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Vertical-cavity surface-emitting lasers (VCSELs) with single-mode and single-polarization
emission at a wavelength of 894.6 nm have become attractive light sources for miniaturized
Cs-based atomic clocks. So far, VCSELs used for these applications are single-mode because of small active diameters which has the drawbacks of increased ohmic resistance and
reduced lifetime. Employing surface grating reliefs, enhanced fundamental-mode emission
as well as polarization-stable laser oscillation are achieved. VCSELs with 5 µm active
diameter show side-mode suppression ratios of 20 dB even at currents close to thermal
roll-over with orthogonal polarization suppression ratios better than 20 dB at elevated ambient temperatures up to 100 ◦ C.

1.

Introduction

Over the last few years, microscale atomic clocks have emerged as a new application ﬁeld
of VCSELs. Owing to their enhanced accuracy and low power consumption compared to
thermally stabilized quartz-based oscillators, such clocks are key elements in a wide range
of systems and applications such as global positioning, synchronization of communication
networks, or undersea exploration. The ﬁrst demonstrations of microscale atomic clocks
based on coherent population trapping (CPT) spectroscopy [1] and microelectromechanical system (MEMS) fabrication techniques were done separately at the National Institute
of Standards and Technology (NIST) [2] and at Symmetricom [3], both in the USA in
the year 2004. Such frequency sources have recently become commercially available [4].
VCSELs used in those clocks must feature single-mode, single-polarization, low noise, and
narrow linewidth emission under harmonic modulation at about 4.6 GHz with a center
wavelength of about 894.6 nm to employ the CPT eﬀect of the cesium D1 line. VCSELs
of this kind have already been developed [5–8]. Our own research [6–8] has targeted the
use in the ﬁrst European microscale atomic clock demonstrators [9]. The polarization
and dynamic properties of the lasers are reported in [7]. For polarization control, a semiconducting surface grating is etched in the top Bragg mirror. In particular, so-called
inverted grating VCSELs have been employed where the grating is etched in an extra
topmost GaAs quarter-wave antiphase layer [10]. These VCSELs are single-mode because
of a small active diameter, e.g., 3 to 4 µm, which is achieved by wet-chemical oxidation
of a thin AlAs layer grown above the active region. However, VCSELs with small active diameters have the drawbacks of increased ohmic resistances and reduced lifetimes
owing to higher current densities and possibly increased internal temperatures resulting
from higher thermal and electrical resistances. Oxide-conﬁned VCSELs with larger active
diameter showing single transverse mode oscillation can be realized by, e.g., etching a
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shallow surface relief in the top Bragg mirror of a regular VCSEL structure [11] (alternative approaches are summarized in [12]). An annular etch of the laser outcoupling facet
lowers the eﬀective mirror reﬂectivity particularly for higher-order modes, which show
higher optical intensities outside the device center. The resulting diﬀerences in threshold
gains strongly favor the fundamental mode. A more advanced approach is to etch the
surface relief in an extra topmost GaAs quarter-wave antiphase layer, leading to the socalled inverted relief VCSELs. Here, the antiphase layer is removed only in the center of
the outcoupling facet, and consequently the threshold gain for the fundamental mode is
most strongly decreased. This approach requires a less precise etch depth control and has
been successfully demonstrated in [13] with maximum single-mode output powers of up to
6.3 mW. So-called inverted grating relief VCSELs combine a surface grating and a surface
relief in an extra topmost antiphase layer. Such a combination results simultaneously in
a favorable single-mode and polarization-stable laser emission [14]. In this article, the
design, fabrication, characterization, and preliminary reliability test results of inverted
grating relief VCSELs are presented.

2.

VCSEL Design and Fabrication

The VCSELs are grown by solid-source molecular beam epitaxy on n-doped (100)-oriented
GaAs substrates. The layer structure of the VCSELs is similar to the one described in [7].
There is a highly n-doped GaAs contact layer above the GaAs substrate to allow ncontacting. The active region contains three compressively strained InGaAs quantum
wells with 4 % indium content and is positioned in an optical cavity between doped distributed Bragg reﬂectors (DBRs). The n- and p-type DBRs consist of 38.5 Si-doped
Al0.2 Ga0.8 As/Al0.9 Ga0.1 As layer pairs and 25 C-doped layer pairs with identical composition, respectively. The DBRs are graded in composition and doping concentration to
minimize the free-carrier absorption and decrease the electrical resistance. A 30 nm thick
AlAs layer is grown above the active region. It is wet-chemically oxidized to achieve
current conﬁnement and optical index guiding. To maximize compactness in the clock
microsystem, ﬂip-chip-bondable VCSEL chips have been realized, similar to the ones described in [6, 7]. The structure has an extra topmost quarter-wave thick GaAs layer to
achieve an antiphase reﬂection for all modes. By etching a circular area of 3 to 4 µm
diameter in the center of this layer, the reﬂectivity is increased particularly for the fundamental mode. If instead a grating with the same extension is etched into the topmost
layer (see Fig. 1), this additionally leads to diﬀerent reﬂectivities for the two polarizations
of the fundamental mode. Inverted grating reliefs with quarter-wave etch depth, subemission-wavelength grating periods (speciﬁcally 0.6 µm), and 50 % duty cycle have been
employed. The grating grooves are etched along the [011] crystal axis.

3.

Operation Characteristics and Spectra

The VCSELs to be incorporated in miniaturized atomic clock microsystems will experience high ambient temperatures (e.g., T = 65. . . 80 ◦ C). The polarization-resolved light–
current–voltage (PR-LIV) characteristics of a grating relief VCSEL with 4.5 µm active
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Fig. 1: Optical micrograph of a fully processed VCSEL with an inverted grating relief (left)
and its surface profile measured with an atomic force microscope (right). The grating relief has
a diameter of 3 µm, a grating period of 0.6 µm, and an etch depth of 70 nm.

T = 80 oC

1

2

0.5

1

1

2

3
4
5
Current (mA)

15

3

6

0
7

5
-5

-15
-25

OPSR (dB)

1.5

0
0

25

4
Total
Orthogonal
Parallel

Voltage (V)

Optical output power (mW)

2

Relative spectral intensity (dB)

diameter at 80 ◦ C substrate temperature are shown in Fig. 2 (left). The dashed and dashdotted lines indicate the optical powers Porth and Ppar measured behind a Glan–Thompson
polarizer whose transmission direction is oriented orthogonal and parallel to the grating
lines, respectively. The device remains polarization-stable up to thermal roll-over with a
maximum magnitude of the orthogonal polarization suppression ratio (OPSR) as high as
19.5 dB, where OPSR = 10 log(Ppar /Porth ). Figure 2 (right) depicts polarization-resolved
spectra at 80 ◦ C. The target wavelength is reached at a current of 3.8 mA with both a sidemode suppression ratio (SMSR) and a peak-to-peak diﬀerence between the dominant and
the suppressed polarization modes of almost 27 dB, which well exceed the target values
of 20 dB.
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Fig. 2: Polarization-resolved operation characteristics of a grating relief VCSEL with 4.5 µm
active diameter at 80 ◦ C substrate temperature (left). Polarization-resolved spectra of the same
VCSEL at 3.8 mA bias current (right). The grating relief has a diameter of 3.3 µm.

The polarization control induced by the grating relief has also been investigated for different ambient temperatures. Figure 3 depicts PR-LIV characteristics of a grating relief
VCSEL with 5 µm active diameter for substrate temperatures varied between 20 and

4
3

T

2

25

4

15

3
2

1
0
0

5

1

2

3

4 5 6 7
Current (mA)

8

Voltage (V)

Total
Orthogonal
Parallel
T

5
-5

1

-15

0
9 10

-25

OPSR (dB)

Annual Report 2011, Institute of Optoelectronics, Ulm University

Optical output power (mW)

94

Fig. 3: Polarization-resolved operation characteristics of a grating relief VCSEL with 5 µm
active diameter at substrate temperatures from 20 to 100 ◦ C in steps of 20 ◦ C. The grating relief
has a diameter of 4 µm.

100 ◦ C in steps of 20 ◦ C. As can be seen, the VCSEL remains polarization-stable even
well above thermal roll-over. The magnitudes of the OPSR for T = 80 and 100 ◦ C are
increased in comparison with lower temperatures as the current exceeds 4.5 mA.
For investigating the enhancement of fundamental-mode emission, standard reference devices were fabricated on the same wafer adjacent to the grating relief VCSELs for comparison purposes. For the reference VCSELs, the topmost GaAs quarter-wave antiphase
layer is etched over the whole outcoupling facet. This means that in-phase reﬂection
is achieved for all modes. The reference VCSELs can thus be considered as standard
VCSELs. Figure 4 displays the PR-LI characteristics of a reference device with an oxide
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Fig. 4: Polarization-resolved operation characteristics of a reference VCSEL with 5 µm active
diameter at 80 ◦ C substrate temperature. The emission spectra in the insets show higher-order
lasing modes. The polarization directions of the two orthogonal, linearly polarized fundamental
modes are rotated by 15 ◦ towards the [01̄1] axis.
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Fig. 5: Polarization-resolved operation characteristics of the grating relief VCSEL from Fig. 3 at
80 ◦ C substrate temperature. The emission spectra in the insets show SMSRs of at least 20 dB.

aperture of about 5 µm at 80 ◦ C substrate temperature and its optical spectra at diﬀerent
driving currents. The laser has a threshold current of 0.7 mA and a maximum output
power of 4.2 mW. At 1.5 mA drive current it shows single-mode operation with an SMSR
of 20 dB. However, the spectrum gets highly multimode for higher currents. Having no
surface grating, the reference VCSEL shows a weak polarization control with an average
OPSR of −4.1 dB. The OPSR is calculated for data points in steps of 0.1 mA and then
averaged over the current range yielding 10 % to 100 % of the maximum output power.
Due to built-in strain forces, the two orthogonal, linearly polarized fundamental modes
are not aligned parallel and orthogonal to the usually preferred [011] crystal axis. Instead,
they are rotated by 15 ◦ towards the [01̄1] axis because of the elasto-optic eﬀect [15]. Figure 5 depicts the same measurements for a nearby laser (same as Fig. 3) on the same
sample, which is nominally identical except for a surface grating relief with a diameter of
4 µm. The grating relief device shows an increased threshold current of 0.9 mA due to the
eﬀectively decreased mirror reﬂectivity. The optical spectra conﬁrm SMSRs exceeding
20 dB up to 4.25 mA at which the laser delivers a maximum single-mode output power
of 1.2 mW. This current is just 1.25 mA below the thermal roll-over point. Owing to the
grating, the VCSEL is polarization-stable well above thermal roll-over with an average
OPSR of −21 dB.

4.

Reliability Test

For preliminary reliability testing, a sample containing several grating relief VCSELs was
introduced in a setup in which six individual lasers with 5.5 (2 devices), 5.0, 4.4, 3.8 and
3.7 µm active diameter are operated at a constant current of 3 mA and 80 ◦ C ambient
temperature. The optical output power of each device is measured separately (while the
other devices are switched oﬀ) using a 1 mm2 area Si photodiode. The optical power was
recorded every half hour for about 2500 hours. Figure 6 shows the output power versus
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Optical output power (a.u.)

time for all devices. Obviously such a small number of devices is not suﬃcient to obtain
reliable lifetime estimations. Nevertheless, this preliminary test shows that all lasers kept
to be functional with slower degradation of the devices with active diameters ≥ 5 µm.
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Fig. 6: Output power evolution in a long-term test of grating relief VCSELs with different
active diameter Da at 80 ◦ C and 3 mA constant current.
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Figure 7 depicts the LIV characteristics of two VCSELs from Fig. 6 with 3.8 µm and 5 µm
active diameter. Both lasers were measured at 80 ◦ C after 0, 100, 200, 500 and 2500 hours.
The VCSEL with 3.8 µm active diameter suﬀers from an increase in threshold current
from 0.6 to 0.87 mA (i.e., by 45 %) with almost no change in the slope eﬃciency of about
0.48 W/A after 2500 hours of lifetime test. On the other hand, for the second VCSEL
with 5 µm active diameter, the threshold current increases only from 0.84 to 0.91 mA
(i.e., by 4.5 %). Its slope eﬃciency decreases from 0.43 to 0.39 W/A after the same test
time, where the change occurs mainly during the ﬁrst 100 hours of operation. It can thus
be expected that lasers with 5 µm active diameter provide greater potential for increased
lifetime in comparison with standard small-aperture single-mode devices with 3 to 4 µm

0

Fig. 7: Operation characteristics of the VCSEL with 3.8 µm active diameter (left) and of the
VCSEL with 5 µm diameter from Fig. 6 measured at 80 ◦ C during the reliability test at 0, 100,
200, 500 and 2500 hours.
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active diameters. For both lasers the voltage characteristics remain almost unchanged
during the degradation test time.

5.

Conclusion

In summary, inverted grating relief VCSELs emitting at 894.6 nm wavelength have been
fabricated for Cs-based miniature atomic clocks. Their emission is stable on the fundamental mode with a ﬁxed linear polarization. VCSELs with 5 µm active diameter show
side-mode suppression ratios of 20 dB even at currents close to thermal roll-over with
orthogonal polarization suppression ratios better than 20 dB at elevated ambient temperatures up to 100 ◦ C. Preliminary lifetime tests conﬁrm a better reliability of these VCSELs
compared to those which are single-mode due to small oxide apertures.
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