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Plasmon-assisted mass sensing in a hybrid nanocrystal coupled to a nanomechanical resonator
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Surface plasmons on nanoparticles provide numerous ways to alternate and manipulate light at nanoscale
dimensions, which have the potential to perfect the novel electronic and optical devices. Here, we demonstrate
that plasmon-assisted mass sensing can be achieved in a hybrid nanocrystal coupled to a nanomechanical
resonator. Compared with the traditional mass measurements, we use an all-optical technique rather than electrical
circuitry, which may avoid the heat effect, to realize an ultrasensitive mass detection. The plasmon-assisted mass
measurement proposed here may eventually enable sensitive measurement applications such as on-chip detection

and analysis as well as identification of compounds.
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I. INTRODUCTION

Modern nanotechnology has been successful in com-
bining solid-state nanoparticles and biomaterials in one
superstructure.'=> These coupled structures arise from assem-
bling crystalline nanoparticles, nanowires, and surface plas-
mons (SP) into complex structures such as cavities, multilayer
waveguides, and nanomechanical resonators (NRs).*¢

Depending on specific geometry and wavelength, surface
plasmon polaritons (SPPs) on metals have some distinctive
properties that enable them to confine light in a very small
dimension and greatly enhance the intensity of light.”® These
unique features have stimulated the development of novel
optical complex materials and deeper theoretical insights.”!°
The realization of the coupling between the localized plasmon
modes and the other nanostructures have led to the pursuit
of plasmon hybridization.'"'> This kind of research provides
an intuitive picture for highly sensitive photodetections and
also a platform for understanding the interaction between
the plasmon modes and the other nanostructures, and even-
tually lead to innovative new devices. Recently, coupling
a plasmon waveguide to a superconducting single-photon
detector, Heeres et al.'® have demonstrated the on-chip
electrical detection of single plasmons propagating along gold
waveguides.

Besides, another exciting nanostructure material is the
nanomechanical resonator (NR), which is drawing interest
from both technical and scientific communities in physics,
chemistry, and biology because of its limited environment,
high-Q factor, and small size."* The coupled NR systems
such as NR-semiconductor quantum dot (SQD), NR-metal
nanoparticle (MNP),'>!¢ and the buckling nanobars'”'® have
been used to study fundamental quantum effects and high-
precision measurements.

Taking advantage of these nanostructures, in the present
paper, we theoretically propose a hybrid structure with a
metallic nanoparticle and a semiconductor quantum dot
embedded in a doubly clamped nanomechanical resonator.
We show that due to the plasmon resonance, this nanocrystal
complex coupled to the NR can be used as a sensitive mass
detection. Previously, samples as light as 7 zeptograms
(1zg = 107%' g) have been weighed in vacuum by using
a carbon nanotube, a nanomechanical resonator, and a
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fluid-filled microchannel cantilever.'®?! During this mass
sensing, even though all air can be removed from the
nanomechanical resonators, they still lose energy to the
electrical circuitry that is used to measure them.?? Also,
because of the heat effect, these mass detections are not
suitable for the high frequency of the NR.!*?3 However, in
our method, instead of electrical measurement, we use an
all-optical technique to weigh small nano-objects based on
a hybrid nanocrystal coupled to a nanomechanical resonator.
In this way, we demonstrate a mass-detection process with
surface plasmons that can be applied to the construction of
sensitive sensors and efficient photocells.>#?> The accreted
mass landing on the NR can be weighed conveniently and
precisely in terms of the frequency shift of the probe absorption
spectrum in the presence of another strong pump laser. Most
recently, the pump-probe technique proposed here has been
realized by Weis e al.?® in a cavity optomechanical system.

II. THEORY

The plasmon-assisted mass sensing is based on a hybrid
nanocrystal consisting of a metal nanoparticle (such as Au)
and a semiconductor quantum dot embedded in a doubly
clamped suspended nanomechanical resonator as shown in
Fig. 1. The entire system is subjected to a strong-pump beam
and a weak-probe beam. At low temperature, the SQD can be
modeled as a two-level system consisting of the ground state
|g) and the first excited state |ex) (single exciton), and can
be characterized by the pseudospin-1/2 operators S* and S-
(see Refs. 27 and 28). Then the Hamiltonian of this two-level
exciton can be described as Hex = hwexS¢, where w,, is the
frequency of the exciton.

Besides, a single MNP is placed above the SQD that has a
radius ag and a center-to-center distance R from the SQD (see
Fig. 1). During the extension and compression of this coupled
structure, the slight shape modification of metal nanoparticle
will not alter the plasmon distribution on the MNP, and
then the interaction between the MNP and the NR can be
neglected. The direct optical excitation of surface plasmon
on MNP provides an external localized plasmon laser to this
coupled SQD-NR system.?’ This plasmon laser will enhance
light intensity and lead to ultrasensitive measurement. The
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FIG. 1. (Color online) Schematic diagram of a hybrid MNP-QD
complex embedded in the center of doubly clamped nanomechanical
resonator. When applying two optical beams, one is strong pump
beam, the other is weak probe beam, this coupled system can be used
as plasmon-assisted mass spectrometry. The inset below shows the
energy levels of quantum dot while dressing the plasmon field and
the vibration of nanomechanical resonator.

Plasmon

hybrid MNP-SQD nanocrystal is embedded in the center of
the nanomechanical resonator.

For the nanomechanical resonator, since the thickness
is smaller than its width, the lowest-energy resonance
corresponds to the fundamental flexural mode that will
constitute the resonator mode. Then the Hamiltonian of this
resonator is given by H, = hw,a*a, where a and a™ are
the annihilation and creation operator of the resonator mode,
respectively, and w, is the vibrational frequency of the NR.
Furthermore, since the flexion induces the extension and
compression in the structure of Fig. 1, the longitudinal strain
will modify the energy of the electronic states of the SQD via
the deformation-potential coupling.® Then the Hamiltonian
of the nanomechanical resonator coupled to the quantum dot
is described by Hgp., = hw,BS*(at + a), where B is the
coupling strength between the NR and the SQD.

Considering the exciton in SQD interacts with a strong
pump beam Ep, (with frequency w,,) and a weak probe beam
Ep; (with frequency w,,;), the Hamiltonian of the hybrid MNP-
SQD coupled to the NR can be written as3%-33

H = hweS* +hwyata +ho, S (@™ + a)
— W(EsqpS™ + EgopST), (1)

where p is the dipole element of the exciton and Esqp is the
total optical field felt by the SQD. In a rotating frame at the
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pump frequency wp,, the total Hamiltonian is given by

H =nhAyS + howp,a®ta + hw,BS*(a™ + a)
— w(EsqpS™ + EdopST), 2
where Ap, = wex — wpy is the frequency detuning between the

exciton and pump field, and when the applied field is parallel
(perpendicular) to the major axis of the system, we have

- _ 1 S.P
Esop = Epu + Epre o 4 mﬁ, 3
€
2ep + &
el = ——, )
381,
Se = 2(—1), 5

where § = wpu — @y is the frequency detuning of the pump
and probe field, ¢y, €5, and &, are the dielectric constants of
the vacuum, background medium, and SQD, respectively).
Since the cross section of nanomechanical resonator is very
small, the part of field emanating from the resonance MNP
will lie out of the resonator, consequently the background
dielectric constants should be represented by an effective
dielectric constant &, = (0.7, + 0.3enr), Where &,;; and eng
denote the dielectric constant of air and nanomechanical
resonator (assuming that 30% of the plasmon field lies in the
nanomechanical resonator*#), respectively.

If we choose the metal nanoparticle as Au particle, the
polarization of the Au MNP is

_ IS¢ Psqp
Punp = 4meoya’| E E e 0t 4 — T2 220} 6
MNP oy ( pu + pr + s £ ECfszs ( )

where3233:35
eau(w) — &
= —, @)
2ep + eau(w)
2ep, + au(w)
Eeff2 = &~ (8)

38b

The Drude model is employed for the dielectric function of
gold eay = €0 — a)?)/[w(a) + iyp)],36 the symbols of e4, w,,
and y, denote, respectively, the dielectric constant of gold at
large frequency, plasmon frequency, and the Drude damping
constant. The dipole moment of the SQD is expressed via the
off-diagonal elements of the density matrix: Psgp = uS~.%
The dipole approximation used here is reasonable when the
distance R is large and the exciton-plasmon interaction is
relatively weak.?3 Therefore, the total optical field felt by the
SQD is Esqp = A(Epy + Epe ") + uBS~, where

3
ya’Sy

A=1 , 9
* eefit R3 ©

3¢q2

ya’s,
B=——°_ 10
SefflgeffZR6 ( )

The Heisenberg equation of motion d O /dt = —i[O,H]/h
is employed to give the temporal evolutions of the exciton in
the SQD and the nanomechanical resonator. The commutation
relations [S%,5%] = £8%,[ST,57] = 25%,and[aT,a] = l are
used. If we set Q = a* + a, and ignore the quantum properties
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of §%, 7, and Q, then the semiclassical equations read as
follows?!

d(SZ>——F SZ+1 +iQAT(ST) — A(ST
T 1| (8 3 iQ(A™(S7) ($™)
ilu‘z — * l/“L * ok —\ idt
+ 7[(S+)(S )(B—B)]+ 7(A EL(S ye'®
— AE,(ST)e ™), (an
d(s) , _
7 = — [T+ i(A+ @, B(O)NST)
. . 2 Z —
— 2iQA(S) — 2l—”AEpre—i‘” 2SS
h h
(12)
d*(Q) d(Q) .
Tt T e(0) = “2B0(8Y),  (13)

where 2 = uEp,/h is the Rabi frequency of the pump field,
I'y and I', denote the exciton relaxation rate and the exciton
dephasing rate, respectively. Variable y,, is the decay rate of the
nanomechanical resonator due to the coupling to a reservoir

2A2dw0[(e + Q%A)(c + o) — BOQ%Awo] — Awgg(c + &)
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of “background” modes and the other intrinsic processes.*3

The background will exhibit sharp resonances corresponding
to the other modes. The coupling to other modes of the NR
will affect the sensitivity of our mass-sensing scheme via the
decay rate. If the resonances of these modes are detuned from
w, and 2w,, the effect of the couplings on our scheme is
negligible 33

In order to solve these equations, we make the following
ansatz:3!

§ =S5+ Sje " + 57, (14)
S™ =Sy + Sje 4 5, (15)
Q=00+ Qi + Q_ie". (16)

Upon substituting these equations into Egs. (11)-(13), we
can obtain the steady-state equations and finally S;, which
is related to the linear optical susceptibility as

0 u?

)]
() = S =
Xeff ( pr) €0 Epr 1 8071 Fz

x V(o) = ZxP(wp), (17)

where ¥ = u?/(eohT,), and the dimensionless linear suscep-
tibility is given by

X (1)(a)pr) =

where

(80) = Apuo — 80 — waoB*wo + Browo — i(1 — Browo),
(19)

d(80) = Apuo + 80 — o> wo + Browo + i (1 — Browy),

(20)
Q2 " 2
e(80) = SO0l won @
Apuo — wpoB*wo + Browo — i(1 — Browp)
szn ,Bzw n
f(0) = Undllial 22)

Apuo — Wp0B2wo + Browo + i(1 — Browp)’

8(80) = 2[A(c + 80) — 2i BroAwol[(f + Q{A)(d — 8o)
— ByQAwg | — id(T' 1o — i80)(c + 8o)(d — 8).
(23)
The auxiliary function n(w,;) is given by

2
@ho

n(wp) = — 24)

2 . ’
Wy — 80 - IVHO(SO

where wo =285, 80 =8/T2, Qo =Q/T2, wp=w,/T>,
Apo=2pu/ T2, T19=T1/T2, By=p?B/(iT3), Bro=Re(By),

cg(c + 80) — 2d[A*(d — 8o) + 2i BjpAwol[ (e + Q5A)(c + 80) — BQEAw,|’

(18)

and Bjo = Im(By). The population inversion (wg) of the
exciton in SQD is determined by the equation

(wo + DI(1 = Browo)* + (A puo — wuof*wo + Browo)*]
+2Q3A%w, = 0. (25)

The nanomechanical resonators act as mass sensors due
to their resonant-frequency sensitivity to the mass adsorbed
by them. Even though the measurement techniques are rather
challenging, the mass-sensing principle remains simple.*° In
our scheme, the nanomechanical resonator can be described
by a harmonic oscillator with an effective mass m,,, a spring
constant k, and a fundamental resonance frequency>’-°

k
Wy = | —. (26)
my,

Mass sensing monitors the shift Aw, of w, induced by the
adsorption onto the resonator of the molecular species selected
to weigh. Aw, is related to the deposited mass my by*

my
my = (2—) Aw,. 227)
Wy
This is the direct relationship between the external accreted
mass and the frequency shift of the nanomechanical resonator.
Therefore, if we measure the frequency shift in the probe
absorption spectrum exactly, then the accreted mass can
be obtained accurately. Taking advantage of the localized-
surface-plasmon laser, the signal of frequency shift is largely
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enhanced in the probe absorption spectrum by using the
pump-probe technique.

III. RESULTS AND DISCUSSIONS

In order to show the plasmon-assisted mass sensing clearly,
we choose a realistic InAs SQD-Au MNP complex embedded
in the center of GaAs nanomechanical resonator at an ambient
temperature 4.2 K. For an InAs quantum dot,*° the exciton
relaxation rate I'j = 0.3 GHz, the exciton dephasing rate I', =
0.15 GHz, and the electric dipole moment of the exciton is
@ = 40 D. The dielectric constants of the background medium
and InAs SQD are ¢, = 1 and &, = 6, respectively.’>* The
physical parameters of GaAs nanomechanical resonator are
(wp, My, OQ,and exg) = (1.2GHz,5.3 x 1075 g,3 x 10%, and
14.55),>%4! where m,, and Q are the effective mass and quality
factor of the nanomechanical resonator, respectively. The
decay rate of the NR is y, = w,/Q = 4.0 x 10~ GHz. The
coupling strength between quantum dot and nanomechanical
resonator is 8 = 0.06.>" For the gold nanoparticle, the radius
ap=2.5nm, R =16 nm, g5 = 1, 6o = 9.5,hiw, = 8.95¢€V,
and iy, = 0.069 eV.3

In the following, using this coupled system of the MNP-
QD and the nanomechanical resonator, we shall illustrate
how to weigh the mass of accreted particles landing on the
nanomechanical resonator in an all-optical domain. Figure 1
shows our proposed setup of the plasmon-assisted mass
sensing in the presence of a strong pump and a weak probe
laser. The inset in Fig. 1 shows the energy levels of the exciton
when dressed with the surface plasmon and the vibration of
nanomechanical resonator. In our pump-probe technique, we
first aim a strong pump laser at this coupled system and then
detect the probe absorption spectrum while the probe laser

(a)
04
’5 02} 0+ O,
)
=
O 00f
= O —
o pu
B
2 02}
<
- —» =1.2GHz
-04 I 1 1 n

-2.4 -1.2 0.0 1.2 24

Detuning 4, (GHz)
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is applied. This two-laser technique has been experimentally
demonstrated by Weis et al.?® in a cavity optomechanical
system. They also predicted that this technique can be used
for on-chip optical device and ultrasensitive measurement.

A. Original frequency measurement of the
nanomechanical resonator

According to Eq. (17), we first depict the probe
absorption spectrum as a function of probe-exciton detuning
Apr = wpr — wex With Ay, =0, as shown in Fig. 2(a).
From this curve we find that there are two sharp peaks
at both sides of the spectrum, which just correspond to
the vibrational frequency of the nanomechanical resonator.
Particularly, for our selected GaAs NR, the vibrational
frequency is w,, = 1.2 GHz, then the two sharp peaks appear
at £1.2 GHz in the probe absorption spectrum, respectively.
These new features are different from the traditional atomic
systems.’! The two sharp peaks represent the resonance
amplification and absorption of the vibrational mode of
the NR. Including the middle feature in this absorption
spectrum, these new phenomena can be interpreted by a
dressed-state picture. As shown in Fig. 2(c), the uncoupled
energy levels (]g) and |ex)) on the left side [see part (1)
of Fig. 2(c)] split into the dressed states |g,n), |g,n + 1)
and |ex,n), lex,n + 1) (|n) denotes the number states of the
nanomechanical resonator). Part (2) gives the origin of the left
negative sharp peak centered at —w, = —1.2 GHz in the
absorption spectrum, which signifies the electron making a
transition from the lowest dressed level | g,n) to the highest
dressed level | ex,n + 1) by the simultaneous absorption of
two pump photons and emission of a photon at wy, — w,. This
process can amplify a wave at Ay = —w,. Part (3) shows

(b) 0 08
—\ [&— | 100KHz
04| —|[— |50KHz 04| —||¢— | 50KHz
—/ |\ ¢— [ 100kHz
-0.8 0

-1.20005 -1.2 -1.19995 1.19995 1.2 1.20005

— Y=4x10°GHz  — v,=2x 10 °GHz
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'__|g,n+1> |gn+1) |gn+1 |g n+1)
g —|eny T—|en) |gn> gu)

O] @

FIG. 2. (Color online) (a) The probe absorption spectrum as a function of detuning A, for the case Q? = 0.05 (GHz)? (corresponds to the
pump intensity / = 36 mW/cm?, w, = 1.2GHz, A,, = 0, ¥, =4 x 107> GHz, 8 = 0.06,m, = 5.3 x 107 g,ay = 2.5nm, and R = 16 nm).
(b) The amplification of the right peak and the left peak shown in (a). The blue and the red curves for y, = 4 x 107> GHzand y, = 2 x 107> GHz
have significantly different spectral widths (100 and 50 kHz). (c) The four plots are the new features shown in (a), which are identified by the
corresponding transitions between the dressed states of exciton. The original two-level quantum dot can be described as the ground state and
the first excited state. When dressing with the plasmon field and the vibration of NR, these two levels are split into four dressed states, which
is depicted in part (1). The transitions of (2), (3), and (4) correspond to the left negative peak, the central part, and the right absorption peak
shown in (a), respectively (|n) denotes the number states of the nanomechanical resonator).
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the origin of the NR-induced stimulated Rayleigh resonance,
which corresponds to a transition from the lowest dressed level
|g,n) to the dressed level |ex,n). Each of these transitions is
centered at the frequency of the pump laser [as shown in the
middle part of Fig. 2(a)]. Furthermore, part (4) shows the right
sharp peak located at Ap; = w, = 1.2 GHz, which corresponds
to the usual excitonic absorption resonance as modified by
the ac-Stark effect. The underlying physical mechanism for
this phenomenon can also be understood as follows. The
simultaneous presence of the pump and probe fields generates
a beat wave oscillating at the beat frequency § = wp — wpy t0
drive the nanomechanical resonator via the SQD. If the beat
frequency 4 is close to the resonance frequency w, of the NR,
the nanomechanical resonator starts to oscillate coherently,
which will result in Stokes (w; = wpy — @,) and anti-Stokes
(was = wpy + w,) scattering of light from the pump field via
the exciton in the quantum dot. For the near-resonant probe
laser, the probe field will interfere with the Stokes field and
the anti-Stokes field. As a result the probe spectrum can be
modified significantly. Therefore, it is convenient to obtain
the vibrational frequency of the nanomechanical resonator in
the probe spectrum by scanning the probe frequency across the
exciton frequency, provided that the pump-exciton detuning
is fixed to zero. This is the key role of our plasmon-assisted
mass sensing. Furthermore, Fig. 2(b) shows the dependence
of the spectral width in the left peak and the right peak [shown
in Fig. 2(a)] on the decay rate of the NR. The figure indicates
that one can narrow the spectral width of the probe spectrum
and enhance the signal of the spectrum via decreasing the
decay rate of the NR. Based on this narrow spectral width
(~100 kHz), there is enough spectral resolution to do mass
sensing. To obtain better sensitivity of mass sensing, we may
select a smaller decay rate of the NR. It is should be noted
here that the coupling to other modes of the NR will affect
the sensitivity of our mass-sensing scheme via the decay rate
of the NR. However, if the resonances of these modes are
detuned from w, and 2w,, the effect of the couplings on our
scheme is negligible.’* In this case, the additional heating
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FIG. 3. (Color online) The probe absorption spectrum with and
without the MNP. The other parameters are the same as in Fig. 2(a).

effects introduced by the coupling to the other modes are
small and can also be neglected in our scheme as done for the
laser cooling of the resonator.?”

To illustrate the advantage of containing MNP in a coupled
quantum-dot-nanomechanical-resonator system more obvi-
ously, we plot the absorption spectrum of probe laser with and
without MNP as shown in Fig. 3. The red and the black curves
correspond to the probe absorption with and without MNP,
respectively. It is obvious that the role of MNP, in this coupled
SQD-NR system, is to narrow and to enhance the probe
spectrum, which will increase the sensitivity of mass sensing.

B. Mass determination

Since we have measured the frequency of nanomechanical
resonator, according to Eq. (27), the next step is to determine
the frequency shift while landing the deposited nanoparticle
on the NR. The physical layout of the entire plasmon-assisted
mass-sensing apparatus, including the nanomechanical res-
onator, the hybrid MNP-SQD, the evaporation system, and the

0.4

(on=1.2GHZ
v ,,4=1.2GHz +575kHz
2 @k .
8 frequency-shift
5
= 0.0F
a —
(] frequency-shift
3 a2
2 O
575 kHz
-~
0.4 1 L L
-1200575-1200000 0 1200000 1200575
(b) Detuning A (kHz)

FIG. 4. (Color online) (a) The simplified process for weighing the mass of Escherichia coli strain CA46 plasmid pColG DNA with
plasmon-assisted mass spectrometry. (b) The probe absorption spectrum while landing the DNA molecule on the nanomechanical resonator.
The blue and the red curves are the probe absorption spectrum without and with landing DNA molecule, respectively. The other parameters

are the same as in Fig. 2(a).
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two optical lasers, is shown in Fig. 4(a). All the experiments
are done in situ within a cryogenically cooled, ultrahigh
vacuum apparatus with ultraslow pressure, such as below
10~1° Torr.

As we know, in traditional mass spectrometry, the
molecules have to be ionized in the first instance and the charge
on the ionized molecule needs to be known before their mass
is extracted. But not all molecules are easily ionized, e.g.,
bioactive molecules. In this case, in order to give a guidance
to experiment, we choose the landing particle as a realistic
DNA molecule of the Escherichia coli strain CA46 plasmid
pColG with 4715bp.*> The mass of this Escherichia coli
strain plasmid is 4715 x 2 x 324.5/(6.022 x 10%*) = 5081 zg
(1zg=10"%'g). We directly put this pColG DNA upon
the nanomechanical resonator in the apparatus depicted in
Fig. 4(a), and then repeat the first step. We assume that
the mass of DNA molecule landing on the nanomechanical
resonator is uniformly distributed. Then, two new resonant
peaks appear in the probe absorption spectrum that have a
slight frequency shift from their original position in the first
step without landing the DNA molecule. Figure 4(b) illustrates
the physical picture of the frequency change. The blue curve
is the original probe spectrum without landing the particle,
where the two sharp peaks are located at 1.2 GHz, which
corresponds to the inherent frequency of the nanomechanical
resonator. The red curve in Fig. 4(b) is the probe absorp-
tion spectrum while landing Escherichia coli pColG DNA
on the NR.

According to Eq. (27), we can absolutely determine the
accreted mass my from the frequency shift Aw,. For pColG
plasmid DNA with Aw, = myw, /2m, = 575 kHz, the new
resonant steep peaks appear at 21200 575 kHz [the red curve
in Fig. 4(b)]. The narrow spectral width in Fig. 2(b) provides
enough spectral resolution for this mass sensing. Otherwise,
the mass of multiple molecules can also be detected via landing
them together onto the surface of nanomechanical resonator. It
is clear that the frequency shift of the landing multiple particles
is larger than that of the landing single particle.

7500 T T T T T
S 6000f » o B .
N
w4500 |
(2]
®©
= 3000} .
1500 | <
—A—m =15x10""g
or s ~—-m=85x10""g
1 1 —— mn=5.3x10'1sg

0 150 300 450 600 750
Frequency-shift Ao_(kHz)
FIG. 5. (Color online) The direct proportional relationship be-

tween the accreted mass m, and the frequency shift Aw, for different
masses of the nanomechanical resonator.
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C. Mass responsivity

Figure 5 displays the measurements for different nanome-
chanical resonators with relationship between the accreted
mass and the frequency shift. The slope gives the mass
responsivity of NR, i.e., t = w, /2m,, the smaller the mass
of nanomechanical resonator, the higher the mass sensitivity.
As discussed above, the excellent mass responsivity of the
coupled SQD-NR system is attributed to both the surface
plasmon of MNP and the low mass of nanomechanical
resonator. Due to the advantages of surface plasmon, this
plasmon-assisted mass sensing has higher sensitivity and
accuracy in measuring individual molecule mass than the
traditional electrical methods, which just apply to the low-
frequency range (less than 1GHz) of the nanomechanical
resonator.>

The mass responsivity is obtained assuming that all tested
molecules adsorbed onto the nanomechanical resonator remain
on it and also distribute uniformly along the surface of
resonator. Actually, the frequency shift depends on both the
mass of the arriving analyte and its position of adsorption on
the nanomechanical resonator. For doubly clamped nanome-
chanical resonator, the observed frequency shift is maximized
when the particle adsorbs at the center of the resonator.
Minimal shifts are induced for adsorption near the clamping
points. This result can be carried out by building a histogram
of event probability versus frequency-shift amplitude for
small ensembles of sequential single-molecule or single-
nanoparticle adsorption events.

As compared with traditional electrical methods, the main
benefits of our proposed all-optical mass sensing are listed
as follows: (1) operating at high frequencies, (2) avoiding
the heating effect or energy loss caused by circuits, and
(3) narrowing spectral width due to surface plasmons. Par-
ticularly, the spectral width of the probe spectrum in our
technique is of the order of magnitude of kHz while the electric
methods in Refs. 39 and 43 gave a spectral width of the order
of magnitude of MHz. In this case, our proposed mass sensing
based on hybrid NMP-SQD-NR system has better sensitivity
than traditional electrical methods.

IV. CONCLUSIONS

In summary, we have proposed a scheme of a plasmon-
assisted mass spectrometry based on a hybrid MNP-SQD
system coupled to a nanomechanical resonator in all-optical
domains. The accreted mass landing on the nanomechanical
resonator can be measured conveniently and precisely accord-
ing to the frequency shift in the probe absorption spectrum.
Most notably, due to the participation of the surface plasmon,
this mass sensor becomes more accurate for measuring the
frequency of the resonator. According to the simple and
all-optical measurement, the plasmon-assisted mass sensor
proposed here has significant advantages over the traditional
electrical approaches for measuring the inertial mass of
particles and organic molecules including DNA molecules and
proteins. Finally, we hope that our proposed device can be
realized by current experiments in the near future.
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