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Piezoelectric Tunable MEMS-VCSEL for Linear Sweep and High-Frequency Modulation
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ABSTRACT

Frequency modulated continuous wave (FMCW) provides more accurate ranging than direct time-

of-flight by continuously modulating laser wavelength. However, there are issues such as deteriorated
resolution due to the nonlinearity of the wavelength sweep and the deviation of the center wavelength
from the designed value, and limited frame rate resulting from the low-frequency sweep. We propose
piezoelectric MEMS-VCSEL which consists of micro electro mechanical system (MEMS) using
Pb(Zr«Ti1x)O3 (PZT) with a high piezoelectric constant and linear response of volume change to the
applied voltage, and a vertical-cavity surface-emitting laser (VCSEL) for the first time. We aim for high
linearity in the center wavelength tuning and a high sweep frequency using the chip itself for a compact
laser source of FMCW LiDAR. The meander structure at the outer periphery and membrane structure
at the center of the MEMS are implemented. The MEMS and 940-nm half-VCSEL are combined by
thermal bonding. The resulting MEMS-VCSEL achieved high linearity in the center wavelength tuning
with a coefficient of determination over 0.99 under DC-voltage actuation of the meander structure. The
continuous wavelength tuning range reached 2.98 nm with a resonant frequency of the membrane at

1.3 MHz. This sweep frequency is the highest among DBR MEMS-VCSELSs and enabled fast operation.
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Introduction

Vertical-cavity surface-emitting laser (VCSEL) has
played a significant role in various industries such as
optical communications, consumer electronics and
automotive. Its low manufacturing cost, multi-channel
design and two-dimensional fabrication on a wafer
widened uses of VCSEL and possibility of integration
with different materials and devices'™?.

Tunable micro electro mechanical systems (MEMS) —
VCSEL mechanically combined MEMS and VCSEL
together. The concept of tunable MEMS-VCSEL is based
on direct modulation of the cavity length between two
facing mirrors. This tunable light source has been tried to
be adapted to the fields of optical communication® and
spread to curious fields such as spectroscopy and optical
coherent tomography (OCT) and light detection and
ranging (LiDAR). Frequency modulated continuous wave
(FMCW) LiDAR enables more accurate distance
measurement than direct time-of-flight (dToF) by
continuously tuning lasing wavelength. DToF needs high
clock frequency to count time delay of received light. For
example, the frequency is over 150 GHz for resolution of
1 mm, which is difficult to achieve. Figure 1 (a) shows
optical frequency tuning for FMCW system. Optical
frequency is continuously and linearly swept from initial
frequency f; and increases with known period T and
sweep rate ¥ (up-chirp). The laser is emitted to the object
in free space. At the time of 7, the reflected light is
collected and optically coupled with the outgoing light,
and the beat signal is generated. By calculating the beat
frequency Af, delay time of T and the distance between
the object and FMCW system can be estimated. Measured
distance D is expressed as:

c cA
D= —‘r——f
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where c is the speed of light. Ranging resolution Ad is

showed as:

g 08¢
fBW

where fgy is frequency bandwidth of tunable light

(2)

source. The bandwidth is showed as:

fBW:["(%_ ! ) (3)
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where A is lasing wavelength, A, and A4, is
minimum and maximum wavelength in tuning range,
respectively. Eq. (3) also can be expressed as:

1 1

fBW =cC AL - AL (4‘)
Acen. - 7 lcen. + 7

where A.., is center wavelength and AA is wavelength
tuning range. Figure 1 (b) shows the relationship between
tuning range of tunable light source and resolution of
FMCW LiDAR at the center wavelength of 940 nm. High-
resolution distance measurement at the order of sub-
millimeter can be possible. For example, with the tuning

range of 10 nm, the resolution is theoretically about 80 um.
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Fig. 1 (a) Modulated optical frequency against time and
principle of FMCW LiDAR and (b) relationship
between tuning range and distance resolution of
FMCW LiDAR at center wavelength of 940 nm.

There are mainly two important conditions for laser

source of FMCW LiDAR to satisfy, precise wavelength
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control and high-frequency wavelength tuning with
higher value of y . At first, the change of center
wavelength A, and tuning range AA over the time
caused by temperature change and residual stress on
actuators should be corrected. It is obvious from Eq. (2)
and (4) that the change in A., and AA leads to
fluctuation of distance resolution. Furthermore, nonlinear
wavelength tuning against time causes unstable beat
signal and inaccuracy of distance measurement. It has
been reported that this nonlinearity gives limited range of
resolution®. For the latter, at every measurement points
the system must wait until the wavelength sweeping is
finished. Therefore, the tuning frequency can be the
bottleneck for framerate of the system. MEMS tunable
VCSELSs has possibility of overcoming these challenges.

Since a mirror for laser cavity is fabricated on movable
parts on MEMS, the optical characteristics of tunable
MEMS-VCSEL directly reflects the types of actuations of
MEMS. For example, with linear motion of MEMS and
laser cavity design with linear response to change in air-
gap enables continuous linear wavelength tuning. For the
tuning frequency and range, MEMS structure can have
higher-frequency and larger resonant vibration by
modifying mechanical and material properties. This
modification contributes to the increase in the change of
optical cavity length and widening of wavelength tuning
range at higher-frequency tuning. These characteristics
are decided by the combination of MEMS performance
and laser cavity design. For MEMS, there are mainly three
types of actuations.
1. Electrostatic MEMS-VCSEL

Electrostatic actuator has been widely used and
reported for tunable MEMS-VCSEL>!?, Since structure
of electrostatic actuator are comparatively simple,
integration with other materials or devices can be
achieved easier. The displacement of actuator is decided
with the balance between electrostatic force and restoring
force of MEMS springs. By applying voltage on mirrors,

the stable position changes.

To realize high-frequency electrostatic MEMS-VCSEL,
three approaches can be chosen, employing low density
materials, reducing the thickness of moving parts and
increasing applying voltage. The first and second may be
challenging. Not only density but some requirements such
as mechanical strength, high affinity with semiconductor
process and electric property should be satisfied at the
same time. Thin and low-mass high contrast grating
(HCG) mirror contributed to high-frequency wavelength
tuning at about 3 MHz with resonant vibration of MEMS?),
which has higher frequency than conventional tunable
MEMS-VCSEL with DBR at 0.698 MHz'?. The third
approach may cause difficulties of obtaining small
module and decreased reliability. For the linear actuation,
there are drawbacks to overcome such as pull-in effect and
nonlinearity of actuation. Since electrostatic force
depends on squared value of an applied voltage between
MEMS and counterparts, the displacement changes as a
function of the squared value, which is not linear to
applied voltage. Also, the displacement depends on its
initial position. As a result, nonlinearity of MEMS
displacement and lasing wavelength occurs, which is
difficult to improve linearity by itself without constructing
complex optical system and compensating the
nonlinearity.

2. Electrothermal MEMS-VCSEL

Electrothermal MEMS converts thermal energy into
motion with the thermal expansion and asymmetric
deformation. Electrothermal actuators generate large
displacements with low energy consumption'!. Change of
lasing wavelength is linear to injection current because
deflection of actuator is linear to change of its temperature
derived from the injection current. The actuation
frequency is relatively slow compared to electrostatic and
piezoelectric actuators because change in temperature
takes time and this can be the bottleneck of deformation
speed. Although electrothermal MEMS at MHz-order are
developed with the consideration of dependence of
thermal resistant and actuators'

capacitance on
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dimension'?, their structure and vibration are in-plane and
out-of-plane integration with VCSEL device seems
challenging.
3. Piezoelectric MEMS-VCSEL

There is fewer report about piezoelectric tunable
MEMS-VCSEL"'®. Volume change of piezoelectric
material is utilized as a source of actuation for a cavity
mirror. Piezoelectric materials shrink or expand when
voltage is applied on, which is called inverse piezoelectric
effect. This effect works linearly to applied voltage and
contributes to linear motion of actuators. The shrink of
this material is used as the driving force of actuators.
Theoretical calculation shows that the piezoelectric
material with piezoelectric constant of 590 x 102 C/N
has a hundred times larger energy density than
electrostatic actuation, which means larger displacement
change per applied voltage can be possible'”. However,
conventional piezoelectric MEMS-VCSEL employed
AlGaAs whose piezoelectric constant is much smaller
than the wvalue in the calculation described above.
Although longer cantilever can compensate the small
volume change of AlGaAs, the resonant frequency
becomes slower. Therefore, realizing both of wide tuning
range and high-frequency tuning at the same time has
been difficult. As mentioned above, Table 1 shows the
comparison of MEMS-VCSEL based on types of
actuators. AlGaAs MEMS-VCSEL has tradeoff between

tuning range and frequency.

Table 1 Comparison of MEMS-VCSEL.
Tuning range frzggei:rrlli v Linearity
Electrostatic O O X
Electrothermal @) X O
Tk x© o o
Piezoelectric O o O

(Pb(Z1,Ti1)O3)

4. Our concept

To our best knowledge, there are no reports for high
linearity of wavelength tuning by itself with designing of
MEMS actuator and laser cavity while maintaining high-
frequency tuning. We employ Pb(ZrTi1-x)O3 (PZT) whose
volume change is several ten times as large as AlGaAs,
which can overcome the tradeoff from conventional
piezoelectric material, as showed in Table 1. We aim to
realize linear tuning of the center wavelength and high-
frequency continuous wavelength sweep and with the
combination of the meander and membrane structure. To
our best knowledge, this is the first demonstration of PZT
MEMS-VCSEL.

In this paper, the integration of PZT MEMS and half-
VCSEL is demonstrated. Meander and membrane
structures work as adjuster of center wavelength and

continuous wavelength sweep over MHz, respectively.

MEMS and half -VCSEL Design

The combination between the membrane and meander
structures on MEMS is important to adjust the effective
cavity length while sustaining high-frequency wavelength
tuning. Figure 2 (a) shows the schematic of MEMS. The
membrane is located at the center of large stage connected
with the meander structure. Dielectric mirror is deposited
on the membrane. PZT layers are sputtered on the area that
connects the membrane to the large stage. By applying
periodic signal on PZT layers near the membrane, the
mirror resonates at the specific frequency and generates
larger displacement than other frequency range. The
lasing wavelength is continuously tuned, and the tuning
range depends on the total displacement of the membrane.
On the other hand, the meander structure is used to decide
the center of the tuning wavelength by adjusting the
effective cavity length by actuating with DC-voltage. The
details of the meander structure and its principle of motion

are discussed later.
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Figure 2 (b) shows the cross section of PZT MEMS-
VCSEL. MEMS and half-VCSEL are integrated by flip
chip bonding with thermal compression. Thermal and
mechanical pressure are applied on bonding layers of
MEMS and electrodes of half-VCSEL, which causes
atomic diffusion without melting and changing the
distance of air-gap. On MEMS, adhesive layer and Au
bonding layer are patterned by vapor deposition with
stainless mask and extended to the edge of MEMS chip.
On half-VCSEL, p-electrode and n-electrode are
patterned and extended to the edge area of half-VCSEL
chip and connected to the electrodes. After bonding
process, current is injected from electric pad on MEMS to
half-VCSEL through adhesive and bonding layer and
electrodes. There are two electrodes on both side of PZT
layers to apply voltage on it. Total thickness including
adhesive and bonding layers and electrodes is about 1 um
and forms airgap between MEMS and half-VCSEL,

which satisfies the requirement for lasing.
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Schematics of (a) PZT MEMS and (b) cross-
section of PZT MEMS-VCSEL after integration
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We used 940 nm bottom-emitting oxide-confined half-
VCSEL. Half-VCSEL consists of GaAs substrate, n-
AlGaAs distributed Bragg reflector (DBR), InGaAs
multiple quantum wells inserted in AlGaAs cavity spacers
and top p-AlGaAs DBR with a selective oxidation layer.
Combination of p-DBR and external dielectric mirror on
the membrane of MEMS works as one mirror with higher
reflectivity to construct complete lasing cavity with n-
DBR. Output mirror is on the side of n-DBR with lower
reflectivity than the dielectric mirror on the membrane of

MEMS. The initial air-gap is designed to be 1.25\.

MEMS Performance

Piezoelectric MEMS has different principle of
actuation from electrostatic MEMS and has advantage for
MEMS-VCSEL. Figure 3 (a) shows schematics of
piezoelectric actuator with the meander structure. There is
a pair of cantilevers and piezoelectric layer on each
cantilever. These two piezoelectric layers are placed to
generate displacement x and cancel tilting. At deforming
area on the fixed cantilever, piezoelectric layer shrinks
with applied voltage and generates tilted angle. This angle
is continuous to the rigid area. The rigid area is connected
to the other cantilever and the adjacent piezoelectric layer
cancel the generated tilted angle by the same magnitude
of deformation. Finally, the edge of the second cantilever
has the displacement x without changing its tilting angle.
The displacement of the meander is showed as:

M le—2L (I —21;)?
T B, T B, {(l’” 2 ) 4 )

where x is displacement of tip of cantilever, M is
bending moment, [ is moment of inertia, [ is length and
E is young modulus. The suffix of p and ¢ and j
means piezoelectric material and cantilever and junction
between two cantilevers, respectively. Since bending
moment is linear to the applied voltage on piezoelectric

layers, the displacement also has linearity to the voltage.
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Furthermore, the displacement is independent to initial
position, which is very advantageous in the situation
where the position of the dielectric mirror is shifted by
factors such as change of temperature and fabrication
process.

Figure 3 (b) shows schematics of electrostatic actuator.
Displacement of electrostatic MEMS is calculated with
the mechanical parameter and dimension. As described
above about electrostatic MEMS, the balance between
electrostatic force and restoring force of the spring is

showed as:
(6)

where x is the displacement of the mitror, g is the initial
gap between the plates, ¢, is dielectric constant of vacuum,
S is the area of the mirror, k is the spring constant and V
is the applied voltage. On left hand of Eq. (6), restoring
force obtains maximum value at x = g/3. On the right
hand, electrostatic force is proportional to squared value
of applied voltage. This equation shows that the
relationship between displacement and applied voltage is
not linear. Also, the initial gap affects on the control of
displacement. By replacing k with foz\/k/—m , the
relationship between the resonant frequency and other
parameters is obtained as:

& S

2 mV2 Q)

x(g — x)? - 02 =
where f, is the mechanical resonance frequency and m
is the mass of the mirror. As explained in the previous
chapter, it is obvious that there are two options to realize
high-frequency resonance frequency while maintaining its
displacement, decreasing of mass (reducing density and
thickness of material) and increasing of applied voltage.
For the former, small volume of mirror and use of
materials with lower density contribute to lighter mirror.
However, there are some challenges for these options,
such as limit of thickness and mechanicals strength of

materials. On the other hand, piezoelectric MEMS has

different actuation mechanism, such as linearity and

independency of displacement on initial position.
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Fig. 3 (a) Schematics of the meander structure from top
view and side view, (b) electrostatic actuator and
(c) their displacement as the function of applied
voltage.

Figure 3 (c) shows the measured displacement of the
meander structure with PZT layers and calculated
displacement of electrostatic MEMS. The displacement of
the meander structure is about 2 um with applied voltage
of 30 V and showed high linearity compared to the
of
determination of the meander structure and electrostatic

MEMS is 0.992 and 0.876, respectively. With the

calculated electrostatic = motion. Coefficient
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calculation on displacement of electrostatic MEMS based
on Eq. (7), its resonant frequency is 1 MHz, area of
moving plate is 100 um?, initial gap is 3 um, length of
mirror is 10 pum, thickness is 100 nm, mass of 0.023 pg.
The dynamic characteristics of the membrane such as
resonant frequency is discussed at the next chapter. From
the above results, we found that the combination with the
meander and PZT layers can generate large displacement
and high linearity to applied DC-voltage without
restriction of parameters such as initial air-gap length.
This static motion of PZT-MEMS can be employed as the
function of adjusting center wavelength of continuous

sweep.

PZT MEMS-VCSEL Characteristics

1. Measurement setup

Figure 4 (a) shows schematic of connection of MEMS
and 4 (b) shows measurement setup. PZT layers on the
meander and membrane structure are separately actuated
by different channels on the function generator. Channel
one (CH1) has DC-voltage output and channel two (CH2)
has sinusoidal signal with dc-biased voltage, respectively.
MEMS-VCSEL chip is mounted on chip holder, and half-
VCSEL is connected to power supply and MEMS is
connected to function generator via a connector. PZT
layers on the meander structure and membrane are
independently driven by different output channel. I-L
curve (Injection current vs light output) is obtained by
sweeping injection current to half-VCSEL and applying
DC-voltage to PZT layers on the meander structure. We
have multiple I-L curves depending on the value of DC-
voltage on the meander structure. Threshold current is
calculated as the slice at the axis of current. Spectra and
peak wavelength are measured by spectrum analyzer with
DC-voltage to PZT layers on the meander structure.
Continuous wavelength tuning range is measured with

sinusoidal voltage to PZT layers near the membrane and

DC-voltage to those on the meander structure. Spectrum
analyzer is set to have long acquisition time so that the
sweep of wavelength can be observed. All the
measurement is conducted with continuous wave current
injection to half~-VCSEL at room temperature.
Measurement conditions such as DC-voltage, pole,
amplitude and frequency for PZT layers on meander and
membrane structure and current for half-VCSEL are
parameterized by a computer. Emitted light is coupled by
objective lens and projected on CCD camera, spectrum
analyzer or laser diode tester via optical fiber, which is

switchable depending on type of measurement.
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Fig. 4 (a) Schematic of connection for actuation and
(b) measurement setup for PZT MEMS-VCSEL.

2. Results

We obtained I-L curve and its dependencies on DC-
voltage to PZT layers on the meander structure in
continuous wave operation of MEMS-VCSEL, which has
an oxide aperture area (Sp,) of 60 um?. Figure 5 (a) and
(b) shows I-L curve and threshold current dependencies
on DC-voltage. MEMS design such as dimension of
cantilevers and PZT layers differs from those in Figure 3
(c) and showed different displacement range. In Figure 5,

the applied voltage to PZT layers on the membrane
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structure was set to be 0 V through the measurement.
From Figure 5 (a), the maximum optical output was over
0.73 mW with the DC-voltage (Vpc meanger) 0f2.5 V. The
threshold current had tendency of decreasing as the DC-
voltage increased in Figure 5 (b). The lowest threshold
current was at 2.5 V. We also measured lasing wavelength
dependencies on changing DC-voltage to PZT layers on
the meander structure.

Figure 5 (c) and 5 (d) shows the tuning range and its
linearity and spectra. The operation current (Ioperqtion) 18
kept at 10 mA. Since these results are obtained with same
sample but different date from Figure 5 (a) and (b), the
shift of initial position of the dielectric mirror and
disagreement in DC-voltage range to PZT layers on the
meander structure occurred. Wavelength tuning range was
8.9 nm and the coefficient of determination reached to
0.992 at room temperature under continuous wave (CW)
operation. This linearity is difficult to achieve with non-
linear motion of electrostatic MEMS.

When the applied voltage is increased, the dielectric
mirror mounted on the membrane moves and shorten the
effective cavity length. As a result, lasing wavelength is
inverse proportional to the DC-voltage to PZT layers on
the meander structure. Lasing wavelength changed from
936.1 nm to 927.2 nm at the range from 2.2 V to 6.2 V.
With the help of the meander structure and PZT layers,
high linearity of wavelength tuning is achieved. Except
nonlinear tuning at the edge of DC-voltage of 2.5 V and
6 V, the measured range of linear tuning was about 6 nm
and close to designed value. Wider linear tuning range can
be possible by modifying MEMS design and its operation,
such as employing lower-mass mirror and piezoelectric
material with higher piezoelectric coefficient, increasing
in area of PZT layers and applying higher voltage on PZT.
The spectra are in transverse multimode oscillation and
had wide linewidth, which is supposed to be mainly
contributed by two factors, vibration of the meander
structure and large oxide aperture on half-VCSEL.

Especially for the meander structure, it is designed to

create larger displacement with lower voltage and have
soft spring, which is easily excited by extrinsic vibration.
This vibration generates fluctuation of laser cavity length
and lasing wavelength. Stiffer sprig can suppress this
fluctuation and multimodal lasing can be suppressed by

choosing smaller oxide aperture.
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Fig. 5 Static characterization of PZT MEMS-VCSEL.
(a) I-L curves, (b) threshold current vs DC-
voltage, (c) lasing wavelength vs DC-voltage,

(d) lasing spectra.
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Finally, we evaluated continuous tuning wavelength
dependency on frequency of sinusoidal signal to PZT
layers on the membrane structure. Figure 6 shows the
tuning range response to input frequency to PZT layers
near the membrane. Sinusoidal signal to PZT layers on the
membrane  structure  has  peak-to-peak  voltage
( Vppmembrane ) of 20 V and biased voltage
( Voc membrane ) of 3.3 V. The operation current
(Ioperation) is kept at 10 mA. DC-voltage to PZT layers

on the meander structure is set to make the lasing

wavelength be in the tuning range during the measurement.

The tuning range was 2.98 nm at 1.396 MHz, which is one
of the highest-frequency sweep at resonant frequency with
DBR on MEMS!?, while HCG reaches to higher resonant
frequency of about 3 MHz because of its low-mass
mirror”. Displacement of the membrane increased
because at resonant frequency. However, its tuning range
is narrower than the tuning range with DC voltage in
Figure 5 because the membrane displacement is smaller
than that of the meander actuation. Higher-frequency
modulation can be possible with forming low-mass HCG
mirror instead of the dielectric mirror. For the linearity of
continuous wavelength sweep with the membrane
structure, high linearity is expected since PZT layers on
the membrane structure also has linear response of volume

change to the applied voltage as those on the meander

structure.
3
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op Vpp membrane = 20V
2 o5 Ve membrane = 3.3V
E Toperntion = 10 mA
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Fig. 6 Tuning range response to MEMS input frequency.

Conclusion

In conclusion, we demonstrated 940 nm bottom-
emitting tunable MEMS-VCSEL that employed PZT
layers as a source of actuators for the first time. Two kinds
of actuators, the meander and membrane structure enabled
higher linearity and highest frequency of wavelength
sweep. The tuning range of lasing wavelength was 8.9 nm
with applying DC-voltage to PZT layers on the meander
structure at the range from 2.2 V to 6.2 V. Its coefficient
of determination between lasing wavelength and applied
DC-voltage reached to 0.992, which is difficult to obtain
with non-linear motion of electrostatic MEMS-VCSEL.
In addition, vibration of membrane realized wavelength
tuning range of 2.98 nm with peak-to-peak voltage of
20 V at resonant frequency of 1.396 MHz. This sweep
frequency is the highest among DBR MEMS-VCSEL and
realized fast operation. More accurate and higher-
frequency distance measurement can be expected by

improving MEMS structure design.
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