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The ability to tune the frequency of an oscillator is of critical
importance and is a fundamental building block for many
systems, be they mechanical or electronic1,2. However, this very
important function is still highly inadequate in optical
oscillators, particularly in semiconductor laser diodes3,4. The
limitations in tuning a laser frequency (or wavelength) include
the tuning range and the speed of tuning, which is typically
milliseconds or slower. In addition, the tuning is often not
continuous and may require complex synchronization of
several electrical control signals. In this Letter, we present
a new tunable laser structure with a lightweight
nanoelectromechanical mirror based on a single-layer, high-
contrast subwavelength grating. The high-contrast
subwavelength grating reflector enables a drastic reduction of
the mirror mass, which increases the mechanical resonant
frequency and hence tuning speed5. This allows for a
wavelength-tunable light source with potential switching
speeds of the order of tens of nanoseconds and suggests various
new areas of practical application, such as bio- or chemical
sensing6–8, chip-scale atomic clocks9 and projection displays10,11.

A wavelength-tunable semiconductor laser has been constructed
by combining an optical microelectromechanical (MEM) mirror12

with a vertical-cavity surface-emitting laser (VCSEL)13,14. Their
monolithic integration brings together the best of both
technologies and leads to an unprecedented performance in
wavelength-tunable lasers with simple electrical control15–17. The
MEM-tunable VCSEL has a large proportion of its top mirror held
on a micromechanical structure and is physically moved by means
of electrostatic attraction. The physical movement changes the
optical cavity length and thus produces a change in the lasing
wavelength. The laser has two pairs of electric contacts, one for
tuning the wavelength and the other for data modulation, which
can be at data rates of �10 Gbit s21 (ref. 18). Such MEM-tunable
VCSELs also offer the advantages of batch processing and wafer-
level testing, both of which are essential for low-cost, high-volume
manufacturing. However, because of the short gain medium,
VCSELs often require distributed Bragg reflectors (DBRs) with a
thickness of 3–6 times the optical wavelength in air to construct
mirrors with sufficiently high reflectivity. Such DBRs could be as
thick as 4 mm and 10 mm for VCSELs emitting at 850-nm and
1.55-mm wavelengths, respectively. When integrating with MEM
structures, these rather thick DBRs impose significant design
limitations on the length and width of the mechanical actuators.
Thus, the mass of the movable structures translates into a slow
tuning speed, a limited tuning range, high actuation power, as well
as epitaxy and processing difficulties.

Recently, we demonstrated the realization of a surface-emitting
laser using an ultrathin (230 nm), high-contrast subwavelength

grating (HCG) reflector that overcomes the requirement for
30–40 pairs of DBRs in the VCSELs19,20. Experimentally, the
device exhibits excellent optical performance, including low
threshold current, moderate output power, deterministic
polarization and single-mode emission. The HCG structure
consists of a single layer of periodic subwavelength grating
composed of a high-refractive-index material (for example,
AlGaAs or Si) surrounded entirely by low-index material (for
example, air or oxide)21,22. We now present a high-speed
nanoelectromechanical optoelectronic (NEMO) tunable VCSEL
by integrating the HCG with nanoscale actuators to create a
mobile and lightweight reflector. The small footprint of the HCG
enables scaling down of the mechanical actuating structure by at
least a factor of ten in each of the dimensions, and thus
the overall mass is less than one thousandth that of regular
DBR-based photonic MEM devices, resulting in much lower
power consumption and much faster tuning speed.

A schematic of the electrostatic-actuated NEMO-tunable
VCSEL is shown in Fig. 1a. The device consists of an n-doped
HCG top mirror, a cavity layer containing the active region, and
a bottom standard n-doped DBR mirror on a GaAs substrate.
The HCG is freely suspended above a variable air gap and
supported by a nanomechanical structure (such as a cantilever,
bridge, folded beam or membrane). Electric current injection is
conducted through the middle laser contact (by means of two
pairs of p-doped DBRs above the cavity layer) and backside
contact (through the substrate). An aluminium oxide aperture is
formed on an AlAs layer within the p-DBR section to provide
current and optical confinement. The mechanical tuning contact
is fabricated on the top n-doped HCG layer. Figure 1b shows a
scanning electron microscope (SEM) image of a fabricated
NEMO-tunable VCSEL with the HCG aligned to the oxide
aperture in the mesa centre. Figure 1c shows the integration of
the freely suspended HCG mirror with a variety of
nanomechanical actuators that can be designed for different
values of mechanical stiffness.

Continuous-wave operation of an electrostatic-actuated
NEMO-tunable VCSEL with excellent optical performance has
been demonstrated. Figure 2a shows the optical characteristics of
a fabricated device, showing the output power and voltage versus
bias current. The device exhibits a very low threshold current of
200 mA and moderate output power of 0.5 mW when injected
with 2 mA of current, with external slope efficiency
0.25 mW mA21. Compared with a MEM VCSEL with similar
epitaxy structure, but using a DBR-based movable top mirror
(with a threshold current of �1.2 mA)23, both the reduction of
threshold current and slope efficiency indicate that a much
higher effective reflectivity is obtained by using the single-layer
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HCG top mirror, in addition to the reduction of free-carrier
absorption loss. However, the ultrahigh reflectivity in the HCG
leads to low threshold current, but also lower output power a
reflectivity adjustment can be obtained by optimizing the grating
parameters lithographically to maximize the VCSEL output
power, but with a slightly higher threshold current. The
measured device emission spectrum at 1 mA bias current is
shown in the inset of Fig. 2a. Single-transverse-mode emission
with a .40-dB side-mode suppression ratio is obtained, where
the discrimination of higher-order transverse modes is attributed
to the finite grating effects24 in combination with the oxide
aperture. Figure 2b illustrates the near-field optical characteristics
of the emission beam from the laser. Despite the grating having a
rectangular structure, the optical emission output remains a
symmetrical, fundamental-mode gaussian profile. The beam
diameter is measured to be about 3 mm, which is characterized
by the width of the 99% drop in intensity.

Wavelength tuning of the NEMO-tunable VCSEL is
accomplished by applying a reverse voltage bias across the tuning
contact and the laser contact, while a constant electrical current
is applied between the laser and backside contact. The reverse
bias across the p–i–n junction results in a negligibly small
leakage current of �10 nA, which does not affect the operation
of the VCSEL current injection. Figure 3a shows the measured
wavelength-tuning spectra of a fabricated NEMO VCSEL, where
the mobile HCG mirror is integrated with a bridge
nanomechanical actuator. The device is electrically pumped at
�1.2 times the threshold current and actuated under various
applied voltages across the tuning contact. An 8-nm continuous
wavelength tuning towards the shorter wavelength is first
obtained within 0–6 V of external applied voltage. The NEMO
VCSEL stops lasing when the external applied voltage is further
increased, as the optical loss becomes larger than the laser gain.
When the voltage reaches 9 V, the device starts lasing again, but
at another longitudinal mode, and continuously tunes again for
13 nm over the applied voltage range of 9–14 V. With the total

spectral overlap, an overall continuous wavelength tuning range
of 18 nm is experimentally obtained. Figure 3b shows the
experimentally measured threshold current and slope efficiency
of the NEMO VCSEL under the corresponding tuning
wavelengths, indicating the increased optical loss when the laser
wavelength is tuned towards both edges of the tuning spectrum.
Finally, because of the weight reduction of the mechanical
actuator, an ultralow actuation power ,100 nW is required to
tune the emission wavelength, which is 500–1,000 times less
power consumption compared with the electrostatic-actuated
MEM-tunable VCSEL.

To understand the wavelength tuning behaviour, we calculated
the laser emission wavelength as a function of air-gap thickness for
the designed NEMO-tunable VCSEL, as shown by the blue curves
in Fig. 4. In principle, the wavelength-tuning range should be
limited by the free-spectral range of the optical cavity (�40 nm),
given that the air gap can be changed from 1.1 to 0.4 mm.
However, the reflection bandwidth of the HCG top mirror also
varies as the air gap changes, because the air gap also contributes
to the overall mirror reflectivity depending on its optical length25.
Hence the measured wavelength tuning range of 18 nm is limited
by the drop in the mirror reflectivity as the cavity wavelength
detunes from the centre, which results in a higher threshold gain
being required to achieve the lasing condition. This is in
agreement with the observed increase of threshold current at both
edges of the tuning spectrum shown in Fig. 3b. This wavelength
limitation originates from the smaller reflection bandwidth of
the HCG mirror (shown by the dotted white curve), because the
present design is intentionally engineered to yield a large
fabrication tolerance19. We anticipate that a larger wavelength
tuning range of 35–40 nm can be attained by using an HCG top
mirror designed to yield a much broader reflection bandwidth, so
the wavelength tuning curve overlaps entirely within the highly
reflective mirror bandwidth of the HCG as shown in Fig. 4.

The mechanical response of various NEMO structures was
measured by applying a sinusoidal a.c. modulating voltage in
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Figure 1 Nanoelectromechanical tunable laser with a lightweight mirror. a, Schematic of a NEMO-tunable VCSEL using the highly reflective HCG as its top

mirror, instead of conventional DBRs. b, Scanning electron microscope image of the fabricated NEMO-tunable VCSEL. The inset shows the freely suspended grating

stripes. c, Scanning electron microscope images of the HCG mirror monolithically integrated with various mobile and lightweight nanomechanical actuators

(cantilever, bridge, folded beam and membrane).
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addition to a d.c. voltage, while the VCSEL was injected with a
constant current. The emission light was then collected by an
optical fibre and sent to the optical spectrum analyser. As the
signal integration time of an optical spectrum analyser is much
slower compared with the voltage modulation, a spectrally
broadened emission can be observed as the nanomechanical
actuator (and hence the emission wavelength) is being modulated.
The spectral broadening is directly proportional to the magnitude
of the mechanical deflection, and the measured response of
various NEMO structures is shown in Fig. 5a. Among the different
nanomechanical structures, the membrane actuator exhibits the
fastest mechanical resonant response with a 3-dB frequency
bandwidth of 3.3 MHz, or equivalently the tuning speed of this
device is calculated to be about 150 ns. Compared with existing
DBR-based electrostatic-actuated MEM-tunable VCSELs, the
demonstrated NEMO VCSEL with an integrated mobile HCG has
a �40–50 times faster wavelength tuning speed. The frequency
response of the membrane structured actuator also exhibits a
higher quality factor owing to higher mechanical stiffness.
Damping is primarily due to air drag on the mechanical actuators,
which can be reduced by properly packaging the devices.

A comparison of various mechanically tunable VCSEL
technologies is shown in Fig. 5b, which shows the calculated
tuning speed and actuating voltage as a function of the
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Figure 2 Optical characteristic of NEMO-tunable VCSEL. a, Output light

intensity (blue curve) and voltage (red curve) as a function of the input electric

current, showing a very low threshold current of 200 mA. The inset shows the

measured single-mode optical emission spectra of the device with a .40-dB
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beam profile of the NEMO VCSEL with the mobile HCG top mirror.
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Figure 3 Continuous wavelength tuning of NEMO-tunable VCSEL.

a, Measured continuous wavelength tuning spectra of the NEMO-tunable VCSEL
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mechanical beam length26. As an illustration, the tuning speed and
voltage trade-off are calculated for two mechanical actuators:
cantilever and membrane. Clearly, when scaling down the
mechanical actuators, especially from the DBR
microelectromechanical to HCG nanoelectromechanical mirror, a
drastic improvement in tuning speed can be obtained while the
required actuating voltage is also reduced. Furthermore, the HCG
mirror presented here is designed to strongly reflect transverse-
magnetic polarized light (electric field perpendicular to the
gratings), but a similar concept can be applied to obtain a
highly reflective mirror that operates for transverse-electric
polarized light27,28. Because of the higher effective refractive index
for the TE polarized light in a subwavelength grating structure29,
the thickness required for the grating can be reduced by �1/2.
With such a thickness reduction, which enables further scaling
down of the mechanical components, even faster tuning speeds
to within tens of nanoseconds can be potentially achieved.

We demonstrate a high-speed nanoelectromechanical tunable
laser by monolithically integrating a lightweight, single-layer
HCG as the movable top mirror in a VCSEL. The small footprint
of the HCG enables the scaling down of the mechanical actuating

components, which results in a drastic reduction in mass and
substantial improvement in tuning speed. Using electrostatic
actuation to control the air gap below the HCG, a compact and
efficient tunable semiconductor laser with precise and
continuous wavelength tuning is demonstrated with very fast
tuning speed and ultralow power consumption. The simplicity,
wavelength scalability and versatility of the single-layer HCG
results in an elegant and attractive optical mirror design for the
next generation of NEMO-tunable devices.

METHODS

The epitaxy design of the NEMO-tunable VCSEL consists of the following
components. The bottom, silicon-doped DBR is composed of 34 pairs of
Al0.12Ga0.88As/Al0.9Ga0.1As. The nominally undoped, one-lambda cavity
contains three 6-nm GaAs quantum wells surrounded by 8-nm
Al0.3Ga0.7As barriers and sandwiched by an Al0.6Ga0.4As cladding layer. To
provide current injection into the active region, two pairs of carbon-doped
Al0.12Ga0.88As/Al0.9Ga0.1As are used immediately above the active region. Within
that, 30-nm Al0.98Ga0.02As is used as the thermal oxidation layer. Above the
current injection layer is a 1.1-mm undoped GaAs sacrificial layer and a 235-nm
silicon-doped Al0.6Ga0.4As HCG layer.

The structure of the HCG consists of periodic stripes of Al0.6Ga0.4As that
are freely suspended, with air acting as the low-index cladding layers on the
top and bottom. The grating is designed with the following parameters:
period ¼ 0.375 mm, thickness ¼ 0.235 mm, duty cycle (DC) ¼ 62%, air-gap
thickness ¼ 1.1 mm (5l/4) where l is the wavelength. The DC is defined as the
ratio of the width of the high-index material to the grating period, and hence the
width of the gap between the grating, or equivalently the critical lithography
dimension, is 140 nm. Taking into account etching of the side-walls, the
fabricated grating critical dimension is smaller (�100 nm). The HCG has an area
of 12 � 12 mm2, or equivalently 31 periods of Al0.6Ga0.4As grating stripes
(0.26 mm wide, 12 mm long and 0.23 mm thick) suspended above the air gap.

The fabrication process begins with mesa formation (�100 mm) by etching
down to the bottom DBRs and is followed by thermal oxidation to form the
oxide aperture (�3 mm). The next steps are the top- and back-side contact metal
depositions. A part of the mesa is then etched to expose the p-doped current
injection layer, on top of which the laser contact metal is deposited. Finally, the
HCG is patterned by electron-beam lithography on polymethylmethacrylate
(PMMA) photoresist and etched by reactive ion etching, where the HCG is
aligned to the centre of the device mesa (oxide aperture) with �1 mm accuracy.
A wet chemical-based selective etching followed by critical point drying is
required to remove the sacrificial material under the HCG layer and form the
freely suspended grating structure, which is supported by
nanomechanical beams.
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