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High-sensitivity mass sensors under ambient conditions are essential
in various fields such as biological research, gas sensing and environ-
mental monitoring. In the current work, a phonon lasing enhanced
mass sensor was proposed based on an optomechanical crystal cav-
ity under ambient conditions. The phonon lasing was harnessed to
achieve ultra-high resolution since it resulted in an extremely nar-
row mechanical linewidth (less than 10 kHz). Masses with different
weights were deposited on the cavity, it is predicted that the maxi-
mum resolution for mass sensing can be 65 £ 19 zg, which approaches
the mass order of a protein and an oligonucleotide. This implies the
potential application of the proposed method in the biomedical fields
such as oligonucleotide drug delivery area and the Human Proteome
Project.
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INTRODUCTION

Mass spectrometry is a powerful analytical technique which is widely
adopted to determine the molecular mass of samples, elemental composi-
tion and structural information, making it an indispensable tool in quali-
tative and quantitative applications including biological research, chem-
ical measurements, astrophysical analysis and environmental monitor-
ing'**. Specifically, mechanical oscillator-based mass sensors are widely
utilized for high-sensitivity on-chip mass spectrometry by monitoring the
intrinsic mechanical frequency shift Aw,, when an additional mass is ad-
sorbed onto the oscillator, as shown Fig. 1a>!3. Based on the relation-
ship Am = —2(Megr/wmi)Awni, a higher intrinsic vibrational frequency
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wmi, smaller effective mass mcg, and smaller intrinsic mechanical fre-
quency shift Awy,; could lead to a higher mass resolution Am,g, as shown
in Fig. 1b. Therefore, cantilever'*'®, nanobeam® ', nanotube'”!?, and
nanowire’” oscillators are commonly used, owing to their advantages of
relatively small effective mass and high mechanical frequency (in the
range of kHz to GHz). Over the past decade, mass resolutions from zep-
tograms'? %21 to yoctograms’>> have been achieved employing mechan-
ical oscillator-based structures in a vacuum or cryogenic environment.
However, due to the large mechanical dissipation caused by the hydrody-
namic force in the ambient environment in which the typical mechanical
Q factor is only in the order of tens or hundreds®’->**, ultrasensitive mass
sensing under ambient conditions has not yet been reported. (When the
resonance drift of the mechanical frequency caused by the disturbance of
noise is much smaller than the mechanical linewidth, the minimum mea-
surable frequency shift Aw,s is mainly determined by the linewidth of
the resonance). Allan deviation is an important parameter for character-
izing the frequency stability and analyzing the sensing resolution, which
is commonly the main parameter that limits the mass resolution. In the
current experiment, phonon lasing narrowed the linewidth of the mechan-
ical mode, causing mechanical frequency shift to the same order of the
Allan deviation. Therefore, the mass shift can be conveniently retrieved
by the frequency shift and the minimum measured frequency shift can
be used, i.e. the mechanical linewidth, to calculate the minimum mea-
sured mass shift, which is the mass resolution in the experiment. It is of
great significance to conduct mass sensing studies in ambient conditions
since the ambient environment is employed in various applications such
as biosensing, gas sensing, environmental monitoring and on-chip fabri-
cation’*3", Specifically, the ambient conditions is extremely important in
biosensing, since various biological particles can be inactivated in vac-
uum and low-temperature environment. These biological particles were
identified and analyzed using mass detection, as shown in Fig. l¢. Among
them, the detection of oligonucleotides and proteins require a mass reso-
lution that is as small as zeptograms. For practical applications, detection
of serum immunoglobulin (IgM), a type of protein, in the blood and the
proportion of its isoforms is very important for analyzing the biological
immune system, which requires a mass resolution of 190 kDa at least
(Amgs ~ 3.2 x 1071 g = 320 zg, the quality of the lightest isoform).
However, the best mass resolution reported under ambient conditions® is
at the magnitude of attogram (10~'® g), which still cannot meet all the
requirements of biological tests. Therefore, the development of ultrahigh-
sensitivity sensing techniques remains challenging but is very significant
in various fields. It has been predicted that the detection sensitivity of pro-
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Fig. 1 | Schematic of the proposed optomechanical crystal (OMC) cavity-based mass sensing method. a, Mass sensing mechanism based on mechanical oscillator.
b, Mechanism of the mass sensing resolution enhancement by phonon lasing resulting from an ultra-narrow mechanical linewidth. ¢, Summary of different bioanalytes>*
and their corresponding masses comparing to the mass sensing resolution of the reported works. d, Scanning electron microscope (SEM) image with an oblique view of
the designed OMC cavity. e, SEM image zoomed on the OMC cavity’s sidewall where a silica mass is deposited by the electron beam from a focused ion beam (FIB)

system with an oblique view imaging.

tein mass is around 10~ g using optomechanical crystal (OMC) cavity®',
which indicates OMC cavity is possibly applicable for sensitive mass de-
tection. Sub-pg mass sensing has been achieved in microtoroid optome-
chanical oscillator by the narrow linewidth of phonon lasing combined
with harmonic optical modulation®?.

In the current work, a new approach that utilizes phonon lasing to
achieve an ultra-narrow mechanical linewidth was proposed, it allows
a predicted maximum mass resolution up to zeptograms (102 g) at
room temperature in an ambient environment. The designed sensor struc-
ture is a larger-center-hole optomechanical crystal cavity, as shown in
Fig. 1d, which is referred to as the hole in the center defect region and
exhibit a larger radius than that on both sides’*°. Its sensing ability
was demonstrated by experimentally depositing silica masses of differ-
ent weights on the OMC cavity, as shown Fig. le. The results predict
that the proposed method allows a maximum resolution of 65 + 19 zg
(Ames ~ 6.5 x 1072° g), which approaches the mass of a protein, even
an oligonucleotide®’. This is of great value for possible future applica-
tions in biological researches such as oligonucleotide drug delivery*® or
the Human Proteome Project™.

PHONON LASING NARROWED MECHANICAL
LINEWIDTH

Narrower mechanical linewidth could lead to higher mass resolution, as
shown in Fig. la. In this study, a mass sensing that was phonon lasing
enhanced was proposed, which dramatically causes the narrowing of the
mechanical linewidth*’. Here, the optical gradient force generated by the
radiation pressure was utilized to measure and amplify the mechanical
mode. In this process, the blue detuned pump light is scattered to lower
frequency due to the mechanical motion, providing energy to the mechan-
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ical system. It is an effective gain to the mechanical system and will com-
pensate for the energy loss from the other damping channels. In addition,
since the compensation for the mechanical dissipation provided by the
optical gradient force is proportional to the photon number in the OMC
cavity, a high optical Q factor is required to be taken into consideration
when designing the OMC cavity to achieve a higher optical gradient force
and favor the phonon lasing. Moreover, OMC cavities with lower intrinsic
mechanical dissipation are beneficial for phonon lasing. Therefore, in the
current work, the larger-center-hole OMC cavity shown in Figs. 1d and
2a, which was proposed in our previous study’*=°, was selected due to
its high optical Q factor and low intrinsic mechanical dissipation for the
phonon lasing enhanced mass sensor.

The OMC cavity was designed and optimized using the finite ele-
ment method (FEM). Here, a localized optical fundamental mode (i.e.,
y-component of the normalized electric field E,) with a wavelength of
1546.8 nm, as shown in Fig. 2b, and a localized mechanical fundamen-
tal mode with a mechanical frequency of 4.43 GHz, as shown in Fig. 2c¢,
were formed in the cavity through the optical and mechanical bandgaps,
respectively. In addition, by using the definition of effective mass in refer-
ence!, the calculated effective mass for the designed structure was 133 fg.
Fig. 2d shows the measurements adopting the experimental setup (details
for the structural design, fabrication, and measurements in could be seen
in Supplementary Notes 1-2). The fundamental optical mode (A = 1557.6
nm) is observed in the transmission spectrum, as shown in Fig. 2e. As
shown in the inset of Fig. 2e, the intrinsic optical Q factor was estimated
to be 160,000 based on the Lorentzian fitting of the fundamental optical
mode. Moreover, results show that the localized mechanical fundamen-
tal mode exhibited a relatively narrow linewidth of approximately 3 MHz
(Q~1,500) under ambient conditions with a high frequency of 4.526 GHz,
as shown in Fig. 3b (gray data points). Therefore, the designed structure
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Fig. 2 | Characterization of the designed OMC cavity. a, SEM image with top view of the cavity. It consists of three parts: one defect region between two identical
periodic mirror regions. b, Normalized electric y-component (Ey) of the localized optical fundamental mode with a wavelength of 1546.8 nm. ¢, Normalized displacement
field of the confined fundamental mechanical mode with a frequency of 4.43 GHz. Both the optical and mechanical modes were calculated using the finite element method
(FEM). d, A tunable laser diode (TDL), polarization controller (PC) and photodetector with a bandwidth of approximately kilohertz (PD1), photodetector with a bandwidth
of 12 GHz (PD2), viable optical attenuator (VOA), and electrical spectrum analyzer (ESA) constitute the experimental setup. The electronic spectrums were averaged
8 times, and the resolution bandwidth was set as 0.51MHz (510Hz) before (after) the phonon lasing during the experiment. e, Optical transmission spectrum shows the
fundamental mode centered at 1557.6 nm with an intrinsic Q factor of 160,000 (in the inset).
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Fig. 3 | Measurement of phonon lasing. a, Normalized mechanical energy and linewidth versus the pump laser power (input power). The mechanical linewidth is
narrowed from 2.6 MHz to 5.4 kHz after phonon lasing (pink shaded area). The minimum linewidth is associated with the input power. b, Power spectrum density (PDS)
for the fundamental mechanical mode is measured at room temperature under atmospheric conditions with a low input laser power of —4 dBm, and the mechanical
frequency and linewidth is 4.526 GHz and 2.6 MHz (gray data points), respectively. The red data points are the PDS after phonon lasing with an extremely narrowed
linewidth of 5.4 kHz that was measured at a high input laser power of 5 dBm.

is of high optical intrinsic Q factors and low intrinsic mechanical property
to favor phonon lasing under ambient conditions.

Phonon lasing was experimentally achieved in the OMC cavity by in-
creasing the optical input power to amplify the Stokes scattering process,
as shown in Fig. 3. The wavelength of the input laser (TLD) shown in

magnitude, ranging from 2.6 MHz to 5.4 kHz, to realize ultrasensitive
mass sensing under ambient conditions, as shown in Fig. 3b.

PHONON LASING ENHANCED MASS SENSING

Fig. 2d was adjusted in the blue-detuned regime. The detuning A is de-
fined as A = wy, — w,, Where, w;, and w, depict the frequencies of the
input laser and the cavity resonance, respectively. An apparent threshold
shown in Fig. 3a was found to be the optical input power increased along
a narrowed mechanical linewidth after reaching the threshold, indicating
that phonon lasing was achieved in the fabricated OMC cavity. Subse-
quently, the mechanical linewidth can be narrowed up to three orders of
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In this section, the experiment to verify a phonon lasing enhanced mass
sensing was discussed. The experimental scheme based on the sensing
principle Am = —2(mepr/wmi) Awn; 1s as follows: Firstly, a focused ion
beam (FIB) was used to deposit a small amount of material (silica) on the
side wall of the OMC cavity via ion beam induced deposition, as shown
in Fig. le (details can be seen in Supplementary Notes 3), resulting in
the mechanical frequency shift Awy,. The deposition parameters were ad-
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Fig. 4 | Experimental results. a, b, Experimentally measured wy, on the condition that laser-cavity detuning is sufficiently large and is in phonon lasing regions,
respectively. Gray data points are the references to show the mechanical frequency shift caused by the added masses, and the red, green, and blue points show those
obtained after the deposition of different weights. The linewidths are 2.7, 3.1, 3.5, and 4.2 MHz from right to left, in a, which correspond to a mass of 0.181, 0.264, and
0.345 fg, respectively. The linewidths are narrowed to 3.6, 6.3, 7.6, and 10 kHz, under phonon lasing in b, after phonon lasing. It is obvious that the linewidth can hold to
4.2 MHz and can be further narrowed to below 10 kHz, which shows a considerably improved resolvable linewidth that benefits the ultra-sensitive mass sensing method.
¢, Responsivity between the added masses and mechanical frequency shift. The series of the black blocks and red circles are the measured mechanical frequency shift

under different deposited weights. Specifically, the black blocks and red circles correspond to the Awy,, which is measured on the same condition with Fig. 4a (Awy,;) and
Fig. 4b (Awn), respectively. The slopes (fi= Aw/Am) of the linear fit are —154 MHz fg~! and —154.1 MHz fg~!, and show a good agreement with each other, which
means Awp, &~ Awp; in the proposed sensing scheme. Therefore, a minimum detectable mass of Anes ~ 65 zg = 6.5 x 10720 g is predicted with the after-deposited

3 dB resolvable linewidth (shown in Fig. 4b).

justed to control the weights of the added masses. Finally, masses of dif-
ferent weights were obtained for mass sensing in the experiments. The
limitation and repeatability of the mass deposition process using FIB were
further discussed in Supplementary Note 3.

The intrinsic mechanical frequency shift Aw,,; caused by mass depo-
sition was measured firstly, and then the corresponding Aw,, was mea-
sured under phonon lasing to illustrate the experimental results of the en-
hancement of the sensing resolution. Fig. 4a shows the intrinsic mechan-
ical variation modes for three different deposition parameters. The gray
data points represent the measured wy,; prior to mass deposition, which are
used as references when exhibiting the mechanical frequency shift corre-
sponding to the added masses. Meanwhile, the red, green, and blue data
points represent the measured mechanical vibration modes after deposit-
ing different weights of SiO, masses, whicl leads to frequency shifts of
29.2, 41.97 and 54.44 MHz, respectively. The homologous masses evalu-
ated by the sensing principle (see details regarding the calculation method
of the deposited mass in Supplementary Note 4) are 0.181, 0.264 and
0.345 fg, respectively, corresponding to the insets in Fig. 4c with the same
color. Based on the figure, it is apparent that a greater weight could cause
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a larger mechanical frequency shift, which agrees well with the theoretical
analysis in the current work.

Then, the phonon lasing amplification mechanical vibration was mea-
sured accordingly, as shown in Fig. 4b with the same color. The mechani-
cal linewidth was narrowed from MHz to kHz, which is favourable to the
proposed ultra-sensitive mass sensing method. The measured mechanical
frequency w,, consists of the intrinsic mechanical frequency w,, and the
mechanical frequency deviation wy,y induced by the optical spring effect
Wm = Wpi + ®ng. The responsivities K= Aw/Am were measured under
the intrinsic and phonon lasing conditions of the designed OMC cavity so
as to experimentally evaluate the influence of the optical spring effect, as
shown in Fig. 4c. The black and red circles represent the measured me-
chanical frequency shift Aw,, under the condition that the input laser is
far away from the cavity resonance (intrinsic mechanical vibration) and
after phonon lasing for different deposited masses, respectively. The black
and red dashed lines correspond to the linear fittings with responsivities
of —154.0 and —154.1 MHz fg~!, wherein the negative sign indicates a
decreasing mechanical frequency when the mass is deposited on the cav-
ity. These two sets of data are consistent with each other and demonstrate
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Fig. 5 | Allan deviation of the fundamental mechanical mode, measured under
the phonon lasing at ambient conditions shows a minimum deviation of 5.8 kHz,
which results in an ultrasmall resolution uncertainty of 38 zg.

that the optical spring effect-induced mechanical frequency deviation wyg
can be neglected in the proposed phonon lasing enhanced mass sensing
approach in the OMC cavity. Therefore, the deposition-induced mechan-
ical frequency shift under phonon lasing is approximately equal to the
intrinsic mechanical frequency shift (i.e. Awy, ~ Awy;) and can be used
to directly determine the mass of the added mass Am. It is found that
the optical spring effect-induced mechanical frequency deviation wy,g can
be neglected in the proposed sensing approach (see the detailed theoret-
ical analysis in Supplementary Notes 5), in which the calculated optical
spring-induced frequency deviation was no more than 3% relative to the
deposited mass-induced frequency shift.

DISCUSSION

Finally, the sensing resolution was analyzed. The mechanical linewidth is
narrowed from 4.2 MHz to its phonon lasing value of approximately 5
kHz by applying Lorentzian fitting to the spectra, as shown in Fig. 4a
and Fig. 4b, respectively. It is evident that the experimentally resolv-
able frequency shift can be significantly improved after phonon lasing,
and the mechanical linewidth can be narrowed to approximately 10 kHz
even after deposition. The minimum detectable mass is predicted to be
Ay = Awres /M~ 652zg = 6.5 x 1072 g based on the responsivity
9 and 3 dB resolvable linewidth Aw,s. This high-resolution is an order
of magnitude higher than those estimated using the reported routine ap-
proaches with Allan deviation®’.,

Furthermore, the Allan deviation*” is also used for the characteriza-
tion of the frequency stability and analysis of the sensing resolution un-
certainty (see details in Supplementary Note 6) in the current work. The
Allan deviation of the fundamental mechanical mode after phonon lasing
is shown in Fig. 5 with a minimum deviation of 5.8 kHz, which allows for
a resolution uncertainty of 38 zg. With this, the resolution of the proposed
phonon lasing enhanced ultra-high-sensitive mass sensing in the order of
tens of zeptograms is possible for practical applications, which sheds light
on on-chip mass sensing components.

CONCLUSIONS

In this study, a phonon lasing enhanced ultra-high-sensitivity mass sensing
system was put forward, which describes the direct relationship between
the measured mechanical frequency shift Aw,, and the added mass Am
under ambient conditions. The validity of the method adopted in the cur-
rent work was experimentally verified by depositing masses with different
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weights on the cavity and measuring the corresponding sensing responsiv-
ity of the cavity in the range of intrinsic mechanical vibration and phonon
lasing. Moreover, the mechanical frequency deviation caused by the op-
tical spring effect can be neglected due to the fact that the measured me-
chanical frequency shifts Awy,; and Aw,, coincides well with each other
(i.e. Awy & Awy,). In addition, the mechanical linewidth was narrowed
to 10 kHz even after the deposition, and the measured Allan deviation
showed a frequency stability of 5.8 kHz, thereby indicating a predicted
minimum detected mass of Amys ~ 65 £ 19 zg in the experiment. This
high resolution shows the potential application of the ultra-sensitive mass
sensing in various fields such as biological research, gas sensing and en-
vironmental monitoring under ambient conditions.

However, one of the key limits of the proposed mass sensing method
with utilizing OMC cavities is that the mechanical mode is extremely
localized and the sensitivity is exquisitely dependent on the landing lo-
cations of the nanoparticles. This limit may be solved by detecting the
mechanical frequency change of multi-modes®"***** in the OMC cavities,
which also show different mode distributions with various responses for
the landing locations, thus making it possible for position detection® . An-
other limit of this study is that the deposited mass is not calibrated experi-
mentally in the current work, and a parallel time-of-flight mass spectrome-
ter may be employed in the further experiments for this purpose’. Another
sensing limit of the method with using phonon lasing of the OMC cavi-
ties is that it is difficult to be used in the liquid sensing where the phonon
lasing is difficult to be achieved. What’s more, the Allan deviation can be
further improved to decrease the uncertainty of the sensing in the work by

introducing multimode phonon lasing*’.

METHODS

The optomechanical cavity in the current work is a larger-center-hole
OMC cavity. The periodic unit cell of OMC exhibits the width of 550 nm,
lattice constant of 365 nm, the height of 220 nm and diameter of center
hole of dy= 204 nm. In the defect unit cells, the diameters of center holes
vary with d; = dy + i(d; — dy)/7, i =0, 1, ..., 7 and d7 = 256.5 nm.
The designed structure was fabricated on a 220 nm thick silicon-on-
insulator (SOI) wafer with a 3 um buried oxide layer. The pattern was de-
fined using the electron beam lithography (EBL) and transferred to the 220
nm silicon layer by inductively coupled plasma (ICP) etching. A buffered
hydrofluoric acid (HF) solution was adopted for wet etching to remove the
buried oxide layer beneath the nanobeam and release it for further mea-
surements. In the experiment of mass sensing, the silica for mass sensing
was deposited by focused ion beam (FIB).
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