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This paper presents a new type of wide bandwidth real-time micromechanical optical power meter based on a
micro silicon disk resonator. The resonant frequency of micromechanical resonator is ultrasensitive with its heat
absorption, which is verified by both simulation and experiment, including the open-loop and closed-loop
testings. The resonant frequency of both the elliptical mode and contour mode of the disk resonator will shift

when lasers of 488 nm and 1550 nm with different power are irradiated. The detector shows different heat
absorption efficiency depending on the wavelength of the measured optical signal. The heat absorption efficiency
was tested with 488 nm and 1550 nm laser irradiation in our experiments. According to our closed-loop ex-
periments, the resolution of our detector could reach 78 nW, and a high linearity of R = 0.99605 for the 488 nm

target optical signal.

1. Introduction

Optical power measurement technique is one of the most important
techniques in areas such as optical communications, astronomical
photometry and military [1]. Two detecting methods commonly used
for optical power detection are photoelectric detection and thermal
detection. Photoelectric detectors like photomultiplier tubes (PMT) and
single-photon avalanche diodes (SPAD) are based on semiconductors
with narrow bandgaps [2,3]. The dark current will increase as temper-
ature increases because of thermally generated charge carriers [4]. This
kind of detectors are usually able to achieve high precision, but the
range of wavelength can be detected is limited by the characteristics of
semiconductors [5]. Besides, photoelectric detectors require cooling
environment, making the system bulky and expensive [6]. Those optical
power meters using thermal effect of laser, include the pyroelectric type
[7] and the calorimetry type [8,9]. They measure the amount of heat
absorbed by the sensitive components [10]. This type of power meter
can work in room temperature or even above and have no limitations in
target wavelength. However, most of thermal detectors have difficulties
in improving resolution or response time. High resolution thermal de-
tectors are usually quite complex in structure, making them difficult to
popularize [11,12]. What’s more, thermal detectors with high resolution

are quite narrow in detectable power range. Thus, a portable optical
power meter with high accuracy, expanded dynamic range and capa-
bility to work in wide wavelength range is in urgent need at present.

Due to the increased demand of micro-machined optical power meter
in many different areas, such as spectrometer, gas detector and remote
temperature detector, MEMS-based optical power meter has aroused
great attention [12]. For example, the bimaterial microcantilevers are
often used for sensitive detection of optical power. The microcantilevers
will bend when laser power irradiates due to the differential expansion
coefficients of two materials [13,14]. The precision of the optical power
meter based on bimaterial microcantilevers depends on the precision of
the displacement measurement, making the reading device complicated
and expensive. Another type of MEMS optical power meter is based on
resonator. Most of resonant optical power meter is AIN or GaN resonator
with a resonant frequency of hundreds of MHz or several GHz which
leads to a high scale factor between optical power and resonant fre-
quency [15-17]. Due to the characteristics of piezoelectric resonator,
they usually cannot reach high frequency resolution. Besides, complex
read-out electronics are often needed due to the high resonant frequency
(GHz) to prevent strong electromagnetic interferences.

A new type of optical power meter based on a single crystal silicon
(SCS) disk resonator is proposed in this work. The optical power meter
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Fig. 1. (a) Elliptical mode (left) and the contour mode (right) shape of the resonator from Comsol® Multiphysics. (b) Computing the center temperature of the disk
resonator at different laser power of 488 nm and 1550 nm, a linear relationship is concluded. (c) The frequency shift of the elliptical mode of the disk resonator when
the laser power (both 488 nm and 1550 nm) increases from 10 mW to 40 mW. (d) The frequency shift of the contour mode of the disk resonator when the laser power
(both 488 nm and 1550 nm) increases from 10 mW to 40 mW. (e) The scale factor between df/f, and laser power of the contour mode is slightly higher than it of the

elliptical mode.

utilized frequency fluctuations of our resonator caused by laser induced
heating. The temperature of the laser heated silicon is mainly deter-
mined by the intrinsic absorption of the semiconductor and the ab-
sorption on the thermal generated electron-hole pairs [18]. Thus, the
optical power meter proposed by us is expected to be used in any range
of optical spectrum. The good thermal conductance of silicon ensures a
quick response time of our optical power meter. Due to the easy and
sensitive detection of resonant frequency, our optical power meter can
reach a detection limit of 78nW and realize real-time measurement with
a less than 0.3 s response time. Besides, since silicon resonator has its
unique advantages in integrating with electronics, our optical power
meter is very promising for varied applications.

2. Design and simulation

The SCS optical power meter proposed by us is composed of three
parts including a sensitive component, frequency tracking oscillator
circuits and a monitor. The sensitive component of our detector is a SCS
disk resonator. Different additive absorption materials can be applied to
the surface of the resonator to increase the absorptivity of the power
meter at a certain waveband. At present, gold and platinum are the most
common absorptive materials [19,20]. Graphene layer is also used by
some researchers on the aluminum nitride resonator [21,22]. The op-
tical power meter proposed by us didn’t use any absorption materials on
our disk resonator due to the limitation of our microfabrication process.
The frequency tracking oscillator circuits including an open-loop circuit
and a closed-loop circuit shows the drift of the resonant frequency
caused by temperature fluctuation. And the monitor shows the power of
laser irradiation according to the correspondence between the resonant
frequency and laser power.

The resonator used in this work is a SCS disk with a radius of 750 ym
and a thickness of 10 pm. Comsol® Multiphysics was used to simulate
the resonant mode and frequency of our disk resonator. Fig. 1(a) shows
the elliptical mode (2.3 MHz) and the contour mode (3.36 MHz) of the

disk resonator. Both two modes will be tested in following experiments.
We also simulate the relationship between the resonant frequency and
the laser power with 488 nm and 1550 nm. The simulation process is
divided into two parts. First, the temperature distribution of the reso-
nator is obtained according to the laser irradiation and the structure of
resonator. A light beam with different wavelengths is modeled by the ray
optics module in COMSOL. The light beam is set with a divergence angle
of 0.2 rad, releasing from 2 mm off the resonator surface. Single crystal
silicon will show different absorption and refraction rate when laser
irradiation with different wavelengths is applied. A single quantity
called the complex refractive index can be used to define the different
absorption and refraction of a medium.

n=n+ix

(€8]
The real part n is the refractive index and the imaginary part « is the
extinction coefficient. The absorption coefficient « is defined as:

_ Ak

o= ©)

Secondly, the resonant frequencies of two different modes are ob-
tained according to the temperature distribution of the resonator. The
support of the disk resonator which is connected to the substrate is set as
273 K. The temperature of the disk resonator will increase when the
laser power is irradiated on the surface, thus the resonant frequency
decreases due to the decrease of the Equivalent stiffness. The formula of
resonant frequency f is as below.

k E

e

3

Where k is the dimensionless frequency parameter, R is the disk radius,
E, v and p are Young’s modulus, Poisson’s ratio and density of the disk
material separately. Due to the anisotropy of the single crystal silicon,
the Young’s modulus is expressed as an elastic matrix related to



X. Chen et al.

(2)
Vac

\pr .

. .

VOUI

C Ay

. N
S
Amplifier s — \—“_

| Fer  Comparaor |
[ :
|
|

Phase | J_

~14

Frequency
counter

Sensors and Actuators: A. Physical 339 (2022) 113506

Amplitude (dB)

1194

196

198

Phase (deg)

k3
Phase (deg)

2

23025 2.3050 23075 23100 3380 3388 33870 33878 30

Frequency (MHz) Frequency (MHz)

Amplitude (d4B)

2308 23060 23064
Frequency (MHz)

Frequency (MHz)

Fig. 2. (a) The schematic of the experiment. The circuit outside the red dotted rectangle is open-loop circuit. The closed-loop circuit is in the red dotted rectangle. (b)
The amplitude and phase response of the elliptical mode (left) and contour mode (right) of SCS disk resonator without laser irradiation. (c) Frequency fluctuations of
elliptical mode (left) and contour mode (right) are recorded when the power irradiation is increased.

temperature.

The relationship between laser power and center temperature of the
disk resonator can be obtained from simulation (Fig. 1(b)). It shows that
the center temperature rises much higher when 488 nm laser is irradi-
ated than 1550 nm laser with the same power irradiation, which in-
dicates a better heat absorption performance of our disk resonator. Then
the resonant frequency is simulated based on different temperature
distributions. Fig. 1(c) shows the simulated the relationship between
laser power irradiation and resonant frequency of the elliptical mode
when the laser power irradiation rises from 10 mW to 40 mW, and Fig. 1
(d) shows the simulated the relationship between the laser power irra-
diation and resonant frequency of the contour mode when the laser
power irradiation is raised from 10 mW to 40 mW. As we can see in the
figure, the simulated frequency shift induced by 488 nm laser is higher
than the 1550 nm laser due to a different heat absorption performance.

From the simulation results, we can get the conclusion that the
resonant frequency of the SCS disk resonator is sensitive with the laser
power theoretically. Both the frequency of the elliptical mode and
contour mode shift linearly with the laser power increase. For 488 nm
laser, we calculate the ratio between frequency shift and original reso-
nant frequency df/f for both modes. Results show that the scale factor
between df/fy and laser power of the contour mode is slightly higher
than it of the elliptical mode Fig. 1(e). Corresponding experiments are
needed to prove the conclusion, which will be showed as follows.

3. Experiment results

The resonator is microfabricated based on the standard silicon on
insulator (SOI) technology. After wire bonding, the device is placed in
vacuum environment for the following test. In our experiment, the de-
vice temperature is changed by the laser power irradiated on the center
of the disk. A vacuum feedthrough is set to connect the atmosphere and
the vacuum system. Optical fibers used for the transmission of laser are
600 ym in diameter. The optical fiber inside the vacuum cavity is set
around 5 mm to the disk resonator. Since the relative position between
the optical fiber and disk resonator will affect experiment results, the
set-up is left undisturbed once it is well aligned during the whole
experiment process. The wavelength of the laser power mainly used in
our experiment is 488 nm due to the higher heat absorption
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Fig. 3. Frequency shifts of the contour mode of the resonator under both
488 nm and 1550 nm laser irradiation.

performance. 1550 nm laser is also used in the open-loop experiment to
prove the different heat absorption performance. Capacitive trans-
duction is used to excite and detect the frequency response of the disk
resonator, which is easy to conduct and will not be influenced by the
increase of temperature. Electrostatic excitation with both a DC voltage
and an AC voltage is applied on the disk resonator.

The schematic of the open-loop circuit is the part outside the red
dotted rectangle in the schematic showed in Fig. 2(a). In the open-loop
circuit method, an AC voltage is provided by a vector network analyzer.
The resonant frequency of the elliptical mode and contour mode is firstly
tested without the laser irradiation in the open-loop circuit (Fig. 2(b)).
The resonant frequency from the experiment is quite close to results
from the simulation. As the laser power increases in the experiment,
temperature of the disk resonator will increase. Thus, the resonant fre-
quency observed in the experiment decreases. Fig. 2(c) shows the fre-
quency drifts of the elliptical mode and contour mode. The frequency
shifts of the contour mode of the resonator are tested using 488 nm and
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Fig. 4. (a) Frequency spectrum of elliptical mode (left) and contour mode (right) measured by a spectrum analyzer. (b) Allan deviation of the elliptical mode (left)

and contour mode (right) of the disk resonator is calculated.
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Fig. 5. The scale factor between df/f, and laser power of the contour and
elliptical mode from experiment.

1550 nm laser irradiation (Fig. 3). It can be inferred from experiment
results that the disk resonator is much more sensitive with 488 nm laser,
which is consistent with the simulation. Therefore, performances of disk
resonator under 488 nm laser irradiation will be the focus in the
following text.

The schematic of the closed-loop circuit is showed in Fig. 2(a). The
part of schematic in the red dotted rectangle shows the closed-loop

circuit, which contains an amplifier, a filter, a phase shift and a
comparator. In the closed-loop experiment, the AC voltage is provided
by the comparator, the frequency response is measured by a spectrum
analyzer, and the frequency outputs are recorded by a frequency
counter. In the closed-loop testing, the frequency response of the ellip-
tical mode (left) and contour mode (right) are measured by the spectrum
analyzer is shown in Fig. 4(a).

Allan deviation is calculated with the frequency outputs recorded by
the frequency counter to evaluate the stability of the elliptical mode and
contour mode (Fig. 4(b)). The short-term frequency stability floor of the
elliptical mode is 1.45ppb for an averaging time of 10 s, while the short-
term frequency stability floor of the contour mode is 19.6ppb for an
averaging time of 10 s

4. Performance parameters of the optical power meter

We calibrate the performance parameters of our optical power meter
(for 488 nm) according to both open-loop and closed-loop experiment
results. With the increasing of laser power of 488 nm irradiated on the
resonator in the experiment, the elliptical mode and the contour mode
show different scale factors between df/f, and laser power (Fig. 5). The
difference of scale factors between two modes is verified by both
simulation and experiment. This phenomenon may be related to several
aspects. Firstly, when the laser power irradiates on the surface of disk
resonator, thermal energy is decremented from the center. Since the
mode shapes are different, a different heat distribution on the disk
resonator will occur. Secondly, there is a heat flow on a vibrating disk
even without external heating, since the temperature of compressed area
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Table 1
Scale factor between df/f, and laser power of elliptical mode and contour mode
in simulation and experiment.

Scale factor Simulation Experiment
Elliptical mode 6.19E-5 1.74E-5
Contour mode 6.67E-5 2.14E-5
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Fig. 6. The time sequence curve read by the frequency counter. The time in-
terval between each dot is 0.1 s. The resonant frequency is back to stable in less
than 0.3 s when the laser irradiation is changed.

of the disk is higher than the extended area. For different resonant
modes, the energy damping is different, leading to a different mechan-
ical loss [23].

The scale factor between df/f; and laser power of elliptical mode and
the contour mode are listed in Table 1. According to Table 1, scale factor
from simulation is much larger than the one from experiments. In our
simulation, we set an ideal condition that all the laser power is absorbed
by the disk resonator. However, the disk resonator used in our experi-
ment is made of single crystal silicon. The reflection of laser and the
thermal radiation of the disk resonator may be responsible for the low
scale factor in the experiment. The gap in the absorptivity between the
ideal value and the experiment value indicates that our optical power
meter has potential in the improvement of absorptivity. More effective
absorption materials attached on the disk resonator will be paid
emphasis on in our future work.

The resolution of our optical power meter based on both elliptical
mode and contour mode can be calculated by:

_A><f
S

R 4

Where A is the minimum Allan deviation, f is the resonant frequency of
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each mode and S is the scale factor between the frequency shift and laser
power of the optical power meter based on each mode.

With the scale factor and the minimum Allan deviation of two modes,
we can obtain that the resolution of the elliptical mode is 78 nW, while
the resolution of the contour mode is 888 nW. Obviously, the resolution
of elliptical mode is much higher than contour mode. Thus, elliptical
mode is chosen as our detecting mode for our optical power meter.
According to the experiment data in Fig. 5, the linearity of the elliptical
mode is 99.924% calculated by Origin. Thus, our optical power meter
has a good performance in linearity between the laser power and the
frequency. To test the response time of our optical power meter in the
closed-loop experiment, the power irradiation of the surface of our de-
tector is increased from 0 mW to 0.245 mW, subsequently a laser power
decrease about 0.23 mW is set. Then, two more cycles of heating
(+0.225 mW, —0.2 mW, +0.25 mW, then return to zero) are applied to
the disk resonator to prove the repeatability of the device. The time
sequence curve showed by the frequency counter indicates that the
frequency goes back to stable in about 0.3 s while the gate time is
100 ms (Fig. 6). Due to the delay time caused by the response of laser
power and manual operation, the actual response time is less than 0.3 s.
Faster response time can be reached by reduce the size of the disk
resonator.

Since our optical power meter is a thermal detector, we believe it can
be used for full waveband optical detection. However, when the target
optical signal reach far infrared wavelength, the low absorption effi-
ciency of silicon could limit the sensitivity of our optical power meter.
Thus, efficient absorption layer for different target wavelength will be
the focus of our future work. As a comparison, the performance of our
optical power meter for 488 nm and different optical power meter is
showed in Table 2.

5. Conclusion

The real-time optical power meter proposed in this work is based on
a SCS micromechanical disk resonator, with a high resolution and
linearity. The resonant frequency of resonator will fluctuate with the
change of target laser power. Through comparative analysis on the
performance of both elliptical mode and contour mode, we choose the
elliptical mode as our working mode. The optical power meter proposed
by us has the potential to detect full waveband laser power, and proper
heat absorption layer for different laser wavelength will be the focus of
our future work.
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Table 2
Performance of different types of optical power meter.
Type Performance Main drawbacks Reference
Photon detector Spectral range: 3.1-8.9 um Need cooling equipment [6]
Bimaterial Dynamic range: 1-300 pW Complexity of the sensor and read-out system [14]
microcantilever Detection limit: less than 1 pW
MEMS piezoelectric Dynamic range: 0.1 mW/mm? to Complex read-out electronics are often needed due to high the resonant frequency to prevent [15]
resonator 2.3 mW/mm? strong electromagnetic interferences
Linearity: R% = 0.9954
Response time: 0.7 ms
Our detector Dynamic range: Efficient absorption layer is required for different target wavelength, which will be the focus of ~ This work

Linearity: R% = 0.99605 our future work
Detection limit: 78 nW
Response time: 0.3 s

Spectral range: full waveband
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