rapidly,
no matter whether above or below Tmin. As a result, the
temperature-dependent detuning effect has to be taken into ac-
count in the design. As the ambient temperature increases,
the peak wavelength appears red-shifted mainly because of the
changing average refractive index and the thermal expansion
of the semiconductor layers, which would affect the thermal
wavelength shift. On the other hand, the energy bandgap of
semiconductor materials varies with the change in tempera-
ture; the bandgap shrinkage of quantum wells is also respon-
sible for the red-shift.[19]
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Fig. 7. (color online) (Blue) Threshold current and (red) central wave-
length under the operating current of 4 mA versus different tempera-
tures.

4. Conclusion
In summary, a surface relief structure is used to control

single-mode characteristics effectively, and the low thresh-
old current of SR-VCSEL at high temperatures is demon-
strated for Cs atomic sensing applications. Numerical analy-
sis and experimental results demonstrate that the shallow sur-
face relief provides mode selectivity to obtain the fundamental
mode and suppresses higher-order modes. Measurements re-
veal that at the CW condition, the single-mode output power is

0.45 mW with an SMSR greater than 30 dB at high tempera-
tures. The threshold current minimum is 1.94 mA at 50 ◦C,
which is beneficial for low power consumption. With fur-
ther optimized structural parameters, higher performance SR-
VCSELs are expected.
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